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FOREWORD 
T h e A C S S Y M P O S I U M S E R I E S was f o u n d e d i n 1 9 7 4 to p r o v i d e 
a m e d i u m for p u b l i s h i n g symposia q u i c k l y i n book form. T h e 
format of the Series parallels that of the c o n t i n u i n g A D V A N C E S 

I N C H E M I S T R Y S E R I E S except that i n order to save time the 
papers are not typeset b u t are r e p r o d u c e d as they are sub
mitt e d b y the authors i n camera-ready form. Papers are re
v i e w e d under the supervision of the E d i t o r s w i t h the assistance 
of the Series A d v i s o r y B o a r d a n d are selected to m a i n t a i n the 
integrity of the symposia; however, ve r b a t i m reproductions of 
previously p u b l i s h e d papers are not accepted. B o t h reviews 
a n d reports of research are acceptable since symposia m a y 
embrace b o t h types of presentation. 
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PREFACE 

u ^ C E N O B I O T I C S , B Y D É F I N I T I O N , A R E C O M P O U N D S that are foreign, but 
not n e c e s s a r i l y harmful, to a given l i v i n g system. F o r this symposium, we 
have f o c u s e d o n bi o l o g i c a l systems that affect humans or animals. T h i s 
topic represents a mild but timely departure f r o m the traditional areas 
presented in s y m p o s i a by the A g r i c u l t u r e and F o o d D i v i s i o n . A l t h o u g h 
considerable d i s c u s s i o n o f various types o f xenobiotic compounds has 
been i n c l u d e d in many sympo s i a and general sessions, the current effort 
is the first to emphasize a variety o f potentially toxic materials. In the 
s y m p o s i u m o n w h i c h this b ook is based, the authors c o v e r a wide variety 
o f c o m p o u n d s f o u n d in the f o o d chain. T h e s e compounds may have plant 
or m i c r o b i o l o g i c a l o r i g i n o r may result f r o m changes caused by foo d 
storage, processing, o r final preparation. 

C u r r e n t l y there is high public interest in the nutritional value and 
safety o f foods. In ad d i t i o n to p r o v i d i n g a source o f essential nutrients, 
human f o o d c o n s u m p t i o n c a n represent a delightful social experience and 
contribute to sensory satisfaction. O r g a n o l e p t i c research and cu l i n a r y 
arts have taught us to produce foods with extraordinary c o n venience and 
pa l a t a b i l i t y . M i c r o b i o l o g i c a l r e s e a r c h has h e l p e d us prevent age-old 
public health problems by ensuring sanitary handling o f foods throughout 
p r o d u c t i o n and processing. N u t r i t i o n i s t s have established requirements 
and e n s u r e d the nutrient quality o f foods, and we now have the oppor
tunity to c onsume a nutritionally adequate diet. T h e ove r a l l improvement 
in f o o d handling in the last 100 years now challenges us with new con
siderations o f what constitutes a safe diet. T h e influence o f xenobiotics 
o n these c o n s i d e r a t i o n s is not c l e a r l y understood. F o o d toxicology, par
t i c u l a r l y as related to long-term effects o f low-level exposure to toxic 
materials, is now emerging as a branch o f f o o d science. 

M o s t o f the foods we consume are beneficial; some foods, however, 
may have risks. R a t i o n a l assessment o f these risks and benefits is an 
extremely diff i c u l t area o f research and, too frequently, an emotional 
issue. 

T h i s v o l u m e presents an objective, state-of-the-art d i s c u s s i o n o f xe
nobiotic c o m p o u n d s that c a n exist in the diet and includes some o f the 
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approaches available to minimize the o c c u r r e n c e o f these compounds. 
We are very grateful f o r assistance and would like to thank the Ag

ricult u r a l D i v i s i o n o f the C i b a - G e i g y C o r p o r a t i o n and Pfizer, Inc. for their 
generous support w h i c h enabled several speakers to attend. 

JOHN W. FINLEY 
University of Iowa Hospitals 
Department of Pediatrics 
Iowa City, Iowa 

DANIEL E. SCHWASS 
U.S. Department of Agriculture 
Berkeley, California 

June 16, 1983 

viii 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
pr

00
1



1 
Systematic Toxicity Testing for Xenobiotics 
in Foods 

MORRIS M. JOSELOW 
University of Medicine of New Jersey, Newark, NJ 07103 

Substances that are not natural to a food, xenobiotics, may 
become a part of the food by several routes. They may be deliber
ately added as food or color additives; they may result indirectly 
from migration of additives from wrappings into the food; they may 
also result from the incorporation of environmental pollutants into 
the food while that food is growing or maturing. 

A l l such xenobiotics inevitably raise questions of safety. 
This, of course, does not infer that a l l natural foods are safe (1). 
We know this to be untrue--but it does recognize that anything 
added to foods wil l be regarded with suspicion until adequate 
toxicity testing has established i ts safety--a concept that now 
applies to almost a l l foods and drugs introduced into commerce. 

As might be expected, there is a large interface between tox
i c i ty testing and legal requirements. Some formal definitions, 
original ly proposed by the National Academy of Sciences, are in 
order. Toxicity is defined as the capacity of a substance to cause 
injury, in a very broad sense, and includes injury to any mechanism 
or tissue of the body, as well as i r r i t a t i o n , behavioral changes, 
or mental disturbances. Hazard, as used, for example, in defining a 
hazardous substance, involves a probability concept, l ike so much 
else in toxicology. It is an estimate of the probability or likeli
hood that a substance may cause injury. The converse of this is 
the meaning reserved for the term safety, namely, the probability 
(or practical certainty) that injury wi l l not result when a sub
stance is used in a particular manner and quantity (2). 

The use aspect is a major qualif ication that inheres in these 
definitions. Any substance can cause injury i f high enough concen
trations are administered. The evaluation of safety or hazard 
must therefore take into account the conditions of use or possible 
predictable misuse of the substance. 

Toxicity testing has become a major concern nationally because 
of the extensive legislation that now mandates such testing (Food, 
Drug, and Cosmetic Act; Hazardous Substances Act; Occupational 
Safety and Health Act; Toxic Substances Control Act) as well as in
ternationally, because of the need for mutually acceptable products 
as a prerequisite to economic cooperation in the marketing of foods 
and chemicals. 

0097 -6156/83/0234-0001 $06.00/0 
© 1983 American Chemical Society 
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2 X E N O B I O T I C S IN F O O D S A N D F E E D S 

In no o t h e r a r e a has t o x i c i t y t e s t i n g assumed g r e a t e r i m p o r t a n c e 
than w i t h f o o d s , f o r t h e o b v i o u s r e a s o n t h a t f o o d s r e p r e s e n t po
t e n t i a l l y t h e g r e a t e s t p o p u l a t i o n i m p a c t , and t h e r e f o r e t h e need 
f o r g r e a t e s t s u r v e i l l a n c e . 
B e f o r e p r o c e e d i n g w i t h c o n s i d e r a t i o n o f some o f t h e f o r m a l t e s t 
p r o c e d u r e s t h a t have been d e v e l o p e d and a r e now i n u s e , we s h o u l d 
r e c o g n i z e a fundamental f l a w i n t h e s c i e n t i f i c b a s i s f o r a l l 
s a f e t y e v a l u a t i o n s . A l l t e s t s t o e v a l u a t e s a f e t y a r e d e s i g n e d 
t o d e m onstrate a n e g a t i v e , t h e p r o b a b i l i t y t h a t i n j u r y w i l l n o t 
r e s u l t , w h i c h , by d e f i n i t i o n and l o g i c , c a n n o t be pr o v e n . We 
may sometimes f e e l , a f t e r h a v i n g p e r f o r m e d a s u f f i c i e n t number 
o f t e s t s o f a s u f f i c i e n t v a r i e t y o v e r a s u f f i c i e n t l e n g t h o f t i m e , 
t h a t s a f e t y has been f u l l y d e m o n s t r a t e d . But i t o n l y t a k e s a 
t h a i i d o m i d e - t y p e d i s a s t e r , w i t h t h e appearance o f a new une x p e c t 
ed e f f e c t , t o remind us t h a t a b s o l u t e s a f e t y -- th e g u a r a n t e e d 
absence o f any harm -- i s an i l l u s i o n t h a t can n o t be u n e q u i v o c a l 
l y e s t a b l i s h e d , u n l e s s we c o u l d t e s t a l l human b e i n g s o v e r an 
i n f i n i t e p e r i o d o f t i m e , an o b v i o u s l y i m p o s s i b l e t a s k . Faced w i t h 
t h i s c o n f l i c t between wi s h and r e a l i t y , we have come t o r e l y on 
" s c i e n t i f i c judgment" -- a much o v e r u s e d and abused p h r a s e t h a t 
s h o u l d always be s u s p e c t -- t o make p r e d i c t i o n s about s a f e t y t h a t 
we then c l a i m a r e beyond r e a s o n a b l e doubt, o r t h a t t h e r e i s no un
r e a s o n a b l e r i s k " , as r e q u i r e d by the T o x i c S u b s t a n c e s C o n t r o l A c t . 

Of n e c e s s i t y , heavy r e l i a n c e i n t o x i c i t y t e s t i n g must be p l a c e d 
on t h e use o f a n i m a l s as s u r r o g a t e s o r s u b s t i t u t e s f o r humans. 
T h i s r e q u i r e m e n t has imposed some q u a l i f i c a t i o n s -- a t ti m e s s e 
v e r e -- i n t h e i n t e r p r e t a t i o n o f r e s u l t s . 
C h o i c e o f S p e c i e s o f T e s t Animal 
In d e c i d i n g on th e animal t o be u s e d , t o x i c o l o g i s t s a t t e m p t t o 
f o l l o w a b a s i c g u i d e l i n e : wherever p o s s i b l e , use a s p e c i e s t h a t 
b i o l o g i c a l l y h a n d l e s t h e m a t e r i a l under s t u d y as s i m i l a r l y as 
p o s s i b l e t o man; and, i n d e c i d i n g s i m i l a r i t y t o man, c o n s i d e r a 
t i o n s o f m e t a b o l i s m , a b s o r p t i o n , e x c r e t i o n , and o t h e r p h y s i o l o g 
i c a l p a r a m e t e r s s h o u l d be tak e n i n t o a c c o u n t . 

T h i s g u i d e l i n e , which would seem t o be so f u n d a m e n t a l , n e v e r t h e 
l e s s , poses a dilemma. The t o x i c o l o g i s t would l i k e t o use spe
c i e s t h a t i s as s e n s i t i v e t o t h e i n j u r y e x p e c t e d f o r t h e sub
s t a n c e under s t u d y , a s p e c i e s t h a t would r e a c t p h y s i o l o g i c a l l y 
l i k e humans, o r be even more s e n s i t i v e . 
But t h e s t a t e o f the a r t i n t o x i c o l o g y i s n o t s u f f i c i e n t l y de
v e l o p e d t o p e r m i t p r e d i c t i o n s as t o which s p e c i e s o f a n i m a l s a r e 
most s i m i l a r t o man i n t h e i r r e s p o n s e s t o c h e m i c a l c h a l l e n g e s . 
In p r a c t i c e , t h e c h o i c e o f a s p e c i e s i s o f t e n d i c t a t e d more by 
p r a c t i c a l c o n s i d e r a t i o n s than by s i m i l a r i t y o f r e s p o n s e . Con-
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1. J O S E L O W Systematic Toxicity Testing in Foods 3 

v e n i e n c e , ease o f h a n d l i n g , a v a i l a b i l i t y o f s t o c k , h o u s i n g f a c i l 
i t i e s , c o s t o f m a i n t e n a n c e , and p r e c e d e n c e o f use -- a l l o f t h e s e 
e n t e r i n t o a judgment o f th e c h o i c e o f s p e c i e s . A l b i n o r a t s and 
dogs have been most f r e q u e n t l y u s e d , because t h e y a r e t h e most 
e a s i l y a v a i l a b l e a n i m a l s and have a l o n g h i s t o r y o f use. 
The f a c t t h a t r a t s and dogs a r e most w i d e l y used i s a l s o s e l f -
p e r p e t u a t i n g . In any s t u d y o f a new c h e m i c a l , t h e o b v i o u s f i r s t 
c h o i c e would be an animal s p e c i e s whose r e a c t i o n s a r e well-known 
and documented. A l s o , t h e p r a c t i c a l p roblem o f o b t a i n i n g s u i t 
a b l e a n i m a l s i s m i n i m i z e d by t h e use o f th o s e f o r which p r e v i o u s 
demands have c r e a t e d a d e q u a t e , d e p e n d a b l e , and i n e x p e n s i v e s o u r c e s 
o f s u p p l y . 
F u r t h e r m o r e , some f e d e r a l r e g u l a t i o n s have recommended and t h e r e 
by a l m o s t mandated t h e use o f r a t s and dogs, p a r t i c u l a r l y , f o r 
l o n g - t e r m t o x i c i t y s t u d i e s o f f o o d a d d i t i v e s and p e s t i c i d e s , even 
though t h e r e may be i m p o r t a n t d i f f e r e n c e s i n m e t a b o l i c c a p a b i l i 
t i e s and p h y s i o l o g i c a l r e s p o n s e s between t h e s e s p e c i e s and man. 
The r a t i s a poor c h o i c e t o e v a l u a t e t h e l i v e r i n j u r y p o t e n t i a l 
o f a s u b s t a n c e f o r man, because t h e r a t l i v e r i s r e s i s t a n t , and 
r e g e n e r a t e s r a p i d l y . The g u i n e a p i g o r the r a b b i t would be a b e t 
t e r c h o i c e o f t h i s . The dog does n o t a c e t y l a t e o r d e t o x i f y arom
a t i c amines. The monkey and t h e g u i n e a p i g r e q u i r e exogenous a s 
c o r b i c a c i d , w h i l e t h e r a t does n o t , which makes t h e r a t u n s u i t 
a b l e f o r t h e d e m o n s t r a t i o n o f an a s c o r b i c and d e f i c i e n c y . 
F o r l o n g - t e r m s t u d i e s , a s p e c i e s h a v i n g a r e l a t i v e l y s h o r t l i f e 
span p e r m i t s d e t e r m i n i n g t h e e f f e c t s o f a ch e m i c a l o v e r c o u r s e 
o f a l i f e t i m e . The l a t t e r r e q u i r e m e n t , i n a p r a c t i c a l s e n s e , 
l i m i t s l i f e - t i m e s t u d i e s t o r a t s o r mice o r hams t e r s . 
But h e r e t o o , some b a s i c d i f f i c u l t i e s can p r e s e n t t h e m s e l v e s . F o r 
a s s e s s i n g t h e p o s s i b i l i t y o f c a n c e r -- the main o b j e c t i v e i n l o n g 
term t e s t s -- we r e l y on t h e use o f h e a l t h y , d i s e a s e - f r e e i n b r e d 
m i c e , which r e p r e s e n t c h a r a c t e r i s t i c s t h a t a r e h a r d l y r e p r e s e n t a 
t i v e o f a het e r o g e n e o u s human p o p u l a t i o n a t r i s k . T h i s d i f f e r 
ence o n l y c o m p l i c a t e s known d i f f e r e n c e s i n m e t a b o l i c r e s p o n s e s ; 
e.g., mice can n o t d e c a r b o x y l a t e and e l i m i n a t e some c a r c i n o g e n i c 
h y d r o c a r b o n s t h a t humans can r e a d i l y " d e t o x i f y " . 

F o r p r e l i m i n a r y s t u d i e s and s c r e e n i n g , r a t s , m i c e , r a b b i t s , o r 
gu i n e a p i g s a r e s e l e c t e d f o r economy, ease o f t r e a t m e n t , and, t o 
a l a r g e e x t e n t , a c c o r d i n g t o t h e r e p o r t e d work o f o t h e r s who have 
done s i m i l a r s t u d i e s . 
F o r t h e c h r o n i c s t u d i e s r e q u i r e d by some F e d e r a l r e g u l a t i o n s , the 
s p e c i e s s p e c i f i e d by t h e a g e n c i e s a r e u s e d , u s u a l l y r a t s and 
b e a g l e dogs. Under t h e F e d e r a l Hazardous S u b s t a n c e A c t ( 3_ ) 
f o r example, t h e d e f i n i t i o n s o f t o x i c , h i g h l y t o x i c , and n o n - t o x i c 
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4 X E N O B I O T I C S IN F O O D S A N D F E E D S 

a r e based i n p a r t on r e s p o n s e s o f r a t s t o o r a l o r i n h a l a t i o n ex
p o s u r e s . T h a t recommendation has made i t a l m o s t mandatory t o use 
r a t s and f o l l o w t h e p r e s c r i b e d p r o t o c o l s . 
In summary, though we ought t o use a s p e c i e s r e a c t i n g q u a l i t a t i v e 
l y and q u a n t i t a t i v e l y most l i k e man, what we a c t u a l l y use most 
o f t e n i s t h e s p e c i e s f o r which h e a l t h y commerical s t o c k s , r e a s o n 
a b l y p r i c e d and r e a s o n a b l y c o n s t a n t , a r e a v a i l a b l e . 
A d m i n i s t r a t i o n o f Dose 
The r o u t e chosen f o r a d m i n i s t r a t i o n o f t h e s u b s t a n c e t o t h e t e s t 
animal and t h e manner o f i t s a d m i n i s t r a t i o n s h o u l d be th e same as 
t h a t by which man w i l l be expo s e d . In a c u t e t o x i c i t y t e s t i n g , 
however, t h i s i s a p r a c t i c e t h a t i s i n t e n t i o n a l l y v i o l a t e d , s i n c e 
a s i n g l e m a s s i v e dose i s u s u a l l y a d m i n i s t e r e d by i n t u b a t i o n o r 
gavage. 
T h e r e w i l l always be some d i f f e r e n c e s between t h e e f f e c t s o b s e r v 
ed i n animal t e s t s , and a c t u a l human e x p e r i e n c e . No i n t u b a t e d 
o r a l dose can be r e l i e d upon t o be a sound model o f t h e e f f e c t o f 
a c h e m i c a l i n t h e d i e t , even i f i t i s r e p e a t e d day a f t e r day. The 
s i n g l e dose w i l l o f n e c e s s i t y y i e l d a peak c o n c e n t r a t i o n i n body 
f l u i d s h i g h e r than what would r e s u l t from t h e slow a b s o r p t i o n o f 
a c h e m i c a l d u r i n g slow d i g e s t i o n o f f o o d . I n t u b a t i o n a l s o has a 
g r e a t e r chance o f b e i n g i n j u r i o u s , e i t h e r by t h e g r e a t e r magni
tude o f th e peak b l o o d c o n c e n t r a t i o n o r by overwhelming a meta
b o l i c pathway t h a t c o u l d i n normal c i r c u m s t a n c e s h a n d l e a lo w e r 
c o n c e n t r a t i o n o f th e t o x i c s u b s t a n c e s . 
Dose L e v e l s and S a f e t y F a c t o r s 
A b a s i c a ssumption u n d e r l y i n g t o x i c i t y t e s t i n g i s t h a t r e s p o n s e s 
a r e d o s e - r e l a t e d , and t h a t , i n t e s t i n g , s e v e r a l doses s h o u l d be 
a d m i n i s t e r e d t o e l i c i t g r a d e d r e s p o n s e s . F u r t h e r m o r e , t h e r e must 
a l s o be some dose below which no re s p o n s e w i l l be shown ( o r , more 
p r e c i s e l y , be i n c a p a b l e o f d e t e c t i o n ) . T h i s dose has been v a r 
i o u s l y termed t h e " b i o l o g i c a l l y i n s i g n i f i c a n t dose" o r th e "NOEL" 
(No Observed E f f e c t L e v e l ) , and i t s d e t e r m i n a t i o n i s one o f the 
p r i m a r y o b j e c t i v e s o f t o x i c i t y t e s t i n g . 
The term " a d v e r s e e f f e c t " i s n o t e a s i l y interprétable. A p h y s i o 
l o g i c a l r e s p o n s e t o a s t r e s s t h a t i s r e a d i l y r e v e r s i b l e , such as 
a change i n enzyme c o n c e n t r a t i o n s , m i g ht n o t n e c e s s a r i l y be an 
ad v e r s e e f f e c t , p a r t i c u l a r l y i f no damage i s d e t e c t a b l e . 
The a b i l i t y o f t o x i c i t y t e s t i n g t o s e t s a f e l e v e l s i s i t s most 
i m p o r t a n t p r a c t i c a l f u n c t i o n . The p r o c e d u r e has been d e v e l o p e d 
most r i g o r o u s l y i n t h e f i e l d o f f o o d and c o l o r a d d i t i v e t e s t i n g 
-- c h e m i c a l s added t o fo o d s -- where a s e r i e s o f s p e c i a l s t i p u l a -
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1. J O S E L O W Systematic Toxicity Testing in Foods 5 

t i o n s t h a t p e r m i t e s t i m a t e s o f " t o x i c o l o g i c a l l y i n s i g n i f i c a n t 
l e v e l s " o f c h e m i c a l s i n f o o d s , have been p r o p o s e d . In g e n e r a l , 
a " s a f e " l e v e l o f a s u b s t a n c e i s a r b i t r a r i l y s e t by a p p l y i n g a 
s a f e t y f a c t o r t o t h e h i g h e s t i n t a k e t h a t i s f o u n d n o t t o i n j u r e 
e x p e r i m e n t a l a n i m a l s exposed f o r e x t e n d e d p e r i o d s ; i . e . , o v e r a 
l i f e t i m e . The " s a f e " l e v e l i s f r e q u e n t l y e x p r e s s e d as l / 1 0 0 t h 
o f t h e e x p e r i m e n t a l l y d e t e r m i n e d h i g h e s t No Obs e r v e d E f f e c t L e v e l . 
T h i s r a t i o , 1:100, i s d e r i v e d by a p p l y i n g a f a c t o r o f 10 f o r ex
t r a p o l a t i o n o f t h e f i n d i n g s o f a n i m a l s t o man, and a n o t h e r f a c t o r 
o f 10 t o a c c o u n t f o r v a r i a t i o n s i n s u s c e p t i b i l i t i e s among p e o p l e . 
A r a t i o o f 100 i s t h o u g h t t o p r o v i d e a c o n s e r v a t i v e e s t i m a t e o f 
th e s a f e t y f a c t o r needed t o a f f o r d adequate p r o t e c t i o n , even t o 
pe r s o n s whose d i e t a r y p a t t e r n s o r i n d i v i d u a l s u s c e p t i b i l i t i e s 
m i g h t be u n u s u a l . And t h i s p r o c e d u r e s has been so w i d e l y adopted 
by n a t i o n a l and i n t e r n a t i o n a l b o d i e s c o n c e r n e d w i t h s a f e t y t h a t 
t h e term " s a f e l e v e l " , a s a p p l i e d t o c h e m i c a l s i n f o o d , has 
a l s o become a l a r g e e x t e n t a p p l i c a b l e t o c h e m i c a l s and hazardous 
s u b s t a n c e s t h a t impinge on man from whatever s o u r c e . 

The c o n c e p t t h a t t h e r e must be some dose l e v e l below which an 
ad v e r s e e f f e c t w i l l n o t appear has n o t met w i t h u n i v e r s a l a c c e p t 
a n c e , p a r t i c u l a r l y w i t h r e g a r d t o t o x i c a g e n t s t h a t have l o n g -
term, i r r e v e r s i b l e e f f e c t s , such as i o n i z i n g r a d i a t i o n o r c a r c i n 
o g e n i c s u b s t a n c e s . Some t o x i c o l o g i s t s have p r o p o s e d t h a t adequate 
t e s t i n g can s e t s a f e l i m i t s even f o r c a r c i n o g e n i c a g e n t s ; o t h e r s 
c h a l l e n g e t h i s b e l i e f , and argue t h a t i t i s i m p o s s i b l e t o p r e 
d i c t s a f e l e v e l s f o r c a r c i n o g e n s by t a k i n g an a r b i t r a r y f r a c t i o n 
o f t h e l o w e s t No Obser v e d E f f e c t animal dose i n any p a r t i c u l a r 
e x p e r i m e n t a l s i t u a t i o n . Sharp d i s t i n c t i o n s have a l s o been made 
between r e v e r s i b l e and i r r e v e r s i b l e e f f e c t s . F o r a d d i t i v e s t h a t 
can i n d u c e r e v e r s i b l e t o x i c e f f e c t s , t h r e s h o l d l e v e l s below which 
human exposure would be s a f e can be r e a s o n a b l y d e t e r m i n e d . How
e v e r , f o r c h e m i c a l s i n d u c i n g i r r e v e r s i b l e and p o s s i b l y c u m u l a t i v e 
e f f e c t s , such t h r e s h o l d s can n o t be d e t e r m i n e d ; and a z e r o t o l e r 
ance has t o be s e t . 

I f a z e r o t o l e r a n c e i s mandated, t h e n t h e r e i s no need f o r t o x i c 
i t y t e s t i n g . O n l y the t e c h n i q u e s o f a n a l y t i c a l c h e m i s t r y need 
be a p p l i e d t o de t e r m i n e whether a s u b s t a n c e i s p r e s e n t o r n o t , 
and t h e r e f o r e , whether i t s use i s p e r m i s s i b l e o r n o t . Such an 
approach however, runs t h e r i s k o f becoming a r e d u c t i o ad a b s u r -
dum, as a n a l y t i c a l t e c h n i q u e s become more r e f i n e d and s e n s i t i v e . 

D e s i g n s and O b j e c t i v e s f o r Formal T e s t i n g 
The movement toward s y s t e m a t i c f o r m a l i z e d t o x i c i t y t e s t i n g began, 
as might be e x p e c t e d , w i t h t h e problem o f c h e m i c a l s i n f o o d s i n 
th e 1940's. A Food and Drug A d m i n i s t r a t i o n r e p o r t p u b l i s h e d i n 
1943 (4 ) o f f e r e d some g e n e r a l p r o t o c o l s . As a d d i t i o n a l t o x i c 
e f f e c t s ' - - u n s u s p e c t e d a t t h a t time -- became known, t h e s e r e c -
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6 X E N O B I O T I C S IN F O O D S A N D F E E D S 

ommendations were a m p l i f i e d i n d e t a i l and expanded i n s c o p e . The 
r e c e n t l y p u b l i s h e d monograph ( ) o f t h e Bureau o f Goods, Food 
and Drug A d m i n i s t r a t i o n , e n t i t l e d , " T o x i c o l o g i c a l P r i n c i p l e s " 
can be r e g a r d e d as the c u l m i n a t i o n o f t h e s e e f f o r t s . I t i s a 
c o n s i d e r a b l y updated v e r s i o n o f t h e o r i g i n a l recommendations, and 
i s s i n e qua non f o r t h o s e c o n c e r n e d w i t h t o x i c i t y t e s t i n g . 

I t p r o v i d e s d e t a i l s r e g a r d i n g t e s t r e q u i r e m e n t s and p r o t o c o l s , 
and r e p r e s e n t s t h e c o n s e n s u s o f judgments o f t h e agency most c o n 
c e r n e d w i t h t h e s a f e t y o f x e n o b i o t i c s i n f o o d s . 
The o r i g i n a l g u i d e l i n e s recommended o n l y t h r e e b a s i c t y p e s o f 
t e s t s t o be pe r f o r m e d on l a b o r a t o r y a n i m a l s t o e v a l u a t e s a f e t y . 
W h i l e o t h e r t e s t s f o r s p e c i f i c t o x i c e f f e c t s have s i n c e been 
added, t h e s e b a s i c t e s t s s t i l l remain t h e backbone o f c u r r e n t 
t o x i c i t y t e s t i n g p r o c e d u r e s . These t e s t s d i f f e r p r i m a r i l y i n 
t h e i r d u r a t i o n s and o b j e c t i v e s . T e s t s t h a t use o n l y s i n g l e d o ses 
o f t h e c h e m i c a l , a d m i n i s t e r e d on one o c c a s i o n , a r e r e f e r r e d t o as 
"ac u t e t e s t s " . L o n g e r t e s t s , i n which t h e c h e m i c a l i s g i v e n a t 
l e a s t once d a i l y , f o r p e r i o d s o f up t o t h r e e months, a r e commonly 
r e f e r r e d t o as " s u b - a c u t e " o r " s u b - c h r o n i c " o r " p r o l o n g e d " t e s t s . 
S t i l l l e n g t h i e r t e s t s , i n v o l v i n g t h e a d m i n i s t r a t i o n o f a c h e m i c a l 
t o a n i m a l s d a i l y f o r p e r i o d s o f one t o two y e a r s t o s i m u l a t e l i f e 
t i m e e x p o s u r e , a r e r e f e r r e d t o as " c h r o n i c " o r " l o n g term" o r 
"extended" t o x i c i t y t e s t s . 
A c u t e T o x i c i t y T e s t s 
The s i n g l e t e s t t h a t i s c o n d u c t e d on p r a c t i c a l l y a l l s u b s t a n c e s 
o f b i o l o g i c i n t e r e s t i s t h e a c u t e t o x i c i t y t e s t . I t i s undoubt
e d l y r e s p o n s i b l e f o r t h e g r e a t e s t r i t u a l mass s l a u g h t e r o f a n i 
mals i n t h i s c o u n t r y . 
The t e s t r e q u i r e s t h a t t h e a n i m a l s be exposed t o a r e l a t i v e l y 
l a r g e d ose, on a t l e a s t one o c c a s i o n , t o t h e c h e m i c a l o f i n t e r e s t . 
The p r i n c i p a l purpose i s t o d e t e r m i n e t h e l e t h a l i t y o r LD50 f o r 
t h e c h e m i c a l ( t h e dose t h a t w i l l be f a t a l t o 50% o f the t e s t 
p o p u l a t i o n . ) 
A l m o s t a l l a c u t e t o x i c i t y t e s t s a r e done w i t h r a t s o r m i c e , l a r g e 
l y because o f t h e low c o s t , e a s y a v a i l a b i l i t y , e x p e n d a b i l i t y 
o f t h e s e a n i m a l s , and t h e f a c t t h a t an abundant l i t e r a t u r e e x i s t s 
f o r t h e s e two s p e c i e s . I n i t i a l l y , t h e c h e m i c a l may be g i v e n t o a 
s i n g l e s p e c i e s ; a t s e v e r a l dosage l e v e l s , t o p r e - c o n d i t i o n e d 
g r oups o f a n i m a l s , as p r e s c r i b e d by F e d e r a l recommendations. 
F o l l o w i n g a d m i n i s t r a t i o n o f t h e d o s e s , o b s e r v a t i o n s a r e made o f 
the a n i m a l s f o r p e i o d s r a n g i n g from a few m i n u t e s t o two weeks, 
t o comply w i t h t h e r e q u i r e m e n t s o f some r e g u l a t i o n s e.g.; t h e 
F e d e r a l Hazardous S u b s t a n c e s A c t . The l e t h a l i t y i s d e t e r m i n e d on 
the b a s i s o f death o c c u r i n g w i t h i n t h e o b s e r v a t i o n p e r i o d (14 days)-
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1. J O S E L O W Systematic Toxicity Testing in Foods 

S u b c h r o n i c o r Subacute T o x i c i t y T e s t i n g 

7 

The a c u t e t e s t i s p r i m a r i l y a f a c t - f i n d i n g , e x p l o r a t o r y e x p e r i m e n t 
t o o b t a i n some i n d i c a t i o n o f t o x i c i t y . Such i n f o r m a t i o n i s used 
n o t o n l y t o p e r m i t c o m p a r i s o n s among d i f f e r e n t a g e n t s (by compar
i n g t h e i r L D s q ' S ) , b u t a l s o t o p r o v i d e a more r e f i n e d b a s i s f o r 
t h e s e l e c t i o n o f dose l e v e l s f o r t h e more p r o l o n g e d t y p e o f s t u d 
i e s , e x t e n d i n g f o r 3-4 months, t h e s o - c a l l e d " s u b c h r o n i c " o r "sub
a c u t e animal s t u d i e s . 
These more p r o l o n g e d s t u d i e s a r e d e s i g n e d t o p r o v i d e a d d i t i o n a l 
i n f o r m a t i o n on t o x i c i t y . They have t h r e e main p u r p o s e s : 

1) To e s t a b l i s h more n a r r o w l y a maximum t o l e r a t e d dose; i . e . , 
a dose t h a t w i l l p roduce o v e r t a d v e r s e symptoms but n o t 
d e a t h . 

2) To p r o v i d e an e s t i m a t e o f t h e h i g h e s t dose t h a t w i l l n o t 
show any e f f e c t ; i . e . , t h e "no e f f e c t " l e v e l . 

3) To e s t a b l i s h t h e b i o l o g i c a l n a t u r e o f t h e damage produced 
as r e v e a l e d by c l i n i c a l and p a t h o l o g i c a l e x a m i n a t i o n o f 
the s a c r i f i c e d a n i m a l s . 

C h r o n i c T o x i c i t y 
I f t h e s u b s t a n c e has been f o u n d t o be s a t i s f a c t o r y , i . e . , non
t o x i c , i n the s u b c h r o n i c t e s t s , i t may then be s u b j e c t e d t o c h r o n 
i c , l o n g - t e r m , o r ext e n d e d t o x i c i t y t e s t s . These t e s t s a r e meant 
t o s i m u l a t e l i f e t i m e human e x p e r i e n c e , and t h e e x p e r i m e n t a l p r o t o 
c o l s , t h e r e f o r e , c a l l f o r d o s i n g t h e animal w i t h t h e s u b s t a n c e , 
o v e r t h e c o u r s e o f i t s l i f e - t i m e , which means, f o r p r a c t i c a l p u r 
p o s e s , t h a t an animal w i t h a s h o r t l i f e span must be used ; i . e . , 
r a t s o r m i c e . The r a t i o n a l e f o r a c c e p t i n g t h i s i s t h a t i n a s h o r t 
l i v e d s p e c i e s , p r o g r e s s i v e i n j u r y p r o c e e d s more r a p i d l y , and can 
be d e t e c t e d more e a s i l y than i n a l o n g - l i v e d s p e c i e s . L i f e t i m e 
d o s i n g o f a r a t ; i . e . , f o r 30 months, i s c o n s i d e r e d e q u i v a l e n t t o 
70 y e a r s e x p o s u r e i n man. The F . D . A . t h u s s p e c i f i e s and a c c e p t s 
30 month ex p o s u r e i n r a t s f o r a l i f e t i m e s t u d y . But t h i s r a t i o n 
a l e does not h o l d f o r dogs o r o t h e r a n i m a l s . Two y e a r s f o r a dog 
i s s t i l l o n l y a f r a c t i o n (20%) o f i t s l i f e t i m e . 

By t h e time a s u b s t a n c e i s c o n s i d e r e d f o r c h r o n i c t o x i c i t y s t u d 
i e s , i n f o r m a t i o n w i l l have a l r e a d y been o b t a i n e d r e g a r d i n g t h e 
n a t u r e o f i t s t o x i c i t y and i t s t o l e r a b l e as w e l l as l e t h a l d o s e s . 
The main p u r p o s e s o f l o n g - t e r m t e s t i n g then a r e t w o f o l d : 

1) To f i n d o r c o n f i r m t h e " N o - E f f e c t " l i f e t i m e dosage l e v e l 
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8 X E N O B I O T I C S IN F O O D S A N D F E E D S 

f o r the a d d i t i v e , i . e . , t h e maximum t h a t can be tak e n 
t h a t w i l l n o t produce any o b s e r v a b l e a d v e r s e e f f e c t o v e r 
a 1 i f e t i m e . 

2) To d e t e c t any more s i g n i f i c a n t a b n o r m a l i t i e s t h a t may 
become a p p a r e n t o n l y o v e r t h e c o u r s e o f a l i f e t i m e ; and 
the change g e n e r a l l y sought most commonly i s the d e v e l o p 
ment o f a c a n c e r o f some k i n d . 

T h i s i s u n d o u b t e d l y t h e most i m p o r t a n t o b j e c t i v e o f the c h r o n i c 
t e s t -- t o s e a r c h f o r t h e development o f a c a r c i n o g e n i c end r e 
s u l t . In f a c t , some t o x i c o l o s i t s b e l i e v e t h a t i f e f f e c t s o t h e r 
than c a n c e r a r e s o u g h t , t h e s e s h o u l d have become a p p a r e n t i n the 
s h o r t e r s u b c h r o n i c s t u d i e s -- and t h e r e would then u s u a l l y be no 
need t o c a r r y the t e s t beyond the s u b c h r o n i c p e r i o d . 

