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Abstract: Previous research reported the role of nonenzymatic metmyoglobin (MetMb) and methemoglobin (MetHb)
reduction in meat color; however, limited studies have characterized the cofactors involved in nonenzymatic reduction.
The objective of this study was to characterize electron donors and carriers in nonenzymatic MetMb and MetHb reduction
at various temperatures and postmortem muscle pHs in vitro. Methylene blue and cytochrome ¢ (cyt-c) were evaluated as
electron carriers and nicotinamide adenine dinucleotide, reduced form (NADH) and ascorbate were considered as electron
donors. All combinations of electron donors and carriers were evaluated in the following order: NADH plus methylene
blue, ascorbate plus methylene blue, NADH plus cyt-c, and ascorbate plus cyt-c. Spectrophotometry was utilized to monitor
the rates of reduction. The results indicated that methylene blue was an effective electron carrier than cyt-c in the presence of
NADH. Temperature and pH had cofactor-specific effects on nonenzymatic MetMb and MetHb reduction. Lower temper-
ature resulted in an increased nonenzymatic MetMb reduction for methylene blue regardless of electron donor (ascorbate,
P=0.03, NADH, P =0.04). As pH increased, MetHb reduction was enhanced in the presence of ascorbate plus cyt-c.
Nonenzymatic MetHb reduction was numerically lower than nonenzymatic MetMb reduction in the presence of
NADH plus methylene blue. In summary, in addition to NADH, the current in vitro research demonstrated that ascorbate
plus cyt-c could contribute to nonenzymatic MetMb and MetHb reduction at meat-pH and storage temperature.
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Introduction

Myoglobin and hemoglobin are the primary proteins
responsible for meat color. Myoglobin, a monomer,
contains a globin and one heme, whereas hemoglobin
is a tetramer with 4 polypeptide chains, each containing
one heme (Kendrew et al., 1960; Perutz et al., 1960).
Meat color is influenced by the redox state of the heme
iron of myoglobin and the ligand bond to the sixth posi-
tion of myoglobin. Autoxidation of hemoglobin and
myoglobin results in the formation of met-heme forms
(Richards et al., 2002; Grunwald and Richards, 2006;
Yin et al., 2017) and brown appearance on the lean
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surface (Carpenter et al, 2001; AMSA, 2012).
Physiologically, tissue has an inherent ability to limit
the levels of metmyoglobin (MetMb) and methe-
moglobin (MetHb) by enzymatic or nonenzymatic
pathways (Brown and Snyder, 1969; Arihara et al.,
1995). Nicotinamide adenine dinucleotide, reduced
form (NADH) is an important electron donor involved
in MetHb or MetMb reduction (Faustman and Cassens,
1990; Tang et al., 2005; Ramanathan and Mancini,
2018). However, limited knowledge is currently avail-
able on the roles of other electron carriers and electron
donors involved in MetHb and MetMb reduction at
postmortem muscle conditions.
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NADH is an important reducing equivalent respon-
sible for MetMb reduction and color stability. For
example, improved color stability of lactate-enhanced
loins can be attributed to increased NADH formation
by lactate dehydrogenase activity. Further, NADH
formed can be utilized for various MetMb reduction
pathways, including nonenzymatic MetMb reduction
(Kim et al., 2006). The concentration of NADH is
related to color stability (Liu et al., 2014). Wet-aged
beef steaks had 29 nmol of NADH per kg of muscle
tissue on day 3 of aging, and on day 28 of aging,
NADH concentration decreased to 12 nmol of
NADH per kg of muscle tissue (Mitacek et al., 2019).

