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In troductio n

Energy m etabolites o f post mortem muscle are conventiona lly analyzed by 
enzymatic spectrophotometric methods (Bergmeyer, 1974). This Is  a destruc
t iv e  and ra th er elaborate technique. Due to va ria tio n s  In the concentration 
o f m etabolites along the muscle, erroneous re su lts  can be Introduced vrfien 
sampling is  repeated. Moreover, Incomplete e x tra c tio n  or hydro lys is  o f 
la b i le  bonds during e x tra c tio n  cannot always be avoided. Phosphorus-31 
nuclear magnetic resonance spectroscopy ( 3 'P-NMR) can be used to study, in  
a non-1nvas1ve manner, the metabolism o f the major phosphorylated meta
b o lite s  (>0.5 mM) such as ATP, c rea tine  phosphate (CP), sugar-phosphates and 
re la ted  compounds (mainly glucose-6-phosphate, G6P) and Inorganic phosphate 
(P j) .  The method is  q u a n tita tive  and since i t  is  non-destructive 1t 
permits re p e t it iv e  measurements on the same sample thus circumventing some 
o f the problems which occur when analysing e x tra c ts . Basing h is  ideas on 
e a r lie r  works with labora to ry animals Gadian (1980) suggested th a t 3 ,P-NMR 
should be useful fo r  studying post mortem events 1n muscles from slaughtered 
animals, but to  our knowledge tlTT? technique has ye t to  be used fo r  th is  
purpose.

The aim o f the present study was 1) to  assess the usefulness o f 31P-NMR in  
the study of post mortem metabolism in  s laughter carcasses, 2) to fo llo w  
changes in  muscle metabolism induced by e le c tr ic a l s tim u la tio n  In in ta c t 
samples by 31P-NMR, and 3) to  assess the p o s s ib il ity  o f  fo llow ing  the 
metabolic events connected w ith  thaw shortening.

M ate ria ls and Methods

Bovine M. longisslmus dors i was removed on one side o f the carcass imme
d ia te ly  a f te r  debleeding. W ith in 10 min o f  stunning low voltage e le c tr ic a l 
s tim u la tio n  (85 vo lts  peak fo r  5 ms a t a frequency o f 14 pulses/s) was 
applied fo r  32 s by using a c l ip  in  the interseptum o f the nose and w ith  the 
overhead r a i l  acting  as the negative e lectrode . to. longissimus dors i on the 
other side o f  the carcass was then removed and approximately 200 g was cut 
from the non-stim ulated (NS) and e le c tr ic a l ly  stim ulated (ES) muscles and 
transported to the labora to ry fo r  31P-NMR measurements. In  the laboratory 
a core o f about 9 mm in  diameter was removed and placed in  the 10 mm NMR 
glass tubes. These were placed in  the magnetic f ie ld  a t room temperature and 
a t an average o f 1.0 h post mortem the f i r s t  NMR spectrum was recorded. The 
re s t o f the muscles were kept a t 22°C fo r  3 h and subsequently a t 10°C 
fo r  9 h and sampled re g u la rly  fo r  biochemical ana lysis (Fabiansson A Laser 
ReuterswSrd, 1984, Vogel e t a l . ,  1984).

31P-NMR spectra were obtained a t 103.2 MHz on a hom e-built W*1R spectrometer 
equipped w ith  a 6T magnet (Oxford Instruments, bore 89 ran) operating in  the 
Fourier transform mode. A 10 mm solenoidal probe as described e a r lie r  (Vogel

FOP + 3PG, (4) AMP ♦ IMP, (5) F6P.
Thus G6P, Glyc3P and F6P are the most 
abundant phosphomonoesters present 
post mortem, thus agreeing w ith 
previously reported studies 
(Fabiansson & Laser ReuterswSrd, 1984).

^n^racel lu ja j l  EH

The chemical s h i f t  o f the inorganic 
phosphate resonance Is  se n s itive  to 
changes in  pH near n e u tra lity  and can 
be used to  measure the In tra c e llu la r  
pH (Moon & Richards, 1973, G ill ie s  e t 
a K , 1982). In  a d d itio n , i t  is  also 
possible to  use the changes o f the 
chemical s h i f t  o f the sugar phosphate 
resonances, such as G6P, down to  a 
lower pH than fo r  P j.