As might be e x p e c t e d when c o n d u c t i n g t e s t s w i t h a n i m a l s t h a t w i l l 
u n a v o i d a b l y v a r y t o some e x t e n t i n t h e i r g e n e t i c make-up, v a r i a 
t i o n s i n r e s u l t s may be e n c o u n t e r e d , p a r t i c u l a r l y i f t e s t c o n d i 
t i o n s a r e not c a r e f u l l y c o n t r o l l e d . R e c o g n i t i o n o f t h i s problem 
which has a c c o u n t e d f o r wide d i s p a r i t i e s r e p o r t e d i n t h e l i t e r a 
t u r e i n t o x i c i t y t e s t f i n d i n g s , has l e d F.D.A. and o t h e r s (6) t o 
s t a n d a r d i z e the r e l e v a n t f a c t o r s i n v o l v e d i n c o n d u c t i n g t o x i c i t y 
t e s t s . T e s t c o n d i t i o n s , i f n o t c o n t r o l l e d , can l e a d t o s p u r i o u s 
r e s u l t s among d i f f e r e n t l a b o r a t o r i e s , and even w i t h i n t h e same 
l a b o r a t o r y ( 7 ) . 

The s t a n d a r d i z e d f a c t o r s i n c l u d e n o t o n l y the c o n d i t i o n s under 
which t h e t e s t s a r e c o n d u c t e d -- and good l a b o r a t o r y p r a c t i c e s a r e 
now an added minimum r e q u i r e m e n t -- but a l s o p r e s c r i b e the c l i n i 
c a l t e s t i n g and o b s e r v a t i o n s t h a t must be made on the t e s t a n i m a l s 
d u r i n g and a f t e r the t e s t p e r i o d ( T a b l e s I - I V ) . 

Recent a d d i t i o n s t o the t o x i c i t y t e s t p r o t o c o l s may now r e q u i r e 
f o r m u l i z e d e x a m i n a t i o n s f o r g e n e t i c e f f e c t s ( i . e . , t e r a t o g e n e s i s , 
m u t a g e n e s i s , r e p r o d u c t i o n ) as w e l l as d e t e r m i n a t i o n o f the metab
o l i c a l t e r a t i o n s o f the a d d i t i v e and t h e i r d i s p o s i t i o n . Each o f 
th e s e a c t i v i t i e s has become an i m p o r t a n t sub-branch o f t o x i c i t y 
t e s t i n g . 
A t y p i c a l manner i n which a d e c i s i o n on s a f e t y may be made, based 
on s e q u e n t i a l t e s t i n g , i s shown i n F i g u r e 1. Such t e s t i n g o b v i o u s 
l y r e p r e s e n t s an e x t e n s i v e and e x p e n s i v e u n d e r t a k i n g . The s e r v i c e s 
o f v a r i e d p r o f e s s i o n a l s w i l l be r e q u i r e d : t o x i c o l o g i s t s , p a t h o 
l o g i s t s , c h e m i s t s , b i o c h e m i s t s , v e t e r i n a r i a n s , s t a t i s t i c i a n s , and 
a t t o r n e y s ( t o p r e p a r e the p e t i t i o n s ) and a h o s t o f o t h e r s u p p o r t 
i n g p e r s o n n e l . 
From a l l t h e t o x i c i t y d a t a , i f the s t u d y works o u t , w i l l emerge a 
r e a s o n a b l e f i g u r e f o r a "No E f f e c t L e v e l " as w e l l as an i n d i c a t i o n 
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1. J O S E L O W Systematic Toxicity Testing in Foods 

TABLE 1 
OUTLINE OF GENERAL PROCEDURES* 

ACUTE 
WTrs) 

Dermal 

INTUBATION 
1 - 8 h r s 

SUBACUTE 
(90 d a y s ) 

A n i m a l s 

r a t s , m i c e , 
g u i n e a p i g s 

dogs 

r a b b i t s 

Dermal 

CHRONIC 
(2 y r s ) 

r a t s 
dogs 

r a b b i t s 

r a t s 
dogs 

No. o f 
Dose L e v e l s 

4 - 5 

No. o f A n i m a l s 
(minimum/group) 

5-10 e a c h , equal nos. 
o f each sex 

u s u a l l y t o t a l o f 12 

2 male & 2 fe m a l e each 

10 male & 10 f e m a l e each 

2 male & 2 fe m a l e each 

3 male & 3 f e m a l e each 

25 male & 25 f e m a l e each 

3 male & 3 f e m a l e each 

* From A p p r a i s a l o f S a f e t y o f C h e m i c a l s i n Foods, Drugs, and Cos
m e t i c s . A s s o c i a t i o n o f Food and Drug O f f i c i a l s o f U.S., 1959. 
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10 X E N O B I O T I C S IN F O O D S A N D F E E D S 

TABLE I I 

SUBCHRONIC ORAL TOXICITY TESTING * 

STANDARDIZED FACTORS* 

1. T e s t D u r a t i o n 
2. S p e c i e s 
3. Age o f A n i m a l s 
4. Number o f A n i m a l s 
5. C o n t r o l Groups 
6. Dose Groups 
7. D i e t 
8. Route o f A d m i n i s t r a t i o n 
9. C l i n i c a l T e s t i n g 

( a ) O p h t h a l m o l o g i c a l E x a m i n a t i o n 
(b) Hematology 
( c ) C l i n i c a l C h e m i s t r y 

10. O b s e r v a t i o n o f A n i m a l s 
11. G r o s s N e c r o p s y 
12. Organ Weights 
13. H i s t o p a t h o l o g i c a l E x a m i n a t i o n on a t l e a s t 

32 p r i n c i p a l t i s s u e s 

* T o x i c o l o g i c a l P r i n c i p l e s . U.S. Food and Drug 
A d m i n i s t r a t i o n , 1982. 
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J O S E L O W Systematic Toxicity Testing in Foods 

TABLE I I I 
SIGNS AND SYMPTOMS FOUND IN ANIMALS UNDERGOING 

TOXICOLOGIC TESTS 

Signs 

Aggressiveness toward experimenter 
Altered muscle tone 
Alterations in cardiac rate and rhythm 
Catatonia (phases of stupor or excitement) 
Coma 
Convulsions to touch 
Paralysis 
Change in pupillary size 
Sensitivity to pain 
Skin lesions 
Corneal opacities 
Placing reflexes 
Righting reflexes 
Grasping reflexes 
Death 

Symptoms 

Abnormal excreta 
Exploratory behavior 
Inactivity 
Convulsions , spontaneous 
Dyspnea (shortness of breath) 
Sedation 
Nystagmus (involuntary rapid movements 

of eyeballs) 
Cyanosis 
Salivation 
Nasal Discharge 
Piloerection (erection of hair) 
Phonation (utterance of vocal sounds) 
Unusual physical positions 
Unusual t a i l positions 
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X E N O B I O T I C S IN F O O D S A N D F E E D S 

TABLE IV 
CLINICAL PROCEDURES COMMONLY EMPLOYED IN ANIMAL 

TOXICOLOGICAL TESTS 

Blood chemistry studies 
Sodium 
Potassium 
Blood urea nitrogen 
Glucose 

Urinalysis 
pH and specific gravity 
Protein 
Glucose 
Ketones 
Crystals 
Blood c e l l s 
Bacteria 

Hematology 
Hematocrit 
Total red blood c e l l counts 
Total and d i f f e r e n t i a l white blood 

c e l l counts 

Organ function tests 
Bromsulfophthalein retention 

(liver function) 
Thymol turbidity ( l i v e r function) 
Serum alkaline phosphatase 

(liver function) 
Blood urea nitrogen (kidney function) 
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14 X E N O B I O T I C S IN F O O D S A N D F E E D S 

o f t h e c a r c i n o g e n i c p o t e n t i a l o f t h e s u b s t a n c e . The s a f e t y o f the 
s u b s t a n c e f o r humans may then be e s t i m a t e d . 

The word " e s t i m a t e " i s used a d v i s e d l y . A f t e r c o m p l e t i o n o f 
a l l t h e animal t e s t s , o n l y a c t u a l e x p o s u r e i n humans w i l l r e v e a l 
any s u b t l e o r u n f o r e s e e n t o x i c i t y . T o x i c i t y t e s t i n g c a n n o t be con
s i d e r e d complete u n t i l t h e s u b s t a n c e has gone t h r o u g h e x t e n s i v e 
use i n humans. And even t h e n , i t may n o t be c o m p l e t e , u n l e s s ade
q u a t e r e c o r d s , f o l l o w - u p s , e t c . , have been m a i n t a i n e d and p r o s p e c 
t i v e e p i d e m i o l o g i c a l s t u d i e s a r e made. 
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2 
Protease and Amylase Inhibitors in 
Biological Materials 

JOHN R. WHITAKER 

Department of Food Science and Technology, University of California, 
Davis, CA 95616 

Proteins which specifically inhibit enzymes by 
forming tight inactive complexes with the enzyme are 
widely distributed in biological materials. With the 
exception of a few of the protease inhibitors and the 
α-amylase inhibitors, very l i t t le work has been done 
on the mechanism of action of the inhibitors or of 
their nutritional and physiological importance. The 
trypsin and chymotrypsin inhibitors appear to form 
specific complexes with the proteases because trypsin 
and chymotrypsin recognize the protein inhibitors as 
substrates. However, the normal sequence of cataly
tic steps cannot be completed, perhaps because of a 
conformational change accompanying complexation. On 
the other hand, the α-amylase inhibitors may not bind 
at the active site of α-amylase. Rather, the initial 
complex may undergo a conformational change which 
destroys the catalytic ability of the α-amylase but 
leaves the substrate binding ability intact. Some of 
the animal protease inhibitors are known to serve a 
protective function against proteases. There is 
speculation that the plant protease and amylase in
hibitors may serve as a protection against insects 
and microorganisms, but this has not been proven. 

There is a great deal of work yet to be done on 
the naturally-occurring protein and peptide inhibi
tors of enzymes. Better knowledge of their proper
ties and their physiological, nutritional and medical 
roles is essential. 

Any compound which decreases the act ivi ty of an enzyme is an 
inhibi tor . Inhibitors of enzymes include: (a) small molecules 
which combine with an essential group of the active si te (examples 
include heavy metal ions, acylating and alkylating reagents) or 
remove an essential part of the active si te (an example is removal 
of essential cations by chelating agents) and compounds which sim-

0097-6156/83/0234-0015$09.00/0 
© 1983 American Chemical Society 
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16 X E N O B I O T I C S IN F O O D S A N D F E E D S 

ulate the substrates (competitive i n h i b i t o r s , including products 
of the reaction) and (b) large polymeric molecules which i n h i b i t 
enzymes (protein and peptide inhibitors of proteases; protein, 
peptide and carbohydrate inhibitors of α-amylases). This chapter 
w i l l deal only with selected examples from the second group. pH, 
temperature, denaturing agents and proteolysis, which decrease 
enzyme a c t i v i t y , are excluded from the d e f i n i t i o n of an inhi b i t o r 
given above. 

Study of naturally-occurring enzyme inhibitors i s of impor
tance for several reasons. These include: (a) the physiological 
importance of an inhibitor in biol o g i c a l material, (b) the n u t r i 
tional importance of an in h i b i t o r when the material i s consumed as 
a food or feed, (c) the use of inhibitors to control enzymatic 
action, such as that of polyphenol oxidase, (d) the use of i n h i b i 
tors for analysis and for p u r i f i c a t i o n purposes and (e) a better 
understanding of spe c i f i c interactions among complex molecules 
such as proteins (examples include antigen-antibody reactions, 
subunit interactions in proteins, enzymatic actions). 

Occurrence of Enzyme Inhibitors 

Compounds in b i o l o g i c a l materials which i n h i b i t proteases and 
amylases were noted as early as the 1930's. Kunitz and Northrop, 
during the p u r i f i c a t i o n of trypsinogen and trypsin from beef pan
creas, found and isolated a trypsin inhibitor from the same source 
(pancreatic secretory trypsin inhbitor; 1). About the same time, 
Chrzaszcz and Janicki (2j3) reported that there was something i n 
certain plant extracts which inhibited α-amylase. Since that 
time, many enzyme inhibitors have been discovered, purified and 
p a r t i a l l y characterized. Whitaker (4) has l i s t e d 54 protease 
inhibitors i n animal tissues, 44 protease inhibitors in plant 
tissues, six protease inhibitors in microorganisms and some 25 
inhibitors of non-proteolytic enzymes. While these data are 
important in showing the great numbers of inhibitors present i n 
biolo g i c a l materials, the numbers are rather meaningless in most 
part because many inhibitors have yet to be discovered, the 
numbers re f l e c t ( i n part) isoinhibitors which have been reported 
and the interrelationships and homology among the inhibitors are 
r e l a t i v e l y unknown (see below). 

Discovery of Enzyme Inhibitors. Discovery of enzyme inhibitors in 
biolo g i c a l materials occurs primarily in four ways. One of the 
most frequent i s the observation that the percentage recovery of 
an enzyme a c t i v i t y during p u r i f i c a t i o n suddenly increases at one 
step in the p u r i f i c a t i o n (_5). An example i s shown in Table I. 
The v a l i d i t y of such an observation must be collaborated by 
observing a decrease in a c t i v i t y when some of the removed fraction 
i s added back to the enzyme-containing fraction. This method only 
works, of course, when the a c t i v i t y of an enzyme of the b i o l o g i c a l 
system i s reduced by an in h i b i t o r i n the same preparation. In the 
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2. W H I T A K E R Protease and Amylase Inhibitors 17 
Table I. Effect of Presence of Inhibitor on Act i v i t y of Trypsin 

During P u r i f i c a t i o n 3 

Preparation Sp. Activity 

IX c r y s t a l l i z e d 100 
3Χ c r y s t a l l i z e d 120 
5Χ c r y s t a l l i z e d 120 
8Χ c r y s t a l l i z e d 140 
3Χ c r y s t a l l i z e d ·+ 160b 

ppt'd with TCA 
aKunitz and Northrop (1) ; bA polypeptide inhibitor was 
c r y s t a l l i z e d from the TCA supernatant l i q u i d . 

case of the α-amylase inhibitors described below, they do not i n 
h i b i t α-amylase(s) of the same source. 

A second indication of the presence of an inhi b i t o r i s when 
experimental animals f a i l to grow as well on raw as heat-treated 
b i o l o g i c a l materials. This was especially valuable in research on 
raw soybean flour. 

A third method of detecting i n h i b i t o r s , of rather limited 
u t i l i t y , i s the observation of multiple pH-activity optima for 
what i s otherwise a pure enzyme. For example, Schwimmer (_6) ob
served that potato invertase showed a double pH optima. It was 
discovered that the explanation of the double pH optima was due to 
an invertase i n h i b i t o r i n the potato (7). This observation i s 
shown schematically in Figure 1. 

The fourth method of detecting the presence of naturally-
occurring enzyme inhibitors in b i o l o g i c a l materials i s to combine 
extracts with a solution of the enzyme being tested. This i s the 
most systematic way. The procedure may be no more than a series 
of test tubes, containing the enzyme, to which bi o l o g i c a l tissue 
extracts are added. There are some hazards associated with this 
method and additional experiments are required. 

A useful technique has been the cross-wise application of 
enzyme and inhi b i t o r to an agar plate containing substrate of the 
enzyme. This method was originated to detect the presence of pro
tease inhibitors i n microorganisms (8); i t has since been applied 
to the search for amylase inhibitors (9). The pri n c i p l e of the 
technique i s shown in Figure 2 for protease i n h i b i t o r s . The buf
fered agar gel contains abut 1% casein. Cellulose paper strips 
saturated with the biol o g i c a l extract to be tested are l a i d on the 
gel surface in the v e r t i c a l direction. After 15-20 minutes, these 
strips are removed and replaced in the horizontal direction with 
cellulose paper strips saturated with the enzyme solution to be 
tested. After 15-20 minutes, these l a t t e r strips are removed and 
the gel plate is incubated overnight at 25-35°C. Protease 
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X E N O B I O T I C S IN F O O D S A N D F E E D S 

P H 

Figure 1. Schematic representation of effect of enzyme inhibitor on pH-activity 
curve of an enzyme. 

1 1 1 1 1 1 1 1 1 1 1—r 
Enzyme ι • ι ι ι ι ι ι ι ι ι ι 

Biological 
Extract 1 2 3 4 5 6 

Figure 2. Schematic representation of casein-agar plate technique for detecting 
presence of protease inhibitors in biological extracts. 
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2. W H I T A K E R Protease and Amylase Inhibitors 19 

a c t i v i t y i s indicated by a white band due to hydrolysis and pre
c i p i t a t i o n of the casein. If the bi o l o g i c a l extract contains an 
i n h i b i t o r , the white band w i l l be narrow at the cross point of the 
two strips (Figure 2). The system can be made more spec i f i c by 
electrophoresis of the b i o l o g i c a l extract on the cellulose paper 
st r i p prior to application to the agar-casein gel. Many samples 
can be run simultaneously by this method. 

Types of Protease and Amylase Inhibitors 

The naturally-occurring inhibitors of proteases and amylases 
can be proteins, peptides of various sizes and non-proteins. 

Protease Inhibitors. The protease inhibitors can be enzyme 
spe c i f i c and/or group s p e c i f i c . Based on their mechanism of 
action, the proteases are divided into four groups: (a) the serine 
proteases, (b) the sulfhydryl proteases, (c) the carboxyl (acid) 
proteases, and (d) the métallo proteases. Laskowski and Kato (10) 
have concluded that there are no examples of individual inhibitors 
which are active against proteases from two or more of the groups. 
For example, human plasma ot^-trypsin inhibitor i s active against 
trypsin, chymotrypsin, elastase and plasmin ( a l l serine proteases) 
but i t i s not active against proteases from any of the other 
groups (11). The t h i o l protease inhibitor of chicken egg white 
(papain i n h i b i t o r ; 12,13) i s active against f i c i n , papain, brome
l a i n , cathepsin B, and streptococcal protease ( a l l sulfhydryl 
proteases), but i t i s not active against proteases from any of the 
other three groups. 

There are examples of inhibitors which are s p e c i f i c for only 
one protease within a group. The best known examples include the 
Kunitz soybean (Glycine max) inhibitor (14) and isoinhibitors I 
and II of the Great Northern bean (Phaseolus vulgaris)(15). Even 
these two examples are not clear cut as there i s some small non-
stoichiometric combination and i n h i b i t i o n of a-chymotrypsin. 
Chicken (16) and Japanese quail (17) egg white ovomucoids only 
in h i b i t trypsin. 

One possible exception to the above dictum that a protease 
inhibitor cannot i n h i b i t proteases from two or more groups i s o^-
macroglobulin. This very large glycoprotein (725,000 daltons) has 
a very broad s p e c i f i c i t y i n that i t binds to proteases from a l l 
four groups (18-23). The p o s s i b i l i t y that this i s due to non
spe c i f i c adsorption i s indicated by the observation that the 
enzyme-inhibitor complex retains a c t i v i t y on small substrates, 
although a c t i v i t y on proteins i s lost (due to s t e r i c hindrance?). 
Other apparent exceptions are the small peptide protease i n h i b i 
tors produced by several species of Streptomyces. For example, 
the leupeptins are active against plasmin and trypsin (serine 
proteases) and papain and cathepsin Β (sulfhydryl proteases)(_24). 
Antipain (25) and the chymostatins are also active against enzymes 
from both the serine and sulfhydryl groups of proteases (26). 
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20 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Amylase Inhibitors. There are four types of amylases. These are: 
(a) α-amylases, (b) β-amylases, (c) glucoamylases and the (d) pul-
lulanase-type (debranching) amylases. The only well-described type 
of naturally-occurring protein amylase inhibitors are those 
against the α-amylases from higher animals and insects. These 
inhibitors, with the possible exception of the one from corn (27), 
are not effective against higher plant and microbial α-amylases or 
against the other three types of amylases. Quite recently, there 
have been discussions of the p o s s i b i l i t y of a glycoamylase-type 
inh i b i t o r (28). 

There are also small peptide inhibitors of α-amylase found in 
certain Streptomyces (29). Two carbohydrate α-amylase i n h i b i t o r s , 
Acarbose and Amylostatin, have been described (30-32). Their 
structures are shown i n Figure 3. The inhibitors are very similar 
i n structure. 

Heterogeneity of Protease and Amylase Inhibitors 

There are a number of well-documented examples of hetero
geneity among the protease and amylase i n h i b i t o r s . This hetero
geneity i s a result of (a) inhibitors against multiple enzymes 
from a single biological f l u i d , (b) i s o l a t i o n from different 
strains (varieties) of a species, (c) i s o i n h i b i t o r s , (d) proteo
l y s i s , (e) chemical modification during i s o l a t i o n , and ( f ) molecu
l a r heterogeneity. 

Inhibitors of Different Enzymes i n a Single Biological F l u i d . A 
few examples w i l l i l l u s t r a t e the m u l t i p l i c i t y of inhibitors found 
i n b i o l o g i c a l f l u i d s (Table I I ) . Human plasma contains at least 
eight different types of inhibitors, chicken egg white contains 
three different types, the soybean contains four different types, 
and the white potato six different types. These are clearly 
different compounds as they i n h i b i t quite different enzymes and 
they can be separated from each other. 

Isolation from Different Strains (Varieties) of a Species. Very 
similar protease inhibitors have been isolated from several 
different strains (varieties) of the same species or from similar 
species. In some cases, the inhibitors are very similar, i n 
others they are quite dif f e r e n t . Three examples w i l l i l l u s t r a t e 
t h i s . Ovomucoids are probably found i n a l l species of birds. 
They are proteins of 28,000 daltons and contain ~20% carbohy
drate. They are quite similar in other properties as well. How
ever, they can be quite different i n their inhibitory properties 
against proteases. Chicken (16) and Japanese quail (17) ovomu
coids i n h i b i t only trypsin. Tinamou ovomucoid i n h i b i t s chymotryp
sin and s u b t i l i s i n (66) and turkey ( 67) and penguin (68) ovomu
coids i n h i b i t trypsin, chymotrypsin and s u b t l l i s i n . The reason 
for this difference among the ovomucoids i s due to more than one 
binding s i t e for proteases in the ovomucoid molecule. As shown by 
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W H I T A K E R Protease and Amylase Inhibitors 

Figure 3. Structures of the carbohydrate α-amylase inhibitors acarbose (30,31) 
and amylostatin (32) (m = 0 to 8, η = 1 to 8, and m + η = 1 to 8). 
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Laskowski et a l . (69), the ovomucoids contain at least three 
domains each with a potential binding s i t e for a protease. Two of 
these sites are s p e c i f i c for trypsin and one for chymotrypsin 
( s u b t i l i s i n binds competitively with chymotrypsin). In chicken, 
Japanese quail and tinamou ovomucoids, only one of the sites i s 
capable of binding a protease while i n turkey and penguin ovomu
coids two binding sites are expressed and in duck ovomucoid (67) 
a l l three sites are expressed. This i s shown diagramatically i n 
Figure 4. 

The trypsin inhibitors from several different varieties of 
Phaseolus vulgaris (common bean) are quite variable i n amino acid 
composition (Figure 5). ASN, SER and 1/2CYS are found in the 
largest amounts in most of the i n h i b i t o r s . MET and TRP are quite 
low in a l l the inhibitors and absent i n a substantial number of 
them. PRO i s present in larger amounts than i n most proteins. 
PHE and TYR are in low amounts. 

Isoinhibitors (Genetic Heterogeneity). The third type of hetero
geneity i s that of i s o i n h i b i t o r s . These i s o i n h i b i t o r s , obtained 
from one organ or organism, have the same s p e c i f i c i t i e s for bind
ing proteases. However, they d i f f e r in one or more properties 
such as chromatographic and electrophoretic behavior, heat sta
b i l i t y , molecular weight, or amino acid composition, as well as 
quantitatively in binding with proteases. 

Snail epidermis contains at least six t r y p s i n - k a l l i k r e i n i n 
hibitors with molecular weights ranging from 6431 to 6591 (70-72). 
The soybean contains two basic types of protease i n h i b i t o r s , the 
Kunitz inhib i t o r of 21,500 daltons (73) and the Bowman-Birk i n 
hibitor of 7975 daltons (74). The two are quite different pro
teins as shown in Figure 6. The Great Northern bean (Phaseolus 
vulgaris) has at least three trypsin isoinhibitors ranging i n 
molecular weight from 8086 to 8884 (15). There are four and 
possibly six isoinhibitors of trypsin in lima bean (Phaseolus 
lunatus)(75). 

Recently, Whitaker and Sgarbieri (76) and Sgarbieri and 
Whitaker (77) reported there are at least four isoinhibitors of 
trypsin in Brazilian pink beans (Phaseolus vulgaris L. var. 
Rosinha G2). These are separable on a DEAE-cellulose column 
(Figure 7) but not by a f f i n i t y chromatography (76). Properties of 
three of the isoinhibitors were investigated. They are different 
by disc gel electrophoresis, have s l i g h t l y different amino acid 
compositions but have i d e n t i c a l molecular weights (within experi
mental error) and a l l contain one residue of mannose per mol. The 
molecular weights are 20,000, about twice the size of most Bowman-
Birk type inhibitors in beans· They each bind two mol of trypsin 
and one mol of chymotrypsin per mol i n h i b i t o r . One of the largest 
differences among the three isoinhibitors i s in the a f f i n i t y for 
trypsin and chymotrypsin (77). As shown in Table III, the disso
ciatio n constants for trypsin range from 1.8 χ 10 M̂  to 8.5 χ 
10~ 1 0 M^while those for chymotrypsin range from 2.8 χ 10 M_ to 
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2. W H I T A K E R Protease and Amylase Inhibitors 25 

Figure 4. Schematic representation of multiple binding sites for proteases, EA 

and EB, on an inhibitor, I. In the case of duck ovomucoid, EA is trypsin and EB 

is chymotrypsin. 

5 15 5 15 5 15 5 15 5 15 5 15 

CO 

8 r 

5 15 5 15 5 15 5 15 5 15 5 15 

INHIBITOR NUMBER 
Figure 5. Amino acid composition of several protease inhibitors from soybean 
(G lyc ine max) and several species and varieties of Phaseolus. The results are 
expressed as amino acid residues per 10,000 grams. The inhibitors are 1, Kunitz 
soybean trypsin inhibitor; 2, Bowman-Birk soybean trypsin inhibitor; 3-6, lima 
bean (Phaseolus lunatus) isoinhibitors I, II, III, and IV; 7-9, French bean (Phas
eo lus cocc ineus ) isoinhibitors 2, 3, and 4; 10, mung bean (Phaseolus aureus 
Roxb.) inhibitor; 11-13, Brazilian pink bean (Phaseolus vulgaris) isoinhibitors A, 
B, and C; 14, kidney bean (Phaseolus vulgaris) inhibitor; 15-17, Great Northern 
bean (Phaseolus lunatus) isoinhibitors I, II, III, and IV; 7-9, French bean (Phas-
vulgaris) isoinhibitor; and 19 and 20, pinto bean (Phaseolus vulgaris) isoinhibitors 

I and II (97). 
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2 6 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Figure 6. Primary structures of the Kunitz soybean trypsin inhibitor (A) and the 
Bowman-Birk soybean trypsin inhibitor (B). The solid black circles on the pri
mary structure of the Bowman-Birk soybean trypsin inhibitor represent LYS-
SER and LEU-SER and are the binding sites for trypsin and chymotrypsin, 
respectively. (Reproduced with permission from (A) Ref. 73, copyright 1973, E . J . 

o f B i o c h . and (B) Ref. 74, copyright 1973, J . Food B i o c h e m J 
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Figure 7. DEAE-cellulose chromatography of the trypsin-chymotrypsin isoin
hibitors from Brazilian pink bean (Phaseolus vulgaris var. Rosinha G2. (Repro

duced with permission from Ref 76. Copyright 1981, J . F o o d Biochem. ) 
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28 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Table III. 1^ Values for the Binding of α-Chymotrypsin and 
Trypsin with Br a z i l i a n Pink Bean Inhibitors A, 
Β and C (77) 

* i W 
Inhibitors α-Chymotrypsin (CT) Trypsin (T) K 1(CT)/K 1(T) 

A 4.4 χ 10" 
Β 2.8 χ 10""1 

C 3.0 χ 10"1 

4.4 χ 10" 7 M. The ratios of K L(CT)/K 1(T) are: A, 520; B, 160; C, 
44. These binding properties clearly indicate that the three i s o 
inhibitors are different and most l i k e l y are not the result of 
a r t i f a c t s (proteolysis or binding with phenols) produced by the 
p u r i f i c a t i o n procedure. 

Another well studied example of genetic heterogeneity i s that 
of the wheat α-amylase i n h i b i t o r s . There appear to be at least 
three different molecular weight species of inhibitors (60,000, 
24,000 and 12,000) as well as d i s t i n c t species within each of 
these molecular weight groups. Granum and Whitaker (78) have 
purified and characterized three of the α-amylase inhibitors from 
Anza wheat (Triticum aestivum var. Anza). Their chemical, physi
cal and inhibitory properties were quite different (Table IV). 
They also differed in lysine, arginine, h i s t i d i n e , alanine (1^ 

Table IV. Properties of Three α-Amylase Inhibitors of Wheat 
(Triticum aestivum var. Anza)(78) 

I n h i b i t o r s 3 

Property 0.19 1^ 0.28 1^ 0.55 

8.5 χ 10~ i U 520 
1.8 χ 10" 1 0 160 
6.8 χ 10" 1 0 44 

Molecular weight 
Hedrick-Smith method (79) 24,000 18,500 30,000 
Sedimentation equilibrium 29,000 14,500 

p i 5.9 5.2 4.2 
S p e c i f i c i t y on α-amylases 
Human salivary + ± + 
Hog pancreatic + - -
Bacillus s u b t i l i s -
Aspergillus oryzae -

aR m = Electrophoretic mobility relat i v e to bromophenol blue. 
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2. W H I T A K E R Protease and Amylase Inhibitors 29 

0 · 2 8 only), valine (R m 0 . 2 8 only) and phenylalanine (R m 0 . 2 8 only) 
contents. They a l l had r e l a t i v e l y high contents of proline and 
half-cystine. De Ponte et a l . (8 0 ) have recently proposed a model 
that might explain the relationship among a l l the known α-amylase 
inhibitors i n wheat (see Figure 8 ) . How different the 1 2 , 0 0 0 
dalton subunits of the three inhibitors are from the proposed 
ancestral 1 2 , 0 0 0 dalton molecule i s not known. Unfortunately, the 
RJJJ 0 . 5 5 amylase inhibitor of MW 3 0 , 0 0 0 reported by Granum and 
Whitaker ( 7 8 ) does not f i t this model. 

Proteolytic A r t i f a c t s . The fourth type of heterogeneity reported 
i s that produced by proteolysis. This must be of particular con
cern in the i s o l a t i o n of any protein since the hydrolysis of one 
or two peptide bonds w i l l give r i s e to a number of products. Re
cently, i t has been reported that some of the protease inhibitors 
previously isolated from winged bean are the result of proteolysis 
( 8 1 ) . The evidence for this i s quite convincing, leading to the 
p o s s i b i l i t y that some of the isoinhibitors reported in the l i t e r a 
ture are the result of proteolysis. Whitaker and Sgarbieri (7 6 ) 
addressed this issue in d e t a i l , providing several data to indicate 
that this i s probably not the case for the isoinhibitors of 
B r a z i l i a n pink beans. Peptide mapping of isoinhibitors would be a 
valuable tool i n this respect, but i t has not been previously 
applied to this problem. 

Chemical Modification. The f i f t h type of heterogeneity i s due to 
chemical modification, other than proteolysis, during i s o l a t i o n of 
the i n h i b i t o r s . Beans, for example, contain phenolic compounds 
and various amounts of polyphenol oxidase. If polyphenol oxidase 
i s active during the i s o l a t i o n procedure there i s the real possi
b i l i t y that some of the products (benzoquinones) formed w i l l react 
with the e-amino group of lysine residues of the i n h i b i t o r ( s ) , 
thereby producing electrophoretically and chromatographically d i s 
t i n c t components. Pusztai ( 8 2 ) purified an inhi b i t o r from kidney 
beans which contained a firmly bound pinkish-blue pigment that was 
not removed by ammonium sulfate precipitation, gel f i l t r a t i o n or 
by chromatography on a DEAE-Sephadex column. For inhibitors which 
are glycoproteins (ovomucoids, some of the Phaseolus vulgaris 
inhibitors, the red kidney bean α-amylase i n h i b i t o r s ) , variable 
amounts of carbohydrate attached to the protein w i l l produce is o 
i n h i b i t o r s . 

Molecular Heterogeneity. The last type of heterogeneity we shall 
discuss i s that of molecular heterogeneity. This type of hetero
geneity was mentioned under the section on inhibitors from d i f f e r 
ent varieties of a species. It i s well known that many of the i n 
hibitors have more than one binding s i t e for proteases, either for 
the same protease or for different proteases. Examples of this 
molecular heterogeneity are shown in Table V. In the case of the 
bird egg white ovomucoids, Laskowski et a l . ( 69 ) have shown that 
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X E N O B I O T I C S IN F O O D S A N D F E E D S 

Figure 8. Possible interrelationships among the protein α-amylase isoinhibitor 
families from hexaploid wheats (80). All three inhibitors may have originated 

from a common ancestral protein of 12,000 daltons. 
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32 X E N O B I O T I C S IN F O O D S A N D F E E D S 

there are three domains i n the protein, each with a potentially 
active s i t e for binding a protease. However, not a l l of these 
sites may be expressed (Figure 4). For example, i n chicken ovo
mucoid, a single trypsin binding s i t e i s expressed while i n duck 
ovomucoid, two sites for trypsin and one s i t e for chymotrypsin (or 
s u b t i l i s i n ) are expressed. Ovoinhibitors from Japanese quail and 
chicken egg whites contain six tandem domains (potentially or 
actually active against s p e c i f i c proteases (69); see Table VI)). 

The d i s t i n c t nature of these multiple binding sites are shown 
by (a) the simultaneous binding of more than one mol/mol of a 
given protease or of two or more different proteases; (b) amino 
acid sequence work (69); and (c) by fragmentation of the inhib i t o r 
molecule into separate, active parts. Cyanogen bromide has been 
used effectively to cleave the inhibitor at methionine residues to 
give active fragments. Examples include the Bowman-Birk soybean 
inh i b i t o r (73), turkey ovomucoid (86), the three isoinhibitors of 
B r a z i l i a n pink beans (77), potato inhibitor l i a (60), and potato 
inhibitor l i b (62). 

Another type of molecular heterogeneity of protease i n h i b i 
tors i s with respect to the amino acid residue in the protease 
recognition s i t e of the i n h i b i t o r . As shown by Feeney et a l . 
(87), the ovomucoids can be c l a s s i f i e d as either "lysine-type" or 
"arginine-type" depending on whether reductive alkylation ( l y s i n e -
type) or glyoxylation (arginine-type) destroys the a b i l i t y of the 
in h i b i t o r to combine with trypsin. Either lysine or arginine has 
been found to be an essential part of the active s i t e of i n h i b i 
tors from beans (see Table VII). The three isoinhibitors of 
Br a z i l i a n pink bean were found to contain lysine i n the binding 
s i t e for trypsin (77). While less well documented, i t appears 
that the chymotrypsin-binding sites of inhibitors contain either 
an essential leucine residue (leucine-type i n h i b i t o r s ; lima bean, 
soybean (Bowman-Birk type), runner bean; see Table VII; 88) or a 
tyrosine or methionine (tyrosine-type or methionine-type i n h i b i 
tors as found i n Japanese quail ovoinhibitors; see Table VI; 69). 

S i m i l a r i t i e s Among Groups of Inhibitors 

Despite the great numbers of protease and amylase inhibitors 
found i n biolo g i c a l materials, more recent data indicate there i s 
some homology among the i n h i b i t o r s . Comparison of the complete 
amino acid sequences of lima bean trypsin inhibitors I and IV 
shows that the two isoinhibitors d i f f e r only i n that inhibitor IV 
contains an eight amino acid N-terminal segment and an additional 
two Asn residues at the C-terminal end not present i n inhibitor I 
(75). 

There i s great homology between the Bowman-Birk soybean tryp
sin i n h i b i t o r (89), lima bean trypsin inhibitor IV (75) and the 
Great Northern trypsin inhibitor II (90) as shown i n Table VIII. 
The t r y p t i c peptide maps of Great Northern is o i n h i b i t o r s I and 
I l l b were very similar while isoinhibitors I and II had no 
peptides i n common (15). 
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2. W H I T A K E R Protease and Amylase Inhibitors 37 

There appears to be sequence homology between the pineapple 
stem bromelain inhibitors and some of the small molecular weight 
inhibitors from the leguminosae (91). Human inter-a-trypsin i n 
hibitor contains two domains with great s i m i l a r i t y to the domains 
of the Kunitz-type inhibitors (44, 92-94). The ovoinhibitors from 
Japanese quail and chicken egg whites contain six tandem domains 
which are homologous to the Kazal pancreatic secretory inhi b i t o r 
and to the ovomucoids (69)· 

Considerable homology exists within the binding sites of sev
eral of the inhibitors as shown in Table VII. It has been sug
gested that trypsin inhibitors require a peptide sequence of Lys-X 
or Arg-X located within a loop of the protein closed by a d i s u l 
fide bond (95,96). Reduction of d i s u l f i d e bonds are known to be 
quite effective in destroying the inhibitory a c t i v i t y (77). For 
example, a c t i v i t y of the three isoinhibitors from Brazilian pink 
beans against both trypsin and chymotrypsin was lost when a spe
c i f i c d i s u l f i d e bond, of the 18-21 d i s u l f i d e bonds present, was 
reduced ( 77). SER appears to be a requirement of the binding s i t e 
also for lysine-type inhibitors (Table VII). 