In nonenzymatic MetMb and MetHb reduction, an
artificial electron carrier moves an electron from
NADH to MetMb (Brown and Snyder, 1969), whereas
in the enzymatic method, an enzyme such as NADH-
dependent cytochrome b5 reductase transfers an elec-
tron from NADH to MetMb via an electron carrier
(Arihara et al., 1995). Various cofactors such as
methylene blue and cytochrome c¢ (cyt-c) have been
reported to be involved in MetMb or MetHb reduction.
Nonenzymatic reduction of MetMb by NADH in the
presence of ethylenediaminetetraacetic acid (EDTA)
and methylene blue in vitro is reported to be as efficient
as the enzymatic reduction (Brown and Snyder, 1969).
Pascal and Tarbell (1957) reported that EDTA could
prevent metal catalysis and also serve as a chelating
agent. Elroy et al. (2015) studied the nonenzymatic
reduction of bovine, equine, and porcine MetMb in
the presence of NADH, EDTA, and methylene blue.
Unlike MetMb reduction, the MetHb reduction is
mainly reported in erythrocytes (Beutler and Baluda,
1963). The reduction of MetHb by ascorbic acid in
human erythrocytes has also been well established
(Tomoda et al., 1978a). The time course of MetHb
reduction by ascorbic acid was studied by Tomoda et al.
(1978b), and these researchers concluded that various
intermediates are involved in MetHb reduction. More
studies are needed to characterize electron carriers
and donors involved in MetHb reduction pathways
in muscle foods.

Methylene blue acts as an artificial electron carrier
to reduce MetMb and MetHb. In addition, methylene
blue has the ability to accept and donate electrons
readily cycling from oxidized to reduced states
(Atamna et al., 2012). Previous research has indicated
that cyt-c acts as an electron carrier for electron
movement from the outer mitochondrial membrane
to the inner mitochondrial membrane (Bernardi and
Azzone, 1981). Exogenous ferricytochrome c¢ has the
ability to donate electrons to exogenous NADH of
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the mitochondria (Lofrumento et al., 1991). The use
of the ascorbic acid and cyt-c system for nonenzymatic
MetMb or MetHb reduction has not been reported at
meat pH and storage conditions. Therefore, the objec-
tive of the present study was to determine the role of
various electron donors and cofactors on nonenzymatic
MetMb and MetHb reduction at different pH and tem-
perature conditions in vitro.

Materials and Methods

Materials and chemicals

Equine skeletal myoglobin, hemoglobin from
bovine blood, methylene blue, potassium phosphate
monobasic (KH,PO,), potassium phosphate dibasic
(K,HPO,), sodium L-ascorbate, EDTA disodium salt
dihydrate, cyt-c from bovine heart, and f-NADH-
reduced dipotassium salt were purchased from Sigma
Chemical Company (St. Louis, MO). For the prepara-
tion of Drabkin’s solution, potassium cyanide (KCN),
potassium ferricyanide (K3;Fe(CN)g), and sodium
bicarbonate (NaHCO;) were purchased from Sigma
Chemical Company (St. Louis, MO). All chemicals
were of reagent grade or greater purity.

Hemoglobin and myoglobin preparation

Equine MetMb has been previously used in numer-
ous studies to determine the characteristics of meat
color. Bovine MetMb shares 88.2% of amino acid
sequence with equine MetMb (www.expasy.org), and
bovine MetMb is not commercially available in freeze-
dried form. Therefore, lyophilized equine MetMb was
compared with lyophilized bovine MetHb.

The concentration of bovine MetHb was deter-
mined by adding MetHb solution in Drabkin’s
solution to form a stable cyanmethemoglobin, and
the hemoglobin concentration was determined by
measuring absorbance at 540 nm. The concentration
of MetHb was adjusted using Drabkin’s solution to
achieve a concentration of 0.08 mM (assuming an
extinction coefficient of 11.0mM~!cm™!) (Zijlstra
and Buursma, 1997). The extinction coefficient was
previously determined using one heme group and
one globin moiety of cyanmethemoglobin (Zijlstra
and Buursma, 1997). Drabkin’s solution was not used
for the preparation of equine MetMb. Equine MetMb
was dissolved in phosphate buffer, and MetMb concen-
tration was confirmed by measuring the absorbance at
525 nm to achieve a final concentration of 0.08 mM
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(assuming an extinction coefficient of 7.6 mM~! cm™!)
(Broumand et al., 1958).

