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Abstract: The objective of this research was to characterize the role of oxygen in beef 

discoloration. Limited studies have evaluated the discoloration of the interior of steaks 

during retail display in association with the development of metmyoglobin. A recent 

approach in our laboratory has characterized interior color changes by means of needle-

probe based single-fiber reflectance (SfR) spectroscopy. The a* values of steaks 

decreased (P < 0.05) with display time. Metmyoglobin at all depths from 1 mm to 5 mm 

estimated by the needle-probe SfR increased during display while showing greater 

metmyoglobin at a depth of 1-mm compared to the depths of 2 – 5 mm. Metmyoglobin 

estimated at 1 mm depth by the needle-probe SfR and the retail surface by HunterLab 

spectrophotometer were strongly negatively (P < 0.05) correlated with a* values during 

retail display. Therefore, internal metmyoglobin formation negatively influences surface 

color. Furthermore, the display surface was considered as oxygen exposed (OE), while 

the interior of the steak was denoted as not exposed to oxygen (NOE). NOE steak surface 

had greater (P < 0.05) metmyoglobin reducing ability  compared with OE surfaces on d 6 

of display. Oxygen exposure affected the oxygen consumption of the steaks, with the OE 

surfaces having lower (P < 0.05) oxygen consumptioncompared to NOE surfaces on d 6 

of display. The loss of succinate from d 0 to d 6 of retail display reinforced the decline in 

color during display. Greater alpha-tocopherol in the NOE surface supported less 

oxidative changes compared to the OE surface during retail display. These results 

indicate the presence of oxygen can influence metabolite profile and negatively influence 

metmyoglobin reducing ability and color. In conclusion, the presence of oxygen can 

negatively impact the shelf life of steaks; however, the non-exposed interior of muscle 

remains more biochemically active.
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CHAPTER I 
 

 

INTRODUCTION 

Oxidative stress is the greater influx of prooxidants, such as reactive oxygen 

species, in comparison to antioxidants in the body (Cecarini et al., 2007). Reactive 

oxygen species include compounds such as the superoxide anion, hydroxyl radical, and 

hydrogen peroxide, which have been reported to increase the oxidation of proteins and 

lipids (Cui, Kong, & Zhang, 2012; Sastre, Pallardó, & Viña, 2003). In humans, oxidative 

stress research has increased with time (Giustarini, Dalle-Donne, Tsikas, & Rossi, 2009). 

Oxidative stress has been linked to Wilson’s disease and speculated to play a role in 

aging in humans (Giustarini et al., 2009). Oxidative stress in cattle can occur for a 

multitude of reasons leading to a negative impact on animal health (Celi, 2011; Celi & 

Gabai, 2015). In the body, the mitochondria have been linked to the production of 

reactive oxygen species by means of aerobic respiration (Cui et al., 2012; Sastre et al., 

2003). While research on oxidative stress has focused primarily on human health (Lenaz, 

1998; Sastre et al., 2003), the presence of active mitochondria postmortem indicates 

oxidative stress could play a significant role in oxidative changes in muscle postmortem.  

In skeletal muscle, oxidative changes and mitochondrial respiration are the main 

sources of free radicals (Bekhit, Hopkins, Fahri, & Ponnampalam, 2013; Ramanathan, 
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Suman, & Faustman, 2020a). Upon slaughter, there is a loss of homeostasis and a 

decrease in antioxidant mechanisms (Ke et al., 2017; Ramanathan et al., 2020a). As a 

result, postmortem mitochondria begin to degenerate, leading to less mitochondrial 

content and decreased mitochondrial activity (Ke et al., 2017; Mancini & Ramanathan, 

2014; Mitacek et al., 2019). From the degradation of the mitochondria, more reactive 

oxygen species form postmortem with greater time (Ke et al., 2017; Ramanathan et al., 

2020a). Hence, an accumulation of reactive oxygen species can occur in muscle 

postmortem resulting in oxidative changes, which can be detrimental to meat quality (Ke 

et al., 2017; Ramanathan et al., 2020a). Therefore, the postmortem mechanisms in 

response to oxidative stress can influence meat quality characteristics, specifically meat 

color. 

Meat color has a large influence on consumer purchasing decisions due to 

consumers’ perceptions of specific colors (Holman, van de Ven, Mao, Coombs, & 

Hopkins, 2017). Consumers view bright-cherry red oxymyoglobin as wholesome and 

fresh, while brown discoloration is negatively perceived by consumers (Carpenter, 

Cornforth, & Whittier, 2001). Discoloration begins below the surface through the 

oxidation of the pigment forming protein myoglobin (Limsupavanich et al., 2004, 2008). 

Brown metmyoglobin forms below the surface oxymyoglobin due to low oxygen partial 

pressure in steaks (Limsupavanich et al., 2004, 2008). Research measuring the subsurface 

metmyoglobin and interior deoxymyoglobin has been limited, and popular 

spectrophotometers only measure surface myoglobin. However, the penetration of 

oxygen and the development of subsequent layers has been correlated with color stability 

(Limsupavanich et al., 2004, 2008; O’Keeffe & Hood, 1982). Metmyoglobin reducing 
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ability and oxygen consumption are two parameters to demonstrate color stability in 

retail. Research on the influence of subsurface metmyoglobin due to oxygen exposure on 

metmyoglobin reducing ability and oxygen consumptionis limited. Therefore, a better 

understanding of the layer development during retail and the impact of oxygen on the 

attributes related to color stability is important to evaluate metmyoglobin.   

The muscle type influences the color stability in retail display, with oxidative 

muscles categorized as color labile and glycolytic muscles considered color stable 

(McKenna et al., 2005; O’Keeffe & Hood, 1982). The difference in primary metabolism 

impacts the metabolome and proteome, which can directly impact color stability 

(Abraham, Dillwith, Mafi, VanOverbeke, & Ramanathan, 2017; Joseph, Suman, 

Rentfrow, Li, & Beach, 2012). In addition, oxygen penetration is influenced by the 

muscle type, with the psoas major having smaller penetration compared to the 

longissimus muscle (Limsupavanich et al., 2004, 2008; O’Keeffe & Hood, 1982). The 

impact of the muscle metabolome on the differences in oxygen penetration is unclear. 

Research has speculated the difference may be due to differences in mitochondrial 

oxygen consumptionbased on muscle type (Ke et al., 2017).  In addition, the psoas major 

muscle has been reported to have greater number of radical oxygen species and increased 

oxidative stress than the longissimus (Yu, Tian, Shao, Li, & Dai, 2020), which may 

impact the response to oxygen penetration and subsequently influence color stability. 

However, the connection between oxygen penetration and subsequent differences in 

metabolism is not clear. Therefore, the role of oxygen in oxidative stress in different 

muscles is important to understand in relation to color stability.  
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CHAPTER II 
 

 

REVIEW OF LITERATURE 

Protein oxidation  

Protein oxidation has been connected to decreased tenderness through structural 

changes (Lund, Heinonen, Baron, & Estévez, 2011). Crosslinking of myosin and titin has 

been reported during storage of beef steaks (Kim, Huff-Lonergan, Sebranek, & Lonergan, 

2010). The HiOx-MAP has increased protein oxidation and subsequent crosslinking of 

myosin (Bao & Ertbjerg, 2015; Bao, Puolanne, & Ertbjerg, 2016; Kim et al., 2010; 

Moczkowska, Poltorak, Montowska, Pospiech, & Wierzbicka, 2017). Therefore, 

crosslinking has been influenced by oxygen conditions and is a product of protein 

oxidation. Crosslinking from protein oxidation can negatively impact tenderness. In 

support, research has reported increased toughness in beef (Kim et al., 2010; Lagerstedt, 

Lundstrom, & Lindahl, 2011) and pork (Bao & Ertbjerg, 2015; Lund, Lametsch, Hviid, 

Jensen, & Skibsted, 2007) stored in an oxidative environment such as high-oxygen 

modified atmospheric packaging (HiOx-MAP). Furthermore, water holding capacity has 

been negatively influenced by protein oxidation which can impact palatability (Lund et 

al., 2007). Greater protein oxidation has been reported to increase shear force values and 

results in less degradation of key structural proteins such as troponin T and desmin 

(Rowe, Maddock, Lonergan, & Huff-Lonergan, 2004). Postmortem proteolysis occurs 



5 
 

through calpains which require calcium and reducing environments to be activated 

(Guttmann & Johnson, 1998; Rowe et al., 2004). -Calpain activity decreased in the 

presence of protein oxidation, whereas calpastatin activity increased or was unaffected 

(Guttmann & Johnson, 1998; Rowe et al., 2004). Hence, oxidative conditions lead to less 

proteolysis and increased inhibition of -Calpain increasing shear force. However, the 

oxidation of proteins occurs through reactive oxygen species formation of free radicals 

and propagation similarly to lipid oxidation (Lund et al., 2011). During postmortem 

aging, reactive oxygen species increased, and apoptosis factors in mitochondria and 

muscle increased (Chen et al., 2020). The associated oxidative stress and subsequent 

apoptosis result in increased tenderness of beef (Chen et al., 2020). Therefore, the 

oxidation of proteins negatively influences the proteolysis and structure of meat, but 

reactive oxygen species and subsequent oxidative stress can positively influence 

tenderness. 

Myoglobin oxidation  

Myoglobin is the primary protein responsible for meat color due to the presence 

of a porphyrin ring containing a heme group. Oxymyoglobin is a red pigment with 

oxygen bond to myoglobin which consumers prefer to see in retail cases (Carpenter et al., 

2001). Oxidation of myoglobin directly impacts the appearance of meat products in retail 

by forming surface discoloration or metmyoglobin (Carpenter et al., 2001). Recently, a 

study evaluated the economics of discoloration and determined discoloration of steaks 

costs approximately $3.73 billion annually and results in the waste of almost 780,000 

animals (Ramanathan et al., 2022a). Therefore, limiting metmyoglobin formation during 

retail display can help to reduce food waste and provide value back to the meat industry. 
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Initially, metmyoglobin forms below the surface and under the oxymyoglobin 

layer (Limsupavanich et al., 2004, 2008). In steaks, low oxygen partial pressure (5-7 

mmHg) increases the oxidation of myoglobin (Ledward, 1970). As retail display time 

increased, the metmyoglobin layer increases in size while the oxymyoglobin decreases in 

size (Limsupavanich et al., 2004, 2008). As the metmyoglobin layer increases, the 

metmyoglobin appears on the surface of steaks. Therefore, the myoglobin oxidation 

increases with time internally, indicative of oxidative changes in steaks. As there is a 

connection between myoglobin and lipid oxidation (Faustman, Sun, Mancini, & Suman, 

2010), understanding the oxidative changes in muscle due to oxidative conditions is 

important. Reactive oxygen species can lead to oxidation (Faustman et al., 2010). 

Therefore, oxygen plays a key role in postmortem muscle changes, as oxygen can lead to 

the formation of oxymyoglobin and the oxidation of metmyoglobin. In muscle, the 

interior remains deoxygenated myoglobin or deoxymyoglobin (Limsupavanich et al., 

2004, 2008). Mitochondrial oxygen consumption leads to the formation of 

deoxymyoglobin by lowering the oxygen partial pressure (Tang, Faustman, Hoagland, et 

al., 2005a). However, postmortem changes to mitochondria can lead to reactive oxygen 

species production (Ke et al., 2017). As mitochondrial oxygen consumption is muscle 

specific, oxygen consumption will influence the oxidative state of myoglobin and the 

oxidative changes occurring. 

Lipid oxidation  

As lipid oxidation compounds in postmortem muscle negatively influence 

palatability by developing rancid flavor (Legako et al., 2015), understanding the 

occurrence of lipid oxidation may improve meat quality via extended shelf life. Research 
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has reported an increase in lipid oxidation with greater display time (Ke et al., 2017; 

Mitacek et al., 2019). Early postmortem, the body attempts to reestablish homeostasis 

through the production of adenosine triphosphate (ATP) (Yu, Tian, Shao, Li, & Dai, 

2019). As ATP is depleted, fatty acid metabolism can increase due to the energy 

depletion in postmortem muscle (Consolo et al., 2021). As fatty acids are metabolized, 

lipid oxidation increases, which can have negative implications on palatability. Research 

has reported enhancing meat with metabolites can influence lipid oxidation. Lipid 

oxidation was lower in steaks enhanced with pyruvate and lactate while packaged in 

polyvinyl chloride (PVC) and HiOx-MAP. In PVC and HiOx-MAP, lower lipid oxidation 

was reported in ground beef patties with succinate (Mancini, Ramanathan, Suman, Dady, 

& Joseph, 2011). Thus, the addition of tricarboxylic acid (TCA) cycle metabolites limit 

lipid oxidation by minimizing myoglobin oxidation. Therefore, understanding 

postmortem metabolome changes may provide insight into lipid and protein oxidation 

from oxidative stress postmortem.  

Metmyoglobin formation – extrinsic factors  

 Metmyoglobin formation can be impacted by a variety of extrinsic factors, 

including temperature, aging, oxygen partial pressure, and packaging.  

Oxygen partial pressure  

 Lower oxygen partial pressure increased the rate of oxymyoglobin oxidation in 

vitro (George & Stratmann, 1952). In steaks, the oxidation of myoglobin occurred most 

readily at an oxygen partial pressure of 5-7 mm Hg (Ledward, 1970). Therefore, oxygen 

levels present in steaks will influence the myoglobin forms. An example would be the 
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formation of deoxymyoglobin in anaerobic systems. Mitochondrial oxygen consumption 

led to the formation of deoxymyoglobin by lowering the oxygen partial pressure (Tang et 

al., 2005a). Therefore, low oxygen partial pressure could be formed in steaks due to 

oxygen consumption. Higher oxygen consumption has been reported to have lower 

oxygen penetration (McKenna et al., 2005; O’Keeffe & Hood, 1982). For example, 

muscles such as the psoas major have been reported to have greater oxygen consumption 

and smaller oxygen penetration than the longissimus (McKenna et al., 2005; O’Keeffe & 

Hood, 1982). Therefore, greater oxygen consumption led to little penetration of oxygen 

and a smaller oxymyoglobin layer in steaks (Limsupavanich et al., 2004, 2008). 

Subsequently, the metmyoglobin layer has been reported to be larger in muscles with 

greater oxygen consumption (Limsupavanich et al., 2004, 2008), supporting the influence 

of oxygen consumption on oxidation by low oxygen partial pressure. Therefore, oxygen 

content in intact muscles and subsequent oxygen consumption greatly influence the 

development of metmyoglobin and color stability in retail. 

Packaging  

Packaging type will influence color stability and metmyoglobin formation. 

Packaging types are categorized by their atmospheric conditions, including anaerobic, 

aerobic (20% oxygen), and high oxygen (80% oxygen). Anaerobic packaging can include 

vacuum packaging or carbon monoxide-modified atmosphere packaging (MAP). Vacuum 

packaging will be the primary anaerobic packaging discussed in relation to oxygen and 

metmyoglobin formation. In MAP, increasing oxygen concentration increased color 

stability and decreased metmyoglobin formation of steaks (Lu, Cornforth, Carpenter, 

Zhu, & Luo, 2020). Specifically, HiOx-MAP conditions have improved color stability of 
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steaks (Seyfert, Mancini, Hunt, Tang, & Faustman, 2007) and ground beef (Jayasingh, 

Cornforth, Brennand, Carpenter, & Whittier, 2002) compared to aerobic conditions. The 

increased color stability may be due to oxygen penetration. With greater oxygen 

concentration, there was deeper oxygen penetration in steaks stored in MAP systems (Lu 

et al., 2020; Taylor & MacDougall, 1973). An aerobic MAP system achieved maximal 

penetration at day 4 remained constant then declined (Lu et al., 2020). Higher oxygen 

concentrations reached maximum penetration on day 7 and then declined (Lu et al., 

2020). In support, dark-cutting steaks in HiOx-MAP had greater oxygen penetration 

compared to aerobic oxygen concentrations and increased color stability (Yang et al., 

2022). Oxygen consumption of the non-oxygen exposed (NOE) surface of dark-cutting 

steaks decreased at a faster rate in HiOx-MAP conditions compared to aerobic MAP 

conditions (Yang et al., 2022). This supports a lower oxygen consumption leading to 

greater penetration of oxygen into steaks and increased color stability. A greater decrease 

in oxygen consumption was reported in extended aged steaks in HiOx-MAP compared to 

steaks in traditionally PVC (English, Mafi, VanOverbeke, & Ramanathan, 2016). With a 

greater oxygen penetration, the metmyoglobin layer would form deeper, leading to 

masking of the discoloration by a larger oxymyoglobin layer extending color stability. 

Therefore, the oxygen concentration in packaging increases the depth of oxygen 

penetration by influencing oxygen consumption. 

Metmyoglobin reducing ability is influenced by the oxygen conditions of 

packaging. Using the non-oxygen exposed (NOE) surface, steaks in vacuum packaging 

had higher metmyoglobin reducing ability compared to steaks packaged in HiOx-MAP 

and PVC (Ramanathan, Mancini, & Dady, 2011). In addition, ground beef patties 
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packaged in PVC had greater metmyoglobin reducing ability compared to HiOx-MAP 

patties (Ramanathan, Mancini, Van Buiten, Suman, & Beach, 2012a). A similar decline 

in NOE metmyoglobin reducing ability was reported in extended-aged steaks packaged in 

HiOx-MAP over PVC-packaged steaks (English et al., 2016a). HiOx-MAP had lower 

metmyoglobin reducing ability compared to steaks packaged in PVC for the NOE and 

oxygen exposed (OE) surfaces (Mancini, Seyfert, & Hunt, 2008). High oxygen 

conditions also decreased the metmyoglobin reducing ability of the OE surface of dark-

cutting steaks during retail (Yang et al., 2022). A greater oxygen concentration within 

packaging resulted in lower metmyoglobin reducing ability, which could influence color 

stability as metmyoglobin rises to the surface in higher oxygen conditions.  

Oxygen concentration in packaging can also influence the lipid oxidation of the 

system. Greater oxygen concentration in a MAP system increases lipid oxidation of dark-

cutting steaks during retail display, impacting the oxidation of myoglobin (Lu et al., 

2020). On the other hand, Łopacka, Półtorak, and Wierzbicka (2017) reported no effect 

of oxygen concentration on lipid oxidation during the storage of steaks. Lipid oxidation 

has been greater in steaks packaged in HiOx-MAP compared to vacuum packaging (Kim 

et al., 2010). In support, English et al. (2016b) reported greater lipid oxidation in HiOx-

MAP than PVC packaged steaks after extended aging. Furthermore, proteomic analysis 

has reported lower antioxidant capacity in steaks packaged in HiOx-MAP conditions 

compared to those in CO-MAP, which may indicate the negative influence of oxygen on 

oxidative stability (Yang et al., 2018). These results support the negative influence of 

high oxygen conditions on oxidative conditions in the meat. Overall, packaging type and 
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subsequent oxygen presence influence color stability through impacts on oxygen 

penetration, oxygen consumption, metmyoglobin reducing ability, and lipid oxidation. 

Temperature  

 Oxidation of myoglobin in vitro occurs more rapidly at higher temperatures 

compared to temperatures of meat storage (Brown & Mebine, 1969; Snyder & Ayres, 

1961). Furthermore, metmyoglobin content increased with higher storage temperature 

during dark storage (Hood, 1980). A higher temperature during storage decreases color 

stability of beef (Jeremiah & Gibson, 2001; Limbo, Torri, Sinelli, Franzetti, & Casiraghi, 

2010; Mancini & Ramanathan, 2014). However, electron transport chain (ETC)-mediated 

metmyoglobin reduction occurs more readily at higher temperatures (Tang, Faustman, 

Mancini, Seyfert, & Hunt, 2005b), indicating that physiological temperatures allow for 

more metmyoglobin reduction. Furthermore, the use of malate dehydrogenase system 

increased in reduction at a temperature closer to physiological temperature (Mohan, 

Muthukrishnan, Hunt, Barstow, & Houser, 2010a). Postmortem storage temperature of 

meat can slow the oxidation of myoglobin but also limits some of the metmyoglobin 

reducing pathways to be more active in physiological conditions. 

Aging 

Wet aging in vacuum packaging is a common practice in the meat industry to 

improve tenderness and flavor. Improved eating quality is negated by lower color 

stability. Increased aging time led to greater metmyoglobin formation and decreased a* 

values during storage (English et al., 2016a; Mancini & Ramanathan, 2014; Mitacek et 

al., 2019; Nair, Li, Beach, Rentfrow, & Suman, 2018). In addition, bloom development 

decreased with increased aging time (English et al., 2016a; Mitacek et al., 2019). With 
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increased time postmortem, there is a decrease in oxygen consumption (English et al., 

2016a; Mancini & Ramanathan, 2014; Mitacek et al., 2019) which can influence oxygen 

penetration. A greater oxygen penetration has been reported when there is lower oxygen 

consumption (O’Keeffe & Hood, 1982).  Therefore, aging could increase penetration, but 

color stability would be limited by the decline in metmyoglobin reducing ability (English 

et al., 2016a; Mitacek et al., 2019). One such example would be aged dark-cutting beef. 

With greater aging time, dark-cutting beef has less deoxymyoglobin formation and 

improved L* values, possibly due to muscle structure breakdown through proteolysis and 

greater oxygen penetration (English et al., 2016b). However, increased aging decreased 

metmyoglobin reducing ability of dark-cutting beef (English et al., 2016b), which can 

negatively influence color stability. Therefore, the aging process used in industry can lead 

to detrimental effects on metmyoglobin formation and color stability. 

Metmyoglobin formation – intrinsic factors  

 Metmyoglobin formation can be impacted by a variety of intrinsic factors, 

including pH, lipid and protein oxidation, muscle fiber type, muscle metabolism, and 

mitochondrial oxygen consumption.  

pH 

 Oxidation of proteins such as myoglobin is influenced by pH. Brown and Mebine 

(1969) reported greater oxidation of myoglobin occurs at a lower pH compared to 

physiological pH. In steaks, dark-cutting beef (pH > 6.0) shows slower discoloration 

formation than normal-pH beef during retail display (Ramanathan et al., 2022b; Sawyer, 

Apple, Johnson, Baublits, & Yancey, 2009; Wills et al., 2017). Myoglobin is stabilized 
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by distal and proximal histidines, which can be impacted by pH. The distal histidine 

hydrogen bonds with oxygen of oxymyoglobin to stabilize myoglobin (Richards, 2013). 

Protonation of the distal histidine occurs at lower pH levels leading to less stability of 

oxygen through a weakened hydrogen bond and increased oxidation to occur (Richards, 

2013). In addition, protonation of the proximal histidine will contribute further to 

promoting oxidation due to decreased stability of the heme linkage with the proximal 

histidine (Richards, 2013). At lower pH conditions, there was less oxygen affinity for 

myoglobin reducing oxymyoglobin formation (Nerimetla et al., 2017). In addition, a 

postmortem pH level had lower metmyoglobin reduction compared to a physiological pH 

level (Mohan et al., 2010a; Nerimetla et al., 2017; Ramanathan et al., 2012a; Tang et al., 

2005b). All these factors indicate the greater susceptibility of myoglobin oxidation in 

postmortem meat from a lower pH. 

Lipid and protein oxidation  

Protein and lipid oxidation are linked, and protein oxidation is believed to proceed 

in a similar manner as lipid oxidation (Faustman et al., 2010). Metmyoglobin formation 

has been increased by the presence of lipid oxidation products (Faustman et al., 2010; 

Lynch & Faustman, 2000). Specifically, 4-hydroxy-2-nonenal (HNE) has been reported 

to increase metmyoglobin formation in vitro (Ramanathan, Mancini, Suman, & Cantino, 

2012b). Higher lipid oxidation during retail display has been significantly correlated with 

lower a* values and greater surface discoloration (Ma et al., 2017). The secondary lipid 

oxidation product HNE has been reported to decrease ETC-mediated metmyoglobin 

reduction, NADH-dependent reductase activity, and LDH activity (Ramanathan, 
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Mancini, Suman, & Beach, 2014; Zhai, Peckham, Belk, Ramanathan, & Nair, 2019a) 

influencing metmyoglobin formation.  

Lipid and protein oxidation can be influenced by the packaging used during 

storage. In previous studies, PVC-packaged longissimus steaks had greater lipid oxidation 

than vacuum packaging with greater display time (Fu, Molins, & Sebranek, 1992; 

Ramanathan et al., 2011; Reyes et al., 2022). Furthermore, steaks packaged in HiOx-

MAP reported an increase in lipid oxidation compared to vacuum packaging 

(Ramanathan et al., 2011; Yang et al., 2016; Zakrys, Hogan, O’Sullivan, Allen, & Kerry, 

2008). Higher protein oxidation has been reported in HiOx-MAP steaks compared to 

vacuum-packaged steaks during storage (Moczkowska et al., 2017; Yang et al., 2016). A 

similar trend was reported in pork chops packaged in HiOx-MAP (Spanos, Tørngren, 

Christensen, & Baron, 2016) and 20% oxygen conditions (Bao & Ertbjerg, 2015). 

Therefore, the presence and level of oxygen negatively impacts of the oxidative state of 

the system. 

 Enhancement with metabolites can influence the amount of lipid oxidation during 

storage. Enhancement with lactate and pyruvate decreased lipid oxidation of steaks 

packaged in PVC and HiOx-MAP (Ramanathan et al., 2011). In addition, lipid oxidation 

was lower with pyruvate addition to ground beef patties in PVC and HiOx-MAP 

(Ramanathan et al., 2012a). Succinate decreased lipid oxidation of ground beef patties in 

PVC and HiOx-MAP (Mancini et al., 2011). The addition of these TCA cycle metabolites 

may limit lipid oxidation by limiting myoglobin oxidation. Therefore, the presence of 

metabolites in steaks could influence lipid oxidation and, thereby, metmyoglobin 

formation. 
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Muscle types  

Muscles have specific meat quality characteristics influenced by metabolism 

differences. Type I or red fibers have a greater oxidative metabolism compared to type 

IIb or white fibers (Hunt & Hedrick, 1977; Kirchofer, Calkins, & Gwartney, 2002). For 

example, the psoas major has more oxidative fibers, while the longissimus and 

semitendinosus muscles have more glycolytic fibers (Hunt & Hedrick, 1977; Yu et al., 

2019). A greater oxidative metabolism has been shown to be less color stable than 

muscles that have greater glycolytic metabolism (McKenna et al., 2005; O’Keeffe & 

Hood, 1982). In addition, oxidative muscles such as the psoas major have greater 

mitochondrial content compared to glycolytic muscles such as the longissimus (Ke et al., 

2017). As the mitochondria are the main source of reactive oxygen species in muscle, the 

greater abundance of mitochondria negatively impacts the oxidative stability of the psoas 

major muscle (Liu et al., 2022). Furthermore, the psoas major in chickens was more 

susceptible to oxidative stress than the gastrocnemius (Liu & Xiong, 2015). These 

differences in muscle type can result in differences in oxidation. 

In terms of protein oxidation, there are muscle-specific implications on 

appearance. Both the longissimus and semitendinosus muscles were reported as color 

stable, while the psoas major muscle was categorized as color labile (McKenna et al., 

2005; Seyfert et al., 2007). During storage, the longissimus and semitendinosus muscles 

had greater redness compared to the psoas major muscle (McKenna et al., 2005; Nair et 

al., 2018). Furthermore, a more rapid decrease in a* values and chroma and an increase 

in metmyoglobin was reported in the psoas major compared to thelongissimus lumborum 

muscle (Joseph et al., 2012; Kim, Keeton, Smith, Berghman, & Savell, 2009). The psoas 
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major muscle has greater lipid oxidation than the longissimus muscle (Canto et al., 2016; 

Joseph et al., 2012; Ke et al., 2017) and semitendinosus (McKenna et al., 2005), 

contributing to the oxidation of myoglobin. A lower metmyoglobin reducing ability was 

reported in the psoas major compared to the longissimus muscle (Abraham et al., 2017; 

Joseph et al., 2012; Ke et al., 2017; McKenna et al., 2005) and the semitendinosus muscle 

(Nair et al., 2018). The lower reducing capacity would negatively influence the oxidative 

state of myoglobin, resulting in more myoglobin oxidation. However, McKenna et al. 

(2005) reported no difference in metmyoglobin reducing ability between the 

semitendinosus and psoas major muscles after storage. Furthermore, oxygen 

consumptiondecreased at a greater rate in the psoas major than thelongissimus lumborum 

during retail display (Abraham et al., 2017; Ke et al., 2017). The differences in fiber type 

resulted in differences in lipid oxidation, oxygen consumption, and metmyoglobin 

reducing ability, influencing color stability. Recent research has focused on the specific 

metabolite and protein differences between muscles that could be connected to color 

stability.  

Metabolomic and proteomic effects  

 Several studies have evaluated the differences in metabolome and proteome 

between the psoas major and longissimus, while there has been limited research on the 

metabolome and proteome of the semitendinosus. Early postmortem evaluation reported 

more glycolytic enzymes in thelongissimus lumborum muscle than the psoas major 

muscle (Yu et al., 2019; Yu et al., 2018). Joseph et al. (2012) reported more glycolytic 

enzymes in the longissimus during retail display compared to the psoas major muscle. 

Similar results were reported by Nair et al. (2018) whereas the semitendinosus 
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andlongissimus lumborum muscles had a greater abundance of glycolytic enzymes than 

the psoas major muscle. In support, glycolytic metabolites have been reported to be 

greater in thelongissimus lumborum during retail display compared to psoas major 

supporting glycolytic muscles having greater color stability in retail display (Abraham et 

al., 2017). Furthermore, oxidative phosphorylation enzymes were reported to be greater 

in the psoas major muscle than the longissimus muscle (Yu et al., 2019, 2020; Zhai et al., 

2020). The presence of glycolytic metabolites and enzymes in predominantly glycolytic 

muscles may support the limited oxidative changes reported in the longissimus compared 

to the psoas major. In addition, glycolytic enzymes can lead to the production of reduced 

nicotinamide adenine dinucleotide (NADH), and NADH can be used for metmyoglobin 

reduction, indicating a greater capacity for metmyoglobin reduction in glycolytic 

muscles. Producers of reactive oxygen species were more abundant in the psoas major 

muscle than in the longissimus muscle (Zhai et al., 2020). More reactive oxygen species 

indicates more oxidative stress in the psoas major muscle than the longissimus muscle, 

and thereby, lower color stability and greater myoglobin oxidation. Furthermore, research 

has reported the psoas major muscle has a loss of membrane potential and increased 

mitochondrial dysfunction due to changes in the proteome early postmortem which could 

further the production of reactive oxygen species and oxidative stress (Liu et al., 2022).  

The presence of specific metabolites and enzymes supports the muscle-specific 

reduction capacity and oxidative stress response. The longissimus muscle has greater 

succinic acid content than the psoas major during retail display (Abraham et al., 2017). 

The role of succinate in ETC-mediated metmyoglobin reduction supports the greater 

color stability of the longissimus over the psoas major muscle. Metmyoglobin reduction 
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has also been reported through the use of lactate dehydrogenase (Kim et al., 2009) and 

malate dehydrogenase (Mohan et al., 2010a). Lactate dehydrogenase was more abundant 

in the psoas major than the semitendinosus muscle (Nair et al., 2018) and more active in 

the psoas major than the longissimus muscle (Kim et al., 2009). Malate dehydrogenase 

was more abundant in the longissimus and semitendinosus muscles compared to the psoas 

major and could be used to reduce metmyoglobin and extend color stability (Nair et al., 

2018). In support, muscle extracts from the longissimus and semitendinosus had greater 

reduction compared to the psoas major in the presence of NAD and malate (Mohan et al., 

2010a). The substrate malate can be formed from carnitines which have been reported to 

be greater in the longissimus than the psoas major muscle (Ma et al., 2017). 

Alternatively, Abraham et al. (2017) reported the psoas major muscle with a greater 

abundance of carnitines due to the increased mitochondrial content. Variations in 

metabolites and proteins influence the capacity for myoglobin oxidation and subsequent 

reduction. 

Antioxidant proteins play a large role in limiting oxidative stress by reducing 

reactive oxygen species. Joseph et al. (2012) reported greater antioxidant capacity in the 

longissimus muscle than in the psoas major muscle. Specifically, there was a greater 

abundance of antioxidant proteins such as peroxiredoxin-2 and peptide methionine 

sulfoxide reductase in the longissimus muscle than in the psoas major muscle (Joseph et 

al., 2012). Both enzymes could be used to limit the negative effects of reactive oxygen 

species in postmortem muscle (Joseph et al., 2012). Peroxiredoxin-6 increased during 

storage of the psoas major muscle, whereas peroxiredoxin-1 increased in the longissimus 

muscle (Wu et al., 2016). As an antioxidant protein, peroxiredoxin-6 may prevent or limit 
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myoglobin and lipid oxidation in addition to their activation from cellular stress 

(Gagaoua et al., 2020). Peroxiredoxin-1 was positively correlated with a* values during 

retail display of the longissimus, indicating the potential for peroxiredoxin-1 to play an 

antioxidant role in preventing oxidative changes (Wu et al., 2016).  Superoxide dismutase 

removes reactive oxygen species and could prevent the free radical damage and oxidation 

of proteins and lipids (Malheiros et al., 2019). Therefore, superoxide dismutase may act 

as an antioxidant defense mechanism from oxidative stress in the psoas major muscle. 

Superoxide dismutase was reported to be higher in the psoas major than the 

semitendinosus during storage (Nair et al., 2018). The same enzyme was reported to be 

lower in the psoas major compared to the longissimus muscle (Wu et al., 2016). 

Furthermore, superoxide dismutase had greater oxidative damage in tender longissimus 

steaks over tough longissimus steaks (Malheiros et al., 2019). In support, other 

antioxidant proteins such as peroxiredoxin-1 and -2 also reported greater oxidative 

damage in tender longissimus compared with tougher longissimus (Malheiros et al., 

2019). Therefore, the increase in oxidative damage may lead to tender meat as oxidative 

changes occur. Mitochondrial aconitase can utilize citrate and was reported to be more 

abundant in the psoas major than in the longissimus muscle (Joseph et al., 2012; Yu et 

al., 2017). In support, citric acid was greater in the longissimus at the end of retail display 

than in the psoas major (Abraham et al., 2017). The difference in citrate content could be 

due to the greater mitochondrial content in the psoas major muscle (Abraham et al., 

2017). The mitochondrial aconitase enzyme could increase free radical-induced lipid 

oxidation and, thereby, myoglobin oxidation. Therefore, a lower abundance of the 

enzyme mitochondrial aconitase enzyme and a greater abundance of citrate could indicate 
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less oxidative changes in the longissimus muscle than in the psoas major muscle. 

However, there has not been a direct connection between citrate and lower myoglobin or 

lipid oxidation. These antioxidant mechanisms may influence myoglobin oxidation and, 

therefore, reducing capacity of different muscles.  

Enzymes involved in fatty acid degradation can vary based on muscle type. In 

early postmortem muscle, the psoas major muscle had a greater abundance of fatty acid 

degradation enzymes compared to the longissimus muscle (Zhai et al., 2020). 

Furthermore, research supports greater fatty acid degradation in the psoas major than the 

longissimus based on abundant enzymes, which would promote lipid oxidation induced 

pigment oxidation (Yu et al., 2019; Yu et al., 2018). Therefore, the greater enzyme 

content and thereby degradation of fatty acids would support greater lipid oxidation in the 

psoas major compared to the longissimus postmortem (Canto et al., 2016; Joseph et al., 

2012; Ke et al., 2017). In live animals, vitamin E supplementation has been reported to 

limit oxidation of myoglobin in postmortem muscle (Faustman, Chan, Schaefer, & 

Havens, 1998). More specifically, Zhai et al. (2019b) reported a lower abundance of 

NADH dehydrogenase, which forms reactive oxygen species in vitamin E-supplemented 

cattle. Therefore, the presence of dietary vitamin E decreased the enzymes which 

promote oxidative stress by the production of reactive oxygen species. This proteome 

changes support the limited lipid and myoglobin oxidative changes previously reported in 

vitamin-E-supplemented beef postmortem (Faustman et al., 1998). Overall, the 

promotion of fatty acid degradation negatively influences the oxidative conditions in 

postmortem muscle and can be influenced by live animal conditions. 
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Other differences in proteome between the longissimus lumborum and psoas 

major muscles include differences in heat shock proteins. Heat shock protein 71 was 

reported to increase during extended storage of the psoas major muscle (Wu et al., 2016). 

In the longissimus muscle, heat shock protein 71 increased with greater storage as well as 

the longissimus muscle had a greater abundance of heat shock protein 71 compared to the 

psoas major and semitendinosus (Nair et al., 2018). Similarly, heat shock protein 70 was 

reported in greater abundance in the longissimus lumborum compared to the psoas major 

during retail display (Joseph et al., 2012). Heat shock protein 27 was reported to increase 

in the longissimus early postmortem (Jia et al., 2006). Furthermore, the longissimus 

muscle had a greater abundance of heat shock 27 compared to the psoas major muscle 

(Joseph et al., 2012). Heat shock protein 20 was higher in the longissimus compared to 

the psoas major (Zhai et al., 2020). Several heat shock proteins have been reported to 

decrease in the psoas major early postmortem (Liu et al., 2022). The decline in heat 

shock proteins could result in changes in mitochondrial morphology and subsequent 

release of reactive oxygen species (Liu et al., 2022). Therefore, the loss of heat shock 

proteins in the psoas major could indicate oxidative stress in the muscle with the heat 

shock proteins acting as part of the response (Liu et al., 2022). Greater oxidative damage 

of heat shock proteins 70 and 20 were reported in tender meat (Malheiros et al., 2019). 

