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Abstract 
Light  flesh lipids of Pacific cod, composed 

chiefly of phosphat idyl  ethanolamine and phos- 
phat idyl  choline, contain f a t ty  acids rich in 
unsaturation.  In  model systems free of pro- 
oxidant the ethanolamine derivative exhibited a 
high rate of oxidation. Phosphat idyl  choline, on 
the other hand, required an added pro-oxidant.  

Cod porphyr ins  exhibited pro-oxidant  effects 
not unlike those observed in other biological sys- 
tems involving catalyzed lipid oxidation. 

Neutral  lipids exhibited very  low rates of 
oxidation. 

Introduction 

L IPIDS OF LEAN FISH exist to a considerable extent as 
phospholipids (PL)  int imately associated with 

muscle tissue. These lipids are generally less variable 
in composition than  are the neutral  lipids (NL)  
usually associated with fa t  depots and nonst ructura l  
functions. 

Numerous studies have characterized the struc- 
tu ra l  and metabolic roles of phospholipids (1-3) .  
Other research indicates that  they also p lay  a role 
in the oxidative deterioration which arises in the 
processing and storage of food products  (4,5). The 
close relation between these lipids and the cell pro- 
vides reaction pathways  whereby lipid peroxy free- 
radicals can direct ly at tack remaining cellular 
constituents. 

The object of this work was a) to provide informa- 
tion on the major  lipids of the light flesh of Pacific 
t rue cod (Gadus macrocephalus), b) to measure their  
rates of oxidation in model systems, and c) to deter- 
mine if eod porphyr ins  exhibit pro-oxidant  properties.  

Experimental  
Pacific t rue  cod caught in the Puget  Sound area 

were chilled in ice and processed as soon as landed. 
A composite sample was p repared  f rom several fish, 
utilizing light flesh only; no a t tempt  was made to 
determine sex. 

Lipid ~.xtraction 
Total l ipid was extracted f rom 700 g of flosh by 

the procedure of Silk and DeKoning (6),  but  the 
acetone phase was retained. Water-soluble nonlipid 
impurit ies were removed by  the diffusion technique 
of Folch et al. (7). Lipid  contents were determined 
by evaporat ing aliquots in tared flasks under  a s t ream 
of nitrogen. 

Lipid-Class Separation 
The l ipid extract  was evaporated under  vacuum at  

30-50C and dissolved in 50 ml of hexane. Then 450 
milliliters of acetone were added, and the mixture  
was stored at  --15C overnight in order to precipi tate  
P L ;  the superna tan t  was decanted and saved. Phos- 
pholipid was dissolved in 10-15 ml of hexane and 
applied to a column packed with 60 g of Baker  A R  
activated silica gel (Fig. 1). Hexane, pumped  at  the 
rate of 1 m l / m i n  with a Milton Roy Mini pump,  
effeeted a rapid  separat ion of P L  from a small con- 

325 

taminat ion of NL. Contaminants  were then eluted 
with diethyl ether and retained for  addition to the 
NL fraction. The acetone superna tant  containing the 
bulk of tile neutra l  lipids was evaporated under  
vacuum, applied to a fresh siliea-geI column, and re~ 
covered in diethyl ether by eluting first with hexane. 

Fractionation of Lipid Classes 
The scheme of H a n a h a n  et al., employing stepwise 

increases of chloroform in methanol, was used for  
P L  fract ionation (8). The column contained 60 g of 
activated silicie acid (Malinkrodt  AR 100 mesh 
powder) slurried in CHC13:MeOIt 7:1 v /v .  Flow 
rate was maintained at 1 ml /min ,  collecting 8-ml 
fractions. Neutral  lipids were fraet ionated on 60 g of 
Calbioehem Bio-Sil H A  by employing a 2.5-cm I.D. 
conventional column. Flow rate was mainta ined at  
1 m l /min  with stepwise increases of diethyl ether in 
hexane according to Hirsch and Ahrens (9). 