Nonenzymatic MetMb and MetHb reduction

The methodology used by Brown and Snyder
(1969) was modified to determine the characteristics
of the cofactors involved in nonenzymatic MetMb
and MetHb reduction in vitro. The assay mixture con-
tained varying combinations of NADH (0.71 mM),
ascorbate (2 or 5 mM), methylene blue (0.025 mM),
cyt-c (0.094 mM), and EDTA (0.71 mM) with the
equine MetMb or bovine MetHb (0.08 mM) in
phosphate buffer (50 mM) in a clear 96-well plate.
As components were excluded in the assay, phosphate
buffer (50 mM) at specified pH replaced the specified
volume of the removed substrate to maintain the same
assay volume across all experiments. To initiate the
reduction reaction, NADH (0.71 mM) or ascorbate
(2 or 5 mM) were added last to the assay mixture.
The same concentration of NADH and ascorbate were
considered for their reducing abilities. However, pre-
liminary research indicated that 0.71 mM of ascorbate
was not effective in reducing MetMb. Therefore, a
greater concentration of ascorbate was required for
reduction with cyt-c compared with ascorbate com-
bined with methylene blue. At 2 mM, ascorbate was
effective in reducing MetMb in the presence of methyl-
ene blue but not in the presence of cyt-c. Therefore,
increasing the concentration of ascorbate to 5 mM in
the presence of cyt-c resulted in the more effective
reduction of MetMb.

The absorbances at 582 and 576 nm were used to
measure the MetMb and MetHb reduction, respectively,
with the kinetics option in a Molecular Devices
SpectraMax M3 Multi-mode microplate reader (San
Jose, CA). Nonenzymatic MetMb reduction was calcu-
lated as nanomoles of MetMb reduced per minute during
the linear phase of the reaction using a difference in
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molar absorptivity of 12,000 mol~! cm™! at 582 nm.
Similarly, nonenzymatic MetHb reduction was calcu-
lated during the linear phase of the reaction as nano-
moles of MetHb reduced per minute using a
difference in molar absorptivity of 15,190 mol~! cm™!
at 576 nm. The selected wavelengths have been estab-
lished as the maxima for oxymyoglobin and oxyhemo-
globin (Bowen, 1949; Zijlstra and Buursma, 1997).
Three separate experiments were carried out to deter-
mine the effects of cofactors, pH, and temperature on
nonenzymatic MetMb and MetHb reduction.

Experiment 1: Effects of cofactors

The assay mixture contained varying combinations
of cofactors with the equine MetMb or bovine MetHb
(0.08 mM) in phosphate buffer (50 mM) at pH 5.6 and
25°C (Table 1). For all treatments, nonenzymatic
MetMb and MetHb reduction were calculated during
the linear phase of the reaction for 10 min. Based on
the preliminary studies, some of the cofactor combina-
tions required more time for the reduction; therefore,
the reaction time was extended to 25 min.

Experiment 2: Evaluation of the temperature
effect on cofactors

The treatment combinations utilized in experiment
1 were combined in the assay mixture to measure the
effect of temperature at 4 and 25°C on cofactors at
pH 5.6 (Table 2). As previously mentioned, a greater
concentration of ascorbate was required for reduction
in the presence of cyt-c. For temperature consistency
at 4°C, the reactants were kept on ice, and the well plate
was kept on ice in an enclosed cooler during the
reaction period. The absorbance was measured at
5-min intervals using the endpoint set at 582 nm for
oxymyoglobin and 576 nm for oxyhemoglobin on
the Molecular Devices SpectraMax M3 Multi-mode

Table 1. Treatment combinations added to equine metmyoglobin (0.08 mM) and bovine methemoglobin
(0.08 mM) to measure nonenzymatic metmyoglobin and methemoglobin reduction for experiment 1

Substrates®

NADH Ascorbate Methylene blue Cytochrome ¢ EDTA
Substrates combination (0.71 mM) (5 mM) (0.025 mM) (0.094 mM) (0.71 mM)
1 NADH + - - — —
2 NADH + methylene blue + - + - _
3 NADH + methylene blue + EDTA + - + - +
4 NADH + cytochrome ¢ + EDTA + — — + +
5 Ascorbate + cytochrome ¢ + EDTA - + - + +

Substrates present (+) or absent (—).