The loss of heat shock proteins may prevent a decline in proteolysis and lead to increased 

tenderness, which aligns with the tender psoas major losing heat shock proteins 70 and 

20 compared to the longissimus muscle (Malheiros et al., 2019). This may be due to the 

protection heat shock proteins can provide against stress-induced denaturation (Gagaoua 

et al., 2020). Positively correlated heat shock protein 60 was reported to decrease during 
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storage with a decrease in the a* values of the longissimus (Wu et al., 2016). Early 

postmortem, the same protein was reported to increase in the longissimus muscle (Jia et 

al., 2006). Furthermore, heat shock protein 60, a mitochondrial protein, was reported to 

be higher in the psoas major than the longissimus early postmortem (Zhai et al., 2020) 

and with aging (Nair et al., 2018). The semitendinosus muscle also reported a lower 

abundance of heat shock protein 60 compared to the psoas major (Nair et al., 2018). 

Therefore, the greater abundance of mitochondria in the psoas major muscle compared to 

the semitendinosus and longissimus may influence the changes in heat shock protein 60 

and impacts its presence in oxidative stress compared to other heat shock proteins. 

Therefore, the location of the protein and muscle type could influence the response and 

changes of the heat shock proteins. The varying changes in heat shock proteins in 

response to oxidative stress in different muscle types may indicate muscle-specific 

biomarkers for oxidative stress. 

Mitochondrial influence   

Postmortem mitochondria remain active consuming oxygen and competing with 

myoglobin for oxygen in meat (Tang et al., 2005a). Furthermore, as mitochondria respire, 

reactive oxygen species can be produced (Cecarini et al., 2007). The psoas major muscle 

has greater mitochondrial oxygen consumption and mitochondrial content than the 

longissimus, with a more rapid decrease in mitochondrial oxygen consumption during 

retail display (Ke et al., 2017). A greater mitochondrial content and oxygen consumption 

can lead to a greater number of radical oxygen species and increased oxidative stress, 

which can lead to faster myoglobin oxidation and apoptosis in the psoas major compared 

to the longissimus (Yu et al., 2020). Furthermore, the psoas major muscle had lower 
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mitochondrial membrane permeability of the mitochondria than the longissimus (Yu et 

al., 2020). Therefore, the mitochondrial damage was greater in the psoas major than in 

longissimus. This damage can lead to greater oxidative changes and stress in the psoas 

major than in the longissimus. In support, the psoas major has greater lipid oxidation than 

the longissimus muscle during retail display (Joseph et al., 2012; Ke et al., 2017). The 

differences in mitochondrial oxygen consumption and oxidative changes influence the 

oxidative state of myoglobin in muscle.  

With increased time postmortem, mitochondria will degenerate and degrade, 

decreasing activity. Aging decreased mitochondrial oxygen consumption (Mancini & 

Ramanathan, 2014; Mitacek et al., 2019; Tang et al., 2005a) as well as mitochondrial 

protein content (Mitacek et al., 2019). Degeneration leads to mitochondrial damage and 

increased reactive oxygen species, which can negatively impact oxidative conditions (Ke 

et al., 2017; Yu et al., 2018). With aging, there was an increase in myoglobin oxidation in 

steaks (English et al., 2016a; Mitacek et al., 2019) and lower NADH content important 

for metmyoglobin reduction (Mitacek et al., 2019). The decrease in mitochondrial 

activity and subsequent degradation can influence the oxidative stress in steaks. 

Therefore, the presence of active mitochondria and mitochondrial substrates in muscle is 

important to oxidative stability.  

Oxygen penetration depth is also influenced by oxygen consumption. The psoas 

major has less oxygen penetration compared to the longissimus (McKenna et al., 2005; 

O’Keeffe & Hood, 1982), which is influenced by the mitochondrial oxygen 

consumptionalong with oxygen diffusion. With the higher mitochondrial content and 

oxygen consumptioninitially, the psoas major has lower oxymyoglobin depth formed at 
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the surface compared to a deeper penetration reported in the longissimus (Limsupavanich 

et al., 2004, 2008). This smaller penetration has been associated with less color stability 

of the psoas major and greater metmyoglobin formation during display due to the low 

partial pressure oxygen area being closer to the surface of meat (Limsupavanich et al., 

2004, 2008). Similar effects reported in psoas major are reported in dark-cutting beef. 

Dark-cutting beef has greater mitochondrial activity (Ashmore, Parker, & Doerr, 1972; 

Ramanathan & Mancini, 2018) and greater oxygen consumption (Kiyimba et al., 2021; 

Ramanathan, Kiyimba, Gonzalez, Mafi, & DeSilva, 2020b; Ramanathan & Mancini, 

2018).  More deoxymyoglobin formation has been reported on the surface compared to 

normal-pH beef (English et al., 2016b). Higher deoxymyoglobin formation is supported 

by smaller oxygen penetration reported in dark-cutting beef compared to normal-pH beef 

(Lu et al., 2020). This limited penetration also leads to a decrease in bloom in dark-

cutting beef with less myoglobin oxygenation (English et al., 2016b). Less bloom or 

muscle darkening is also reported in lactate-enhanced beef due to increased 

mitochondrial oxygen consumption (Ramanathan, Mancini, Joseph, & Suman, 2013; 

Ramanathan, Mancini, & Konda, 2009; Ramanathan, Mancini, & Maheswarappa, 2010) 

and less myoglobin oxygenation (Ramanathan, Mancini, & Konda, 2010). Lactate-

enhanced steaks had lower oxygen penetration compared to unenhanced steaks 

(Ramanathan, Mancini, & Konda, 2010), supporting the increase in oxygen consumption 

decreases the penetration of oxygen into the muscle. Therefore, differences in 

mitochondrial content and oxygen consumption can influence the oxygen penetration 

and, thereby color stability of the muscle. 
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In terms of the relationship between metabolites and mitochondria, research has 

reported the influence of metabolites in mitochondrial oxygen consumption and 

subsequent lipid and myoglobin oxidation. Succinate has been reported as a substrate for 

mitochondrial oxygen consumption (Ramanathan & Mancini, 2010; Ramanathan et al., 

2009; Tang et al., 2005b; Zhu, Liu, Li, & Dai, 2009) and was reported as part of ETC-

mediated metmyoglobin reduction (Tang et al., 2005b). Pyruvate addition to 

mitochondria results in oxygen consumption of heart muscle (Ramanathan & Mancini, 

2010; Ramanathan et al., 2009) and metmyoglobin reduction (Ramanathan & Mancini, 

2010). In PVC and HiOx-MAP, succinate decreased lipid oxidation of ground beef 

patties (Mancini et al., 2011). In addition, metabolites can influence myoglobin 

oxygenation due to mitochondrial oxygen consumption competing for oxygen with 

myoglobin. Lactate addition has been reported to darken the longissimus muscle (Kim et 

al., 2006; Ramanathan et al., 2011; Ramanathan et al., 2009) and decrease myoglobin 

oxygenation (Ramanathan, Mancini, & Konda, 2010). The decrease in myoglobin 

oxygenation could be due to increased mitochondrial oxygen consumption via the lactate-

lactate dehydrogenase-NAD system (Ramanathan et al., 2013; Ramanathan et al., 2009; 

Ramanathan, Mancini, & Maheswarappa, 2010). The psoas major has been reported to 

have lower lactate dehydrogenase activity and NADH content compared to the 

semimembranosus and longissimus muscles which could contribute to the increased 

myoglobin oxidation reported in the psoas major muscle (Kim et al., 2009). 

Enhancement with lactate decreased lipid oxidation of steaks packaged in PVC and 

HiOx-MAP (Ramanathan et al., 2011). The presence of these metabolites could influence 

oxygenation of myoglobin and reducing capacity through mitochondrial oxygen 
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consumption. The products of lipid oxidation can influence mitochondrial oxygen 

consumption. Lipid oxidation products such as HNE have been reported to decrease 

mitochondrial oxygen consumption and increase myoglobin oxidation (Ramanathan et 

al., 2012b). In addition, mitochondria treated with HNE changed their morphology 

(Ramanathan et al., 2012b). Specifically, at pH 5.6, mitochondria with HNE were 

shrunken, and the membrane was less permeable (Ramanathan et al., 2012b). Decreased 

membrane permeability indicated oxidative stress and can negatively impact the 

oxidative state of myoglobin and other proteins (Ramanathan et al., 2012b). Lipid 

oxidation products can negatively influence mitochondrial oxygen consumption and 

increase myoglobin oxidation. 

Oxygen consumption 

 Oxygen consumption is the use of oxygen by myoglobin, oxygen consumption 

enzymes, microbes, lipids, and mitochondria (Baron & Andersen, 2002; Faustman & 

Cassens, 1990; Tang et al., 2005a). Most oxygen consumption evaluated in meat is 

considered oxygen used through the mitochondria and oxygen consuming enzymes. 

Mitochondria is considered important to oxygen consumption in muscle because it is the 

main organelle responsible for oxygen consumption (Ouali et al., 2013). Oxygen is 

consumed by the mitochondria at Complex IV as oxygen acts as the final electron 

acceptor. Mitochondria compete with myoglobin for oxygen, which influences meat color 

(Ramanathan & Mancini, 2018; Tang et al., 2005a). Enzymes involved in consumption of 

oxygen are primarily involved in the Krebs cycle (King et al., 2023).  

Muscle oxygen consumption can be evaluated by a variety of different methods, 

including Waring Flask, Clark Electrode, Spectrophotometry, and Oxygen Headspace 
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analysis. These methods provide insight into muscle oxygenation; however, most cannot 

be done in real-time and are invasive (Mohan, Hunt, Barstow, Houser, & Hueber, 2010b). 

The oxygen consumption method of focus in the present review is evaluating oxygen 

consumption on whole muscle. This method focuses on forming oxymyoglobin through 

bloom and then subsequent anaerobic storage at an elevated temperature to decrease 

oxymyoglobin content through oxygen consumption. Therefore, most studies use a 

freshly cut interior portion of muscle to evaluate whole muscle oxygen consumption. To 

calculate oxygen consumption, the percentage or 
𝐾

𝑆
 ratio of oxymyoglobin or 

deoxymyoglobin is determined before and after incubation (King et al., 2023). Many 

studies report the change in deoxymyoglobin or oxymyoglobin as the oxygen 

consumption.  

Oxygen consumption of intact muscle has been reported to indicate color stability 

(O’Keeffe & Hood, 1982; Sammel, Hunt, Kropf, Hachmeister, & Johnson, 2002). 

Sammel et al. (2002) reported an intermediate oxygen consumption would be beneficial 

to color stability which was supported by several reviews (Ramanathan et al., 2020c; 

Ramanathan, Nair, Hunt, & Suman, 2019). Based on the information provided, high 

oxygen consumption can result in decreased oxygen penetration, decreased color 

stability, and increased deoxymyoglobin formation. With low oxygen consumption from 

mitochondrial damage, there is increased oxidative stress and less reduction due to 

limited NADH and decreased reducing activity. Therefore, there needs to be a balance in 

the oxygen consumption, with a moderate level of oxygen consumption being 

representative of color stability. An example of this system would be the longissimus 

compared to the psoas major. In the longissimus, there is greater oxygen penetration 
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(Limsupavanich et al., 2004, 2008; McKenna et al., 2005; O’Keeffe & Hood, 1982), 

smaller loss of oxygen consumption during storage (Abraham et al., 2017; Ke et al., 

2017), slower degeneration of mitochondria (Ke et al., 2017; Yu et al., 2020), and 

increased color stability (Abraham et al., 2017; McKenna et al., 2005; O’Keeffe & Hood, 

1982) compared to the psoas major. Therefore, an intermediate level of oxygen 

consumption would allow for better color stability. 

Oxygen consumption can be influenced by a variety of factors. A higher 

temperature increases mitochondrial and enzymatic activity and, therefore, oxygen 

consumption (Tang et al., 2005a). A pH closer to physiological pH increases 

mitochondrial and enzyme activity and thereby increases oxygen consumption. Dark-

cutting beef has a higher pH and higher mitochondrial activity (Ashmore et al., 1972; 

Ramanathan & Mancini, 2018) and greater oxygen consumption (Kiyimba et al., 2021; 

Ramanathan et al., 2020b; Ramanathan & Mancini, 2018) resulting in more 

deoxymyoglobin on the surface than normal-pH beef (English et al., 2016b). Muscle type 

influences the oxygen consumption, as previously discussed. The psoas major has more 

oxidative metabolism and increased mitochondrial content, which will lead to increased 

oxygen consumption over the longissimus at the beginning of storage (Abraham et al., 

2017; Ke et al., 2017; O’Keeffe & Hood, 1982), and the mitochondria of the psoas major 

muscle deteriorates faster losing oxygen consumption faster than longissimus (Abraham 

et al., 2017; Ke et al., 2017; O’Keeffe & Hood, 1982). Tricarboxylic acid cycle 

metabolites influence mitochondrial oxygen consumption impacting the oxygen 

consumption of intact muscle and ground beef (Kim et al., 2006; Ramanathan et al., 

2011; Ramanathan et al., 2009; Ramanathan et al., 2012a). Oxygen conditions impact the 
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oxygen consumption such as HiOx-MAP conditions decreasing oxygen consumption 

compared to aerobic packaging systems in ground beef (Ramanathan et al., 2012a) and 

aged steaks (English et al., 2016a). However, limited research has evaluated the impact of 

retail oxygen exposure on the oxygen consumption of intact muscle since oxygen 

consumption has been based on freshly cut surfaces. 

Metmyoglobin reduction   

Pathways of metmyoglobin reduction 

There are three pathways by which metmyoglobin can be reduced and limit the 

accumulation of surface discoloration. The pathways to reduce metmyoglobin include 

electron-transport metmyoglobin reducing ability (Tang et al., 2005b), enzymatic 

reduction (Arihara, Cassens, Greaser, Luchansky, & Mozdziak, 1995), and non-

enzymatic reduction (Brown & Snyder, 1969). Electron-transport metmyoglobin reducing 

ability is mediated by the mitochondria (Tang et al., 2005b). In Tang, Faustman, Mancini, 

et al. (2005), the electron-mediated metmyoglobin reducing ability mechanism was 

reported. Complex II uses succinate to contribute electrons to the ETC, and the electrons 

come to cytochrome c between complexes III and IV. Cytochrome c acts as an electron 

carrier to transport electrons from the ETC to metmyoglobin. This occurs through 

transporting electrons from the inner membrane, where the ETC is located to the outer 

membrane of the mitochondria. Cytochrome c can move into the intermembrane space in 

addition to the cytochrome c present in the intermembrane space. At the outer membrane 

of the mitochondria, cytochrome c can transport the electrons to the outer membrane 

cytochrome b5 which can provide electrons to reduce metmyoglobin to deoxymyoglobin. 

A greater pH and temperature resulted in an increase in electron-mediated metmyoglobin 
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reducing ability, indicating the role of the pathway in the physiological conditions found 

in skeletal muscle and aligning with the increase in myoglobin oxidation at postmortem 

pH levels. Anaerobic conditions allow for more electrons available for reduction as 

electrons do not pass to complex IV and can accumulate at complex III. Therefore, 

mitochondrial stability and interaction with oxygen in postmortem muscle influence color 

stability through metmyoglobin reduction.  

Enzymatic reduction involves the enzyme NADH-cytochrome b5 reductase 

(Arihara et al., 1995). The enzyme is located in the outer membrane of mitochondria and 

can act to reduce metmyoglobin to deoxy/oxymyoglobin through electrons. These 

electrons come from NADH, and the enzyme mediates the reduction through cytochrome 

b5, which is also on the outer membrane of the mitochondria. The electron transfer to 

cytochrome b5 leads to the reduction of cytochrome b5. Reduced cytochrome b5 

transfers electrons to metmyoglobin with the use of NADH-cytochrome b5 reductase, 

forming reduced myoglobin and oxidized cytochrome b5. The enzymatic reduction was 

higher at a higher temperature and lower pH (Mikkelsen & Skibsted, 1992). Oxygen 

conditions can influence enzymatic reduction as oxygen competes with metmyoglobin for 

the electrons at reduced cytochrome b5 (Mikkelsen & Skibsted, 1992). Therefore, oxygen 

exposure during storage can influence enzymatic reduction. 

Non-enzymatic reduction takes place using electron carriers such as cytochrome 

c, quinone, or methylene blue (Brown & Snyder, 1969; Denzer et al., 2020). The 

electrons can come from NADH and are transferred through an electron carrier to 

metmyoglobin for subsequent reduction. Through this pathway, the electron carrier is 

reduced and subsequently oxidized to reduce the heme iron of myoglobin from ferric to 
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ferrous state. Nonenzymatic reduction has been reported to occur at postmortem muscle 

pH and temperature conditions (Denzer et al., 2020). Koizumi & Brown (1972) 

determined aerobic conditions increased metmyoglobin reduction nonenzymatically. 

Therefore, oxygen conditions at retail could positively impact the non-enzymatic 

pathway. Reverse electron transport can help to form NADH at Complex I of the ETC, 

which can be used to reduce metmyoglobin through enzymatic and non-enzymatic 

mechanisms (Belskie, Van Buiten, Ramanathan, & Mancini, 2015). Consequently, 

metabolites used by the mitochondria and in the TCA cycle play an important role in 

metmyoglobin reduction. 

Metabolites in metmyoglobin reduction  

Electrons for the metmyoglobin reduction can be provided through various 

metabolites of the TCA cycle forming NADH. The enhancement of loins with pyruvate, 

succinate, and lactate has been reported to have higher a* values and lower 

metmyoglobin after 13 d of dark storage in PVC and HiOx-MAP compared to 

unenhanced steaks (Ramanathan et al., 2011). Similarly, malate, lactate, and pyruvate 

have been reported to slow metmyoglobin formation in meat homogenates (Mohan, Hunt, 

Barstow, Houser, & Muthukrishnan, 2010c). Malate and lactate were reported to improve 

color stability of meat homogenates compared to pyruvate (Mohan et al., 2010c). An 

improvement in a* values and reduction of metmyoglobin was reported in ground beef 

patties containing pyruvate stored in PVC and HiOx-MAP (Ramanathan et al., 2012a). 

Succinate and lactate improved the metmyoglobin reducing ability of the steaks 

(Ramanathan et al., 2011), while pyruvate decreased metmyoglobin reducing ability in 

steaks (Ramanathan et al., 2011) and patties (Ramanathan et al., 2012a). A similar 
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improvement in metmyoglobin reducing ability and color stability by lactate 

enhancement was reported by Kim et al. (2006). Therefore, reduction of metmyoglobin 

by substrate addition is dependent on the metabolite added. 

Lactate in the presence of lactate dehydrogenase and NAD increased the 

formation of NADH (Kim et al., 2006; Ramanathan, Mancini, & Maheswarappa, 2010). 

Metmyoglobin reduction by ETC-mediated pathway was increased by the addition of 

lactate and further improved by the addition of lactate-lactate dehydrogenase-NAD 

system (Ramanathan, Mancini, & Maheswarappa, 2010). Enzymatic metmyoglobin 

reduction was increased using the lactate-lactate dehydrogenase-NAD system 

(Ramanathan, Mancini, & Maheswarappa, 2010), and reduction was increased in a 

muscle extract system containing lactate and NAD (Rodríguez, Kim, Faget, Rosazza, & 

Keeton, 2011). Without the presence of lactate dehydrogenase or reductase, the NADH 

formed cannot reduce metmyoglobin (Ramanathan, Mancini, & Maheswarappa, 2010). 

Therefore, NADH can be produced by the addition of lactate to meat products leading to 

the use of NADH for metmyoglobin reduction through ETC-mediated or enzymatic 

reduction. 

Malate dehydrogenase, with the addition of malate and nicotinamide adenine 

dinucleotide (NAD+) lead to the formation of NADH and subsequent reduction of 

metmyoglobin (Mohan et al., 2010c). Using muscle homogenates paired with horse 

metmyoglobin reductase, NADH production, and metmyoglobin reduction were 

increased in the presence of malate and NAD+. The system proposed could use malate 

dehydrogenase to form NADH and subsequently reduce metmyoglobin through 

enzymatic and non-enzymatic means.  
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As previously mentioned, succinate plays a large role in the ETC-mediated 

reduction of metmyoglobin (Tang et al., 2005b). Succinate improved stability of a* 

values in beef steaks (Ramanathan et al., 2011) and patties (Gao, Wang, Tang, Ma, & 

Dai, 2014; Zhu et al., 2009). There was an increase in nitrite-induced metmyoglobin 

reduction in steaks (Ramanathan et al., 2011) and in patties (Mancini et al., 2011) with 

succinate addition. Enzymatic metmyoglobin reduction was not impacted by succinate in 

patties (Gao et al., 2014). Therefore, succinate can improve color stability through ETC-

mediated reduction. Pyruvate can be used in the TCA cycle and then used to produce 

NADH in the mitochondria, which has been reported to increase metmyoglobin reduction 

in bovine heart (Ramanathan & Mancini, 2010). However, the reduction occurring by 

pyruvate has been reported to be lower than by succinate (Ramanathan & Mancini, 

2010). Overall, TCA cycle metabolites have been reported to contribute to color stability 

and metmyoglobin reduction pathways. 

Measurement of metmyoglobin reducing abilitymetmyoglobin reducing ability  

 Sammel et al. (2002) evaluated different procedures for metmyoglobin reducing 

ability in the semimembranosus muscle. These researchers determined the nitric oxide 

metmyoglobin assay had high correlation with a* values after display and would be a 

good assay for evaluating metmyoglobin reducing ability at differing stages of 

discoloration. Nitric oxide metmyoglobin metmyoglobin reducing ability is one of the 

most common procedures used to evaluate metmyoglobin reducing ability (King et al., 

2023). The procedure uses nitrite to induce the formation of metmyoglobin on the surface 

of a sample. The sample is incubated to increase metmyoglobin reduction. To evaluate 

the metmyoglobin reducing ability, a spectrophotometer is used to evaluate the amount of 
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metmyoglobin after induction and after incubation. From the spectra, the metmyoglobin 

reducing ability can be determined several different ways including the change in percent 

metmyoglobin or change in the 
𝐾

𝑆
 ratio of metmyoglobin. The American Meat Science 

Association (2012) recommends calculating the metmyoglobin reducing ability by the 

change in percent metmyoglobin which requires the creation of 100% forms of 

oxymyoglobin, deoxymyoglobin, and metmyoglobin. These standards are important 

when comparing different muscles, but they can increase the error and decrease the 

accuracy. The calculations used for metmyoglobin reducing ability in research include 

initial metmyoglobin, post incubation metmyoglobin, change in metmyoglobin, and 

change in metmyoglobin relative to initial metmyoglobin. This procedure and 

calculations were evaluated more in-depth by Mancini et al. (2008). In their research, the 

location of analysis was evaluated with interior/subsurface metmyoglobin reducing 

ability compared to exterior/surface metmyoglobin reducing ability. The surface 

metmyoglobin reducing ability tended to have higher correlations with color attributes of 

the longissimus lumborum, psoas major, and semimembranosus muscles compared to the 

subsurface metmyoglobin reducing ability. Instrumental color is evaluated on the oxygen 

exposed surface and metmyoglobin reducing ability on the same surface best aligns with 

the color during retail. In addition, the calculation of metmyoglobin reducing ability was 

evaluated in relation to retail color stability. Mancini et al. (2008) calculated 

metmyoglobin reducing ability in four methods paralleling with calculations used in 

various journal articles. The measurements were based on percentage and included initial 

metmyoglobin formation (IMF), post-reduction metmyoglobin (PRM), change in 

metmyoglobin (absolute metmyoglobin reducing ability), and change in metmyoglobin 
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relative to initial metmyoglobin (relative metmyoglobin reducing ability). For the 

longissimus lumborum muscle, the IMF metmyoglobin reducing ability was highly 

correlated with color stability during retail display, whereas the other metmyoglobin 

reducing ability calculations were not well correlated. The IMF metmyoglobin reducing 

ability of the psoas major muscle was more correlated with visual color changes than 

other forms of metmyoglobin reducing ability. However, the instrumental color analysis 

had limited correlation with IMF metmyoglobin reducing ability of the psoas major 

muscle. There may be differences in metmyoglobin reducing ability analysis depending 

on the muscle. Overall, the IMF and PRM metmyoglobin reducing ability were most 

indicated as useful in relating to color stability no matter the muscle. The IMF 

metmyoglobin reducing ability reported a lower value for more color stable muscles 

indicating a greater resistance to metmyoglobin formation. These results support the use 

of IMF metmyoglobin reducing ability as a more appropriate evaluation of display-color 

stability. The methodology for the evaluation of metmyoglobin reducing ability should be 

objective and muscle-specific to ensure an accurate understanding of metmyoglobin 

reducing ability in relation to color stability.  

Color and myoglobin evaluation 

 Research has reported a variety of colorimeters to evaluate meat color. The most 

used colorimeters are the Minolta and the HunterLab (Tapp, Yancey, & Apple, 2011). 

Both colorimeters evaluate the instrumental color in terms of L*, a*, and b* values as 

well as calculated chroma and hue (Tapp et al., 2011). The American Meat Science 

Association Meat Color Guidelines (King et al., 2023) recommends using the illuminant 

A for greater sensitivity to redness and more closely aligned with visual color (Tapp et 
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al., 2011). This illuminant is only available in HunterLab colorimeters (Tapp et al., 

2011). Both Minolta and HunterLab spectrophotometers report the reflectance spectra 

from 400 – 700 nm every 10 nm. The reflectance can be used to determine the percentage 

of each myoglobin forms on the surface of a meat sample using Kubelka-Munk theory 

(King et al., 2023). To quantify forms, reflectance at 474, 525, 572, and 610 nm is 

converted to 
𝐾

𝑆
 ratios. By converting to the 

𝐾

𝑆
 ratios, both the scattering (S) and absorption 

(K) properties of meat is accounted for. To accurately determine the forms, 100% 

myoglobin forms must be created as standards. Deoxymyoglobin is determined based on 

ratio at 474 nm, metmyoglobin at 572 nm, and oxymyoglobin at 610 nm, which are all 

normalized based on 525 nm. In addition, myoglobin forms can be determined based on 

the reflectance at selected wavelengths of 473, 525, 572, and 730 nm. From the 

reflectance, the reflex attenuance is determined, which is used to determine the contents 

of metmyoglobin and deoxymyoglobin. Oxymyoglobin is determined by subtraction to 

result in combined percentages of 100%. Using the selected wavelengths method, no 

standards are required. Both reflectance-based methods evaluate surface myoglobin 

forms and have limited penetration into the sample (Piao, Denzer, Mafi, & Ramanathan, 

2022). In addition, the methods using spectrophotometers focus on four wavelengths in 

the visible spectra range, and with more wavelengths evaluated, the accuracy could be 

increased. 

An important part of color evaluation is the form of myoglobin present in the 

product. Krzywicki’s equations were established to determine the myoglobin forms 

present in extracts (Krzywicki, 1982). These equations were modified by Tang, 

Faustman, and Hoagland (2006). The equations are based on absorbance values at 503, 
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525, 557, and 582 nm. The wavelengths of 503, 557, and 582 nm are selected as the peak 

absorptions of metmyoglobin, deoxymyoglobin, and oxymyoglobin, respectively, and the 

absorbances are normalized to the isosbestic point of myoglobin at 525 nm. This 

methodology determines myoglobin forms in extracts and purified solutions which can be 

less reliable due to extraction will influence the forms present (King et al., 2023). While 

the equations reduced the number of negative values, there still can be negative values 

determined, and the total percentage can be over 100% (Tang et al., 2006). In addition, 

Krzywicki’s method detected less differences than the K/S method employed when using 

a spectrophotometer (Hawkins et al., 2021). Furthermore, an extraction method can 

provide more insight into myoglobin forms throughout a steak compared to the surface 

evaluation used with a spectrophotometer (Piao et al., 2022).  

Novel techniques to evaluate myoglobin oxygenation and determine myoglobin 

forms 

 The Nix Pro Color Sensor has been researched to evaluate meat color during 

storage and compared to the HunterLab spectrophotometer. Research has demonstrated 

the ability to use the Nix Pro Color Sensor to evaluate pork color (Xiong, Chen, Warner, 

& Fang, 2020), lamb color (Holman, Diffey, Logan, Mortimer, & Hopkins, 2021), and 

beef color (Holman, Collins, Kilgannon, & Hopkins, 2018; Holman & Hopkins, 2019). 

The Nix is lighter, cost-effective, and smaller option compared to the HunterLab 

spectrophotometer making the Nix a viable industry option for evaluating color (Nix 

Color Sensor, 2022; HunterLab). The aperture size of the Nix is smaller, leading to more 

surface measurements being required to match the sensitivity of the HunterLab 

spectrophotometer (Holman et al., 2018; Holman et al., 2021). In addition, the Nix is 
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calibrated by calibration software in the app without standardizing using colored tiles 

compared to the HunterLab, which is calibrated by the company annually and 

standardized before every use (Nix Color Sensor, 2022; HunterLab). The Nix Pro Color 

Sensor can be used in place of the HunterLab spectrophotometer while keeping in mind 

some of the limitations of the Nix instrument in terms of sensitivity and standardization. 

Nuclear magnetic resonance (NMR) has been used to evaluate meat quality in 

pork and beef. In pork, NMR has been used to evaluate water holding capacity in relation 

to pork color (Bertram & Andersen, 2007; Brown et al., 2000). Research has found 

correlation between the water holding capacity and postmortem pH of pork relating to the 

appearance (Bertram & Andersen, 2007; Brown et al., 2000). Moreover, Brown et al. 

(2000) found a correlation between water holding capacity and L* values of pork chops 

indicating the use of NMR technology for determining meat color changes based on pH. 

In beef, time-domain NMR has been used to predict beef color and has reported a high 

correlation between beef color and NMR results (Moreira et al., 2016). However, NMR 

can be an expensive technology and is limited to application on small samples only 

(Moreira et al., 2016). Time-domain NMR has some benefits to increasing frequency and 

lowering the cost in comparison to other NMR methods (Moreira et al., 2016). The NMR 

method does not provide an indication of the myoglobin state present limiting application 

in more myoglobin focused studies.  

Raman spectroscopy has been used for molecular spectroscopy and in biosciences 

by using laser light to excite and shift wavelengths of scattered light from proteins. 

Raman spectroscopy has been used to evaluate hemoglobin oxygenation and myoglobin 

structural changes (Filho et al., 2016; Wackerbarth, Kuhlmann, Tintchev, Heinz, & 
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Hildebrandt, 2009; Wrobel et al., 2018). This technique can be used as a noninvasive 

procedure to evaluate oxygenation of tissues (Filho et al., 2016) as well as determine 

prehypertensive status based on different states of hemoglobin oxygenation (Wrobel et 

al., 2018). While changes in myoglobin structure have been documented in pork chops 

(Wackerbarth, Kuhlmann, Tintchev, Heinz, & Hildebrandt, 2009), there has been limited 

research on using Raman spectroscopy in relation to myoglobin oxygenation in meat. 

An Ocean Optics Neofox Oxygen Sensing System probe uses light to quantify 

oxygen content of a liquid or gas sample (Ocean Insights). The NeoFox sensor evaluates 

the parts per million of oxygen present in gas or liquid. With the Neofox sensor, oxygen 

consumption was determined over time of a steak using the measurement of oxygen in 

the headspace (Lawson et al., 2020). This system provided information about the amount 

of oxygen consumed from a flushed anaerobic system and was more sensitive than the 

HunterLab spectrophotometer oxygen consumption determined by change in myoglobin 

forms (Lawson et al., 2020). However, myoglobin oxygenation could not be determined 

with the sensor system. In addition, the Neofox sensor cannot interact directly with 

protein (Ocean Insights) limiting its application to oxygen consumed in a meat product.  

Multispectral imaging is a technique that has been used to evaluate the myoglobin 

forms below the surface of steaks (Sáenz, Hernández, Alberdi, Alfonso, & Diñeiro, 

2008). Multispectral imaging gathers a sequence of images, with each image 

corresponding to a spectral band. In this study, the spectral bands evaluated were at 474, 

525, 572, and 610 nm to evaluate the myoglobin forms present in the steaks. The results 

indicated that oxymyoglobin increased with bloom time while metmyoglobin formed 

below the surface of the steaks. The metmyoglobin present at the surface increased with 
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time. Oxymyoglobin and deoxymyoglobin decreased with time, and the deoxymyoglobin 

layer was deeper with time. This method supported the development of bloom and 

subsequent layers within the steaks over time. The benefits of this method were the 

ability to evaluate myoglobin forms in the depths of the tissue and evaluate small features 

that the larger port of colorimeters may not be sensitive to. The setup required the sample 

to be pressed between two plates immediately after cutting for the images to be taken and 

layers evaluated. Therefore, the setup of the method may prevent analysis in different 

packages or storage conditions. In addition, the changes demonstrated were not real-time 

changes in a steak during display. 

A near-infrared (NIR)-based oxygen sensor called MOXY has been used in past 

research to evaluate the oxygenated myoglobin or hemoglobin in muscle (Lawson et al., 

2020; England et al., 2018) and blood systems (Wilson et al., 1989). In blood, 

hemoglobin blood saturation had a linear relationship with the NIR system indicating 

changes in hemoglobin oxygenation in tissues could be identified (Wilson et al., 1989). 

Lawson et al. (2020) reported the MOXY system as a viable method for determining 

oxygen consumption of a steak. Although the MOXY sensor was more sensitive, the 

MOXY had greater variance compared to the oxygen consumption determined from the 

HunterLab spectrophotometer (Lawson et al., 2020). Myoglobin oxygenation was 

determined using the MOXY in early postmortem skeletal muscle (England et al., 2018). 

In comparison to a myoglobin extraction method, the amount of oxygenated myoglobin 

was similar using the MOXY system. The MOXY system measures below the surface of 

the muscle, which resulted in differences between the oxygenated myoglobin determined 

by MOXY and the a* values in various packaging systems (England et al., 2018). The 
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research supports the use of MOXY to evaluate oxygenated myoglobin with some 

limitations in terms of variability and alignment with retail color. 

An oximeter uses frequency domain NIR spectroscopy and has been used to 

document changes in myoglobin oxygenation during retail display (Mohan, Hunt, 

Barstow, Houser, Bopp, et al., 2010d; Mohan et al., 2010b). The oximeter has been used 

in exercise physiology and biomedical applications to evaluate the saturation of oxygen 

to myoglobin in skeletal muscle. To determine the oxygenation of myoglobin, the 

oximeter uses two wavelengths (690 and 830 nm) in the spectra (690 and 830 nm) in the 

spectra (Mohan et al., 2010b) compared to the four wavelengths (474, 525, 572, and 610 

nm) used from the KM theory as previously mentioned. From changes in absorption, the 

content of deoxymyoglobin and oxymyoglobin were determined. Metmyoglobin was 

determined by subtraction because the oximeter can only evaluate oxygenated and 

deoxygenated myoglobin forms. When using the oximeter, the depth of measurement can 

be a couple of centimeters which increases the size of the steak to be thicker than most 

articles report using. Mohan et al., (2010b) evaluated the use of the oximeter to determine 

differences in muscles in aerobic and anaerobic packaging during display. These 

researchers reported greater oxymyoglobin in aerobic packages compared to anaerobic 

packages for the longissimus lumborum, psoas major, and semitendinosus muscles using 

the oximeter. In PVC packaging, oxymyoglobin decreased for all three muscles during 

display, paralleling with spectrophotometer results. At the end of display, the 

oxymyoglobin content determined by the oximeter in each muscle was as follows 

longissimus > semitendinosus > psoas major while the spectrophotometer reported no 

differences between the longissimus and semitendinosus muscles. Both instruments 
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reported metmyoglobin increasing in all three muscles during display with the greatest 

content found in the psoas major. There was a strong correlation between the two 

instruments measuring oxymyoglobin and deoxymyoglobin after d 0 of retail display 

while the correlation was lower for metmyoglobin content. Instrumental color 

corresponded well with the oximeter data, and from this study, the oximeter was shown 

to report and find differences between muscles with different color stability. Further 

studies with the oximeter focused on the influence of fiber orientation and storage time 

impacts on the quantification of myoglobin forms (Mohan et al., 2010d). Fiber 

orientation impacts the oxygenation of myoglobin evaluated using the oximeter. A 

perpendicular analysis led to greater quantities of oxymyoglobin and less 

deoxymyoglobin in aerobic packages during display compared to parallel fiber 

orientation. Using a HunterLab spectrophotometer, the fiber orientation had less impact 

early in the display, while at the end of display, perpendicular fibers had greater 

oxymyoglobin compared to parallel. These results paralleled with the higher a* values 

reported in perpendicular fibers compared to parallel fibers at the beginning of display 

and greater color stability of perpendicular fibers.  Both methods reported a decrease in 

oxymyoglobin with retail display. The oximeter has several benefits from this study, such 

as being a noninvasive method measuring at greater depths in the muscle than a 

spectrophotometer. In addition, the oximeter had similar results to instrumental color and 

spectrophotometer oxymyoglobin content. However, the oximeter cannot directly 

determine metmyoglobin and with a larger depth of measurement, fiber orientation plays 

a larger role in color analysis. 
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Several other NIR probes have also been used to evaluate different tissues to act 

as a minimally invasive or noninvasive technique to sense differences in tissue optical 

properties. These NIR probes evaluate the changes of light from differences in 

biochemical tissue composition and micromorphology changes in tissues (Piao, 

McKeirnan, Jiang, Breshears, & Bartels, 2012). Single-fiber reflectance spectroscopy 

accumulates reflected light or scattered light returning to the single fiber which emitted 

the light (Piao et al., 2012). A single-fiber probe has not been used in a meat system. 

