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ABSTRACT 

Safflower oil and its distilled methyl esters were thermally oxidized and fed to young chicks in a 
vitamin E deficient diet. At a dietary level of 10%, the oxidized lipids caused more severe nutritional 
encephalopathy (NE) than the unoxidized methyl esters, indicating that factors other than dietary 
linoleic acid and vitamin E affect the development of NE. A polar lipid extract from oxidized methyl[ 
esters accelerated the induction of NE, as did the synthetic methyl esters of keto-octadecenoic and 
keto-octadecadienoic acids. Dicumarol exerted a protective action against NE. The possibility is dis.- 
cussed that conjugated keto-polyenoic fatty acids, provided by oxidized oils or formed endogenously 
in vitamin E deficiency, may play a role in causing NE. 

INTRODUCTION 

Nutr i t ional  encepha lopa thy  (NE),  be t te r  
k n o w n  as encephalomalacia ,  is induced  in 
young  chicks by diets def ic ient  in a - tocophe ro l  
and conta ining po lyunsa tu ra ted  fa t ty  acids 
(1). The disease is character ized by degenerative 
changes mainly in the cerebel lum,  accompan ied  
by ataxia, p ros t ra t ion ,  and death.  Ultrastruc-  
tural changes in the cerebella of  chicks af fec ted  
wi th  NE have been described by various authors  
(for  a brief  review, see ref. 2). The dietary lipid 
causing NE is linoleic acid or its esters, whereas 
derivatives of  l inolenic acid are inactive (3-5). 

Autoxid ized  po lyunsa tura ted  oils have 
occasionally been used to induce NE in chicks 
(4,5), arm ~ve found  thermal ly  oxidized saf- 
f lower oil to  be very effective for  tha t  purpose  
(2,6,7). 'The ~- tocophero l  level of  such oil is 
greatly reduced whi le  the linoleic acid c o n t e n t  
is still high. Since the t r ea tmen t  of  the  oil 
results in the accumulat ion of  oxida t ion  
products ,  the ques t ion  ar i ses  whe the r  or no t  
some of  these p roduc t s  may  play an active role 
in causing NE. The evidence p resen ted  in this 
repor t  poin ts  in this direct ion.  

MATERIALS AND METHODS 

Animals and Feeds 

Day-o~d crossbred New Hampshire  X White 
Leghorn male chicks were h o u s e d  in t he rmo-  
statically hea ted  bat tery  brooders  with raised 
wire floors and had free access to water  and 
feed.  

The compos i t ions  of  the two  vi tamin E 
def icient  diets are p resen ted  in Table I. The 

1Mention of firm names or trade products  does  
not  imply endorsement  or recommendation by the 
Department of Agriculture over other firms or similar 
products not mentioned. 

diets con ta ined  4 or 10% lipids, and the compo-  
si t ion was adjusted so as to ensure a cons tan t  
ratio of  metabol izable  energy to pro te in .  The 
linoleic acid in these diets was provided by 
distilled saff lower  me thy l  esters or by thermal ly  
oxidized saff lower  oil or me thy l  esters, pre- 
pared as described below. The diets con ta ined  
0.005%, 2,6-di-tert.-butyl-4-methylphenol 
(BHT), a level o f  an t iox idan t  which ensured the 
stabil i ty of  the dietary linoleic acid and ~-toco-  
phero l  for  over a week at room tempera ture .  
During the exper iments ,  the diets were kept  at 
-18 C and dispensed daily. 

Dietary Lipids 

Ref ined  edible saff lower  oil was purchased  

TABLE I 

Composition of Diets 

Ingredient Percent 

Lipid a 4.00 10.00 
Extracted soybean meal 52.00 5(5.00 
Cellulose 1.00 3.00 
D,L-methionine 0.14 0.15 
Mineral mix b 4.00 4.00 
Vitamin mix c 0.50 0.50 
BHT d 0.005 0.005 
Glucose monohydrate 38.36 26.35 

aSafflower oil or safflower methyl esters. 
bSupplying per kg feed: dicalcium phosphate 28 g; 

l imes tone  7 g; NaCI 3.5 g; MnSO4"H20 370 mg; 
ZnCO 3 145 rag; ferric citrate 165 rag; CuSO4-5H20 
11.8 rag; KI 2.35 mg; and CoCl2~ 1.21 mg. 

