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ABSTRACT AND SUMMARY 
A gas chromatographic method for evaluating the 

effect of antioxidants is described. Emulsions of 
linoleic acid both with and without antioxidant are 
oxidized enzymatically. Concentrations of unreacted 
linoleic acid are measured at varying incubation times 
and various concentrations of both lipoxidase and 
antioxidant. Two antioxidants have been tested. The 
method is simple, precise, and reproducible. The 
inhibition mechanism and experimental conditions 
are discussed. 

INTRODUCTION 

Antioxidants are widely used in food processing to 
prevent undesirable decomposition processes. The ef- 
ficiency of most antioxidants varies with the system to 
which they are added. They are most frequently evaluated 
by their ability to increase the stability of fats. Evaluations 
of the antioxidant activity require well-defined conditions 
and should be rapid and simple to perform. Various ap- 
proaches have been used to determine the antioxidant 
activity. 

Some of the conventional methods like the active 
oxygen method (AOM) (1), oxygen absorption method (2), 
the modified ASTM bomb method (3), and Shaal oven 
method (4) are rather time-consuming, but give reasonable 
results. Lately, more rapid methods have been developed 
(5,6). Hamilton and Tappel (7) described a polarographic 
method for determining the antioxidant efficiency based on 
hemoglobin catalysis of lipids and measurement of oxygen 
uptake. Furthermore, a method reported by Kendrick and 
Watts (8) employed heme compounds to catalyze the lipid 
oxidation. Quite recently a rapid oxygen uptake technique 
based upon the acceleration of the lipid oxidation by heroin 
has been described (9,10). All the abovementioned studies 
have been based upon measurements of the oxygen uptake 
in dynamic lipid emulsion systems. Because of the com- 
plexity of the oxidation reactions and the difficulties in 
standardizing the lipid systems these results were not 
reproducible (9). The evaluation of the antioxidants has, 
therefore, been based on the induction period (5,6,8,9), or 
the time needed to utilize 90% of the dissolved oxygen in 
the emulsion (7). 

Other research workers have tested the antioxidant 
activity by measuring the peroxide value in the oxidative 
test system (11,12). The oxidation products, however, are 
susceptible to decomposition during accomplishment of the 
analysis and the peroxide value is less reliable as test 
parameter. 

In this paper we present a gas liquid chromatographic 
(GLC) method for determination of the antioxidant 
activity. A well-defined system based upon the lipoxidase 
catalyzed oxidation of unsaturated fatty acids was applied. 
Gas chromatographic measurements of unreacted fatty acid 
in emulsions containing different concentrations of anti- 
oxidant were performed. The incubation time was also 
varied. A measure of the inhibitory effect of the system was 
obtained by comparing the data to corresponding data 
obtained from emulsions without antioxidant. The data 
were tested statistically. 

EXPERIMENTAL PROCEDURES 
Instrumental 

A Carlo Erba model 2100 gas chromatograph equipped 

with a flame ionization detector was used. The column was a 
1.5 m x 2 mm ID glass tube packed with 10% SP-2340 on 
acid washed Chromosorb W, 100/120 mesh (Supelco, Belle- 
fonte, PA). Operating conditions were: column temperature 
195 C, injector-detector temperature 270C;  carrier gas 
(nitrogen) flow rate 25 ml/min, hydrogen flow rate 30 
ml/min, and air flow rate 300 ml/min. 2 /11 of the sample 
solutions were injected. 

Chemicals 

L i n o l e i c  acid (99%),  heptadecanoic acid (99%), 
lipoxidase from soybean (type II, lot 75c-5030, activity = 
48000 units/mg), and Tween 20 were obtained from Sigma 
Chemical Co. (St. Louis, MO). Ethoxyquin ( E M Q ) a n d  
tertiary butylated hydroxyanisole (BHA) were supplied by 
Koch-Light Laboratories Ltd. (Colnbrook, England) and Fluka 
AG (Buchs, Switzerland), respectively. EMQ and BHA were 
used without further purification. All solvents, anhydrous 
Na2SO4, NaH2PO4"2H20, and Na2HPO 4" 12H20 were of 
analytical grade and obtained from E. Merck (Darmstadt, 
Germany) and BDH Chemicals Ltd. (Poole, England). The 
n-hexane was redistilled before use. 

Analytical Procedure 

Linoteic acid, stock solution: Ca. 150 mg of linoleic acid 
was emulsified in 0.2 M phosphate buffer (pH = 7.0) under 
nitrogen atmosphere according to known procedure (13). 
The solution was stored at 5 C. 

