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M uscles containing a majority of red fibers (red 
muscles) have high oxidative enzyme activity, 
whereas muscles low in red fiber content (white 

muscles) have especially high glycolytic enzyme activity 
(Beatty et NI., 1963, 1966; Needham. 1926; Ogata, 1960; 
Slater, 1960). Since these muscles differ markedly in 
myoglobin content (Lawrie, 1952), thereby having dif- 
ferent oxygen tensions, they could have different rates of 
transition to  anaerobiosis upon cessation of blood flow. 
Metabolic variations (in situ) in red and white muscles 
under apparently anaerobic conditions (curtailment or 
removal of blood s~ipply) have not been examined. One 
might expect a greater accumulation of Krebs' cycle inter- 
mediates in red muscle than in white muscle, which could 
be important in view of the recently suggested role for 
Krebs' cycle intermediates. particularly citric acid, in 
limiting glycolysis via phosphofructokinase inhibition 
(Garland er a/.. 1963; Parmeggiani and Bowman, 1963; 
Williamson and Jones, 1964; Williamson, 1965). Addi- 
tionally, it has been postulated that Krebs' cycle inter- 
mediates may activate particular isozymes of lactic de- 
hydrogenase (Fritz, 1965) and thereby influence the type 
ind rate of metabolism in the tissue (Vessel1 and Pool, 
1966). 

In  view of these relationships. studies were made t o  
determine the concentration of several energy metabolites 
in red and white striated muscles, to  establish the associa- 
tion of in sitii metabolite concentration with post-mortem 
metabolism, and to  study lactic dehydrogenase isozymes 
in regard to  post-mortem metabolism in red and white 
muscle. 

EXPERI MEUTAL 

Sample Isolation. F i f ty  - to  100-gram samples were 
excised from the recfus femoris, glriteiis medius, longissimus 
dorai, and serratus ceiitrrilis ( in si tu)  of six pigs immediately 
after exsanguination (1 minute after exsanguination) and 
at 15, 30, 60, 120, 180, 240, and 1440 minutes post-mortem 
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(post-exsanguination). Carcasses were stored at  5 C. 
within 45 minutes post-exsanguination, Muscle p H  was 
determined immediately after excision (homogenized in 
10 volumes of 0.005M iodoacetate, p H  7.0) according to 
the procedure of Marsh (1952). Muscle samples were 
frozen in liquid nitrogen and powdered for analysis accord- 
ing to the procedures of Borchert and Briskey (1965). 

Myoglobin, Succinic Dehydrogenase, and Red Fiber 
Content. Myoglobin was determined (Poel, 1949) on 
samples isolated 1440 minutes post-mortem. Succinic 
dehydrogenase activity was determined by a modification 
of the method suggested by Bocek (1964) and reported 
previously by Beecher et a[. (1965a). One unit of activity 
equals 1 mg. of INT formazan produced per 15 minutes 
of incubation per gram of muscle tissue. The red and 
white fiber content was determined in muscle samples 
which were fixed (10z calcium-formol), freeze-sectioned 
(18 microns) and stained with Sudan Black B (Ogata, 
1958). The results are reported as the per cent of red 
fibers of the total fiber content of 10 muscle bundles. 

Muscle extracts for the 
assay of glycolytic intermediates and adenosine triphos- 
phate (ATP) were prepared by adding 6 %  (w. , '~ . )  per- 
chloric acid (0" C.) to  the muscle powder (approximately 
1.7 ml. per gram of powder), centrifuging (8000 X G for 
10 minutes a t  4" C.) and adjusting the supernatant t o  
p H  7.0 with 30% (w., '~.) KOH. Muscle extracts for the 
assay of citric acid were prepared by adding 5 %  (w./'v.) 
phosphotungstic acid in 2N H2S04 (0" C.)  to  the muscle 
powder (approximately 1.7 ml. per gram of powder) and 
centrifuging (2000 X G for 30 minutes at 4" C.). Ali- 
quots of the supernatant were used directly for citric acid 
determinations. Muscle extracts for the assay of total 
lactic dehydrogenase (LDH) activity and the starch gel 
electrophoretic separation of L D H  isozymes were pre- 
pared by twice extracting with 0.076M tris (hydroxymethyl- 
amino) methane, p H  8.65 ( 1  ml. per gram of powder). 
Supernatants from both extractions were combined after 
centrifugation (8000 X G for 10 minutes at 4" C.) and 
filtered through glass wool. 