CSupplying per kg feed: vitamin A 3000 U; vitamin 
D 3 200 U; menadione sodium bisulfite 1 mg; thiamine 
3.6 mg; riboflavin 7.2 mg; Ca pantothenate 20 mg; 
niacin 55 mg; pyridoxine 6 rag; biotin 0.2 mg; folie 
acid 2.4 rag; vitamin B12 0.02 mg-choline chloride 
1.3 g. These amounts were premixed with 21.6 g 
glucose monohydrate. 

d2,6-di-tert, butyl-4-methylphenol. 
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TABLE II 

Effect of Thermally Oxidized Safflower Oil (SO-24) a and Freshly 
Distilled Safflower Methyl Esters (ME-0) on Nutritional Encephalopathy b 

769 

Analysis of lipids Incidence per 20 chicks 

Dietary lipids a-Tocopherol Linoleic acid Ataxia Mortality 

P,g/g % 
At 3 weeks 

SO-24 4% 10-20 60-65 7 5 
ME-SO 4% 5-12 70-76 15 9 

At 2 weeks 

SO-24 10% 12 11 
ME-0 10% 8 1 

aSafflower oil aerated at 145 C for 24 hr. 
bThe lipids were fed from hatching at the levels indicated. 

f rom Shemen Ltd.,  Halfa and f rom Teth-Beth 
Ltd., Petah-Tikva. Different  batches conta ined 
f rom 71 to 76% linoleic acid and ca. 350 pg 
a- tocopherol /g .  Methyl  esters were prepared 
from the oil by a modif ica t ion  of  the trans- 
methy la t ion  procedure  of  Har tman (8), fol- 
lowed by vacuum distillation. 

Thermal  oxidat ion  of  safflower oil and 
distilled methy l  esters was done by heat ing 
batches of  1-2 kg to 145 C -+ 2 C under  a stream 
of air (0.5 1/min). The length of  the thermal  
t r ea tment  was 24 hr  for the oil and 3 hr  for the 
esters. The fol lowing abbreviat ions were used: 
SO-24 for the oxidized oil; ME-3 for the 
oxidized me thy l  esters; and ME-0 for the 
fresh methy l  esters. 

A crude extract  of  polar  lipids was prepared 
f rom thermally oxidized methyl  esters by 
repeated par t i t ion between hexane and 90% 
(v/v) ethanol,  using six separatory funnels 
arranged in countercur ren t  fashion. The final 
e thanolic  extract  was concent ra ted  under  
reduced pressure and ext rac ted  with ethyl  
ether. The yield of  polar  lipids averaged 6%. 

Methyl  esters of  conjugated keto-octa-  
decenoic acid and keto-octadecadienoic  acid 
were prepared from methy l  oleate and lino- 
leate, respectively,  as described elsewhere (9). 
The oleate-derived product  contained 96% 
conjugated ke to  esters consisting of  an isomeric  
mixture  of  methy l  8-, 9-, 10-, and l l -oxo-  
oc tadecenoate .  The l inoleate-derived product  
contained 91% keto-dienes consisting mainly of  
methy l  13-oxo-9,11- and 9-oxo-10,12-octa-  
decadienoate.  

For  testing in chicks, lipid fractions or 
synthet ic  products  were dissolved in saff lower 
methy l  esters in the amounts  indicated.  