Thin-Layer Chromatography 
Phospholipids were ehromatographed on plates of 

Silica-Gel G according to the method of Skidmore 
and Entenman,  using their  solvent system No. 1 (10). 
A nonspecifie sulfuric acid-dichromate spray  was 
used for survey of spots;  specific identifications were 
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FIG. 1. Minimum dead-volmne chromatographic column. A, 
machined ]uer connector; B, Teflon extension tube; C, Teflon; 
D, borosilicate glass column with tooled ends; E, fluorosiliclc 
"O" rings; /~, porous Teflon; G, No. 22 stainless steel hy- 
podermic tubing; H, Crawford (Swagelok) connector No. 
100-7-1, I, l~6-in, nylon ferrules ; and J, AWG No. 22 capillary 
Teflon tubing. 
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T A B L E  I 

N e u t r a l  L ip id s  of Cod F lesh  

P e r c e n t a g e  of 
F r a c t i o n  I d e n t i t y  n e u t r a l  

l ip ids  

A P a r a f f i n s  a n d  24  
other  hydroca rbons  

B Ch olesterol  es ters  11 
C U n k n o w n  ~ 1 
D Tr ig lyce r i de s  28  
E U n k n o w n  ~ 1 
F V i t a m i n  A es ters  p lus  

some over lap  f r ac t ions  
E and  G 23 

G P i g m e n t s  a n d  o ther  12 
po la r  ma te r i a l s  

made with selective spray reagents (10). Neutral  
lipids were ehromatographed aiong with authentic 
materials on silica-gel G plates, using petroleum ether- 
diethyl ether-acetic acid 90:10:1 v /v /v .  Hydro-  
peroxides were detected by means of the starch iodide 
spray of Oette (11). 

Chemical and Physical Studies 
Phospholipids were assayed according to the pro-- 

eedure described by Hawk et a]. (12). Uptake of 
oxygen by lipid samples was measured with a War- 
burg apparatus  (Gilson Medical Electronics Model 
RWB-3).  Phospholipids, based on 0.5 mg of PL  
phosphorus, or 10-15 mg of NL freed of solvent 
under  a stream of nitrogen, were emulsified with 0.5 
ml of p H  7, 0.05 M phosphate buffer, and 6 small 
glass beads in 20-ml Warburg  flasks. In duplicate 
experiments stock buffer was made up 10 -5 ~ in 
hemoglobin (Hb) .  All oxidations were conducted 
under  oxygen at 37C. 

Neutral  Iipids and PL were esterified according to 
the procedure of Gauglitz and Lehman (13), using 
2-3 ml of sodium methoxide solution in test tubes. 
GLC analyses were conducted at 168C with a RESCO 
series 600 apparatus. Column packing consisted of 
4% DEGS on Anachrom ABS 80-90 mesh; an argon 
detector was employed, and the carrier gas was main- 
rained at 50 ml/min. 

Resu l t s  a nd  D i s c u s s i o n  

On a wet basis, extractable oils represented 1% 
of the samples used. Phospholipids represented 65% 
of the total l ipid; remaining ]ipids belonged to the 
neutral  lipid class. TLC of PL  concentrates con- 
sistently gave five spots. Major phospholipids were 
represented by phosphatidyl  choline (PC) and phos- 
phatidyl  ethanolamine (PE) .  Lesser phosphatides 
were represented by phosphatidie acid, phosphatidyl 
serine (PS) ,  and sphingomyelin. A faint ly  positive 
Shift test (PS, PC, and PE spots) indicated the 
presence of phosphatidal analogs. Phosphatidyl  
inositol was not detected. Cod PL was eluted 
from silicie acid in the same sequence as 
those from rat  and beef liver as described by 
I tanahan e t a l .  (8). In these initial studies the low 
content of PS, sphingomyelin, and phosphatidie acid 
prevented fur ther  characterization of these substances. 
Densitometrie measurement of charred spots showed 
that PC, PE,  and PS made up 60, 35, and ~ , i %  of 
the total PL  respectively. 

The composition of neutral  lipids is given in T~ble I. 
Bligh e ta l .  have observed a similar lipid distribution 
in Atlantic cod (Gadus morhua). PC and PE  also 
constitute tile bulk of ]ipids present in this fish (14). 
The fa t ty  acid composition of neutral,  PC, and P E  
fractions from Pacific cod is presented in Table II.  
Analysis of the small amount  of cholesterol esters 
was not at tempted in the present s tudy because of 

V O L ,  4 4  

T A B L E  I I  

F a t t y  Acid  Composi t ion  of Cod F lesh  L i p i d s  

V i t a m i n  Phos-  Phos-  Tr ig lye-  A 
F a t t y  Acid  pha t idy l  pha t i dy l  er ides  