Lipoxidase, stock solution: 10 mg of lipoxidase was dis- 
solved in 10 ml ice cold 0.2 M phosphate buffer. The solu- 
tion was stored in the freezer and kept in an ice-water bath 
while in use. The diluted solution (0.2 mg/ml) was prepared 
from the stock solution. The activity of the stock solution 
was tested as follows: 5 /ll enzyme, 250 gl linoleic acid 
(0.25 mg/ml), and 2.75 ml borate buffer pH 9 were mixed 
in the cuvette and the absorbance was measured at 234 nm. 
The activity = 46000 units/mg was calculated from the in- 
crease in optical density per minute and was constant in all 
experiments. 

Internal standard, stock solution: Heptadecanoic acid 
was used as internal standard for the gas chromatographic 
analyses. The acid was dissolved in methanol at a concentra- 
tion of 1 mg/ml. The solution was stored at 5 C. 

Antioxidant, stock solution: The antioxidants were dis- 
solved in acetone at the concentration of 20 mg/ml. Diluted 
solutions of 0.5 mg/ml and 5 mg/ml were prepared. All 
solutions were stored in the freezer (-18 C) due to the 
reported instability of EMQ in polar solvents (14)and  kept 
in an ice-water bath while in use. BHA was added to the 
reaction mixture, while the EMQ solution was emulsified in 
the stock solution of fatty acid at appropriate concentra- 
tions (1 mg/ml, 0.25 mg/ml, and 0.025 mg/ml in the final 
solution), due to the low solubility of EMQ. 

Enzyme reaction: To 2 ml sample solution was added 1 
ml phosphate buffer and 0.1 ml acetone or 0.1 ml anti- 
oxidant solution (BHA). The mixture was incubated at 
20 C (water bath) after addition of ca. 0.2 ml enzyme solu- 
tion. The amount of the enzyme was calculated from a 
constant weight ratio linoleic acid-lipoxidase. Several ratios 
were applied in our experiments. In this paper we present 
those of 30:1 and 150:1. Air was passed continuously 
through the reaction mixture at flow rate 30 ml/min. After 
the appropriate incubation time the oxidation reaction was 
terminated by acidifying the mixture with 1N H2SO4 and 
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T A B L E  I 

Mean Values  o f  Weigh t  Ra t io  U n r e a c t e d  L ino le ic  Ac id - In i t i a l  
A m o u n t  Linoleic Acid  ( P e r c e n t a g e )  a t  V a r y i n g  I n c u b a t i o n  Time a n d  A n t i o x i d a n t  Level a 

I n c u b a t i o n  C o n c e n t r a t i o n  o f  B H A  b C o n c e n t r a t i o n  o f  E M Q  c W i t h o u t  

t i m e  ( ra in )  5 m g / m l  0 .5  m g / m l  5 m g / m l  0 .5  m g / m l  a n t i o x i d a n t  

1 1 0 0 . 2  1 0 2 . 6  1 0 0 . 6  99 .3  9 7 . 4  
3 99 .2  98 .7  1 0 0 . 7  9 7 . 7  94.1 
5 97.1 98 .2  97 .4  95 .5  93.1 
7 9 5 . 4  94 .2  95 .6  9 4 . 3  90 .7  

10 9 3 . 4  90 .1  90.1 90 .5  88 .4  
12 90 .6  88.1 88 .8  87 .4  86 .6  
15 88 .7  87 .3  85 .8  81 .9  82 .2  

aWeight ratio l inoleic a c i d - l i p o x i d a s e -  150 : 1. 

b B H A  = b u t y l a t e d  h y d r o x y a n i s o l e .  

CEMQ = e t h o x y q u i n .  
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T A B L E  II 

Mean Values  o f  Weigh t  Ratio Unreacted Lino le ic  Ac id - In i t i a l  A m o u n t  
Linole ic  Ac id  ( P e r c e n t a g e )  at  V a r y i n g  I n c u b a t i o n  T ime  a n d  A n t i o x i d a n t  Level  a 

C o n c e n t r a t i o n  o f  B H A  b C o n c e n t r a t i o n  o f  E M Q  c 
I n c u b a t i o n  
t ime (min )  2 0  m g / m l  5 m g / m l  0.5 m g / m l  2 0  m g / m l  5 m g / m l  0.5 m l / m l  

W i t h o u t  
a n t i o x i d a n t  

1 99 .3  95 .9  97 .2  98 .2  9 8 . 0  98 .5  96 .0  
3 9 4 . 5  9 2 . 0  9 0 . 6  93 .5  9 2 . 3  93 .1  86 .4  
5 85 .4  87 .6  83 .0  91.1  86 .9  88 .2  77 .7  
7 82 .2  81 .0  76 .2  84 .9  82 .3  82 .2  7 1 . 0  

10 7 6 . 7  7 1 . 4  67 .9  77.1  7 6 . 8  74 .3  6 0 . 8  
12 61 .8  72 .5  71 .4  6 8 . 8  5 3 . 0  
15 65 .2  58 .0  56.2  63 .2  62 .4  59 .0  45 .1  

aWeigh t  ratio l inoleic ac id- l ipoxidase-30:1 .  
b B H A  = b u t y l a t e d  h y  d r o x y a n i s o l e .  