Quantitative Expression of NE 

Chicks were inspected twice daily and the 

t imes at which the first signs of  ataxia were 
observed and when death occurred,  were 
recorded.  Inspect ion of  the cerebella always 
conf i rmed that  the affected chicks were 
stricken with NE. Results were expressed as 
number  of  chicks affected per total  number  of  
chicks per t r ea tment  at the age indicated.  
Alternat ively,  curves representing the cumula- 
tive incidence of  ataxia or death have been 
plot ted.  

Analytical Determinations 

a -Tocophero l  in the dietary lipids was 
determined by saponif icat ion,  f ract ionat ion of  
the unsaponifiables by thin layer chromatog-  
raphy on Silica Gel G with hexane /e thy l  e ther  
(8:2),  and color imetr ic  react ion of  the a- toco-  
pherol  f ract ion with ferric chloride and batho-  
phenanthrol ine  (10). 

The fat ty  acid composi t ion  of  the lipids was 
determined after t ransmethyla t ion  of  the 
samples with 3% (w/v) H2SO 4 in methanol  at 
reflux tempera ture  for 1 hr  and ext rac t ion  
of the met])yl esters with hexane.  The esters 
were submit ted  to isothermal  gas l iquid chro- 
matography at 180 C on Gas Chrom W coated 
with 15% DEGS. All materials were obtained 
from Packard Ltd., Jerusalem. Methyl  esters 
prepared for feeding exper iments  were injected 
directly in to  the chromatograph.  Glyceryl  
t r iheptadecanoate  and me thy l  hep tadecanoa te  
were added as internal  standards to the oil and 
methy l  ester samples, respectively,  for calcula- 
t ion of  the true l inoleic acid conten t  of the 
oxidized samples. 

RESULTS 

In a first trial, two encephalopathogenic  
diets were compared:  thermal ly  oxidized 
safflower oil, SO-24, and freshly distilled 

LIPIDS, VOL. 14, NO. 9 



770  BUDOWSK1, BARTOV, DROR, AND FRANKEL 

TABLE III 

Effect of Fresh and Thermally Oxidized Safflower Methyl Esters 
on Nutritional Encephalopathy 

Vitamin E a Incidence per 20 chicks 
Analysis of lipids added at 19 days 

Dietary lipids b c~-Tocopherol Linoleic acid to feed Ataxia Mortality 

/.tg/g % Isg/g 
ME-0 5.0 75.9 0 14 6 

1 13  4 
ME-3 0.35 68.5 0 18 14 

1 19 14 

aD,L-~-Tocopheryl acetate. 
bME-0, freshly distilled safflower methyl esters; ME-3, methyl esters aerated at 145 C for 3 hr. The lipids 

were fed as 10% of the diet from the 8th day, after the chicks received 4% ME-0 during the first week. 

saff lower  m e t h y l  esters,  ME-0. The ox id ized  oil 
had  less l inoleic  acid bu t  n o  less c~-tocopherol 
t han  the  fresh esters (Table  II). When these 
l ipids were fed as 4% of  the  diet ,  ME-0 caused 
a greater  inc idence  o f  ataxia and  mor t a l i t y  t han  
did SO-24. However ,  at the  10% level, the  
oxid ized  oil was more  active t han  the  fresh 
m e t h y l  esters. 

A s imilar  compar i son  was made  be t w een  
fresh and  oxid ized  m e t h y l  esters,  ME-0 and 
ME-3. Table III shows t ha t  ME-3, wi th  less 
l inoleic acid, never the less  p roduced  a more  
severe inc idence  o f  NE, c o m p a r e d  to ME-0. 
This grea te r  act ivi ty  of  ME-3 was no t  due to the  
lower  c~-tocopherol c o n t e n t  of  the  ox id ized  vs. 
the  fresh esters,  since the  di f ference in toco-  
phero l  c o n t e n t  be tween  the  two  diets was no  
more  t han  0.5 /ag t o c o p h e r o l / g  diet ,  whereas  
even the  add i t ion  of  1 /ag D L ~ - t o c o p h e r y l  
ace ta te /g  diet  had  vir tual ly  n o  ef fec t  on NE 
(Table  III). 