EDTA = ethylenediaminetetraacetic acid; NADH = nicotinamide adenine dinucleotide, reduced form.
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Table 2. Treatment combinations added to equine metmyoglobin (0.08 mM) and bovine hemoglobin (0.08 mM)
to measure nonenzymatic metmyoglobin and methemoglobin reduction for experiment 2 and 3

Substrates®
NADH Ascorbate Ascorbate Methylene blue Cytochrome ¢ EDTA
Substrates combinations (0.71 mM) (2 mM) (5 mM) (0.025 mM) (0.094 mM) (0.71 mM)
1 NADH + methylene blue + EDTA + - - + - 4
2 NADH + cytochrome ¢ + EDTA + - - - + 4
3 Ascorbate 4+ methylene blue + EDTA - + - + - +
4 Ascorbate + cytochrome ¢ + EDTA - — + — + +

2Substrates present (+) or absent (—).

EDTA = ethylenediaminetetraacetic acid; NADH = nicotinamide adenine dinucleotide, reduced form.

microplate reader (San Jose, CA). Due to the delay in
reduction at 4°C, the absorbance was measured for
90 min versus the 25 min used for the evaluation of
the treatments at 25°C. The reactions at 25°C were
measured on the kinetic option on the Molecular
Devices SpectraMax M3 Multi-mode microplate
reader (San Jose, CA). The nonenzymatic MetMb
and MetHb reductions for all treatments were deter-
mined during the linear phase of the reaction. A co-
factor/electron donor combination with greatest
MetMb reduction is presented in Figure 1 to demon-
strate the spectral changes from 450 to 700 nm during
0, 25, and 90 min of incubation.

Experiment 3: Evaluation of the pH effect on
cofactors

The assay mixture was evaluated in phosphate
buffers (50 mM) at pH 0of 5.2, 5.6, 6.0, and 6.4 to deter-
mine the effect of pH on cofactors at room temperature
(Table 2). As indicated in experiment 2, a greater con-
centration of ascorbate was utilized to enhance MetMb
reduction in presence of cyt-c. The absorbance was
measured for all treatments for 25 min to calculate
nonenzymatic MetMb and MetHb reduction.
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Statistical analysis

The experimental design was a completely ran-
domized design. The experiments 1 and 2 were repli-
cated 6 times (n=06), and experiment 3 was
replicated 5 times (n =5). For experiment 1, the fixed
effects were substrate combinations, pH, and tempera-
ture. For experiment 2 and 3, substrates combination
was considered a fixed effect. Due to large differences
in nonenzymatic MetMb and MetHb reduction among
treatments and variance heterogeneity, nanomoles of
MetMb and MetHb reduction were transformed to
logarithm of nanomoles of MetMb and MetHb reduc-
tion before analysis. The MIXED procedure of SAS
version 9.4 (SAS Institute Inc., Cary, NC) was used
for all objectives to determine the Type 3 tests of fixed
effects. The model statement included substrate combi-
nations (experiment 1), a combination of temperature X
substrate combinations (experiment 2), and a combina-
tion of substrate combinations X pH (experiment 3).
Least square means were considered significant at
P <0.05 and were separated using the PDIFF option
(P <0.05). The standard error for treatments were
reported for all objectives. The data for MetMb and
MetHb reduction were analyzed separately to avoid
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Figure 1. Spectral data from 450 to 700 nm at 0, 25, and 90 min for nonenzymatic reduction of metmyoglobin in the presence of NADH + methylene
blue + EDTA (panel A) and ascorbate + methylene blue + EDTA (panel B) at pH 5.6 and 4°C. The arrow indicates the wavelength maxima for oxymyoglobin
(582 nm). EDTA, ethylenediaminetetraacetic acid; NADH, nicotinamide adenine dinucleotide, reduced form

American Meat Science Association.

4

www.meatandmusclebiology.com


www.meatandmusclebiology.com

Meat and Muscle Biology 2020, 4(1): 7, 1-10

the complexity of the number of treatments. How-
ever, least square means for MetMb and MetHb reduc-
tion were compared numerically to understand the
changes.