There i s homology among the binding sites for chymotrypsin i n 
the inhibitors from lima bean, soybean and runner bean (Table 
VII). The apparent e s s e n t i a l i t y of a serine residue i n the bind
ing s i t e for chymotrypsin i s also indicated. There appears to be 
much less homology among the binding sites of the arginine-type 
trypsin inhibitors (Table VII). 

In terms of amino acid composition, there i s some homology 
among the Bowman-Birk type inhibitors from the leguminosae as 
shown in Figure 5. This appears to be so, despite the fact that 
there are some inhibitors with molecular weights near 8000 
(Bowman-Birk soybean i n h i b i t o r , lima bean inhibitors I-IV, French 
bean inhibitors 2, 3 and 4, mung bean i n h i b i t o r , kidney bean i n 
h i b i t o r , and Great Northern bean inhibitors I, II and I l l b ) , and 
others with molecular weights near 20,000 (Brazilian pink bean 
inhibitors A, Β and C, Navy bean inhibitor and pinto bean i n h i b i 
tors I and II)(see 97_ for d e t a i l s ) . It certainly would be helpful 
to have tryp t i c peptide maps and amino acid sequence (ideally) 
data on a l l of these i n h i b i t o r s . 

Recent immunochemical data (98) have shown that the α-amylase 
inhibitors from several varieties of beans have great homology. 

Mechanism of Action of the Protease and Amylase Inhibitors 

Protease Inhibitors. There are unique and s p e c i f i c recognition 
sites on the protease inhibitors for trypsin and chymotrypsin as 
shown in Tables VI and VII. The best data are available for tryp
sin where i t i s known that either a s p e c i f i c arginine or a lysine 
residue in the binding s i t e of the i n h i b i t o r i s required. Modifi
cation of the arginine (by glyoxylation) or lysine (by alkylation, 
etc.) residue or their removal (99) results in complete loss of 
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38 X E N O B I O T I C S IN F O O D S A N D F E E D S 

inhibitory a c t i v i t y . The binding sites for chymotrypsin appear to 
require leucine, tyrosine or methionine. It i s probable that a 
serine residue attached to the lysine or tyrosine, leucine or 
methionine i s also required (Table VI). However, this does not 
appear to be the case for the arginine-type trypsin i n h i b i t o r s . 

It appears, therefore, that trypsin and chymotrypsin 
recognize and bind with the same amino acid residues in the 
inhibitors as with any substrate. However, net hydrolysis of 
peptide bonds does not occur at the pH optimum of the enzymes for 
reasons largely unknown at this time. Specific hydrolysis of the 
peptide bond involving the carboxyl group of the essential amino 
acid residue does occur at low pH (around pH 4). However, there 
i s l i t t l e current evidence to indicate that this hydrolysis i s a 
key step i n the inhibitory process. Two types of data argue 
against i t s essen t i a l i t y , (a) Complexation between inhibitor and 
chemically modified inactive proteases i s often just as tight as 
with the native protease (12, 100, 101). (b) I n i t i a l l y , X-ray 
crystallographic data on the complexes between trypsin and protein 
inhibitors were interpreted to indicate that the complexes were 
probably adducts with a tetrahedral intermediate state approaching 
a covalent bond (102, 103). However, better refinements of the 
X-ray crystallographic maps indicate the distances are too great 
for covalent bond formation. C-NMR studies appear to conclu
sively rule out formation of a tetrahedral or covalent i n t e r 
mediate as a step i n the mechanism of i n h i b i t i o n (104-106). 

Kinetic data indicate a conformational change may occur f o l 
lowing formation of the i n i t i a j . complex ( 107). Such a conforma
tional change could provide s t a b i l i t y to the complex through pre
venting i t s ready dissociation (k_2 « k_^) or in preventing 
hydrolysis of the peptide bond in the inhibitor as would occur for 
a regular substrate (Eqn. 1). However, Jibson et a l . 

Ε + I v . . 1 ^ EI . 2 ^ EI f (1) 
k - l k-2 

(108) have recently shown that a conformational change probably 
does not occur i n trypsin on binding with the Bowman-Birk soybean 
inhibi t o r or with the chick-pea trypsin i n h i b i t o r . 

A complete explanation of why the naturally-occurring protein 
protease inhibitors are so effective as inhibitors i s s t i l l not 
available. 

α-Amylase Inhibitors. The protein α-amylase inhibitors form a 
very tight complex with salivary and pancreatic α-amylases. For 
example, the complex between the red kidney bean protein inhibitor 
and porcine pancreatic α-amylase at 30°C and pH 6.9 was calculated 
to be 3.5 χ 10~*1 M_ (109). The inactive complex forms slowly, re
quiring 60 to 120 minutes to reach complete reaction depending on 
pH and inhibitor and enzyme concentrations (109). The red kidney 
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2. W H I T A K E R Protease and Amylase Inhibitors 39 

bean protein inhi b i t o r does not i n h i b i t plant and microbial α-amy
lases; only those from higher animals and insects are inhi b i t e d . 

It appears there i s an i n i t i a l rapid complex formed between 
the enzyme and in h i b i t o r which i s s t i l l active (110). Then, a 
much slower conformational change occurs (109,110) leading to loss 
of a c t i v i t y . 

unlike the protein protease i n h i b i t o r s , complexation between 
the red kidney bean protein α-amylase inhibitor and α-amylase does 
not appear to involve binding at the active site of the α-amylase. 
Evidence for this includes a b i l i t y of the complex to bind maltose 
(a competitive inhibitor of α-amylase), starch, Sephadex and to 
s t i l l hydrolyze small substrates. 

The red kidney bean α-amylase inhib i t o r contains 9-10% co-
valently bound carbohydrate. Removal of up to 70% of the carbo
hydrate does not affect the a c t i v i t y of the in h i b i t o r (110). The 
glyco groups, removed from the protein, do not i n h i b i t α-amylase 
at 3.5 χ 10* times the concentration of the inhib i t o r (110). 
Chemical modification studies indicate that histidine and tyrosine 
residues in the inhibitor may be important for i t s a c t i v i t y (110). 

In summary, our present knowledge of the mechanism of action 
of the red kidney bean α-amylase inhibitor indicates that an 
i n i t i a l complex i s formed between inhibi t o r and enzyme which does 
not involve the active s i t e of the enzyme (complex s t i l l f u l l y 
a c t i ve). Subsequently, there i s a conformational change in the 
complex which destroys the a b i l i t y of α-amylase to hydrolyze large 
substrates but does not prevent their binding to the enzyme. 

Physiological and Nutritional Importance of the Protease and 
Amylase Inhibitors 

Protease Inhibitors. In animals, the physiological roles of sev
eral of the protease inhibitors are well known. The pancreatic 
protease inhibitors protect the pancreatic tissue against prema
ture activation of the proteolytic enzyme zymogens· The i n h i b i 
tors associated with the blood c l o t t i n g system prevent the pre
mature activation of the proteolytic enzyme zymogens c i r c u l a t i n g 
in the blood at a l l times and also regulate between coagulation 
and f i b r i n o l y s i s . They may also be a protection against pancre
a t i c proteases liberated into the blood, as in pancreatitis. The 
protease inhibitors i n the respiratory tract probably serve as a 
protection against proteases liberated by granulocytes and macro
phages brought i n as a result of i r r i t a t i o n and/or diseased con
ditions of the respiratory tract or through inhalation of micro
organisms . 

The physiological role of the protease inhibitors (especially 
the small peptide derivatives) i n microorganisms may, in part, be 
to prevent the growth of other microorganisms . They may also be 
important in the regulation of proteolysis in the c e l l (111-113). 

The physiological role of the protease inhibitors in higher 
plants is less clear even though they may account for 5-10% of the 
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t o t a l protein (114). The lev e l of inhibitors varies with the 
stage of growth, suggesting that the inhibitors are physiolog
i c a l l y important (114). The t h i o l protease inhibitors of the 
pineapple f r u i t have a c t i v i t y against the major proteolytic en
zymes, bromelains, present in the f r u i t (115). They may also 
serve as a defense against insects and microorganisms (114,116)> 
Infestations of potatoes with Colorado potato beetle larvae lead 
to markedly increased levels of protease Inhibitor-I in the leaves 
(117). 

The n u t r i t i o n a l importance of the protease inhibitors i n 
major foods i s reasonably clear. It i s known that raw soybean 
flour i n h i b i t s growth i n rats, chickens and some other monogastric 
animals (118) and death can result (119). It i s also known that 
the presence of soybean inhibitor i n the small intestine increases 
the secretion of a hormonal pancreozymic-like substance that 
markedly stimulates external secretion by the pancreas (120). The 
presence of active proteolytic enzyme inhibitors in the small 
intestine increases the production and secretion of proteolytic 
enzymes by the pancreas, presumably to compensate for their loss 
by complexation (121-123). This results in hyperplasia of some of 
the pancreatic c e l l s and enlargement of the pancreas. 

Unambiguous interpretation of most of the data i n the l i t e r a 
ture on the quantitative role of the protease inhibitors i n foods 
i s not possible. This i s because foods also contain other i n h i b i 
tory substances such as hemagglutinins, amylase in h i b i t o r s , estro
gens and phytic acid. Rackis (116) has suggested that the soybean 
trypsin i n h i b i t o r appears to account for 30-50% of the growth re
tardation seen on feeding raw flour and probably most of the pan
creatic enlargement. Other workers have suggested that a part of 
the growth retardation may be due to unavailability of cystine, 
due to the poor d i g e s t i b i l i t y of the protease inhibitors (124). 

Most, but perhaps not a l l , of the protease inhibitors are 
destroyed by cooking of the food. The long range consequences of 
feeding humans low concentrations of active protease inhibitors 
are not known. 

α-Amylase Inhibitors. Proteins inhibitory of α-amylase are found 
i n many biol o g i c a l f l u i d s (_9). However, only the protein i n h i b i 
tors found i n legumes and i n wheat have been extensively i n v e s t i 
gated. Recently, i t has been shown that a l l insect α-amylases 
tested, except one, are inhibited by the red kidney bean α-amylase 
inhibitor (125). Yetter et a l . (126) have suggested that the 
wheat α-amylase inhibitors may be active against attack of the 
wheat by insects during storage. With one exception (see below) 
the plant α-amylase inhibitors do not have any a c t i v i t y against 
higher plant or microbial amylases tested (127). The three 
α-amylase inhibitors of maize have been reported to i n h i b i t maize 
a-amylase(s), indicating a possible physiological role of these 
inhibitors i n maize (27). 
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2. W H I T A K E R Protease and Amylase Inhibitors 41 
The n u t r i t i o n a l significance of the α-amylase inhibitors i s 

largely unknown. It i s known that low levels of inhibitory a c t i v 
i t y can be detected in regularly cooked food products. When red 
kidney bean α-amylase in h i b i t o r , free of protease inhibitors and 
hemagglutinins, was fed to rats in a casein diet at the levels of 
4.5 and 75 mg/rat/day, there was no decrease in rate of growth of 
the rats in rela t i o n to the control (128). Jaffê and Vega Lette 
(129) reported fecal starch from rats fed raw white kidney beans. 
Lang et a l . (130) reported a reduction of growth rate and i n 
creased fecal starch levels when rats were fed on a casein/starch 
diet containing purified wheat α-amylase in h i b i t o r s . Bo-Linn 
et a l . (131) reported that α-amylase inhi b i t o r , fed to humans as 
an impure preparation, had no effect on the ca l o r i c value of the 
starchy meal. 
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3 
Antibiotics in Foods 

BEVERLY A. FRIEND and KHEM M. SHAHANI 
Department of Food Science and Technology, University of Nebraska, 
Lincoln, NE 68583-0919 

Antibiotic residues may occur in foods in several 
ways. Antibiotics can be added either directly to 
foods to retard spoilage and extend shelf life, or 
can be added indirectly through contamination from 
the immediate environment, through animals treated 
with antibiotics for medical and prophylactic pur
poses or animals given antibiotic treated feeds for 
growth. Conversely, during fermentation, certain 
lactic cultures synthesize "natural" antibiotics 
which may remain in the food. These compounds in
clude Nisin produced by Streptococcus lactis, 
Diplococcin from S. cremoris, "Antibacterials" from 

S. thermophilus, S. diacetylactis and Leuconostoc 
cremoris, Bulgarican from Lactobacillus bulgaricus, 
Lactobrevin from L. brevis, Lactolin from L. 
plantarum and Acidophilin, Lactocidin and Acidolin 
from L. acidophilus. The increase in the incidence 
of antibiotic residues in the food supply poses 
certain public health risks including the emergence 
of antibiotic resistant microorganisms and possible 
sensitivity reactions in certain individuals. The 
presence of antibiotics in dairy products causes 
technical problems because of starter culture 
inhibition. On the other hand, the natural anti
biotics present in fermented food products may be 
considered beneficial since they can increase the 
shelf life, and possibly inhibit the growth and 
toxin production of pathogenic organisms and afford 
protection against disease organisms to the consumer. 

Antibiotics are a chemically diverse group of drugs whose thera
peutic properties can be related to structural and metabolic 
differences between microbial and mammalian cells. Because 
of their potent antimicrobial activity, simplicity of use and 
relatively low cost, antibiotics have been used widely for 
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48 X E N O B I O T I C S IN F O O D S A N D F E E D S 

disease control, food and feed preservation and growth promo
tion, resulting i n significant economic benefits to the producer 
and consumer. 

Table I. Origin of Antibiotics in Foods 

I. Direct addition to foods 
Technological reasons 

I I . Indirect addition to foods 
Contamination from environment 
Medical and prophylactic treatment of animals 
Natural constituent of feeds 
Feed additives for growth promotion or other purpose 
Unintentional feed additives 

I I I . Natural constituents of food 
Synthesis by l a c t i c cultures 

Source: WHO/FAO Expert Committee on Food Additives (1). 

As shown in Table I, an t i b i o t i c s may be added to foods 
d i r e c t l y for technological reasons, i n d i r e c t l y through treated 
animals and feeds or naturally through l a c t i c starter culture 
biosynthesis. Recent increases in a n t i b i o t i c use for food pro
duction as well as for disease control poses certain r i s k s . 
These include the emergence of potentially dangerous a n t i b i o t i c 
resistant microorganisms, the p o s s i b i l i t y of toxic or a l l e r g i c 
reactions in sensitive individuals and/or technological problems 
of starter culture i n h i b i t i o n associated with a n t i b i o t i c 
residues in food products. This paper summarizes the risks, as 
well as some of the benefits, of ant i b i o t i c s in foods and feeds. 

Risks of Antibiotics in Foods and Feeds 

On the average, 40% of the an t i b i o t i c s sold i n the United States, 
or more than 1.0 m i l l i o n kilograms, have been used as animal feed 
additives (2). According to Aschbacher (30, the following 
levels of a n t i b i o t i c supplementation are recommended for growth 
promotion: Bacitracin at 10-50 g/ton feed, Bambermycins at 1-2 
mg/ton, Carbadox at 10-25 mg/ton, Chlorotetracycline at 10-50 
mg/ton, Erythromycin at 4-70 g/ton, Lincomycin at 1-11 g/ton, 
Oxytetracycline at 5-50 g/ton, P e n i c i l l i n at 2-50 g/ton, Tylosin 
at 4-100 g/ton and Virginiamycin at 10 g/ton. Higher levels 
have been recommended for prophylactic purposes. As medical and 
non-medical use of ant i b i o t i c s increases, the risks associated 
with ant i b i o t i c s in foods and feeds also increase. 
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3. F R I E N D A N D S H A H A N I Antibiotics in Foods 49 

Microbial resistance. Microbial resistance to anti b i o t i c s i n 
feeds i s not harmful per se, but may create a public health 
hazard i f the resistance interferes with the control of a given 
microorganism, especially a pathogen, in animals or humans. 

The Food and Drug Administration (4) has declared that 
a n t i b i o t i c s cannot be used in animal feeds i f : (a) administra
tion of anti b i o t i c s to animals s i g n i f i c a n t l y increases the ani
mal reservoir of pathogenic gram-negative b a c i l l i which could be 
transferred to humans via the food chain; (b) a n t i b i o t i c use 
s i g n i f i c a n t l y increases gram-negative b a c i l l i i n animals 
resistant to antibiotics used in human medicine; or (c) 
ingestion of a n t i b i o t i c residues i n foods leads to an increase 
of a n t i b i o t i c - r e s i s t a n t pathogenic organisms in human f l o r a . 
One important consideration, therefore, i s the effect of feed 
an t i b i o t i c s on the Salmonella reservoir i n animals, since these 
gram-negative b a c i l l i may contaminate food products and cause 
i l l n e s s and death in humans. In addition, a large proportion of 
the Salmonella typhimurium organisms isolated from humans carry 
R factors, the DNA-containing plasmids responsible for the 
transfer of an t i b i o t i c resistance. 

Table II. Ant i b i o t i c Resistance of Salmonella in Humans 

Serotype 
% Resistant 

Serotype 1965 1969 1974 

s. typhimurium 18.5 36.7 57.6 
s . e n t e r i t i d i s 4.2 4.9 5.8 
s . heidelberg 28.6 10.5 30.0 
s . saint paul 12.5 21 15.9 
s . newport 16.7 20 36.3 

Source: Winshell _et__al. (9) andNeu^t_^l. (10). 

The effect of antibiotics on the Salmonella reservoir 
varies with the a n t i b i o t i c s u s c e p t i b i l i t y of the organisms. In 
previous studies the Salmonella reservoir decreased when animals 
were infected with an ant i b i o t i c - s e n s i t i v e organism (5_-7), but 
increased when infected with an ant i b i o t i c - r e s i s t a n t organism 
(8)· Neu and coworkers (9-10) have confirmed that a n t i b i o t i c 
resistance i s increasing i n Salmonella isolated from humans 
(Table I I ) . Resistance of S_. typhimurium to Ampicillin increased 
from 23.4% i n 1969 to 36.9% in 1974, resistance to Streptomycin 
increased from 27.3% to 45.6% and resistance to Tetracycline 
increased from 12.5% to 44.8%. 
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50 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Table III. Effect of A n t i b i o t i c Supplemented Feeds on the 
Incidence of Resistant E. c o l i 

% Resistant 
Montana 

Antibacterial drugs I l l i n o i s I l l i n o i s I l l i n o i s Range 
Swine Poultry Beef Cattle* 

Oxytetracycline 89.8 59 49.1 0 
Dihydrostreptomycin 93.2 72 50.0 0.6 
Ampicillin 52.5 17 13.2 1.3 
Neomycin 20.5 0 12.3 0 
Sulfamerazine 82.9 21 29.2 0.6 

Source: Siegel et a l . (15). 

Range c a t t l e , minimally exposed to a n t i b i o t i c s , served as the 
control. 

It has also been well documented that an t i b i o t i c s in animal 
feeds lead to a high lev e l of a n t i b i o t i c - r e s i s t a n t coliforms 
(11-15). As i l l u s t r a t e d in Table III, Siegel et a l . (15) found 
that I l l i n o i s farm animals fed rations containing an t i b i o t i c s 
had more ant i b i o t i c - r e s i s t a n t E_. c o l i than Montana range cattle 
minimally exposed to a n t i b i o t i c s . 

A recent study by Hankin et a l . (16) showed that raw milk 
contains substantial numbers of a n t i b i o t i c - r e s i s t a n t microorga
nisms and that some organisms resistant to Streptomycin, Tetra
cycline and Polymyxin can survive pasteurization. Several 
gram-negative isolates also were capable of transferring their 
resistance to _E. c o l i . 

Toxic and A l l e r g i c Reactions. While the medical use of a n t i 
b i o t i c s involves voluntary treatment for short periods of time 
under controlled supervision, the exposure to traces of a n t i 
b i o t i c s in food products is involuntary and uncontrolled. 
Although these trace levels are below the l i m i t required to 
cause acute toxic reactions, i t i s not known whether these t r a 
ces are s u f f i c i e n t to cause chronic t o x i c i t y problems (17). 

Certain antibiotics notably P e n i c i l l i n , Streptomycin, 
Chloramphenicol and Novobiocin are strongly allergenic i n sen
s i t i z e d individuals. The majority of the hypersensitivity reac
tions have occurred with P e n i c i l l i n most probably because of i t s 
widespread usage. Sensitization occurs most often during thera
peutic treatment. Once an individual i s sensitized to P e n i c i l l i n , 
for example, as l i t t l e as 40 IU (0.024 mg) administered o r a l l y 
may e l i c i t a l l e r g i c reactions. While the only food-related epi-
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3. F R I E N D A N D S H A H A N I Antibiotics in Foods 51 

sodes of hypersensitivity reported i n the l i t e r a t u r e involved 
P e n i c i l l i n - s e n s i t i v e individuals who consumed milk containing 
P e n i c i l l i n (18-21), i t i s possible that a l l e r g i c reactions caused 
by other a n t i b i o t i c residues in food have gone unrecognized. 

In order to control chronic t o x i c i t y and a l l e r g i c reactions, 
safety standards for a n t i b i o t i c residues i n food have been 
established. The WHO/FAO guidelines for a n t i b i o t i c residues i n 
milk, meat and egg used for human consumption are given i n Table 
IV. Chloramphenicol is highly toxic and, as shown, i t s use i s 
forbidden for any purpose which might y i e l d residues i n food (1) . 

Although not approved in the United States, i n other 
countries Nisin may be added d i r e c t l y to food at 20 units/gram 
Q_, 64). Pimaricin (Natamycin) dips to control mold growth on 
the surface of cheese received recent approval from the U.S. 
Food and Drug Administration (58). 

Inhibition of Starter Cultures. The primary cause of a n t i b i o t i c 
residues in milk and milk products is the f a i l u r e of producers 
to withhold milk from the market for a s u f f i c i e n t time period 
following veterinary therapy for mastitis or other diseases in 
dairy c a t t l e . Consumption of antibiotic-supplemented feed may 
also lead to residues in the milk. These anti b i o t i c s are quite 
stable and remain in the milk even after manufacturing pro-
cessses including pasteurization, drying or freezing. Marth 
and E l l i c k s o n (22), Marth (23) and Mol (17) have reviewed 
extensively problems in the dairy industry associated with a n t i 
b i o t i c residues i n the f l u i d milk supply. 

The major problem has been the p a r t i a l or complete 
i n h i b i t i o n of acid production by dairy starter cultures used i n 
the manufacture of cheese, buttermilk, sour cream or yogurt 
(23)· Shahani and Harper (24) determined the minimum amount of 
a n t i b i o t i c needed to i n h i b i t growth of 19 stock cheese cultures. 
They reported from 0.05 - 1.0 IU/ml P e n i c i l l i n and from 0.05 -
10.0 yg/ml Auremycin were required. Whitehead and Lane (25) 
also noted that during cheese manufacture, as l i t t l e as 0.05 IU 
of P e n i c i l l i n per m i l l i l i t e r of milk delayed acid production, 
while 0.5 IU/ml completely inhibited acid production. Low 
levels of a n t i b i o t i c also affect the flavor and texture of the 
f i n a l product (17, 26), as well as increase the probability of 
growth of undesirable a n t i b i o t i c - r e s i s t a n t coliforms (17, 27). 

Several workers (28-29) reported an increase i n the methy
lene blue reduction time when 0.05-0.5 IU P e n i c i l l i n were pre
sent per m i l l i l i t e r of milk. Similarly, Manokidis et a l . (30) 
noted that P e n i c i l l i n and Oxytetracycline were responsible for a 
false positive phosphatase test in pasteurized or p a r t i a l l y 
pasteurized milk while Streptomycin, Erythromycin and Neomycin 
inhibited the phosphatase test to some extent i n p a r t i a l l y 
pasteurized milk, but not in raw milk. Although raw milk con
taining a n t i b i o t i c residues was never mistakenly i d e n t i f i e d as 
pasteurized, these authors suggested that as a "precaution" 
a n t i b i o t i c assays be run i n conjunction with the phosphatase test. 
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Table IV. Acceptable Levels of Antibiotics i n Food 

An t i b i o t i c 
Milk 
(ppm) 

Meat 
(ppm) 

Egg 
(ppm) 

1. P e n i c i l l i n s 0-0.006 0-0.06 0-0.18 

2. Oligosaccharides 
Streptomycin 
Neomycin 

0-0.2 
0-0.15 

0-1.0 
0-0.5 

0-0.5 
0-0.2 

3. Chloramphenicol 0 0 0 

4. Tetracyclines 
Tetracycline 
Chlorotetracycline 
Oxytetracycline 

0-0.1 
0-0.02 
0-0.1 

0-0.5 
0-0.05 
0-0.25 

0-0.3 
0-0.05 
0-0.3 

5. Macrolides 
Erythromycin 
Tylosin 

0-0.04 
0 

0-0.3 
0-0.2 

0-0.3 
0 

6. Polyenes 
Nystatin 2 

Pimaricin 
0-1.1 
0 

0-7.1 
0 

0-4.3 
0 

7. Siderochromes 

8. Polypeptides 
Nisin 
Polymyxin 
Bacitracin 

3 

0-0.2 
0-28 

0-0.5 
0-16 

0-0.5 
0-110 

9. Griseofuivin 

10. Novobiocin 0-0.15 0-0.5 0-0.1 

Source: WHO/FAO Report (J_) . 

Acceptable only for cheese surfaces at a level of 15 ppm. 

No residue l e v e l has been established. Nisin maybe used as a direct 
food additive at a level less than 20 units/gram. 
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3. F R I E N D A N D S H A H A N i Antibiotics in Foods 

Benefits of Antibiotics i n Foods and Feeds 

53 

Improved livestock production. For more than 25 years, a n t i 
b i o t i c supplementation of feeds has been used routinely to de
crease production costs and ultimately consumer costs. A five 
year feeding study with swine given 100g of Chlorotetracycline, 
100g Sulfmethazine and 50g P e n c i l l i n per ton of feed demonstrated 
that a n t i b i o t i c supplementation markedly increases the average 
daily gain and feed efficiency (Table V). Although growth 
responses have been observed to increase up to a l i m i t of 250g 
antibiotic/ton, lower levels are used to maximize benefits and 
minimize costs. 

The annual savings of U.S. pork consumers was estimated as 
$200 m i l l i o n i n 1982 (31). Previously, Henry (32) reported an 
annual savings of $241 m i l l i o n in production costs for br o i l e r s , 
and $73 m i l l i o n for market turkeys when a n t i b i o t i c supplemen
tation was used. 

Table V. Effect of Antibiotics on Weight Gains of Swine 

Year Avg. Daily Gain (g) Imp. Feed Efficiency (g/g) Imp. 
C t r l A n t i b i o t i c (%) C t r l A n t i b i o t i c (%) 

1960 263 413 57 2.13 2.11 1.0 
1961 222 395 78 2.08 1.85 11.1 
1962 186 359 93 2.15 1.81 15.8 
1963 191 336 76 2.99 2.18 27.1 
1964 200 322 61 2.71 2.36 12.9 
1965 250 331 62 2.77 2.28 17.7 

Source : Hays (2). 

Inhibition of pathogens and toxin production. Bacus and Brown 
(33) noted that staphylococcal food poisoning has been asso
ciated with defectively fermented sausage i n at least six 
instances since 1967. As shown in Table VI, l a c t i c starter 
cultures used for fermented sausage produce antimicrobial com
pounds which i n h i b i t both the growth of Staphylococci and the 
production of enterotoxin (34). When these cultures are used i n 
combination with glucose or sucrose, they are also effective i n 
preventing the formation of toxin by Clostridium botulinum, even 
in the absence of n i t r i t e (35-36). 
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5 4 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Table VI. Lactic Culture Inhibition of Staphylococci i n 
Dry Sausage 

Storage, 3 da Storage, 7 da 
Sausage formulation Log CFU pH Toxin Log CFU pH Toxin 

Without l a c t i c starter 8.84 5.9 + 8.88 5.7 + 
With l a c t i c starter 6.78 5.6 7.53 5.3 

Source: Niskanen and Nurmi (34) 

Shahani and associates (37) studied the effects of the 
antifungal a n t i b i o t i c Natamycin (Pimaricin) on the growth of 
several mycotoxigenic molds (Table VII). They found that at 1.0 
ppm, Natamycin inhibited mycelial growth from 16.0 to 23.6% 
depending on the mold tested. Ochratoxin production was i n h i 
bited 93.2%, p e n i c i l l i c acid 70.6% and patulin 97.8% at the same 
concentration. 

Table VII. Inhibitory Effect of Natamycin on Mold Growth and 
Toxin Production of _A. ochraceus NRRL 3174, _P. 
cyclopium NRRL 1888 and ,Ρ. patulum NRRL 989 

Natamycin A. ochraceus P. cyclopium P. patulum 
(ppm) Growth Ocratoxin Growth P e n i c i l l i c 

acid 
Growth Patulin 

(% Inhibition) 

0 
1.0 

10.0 
50.0 

16.0 
46.0 
52.2 

93.2 16.4 70.6 
100.0 61.5 98.8 
100.0 65.0 100.0 

23.6 97.8 
71.7 100.0 
77.5 100.0 

Source: Shahani et a l . (37). 

Lactobacillus acidophilus s i g n i f i c a n t l y inhibited 
Staphylococcus aureus, Salmonella typhimurium and enteropathic 
E_. c o l i when grown in associative culture i n a milk thio medium 
(Table VIII). Shahani et a l . (39) also noted that jL. acidophilus 
and _L. bulgaricus inhibited a number of food borne pathogens 
when tested by a n t i b i o t i c disc assay procedures. 
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3. F R I E N D A N D S H A H A N I Antibiotics in Foods 55 

Table VIII. Inhibition of Pathogens by _L. acidophilus i n 
Associative Culture 

Test Culture Treatment Pathogen 
(CFU/ml) 

Inhibition 
(%) 

Staph, aureus Control 
_L. acidophilus 

_S. typhimurium Control 
L_. acidophilus 

E. c o l i Control 
L_. acidophilus 

1.5 χ 10 
2.7 χ 10 

1.7 χ 10* 
2.3 χ 10 

3.3 χ 10g 
4.3 χ 10 

98.2 

86.5 

87.0 

Source: G i l l i l a n d and Speck (38) 

The production of natural antibiotics by l a c t i c starter 
cultures has been well documented (40)· Some of these compounds 
have been isolated and i d e n t i f i e d as noted in Table IX. 

Shahani and associates (39, 49, 56-57) have studied the 
production of Acidophilin and Bulgarican by L. acidophilus DDS 1 
and _L. bulgaricus DDS 14, respectively. These an t i b i o t i c s were 
isolated from fermented milk using a combination of methanol and 
acetone extraction coupled with s i l i c a gel and Sephadex 
chromatography. Different culture strains were found to vary 
greatly in their production of antibacterial compounds and fac
tors such as incubation medium, pH, temperature and had a pro
nounced effect on a n t i b i o t i c production. Milk was an essential 
medium, since these organisms f a i l e d to produce an t i b i o t i c s when 
grown on other synthetic or semi-synthetic media. Approximately 
30-60 μ g or 0.2 to 0.4 units of Acidophilin per ml of aqueous 
solution caused a 50% i n h i b i t i o n i n v i t r o of a wide variety of 
gram-positive and gram negative organisms (56-57). 

Extended shelf l i f e . Several an t i b i o t i c s including Tetra
cyclines, P e n i c i l l i n , Streptomycin, Bacitracin, Neomycin and 
S u b t i l i n i n h i b i t food spoilage microorganisms (23). U n t i l 1967, 
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Table IX. Natural Antibiotics Produced by Lactic Cultures 

Culture Compound Reference 

Lactobacillus acidophilus Acidolin (41) Lactobacillus acidophilus 
Acidophilin (39) 
Lactocidin (42) 

"Ant i b i o t i c 
Substance" (43-44) 

"Bacteriocin" (45) 

Lactobacillus brevis L a c t o b a c i l l i n 
(H 20 2) (46-47) 

Lactobrevin (48) 

Lactobacillus bulgaricus Bulgarican (49) 

Lactobacillus plantarum Lactolin (50) 

Streptococcus cremoris Diplococcin (51) 

Streptococcus diacetylactis "Antimicrobial 
(52) 

Streptococcus diacetylactis 
Substance" (52) 

Streptococcus l a c t i s Nisin (53-54) 

Streptococcus thermophilus "Antimicrobial 
(55) 

Streptococcus thermophilus 
Compounds" (55) 

Chlorotetracycline was approved by the FDA for limited use i n 
poultry and f i s h c h i l l water. The purpose was to extend the 
shelf l i f e of these raw products and i t was assumed that a l l 
residues were destroyed during the normal cooking process. The 
FDA subsequently rescinded their approval primarily because of 
the emergence of resistant microorganisms. 

U n t i l recently, no a n t i b i o t i c could be added d i r e c t l y to 
food for human consumption i n the U.S. Natamycin (Pimaricin) 
has now been approved for use on the surface of cheese and 
cheese s l i c e s to extend shelf l i f e (58). Shahani and associates 
(59) noted that Natamycin treatment prolonged the shelf l i f e of 
Cottage cheese, Cheddar cheese and Parmesan cheese samples ino
culated with toxigenic molds. Natamycin has also been found 
effective in controlling surface mold in I t a l i a n cheeses (60). 
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Table X. Effect of Nisin on Low Fat Dairy Spread Stored at 40°C 

Storage Microbial Count (CFU/g) Flavor Score 
Time (wk) HG S t a b l i l i z e r HG + Nisin HG S t a b i l i z e r HG + Nisin 

2 
0 15 X 3.7 X i o 3 3.1 3.0 
1 47 X 

1 0 5 11 X i o 3 2.6 2.6 
3 14 X 

1 0 6 33 X 
i o 3 

2.5 2.6 
5 35 X i o b 60 X 10 2.7 2.4 

Source: Goel et a l . (62) 

*Flavor Score: 1 - excellent, 2 - good, 3 - f a i r , 4 - poor, 5 -
unacceptable. 

The a n t i b i o t i c Nisin i s inhibitory against several gram-
positive Streptococci, L a c t o b a c i l l i , C l o s t r i d i a , Staphylococci 
and B a c i l l i (61-62). Goel et a l . (63) noted that the addition 
of Nisin increased the shelf l i f e of low fat dairy spread (Table 
X). In 20 countries outside the United States, Nisin i s per
mitted as a direct food additive (64), and one major application 
has been to prevent the growth and subsequent gas production by 
C l o s t r i d i a i n hard cheese and processed cheese products. In 
France, for example, Nisin-producing Streptococci have been 
employed i n the manufacture of processed cheese. Nisin has also 
been studied as a possible alternative to n i t r i t e i n the 
preservation of meats (65). 

Mather and Babel (66) observed that the addition of Leuco-
nostoc cremoris to a Cottage cheese creaming mixture inhibited 
coliforms and prevented slime formation by Pseudomonas spp. 
This procedure has been used commercially to extend the shelf 
l i f e of Cottage cheese (40). 

Possible protection against disease. The natural a n t i b i o t i c 
effects of L̂ . acidophilus and L̂ . bulgaricus against human 
disease have received increased interest, especially in Eastern 
Europe, Russia and Japan. In 1978, for example, a Russian con
ference reported the use of Koumiss, a fermented mare's milk 
product containing _L. acidophilus, _L. bulgaricus and Saccharo-
myces l a c t i s , i n the treatment of a number of diseases including 
non-specific and chronic lung disease, digestive tract disease, 
myocardial infarction, chronic cholesocystitis and chronic 
e n t e r o c o l i t i s . 

Beck and Necheles (67) reported that _L. acidophilus was 
effective in treatment of different types of diarrhea. A c i -
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58 X E N O B I O T I C S IN F O O D S A N D F E E D S 

dophilus milk has been used to treat j^. coli-mediated diarrhea 
i n infants in Yugoslavia (68), and Shigella-and-Salmonella-
mediated dysentery i n children in Poland (69-70). The Polish 
researchers suggested that the production of a n t i b i o t i c substan
ces by L̂ . acidophilus may i n part be responsible for the 
observed effect. 

Hamada et a l . (71) fed a Lactobacilli-fermented milk known 
as Yakult to a group of 500 servicemen i n Japan and noted that 
none was infected with dysentery or became carriers of 
Salmonella/ Shigella organisms during a 6 month period. A 
control group had 55 patients with dysentery and 50 carriers of 
dysentery organisms during the f i n a l month of the investigation. 