Concentrations of the fol- 
lowing metabolites were determined in extracts from 
samples excised at  all post-exsanguination time periods 
except 1440 minutes : glucose 6-phosphate (G-6-P) 

Muscle Extract Preparation. 

Metabolite Determinations. 
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and fructose 6-phosphate (F-6-P) (Hohorst, 1963a), 
fructose 1,6-diphosphate (F-1,6-diP) ( B k h e r  and Hohorst, 
1963), pyruvate (Bbcher et ul., 1963), lactate (Hohorst. 
1963b), ATP (Lamprecht and Trautschold, 1963), and 
citrate (Ettinger et ul.. 1952, as modified by Hanson, 1966). 
Glycogen was isolated and hydrolyzed (Pfleiderer, 1963) 
on initial and 60-min~ite samples, and the resulting glucose 
was determined (glucose oxidase, Glucostat, Worthington 
Biochemical Corp.). 

Lactic Dehydrogenase Activity and Isozyme Content. 
The total L D H  activity was determined by the method of 
Amador et cil. (1963) and starch gel electrophoretic sepa- 
ration of the LDH isozymes was performed by the method 
of Poulik (1957) on initial samples only. One unit of 
LDH activity corresponds to  an absorbance change 
of 0.001 per minute at 25” C., 340 m p  wave length, 1 cni. 
light path, and 3 ml. total reaction volume (Amador et d,, 
1963). Muscle extracts were diluted to 2 X 10: units of 
LDH activity per nil., and 6000 units of LDH activity 
were applied to each starch gel sample slot. Lactic de- 
hydrogenase isozymes were identified by incubating the 
starch gels in 50 nil. of incubation medium for 1 hour at 
37” C. The incubation medium contained 25 mg. of 
NAD-; (Sigma Chemical Co.), 25 mg. of Nitro Blue Tetra- 
zolium (2.2’-di-p-nitrophenyl-5,5 ’-diphenyl- 3.3 ’- 3,3 ’ - di- 
methoxy-4,4’-diphenylene)-ditetrazoliuni chloride (Sigma 
Chemical Co.), 2.5 mg. of phenazine methosulfate (Sigma 
Chemical Co.), and 5 ml. of 6 0 z  sodium lactate made to  
50 ml. total volume with 0.125M phosphate buffer con- 
taining 0.01 1M NaCN. p H  7.4 (Paulson. 1965). 

Lactic dehydrogenase isozyme I was identified a s  the 
fastest migrating anodal band, L D H  V as the slowest mi- 
grating anodal band (Brody, 1964). The LDH isozyme 
content was calculated as the per cent of each isozyme 
band density to the total density of all bands (recording 
electrophoresis densitometer, Photovolt Corp., New York). 

Statistical analyses were conducted according to  Steel 
and Torrie (1960). Probability levels less than 0.05 were 
considered significant. All metabolite concentrations 
are reported as micromoles per gram muscle tissue. 

RESULTS A N D  DISCUSSION 

Myoglobin Concentrations and Association with Red 
and White Fiber Content and Succinic Dehydrogenase 
Activity. Myoglobin concentrations (Table I) were higher 
(P < 0.05) in the red (rectus feiiiuris and serrutus centrulis) 
than in the white (gluteus medius and longissimus dorsi) 

muscles. A close relationship was observed between the 
myoglobin concentration. succinic dehydrogenase activity 
and red fiber content, indicating that in the porcine ani- 
mal, in vivo, the muscles which contain high myoglobin 
concentrations (rectus ,/emoris and serratus rentrulis) 
are red muscles (high in red fiber content) and apparently 
have a high capability for aerobic metabolism (high succinic 
dehydrogenase activity), whereas muscles which have low 
myoglobin concentrations (glufeus medius and longissinius 
dorsi) are white muscles (low in red fiber content) and 
would appear to be oriented toward anaerobic metabolism 
(low in succinic dehydrogenase activity). Similar results 
have been obtained on small laboratory animals (Dawson 
and Romanul. 1964; Ogata, 1958; Romanul, 1964). 