Results

Effects of cofactors on nonenzymatic MetMb
and MetHb reduction

There was a significant cofactor effect on nonenzy-
matic MetMb reduction (Figure 2A). Nonenzymatic
MetMb reduction was greatest in treatments containing
NADH plus methylene blue, followed by ascorbate and
cyt-c, and NADH combined with cyt-c or alone.
More nonenzymatic MetMb reduction occurred in treat-
ments with methylene blue than treatments with cyt-c
(P < 0.05). Addition of methylene blue to NADH
increased (P < 0.0001) nonenzymatic MetMb reduction
compared with NADH alone, but the addition of EDTA
to methylene blue and NADH did not impact (P =0.91)
nonenzymatic MetMb reduction. Ascorbate paired with
cyt-c had greater (P=0.02) nonenzymatic MetMb
reduction than NADH plus cyt-c.

Nonenzymatic MetHb reduction was also affected
by combinations of different cofactors and electron
donors (P <0.05; Figure 2B). Treatment with
NADH alone resulted in the lowest amounts of
MetHb reduction compared with all other cofactor
combinations. The addition of methylene blue to
NADH caused an increase (P < 0.0001) in nonenzy-
matic MetHb reduction. However, a lower MetHb
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reduction (P < 0.0001) was observed when cyt-c
added as an electron carrier instead of methylene blue
with NADH. Furthermore, replacing NADH with
ascorbate as the electron donor paired with cyt-c
resulted in greater (P < 0.0001) MetHb reduction than
NADH combined with cyt-c. The presence or absence
of EDTA showed no changes (P =0.38) in nonenzy-
matic MetHb reduction when combined with NADH
and methylene blue. MetHb reduction for the NADH/
methylene blue and NADH/cyt-c electron donor/
carrier pair was numerically lower than the MetMb
reduction. NADH without an electron carrier reduced
more MetMb than MetHb.

Effects of temperature on nonenzymatic
MetMb and MetHb reduction

Temperature did not have an effect on nonenzy-
matic MetMb reduction with NADH plus cytochrome
¢ plus EDTA but had an impact (P < 0.05) for ascor-
bate plus cytochrome ¢ plus EDTA, for ascorbate plus
methylene blue plus EDTA, and for NADH plus
methylene blue plus EDTA (Figure 3A). With increas-
ing temperature from 4°C to 25°C, treatments contain-
ing methylene blue had lower MetMb reduction.
Ascorbate in combination with cyt-c increased (P =
0.007) nonenzymatic MetMb reduction with increasing
temperature from 4°C to 25°C.

Decreasing the reaction temperature from 25°C
to 4°C resulted in greater (P =0.003) MetHb reduc-
tion by NADH/cyt-c electron donor/carrier pair
(Figure 3B). However, when the electron donor was
replaced with ascorbate, decreasing the temperature
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Figure 2. Least square means for cofactor treatments evaluating the effects of NADH + cytochrome ¢ + EDTA (NCE), ascorbate + cytochrome ¢ +

EDTA (ACE), NADH + methylene blue (NM), and NADH + methylene blue + EDTA (NME) with equine metmyoglobin (A; 0.08 mM) and
bovine hemoglobin (B; 0.08 mM) on nonenzymatic metmyoglobin and methemoglobin reduction at 25°C and pH 5.6. Least square means with
different letters (a—c) are significantly different within panel A, and least square means with different letters (a—b) are significantly different within panel
B (P <0.05). Error bars indicate standard error of the treatment. EDTA, ethylenediaminetetraacetic acid; NADH, nicotinamide adenine dinucleotide,
reduced form
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Figure 3. Least square means for cofactor treatments of NADH + cytochrome ¢+ EDTA (NCE), ascorbate + cytochrome ¢ + EDTA (ACE),
ascorbate + methylene blue + EDTA (AME), and NADH + methylene blue + EDTA (NME) on nonenzymatic metmyoglobin (panel A) and methemoglobin
(panel B) reduction at 4°C and 25°C and pH 5.6. Least square means with different letters (a—f) are significantly different within panel A, and least square
means with different letters (a—d) are significantly different within panel B (P < 0.05). Error bars indicate standard error of the treatment. EDTA, ethylene-
diaminetetraacetic acid; NADH, nicotinamide adenine dinucleotide, reduced form

did not result (P = 0.46) in greater levels of nonenzy-  Effects of pH on nonenzymatic MetMb and
matic MetHb reduction. Furthermore, when methyl-  MetHb reduction

ene blue was used as an electron carrier, the
temperature of the reaction had no significant effect
on the amount of MetHb reduced regardless of elec-
tron donor. Overall, all other cofactor combinations
showed a greater rate of nonenzymatic MetHb reduc-
tion (P < 0.05) than the NADH/cyt-c electron donor/
carrier pair. Numerically, nonenzymatic reduction of
MetHb was lower than reduction of MetMb for
NADH/methylene blue electron donor/carrier pair at
both temperatures. Reduction of MetMb was numeri-
cally lower at 4°C than reduction of MetHb in the
presence of ascorbate and cyt-c.