In contrast, Pearce and Hamilton (72), Merson et a l . (73) 
and DeDios Pozo-Olano et a l . (74) among others have reported no 
s i g n i f i c a n t effect on diarrhea when L a c t o b a c i l l i were fed. 
Controlled c l i n i c a l studies using double blind treatment proto
cols with viable cultures are required to assess whether disease 
protection can be achieved i n persons consuming cultures or 
culture-containing products. 

There i s considerable s t r a i n - t o - s t r a i n variation among the 
l a c t i c starter cultures and any therapeutic effects linked to 
the production of a n t i b i o t i c by one s p e c i f i c s t r a i n may not 
necessarily apply to a l l other strains of the same organism. 
Screening studies i n our laboratory (39) showed that although L̂ . 
acidophilus DDS 1 produced Acidophilin and L. bulgaricus DDS 14 
produced Bulgarican, none of the other strains of these orga
nisms produced significant quantities of a n t i b i o t i c . Commercial 
preparations containing starter cultures which produce an t i 
b i o t i c s i n the laboratory also may not contain s u f f i c i e n t num
bers of viable organisms and/or a n t i b i o t i c to be of any benefit. 
F i n a l l y , these cultures are quite fastidious i n their growth and 
metabolic requirements and therefore must not be grown or 
ingested i n the presence of incompatible foods or food ingre
dients. 

In summary, a n t i b i o t i c residues i n foods pose certain 
potential risks as well as potential benefits. The emergence of 
possibly dangerous a n t i b i o t i c resistance organisms has led to 
the consideration that a n t i b i o t i c s commonly used i n humans or 
those which are cross resistant with important ant i b i o t i c s used 
i n humans, be eliminated from the food supply by banning their 
use i n livestock production. Additional research i n this area 
and that of toxic and/or a l l e r g i c s e n s i t i v i t y reactions i s 
required to make assessment of their public health r i s k s . Only 
then can c r i t i c a l risk/benefit decisions be made for a n t i 
b i o t i c s . 
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4 
Effects of Lipid Hydroperoxides on 
Food Components 

H. W. GARDNER 

Northern Regional Research Center, Agricultural Research Service, U.S. Department 
of Agriculture, Peoria, IL 61604 

Undesirable changes in nutr i t ional quality of 
foods are in i t ia ted by the autoxidation or enzymic 
oxidation of unsaturated l ip ids to l i p i d 
hydroperoxides. Lip id hydroperoxides and their 
products of decomposition can react with food 
components, such as amino acids, proteins and 
certain other biochemicals. These reactions and 
the potential role of hydroperoxides in causing 
mutagenicity are reviewed. 

Food fabrication requires many ingenious methods to 
prevent the development of rancidity, and the food industry 
largely has been successful in this endeavor. However, the 
problem continues to receive serious attention by researchers. 
Obviously, a food that has become rancid through either enzymic 
oxidation or autoxidation w i l l diminish in both nutr i t ional 
value and pa la tab i l i ty . Because rancid foods usually are 
rejected before consumption, i t has been debated that l i p i d 
oxidation in foods has l i t t l e impact on health. I t i s a 
concern that radical reactions in food can cause alterations 
below the threshold of detection by the human senses. 

Considering the complexity of l i p i d peroxidation per se, 
the parameters added by numerous ingredients i n food pose a 
nearly insurmountable problem to the experimentalist. As a 
result , nearly a l l we know about specific molecular reactions 
between food biochemicals and l i p i d hydroperoxides has come 
from studies of model reactions employing simple systems. 
Data from the models must be extrapolated to the composite, 
and this approach is not necessarily wholly inadequate. 
Obviously, certain biochemicals are more susceptible than 
others to radical attack and/or reaction with secondary products. 

This chapter not subject to U.S. copyright. 
Published 1983, American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

00
4



64 X E N O B I O T I C S IN F O O D S A N D F E E D S 

W i t h s u f f i c i e n t k i n e t i c d a t a o n e c o u l d p r e d i c t t h e p r e d o m i n a t i n g 
r e a c t i o n s e x p e c t e d i n a c o m p l e x m i x t u r e o f p o t e n t i a l r e a c t a n t s . 

I t i s t h e p u r p o s e o f t h i s r e v i e w t o : ( a ) b r i e f l y o u t l i n e 
t h e v a r i o u s r a d i c a l r e a c t i o n s o c c u r r i n g d u r i n g t h e c o u r s e o f 
a u t o x i d a t i o n , ( b ) d i s c u s s t h e u s e o f m o d e l s y s t e m s i n t h e 
s t u d y o f t h e e f f e c t s o f l i p i d a u t o x i d a t i o n o n f o o d i n g r e d i e n t s , 
p a r t i c u l a r l y p r o t e i n s , a n d ( c ) a s s e s s t h e p o t e n t i a l m u t a g e n i c i t y 
o f a u t o x i d a t i o n p r o d u c t s . 

R e a c t i o n s o f A u t o x i d a t i o n 

A n u n s a t u r a t e d f a t t y a c i d w i l l n o t o x i d i z e i n t h e p r e s e n c e 
o f o r d i n a r y g r o u n d - s t a t e 0 2 u n l e s s a h y d r o g e n i s f i r s t a b s t r a c t e d 
f r o m t h e f a t t y a c i d b y a r a d i c a l . T h i s a b s t r a c t i o n i n i t i a t e s 
t h e r a d i c a l c h a i n n e e d e d t o o v e r c o m e t h e l a g o r i n i t i a t i o n 
p h a s e r e q u i r e d b e f o r e a u t o x i d a t i o n c a n a c c e l e r a t e . S i n c e t h e 
C - H b o n d o f a n a l l y l i c c a r b o n h a s a r e l a t i v e l y weak b o n d 
d i s s o c i a t i o n e n e r g y , t h e a b s t r a c t i o n o f t h i s h y d r o g e n i s 
f a v o r e d , a s i l l u s t r a t e d i n F i g u r e 1. The r e s u l t a n t a l l y l i c 
r a d i c a l ( p e n t a d i e n e r a d i c a l i n t h e e x a m p l e g i v e n i n F i g u r e 1 ) 
t h e n c o m b i n e s w i t h 0 2 t o p r o d u c e a p e r o x y r a d i c a l . T h e p e r o x y 
r a d i c a l i n t u r n p r o p a g a t e s t h e same s e q u e n c e b y f u r t h e r 
Η - a b s t r a c t i o n . T h e l i p i d h y d r o p e r o x i d e , t h u s f o r m e d , i s a l s o 
s u s c e p t i b l e t o h o m o l y t i c d i s s o c i a t i o n v i a R e a c t i o n s A a n d B . 

ROOH + X · R 0 0 - + ΧΗ (A ) 

X = R , R S , R O , R 0 0 , e t c . 

ROOH l ^ R O - + -OH (B ) 

I t s h o u l d b e n o t e d t h a t R e a c t i o n A i s a n Η - a b s t r a c t i o n , a n d 
t h u s i t i s u s u a l l y r e v e r s i b l e . I n c o n t r a s t , R e a c t i o n Β i s n o t 
r e a d i l y r e v e r s i b l e a f t e r t h e R 0 e a n d ·0Η r a d i c a l s e s c a p e f r o m 
t h e s o l v e n t c a g e . The n e t r e s u l t o f b o t h R e a c t i o n s A a n d Β i s 
t h e f o r m a t i o n o f s e c o n d a r y p r o d u c t s a n d t h e g e n e r a t i o n o f 
a d d i t i o n a l r a d i c a l s . F i g u r e 2 o u t l i n e s t h e p r o g r e s s o f a 
h y p o t h e t i c a l a u t o x i d a t i o n o f a l i p i d . The i n i t i a t i o n p h a s e i s 
f o l l o w e d b y r a p i d a c c u m u l a t i o n o f r a d i c a l s t h a t p r o m o t e b o t h 
t h e f o r m a t i o n a n d d e s t r u c t i o n o f h y d r o p e r o x i d e s . F i n a l l y , 
r a d i c a l c o m b i n a t i o n ( t e r m i n a t i o n ) l e a d s t o n o n r a d i c a l s e c o n d a r y 
p r o d u c t s . A s d i s c u s s e d l a t e r , b o t h s e c o n d a r y p r o d u c t s a n d 
r a d i c a l r e a c t i o n s p e r s e a r e i n v o l v e d i n f o o d d e t e r i o r a t i o n . 

T h e m a i n p a t h w a y s t o s e c o n d a r y p r o d u c t s o f l i p i d o x i d a t i o n 
a r e d e s c r i b e d i n t h e f o l l o w i n g t e x t , b u t t h e r e a d e r s h o u l d 
r e f e r t o more c o m p r e h e n s i v e r e v i e w s o n t h i s s u b j e c t ( 1 , 2 ) . 
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G A R D N E R Effects of Lipid Hydroperoxides 

Figure 1. Autoxidation oflinolenic acid. Structures are abbreviated to show only 
polyunsaturate. Η-Abstraction is signified by H. 

Figure 2. Hypothetical autoxidation of a polyunsaturated lipid as a function of 
time. 
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66 X E N O B I O T I C S IN F O O D S A N D F E E D S 

P e r o x y r a d i c a l s . L i p i d p e r o x y r a d i c a l s g e n e r a t e d b y R e a c t i o n A 
a r e i m p o r t a n t i n p r o p a g a t i n g o t h e r r a d i c a l s b y H - a b s t r a c t i o n 
( r e v e r s e o f R e a c t i o n A ) . W e a k l y b o n d e d h y d r o g e n s a r e 
p a r t i c u l a r l y s u s c e p t i b l e t o a b s t r a c t i o n b y t h e p e r o x y r a d i c a l . 
T h e r a d i c a l g e n e r a t e d i n t h i s way c a n become o x i d i z e d v i a 
R e a c t i o n C . 

X · + o 2 — Χ 0 0 · (C ) 

B e c a u s e X H i s o f t e n a n o n l i p i d , w h i c h b e c o m e s o x i d i z e d i n t h e 
p r e s e n c e o f p e r o x i d i z i n g l i p i d s , t h i s p r o c e s s i s s o m e t i m e s 
c a l l e d " c o o x i d a t i o n . " 

I n a d d i t i o n t o Η - a b s t r a c t i o n , o t h e r r e a c t i o n s c o m p e t e f o r 
p e r o x y r a d i c a l s , s u c h a s β - s c i s s i o n a n d i n t r a m o l e c u l a r 
r e a r r a n g e m e n t (3). β - S c i s s i o n o c c u r s b y t h e r e v e r s e o f 
R e a c t i o n C , b u t i t i s d i f f i c u l t t o s u r m i s e how t h i s r e a c t i o n 
w o u l d h a v e a n i m p a c t o n f o o d i n g r e d i e n t s . On t h e o t h e r h a n d , 
p e r o x y r a d i c a l r e a r r a n g e m e n t may h a v e m o r e r e l e v a n c e t o f o o d 
s y s t e m s . R e a r r a n g e m e n t o c c u r s i f a d o u b l e b o n d i s p o s i t i o n e d 
β t o t h e c a r b o n b e a r i n g t h e p e r o x y g r o u p . T h i s c a n l e a d t o 
f o r m a t i o n o f c y c l i c p e r o x i d e s (4, 5) a n d p r o s t a g l a n d i n - l i k e 
e n d o p e r o x i d e s (6) b y t h e p a t h w a y s s h o w n i n F i g u r e 3. T h e s e 
c o m p o u n d s a r e b e l i e v e d t o b e i m p o r t a n t i n t h e g e n e s i s o f 
m a l o n d i a l d e h y d e (7), r a d i c a l p r o p a g a t i o n a n d f o r m a t i o n o f 
o t h e r s e c o n d a r y p r o d u c t s . 

P e r o x y r a d i c a l s c a n r e a c t b y y e t o t h e r c o m p e t i n g r o u t e s . 
F o r e x a m p l e , e v i d e n c e f o r l i p i d p e r o x y r a d i c a l c o m b i n a t i o n 
t h r o u g h a t e t r a o x i d e h a s b e e n r e p o r t e d r e c e n t l y (8). S u c h 
t e t r a o x i d e s c o u l d g e n e r a t e s i n g l e t o x y g e n a n d n o n r a d i c a l 
p r o d u c t s b y t h e R u s s e l l m e c h a n i s m (9) a s s h o w n i n R e a c t i o n D . 

R R R R 

H R H R 

I n t e r m o l e c u l a r a d d i t i o n o f t h e p e r o x y r a d i c a l t o a d o u b l e b o n d 
a l s o i s p o s s i b l e b u t h a s n o t b e e n d o c u m e n t e d i n d e t a i l f o r 
l i p i d s . I t h a s b e e n p r e s u m e d t h a t t h e p o l y m e r i z a t i o n o f 
p o l y u n s a t u r a t e s may p r o c e e d i n t h i s m a n n e r . 
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68 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Oxy r a d i c a l s . H e a t a n d s i n g l e e l e c t r o n r e d u c t i o n b y t r a n s i t i o n 
m e t a l i o n s a r e among t h e mor e i m p o r t a n t ways l i p i d o x y r a d i c a l s 
a r e f o r m e d f r o m h o m o l y t i c c l e a v a g e o f h y d r o p e r o x i d e s . 

T h e r e a c t i v e o x y r a d i c a l i s k n o w n t o p a r t i c i p a t e i n 
s e v e r a l c o m p e t i t i v e r a d i c a l p r o c e s s e s . L i k e p e r o x y r a d i c a l s , 
o x y r a d i c a l s h a v e a p r o p e n s i t y f o r Η - a b s t r a c t i o n ( R e a c t i o n E ) . 

\ C H - O - + X H 
/ 

^ C H - O H + X · 
/ 
1 

( E ) 

C o m m o n l y , a s e l f - i n d u c e d Η - a b s t r a c t i o n , c a l l e d d i s p r o p o r t i o n a t i o n , 
i s o b s e r v e d ( R e a c t i o n F ) , a n d i n d e e d , f a t t y k e t o n e s a n d a l c o h o l s 
a r e f o u n d among s e c o n d a r y p r o d u c t s . 

\ 
C H - O -

A 
\ \ 

* CH-OH + C = 0 

A A 
( F ) 

β - S c i s s i o n ( R e a c t i o n G) g e n e r a t e s v o l a t i l e a l d e h y d e s a n d 
h y d r o c a r b o n s . 

\ 
2 C H - 0 - , 

R - C H = 0 + R 

R - C H = 0 + R-

(G) 

A l t h o u g h v o l a t i l e s u s u a l l y do n o t e x c e e d 1 0 - 1 5 % o f t h e o x i d i z e d 
l i p i d , t h e a l d e h y d e p o r t i o n o f t h e v o l a t i l e s r e c e i v e s 
d i s p r o p o r t i o n a t e a t t e n t i o n b e c a u s e o f i t s c o n t r i b u t i o n t o 
r a n c i d o d o r s . 

O x y r a d i c a l s a d d t o o l e f i n s b y b o t h i n t e r m o l e c u l a r a n d 
i n t r a m o l e c u l a r m e c h a n i s m s . E x p e r i m e n t a l e v i d e n c e h a s i n d i c a t e d 
t h a t i n t r a m o l e c u l a r a d d i t i o n ( R e a c t i o n H) may b e much more 
i m p o r t a n t t h a n i t s i n t e r m o l e c u l a r c o u n t e r p a r t ( 1 0 , 1 1 ) . 

(H) 
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4. G A R D N E R Effects of Lipid Hydroperoxides 

S i n c e 0 2 i s a n e x c e l l e n t s c a v e n g e r o f r a d i c a l s , t h e e x p o x y a l l y l i c 
r a d i c a l i s o x i d i z e d f u r t h e r v i a R e a c t i o n I . 

The h y d r o p e r o x y g r o u p o f t h e s e c o m p o u n d s may u n d e r g o f u r t h e r 
h o m o l y s i s i n t h e c a s c a d e t o s e c o n d a r y p r o d u c t s ( 1 1 ) . 

I n t h e o r y , c o m b i n a t i o n o f o x y r a d i c a l s i s p o s s i b l e 
( R e a c t i o n J ) ; h o w e v e r , t h e r e i s l i t t l e d e t a i l e d e v i d e n c e t o 
s u p p o r t t h i s t y p e o f r e a c t i o n a t p r e s e n t . 

E f f e c t o f L i p i d O x i d a t i o n o n P r o t e i n 

T h e i n t e r a c t i o n o f p e r o x i d i z i n g l i p i d s w i t h p r o t e i n 
r e c e n t l y h a s b e e n r e v i e w e d b y s e v e r a l i n v e s t i g a t o r s ( 1 2 - 1 7 ) . 
T h i s r e v i e w w i l l e m p h a s i z e t h e m o l e c u l a r b a s i s f o r t h e c h a n g e s 
i n p r o t e i n c a u s e d b y e x p o s u r e t o p e r o x i d i z e d l i p i d . F i r s t , i t 
m u s t b e u n d e r s t o o d t h a t p r o t e i n c a n b e a f f e c t e d b y l i p i d 
h y d r o p e r o x i d e s i n t h r e e g e n e r a l w a y s : ( a ) t h r o u g h f o r m a t i o n 
o f n o n c o v a l e n t c o m p l e x e s w i t h e i t h e r l i p i d h y d r o p e r o x i d e o r 
i t s s e c o n d a r y p r o d u c t s , ( b ) b y r a d i c a l r e a c t i o n s , a n d ( c ) 
t h r o u g h r e a c t i o n s w i t h n o n r a d i c a l s e c o n d a r y p r o d u c t s . The 
f o r m a t i o n o f n o n c o v a l e n t c o m p l e x e s w i l l b e i g n o r e d h e r e , b u t 
c o m p l e x a t i o n i s p r o b a b l y i m p o r t a n t i n c a u s i n g f l a v o r e n t r a i n m e n t , 
c h a n g e s i n p r o t e i n p h y s i c a l p r o p e r t i e s a n d p r o m o t i o n o f c h e m i c a l 
r e a c t i o n s . 

R a d i c a l r e a c t i o n s o f p r o t e i n . R a d i c a l r e a c t i o n s o f p r o t e i n s 
p r o m o t e d b y l i p i d h y d r o p e r o x i d e s f a l l i n t o t h r e e g e n e r a l 
c a t e g o r i e s : ( a ) p r o t e i n - p r o t e i n o r l i p i d - p r o t e i n c r o s s l i n k i n g , 
( b ) p r o t e i n s c i s s i o n , a n d ( c ) p r o t e i n o x i d a t i o n . 

A s i l l u s t r a t e d b y a n u m b e r o f r e c e n t r e p o r t s , p e r o x i d i z i n g 
l i p i d a f f e c t s p r o t e i n i n a v a r i e t y o f w a y s . F o r e x a m p l e , 
J a c k s e t a l . ( 1 8 ) o b s e r v e d t h a t r a n c i d o i l ( P . V . = 144 ) h a d no 
e f f e c t o n t h e s t o r a g e p r o t e i n o f p e a n u t . O t h e r s t u d i e s w i t h 
l y s o z y m e ( 1 9 , 2 0 ) , γ - g l o b u l i n s a n d a l b u m i n ( 2 1 ) d e m o n s t r a t e d 
c o n s i d e r a b l e damage t o p r o t e i n . L y s o z y m e e x p o s e d t o e i t h e r 
p e r o x i d i z i n g l i n o l e i c a c i d o r m e t h y l l i n o l e a t e r e s u l t e d i n 
m a i n l y t h e f o r m a t i o n o f l y s o z y m e d i m e r s a n d t r i m e r s ( 1 9 , 2 0 ) , 

RO- + X · > ROX ( J ) 
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70 X E N O B I O T I C S IN F O O D S A N D F E E D S 

a s w e l l a s d e n a t u r e d l y s o z y m e ( 2 0 ) . W h i l e F u n e s a n d K a r e l 
( 1 9 ) o b s e r v e d v e r y l i t t l e l i p i d b o u n d c o v a l e n t l y t o l y s o z y m e , 
N i e l s e n ( 2 1 ) f o u n d t h a t p e r o x i d i z e d p h o s p h o l i p i d e x p o s e d t o 
e i t h e r a l b u m i n o r γ - g l o b u l i n u n d e r N 2 c a u s e d m a i n l y p h o s p h o l i p i d -
p r o t e i n c o v a l e n t b o n d s . H o w e v e r , N i e l s e n ( 2 1 ) a l s o d i d o b s e r v e 
some d i m e r a n d h i g h e r o l i g o m e r s o f p r o t e i n . S e v e r a l v a r i a b l e s 
i n t h e s e i n v e s t i g a t i o n s may h a v e b e e n t h e c a u s e o f t h e d i f f e r i n g 
r e s u l t s , i l l u s t r a t i n g t h e c o m p l e x i t y o f t h e p r o b l e m . 

A l t h o u g h t h e s t u d y o f p e r o x i d i z i n g l i p i d - p r o t e i n i n t e r a c t i o n 
i s n e c e s s a r y t o d e t e r m i n e t h e o v e r a l l e f f e c t s , s t u d i e s o f 
m o d e l s y s t e m s e m p l o y i n g p e r o x i d i z e d l i p i d a n d i n d i v i d u a l a m i n o 
a c i d s a l s o a r e n e c e s s a r y t o u n d e r s t a n d t h e m o l e c u l a r b a s i s o f 
t h e d a m a g e . 

T h e r a d i c a l p r o c e s s e s t h a t a p p e a r t o b e i m p o r t a n t w i t h 
a m i n o a c i d s a r e Η - a b s t r a c t i o n , r a d i c a l c o m b i n a t i o n ( R e a c t i o n Κ ) , 
β - s c i s s i o n o f a m i n o a c i d o x y r a d i c a l s ( R e a c t i o n G) a n d p o s s i b l y 
r a d i c a l a d d i t i o n ( R e a c t i o n L ) . 

X · + X - - * X - X (K ) 

X 

H 
X · + / = \ ( L ) 

The f i r s t p r o c e s s , Η - a b s t r a c t i o n , may i n i t i a t e a n i m p o r t a n t 
g e n e r i c r e a c t i o n o f a m i n o a c i d s ( F i g . 4 ) . R a d i c a l s a t t r i b u t e d 
t o t h e α - c a r b o n h a v e b e e n i d e n t i f i e d b y e l e c t r o n s p i n r e s o n a n c e 
( E S R ) o f p e r o x i d i z e d p r o t e i n s ( 2 2 ) . F u r t h e r r e a c t i o n w i t h 0 2 

( h y p o t h e t i c a l ) w o u l d l e a d t o a m i n o a c i d h y d r o p e r o x i d e s . A 
d i f f e r e n t p a t h w a y t o a m i n o a c i d h y d r o p e r o x i d e h a s b e e n p r o p o s e d 
b y Y o n g a n d K a r e l ( 2 3 ) , b u t t h e i r p r o p o s a l i n v o l v e s a n i n d i r e c t 
p a t h w a y t o t h e α - c a r b o n r a d i c a l . H o m o l y s i s o f t h e h y d r o p e r o x y 
g r o u p w o u l d a f f o r d a n a m i n o a c i d o x y r a d i c a l s u s c e p t i b l e t o 
β - s c i s s i o n v i a R e a c t i o n G . T h u s , β - s c i s s i o n b e t w e e n t h e 
α - c a r b o n a n d t h e a m i n o g r o u p may e x p l a i n t h e i n c r e a s e i n a m i d e 
c o n t e n t o f p r o t e i n t h a t h a s b e e n p e r o x i d i z e d i n d r y s y s t e m s , 
a s w e l l a s t h e c o i n c i d e n t p r o t e i n c h a i n s c i s s i o n o b s e r v e d 
( 2 4 ) . I n a d d i t i o n , m o i e t i e s v i c i n a l t o t h e α - c a r b o n may b e 
s u s c e p t i b l e t o r a d i c a l a t t a c k , a n d t h e p r o d u c t s o f t h e s e 
r e a c t i o n s may g i v e t h e f a l s e i m p r e s s i o n t h a t t h e y w e r e d e r i v e d 
f r o m a t t a c k d i r e c t l y o n t h e α - c a r b o n . F o r e x a m p l e , t h e a m i n o 
g r o u p c o u l d b e o x i d i z e d b y a f r e e r a d i c a l m e c h a n i s m , a n d 
s u b s e q u e n t l y c o u l d c a u s e t h e l o s s o f t h e α-amino g r o u p . T h e 
c o n v e r s i o n o f p r o l i n e t o p r o l i n e n i t r o x i d e ( 2 5 ) c a n b e c i t e d 
a s a n e x a m p l e o f s u c h a n o x i d a t i o n . 

B e s i d e s t h e a t t a c k a t t h e α - c a r b o n , t h e s i d e c h a i n s a r e 
s u s c e p t i b l e t o r a d i c a l d a m a g e . U n d o u b t e d l y , t h e v a r y i n g 
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4. G A R D N E R Effects of Lipid Hydroperoxides 71 

0 
II 

R—CH—C—OH 
I 
NH? 

0 
. II 

R—C—C—OH 
I 
NH2 

1 . 0 2 

R—C—C—OH 

NH; 

Figure 4. Postulated mechanism of amino acid oxidation by radical attack of a-
carbon. 
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72 X E N O B I O T I C S IN F O O D S A N D F E E D S 

s e n s i t i v i t y o f s i d e c h a i n s i s t h e r e a s o n f o r s e l e c t i v i t y i n 
t h e p e r o x i d a t i o n o f c e r t a i n a m i n o a c i d s . G e n e r a l l y , t h e m o s t 
l a b i l e a m i n o a c i d s a r e h i s t i d i n e , c y s t e i n e / c y s t i n e , m e t h i o n i n e , 
l y s i n e , t y r o s i n e a n d t r y p t o p h a n ( 1 4 ) . 

The d e g r a d a t i o n o f c y s t e i n e p r o b a b l y p r o c e e d s t h r o u g h t h e 
t h i y l r a d i c a l b y Η - a b s t r a c t i o n f r o m t h e t h i o l g r o u p . S t r o n g 
s u l f u r s i g n a l s w e r e o b s e r v e d b y E S R i n a m i x t u r e o f c y s t e i n e 
p l u s p e r o x i d i z e d m e t h y l l i n o l e a t e d e m o n s t r a t i n g t h e 
s u s c e p t i b i l i t y o f t h i o l t o r a d i c a l s ( 2 2 ) . A s s h o w n i n F i g u r e 5 , 
c y s t i n e , v a r i o u s o x i d e s o f c y s t e i n e / c y s t i n e ( 2 6 - 2 8 ) , a l a n i n e 
a n d H 2 S ( 2 7 ) a r e p r o d u c t s . G l u t a t h i o n e p e r o x i d i z e d b y l i p i d 
h y d r o p e r o x i d e a l s o a f f o r d e d t h e d i s u l f i d e a n d o x i d e s o f 
g l u t a t h i o n e ( 2 9 ) . 

The a b s e n c e o f 0 2 f r o m a r e a c t i o n o f l i n o l e i c a c i d 
h y d r o p e r o x i d e p l u s c y s t e i n e c a u s e d a n i n t e r e s t i n g s h i f t i n 
p r o d u c t s . I n s t e a d o f c y s t i n e a n d c y s t e i n e / c y s t i n e o x i d e s , 
c y s t i n e a n d l i p i d - c y s t e i n e a d d u c t s w e r e i d e n t i f i e d f r o m t h e 
r e a c t i o n m i x t u r e ( 3 0 ) . T h e RS» p l u s RS« a n d R S * p l u s R* 
c o m b i n a t i o n s w e r e f a v o r e d b e c a u s e 0 2 was n o t p r e s e n t t o s c a v e n g e 
b o t h t h e l i p i d r a d i c a l s ( R * ) a n d t h i y l r a d i c a l s ( F i g . 5 ) . T h e 
d e t a i l e d m e c h a n i s m p r o p o s e d f o r t h e c o m b i n a t i o n r e a c t i o n i s 
g i v e n i n F i g u r e 6 . The e p o x y a l l y l i c r a d i c a l s h o w n a t t h e t o p 
o f F i g u r e 6 a r i s e s f r o m l i p i d o x y r a d i c a l r e a r r a n g e m e n t 
( R e a c t i o n H ) . We h a v e r e c e n t l y i s o l a t e d t h e e p o x y e n e - c y s t e i n e 
a d d u c t b y u s i n g a r e a c t i o n s y s t e m d e v o i d o f p r o t i c s o l v e n t s 
( 3 1 ) . I n p r o t i c s o l v e n t t h e e p o x i d e r e a d i l y s o l v o l y z e s b y 
a n c h i m e r i c a s s i s t a n c e o f t h e t h i y l e t h e r i n t o t h e f i n a l p r o d u c t s 
s h o w n i n t h e f i g u r e . T h i s new d a t a r e f u t e s a m e c h a n i s m I 
p r o p o s e d e a r l i e r ( 1 4 ) . S u c h a r e a c t i o n p o s s i b l y c o u l d a c c o u n t 
f o r a l i p i d t o p r o t e i n c r o s s l i n k ; h o w e v e r , p r o o f o f t h i s 
p a r t i c u l a r l i p i d - p r o t e i n b o n d r e m a i n s t o b e d e m o n s t r a t e d . 

A s s h o w n i n F i g u r e 7 , t h e d e g r a d a t i o n o f t r y p t o p h a n b y 
p e r o x i d i z i n g m e t h y l l i n o l e a t e h a s b e e n r e p o r t e d b y Y o n g e t a l . 
( 3 2 ) . T h e y p o s t u l a t e d t h a t t h e i n i t i a t i n g e v e n t was a r a d i c a l 
a d d i t i o n o f a h y d r o x y l ( o r l i p i d o x y ) r a d i c a l t o t h e i n d o l e 
r i n g ; h o w e v e r , o t h e r s ( 3 3 , 3 4 ) h a v e d e m o n s t r a t e d t h a t f o r m a t i o n 
o f a h y d r o p e r o x y g r o u p a t c a r b o n - 3 o f t h e i n d o l e r i n g was 
i n t e r m e d i a t e i n t h e o x i d a t i o n o f i n d o l e d e r i v a t i v e s b y v a r i o u s 
o x i d a n t s . T h i s l a t t e r p a t h w a y seems a more p l a u s i b l e r o u t e t o 
t h e p r o d u c t s o b s e r v e d b y Y o n g e t a l . ( 3 2 ) . S c h a i c h a n d K a r e l 
( 2 2 ) p o s t u l a t e d t h a t a n u n s p e c i f i e d t r y p t o p h a n r a d i c a l was a 
m a j o r c o n t r i b u t o r t o p r o t e i n E S R b e c a u s e t h e E S R s i g n a l o f 
p e r o x i d i z e d n o n s u l f h y d r y l p r o t e i n s t r o n g l y r e s e m b l e d t h e 
s i g n a l o f p e r o x i d i z e d t r y p t o p h a n . T h e i r o b s e r v a t i o n may 
i n d i c a t e t h a t a r e s o n a n c e - s t a b i l i z e d i n d o l e r a d i c a l i s a l s o 
p o s s i b l e . 

H i s t i d i n e w i t h p e r o x i d i z i n g l i p i d was a l t e r e d b o t h a t t h e 
α - c a r b o n a n d t h e i m i d a z o l e s i d e c h a i n ( 2 3 , 3 5 ) . H i s t a m i n e , 
i m i d a z o l e a c e t i c a c i d a n d i m i d a z o l e l a c t i c a c i d e v i d e n t l y 
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4. G A R D N E R Effects of Lipid Hydroperoxides 73 

RSH 

[RS«] Alanine 
H2S 
Aldehyde adducts 

(Thiazolidines) 
RSSR RS02H RSR 

RSO3H 

RS02SR 

Figure 5. Pathways of cysteine (RSH) degradation by exposure to peroxidizing 
lipid. 

Figure 6. Mechanism of cysteine-fatty acid adduct formation from the reaction 
of 13-hydroperoxylinoleic acid and cysteine in the absence of 02. The epoxyallylic 
radical at the top originates from the oxydiene radical of 13-hydroperoxylinoleic 
acid (abbreviated structure) and RS · is the cysteine thiyl radical. (Reproduced 

with permission from Ref. 28.) 
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74 X E N O B I O T I C S IN F O O D S A N D F E E D S 
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4. G A R D N E R Effects of Lipid Hydroperoxides 75 

a r o s e f r o m a t t a c k o n o r v i c i n a l t o t h e α - c a r b o n . D e g e n e r a t i o n 
o f t h e i m i d a z o l e r i n g was i n t i m a t e d b y t h e f o r m a t i o n o f v a l i n e 
a n d a s p a r t i c a c i d . A d d i t i o n a l r e s e a r c h w i t h t h e h i s t i d i n e 
d e r i v a t i v e s , h i p p u r y l h y s t i d y l l e u c i n e a n d N - b e n z o y l h i s t i d i n e , 
a c c e n t u a t e d t h e d e g r a d a t i o n o f t h e i m i d a z o l e g r o u p ( 3 6 ) . 
T h e s e d e r i v a t i v e s w e r e d e s i g n e d t o m o d e l t h e s t r u c t u r a l 
e n v i r o n m e n t o f h i s t i d y l r e s i d u e s i n p r o t e i n , t h u s a t t a c k o n 
t h e s i d e c h a i n may b e m o r e i m p o r t a n t i n p r o t e i n s t h a n w i t h 
f r e e h i s t i d i n e . A c c o r d i n g l y , t h e m a i n p r o d u c t s f r o m 
p e r o x i d a t i o n o f N - b e n z o y l h i s t i d i n e w e r e N - b e n z o y l a s p a r a g i n e 
a n d N - b e n z o y l a s p a r t i c a c i d . 

T h e p r o d u c t s f r o m d e g e n e r a t i o n o f l y s i n e c a u s e d b y 
p e r o x i d i z i n g m e t h y l l i n o l e a t e ( 1 3 ) a r e s h o w n i n F i g u r e 8 . The 
s t r u c t u r e s o f t h e p r o d u c t s a r e i n d i c a t i v e o f r a d i c a l r e a c t i o n 
a t b o t h t h e α - c a r b o n a n d t h e s i d e c h a i n . O f p a r t i c u l a r i n t e r e s t 
i s 1 , 1 0 - d i a m i n o - l , 1 0 - d i c a r b o x y d e c a n e , w h i c h p o t e n t i a l l y c o u l d 
p r o v i d e a c r o s s l i n k b e t w e e n l y s i n y l r e s i d u e s i n p r o t e i n s . 
P r e s u m a b l y , a C - 6 r a d i c a l o f 2 - a m i n o h e x a n o i c a c i d o r i g i n a t e d 
f r o m s c i s s i o n o f l y s i n e ε -amino g r o u p , a n d s e l f - c o m b i n a t i o n o f 
t h e C - 6 r a d i c a l g e n e r a t e d t h e d i m e r . The ε -amino g r o u p a l s o 
p r o v i d e s t h e s i t e f o r c r o s s l i n k i n g b y m a l o n d i a l d e h y d e a s 
e x p l a i n e d i n t h e f o l l o w i n g s e c t i o n . 

F i n a l l y , m e t h i o n i n e a n d t y r o s i n e a r e k n o w n t o b e s e n s i t i v e 
t o p e r o x i d a t i o n . M e t h i o n i n e was o x i d i z e d t o m e t h i o n i n e s u l f o x i d e 
i n t h e p r e s e n c e o f p e r o x i d i z i n g m e t h y l l i n o l e a t e ( 1 3 ) o r 
p e r o x i d i z i n g o i l ( 3 7 ) , i l l u s t r a t i n g t h e e a s e o f r a d i c a l 
i n i t i a t i o n o n s u l f u r s u b s t i t u e n t s . The r a d i c a l d e s t r u c t i o n o f 
t y r o s i n e i s k n o w n ( 3 8 ) , b u t I am n o t a w a r e o f a n y s t u d i e s t h a t 
s p e c i f i c a l l y s u b j e c t t y r o s i n e t o p e r o x i d i z e d l i p i d . 
E x t r a p o l a t i o n f r o m o t h e r r a d i c a l r e a c t i o n s o f t y r o s i n e i n d i c a t e s 
t h a t t h e i n i t i a l e v e n t i s Η - a b s t r a c t i o n o f t h e p h e n o l t o 
a f f o r d a p h e n o x y r a d i c a l . 

E f f e c t o f n o n r a d i c a l o x i d a t i o n p r o d u c t s o n p r o t e i n . T h e 
a l d e h y d e s f o r m e d f r o m l i p i d a u t o x i d a t i o n b y R e a c t i o n G h a v e a 
p r o p e n s i t y t o r e a c t w i t h a m i n o g r o u p s t o f o r m a S c h i f f b a s e 
( R e a c t i o n M ) . 

R 1 - C H = 0 + R - N H 2 • R 1 - C H = N - R (M) 

The i m p l i c a t i o n s o f S c h i f f b a s e f o r m a t i o n i n b i o l o g i c a l s y s t e m s 
h a v e b e e n r e v i e w e d i n mor e d e t a i l e l s e w h e r e ( 1 2 , 1 4 , 1 7 ) ; 
t h u s , t h i s a s p e c t o f l i p i d o x i d a t i o n w i l l b e b r i e f . 