CEMQ = e t h o x y q u i n .  

addition of 2 ml methanol. Unreacted linoleic acid was ex- 
tracted and converted to the methyl ester according to the 
following procedures. The incubation time varied from 1 to 
15 rain. 

Extraction: Unreacted linoleic acid was extracted from 
the reaction mixture by a methanol-chloroform solvent 
mixture made of 2 ml methanol, 1 ml internal standard 
solution, and 3 ml chloroform. The chloroform layer was 
separated off, and the extraction was repeated twice with 3 
ml chloroform (15). 

Derivatization: The chloroform extracts were evaporated 
to dryness by highly purified nitrogen and the methyl esters 
of the fatty acids were prepared by the boron trifluoride 
method (16). The dry residue was dissolved in 0.5 ml 10% 
BF 3 in methanol and refluxed for 2 rain. After addition of 
1 ml hexane through the condenser the solution was re- 
fluxed 1 min more. Saturated NaC1 solution was added to 
the cooled reaction mixture to float the hexane solution of 
the ester into the neck of the flask. The organic solution 
was dried (with anhydrous Na2SO4)and injected directly 
into the gas chromatograph. 

Standard curve: Solutions containing from 1 to 9 mg of 
linoleic acid were prepared from the stock solution and 
treated according to the above-mentioned extraction and 
derivatization procedures. From the gas chromatograms the 
ratio of the peak height of methylated linoleic acid and 
C17-acid was calculated and plotted against the concentra- 
tions of linoleate. A least squares linear regression was 
performed to obtain a representation of the data. The 
procedure was carried out for each lot of stock solution. 

Analysis o f  the data: Parallel samples of linoleic acid 
were oxidized enzymatically, and unreacted acid was 
analyzed according to the above-mentioned procedure. 
Based on the standard solution the amount of unreacted 
linoleic acid was calculated. The percentage of unreacted 
acid in the reaction mixture was calculated and plotted 

against the reaction time. 

RESULTS AND DISCUSSION 

When applying the extraction and derivatization pro- 
cedures as described, 100% recovery of linoleie acid was 
obtained. The percentage of unreacted linoleic acid in the 
oxidative reaction system was calculated at varying incuba- 
tion times and at various concentrations of antioxidant. We 
have tested two antioxidants, BHA and EMQ, at two levels 
of lipoxidase. The mean values of the experimental data on 
the linoleic acid-lipoxidase weight ratios 150:1 and 30:1 are 
presented in Tables I and II, respectively. Gross errors were 
eliminated prior to the mean value calculations by the 
method outlined by Gottschalk and Dehmel (17). The 
standard deviation of the method was calculated from the 
parallels of experimental data, sd = + 0.86%. 

When comparing the data it is clear that the lowest ratio 
linoleic acid-lipoxidase exhibits more pronounced oxidation 
profiles and consequently higher sensitivity for testing anti- 
oxidants. The longest incubation times accentuated the 
differences between systems with and without antioxidant. 
However, a sufficiently rapid procedure was required, and 
reasonable sensitivity was obtained within 15 rain. Table I 
shows that the highest ratio of fatty acid-enzyme in the 
emulsions with antioxidant had induction time varying 
from 1 to 3 rain. The length of this period may be used as a 
parameter for the inhibitive effect of the antioxidants and 
will be studied further in our laboratory. The advantage of 
the latter system is that the degree of oxidation is more 
similar to that of a food system in contrast to the 30:1 
acid-enzyme ratio. 

It is worth noticing the differences between BHA and 
EMQ under our experimental conditions (Table II). At the 
two lowest antioxidant concentrations EMQ appeared more 
efficient than BHA, whereas at the highest antioxidant level 
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TABLE III 

The Effect of the Concentrations of the Antioxidants BHA a 
and EMQ b on the Protective Indices (PI) c 

BHA 
EMQ 

Concentration of  antioxidant 

20 mg/ml 5 mg/ml 0.5 mg/ml 

1.75 1.42 1.28 
1.76 1.72 1.58 

aBHA :- butylated hydroxyanisole 
bEMQ = ethoxyquin. 
c30:1 weight ratio linoleic acid-lipoxidase. 