However, there has been research demonstrating its use in evaluating intervertebral disc 

disease in the canines (Piao et al., 2012). This fiber system used differences in scattering 

intensity to determine degenerated discs. Meat systems contain absorbed and scattered 

light (King et al., 2023). Therefore, the single fiber system could be used to evaluate 

changes in myoglobin forms based on changes in the NIR spectral changes. Previous 

research using NIR diffuse reflectance spectroscopy (DRS) with a two-fiber optical probe 

system evaluated meat color changes on the surface of a steak throughout retail display 

(Piao et al., 2022). This two-fiber system varies from a single fiber as one fiber acts as an 

applicator and the other the illumination fiber. The distance from the two fibers 

influences the depth inside the meat sample evaluated, and in Piao et al. (2022), the 

system was used on the surface of the steaks with an approximate sampling depth of 1.5 

mm. This depth was smaller in compared to the oximeter and more comparable to the 

limited depth when using the HunterLab spectrophotometer. In addition, the DRS NIR 

probe used a range of wavelengths compared to the four for the HunterLab 

spectrophotometer and the two used in the calculations of the NIR oximeter. From this 

study, there was high correlation between the HunterLab spectrophotometer and the 
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probe system for metmyoglobin. The loss of oxymyoglobin was slower in the probe 

system compared to the spectrophotometer resulting in moderate correlation between the 

two. This may be due to differences in accuracy between the two systems. The two-fiber 

system demonstrated viability in evaluating meat color with comparable results to the 

HunterLab spectrophotometer. 

Conclusion 

 Meat color can be influenced by various factors and can be analyzed by several 

instruments. Improving color stability and limiting metmyoglobin formation is key to 

extending shelf life, limiting food waste, and decreasing profit loss. To determine shelf 

life, metmyoglobin reduction and oxygen consumption play a role in evaluating color 

stability. Oxygen is a key influencer in retail settings and understanding the impact of 

oxygen on metmyoglobin formation and subsequent color stability attributes. 

Metmyoglobin formation occurs below the surface and determining the changes in 

myoglobin subsurface where oxygen partial pressure is low can provide insight into color 

stability during retail.  
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CHAPTER III 
 

 

NOVEL NEEDLE-PROBE SINGLE-FIBER REFLECTANCE SPECTROSCOPY TO 

QUANTIFY SUB-SURFACE MYOGLOBIN FORMS ON BEEF PSOAS MAJOR 

STEAKS DURING RETAIL DISPLAY  

ABSTRACT 

Meat discoloration starts between the interface of the bright red oxymyoglobin 

layer and the interior deoxymyoglobin layer. Currently, limited tools are available to 

characterize myoglobin forms formed within the sub-surface of meat. The objective was 

to demonstrate a needle-probe based single-fiber reflectance (SfR) spectroscopy approach 

for characterizing sub-surface myoglobin forms of beef psoas major muscles during retail 

storage. A 400-µm fiber was placed in a 17-gauge needle that was inserted into the 

muscle at five depths of 1 mm increment and 1 cm lateral shift. Metmyoglobin content 

increased during display from 1 mm to 5 mm depth. Metmyoglobin at a depth of 1 mm 

was greater compared to that of 2 – 5 mm depth. The sub-surface formation of 

metmyoglobin aligns with changes in a* values during retail display and decrease in 

deoxymyoglobin content. In summary, the results suggest that needle-probe SfR 

spectroscopy can determine interior myoglobin forms and understand meat discoloration.  
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INTRODUCTION 

Consumers discriminate against surface discoloration resulting in meat products 

being discounted or removed from the retail case. A recent study estimates surface 

discoloration costs the US beef industry approximately $3.73 billion annually 

(Ramanathan et al., 2022a). Interestingly, meat discoloration starts between the bright-red 

oxymyoglobin (OxyMb) layer and the interior deoxymyoglobin (DeoxyMb), where 

oxygen partial pressure is not enough to oxygenate all deoxymyoglobin molecules (King 

et al., 2023). More specifically, myoglobin is more prone to oxidation at a lower oxygen 

partial pressure (Ledward, 1970). After animal harvest, oxygen diffusion from the surface 

is the primary source of oxygen. Various factors, such as pH, fiber type, and 

mitochondrial activity, can influence oxygen diffusion into the interior. Diffusion of 

oxygen beneath the surface creates an oxygen gradient with greater oxygen at the surface 

and lower oxygen partial pressure in the interior of meat. The sub-surface oxygen partial 

pressure creates an ideal situation for metmyoglobin formation when metmyoglobin 

reducing capacity decreases. Since interior discoloration may precede surface 

discoloration, measuring sub-surface myoglobin forms helps to characterize meat color 

changes. Nevertheless, limited techniques are currently available to study the interior 

discoloration of intact meat. Various techniques have been used to evaluate the surface 

color of steaks during storage. The most common instrument for surface color evaluation 

is portable spectrophotometers such as HunterLab MiniScan or Minolta (Tapp, Yancey, 

& Apple, 2011). However, handheld spectrophotometers' light penetration is insufficient 

to quantify localized interior discoloration.  
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Sub-surface evaluation of myoglobin forms has been more limited due to 

technological inadequacies. The near-infrared (NIR) oximeter has been used in steaks to 

determine oxymyoglobin (OxyMb) and deoxymyoglobin (DeoxyMb) forms (Mohan et 

al., 2010d; Mohan et al., 2010b). The depth of myoglobin quantified corresponded to the 

approximate depth of layer that could be sampled by a surface applicator probe 

configured by an illumination channel and a light-collection channel approximately 2 cm 

apart. However, it is worth noting that the volume of sampling by the surface applicator 

stretched widely between the illumination and collection channels. Hence, the signal 

acquired by the surface probe would be affected at a much greater degree by the 

myoglobin concentration near the surface than by the same concentration at the 1 cm 

depth. As a result, the information obtained by the surface application did not represent 

the local metmyoglobin formed interior. A recent study reported using near-infrared 

diffuse reflectance spectroscopy (NIR-DRS) with a surface probe of a 3 mm illumination-

collection distance allowing sampling myoglobin forms at a depth of approximately 1.5 

mm (Piao et al., 2022). The metmyoglobin information obtained within the depth of 1.5 

mm was certainly much more confined than that obtained within a depth of 10 mm. 

However, the measurement was not localized to the specific depth or in other words, the 

instrument-evaluated condition for the depth was not dissociated with the surface 

condition of metmyoglobin. This is because the path of the surface probed light in muscle 

while propagating between the illumination channel and the detection channel 

interrogates myoglobin distributed in all layers from the surface to the depth. A single-

fiber probe that has the illumination channel overlap with the light-collection channel 

could significantly reduce the size of tissue being sampled in comparison to that by 
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surface probes of displaced illumination channel and light-collection channel. Introducing 

the single-fiber probe at a greater depth than the dimension of the sampling volume 

would allow the metmyoglobin localized to the probe's tip to be sampled. In this research, 

a needle-probe single-fiber reflectance (SfR) system based on a 400 µm fiber probe was 

developed to evaluate myoglobin forms at depths of 1 mm to 5 mm within the psoas 

major steaks during retail display.    

MATERIALS AND METHODS 

Raw materials and retail display  

 Seven United States Department of Agriculture (USDA) Select psoas major 

muscles (Institutional Meat Purchasing Specification (IMPS) #190A) were transported 

from a local processing facility on 5 d postmortem to the Oklahoma State University 

Robert Kerr Food and Agricultural Products Center. pH was measured at three random 

locations across each tenderloin with a pH probe (Handheld HI 99163; probe FC232; 

Hanna Instruments). Muscles were sliced into 2.54-cm thick steaks, and one steak from 

the anterior end was selected for analysis using the needle-probe SfR spectroscopy and 

HunterLab MiniScan color measurements (the same steaks were used for needle-probe 

and HunterLab MiniScan color measurements). The remaining steaks were randomly 

assigned to analysis on d 0 or d 3 of the display, and used to measure metmyoglobin 

reducing ability, oxygen penetration, and oxygen consumption. Steaks selected for retail 

display were packaged in white polystyrene PVC overwrap (15,500-16,275 cm3 O2/m2/24 

h at 23C, E-Z Wrap Crystal Clear Polyvinyl Chloride Wrapping Film, Koch Supplies, 

Kansas City, MO) Styrofoam™ trays. All steaks were placed in a coffin-style retail 
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display case for 5 d at 2  1C. There was continuous LED lighting (Philips LED lamps, 

12 watts, 48 inches, color temperature = 3,500K, 54 Phillips, China) throughout the 

retail display. 

Surface color measurement by using HunterLab MiniScan spectrophotometer 

 During retail display, surface color was evaluated using a HunterLab 4500L 

MiniScan EZ portable spectrophotometer (2.5-cm aperture, illuminant A, and 10̊ standard 

observer angle, HunterLab Associates, Reston, VA) three times before the needle-probe 

SfR spectroscopy measurements. The same steaks were repeatedly used to measure color 

on d 0, 3, and 5. The steaks assigned to surface color were utilized for both the 

HunterLab MiniScan portable spectrophotometer and the needle-probe SfR spectroscopy. 

The CIE a* and b* values were used to calculate the chroma [√(𝑎∗2 + 𝑏∗2)] and hue 

[tan−1(
𝑏∗

𝑎∗
)]. A larger hue value indicated greater discoloration, while a larger chroma 

represented greater color intensity. The reflectance spectral profile acquired by 

HunterLab MiniScan spectrophotometer from 400 to 700 nm at a 10nm spectral interval 

was used to calculate four isobestic wavelengths of 𝜆 = 474, 572, and 610 nm to 

calculate OxyMb, DeoxyMb, and MetMb (King et al., 2023).  

Needle-probe based single-fiber-reflectance spectroscopy device 

Single-fiber-reflectance spectroscopy system implementing a needle-probe for locally 

assessing the myoglobin composition of muscle below the surface   

The SFR spectroscopy device fitted with a 400 µm fiber in a needle-probe for 

assessing the myoglobin composition below the surface to a depth up to 5 mm is 

illustrated in Figure 3.1. The device was modified from a lab-on-a-crate unit developed in 



50 
 

the laboratory (Piao, Borron, Hawxby, Wright, & Rubin, 2018). Specifically, the output 

of a Halogen light source (Cuda I-150, Jacksonville, FL) through a fiber-optical light 

conduit of 6-mm in diameter was coupled by a 40× objective lens (Olympus RMS40X, 

Thorlabs Inc, Newton, NJ) onto one of two 400 µm branching fibers of a bifurcated fiber 

cable (BIF400-VIS/NIR, Ocean Optics, Orlando, FL). The bundled terminal of the 

bifurcated fiber cable was coupled to a low-OH 400 µm fiber used for percutaneous laser 

disk ablation (PLDA), which was positioned in a 17-gauge spinal needle as the probe for 

inserting into muscle. The other bifurcated terminal of the fiber cable was connected to a 

compact VIS-NIR spectrometer (BRC111A-USB-VIS, Edmund Optics, Barrington, NJ) 

having a 16-bit data resolution (0-65535) controlled by a laptop computer (Dell Model 

PP17L, Dell Inc., Round Rock, TX) via a vendor-provided user interface. The acquired 

raw spectral profile was saved to a text format compatible with EXCEL for off-line 

processing in a MATLAB environment. The effective spectral response of the system, as 

was constrained by the spectral profile of the light source, was approximately 450 - 700 

nm. Within the effective spectral range, the spectrum over 480 - 650 nm was utilized for 

the assessment of myoglobin composition in consideration of the usability of the spectral 

absorbance of OxyMb, DeoxyMb, and MetMb.  

The single-fiber needle-probe and the method to control the depth of probe insertion 

into the muscle 

The single-fiber needle probe, which held the 400-µm PLDA fiber applicator in a 

fixed position, was developed by using a 17-gauge 2.5-inch myelographic needle. After 

retracting the stylet of the needle, the 400-µm PLDA fiber cleaved straightly was inserted 

through the needle. The fiber was held in position by using a spiral wire strain squeezed 
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into the barrel chamber of the needle. The squeezing of the spiral wire by the barrel of the 

needle caused the spiral wire strain to press circumferentially on the protecting sleeve of 

the fiber to maintain the longitudinal position of the fiber in the needle. The fiber was 

fixed at a length of extruding approximately 0.5 mm beyond the beveled tip of the needle. 

A small platform made of machine-grade plastic was developed to place the fiber-fixated 

needle-probe vertically into the muscle at a preset depth. Six holes of 1.5 mm in diameter 

were drilled along a line in the middle section of the platform at a spacing of 10 mm to 

allow the needle-probe to be inserted and set perpendicular to the bottom plane of the 

platform, contacting the muscle wrapped in plastic film. A staircase structure of 6 stairs 

that receded at a step of 1 mm after each lateral displacement of 10 mm was fabricated 

onto the middle section of the platform to allow the fiber-probe to be placed at depths of 

1 mm difference. The position of the needle-probe at the reference depth, the 0-mm depth 

or in alignment with the under-surface of the platform, was set visually by controlling the 

length of a heat-shrinking tube sleeved to the needle as a spacer. The placement of the 

needle-probe in the other 5 holes would then make the tip of the needle-probe to extrude 

1 mm to 5 mm beyond the bottom surface of the positioning platform.  

The daily measurement of the muscle by using the needle-probe SfR spectroscopy 

device was performed at near 24 h intervals from d 0 to d 5 of the display. At each time 

of the day for daily measurement, the needle-probe SfR spectroscopy system was turned 

on to warm up for approximately 10 min. Reference needle-probe SfR spectroscopy 

measurements were acquired from distilled water filled in a black bottle (250 mL) as the 

baseline spectral reflection occurring at the fiber-water interface for water-immerged 

fiber, as would be needed for post-processing. Each steak was then brought to be placed 
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in hands-free contact with the applicator probe. The fiber-probe holder was stabilized in 

contact with the muscle by its own weight. The measurements on each psoas major 

muscle were performed at depths of 1 mm to 5 mm at a depth interval of 1 mm and 

lateral spacing of 10 mm. The procedures contained pressing the needle-probe 

positioning module on the unwrapped muscle slightly, then inserting the needle-probe 

into one positioning hole, completing the reading, the raw spectra acquisition on the 

spectrometer, then repositioning the needle-probe in another hole resulting in insertion 

into the muscle at 1 mm depth than the previous location and at a position laterally 

shifted for 10 mm. All needle-probe SfR raw spectra were acquired at an acquisition time 

of 150 ms and averaged over 5 acquisitions at each depth.    

The raw needle-probe SFR spectral profile from the muscle was post-processed to 

remove the effect of source-spectral variation as well as baseline noise. The noise-

deducted spectral reflectance from the muscle was then normalized with respect to the 

noise-deducted spectral reflectance acquired from water that informs the native spectrum 

of the light source as is routine to reflectance spectroscopy of similar principle. The 

normalized spectral reflectivity of muscle was fitted by a model of single-fiber 

reflectance (Sun et al., 2021, Sun & Piao, 2022). The muscle scattering was assumed to 

be wavelength invariant over the spectrum of interest (480 - 650 nm) (Schmitt & Kumar, 

1998). The muscle's spectral absorption was assumed to be dominated by the three redox 

forms of myoglobin: OxyMb, DeoxyMb, and MetMb (de Groot, Zuurbier, & van Beek, 

1999; Mohan et al., 2010d). The absorption of each myoglobin form was the product of 

the molar extinction coefficient and the molar concentration. In this work, we modeled 

the needle-probe SfR spectra at 18 wavelengths, from 480 – 650 nm at a wavelength 
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interval of 10 nm, to resolve the three redox forms of myoglobin. The absorbances of 

myoglobin redox forms at a 10-nm spectral interval over 480 - 650 nm followed the 

numbers available in (Piao et al. 2022), which were developed by using a set of data 

published by Tang, Faustman, & Hoagland (2006) containing the absorbance of OxyMb, 

DeoxyMb, and MetMb measured over a 1-cm transmission pathlength over a spectral 

range of approximately 475 - 650 nm.   

Proximate analysis  

 From the posterior portion of each tenderloin, 200 g of steak was coarse ground 

with a table-top grinder (Big Bite Grinder, 4.5 mm, fine grind, LEM). A benchtop near-

infrared spectrophotometer (FoodScan Lab Analyzer, Foss, NIRsystem Inc.; 

Slangerupgrade, Denmark) was used to determine the percent moisture, fat, and protein 

on d 0 of the display.  

Metmyoglobin reducing ability and oxygen consumption 

Steak assigned to metmyoglobin reducing abilitymetmyoglobin reducing ability 

and oxygen consumption was bisected perpendicular to the retail surface and resulted in 

two equal sections. The first section was used for metmyoglobin reducing ability, and the 

second section was used for oxygen consumption analysis on d 0, 3, and 5.   

Steaks were cut in half parallel to the retail surface, resulting in two surfaces – 

surface exposed to oxygen/retail surface and surface not exposed to oxygen or interior. 

Both retail and interior surfaces were used for metmyoglobin reducing ability analysis. 

Both retail surface and interior sections were submerged in 0.3% sodium nitrite for 20 

min, and subsequently, samples were removed and patted dry. With a HunterLab 

MiniScan spectrophotometer, samples were analyzed three times to quantify initial 
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MetMb formation. The reflectance spectra were used to calculate the absorption- (K)  and 

scattering coefficient (S). The metmyoglobin reducing ability determined by the K/S ratio 

of [
𝐾

𝑆
(572)] [

𝐾

𝑆
(525)]⁄  was used to determine the amount of MetMb formed after 

submersion (Mancini et al., 2008). A greater number indicates a greater metmyoglobin 

reducing ability. 

 The remaining half of the steak was cut in half parallel to the retail surface to 

evaluate oxygen consumption. Both the retail surface and interior surface were used for 

oxygen consumption. Samples were allowed to bloom for 1 h at 4ºC, vacuum packaged 

and incubated at 30ºC for 30 min. Samples were read using the HunterLab MiniScan 

spectrophotometer at 0 and 30 min of incubation. Oxygen consumption was calculated by 

the change in [
𝐾

𝑆
(610)] [

𝐾

𝑆
(525)]⁄  from pre-incubation to post-incubation. A greater 

number indicates greater oxygen consumption.    

Oxygen penetration during retail display 

The depth of OxyMb and MetMb layers was used to indicate oxygen penetration. 

The oxygen penetration was measured using a handheld caliper. Steaks were cut 

perpendicular to the retail surface, and the OxyMb and MetMb layer was measured three 

times across the cut surface perpendicular to the retail surface. Surface layer depth was 

converted to a percentage by determining the depth of the layers relative to the width of 

the piece.  

Statistical analysis  

 The experimental design was a completely randomized block design for analysis 

of retail color (n = 7 replications). The data were analyzed using the PROC GLIMMIX 
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procedure of SAS (SAS 9.4, SAS Institute Inc., Cary, NC). Each loin served as a block 

and was considered a random effect. Repeated measures were used to analyze the retail 

color of the steaks used for the SfR. Based on the AICC values, the covariance structure 

of the repeated measures was first-order autoregressive. Degrees of freedom were 

determined using the Kenwood-Roger method.  

 Simple linear regression analysis and Pearson's correlation were used to evaluate 

the relationship between the myoglobin forms determined from the needle-probe SfR 

spectroscopy and HunterLab MiniScan a* values and myoglobin forms calculated from 

HunterLab MiniScan reflectance values and HunterLab MiniScan a* values. Using 

PROC Corr (SAS 9.4, SAS Institute Inc., Cary, NC), data were analyzed for correlation, 

with significant correlations having a P < 0.05. Simple linear regression analysis was 

completed using the PROC Reg procedure in SAS (SAS 9.4, SAS Institute Inc., Cary, 

NC). Significant linear regression values were considered with a P < 0.05.  

RESULTS 

Proximate and pH analysis  

 Proximate analysis results and pH indicate normal pH and typical values for the 

psoas major (Table 3.1).  

Color measurement by using HunterLab MiniScan Spectrophotometer 

 There was a significant day effect on the retail color (Table 3.2). As retail time 

increased, steaks appeared darker and less red with lower a* and chroma values. 

Furthermore, there was an increase (P < 0.05) in hue angle with retail display, indicating 

greater discoloration. The percent myoglobin forms calculated from the HunterLab 

MiniScan spectrophotometer significantly changed with retail display (Figure 3.2). The 
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OxyMb decreased (P < 0.05) with retail display, while MetMb increased (P < 0.05). The 

DeoxyMb significantly increased from d 0 to d 1 on the surface and then was stable (P > 

0.05) till d 4 of retail display. 

Needle-probe single-fiber reflectance spectroscopy for measuring myoglobin forms 

up to 5 mm depth 

The SfR system evaluated the subsurface forms of myoglobin from 1 – 5 mm of 

depth in the muscle (Figure 3.2). OxyMb at 1- and 2-mm depth increased from d 0 to d 1, 

and after d 1, OxyMb decreased with retail display time. These results align with the 

decrease in the OxyMb reported using HunterLab MiniScan spectrophotometer readings 

at the surface. There were minimal changes in OxyMb through retail display with 

increasing depth from 3 mm to 5 mm. At 2 mm, there was slightly greater OxyMb than 3-

, 4-, and 5-mm depths during retail display. In support, the surface oxygen penetration 

depth (depth of OxyMb and MetMb) was reported to be 1.7 mm, 3.5 mm, and 3.5 mm on 

d 0, d 3, and d 5, respectively. This change in surface layer depth aligns with the minimal 

changes in OxyMb at greater depths based on SfR.  

 The MetMb content tended to increase during retail display at 1-mm and 2-mm 

depths aligned with the HunterLab MiniScan spectrophotometer measurements. At 

depths 3 mm, 4 mm, and 5-mm, MetMb increased from d 0 to d 5. However, there was 

more variation in the MetMb at 2 – 5 mm depths compared to the 1 mm depth evaluated 

by the SfR probe. The lowest change in MetMb through retail display was reported at 5-

mm depth. The increase in MetMb at various depths parallels the decrease reported in 

DeoxyMb.  
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With increased depth, there was a greater percentage of DeoxyMb determined 

with the SfR throughout the display. Furthermore, the DeoxyMb tended to decrease 

during retail display at depths 2 - 5 mm. The loss of DeoxyMb parallels the increase in 

MetMb during retail display reported by the SfR probing. The results indicated the 

oxidation of DeoxyMb would lead to the formation of MetMb. Furthermore, internal (2 - 

5 mm) DeoxyMb determined with the SfR was greater than the reported DeoxyMb at the 

surface by the HunterLab spectrophotometer. The HunterLab spectrophotometer cannot 

evaluate the subsurface myoglobin, and therefore, the HunterLab spectrophotometer 

would not expect to align with interior myoglobin analysis by the SfR probe.   

Relationship between the myoglobin forms determined on the surface by HunterLab 

spectrophotometer and in depths estimated by SfR spectroscopy   

 The correlation and regression between a* values and the HunterLab 

spectrophotometer and SfR spectroscopy for DeoxyMb, OxyMb, and MetMb are 

presented in Tables 3.3 and 3.4. OxyMb and MetMb forms calculated from HunterLab 

MiniScan reflectance values had a greater relationship with a* values (based on 

correlation and regression coefficient). However, DeoxyMb had a moderate relationship 

with surface a* values. Both Deoxy and OxyMb values calculated from needle-probe SfR 

reflectance had a moderate relationship with surface a* values. Nevertheless, MetMb 

calculated from needle-probe SfR spectroscopy had a greater relationship with surface a* 

values. With all forms, the relationship with surface a* values decreased with an increase 

in depth, indicating a need for developing tools to characterize interior myoglobin forms.  
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Metmyoglobin reducing ability 

 The metmyoglobin reducing ability was evaluated on the retail and interior 

surfaces during retail display (Table 3.5). For retail surface, metmyoglobin reducing 

ability decreased (P < 0.05) during retail display, while the interior surface was 

unchanged (P > 0.05). The retail surface had lower (P > 0.05) metmyoglobin reducing 

ability compared to the interior surface on d 3 and d 5 of retail display. 

 Oxygen consumption  

 There was a significant retail display day  oxygen exposure interaction for 

oxygen consumption (Table 3.6). Oxygen consumption for the interior surface increased 

(P < 0.05) with retail display day, while the oxygen consumption of retail surface 

decreased (P < 0.05) in oxygen consumption. Oxygen consumption of the retail surface 

was lower (P < 0.05) than the interior surface at d 3 and d 5 of retail display. 

Oxygen penetration  

 There was a significant retail day effect on surface layer depth (Table 3.7). From 

d 0 to d 3 of display, the surface layer of MetMb and OxyMb increased (P < 0.05), 

indicating a greater oxygen penetration. There were no differences (P > 0.05) between d 

3 and d 5 surface layer depth. As the surface layer was measuring both OxyMb and 

MetMb, the changes in the two forms may not lead to differences in oxygen penetration 

depth. 

DISCUSSION 

The overall goal of this study was to develop tools to understand the basic concept 

or steps in meat discoloration within a steak. Using needles to measure color on steaks in 
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retail conditions is not feasible due to food safety concerns. Hence, this tool cannot be 

used in industry settings. However, this is the first report of characterizing sub-surface 

myoglobin forms and can be used to study the impact of muscle-specific, packaging, or 

antioxidant effects on discoloration. 

Intact muscle measurements using portable spectrophotometers may quantify only 

surface meat color changes. In the current research, we utilized an economically 

important color labile, psoas major, muscle to characterize interior and surface color 

changes. Various studies also reported short color stability of the psoas major muscle 

(McKenna et al., 2005; O’Keeffe & Hood, 1982; Abraham, Dillwith, Mafi, 

VanOverbeke, & Ramanathan, 2017; Joseph, Suman, Rentfrow, Li, & Beach, 2012; Ke et 

al., 2017; McKenna et al., 2005).  

Surface MetMb content determined by HunterLab MiniScan spectrophotometer 

(Ke et al., 2017; McKenna et al., 2005; Mohan et al., 2010b) and extraction method 

(Jeong et al., 2009) noted greater discoloration with increased display time (Jeong et al., 

2009; Ke et al., 2017; McKenna et al., 2005). Almost all reflectance spectroscopy 

technologies rely upon comparing the spectral change of the light after interacting with 

tissue with respect to the innate spectrum of light introduced into the medium over a 

spectral range wherein the targeted molecules (e.g., OxyMb, DeoxyMb, and MetMb), 

preferably have high spectral contrast over other molecules (referred to as spectrally 

significant). The spectral attenuation of the light over a reasonably well-defined light-

pathlength, when interacting with the medium, is computed with a mathematical model of 

the light-tissue interaction that is always custom to the configuration of the applicator to 

resolve the concentrations of the individual spectral significant components such as 
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OxyMb, DeoxyMb, and MetMb. The HunterLab MiniScan, due to its blanketed light 

illumination and detection needed for being compatible with the underlying algorithm of 

spectral approximation, limits the sensitivity to the metmyoglobin content near the 

surface (Piao et al., 2022). Hence, the interior discoloration cannot be determined using a 

HunterLab MiniScan. The extraction procedure leads to over-estimation of MetMb due to 

oxidation during the extraction procedure and under-estimation of DeoxyMb due to rapid 

interconversion when exposed to air. In the current research, needle-probe SfR 

spectroscopy was able to detect increased MetMb with greater depth and storage time. 

The needle-probe allowed the introduction of the single-fiber to locally sample the 

myoglobin. SfR spectroscopy, due to its extremely small profile, has been utilized in 

assessing tissues via invasive or minimally invasive procedures that are otherwise 

difficult to access. For example, SfR probe was introduced via the instrument channel of 

an endoscopic probe to assess tissue in the lung for fine-needle aspiration (Kanick et al., 

2010). SfR probe was introduced percutaneously to the intervertebral disk to assess the 

mineralization condition subjected to laser disk ablation (Piao et al., 2014). SfR was also 

used via needle-probe to assess lipid deposition in vivo in rat liver developed as a model 

of hepatic steatosis (Piao et al., 2015). The 400 µm fiber used in this work would sample 

tissue of a volume with a diameter approximately the size of the fiber (Piao et al., 2012). 

This made the measurements at a depth interval of 1mm to be more specific to the depth 

to make it locally informative.  

 Internal myoglobin changes have been reported using an oximeter at 

approximately 1 cm depth, NIR DRS at approximately 1.5 mm depth, and multispectral 

imaging. With an oximeter, there has been a decrease in the OxyMb content of the psoas 
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major muscle during retail display (Mohan et al., 2010b). There was a numerical increase 

in MetMb content of the psoas major reported when determining OxyMb and DeoxyMb 

with an oximeter (Mohan et al., 2010b). The results reported by the oximeter align with 

the changes reported for OxyMb at the surface from the spectrophotometer and at 1- and 

2-mm depths using the SfR in the present study. With NIR-DR spectroscopy, the OxyMb 

content decreased, whereas the MetMb content increased for the longissimus muscle 

during retail display (Piao et al., 2022). The NIR-DR spectroscopy reported changes 

reaching up to 1.5-mm depth and aligned with changes of OxyMb and MetMb at 1- and 

2-mm depths in the psoas major muscle demonstrated with the SfR in the current study. 

Mohan et al. (2010b) reported an initial loss of DeoxyMb content in the psoas major 

from d 0 to d 2 of retail display with no subsequent changes in DeoxyMb using an 

oximeter. Similarly, DeoxyMb content reported little change when determined using a 

NIR-DRS (Piao et al., 2022). These results align with the changes reported in DeoxyMb 

at the surface by the HunterLab spectrophotometer and at 1-mm depth by the SfR. 

Furthermore, multispectral imaging reported the greatest DeoxyMb content deeper than 2 

mm in the longissimus muscle (Sáenz et al., 2008) in support of the SfR results. As 

OxyMb content determined by the SfR remained constant between 3 - 5 mm, the decline 

in DeoxyMb content and increase in MetMb content was rapid between 3 - 5 mm. These 

results support the oxidation of DeoxyMb to MetMb internally. Limited studies have 

reported the conversion in the sub-surface in intact steaks. Therefore, using the SfR 

allowed the determination of the sub-surface changes in MetMb, DeoxyMb, and OxyMb.  

Myoglobin is prone to oxidation at low oxygen partial pressure conditions 

(Brantley, Smerdon, Wilkinson, Singleton, & Olson, 1993; George & Stratmann, 1952). 
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In intact muscle, the rate of myoglobin oxidation is highest at 5 – 7 mmHg oxygen partial 

pressure (Ledward, 1970). As postmortem mitochondria continue to consume oxygen 

(Tang et al., 2005a), myoglobin oxidation has been reported subsurface of OxyMb in the 

psoas major muscle (Limsupavanich et al., 2004, 2008). Furthermore, the depth of 

MetMb increases numerically during storage (Limsupavanich et al., 2004, 2008). Under 

low oxygen partial pressure, DeoxyMb rapidly oxidizes to MetMb (Brantley et al., 1993; 

George & Stratmann, 1952; Ledward, 1970). In addition, OxyMb depth decreases with 

greater oxygen exposure time in the psoas major muscle, likely due to the formation of 

low oxygen partial pressure subsurface (Limsupavanich et al., 2004, 2008). The changes 

in depth reported by Limsupavanich et al. (2004, 2008) support the SfR quantification of 

the loss of OxyMb and the increase in MetMb at 1- and 2-mm depths during retail 

display. The current study's oxygen penetration increase also supports interior myoglobin 

redox changes. The SfR method allows a better understanding of oxidation changes 

during storage.  

In the current research, metmyoglobin reducing ability and oxygen consumption 

was determined on surface exposed to air and the interior to better understand interior 

discoloration. Most published studies reported metmyoglobin reducing ability and 

oxygen consumption of one surface. Both metmyoglobin reducing ability and oxygen 

consumption of surfaces exposed to air decreased with storage time. Previous research 

also reported that the metmyoglobin reducing ability of the retail surface decreased 

during retail display (Joseph et al., 2012; McKenna et al., 2005). Mancini, Seyfert, and 

Hunt (2008) reported greater metmyoglobin reducing ability for the interior surface than 

the retail surface of the psoas major muscle aligning with the current study. Therefore, 
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lower surface metmyoglobin reducing ability and oxygen consumption can promote 

interior meat discoloration. 

CONCLUSION 

An in-house needle-probe SfR spectroscopy was developed to quantify sub-

surface myoglobin forms. The myoglobin forms quantified on beef psoas major steaks 

over a depth of 1 mm to 5 mm demonstrated an increase in MetMb content with storage 

time, while DeoxyMb content decreased in the interior. Oxygen consumption and 

metmyoglobin reducing ability of steaks exposed to air decreased with increased storage 

time. The MetMb determined by the SfR measurements at 1 mm depth correlated (r = -

0.85) with HunterLab a* values. However, the relationship between surface color and 

interior color decreased with increased depth. The current research suggests that needle-

probe SfR spectroscopy would be a viable system to evaluate internal myoglobin changes 

which influence retail color.  
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Table 3.1. Proximate compositions (%) and pH of the psoas major steaks (n = 7) on day 0 of display 

Parameter Mean Standard error 

Protein 21.13 0.51 

Moisture 73.88  1.58 

Fat   5.67 2.31 

pH   5.72 0.09 

 

 

Table 3.2. Effects of retail display day on color attributes of psoas major steaks (n = 7) 

Retail display day L* a* Chroma Hue 

0  39.62a  30.07a     37.59a 36.82e 

1  36.86b  25.68b     32.50b  37.81de 

2   36.13cb  22.68c     29.28c  39.40dc 

3  34.26d  21.83c     29.32c  42.13ba 

4 38.94a  16.91d      22.28d  40.88bc 

5  34.94cd  15.55d     21.38d  43.33a 

 SEM = 0.93 SEM = 1.08 SEM = 1.18 SEM = 1.38 
a-eLeast squares means with different letters are different (P < 0.05).   

SEM = standard error of mean 
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Table 3.3 Pearson's correlation between (a) surface myoglobin forms calculated from 

HunterLab Miniscan spectrophotometer and surface a* values and (b) the myoglobin forms at 

various depths calculated from needle probe single-fiber reflectance (SFR) spectroscopy and 

HunterLab MiniScan surface a* values  

(a) Location HunterLab DeoxyMb HunterLab OxyMb HunterLab MetMb 

HunterLab 

 (Surface a*) 
-0.57*  0.96* -0.95* 

    

(b) Depth (mm) 
SFR DeoxyMb vs.  

surface a* 

SFR OxyMb vs.  

surface a* 

SFR MetMb vs.  

surface a* 

1 0.63*  0.59* -0.85* 

2 0.61*  0.40* -0.78* 

3 0.64* 0.30 -0.79* 

4 0.51* 0.16 -0.62* 

5 0.34* 0.20 -0.57* 

* denotes significant correlations (P < 0.05).  

 

 

 

 

 

 

 

 

 

 

 



66 
 

Table 3.4 Simple linear regression analysis between (a) surface myoglobin forms calculated from HunterLab Miniscan 

spectrophotometer and surface a* values and (b) the myoglobin forms at various depths calculated from needle probe single-fiber 

reflectance (SFR) spectroscopy and HunterLab MiniScan surface a* values the NIR percent myoglobin forms at various depths and 

the HunterLab spectrophotometer percent myoglobin forms and a* values at the surface 

a) Location HunterLab DeoxyMb HunterLab OxyMb HunterLab MetMb 

HunterLab 

 (Surface a*) 
0.32*  0.93* 0.90* 

b) Depth 

(mm) 

SFR DeoxyMb vs.  

surface a* 

SFR OxyMb vs.  

surface a* 

SFR MetMb vs.  

surface a* 

1 0.40*  0.35* 0.72* 

2 0.37*  0.16* 0.62* 

3 0.41* 0.09 0.62* 

4 0.27* 0.02 0.38* 

5 0.11* 0.04 0.33* 

* denotes significant regressions (P < 0.05).  
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Table 3.5 Effect of location1 on the metmyoglobin reducing ability2 of psoas major steaks (n =7) displayed for 5 d  
 Retail display day 

Location 0 3 5 

Interior  1.00a  0.99a   1.00a 

Retail surface       1.00a  0.81c   0.85b 

  SEM = 0.01 
a-cLeast squares means with different letters are significantly different (P < 0.05).   
1Location of analysis indicates as the retail surface and as the interior of the muscle. 
2Metmyoglobin formation after submersion in sodium nitrite solution determined by K/S ratio of metmyoglobin (K/S 572  K/S525)., 

where a greater number indicates greater reduction.  

SEM = standard error of mean 

 

Table 3.6. Least squares means of oxygen consumption1 (retail display day  location2) of psoas major steaks (n = 7) displayed for 5 

d  
 Retail display day 

Location 0 3 5 

Interior  0.15bc  0.19ab   0.22a 

Retail surface 0.15bc  0.13cd   0.09d 

 SEM = 0.02 
a-dLeast squares means with different letters are significantly different (P < 0.05).   
1Change in oxymyoglobin formation before and after incubation for 30 minutes determined by the change in K/S ratio of 

oxymyoglobin (Preincubation K/S610  K/S525 – Post incubation K/S610  K/S525).  
2Location of analysis indicates as the retail surface and as the interior of the muscle. 
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Table 3.7. Effect of retail display day on percent surface layer depth1 of psoas major steaks (n = 7) 

Retail display day Surface layer depth (%)  

0 

3 

0.00 b 

32.04a 

5 35.86a 

 SEM = 2.34 
abLeast squares means with different letters are significantly different (P < 0.05).   
1Depth of the layer of oxymyoglobin and metmyoglobin on the oxygen exposed surface of muscle after retail display relative to the 

piece width. % oxygen penetration = (depth after retail / piece size) x 100 

SEM = standard error of mean 
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Figure 3.1. Schematic of the single-fiber-reflectance SfR fitted with a needle-probe for assessing myoglobin composition in muscle 

below the surface at an increment of 1 mm from a depth of 1 mm to 5 mm. (A) The illumination of a white light source was coupled to 

a 400 µm fiber by using a microscope objective lens. The 400 µm fiber was one branch of a bifurcated fiber bundle. The bundled side 

of the fiber consisting of two side-by-side placed 400 µm fibers was coupled to a 400 µm percutaneous laser disk ablation fiber of 

approximately 2 m length. The straight cleaved 400 µm percutaneous laser disk ablation fiber that is straight cleaved was inserted into 

a stylet- removed 17-gauge needle. The fiber was held in position by using a spiral wire strain squeezed into the barrel of the needle. 