W i t h p r o t e i n s , S c h i f f b a s e f o r m a t i o n w i l l o c c u r o n l y w i t h 
a m i n o a c i d r e s i d u e s p o s s e s s i n g a s i d e c h a i n a m i n o g r o u p , 
i n c l u d i n g , o f c o u r s e , t h e a m i n o t e r m i n u s . T h e ε -amino g r o u p 
o f l y s i n e i s i m p o r t a n t i n t h i s r e g a r d , a n d t h e l o s s o f 
b i o a v a i l a b i l i t y o f l y s i n e b y S c h i f f b a s e f o r m a t i o n i s a 
n u t r i t i o n a l c o n c e r n . 
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0 

^Peroxidation 

,0H Aspartic 

0 
NH? 

y i ^ O H Alanine 

γ 0 Η Glycine 

Figure 8. Products of lysine exposed to peroxidizing methyl linoleate (13). 
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4. G A R D N E R Effects of Lipid Hydroperoxides 

T h e b i f u n c t i o n a l m a l o n d i a l d e h y d e h a s c a u s e d p r o t e i n 
c r o s s l i n k i n g a s i l l u s t r a t e d b y R e a c t i o n N . 

O t h e r d e r i v a t i v e s f r o m r e a c t i o n o f m a l o n d i a l d e h y d e a n d a m i n o 
a c i d s h a v e b e e n d e s c r i b e d ( 3 9 ) . 

R a d i c a l R e a c t i o n s o f N o n p r o t e i n s 

R a d i c a l s i n i t i a t e d b y l i p i d p e r o x i d a t i o n a f f e c t a n u m b e r 
o f n o n p r o t e i n b i o c h e m i c a l s . I n g e n e r a l , m o s t o f t h e l a b i l e 
c o m p o u n d s a r e c h a r a c t e r i z e d a s p o s s e s s i n g a n e a s i l y a b s t r a c t a b l e 
h y d r o g e n . A c c o r d i n g l y , a n t i o x i d a n t s a n d Η - d o n o r s , s u c h a s 
α - t o c o p h e r o l , a s c o r b i c a c i d a n d g l u t a t h i o n e , f a l l i n t o t h i s 
c a t e g o r y . 

L i p i d h y d r o p e r o x i d e c a u s e d t h e o x i d a t i o n o f α - t o c o p h e r o l 
t o α - t o c o p h e r o l q u i n o n e t h r o u g h a n u n i d e n t i f i e d i n t e r m e d i a t e 
( 4 0 ) . P o r t e r e t a l . ( 4 1 ) p r o p o s e d a m e c h a n i s m o f o x i d a t i o n 
t h a t i n c l u d e s a n i n t e r m e d i a t e f r o m c o m b i n a t i o n o f α - t o c o p h e r o l 
s e m i q u i n o n e w i t h a p e r o x y r a d i c a l ( R e a c t i o n 0 ) . 

0 = 

(N ) 

R - N H - C H = C H - C H = NR 

(ο) 

The a b s e n c e o f 0 2 c a u s e s a s h i f t i n p r o d u c t s t o t h e f o r m a t i o n 
o f α - t o c o p h e r o l - l i p i d a d d u c t s ( 4 2 , 4 3 ) v i a t h e c o m b i n a t i o n o f 
a l i p i d o x y r a d i c a l w i t h α - t o c o p h e r o l s e m i q u i n o n e ( R e a c t i o n P ) . 
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78 X E N O B I O T I C S IN F O O D S A N D F E E D S 

R e a c t i o n Ρ i s v e r y s i m i l a r t o t h e c o m b i n a t i o n r e a c t i o n o f 
l i p i d o x y r a d i c a l w i t h t h e c y s t e i n e t h i y l r a d i c a l ( F i g . 6 ) . 
B o t h c o m b i n a t i o n r e a c t i o n s p r o c e e d o n l y i n t h e a b s e n c e o f 0 2 , 
i m p l y i n g t h e 0 2 e f f e c t i v e l y c o m p e t e s f o r t h e r a d i c a l s i n v o l v e d . 

U n d e r c e r t a i n c o n d i t i o n s a s c o r b i c a c i d i s a n a n t i o x i d a n t 
p r o b a b l y b e c a u s e i t r e a d i l y l o s e s Η t o a b s t r a c t i o n . A t t e n t i o n 
a l s o h a s b e e n g i v e n t o t h e p r o o x i d a t i v e e f f e c t o f a s c o r b i c 
a c i d i n t h e p r e s e n c e o f t r a n s i t i o n m e t a l i o n s ( 4 4 ) . I t i s 
t h o u g h t t h a t a s c o r b i c a c i d r e d u c e s m e t a l i o n s w h i c h i n t u r n 
a r e m o r e e f f e c t i v e i n c a t a l y z i n g l i p i d o x i d a t i o n . C o n s e q u e n t l y , 
a s c o r b i c a c i d b e c o m e s o x i d i z e d t o d e h y d r o a s c o r b i c a c i d . 

T h e d e s t r u c t i o n o f β - c a r o t e n e d u r i n g l i p i d p e r o x i d a t i o n 
i s r e a d i l y o b s e r v e d b y b l e a c h i n g o f t h e c a r o t e n e c o l o r ( 4 4 ) . 
P r e s u m a b l y , β - c a r o t e n e o x i d a t i o n i s i n i t i a t e d b y H - a b s t r a c t i o n , 
a n d s u c h a m e c h a n i s m h a s b e e n p r o p o s e d f o r t h e c o o x i d a t i o n o f 
c a r o t e n o i d s d u r i n g t h e l i p o x y g e n a s e c a t a l y z e d o x i d a t i o n o f 
p o l y u n s a t u r a t e d f a t t y a c i d s ( 4 5 ) , a s s h o w n b y R e a c t i o n Q. 

R 0 0 - ROOH 

c a r o t e n e p o l y e n e r a d i i c a l y . 

(Q) 

o x i d i z e d 
c a r o t e n e 

M u t a g e n i c i t y I n d u c e d b y L i p i d O x i d a t i o n 

F r e e r a d i c a l o x i d a t i o n i n v i v o h a s b e e n m u c h t o u t e d a s a 
d e t r i m e n t t o b o t h h e a l t h a n d l i f e . I n d e e d , a b e r r a n t f r e e 
r a d i c a l r e a c t i o n s h a v e b e e n c i t e d a s c o n t r i b u t o r s t o a g i n g 
( 4 6 , 4 7 ) a n d c a n c e r ( 4 7 , 4 8 ) , b u t u n e q u i v o c a l e v i d e n c e f o r 
t h e s e c l a i m s o f t e n i s l a c k i n g . T h e c o n n e c t i o n b e t w e e n f r e e 
r a d i c a l s a n d t h e p r o m o t i o n o f c a n c e r h a s r e c e i v e d t h e m o s t 
a t t e n t i o n . A s d i s c u s s e d l a t e r , t h e e v i d e n c e i s c o m p e l l i n g 
t h a t l i p i d h y d r o p e r o x i d e a c t i v a t e s c e r t a i n c a r c i n o g e n s b y 
c o o x i d a t i o n . 

A d i r e c t m u t a g e n i c e f f e c t o f l i p i d h y d r o p e r o x i d e s h a s 
b e e n s o u g h t f o r some t i m e w i t h v a r y i n g s u c c e s s . R e c e n t l y , t h e 
Ames t e s t h a s b e e n u t i l i z e d t o d e m o n s t r a t e weak m u t a g e n i c i t y 
o f b o t h p e r o x i d i z e d f a t t y a c i d ( 4 9 ) a n d i s o l a t e d h y d r o p e r o x i d e s 
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4. G A R D N E R Effects of Lipid Hydroperoxides 79 

o f m e t h y l l i n o l e a t e ( 5 0 ) . B e c a u s e cumene h y d r o p e r o x i d e a n d 
t - b u t y l h y d r o p e r o x i d e w e r e a l s o f o u n d t o b e m u t a g e n i c , w h i l e 
p e r o x i d e s , p e r a c i d s a n d H 2 0 2 w e r e n o t , t h e m u t a g e n i c i t y was 
a t t r i b u t e d t o t h e h y d r o p e r o x i d e g r o u p ( 5 0 ) . A s s h o w n i n 
T a b l e I , we h a v e a l s o o b s e r v e d weak m u t a g e n i c i t y f o r m e t h y l 
1 3 - h y d r o p e r o x y l i n o l e a t e b y t h e Ames t e s t ( 5 1 ) . A t h i r d 
l a b o r a t o r y h a s f a i l e d t o f i n d m u t a g e n i c i t y f o r l i n o l e i c a c i d 
h y d r o p e r o x i d e ( 5 2 ) . The r e a s o n f o r weak m u t a g e n i c i t y o f 
h y d r o p e r o x i d e i s n o t c l e a r . I t i s known t h a t f r e e r a d i c a l 
damage t o n u c l e i c a c i d s c a n b e i n d u c e d b y r a d i a t i o n ( 5 3 ) , a n d 
DNA r a d i c a l s h a v e b e e n d e t e c t e d a f t e r e x p o s u r e o f DNA t o l i p i d 
p e r o x i d a t i o n ( 5 4 ) . H o w e v e r , i t may b e e r r o n e o u s t o e x t r a p o l a t e 
t h e ESR s i g n a l s i n m o d e l s y s t e m s i n t o r e l e v a n c e c o n c e r n i n g i n 
v i v o DNA damage w i t h c o n c o m i t a n t m u t a g e n i c i t y . 

I t h a s b e e n i m p l i e d t h a t s e c o n d a r y p r o d u c t s o f l i p i d 
a u t o x i d a t i o n a r e m u t a g e n i c . I n t e r e s t i n t h i s a r e a o f r e s e a r c h 
was s t i m u l a t e d when M u k a i a n d G o l d s t e i n ( 5 5 ) , a s w e l l a s 
o t h e r s , r e p o r t e d t h a t m a l o n d i a l d e h y d e e l i c i t e d a m u t a g e n i c 
r e s p o n s e b y t h e Ames t e s t . S i n c e some e v i d e n c e f o r DNA 
c r o s s l i n k i n g b y m a l o n d i a l d e h y d e h a s b e e n s h o w n i n c h e m i c a l 
m o d e l s ( 5 6 ) , i t m i g h t b e p r e s u m e d t h a t t h i s r e a c t i o n i s t h e 
m o l e c u l a r b a s i s o f t h e m u t a g e n i c i t y . H o w e v e r , t h e i m p o r t a n c e 
o f t h e o b s e r v e d r e s p o n s e was q u e s t i o n e d b y M a r n e t t a n d T u t t l e 
( 5 7 ) , who f o u n d v e r y weak m u t a g e n i c i t y w i t h h i g h l y p u r i f i e d 
m a l o n d i a l d e h y d e . A c c o r d i n g t o t h e m , i m p u r i t i e s f r o m t h e u s e 
o f t e t r a e t h o x y p r o p a n e t o g e n e r a t e m a l o n d i a l d e h y d e p r o b a b l y 
w e r e r e s p o n s i b l e f o r t h e g r e a t e r m u t a g e n i c i t y o b s e r v e d b y 
o t h e r s . 

A s p o i n t e d o u t i n t h e t e x t a b o v e , l i p i d e p o x i d e s a r e 
common s e c o n d a r y p r o d u c t s o f a u t o x i d a t i o n . F o r a n u m b e r o f 
p o t e n t m u t a g e n s , l i k e b e n z o [ o r ] p y r e n e , t h e u l t i m a t e m u t a g e n h a s 
b e e n f o u n d t o b e a n e p o x i d e o f t h e p a r e n t c o m p o u n d , w h i c h i n 
t u r n u n d e r g o e s n u c l e o p h i l i c s u b s t i t u t i o n b y t h e a m i n o g r o u p o f 
a DNA b a s e p a i r , s u c h a s g u a n i n e ( 5 8 - 6 0 ) . I t h a s b e e n p o s t u l a t e d 
b y some w o r k e r s t h a t l i p i d e p o x i d e s a l s o may b e m u t a g e n i c b y a 
s i m i l a r m e c h a n i s m . A c o n v i n c i n g m u t a g e n i c r e s p o n s e was n o t 
o b t a i n e d when e i t h e r c i s - o r t r a n s - 9 , 1 0 - e p o x y o c t a d e c a n o i c a c i d 
was i n j e c t e d i n t o m i c e ( 6 1 ) . H o w e v e r , many m u t a g e n i c e p o x i d e s 
h a v e b e e n c h a r a c t e r i z e d a s h a v i n g e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t 
g r o u p s t h a t c a u s e t h e e p o x i d e t o b e more s u s c e p t i b l e t o 
n u c l e o p h i l i c a t t a c k ( 6 2 ) . F o r t h i s r e a s o n , we t e s t e d b y t h e 
Ames m e t h o d ( 6 3 ) t h e m u t a g e n i c i t y o f a n u m b e r o f f a t t y e p o x i d e s 
w i t h v i c i n a l f u n c t i o n a l i t y a s s h o w n i n F i g u r e 9 . T h e s e f a t t y 
e p o x i d e s w e r e i s o l a t e d f r o m a m i x t u r e o f p r o d u c t s o b t a i n e d 
a f t e r t h e f r e e r a d i c a l d e c o m p o s i t i o n o f 1 3 - h y d r o p e r o x y l i n o l e i c 
a c i d ( 1 1 ) . M e t h y l e s t e r s w e r e s y n t h e s i z e d f r o m f a t t y a c i d s 
w i t h d i a z o m e t h a n e . D e s p i t e t h e p r e s e n c e o f e l e c t r o n - w i t h d r a w i n g 
g r o u p s v i c i n a l t o t h e e p o x i d e , m u t a g e n i c i t y was n o t o b s e r v e d 
e v e n a t t h e 2 0 0 0 p g l e v e l p e r p l a t e ( 5 1 ) . A p p a r e n t l y , t h e 
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G A R D N E R Effects of Lipid Hydroperoxides 

Figure 9. Structures of fatty ester epoxides tested for mutagenicity by the method 
of Ames et al. (63). (Reproduced with permission from Ref 51.) 
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82 X E N O B I O T I C S IN F O O D S A N D F E E D S 

l a c k o f r e s p o n s e s t e m s f r o m t h e 1 , 2 - d i s u b s t i t u t i o n o f t h e 
e p o x i d e , w h i c h u s u a l l y d i m i n i s h e s t h e r e s p o n s e ( 6 2 , 6 4 ) . The 
s i z e o f t h e h y d r o c a r b o n s i d e c h a i n s a l s o may h a v e a n e f f e c t . 
S y s t e m a t i c s t u d i e s o f a s e r i e s o f g l y c i d y l e t h e r s i n d i c a t e d 
t h a t m u t a g e n i c i t y was c o n s i d e r a b l y r e d u c e d w h e n t h e s i d e c h a i n 
e x c e e d e d 4 - 6 c a r b o n s ( 6 5 ) . 

T h e r o l e o f l i p i d h y d r o p e r o x i d e s i n a c t i v a t i n g c h e m i c a l 
m u t a g e n s i s m o r e c o n v i n c i n g . A n u m b e r o f s t u d i e s h a v e 
d e m o n s t r a t e d t h a t l i p i d h y d r o p e r o x i d e s c a n i n i t i a t e t h e f r e e 
r a d i c a l o x i d a t i o n o f t h e c a r c i n o g e n t o t h e u l t i m a t e a c t i v e 
f o r m . F o r e x a m p l e , b e n z o [ a ] p y r e n e was o x i d i z e d t o t h e h i g h l y 
m u t a g e n i c 7 , 8 - d i h y d r o x y - 9 , 1 0 - e p o x y - 7 , 8 , 9 , 1 0 -
t e t r a h y d r o b e n z o [ a ] p y r e n e i n t h e p r e s e n c e o f 
1 3 - h y d r o p e r o x y l i n o l e i c a c i d a n d t h e c a t a l y s t , h e m a t i n ( 6 6 ) . 
S i m i l a r l y , F l o y d e t a l . ( 6 7 ) u s e d 1 3 - h y d r o p e r o x y l i n o l e i c a c i d 
a n d h e m a t i n t o a c t i v a t e N - h y d r o x y - N - a c e t y l - 2 - a m i n o - f l u o r e n e 
i n t o t h e c a r c i n o g e n s , n i t r o s o f l u o r e n e a n d N - a c e t o x y a c e t y l a m i n o -
f l u o r e n e . T h u s , l i p i d h y d r o p e r o x i d e s may s e r v e a s e f f i c i e n t 
o x i d a n t s o f a v a r i e t y o f c h e m i c a l c a r c i n o g e n s t h a t r e q u i r e 
o x i d a t i o n t o a n a c t i v e f o r m . T h i s a r e a o f r e s e a r c h a p p e a r s t o 
b e p r o m i s i n g f o r f u t u r e w o r k . 
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5 
Some Lipid Oxidation Products as Xenobiotics 

P. B. ADDIS, A. SAARI CSALLANY, and S. E. KINDOM 
Department of Food Science and Nutrition, University of Minnesota, 
St. Paul, MN 55108 

Lipid oxidation is important in the quality 
and acceptability of foods and can influence whole-
someness by forming toxins. One such compound, 
malonaldehyde (MA), has been shown to be toxic, 
mutagenic, and possibly carcinogenic. Traditional
ly, MA has been determined by thiobarbituric acid 
(TBA) test (1-5). However, since TBA reacts with 
numerous compounds, it should not be used to 
quantify MA. Recently, a liquid chromatographic 
method developed in our laboratory to quantify free 
MA clearly demonstrated extensive overestimation of 
MA by TBA. Recent studies suggested that athero
genic and perhaps carcinogenic properties pre
viously attributed to cholesterol were the result 
of contaminating cholesterol oxidation products; 
their existence in foods is of concern. 

Malonaldehyde 
MA, a three carbon dialdehyde, can experience a number of 

configurâtional modifications as discussed by Kwon and Watts (6). 
Enolization of the diketo form may take place. The enolic tau-
tomer may further undergo molecular rearrangement into i t s open 
c i s - , open trans-, or chelated forms. At pH 3 or lower, MA i s 
chelated and exists as 3-hydroxy-acrolein; above pH 6.5 MA i s 
completely dissociated and exists as an enolate anion. Between 
pH 3 and 6.5, MA i s an equilibrium mixture of enolate anion and 
chelated forms. MA (also malondialdehyde), is one of the main 
secondary products of l i p i d oxidation. It forms a pink color by 
condensing with 2 moles of TBA (7). 
Bio l o g i c a l Significance of Malonaldehyde 

The biolo g i c a l significance of MA stems from the fact that 
i t may be formed i n vivo or in food products which are then con
sumed. Kwon and Brown ( 8 ) demonstrated that MA can cross-link 

0097-6156/83/0234-0085$06.00/0 
© 1983 A m e r i c a n C h e m i c a l S o c i e t y 
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bovine serum albumin to form a stable complex. Manzel (9) 
provided evidence that MA can react with ribonuclease resulting 
i n polymerization and loss of enzymatic a c t i v i t y . Brooks and 
Klamerth (10) reported that glyoxal, a structural analogue, was 
toxic to human fibroblasts i n c e l l culture, by i n h i b i t i n g DNA 
r e p l i c a t i o n . Klamerth and Levinsky (11) examined rats which 
were fed MA and observed damaged l i v e r DNA and loss of template 
a c t i v i t y . 

Studies on l i p i d oxidation i n vivo have been closely linked 
with aging and MA appears to have a role. Chio and Tappel (12) 
reported that MA takes part i n formation of lipofuscin "age" 
pigment production. 

Bird and Draper (13) recently studied b i o l o g i c a l effects of 
MA on growth, morphology and macromolecular biosynthesis i n a 
neonatal rat skin fibroblast c e l l culture. Acetaldehyde was used 
as a reference compound. Cells exposed to 10~3 M MA for 120 
hours exhibited altered morphology, cytoplasmic vacuolization, 
karyorrhexis, micro- and multi-nucleation, and a marked reduction 
i n mitotic index, and DNA-, RNA-, and protein-synthesizing capa
c i t y . At 10"^ M, MA caused mitotic aberrations, nuclear morpho
l o g i c a l i r r e g u l a r i t i e s , a reduced mitotic index and i n h i b i t i o n of 
RNA and DNA synthesis. At 10" 5 and 10"*6 M, MA induced only for
mation of small and irregular nuclei. MA was approximately 10 
times more toxic to rat skin fibroblasts than acetaldehyde. 
Neither MA or acetaldehyde exerted any noticeable effects on 
c e l l u l a r metabolism, indicating that skin fibroblasts are either 
able to catabolize the two aldehydes e f f i c i e n t l y at these con
centrations or are capable of repairing any damage induced at the 
molecular l e v e l . Subsequently, Bird et a l . (14) continued their 
toxicological study of MA and acetaldehyde using the fibroblast 
system and noted dose-dependent production of micronuclei for 
concentrations of MA between 10"^ and 10"" ̂  M. Twelve hours of 
treatment with MA resulted in chromosomal aberrations. MA was 
again about ten times as potent as acetaldehyde with respect 
to micronuclei formation. MA probably exerts i t s chromosome-
damaging effects by cross-linking strands of DNA, thus producing 
inactivating alterations in DNA structure which i n h i b i t DNA 
r e p l i c a t i o n (unless eliminated by repair). 

Shamberger et a l . (15) observed that MA was carcinogenic 
to mouse skin. Mukai and Goldstein (16) reported that MA was 
mutagenic i n histidine-requiring strains of Salmonella typhi
murium. Yau (17) found that MA was highly mutagenic and cyto
toxic in mammalian c e l l s and therefore may be a potent carcinogen 
i n humans. Exposure to as l i t t l e as 20 μΜ MA was cytotoxic and 
increased mutation frequency among survivors of murine L5178Y 
lymphoma c e l l cultures as well. 

From the foregoing studies, i t is possible to conclude that 
MA i s highly mutagenic, carcinogenic and cytotoxic. However, 
Marnett and Tuttle (18) suggested that perhaps the causative 
agent for the mutagenic and carcinogenic properties of MA i s an 
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5. A D D I S E T A L . Lipid Oxidation Products as Xenobiotics 87 

intermediate formed i n production of MA from 1,1,3,3-tetraethoxy-
propane (TEP), an intermediate which does not arise during l i p i d 
peroxidation. Marnett and Tuttle (18) noted that 3-ethoxyacro-
l e i n , an incomplete hydrolysis product of TEP, was 20 times more 
mutagenic than MA. When producing MA by hydrolysis of 1,1,3,3-
tetramethoxypropane (TMP), both intermediates formed, 3,3-dimeth-
oxy-propanaldehyde and 3-methoxyacrolein, were more mutagenic 
than MA and they appeared to be more mutagenic than 3-ethoxyacro-
l e i n as well. Since these intermediates are much stronger muta
gens than MA, they could be responsible for a portion of the 
mutagenicity and carcinogenicity attributed to MA by Shamberger 
(15) and by Mukai and Goldstein (16). However, this question i s 
not yet completely resolved. 
Malonaldehyde Measurements i n Food Products 

The f i r s t extensive investigation into the use of TEP and 
TMP as MA standards for the TBA method was conducted by 
Gutteridge (19). His findings were as follows: (1) TEP was 
hydrolyzed completely in 90 minutes at 56°C. (2) TMP required 
four hours for complete hydrolysis. By that time a 60 ninole TMP 
solution had lost 50% of i t s TBA r e a c t i v i t y . (3) Thin-layer 
chromatography showed at least nine compounds can be recovered 
from TEP and TMP, a l l of which react with TBA to give a red 
pigment with maximum absorbance at 532 nanometers. Gutteridge 
(19) concluded from thin-layer chromatography data that bands i n 
extracts from autoxidized polyunsaturated fatty acids which 
react with TBA are not merely polymers of MA; they are "probably 
larger molecular weight precursors of MA that are broken down to 
MA when heated with the TBA reagent." He further suggested that 
the best method for preparing a standard curve from TEP would be 
to heat TBA d i r e c t l y with TEP without any prehydrolysis, so that 
polymerization of MA and loss of TBA r e a c t i v i t y could be 
minimized. 

As early as 1951 (20), and numerous times since then, TBA 
has been used to measure MA levels in foods. However, TBA should 
be used to measure extent of l i p i d oxidation i n general, not to 
quantify MA s p e c i f i c a l l y . At the present time there are numerous 
substances known to interfere with the TBA reaction. Dugan (21) 
showed that sucrose and some compounds in wood smoke react with 
TBA to produce a red color. A yellow pigment found by Yu and 
Sinnhuber (22) was able to s i g n i f i c a n t l y affect the TBA method; 
however, i t could be separated by chromatography. Saslaw et a l . 
(23) reported that other unidentified carbonyl compounds w i l l 
react with TBA. Additionally i t was possible (24) by i r r a 
diation to produce TBA reactive substances, none of which were 
MA. Kwon and Olcott (25) concluded that the TBA method was a 
quantitative measure of l i p i d oxidation, but only during i n i t i a l 
stages of oxidation since highly polymerized MA (unreactive) 
forms i n advanced stages of oxidation. Schneir et a l . (26) 
indicated that N-acetyl-neuraminic acid has a high absorbance at 
549 nm i n the TBA test. Marcuse and Johansson (27) i d e n t i f i e d 
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88 X E N O B I O T I C S IN F O O D S A N D F E E D S 

o t h e r a l d e h y d e s w h i c h p r o d u c e d a p o s i t i v e TBA r e a c t i o n , i n c l u d i n g 
2 , 4 - a l k a d i e n a l s a n d 2 - a l k e n a l s . B a u m g a r t n e r e t a l . ( 2 8 ) n o t i c e d 
t h a t a c e t a l d e h y d e i n t h e p r e s e n c e o f s u c r o s e a n d a c i d was c a p a b l e 
o f r e a c t i n g w i t h T B A . P r y o r e t a l . ( 2 9 ) d e t e r m i n e d t h a t MA may 
be g e n e r a t e d f r o m i t s p r o s t a g l a n d i n - l i k e e n d o p e r o x i d e p r e c u r s o r s 
by t h e c o n d i t i o n s ( a c i d a n d h e a t ) o f t h e T B A p r o c e d u r e . O h k a w a 
e t a l . ( 3 0 ) n o t e d t h a t g l u c o s e , s u c r o s e a n d N - a c e t y l - n e u r a m i n i c 
a c i d c o u l d i n t e r f e r e w i t h MA d e t e r m i n a t i o n by T B A . 

I n r e c e n t s t u d i e s ( u n p u b l i s h e d ) i n o u r l a b o r a t o r y , c o p p e r 
was f o u n d t o d i m i n i s h c o l o r d e v e l o p m e n t i n t h e T B A t e s t . T h e 
f o r e g o i n g s t u d i e s l e d W i t t e e t a l . ( 5 ) a n d l a t e r R e t h w i l l e t a l . 
( 3 1 ) t o m o d i f y t h e TBA p r o c e d u r e o f T a r l a d g i s e t a l . ( 4 ) i n o r d e r 
t o e l i m i n a t e h e a t i n g a n d d i s t i l l a t i o n . I n mos t c a s e s T B A - i n t e r -
f e r e n c e s r e s u l t i n g f r o m o t h e r c o m p o u n d s h a v e l e a d t o e l e v a t e d 
l e v e l s q u o t e d f o r MA . T h e n e e d f o r a d i r e c t m e t h o d o f MA 
d e t e r m i n a t i o n i s o b v i o u s . R e c e n t l y , C s a l l a n y a n d c o w o r k e r s 
( 3 2 ) d e v e l o p e d a h i g h p e r f o r m a n c e l i q u i d c h r o m a t o g r a p h i c ( H P L C ) 
m e t h o d f o r q u a n t i f i c a t i o n o f f r e e MA i n t i s s u e s o r m e a t . HPLC 
s e p a r a t i o n was p e r f o r m e d w i t h a T S K G 1 0 0 0 PW c o l u m n u s i n g a 
m o b i l e p h a s e o f 0 . 1 M N a 3 P 0 4 , pH 8 . 0 b u f f e r a t a f l o w r a t e o f 
0 . 6 m l p e r m i n u t e . T h e e l u a n t was m o n i t o r e d a t 267 nm. F r e e 
MA i n a t i s s u e s a m p l e c a n be s e p a r a t e d a n d q u a n t i f i e d i n a p p r o x 
i m a t e l y 5 0 m i n u t e s a t l e v e l s a s l o w as one n a n o g r a m p e r i n j e c 
t i o n . T a b l e I o u t l i n e s some r e s u l t s t h a t w e r e o b t a i n e d o n MA 
c o n t e n t o f f o o d . 

T A B L E I . C o m p a r i s o n o f MA c o n t e n t o f meat by HPLC a n d TBA 

S a m p l e 
MA c o n t e n t 

H P L C 
( P g/g ) 
TBA T B A / H P L C r a t i o 

B e e f (N = 9 ) 0 . 1 4 0 . 4 4 3 . 1 

SD 0 . 0 8 5 0 . 1 9 2 . 2 

P o r k (N = 9 ) 0 . 1 1 0 . 3 9 3 . 5 

SD 0 . 0 6 0 . 1 2 2 . 0 

Pg/g w e t t i s s u e 

C o m p a r i s o n s w e r e made w i t h T B A . A s c a n be s e e n , TBA g r e a t l y 
o v e r e s t i m a t e s t h e t r u e amoun t o f f r e e MA w h i c h i s p r e s e n t , 
l e a d i n g t h e a u t h o r s ( 3 2 ) t o c o n c l u d e t h a t i t i s n o t a n a c c e p t 
a b l e means o f d e t e r m i n i n g MA l e v e l s i n f o o d p r o d u c t s o r t i s s u e s . 
A m o r e a c c u r a t e d e s c r i p t i o n o f w h a t t h e t e s t m e a s u r e s w o u l d be 
" T B A - r e a c t i v e s u b s t a n c e s . " I n s p i t e o f t h i s f a c t , n u m e r o u s 
a u t h o r s h a v e r e p o r t e d l e v e l s o f MA u s i n g t h e TBA p r o c e d u r e i n 
t h e l i t e r a t u r e ( c f . 3 3 , 3 4 ) . The v a r i a b i l i t y o f t h e TBA 
p r o c e d u r e i s a l s o much g r e a t e r t h a n t h a t f o r t h e H P L C d e t e r m i n a 
t i o n o f MA ( T a b l e I ) . 
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5. A D D I S E T A L . Lipid Oxidation Products as Xenobiotics 89 

Cholesterol Oxidation Products 
As i s the case for MA, there is l i t t l e agreement concerning 

existence and significance of cholesterol oxidation products in 
foods. The role of cholesterol containing foods in the American 
diet has been the subject of many investigations i n recent years, 
largely due to hypothesized links between cholesterol and coro
nary heart disease (CHD) i n humans. It i s not the purpose of 
this paper to review a l l of the pros and cons concerning l i p i d 
involvement i n CHD. However, a few of the highlights as they 
pertain to cholesterol are worth reviewing. The o r i g i n a l studies 
linking cholesterol to CHD were performed on vegetarian animals 
which were fed extremely high dietary levels of cholesterol. 
These types of studies were c r i t i c i z e d for their choice of animal 
and levels of cholesterol fed. From another standpoint, Taylor 
and coworkers (35) have seriously questioned the v a l i d i t y of many 
early experiments based on the supposition that the cholesterol 
used was most l i k e l y contaminated with oxidation products of 
cholesterol and that these oxidation products, not cholesterol, 
were the cause of atherosclerosis. Therefore, cholesterol may 
be much safer than believed by organizations such as the American 
Heart Association which recommends reducing the amount of cho
l e s t e r o l i n our diets. On the other hand, reports indicating 
that cholesterol oxidation products are present i n certain types 
of foods raises questions about their safety. 

In 1963, cholesterol hydroperoxides were reported ( 3 6 ) i n 
egg-containing foods irradiated by sunlight. Chicoye et a l . (37) 
observed the following 5 photoxidation derivatives of cholesterol 
i n spray-dried yolk exposed to either 40-watt fluorescent lamp 
(approx. 280 hours) or summer sunlight (5 hours): 33~hydroxy-
cholest-5-en-7-one (7-keto); cholest-5-ene-33 ,7a-diol ( 7 a - d i o l ) ; 
cholest-5-ene-33,73-diol (73-diol); 5,63-epoxy-5a-cholestan-33-ol 
(3-epoxide) and 5a-cholestane-33,5a , 6 3 - t r i o l ( t r i o l ) . Subse
quently, Tsai et a l . (38) developed methodology to demonstrate 
the presence of 5,6a-epoxy-5a-choiestan-33-ol (α-epoxide) i n 
dried egg products which were spiked with the epoxides. 

Refined edible beef tallow used as a deep-fat frying 
medium by fast-food restaurants can be subjected to conditions 
which are suitable for oxidation of cholesterol. Ryan et a l . 
(39) i d e n t i f i e d several cholesterol oxidation products in tallow 
heated at 180°C intermittently (8 hours/day) during storage times 
of 75 and 150 hours. The extent to which these oxides are 
absorbed by foods during frying i s unknown. The i n h i b i t i o n of 
cholesterol oxidation and ultimate improvement of food safety may 
now be an interesting area of study. 
Atherogenic!ty 

Oxidation products derived from cholesterol appear to have 
the greatest potential for health impairment of a l l classes of 
compounds isolated from rancid foods up to the present time. 
Potent angiotoxic effects have been noted (40-44) for several of 
these compounds leading researchers to hypothesize a l i k e l y role 
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90 X E N O B I O T I C S IN F O O D S A N D F E E D S 

f o r t h e m i n C H D . T h e e a r l y w o r k o f S e i f t e r a n d B a e d e r ( 4 3 ) 
p r o v i d e s c l u e s w h i c h s u g g e s t t h a t t h e a t h e r o g e n i c e f f e c t s 
a t t r i b u t e d t o c h o l e s t e r o l may h a v e b e e n due t o i t s c o n t a m i n a t i n g 
o x i d a t i o n p r o d u c t s . The s t u d y i n v o l v e d i n d u c i n g h y p e r c h o l e s t e r 
o l e m i a b y d i e t a r y a n d e n d o g e n o u s ( h o r m o n a l ) m e c h a n i s m s . H o r m o n a l 
t r e a t m e n t l e d t o s e v e r e h y p e r c h o l e s t e r o l e m i a a n d y e t l e s s a t h e r o -
g e n i c i t y c o m p a r e d t o t h e m i l d e r h y p e r c h o l e s t e r o l e m i a p r o d u c e d by 
d i e t . I n r e t r o s p e c t , i t s eems l o g i c a l t h a t d i e t a r y i n d u c t i o n o f 
h y p e r c h o l e s t e r o l e m i a i n c l u d e d t h e i n t r o d u c t i o n o f c h o l e s t e r o l 
o x i d a t i o n p r o d u c t s i n t o e x p e r i m e n t a l a n i m a l s . I n c o n t r a s t , one 
w o u l d e x p e c t e n d o g e n o u s h y p e r c h o l e s t e r o l e m i a t o be l i m i t e d t o 
n a t i v e c h o l e s t e r o l , f r e e o f o x i d a t i o n p r o d u c t s . 

I n 1 9 7 1 , i t was s u g g e s t e d ( 4 4 ) t h a t t h e l e v e l o f α - e p o x i d e 
i n human s e r u m may be r e l a t e d t o t h e s e v e r i t y o f a t h e r o s c l e r o s i s . 
T h i s h y p o t h e s i s was b a s e d o n t h e m e a s u r e m e n t o f v e r y h i g h c o n c e n 
t r a t i o n s ( 2 5 0 - 3 , 2 5 0 y g / 1 0 0 m l s e r u m ) o f α - e p o x i d e i n T y p e I I 
h y p e r c h o l e s t e r o l e m i a p a t i e n t s , w h e r e a s c o n t r o l s c o n t a i n e d l e s s 
t h a n 5 y g / 1 0 0 m l s e r u m . I m a i e t a l . ( 4 0 ) d e m o n s t r a t e d a n g i o t o x i c 
e f f e c t s f r o m c o n t a m i n a n t s o f U S P - g r a d e c h o l e s t e r o l . By t h e u s e 
o f m e t h a n o l i c e x t r a c t i o n , U S P - g r a d e c h o l e s t e r o l was p u r i f i e d a n d 
t h e o x i d a t i o n p r o d u c t s c o n c e n t r a t e d . B o t h n e w l y p u r c h a s e d a n d 
5 y e a r o l d c h o l e s t e r o l w e r e e x t r a c t e d . P u r i f i e d c h o l e s t e r o l was 
o b t a i n e d by t h e d i b r o m i n a t i o n p r o c e d u r e a c c o r d i n g t o F i e s e r ( 4 5 ) . 