Ex t rac t s  of  polar  lipids were p repa red  f rom 
ME-3 by  repea ted  pa r t i t i on  be t w een  h e x a n e  
and  90% e thano l .  The polar  l ipids were added  
to e n c e p h a l o p a t h o g e n i c  diets and the i r  in- 
f luence on  NE was s tudied .  The  results  of  one 
such e x p e r i m e n t ,  i l lus t ra ted  in Figure 1, show 
tha t  the  polar  l ipids increased the  inc idence  of  
NE. 

Two s y n t h e t i c  fa t ty  acid ox ida t ion  p roduc t s  
were tes ted  in the  same chick  m o d e l :  a ke to  
m o n o e n e  p repa red  f rom m e t h y l  oleate and a 
ke to  diene ob ta ined  f rom m e t h y l  l inoleate .  
B o t h  c o m p o u n d s  accelerated the  i n d u c t i o n  of  
NE (Figs. 2 and  3). 

E b r i n  clots have previously  been  observed in 
cerebel lar  capillaries of  chicks af fec ted  wi th  NF 
(2). The presen t  ch ick  mode l  was used to  s tudy  
the  ef fec t  of  d icumaro l  on  the  inc idence  of  NE. 
Table  IV shows tha t  the  an t i coagu lan t  exe r t ed  a 
p ro tec t ive  ef fec t  which  increased in direct  
re la t ion  to  its c o n c e n t r a t i o n  in the  diet .  In this  

expe r imen t ,  the  diet  c o n t a i n e d  4% ME-(), bu t  
similar results  were ob ta ined  wi th  diets con-  
ta in ing  10% oxidized  saff lower  oil. 

DISCUSSION 

Several au thors  (4,5)  have r epo r t ed  t ha t  the  
inc idence  of  NE in v i t amin  E def ic ien t  chicks is 
d i rect ly  related to the  a m o u n t  of  l inoleic acid 
c o n s u m e d  by the chicks.  This is seen to be the  
case in the  first e x p e r i m e n t  in which  SO-24 and  
ME-0 were fed at the  4% level (Table  II). 
However ,  the  reversal of  act ivi t ies  of  the  two  
l ipids at the  10% level does n o t  agree wi th  this  
concept .  One possible exp l ana t i on  for  the 
apparen t ly  c o n t r a d i c t o r y  results  is t ha t  SO-24 
con ta ins  ox ida t ion  p roduc t s  which  are enceph-  
a lopa thogen ic  and which ,  at  the  h igher  d ie tary  
level, are abso rbed  in suff ic ient  a m o u n t s  to  
ove rcome  the  oppos i te  reac t ion  expec t ed  f rom 
the  lower  l inoleic acid c o n t e n t  of  SO-24 vs. 
ME-0. 

The  above exp l ana t i on  receives suppo r t  f rom 
the  obse rva t ion  t ha t  the  ox id ized  esters,  in spite 
of  the i r  lower  l inoleic acid c o n t e n t ,  caused a 
more  severe inc idence  of  NE than  the  fresh 
esters (Table  III), while more  direct  evidence 
for  the  i nvo lvemen t  of  l ipid ox ida t ion  p roduc t s  
is p rov ided  by  resul ts  o b t a i n e d  wi th  polar  l ipids 
ex t r ac t ed  f rom ox id ized  m e t h y l  esters (Fig. 1). 