The squeezing of the spiral wire by the barrel of the needle caused the spiral wire strain to press on the tight sleeve of the fiber to 

maintain the position of the fiber in the needle. The fiber's position in the needle was set to extrude approximately 0.5 mm beyond the 

beveled tip. A heat-shrinking tube was outfitted to the needle to be used as a spacer to control the terminal position of the needle with 

respect to the platform. 
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Figure 3.2. The percentage compositions of oxymyoglobin (top row), deoxymyoglobin (middle row), and metmyoglobin (bottom 

row) assessed on the surface of the muscle by HunterLab MiniScan (the first figure on each row) and at depths from 1 mm to 5 mm 

with an increment of 1 mm estimated by the needle-probe SfR. Within each subfigure, the specific form of myoglobin is plotted with 

the mean and standard deviation averaged for 7 samples and measured daily over days of display 0 to display 5. 
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CHAPTER IV 
 

 

OXYGEN EXPOSURE EFFECTS ON THE BIOCHEMICAL ATTRIBUTES OF 

LONGISSIMUS LUMBORUM MUSCLE DURING RETAIL DISPLAY  

ABSTRACT 

Limited studies have compared the effects of oxygen exposure on biochemical 

properties related to color stability. The objective of this study was to evaluate the effects 

of oxygen exposure on the biochemical attributes of longissimus lumborum muscle. 

Steaks were (1.91 cm) sliced from USDA Low Choice beef strip loins (n = 7), packaged 

in PVC overwrap trays, and randomly assigned to 3 d or 6 d of retail display. During 

display, instrumental color was evaluated daily using a HunterLab MiniScan 

spectrophotometer. The display surface was considered as oxygen exposed (OE), while 

the interior of the steak was denoted as not exposed to oxygen (NOE). NOE surface was 

obtained by slicing the steak in half parallel to the previously OE surface. The NOE and 

OE surfaces were used to determine oxygen consumption  and metmyoglobin reducing 

ability (metmyoglobin reducing ability). Nitrite-induced metmyoglobin reduction was 

used to measure metmyoglobin reducing ability, while changes in deoxymyoglobin level 

with vacuum were used as an indicator of oxygen consumption. The data were analyzed 

using the GLIMMIX procedure of SAS (SAS 9.4, SAS Institute Inc., Cary, NC) and 

considered significant at P < 0.05. NOE steak surface had greater (P < 0.05)   
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metmyoglobin reducing ability compared with OE surfaces. Oxygen exposure affected 

the oxygen consumption of the steaks, with the OE surfaces having lower (P < 0.05) 

oxygen consumption compared to NOE surfaces on d 6 of display. The exposure of 

oxygen to the muscle resulted in a decrease in activity, paralleling in decline in retail 

color and color stability. The OE metmyoglobin reducing ability was highly correlated (P 

< 0.05) with a* values during retail display. In conclusion, the presence of oxygen can 

result in negative impacts on the shelf life of steaks; however, the non-exposed interior of 

muscle remains more biochemically active.  

INTRODUCTION 

 Consumers consider meat color important to the perceived quality of the product 

(Holman et al., 2017). More specifically, consumers prefer to see a bright-cherry red 

color formed by oxymyoglobin on the surface of a steak (Carpenter et al., 2001). 

Oxymyoglobin can be oxidized to create metmyoglobin or discoloration on the surface of 

meat. At around 20% discoloration, consumers and trained panelists begin to discriminate 

against meat products (Hood & Riordan, 1973; Limsupavanich et al., 2008). Recently, it 

has been estimated surface discoloration costs the meat industry approximately $3.73 

billion annually (Ramanathan et al., 2022a). Surface discoloration from metmyoglobin 

formation can be increased by a variety of factors including but not limited to high 

temperature (Brown & Mebine, 1969; Snyder & Ayres, 1961; Yin & Faustman, 2002), 

low pH (Apple, Sawyer, Meullenet, Yancey, & Wharton, 2011; Brown & Mebine, 1969; 

Yin & Faustman, 2002), increased lipid oxidation (Faustman et al., 2010; Lynch & 

Faustman, 2000), and low oxygen partial pressure (Brown & Mebine, 1969; George & 

Stratmann, 1952). Low oxygen partial pressure led to the formation of metmyoglobin 
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below the surface layer of oxymyoglobin in meat (Sáenz et al., 2008). This phenomenon 

created layers of myoglobin forms in the muscle of the visible oxymyoglobin, below 

surface metmyoglobin, and interior deoxymyoglobin (Limsupavanich et al., 2004, 2008). 

The depth of the oxymyoglobin and deoxymyoglobin layers has been reported to indicate 

color stability (McKenna et al., 2005; O’Keeffe & Hood, 1982). The movement of the 

metmyoglobin layer to the surface through oxidation of reduced myoglobin forms in 

aerobically packaged meat is key to consumer perception of meat products 

(Limsupavanich et al., 2004, 2008). The understanding of metmyoglobin layer formation 

is limited while research on the influence of oxygen partial pressure in packaging systems 

has been more extensive. Research has reported aerobic packaging types such as PVC 

and HiOx-MAP has greater metmyoglobin formation compared to anaerobic packaging 

(Lanari & Cassens, 1991; Łopacka et al., 2017; Yang et al., 2016). Therefore, oxygen 

conditions and oxygen penetration into muscle play a role in metmyoglobin formation on 

the surface and extension of color stability. Extensive research has looked to limit 

metmyoglobin formation on the surface of meat to extend color stability. However, the 

connection between oxygen exposure from retail and metmyoglobin formation 

subsurface on the biochemical attributes of the longissimus lumborum muscle indicating 

color stability has not been determined.  

In addition to instrumental color analysis, metmyoglobin reducing ability and 

oxygen consumption have been reported to indicate color stability in retail (O’Keeffe & 

Hood, 1982; Sammel et al., 2002). Using procedures established by the American Meat 

Science Association Meat Color Guidelines (King et al., 2023), oxygen consumption and 

metmyoglobin reducing ability can be evaluated using the retail (oxygen exposed) or the 
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interior (non-oxygen exposed) surfaces. Research has reported using the oxygen exposed 

(OE) surface and the non-oxygen exposed (NOE) surface for metmyoglobin reducing 

ability evaluation and reported a better correlation between the OE metmyoglobin 

reducing ability and color stability in retail than the NOE metmyoglobin reducing ability 

(Mancini et al., 2008). This research demonstrates the importance of considering the 

oxygen exposure when evaluating biochemical attributes. Therefore, determining the 

surface best used to evaluate metmyoglobin reducing ability and oxygen consumption in 

relation to retail color stability would help to evaluate and limit metmyoglobin formation. 

The objectives of this study were to determine the effects of oxygen exposure in retail on 

the biochemical attributes of the longissimus lumborum muscle and evaluate the effect of 

oxygen exposure on parameters used to represent color stability. 

MATERIALS AND METHODS 

Materials  

 Seven USDA Low Choice strip loins (IMPS #180) were collected from a local 

processing facility 5 days postmortem and transported back to Oklahoma State University 

Food and Agricultural Products Center on ice. On d 7 postmortem, loins were removed 

from their packaging, and pH was measured in three locations across the loin using a 

probe-type pH meter (Handheld HI 99163; probe FC232; Hanna Instruments). From the 

anterior end, loins were faced then sliced using a meat slicer (Bizerba USA INC., 

Piscataway, NJ) into six 1.91-cm steaks. Steaks were randomly selected to be packaged 

in pairs in white Styrofoam® trays overlapped with PVC (15,500-16,275 cm3 O2/m2/24 h 

at 23C, E-Z Wrap Crystal Clear Polyvinyl Chloride Wrapping Film, Koch Supplies, 

Kansas City, MO) The packaged steaks were randomly selected for 3 d or 6 d in retail 
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display. One steak was used for the d 0 analysis of the NOE surface of the loins. The 

sixth-positioned steak was used for proximate analysis.  

Proximate composition  

Each steak was ground using a table-top grinder (Big Bite Grinder, 4.5 mm, fine 

grind, LEM) and approximately 200 g of ground meat were placed in a 140-mm sample 

cup. A FoodScan Lab analyzer (Serial No. 91753206; Foss, NIRsystem Inc.; 

Slangerupgrade, Denmark) was used to determine the percent moisture, fat, and protein 

for each loin by near-infrared spectrophotometry. Means of proximate composition were 

reported.  

Retail display 

 White coffin style cases were used for a simulated retail display using continuous 

LED lighting (Philips LED lamps, 12 watts, 48 inches, color temperature = 3,500K,54 

Phillips, China) for 6 d at 2  1C. Instrumental color was evaluated every day on steaks 

selected for 6 days in retail using a HunterLab 4500L MiniScan EZ Spectrophotometer 

(2.5-cm aperture, illuminant A, and 10̊ standard observer angle, HunterLab Associates, 

Reston, VA). Three scans were taken on each steak in the package for a total of six scans 

per package. From the CIE a* and b* values, the chroma [√(𝑎∗2 + 𝑏∗2 )] and hue 

(tan−1(
𝑏∗

𝑎∗
)) were calculated.  

Oxygen exposure  

 Oxygen exposure was determined by the diagram described in Figure 4.1. Retail 

surfaces used for instrumental color analysis were considered the OE surface. The 
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interior of the muscle was the NOE surface. For comparison of the surfaces, steaks were 

bisected parallel to the retail surface to expose the NOE surface.  

Lipid oxidation  

 On d 0, d 3, and d 6 of display, lipid oxidation was evaluated using the 

Thiobarbituric Acid Reactive Substances method from Denzer et al., (2022). From each 

sample, 3 grams of both the NOE and OE surface was removed then blended with 27 mL 

of trichloroacetic acid. The homogenate was filtered through a Whatman No. 42 filter 

paper. One mL of filtrate was combined with 1 mL of Thiobarbituric acid and heated for 

10 min at 100°C then cooled for 5 min. At 532 nm, the absorbance was evaluated using a 

UV-Vis Spectrophotometer (UV-2600, UV-VIS Spectrophotometer, Shimadzu, 

Columbia, MD) and subsequently converted to mg of malondialdehyde per kg of sample.  

Metmyoglobin reducing ability  

On the selected day of retail, packages were removed from the display, and steaks 

assigned to metmyoglobin reducing ability had a rectangle, devoid of fat portion 

removed. The portion was cut parallel to the retail surface to create an NOE and OE 

surface. Both the NOE and OE surfaces were evaluated for metmyoglobin reducing 

ability by a modified procedure from Sammel et al. (2002). Samples were submerged in 

0.3% sodium nitrite solution for 20 min to evaluate nitric oxide induced metmyoglobin 

reducing ability. Initial metmyoglobin formation was determined using a HunterLab 

4500L MiniScan EZ Spectrophotometer with three scans on each surface. The K/S ratio 

of K/S572  K/S525 was used to calculate the amount of metmyoglobin formed with a 

greater number indicating a lower metmyoglobin formation and greater reduction.  
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Oxygen consumption  

 The same procedure to expose the OE and NOE surfaces was completed on the 

steak assigned to oxygen consumption. Oxygen consumption was determined by oxygen 

exposure of both the NOE and OE surface for 1 h at 4ºC. Samples were vacuum 

packaged, incubated at 30ºC for 60 min, and read using the HunterLab 4500L MiniScan 

EZ Spectrophotometer at 0, 30, and 60 min. The zero-time point was used for evaluating 

instruemntal between the NOE and OE surfaces. To determine the oxygen consumption, 

the change in oxymyoglobin formation during incubation was determined by the 

preincubation K/S610  K/S525 – post incubation K/S610  K/S525. A greater change in 

oxymyoglobin indicates a greater oxygen consumption.  

Oxidation via oxygen consumption  

 Samples for both the NOE and OE surfaces were evaluated for oxidation via 

oxygen consumption during incubation. A HunterLab 4500L MiniScan EZ 

Spectrophotometer was used to evaluate samples after a bloom period for 1 h at 4ºC. The 

samples were read at 30 min and 60 min of incubation for metmyoglobin formation. 

Metmyoglobin was determined by the K/S ratio of K/S572  K/S525 at 30 min and 60 

min of incubation. By evaluating metmyoglobin, the reducing capacity of samples was 

evaluated in the transition between oxymyoglobin to metmyoglobin to deoxymyoglobin 

in anaerobic conditions in addition to the oxygen consumption. A low oxygen 

consumption could extend the period of time in low oxygen partial pressures leading to 

greater oxidation of myoglobin and formation of metmyoglobin.   
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Oxygen penetration  

 Oxygen penetration was considered the area which oxygen has diffused into the 

muscle forming metmyoglobin and oxymyoglobin. This penetration was separated into 

two terms for the two different surfaces of OE and NOE. Oxygen depth was the 

oxymyoglobin and metmyoglobin layers of the NOE surface formed after 1 h bloom at 

4ºC. A handheld caliper was used to measure the depth of oxymyoglobin and 

metmyoglobin three times across the surface of the steak lateral to the cut surface. 

Additionally, the thickness of the steak piece was measured to determine the percent 

oxygen depth based on the size of the steak piece. Oxygen depth measurements are 

further detailed in Figure 4.1.  

 Surface layer depth was analyzed for the NOE and OE surfaces as the depth of 

oxymyoglobin and metmyoglobin layers. For the OE surface, the surface layer depth was 

measured lateral to the retail surface. The surface layer depth of the NOE surface was 

analyzed after 1 h bloom at 4ºC. To expose the surface layer of the NOE surface, 

approximately 2 mm was sliced transversely to the cut surface to re-expose the lateral 

surface. At three locations, the depth was measured lateral to the cut surface. Percent 

surface depth was determined based on surface layer oxygen depth divided by the 

thickness of the steak piece.  

Statistical analysis  

 This experiment was a split-plot design with a randomized block. The loin was 

considered the block and random effect. The whole plot experimental unit was the steak 

with the whole plot factor as the pull day in retail display. The sub-plot factor was the 

oxygen exposure with the experimental unit as the NOE and OE steak pieces. The fixed 
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effects were the pull day, oxygen exposure, and their interactions. Repeated measures 

were evaluated for retail display with a covariance structure of first order autoregressive 

based on the AICC values. PROC GLIMMIX of SAS was used to determine significant 

effects and interactions with a protected type III F-test. Least square means were 

determined with the GLIMMIX procedure and separated using the PDIFF option with a P 

< 0.05 considered significant.  

 Pearson’s correlation and simple linear regression analysis were analyzed for the 

NOE and OE surface parameters and a* values during retail display. Parameters 

evaluated include lipid oxidation, metmyoglobin reducing ability, oxygen consumption 

after 30 min, oxygen consumption after 60 min, oxidation after 30 min, oxidation after 60 

min, surface layer oxygen depth, and oxygen depth of the NOE surface. Significant 

correlation and regression were considered with a P < 0.05.  

RESULTS 

Proximate composition, pH, and lipid oxidation  

 Results of proximate composition are included in Table 4.1 and align with 

expected composition. The mean pH for the strip loins were 5.55 indicating pH in the 

normal range for beef.  There were no significant effects for the lipid oxidation of the 

steaks for all retail days and oxygen exposure (data not reported).  

Retail color 

 Retail day had a significant effect on the L* values, a* values, chroma, and hue of 

the steaks (Table 4.2). As retail time increased, the color stability decreased represented 

by the decrease (P < 0.05) in L* values, a* values, and chroma. Therefore, the steaks 
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appeared less red and darker as retail display time increased. Hue decreased (P < 0.05) 

during retail display indicating minimal shift of the color away from true red. The limited 

changes in hue angle aligns with the color stability of the longissimus lumborum during 

retail display.  

Metmyoglobin reducing ability  

 There was a significant oxygen exposure × retail day effect on the metmyoglobin 

reducing ability of the steaks (Table 4.3). The OE surface had a lower (P < 0.05) 

metmyoglobin reducing ability compared to the NOE surface on d 3 and d 6 of retail. 

There were limited changes (P > 0.05) in the metmyoglobin reducing ability of the NOE 

surface through retail display. The atmospheric oxygen conditions lead to negative 

impact on the metmyoglobin reducing ability of the longissimus lumborum during retail 

display which could influence the color stability.    

Oxygen consumption  

There was a significant oxygen exposure × retail day effect on the oxygen 

consumption of steaks after 30 min of incubation (Table 4.4). The NOE surface of the 

steaks had greater (P < 0.05) oxygen consumption than the OE surface on d 3 of retail 

display while there was no (P > 0.05) difference on d 6 of display. The oxygen exposure 

did not have a large impact on the oxygen consumption of the longissimus lumborum. 

Oxygen exposure and retail display did not have a significant impact on the oxygen 

consumption after 60 min.  
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Instrumental color of the NOE and OE surfaces 

There was no difference in the a* values after the 1 h bloom of the NOE surface 

and the OE surface after retail display. There was a significant decrease in bloom a* 

values of the NOE surface as retail display increased (data not included).  

Oxidation via oxygen consumption  

 Metmyoglobin formation during anaerobic incubation of NOE and OE samples 

indicated there was a significant retail display day and oxygen exposure effects (Table 

4.5 and Table 4.6, respectively). There was less metmyoglobin formed on d 0 compared 

to d 3 and d 6 of display. The NOE surface had less metmyoglobin compared to the OE 

surface. Incubation for 60 min resulted in no significant effect of retail display day and 

oxygen exposure on metmyoglobin formation.  

Oxygen penetration  

 The surface layer depth of the OE surface was measured as the visual layer of 

oxy- and metmyoglobin after retail display. There was a significant effect of the retail 

display day on the OE surface layer depth as included in Table 4.7. On d 6 of retail, there 

was a larger (P < 0.05) surface layer of oxy- and metmyoglobin compared to d 0 and d 3 

of retail display. The surface layer of the NOE surface was measured after 1 h bloom at 

4°C, and there was not a significant day effect on the surface layer of the NOE surface.   

 Oxygen depth measures the depth of the oxy- and metmyoglobin layers after 1 h 

bloom at 4°C of the NOE surface of the steak. There was no significant day effect on the 

oxygen depth of the NOE surface of the steaks.  
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Correlation analysis 

 There was a significant negative correlation between pull day and a* values as 

expected (Table 4.8). The OE surface layer oxygen depth was significantly negatively 

correlated with the a* values. Therefore, development of a larger oxygen penetration 

layer of oxymyoglobin and metmyoglobin under the retail surface correlates with a 

decrease in redness. There was a significant positive correlation between a* value and 

NOE oxygen depth indicating a greater a* value correlated with a larger oxygen 

penetration upon bloom. A significant positive correlation was reported between a* 

values and OE metmyoglobin reducing ability. The decline in redness of the retail surface 

can be correlated with a decrease in metmyoglobin reducing ability activity of the OE 

surface. This provided an indication of the OE metmyoglobin reducing ability 

representing the color stability during retail over the NOE metmyoglobin reducing 

ability. However, oxygen consumption evaluated did not have high correlation with retail 

a* values. The oxidation via oxygen consumption had significant positive correlation 

with a* values indicating a higher value or lower metmyoglobin correlated with higher 

a* values during retail display. Although traditional oxygen consumption methodology 

was limited in explaining changes in color of the longissimus lumborum muscle during 

retail display, the oxidation via oxygen consumption demonstrated viability. The 

correlation analysis demonstrates the OE and NOE surface parameters representative of 

the color stability of longissimus lumborum steaks in retail.  

Regression analysis  

The simple linear regression analysis evaluated the ability of parameters to predict 

the a* values during retail display. There was a significant R-squared value for the NOE 
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oxygen depth (Table 4.9). However, the R-squared value was below 0.5 meaning the 

NOE depth can explain less than 50% of the variation in the a* value. Additionally, a 

significant R-squared between the OE surface metmyoglobin reducing ability and a* 

values demonstrated a good linear relationship between the two parameters. The ability 

of OE metmyoglobin reducing ability to explain the variability of the a* values in retail 

made OE metmyoglobin reducing ability a good option to predict color stability. The 

oxidation via oxygen consumption did explain 47% of the variation in the a* values 

during retail display. The R-squared value between the OE surface layer oxygen depth 

and a* values was the highest indicating a strong linear relationship between the two 

parameters. Therefore, the OE surface layer depth can explain large portion of the 

variation reported in the a* values during retail display. Overall, the OE surface color 

stability parameters best represented the changes in color during retail display.  

DISCUSSION 

Research has shown aerobic packaging is less color stable in comparison to 

anaerobic packaging (Griffin et al., 1982; Lavieri & Williams, 2014; Mohan et al., 2010b; 

Reyes et al., 2022). In addition, aerobic packaging such as PVC has more metmyoglobin 

formation on the surface during retail display than anaerobic vacuum packaging of beef 

longissimus lumborum steaks (Mohan et al., 2010b; Reyes et al., 2022). Development of 

a metmyoglobin layer underneath the oxymyoglobin layer during retail display has been 

reported by Limsupavanich et al. (2004) along with a decrease in a* values during 

display of longissimus lumborum steaks. Similarly, the present study reported an increase 

in the surface layer depth of OE and subsequent decline in a* values. High regression and 

strong negative correlation values of the retail a* and OE surface layer depth supports the 
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greater penetration of oxygen during retail display as an indicator of loss of redness. In 

addition, greater oxygen penetration has been reported to indicate color stability 

(Limsupavanich et al., 2004, 2008; O’Keeffe & Hood, 1982) aligning with the OE 

surface layer depth representing color stability in the current study. Anaerobic vacuum 

packaging has been reported to have higher bloom of the longissimus lumborum muscle 

after storage compared to PVC packaging (Fu et al., 1992). The current study contrasted 

in the impact of oxygen on bloom as the NOE and OE surface had no difference in bloom 

a* values and retail a* values. Therefore, the oxygen penetration during retail provides 

insight into the color stability but has limited impact on the oxygenation of the color-

stable longissimus lumborum muscle.   

Research has revealed the oxidation of lipids and myoglobin are interconnected 

with increased lipid oxidation connected to increased myoglobin oxidation (Faustman et 

al., 2010; Lynch & Faustman, 2000). Previous research has reported greater lipid 

oxidation in PVC-packaged longissimus lumborum steaks compared to vacuum 

packaging with greater display time (Fu et al., 1992; Reyes et al., 2022). The present 

study did not indicate differences in lipid oxidation and limited changes in hue angle 

when a* values declined. The lack of differences in lipid oxidation and oxygen 

consumption may be due to the color stability from glycolytic metabolism (McKenna et 

al., 2005; Seyfert et al., 2006) and increased antioxidant capacity (Joseph et al., 2012) 

found in the longissimus lumborum muscle. The limited effects of oxygen exposure on 

lipid oxidation and color stability are supported by the low regression and correlation 

values for the a* values and lipid oxidation of both surfaces and minimal impact on 

oxygen consumption in the present study. The impact of atmospheric oxygen levels on 
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protein oxidation was more variable with some studies reporting higher protein oxidation 

levels (Bao & Ertbjerg, 2015) and some studies with minimal impact on protein oxidation 

compared to anaerobically packaged pork chops (Spanos et al., 2016). Although protein 

oxidation was not evaluated in the present study, the effects of protein oxidation could 

lead to the differences reported in metmyoglobin reducing ability based on the oxygen 

exposure.  

The American Meat Science Association Meat Color Guidelines (King et al., 

2023) recommends either the retail surface or the interior surface to be used for 

metmyoglobin reducing ability and oxygen consumption. Past research evaluating 

metmyoglobin reducing ability and oxygen consumption in relation to color stability has 

limited focus on the oxygen exposure and many studies do not indicate the surface used. 

Several studies have reported using the OE surface for metmyoglobin reducing ability 

(Canto et al., 2016; Joseph et al., 2012; Salim et al., 2019; Seyfert et al., 2006; Wu et al., 

2020a; Wu et al., 2020b) and the NOE surface for oxygen consumption (Wu et al., 

2020a; Wu et al., 2020b) in longissimus lumborum steaks. Studies using the NOE surface 

for oxygen consumption have reported a decrease in oxygen consumption during retail 

display for steaks (Wu et al., 2020b) while others reported no change in oxygen 

consumption (Wu et al., 2020a). An OE Surface to evaluate metmyoglobin reducing 

ability has demonstrated a decline in metmyoglobin reducing ability during retail display 

(Canto et al., 2016; Seyfert et al., 2006) or no change in metmyoglobin reducing ability 

(Salim et al., 2019; Wu et al., 2020a) for longissimus lumborum steaks. Some previous 

studies used two NOE surfaces for metmyoglobin reducing ability and oxygen 

consumption reporting decreased metmyoglobin reducing ability and oxygen 
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consumption during retail display (Abraham et al., 2017; Ke et al., 2017). By evaluating 

oxygen exposure in the present study, the variations in oxygen consumption and 

metmyoglobin reducing ability may be mitigated.  

Current results indicate the potential of OE metmyoglobin reducing ability to 

represent changes in color stability when compared to oxygen consumption and 

metmyoglobin reducing ability using NOE and OE surfaces. Mancini et al. (2008) 

evaluated the differences between metmyoglobin reducing ability of the NOE and OE 

surfaces. These researchers reported the NOE portions had greater metmyoglobin 

reducing ability after retail display than the OE portions of longissimus lumborum steaks 

supporting results presented in the current study. This result is supported by the general 

loss of metmyoglobin reducing ability during retail display seen in past research (Canto 

et al., 2016; Seyfert et al., 2006). In addition, the NOE surface metmyoglobin reducing 

ability was not well correlated to the color stability in retail (Mancini et al., 2008) 

supporting the present results. Mancini et al. (2008) speculated the limited changes in the 

NOE surface metmyoglobin reducing ability could be due to lower oxygen penetration 

and limited photooxidation. Based on the results of the present study and the results of 

Mancini et al. (2008), the OE surface metmyoglobin reducing ability would represent the 

color stability of the longissimus lumborum muscle in retail compared to the 

metmyoglobin reducing ability of the NOE surface. To our knowledge, no study has 

compared the use of the NOE and OE surface on the results of oxygen consumption to 

develop a better understanding of the oxygen exposure as well as determine the surface 

representative of the retail color stability. However, the low correlation and regression 

reported between the changes in a* value during display and the oxygen consumption of 
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both OE and NOE surfaces indicates the oxygen consumption determined by 

oxymyoglobin changes may not represent color stability. The oxidation via oxygen 

consumption of the OE surface may be a more suitable method for evaluating color 

stability during storage as supported by the correlation and regression results. This 

methodology represented reduction of formed metmyoglobin under anaerobic conditions 

as well as oxygen consumption of the longissimus lumborum as the steaks transitioned 

from oxymyoglobin to deoxymyoglobin via metmyoglobin. Therefore, a high oxidation 

via oxygen consumption indicated both low reduction capacity and low oxygen 

consumption increasing rapid oxidation of myoglobin. The OE oxidation via oxygen 

consumption and OE metmyoglobin reducing ability represented the changes in color 

stability of the longissimus lumborum during retail display better than the NOE surface. 

Oxygen exposure is a key attribute to consider when evaluating color stability in retail.  

CONCLUSION  

The longissimus lumborum muscle is classified as a color stable muscle, and the 

limited effects of oxygen exposure on the longissimus lumborum during retail continue to 

support the color stability. While oxygen exposure had a detrimental impact on the 

oxygen consumption and metmyoglobin reducing ability, the NOE surface reported 

consistent oxygen penetration and no difference in a* values upon bloom compared to 

the OE surface. The new methodology of oxidation by oxygen consumption has viability 

to represent color changes during retail in comparison to the current oxygen consumption 

method. In addition, changes in the a* values during retail display were best represented 

by the OE oxidation by oxygen consumption, OE surface layer depth, NOE oxygen 
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depth, and OE metmyoglobin reducing ability. The influence of oxygen on color stability 

attributes should be considered in future studies.  
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Figure 4.1. Evaluation of oxygen penetration through oxygen exposure of the oxygen exposed and non-oxygen exposed surfaces. 

1Depth of oxymyoglobin and metmyoglobin after retail display. 2Depth of oxymyoglobin and metmyoglobin after 1 hour bloom of the 

lateral surface to the freshly cut NOE surface. 3Depth of oxymyoglobin and metmyoglobin after 1 hour bloom and re-exposure of the 

lateral surface to evaluate oxygen penetration into the NOE surface. 
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Table 4.1. Proximate Composition (%) and pH least square means for the longissimus lumborum muscles (n = 7) 

Parameter Mean SEM 

Protein 22.57 0.10 

Moisture 73.72  0.21 

Fat   4.52 0.24 

pH   5.55 0.01 

SEM = standard error of mean 

 

Table 4.2. Effects of retail display day on color attributes of steaks (n = 7) displayed for 6 d  

Retail display day L* a* Chroma Hue 

0  43.23ab 35.36a    46.79a 40.89a 

1  43.70ab 31.34b    39.14b 36.73c 

2 44.42a 30.10c    37.38c 36.32d 

3  43.16ab 29.84c    37.12c  36.51cd 

4 42.19b  28.18cd      34.97de  36.32cd 

5  43.05ab  29.02cd     36.02cd  36.40cd 

6 40.29c 27.15e    34.10e 37.28b 

 SEM = 1.63 SEM = 0.59 SEM = 0.81 SEM = 0.23 
a-eLeast squares means with different letters are significantly different (P < 0.05).   

SEM = standard error of mean 
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Table 4.3. Effect of oxygen exposure1 on the metmyoglobin reducing ability2 (metmyoglobin reducing ability) of the steaks (n = 7) 
 Retail display day 

Oxygen exposure 0 3 6 

Non-oxygen exposed  0.92a  0.93a   0.93a 

Oxygen exposed 0.92a  0.77b   0.76b 

  SEM = 0.02 
abLeast squares means with different letters are significantly different (P < 0.05).   
1Exposure of muscle to oxygen as display surface indicated as exposed or interior of the muscle as not exposed. 
2Metmyoglobin formation after submersion in sodium nitrite solution determined by K/S ratio of metmyoglobin (K/S 572/K/S525)., 

where a greater number indicates greater reduction.  

SEM = standard error of mean 

 

 

 

 

Table 4.4. Least squares means of oxygen consumption2 (retail display day  oxygen exposure1) of steaks displayed for 6 d  
 Retail display day 

Oxygen exposure 0 3 6 

Non-oxygen exposed  0.14a  0.15a   0.12ab 

Oxygen exposed 0.14a  0.09b  0.12a 

  SEM = 0.01 
a-cLeast squares means with different letters are significantly different (P < 0.05).   
1Exposure of muscle to oxygen as display surface indicated as exposed or interior of the muscle as not exposed. 
2Change in oxymyoglobin formation before and after 30 minutes of incubation determined by the change in K/S ratio of 

oxymyoglobin (Preincubation K/S610/K/S525 – Post incubation K/S610/K/S525).  
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Table 4.5. Effect of retail display day of oxidation by oxygen consumption of steaks (n = 7) displayed for 6 d  

Retail display day Metmyoglobin1 

0   2.04a 

3 1.67b 

6 1.58b 

 SEM = 0.09 

abLeast squares means with different letters are significantly different (P < 0.05).   
1Metmyoglobin formation after anaerobic incubation determined by by K/S ratio of metmyoglobin (K/S 572  K/S525)., where a 

greater number indicates lower metmyoglobin. 

SEM = standard error of mean 

 

Table 4.6. Effect of oxygen exposure1 of oxidation by oxygen consumption of steaks (n = 7) displayed for 6 d  

Oxygen exposure Metmyoglobin2 

Non-oxygen exposed   1.86a 

Oxygen exposed  1.67b 

 SEM = 0.08 

abLeast squares means with different letters are significantly different (P < 0.05).   
1Exposure of muscle to oxygen as display surface indicated as exposed or interior of the muscle as not exposed. 
2Metmyoglobin formation after anaerobic incubation determined by by K/S ratio of metmyoglobin (K/S 572  K/S525)., where a 

greater number indicates lower metmyoglobin. 

SEM = standard error of mean 
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Table 4.7. Effect of retail display day on percent surface layer depth1 of steaks (n = 7) displayed for 6 d  

Retail display day Surface layer (%) after retail 

0   0.00c 

3 60.23b 

6 66.23a 

 SEM = 5.82 

abLeast squares means with different letters are significantly different (P < 0.05).   
1Depth of the layer of oxymyoglobin and metmyoglobin on the oxygen exposed surface of muscle after retail display divided by size 

of the piece where surface layer was measured. % Surface layer = (Depth after retail / Piece size) x 100 

SEM = standard error of mean 
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Table 4.8. Pearson's correlation between a* values and color attributes  

Parameter  Correlation  

Pull day    -0.86* 

Non-oxygen exposed lipid oxidation   0.14 

Oxygen exposed lipid oxidation   0.16 

Non-oxygen exposed metmyoglobin reducing ability -0.12 

Oxygen exposed metmyoglobin reducing ability     0.77* 

Non-oxygen exposed oxygen consumption at 30 min   0.18 

Oxygen exposed oxygen consumption at 30 min  0.25 

Non-oxygen exposed oxygen consumption at 60 min   0.42 

Oxygen exposed oxygen consumption at 60 min  0.36 

Non-oxygen exposed Oxidation at 30 min   0.30 

Oxygen exposed Oxidation at 30 min     0.68* 

Non-oxygen exposed Oxidation at 60 min   0.24 

Oxygen exposed Oxidation at 60 min  -0.09 

Non-oxygen exposed surface layer oxygen depth (%)  -0.15 

Oxygen exposed surface layer oxygen depth (%)   -0.83* 

Non-oxygen exposed oxygen depth (%)     0.54* 

*Significant correlation values indicated.   
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Table 4.9. Regression between a* values and color attributes  

Parameter  Regression 

Non-oxygen exposed lipid oxidation  0.02 

Oxygen exposed lipid oxidation  0.03 

Non-oxygen exposed metmyoglobin reducing ability 0.02 

Oxygen exposed metmyoglobin reducing ability    0.59* 

Non-oxygen exposed oxygen consumption at 30 min  0.03 

Oxygen exposed oxygen consumption at 30 min 0.06 

Non-oxygen exposed oxygen consumption at 60 min  0.18 

Oxygen exposed oxygen consumption at 60 min 0.13 

Non-oxygen exposed Oxidation at 30 min  0.09 

Oxygen exposed Oxidation at 30 min   0.47* 

Non-oxygen exposed Oxidation at 60 min  0.01 

Oxygen exposed Oxidation at 60 min 0.06 

Non-oxygen exposed surface layer oxygen depth (%)  0.02 

Oxygen exposed surface layer oxygen depth (%)   0.69* 

Non-oxygen exposed oxygen depth (%)    0.29* 

*Significant regression values indicated.   
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CHAPTER V 
 

 

METABOLITE DIFFERENCES BETWEEN THE OXYGEN-EXPOSED AND NON-

OXYGEN EXPOSED SURFACES OF THE LONGISSIMUS LUMBORUM MUSCLE 

ABSTRACT 

The effects of oxygen exposure on the metabolome of the beef longissimus 

lumborum have not been evaluated. Therefore, the objective of this study was to evaluate 

the impact of oxygen exposure on the metabolome of the longissimus lumborum muscle. 

USDA Low Choice beef strip loins were sliced into steaks (1.91-cm) and packaged in 

PVC overwrap trays for 3 or 6 days of retail display. The oxygen exposed (OE) surface 

was the display surface during retail, and the non-oxygen exposed (NOE) surface was the 

intact interior muscle. Instrumental color was evaluated using a HunterLab 

spectrophotometer. To analyze the NOE surface on d 3 and 6, steaks were sliced parallel 

to the OE surface to expose the NOE surface. Metmyoglobin reducing ability was 

determined by nitrite-induced metmyoglobin reduction. A gas chromatography-mass 

spectrometry was used to identify metabolites. The least square means were determined 

using the GLIMMIX procedure of SAS with significance at a P < 0.05. Metabolites were 

analyzed using the MetaboAnalyst 5.0. The a* values of steaks decreased (P < 0.05) with 

display time. metmyoglobin reducing ability was greater (P < 0.05) in the NOE surface 

compared with the OE surface on d 3 and 6. The loss of succinate from d 0 to d 6 during  
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retail display reinforced the decline in color during display. Greater alpha-tocopherol in 

the NOE surface supported less oxidative changes compared to the OE surface during 

retail display. These results indicate the presence of oxygen can influence metabolite 

profile and negatively influence metmyoglobin reducing ability and color.  

INTRODUCTION 

Oxygenation of steaks form bright cherry red oxymyoglobin which is preferred by 

consumers (Carpenter et al., 2001). Oxygen binds to the sixth position of the heme group 

on myoglobin to form oxymyoglobin. Oxidation of the heme leads to the formation of 

metmyoglobin. Metmyoglobin is negatively perceived by consumers due to its Brown 

pigmentation (Carpenter et al., 2001) and has been reported to cost the meat industry 

approximately $3.73 billion annually (Ramanathan et al., 2022a). Metmyoglobin forms 

initially subsurface below a layer of oxymyoglobin (Limsupavanich et al., 2004, 2008). 

Research has reported that as time in display increases the metmyoglobin layer increases 

in size and rises to the surface leading to visible surface discoloration (Limsupavanich et 

al., 2004). Low oxygen partial pressure contributes to the formation of the metmyoglobin 

layer leading to an increase in the rate of metmyoglobin formation (Brown & Mebine, 

1969; George & Stratmann, 1952). While low oxygen partial pressure leads to the 

formation of metmyoglobin, the partial pressure is created through oxygen consumption 

in postmortem muscle.  