BHA and  EMQ showed  a lmos t  s imilar  inh ib i t ive  ef fec t  in 
the  oxida t ive  sys tem.  Table  II also shows  t ha t  the  inh ib i t ive  
ef fec t  of  BHA increased wi th  c o n c e n t r a t i o n  at the  longest  
i n c u b a t i o n  t imes.  For  EMQ only  a slight c o n c e n t r a t i o n  ef- 
fect  appea red  be twe en  the  two highes t  a n t i o x i d a n t  levels. 
The  data  show tha t  the  d i f fe rence  in ef fec t iveness  b e t w e e n  
the  two  a n t i o x i d a n t s  can  be de t ec t ed  at  the  lowest  ant i -  
ox idan t  concen t r a t i o ns .  

A S t u d e n t ' s  t - tes t  (18)  at  95% conf idence  level showed  
t h a t  the  d i f ferences  b e t w e e n  the  results  w i th  and  w i t h o u t  
a n t i o x i d a n t  were s ignif icant  at  b o t h  e n z y m e  levels and  all 
th ree  a n t i o x i d a n t  levels. The  ef fec t  was more  p r o n o u n c e d  
a t  t h e  h ighes t  l ipoxidase  concen t r a t i on .  The  above-  
m e n t i o n e d  d i f ferences  b e t w e e n  EMQ and BHA, and  
b e t w e e n  t he  var ious a n t i o x i d a n t  levels were also s ignif icant  
at  95% conf idence  level. 

In  o rder  to  fac ih ta te  the  compar i son  of  the  a n t i o x i d a n t  
activi t ies H a m i l t o n  and  Tappe l  (8)  def ined  a p ro tec t ive  
index  (PI)  as the  ra t io  of  the  t ime  requi red  for  reac t ion  of  
90% of  the  dissolved oxygen  in the  a n t i o x i d a n t  sys tem 
divided by  the  t ime  for  the  cont ro l .  Similarly,  Berger (19)  
def ined  a p ro tec t ive  f ac to r  (PF)  as the  i n d u c t i o n  per iod  
wi th  addi t ive  divided by  the  ini t ial  i n d u c t i o n  per iod.  Based 
on  our  results  we p ropose  a p ro tec t ive  index  (PI) as the  
t ime  requi red  to oxidize  30% of  l inoleic acid in the  ant i -  
ox idan t  sys tem,  divided by  the  t ime  of  the  sys tem w i t h o u t  
a n t i o x i d a n t .  The  PIs are l isted in Table  III and  are calcu- 
la ted on ly  f rom results  o b t a i n e d  in t he  30:1 ac id -enzyme 
sys tem.  

The  a r o m a t i c  amine  e t h o x y q u i n  has  been  f o u n d  very 
eff ic ient  in biological  sys tems (6 ,20-22) .  It is well k n o w n  
t h a t  EMQ d e c o m p o s e s  to  ox ida t i on  p r o d u c t s  of  h igh ant i-  
ox ida t ive  effect  (23,  J. U tne  Skate,  pe rsona l  c o m m u n i c a -  

t ion) .  The  pheno l i c  c o m p o u n d  b u t y l a t e d  h y d r o x y a n i s o l e  
(BHA)  shows varying act iv i ty  (6 ,9 ,10) .  In mos t  cases BHA 
and  EMQ have been  tes ted  separa te ly ,  par t icu la r ly  no t  in an 
e n z y m e  ca ta lyzed  sys tem,  and  the  tests  have been  based on  
oils, fats, or  o t h e r  biological  systems.  In our  oxida t ive  sys- 
t em ,  however ,  t he  subs t ra t e  is a s imple  unsa tu ra t ed  com- 
ponen t .  The  p r o n o u n c e d  d i f fe rence  b e t w e e n  these  two  
a n t i o x i d a n t s  f o u n d  by  Marco (6)  were no t  ob ta ined  w h e n  
tes ted  by  ou r  m e t h o d ;  the  results  are m o r e  in acco rdance  
w i t h  those  of  C o r t e t  al. (10) .  