Glycogen. Initial (immediately after exsanguination) 
glycogen concentrations (Table 11) were similar in the red 
and white muscles studied. These observations agree 
with the findings of Bocek et NI. (1966a), but disagree with 
the findings of Beatty et LII. (1963) and Bocek et trl. (1966b) 
for rat striated muscle. Bocek et NI. (1966b). however, 
have indicated that certain white muscles of the rat may be 
more sensitive to anoxia than red muscles, and during the 
preparation procedures, dissection and trimming, glycogen 
in white muscles might decrease more rapidly than in red 
muscles. The high lactate levels in all muscles a t  0-hour 
sampling s~ipport  the idea that they have already responded 
appreciably to exsanguination anoxia. 

Only one third as much glycogen was metabolized by 
the recrus femoris (red) during the first hour post-mortem 
(Table 11) compared to  the serrrrtus rennolis (red) and both 
white muscles. Domonkos (1961) and Beatty et nl. (1963) 
have also observed a lower degree of glycogen metabolism 
in red muscle than in white muscle. However, the present 
studies are unique because they show clearly this phe- 
nomenon in situ under the apparent anaerobic conditions 
of the post-mortem state. The serratus renrrdis (red), al- 
though having a high myoglobin concentration, metab- 
olized a quantity of glycogen during the 0- to 60-minute 
period post-mortem which was similar to  that metabolized 
by the white muscles (gluteus medius and longissin~us ~ h . s I ‘ ) .  

Energy Metabolite Concentrations Post-Mortem. GLU- 

concentrations of G-6-P and F-6-P (Figure 1) were similar 
in the rectus femoris (red), serrutus rentrrrlis (red) and 
gluteus medius (white). but slightly lower ( p  > 0.05) than 
in the Iungissinius dorsi (white). Rapid decreases in con- 
centrations of G-6-P and F-6-P occurred during the firs 

COSE 6-PHOSPHATE A S D  FRUCTOSE 6-PHOSPHATE. Initial 

Table I. Myoglobin Concentration, Succinic Dehydrogenase Activity, and Red Fiber Content of Red and 
White Muscles 

. .. .- - Rluscle 
Serrurus rentrcilis Rectiis femoris Gliireirs medius Lor7wissimrrs dorsi 

~ ~ ~ ~~~ 

Characteristic (red) (red) (white) (white) 
Myoglobina 3 . 0 9  i 0.24b 1 .72  + 0 . 1 5  0 . 9 8  =t 0 . 0 8  0 . 8 2  f 0 . 0 5  

2 . 0 0  + 0 . 3 4  1 .36  i 0 . 1 8  1 .17  =t 0.17  Succinic dehydrogenase activityc 
Red fiber contente 43 .1  =k 2 .6d  41.1 =k 3 . 9  2 9 . 9  = 1 . 8  25 .2  + 2 . 2  

” Milligrams per gram muscle tissue. 

2.56 i 0 . 3 j d  

Mean value of six observations plus or minus standard error of the mean. 
Units of activity per gram muscle tissue, from Beecher e? ul. (1965b). 
Mean value of eight observations plus or minus standard error of the mean 
Per cent red fibers of total fiber content, from Beechcr er u / .  (1965b). 
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Table 11. Glycogen Content of Red and White Muscles 

Muscle 
S e r r ~ ~ ~ i r s  ventrdis Rectus femoris Glrrteirs mediir.~ Longissimiis dor.si 

(red) (red) (white) (white) 