Oxygen is consumed by mitochondria and oxygen-consuming enzymes in 

postmortem muscle (Ramanathan & Mancini, 2018) leading to variation in oxygen partial 

pressure in muscle. Oxygen consumption can influence the oxygen penetration and 

diffusion. The oxygen consumption has been reported to cause the low oxygen partial 
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pressure subsurface causing the formation of metmyoglobin internally (O’Keeffe & 

Hood, 1982). Research has reported a smaller penetration result in thinner layer of 

oxymyoglobin and faster rise of metmyoglobin (Limsupavanich et al., 2004, 2008). 

Oxygen consumption has been reported to be influenced by postmortem metabolism 

including mitochondria (Ke et al., 2017). Specifically, mitochondrial degradation can 

negatively impact the oxygen consumption and lead to reactive oxygen species 

production (Ke et al., 2017). Furthermore, myoglobin oxidation and lipid oxidation has 

been linked in muscle and occur through reactive oxygen species (Faustman et al., 2010; 

Lynch & Faustman, 2000). Therefore, changes in oxygen consumption could influence 

the oxygen penetration and myoglobin oxidation. Hence, the oxygen exposure in retail 

could influence the oxidative state of steaks and the oxygen consumption. However, the 

understanding of the impact of the formation of metmyoglobin and subsequent oxidative 

changes on the metabolome due to oxygen exposure is limited.  

In addition, the metabolome plays a role in color stability as various metabolites 

have been reported to influence and reduce metmyoglobin. Metmyoglobin reduction can 

occur through inherent enzymes present in meat such as lactate dehydrogenase (Kim et 

al., 2006; Kim et al., 2009), malate dehydrogenase (Mohan et al., 2010a), and NADH-

dependent cytochrome b5 reductase (Arihara et al., 1995). A key role in these enzymatic 

pathways are malate and lactate utilization to produce NADH (Kim et al., 2006; Kim et 

al., 2009; Mohan et al., 2010a). NADH has been reported as an important electron donor 

in the reduction of metmyoglobin (Arihara et al., 1995; Brown & Snyder, 1969; Kim et 

al., 2006; Kim et al., 2009; Mohan et al., 2010a). Furthermore, succinate has been 

reported to increase electron transport mediated metmyoglobin reduction (Tang et al., 
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2005b). While the connection between metabolome changes and color stability of the 

longissimus lumborum muscle during display is well understood, there is limited research 

on the effects of oxygen exposure on the metabolome of the longissimus lumborum 

muscle. Therefore, the objective of this study was to evaluate the effect of oxygen 

exposure of the retail surface compared to the interior non-oxygen exposed surface of the 

longissimus lumborum muscle on the metabolome of the longissimus lumborum muscle. 

MATERIALS AND METHODS 

Materials  

 From Creekstone Farms LLC (Arkansas City, KS), USDA Low Choice loins (n = 

6; IMPS #173) were transported to Oklahoma State University Food and Agricultural 

Products Center on ice. On d 7 postmortem, pH (Hanna Instruments pH probe Handheld 

HI 99163; probe FC232; Hanna Instruments) was analyzed in three random locations 

across the loin. The face steack was removed from each loin then loins were sliced into 

six 1.91-cm steaks. One steak was used for d 0 analysis and the entire steak was 

considered NOE. Four steaks were randomly selected and paired to package in PVC 

(15,500-16,275 cm3 O2/m2/24 h at 23C, E-Z Wrap Crystal Clear Polyvinyl Chloride 

Wrapping Film, Koch Supplies, Kansas City, MO) overwrap Styrofoam® trays for retail 

display. Packages were assigned to either 3 or 6 d in retail display with continuous LED 

lighting (Philips LED lamps, 12 watts, 48 inches, color temperature = 3,500K,54 

Phillips, China). Instrumental color was measured six times on each package every day of 

retail display using a HunterLab 4500L MiniScan EZ Spectrophotometer (2.5-cm 
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aperture, illuminant A, and 10̊ standard observer angle, HunterLab Associates, Reston, 

VA). The remaining steak in the sixth position was used for proximate analysis.  

Proximate composition  

 External fat was removed from one steak from each loin. Approximately 200 g 

from the steak was ground with a able-top grinder (Big Bite Grinder, 4.5 mm, fine grind, 

LEM) and analyzed with near infrared spectrophotometer (FoodScan Lab Analyzer, 

Serial No. 91753206; Foss, NIRsystem Inc.; Slangerupgrade, Denmark). The percent 

protein, fat, and moisture were determined.  

Oxygen exposure  

 Steaks were exposed to oxygen through retail display, and the retail surface was 

considered OE surface (Figure 5.1). The interior muscle was considered NOE surface and 

was exposed on the pull days by bisecting parallel to the retail surface. On d 3 or 6, 

surfaces were analyzed for oxygen consumption, metmyoglobin reducing ability, and 

metabolomic profiling. 

Oxygen consumption  

 The NOE and OE surfaces were exposed to oxygen 1 h at 4C, and then packaged 

in vacuum packaging and incubated at 30C for 60 min. A HunterLab spectrophotometer 

read the surface three times at 0, 30, and 60 min to evaluate the change in oxymyoglobin 

content. Using the spectra from the HunterLab, the preincubation K/S610  K/S525 – 

post incubation K/S610  K/S525 determined the change in oxymyoglobin content 

through incubation. A greater change in oxymyoglobin indicates greater oxygen 

consumption. 
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Metmyoglobin reducing ability  

 To evaluate metmyoglobin reducing ability, samples were submerged in 0.3% 

sodium nitrite for 20 min then vacuum packaged and incubated at 30C for 2 hr. Samples 

were read using a HunterLab spectrophotometer before and after incubation. To 

determine metmyoglobin reducing ability, preincubation metmyoglobin was calculated 

from the K/S ratio of K/S572  K/S525 with a greater ratio indicating a greater 

metmyoglobin reducing ability.  

Metabolomic analysis 

 Analysis and subsequent identification of metabolites occurred at the National 

Institute of Health West Coast Metabolomics Center at the University of California Davis 

(CA, USA). Freeze dried samples (approximately 10 mg) were stored at -80C until 

analysis. To extract metabolites, 1000 µL of degassed acetonitrile/isopropanol/water 

mixture (3:3:2, v/v/v) was added to the samples. Samples were homogenized for 30 s and 

shook at 4C for 6 min then centrifuged at 14,000 g for 2 min. Additionally, carbon 8-

carbon 30 fatty acid methyl esters were added to the mixture as an internal standard. 

Samples were dried with nitrogen gas and derivatized with methyloxolane in pyridine and 

N-methyl-N(trimethylsilyl)trifluoroacetamide for trimethylsilylation of acidic protons. 

The remaining details about the metabolomic profiling are included in Fiehn et al. (2008). 

Statistical analysis  

 This experiment was a split-plot design with a randomized complete block 

blocked by loin. The whole plot factor being the pull day in retail, and the sub-plot factor 

is oxygen exposure. Instrumental color analysis was evaluated as a repeated measure with 
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the retail day being the repeated measure. The covariance structure for the repeated 

measures was first order autoregressive and was selected based on the AICC values. The 

fixed effects were pull day, oxygen exposure and their interactions. From the GLIMMIX 

procedure of SAS, least square means were calculated and separated with the PDIFF 

option and significance was considered with a P < 0.05. 

Metabolite profiling was evaluated using MetaboAnalyst 5.0. The metabolite peak 

intensities were normalized by the median, transformed by log, and scaled with Pareto 

scaling. To compare d 0 and d 6 metabolites as well as NOE and OE surfaces, an analysis 

of variance was completed to indicate the significantly different metabolites between the 

two groups with Fisher’s LSD used to separate the abundance of specific metabolites. 

Significance was considered as a P < 0.05. Unsupervised principal component analysis 

(PCA) and supervised projections to latent structure-discriminant analysis (PLS-DA) 

were used demonstrate differences in metabolites between the pull days and oxygen 

exposure. Metabolites were ranked based on their importance in determining differences 

in oxygen exposure and pull day using the variable importance in the projection (VIP) in 

PLS-DA. A pathway analysis of MetaboAnalyst 5.0 established pathways impacted by 

significantly different metabolites.  

RESULTS 

Proximate composition and retail display color   

 The proximate composition of the strip loins is included in Table 5.1. The mean 

pH was 5.55 after 7 d postmortem. These results confirm the loins were in normal 

postmortem pH range for beef. There was a significant effect of retail display day on the 
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a* values (Table 5.2). There was a decrease (P < 0.05) in redness with greater retail 

display time.  

Metmyoglobin reducing ability and oxygen consumption  

Metmyoglobin reducing ability and oxygen consumption were influenced by 

retail display and oxygen exposure (Table 5.3). The OE surface had lower (P < 0.05) 

metmyoglobin reducing ability than the NOE surface on day 3 and 6 of retail display 

while the oxygen consumption of the OE surface was only lower (P < 0.05) than the 

NOE on day 3. Overall, the oxygen exposure had a negative impact on the metmyoglobin 

reducing ability of the longissimus lumborum muscle in retail display and may be linked 

to the loss in redness during display.  

Metabolomics  

 From the nontargeted metabolomics, 403 features were found, and of those, 149 

were identified in the metabolite library. The partial least-squares discriminant analysis 

(PLS-DA) scores plot demonstrates the separation between the metabolite profiles of d 0 

NOE, d 6 NOE, and d 6 OE surfaces (Figure 5.2). A variable importance projection 

analysis reported citric acid, gluconic acid, and ribonic acid as the top metabolites 

influencing the PLS-DA plot separation between the retail days and oxygen exposure 

(Figure 5.3). Additionally, KEGG pathway impact analysis was completed to evaluate the 

metabolic pathways associated with the differently abundant metabolites among d 0 

NOE, d 6 NOE, and d 6 OE surfaces (Figure 5.4). Differently abundant metabolites were 

mostly associated with the TCA cycle, pentose phosphate pathway, and pentose and 

glucuronate interconversions. 
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There were thirty differently abundant (P < 0.05) metabolites of d 0 NOE surface 

relative to d 6 OE surface (Table A5.1). Twelve of the metabolites were downregulated 

on d 0 compared to d 6 while the remaining 18 were upregulated on d 0 NOE versus d 6 

OE surface (Figure 5.5). Upregulated metabolites on d 0 included succinic acid, 4-

hydroxybutric acid, creatinine, and alpha-tocopherol. Ribonic acid, citric acid, 

hypoxanthine, gluconic acid, and xylulose are downregulated on d 0 OE surface versus d 

6 OE surface. Evaluating the effect of retail display on the metabolite profile of the NOE 

surface indicated 28 metabolites were differently abundant between d 0 and d 6 of display 

(P < 0.05). Of the 28, 14 metabolites were upregulated, and 14 metabolites were down 

regulated on d 0 compared to d 6. Stearic acid, saccharic acid, and arachidic acid were 

upregulated on d 0 compared to d 6 of the non-oxygen exposed surface. Furthermore, 

metabolites such as xylitol, xylulose, and gluconic acid were downregulated on d 0 

compared to d 6. The changes in metabolome during retail display for both surfaces were 

very similar. The amino acid metabolism increased during display resulting in greater 

methionine sulfoxide, serine, and tyrosine on d 6 compared to d 0 for both surfaces. 

Thirteen metabolites were identified to be differently abundant (P < 0.05) in the 

NOE surface relative to the OE surface on d 6 of retail display. Three metabolites were 

downregulated on the NOE surface compared to the OE surface. Metabolites such as 

creatinine, alpha-tocopherol, and 4-hydroxybutyric acid are upregulated while gluconic 

acid, citric acid, and ribonic acid are downregulated in the NOE surface compared to the 

OE surface.  
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DISCUSSION 

Several studies have reported the loss of redness during retail display of the 

longissimus lumborum muscle (Abraham et al., 2017; Joseph et al., 2012). Oxygen 

effects on metmyoglobin reducing ability have been reported in research by Mancini et 

al. (2008). These researchers determined metmyoglobin reducing ability was lower for 

the OE surface compared to the NOE surface of the longissimus lumborum muscle 

(Mancini et al., 2008). In addition, there was strong correlation between the OE surface 

metmyoglobin reducing ability and the loss of redness during retail display (Mancini et 

al., 2008). Research on the implication of oxygen on the oxygen consumption has been 

more limited. Several studies have separately evaluated the NOE surface for oxygen 

consumption of the longissimus lumborum muscle during retail display and determined 

oxygen consumption decreases during retail display (Abraham et al., 2017; Ke et al., 

2017). The longissimus lumborum has been categorized as a color stable muscle with 

greater antioxidant capacity (Joseph et al., 2012) and lower oxidative stress (Ke et al., 

2017) compared to less color stable muscles such as the psoas major muscle. Therefore, 

the oxygen consumption of the longissimus lumborum muscle may not be impacted by 

the presence of oxygen. The results of the current study indicate the color stability of the 

longissimus lumborum and the limited impact of oxygen exposure on oxygen 

consumption.  

 Free amino acids have been reported to increase in the longissimus lumborum 

muscle during storage (Abraham et al., 2017; Ma et al., 2017; Mitacek et al., 2019). 

Postmortem proteolysis may result in the increase in free amino acids reported such as 

serine and tyrosine (Feidt, Petit, Bruas-Reignier, & Brun-Bellut, 1996). Tyrosine (Ma et 
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al., 2017; Subbaraj, Kim, Fraser, & Farouk, 2016) and serine (Mitacek et al., 2019; 

Subbaraj et al., 2016) have been reported to increase in the longissimus lumborum during 

storage. The connection between these amino acids and color stability is unclear. The 

enzyme methionine sulfoxide reductase has been reported to reduce methionine sulfoxide 

to methionine (Lee and Gladyshev, 2011). Meanwhile, methionine sulfoxide has been 

reported to be a potential biomarker of aging and disease whereas methionine has been 

used to create antioxidant systems in the body (Lee and Gladyshev, 2011). Wu et al. 

(2016) reported a strong positive correlation between a* values and mitochondrial 

peptide methionine sulfoxide reductase in the longissimus lumborum muscle. Joseph et 

al. (2012) reported more methionine sulfoxide reductase and Abraham et al. (2017) 

reported more methionine in the color stable longissimus lumborum muscle over the color 

labile psoas major muscle. Furthermore, Subbaraj et al. (2016) reported higher 

methionine in color stable ovine meat compared to color labile. Hence, methionine and 

methionine sulfoxide reductase have been indicative of color stability. Therefore, the 

presence of methionine sulfoxide supports less color stability and more myoglobin 

oxidation during retail display of the muscle.  

Fatty acid metabolism decreased during retail display for both the NOE and OE 

surfaces. Fatty acids such as stearic acid, arachidic acid, and saccharic acid decreased 

during display. Some studies have reported changes fatty acids in metabolomic analysis 

(Abraham et al., 2017; Yu et al., 2020). However, there is limited understanding of the 

impact of fatty acids on meat color stability. Glycerol can be formed through the 

breakdown of fatty acids for use in the TCA cycle (Mitacek et al., 2019) which would 

support the changes in fatty acids in the current study. Depletion of creatinine and 
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glycerol during display indicates the shift of different metabolites to glycolytic 

metabolism to supply energy during display similarly reported by Mitacek et al. (2019). 

Furthermore, creatinine had greater abundance in the NOE surface than the OE surface 

on d 6 of display.  Creatinine is naturally present in meat and can be an indicator of meat 

consumption in humans (Dragsted, 2010). Creatinine content has been reported to 

increase with aging due to the formation of creatinine from ATP production (Mitacek et 

al., 2019). Furthermore, creatinine production has been reported to be higher in diseased 

small ruminant animals compared to healthy animals (Bozukluhan et al., 2018). In 

physiological conditions, creatinine will be broken down to creatine by the kidneys 

(Bozukluhan et al., 2018), and the creatinine metabolites methylguanidine and creatol 

increase in the presence of oxidants (Abramowitz, Meyer, & Hostetter, 2010). Therefore, 

the presence of oxygen at the retail surface and subsequent oxidative stress may lead to 

the breakdown and lower content of creatinine in comparison to the interior surface.  

Furthermore, sugar metabolism increased during display with ribose and ribonic 

acid being upregulated on d 6 compared to d 0 for both surfaces. Ribonic acid increased 

in the longissimus lumborum muscle during retail display (Abraham et al., 2017). Ribose 

has been reported to increase with greater postmortem time in chicken as a contributor to 

flavor from the breakdown of IMP (Aliani, Farmer, Kennedy, Moss, & Gordon, 2013). 

Ribose is a component to ATP and may increase due to the ATP needs of postmortem 

muscle (Dhanoa & Housner, 2007). Furthermore, ribose can lead to the production of 

NADPH and subsequent formation of ribonic acid (Mahoney et al., 2018). Metmyoglobin 

reduction has been reported to occur with NADPH (Shimizu & Matsuura, 1968). 

Therefore, the presence of ribose could contribute to color stability of the longissimus 
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lumborum muscle on both surfaces. Furthermore, ribonic acid was reported to be greater 

in the OE surface than the NOE surface on day 6. Ribonic acid forms from the 

breakdown of ribose to create NADPH (Mahoney et al., 2018). NADPH has been 

reported to act in metmyoglobin reduction (Shimizu & Matsuura, 1968). Therefore, the 

production of NADPH on the retail surface may be important to color stability in 

comparison to the more oxidatively stable interior.  

The changes in TCA cycle were more metabolite specific. Citric acid and aconitic 

acid increased during retail display for both surfaces while succinic acid decreased. 

Citrate can form succinate through the TCA cycle with aconitate acting as in intermediate 

(Krebs & Johnson, 1980). Succinate has been reported to reduce metmyoglobin through 

electron transport mediated metmyoglobin reduction (Tang et al., 2005b) and reverse 

transport metmyoglobin reduction (Belskie et al., 2015). Therefore, the changes in TCA 

metabolites may be due to forming succinate via citric and aconitic acid to stabilize the 

color of the longissimus lumborum during retail display. Abraham et al. (2017) reported 

greater citric acid in the longissimus lumborum with greater display time but did not 

indicate oxygen specific effects. Citric acid can be metabolized to form succinate (Krebs 

& Johnson, 1980). Succinate has been reported to be part of metmyoglobin reduction 

(Tang et al., 2005b). The accumulation of citric acid at the surface may be due to the 

increased demands for reduction of metmyoglobin by production of succinate from 

citrate Therefore, a greater abundance of citric acid on the OE surface may relate to the 

oxidative changes occurring at the surface. 

4-hydroxybutyric acid has been reported as a neurotransmitter in the brain and 

active in mitochondria (Bourguignon et al., 1988; Caputo, Vignoli, Maremmani, 
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Bernardi, & Zoli, 2009; Gibson & Nyhan, 1989). In the mitochondria, oxidation of 4-

hydroxybutyric acid can form succinic acid (Caputo et al., 2009; Gibson & Nyhan, 1989). 

As succinate has been used to reduce metmyoglobin, the presence of greater 4-

hydroxybutyric acid in the NOE surface may indicate the use of 4-hydroxybutyric acid on 

the exposed surface to form succinate. Therefore, the NOE would have the ability to 

maintain color stability.  

After death, ATP production continued to occur in beef for an additional 24 hours 

(Matarneh, England, Scheffler, & Gerrard, 2017). As ATP production decreased with 

postmortem time, ADP accumulated in excess and from the breakdown of ADP through 

purine metabolism, hypoxanthine was formed (Matarneh et al., 2017). Hypoxanthine has 

been reported to increase with aging (Ma et al., 2017) and postmortem time (Yu et al., 

2020) supporting the increase during retail display. Hypoxanthine has been reported to 

increase the formation of a reactive oxygen species superoxide anion as well as decrease 

the activity of antioxidant enzymes responding to oxidative stress (Mesquita Casagrande 

et al., 2013; Rodrigues et al., 2014). Therefore, the increased presence of hypoxanthine 

during retail display could indicate the increased presence of reactive oxygen species and 

oxidative stress during retail display on both NOE and OE surfaces.  

 Propylene glycol can contribute to propionate metabolism by forming substrates 

for the TCA cycle (Zhang et al., 2020a). This process has been reported to occur in 

negative energy balance conditions in dairy cattle (Zhang et al., 2020a). Therefore, the 

high energy demanded postmortem could influence the production of propylene glycol. 

The lower presence of propylene glycol in the exterior may relate to its breakdown to 

support the production of TCA metabolites such as succinate (Zhang et al., 2020a). On 
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the surface, succinate production would contribute to metmyoglobin reduction (Tang et 

al., 2005b) while the interior propylene glycol may remain high due to lower oxidative 

changes. Overall, the greater presence of propylene glycol on the retail surface could 

indicate activity to limit metmyoglobin.  

Glycolate has been reported to be present in humans and can form glyoxylate and 

subsequently oxalate (Booth, Conners, Rumsby, & Brady, 2006; Fry & Richardson, 

1979). The reduction of glyoxylate to glycolate occurs by lactate dehydrogenase or 

glyoxylate reductase via consumption of NADH in the muscle to prevent the 

accumulation of glyoxylate which can be highly reactive (Booth et al., 2006; Mdluli, 

Booth, Brady, & Rumsby, 2005). Glyoxylate addition has been reported to increase 

reactive oxygen species leading to apoptosis of cells through effecting membrane 

potential of the mitochondria (Patra, Ghosh, Alam, & Murmu, 2018). Therefore, the 

presence of greater glycolate may indicate prevention of reactive glyoxylate formation in 

the NOE portion of muscle and limited oxidative changes.  

 Pyrazines have been reported as flavor compounds in beef which increase with 

cooking temperature and age of the product (Wall, Kerth, Miller, & Alvarado, 2019; 

Watanabe et al., 2015). The formation of pyrazines occurs through the condensation of 

amino acids (Mortzfeld, Hashem, Vranková, Winkler, & Rudroff, 2020). However, 

research specific to the implications of 2,5-dihydroxypyrazine on changes in muscle 

biochemistry has not been reported.  

Isothreonic acid is a product of ascorbate metabolism produced by ascorbic acid 

oxidation (Arun et al., 2018). A greater formation of isothreonic acid was reported in 

mice brain under oxidative stress from greater reactive oxygen species (Arun et al., 
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2018). Furthermore, isothreonic acid content was greater in obese women under oxidative 

stress on the surface (Ruebel et al., 2019). Therefore, the oxidation of ascorbic acid may 

be due to response and prevention of further oxidative stress. Furthermore, ascorbic acid 

has been reported to reduce metmyoglobin in vitro (Tomoda, Tsuji, Matsukawa, 

Takeshita, & Yoneyama, 1978; Tsukahara & Yamamoto, 1983; Vestling, 1942). 

Furthermore, ascorbic acid has been reported to extend color stability of beef (Sanchez-

Escalante, Djenane, Torrescano, Beltran, & Roncales, 2001, 2003) and lamb (Andres, 

Petron, Adamez, Lopez, & Timon, 2017) during retail display. Therefore, the greater 

formation of isothreonic acid may indicate the use of ascorbic acid to extend color 

stability of the NOE surface.  

Alpha-tocopherol or vitamin E is an antioxidant which has been demonstrated to 

increase meat color stability when fed to cattle (Chan et al., 1995).  More specifically, 

dietary vitamin E has decreased the myoglobin and lipid oxidation in beef (Faustman et 

al., 1998). This may be due to the presence of tocopherol influences the mitochondrial 

proteome and decreases enzymes involved in oxidative phosphorylation and possibly 

minimizing oxidative stress (Zhai et al., 2019). Hence, the greater tocopherol content in 

the NOE surface may be due to limited oxygen presence and reduced oxidative stress in 

comparison to the OE surface.  

Gluconic acid is part of glycolytic metabolism and formed through the 

degradation of glucose (Bankar, Bule, Singhal, & Ananthanarayan, 2009; Kornecki et al., 

2020). The increase in gluconic acid on the exposed surface could relate to increased 

glycolytic metabolites. Xylitol has been reported to be lower in the NOE surface of the 

longissimus lumborum muscle. Furthermore, xylitol is a product of pentose phosphate 
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pathway from the consumption of NADH and breakdown of xylose (Aguer, Piccolo, 

Fiehn, Adams, & Harper, 2017). Past research has reported a greater xylitol content in 

mice with an overexpression of proteins minimizing oxidative damage (Aguer et al., 

2017). Therefore, in the present study, the presence of greater xylitol on the OE surface 

could indicate the response to oxidative stress induced by oxygen during retail display 

and the use of NADH and xylose to limit damage. 

CONCLUSION 

 The oxygen exposure during retail display had negative implications on color 

stability compared to the interior of muscle. Specifically, oxygen consumption and 

metmyoglobin reducing ability decreased with oxygen exposure indicating the negative 

effects of oxygen on biochemical attributes of the longissimus lumborum muscle. Oxygen 

exposure influences the metabolome of the longissimus lumborum during retail display. 

The exposed surface represented more changes in response to oxidative stress and use of 

metabolites to form NADH and extend color stability. Therefore, the oxygen exposure is 

important to consider when evaluating the biochemical properties of muscle in storage.  
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Table 5.1. Proximate Composition (%) and pH least square means for the longissimus lumborum muscles (n = 6) 

Parameter Mean SEM 

Protein 22.53 0.29 

Moisture 73.59  0.59 

Fat   4.66 0.66 

pH   5.55 0.03 

SEM = standard error of mean 

 

Table 5.2. Effects of retail display day on color attributes of steaks (n = 6) displayed for 6 d  

Retail display day a* 

0 35.24a 

1 31.41b 

2 30.36c 

3  29.72cd 

4  28.00e 

5  28.94d 

6  27.12e 

 SEM = 0.72 
a-eLeast squares means with different letters are significantly different (P < 0.05).   

SEM = standard error of mean 
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Table 5.3. Least squares means of oxygen consumption1 and metmyoglobin reducing ability2 (retail display day  oxygen exposure3) 

of steaks (n = 6)  

Parameter Oxygen exposure 

Retail display day 

0 3 6 

Oxygen consumption Non-oxygen exposed 0.14a 0.15a  0.12ab 

SEM = 0.02 Oxygen exposed 0.14a 0.09b 0.12a 

Metmyoglobin reducing ability Non-oxygen exposed 0.92a 0.94a 0.95a 

SEM = 0.02 Oxygen exposed 0.92a 0.76b 0.75b 

abLeast squares means with different letters are significantly different (P < 0.05).   
1Change in oxymyoglobin formation before and after 30 minutes of incubation determined by the change in K/S ratio of 

oxymyoglobin (Preincubation K/S610/K/S525 – Post incubation K/S610/K/S525).  
2Metmyoglobin formation after submersion in sodium nitrite solution determined by K/S ratio of metmyoglobin (K/S 572/K/S525)., 

where a greater number indicates greater reduction.  
3Exposure of muscle to oxygen as display surface indicated as oxygen exposed or interior of the muscle as non-oxygen exposed. 

SEM = standard error of mean 
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Figure 5.1. Evaluation of oxygen penetration through oxygen exposure of the oxygen exposed and non-oxygen exposed surfaces 
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Figure 5.2. Partial least-squares discriminant analysis of metabolites present in surfaces  
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Figure 5.3. Important features identified by PLS-DA analysis of oxygen exposure of the longissimus lumborum muscle in retail 

display. A variable importance projection (VIP) is a measure of a variable importance in PLS-DA model. The VIP score indicates the 

contribution a variable makes to the model. A greater value denotes more importance.   
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Figure 5.4. KEGG pathway analysis to determine biological process and metabolic pathways that are associated with the metabolites 

in longissimus lumborum muscle during retail display. X-axis represents the impact of the pathway, and the y-axis is the -log(P-value). 

The dot color is based on the P-value, and the dot size is based on the pathway impact values. 
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Figure 5.5. Separation of the significantly differentially abundant metabolites for the non-oxygen (NOE) surface on d 0, NOE surface 

on d 6, and oxygen exposed (OE) surface on d 6 of the longissimus lumborum muscle during retail display 
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CHAPTER VI 

 

 

IMPACT OF OXYGEN EXPOSURE ON THE LONGISSIMUS LUMBORUM, PSOAS 

MAJOR, AND SEMITENDINOSUS MUSCLES DURING RETAIL DISPLAY 

ABSTRACT 

Oxymyoglobin leads to a bright-cherry red pigment on the surface of meat which 

is preferred by consumers. Oxidation of ferrous myoglobin leads to formation of 

metmyoglobin and discoloration. Myoglobin is prone to oxidation at a low (5-7 mmHg) 

oxygen partial pressure. Hence, meat discoloration starts from the interior and spreads to 

the surface. In aerobic packaging, the retail surface develops discoloration over time. 

However, the connection between oxygen exposure of the retail surface and internal 

discoloration has not been clear. The objective of this study was to evaluate the effects of 

oxygen exposure on the biochemical attributes of longissimus lumborum , psoas major , 

and semitendinosus muscles. USDA Low Choice short loins and eye of rounds (5 d 

postmortem) were purchased from a commercial packing facility. Steaks were sliced 

(1.91 cm) from USDA Low Choice beef strip loins (n = 7), tenderloins (n = 7), and eye of 

rounds (n = 7). Steaks were packaged in pairs in PVC overwrap trays, and randomly 

assigned to 3 or 6 days in retail display. Instrumental color was evaluated every day of 

retail display using a HunterLab MiniScan spectrophotometer. On d 0, one steak was 

used to analyze the muscles for oxygen consumption, metmyoglobin reducing ability,
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and lipid oxidation on a freshly cut non-oxygen exposed (NOE) surface. For d 3 and d 6, 

the retail surface was considered oxygen exposed (OE), while interior muscle was 

denoted as NOE. To analyze the two surfaces, steaks were sliced parallel to the OE 

surface to expose the NOE surface. On d 3 and d 6, oxygen consumption and 

metmyoglobin reducing ability were evaluated for the NOE and the OE surfaces. The 

amount of metmyoglobin formed was evaluated after nitrite submersion for analysis of 

metmyoglobin reducing ability, and oxygen consumption was determined as 

oxymyoglobin formation in vacuum packaging after 30 min and 60 min. The GLIMMIX 

procedure of SAS was used to determine the least square means of 7 replicates. Least 

square means were separated using the PDIFF option with a P < 0.05 considered 

significant. All three muscles decreased in a* values (P < 0.05) with retail display with 

the psoas major having the lowest (P < 0.05) a* followed by the longissimus lumborum 

and then the semitendinosus on d 6 of display. The NOE surface had greater (P < 0.05) 

metmyoglobin reducing ability compared to the OE surface on d 3 and d 6 for all 

muscles. The OE surface of the psoas major had lower (P < 0.05) oxygen consumption at 

30 min compared to the NOE surface on d 3 and d 6 of retail display. Both the NOE 

surface of the psoas major and semitendinosus muscles had greater (P < 0.05) oxygen 

consumption at 60 min than the OE surfaces on d 3 and d 6 of display. The exposure to 

oxygen resulted in a decrease in metmyoglobin reducing ability and oxygen consumption 

aligning with a decline in retail color. In conclusion, oxygen exposure can negatively 

impact color stability while the non-exposed interior of muscle remains more 

biochemically active.  
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INTRODUCTION 

 Consumers prefer to see bright-cherry red steaks in the retail case as they 

associate the red color with freshness and wholesomeness (Carpenter et al., 2001). Even 

so, the red color of oxymyoglobin oxidizes in the display case forming discoloration on 

the surface as metmyoglobin. The formation of metmyoglobin or surface discoloration is 

negatively perceived by consumers (Carpenter et al., 2001), and recently, discoloration in 

beef steaks has been reported to cost $3.73 billion annually (Ramanathan et al., 2022a). 

Many factors can influence the formation of metmyoglobin such as muscle type and 

oxygen partial pressure. 

Metmyoglobin formation rapidly occurred under low oxygen partial pressure (5 – 

7 mmHg) in intact steaks such as the oxygen conditions in poorly sealed vacuum 

packaging (George & Stratmann, 1952; Ledward, 1970). In muscle, a low oxygen partial 

pressure occurred below the surface oxymyoglobin layer creating an internal layer of 

metmyoglobin (Limsupavanich et al., 2004, 2008). During retail, the oxidation of 

myoglobin rises from the interior layer to the surface creating visible surface 

discoloration and metmyoglobin (Limsupavanich et al., 2004, 2008). Research on the 

development of internal metmyoglobin is limited. Furthermore, the impact of internal 

metmyoglobin on color stability is not well understood. As oxygen plays a role in the 

development of internal and subsequent surface metmyoglobin, it would be valuable to 

enhance the understanding of the impact of oxygen on the color stability of meat such as 

influence on the oxygen consumption and metmyoglobin reducing ability.  

Oxygen plays a key role in the formation of surface metmyoglobin through 

differences in oxygen penetration, diffusion, and oxygen consumption dependent on 



123 
 

muscle type (O’Keeffe & Hood, 1982). Muscle type impacts the color stability of steaks 

in retail through metabolic differences impacting use and penetration of oxygen. The 

psoas major  muscle has mostly red fibers with an oxidative metabolism while the 

longissimus lumborum  and semitendinosus have a glycolytic metabolism due to having 

more white fibers (Hunt and Hedrick, 1977). From differences in fiber type, research has 

reported differences in the proteome (Joseph et al., 2012) and metabolome (Abraham et 

al., 2017; Yu et al., 2020) which impact the color stability. The psoas major has been 

categorized as color-labile muscle while the longissimus lumborum and semitendinosus 

muscles were reported as color stable (McKenna et al., 2005; Seyfert et al., 2007). 

Metmyoglobin formed more rapidly in the psoas major muscle compared to longissimus 

lumborum muscle due to the psoas major muscle having greater oxidative metabolism 

compared to the longissimus lumborum muscle (McKenna et al., 2005; O’Keeffe & 

Hood, 1982). Furthermore, the differences in metabolome and proteome impact the lipid 

oxidation, oxygen consumption, and metmyoglobin reducing ability in relation to color 

stability due to different responses to oxidative stress (Joseph et al., 2012; Ke et al., 2017; 

McKenna et al., 2005). The psoas major muscle has been shown to have increased lipid 

oxidation compared to the longissimus lumborum contributing to the oxidation of 

myoglobin (Canto et al., 2016; Joseph et al., 2012; Ke et al., 2017). Such that, the 

longissimus lumborum muscle retained higher oxygen consumption and metmyoglobin 

reducing ability during storage compared to the psoas major muscle increasing color 

stability of the longissimus lumborum compared to the psoas major (Abraham et al., 

2017; Ke et al., 2017). As oxygen can act as a prooxidant, oxygen exposure could 

influence the oxidative state of lipids and proteins in muscle during retail display. 
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However, limited research has evaluated the effects of oxygen exposure in retail on the 

color stability of the longissimus lumborum, psoas major, and semitendinosus muscles. 

Therefore, the first objective of this study was to determine the effects of oxygen 

exposure in retail on the biochemical attributes of the longissimus lumborum, psoas 

major, and semitendinosus muscles.  

Based on the American Meat Science Association Meat Color Guidelines (King et 

al., 2023), the color stability attributes of oxygen consumption and metmyoglobin 

reducing ability can be evaluated using the retail surface or interior surface of the muscle. 

Past research has varied in the surface used for evaluation of metmyoglobin reducing 

ability and oxygen consumption with limited research considering the impact of oxygen 

exposure. Therefore, establishing the impact of oxygen exposure and the best method to 

evaluate color stability would allow for more consistent and comparable methodology in 

future research for different muscle types. In addition, understanding how oxygen 

exposure influences color stability analysis and the role oxygen plays in oxidative 

changes of myoglobin would help to determine methods to extend color stability.     

MATERIALS AND METHODS 

Materials  

 USDA Low-Choice short loins (n = 7; IMPS #173) and semitendinosus (n = 7; 

IMPS #171C) were collected from a commercial processing plant 5 d postmortem and 

transported back on ice to Oklahoma State University Food and Agriculture Products 

Center. The muscles were held till 7 d postmortem then the psoas major muscle was 

separated from the longissimus lumborum. The Hanna Instruments pH probe (Handheld 

HI 99163; probe FC232; Hanna Instruments) was used to measure pH in three locations 
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across the muscles. A face steak was removed from each muscle. Each muscle was sliced 

from the anterior end into six 1.91-cm steaks. Four steaks were randomly selected and 

packaged in pairs in white polystyrene trays with PVC overwrap (15,500-16,275 cm3 

O2/m2/24 h at 23C, E-Z Wrap Crystal Clear Polyvinyl Chloride Wrapping Film, Koch 

Supplies, Kansas City, MO) trays. In the pairs, one steak was used for lipid oxidation, 

oxygen consumption, and oxygen penetration analysis while the other steak was used for 

metmyoglobin reducing ability and metabolomic samples. The remaining steak was used 

as the d 0 non-oxygen exposed (NOE) surface analysis. The sixth steak was used for 

proximate composition analysis.  

Proximate composition 

 Approximately 200 g of each muscle were ground using a table-top grinder (Big 

Bite Grinder, 4.5 mm, fine grind, LEM) and pressed into 140-mm sample cup. An 

AOAC-approved near-infrared spectrophotometer (FoodScan Lab Analyzer, Serial No. 

91753206; Foss, NIRsystem Inc.; Slangerupgrade, Denmark) determined the percent 

protein, fat, and moisture of each muscle.  

Retail display  

 Packaged steaks were placed in a simulated retail display held at 2  1C for 6 d 

under continuous LED lighting (Philips LED lamps, 12 watts, 48 inches, color 

temperature = 3,500K,54 Phillips, China). Packaged steaks were randomly selected for 

either 3 or 6 days in display. A HunterLab 4500L MiniScan EZ Spectrophotometer (2.5-

cm aperture, illuminant A, and 10 standard observer angle, HunterLab Associates, 

Reston, VA) was used to determine instrumental color every day of retail for steaks held 
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for 6 d. For each package, six readings were taken with three readings per steak in the 

package. The CIE a* and b* values were used to calculate hue (tan−1(
𝑏∗

𝑎∗
)) and chroma 

[√(𝑎∗2 + 𝑏∗2)]. A larger hue value indicates greater discoloration while a larger chroma 

represents greater red intensity. Reflectance from 400-700 nm was used to determine K/S 

ratios at 474, 525, 572, and 610 using the equation K/S = (1 – R)2  2R. These K/S ratios 

were used to determine metmyoglobin reducing ability and oxygen consumption.  