R a b b i t s w e r e a d m i n i s t e r e d c o n c e n t r a t e o f o x i d a t i o n p r o d u c t s 
o r p u r i f i e d c h o l e s t e r o l by g a v a g e , s a c r i f i c e d , a n d t h e i r a o r t a s 
e x a m i n e d m i c r o s c o p i c a l l y f o r a n g i o t o x i c e f f e c t s . T h e c o n c e n 
t r a t e , c o n t a i n i n g p r o d u c t s o f s p o n t a n e o u s o x i d a t i o n o f c h o l e s 
t e r o l , i n c r e a s e d t h e f r e q u e n c y o f d e a d a o r t i c s m o o t h m u s c l e 
c e l l s a n d i n d u c e d f o c a l i n t i m a i edema i n r a b b i t s 24 h o u r s a f t e r 
g a v a g e . B o t h new a n d o l d c h o l e s t e r o l e x t r a c t s w e r e f o u n d t o be 
a n g i o t o x i c . O l d c h o l e s t e r o l , new c h o l e s t e r o l a n d c o n t r o l s 
( g e l a t i n ) s h o w e d t h e f o l l o w i n g f r e q u e n c y o f a g g r e g a t e d e b r i s a n d 
d e g e n e r a t e d c e l l s p e r 100 n u c l e a t e d c e l l s : 0 . 7 , 0 . 2 , 0 . 0 3 a n d 
7 . 6 , 4 . 4 a n d 0 . 6 1 . P u r i f i e d c h o l e s t e r o l a p p e a r e d t o h a v e no s u c h 
e f f e c t . I n a l o n g e r t e r m s t u d y , c h o l e s t e r o l o x i d a t i o n p r o d u c t 
" c o n c e n t r a t e " w a s a d m i n i s t e r e d 1 g / k g b o d y w e i g h t p e r 7 w e e k 
p e r i o d . I n t i m a i d i f f u s e f i b r o u s l e s i o n s w i t h o u t f o a m c e l l s o r 
h y p e r c h o l e s t e r o l e m i a w e r e i n d u c e d . P u r i f i e d c h o l e s t e r o l a t t h e 
same d o s e h a d no e f f e c t . 

I n a s e q u e l , P e n g e t a l . ( 4 1 ) p u r i f i e d k n o w n o x i d a t i o n 
p r o d u c t s o f c h o l e s t e r o l a n d s t u d i e d t h e i r t o x i c i t y i n c u l t u r e d 
r a b b i t a o r t i c s m o o t h m u s c l e c e l l s . U s i n g t h i n l a y e r c h r o m a t o 
g r a p h y f o r s e p a r a t i o n f o l l o w e d by UV d e t e c t i o n i n 50% a q u e o u s 
s u l f u r i c a c i d s p r a y , t h e o x i d a t i o n p r o d u c t s s e p a r a t e d i n t o 6 
f r a c t i o n s a c c o r d i n g t o t h e i r m o b i l i t i e s a n d w e r e u s e d i n t h e c e l l 
c u l t u r e . P o t e n t c y t o x i c e f f e c t s w e r e n o t e d f o r a n u m b e r o f t h e 
i d e n t i f i e d c h o l e s t e r o l o x i d a t i o n p r o d u c t s . I n c o n t r a s t , p u r i f i e d 
c h o l e s t e r o l a t t h e same c o n c e n t r a t i o n p r o d u c e d no t o x i c e f f e c t s . 
T h e r e s u l t s d e m o n s t r a t e d t h a t 2 5 - h y d r o x y c h o l e s t e r o l a n d t r i o l 
w e r e t h e m o s t t o x i c a g e n t s . P e n g e t a l . ( 4 2 ) c o n f i r m e d a n d 
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5. A D D I S E T A L . Lipid Oxidation Products as Xenobiotics 91 

extended their e a r l i e r work on angiotoxicity of cholesterol 
oxidation products. Commercially obtained cholesterol oxidation 
products were introduced into rabbit aortic smooth muscle c e l l 
cultures. Degree of cytoxicity was estimated as a percentage of 
dying and dead c e l l s i n cultures within 24 hours of application. 
The results indicated that 25-hydroxycholesterol and t r i o l were 
the most toxic compounds tested. Additional studies indicated 
that when these oxidation derivatives were added to cultured 
c e l l s they s i g n i f i c a n t l y depressed the a c t i v i t y of 3-hydroxy-3-
methylglutaryl coenzyme A reductase, a regulatory enzyme of 
cholesterol biosynthesis. The degree of i n h i b i t i o n by 25-hy
droxycholesterol was remarkable: 3 yg/inl i n culture resulted 
i n an 83% i n h i b i t i o n . P u r i f i e d cholesterol showed no cytotoxic 
effects and minimal i n h i b i t i o n of cholesterol biosynthesis. Most 
recently, Peng et a l . (46) has demonstrated that i n monkeys, 24 
hours after ingestion of i^C-25-hydroxycholesterol, 55.1%, 34.7% 
and 10.2% of the radioactivity was located i n low density l i p o 
proteins (LDL), very low density lipoproteins (VLDL) and high 
density lipoproteins (HDL), respectively. This i s i n contrast 
to l^C-cholesterol fed controls after the same time period which 
revealed the following d i s t r i b u t i o n of label: LDL (47.6%), VLDL 
(3.1%) and HDL (49.3%). Since the ultimate metabolic fate of 
VLDL i s conversion to LDL which i s then transported to peripheral 
tissues, i t was speculated that proportionally more 25-hydroxy
cholesterol would be incorporated into vascular tissue where i t 
could i n h i b i t cholesterol biosynthesis, cause membrane dysfunc
ti o n and induce a r t e r i a l injury. 

Smith (47) and Simic and Karel (48) have contributed useful 
monographs on the subjects of l i p i d (including cholesterol) 
oxidation i n food and biol o g i c a l systems. 
Carcinogenicity of Cholesterol Oxides: H i s t o r i c a l Background 

Speculation into the carcinogenic potential of cholesterol 
and i t s derivatives began once their structural relationship to 
polycyclic hydrocarbons was realized. In 1933, Roffo (49) 
suggested that photo-induced oxidation products of cholesterol 
might be responsible for UV-induced carcinogenesis of the skin. 
About this same time, i t was recognized (50) that a r t i f a c t s 
(cholesterol oxidation products) may arise during the bromina-
tion-debromination reaction (51) used in p u r i f i c a t i o n of choles
t e r o l . Also, when Haslewood (52) showed t r i o l to be present i n 
ox-liver residue, i t was not possible to decide whether these 
compounds are natural constituents or autoxidation products 
formed during i s o l a t i o n (53). Bischoff and Rupp (54) found a 
32% l o c a l incidence of cancer in ovariectomized mice administered 
a crude progesterone preparation (containing 20 mg/mouse of 
unidentified cholesterol oxidation products) subcutaneously i n 
sesame o i l verses 0% for pure progesterone. Fieser (55) postu
lated that a carcinogenic conversion product of cholesterol was 
the offender. The foregoing findings coupled by the ease with 
which cholesterol i s oxidized i n aqueous c o l l o i d a l solutions by 
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a i r (56,57), a condition that conceivably could be duplicated i n 
vivo, prompted a further investigation (58). 
Problem of Oily Vehicle 

Pu r i f i e d cholesterol, a l l known i n i t i a l and subsequent 
oxidation products of cholesterol and some related compounds 
were tested: cholest-5-en-3-one; 7a-diol; 73-diol; 7-keto; 
cholesta-3,5-dien-7-one; α-epoxide; t r i o l ; choiest-4-en-3-one; 
63-hydroperoxychoiest-4-en-3-one; 63-hydroxycholest-4-en-3-one; 
cholest-4-ene-3,6-dione; choiest-5-ene-33,43-diol; 5a-cholest-6-
ene-33,5a-diol; 53-cholestan-33-ol; cholesta-1,4-dien-3-one; 
5a-cholest-7-en-33-ol; choiesta-7,9-dien-33-ol acetate; 7,8,9,11-
diepoxy-22-isoallospirostan-33-ol acetate; cholesteryl acetoace-
tate; and cholesteryl isoheptylate. Many were carcinogenic when 
administered subcutaneously into Marsh-Buffalo mice with sesame 
o i l as the vehicle; α-epoxide, 63-hydroperoxycholest-4-en-3-one 
and choiest-4-en-3,6-dione were most potent (34-66% incidence 
of fibrosarcoma verses 1.4% for vehicle control). A l l share 
the property of oxygen linkage at carbon 6. 63-hydroxychoiest-
4-en-3-one was mildly (15%) carcinogenic. Sesame o i l was 
described (58) a cocarcinogen because negative results were 
obtained i f certain of these carcinogens were given as aqueous 
co l l o i d s . Some steroids that are normal body constituents were 
carcinogenic i f injected i n sesame o i l and heated or oxidized 
o i l had positive tumorigenic results when administered alone. 

Hieger (59,60), on the other hand, conclusively stated a 
carcinogenic effect for cholesterol subcutaneously injected i n 
an o i l y vehicle. Bischoff and Bryson (61) were able to show that 
the c r i t i c a l difference between these results was the physical 
state of cholesterol at the injection s i t e . Hieger 1s method had 
produced crystals at the dose s i t e and was an example of smooth-
surface carcinogenesis. To prevent this, cholesterol concentra
tion i n an o i l must be below 4%. 

Cholesterol oxidation product evaluation has continued. 
However, a myriad of problems have plagued these investigations 
including i n s u f f i c i e n t survival time among experimental animals, 
spontaneous occurrence of fibrosarcoma and membrane encapsulation 
(oleoma) of injected material, probably due to physical (surface 
or texture) effects (62-65). Frequently studies were complicated 
by the use of an o i l y vehicle, as discussed previously for sesame 
o i l . It was suggested that o i l s not be used as carriers due to 
their v a r i a b i l i t y , capacity to react metabolically with steroids, 
a b i l i t y to promote c r y s t a l l i z a t i o n of cholesterol derivatives, 
potential for containing other carcinogen contaminants and 
a b i l i t y to induce tissue inflammation (66). 

The only product of cholesterol oxidation known to be car
cinogenic i n the absence of o i l i s α-epoxide, which was shown to 
be carcinogenic in rats and mice (62,63). 
Ultraviolet-Induced Skin Carcinogenesis 

Formation of polar cholesterol derivatives was demonstrated 
(67,68) i n human and hairless mouse skin specimens irradiated i n 
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u l t r a v i o l e t (UV) l i g h t . It was clearly established that 
α-epoxide originated from naturally occurring sterols (68). 

Skin of hairless mice subjected to chronic low levels of UV 
displayed increased epoxide at 4 weeks and maximum levels at 10 
weeks (69,70). Subsequently, i t was shown α-epoxide hydrase 
increased starting at 8 and peaking at 15 weeks and that i t s 
elevation coincided with a decline i n epoxide but also a rapid 
increase i n tumor incidence (70,71). Dietary intake of ascor-
bate, butylated hydroxytoluene (BHT), dl-α-tocopherol and reduced 
glutathione decreased levels of α-epoxide by 50% and suppressed 
tumor formation induced by UV li g h t (72,73). 

Although the cited evidence argues for α-epoxide as a car
cinogen, no data exists demonstrating i t as a topical carcinogen 
(74). 
Colon Carcinogenesis 

The colon i s the most common si t e for development of cancer 
i n the U.S. population. A sp e c i f i c carcinogen has not been 
i d e n t i f i e d , but a potent mutagen has recently been isolated from 
feces of high-risk patients (75). Epidemiological studies 
suggest that diets high in animal fat and protein, especially 
beef, and low i n natural carbohydrate, including f i b e r , may be 
involved i n the etiology (76,77) and i t has been reported that 
fecal mutagenic a c t i v i t y i s higher in subjects consuming such 
diets (78). The fact that ascorbate or tocopherol supplemen
tation reduced fecal mutagenic a c t i v i t y suggests need for studies 
on the possible role of l i p i d oxidation products (79). 

A possible role i n colon cancer for cholesterol and i t s oxi
dation products i s suggested by several studies (76,80-83). H i l l 
and coworkers (81,84) observed that a high fat diet reduced 
i n t e s t i n a l redox potential and increased levels of fecal cho
l e s t e r o l and b i l e acid metabolites. Patients with adenomatous 
polyps and ulcerative c o l i t i s , both at increased risk from colon 
cancer (86,87), or with active bowel cancer, excreted greater 
levels of cholesterol, coprostanol and t r i o l than controls 
(80,85). 

Reddy and coworkers (88-90) evaluated carcinogenic or tumor-
promoting a c t i v i t y of cholesterol, α-epoxide, t r i o l and primary 
and secondary bi l e acids, with and without induction by 
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG). Tumor development 
required MNNG, and bi l e acids acted as promoters. Cholesterol 
and i t s metabolites were not found to have promoting a c t i v i t y . 
Other Cancers 

Cholesterol, a- and 3-epoxides were present i n 45% of breast 
f l u i d specimens examined with α-isomer predominating. Epoxide 
levels tended to be higher i n fl u i d s with high cholesterol levels 
and i n those taken from older women prompting researchers to 
speculate that benign breast disease and cancer could result 
(91). The nonlactating breast concentrates i t s secretions and 
thereby exposes the mammary epithelium to α-epoxide. 

Schaffner et a l . (92) noted high levels of cholesterol 
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epoxides i n prostatic secretions and postulated a role for them 
i n prostatic cancer. 

Recently, Smith et a l . (93) demonstrated that air-aged com
mercial samples of USP- or reagent-grade cholesterol contain com
pounds which are mutagenic toward three strains of Salmonella 
typhimurum. 

Future Research Needs. It is obvious that studies on toxi
c i t y and carcinogenicity of l i p i d oxidation products, as they 
occur i n food, are i n their infancy. It i s s t i l l not established 
that any of these compounds constitute a threat to public health. 
It i s certain that, at the levels normally encountered in foods, 
acute effects on humans would not be seen. The chronic area 
remains an enigma. It i s known that levels of MA i n foods have 
been overstated by the TBA test. Extensive studies are urgently 
needed to quantify free MA d i r e c t l y by HPLC (32). Further 
investigations are also necessary to determine more f u l l y the 
tox i c i t y of MA. 

Even less well understood than MA i s the possible occurrence 
of cholesterol oxidation products i n foods and their health 
significance. It seems clear that some of the products of cho
l e s t e r o l autoxidation are atherogenic. Much more research w i l l 
be required to establish or refute their proposed carcinogenic 
properties. Methods for the determination of cholesterol oxida
tion products in foods and studies to establish levels of occur
rence, i f any, are most urgently needed. Further studies on 
antioxidants and procedures for the in h i b i t i o n of oxidation are 
also needed. It i s d i f f i c u l t to overstate the potential impor
tance to the animal products industry of studies on quan t i f i 
cation of cholesterol oxides i n food products. Concern about 
this area of research i s becoming widespread (47,48). 
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6 
Metabolism of Comutagens and Mutagens 
Produced from Tryptophan Pyrolysis 
PAUL P. LAU 
Department of Biochemistry and Molecular Biology, University of Texas Medical 
School at Houston, Houston, TX 77025 

YUHSHI LUH1 

Gulf Research and Development Company, Pittsburgh, PA 15230 

Trp-P-2 and Norharman are the mutagen and comutagen 
shown to be metabolized by the reconstituted, puri
fied rat-liver microsomal cytochrome P-448 system. 
The comutagenic action of Norharman upon aryl hydro
carbon hydroxylase activity is shown to be cytochrome 
P-448 dependent by immunochemical analysis. The 
hydroxylated products of Norharman and Harman may 
play an important role in their comutagenic action 
by fluidizing the microsomal or nuclear membranes. 
The enhancement or inhibitory effect of the comuta
gens on mutagenicity may be a net result of sub
strate inhibition and membrane fluidization in the 
microsomal or nuclear mixed-function-oxidase system. 
A schematic pathway is hypothesized for the chemical 
mutagenesis and comutagenesls of these tryptophan 
pyrolysis products. 

Two p o t e n t mutagenic p r i n c i p l e s , 3 - a m i n o - l , 4 - d i m e t h v l - 5 H -
p y r i d o ( 4 , 3 - b ) i n d o l e , Trp-P-1 and 3 - a m i n o - l - m e t h y l - 5 H - p y r i d o ( 4 , 3 - b ) 
i n d o l e , Trp-P-2 and two comutagens, Harman and Norharman were 
fou n d i n t h e p y r o l y s i s o f t h e amino a c i d , D , L - t r * y p t o p h a n ( l ) . 

The same p y r o l y s i s p r o d u c t s were a l s o f o u n d i n c h a r r e d meat, 
smoke c o n d e n s a t e , c i g a r e t t e t a r and n a t u r a l l y o c c u r r i n g f o o d ( 2 - 4 ) . 
Numerous s t u d i e s o f t h e s e p y r o l y s i s p r o d u c t s o f t r y p t o p h a n and 
o t h e r amino a c i d s ( 1 ) have been r e p o r t e d by Sugimura and coworkers 
(1,3). P y r o l y s a t e s o f t r y p t o p h a n , g l u t a m i c a c i d , l y s i n e , s e r i n e 
and o r n i t h i n e were shown t o have h i g h m u t a g e n i c i t y i n the Ames 
t e s t ( 5 ) . The c h e m i c a l s t r u c t u r e s o f t h e s e m u tagenic p r i n c i p l e s 
have been i d e n t i f i e d ( 8 ) and t h e y a r e a l l N - c o n t a 1 n i n g h e t e r o c y c l i c 
compounds o f t h r e e o r more r i n g s ( 8 ) , 

D u r i n g t h e i s o l a t i o n o f t h e s e p y r o l y s i s p r o d u c t s o f t h e amino 
a d d s and p r o t e i n s from t h e c h a r r e d p y r o l y s a t e s , Sugimura e t a l . 

1 Current address: Callery Chemical Company, Division of Mine Safety Appliances 
Co., Callery, PA 16024 

0097-6156/83/0234-0099$06.00/0 
© 1983 A m e r i c a n C h e m i c a l S o c i e t y 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

00
6
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(1,2) found t h a t t h e t o t a l m u t a g e n i c i t y d e c r e a s e d a f t e r t h e r e 
moval o f the f r a c t i o n s c o n t a i n i n g Harman and Norharman. Norharman 
and Harman have f o u n d t o enhance t h e m u t a g e n i c i t y o f Trp-P-2 and 
T r p - P - 1 , B e n z o ( a ) p y r e n e and o t h e r mutagens. However, o t h e r workers 
( 9 , 1 0 ) f o u n d t h a t b o t h Norharman and Harman i n h i b i t e d the mutagen
e s i s o f Trp-P-1 and Trp-P-2 and c o v a l e n t DNA b i n d i n g o f Benzo(a) 
pyrene i n v i t r o . L a t e r , Nagao e t al_. (5) r e p o r t e d t h a t t h e a c t i o n 
o f Norharman on comutagenesis depended on the c h e m i c a l s t r u c t u r e 
o f t h e c h e m i c a l mutagens and t h e amount o f S-9 ( t h e c y t o s o l 
f r a c t i o n o f r a t - l i v e r microsomes p r e p a r a t i o n ) t h a t was added 
i n t h e Ames t e s t ( _ U , 1 2 ) . 

I t has been shown t h a t t h e e x p r e s s i o n o f m u t a g e n i c i t y and 
c o v a l e n t DNA b i n d i n g o f Trp-P-1 and Trp-P-2 r e q u i r e d microsomal 
a c t i v a t i o n i n t h e r e v e r t a n t m u t a t i o n a s s a y o r t h e f o r w a r d m u t a t i o n 
assay(12,19). N e b e r t e t a i . (14) showed t h a t t h e s e p y r o l y s i s p r o 
d u c t s from amino a c i d s and p r o t e i n s r e q u i r e d t h e cytochrome P-450j 
which was d e f i n e d as the groups o f the m u l t i p l e forms o f c y t o 
chrome P-450 i n d u c i b l e by p o l y c y c l i c a r o m a t i c compounds. The r o l e 
o f cytochrome P-450 i n t h e m e t a b o l i c a c t i v a t i o n o f mutagens and 
c a r c i n o g e n s and t h e e x i s t e n c e o f the m u l t i p l e forms o f cytochrome 
P-450 i n h e p a t i c and e x t r a h e p a t i c t i s s u e s o f r a t s , r a b b i t s , human 
and v a r i o u s l i v i n g organisms i n c l u d i n g b a c t e r i a , y e a s t , and 
f r u i t f ! i e s ( 1 5 , 1 6 ) h a v e been r e v i e w e d . 

Hayashi e t a l ( 1 7 ) have shown t h a t Norharman and Harman bound 
t o DNA n o n c o v a l e n t l y by i n t e r c a l a t i o n c a u s i n g 17 unwinding o f t h e 
s u p e r c o i l e d DNA d u p l e x . We have shown t h a t Trp-P-1 and Trp-P-2 
bound t o DNA n o n c o v a l e n t l y ( 1 8 ) i n a d d i t i o n t o t h e i r c o v a l e n t DNA 
b i n d i n g . The n o n c o v a l e n t DNA b i n d i n g c o n s t a n t s were found t o c o r 
r e l a t e w i t h t h e m u t a g e n i c i t y i n the f o r w a r d m u t a t i o n a s s a y ( 1 9 ) 
when s i x o t h e r s y n t h e t i c a n a l o g s were s t u d i e d . The c o r r e l a t i o n o f 
n o n c o v a l e n t b i n d i n g t o DNA i n t h e absence o f m e t a b o l i c a c t i v a t i o n 
w i t h m u t a g e n i c i t y i n which m e t a b o l i c a c t i v a t i o n was r e q u i r e d , was 
c o n s i d e r e d as an uniqu e c h a r a c t e r i s t i c o f t h e s e N - c o n t a i n i n g 
h e t e r o c y c l i c compounds. I t was a l s o s u g g e s t e d t h a t t h e mechanism 
o f mutagenesis i n v o l v e s m e t a b o l i c a c t i v a t i o n f o l l o w e d by p h y s i o -
c h e m i c a l i n t e r a c t i o n w i t h DNA and f o r t h e s e compounds, t h e l a t t e r 
s t e p might be l i m i t i n o f o r t h e e x p r e s s i o n o f m u t a g e n i c i t y ( 1 9 ) . 

Umezewa e t al.(28) showed t h a t t h e r e was a comutagenic a c t i o n 
o f Norharman on N - a c e t o x y - a m i n o f l u o r e n e ( A A F ) , which does n o t 
r e q u i r e m e t a b o l i c a c t i v a t i o n f o r c o v a l e n t DNA b i n d i n g . T h e r e f o r e 
t h e y p r o p o s e d t h a t t h e comutagens a l t e r e d t h e c o n f o r m a t i o n o f DNA 
which i n t u r n i n c r e a s e d the c o v a l e n t DNA b i n d i n g . T h i s meant t o 
be an a l o g o u s t o the f i n d i n g o f Krugh and Young(21) t h a t Dauno-
r u b i c i n and A d r i a m y c i n which i n t e r c a l a t e DNA c o v a l e n t l y , f a c i l i 
t a t e t h e b i n d i n g o f A c t i n o m y c i n D t o DNA. We, however, have shown 
t h a t t h e a l t e r a t i o n o f t h e DNA h e l i x by i n t e r c a l a t i o n o f Harman 
o r Norharman d i d n o t a f f e c t t h e a f f i n i t y o f Trp-P-1 and Trp-P-2 
f o r DNA. The c o v a l e n t DNA b i n d i n g i n which m e t a b o l i c a c t i v a t i o n 
by cytochrome P-448 was r e q u i r e d , was shown t o be i n h i b i t e d by 
the a d d i t i o n o f Harman and Norharman(18). 
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6. L A U A N D L U H Comutagens and Mutagens from Tryptophan 101 
The c o n f u s i o n on the mechanism o f the comutagenesis and muta

g e n e s i s o f t h e s e p y r o l y s i s p r o d u c t s , e s p e c i a l l y p e r t a i n i n g t o t h e 
enhancement and i n h i b i t i o n e f f e c t s o f Harman and Norharman,centers 
around t h e p r o b l e m o f the l a c k o f c e r t a i n f i x e d v a r i a b l e s i n the 
e x p e r i m e n t a t i o n , p a r t i c u l a r l y , t h e a v a i l a b i l i t y o f the p u r i f i e d 
enzymes i n v o l v e d i n t h e m e t a b o l i c a c t i v a t i o n , which c o n s t i t u t e 
the cytochrome P-450 mixed f u n c t i o n o x i d a s e system. We, t h e r e f o r e , 
u n d e r t a k e t h i s p r o b l e m t o e l u c i d a t e t h e mechanism o f microsomal 
m e t a b o l i s m o f t h e s e o y r o l y s i s p r o d u c t s w i t h t h e p u r i f i e d mixed 
f u n c t i o n oxidase(MFO) system. 

M a t e r i a l s and Methods 
M a t e r i a l s : Harman and Norharman were p u r c h a s e d from A l d r i c h Co. 
(Milwaukee, WIS). A l l c h e m i c a l s were r e a g e n t - g r a d e d . HPLC s o l v e n t s 
were HPLC g r a d e d . 
S y n t h e s i s o f Chemical Mutagens: Akimoto e t a]_(20) r e p o r t e d the 
f i r s t s y n t h e s e s o f p o t e n t mutagens, Trp-P-1 and Trp-P-2 i n 1977. 
The s y n t h e t i c schemes f o r T r p - P - 1 , [ 1 ] , and Trp-P-2, [ 2 ] were 
shown i n f i g u r e 1. 

2,5-Dimethyl-4 - n i t r o p i c o l i n i c a c i d [ 4 ] was r e a d i l y ( 2 1 ) 
p r e p a r e d from c o m m e r c i a l l y a v a i l a b l e 2 , 5 - l u t i d i n e [ 3 ] . The r e 
a c t i v e n i t r o group o f p i c o l i n i c a c i d [ 4 ] was smo o t h l y s u b s t i t u t e d 
w i t h O - p h e n y l e n e d i a m i n e t o g i v e m - a m i n o p i c o l i n i c a c i d [ 5 ] . T r e a t 
ment o f [ 5 ] w i t h n i t r o u s a c i d r e s u l t e d a b e n z o t r i a z o l y l p i c o l i n i c 
[ 6 ] i n q u a n t i t a t i v e y i e l d . The c a r b o x y l i c a c i d group on [ 6 ] was 
e a s i l y t r a n s f o r m e d t o an amino group v i a C u r t i u s r e a r r a n g e m e n t by 
DPPA method(22), p r o d u c i n g [ 7 ] . Thermal d e c o m p o s i t i o n o f [ 7 ] t o 
e v o l v e n i t r o g e n i n t h e u s u a l w a y ( 2 3 ) y i e l d e d t h e d e s i r e d compound, 
3 - a m i n o - l , 4 - d i m e t h y l - 5 H - p y r i d o ( 4 , 3 - b ) i n d o l e [ l ] ; m/e 211(M );vmax 
( K B r ) : 1620,1600 c m " l ; δ (CD 30D): 3.32(3H,S), 2.73(3H,S), 7.13-7.33 
(3H,m), 7.86(lH,m). 

The s y n t h e s i s o f T r p - P - 2 [ 2 ] s t a r t e d w i t h an i n t e r m e d i a t e , 
i n d o l e - 2 - a c e t o n i t r i l e [ 9 ] ( 2 4 ) , p r e p a r e d from c o m m e r c i a l l y a v a i l a b l e 
i n d o l e - 2 - c a r b o x y l i c a c i d [ 8 j . V i l s m e i e r r e a c t i o n ( 2 5 ) o f [ 9 ] , w i t h 
d i m e t h y l a c e t a m i d e a n d p h o s p h o r y l c h l o r i d e , gave 3 - a c e t y l i n d o l e - 2 -
a c e t o n i t r i l e [ 1 0 ] . C y c l i z a t i o n o f [10] on t r e a t m e n t w i t h m e t h a n o l i c 
ammonia and a r o m a t i z a t i o n i n v o l v i n g a hydrogen t r a n s f e r o f the 
α-methylene group y i e l d e d t h e d e s i r e d 3 - a m i n o - l - m e t h y l - 5 H - p y r i d o 
( 4 , 3 b ) i n d o l e [ 2 ] ; m/e 197(M+); vmax(KBr) :1635,1605 c m " l ; δ (CD3OD): 
2.3(3H,s), 5 . 9 2 ( l H , s ) , 6.53-7.00(3H,m), 7 . 3 5 ( l H , d ) . 

Takeda e t a l ( 2 6 ) p r e p a r e d mutagen Trp-P-2 i n an a l t e r n a t i v e 
way as shown i n f i g u r e 2. 

I n d o l e - 2 - a c e t o n i t r i l e [ 9 ] p r e p a r e d from t h e R e i s s e r t compound 
( 2 7 ) . E t h y l 2 - c y a n o - l , 2 d i h y d r o q u i n o l i n e - l - c a r b o x y l a t e [ l l ] was 
chosen as an i n t e r m e d i a t e f o r t h e s y n t h e s i s o f Trp-P-2, The photo-
p r o d u c t from i r r a d i a t i o n o f [11] i n e t h e r a t 0-5OC i s the aliène 
[ 1 2 ] . T r e a t m e n t o f [12] w i t h a l u m i n a o r s i l i c a g e l g a v e [ 1 3 ] . T h i s 
s t e p i s c o n s i d e r e d t o p r o c e e d by base o r a c i d c a t a l y z e d i n t r a -
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Figure 1. Synthesis of Trp-P-1 and Trp-P-2 by method 1.  P
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m o l e c u l a r c y c l i z a t i o n ( 2 9 ) . Removal o f the N-l s u b s t i t u e n t i n 
I n d o l e - ! - c a r b o x y l a t e ( 1 3 j by m i l d h y d r o l y s i s w i t h p o t a s s i u m c a r 
bonate i n e t h a n o l a f f o r d e d 2-cyanomethyl i n d o l e [ 9 J . Subsequent 
Lewis a c i d ( A l C l 3 ) c a t a l y z e d c y c l i z a t i o n o f [9] i n the p r e s e n c e o f 
a c e t o n i t r i l e y i e l d e d Trp-P-2. The f o r m a t i o n o f [2 ] from [ 9 ] i s 
p r o c e e d e d by F r i e d e l - C r a f t s i n t e r m e d i a r y o f [14] f o l l o w e d by 
a r o m a t i z a t i o n v i a hydrogen m i g r a t i o n . 

The s u c c e s s f u l s y n t h e s i s o f Trp-P-2 from 2 - c y a n o m e t h y l i n d o l e 
[9] a l l o w e d us t o e n v i s a g e s i m i l a r sequences t o a f f o r d Trp-P-1 
from 2 - ( l - c y a n o ) e t h y l i n d o l e [ 1 7 ] . Due t o th e n u c l e o p h i l i c p r o p e r 
t i e s o f th e i n d o l e r i n g a t C-3 p o s i t i o n , an e l e c t r o n - w i t h d r a w i n g 
g r o u p ( e g . c a r b o x y l a t e ) i s r e q u i r e d t o e l i m i n a t e a l k y l a t i o n a t 
both N-l and C-3 p o s i t i o n s i n f a v o r o f C-2atom t o t h e d e s i r e d 
c o n f i g u r a t i o n . The r e a d i l y a v a i l a b l e N - s u b s t i t u t e d 2-cyanomethyl-
i n d o l e [ 1 3 ] was s e l e c t e d as s t a r t i n g m a t e r i a l f o r o u r new p r o c e d u r e 
f o r t h e s y n t h e s i s o f Trp-P-1 as shown i n F i g u r e 2. 

A k y l a t i o n o f [13] w i t h m e t h y l i o d i d e gave a m i x t u r e o f mono-
[15] and d i - a l k y l a t e d p r o d u c t s [16] w i t h sodium h y d r i d e as the 
base. By em p l o y i n g l i t h i u m d i i s o p r o p y l i m i d e ( L D A ) i n d r y THF a t 
-78°C, a s o l e p r o d u c t o f e t h y l 2 - ( l - c y a n o ) e t h y l - i n d o l e - l - c a r b o -
x y l a t e [ 1 5 ] was o b t a i n e d . The s e l e c t i v e a l k y l a t i o n i n t h i s s t e p 
i s due t o the s t e r i c e f f e c t o f b u l k y LDA m o l e c u l e t o s u p p r e s s 
second a l k y l a t i o n . M i l d h y d r o l y s i s o f [15] i n t h e same f a s h i o n 
w i t h d r y e t h a n o l i c p o t a s s i u m c a r b o n a t e gave [17] i n good y i e l d . 

P r e p a r a t i o n o f Enzymes: P r e p a r a t i o n o f r a t - l i v e r microsomes was 
perform e d as d e s c r i b e d ( 3 0 ) . P u r i f i c a t i o n o f cytochrome P-450 and 
s e p a r a t i o n o f the m u l t i p l e forms were done as d e s c r i b e d p r e v i o u s l y 
by Lau and S t r o b e l ( 3 0 ) . A n t i b o d y , IgG f r a c t i o n was p r e p a r e d as 
d e s c r i b e d ( 3 0 ) . P-450 r e d u c t a s e was p r e p a r e d a c c o r d i n g t o the 
p r o c e d u r e o f Dignam and S t r o b e ! ( 3 1 ) . The r e c o n s t i t u t i o n o f the 
MFO system w i t h t h e p u r i f i e d cytochrome P-450, cytochrome P-450 
r e d u c t a s e and p h o s p h o l i p i d v e s i c l e s was pe r f o r m e d a c c o r d i n g t o 
Lu and Coon(32). Cytochrome P-448 was p r e p a r e d from 3-MC m i c r o 
somes o f mature Sprague-Dawley r a t s . The h e p a t i c cytochrome P-448 
p r e p a r e d from t h e s e microsomes i n d u c e d by 3 - m e t h y l c h o l a n t h r e n e 
a r e i n d e n t i c a ! i m m u n o l o g i c a l l y and s t r u c t u r a l l y t o t h o s e by 
βN a p h t h o f l a v o n e as shown by Lau e t a l ( 3 3 ) . T h e same form o f c y t o 
chrome P-448 has been p u r i f i e d from o t h e r i n d u c e d microsomes such 
as t h o s e by PCB and TCDD(34). 

Microsomal M e t a b o l i s m : A t y p i c a l r e a c t i o n o f microsomal m e t a b o l 
ism o r m e t a b o l i s m by the p u r i f i e d and r e c o n s t i t u t e d MFO syst e m 
c o n t a i n e d 1 ml o f aqueous s o l u t i o n : 0 . 0 7 5 v o l . o f drug i n m e t h a n o l , 
0.1 mol p o t a s s i u m p h o s p h a t e ( p H 7 . 4 ) , lOymol MgCU, 0.75ymol NADPH 
and 0.15 v o l o f t h e enzyme system. I n c u b a t i o n a t 37°C f o r t e n 
mi η was t e r m i n a t e d by the a d d i t i o n o f 1 ml o f a c e t o n e on i c e and 
the m e t a b o l i t e s were e x t r a c t e d t w i c e w i t h e t h y l a c e t a t e . Dry 
MgSO^ was added and t h e l i q u i d p o r t i o n was d r i e d w i t h a s t r e a m 
o f n i t r o g e n gas. A l l o f t h e s e r e a c t i o n s were c a r r i e d o u t under 
t h e y e l l o w l i g h t . 
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6. L A U A N D L U H Comutagens and Mutagens from Tryptophan 105 

When t h e a n t i b o d y t o cytochrome P-450 was i n v o l v e d i n t h e 
e x p e r i m e n t , t h e P-450 IgG f r a c t i o n was added t o t h e c r u d e m i c r o 
somes b e f o r e t h e a d d i t i o n o f t h e drug and NADPH. The HPLC a n a l y s e s 
were perf o r m e d as d e s c r i b e d . ( 3 5 ) 
R e s u l t s and D i s c u s s i o n 
Microsomal M e t a b o l i s m o f Trp-P-2: Trp-P-2 and AAF were m e t a b o l 
i z e d by t h e 3-MC r a t - l i v e r microsomes i n v i t r o . The e x t r a c t s w i t h 
benzene, d i e t h y l e t h e r , e t h y l a c e t a t e and e t h y l e n e c h l o r i d e were 
d r i e d b e f o r e i n j e c t i o n onto a r e v e r s e - p h a s e uBondapak C-18 column. 
The HPLC p r o f i l e s o f t h e m e t a b o l i t e s o f Trp-P-2 and AAF a r e 
v e r y s i m i l a r ( f i g u r e 3 ) . These m e t a b o l i t e s o f Trp-P-2 have t h e same 
f l u o r e s c e n c e s p e c t r a w i t h e m i s s i o n maximum a t 332 nm. The UV 
s p e c t r a a r e i d e n t i c a l t o t h a t o f Trp-P-2, t h a t i s , w i t h a maximum 
a t 260 nm. 