~_______ ____ ~ _ _ _ _ _ _ ~  

Glycogen 
Initialn (0 minutes) 4 3 . 6  & 4.46 37 .8  3 . 1  4 7 . 2  i 6 . 9  4 1 . 2  =k 12 .6  
60 minutes” 2 8 . 0  =k 3 . 9  32.1 =k 4 . 0  3 0 . 5  + 7 . 1  15 .2  =k 3 . 7  
Metabolizedn (0-60 minutes) 1 5 . 6  =k 1 . 2  5 . 7  =k 1 . 9  1 6 . 7  i 1 . 2  2 6 . 0  =!= 1 0 . 5  

‘I Micromoles glucose equivalents per gram muscle tissue. 
Mean value of six observ;itions plus or minus standard error of the mean. 

R E D  MUSCLES WHITE MUXLES 
G-0-P 7; G-8-P 1 
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Figure 1. 
two red and two white porcine muscles 

Post-mortem concentrations of G-6-P end F-6-P in 

30 minutes post-mortem in the serrutus rentrrrlis (red) 
and Iongissi/77us dorsi (white), whereas the declines of 
G-6-P and F-6-P in the rectus ,feinoris (red) and gluteus 
medius (white) extended over 60 minutes post-mortem. 
The initial levels of G-6-P. F-6-P, and F-1,6-diP were con- 
siderably higher in the red and white muscles studied than 
those levels observed in rat heart muscle (Newsholme and 
Randle, 1964), rat  diaphragm muscle (Newsholme and 
Randle, 1961), cat striated muscle (Pedersen and Sacks, 
1965) and insect flight muscle (Sactor and Wormser-Shavit, 
1966). Frog striated muscle, incubated with epinephrine, 
has increased concentrations of G-6-P and F-6-P (Heg- 
nauer and Cori, 1934; Ozand and Narahara, 1964). 
These findings may mean that the stress and excitement 
to which pigs are subjected prior to  exsanguination 
(Beecher et ul., 1965a) may stimulate glycolysis in striated 
muscle and account for the high values of G-6-P, F-6-P> 
and F-1.6-diP in the initial sample. 

PYRUVATE AND LACTATE. Initial concentrations of 
pyruvate (Figure 2 )  were several-fold higher in the longissi- 
I I I U S  dorsi (white) than in the rec/us,fernoris (red) and glirteus 
medius (white). The  serrcitirs rentrrrlis (red), however, 
had initial pyruvate concentrations considerably lower 
than any of the other muscles studied (Figure 2) .  Pyruvate 
concentrations declined rapidly during the first 60 minutes 
post-mortem to low levels (<0.1 I.tmole per gram tissue) in 
all four muscles. 

Initial lactate concentrations (Figure 3) were slightly 
lower ( p  > 0.05) in the serrcitirs centralis (red) than in the 
rectus fenioris (red), gluteus medius (white), and longissimus 
dorsi (white). The post-mortem accumulation of lactate 

GUrrEUS MEDIUS 

’ I C  

UXIGISYMUS WRSl 

LL ? PYRWATE PYRUVATE P I 

RECTUS FEMORIS 2k/* GUrrEUS MEDIUS I\ 
LL ? PYRWATE PYRUVATE P 

I I1 \ 

RECTUS FEMORIS 

RATUS V E K T R U I S  

Figure 2. Post-mortem concentrations of F-l,h-diP and pyru- 
vate in two red and two white porcine muscles 

WHITE MUSCLES 3 RED M U Y L E S  
LACTATE 

100 

901 /-: 

$ 1  a 3t - 

I -  

Figure 3. 
two red and two white porcine muscles 

Post-mortem concentrations of lactate and citrate in 
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in the longissirnus dorsi (white) and serratus centralis (red) 
was rapid during initial sampling periods (to 60 minutes). 
In contrast, lactate accumulation in the gluteus medius 
(white) was gradual for 180 minutes post-mortem, whereas 
lactate concentrations in the rectus fernoris (red) changed 
little immediately (60 minutes) post-mortem, but subse- 
quently increased during the remaining post-mortem 
period (Figure 3). 