Evaluation of nonenzymatic MetMb reduction at
pH 5.2 to 6.4 revealed a significant pH effect on the
nonenzymatic MetMb reduction (Figure 4A). At pH
6.0 and 6.4, the nonenzymatic MetMb reduction for
all electron donor/carrier pairs were not different (P >
0.05). As pH increased, MetMb reduction decreased
for methylene blue paired with NADH. The nonenzy-
matic MetMb reduction of the NADH/methylene blue
electron donor/carrier pair was greater (P < 0.05) than
all other treatments at pH lower than 5.6. cyt-c com-
bined with NADH increased (P <0.05) MetMb
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Figure 4. Least square means for cofactor treatments of NADH + cytochrome ¢+ EDTA (NCE), ascorbate + cytochrome ¢ + EDTA (ACE),
ascorbate + methylene blue + EDTA (AME), and NADH + methylene blue + EDTA (NME) on the nonenzymatic metmyoglobin (panel A) and methemo-
globin (panel B) reducing ability of the cofactors from pH 5.2 to 6.4 at 25°C. Least square means with different letters (a—f) are significantly different within
panel A, and least square means with different letters (a—e) are significantly different within panel B (P < 0.05). Error bars indicate standard error of the
treatment. EDTA, ethylenediaminetetraacetic acid; NADH, nicotinamide adenine dinucleotide
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reduction at a pH greater than 6.0. When pairing both
electron carriers with ascorbate, nonenzymatic MetMb
reduction was lowest at pH 5.6. Overall, changes in pH
did not lead to a discernible trend in the nonenzymatic
MetMb reduction of treatments with ascorbate (except
at pH 5.6).

Altering reaction pH showed significant changes in
nonenzymatic MetHb reduction among the various
cofactors except for the electron donor/carrier pair com-
bination of NADH and cyt-c (Figure 4B). Nonenzymatic
MetHb reduction was greater (P = 0.004) at pH 6.4 than
5.2 for ascorbate and cyt-c combination. When utilizing
NADH and methylene blue, MetHb reduction was not
impacted by pH. There was no change in MetHb reduc-
tion as the pH increased from 5.6 to 6.0 (P = 0.48) and
6.4 (P = 0.91) for the ascorbate/methylene blue electron
donor/carrier pair. However, when ascorbate/methylene
blue reaction took place at pH 5.2, nonenzymatic MetHb
reduction was lower (P < 0.0001) than when the reac-
tion took place at higher pH levels.

Numerically comparing the reduction of MetHb to
MetMb, NADH/cyt-c electron donor/carrier reduced
MetMb more than MetHb at all pH levels except 5.6.
Ascorbate paired with cyt-c resulted in more MetHb
reduction than MetMb reduction at reaction pH of
5.6 to 6.4. Less reduction of MetHb occurred in the
presence of methylene blue and NADH at lower pH
compared to reduction of MetMb. However, numeri-
cally more reduction of MetHb than MetMb reduction
happened at all pH levels except 5.2 for the ascorbate/
methylene blue electron donor/carrier pair.

Discussion

The ferric form of myoglobin and hemoglobin is
inactive, therefore physiologically, reduction pathways
are present to limit oxidized form accumulation in tissue.
However, limited research has determined the effects of
electron donors/carriers on nonenzymatic MetMb and
MetHb reduction at postmortem muscle conditions.
Brown and Snyder (1969) demonstrated nonenzymatic
reduction of MetMb in the presence of NADH and flavin
mononucleotide. Nevertheless, limited MetMb/MetHb
reduction was observed with NADH alone (Koizumi
and Brown, 1972; Hagler et al., 1979; Mikkelsen and
Skibsted, 1992). Aligning with the results of the present
study, nonenzymatic MetHb reduction was minimal by
NADH without electron carriers.