Using te s t so lu tions fo r  c a lib ra t io n  we 
followed the changes in  pH in  samples 
from M. longissimus dors i during the 
f i r s t  10 hours post mortem by 
31P-NMR. The pH was also measured 
e lectrochem ica lly 1n muscle homogenates 
(F ig. 3).

There was a d iffe rence  between the 
determ ination o f pH according to the 
chemical s h i f t  o f Pj or G6P. I t  
should be reca lled  however th a t the 
sugar phosphate resonance comprises,
1n fa c t,  con tribu tio ns  from various 
compounds (See Figures 2B, 2 0 ,  hence 
the obtained pH values using the G6P 
standard curve are only an approxima
t io n . There is  only a very small 
d iffe rence  between the pH measured 
e lectrochem ica lly  and th a t determined 
by 3 'P-NMR using the Pj resonance.
Some discrepancies occur a t the lower 
pH values. However, the changes In 
chemical s h i f t  w ith pH fo r  the Pj 
standard are small in  th is  region and 
hence pH measurements are less 
re lia b le  in  th is  pH region than around 
n e u tra lity .  I t  should a lso be rea
lize d  th a t 31P-NMR reg is te rs  only 
the in tra c e llu la r  pH, whereas the 
other method is  an average fo r  the 
in t r a -  and e x tra c e llu la r  volume.

Chemical «hilt (PP»")
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. 2. Part o f a 31 P-NMR s^tnsi°fl
o f a muscle e x tra c t (A ), exp. f  tH{, 
o f the sugar phosphate area ï-fon 
same sample (B) and an expa . .
an e x tra c t o f a non-stimula .rji 
muscle at 0.25h (C) s,10W1̂ cofi«tc 
resonances in  the sugar ph° v

experiments.

e t a l . ,  1983) was used. A cq u is ition  parameters were a re p e t it io n  ra te  of 
8” sec (>3 x T i) combined w ith  90° (50>jsec) pulses and a spectral width 
o f 20,000 Hz. Normally 160 scans were co lle c te d . A ll spectra were acquired 
at 23°C using the CP resonance (above pH 6.0) as an in te rn a l standard at 
2.35 ppm.

31P-NMR spectra o f c e l l ex tra c ts  were run a t 23°C on a N icolet-360 WB 
spectrometer operating a t 145.7 MHz. The samples were placed in  standard 
12 <m NMR tubes (Ullmad). The a cq u is itio n  parameters pulse length
25 usee (60°), re p e t it io n  ra te  10.5 sec, spectral w idth 10,000 Hz using 
8 K memory. Extracts , as prepared fo r  biochemical ana lys is , were d ilu te d  
w ith  U?0 (C lba-Gelgy), conta in ing 2 mM EDTA, the pH (meter reading) was 
adjusted to  pH 8 .5. These spectra were proton decoupled and the samples were 
locked on the D2O resonance.

M. adductor and M. semimembranosus from pig and lamb were sampled as early  
as possib le on the s la u g te rlin e . Post mortem metabolism was followed by 
” p-H1R, as above, a t 25°C and 16°C. One sample o f M. adductor from 
lamb was homogenized in  a Moulinex food processor fo r  10 seconds before i t  
was placed In  the spectrometer.

For the thaw r ig o r  experiments 2-6 g samples from hot boned bovine 
M. longissimus dors i were frozen in  l iq u id  n itrogen . They were kept at 
-80°C u n t il placed 1n the spectrometer and allowed to  thaw. Spectra were 
co llec ted  as above.

Results and Discussion

Presence_o£ £h0s£hor^l£tedjcom£ounds

Figure 1 dep icts some representa tive  31P-NMR 
spectra, recorded a t d iffe re n t  time in te rva ls  
a fte r  s laughter, from a non-st1mulated muscle. 
Six resonances can be observed in  Figure 1A. 
These resonances have been assigned, from low 
f ie ld  to  high f ie ld ,  to  the fo llow ing  meta
b o lite s : sugar phosphates (4.25 ppm), 
inorganic phosphate (2.15 ppm), c rea tine  phos
phate (-2 .35  ppm), ATPY (-4 .9 5  ppm), ATPa ♦ 
NAD(H) (-9 .90  ppm), ATPB(-18.70 ppm).