When porcine animals are exsanguinated, their muscles 
tend t o  have lower p H  values than most other mammalian 
muscle (Kastenschmidt, 1966) ; therefore, the initial lac- 
tate values are not considered to  be unusually high. Nev- 
ertheless, considerable glycolysis has obviously occurred 
(Table 11), even in the rectus ,femoris (red). By the time 
of the initial sampling, the muscles have already been sub- 
jected to the anoxia associated with exsanguination. This 
anoxia and the stimulation which might also be incurred 
during this period probably account for the high levels of 
lactate in these muscles (Lister et d., 1968). 

CITRATE. The initial citrate content (Figure 3) was 
severalfold greater and the rate of decline immediately 
(60 minutes) post-mortem was considerably faster in the 
serratus centralis (red) than in the rectus fkiiioris (red), 
gluteus medius (white) and longissinius dorsi (white). How- 
ever, after the rapid decline had occurred, during the first 

RED MUYLES WHITE MUSCLES 

I 1 

5 2  1 I I , 1 1  I , I 1 b 30 60 120 180 240 30 €0 I20 180 240 
TIME POST-MORTEM (MIN.l1 

Figure 4. Post-mortem concentrations of adenosine triphosphate 
(ATP) and post-mortem pH values in two red and two white 
porcine muscles 

60 minutes post-mortem, the citrate concentrations in the 
serrutus centralis (red) were subsequently maintained at 
or near the high levels observed in the rectus femoris (red). 

No evidence was obtained that high citrate concentra- 
tions in the serratus centralis inhibited glycolysis; how- 
ever, compartmentalization of citrate in the serratus cen- 
rralis might have reduced cytosol concentrations of citrate 
so that it was insufficient to  inhibit phosphofructokinase 
(Williamson and Jones, 1964). Garfinkel (19651, applying 
computer simulation t o  data from rabbit muscle, has 
shown that the velocity of phosphofructokinase increases 
greatly as muscle cells change from aerobic to  anaerobic 
metabolism. Citrate was also most effective in inhibiting 
phosphofructokinase midway between an  aerobic and 
an anaerobic state (Garfinkel, 1965). The rapid accumu- 
lation of lactate during the first 60 minutes post-mortem 
in the gbteits riiediirs (white), longissinius dorsi (white) and 
serratus centralis (red), concurrent with the decrease in 
citrate concentrations, suggested that there was an  almost 
immediate transition to  anaerobic glycolysis in these mus- 
cles post-mortem. 

ATP AND PH. Initial ATP concentrations (Figure 4) 
were lower (p < 0.05) in the serrutus centrrilis (red) but 
higher ( p  < 0.05) in the longissirnus dorsi (white) than in 
the rrctus,/emoris (red) and glrrteiis medius (white). These 
data suggest that the activity of the serratus rentrulis (red) 
is tonic in nature and capable of supporting aerobic me- 
tabolism, whei eas the longissinills dorsi (white) has tetanic 
activity requiring high resting levels of ATP and an  orien- 
tation toward anaerobic metabolism. Initial pH values 
were lower (p < 0.05) in the longissinius dorsi (white) than 
in the other muscles studied (Figure 4). 

Both the ATP concentrations and p H  levels (Figure 4) 
decreased rapidly post-mortem in the gllrtecrs medius 
(white), longissim~rs dorsi (white) and sermius zentrulis 
(red), whereas the decrease in ATP content in the rectus 
,fe/noris (red) tended to  lag prior to decreasing at  a rate 
slower than in the other muscles studied. The constant 
pH decline in the rectus /emoris (red) during early post- 
mortem periods (60 minutes), despite high ATP and low 
lactate concentrations, may be due to the increase of free 
inorganic phosphate (Pi) from the cleavage of the terminal 
phosphate of ATP. These increases in Pi in conjunction 
with high F-6-P concentrations could activate phospho- 
fructokinase and easily overcome any inhibitory action of 

Table 111. Lactic Dehydrogenase (LDH) Activity and LDH Isozyme Content of 
Red and White Musclese 