Previous research on nonenzymatic reduction of
MetMb indicated that the presence of EDTA is neces-
sary for reduction by NADH (Brown and Snyder,

American Meat Science Association.

Denzer et al.

Nonenzymatic metmyoglobin reduction

1969). However, no differences in nonenzymatic
reduction were noticed between NADH plus methyl-
ene blue and NADH plus methylene blue plus
EDTA. Similar results for EDTA effectiveness were
noted in nitrosyl-MetMb reduction to nitric oxide myo-
globin by wvarious reducing agents (Fox Jr. and
Ackerman, 1968). Pascal and Tarbell (1957) indicated
that EDTA prevented metal catalysis in pH-dependent
reaction.

Brown and Snyder (1969) reported that methylene
blue increased nonenzymatic reduction in the presence
of NADH. In support, a greater nonenzymatic MetMb
and MetHb reduction was observed in this study.
Methylene blue is a redox agent with mild redox poten-
tial allowing it to cycle from oxidized and reduced
forms (Atamna et al., 2012), and this allows methylene
blue to act as an electron carrier in the reduction of
MetMb and MetHb. Past research on other electron car-
riers such as cyt-c paired with NADH has focused on
the redox reactions in the mitochondria and not on the
nonenzymatic MetMb/MetHDb reactions (Bernardi and
Azzone, 1981; Lofrumento et al., 1991). Mitochondria
undergo degenerative changes with increased post-
mortem time and can release cyt-c to sarcoplasm.
Presence of cyt-c in sarcoplasm is an indicator of mito-
chondrial degeneration and initiation of apoptosis (Ke
et al., 2017). Therefore, cyt-c in sarcoplasm has the
potential to initiate nonenzymatic MetMb reduction.

Ascorbate can reduce MetMb in presence of ferro-
cyanide (Hagler et al., 1979; Mikkelsen and Skibsted,
1992). Ascorbate has been shown to nonenzymatically
reduce MetHb at concentrations ranging from 6 to
18 mM in aerobic and anaerobic conditions (Vestling,
1942; Tomoda et al., 1978a; Tomoda et al., 1978b;
Sullivan and Stern, 1982; Doétsch et al., 1998); how-
ever, the reduction occurred more quickly in the pres-
ence of methylene blue (Vestling, 1942). In the current
research, a combination of ascorbate and methylene
blue resulted in a rapid reduction of MetHb and
MetMb. A previous study demonstrated that a greater
concentration of ascorbate (130 to 1,500 mM) was
required to nonenzymatically reduced MetMb because
of the largeness of ascorbate making direct reduction of
the heme difficult (Tsukahara and Yamamoto, 1983).
The size of ascorbate may be attributed to the need
for an electron carrier such as methylene blue to carry
electron to heme at lower concentrations of ascorbate.

In the present study, the introduction of both elec-
tron carriers resulted in MetMb and MetHb reduction
by ascorbate. The pKa of ascorbic acid is 4.7 (pKa
represents the negative log of the acid dissociation con-
stant). Since the pH of the current reaction was greater
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than the pKa of ascorbic acid, the ascorbate will be in
ionized form between pH 5.2 and 6.4. Therefore, the
pH had less impact on the reduction of MetMb with
ascorbate as an electron donor, except at pH 5.6. The
potential reason for lower nonenzymatic MetMb reduc-
tion at pH 5.6 is not clear. We speculate that the net
charge of myoglobin and charge of ascorbate at pH
5.6 may have limited electron transfer. However, in
the current study, the reduction of MetHb increased
at higher pH in the presence of ascorbate. Previous
research indicated that ascorbate is an effective reduc-
ing agent of ferricytochrome ¢ (Schejter and Aviram,
1969; Myer et al., 1980). The mechanism proposed
by Myer et al. (1980) noted that ascorbate binds to
arginine-38 on cyt-c with electron movement through
hydrogen bonds, tryptophan-59, or inner propionate
side chain to the heme. The results from the current
study support this mechanism of ascorbate oxidation
to form a reduced cyt-c, which can act as an electron
donor for MetMb or MetHb.