The peak, which has t h e same r e t e n t i o n t i m e as t h a t o f t h e 
N-OH p r o d u c t i n t h e AAF p r o f i l e , may be t h e N-OH m e t a b o l i t e o f 
Trp-P - 2 . D e t a i l e d c h e m i c a l c h a r a c t e r i z a t i o n o f each peak i s under
way. The s i m i l a r i t y o f t h e m e t a b o l i c p r o f i l e s o f t h e s e two c a r 
c i n o g e n s i s not unexpected as t h e y have s i m i l a r c h e m i c a l s t r u c 
t u r e s . Cytochrome P-450s a r e known t o p e r f o r m N - h y d r o x y l a t i o n , 
a r e n e o x i d a t i o n and d e m e t h y l a t i o n ( 1 5 , 1 6 ) . These f u n c t i o n s s h o u l d 
not be i n t e r f e r e d w i t h by t h e i n t e r n a T " n i t r o g e n s i n t h e p o l y c y c l i c 
r i n g such as t h o s e i n t h e Trp-P-2. It i s not s u r p r i s i n g t o see 
s i m i l a r m e t a b o l i c p r o f i l e s f o r Trp-P-2 and AAF. 
Microsomal M e t a b o l i s m o f Norharman: Crude 3-MC microsomes 
m e t a b o l i z e d norharman i n v i t r o , as shown i n F i g u r e 4. The major 
m e t a b o l i t e s o f norharman were e l u t e d a t e a r l i e r r e t e n t i o n t i m e s 
t h a n t h e p a r e n t compound. They c o u l d be some h y d r o x y l a t e d p r o d u c t s 
as t h e y showed more p o l a r p o t e n t i a l i n t h e r e v e r s e - p h a s e chroma
t o g r a p h y . 

The s i g n i f i c a n c e o f microsomal m e t a b o l i s m o f norharman i s 
based on our e a r l i e r h y p o t h e s i s t h a t norharman might u t i l i z e t h e 
same microsomal enzymes as T r p - P - 2 ( 1 8 ) . Peura e t al_(36) has 
shown an i n c r e a s e d membrane f l u i d i t y c a u s e d by tetraïïydro-3-
c a r b o l i n e s ( t e t r a h y d r o h a r m a n ) i n a r e c e n t p u b l i c a t i o n . T h i s 
s u g g e s t s t h a t norharman, a f t e r i t i s h y d r o x y l a t e d , a c t s as a 
f l u i d i z i n g agent f o r t h e microsomal membrane which i n t u r n c o u l d 
i n c r e a s e t h e a c t i v i t y o f cytochrome P-450 and t h e membrane 
embedded cytochrome P - 4 5 0 - r e d u c t a s e . The change o f a c t i v i t y due 
t o f l u i d i z a t i o n o f t h e microsomal membrane may be dependent upon 
t h e c o n c e n t r a t i o n o f t h e microsomal p r o t e i n s as w e l l as t h e amount 
o f t h e comutagens and mutagens added. Whether i t r e s u l t s i n a 
t o t a l net i n c r e a s e o r d e c r e a s e may w e l l depend on t h e b a l a n c i n g o f 
t h e e f f e c t o f s u b s t r a t e i n h i b i t i o n and t h a t o f enhancement due t o 
f l u i d i z a t i o n o f t h e microsomal membrane. 
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106 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Figure 3. Microsomal metabolism of Trp-P-2 and AAF. HPLC profiles of or
ganic solvent extracts of the metabolized mutagens. Rat livers (3-MC micro
somes) were used. HPLC was performed with a stainless steel reverse phase C-

18 column. 
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108 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Comutagenic A c t i o n o f Harman and Norharman: When the r e c o n s t i 
t u t e d MFO system, which c o n t a i n e d 3-MC i n d u c e d cytochrome P-448, 
was used t o s t u d y t h e e f f e c t s o f Norharman and Harman on t h e 
h y d r o x y l a t i o n o f B e n z o ( a ) p y r e n e , they both showed an enhancement 
e f f e c t under the o p t i m a l e n z y m a t i c c o n d i t i o n s . Norharman, however, 
showed a l a r g e r a c t i v i t y i n c r e a s e i n B e n z o ( a ) p y r e n e h y d r o x y l a t i o n 
than H a rman(Figure 5 ) . I t a s c e r t a i n s t h a t t h e i n h i b i t o r y e f f e c t s 
o f t h e s e c a r b o l i n e s on m u t a g e n i c i t y a r e n o t dependent on c y t o 
chrome P-448 i n t h e sense o f s i m p l e s u b s t r a t e i n h i b i t i o n . 

One may argue t h a t t h e r e c o u l d be some c o n t r i b u t i o n o f t h e 
comutagenic a c t i v i t y p l a y e d by t h e o t h e r m u l t i p l e forms o f c y t o 
chrome P-450 than t h a t o f cytochrome P-448 i n the 3-MC microsomes. 
I t i s t r u e t h a t t h e r e a r e two o t h e r major forms o f cytochrome 
P-450 have been p u r i f i e d from 3-MC i n d u c e d r a t - l i v e r microsomes 
(34) and f o u r o t h e r major forms o t h e r than cytochrome P-448 have 
been p u r i f i e d from 6 N a D h t h o f l a v o n e r a t microsomes {30 ) . A l t h o u g h 
the comutagenic a c t i o n s o f t h e s e compounds have n o t been s t u d i e d 
w i t h t h e s e p u r i f i e d forms o f cytochrome P-450, t h e a v a i l a b i l i t y 
o f t h e a n t i b o d y IgG f r a c t i o n t o the p u r i f i e d cytochrome P-448 
a l l o w e d us t o s t u d y t h i s mechanism on th e microsomal l e v e l . 

The HPLC p r o f i l e s i n F i g u r e 6 shows an o v e r a l l d e c r e a s e i n 
B e n z o ( a ) p y r e n e m e t a b o l i t e f o r m a t i o n upon t h e a d d i t i o n o f IgG P-448 
f r a c t i o n . I n t e r e s t i n g l y t h e peak c o r r e s p o n d i n g t o the 3,6-dione 
d e c r e a s e s i n r e l a t i v e p e r c e n t a g e o f a l l t h e e t h y l a c e t a t e e x t r a c -
t a b l e m e t a b o l i t e s . When the r e c o n s t i t u t e d p u r i f i e d cytochrome 
P-448 system was used, t h e p r e s e n c e o f Norharman enhanced t h e 
f o r m a t i o n o f 3 , 6 - d i o n e ( F i g u r e 7 ) . The r e s u l t s shown here s t r o n g l y 
s u g g e s t t h a t t h e comutagenic a c t i o n o f Norharman i s cytochrome 
P-448 dependent. 

C o n c l u s i o n 

T h e r e a r e s e v e r a l p o s t u l a t e s t h a t can be made based on t h e 
d a t a shown i n t h i s work and t h o s e p u b l i s h e d e a r l i e r . 
T r a n s l o c a t i o n o f Mutagens and Comutagens a c r o s s C e l l u l a r membranes 
Is Enhanced by β C a r b o l i n e M e t a b o l i t e s " : y - C a r b o l i n e s ( T r p - P - l and 
Trp-P-2) and β-carbolines(Harman and Norharman) a r e r e a d i l y w a t e r 
s o l u b l e and hence i s i n s o l u b l e , r e l a t i v e l y , i n h y d r o p h o b i c 
membranes. The β-carbolines a f t e r t h e y a r e h y d r o x y l a t e d can 
f l u i d i z e membranes t h e r e f o r e i t r e n d e r s t h e h y d r o p h o b i c p o l y -
c y c l i c such as B e n z o ( a ) p y r e n e more a c c e s s i b l e t o the membrane 
embedded MFO system. In mammalian c e l l s , t h i s can be a two s t e p 
mechanism: The MFO i n the e n d o p l a s m i c r e t i c u l u m may f i r s t h y d r o 
xy l a t e t h e comutagens and th e h y d r o x y l a t e d comutagens then f l u i d 
i z e t h e n u c l e a r membrane e n a b l i n g the h y d r o p h o b i c p o l y c y c l i c s t o 
be i n c o n t a c t w i t h t h e MFO system which i s embedded i n t h e n u c l e a r 
e n v e l o p e ( 3 7 ) . The a c t i v a t i o n o f mutagens by n u c l e a r cytochrome 
P-450 would c a u s e t h e s u b s e q u e n t DNA b i n d i n g which t h e n t r i g g e r s 
the i n i t i a t i o n o f mu t a g e n e s i s . 
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Figure 5. Metabolism of comutagens by cytochrome P-448. The purified enzymes 
used were the reconstituted cytochrome P-448 system. The relative increase was 
computed by substrating the ethyl acetate extractable radioactivity in counts per 
minute from that of a corresponding control experiment in which BP was metab

olized in the absence of comutagens. 
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110 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Figure 6. Microsomal metabolism of aryl hydrocarbon in the presence of co
mutagens. HPLC was performed with two connected stainless steel C-18 col

umns. 
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L A U A N D L U H Comutagens and Mutagens from Tryptophan 

Figure 7. Metabolism of aryl hydrocarbon by the purified cytochrome P-448 
the presence of norharman. HPLC was performed as described in Figure 6. 
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112 X E N O B I O T I C S IN F O O D S A N D F E E D S 

The Enhancement o r t h e I n h i b i t o r y E f f e c t o f t h e Β - C a r b o l i n e s Is 
a Net R e s u l t o f S u b s t r a t e I n h i b i t i o n and Membrane F l u i d i z a t i o n : 
We showed e a r l i e r ( 1 8 ) t h a t t h e p r e s e n c e o f Harman o r Norharman 
d i d n o t i n t e r f e r e t h e r e v e r s i b l e n o n c o v a l e n t DNA b i n d i n g f o r 
T rp-P-2, b u t i n h i b i t e d i r r e v e r s i b l e c o v a l e n t DNA b i n d i n g i n v i t r o 
upon t h e m e t a b o l i c a c t i v a t i o n by t h e c r u d e microsomal f r a c t i o n 
i s o l a t e d from 3-MC p r e t r e a t e d r a t l i v e r s . 

Drug i n t e r c a l a t i o n s t a b i l i z e s t h e DNA d u p l e x . The u n s t a b l e 
A-T r i c h r e g i o n s i n a DNA d u p l e x n o r m a l l y can have t r a n s i e n t l y 
d e n a t u r e d s t r u c t u r e i n a n o t h e r w i s e f u l l y d u p l e x i n aqueous s o l u t 
i o n o f p h y s i c o l o g i c a l c o n d i t i o n s , E t h i d i u m bromide, a c l a s s i c a l 
i n t e r c a l a t o r and a p o s i t i v e l y c h a r g e d m o l e c u l e o f p l a n a r s t r u c t u r e 
can even r e n a t u r e f u l l y d e n a t u r e d c l o s e d c i r c u l a r DNA(38), The 
i n h i b i t o r y e f f e c t o f E t h i d i u m bromide upon s i n g l e s t r a n d e d DNA 
n u c l e a s e i s a n o t h e r e v i d e n c e f o r t h e s t a b i l i z t i o n o f DNA du p l e x 
by t h e i n t e r c a l a t i v e d r u g ( 3 9 ) . We must r e c o g n i z e t h a t Norharman 
and Trp-P-2 b e i n g p o s i t i v e l y c h a r g e d i n t e r c a l a t o r s a l s o can 
s t a b i l i z e t h e DNA d u p l e x . I f Norharman d e s t a b i l i z e d t h e DNA d u p l e x , 
the comutagens would n o t have unwound t h e s u p e r c o i l e d DNA, In f a c t , 
Norharman was shown t o unwind s u p e r c o i l e d DNA(17). T h e r e f o r e , 
we c a n n o t e n v i s i o n t h a t t h e comutagen b i n d i n g t o DNA would i n any 
way f a c i l i t a t e t h e DNA b i n d i n g o f the mutagens e i t h e r i n t h e 
c o v a l e n t o r n o n c o v a l e n t mode. 

The a l t e r n a t i v e e x p l a n a t i o n must I n v o l v e t h e MFO system. The 
p o s s i b l e mechanism f o r t h e i n h i b i t o r y e f f e c t o r enhancement e f f e c t 
o f Norharman upon c o v a l e n t DNA b i n d i n g and m u t a g e n i c i t y must be 
the r e s u l t s o f th e n e t b a l a n c i n g o f s u b s t r a t e I n h i b i t i o n and 
membrane f l u i d i z a t i o n o f the microsomal membrane o r o f t h e l i p i d 
v e s i c l e s i n t h e r e c o n s t i t u t e d MFO system. A s c h e m a t i c pathway 
o f t h e m e t a b o l i s m o f t h e s e t r y p t o p h a n p y r o l y s i s p r o d u c t s i s 
p o s t u l a t e d as shown i n F i g u r e 8. 

P l a u s i b l e Mechanism f o r Adduct F o r m a t i o n o f Trp-P-2 and DNA: 
Hashimoto e £ a l ( 4 0 ) have i d e n t i f i e d one o f the major DNA ad d u c t 
[ 2 ] f o r T r p - P ^ 2 l T J ( F i g u r e 9 ) . The c o v a l e n t b i n d i n g s i t e on th e 
g u a n i n e i s a t the C-8 p o s i t i o n , The e x o c y c l i c amino group i n 
p y r i d o ( 4 , 3 b ) i n d o l e s i s a p r e r e q u i s i t e f o r e x p r e s s i o n o f mutaaen-
i c i t y ( 1 9 ) . S i n c e t h e s t r u c t u r a l l y r e l a t e d 2 - a m i n o f l u o r e n e ( A F ) [ 3 ] 
e x e r t s m u t a g e n i c i t y t h r o u g h t h e a c t i v a t e d s p e c i e s N - h y d r o x y - A F [ 4 ] , 
i t seems t h a t t h e mutagenic p y r i d o ( 4 , 3 - b ) i n d o l e s may be a c t i v a t e d 
i n t h e same f a s h i o n s i n c e the e x o c y c l i c amino group i s r e q u i r e d i n 
t h e e x p r e s s i o n o f t h e m u t a g e n i c i t y f o r Trp-P-2, As we have shown 
t h a t a peak o f s i m i l a r r e t e n t i o n as t h a t o f t h e N-OH AF was 
ob s e r v e d i n t h e Trp-P-2 p r o f i l e and, t h e w e l l known f u n c t i o n o f 
N- d e m e t h y l a t i o n by t h e h y d r o x y l a t i o n o f the cytochrome P-450 s y s t e m , 
we thus p r o p o s e t h e f o l l o w i n g mechanism f o r the C-8 guan i n e a d d u c t 
f o r m a t i o n : 

I t i s q u i t e p l a u s i b l e t h a t t h e m e t a b o l i c a l l y a c t i v a t e d Trp-P-2 
i s t h e c o r r e s p o n d i n g h y d r o x y l a m i n e [ 5 ] o r i t s e s t e r s [ 6 ] , The 
e l e c t r o n - d e f i c i e n c y n a t u r e o f im i n o group i n g uanine m o l e c u l e may 
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6. L A U A N D L U H Comutagens and Mutagens from Tryptophan 115 

c r e a t e the n u c l e o p h i l i c i t y o f t h e C-8 atom i n t h a t m o l e c u l e through 
e l e c t r o n - p r o t o n s h i f t . N u c l e o p h i l i c d i s p l a c e m e n t o f good l e a v i n g 
groups such a s , c a r b o x y l a t e o r s u l f a t e e s t e r s , i n t he a c t i v a t e d 
Trp-P-2 by g a a n i n e a t t h e C-8 p o s i t i o n , f o l l o w e d by a p r o t o n 
m i g r a t i o n , would g i v e t h e i d e n t i f i e d a d d u c t [ 2 ] . 
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Mutagen Formation in Processed Foods 

C. A. KRONE and W. T. IWAOKA1 

Institute for Food Science and Technology, University of Washington (WH-10), 
Seattle, WA 98195 

The role of cooking in the formation of mutagenic 
substances in food is well established. Broiling, 
grilling and frying of foods, especially those high 
in protein, can produce substances which cause 
mutation in bacterial and mammalian in vitro systems. 
A large class of foods which also undergoes heat 
treatment but which has been overlooked in mutagen 
studies is commercially processed foods. This paper 
describes a survey of mutagenicity in various 
commercially heated foods, investigates the process 
of mutagen formation in two canned products and 
discusses the implications for the food industry and 
regulatory agencies if the mutagens formed during 
processing are eventually found to be carcinogenic. 

Many carcinogens and mutagens have been detected in cooked foods. 
These compounds may be present as a result of smoke condensation 
on the product during heat treatment or of thermal degradation of 
food components. The crust of charcoal-broiled beefsteak can 
contain between 8 and 50 yg benzo(a)pyrene/kg (1). Wood smoked 
meats and f i s h contain a variety of polycyclic aromatic hydro
carbons (2). Fish and beef g r i l l e d over a gas flame contain 
substances which are mutagenic in the Ames Salmonella assay (3). 
Some of these mutagens have been i d e n t i f i e d as pyrolysis products 
of the amino acids tryptophan and glutamic acid (4*5). The 
potent mutagens 2-amino-3 methylimidazo [4,5-f] quinoline (IQ), 
2-amino-3,4 - dimethylimidaζο [4,5-f] quinoline (MelQ) and 2-amino-
3, 8-dimethylimidaζο [4,5-f] quinoxaline (Me-IQX) were also 
isolated from broiled f i s h and beef 06,7) . The above heat treat
ments used temperatures >300°C; however, mutagenic substances can 
also form when foods are cooked at the lower temperatures more 
commonly employed i n North America. Felton et al.(8) have shown 

1 Current address: Department of Biochemistry and Biophysics, University of Hawaii 
at Manoa, Honolulu, HI 96822 

0097-6156/83/0234-0117$06.00/0 
© 1983 A m e r i c a n C h e m i c a l S o c i e t y 
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118 X E N O B I O T I C S IN F O O D S A N D F E E D S 

that mutagens are formed i n a wide variety of beef, pork, poultry, 
f i s h and egg products when they are broiled or f r i e d at 200-300°C. 
Both the length of cooking time and temperature have been shown to 
be important factors i n mutagen formation during cooking. Pariza 
et a l . (9) found that ground beef f r i e d at 143°C contained few 
mutagenic substances even after cooking for 20 min to a well done 
state. However, frying at 190°C for less than 10 min led to 
sign i f i c a n t quantities of mutagens. Krone and Iwaoka (10) showed 
that the mutagenicity of f i s h f r i e d at 190°C increased rapidly 
after a 6 min lag period. In general, longer cooking times and 
higher temperatures increase the extent of mutagen formation 
during cooking. 

The Maillard browning reaction i s also often implicated i n 
the development of mutagens i n heated foods. Dichloromethane 
extracts of browning reaction model systems (heated sugar plus 
amine mixtures) are mutagenic in the Ames test using 
JS. typhimurium strains TA98 and TA100 with and without microsomal 
activation (11,12). Substances which induced chromosome 
aberrations in Chinese hamster ovary (CHO) c e l l s and mitotic 
recombinations and mutation in Saccharomyces cerevisiae str a i n D5 
are also found in these browning model systems (13). Caramelized 
sugars and commercial caramel powder (used as a colorant in 
beverages, beer, gravy mixes, soups, etc.) possess chromosome 
damaging a c t i v i t y i n CHO c e l l s (14). Mutagens were reported to 
be present in heated high starch content foods (potatoes, pancakes, 
b i s c u i t s , toasted bread) and were attributed to browning 
reactions (15). These mutagens may, however, have been a r t i f a c t s , 
caused by the use of ammonium ions ((NH4)2S04 and NH4OH) i n the 
mutagen extraction procedure. It has been shown by Iwaoka et a l 
(16) that when sodium analogs of the ammonium compounds (Na2S04 
vs. (NH^^SO^ and NaOH vs. NH^OH) were used, no mutagens were 
detected in a commercial b i s c u i t product. Significant quantities 
of mutagens were produced when ammonium ions were present during 
the extraction of the same b i s c u i t product. In a limited survey 
of foods which had undergone Maillard browning (cornflakes, r i c e 
cereal, crackers, coconut cookies, bread crumbs), Pariza et a l 
(17) detected low levels of mutagenicity of most products. 

Nearly a l l of the above studies involved heating processes 
which take place i n the home, while foods heat processed at the 
commercial l e v e l have been substantially overlooked. Battered 
and breaded products (which are p a r t i a l l y cooked before freezing 
and distribution) undergo Maillard browning which, as has been 
mentioned above, can produce mutagenic substances. Canning of 
food products involves r e l a t i v e l y low temperatures compared to 
frying (-115°C vs. ~200°C) but requires extended processing times 
of greater than one and one half hours. Considering the influence 
of both time and temperature, the presence of mutagenically active 
substances i n canned foods seemed probable. This paper reports on 
the mutagen content of a variety of commercially heated foods and 
investigates the process of mutagen formation in two canned 
products. 
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7. K R O N E A N D I W A O K A Mutagen Formation in Processed Foods 119 

Materials and Methods 

Food Samples. Commercially processed frozen and canned products 
were purchased at l o c a l markets. The frozen products were 
subjected to the aqueous extraction procedure described below, 
without further heating (directly from the package) or after being 
heated by the method recommended by the manufacturer. For the 
canned products, the entire contents of each can was extracted 
using the methanol procedure. In the studies on the process of 
mutagen formation during canning, two products were used, ground 
beef and pink salmon. These products were placed i n 307 χ 200.25 
size cans, sealed with a vacuum sealer and retorted for 85 min at 
117°C. Prior to canning some portions of ground beef were also 
dispersed in an equal weight of water, the mixture heated to 100°C 
for 10 min and the solids separated from the stock by f i l t e r i n g 
through glass wool. The f i l t e r e d solids and stock were placed in 
separate cans, sealed and heat processed as above. Several 
precanning treatments were also performed on fresh pink salmon. 
The f i s h were cut into steaks (~2 cm thick) and one portion frozen 
overnight at -18°C. Fresh and thawed frozen steaks were wrapped 
in f o i l and steamed (100°C) for 1 hr. The f l u i d which l e f t the 
f i s h tissue during steaming (stock) was drained from the fle s h , 
and the stock and remaining flesh were packed i n separate cans 
and processed. 

Aqueous Extraction Procedure. The frozen products (mostly 
battered and breaded seafoods) were homogenized with four volumes 
(w/v) of d i s t i l l e d water, saturated with Na2S0^ and adjusted to 
pH 2.5 with HC1. When the proteins had precipitated the 
homogenate was f i l t e r e d through glass wool and Whatman No. 1 
f i l t e r paper, using s l i g h t suction. The f i l t r a t e was extracted 
three times with 20 ml glass d i s t i l l e d dichloromethane (CH2CI2) 
per 100 ml aqueous to give the acidic organic extract. The 
aqueous phase was adjusted to pH 10 with 50% NaOH and again 
partitioned three times with CH2Cl2 (basic organic extract). The 
organic extracts were dried over Na2S04 and evaporated to dryness 
in a rotary evaporator. The residues were dissolved i n a known 
volume of dimethylsulfoxide (DMS0) and aliquots tested in the 
Ames assay. 

Methanol Extraction Procedure. The canned foods were homogenized 
with three volumes (w/v) of methanol, the homogenate f i l t e r e d 
through Whatman No. 1 f i l t e r paper overlaid with glass wool. The 
methanol was removed from the f i l t r a t e by rotary evaporation and 
the residue that remained was dissolved in a volume of d i s t i l l e d 
water (w/v) equal to four times the o r i g i n a l weight of food 
product. This aqueous mixture was adjusted to pH 2.5 and 
partitioned three times with CH2CI2 as i n the above procedure. 
The aqueous phase was made basic (pH 10) and extracted three times. 
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120 X E N O B I O T I C S IN F O O D S A N D F E E D S 

The CH2CI2 extracts were dried, evaporated and dissolved in DMSO 
as described previously. 

Mutagenicity Testing. Aliquots of each extract equivalent to 80 g 
of o r i g i n a l food product (80 g Eq) were tested for mutagenicity 
according to the procedure described by Ames et a l (18) using 
Salmonella typhimurium strai n 1538, TA98, and TA100. Extracts 
were tested with and without the addition of 80 μΐ Arochlor 
induced rat l i v e r microsome preparation (S9) per plate. Results 
are reported either as mean revertants produced ± standard 
deviation (the mean number of spontaneous revertants have been 
subtracted from the t o t a l colonies on each plate) or as a 
mutagenic a c t i v i t y r a t i o (MAR) which equals the number of 
revertants on plates with food extracts divided by the number of 
spontaneous revertants. 

Results and Discussion 

In a typical commercial f i s h s tick operation, f i s h sticks or 
portions are cut from frozen blocks of flesh , the pieces are 
breaded and battered, cooked in vegetable o i l (~200°C), packaged 
and refrozen. The degree of browning that occurs during cooking 
varies with time of cooking, type of breading, etc. Small pieces 
of breading may be detached during the cooking process, darken 
rapidly, sometimes adhering to other pieces of product and 
possibly contributing to mutagen content. The mutagenic a c t i v i t y 
of the acidic and basic extracts of a variety of battered and 
breaded seafood products i s shown i n Table I. 

Table I. Mutagenicity of Acidic and Basic Extracts of Seafood 
Products 

MAR* (80 g Eq) 
Product Acidic Extract Basic Extract 

Breaded f i s h f i l l e t s 1.8 1.6 
Breaded clams 1.3 1.2 
Breaded shrimp 1.1 0.9 
French f r i e d f i s h sticks 1.8 2.2 
Whitemeat f i s h i n batter 0.4 0.7 
Minced shrimp sticks 1.0 1.9 
*w . .„ . .. D . . No. of revertants on plates with 
Mutagenic A c t i v i t y Ratio = r 

extrac t No. of spontaneous revertants 
S_. typhimurium strai n 1538 with 80 μΐ S9 
(mean spontaneous = 24 revertants) 
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7. K R O N E A N D I W A O K A Mutagen Formation in Processed Foods 121 

Using the c r i t e r i o n that an MAR of 2.5 indicates a positive test, 
none of the products assayed appeared to contain mutagenic 
substances. In general, when these products were heated both 
according to manufacturers' instructions and to an overcooked 
state, mutagen content did not increase appreciably u n t i l heated 
twice the recommended times (Table I I ) . 

Table I I . Effect of Additional Heating on Mutagenicity of 
Processed Seafoods 3 

Product 

Breaded f i s h f i l l e t s 

Breaded shrimp 

Heating Method 

Bake (190°C) π t t 

t t I t 

Deep fry (200°C) 
t t I t t t 

Time MAR 
(min) (80 g Eq) 

0 1.6 
20 2.7 
30 2.8 
40 b 5.9 
0 0.9 
2 0.9 
4b 2.8 

Basic extracts with S_. typhimurium s t r a i n 1538 plus 80 μΐ S9. 
These times are twice the recommended heating times. 

Only the most extensively overheated samples (which are nearly 
charred) began to show sign i f i c a n t mutagenicity. The finding 
that in general these browned foods were nonmutagenic (even 
though browning model systems do produce mutagens) may indicate 
that the mutagens are bound to or associated with high molecular 
compounds and-thus not extracted by the procedure used here. 

Canned foods are another class of commercially processed 
foods which are widely consumed by the public. These products 
are subjected to extensive heat processing to achieve commercial 
s t e r i l i t y ; thus mutagen formation seemed to be a d i s t i n c t 
p o s s i b i l i t y . A variety of canned meat, poultry, seafoods and 
vegetable products were therefore surveyed for mutagenicity 
(Tables III and IV). 

Extracts of raw products (beef, chicken, turkey, salmon and 
clams) exhibited no mutagenicity; neither did the extracts of the 
vegetable products tested (tomatoes, peas, green beans, beets and 
corn). Beef and beef-containing products generally possessed 
mutagenic a c t i v i t y while seafoods were more diverse in their 
mutagenic response; canned pink salmon displayed the highest 
levels of any of the canned foods tested, tuna packed in water 
and sardines were without mutagenicity. The chemical identity of 
the mutagens in these canned products i s unknown at this time. 
They do, however, exhibit the same Salmonella strai n s p e c i f i c i t y 
and extraction behavior as mutagens found in g r i l l e d f i s h and 
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122 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Table I I I . Mutagenicity of Basic Extracts from Selected Canned 
Meat and Poultry Products 

Products MAR Product MAR 
(80 g E q ) a (80 g E q ) a 

Beef broth 13.0 Corned beef hash 3.0 
Beef stew (retort pouch) 7.4 Spaghetti w/meatballs 2.6 
Roast beef hash 6.0 Chunk turkey 2.2 
C h i l i w/beef (brand #1) 4.9 Chunk chicken 1.3 
C h i l i w/beef (brand //2) 4.4 Ham 1.0 
Roast beef 4.6 Vienna sausage 0.8 

aS. typhimurium st r a i n TA98 with S9 mix. 

Table IV. Mutagenicity of Basic Extracts from Canned Seafoods 

Product MAR 
(80 g E q ) a Product MAR 

(80 g Eq)' 

Pink salmon (brand //l) 
Pink salmon (brand #2) 
Red salmon (brand #1) 
Red salmon (brand //2) 
Mackerel 

17.6 
11.9 
8.5 
7.3 
7.2 

Tuna ( o i l pack) 
Minced clams 
Tuna (water pack) 
Sardines 

3.8 
3.8 
1.6 
1.3 

aS_. typhimurium strai n TA98 with S9 mix. 

beef, several of which have recently been shown to produce hepa
tomas when fed to rats and mice (19). If the mutagens in the 
canned products are also isolated, i d e n t i f i e d and found to be 
carcinogenic, they may pose a r i s k to humans because of the 
sign i f i c a n t quantities of canned foods consumed. In the U.S. i n 
1980 about 3 b i l l i o n pounds of meat products and 1.4 b i l l i o n 
pounds of seafoods were processed by canning (20). Some of the 
implications for the food industry and regulatory agencies i f 
the substances formed during canning do prove harmful w i l l be 
pointed out below. 

The National Research Council i n i t s recent report on Diet, 
Nutrition and Cancer (21) urged that ef f o r t s be made to reduce or 
eliminate mutagens in foods. An understanding of the process of 
mutagen formation i s essential to the development of methods to 
modify mutagen formation during canning. Two products, ground 
beef and pink salmon, were subjected to several precanning treat
ments to investigate the effects on mutagen formation. 

Ground beef was mixed with an equal weight of d i s t i l l e d 
water and boiled for 10 min. The solids were then separated from 
the f l u i d s (stock) by f i l t r a t i o n and portions of each were 
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7. K R O N E A N D I W A O K A Mutagen Formation in Processed Foods 123 

extracted immediately or placed in cans, sealed and processed 
for 85 min at 117°C. Table V shows the results of mutagenicity 
tests on the basic extracts from these samples. 

Table V. Mutagenicity of Ground Beef and Beef Stock 

Precanning Treatment Sample MAR (80 g Eq)' 

None Ground beef (canned) 3.7 
B o i l Solids (not canned) 0.9 
B o i l Solids (canned) 1.4 
B o i l Stock (not canned) 3.2 
B o i l Stock (canned) 9.3 

a_S. typhimurium strain 1538 with S9 mix. 

Mutagens were formed when ground beef was canned. The 
mutagenicity decreased when the ground beef was washed with water 
prior to canning. The wash water (stock) apparently extracted 
precursors which could form mutagens upon heating; the canned 
stock produced an MAR more than twice that of the canned 
untreated meat. 

Pink salmon was treated prior to canning by steaming, 
freezing or combined freezing then steaming. The stock which 
l e f t the fles h during steaming (13% of the t o t a l weight) was 
collected and also canned. Table VI shows the effects of these 
precanning treatments on the mutagenicity of canned pink salmon. 

Table VI. Variations in Mutagenicity of Salmon After Different 
Precanning Treatments 

Pretreatment/samples Revertants produced 
mean ± SD (n=4) 

MAR 
(80 g E q ) a 

None/flesh (canned) 98 + 24 4.3 
Steam/flesh (not canned) 10 + 7 1.3 
Steam/flesh (canned) 232 + 37 8.7 
Steam/stock (not canned) 11 + 14 1.4 
Steam/stock (canned) 1022 + 89 35.0 
Freeze/flesh (canned) 270 + 32 10.0 
Freeze, steam/flesh (canned) 237 + 25 8.9 
Freeze, steam/flesh (not canned) 18 + 32 1.6 
Freeze, steam/stock (canned) 1182 + 240 40.4 
Freeze, steam/stock (not canned) 36 + 48 1.2 

Ŝ. typhimurium strain TA98 with S9 mix (mean spontaneous = 
23-30). 
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The steaming and/or freezing pretreatments a l l appeared to 
increase the mutagenicity of the canned product. These pretreat
ments would lead to disruption of c e l l s within the tissue, 
possibly allowing more intimate contact between the reactants 
during the duration of heat processing. During heat processing 
of the untreated fresh tissue, the c e l l u l a r structure also i s 
disrupted as the heat penetrates the fle s h , but t h i s process 
occurs rather slowly due to the resistance to heat transfer that 
exists i n a s o l i d product of this type. 

As was the case with the ground beef stock, the canned f i s h 
stock exhibited higher mutagenicity than the fles h . However, the 
steaming was not nearly as effective in removing the mutagen 
precursors from the f i s h as washing of the ground beef had been. 
This was undoubtedly due i n part to the physical form of the 
ground beef i n which much c e l l u l a r disruption had taken place due 
merely to grinding. The large proportion of water used for 
rinsing the beef was probably also an important factor in the 
more e f f i c i e n t removal of mutagen precursors. This also, however, 
resulted in d i l u t i o n of the precursors, explaining the apparently 
lower mutagenicity of the beef stock compared to the f i s h stock 
(which was equal to only about 13% of the o r i g i n a l weight of 
f i s h ) . 

The results of this study with canned foods bring up several 
issues which have not been dealt with in the past. Up to the 
present time, studies dealing with mutagens in heated foods have 
been concerned with mutagens formed during the cooking process. 
In that case, the consumer has some control over how he cooks his 
food and has a choice of methods which can reduce or eliminate 
mutagen production. For example, he can use low temperature 
techniques such as microwaving or steaming rather than frying of 
g r i l l i n g . However, the consumer has no choice in the case of 
canned foods where the only way to avoid these substances i s to 
not purchase the product. 

If the compounds in canned foods are indeed carcinogenic, 
some questions that need to be addressed are, "Should these 
compounds be regulated or should the foods be regulated because 
of a possible health hazard? If they are to be regulated, what 
provisions of the current regulations apply?" 

The f i r s t l e g i s l a t i o n that comes to mind i s the Delaney 
clause because i t deals with carcinogens, but when the clause i s 
closely examined one finds that i t deals only with food additives. 
Thermal processing adds nothing to the product other than heat. 
Heat processing could possibly be compared to food i r r a d i a t i o n i n 
that both are different types of food processing techniques and 
food i r r a d i a t i o n i s considered an "additive" by FDA and subject 
to i t s regulations on additives. 

However, heat or thermal processing i s not considered an 
additive, therefore, the mutagens could also not be dealt with 
under Section 409 of the Food, Drug and Cosmetic Act which deals 
with unsafe food additives, or Section 406 of the same Act which 
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deals with tolerances for added poisonous ingredients in foods. 
These mutagens (or carcinogens) also probably can't be considered 
a carcinogenic "constituent" as defined i n the FDATs latest 
"constituents" policy where a carcinogenic impurity i s allowed to 
be present with a non-carcinogenic additive. 

The section where mutagens/carcinogens formed as a result of 
processing possibly could be regulated i s in Section 402 of the 
Food, Drug and Cosmetic Act dealing with adulterated food. This 
section says that: "...A food s h a l l be deemed to be adulterated 
i f i t bears or contains any poisonous or deleterious substances 
which may render i t injurious to health ...". 

One organization, the Council for Agricultural Science and 
Technology (CAST), in i t s report No. 89 (22), decided to cate
gorize naturally occurring carcinogens and carcinogens formed 
during cooking under this Section 402. Apparently, however, i f 
these carcinogens (naturally occurring or formed) are present i n 
minute concentrations, CAST does not consider them to constitute 
a threat to public health which would j u s t i f y action against 
them. The FDA has stated that in regulating natural potential 
hazardous constituents, i t would consider the benefits of the 
food and the impact a prohibition would have on the available 
food supply. The FDA also stated that they would not remove from 
the food supply a deleterious substance that i s a nutrient, 
widely used and entrenched in the food system unless i t posed a 
sig n i f i c a n t health r i s k (23). 

The meaning of the phrases, "injurious to health" i n Section 
402 of the Food, Drug and Cosmetic Act and "significant health 
r i s k " mentioned above are vague in reference to occurrences or 
formation of mutagens in foods and must be c l a r i f i e d before 
meaningful decisions can be made. For example, does a s i g n i f i 
cant health r i s k " exist i f these mutagens are determined to be 
mammalian carcinogens but found in low levels in canned foods? 