Rluscle ~ ~ ~ _ _ _ ~ ~ ~  ~ - ~ Lactic Serrrrtirs centralis Recrirs fernoris Glirteirs rnediirs Lorigissiniirs dorsi 
Dehydrogenase (red) (red) (white) (white) 

Total activity* 6 . 2 6  i 0 . 6 I c  10.95 + 1.01 12.74 =t 0 . 6 7  14.95 i 0 . 7 0  
Isozyme Id 10.1  i 0 . 7  4 . 4  + 0 . 2  6 . 6  f 1 . 0  4 . 1  i 0 . 5  
Isozyme l Id  12 .3  i 1 . 5  5 . 7  i 1 . 0  9 . 2  =t 1 . 4  7 . 4  i 1 . 4  

1 8 . 1  i 1 . 1  2 2 . 9  41 1 . 9  24.1 2 . 1  Isozyme I l l d  2 9 . 5  i. 2 . 2  
Isozyme lVd  1 4 . 3  i 0 . 9  1 6 . 3  i 1 . 4  16 .8  =t 0 . 9  1 8 . 9  i 1 . 6  
Isozyme Vd 33 .8  i 3 . 6  55 .6  i 2 . 2  3 1 . 4  * 4 . 4  4 5 . 4  It 3 . 4  

a Musclc sainplcs isolated immediately after exsanguination. 
*Units X 10-5 per gram muscle tissue (Amador et ul,, 1963). 
Mean value of six observations plus or minus standard error of the mean. 
Per cent density of the total density of all isozyme bands (recordlng electrophoresis densitometer). 
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either ATP or  citrate (Vinuela et al., 1963). In the serratus 
centralis (red), initial ATP concentrations were low and 
probably insufficient t o  inhibit phosphofructokinase 
(Parmeggiani and Bowman, 1963 ; Passonneau and Lowry, 
1963), while A D P  and AMP probably accumulated during 
exsanguination t o  activate phosphofructokinase (Gevers 
and Krebs, 1966; Passonneau and Lowry, 1964; Under- 
wood and Newsholme, 1965). 

LACTIC DEHYDROGENASE (LDH) ACTIVITY AND LDH 
ISOZY~IE CONTENT. Total lactic dehydrogenase (LDH) 
activity (Table 111) was higher (P < 0.01) in the white 
muscles (glirteirs medius and longissimus dorsi) than in  the 
red muscles (serratus centralis and rectus jetnoris). These 
observations support previous findings of Blanchaer et  al. 
(1963) and Dawson and Romanul (1964) and serve to  em- 
phasize the inverse relationship of lactic dehydrogenase 
activity with myoglobin content, succinic dehydrogenase 
activity and red fiber content. 

In  the Jerrutirs centralis (red), LDH isozyme I. I1 and 
111 content (Table 111) was slightly higher and isozyme 
V content lower than in the other muscles studied. Several 
investigators (Blanchaer and Van Wijhe, 1962; Dawson 
and  Romanul, 1964; Van Wijhe et d., 1964) have noted 
high concentrations of L D H  isozyme I (heart type) in red 
muscles and high concentrations of LDH isozyme V (mus- 
cle type) in white muscles. Kinetic properties of LDH 
isozymes indicate that isozyme I (heart type) is active at  
low pyruvate concentrations, whereas LDH isozyme V 
(muscle type) is active a t  high concentrations of pyruvate 
(Dawson and Kaplan, 1965; Dawson et a/ . ,  1964; Plage- 
mann P I  ul.. 1960). The  rectus jenioris, although a red 
muscle. had ti still higher LDH isozyme V content than the 
gluteus nzediirs (white) and longissinius dorsi (white). These 
data  are  in disagreement with previous work (Dawson 
and  Romanul, 1964; Van Wijhe et al., 1964) and suggest 
that even though the rectusfenioris is a red muscle. it still 
maintains a high level of lactic dehydrogenase activity and 
may be capable of a high degree of anaerobic metabolism 
during periods of anoxia. 
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