Carbon No. : e thanola-  choline es ters  
Double bonds  mine  

1 4 : 0  0.1 0.6 1,5 1.0 
1 5 : 0  t r .  a 0,2 0 ,2  0.2 
1 6 : 0  6.9 18 ,4  15,0  18 ,5  
1 6 : 1  0.7 12.0 5,0 1.0 
1 7 : 0  1,1 6,6 4 .7  1.0 

1 7 : 1  + 1 6 : 2  0 .4  0.3 0.2 0 .5  
1 8 : 0  3.8 0.7 3.3 10.0  
218:1 11.3 9.7 19,5  1.0 
I 8 : 2  0.8 0.7 3,5 3 .6  
1 8 : 3  0.5 0.5 0.4 t r  

1 8 : 4  - -  2 0 : 1  2.6 0,7 8,8 t r .  
U n k n o w n  . . . . . . . .  1.2 .... 
U n k n o w n  . . . . . . . .  2,1 .... 
U n k n o w n  0.7 

20:4o)3 0.8 0.4 5,7 
Unknown 5615b 

2 0 : 5  20 .6  2 i . 5  6:g 1.0 
U n k n o w n  2.0 .... 
22:3 o.g o:~ 0.3 .... 
2 2 : 4  0.5 0 ,4  0.9 .... 
2 2 : 5  1.6 0.9 0.3 .... 
2 2 : 6  46 .6  30 .0  9,8 .... 

a tr . ,  t r a c e  amount .  
b P e a k  plus  shoulder .  Re la t ive  r e t en t i on  t ime of m a j o r  p e a k  does 

not cor respond  w i t h  those of 20:4~s3,  2 2 : 1 ,  or  2 0 : 5 .  

the difficulty in obtaining workable samples. The 
data show that  the fa t ty  acid content is limited 
chiefly to phospholipids with lesser amounts in the 
triglyeeride, vitamin A ester, and cholesterol ester 
fractions. The neutral  lipid fract ion was characterized 
by a moderately high content of pahnitate and a 
moderate degree of unsaturation.  Vitamin A esters 
consisted of the usual fa t ty  acids through the Cls 
series; with one notable exception there was a com- 
plete lack of C2,~ and C~2 fa t ty  acids. By contrast, 
highly unsaturated fa t ty  acids of the C2o-22 series 
were part icular ly abundant  in the phosphatide 
fractions. 

In general, palmitate-to-stearate ratios appeared to 
be low for PE  and high for PC. Shuster et al. have 
reported values of 0.3 and 5 for albacore tuna and 
0.1 and 21 for yellowfin tuna P E  and PC respectively 
(15). Similarly pahnitate-to-stearate ratios for  true 
cod P E  and PC were 1.7 and 26.3 respectively. In 
another study, values for rock cod PE and PC were 
1 and 11 respectively (16). 

Data in Figure  2 indicate the rates of oxygen con- 
sumption for the lipids of cod flesh. The ready 
oxidizability of reehrenlatographed P E  is at once 
apparent ;  this lipid oxidized rapidly both in the 
presence and the absence of hemog'lobin. On the other 
hand, purified PC, free of hydroperoxides as shown 
by TLC, exhibited a long induction period. Only 
af ter  a long time did uncatalyzed PC begin to show 
reactivity. The marked difference between PE  and 
PC regarding pro-oxidant requirements is not under- 
stood; hemoglobin was added in order to simulate 
pro-oxidant conditions characteristic of many bio- 
logical systems. 

Mattsson and Swartl ing (17), utilizing lipids of 
milk, have at tr ibuted rapid oxidations in PL  to frac- 
tions containing PE and PS. Of the individual PL  
they found PS to be most readily oxidized. Acosta 
e t a ] .  working with chicken likewise observed that  it 
was PC which oxidized most rapidly during early 
stages but that  this anomaly was caused by PS con- 
tamination (4). In the present work little PS eluted 
with P E ;  it appears that  cod P E  exhibits properties 
similar to the PS derived from other sources. 

The ease with which P E  undergoes oxidation sug- 
gests that  this class of lipids is pr imari ly the cause 
of the initial changes leading to rancidity in lean 
cod flesh. Lea observed that  the P E  of egg, spread 
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FIG. 2. The relation between lipid type and and ease of 
oxidation. Phosphatidyl ethanolamine + Hb-buffer ( 0 )  ; 
phosphatidy] ethanolamine+buffer only (O);  phosphatidyl 
choline + lib-buffer (Lk) ; phosphatidyl choline ÷ buffer only 
( I )  ; tr lg lyceride  ÷ Hb-buffer (~) .  

in thin films at 37C, oxidized at a phenomenal  ra te ;  
on the other hand, PC, which constitutes the bulk of 
egg phosphatide, oxidized at a much lower rate (18). 