The assignment of the most downfleld resonance 
to  sugar phosphates was made based on 
Jlp-NMR and enzymatic studies o f e x tra c ts . 
Figure 2 shows pa rt o f a 3 IP-NMR spectrum of 
a c e l l e x tra c t. Note th a t the re so lu tio n  1s 
be tte r here than 1n the In ta c t muscle.

Comparing th is  spectrum w ith  31P-NMR 
spectra o f the appropriate standards and 
w ith  enzymatic ana lysis o f the extracts 
we have assigned the resonances to 
the fo llow ing  m etabolites:
(1) G6P, (2) Glyc3P, (3)

Chemical «hill (ppml

Fig. 1. Examples o f 31P-NMk 
spectra recorded a t 3 (A ), 6 
(B) and 24h ( 0  a fte r  
s laughter o f a non-stimulated 
muscle.

Results from the present in ve s tig a tio n  in d ica te  th a t the ^ruf u^p£ate’
c e l lu la r  pH, as measured by the chemical s h i f t  o f inorganic Phof^ ned
in n ./iv im z iiilu  came rinv"inn nnct mnrtpm mptahnlism as the COmCapproximately the same during post mortem metabolism as the con1̂ omogCn 
c e llu la r  and e x tra c e llu la r  pH measured e lectrochem ica lly  a f te r  n 
t io n  in  iodoacetate/KCl.

0uantita^1ve_analysi¿ of_the_amo£nts_of £h os£h o r^l a t e d_me ta  bol j t  es ^

rtme^fí^Since a l l the ATP present is  usua lly in  the cytoplasmic comparing < 
e t a l . ,  1979) we have used th is  m etabolite to  ca lcu la te  a convert j  
"Base? on the ATP leve ls  measured enzym atically and by 3 *P-NMR at ’ cO^Jr 
hours. With the possible p i t f a l l s  o f such a ca lcu la tio n  In  mind ^ 1 flr  
‘ ,ne values obtained by conventional enzymatic methods w ith  those 

1P-NMR (F ig . 4).*

phosphorylated m e ta b o lia n i 
by Jlp-NMR a t d iffe re n t % n*

F1g. 4. Comparison o f the amounts of some
detected by enzymatic methods and by J , P-NMR a t d i r r e r c s 
post mortem (n»6). The a rb itra ry  ¿ jnlts o f the NMR reson*1as 
been converted to  jjm ol/g using the amount o f ATP a t l * 3n j
determined enzym atica lly .

There was a close resemblance between the course o f the chan ges^  f e^ ^
1  ie*c'' ‘ 'of CP. Note also th a t the ATP le ve ls  as determined by both r’etnV^el 'A  W, 

re la t iv e ly  constant u n t i l  the CP leve l decreases to a very low 
suggesting th a t phosphocreatine kinase remains ac tive . The lWR̂ nts 0 
the sugar phosphates compared favourably w ith  the sum o f the ain0 
F6P and Glyc-3P determined b iochem ically. .,P

We have also found 1n th is  study evidence th a t Pj 
o f In ta c t muscle, 1s present

not detected
For example, a d ire c t comparison 0

i f

0T in ta c t muscie, is  present, ro r example, a a i r e t t  cwnpai 
spectra, taken d ire c t ly  a f te r  slaughter (15 m) o f a c e ll extrac 
higher Pj/CP ra tio  (F ig. 2A) than a spectrum taken 60 min a fte r  r 
from an in ta c t sample (see F ig. 5A). I t  is  u n lik e ly  tha t the h ijj fiet9,#' 

re s u lt o f hydro lys is  during extract!®  » ^ i*  
d CP leve ls  in  in ta c t samples and cel

Pj in  the ex tra c t was the 
we found comparable ATP and
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F ig. 5. 31P-NMR spectra o f 
non-stim ulated (A) and e le c t
r ic a l ly  stim ulated (B) muscle 
from the same carcass a t lh 
a f te r  s laughter.