The  i nh ib i t i on  m e c h a n i s m  by  wh ich  BHA and EMQ 
opera te  is t h o u g h t  to  be di f ferent .  The  m e c h a n i s m  of  the  
l ipoxidase  ca ta lyzed  o x i d a t i o n  of  l inoleic acid is descr ibed 
by  Siddiqi  and  Tappe l  (24) .  The  i n h i b i t i o n  reac t ion  of  BHA 
is exp la ined  as an abs t r ac t i on  of  an e l ec t ron  or a h y d r o g e n  

radical  f rom the  i n h i b i t o r  to  l ipoxidase.  This results  in  a 
decrease in the  capac i ty  of  the  e n z y m e  for  in i t i a t ing  
l inoleate  ox ida t i on  (24) .  In a u t o x i d a t i o n  the  h y d r o g e n  
radical  is abs t r ac t ed  by  t he  pe rox ide  radical  (R(12). The  
high ac t iv i ty  of  amines  in  an  au tox ida t ive  r eac t ion  may  be  
due to a radical  c o m p l e x  fo rmed  b y  the  add i t i on  of  the  
pe rox ide  radical  to  the  amine  molecu le  t h r o u g h  the  lone 
e l ec t ron  pair  on  the  n i t rogen  a t o m  (25) .  A recen t  e l ec t ron  
spin r e sonance  (ESR)  s tudy  on  e t h o x y q u i n  suggests t h a t  

the  presence  of  a free radical  is c o n n e c t e d  to the  
m e c h a n i s m  of  the  a n t i o x i d a n t  (26).  In o rde r  to  expla in  t h a t  
BHA and EMQ exh ib i t  a p p r o x i m a t e l y  the  same act iv i ty  
w h e n  tes ted  in our  sys tem,  we m a y  suggest t ha t  EMQ 
inhib i t s  by  a m e c h a n i s m  similar to t h a t  of  BHA in the  
l ipoxidase  sys tem.  The  act ive sites in the  e n z y m e  m a y  be  
inac t iva ted  by  abs t r ac t i on  of  the  amine  h y d r o g e n  in the  
same way as the  pheno l i c  hydrogen .  Complex  f o r m a t i o n  
b e t w e e n  the  free elec tron pair  and  the  act ive site in the  
e n z y m e  m a y  also be a plausible  m e c h a n i s m  for  inac t iva t ing  
the  enzyme.  Still  a n o t h e r  possible  exp l ana t i on  m a y  be t ha t  
EMQ inhib i t s  by  the  t r ad i t i ona l  m e c h a n i s m ,  p reven t ing  the  
f o r m a t i o n  of  radicals in the  chain  reac t ion .  T h e n  the  amine  
will s t rongly  search for  a RO2-radical  to  fo rm a complex .  
The  radical ,  however ,  may  be  pa r t ly  p r o t e c t e d  b y  the  
enzyme ,  and  the  e f f ic iency  of  the  a n t i o x i d a n t  will no t  be  
fully e m p l o y e d  in the  sys tem.  

In view of the  c o m p l e x i t y  of  the  oxida t ive  processes,  we 
may  conc lude  f rom our  resul ts  t h a t  the  a n t i o x i d a n t  
m e c h a n i s m  and  ef f ic iency  are pa r t ly  d e p e n d e n t  on  the  
ca ta lys t  p resen t  in the  f a t ty  system.  Thus,  it is i m p o r t a n t  to  
cons ider  the  fac tors  in i t i a t ing  the  r eac t ion  and  d e t e r m i n i n g  
its p a t h w a y s  w h e n  choos ing  an t iox idan t s .  

The  tes t  sys tem ou t l ined  here  consists  of  a cer ta in  
n u m b e r  of  c o m p o u n d s  t h a t  are easy to a l ter  for  modi f ica-  
t ion  of  the  sys tem.  Subs t ra te ,  catalyst ,  a n t i o x i d a n t ,  and  
in te rac t ing  subs tances  can be changed  and  the i r  concen t ra -  
t ions  varied. Also the  phys ica l  factors ,  oxygen  rate  flow, 
and  i n c u b a t i o n  t ime  and  t e m p e r a t u r e  can be  varied. 
M e t h o d s  for  d e t e r m i n i n g  t he  p r o d u c t s  of  the  o x i d a t i o n  
reac t ion  may  be appl ied to the  sys tem.  These  mod i f i ca t i ons  
may  give us i n f o r m a t i o n  a b o u t  the  s ignif icance of  the  dif- 
f e ren t  factors  on  the  m e c h a n i s m s  of  the  a n t i o x i d a n t  
i nh ib i t i on .  

Work  is in progress  in our  l a b o r a t o r y  for  evaluat ing  o the r  
an t i ox idan t s  and  m o d i f i c a t i o n  of  the  system.  
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