The  effects  of  the  two  s y n t h e t i c  k e t o e n o i c  
fa t ty  acid esters (Figs. 2 and  3) are of  in te res t  
for  the  fo l lowing reasons:  12-oxo-9-eis-octa- 
decenoic  acid was previously  r epo r t ed  to 
increase the  severi ty  of  NE w h e n  given orally 
wi th  s t r ipped corn  oil (11) ,  bu t  no t  a f te r  
in j ec t ion  (12).  Subsequen t ly ,  this  c o m p o u n d  
was s h o w n  to possess s t rong p r o o x i d a n t  act ivi ty  
in v i t ro  (13)  and  eventua l ly  its act ivi ty on  NE 
was ascribed,  accord ing  to a c o m m u n i c a t i o n  
f rom the  same l abo ra to ry  (14) ,  to  des t ruc t ion  
of  residual  t o c o p h e r o l  in the  diet  dur ing  the  
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FIG. 1. Effect of crude polar lipids (CPL) on 
cumulative incidence of encephalopathy induced 
by 4% safflower methyl esters. The polar lipids were 
obtained from thermally oxidized safflower methyl 
esters and were fed with 3.7% fresh safflower methyl 
esters from the 8th day. During the first week, the 
chicks received 4% fresh safflower methyl esters. The 
control chicks received 4% fresh esters throughout the 
entire period. There were 20 chicks per treatment. 

tests. The same ke to  oleate has recently been 
reinvestigated by Fukuzawa and Sato (15) who  
repor ted  that  it had definite anti-vitamin E 
act ivi ty in the rat and that  it specifically 
combined  with  bovine serum albumin to form a 
strongly f luorescent  compound  (16). These 
authors postula ted that  the ke to  oleate under-  
goes isomerizat ion to the conjugated 12-oxo- 
l O-trans-ene and that  the conjugated enone 
then condenses with albumin amino groups to 
form fluorescent  Schiff  base compounds  (16). 
That  keto  oleate is absorbed by rats when 
administered by s tomach tube was men t ioned  
in a recent  review by Perkins (17). 

Keto  oleate is of  l i t t le nutr i t ional  or  patho-  
logical significance, because it  is unlikely to be 
found in autoxidized polyunsatura ted  oils, nor  
would  it be expec ted  to form in vivo. On the 
o ther  hand,  allylic ketoenes  have been found in 
autoxidized methy l  oleate (18), and conjugated 
keto-dienes have been found in autoxidized 
methy l  l inoleate (19). Thus, the results of  this 
s tudy with synthet ic  conjugated ketoenes  
indicate that  this type of  c o m p o u n d  could be 
one of  the active species contr ibut ing to the 
NE-accelerating effect  of  oxidized oils rich in 
linoleic acid. 

Moreover,  conjugated keto-dienes could be 
expec ted  to form in vivo, even in the absence of  
any exogenous  supply.  In vi tamin E deficiency,  
for instance, polyunsatura ted  membrane  lipids 
are believed to undergo peroxida t ion  (20,21),  
and the hydroperoxides  formed could yield 
conjugated ke to  compounds  by several enzymic  
and nonenzymic  reactions,  such as those 
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FIG. 2. Effect of conjugated methyl keto-octa- 
decenoate (KO) on cumulative incidence of ataxia 
induced by 4% safflower oil methyl esters. KO was fed 
with 3.8% fresh safflower methyl esters from the 8th 
day. During the first week, the  chicks received 4% 
safflower methyl esters. The control chicks received 
4% safflowe:r methyl esters throughout the entire 
period. There were 10 chicks per treatment. 
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HG. 3. :Effect of conjugated methyl keto-octa- 
decadienoate (KL) on cumulative incidence of ataxia 
induced by 4% safflower methyl esters. The safflower 
methyl esters were fed from the first day and KL was 
added from the 8th day. There were eight chicks per 
treatment. 

discussed by Gardner (22) for linoleic acid 
hydroperoxide .  In fact,  an increase in mono-  
carbonyls has been repor ted  in adipose tissue of  
vi tamin E deficient  rats (23). Lipid hydroper-  
oxides are also readily reduced to the corre- 
sponding allylic hyd roxy  compounds  by the 
ubiqui tous  glutathione peroxidase (EC 
1.11.1.9) (24,25);  this react ion raises the 
intriguing quest ion of  the possible biological 
activity on NE of  these compounds ,  or their  
desaturat ion to active keto-dienes.  