Oxygen exposure  

 Figure 6.1 provides a representation of the analysis of the oxygen exposure. The 

surface from the retail display was the oxygen exposed (OE) surface while the interior or 

intact muscle was the NOE surface. To separate the two surfaces, the muscles were sliced 

parallel to the display surface exposing the NOE surface for analysis. Oxygen exposure 

was evaluated for lipid oxidation, metmyoglobin reducing ability, and oxygen 

consumption.  

Lipid oxidation  

 Three grams of each surface was removed from the steaks on d 0, 3, and 6 of 

display and blended with 27 mL of trichloroacetic acid. The homogenous mixture was 

filtered using a Whatman No. 42 filter paper then one mL of filtrate was combined with 1 

mL of Thiobarbituric acid. The solution was heated for 10 min at 100°C then cooled for 5 

min. Absorbance was evaluated using a UV-Vis Spectrophotometer (UV-2600, UV-VIS 

Spectrophotometer, Shimadzu, Columbia, MD) at 532 nm and converted to mg of 

malondialdehyde per kg of sample.  
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Metmyoglobin reducing ability 

 metmyoglobin reducing ability was determined by submerging both surfaces in 

0.3% sodium nitrite at 25ºC for 20 min. After 20 min, samples were removed, blotted 

dry, and vacuum packaged. Each sample was read three times using the HunterLab 

4500L MiniScan EZ Spectrophotometer and then incubated for 2 h at 30ºC. Samples 

were read in triplicate after incubation. From the spectra, the K/S ratio of K/S572  

K/S525 was used to determine the amount of metmyoglobin formed after submersion. A 

greater ratio indicates greater metmyoglobin reduction.  

Oxygen consumption  

 Both the OE and NOE surfaces were exposed to oxygen at 4ºC for 1 h then 

vacuum packaged. The surfaces were read in triplicate using the HunterLab 4500L 

MiniScan EZ Spectrophotometer and incubated at 30ºC for 60 min where samples were 

analyzed after 30 and 60 min. The change in oxymyoglobin was determined using the 

preincubation K/S610   K/S525 – post incubation K/S610  K/S525. A greater change 

in oxymyoglobin indicates a greater oxygen consumption.  

Oxidation via oxygen consumption 

 On both the NOE and OE surfaces, metmyoglobin formation was evaluated 

during anaerobic incubation at 30ºC. In anaerobic conditions, oxymyoglobin is converted 

to deoxymyoglobin through an intermediary of metmyoglobin. Metmyoglobin is reduced 

to deoxymyoglobin in meat with high reducing capacity. Oxygen consumption leads to 

the formation of low oxygen partial pressure ideal for the formation of deoxymyoglobin 

and further limits metmyoglobin formation. As display time increases, metmyoglobin 
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reducing capacity could be limited in addition to further oxidation of myoglobin with 

limited oxygen consumption resulting in ideal oxygen conditions for deoxymyoglobin 

oxidation. Therefore, oxidation by oxygen consumption would evaluate reduction and 

oxygen consumption of the samples. A HunterLab 4500L MiniScan EZ 

Spectrophotometer read samples after 30 min and 60 min of incubation to determine 

metmyoglobin formation on the NOE and OE surfaces. Metmyoglobin content was 

determined by the K/S ratio of K/S572  K/S525. A higher number indicates a lower 

metmyoglobin content.  

Oxygen penetration  

 Oxygen depth was considered the oxymyoglobin and metmyoglobin layer formed 

on the lateral to the NOE surface as seen in Figure 6.1. Oxygen depth was analyzed on 

the NOE after 1 h bloom at 4ºC. The depth was determined using a handheld caliper to 

measure the oxygen depth in three locations across the section. The depth was calculated 

based relating to the width of the steak piece where the measurements were taken place.  

 Surface layer depth was considered for both the OE and NOE surface. The OE 

surface layer depth was the depth of oxymyoglobin and metmyoglobin layer from the 

oxygen exposure during retail on the OE surface. The NOE surface layer depth was the 

depth of the oxymyoglobin and metmyoglobin layer formed after 1 h bloom at 4ºC and 

slicing transverse (approximately 2 mm) to the NOE surface to re-expose the penetration 

from bloom. The surface layer depth was measured in three locations across the lateral 

surface to the NOE or OE surface. Percent surface layer depth was calculated as the 

surface layer relative to the width of the piece size × 100 for both surfaces.  
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Statistical analysis  

 The experimental design was a split-split plot design within a completely 

randomized block design. The loin was considered the block and random effect. The 

whole plot was the muscle. The subplot was the packaged steaks in retail display for 3 or 

6 days with the pull day as the subplot factor. The sub-subplot factor was the oxygen 

exposure of the muscle surfaces. The fixed effects were the muscle, pull day, oxygen 

exposure, and their interactions. Retail display day was a repeated measure for the retail 

color analysis with a covariance structure of first order Toeplitz structure with 

homogenous variances selected based on the AICC values. Least square means were 

determined using the GLIMMIX procedure of SAS (SAS 9.4, SAS Institute Inc., Cary, 

NC). The PDIFF option was used to separate significant least square means with a 

nominal level of significance at 0.05.  

Both Pearson’s correlation and regression were analyzed for the muscles pooled 

and for each muscle type. The correlation and simple linear regression analysis of the 

NOE and OE surfaces evaluated the relationship between a* values from retail display on 

d 0, d 3 and d 6, and the parameters analyzed on the NOE surface including lipid 

oxidation, metmyoglobin reducing ability, oxygen consumption after 30 min, oxygen 

consumption after 60 min, oxygen depth, oxidation by oxygen consumption, and surface 

layer oxygen depth. The OE parameters of lipid oxidation, metmyoglobin reducing 

ability, oxygen consumption after 30 min, oxygen consumption after 60 min, oxidation 

by oxygen consumption, and surface layer depth were analyzed for their relationship with 

a* values on d 0, d 3, and d 6 of retail display using correlation and simple linear 
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regression. A P-value less than 0.05 was considered significant correlation and simple 

linear regression.  

RESULTS  

pH and proximate composition  

 The psoas major muscle had a greater (P < 0.05) pH than both the longissimus 

lumborum and semitendinosus muscles (Table 1). The semitendinosus muscle had a 

higher (P < 0.05) moisture content and lower (P < 0.05) fat content compared to the 

psoas major and longissimus lumborum muscles (Table 6.1).   

Retail color  

 There was a significant retail display day × muscle effect on the instrumental 

color attributes including L* values, a* values, chroma and hue (Table 6.2). On d 0, the 

L* values of the longissimus lumborum and the psoas major muscles were not 

significantly different (P > 0.05). The semitendinosus was lighter (P < 0.05) than both the 

longissimus lumborum and the psoas major on d 0 and d 6. By the end of retail display, 

the longissimus lumborum and the psoas major muscles were similar (P > 0.05) in L* 

values. The longissimus lumborum and the psoas major muscles became darker (P < 

0.05) with display time while the semitendinosus muscle remained unchanged (P > 0.05). 

All muscles decreased (P < 0.05) in a* values and chroma values with retail display time. 

On d 6 of retail display, the psoas major muscle had lower (P < 0.05) a* and chroma 

compared to the semitendinosus and longissimus lumborum muscles. The semitendinosus 

muscle was redder (P < 0.05; greater a* values and chroma) than the longissimus 

lumborum muscle on d 6 of retail display. Hue angle represents the deviation of color 
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from the true red color. Therefore, greater hue angle values indicate greater surface 

discoloration during display. The semitendinosus muscle did not change (P > 0.05) in hue 

angle values throughout retail display. The psoas major muscle increased (P < 0.05) in 

hue values from d 0 to d 6 of display indicating an increase in surface discoloration. The 

psoas major muscle had greater (P < 0.05) hue values compared to the semitendinosus 

and longissimus lumborum muscles on d 6 of retail display. The longissimus lumborum 

had smaller (P < 0.05) hue values compared to the semitendinosus muscle on d 6 of retail 

display.  

Metmyoglobin reducing ability 

 There was a significant retail day × oxygen exposure interaction on the 

metmyoglobin reducing ability (Table 6.3). There was no change (P > 0.05) in 

metmyoglobin reducing ability for the NOE surface during retail display. The 

metmyoglobin reducing ability of the OE surface decreased (P < 0.05) from d 0 to d 6.  

The NOE surface had greater (P < 0.05) metmyoglobin reducing ability compared to the 

OE surface on d 3 and d 6 of display.  

Lipid oxidation  

 There was a significant muscle effect and retail day × oxygen exposure interaction 

on the lipid oxidation (Table 6.4 and Table 6.5, respectively). The longissimus lumborum 

muscle had less (P < 0.05) lipid oxidation compared to the psoas major muscle while the 

lipid oxidation of the semitendinosus was not significantly different from the lipid 

oxidation of the longissimus lumborum and psoas major muscles. The OE surface has 

greater (P < 0.05) lipid oxidation compared to NOE surface on d 6 of retail display. There 

was no (P > 0.05) difference in lipid oxidation between the two surfaces on d 3.  
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Oxygen consumption  

 The oxygen consumption was determined by the change in oxymyoglobin during 

incubation at 30 and 60 min. After a 30-min incubation, there was a significant retail day 

× muscle × oxygen exposure effect on the oxygen consumption (Table 6.6). The NOE 

surface had no change (P > 0.05) in oxygen consumption from d 0 to d 6 for each muscle. 

The oxygen consumption of the OE surface of longissimus lumborum and semitendinosus 

did not change (P > 0.05) from d 0 to d 6 during retail display. The longissimus 

lumborum had significantly lower oxygen consumption than the semitendinosus for both 

the NOE and OE surfaces on d 6 whereas the OE surface of the psoas major and 

longissimus lumborum were not different (P > 0.05) on d 6. The OE surface of the psoas 

major muscle decreased (P < 0.05) in oxygen consumption from d 0 to d 6 of retail 

display. At the end of display, the OE surface of the psoas major had lower (P < 0.05) 

oxygen consumption than the NOE surfaces of the psoas major. The NOE surface of the 

semitendinosus muscle had greater (P < 0.05) oxygen consumption than the NOE surface 

of the psoas major and longissimus lumborum muscles at the start of display. There was 

no impact of oxygen exposure (P > 0.05) for the oxygen consumption of the longissimus 

lumborum and semitendinosus on d 6.  

 There was a significant retail day × muscle × oxygen exposure effect on the 

oxygen consumption after 60 min of incubation (Table 6.7). There were no differences (P 

> 0.05) among the three muscles of the NOE surface on d 0 of display. The oxygen 

consumption of the NOE and OE surface of the semitendinosus muscle decreased (P < 

0.05) from d 0 to d 6 of display. The OE surface of the psoas major muscle decreased (P 

< 0.05) in oxygen consumption from d 0 to d 6 of display while the NOE surface of the 
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psoas major muscle remained unchanged (P > 0.05) in oxygen consumption. The OE 

surface of the psoas major and semitendinosus muscles had lower (P < 0.05) oxygen 

consumption than the NOE surface on d 3 and d 6.   

Oxidation via oxygen consumption  

 Metmyoglobin formation during 30 min of anaerobic incubation was affected (P 

< 0.05) by retail day × oxygen exposure interaction (Table 6.8). The metmyoglobin 

formation increased (P < 0.05) for the OE during retail display while the NOE surface 

remained stable. At 30 min of incubation, there was a significant muscle × retail display 

day effect on the metmyoglobin formation during anaerobic incubation (Table 6.9). The 

semitendinosus muscle was stable (P > 0.05) during retail display while both the 

longissimus lumborum and psoas major increased (P < 0.05) in metmyoglobin formation 

during display. Specifically, the longissimus lumborum had lower (P < 0.05) 

metmyoglobin at d 0 compared to the semitendinosus and psoas major muscles. On d 3 

and d 6, the psoas major muscle had greater (P < 0.05) metmyoglobin formation than the 

longissimus lumborum and semitendinosus muscles. Additionally, there was a significant 

muscle × oxygen exposure on the oxidation via oxygen consumption (Table 6.10). The 

longissimus lumborum had the lower (P < 0.05) metmyoglobin formation on the NOE 

and OE surfaces than the semitendinosus and psoas major muscles. The OE surface of 

the semitendinosus had lower (P < 0.05) metmyoglobin formed than the psoas major 

muscle during incubation. Overall, the OE surface of each muscle had greater (P < 0.05) 

metmyoglobin formation than the NOE surface of each muscle. The oxygen exposure 

negatively impacted the color stability of the muscles during retail display.  
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 After 60 min of incubation, metmyoglobin formation was significantly affected 

by retail day × oxygen exposure (Table 6.11) and muscle × oxygen exposure (Table 

6.12). The NOE surface had no change (P > 0.05) in metmyoglobin content with retail 

display. The OE surface on d 0 had lower (P < 0.05) metmyoglobin formation than d 3 

and d 6 of display. There was no difference (P > 0.05) in the metmyoglobin formation on 

the NOE surface of the different muscles. The metmyoglobin formation on the OE 

surface was lower (P < 0.05) for the longissimus lumborum than the psoas major muscle 

during incubation. The OE surface of the psoas major and longissimus lumborum had 

greater (P < 0.05) metmyoglobin formation than the NOE surface during incubation. 

Therefore, the OE surface had lower stability compared to the NOE surface during 

display and for the longissimus lumborum and psoas major muscles after 60 min of 

incubation. 

Oxygen penetration  

Surface layer depth  

 The surface layer was the layer formed on the surface and below composed of 

oxy- and metmyoglobin. The surface layer depth was determined for the OE surface after 

retail and the NOE surface after bloom. There was a significant retail day × muscle effect 

on the OE surface layer depth (Table 6.13). The longissimus lumborum muscle had 

greater (P < 0.05) surface layer oxygen depth on d 3 than the psoas major muscle. On d 

6, longissimus lumborum and semitendinosus muscles had similar (P > 0.05) surface 

layer oxygen depths while the layer in both the longissimus lumborum and 

semitendinosus was significantly smaller in the psoas major muscle. Additionally, the 

surface layer was measured on the NOE surface after 1 h bloom and after slicing 
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transverse to the NOE surface to re-expose the penetration. There was a significant 

muscle effect on the NOE surface layer depth after 1 h of bloom (Table 6.14). The 

longissimus lumborum had a larger (P < 0.05) layer than the semitendinosus and psoas 

major muscles. 

Oxygen depth  

 The oxygen depth was measured after 1 h bloom of the non-exposed surface as 

the depth of oxy- and metmyoglobin. There was a significant retail display day effect on 

the oxygen depth (Table 6.15). The oxygen depth decreased (P < 0.05) with retail display 

time indicating a decrease in oxygen penetration with increased display time.   

Correlation analysis  

 There are significant Pearson’s correlation values between the color parameters 

and a* values for all muscles as well as the psoas major, longissimus lumborum, and 

semitendinosus muscles, individually (Table 6.16). For all the muscles pooled, there was 

significant strong negative correlation between the pull day and the a* values as expected 

since the a* values decreased with more time in display. A moderate negative correlation 

(P < 0.05) was reported between a* values and OE lipid oxidation as well as OE surface 

layer oxygen depth. This correlation indicates the negative implications of oxygen 

exposure on lipid oxidation are linked to the decline in redness in retail display. 

Additionally, the increase in oxygen penetration and resulting increase in the layer of 

metmyoglobin and oxymyoglobin during retail aligns with a decrease in a* values during 

retail display. There were positive (P < 0.05) correlations between a* values and NOE 

oxygen depth, OE oxygen consumption at 30 min and 60 min, OE metmyoglobin 

reducing ability, NOE oxidation at 30 min and 60 min, and OE oxidation at 30 min and 
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60 min. Low positive significant correlations were reported for OE oxygen consumption 

at 30 min, and NOE oxidation at 30 min and 60 min. The OE metmyoglobin reducing 

ability and OE oxygen consumption at 60 min were moderately (P < 0.05) positively 

correlated with a* values indicating the methodology could be used across multiple 

muscles. The NOE oxygen depth and OE oxidation at 60 min was strongly (P < 0.05) 

positively correlated with a* values. Therefore, the ability for oxygen to penetrate 

muscles aligns with color changes in retail display. In addition, the oxidation of 

myoglobin under anaerobic conditions and subsequent low reduction aligns with changes 

in retail color stability across muscles. The highest correlation (P < 0.05) reported with 

a* values was with OE oxidation at 30 min of incubation. Therefore, the high oxidation 

of myoglobin and low reduction of metmyoglobin during anaerobic storage aligned best 

the a* changes during retail display for the muscles.  

OE lipid oxidation and OE surface layer depth were negatively correlated (P < 

0.05) with the a* values of the psoas major muscle during retail display. The correlation 

between a* values and OE surface layer depth of the psoas major muscle was strongly (P 

< 0.05) negative. Therefore, a smaller a* value was reported with greater penetration 

during retail display. The oxidation via oxygen consumption of the NOE surface at 60 

min and OE surface at 30 and 60 min of anaerobic incubation was significantly correlated 

with a* values of the psoas major during retail display. The OE oxidation had high 

positive (P < 0.05) correlation with a* values during display with a low metmyoglobin 

formed during incubation aligned with low a* values in display. Therefore, the inability 

to reduce metmyoglobin anaerobically aligned with the loss of redness during retail. A 

positive correlation (P < 0.05) was reported between the a* values and OE metmyoglobin 
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reducing ability as well as OE oxygen consumption at 30 min and 60 min. The OE 

oxygen consumption at 60 min had a stronger correlation with a* values than the OE 

oxygen consumption at 30 min. A lower metmyoglobin reducing ability and oxygen 

consumption of the OE surface correlated with lower a* values during display. Thereby, 

the OE surface of the color stability parameters better aligns with the loss of redness 

during display for the psoas major muscle. Oxygen exposure and subsequent bloom of 

the NOE surface was strongly (P < 0.05) correlated with the a* values in retail. A greater 

penetration of the NOE aligned with the a* values indicating the oxygen penetration as a 

good indicator of retail color for the psoas major muscle. Overall, the ability for oxygen 

penetration during retail display and bloom was well aligned with a* values. 

Significant strong negative correlations were reported between the OE surface 

layer depth and a* values for the longissimus lumborum muscle. The negative correlation 

between the OE surface layer oxygen depth and a* values in retail display indicates a 

greater depth of oxymyoglobin and metmyoglobin align with a decrease in a* values. A 

moderate positive (P < 0.05) correlation was reported between NOE oxygen depth and 

the a* values of the longissimus lumborum muscle. Therefore, the greater oxygen 

penetration of the NOE surface upon blooming demonstrates a greater a* value in retail 

display. The oxidation via oxygen consumption of the oxygen consumption surface after 

30 min of incubation was positively correlated (P < 0.05) with a* values during display. 

The OE metmyoglobin reducing ability was strongly positively correlated (P < 0.05) with 

a* values during retail display for the longissimus lumborum muscle. Therefore, greater 

reducing capacity of the OE surface aligned well with the changes in retail color for the 

longissimus lumborum muscle.  
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For the semitendinosus muscle, there were significant negative correlations 

between a* values and OE surface layer oxygen depth. Therefore, a greater depth 

resulted in lower a* values. The NOE oxidation via oxygen consumption was negatively 

correlated (P < 0.05) with a* values during display. Therefore, on the NOE surface of the 

semitendinosus, the greater metmyoglobin formation during anaerobic conditions the 

higher a* values in retail display which may be influenced by the muscle-specific color 

stability of the semitendinosus. The OE and NOE metmyoglobin reducing ability, OE 

oxygen consumption at 30 min, and OE oxidation at 30 min and 60 min were positively 

correlated (P < 0.05) with a* values. The OE metmyoglobin reducing ability and OE 

oxidation at 30 min and 60 min had larger correlation values than the NOE 

metmyoglobin reducing ability and OE oxygen consumption at 30 min. The use of the 

OE surface for the metmyoglobin reducing ability and oxidation via oxygen consumption 

align with the changes in retail color. Therefore, the color stability of the OE surface 

aligned with the a* values reported in retail display. Overall, there were muscle specific 

parameters and surfaces which had a strong relationship with a* values. Therefore, the 

oxygen exposure should be considered when evaluating muscle specific color stability.  

The parameters of OE metmyoglobin reducing ability, OE surface layer depth, and NOE 

oxygen depth align well with color changes for all muscles and should be considered 

when comparing muscles in future research.  

Regression analysis  

 The regression analysis on the pooled muscles indicated a significant R-squared 

value between a* values and OE lipid oxidation, OE metmyoglobin reducing ability, OE 

oxygen consumption at 30 min and 60 min, OE oxidation at 30 and 60 min, NOE 
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oxidation at 30 and 60 min, OE surface layer oxygen depth, and NOE oxygen depth 

(Table 6.16). However, the linear relationships were not strong with the highest R-

squared value of 0.63 reported for the OE oxidation at 30 min. For the psoas major 

muscle, the same parameters were indicated to have significant R-squared values as the 

pooled muscles analysis except NOE oxidation at 30 min. OE oxidation at 30 min and 60 

min had high R-squared values indicating strong linear relationship between the 

oxidation and the a* values. NOE oxygen depth had a good linear relationship with a* 

values of the psoas major. OE metmyoglobin reducing ability, OE oxidation at 30 min, 

and OE surface layer oxygen depth had a strong linear relationship with the a* values of 

the longissimus lumborum. Furthermore, NOE oxygen depth had a significant R-squared 

value, but the linear relationship would not be considered good based on the value. 

Therefore, the OE surface parameters better represent changes in a* values during retail 

display for the longissimus lumborum muscle. The semitendinosus muscle had a strong 

linear relationship of a* values and OE metmyoglobin reducing ability, and a good linear 

relationship with the OE surface layer oxygen depth and OE oxidation at 30 min. 

Although NOE metmyoglobin reducing ability, OE oxygen consumption at 30 min and 

60 min, and NOE oxidation at 30 and 60 min were reported to have significant R-squared 

values with a* values, the low values indicate the ability of NOE metmyoglobin reducing 

ability, OE oxygen consumption at 30 min and 60 min to explain the variability in a* 

values of the semitendinosus would be low. Overall, OE surface layer oxygen depth and 

OE metmyoglobin reducing ability would act as a good predictor of the a* values in retail 

for the psoas major, longissimus lumborum, and semitendinosus muscles based on the 

regression analysis. 
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DISCUSSION  

 Previous research has demonstrated the greater color stability of the longissimus 

lumborum over the psoas major muscle during storage (Abraham et al., 2017; Ke et al., 

2017; McKenna et al., 2005; O’Keeffe & Hood, 1982). The semitendinosus muscle has 

been reported to have similar color stability to the longissimus lumborum muscle and 

greater color stability than the psoas major muscle (Seyfert et al., 2006). More 

specifically, the semitendinosus muscle had greater lightness (higher L* values) 

compared to the longissimus lumborum and psoas major muscles during retail display 

while the semitendinosus and longissimus lumborum had similar redness by the end of 

retail display (Seyfert et al., 2006). The present study supports the color stability of the 

longissimus lumborum and semitendinosus over the psoas major muscle during retail 

display.  

The muscle-specific influence of oxygen exposure has been reported using 

different packaging methods. The use of anaerobic vacuum packaging for storage 

demonstrated no differences among the longissimus lumborum, psoas major, and 

semitendinosus in redness (Liu et al., 2014), metmyoglobin content (Liu et al., 2014), and 

oxymyoglobin content (Mohan et al., 2010b). Therefore, the anaerobic conditions 

allowed for similar color stability amongst the muscles. The psoas major muscle in 

HiOx-MAP has been reported to have lower a* values compared to the longissimus 

lumborum in HiOx-MAP (Liu et al., 2014; Suman, Mancini, Ramanathan, & Konda, 

2009). Furthermore, the longissimus lumborum packaged in HiOx-MAP has been 

reported to be higher in oxymyoglobin (Mohan et al., 2010b) and lower in metmyoglobin 

(Liu et al., 2014) compared to the psoas major in HiOx-MAP. The semitendinosus on the 
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other hand has less oxymyoglobin than the longissimus lumborum and greater 

oxymyoglobin than the psoas major in HiOx-MAP conditions (Mohan et al., 2010b). 

Therefore, the oxygen in packaging can have muscle specific effects which supports 

effects of oxygen exposure reported in the present study.  

Oxygen exposure influenced the muscles in differently during retail display which 

may be connected to the primary metabolism present in each muscle. The longissimus 

lumborum and semitendinosus muscles have mostly glycolytic metabolism while the 

psoas major has primarily oxidative (Hunt & Hedrick, 1977; Yu et al., 2019). 

Furthermore, mitochondrial content has been reported to be greater in psoas major 

muscle than longissimus lumborum muscle as the psoas major has been categorized as a 

more oxidative muscle (Ke et al., 2017). The psoas major muscle has greater oxygen 

consumption with a more rapid decline than the longissimus lumborum muscle supported 

by the greater mitochondrial content and oxidative metabolism of the psoas major muscle 

(Abraham et al., 2017; Ke et al., 2017). Research has reported greater oxidative stress in 

the psoas major than the longissimus lumborum muscle during storage (Joseph et al., 

2012; Ke et al., 2017). The psoas major muscle has faster mitochondrial degradation than 

the longissimus lumborum muscle increasing the oxidative stress (Ke et al., 2017). 

Mitochondrial degradation increases the release of free radicals and formation of reactive 

oxygen species leading to oxidation of lipids and proteins (Bekhit et al., 2013; Ke et al., 

2017; Ramanathan et al., 2020a). In support, the longissimus lumborum muscle has been 

reported to have greater antioxidant capacity and better sustainment of antioxidant 

mechanism which would limit the effects of reactive oxygen species and subsequent 

oxidation (Joseph et al., 2012; Ke et al., 2017). These factors can limit oxidative changes 
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from free radicals and reactive oxygen species extending color stability of the 

longissimus lumborum compared to the psoas major. The negative implications of 

oxygen exposure on color stability may relate to differences in response to oxidative 

stress of the muscle sin retail display. More specifically, the decrease in oxygen 

consumption and increased oxidation reported for the OE surface of the psoas major may 

be related to its greater susceptibility to oxidative stress (Ke et al., 2017) and presence of 

oxygen to form free radicals. The correlation between the OE oxygen consumption and 

OE oxidation and a* values in retail display demonstrate a greater or retained oxygen 

consumption along with lower oxidation strongly related to greater color stability in the 

longissimus lumborum muscle supporting muscles with lower oxidative changes in retail 

display were more color stable. Furthermore, lipid oxidation has been reported to be 

higher in the psoas major than the longissimus lumborum (Canto et al., 2016; Joseph et 

al., 2012; Ke et al., 2017) and semitendinosus (McKenna et al., 2005) during storage as 

reported in the current study. Oxygen presence during display could further increase lipid 

oxidation due to the prooxidant activity of oxygen resulting in higher oxidation on the 

surface compared to the interior (Faustman et al., 2010). With greater lipid oxidation, 

myoglobin oxidation increases influencing the color stability of the retail surface 

(Faustman et al., 2010). This is further supported by the negative correlation between the 

a* values and the OE lipid oxidation for all muscles. Therefore, the susceptibility of 

muscles to oxidative stress aligns with the negative impact of oxygen on oxidative states 

of lipids and myoglobin.  

Oxygen penetration in previous research has evaluated the formation and depth of 

oxymyoglobin during storage. Research has reported a greater oxygen penetration and 
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larger oxymyoglobin depth in the longissimus lumborum muscle compared to the psoas 

major muscle during storage (McKenna et al., 2005; O’Keeffe & Hood, 1982) as reported 

in the present study in the change of the surface layer depth. The semitendinosus had 

numerically larger penetration than the psoas major and longissimus lumborum by the 

end of storage (McKenna et al., 2005) unlike the surface layer depth results in the current 

manuscript. Correlation analysis reported a greater surface layer depth on the OE surface 

correlated with a smaller a* value in the present study for all muscles. McKenna et al. 

(2005) reported increased penetration with greater retail time which supports the greater 

depth as a* values decreased during retail in the present study. However, past research 

has reported the color stable longissimus lumborum muscle having greater depth and 

higher a* values than the psoas major muscle in display indicating a positive relationship 

(Limsupavanich et al., 2004). Past research indicated the oxygen penetration increased 

during storage as indicated by a greater depth of oxymyoglobin for both the longissimus 

and psoas major muscles (Joseph et al., 2012; McKenna et al., 2005; O’Keeffe & Hood, 

1982). However, oxymyoglobin layer was reported to decrease with increased oxygen 

exposure for the psoas major muscle whereas the longissimus muscle had limited 

changes (Limsupavanich et al., 2004, 2008). Research reported a maximum penetration 

was achieved by 7 d of storage then decreased from 7 d to 14 d of storage for longissimus 

steaks (Lu et al., 2020). Furthermore, Joseph et al. (2012) reported greater penetration in 

the psoas major than the longissimus during display and attributed the greater penetration 

due to longer display of 9 d to the previously reported 5 d. Therefore, the oxygen 

penetration may achieve a maximum during a shorter retail display then decrease with 

greater retail time influencing the relationship between oxygen penetration and color 
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stability. The variation in oxygen penetration reported here compared to past research 

may be in the methodology. Oxygen penetration was considered zero initially as steaks 

had not been oxygen exposed. Additionally, metmyoglobin and oxymyoglobin depths 

were considered in combination whereas past research has focused solely on 

oxymyoglobin formation. Metmyoglobin layer depth has reported to increase with greater 

oxygen exposure for both the longissimus and psoas major muscles (Limsupavanich et 

al., 2004, 2008). The results of the present study support the previous muscle specific 

knowledge about oxygen penetration and demonstrates a strong relationship between 

penetration during retail and color stability.  

Limited research has reported oxygen penetration differences upon blooming of 

steaks during retail display. In consistent with the present study, the oxymyoglobin depth 

upon blooming was reported to increase with greater postmortem time in the longissimus 

and psoas major muscles (O’Keeffe & Hood, 1982). The differences may be due to the 

difference in methodology as the present study did not bind the samples with plates to 

limit oxygen exposure. Furthermore, oxymyoglobin depth was reported to be greater in 

the longissimus compared to the psoas major after blooming (O’Keeffe & Hood, 1982) 

supporting the differences reported in NOE surface layer depth. Anaerobic systems have 

been reported to have higher bloom in longissimus steaks compared to PVC packaging 

(Fu et al., 1992). Therefore, the results presented in the current manuscript supports 

greater penetration correlated with a greater a* value. Therefore, increased diffusion of 

oxygen during bloom indicated the color stability in retail display.  

The Meat Color Measurement Guidelines do not indicate a specific surface for 

evaluating metmyoglobin reducing ability and oxygen consumption (King et al., 2023). 
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Previous studies reported NOE surface of the longissimus and psoas major decreased in 

oxygen consumption and metmyoglobin reducing ability during display (Ke et al., 2017). 

The OE surface of the longissimus, psoas major, and semitendinosus muscles reported 

similar decrease in metmyoglobin reducing ability during display (Canto et al., 2016; 

Joseph et al., 2012; Seyfert et al., 2006). Therefore, both surfaces have been used to 

evaluate metmyoglobin reducing ability and oxygen consumption connections to meat 

color. The retail surface metmyoglobin reducing ability and oxygen consumption has 

higher correlation with changes in color stability during display for color stable and color 

labile muscles. Therefore, oxygen exposure should be considered when evaluating 

metmyoglobin reducing ability and oxygen consumption. Muscle type had limited impact 

on the differences in metmyoglobin reducing ability in comparison to oxygen exposure in 

the present study. Previous research has reported the higher metmyoglobin reducing 

ability in the longissimus lumborum over the psoas major during retail display (Abraham 

et al., 2017; Joseph et al., 2012). The semitendinosus has been reported to have 

intermediate metmyoglobin reducing ability compared to the longissimus (higher 

metmyoglobin reducing ability) and psoas major (lower metmyoglobin reducing ability) 

muscles (Seyfert et al., 2006). The presence of oxygen may be more muscle specific in its 

effects on oxygen consumption and lipid oxidation compared to metmyoglobin reducing 

ability due to differences in muscle type and changes due to oxidative stress. Mancini et 

al. (2008) reported lower metmyoglobin reducing ability of the OE surface than the NOE 

surface for both the longissimus lumborum and psoas major muscles. Both surfaces were 

reported to have greater metmyoglobin reducing ability in the longissimus lumborum 

muscle compared to the psoas major (Mancini et al., 2008). The inconsistency with the 
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present study may be due to differences in the calculation of metmyoglobin reducing 

ability.  

 The Meat Color Measurement Guidelines indicate to calculate both 

metmyoglobin reducing ability and oxygen consumption based off percentage changes in 

myoglobin forms on the surface of samples (King et al., 2023). However, to evaluate the 

percent forms, 100% standards need to be made especially when comparing different 

muscle types. With this additional step, there can be an increase variability in results and 

methods. By using 
𝐾

𝑆
 ratios, standards do not need to be made which can improve the 

accuracy and allow for better comparisons across studies. The OE surface of the 

metmyoglobin reducing ability and oxygen consumption were better correlated with a* 

changes during retail display than NOE surface metmyoglobin reducing ability and 

oxygen consumption. However, the relationship with oxygen consumption was heavily 

dependent on muscle. In addition, oxidation of myoglobin via oxygen consumption was 

reported in the present study to relate to the color stability in retail display. Oxygen 

consumption analysis depends on the conversion to deoxymyoglobin or the loss of 

oxymyoglobin (King et al., 2023). With oxidized myoglobin from retail display, anerobic 

conditions may lead to little-to-no metmyoglobin reduction or further oxidation as low 

oxygen partial pressures were achieved. As oxygen consumption decreased, 

deoxymyoglobin oxidized more readily with extended periods at low oxygen partial 

pressure (George & Stratmann, 1952). In addition, a lower metmyoglobin reduction 

would lead to greater metmyoglobin formation under low oxygen partial pressure. The 

combination of low oxygen consumption and low reduction results in greater 

metmyoglobin which would represent in the oxidation by oxygen consumption 
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parameter. Therefore, the methodology presented in oxidation via oxygen consumption 

demonstrated the implications of oxygen consumption via oxidation. The oxidation by 

oxygen consumption with the OE surface reported good relationship with all muscles and 

would be a viable option to evaluate color stability. Therefore, the use of OE would be 

best to evaluate all color parameters, and the use of 
𝐾

𝑆
 ratios allow for more consistent 

evaluation of color specifically the use of ratios to evaluate the oxidation by oxygen 

consumption. 

CONCLUSION 

Oxygen exposure has muscle specific impacts on the color stability and oxidative 

changes during retail display. The results of the present study support the importance of 

considering oxygen exposure when evaluating color stability parameters. More 

specifically, the study indicates the use of the exposed or retail surface for evaluation of 

metmyoglobin reducing ability and oxygen consumption for color stable and color labile 

muscles. Oxidation by oxygen consumption is a new methodology which demonstrates 

promise to relate to color stability of different muscles during retail display. In addition, 

oxygen penetration plays a key role in color stability and should be considered. Future 

studies should evaluate oxygen penetration more specifically based on myoglobin form 

as subsurface changes from oxygen exposure influence color stability.  
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Figure 6.1. Evaluation of oxygen penetration through oxygen exposure of the oxygen exposed and non-oxygen exposed surfaces. 

1Depth of oxymyoglobin and metmyoglobin after retail display. 2Depth of oxymyoglobin and metmyoglobin after 1 hour bloom of the 

lateral surface to the freshly cut NOE surface. 3Depth of oxymyoglobin and metmyoglobin after 1 hour bloom and re-exposure of the 

lateral surface to evaluate oxygen penetration into the NOE surface. 
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Table 6.1. Proximate Composition (%) and pH least square means for the three muscles (n = 7) 

Parameter Longissimus lumborum Psoas major Semitendinosus SEM 

Protein 22.58 22.54 22.66 0.25 

Moisture  73.72b  74.59ab  75.94a 0.52 

Fat   4.52a   4.42a    2.78b 0.56 

pH   5.55b  5.65a 5.50b 0.03 
abLeast squares means with different letters are significantly different (P < 0.05).   

SEM = standard error of mean 
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Table 6.2. Least squares means of color attributes (muscle  retail display day) of steaks (n = 7) displayed for 6 d  

    Retail display day 

Parameter  Muscle 0 1 2 3 4 5 6 

L* Longissimus lumborum   43.05def 43.61de 44.40d    43.22def     42.29defgh   43.22def    40.52ghi 
 Psoas major    42.31defg  43.16def     41.92defgh    40.79fgh 39.97hi    41.58efgh 38.35i 

SEM = 1.42 Semitendinosus  49.78ab 49.83ab 49.85ab 48.23c 48.24c 51.07a  49.50b 

a* Longissimus lumborum 36.37a   32.01bcd   30.11cde 29.33h 27.35f 27.78f   25.81gh 
 Psoas major   33.92ab 28.97ef 27.08fg 24.37i 22.08i 21.96i 18.42j 

SEM = 1.00 Semitendinosus 35.52a 32.40bc    31.38bcde     31.62bcde   29.61def     31.73bcde    30.70cde 

Chroma Longissimus lumborum 47.91a 39.91de   37.44efg  36.55fg  34.03hij  34.64gh  32.67ij 
 Psoas major  44.31bc  36.45fgh   34.36ghi 31.24j 28.72k 28.99k 25.26l 

SEM = 1.18 Semitendinosus  47.48ab 41.86cd 40.64d  41.21cd  38.60de  41.31cd   40.46de 

Hue Longissimus lumborum  40.82bcd 36.67gh 36.21h 36.39h 36.21h 36.30h   37.25fgh 
 Psoas major  39.96bcd 37.39fgh     38.05efgh     38.83defg   39.96bcd  41.14bc 43.59a 

SEM = 0.87 Semitendinosus 41.53ab  39.26cdef    39.44cdef     39.91bcde    39.93bcde     39.84bcde   40.67bcd 

a-lLeast squares means with different letters are significantly different (P < 0.05).   