The curves shown in Figure  3 i l lustrate the par-  
t icular labil i ty of the 20:5, 22:4, and 22:6 f a t t y  acids 
of cod PE.  In  these experiments hemoglobin was 
used at a concentration of 5 rag/flask. Data  for 22:5 
closely parallelled those for 22:4. That  20:5, 22:3, 
22:4, and 22:5 underwent  complete destruction 
whereas 22:6 approached a constant mininlum value 
merits discussion. The lower initial content of all 
but 22:6 would, in the absence of other factors, ex- 
plain their  10ss under  actively oxidizing conditions. 
Similarly it  might  be expected that,  al though 22:6 
might not undergo complete destruction within the 
23-hr reaction period, it would not appear  likely that  
a minimum plateau would be at tained and maintained. 
This anomaly is explained as a consequence of the 
presence of protein within the reaction mixture. 
Studies have shown that  actively oxidizing lipid- 
protein mixtures  give rise to soluble as well as in- 
soluble material ,  which comprises polymerized protein 
together with bound as well as t r apped  lipid (19,20). 
In  the present  investigation jellylike flakes of sus- 
pended mater ial  were observed early in the oxidation. 
Gelatinous materials  continued to accumulate until  
the fifth hour, at which time the reaction mixture  
gelled to a stiff gummy mass. Had  the insolubilization 
occurred in such a manner  that  the product  remained 
suspended in buffer, the 22:6 would probably  have 
been reduced to a low level through reaction with 
diffusable oxygen. I t  is evident that,  al though in- 
solubilization was taking place, all but  22:6 were 
completely oxidized. The 22:6, initially present  at 
a high level, was reduced to a low level, at  which 
time it was occluded and removed from reaction. 

Dur ing  the 23-hr reaction period 18:1, 18:2, and 
saturated f a t t y  acids remained fa i r ly  constant. Con- 
current ly  with the destruction of other f a t t y  acids 
the content of 18:0 steadily increased; the content 
of 16:0 var ied in an errat ic fashion. Both 20:4m6 
and 20:4~3 showed a gradual  decrease with time. A 
small port ion of the observed losses is a t t r ibuted to 
complex format ion between lipid and protein. Bound 
lipid is not easily recovered b y  conventional solvent 
extraction and escapes recovery. 

Neutra l  lipids of cod were almost without  react ivi ty  
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FIG. 3. Cata.lyzed oxidative destruction of the higher chain- 
le~lgth unsaturated fatty acids of cod phosphatidyl etha~lola- 
mine. 5 mg ttb/flask (0.5 ml buffer). 22:6 (O);  20:5 (O);  
22:4 (A). 
under  the conditions employed. The trig]yceride 
fract ion with 10% 22:6 oxidized only slowly; vi tamin 
A esters, with moderate unsaturat ion in the fa t ty  
acid portion, remained unreactive. 

To determine to what extent endogenous porphyr in  
compounds of cod might  enhance oxidation of PE,  
aqueous extracts of freeze-dried cod flesh were in- 
corporated into the reaction media. The control con- 
sisted of P E  in untreated buffer. Test mixtures  con- 
sisted of an equal amount  of P E  in a 10% buffer 
extract  at p H  8 with and without the addition of 
10 -4 ~ NaCN. 

At  the end of one hour the control had absorbed 
310 t~ 102 ; the test mixture  less CN- absorbed 524 ~ 102. 
In  contrast, the test mixture  + CN- absorbed 340 ~ 10~, 
a value approaching that  of control. The marked 
increase in oxidation of P E  + buffer extract  less CN- 
is a t t r ibuted to extractable porphyr in  compounds. 
Porphyr in  compounds catalyze the cleavage of hy- 
droperoxides and involve free-radical chain react]arts; 
CN- inhibits this process. The low content of cod 
porphyr ins  could very well enhance oxidative de- 
terioration in stored cod, especially in processed food- 
stuffs tha t  have undergone cellular disorganization 
and have been exposed to air. 
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