The mechanism by which the synthet ic  
ketoenes  enhance the severity of  NE is no t  
known.  One possibili ty is suggested by the 
react ion of  12-oxo-9-octadecenoic  acid wi th  
albumin,  referred to above (16). A similar 
react ion of  conjugated enones or dienones with 
amino lipids or proteins of  cell membranes  
must  result in impaired membrane  funct ion,  a 
result usu~flly ascribed to peroxidat ion  of  
membrane  lipids in vi tamin E deficiency.  The 
addit ional  possibili ty that  such a condensat ion 
react ion might  lead to f luorescent  products  
deserves to be investigated, a l though the 
f luorophore  formed in this case would  differ 
f rom the 1-amino-3-imino group derived f rom 
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TABLE IV 

Effect of  Dietary Dicumarol on 
Nutritional Encephalopathy a 

Incidence per 20 
chicks at 3 weeks 

Dicumarol concentrat ion Ataxia Mortality 

ptg/g 

0 12 8 
200 8 7 
400 1 1 

aChicks received 4% freshly distilled safflower 
methyl  esters from hatching. 

malondialdehyde and postulated to form in 
vitamin E deficiency (26). 

The results on the protective effect of 
dicumarol (Table IV) indicate that the blood 
coagulation system plays a role in the etiology 
of NE, in agreement with the histological 
observation on the presence of fibrin clots in 
the cerebral vessels (2). Whether or not the 
p r o c e s s  is t r i g g e r e d  by  t h r o m b o c y t e  a g g r e g a t i o n  
r e m a i n s  to  be c la r i f i ed ,  b u t  t h e  i n a b i l i t y  o f  
l i n o l e n i c  ac id  t o  i n d u c e  N E  (3 -5 )  w o u l d  ind i -  
ca t e  t h a t  t he  c y c l o - o x y g e n a s e  s y s t e m  is in-  
vo lved .  F o r  i n s t a n c e ,  l i no l en i c  ac id  a n d  e s p e -  
c ia l ly  i ts  l o n g  c h a i n  m e t a b o l i t e s  are s t r o n g  
i n h i b i t o r s  o f  p r o s t a g l a n d i n  f o r m a t i o n  f r o m  
a r a c h i d o n i c  ac id  (27 ) ,  a n d  all cis-5,8,1 1 , 1 4 , 1 7 -  
e i c o s a p e n t a e n o i c  acid ha s  r e c e n t l y  b e e n  re- 
p o r t e d  to  be a p r e c u r s o r  o f  a p o w e r f u l  an t i -  
a g g r e g a t i n g  s u b s t a n c e  (28) .  A l so ,  a m o n g  b r a i n  
t i s s u e s  o f  t he  ra t  a n d  g u i n e a  pig,  t h e  c e r e b e l l u m  
h a s  t he  g r e a t e s t  c a p a c i t y  f o r  P GE  2 f o r m a t i o n  
(29) .  

T h e  p o s s i b i l i t y  t h a t  c o n j u g a t e d  k e t o - e n o i c  
f a t t y  ac ids  p l a y  a role  in t h e  e t i o l o g y  o f  N E  a n d  
o t h e r  s y n d r o m e s  o f  v i t a m i n  E d e f i c i e n c y  
de se rve s  f u r t h e r  s t u d y .  F r o m  a n u t r i t i o n a l  
p o i n t  o f  v i ew ,  a t t e n t i o n  s h o u l d  be g iven  t o  t h e  
f o r m a t i o n  a n d  c o n c e n t r a t i o n s  o f  c o n j u g a t e d  
k e t o - d i e n e s  in a r t i f ic ia l ly  a n d  c o m m e r c i a l l y  
h e a t e d  p o l y u n s a t u r a t e d  oils.  
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