SEM = standard error of mean 
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Table 6.3. Effect of day  oxygen exposure1 on the metmyoglobin reducing ability2 of the steaks (n = 7) 

 Retail display day 

Oxygen exposure 0 3 6 

NOE  0.93a  0.94a  0.92a 

OE  0.93a  0.77b  0.76b 

  SEM = 0.01 
abLeast squares means with different letters are significantly different (P < 0.05).   
1Exposure of muscle to oxygen with retail display surface indicated as oxygen exposed (OE) or interior of the muscle as non-oxygen 

exposed (NOE). 
2Metmyoglobin formation after submersion in sodium nitrite solution determined by K/S ratio of metmyoglobin (K/S 572  K/S525)., 

where a greater number indicates greater reduction.  

SEM = standard error of mean 

 

 

 

Table 6.4. Effect of muscle on lipid oxidation of the steaks (n = 7) during retail display  

Muscle Lipid oxidation (mg MDA/kg) 

Longissimus lumborum  0.35b 

Psoas major 0.48a 

Semitendinosus  0.43ab 

SEM = 0.04 

abLeast squares means with different letters are significantly different (P < 0.05).    

SEM = standard error of mean 
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Table 6.5. Least squares means of lipid oxidation (day  oxygen exposure1) of steaks (n = 7) displayed for 6 d  

 Retail display day 

Oxygen exposure 0 3 6 

NOE  0.42b  0.38b  0.39b 

OE 0.42b  0.39b  0.53a 

  SEM = 0.04 
abLeast squares means with different letters are significantly different (P < 0.05).   

SEM = standard error of mean 
1Exposure of muscle to oxygen with retail display surface indicated as oxygen exposed (OE) or interior of the muscle as non-oxygen 

exposed (NOE). 
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Table 6.6. Least squares means of oxygen consumption1 (day  muscle  oxygen exposure2) after 30 min of incubation of steaks (n = 

7) displayed for 6 d  

   Retail display day 

Oxygen exposure Muscle 0 3 6 

NOE Longissimus lumborum 0.14abx    0.15axy  0.12bx 

 Psoas major 0.15ax    0.18awx   0.17aw 

 Semitendinosus 0.20aw  0.20aw  0.19aw 

OE Longissimus lumborum 0.14ax 0.09bz   0.12ax 

 Psoas major 0.15ax   0.15ay 0.10bx 

 Semitendinosus 0.20aw   0.18awx   0.18aw 

   SEM = 0.01 
abLeast squares means with different letters in a row are significantly different (P < 0.05).   
w-zLeast squares means with different letters in a column are significantly different (P < 0.05).   
1Change in oxymyoglobin formation before and after 30 minutes of incubation determined by the change in K/S ratio of 

oxymyoglobin (Preincubation K/S610  K/S525 – Post incubation K/S610  K/S525).  
2Exposure of muscle to oxygen with retail display surface indicated as oxygen exposed (OE) or interior of the muscle as non-oxygen 

exposed (NOE). 

SEM = standard error of mean 
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Table 6.7. Least squares means of oxygen consumption1 (day  muscle  oxygen exposure2) after 60 min of incubation of steaks (n = 

7) displayed for 6 d  

   Retail display day 

Oxygen exposure Muscle 0 3 6 

NOE Longissimus lumborum 0.19aw  0.19aw 0.16bw 

 Psoas major 0.18aw 0.16awx 0.16aw 

 Semitendinosus 0.17aw 0.14abx 0.11bx 

OE Longissimus lumborum 0.19aw 0.18awx 0.18aw 

 Psoas major 0.18aw 0.09by 0.09bx 

 Semitendinosus 0.17aw 0.04bz 0.05by 

   SEM = 0.02 
abLeast squares means with different letters in a row are significantly different (P < 0.05).   
w-zLeast squares means with different letters in a column are significantly different (P < 0.05).   
1Change in oxymyoglobin formation before and after 60 minutes of incubation determined by the change in K/S ratio of 

oxymyoglobin (Preincubation K/S610  K/S525 – Post incubation K/S610  K/S525).  
2Exposure of muscle to oxygen with retail display surface indicated as oxygen exposed (OE) or interior of the muscle as non-oxygen 

exposed (NOE). 

SEM = standard error of mean 
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Table 6.8. Least squares means of oxidation1 via oxygen consumption (day  oxygen exposure2) after 30 min of incubation of steaks 

(n = 7) displayed for 6 d  

 Retail display day 

Oxygen exposure 0 3 6 

NOE  1.73a  1.65a  1.69a 

OE 1.73a  1.37b  1.21c 

  SEM = 0.06 
abLeast squares means with different letters are significantly different (P < 0.05).   

SEM = standard error of mean 
1Metmyoglobin formation after 30 min of anaerobic incubation determined by by K/S ratio of metmyoglobin (K/S 572  K/S525)., 

where a greater number indicates lower metmyoglobin. 
2Exposure of muscle to oxygen with retail display surface indicated as oxygen exposed (OE) or interior of the muscle as non-oxygen 

exposed (NOE). 
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Table 6.9. Least squares means of oxidation1 via oxygen consumption (day  muscle) after 30 min of incubation of steaks (n = 7) 

displayed for 6 d  

  Retail display day 

Muscle 0 3 6 

Longissimus lumborum  2.04a   1.67b  1.58b 

Psoas major  1.58b   1.32c 1.21c 

Semitendinosus 1.57b   1.56b  1.55b 

 SEM = 0.08 

a-eLeast squares means with different letters are significantly different (P < 0.05).   
1Metmyoglobin formation after 30 min of anaerobic incubation determined by K/S ratio of metmyoglobin (K/S 572  K/S525)., where 

a greater number indicates lower metmyoglobin. 

SEM = standard error of mean 

 

Table 6.10. Least squares means of oxidation1 via oxygen consumption (muscle  oxygen exposure2) after 60 min of incubation of 

steaks (n = 7) displayed for 6 d  

  Oxygen exposure 

Muscle NOE OE 

Longissimus lumborum  1.86a   1.67b 

Psoas major  1.58bc   1.15d 

Semitendinosus 1.64b   1.49c 

 SEM = 0.07 

a-eLeast squares means with different letters are significantly different (P < 0.05).   
1Metmyoglobin formation after 30 min of anaerobic incubation determined by by K/S ratio of metmyoglobin (K/S 572  K/S525)., 

where a greater number indicates lower metmyoglobin. 

SEM = standard error of mean 
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Table 6.11. Least squares means of oxidation1 via oxygen consumption (day  oxygen exposure2) after 60 min of incubation of steaks 

(n = 7) displayed for 6 d  

 Retail display day 

Oxygen exposure 0 3 6 

NOE  1.74a  1.66a  1.72a 

OE 1.74a  1.38b  1.31b 

  SEM = 0.07 
abLeast squares means with different letters are significantly different (P < 0.05).   

SEM = standard error of mean 
1Metmyoglobin formation after 60 min of anaerobic incubation determined by by K/S ratio of metmyoglobin (K/S 572  K/S525)., 

where a greater number indicates lower metmyoglobin. 
2Exposure of muscle to oxygen with retail display surface indicated as oxygen exposed (OE) or interior of the muscle as non-oxygen 

exposed (NOE). 
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Table 6.12. Least squares means of oxidation1 via oxygen consumption (muscle  oxygen exposure2) of steaks (n = 7) displayed for 6 

d  

  Oxygen exposure 

Muscle NOE OE 

Longissimus lumborum  1.77a   1.64b 

Psoas major   1.68ab   1.33c 

Semitendinosus   1.66ab    1.46bc 

 SEM = 0.07 

a-eLeast squares means with different letters are significantly different (P < 0.05).   
1Metmyoglobin formation after 60 min of anaerobic incubation determined by K/S ratio of metmyoglobin (K/S 572  K/S525)., where 

a greater number indicates lower metmyoglobin. 

SEM = standard error of mean 

 

Table 6.13. Effect of muscle   day on the percent surface layer oxygen depth1 of the oxygen exposed surface of steaks (n = 7) after 

retail display  

  Retail display day 

Muscle 0 3 6 

Longissimus lumborum  0.00e   60.23ab  66.43a 

Psoas major  0.00e   42.19cd 39.67d 

Semitendinosus  0.00e   52.81bc  57.55ab 

 SEM = 4.69 

a-eLeast squares means with different letters are significantly different (P < 0.05).   
1Depth of the layer of oxymyoglobin and metmyoglobin on the oxygen exposed surface of muscle after retail display divided by size 

of the piece where surface layer was measured. % Surface layer = (Depth after retail    Piece size) x 100 

SEM = standard error of mean 
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Table 6.14. Effect of muscle on the percent surface layer oxygen depth1 after an hour of bloom at 4°C of the non-oxygen exposed 

surface of steaks (n = 7) displayed for 6 d  

Muscle Surface layer oxygen depth (%) after 1 h bloom 

Longissimus lumborum 35.65a 

Psoas major 18.95b 

Semitendinosus 22.74b 

 SEM = 3.94 

abLeast squares means with different letters are significantly different (P < 0.05).   
1Depth of layer of oxymyoglobin and metmyoglobin on the surface of muscle not exposed to oxygen after an hour bloom at 4°C and 

slicing 2 mm to re-expose surface layer divided by size of the piece where surface layer was measured. % Surface layer = (Depth after 

1 h bloom    Piece size) x 100 

SEM = standard error of mean 

 

Table 6.15. Effect of retail display day on the percent oxygen depth1 after an hour of bloom at 4°C of the non-oxygen exposed surface 

of steaks (n = 7) displayed for 6 d  

Retail display day Oxygen Depth (%) 

0  100.00a 

3  85.17b  

6  72.89c 

 SEM = 4.23 
a-cLeast squares means with different letters are significantly different (P < 0.05).   
1Depth of layer of oxymyoglobin and metmyoglobin gained after an hour bloom at 4°C divided by size of the piece where oxygen 

depth was measured. Oxygen depth (%) = ((Depth after 1 h bloom)   Piece size) x 100 

SEM = standard error of mean 
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Table 6.16. Pearson's correlation between a* values and color attributes  

Parameter  All muscles Psoas major Longissimus Semitendinosus 

Pull day  -0.66* -0.88* -0.86* -0.76* 

Non-oxygen exposed lipid oxidation  -0.16 -0.27 0.14 0.36 

Oxygen exposed lipid oxidation  -0.42* -0.55* 0.16 -0.23 

Non-oxygen exposed metmyoglobin reducing ability 0.09 0.29 -0.12 0.53* 

Oxygen exposed metmyoglobin reducing ability  0.55* 0.69* 0.77* 0.81* 

Non-oxygen exposed oxygen consumption at 30 min  -0.09 0.007 0.18 0.12 

Oxygen exposed oxygen consumption at 30 min 0.31* 0.71* 0.25 0.49* 

Non-oxygen exposed oxygen consumption at 60 min  0.07 -0.39 0.42 0.42 

Oxygen exposed oxygen consumption at 60 min 0.60* 0.45* 0.36 0.50* 

Non-oxygen exposed oxidation at 30 min  0.26* 0.28 0.30 -0.45* 

Oxygen exposed oxidation at 30 min 0.80* 0.92* 0.68* 0.68* 

Non-oxygen exposed oxidation at 60 min  0.26* 0.47* 0.24 -0.32* 

Oxygen exposed oxidation at 60 min 0.67* 0.86* -0.09 0.60* 

Non-oxygen exposed surface layer oxygen depth (%)  0.05 -0.007 -0.15 0.05 

Oxygen exposed surface layer oxygen depth (%) -0.45* -0.72* -0.83* -0.73* 

Non-oxygen exposed oxygen depth (%)  0.69* 0.81* 0.54* 0.43 

*Significant correlation values indicated.   
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Table 6.17. Simple linear regression values between a* values and color attributes  

Parameter  All muscles Psoas major Longissimus Semitendinosus 

Non-oxygen exposed lipid oxidation   0.03 0.07 0.02 0.13 

Oxygen exposed lipid oxidation     0.18* 0.31* 0.03 0.05 

Non-oxygen exposed metmyoglobin reducing ability  0.008 0.08 0.02 0.28* 

Oxygen exposed metmyoglobin reducing ability     0.31* 0.48* 0.59* 0.65* 

Non-oxygen exposed oxygen consumption at 30 min   0.01 0.0001 0.03 0.01 

Oxygen exposed oxygen consumption at 30 min  0.09* 0.50* 0.06 0.24* 

Non-oxygen exposed oxygen consumption at 60 min   0.005 0.15 0.18 0.17 

Oxygen exposed oxygen consumption at 60 min    0.36* 0.21* 0.13 0.25* 

Non-oxygen exposed oxidation at 30 min  0.07* 0.08 0.09 0.20* 

Oxygen exposed oxidation at 30 min 0.63* 0.85* 0.47* 0.46* 

Non-oxygen exposed oxidation at 60 min  0.07* 0.22* 0.01 0.10 

Oxygen exposed oxidation at 60 min 0.45* 0.74* 0.06 0.36* 

Non-oxygen exposed surface layer oxygen depth (%)    0.002 0.00 0.02 0.002 

Oxygen exposed surface layer oxygen depth (%)    0.20* 0.52* 0.69* 0.53* 

Non-oxygen exposed oxygen depth (%)    0.48* 0.66* 0.29* 0.18 

*Significant regression values indicated.   
   

     



162 
 

CHAPTER VII 
 

 

INFLUENCE OF OXYGEN EXPOSURE ON THE METABOLOME OF THE 

LONGISSIMUS LUMBORUM, PSOAS MAJOR, AND SEMITENDINOSUS MUSCLES 

DURING RETAIL DISPLAY 

ABSTRACT 

The color stability of muscles varies depending on the dominant metabolism 

present. A predominant oxidative metabolism such as that found in the psoas major  has 

been reported to have less color stability in comparison to a dominant glycolytic 

metabolism in the longissimus lumborum  and semitendinosus muscles. These variations 

in metabolism also influence the muscle-specific response to oxidative stress. However, 

the influence of oxygen in relation to the color stability and the oxidative changes of 

specific muscles has not been determined. Therefore, the objective of the current study 

was to determine the influence of oxygen exposure on the metabolome of the longissimus 

lumborum, psoas major, and semitendinosus muscles. USDA Low-Choice eye of rounds, 

strip loins, and tenderloins were processed and sliced into 1.91-cm steaks and packaged 

into PVC overwrap trays. Steaks were placed into a retail display for 6 d, and 

instrumental color was determined using a HunterLab spectrophotometer daily. To 

evaluate oxygen exposure, the steaks were sliced parallel to retail surface (oxygen 
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exposed; OE) to expose the non-oxygen exposed (NOE) surface. Steaks were analyzed 

for oxygen exposure on d 0, 3, and 6 including oxygen consumption, metmyoglobin 

reducing abilitymetmyoglobin reducing ability, and metabolomics. Metabolites were 

identified using a gas-chromatography-mass spectrometry. Retail data was analyzed 

using the GLIMMIX procedure of SAS while metabolites were analyzed with 

MetaboAnalyst 5.0 using a KEGG pathway analysis and projections to latent structure-

discriminant analysis (PLS-DA). For all muscles, the a* values decreased (P < 0.05) 

during display time. The NOE surface had greater (P < 0.05) metmyoglobin reducing 

ability than the OE surface. On d 6, the OE surface of the psoas major had lower (P < 

0.05) oxygen consumption than the NOE surface. Furthermore, the OE surface of the 

longissimus lumborum and semitendinosus had greater (P < 0.05) oxygen consumption 

than the OE surface of the psoas major at the end of display. The PLSDA plot indicated 

the separation of the metabolite profiles for the NOE and OE surfaces of each muscle. 

Fumarate was greater (P < 0.05) in abundance in the NOE surface than the OE surface of 

the psoas major and semitendinosus muscles supporting the greater metmyoglobin 

reducing ability in the NOE surface. In addition, the semitendinosus and longissimus 

lumborum muscles had greater (P < 0.05) fumarate than the psoas major muscles. 

Mannose-6-phosphate was more abundant (P < 0.05) in the OE surface of the longissimus 

lumborum and semitendinosus muscles than the OE surface of the psoas major as well as 

greater (P < 0.05) abundance in the NOE surface of the psoas major muscle compare 

with the OE surface of the psoas major. As a marker of lysosomal enzyme transport, the 

differences in mannose-6-phosphate could indicate the greater enzymatic activity of the 

color stable muscles and NOE surface. Furthermore, the glycolytic metabolites present in 
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the semitendinosus and longissimus lumborum support their color stability over the psoas 

major muscle. The KEGG pathway analysis supports the TCA cycle and pentose 

phosphate pathway influencing color stability in relation to oxygen exposure. In 

conclusion, oxygen exposure has muscle-specific implications on the metabolome and 

subsequent biochemical activity.  

INTRODUCTION 

 Oxygen allows for the bloom of steaks with the binding of oxygen to myoglobin 

to form consumer-preferred bright red oxymyoglobin (Carpenter et al., 2001). Oxygen 

penetration and diffusion will influence retail color of steaks (O’Keeffe and Hood, 1982). 

Oxygen partial pressure within muscle can impact the oxidation of oxymyoglobin. Low 

oxygen partial pressure results in rapid oxidation of oxymyoglobin and formation of 

brown metmyoglobin (George and Stratmann, 1952). Low oxygen partial pressure can be 

formed through oxygen consumption in postmortem muscle by the mitochondria and 

oxygen-consuming enzymes (Tang et al., 2005a). This oxygen consumption can lead to 

development of layers of different forms of myoglobin in the interior of intact steaks 

(Limsupavanich et al., 2004, 2008). From the presence of oxygen, an oxymyoglobin layer 

is on the surface and a subsurface layer of metmyoglobin (Limsupavanich et al., 2004, 

2008). A greater oxygen consumption will decrease oxygen penetration leading to a 

shallow layer of oxymyoglobin (Bendall and Taylor, 1972; O’Keeffe and Hood, 1982). 

With time, metmyoglobin rises to the surface, and with a thinner layer of oxymyoglobin, 

metmyoglobin will rise faster (Limsupavanich et al., 2004, 2008). Metmyoglobin is 

negatively perceived by consumers (Carpenter et al., 2001) and can lead to the loss of 

$3.73 billion annually due to discarded and discounted product (Ramanathan et al., 
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2022a). Lipid oxidation can influence myoglobin oxidation (Lynch and Faustman, 2000; 

Faustman et al., 2010). However, oxidative changes and oxygen consumption are muscle 

specific.  

Oxygen consumption, lipid oxidation, and color stability are influenced by muscle 

type. Muscles with greater type I fibers have more oxidative metabolism while muscles 

with greater type IIb fibers have more glycolytic metabolism (Hunt and Hedrick, 1977). 

Oxidative muscles such as the psoas major  have lower color stability (O’Keeffe and 

Hood, 1982; McKenna et al., 2005) and increased lipid oxidation (Joseph et al., 2012; 

Canto et al., 2016; Ke et al., 2017) compared to more glycolytic muscles such as the 

longissimus lumborum . In addition, the semitendinosus muscle is considered a color 

stable muscle with primarily a glycolytic metabolism (McKenna et al., 2005). The 

longissimus lumborum has more TCA metabolites such as succinate which have been 

reported to contribute to metmyoglobin reduction and increased color stability compared 

to the psoas major (Abraham et al., 2018). Metabolomic research on the color stability of 

semitendinosus muscle has been more limited. The psoas major has greater mitochondrial 

content (Ke et al., 2017; Abraham et al., 2018) and lower antioxidant capacity in the 

proteome (Joseph et al., 2012) compared to the longissimus lumborum muscle which 

influences oxygen consumption and oxidative changes. The psoas major has been 

reported to have greater oxygen consumption initially and faster degradation of 

mitochondria and oxygen consumption than the longissimus lumborum muscle. This has 

led to a smaller oxygen penetration with a thinner oxymyoglobin layer and faster 

discoloration in the psoas major compared to longissimus lumborum muscles 

(Limsupavanich et al., 2004, 2008). Although there is a connection between oxygen 
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consumption and oxygen penetration, there is little knowledge on impact of oxygen 

exposure in retail on the oxidative changes and subsequent oxidation influence on the 

metabolome. 

These differences in metabolome and proteome have been indicated to influence 

color stability differences between the longissimus lumborum and psoas major. 

Comparisons of these muscles will allow for a comparison of color stability and 

implications of postmortem muscle metabolism. Therefore, the current study evaluates 

the metabolomic differences among the longissimus lumborum, psoas major, and 

semitendinosus muscles during retail display and the effects of oxygen exposure on the 

metabolome of all three muscles.  

MATERIALS AND METHODS 

Materials and processing 

 Six USDA Low Choice short loins (n = 6; IMPS #173) and semitendinosus (n = 6; 

IMPS #171C) were selected 5 d postmortem from Creekstone Farms LLC. As selection 

of muscles took place during COVID-19, animal effect was not controlled between the 

short loins and eye of rounds. Muscles were transported to Oklahoma State University 

Food and Agricultural Products Center on ice and held till 7 d postmortem in dark storage 

at 4C. On d 7, the psoas major and longissimus lumborum muscles were separated. pH 

was evaluated on all three muscles using Hanna Instruments pH probe in three locations 

across the muscles (Handheld HI 99163; probe FC232; Hanna Instruments). First, each 

muscle was faced then muscles were sliced into six 1.91-cm steaks starting from the 

anterior end. Steaks were randomly assigned to be packaged in pairs for retail display 



167 
 

with the most posterior steak used for proximate analysis and the remaining steak used 

for d 0 analysis. On d 0, the entire steak was considered non-oxygen exposed surface. 

Steaks in retail display were analyzed on d 3 or d 6 with one steak analyzed for oxygen 

consumptionand the other steak analyzed for metmyoglobin reducing ability and 

metabolomics.  

Proximate composition  

 One steak from each muscle was ground using a table-top grinder (Big Bite 

Grinder, 4.5 mm, fine grind, LEM). Proximate composition was determined using an 

AOAC-approved near-infrared spectrophotometer (FoodScan Lab Analyzer, Serial No. 

91753206; Foss, NIRsystem Inc.; Slangerupgrade, Denmark). Percent protein, fat, and 

moisture were reported.  

Retail display  

 Paired steaks were packaged in Styrofoam® PVC overwrap (15,500-16,275 cm3 

O2/m2/24 h at 23C, E-Z Wrap Crystal Clear Polyvinyl Chloride Wrapping Film, Koch 

Supplies, Kansas City, MO) trays and placed in simulated retail display with continuous 

LED lighting (Philips LED lamps, 12 watts, 48 inches, color temperature = 3,500K,54 

Phillips, China). Instrumental color was evaluated every day using a HunterLab 4500L 

MiniScan EZ Spectrophotometer (2.5-cm aperture, illuminant A, and 10̊ standard 

observer angle, HunterLab Associates, Reston, VA) with each package read six times. 

CIE a* values were reported.   
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Oxygen exposure  

 The retail surface of the steak was considered the OE surface for analysis on d 3 

and 6 while the NOE surface was the interior portion of the steaks. To expose the NOE 

surface for analysis, steaks were cut parallel to the retail surface. Both surfaces were 

analyzed for metmyoglobin reducing ability, oxygen consumption, and metabolomics.  

Oxygen consumption  

Oxygen consumption was determined by blooming the samples for 1 h at 4C and 

subsequently incubating at 30C in vacuum packaging for 60 min. Three HunterLab 

spectrophotometer readings were taken every 30 min to determine the oxygen 

consumption. From the spectra data, the change in oxymyoglobin was determined by K/S 

ratios of preincubation K/S610 / K/S525 – post incubation K/S610 / K/S525. 

Metmyoglobin reducing ability  

Nitrite-induced metmyoglobin reducing ability was determined by the submersion 

of samples in 0.3% sodium nitrite for 20 min. Metmyoglobin formation was determined 

using the K/S ratio of K/S572 / K/S525 from the spectra of the HunterLab 4500L 

MiniScan EZ Spectrophotometer. A greater number indicates a greater metmyoglobin 

reduction.  

Metabolomic analysis 

 The National Institute of Health West Coast Metabolomics Center (University of 

California Davis, CA, USA) analyzed the metabolite samples and identified the 

metabolites. Ten milligrams of sample were freeze-dried and stored at -80C until 

analysis. Extraction of metabolites occurred with 1000 µL of degassed 
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acetonitrile/isopropanol/water mixture (3:3:2, v/v/v) and was homogenized for 30 s and 

shook for 6 min at 4C. The mixture was centrifuged for 2 min at 14,000 g. An internal 

standard of carbon 8-carbon 30 fatty acid methyl esters were added. Nitrogen-dried 

samples were derivatized with methyloxolane in pyridine and N-methyl-

N(trimethylsilyl)trifluoroacetamide for trimethylsilylation of acidic protons. Further 

details included in Fiehn et al. (2008) were used in the steps for metabolomic profiling.  

Statistical analysis  

 This experiment was a split-split plot design with the whole plot factor being the 

muscle. The muscles were blocked by loin. The sub-plot factor and sub-plot factor is pull 

day and oxygen exposure respectively. Repeated measures were used for the instrumental 

color analysis with the retail day being the repeated measure. The covariance structure for 

the repeated measures was first order Toeplitz structure with homogenous variancesand 

was selected based on the AICC values. Muscle, pull day, oxygen exposure, and their 

interactions were considered fixed effects. The GLIMMIX procedure of SAS was used to 

determine the least square means, and the least square means were separated with the 

PDIFF option and significance was considered with a P < 0.05.  

 MetaboAnalyst 5.0 was utilized to evaluate the metabolites of the three muscles. 

Data filtering was based on the interquantile range. The data were normalized by the 

median, transformed by log, and scaled with Pareto scaling. The comparison of d 0 and d 

6 metabolites as well as NOE and OE surfaces of each muscle used a fold change 

analysis. Fold change analysis indicated the significantly different metabolites between 

the two groups with a fold change threshold of 2.0. To compare the three muscles, an 

ANOVA analysis with Fisher’s LSD post hoc analysis indicated the significantly 
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different metabolites among the three muscles. Two of the three muscles were compared 

using a similar fold change analysis previously mentioned. Supervised projections to 

latent structure-discriminant analysis (PLS-DA) were used to identify different 

metabolites between the groups of muscles, days, and oxygen exposure. The variable 

importance in the projection (VIP) in PLS-DA was used to rank metabolites based on 

their importance in discriminating differences among muscles, days, and oxygen 

exposure. The VIP was determined to select metabolites with scores greater than 1. 

Additionally, pathway analysis of MetaboAnalyst 5.0 established pathways impacted by 

significantly different metabolites.  

RESULTS  

Proximate composition  

 Proximate composition of the muscles demonstrated the no differences in fat and 

protein content (Table 7.1). The longissimus lumborum muscle had lower moisture 

content (P < 0.05) compared to the semitendinosus muscle. The psoas major had higher 

pH (P < 0.05) than the semitendinosus and longissimus lumborum muscles.  

Retail display color   

 As display time increased, all muscles decreased (P < 0.05) in a* values (Table 

7.2). Initially, all muscles had similar (P > 0.05) redness in retail display. By the end of 

retail display, the psoas major had the lowest redness followed by the longissimus 

lumborum and the semitendinosus had the greatest redness.  
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Metmyoglobin reducing ability  

 There was a significant day  oxygen exposure effect on the metmyoglobin 

reducing ability (Table 7.3). The NOE surface had no change (P > 0.05) in metmyoglobin 

reducing ability during retail display. The OE surface decreased (P < 0.05) in 

metmyoglobin reducing abilityfrom day 0 to day 3 in retail display then remained 

constant. On days 3 and 6, the NOE surface had higher (P > 0.05) metmyoglobin 

reducing ability than the OE surface.  

Oxygen consumption  

 There was a significant day  muscle  oxygen exposure interaction on the 

oxygen consumption at 30 min and 60 min (Table 7.4). There were no differences in 

muscle-specific oxygen consumption at 30 min at day 0. The NOE surface of the psoas 

major did not change (P > 0.05) during retail display while the NOE surface of the 

longissimus lumborum and semitendinosus surfaces decreased (P < 0.05) in oxygen 

consumption at 30 min. The OE surface of all muscles decreased (P < 0.05) in oxygen 

consumption at 30 min during retail display. At the end of retail display, the OE surface 

of the psoas major and semitendinosus had significantly lower oxygen consumption at 30 

min than the NOE surface. The NOE surface of semitendinosus had lower (P < 0.05) 

oxygen consumption than the NOE surface of longissimus lumborum and psoas major on 

day 6. The OE surface of the longissimus lumborum had greater (P < 0.05) oxygen 

consumption at 30 min than the same surface of the semitendinosus and psoas major on 

day 6. 

 The oxygen consumption of the NOE surface psoas major and semitendinosus at 

60 min did not change (P > 0.05) from day 0 to day 6 of retail display. The OE surface of 
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the psoas major and longissimus lumborum decreased (P < 0.05) during retail display. On 

day 0, the semitendinosus had greater (P < 0.05) oxygen consumption than the psoas 

major and longissimus lumborum. At the end of retail display, there was no significant 

effect of oxygen exposure on the oxygen consumption of semitendinosus and longissimus 

lumborum. The psoas major NOE surface had greater (P < 0.05) oxygen consumption 

than the OE surface of the psoas major. Both surfaces of the semitendinosus muscle had 

greater (P < 0.05) oxygen consumption than both surfaces of the longissimus lumborum 

muscle. 

Metabolomics  

Four hundred and three features were identified in the GC-MS nontargeted 

analysis, and from those, 149 known compounds were identified in the metabolite library. 

Select differently abundant metabolites were reported in Table 7.5.  

Metabolome profile of the psoas major 

The PLS-DA scores plot demonstrates the difference between d 0 NOE surface 

and OE and OE d 6 surfaces of the psoas major muscle (Figure 7.1a). The metabolite 

profiles of the NOE and OE surfaces of the psoas major on d 6 were not separated. From 

the variable importance projection analysis, gluconic acid, ribonic acid, and fumaric acid 

were indicated as the most important metabolites influencing the separation from retail 

days in the PLS-DA plot (Figure 7.1b). Twenty-nine metabolites were found to be 

differently abundant (P < 0.05) among the d 0 OE, d 6 OE, and d6 NOE surfaces of the 

psoas major muscle (Figure 7.2). Metabolites such as hypoxanthine, citric acid, gluconic 

acid, xylose are upregulated on d 6 versus d 0 of the NOE surface whereas adenosine-5-

monophosphate, succinic acid, glucose, and creatinine were downregulated on d 6 
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compared with d 0 of the NOE surface. Ribonic acid, citric acid, and gluconic acid were 

downregulated on d 0 compared with d 6 of the OE surface while succinic acid, glucose, 

and fumaric acid were upregulated on d 0. There were seven metabolites of the psoas 

major significantly influenced by oxygen exposure (Table 7.1A). Fumaric acid, mannos-

6-phosphate, ribose, glucose, and salicylic acid were upregulated on the NOE surface 

compared with the OE surface. The metabolites 3-hydroxybutyric acid and lactamide 

were upregulated on the OE surface in comparison to the NOE surface. From the 

pathway analysis, differently abundant metabolites were reported to be associated with 

the TCA cycle, pentose phosphate pathway, arginine biosynthesis, and pentose and 

glucoronate interconversions (Figure 7.3).  

Metabolome profile of the semitendinosus   

 Based on the groupings in the PLS-DA plot, there are differences between the 

metabolite profiles of the d 0 NOE surface, d 6 OE surface, and d 6 NOE surface of the 

semitendinosus muscle during retail display (Figure 7.4a). There were 21 metabolites 

determined as significantly different among the three surfaces of the semitendinosus 

(Table A7.2). The variable importance projection analysis (Figure 7.4b) demonstrated 

citric acid, xanthine, succinic acid, and aconitic acid as the top metabolites contributing to 

the separation of metabolite profiles reported in the PLS-DA plot. Of the identified 

metabolites, twenty metabolites were differently abundant (P < 0.05) on the NOE surface 

on d 0 relative to d 6 of retail display (Figure 7.5). Upregulated metabolites of d 0 NOE 

surface included succinic acid, fumaric acid, and arachidonic acid. Citric acid, gluconic 

acid, and aconitic acid were some of the down regulated metabolites on d 0 NOE surface 

relative to d 6 NOE surface. Twenty metabolites were differently abundant (P < 0.05) on 
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d 0 OE surface relative to d 6 OE surface with downregulated metabolites on d 0 

comprising aconitic acid, citric acid, and ribose. Upregulated metabolites of d 0 OE 

surface compared to d 6 OE surface included succinic acid, fumaric acid, and 3-

hydroxybutyric acid. The evaluation of the metabolite profiles of OE relative to NOE 

surfaces indicated 14 metabolites with different abundance (P < 0.05). Succinic acid and 

gluconic acid were downregulated while citric acid and aconitic acid were upregulated in 

OE surface compared to NOE surface. Metabolite profile differences in d 0 NOE, d 6 

NOE, and d 6 OE surfaces were mostly associated with TCA cycle, pentose phosphate 

pathway, alanine, aspartic acid, and glutamic acid metabolism, and glyoxylate and 

dicarboxylate metabolism (Figure 7.6) based on the KEGG pathway analysis.  

Comparison of muscles  

 On d 6, the metabolite profile for the NOE surfaces of the three muscles indicated 

separation in the PLS-DA plot between longissimus lumborum and psoas major as well 

as longissimus lumborum and semitendinosus profiles (Figure 7.7a). There was little 

separation between the psoas major and semitendinosus profiles of the NOE surface. 

Thirty-two metabolites were significantly different among the three muscles NOE 

surfaces (Table A7.3). From the VIP analysis, inosine-5-monophosphate, gluconic acid, 

and methionine influenced the separation of the PLS-DA plots of the three muscles 

(Figure 7.7b). Metabolites such as hypoxathine, ribonic acid, and gluconic acids were 

upregulated in the psoas major compared with the longissimus lumborum and 

semitendinosus muscles whereas threonic acid, glucose, and creatinine were 

downregulated in comparison to longissimus lumborum and semitendinosus muscles. 4-

hydroxybutyric acid was differently abundant (P < 0.05) among the three muscles on d 6 
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NOE surface with greater abundance in the longissimus lumborum than the psoas major 

and the semitendinosus muscle. A KEGG pathway analysis indicated the pentose 

phosphate pathway, TCA cycle, and purine metabolism as the metabolisms mostly 

associated with the significantly different metabolites (Figure 7.8).  

There were thirty significantly different metabolites among the OE surface of the 

three muscles (Table A7.4). The PLS-DA plot demonstrates a separation in metabolite 

profiles of the d 6 OE surface of the three muscles (Figure 7.9a). Based on the VIP 

analysis, inosine-5-monophosphate and mannitol greatly influenced the separation among 

muscles in the PLS-DA plot (Figure 7.9b). Inosine-5-monophosphate had greater 

abundance in the OE surface of longissimus lumborum muscle compared with the OE 

surfaces of psoas major and the semitendinosus muscles (Table 7.9). Gluconic acid was 

upregulated in the psoas major OE surface followed by the OE surface of longissimus 

lumborum and then the OE surface of the semitendinosus. Lysine, isoleucine, 

phenylalanine were upregulated in the longissimus lumborum muscle and downregulated 

in the psoas major muscle and the semitendinosus muscles on the OE surface. The 

KEGG pathway analysis reported the pentose phosphate pathway, purine metabolism, 

and phenylalanine, tyrosine, and tryptophan metabolisms as mostly associated with the 

significantly different metabolites (Figure 7.10).   

DISCUSSION 

Color stability between the psoas major and longissimus lumborum has been 

connected to differences in muscle fiber types. With a greater number of oxidative fibers 

than the longissimus lumborum (Hunt & Hedrick, 1977; Yu et al., 2019), the psoas major 

has a more oxidative metabolism and less color stable (O’Keeffe and Hood, 1982; 
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McKenna et al., 2005). Furthermore, a greater number of oxidative fibers means the 

psoas major has more mitochondria and faster degradation of mitochondria leading to 

lower oxygen consumption than the longissimus lumborum (O’Keeffe and Hood, 1982; 

Abraham et al., 2017; Ke et al., 2017) as reported here. The more rapid degradation of 

mitochondria can lead to production of reactive oxygen species and increased oxidative 

stress in the psoas major than the longissimus lumborum (Ke et al., 2017). These same 

attributes could contribute to the negative influence of oxygen on the oxygen 

consumption of the psoas major. Previous research has reported less metmyoglobin 

reducing ability in the psoas major compared to the longissimus lumborum muscle 

(McKenna et al., 2005; Joseph et al., 2012; Abraham et al., 2017; Ke et al., 2017) and the 

semitendinosus muscle (Nair et al., 2018). Although the present study does not indicate 

these differences, oxygen exposure had a negative influence on the metmyoglobin 

reducing ability which may relate to changes in the metabolome.  

 Previous research has reported the conversion of fumaric acid to malic acid 

leading to the generation of NADH (Mitacek et al., 2019). In support, fumaric acid was 

reported to increase in parallel with an increase in malic acid longissimus lumborum 

muscles early postmortem (England et al., 2018). Therefore, the presence of fumaric acid 

in greater abundance on the NOE surface of the semitendinosus and psoas major muscles 

supports the greater reducing capacity of the NOE surface. Furthermore, the loss of 

fumaric acid during aging of the longissimus lumborum muscle supports the decline in 

fumaric acid during display reported in the present study (Mitacek et al., 2019). The 

greater abundance of fumaric acid in both surfaces of the longissimus lumborum muscle 

compared with the psoas major muscle aligns with the color stability of the muscles as 
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the longissimus lumborum muscle has been reported to be more color stable than the 

psoas major muscle (Abraham et al., 2017; Yu et al., 2019).  