In the present research, cyt-c was not as effective in
reducing MetMb compared with methylene blue. Past
research showed that ferricytochrome c in the presence
of myoglobin led to formation of MetMb and ferrocy-
tochrome c¢; however, no further reaction occurred
once MetMb was formed, indicating that oxidation
of ferrocytohemochrome ¢ to form oxymyoglobin was
unlikely (Wu etal., 1972). More specifically, cyt-c con-
tains a greater number of aromatic and aliphatic amino
acids surrounding the heme, creating a hydrophobic
environment. This environment increases the difficulty
of the heme gaining and holding a positive charge in an
oxidized state. The difficulty for cyt-c to be oxidized
could explain the decrease in MetMb reduction in treat-
ments containing cyt-c compared to those containing
methylene blue as an electron carrier. In the present
study, MetMb reduction increased at a higher pH in
the presence of cyt-c and NADH. The redox potential
of cyt-c can be affected by pH. As pH is increased,
the redox potential decreases, indicating that cyt-c is
less likely to be reduced (Rodkey and Ball, 1950;
Salemme, 1977). This is because the oxidized state
of cyt-c is stabilized as the protonation of tyrosine
decreases with greater pH (Salemme, 1977). There-
fore, shifting the pH can affect the reducing ability
of cyt-c.

Myoglobin oxidation occurs more readily at 25°C
compared to 4°C. Past research supports increased oxi-
dation at higher temperatures (Snyder and Ayres, 1961;
Brown and Mebine, 1969; Yin and Faustman, 1993).
Oxidation of hemoglobin is more likely to occur at
room temperature compared to 15°C (Brooks, 1931),
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supporting the lower amount of reduction at 25°C com-
pared to 4°C in this study. The results indicate that non-
enzymatic MetMb and MetHb reductions are possible
at postmortem muscle pH and lower temperature. At a
lower temperature, more reaction time is required to
have observed MetMb and MetHb reduction. Thus,
incubation time ranged from 25 to 90.

To the best of our knowledge, current research is
the first to determine the effect of various cofactors
on nonenzymatic MetMb and MetHb reduction at post-
mortem muscle and storage conditions. We are not
aware of a methodology that will selectively inhibit
mitochondrial and enzymatic MetMb and MetHb
reduction to determine the relative contribution of non-
enzymatic MetMb or MetHb reduction in postmortem
muscle conditions. Although we did not compare
MetMb and MetHb, differences in the reduction poten-
tial of cofactors and MetMb/MetMb may explain the
differences in nonenzymatic MetMb and MetHb reduc-
tion. For example, the reduction potential properties
of MetMb at pH 5.6, 6.4, and 7.4 were different
(Nerimetla et al., 2014). A greater pH resulted in lower
reduction potential and has a greater tendency for
reduction (Nerimetla et al., 2017). Furthermore,
changes in the reduction potential of electron donors
can also explain pH- and temperature-dependent
effects on MetMb and MetHb reduction differences.

Conclusions

The type of cofactor can impact nonenzymatic
MetMb and MetHb reduction. Methylene blue is an
effective electron carrier compared with cyt-c when
combined with NADH and ascorbate in reducing
MetMb. Temperature and pH effects on nonenzymatic
MetMb and MetMb reduction are dependent on the
specific cofactors. In contrast with myoglobin, methyl-
ene blue was not an effective electron carrier compared
with cyt-c for MetHb reduction. The combination of
ascorbate and cyt-c showed similar rates of nonenzy-
matic MetHb reduction compared to NADH and
methylene blue. pH and temperature had limited
impact on the rate of nonenzymatic MetHb reduction
compared with various cofactors. Further, current
research demonstrates that naturally present electron
donor (ascorbate) and electron carrier (cyt-c) can result
in nonenzymatic reduction at meat pH and storage con-
ditions. The present research indicates that characteriz-
ing the cofactors that contribute to nonenzymatic
MetMb and MetHb reduction has the potential to be
utilized in post-harvest injection enhancement and/or
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active packaging technology to minimize losses due to
discoloration.
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