n: 50

S  ih aS6d due t0 m etrica l s
f t  t. Patte™ si 9ar phosphates showed a §100 
S / > n  The I n i t ia l  increase was 8 
5 'il|>c les  d the e le c tr ic a l ly  stim u- 
S V W , r ? K Started to f a l l  o f f  
( H i .  e" c e V he " “ "-s tim u la te d  muscles.
•«lifts level i 4,16 amou" t  o f  inorganic 

h! W i t t e r  a* ° f f  a t atwut  9 hours 
,ri both At th ' s time the pH was 

S t*  """ute nParts  “ f  the carcasses 
S fc ,: Half „ f *"ounts o f CP and ATP were 
iS la t 4 hn.the ATP Present was 
d? the i*<l "HiSc l^ rs fn the e le c tr ic a l ly  
) '•« l!° l,' st1mu?».C0,l,pared t0  6 hours 
d 'C l  ir °p ca 'ated ones■ the imme- 
i S » is “hlv nSed by e le c tr ic a l stim u- 
\ >  In iie “ -07 P n its .  but the 

"0Urs !? sed to  0.20 u n its  at 
" t te r  slaughter (F igure 7).

Time post mortem (h)

F ig . 6. Cross-over p lo t o f the 
concentrations o f phosphorous 
compounds as analyzed by 31p_ 
WR 1n e le c t r ic a l ly  stim ulated 
muscles in  re la t io n  to the con
cen tra tions  1n the non-stimu
la ted  coun terpart (100%) a t 
d if fe re n t  times post mortem 
( n=5). -----------------

showed the typ ica l pH s h i f t .  The In te n s ity  o f  the P< peak re la t iv e  to 
other peaks showed a small decrease ju s t  before the leve l o f CP and ATP 
sta rted  to  f a l l  o f f .  The most l ik e ly  explanation fo r  th is  behaviour is  tha t 
phosphate in  fa c t is  consumed during a short period o f  intense glycogeno-

Conclusion

Summarizing, we feel tha t 31p-NHR is  a valuable complement to  e x is tin q  
cassesS ana ^ s in 9 post mortem metabolism in  muscles from slaughter ca r-
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muscles F ig. 7. pH f a l l  as followed by 
changes in  the chemical s h if ts  
o f the Pt resonance as deter
mined by ulp-NMR during lOh 
a f te r  slaughter in  e le c t r i 
c a l ly  stim u la ted (ES) (n=5) and 
non-stim ulated (NS) (n-5) 
muscles.

0 lh 1 Of

' f t  p'ta Sa” Ple1fn l  dama9e °h " “ SC! e metabolism was tested by g rind ing 
4«. h w^unceri i? r  a ver-y short time in  a food processor. The e ffe c t 

J i 16§C ? th ATP being depleted w ith in  2 h and f in a l pS reaped
• n  1S P f f p r t  1C l m n n r t i n t  i n  Ai.iw . . . . . .  r .

5 t «  , 5 °C Tu • - c p i c t c u  R I L I I I I I  c II d
V t s 1:lufl? "U sc lV i s e ffe c t is  important in  two ways 
V O O 9 PH L  i  “ "avoidable when sampling fo r  a l , „ „ s u r e
C V 'I« *? " “ - When r ^ t s  “ "  in ta c t muscles and could g ive erroneousv S  "He,"9' When ,;. .  :  ?n ,n ta c t " uscles a" d co“ ld  9 ive erroneous
VHi 'b h “ade in h 9 hot boned "“ a* for sausage production attempts 
N S  i f  act1ce J?, sr ve the ATP ,eve’ by 9 r i"d in g  and freez ing  or 

to« lnnn * Js ,e ry  hard t0  achieve since the time fo r  
«ie em Ji.f0 le a ,e  e?°“ ?h ATP to  re a lly  in fluence the binding 

vmulsion, espe c ia lly  i f  the meat is  preground and pre-

, ,X ‘air* «id
A t  »  i l ' f i l i  Pfeb « f I ° , ! OW the metabolism during thawing o f  pre r ig o r  
e% N ?  5l< k .* bl f  r ° I i ne ' “ "Sissimus d o rs i. Since 9'p-NMH onlv detects

hnuv ; "  tne metanolism during thawing o f  pre r lq o r  
¿’ l l . * 'b o , ' ” '« conn 6 ' ° " 9 iss1mua d“ "s1. Since 9 ' p- nmr only detects 
'» ' . t N T j t  -5SJnPbunds. useful spectra are not obtained In the frozen 

N  , lt * * ctre  a i*  Peaks ’ "  the ord ina ry spectrum had appeared, 
appeared Up?n f u rth e r "ea tin g  a very fa s t meta-

c i d ; CP showing the fa s te s t decrease followed by ATP 
siow ly as was the case w ith  the P* increase and both