 From citrate, aconitic acid is formed leading to the production of succinic acid 

(Krebs and Johnson, 1980). Succinate is utilized as part of the electron-transport 

mediated metmyoglobin reduction (Tang et al., 2005b) and reverse transport 

metmyoglobin reduction (Belskie et al., 2015). In the present study, the more color-stable 

longissimus lumborum and semitendinosus muscles had greater succinic acid in 

comparison to the psoas major muscle on d 6. Hence, the formation of citric acid and 

aconitic acid during retail display in the longissimus lumborum and semitendinosus 

muscles supports the greater production of succinate and increased color stability. In 

support, previous research reported the longissimus lumborum muscle having greater 

succinic acid than the psoas major muscle (Abraham et al., 2017; Yu et al., 2019). Lastly, 

the greater abundance of citric acid on the retail surface of the longissimus lumborum and 

semitendinosus muscles compared with the interior surface may indicate the need for 

reduction of metmyoglobin by production of succinate from citrate. Furthermore, loss of 

succinate during retail display supports the decline in redness of all three muscles.  

Ribose and ribonic acid increased in the longissimus lumborum and psoas major 

muscles during retail display indicating an increase in sugar metabolism with greater 

retail time. Greater postmortem time of chicken has reported an increase in ribose (Aliani 

et al., 2013). Ribose is a component to ATP and may increase due to the ATP needs of 

postmortem muscle (Dhanoa and Housner, 2007). Furthermore, the longissimus 

lumborum muscle increased in ribonic acid during retail display (Abraham et al., 2017) 

paralleling with the increase reported in the present study. By the breakdown of ribose, 
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ribonic acid and NADPH are formed (Mahoney et al., 2018). As NADPH can be used for 

metmyoglobin reduction (Shimizu and Matsuura, 1968), the increased presence of ribose 

and ribonic acid during retail display could indicate the demand for metmyoglobin 

reducing pathways. Past research reported ribonic acid was greater in the psoas major 

muscle than the longissimus lumborum muscle on d 7 of retail display (Abraham et al., 

2017) aligning with the findings of the current study. Therefore, the demand for NADPH 

could be greater in the psoas major muscle than the longissimus lumborum muscle to 

allow for metmyoglobin reduction. Ribose content was not reported to vary between the 

psoas major and longissimus lumborum muscles in the present study. The NOE surface 

had greater ribose in the psoas major muscle and less ribonic acid in the longissimus 

lumborum muscle compared to the OE surface supporting the need for NADPH 

production on the retail surface to increase reducing capacity in comparison to the more 

biochemically and oxidatively stable interior.   

The pentose phosphate pathway has been reported to play a role in color stability 

of pork (Welzenbach et al., 2016). Metabolites such as ribulose-5-phosphate and ribose-

5-phosphate in the pentose phosphate pathway may impact the color stability and oxygen 

effects. Abraham et al. (2017) reported greater abundance of ribose-5-phosphate in the 

psoas major compared with the longissimus lumborum as found in the OE surface of the 

psoas major in this work whereas the opposite was found in the NOE surface. 

Furthermore, ribulose-5-phosphate was reported to decrease during retail display of the 

psoas major as well as be in lower abundance in the NOE surface of the psoas major 

compared with the longissimus lumborum in the present study. These changes may be an 

indication of the formation of ribose in the psoas major muscle. However, the role these 
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metabolites associated with the pentose phosphate pathway may play in color stability is 

unclear at this time.  

Glycolytic metabolites such as fructose-6-phosphate, glucose-6-phosphate, and 

glucose were more abundant in the glycolytic longissimus lumborum and semitendinosus 

than the oxidative psoas major muscle. Similarly, research has reported lower galactose-

6-phosphate in the less glycolytic (Zerouala and Stickland, 1991; Ramanathan et al., 

2020b) dark-cutting beef compared to normal-pH beef (Ramanathan et al., 2020b; 

Kiyimba et al., 2021). Fructose was indicated to be in greater abundance in the 

longissimus lumborum than the psoas major muscle during retail display (Abraham et al., 

2017) as reported in the present study. Furthermore, fructose can be broken down in the 

presence of ATP to form fructose-6-phosphate and NADH (Khitan and Kim, 2013). 

NADH has been reported to reduce metmyoglobin (Brown and Snyder, 1969; Denzer et 

al., 2020). Galactose-6-phosphate can also be converted to fructose-6-phosphate through 

the pentose phosphate pathway (Grapov et al., 2019). Therefore, the greater presence of 

fructose, galactose-6-phosphate, and fructose-6-phosphate in the NOE surface of the 

longissimus lumborum compared to the NOE surface of the psoas major may relate to the 

greater color stability of the longissimus lumborum.  

Research has reported mitochondrial reactive oxygen species (Kajihara et al., 

2017) and oxidative stress in the presence of low glucose conditions in endothelial cells 

(Wang et al., 2012). Therefore, the lower glucose on the OE surface of the psoas major 

muscle may be indicative of oxidative stress. Furthermore, the lack of effect of oxygen on 

the glucose levels longissimus lumborum muscle supports the greater susceptibility of the 

psoas major to oxidative stress. (Ke et al., 2017). The presence of lactamide has been 
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suggested to indicate a decrease in glycolysis and increase in gluconeogenesis (Wei et al., 

2018; Yan et al., 2020). Therefore, the greater presence of lactamide on the OE surface 

and during retail supports the decreased presence of glucose in the psoas major.  

 Mannose-6-phosphate may play a role in the oxidative stability of postmortem 

muscle. Mannose-6-phosphate is a marker for lysosome enzyme transport (Hoflack et al., 

1987; Westlund et al., 1991; Coutinho et al., 2012). Hence, the greater presence of 

mannose-6-phosphate in the OE surface of longissimus lumborum and semitendinosus 

compared to the psoas major may indicate the greater enzyme activity in the more 

glycolytic muscles. Similarly, dark-cutting beef which have greater number of oxidative 

fibers than normal-pH beef was reported to have less mannose-6-phosphate than normal-

pH beef (Ramanathan et al., 2020b). Furthermore, Ke et al. (2017) reported greater 

oxidative stress and less reducing activity in the psoas major over the longissimus 

lumborum. The presence of oxygen in the psoas major resulted in lower mannose-6-

phosphate which may indicate a decrease in enzyme activity due to oxygen. Steaks from 

the longissimus lumborum in vacuum packaging had higher metmyoglobin reducing 

ability compared to steaks packaged in HiOx-MAP and PVC (Ramanathan et al., 2011) 

in support of the decline in enzyme activity due to oxygen. 

 Creatinine has been reported to increase with wet aging as a source for ATP 

production (Mitacek et al., 2019). Creatinine can be broken down by the kidneys 

(Bozukluhan et al., 2018) creating methylguandine and creatol when oxidants are present 

(Abramowitz et al., 2010). Hence, a lower content in the OE surface of the longissimus 

lumborum muscle and supporting the less creatinine in the more oxidative psoas major 

muscle. Guanosine was in greater abundance in color-stable ovine muscles compared to 
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color labile muscles (Subbaraj et al., 2016). Similarly, the current study found the color-

labile psoas major with less guanosine compared to the color-stable longissimus 

lumborum on both surfaces.  

Methionine can create antioxidant systems while methionine sulfoxide has been 

indicated as a marker of aging (Lee and Gladyshev, 2011). Methionine sulfoxide 

reductase reduces methionine sulfoxide to methionine (Lee and Gladyshev, 2011). In 

postmortem muscle, there has been a strong positive correlation between a* values and 

mitochondrial peptide methionine sulfoxide reductase in the longissimus lumborum 

muscle (Wu et al., 2016). Contrary to the present study,  greater methionine sulfoxide 

reductase (Joseph et al., 2012) and methionine (Abraham et al., 2017) were reported in 

the longissimus lumborum muscle than the psoas major muscle. However, the greater 

presence of methionine sulfoxide in the semitendinosus and longissimus lumborum on 

both surfaces may relate to declining retail color.   

Two neurotransmitters were different among the three muscles. 4-aminobutyric 

acid (GABA) had greater abundance in the OE surface of the longissimus lumborum and 

semitendinosus muscles compared with the OE surface of the psoas major muscles. 

Research on dark-cutting beef has reported greater GABA in dark-cutting longissimus 

lumborum over normal-pH longissimus lumborum muscle (Ramanathan et al., 2020b). 

Although dark-cutting beef has more oxidative fibers aligning closer to the psoas major, 

the greater GABA content in the longissimus lumborum and semitendinosus muscles may 

be due to the formation of succinate through the oxidation of GABA (Jakobs et al., 1993; 

Kleppner and Tobin, 2002; Ravasz et al., 2017) to increase color stability. A second 

mitochondrial neurotransmitter (Bourguignon et al., 1988; Gibson and Nyhan, 1989; 
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Caputo et al., 2009) 4-hydroxybutyric acid (GHB) was found in greater abundance in the 

NOE surface of the longissimus lumborum muscle compared to the NOE surface of the 

psoas major muscle. Through oxidation, GHB can form succinic acid in the mitochondria 

(Gibson and Nyhan, 1989; Caputo et al., 2009). Hence, the presence of greater GHB in 

the longissimus lumborum supports greater color stability. Furthermore, the greater 

abundance of GHB in the interior of the longissimus lumborum compared to the retail 

surface indicates more biochemical activity.   

3-hydroxybutyric acid has a role in fatty acid metabolism as well as a regulatory 

factor (Mierziak et al., 2021). In mammalian liver mitochondria, 3-hydroxybutyrate 

dehydrogenase breaks down 3-hydroxybutyrate to form acetoacetate and NADH (Bruss, 

2008). However, concentrations of the enzyme have been reported to be lower in 

ruminants than other species (Nielsen and Fleischer, 1969), which may lead to more 3-

hydroxybutyrate to reach surrounding tissues (Bruss, 2008). 3-hydroxybutyric acid could 

be acting as an antioxidant for reactive oxygen species, inhibit the production of 

mitochondrial reactive oxygen species, and promote antioxidant defenses (Rojas-Morales 

et al., 2020). Therefore, the greater presence on the OE surface of the psoas major may 

be in response to oxidative stress compared to the NOE surface.  

Nucleoside metabolism varied based on the muscle and oxygen exposure. 

Metabolites such as hypoxanthine, inosine, and inosine-5-phophate were varied among 

the three muscles. Hence, the nucleoside metabolism was influenced by muscle type. 

Previous research by Abraham et al. (2017) reported variations in hypoxanthine between 

the longissimus lumborum and psoas major. Furthermore, uridine is part of the 

production of uracil for RNA (Zhang et al., 2020b). Uridine production may indicate the 
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increase in nucleoside metabolism due to low-ATP conditions (Yamamoto et al., 2002). 

Hence, the lack of difference between the longissimus lumborum and psoas major on the 

retail surface may indicate the energy demands of an OE surface compared to the NOE 

surface. Furthermore, the higher uridine in the NOE surface of the psoas major may 

indicate the metabolic energy differences between the longissimus lumborum and psoas 

major. The relation of these differences to color stability is unclear. In glycolytic 

muscles, threonate has been reported to be higher than in oxidative muscles of mice 

acting as an antioxidant (Fernando et al., 2019). These results support the lower threonate 

content reported in the psoas major compared with the longissimus lumborum and 

semitendinosus. Hence, the variations among the three muscles supports the color 

stability of more glycolytic muscles over more oxidative muscles. 

CONCLUSION 

Oxygen exposure from the retail settings has implications on the color stability of 

muscles. Oxygen consumption and metmyoglobin reducing ability were negatively 

influenced by oxygen exposure. More specifically, the oxygen consumption of the psoas 

major was more negatively influenced by the oxygen exposure than the longissimus 

lumborum and semitendinosus supporting the known color-stability of each muscle. The 

metabolome of the longissimus lumborum and semitendinosus indicate greater color 

stability than the psoas major as well as a more biochemically active interior compared 

with the retail surface. Furthermore, shifts in the metabolome of the psoas major muscle 

provides evidence of the negative implications of oxygen on the color-stability of the 

oxidative muscle. Oxygen is an important factor to consider when evaluating differences 

in color stability.  
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Table 7.1. Proximate Composition (%) and pH least square means for the three muscles (n = 6) 

Parameter Longissimus lumborum Psoas major Semitendinosus SEM 

Protein 22.53 22.42 22.60 0.36 

Moisture  73.59b  74.42ab  75.99a 0.73 

Fat   4.66   4.51 2.80 0.83 

pH   5.55b  5.65a 5.51b 0.04 
abLeast squares means with different letters are significantly different (P < 0.05).   

SEM = standard error of mean 

 

Table 7.2. Least squares means of color attributes (muscle  retail display day) of steaks (n = 6) displayed for 6 d  

    Retail display day 

Parameter  Muscle 0 1 2 3 4 5 6 

a* Longissimus lumborum 36.14a     32.03bc    30.37cde    29.14edfg   27.08ghi   27.66fghi  25.89hi 
 Psoas major  33.81ab    29.39cdefg   27.82efgh  25.12i  22.93j  23.02j  19.39k 

SEM = 1.59 Semitendinosus  35.40a    32.10bc    31.03bcd     31.27bcd    29.26defg     31.28bcd    30.23cdef 

a-lLeast squares means with different letters are significantly different (P < 0.05).   

SEM = standard error of mean 
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Table 7.3. Effect of day  oxygen exposure1 on the metmyoglobin reducing ability2 (metmyoglobin reducing ability) of the steaks (n = 

6) 
 Retail display day 

Oxygen exposure 0 3 6 

Non-oxygen exposed  0.93a  0.94a  0.92a 

Oxygen exposed  0.93a  0.77b  0.76b 

  SEM = 0.01 
abLeast squares means with different letters are significantly different (P < 0.05).   
1Exposure of muscle to oxygen as display surface indicated as oxygen exposed or interior of the muscle as non-oxygen exposed. 
2Metmyoglobin formation after submersion in sodium nitrite solution determined by K/S ratio of metmyoglobin (K/S 572/K/S525)., 

where a greater number indicates greater reduction.  

SEM = standard error of mean 
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Table 7.4. Least squares means of oxygen consumption (day  muscle  oxygen exposure1) of steaks (n = 6) displayed for 6 d  

    Retail display day 

Parameter Oxygen exposure Muscle 0 3 6 

Oxygen consumption at 30 minutes2       

 Non-oxygen exposed Longissimus lumborum 0.19aw  0.19abw 0.16bwx 

  Psoas major 0.18aw 0.15awx 0.15awx 

SEM = 0.02  Semitendinosus 0.17aw 0.15abw 0.12bxy 

 Oxygen exposed Longissimus lumborum 0.19aw 0.18aw 0.17aw 

  Psoas major 0.18aw 0.11bx 0.10byz 

  Semitendinosus 0.18aw 0.04by 0.05bz 

Oxygen consumption at 60 minutes3      

 Non-oxygen exposed Longissimus lumborum 0.14aby    0.15ax  0.12by 

  Psoas major 0.15ay    0.17axy   0.16ax 

SEM = 0.01  Semitendinosus 0.20ax  0.20ay  0.19ax 

 Oxygen exposed Longissimus lumborum 0.14ay 0.09bz   0.12aby 

  Psoas major 0.15ay   0.14ax 0.11by 

  Semitendinosus 0.20ax   0.18axy   0.18ax 
abLeast squares means with different letters in a row are significantly different (P < 0.05).   
w-zLeast squares means with different letters in a column are significantly different (P < 0.05).   
1Exposure of muscle to oxygen as display surface indicated as oxygen exposed or interior of the muscle as non-oxygen exposed. 
2Change in oxymyoglobin formation before and after 30 minutes incubation determined by the change in K/S ratio of oxymyoglobin 

(Preincubation K/S610/K/S525 – Post incubation K/S610/K/S525).  
3Change in oxymyoglobin formation before and after 60 minutes incubation determined by the change in K/S ratio of oxymyoglobin 

(Preincubation K/S610/K/S525 – Post incubation K/S610/K/S525).  

SEM = standard error of mean 
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Table 7.5. Differently abundant metabolites among the three muscles1, during display of the individual muscles2, and the surfaces of the individual 

muscles3 

Functional role Metabolites Muscles 

Surface1 NOE2 OE2 Day 63 

OE NOE Display effect  Display effect Oxygen effect 

Neurotransmitter 4-hydroxybutyric acid LL NS High  NS Decreasing  NOE 

  PM NS Low NS NS NS 

  ST NS Intermediate NS NS NS 

TCA Cycle citric acid LL NS NS Increasing  Increasing   OE 

  PM NS NS Increasing  Increasing  NS 

  ST NS NS Increasing  Increasing   OE 

 fumaric acid LL High High  NS NS NS 

  PM Low Low Decreasing  Decreasing  NOE 

  ST High High  Decreasing  Decreasing  NOE 

 succinic acid LL NS High Decreasing  Decreasing  NS 

  PM NS Low  Decreasing  Decreasing  NS 

  ST NS High  Decreasing  Decreasing  NOE 

Amino acid metabolism creatinine LL NS High  Decreasing  Decreasing  NOE 

  PM NS Low Decreasing  Decreasing  NS 

  ST NS High  NS NS NS 

Glycolysis gluconic acid LL Intermediate Intermediate Increasing  Increasing   OE 

  PM High  High  Increasing  Increasing  NS 

  ST Low Low  Increasing  Increasing  NOE 

 glucose LL Intermediate Intermediate NS NS NS 

  PM Low Low  Decreasing  Decreasing  NOE 
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  ST High  High NS NS NS 

Purine metabolism guanosine LL High  High NS NS NS 

  PM Low  Low  NS NS NS 

  ST Intermediate High NS NS NS 

 hypoxanthine LL Low  Low  Increasing  Increasing  NS 

  PM High  High  Increasing  Increasing  NS 

  ST Intermediate Low  NS NS NS 

 inosine 5-

monophosphate 
LL High  High NS NS NS 

  PM Low  Low  NS NS NS 

  ST Low  Intermediate  NS NS NS 

Sugar metabolism mannose-6-phosphate LL High  NS NS NS NS 

  PM Low  NS Decreasing  Decreasing  NOE 

  ST High  NS NS NS NS 

 ribose LL Low Low  Increasing  Increasing  NS 

  PM Low Low Increasing  Increasing  NOE 

  ST High High Increasing  Increasing  NOE 

 ribonic acid LL Intermediate Low  Increasing  Increasing   OE 

  PM High  High  Increasing  Increasing  NS 

  ST Low Low  NS NS NS 

 xylulose  LL NS NS Increasing  Increasing  NS 

  PM NS NS Increasing  Increasing  NS 

  ST NS NS Increasing  Increasing  NOE 

Amino acid metabolism methionine LL High  NS NS NS NS 

  PM High  NS NS NS NS 
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  ST Low  NS NS NS NS 

 methionine sulfoxide LL NS NS Increasing  Increasing  NS 

 
 PM NS NS NS NS NS 

 
 ST NS NS Increasing  Increasing  NOE 

Pentose phosphate pathway ribose-6-phosphate LL Low High NS NS NS 

  PM High  Intermediate NS NS NS 

  ST Intermediate Low  NS NS NS 
1Differently abundant metabolites among the longissimus lumborum (LL), psoas major (PM) and semitendinosus (ST) muscles for the NOE and OE 

surfaces separately. High indicates the muscle with the greatest abundance of the metabolite.  
2Differently abundant metabolites between day 0 and day 6 of retail display for each separate muscle and surface. Increasing indicates the 

abundance increased during display.   
3Differently abundant metabolites between the NOE and OE surface for each separate muscle on day 6 of display. NOE indicates the non-oxygen 

exposed surface had greater abundance than the oxygen-exposed surface.   
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Figure 7.1. (A) Partial least-squares discriminant analysis of metabolites present in surfaces of the psoas major muscle. (B) Important 

features identified by PLS-DA analysis of oxygen exposure of the psoas major muscle in retail display. A variable importance 

projection (VIP) is a measure of a variable importance in PLS-DA model. The VIP score indicates the contribution a variable makes to 

the model. A greater value denotes more importance.   

 

A B 
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Figure 7.2. Separation of the significantly differentially abundant metabolites for the non-oxygen (NOE) surface on d 0, NOE surface 

on d 6, and oxygen exposed (OE) surface on d 6 of the psoas major muscle during retail display. 
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Figure 7.3. KEGG pathway analysis to determine biological process and metabolic pathways that are associated with the metabolites 

in psoas major muscle during retail display. X-axis represents the impact of the pathway, and the y-axis is the -log(P-value). The dot 

color is based on the P-value, and the dot size is based on the pathway impact value. 
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Figure 7.4. (A) Partial least-squares discriminant analysis of metabolites present in surfaces of the semitendinosus muscle. (B) 

Important features identified by PLS-DA analysis of oxygen exposure of the semitendinosus muscle in retail display. A variable 

importance projection (VIP) is a measure of a variable importance in PLS-DA model. The VIP score indicates the contribution a 

variable makes to the model. A greater value denotes more importance.   
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Figure 7.5. Separation of the significantly differentially abundant metabolites for the non-oxygen (NOE) surface on d 0, NOE surface 

on d 6, and oxygen exposed (OE) surface on d 6 of the semitendinosus muscle during retail display. 
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Figure 7.6. KEGG pathway analysis to determine biological process and metabolic pathways that are associated with the metabolites 

in semitendinosus muscle during retail display. X-axis represents the impact of the pathway, and the y-axis is the -log(P-value). The 

dot color is based on the P-value, and the dot size is based on the pathway impact values. 
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Figure 7.7. (A) Partial least-squares discriminant analysis of metabolites present in non-oxygen exposed (NOE) surfaces of the 

semitendinosus, psoas major, and longissimus lumborum muscles. (B) Important features identified by PLS-DA analysis of the non-

oxygen exposed surface of the longissimus lumborum, semitendinosus, and psoas major muscles in retail display. A variable 

importance projection (VIP) is a measure of a variable importance in PLS-DA model. The VIP score indicates the contribution a 

variable makes to the model. A greater value denotes more importance.   
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Figure 7.8. KEGG pathway analysis to determine biological process and metabolic pathways that are associated with the metabolites 

in the NOE surface of the longissimus lumborum, psoas major, and semitendinosus muscle during retail display. X-axis represents the 

impact of the pathway, and the y-axis is the -log(P-value). The dot color is based on the P-value, and the dot size is based on the 

pathway impact values. 
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Figure 7.9. (A) Partial least-squares discriminant analysis of metabolites present in oxygen exposed (OE) surfaces of the 

semitendinosus, psoas major, and longissimus lumborum muscles. (B) Important features identified by PLS-DA analysis of the 

oxygen exposed (OE) surface of the longissimus lumborum, semitendinosus, and psoas major muscles in retail display. A variable 

importance projection (VIP) is a measure of a variable importance in PLS-DA model. The VIP score indicates the contribution a 

variable makes to the model. A greater value denotes more importance.   
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 Figure 7.10. KEGG pathway analysis to determine biological process and metabolic pathways that are associated with the 

metabolites in the OE surface of the longissimus lumborum, psoas major, and semitendinosus muscle during retail display. X-axis 

represents the impact of the pathway, and the y-axis is the -log(P-value). The dot color is based on the P-value, and the dot size is 

based on the pathway impact values.
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CHAPTER VIII 
 

 

CONCLUSION 

Oxygen is critical for the development of oxymyoglobin on the surface of beef 

steaks and providing an appealing appearance to consumers. However, oxygen also plays 

a key role in the oxidation of lipids and proteins leading to surface discoloration. As 

myoglobin oxidation occurs internally prior to surface discoloration, the knowledge 

gained on the transition from interior oxidation to surface discoloration is important to 

predicting color stability. Furthermore, understanding the impact of oxygen exposure on 

various parameters related to meat color helps to better predict color stability. Oxygen 

exposure led to muscle-specific metabolome changes and loss of metmyoglobin reducing 

ability and oxygen consumptionduring retail storage. Hence, oxygen exposure should be 

a factor included in analysis of color stability as well as muscle-specific changes. 
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APPENDICES 
 

 

APPENDIX – CHAPTER III 

Appendix: Examples of spectral fitting for the estimation of myoglobin composition are 

given in Figure A1. Each of the three spectral profiles acquired by the needle-probe SfR 

spectroscopy (marked by blue line) is overlapped with fitted spectrum (red dot). The (A) 

corresponds to a sample presenting more oxygyMb, the (B) corresponds to a sample 

presenting more depxyMb, and the (C) corresponds to a sample presenting more MetMb.     

 

 

 

Figure A3.1. Representative results of the model fitting to the spectral profile obtained 

by the needle-probe SfR. (A). The SfR profile indicated a higher oxymyoglobin 

composition of the muscle. The fitted spectral profile corresponded to fitting resulted in 

[OxtMb] of 61.4%, [DeoxyMb] of 38.0% and [MetMb] of 0.6%. (B). The SfR profile 

indicated a higher deoxymyoglobin composition of the muscle. The fitted spectral profile 

corresponded to fitting resulted in [OxtMb] of 30.1%, [DeoxyMb] of 69.4% and 

[MetMb] of 0.5%. (C). The SfR profile indicated a higher metmyoglobin composition of 

the muscle. The fitted spectral spectral profile corresponded to fitting resulted in [OxtMb] 

of 6.5%, [DeoxyMb] of 32.5% and [MetMb] of 61.0%. 
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APPENDIX – CHAPTER V 

Table A5.1. Metabolites differentially abundant in non-oxygen exposed (NOE) and oxygen exposed (OE) surfaces1 of the 

longissimus lumborum during d 0 and 6 of display  

Functional role Metabolite FDR P-value 
NOE OE Day 6 

Day 0 Day 6 Day 0 Day 6 NOE OE 

Pentose and glucuronate 

interconversions 
xylulose  0.01 0 Down Up Down Up NS 

xylitol 0.04 0.001 Down Up NS Up  Down 

Pentose phosphate pathway gluconic acid 0.04 0.001 Down Up Down Up Down Up 

Fatty acid metabolism 

 
stearic acid 0.05 0.003 Up Down Up Down NS 

saccharic acid 0.1 0.012 Up Down Up Down NS 

arachidic acid 0.16 0.03 Up Down Up Down Up  Down 

hexadecylglycerol  0.1 0.013 Up Down Up Down NS 

1-monopalmitin 0.09 0.007 Up Down Up Down NS 

glycerol 0.07 0.004 Up Down Up Down NS 

TCA cycle citric acid 0.04 0.001 Down Up Down Up Down Up 

aconitic acid 0.09 0.007 Down Up Down Up NS 

succinic acid 0.15 0.027 Up Down Up Down NS 

Amino acid metabolism benzoic acid 0.05 0.002 Up Down Up Down NS 

methionine sulfoxide 0.15 0.025 Down Up Down Up NS 

serine 0.15 0.027 Down Up Down Up NS 

tyrosine 0.16 0.034 Down Up Down Up NS 

Sugar metabolism ribose 0.13 0.018 Down Up Down Up NS 

ribonic acid 0.14 0.022 Down Up Down Up Down Up 

Ascorbate metabolism isothreonic acid 0.05 0.003 Down Up Down Up Up  Down 

Steroid hormone biosynthesis cholesterol 0.05 0.003 Up Down Up Down NS 

Oxidative phosphorylation creatinine 0.07 0.005 Up Down Up Down Up  Down 

Purine metabolism hypoxanthine 0.09 0.008 Down Up Down Up NS 
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Pyrazine metabolism 2,5-

dihydroxypyrazine 
0.09 0.009 Up Down Up Down Up Down 

Collagen metabolism glycylproline 0.1 0.01 Down Up Down Up NS 

Antioxidant alpha-tocopherol  0.1 0.012 NS Up Down Up  Down 

Neurotransmitter 4-hydroxybutyric 

acid 
0.1 0.012 NS Up Down Up  Down 

Propionate metabolism Propylene glycol  0.14 0.021 Up Down Up Down Up  Down 

Glyoxylate and dicarboxylate 

metabolism 
glycolic acid 0.16 0.033 NS Up Down Up  Down 

 adipic acid 0.16 0.03 Up Down Up Down NS 

 terephthalic acid 0.2 0.043 Up Down Up Down Up  Down 

 2-hydroxyvaleric 

acid 
0.2 0.044 Up Down Up Down NS 

1Exposure of muscle to oxygen as display surface indicated as oxygen exposed (OE) or interior of the muscle as non-oxygen exposed 

(NOE). 
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APPENDIX – CHAPTER VII 

 

Table A7.1. Differentially abundant metabolites of the psoas major muscle during retail display 

Functional role Metabolite FDR P-value 
NOE OE Day 6 

Day 0 Day 6 Day 0 Day 6 NOE OE 

Purine metabolism 

 
hypoxanthine 0.0002 0.0000 Down Up  Down Up  NS 

adenosine-5-monophosphate 0.08 0.01 Up Down Up Down NS 

TCA cycle  

 
fumaric acid 0.06 0.002 Up  Down  Up  Down  Up  Down 

succinic acid 0.08 0.004 Up Down Up Down NS 

mannose-6-phosphate 0.08 0.01 Up Down  Up  Down  Up Down 

citric acid 0.19 0.04 Down Up  Down Up  NS 

Pentose phosphate pathway 

 
gluconic acid 0.004 0.0001 Down Up  Down Up  NS 

gluconic acid lactone 0.08 0.01 Down Up  Down Up  NS 

sedoheptulose 7-phosphate 0.08 0.01 Down Up  Down Up  NS 

ribulose-5-phosphate 0.13 0.02 Up Down Up Down NS 

ribose 0.17 0.03 Down  Up  Down Up  Up  Down 

Amino acid metabolism 

  

urea 0.06 0.002 Up Down Up Down NS 

creatinine 0.07 0.003 Up Down Up Down NS 

citrulline 0.10 0.01 Down Up  Down Up  NS 

2-hydroxyvaleric acid 0.13 0.02 Up Down Up Down NS 

ornithine 0.14 0.02 Down Up  Down Up  NS 

serotonin 0.16 0.03 Down Up  Down Up  NS 

Sugar metabolism  

 

ribonic acid 0.06 0.001 Down Up  Down Up  NS 

xylulose  0.10 0.01 Down Up  Down Up  NS 

xylose 0.24 0.05 Down Up  Down Up  NS 

Fatty acid metabolism 

 

3-hydroxybutyric acid 0.10 0.01 Up Down Up Down Down  Up 

myo-inositol 0.17 0.03 Up Down Up Down NS 

Pyrazine metabolism 2,5-dihydroxypyrazine 0.06 0.003 Up Down Up Down NS 

Steroid biosynthesis  cholesterol 0.08 0.01 Up Down Up Down NS 
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Oxidative phosphorylation  pyrophosphate 0.08 0.01 Up Down Up Down NS 

Pyruvate metabolism lactamide 0.17 0.03 Up Down Up Down Down  Up 

Glycolysis  Glucose 0.17 0.03 Up Down Up  Down  Up  Down 
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Table A7.2. Differentially abundant metabolites of the semitendinosus muscle during retail display 

Functional role Metabolite FDR P-value 
NOE OE Day 6 

Day 0 Day 6 Day 0 Day 6 NOE OE 

TCA cycle  

 
succinic acid 0.02 0.0001 Up Down Up Down Up Down 

citric acid 0.02 0.0002 Down Up Down Up Down Up 

aconitic acid 0.07 0.002 Down Up Down Up Down Up 

fumaric acid 0.18 0.01 Up Down Up Down Up Down 

Pentose phosphate pathway 

 

glyceric acid 0.07 0.002 Down Up Down Up NS 

ribose 0.11 0.005 Down Up Down Up Up Down 

gluconic acid 0.32 0.05 Down Up Down Up Up Down 

Fatty acid metabolism 

 

3-hydroxybutyric acid 0.11 0.01 Up Down Up Down Up Down 

ethanolamine 0.22 0.02 Up Down Up Down Down Up 

arachidonic acid 0.32 0.04 Up Down Up Down NS 

1-monostearin 0.32 0.04 Up Down NS Down Down Up 

glycerol-alpha-phosphate 0.32 0.05 Up Down Up Down NS 

Amino acid metabolism 

 
glycyl-proline 0.11 0.01 Down Up Down Up NS 

methionine sulfoxide 0.24 0.02 Down Up Down Up Up Down 

indole-3-lactate 0.32 0.04 Up Down Up Down NS 

Sugar metabolism 

 

xylulose  0.24 0.02 Down Up Down Up Up Down 

maltose 0.32 0.04 NS Down Up Down Down  Up 

N-acetylmannosamine 0.32 0.05 Down Up Down Up NS 

Pyrazine metabolism 2,5-dihydroxypyrazine 0.04 0.0009 Up Down Up Down Up Down 

Glycolysis hexadecylglycerol  0.24 0.02 Up Down Up Down NS 

BACTERIA adipic acid 0.32 0.03 Down Up Down Up Down Up 
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Table A7.3. Differentially abundant metabolites among the longissimus lumborum, semitendinosus, and psoas major muscles 

for the non-oxygen exposed surface on day 6 of display 

Functional role Metabolite FDR P-value 

Muscles  

Longissimus 

lumborum 
Psoas major Semitendinosus 

Purine metabolism  inosine 5-monophosphate 0.01 0.0001 High Low  Intermediate  

inosine 0.07 0.003 High Low  High 

guanosine 0.16 0.01 High Low  High 

hypoxanthine 0.20 0.04 Low  High  Low  

Fatty acid metabolism   1-monopalmitin 0.04 0.001 Low  High Intermediate  

oleic acid 0.20 0.04 Low  High  High 

heptadecanoic acid 0.20 0.04 Low  High  Low  

Sugar metabolism  

  
ribonic acid 0.07 0.003 Low  High  Low  

xylitol 0.10 0.01 High Low  High 

ribose 0.16 0.01 Low  Low High 

galactose-6-phosphate 0.18 0.02 High Low High  

fructose-6-phosphate 0.18 0.02 Intermediate Low High 

fructose 0.19 0.02 Intermediate Low High  

Amino acid metabolism   glycyl-glycine 0.16 0.01 High Low Intermediate 

5-aminovaleric acid 0.18 0.02 High Low  Low  

creatinine 0.20 0.03 High  Low High  

glyceric acid 0.20 0.04 High  Low High  

TCA Cycle  succinic acid 0.18 0.02 High Low  High  

fumaric acid 0.18 0.02 High  Low High  

Glycolysis   gluconic acid 0.07 0.003 Intermediate High  Low  

hexadecylglycerol 0.21 0.046 Low  High Low 

glucose 0.21 0.046 Intermediate Low  High 
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Pentose phosphate 

pathway 
ribose-5-phosphate 0.19 0.03 High Intermediate Low  

ribulose-5-phosphate 0.21 0.04 Intermediate Low  High 

Ascorbate metabolism  isothreonic acid 0.08 0.004 High Low  High 

threonic acid 0.20 0.04 High  Low High  

Neurotransmitter 4-hydroxybutyric acid 0.07 0.003 High  Low Intermediate 

Pyrazine metabolism  2,5-dihydroxypyrazine 0.19 0.02 High  Low High  

Pyrimidine Metabolism uridine 0.20 0.03 High  Low High  

Nicotinate and 

nicotinamide metabolism nicotinamide 0.21 0.049 High  Low Intermediate 
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Table A7.4. Differentially abundant metabolites among the longissimus lumborum, semitendinosus, and psoas major muscles for the 

oxygen exposed surface on day 6 of display 

Functional role 

Metabolite FDR P-value 

Muscles  

Longissimus 

lumborum 
Psoas major Semitendinosus 

Pentose phosphate pathway 

  
gluconic acid 0.01 0.0001 Intermediate High  Low 

ribose-5-phosphate 0.07 0.002 Low High  Intermediate 

ribose 0.18 0.02 Low Low High 

phosphate 0.22 0.04 Low Intermediate High 

Sugar metabolism 

  
mannose-6-phosphate 0.07 0.002 High  Low  High  

ribonic acid 0.09 0.004 Intermediate High  Low 

xylonolactone 0.22 0.03 Low Low High 

3,6-anhydro-D-galactose 0.22 0.04 Low Low High 

lactose 0.23 0.047 Low Low High 

Purine metabolism  

  
inosine 5-monophosphate 0.01 0.0002 High  Low  Low  

hypoxanthine 0.07 0.002 Low  High  Intermediate 

guanosine 0.14 0.01 High  Low  Intermediate 

Amino acid metabolism 

  
urea 0.14 0.01 Intermediate Low  High  

methionine 0.18 0.02 High  High  Low  

lysine 0.22 0.03 High  Low  Low  

4-aminobutyric acid 0.23 0.04 High Low High 

isoleucine 0.23 0.047 High  Low  Low  

phenylalanine 0.23 0.050 High  Low  Low  

Fatty acid metabolism  

  
squalene 0.14 0.01 Low  High  Low  

behenic acid 0.16 0.01 Low High  High 

1-monopalmitin 0.22 0.03 Low High  Intermediate 

2-monoolein 0.23 0.04 Low High  Low 
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Glycolysis 

 
hexadecylglycerol 0.18 0.02 Low High  Low 

glucose 0.22 0.03 Intermediate Low High  

glucose-6-phosphate 0.23 0.04 High Low High 

Pyrazine metabolism  2,5-dihydroxypyrazine 0.16 0.01 High  Low High 

TCA Cycle  fumaric acid 0.22 0.03 High Low High 

Pyrimidine metabolism uridine 0.23 0.045 Low Low High 
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