It c l e a r l y appears that our current regulations have 
d i f f i c u l t y i n consistently dealing with low and uncertain risks 
such as we find in canned foods and that we do need a change in 
the way we evaluate potential hazards in foods. The Food Safety 
Council's proposed food safety evaluation process (24), in which 
a systematic sequence i s followed for evaluation of the safety 
of a food component, may be a major step in that direction. 
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Biological Properties of Heated Dietary Fats 

J. C. ALEXANDER 
Department of Nutrition, College of Biological Science, University of Guelph, 
Guelph, Ontario, Canada N1G 2W1 

Thermal oxidation of dietary fats, with the forma
tion of potentially toxic derivatives during heat
ing and processing, is related to the conditions 
used in the home and the food service industry. 
During deep-fat frying many volatile and non
-volatile compounds are formed, some of which can be 
toxic depending on the level of intake. Many chem
ical and biological studies have been carried out, 
and experimental findings indicate that possible 
dietary hazard should be greater as the severity of 
the treatment of the fat is increased. Observa
tions with animals fed these fats have shown ad
verse effects ranging from depression in growth, 
diminished feed efficiency, increased liver size, 
fatty necrosis of the liver and numerous other or
gan lesions. Specific effects on biological tis
sues can be verified by selected techniques in
cluding histopathological evaluations, biochemical 
parameters, and tissue culture in monolayers. 
Fractionation of heated fat samples serves to con
centrate a number of the unnatural components, and 
incorporation of these materials into rat diets 
has enabled experimenters to observe distinct re
actions by the animals. Practical processing and 
frying operations usually produce low levels of 
nutritionally undesirable products, but it is 
worthwhile to recognize their possible adverse bi
ological effects. 

The b i o l o g i c a l properties of thermally oxidized fats have 
been studied for many years. Evaluation of laboratory-heated and 
commercially-used fats i n diets for animals have included feed 
consumption, weight gain, and feed e f f i c i e n c y (1-4), pathology 
(1-2)9 organ weights (4, 10), enzyme assays (11), and t o t a l l i p i d 

0097-6156/83/0234-0129$06.00/0 
© 1983 A m e r i c a n C h e m i c a l S o c i e t y 
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130 X E N O B I O T I C S IN F O O D S A N D F E E D S 

content and tissue fatty acid composition (12-15). A variety of 
thermally oxidized fats was included and results ranged from mild 
responses to substantial adverse effects on the animals. Ques
tions remain regarding the potential t o x i c i t y of laboratory-
heated or commercially used frying f a t s . 

Evidence indicates that secondary oxidation products such as 
monomeric, dimeric and polymeric compounds accumulate i n the 
heated fats and may subsequently be ingested with the f r i e d foods. 
Johnson et a l . (16) observed that thermally oxidized o i l i s not so 
rapidly hydrolyzed as the corresponding unheated o i l . Nolen (5) 
found when feeding male dogs diets containing a 15% l e v e l of fresh 
or heated p a r t i a l l y hydrogenated soybean o i l that the heated fat 
reduced the absorption, growth rate and feed e f f i c i e n c y . These 
products rather than peroxides are the p r i n c i p a l factors i n ad
verse effects seen with thermally oxidized f a t s . Paik et a l . (17) 
studied mice dosed with methyl linoleate hydroperoxides or autoxi-
dized methyl linoleate containing secondary oxidation products. 
Mortality was 50% and 100% respectively. Congestion i n tissues, 
fatty degeneration and necrosis were observed, and the amount of 
impairment correlated with the type of material fed. The conclu
sions were confirmed by histopathological observations, and vola
t i l e low molecular weight compounds containing carbonyl groups 
were suspected of being involved. The r e a c t i v i t y of fatty acids 
increases with the degree of unsaturation, but the d i s t r i b u t i o n 
and geometry of double bonds also influence the extent of oxida
tion (18). Double bonds become conjugated or l o s t as they are 
involved i n reactions forming various secondary products, some of 
which have been i d e n t i f i e d as c y c l i c compounds, scission products, 
dimers and larger molecules (19-23). The severity of conditions 
(aeration, temperature and heating time) plays an important role 
i n the degree of deterioration of frying fats (1). Perkins and 
Kummerow (24) confirmed the e a r l i e r observations of Crampton et a l . 
(25) that the non-urea-adductable portion of heated fats was most 
toxic to animals. These concentrates, containing monomeric and 
dimeric derivatives, are more toxic than the larger polymers due 
to better absorption 02, 10, 26). Urea f i l t r a t e of heated f a t , 
fed to rats, resulted i n a 30% reduction i n the oxidation of p a l 
mitic acid to CO2 (27). Animals given low levels of vitamins and 
thermally oxidized fats i n their diet at a fixed protein concen
tration responded poorly compared to those which received fresh 
fats and the same amount of vitamins (3). A re a l positive re
sponse was obtained i n the presence of the heated fat when the 
protein l e v e l was increased. Tappel (28) suggested that chemical 
deteriorative effects due to free radicals produced i n heated fats 
(hydroxyl and hydroperoxyl) might be slowed by increased amounts 
of dietary antioxidants. Fukuzawa and Sato (29) selected 12-keto-
ole i c acid as a degradation product of l i p i d peroxidation and 
compared i t s effects on rat tissues with those of a vitamin Ε 
deficiency. Both increased fluorescent production i n the l i v e r , 
as well as hemolysis and plasma alkaline phosphatase l e v e l i n the 
blood. 
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Because of the severity of some problems reported when ex
perimental animals are fed compounds from thermally oxidized food 
fats there i s j u s t i f i e d concern about effects some of these d e r i 
vatives could have on consumers. Early work which showed adverse 
effects on animals was complicated by improper protection of the 
diet leading to vitamin deficiencies. However, i n studies with 
used frying fats, Alexander (30) found that frequent diet prepa
ration and feeding, and the use of antioxidants and refrigeration 
could avoid these d i f f i c u l t i e s . In recent years, a number of 
well conducted studies have produced considerable evidence that 
oxidized and abused frying fats contain potentially toxic con
stituents. 

Experimental 

To evaluate the b i o l o g i c a l effects of thermally oxidized 
fats, isolated concentrates of fatty acid derivatives were pre
pared. Fats used were corn o i l (CO) oliv e o i l (00) low erucic 
acid rapeseed o i l (LE) and lard (LA). The heating conditions 
were those of Gabriel et a l . Ç7). Each fat was heated i n a 
stainless steel beaker for 72 hr at a controlled temperature of 
180°C. Each day i t was s t i r r e d continuously with a mechanical 
s t i r r e r for 12 hr and by hand every hr for 12 hr to ensure aer
ation and mixing. D i s t i l l a t i o n and urea treatment concentrated 
the c y c l i c and branched chain degradation products. Intubation 
experiments with rats were used as short-term studies to deter
mine the t o x i c i t y of the d i s t i l l a b l e non-urea-adductable (DNUA) 
fractions obtained from ethyl esters produced from thermally o x i 
dized fats (31,32). A urea adduction method modified from that 
of Eisenhauer and Beal (33) was used to produce the DNUA concen
trates. A l l rats were intubated daily with 0.5 ml of either DNUA 
materials from thermally oxidized fats or the respective fresh 
fats, using a rubber stomach tube (no. 8 catheter) on a syringe. 
Body weights were recorded daily, and the animals were examined 
on a regular basis to detect early symptoms of t o x i c i t y . After 
approximately three days, due to morbidity, the animals were 
k i l l e d . Histopathological examination of the heart, l i v e r and 
kidneys of the rats was carried out to quantitate tissue damage, 
and lesions i n the organs were graded as described by Gabriel et 
a l . ( 7 ) . Organ weights were recorded and portions were frozen i n 
l i q u i d nitrogen for l i p i d analysis (34) . Fatty acid methyl esters 
were prepared from the neutral and polar l i p i d fractions of the 
organs (35,36) and analyzed for component fatty acids by GLC. 
Types of lesions found i n the tissue sections were graded as to 
incidence and severity on a scale from zero for normal, to three 
for necrotic tissue, i n the following anatomical structures: 
Heart: Myocardial nuclei 

Nuclei of vascular media and endothelium 
I n t e r s t i t i a l tissue and myofibers 
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Liver : Hepatocellular nuclei 
Hepatocellular cytoplasm 
Kupffer and endothelial c e l l s 

Kidney : Glomeruli 
Tubules 
Vessels and i n t e r s t i t i a l tissues 

Animal tissue c e l l s grown i n culture medium i n the form of a 
monolayer are a useful b i o l o g i c a l l i v i n g model to observe physio
l o g i c a l , morphological or metabolic changes i n the presence of 
conpounds added to the medium. Bird and Alexander (15, 37) re
ported on effects of thermally oxidized corn o i l and oliv e o i l 
on i n v i t r o heart c e l l s . The DNUA from fat thermally oxidized as 
described e a r l i e r (_7) was isolated. Free fatty acids from the 
fresh fat controls or from the DNUA of the heated fats were pre
pared (38). 

Primary cultures of neonatal heart c e l l s were prepared from 
2-5 day old rats by the method of Rogers (39) as monolayered 
coverslip cultures. The hearts were excised aseptically and 
transferred to a p e t r i dish containing phosphate-buffered saline. 
The tissue was chopped f i n e l y and separated into single c e l l s by 
trypsinization using 0.25% trypsin solution (15). Leighton tubes 
containing a culture medium supplied with 5% f e t a l c a l f serum were 
seeded with 2 χ 10^ cells/ml of medium. Four day old cultures 
were exposed to fresh and heated fatty acid fractions (60 or 100 
yg/ml) i n the form of an emulsion with bovine serum albumin d i s 
solved i n phosphate-buffered saline (PBS). The required concen
tration of each free fatty acid fr a c t i o n , dissolved i n hexane, 
was transferred to a 100 ml s t e r i l i z e d b ottle, and the solvent 
was evaporated completely. The solution of bovine serum albumin 
(40 mg/ml of PBS) was added to the l i p i d fractions. A ra t i o of 
free fatty acid fraction to bovine serum albumin of 1:60 (w/w) 
was maintained. The bottle was screw-capped and incubated at 40° 
with occasional shaking for two hr. This incubation was s u f f i 
cient to obtain an emulsion of free fatty acids ready for admin
i s t r a t i o n into the culture medium (15). 

Cell u l a r l i p i d was extracted by means of the procedure of 
Folch et a l . (40) and fractionated by thin layer chromatography 
(TLC). Glass plates coated with S i l i c a Gel G of 0.5 ml thickness 
and a solvent system containing heptane/isopropyl ether/acetic 
acid (60:40:3) were used (41). Cultures of heart c e l l s were ob
served p e r i o d i c a l l y with a Nikon inverted microscrope with phase 
contrast optics. For detailed morphology, replicate cultures 
also were stained with May-Grunwald-Giemsa stain (42). Intra
c e l l u l a r l i p i d accumulation was assessed subjectively with the 
phase contrast microscope, and a numerical scale ranging from zero 
to four was used. The zero value was given to c e l l s showing no 
l i p i d droplets, as i n those grown i n the medium containing 5% 
f e t a l bovine serum without additional l i p i d . A value of four was 
given to a f i e l d consisting of c e l l s exhibiting abundant fat 
droplets where most of the extranuclear space appeared to be 
occupied with l i p i d (38). 
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Stained cover s l i p cultures from each treatment group were 
observed under the x40 objective to estimate the effect of various 
treatments on growth pattern and c e l l morphology. Twenty random 
f i e l d s were selected, and the number of c e l l s i n each f i e l d , the 
number of c e l l s i n various stages of mitosis, and the number of 
pyknotic nuclei were recorded. The mitotic index and percent 
pyknotic c e l l s were calculated as percentages based on the t o t a l 
number of c e l l s observed i n 20 random f i e l d s and were not average 
values of replications. The c e l l u l a r protein was quantitated by 
the method of Lowry et a l . (43) as modified by Oyama and Eagle 
(44). 

Results 

Intubation of the rats with three of the heated fat DNUA 
samples, heated olive o i l (HOO), heated lard (HLA) and heated low 
erucic acid rapeseed o i l (HLE) resulted i n early signs of physio
l o g i c a l stress. Within 10 hr the animals became disoriented and 
nervous and feed and water consumption were reduced. A loss of 
body weight was observed. Rats given DNUA from heated corn o i l 
(HCO) were indistinguishable from those given the fresh fats 
(Table I ) . Average weight of the animals at the start of the 
experiment was 59 g. 

Table I. Body Weights of Rats Intubated with 
Different Dietary Fats 

Dietary Fat Body Weight 1 

(g) 

CO 75 a 

HCO 70 a 

00 7 0 b H00 49 b 

LE 62 a 

HLE 48 b 

LA 71 a 

HLA 49 b 

"Numbers with the same superscripts are not 
si g n i f i c a n t l y different (P<0.05). 

Gross pathology of animals i n the HOO, HLA and HLE groups 
showed distended stomachs, gastric ulceration, and l i t t l e ingesta 
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i n the intestines. I n t e r s t i t i a l edema was observed i n the lungs, 
heart and kidneys, as well as multiple focal hemorrhaging of the 
l i v e r . A l l lesions were without scarring, indicative of short 
duration. Figures 1 and 2 show the average h i s t o l o g i c a l scores 
for heart, l i v e r , and kidneys. Although the HCO animals gained 
weight and appeared normal their hearts and l i v e r s exhibited some 
tissue damage. The extreme morbidity observed i n the other three 
heated fat groups was reflected i n the substantial h i s t o l o g i c a l 
grades for their organs. 

The myocardial nuclei were activated and increased i n size 
with extensive chromatin condensation, but most of the damage to 
the heart was confined to i n t e r s t i t i a l tissues and blood vessel 
walls, indicated by disruption of the vascular endothelium 
(Figure 3). In the l i v e r there was hepatocellular dissociation 
with nuclear activation such as pyknosis, and cytoplasmic vacuo-
l a t i o n due to accumulation of fatty material (Figure 4). Numer
ous mitotic hepatocytes were observed i n the kidney. Various 
stages of tubulonecrosis were found i n the uriniferous tubules 
(Figure 5). Cellular and granular debris blocked some of the 
tubules. 

Tables II and III show r e l a t i v e organ weights expressed as 
percent body weight for six ra t s , and percent organ l i p i d s . 

Table I I . Relative Organ Weights and Total Organ 
Lipids (CORN OIL and OLIVE 0 I L ) 1 

Dietary Heart Liver Kidney 
Fat Wt. 

(%) 
L i p i d 
(%) 

Wt. 
(%) 

L i p i d 
(%) 

Wt. 
(%) 

L i p i d 
(%) 

CO 
HCO 

0.42a 

0.44a 

5 Λ 6.1 a b 

3.7C 

5.4 b c 

7.4b 

6.3b 

1.0° 
1.3 a b 

5.9 b c 

8.4a 

00 
HOO 

0.433 

0.45a 

5.1b 

7.3a 

4.3 b c 

8.3a 

6.6b 

6.7b 

1.2 b c 

1.5a 7.8 a b 

^Numbers with the same superscripts are not s i g n i f i c a n t l y d i f 
ferent (P<0.05). 

No changes i n t o t a l heart l i p i d s and weights were observed 
i n the HCO group but the other three fats produced a substantial 
increase i n amount of l i p i d . Both l i v e r s and kidneys i n the test 
groups showed weight increases, some of which were highly s i g n i 
f i c a n t . In certain cases l i p i d accumulation contributed to these 
increases. 

Although there were a number of changes i n the tissue fatty 
acids of the test rats compared to the controls, the most notable 
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Figure 1. Histological scores for organs of rats intubated with fresh fats (O) or 
DNUA of heated fats (%). (Reproduced with permission from Ref 31. Copyright 

1979, Geron-X Inc.) 
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Figure 2. Histological scores for organs of rats intubated with fresh fats (O) or 
DNUA of heated fats (·). (Reproduced with permission from Ref 32. Copyright 

1979, Geron-X Inc.) 
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Figure 3. Heart of rat intubated with DNUA-HLA. Blood vessel wall has lost 
its integrity, and endomysium is very prominent. Hematoxylin and eosin, x 750. 

(Reproduced with permission from Ref. 32. Copyright 1979, Geron-X Inc.) 

Figure 4. Liver of rat intubated with DNUA-HLA. Pyknosis and fragmentation 
of necrotic hepatocytes. Hematoxylin and eosin, x500. (Reproduced with per

mission from Ref. 32. Copyright 1979, Geron-X Inc.) 
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Figure 5. Kidney of rat intubated with DNUA-HLE. Cellular and granular casts 
fill lumina of uriniferoustubules. Hematoxylin and eosin, x344. (Reproduced with 

permission from Ref. 32. Copyright 1979, Geron-X Inc.) 
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Table I I I . Relative Organ Weights and Total Organ 
Lipids (LEAR and LARD) 1 

Dietary Heart Liver Kidney 
Fat Wt. Lipid Wt. Lipid Wt. Lipid 

(%) (%) (%) (%) (%) (%) 

LE 0.473 5.2b 4.4b 7.9a 1.2ab 7.4a 

HLE 0.44a 9.3a 7.0a 7.8a 1.4a 5.9a 

LA 0.41a 4.7b 4.4b 5.9b 1.0b 6.9a 

HLA 0.42a 7.7a 8.8a 9.5a 1.6e 6.7a 

"lumbers with the same superscripts are not s i g n i f i c a n t l y d i f 
ferent (P<0.05). 

changes were decreases i n neutral heart and kidney l i p i d o l e i c 
acid with concomitant increases i n l i n o l e i c acid for groups given 
HOO, HLA and HLE (Tables IV, V and VI). These effects were not 
observed for the group given HCO. 

Table IV. Fatty Acid Composition of Neutral Heart Lipids 

Dietary Oleic L i n o l e i c 
Fat Acid Acid 

(%) (%) 

CO 19.5 36.2 
HCO 20.1 35.0 

00 36.4 25.8 
HOO 19.1 46.5 

LE 34.8 26.4 
HLE 19.4 48.2 

LA 44.7 18.1 
HLA 15.2 51.8 

Treatment of cultured rat heart c e l l s with HCO or HOO (15) 
resulted i n lower concentrations of o l e i c , l i n o l e i c and arachido-
nic acids i n the phospholipids (PL). However, there were marked 
increases i n arachidonic acid and decreases i n o l e i c acid i n the 
tr i a c y l g l y c e r o l s (TG), and l i n o l e i c acid also declined substan-
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Table V. Fatty Acid Composition of Neutral Liver Lipids 

Dietary Oleic L i n o l e i c 
Fat Acid Acid 

(%) (%) 

CO 19.5 32.9 
HCO 15.2 29.1 

00 29.6 16.1 
HOO 24.7 22.6 

LE 30.1 23.1 
HLE 26.8 25.2 

LA 29.6 22.4 
HLA 28.2 24.1 v 

Table VI. Fatty Acid Composition of Neutral Kidney Lipids 

Dietary Oleic L i n o l e i c 
Fat Acid Acid 

(%) (%) 

CO 23.3 36.0 
HCO 21.1 30.5 

00 42.1 20.0 
HOO 22.3 31.1 

LE 37.5 21.1 
HLE 30.5 30.4 

LA 37.7 22.4 
HLA 24.8 32.3 

t i a l l y due to HCO (Table VII. Pooled samples from four c e l l c u l 
tures were used. 

Rat heart c e l l s i n culture, exposed to thermally oxidized 
fat components, (37) took up and incorporated more exogenous 

-palmitic acid into the c e l l TG fraction that when the c e l l s 
were treated with fresh fats (Table VIII). P a r t i c u l a r l y with the 
HCO compared to CO, much less of the ra d i o a c t i v i t y from labeled 
palmitic acid was deposited i n the PL fraction . Also with the 
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Table VII. Fatty Acids of Phospholipid and T r i a c y l g l y c e r o l 
Fractions of Heart Cells 

Treatment Phospholipid T r i a c y l g l y c e r o l 
18:1 18:2 20:4 18:1 18:2 20:4 
(%) (%) (%) (%) (%) (%) 

CO 33.4 13.3 4.9 23.2 24.2 10.0 
HCO 27.8 6.3 1.7 12.7 2.9 43.4 

00 38.9 5.2 3.5 51.3 7.7 11.7 
HOO 22.8 2.3 2.6 13.4 16.9 28.0 

Table VIII. Incorporation of C-Radioactivity into 
Phospholipids and Triacylglycerols of Heart Cells 

Treatment Phospholipid 1 Triacylglycerol-
12 24 48 12 24 48 
(h) (h) (h) (h) (h) (h) 

CO 80.4 73.1 65.1 4.2 6.7 8.9 
HCO 38.6 43.8 48.4 40.2 28.8 23.4 

00 46.2 46.0 48.8 31.7 31.4 27.3 
H00 38.6 38.4 38.0 42.7 42.8 44.3 

Incubation times and average values for f i v e samples. 

HCO, when the incubation period was extended beyond 12 hr, there 
was a decline i n the r a d i o a c t i v i t y retained i n the TG fraction of 
the heart c e l l s . When the two fresh fats were compared for 

14 c 

incorporation into the l i p i d classes, the 00 resulted i n at least 
three times as much a c t i v i t y i n the TG f r a c t i o n . 

The most consistent change i n cultures exposed to heated fats 
was associated with i n t r a c e l l u l a r l i p i d accumulation, which oc
curred rapidly (Figure 6). Prolonged exposure produced abnormal 
spherical c e l l s f i l l e d with l i p i d droplets. They contained con
s t r i c t e d , centrally located nuclei. Karyorrhexis and karyolysis 
were observed, and vacuolation and a network appearance were pro
nounced due to oxidized fat (Figure 7). The pyknotic nuclei as a 
percentage of the t o t a l number of c e l l s i n 20 random f i e l d s were 
increased due to heated fat fractions (Table IX), and accompanied 
the cytoplasmic changes seen e a r l i e r . L i p i d droplet accumulation 
was estimated as shown i n Table X, and the free fatty acids from 
the fresh fats induced less l i p i d accumulation. Nevertheless, 
the values for 00 were as high as those for HCO. 
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142 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Figure 6. Cell culture from rat heart treated with DNUA-HOO free fatty acids 
(60 \LglmL) for 48 h. A dividing cell with a broken chromosome can be seen (May-
Grunwald-Giemsa, x400). (Reproduced with permission from Ref 38. Copyright 

1981, Tissue Culture Association Inc.) 

Figure 7. Cell culture from rat heart treated with DNUA-HOO free fatty acids 
(100 \LglmL) for 96 h. Condensed nuclei and extensively vacuolated cytoplasm 
can be seen (May-Grunwald-Giemsa, x400). (Reproduced with permission from 

Ref. 38. Copyright 1981, Tissue Culture Association Inc.) 
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Table IX. Percent Pyknotic Cells i n Heart C e l l Cultures 

Treatment Concentration i n Medium 
60 yg/ml 100 yg/ml 

CO 0.28 0.21 
HCO 0.54 2.90 

00 0.50 3.50 
HOO 0.86 5.90 

Table X. Li p i d Droplet Accumulation i n Heart Cells 

Treatment Concentration 
i n Medium 
(yg/ml) 

Li p i d Accumulation 
Score 1 

CO 60 1.2 
HCO 2.6 

CO 100 1.4 
HCO 3.4 

00 60 2.4 
H00 3.0 

00 100 3.4 
HOO 4.0 

Obtained by a v i s u a l estimation of l i p i d droplets 
i n f i v e microscopic f i e l d s of heart c e l l s i n culture 
under an inverted phase contrast microscrope (10 χ 
40). Range 0 to 4. 

Mitotic indices as a percentage of t o t a l number of c e l l s i n 
20 random f i e l d s are shown i n Table XI. Heated fat suppressed 
the rate of mitosis with the greater effect shown by H00. In 
Figure 8, some t r i p o l a r spindles were observed among the dividing 
c e l l s i n the presence of HOO. 

Discussion 

Toxic properties of thermally oxidized fats are concentrated 
i n the non-urea adductable monomers and dimers (45, 46). Usual 
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Table XI. Mitotic Index of Heart C e l l Cultures 

Treatment Concentration 
i n Medium 

(Ug/ml) 

Percentage of 
Dividing Cells 

CO 60 0.41 
HCO 0.31 

CO 100 0.35 
HCO 0.20 

00 60 0.44 
HOO 0.31 

00 100 0.22 
HOO 0.14 

frying procedures may produce only small quantities of toxic 
materials, but such substances may be sel e c t i v e l y absorbed i n 
f r i e d foods (47). With acute animal experiments involving intu
bation, adverse effects were seen even after the f i r s t treatment 
indicating rapid absorption. Reduction of feed intake would re
sult i n protein-energy deficiency with ensuing weight loss. Com
ponents of the DNUA or their metabolites may have depressed feed 
intake centers i n the brain. Ohfuji and Kandea (48) have docu
mented a feed intake depressing effect of oxidized f a t s . In
creases i n r e l a t i v e l i v e r and kidney weights without corresponding 
increases i n l i p i d contents may be attributed to some edema of 
the organs as well as deposition of protein normally used for 
synthesis of new tissue i n the hepatocytes. M i l l e r and Landes 
(6) found a s i g n i f i c a n t increase i n hepatic protein i n rats fed 
heated soybean o i l . 

Histo l o g i c a l evaluation showed cardiac lesions including 
disruption of the endothelial sheath and chromatin condensation 
(32) which could lead to impaired oxygen and nutrient transport 
into the myocardium. Livers had accumulated l i p i d i n large vacu
oles i n the cytoplasm, and along with necrotic f o c i there was 
invasion by c e l l u l a r and fibrous elements. In the kidney there 
was intense proteinuria, and the lumina of the uriniferous tu
bules were f i l l e d with c e l l u l a r debris. Tubulonecrosis leads to 
impaired f i l t r a t i o n and detoxification of the blood. 

Alteration of tissue fatty acid concentration by oxidized 
fats may indicate the impairment of transport and enzyme systems 
by effects on lipoprotein synthesis and function (31). Clark et 
a l . (49) showed that lipoproteins are susceptible to alterations 
of both structure and function by reaction with agents that pro-
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Figure 8. Cell culture from rat heart treated with DNUA-HOO free fatty acids 
(60 ^g/mL) for 48 h. Pyknotic nuclei and tripolar spindle can be seen (May-
Grunwald-Giemsa, x400). (Reproduced with permission from Ref 38. Copyright 

1981, Tissue Culture Association Inc.) 

mote l i p i d peroxidation. The sites of the lesions i n major or
gans could indicate that toxic fatty materials cause an impair
ment i n active transport across membranes and i n h i b i t metabolic 
a c t i v i t y . 

Cultured heart c e l l s responded rapidly to fatty acids admin
istered to the medium. Heated fat produced lower levels of un
saturated fatty acids i n the PL fractions, and a greatly increased 
l e v e l of arachidonic acid i n the TG fractions (15). In the l i v e r s 
of rats fed heated fats, Rao et a l . (50) showed a rapid rate of 
elongation and desaturation of fatty acid chains. 

Palmitic acid i s p r e f e r e n t i a l l y taken up by the myocardium 
and used for synthetic reactions or as an energy source (51), and 
i t has been shown to be important i n the beating a c t i v i t y of 
heart c e l l s i n culture (52). Treatment of c e l l s with heated fats 
resulted i n a substantially reduced incorporation of labeled pal
mitic into the PL frac t i o n , and an increased incorporation into 
the TG fraction (37). This would indicate that PL synthesis was 
inhibited due to heated fat treatment, and there was an impaired 
mobilization of TG fatty acids. Oleic acid i s known to promote 
fat accumulation i n tissue culture c e l l s (53). The HOO treatment 
which provided most o l e i c acid gave the highest TG values. 

The cytotoxicity studies associated with oxidized fats i n d i 
cate that they interfered with c e l l u l a r metabolism and d i f f e r -

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

00
8



146 X E N O B I O T I C S IN F O O D S A N D F E E D S 

entiation, and caused necrotic changes (38). Cytoplasmic vacuo-
l a t i o n observed i n stained cultures represented i n t r a c e l l u l a r 
l i p i d accumulation. This excess on exposure to heated fats could 
r e f l e c t an accelerated uptake from the medium by the c e l l s , or 
an i n h i b i t i o n of their i n t r a c e l l u l a r mobilization for c e l l u l a r 
functions. Landes (14) showed that heated fats were oxidized 
slowly by the myocardium of animals fed thermally oxidized peanut 
o i l i n their d i e t . Since heated fat exposure increased the number 
of pyknotic c e l l s and decreased the mitotic index, these aberra
tions suggest detrimental effects of oxidized fat components 
either through their physical presence, or through interference 
with biochemical a c t i v i t y . 

During deep-fat frying, depending on conditions used, many 
v o l a t i l e and non-volatile compounds may be formed. Possible 
dietary hazard depends on severity of treatment, and l e v e l of 
intake. Animal studies have shown adverse effects including de
creased growth and feed ef f i c i e n c y , increased l i v e r size, fatty 
necrosis of organs, and numerous other lesions. P r a c t i c a l pro
cessing and frying usually produce low levels of undesirable 
products, but i t i s worthwhile to recognize their possible adverse 
b i o l o g i c a l e f f e c t s . 
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Legend of Symbols 

DNUA ( d i s t i l l a b l e non-urea adductable fraction) 
CO (corn o i l ) ; HCO (heated corn o i l ) 
00 (olive o i l ) ; HOO (heated ol i v e o i l ) 
LE (low erucic acid rapeseed o i l ) ; HLE (heated low erucic acid 
rapeseed o i l ) 

LA (lard); HLA (heated lard) 
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9 
Mutagens in Cooked Food 

L. F. BJELDANES 

Department of Nutritional Sciences, University of California, Berkeley, CA 94720 

J. S. FELTON and F. T. HATCH 

Biomedical and Environmental Research Program, Lawrence Livermore Laboratory, 
University of California, Livermore, CA 94550 

With the development of simple and rapid methods for 
detecting agents which modify genetic material of cells (i.e., 
Ames bacterial assay) has come the realization that mutagens are 
widespread in our environment (1). The attention of several 
research groups has turned toward examining mutagenic activity of 
foods. As a result of this extensive research effort the 
occurrence of mutagenic substances in certain heated foods and 
food components is now well documented. Proteins and several 
amino acids yield highly mutagenic substances when pyrolyzed at 
temperatures above 300ºC (2-4). Similar temperatures were 
reported to be necessary to generate appreciable mutagenicity in 
pyrolyzed food samples (5). Under pyrolytic conditions, 
carbohydrate and lipid components and foods rich in them tend to 
exhibit less mutagenic activity than samples rich in proteins or 
amino acids. Evidence compiled by several research groups 
indicates that mutagenic activity is also induced in certain 
foods cooked under conditions less severe than required for 
pyrolysis (6-9). In these studies mutagenic activity is detected 
in fried and broiled protein-rich food (beef), and at a higher 
level than in cooked carbohydrate-rich food (10). Broiled fish 
samples also contain mutagens(11). In addition, extended boiling 
of beef stock results in mutagen formation (6,8). 

Reviewed herein are the results of our work to determine the 
effects of food type and cooking conditions on mutagenicity of 
cooked protein-rich foods. Results of our efforts to isolate and 
identify mutagens from fried beef are also described. 

Mutagenicity of cooked protein-rich foods 

Published information on dietary practices in the U.S. was 
examined in order to establish priorities for mutagenicity 
testing of cooked foods. Analysis of diet surveys conducted by 
the U.S.D.A. (1964-66) and U.S. Department of H.R.W. (1971-75) 

0097 -6156/83/0234-0149$06.00/0 
© 1983 American Chemical Society 
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150 X E N O B I O T I C S IN F O O D S A N D F E E D S 

provided a listing of the major sources of dietary protein in the 
U.S. (Table 1) based on per capita consumption (12). Milk was 
clearly the most significant dietary source of protein and beef 
was the most significant meat source. 

A l l of the foods tested were submitted to various heat 
treatments (13,14). The i n i t i a l survey included two sets of 
cooking times and temperatures for each food. One set approxi
mated common practice in the United States, and the other 
utilized more severe conditions that generally resulted in a very 
well done, though not burned, sample. In seme cases, when 
significant mutagenic activity was detected in the i n i t i a l 
screening, a more detailed investigation of the dependence of 
mutagenicity on cooking time and temperature was carried out. 
Except in cases in which mixtures of food were examined, no 
seasonings or other additives were used. When normal procedures 
required cooking o i l , corn o i l was used. For the i n i t i a l surveys 
most samples were cooked in stainless steel pans. Broiled 
samples were prepared in ceramic cooking dishes. The more 
detailed investigations of frying œnditions were conducted en an 
electrically heated stainless steel griddle. Temperatures given 
in the tables were measured in each experiment with the empty 
utensil, on top of a household electric range or electric 
griddle, at the heat control setting that was used in cooking the 
food sample. 

Special heating conditions were used for certain foods. 
Eggs were fried in the form of patties in addition to the more 
conventional forms. Egg patties were prepared by heating egg 
mixture or egg fraction for 1 hour at 95°C in a petri plate, a 
procedure that by it s e l f causes no mutagen to form. Milk samples 
were heated to vigorous reflux for periods up to 240 min. or were 
reduced in volume by 50% and 25% by vigorous boiling. 

Cooked samples were deboned i f necessary and when an 
obviously browned outer portion or crust was present on the 
cooked food, this material was separated from the inner portion 
and extracted for bioassay. Results of bioassays of the inner 
portions of foods were uniformly negative except for small 
amounts of mutagenic activity that appeared when samples were 
fried at the highest temperatures. 

Cooked foods were homogenized and extracted with acetone as 
previously described (9). The organic base fraction, which 
contained a l l of the detectable mutagens, was dissolved in DMSO 
and assayed with Salmonella tester strains TA 1538 or TA 98 (15). 
Aroclor-induced rat liver S-9 fraction was used for metabolic 
activation of mutagens. The number of revertants induced per 100 
gram wet weight equivalents (100 gE), i.e., per 100 grams of 
uncooked food, was extrapolated from the linear portions of dose-
response curves. 

In this i n i t i a l survey, mutagenicity in cooked protein-rich 
foods was found to be dependent on the type of food and the 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

00
9



Ta
bl

e 
1
. 

Te
n 

hi
gh

es
t 

ra
nk

in
g 

fo
od

 i
te

ms
 f

ro
m 
th

e 
tw
o 

da
ta

 s
et

s 

pe
r 

ca
pi

ta
 m
ea
n 

da
il

y 
pr

ot
ei

n 
in

ta
ke
 (
g)
 

fr
om

 f
oo

d 
it

em
 

HA
NE
S 

US
DA
 

Wh
ol
e 

mi
lk

 
8.
9 

11
.7
 

Gr
ou
nd

 b
ee

f 
4.
2 

4.
5 

Be
ef

 s
te

ak
 

4.
0 

4.
5 

Wh
it
e 

br
ea

d 
3.
3 

4.
1 

Eg
gs
 

3.
1 

3.
7 

Po
rk
 c

ho
ps
 

1.
6 

*1
.7
 

Fr
ie

d 
ch

ic
ke

n 
1.
4 

2.
5 

Be
ef

, 
br

ai
se

d 
or

 p
ot

 r
oa

st
ed

 
1.
3 

*0
.7
 

Ha
m 

1.
0 

2.
5 

Ro
as
t 

be
ef

 
0.
9 

1.
8 

* 
Ra
nk

 o
rd

er
 f

or
 US
DA
 a
nd
 H
AN
ES

 d
at

a a
re

 i
de

nt
ic

al
 e

xc
ep

t 
fo

r 
th

es
e 
2 

fo
od

 
it

em
s.

 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

00
9



152 X E N O B I O T I C S IN F O O D S A N D F E E D S 

degree of heating. Whereas a l l of the foods tested developed 
mutagenic activity under some cooking conditions, only the most 
severe conditions consistently produced activity in milk, cheese, 
tofu,beans, and organ meats (Table 2). Extensive discoloration 
or charring was generally obvious in the mutagenic milk, cheese 
and tofu samples. Nonmutagenic samples of these later foods were 
not markedly discolored. 

Data presented in Tables 2-4 shew results of more severe 
heat treatments. Mutagenic activity was generally reduced in 
samples treated under milder conditions than indicated in the 
tables. bione of the bean samples was burned or considered 
inedible. Several samples were weakly mutagenic and one sample 
(baked pinto beans) contained moderate mutagenic activity (3,650 
revertants/100 gE). Many of the organ meat samples shewed weak 
activity, with sauteed kidney and brain samples being the most 
active ( 900 revertants/100 gE ). None of the organ meat 
preparations was charred. 

The griddle-fried and the oven-broiled samples of rock cod 
showed moderate mutagenic activity (1,300-2,000 revertants/100 
gE) (Table 3). The more extensively fried trout, salmon, and red 
snapper yielded 2,500-3,100 revertants/100 gE, while halibut 
yielded about 1,100 revertants/100 gE. The remainder of the rock 
cod samples, and the sole, shrimp, and batter-fried seafood from 
a commercial galley exhibited negligible or small amounts of 
mutagenic activity. These results are comparable to results of 
Krone and Iwaoka (16). 

Preparation of chicken under several relatively moderate 
conditions produced lew or moderate levels of mutagenic activity 
(Figure 1). Moderate mutagenic activity (1,000-4,000 
revertants/100 gE) was detected in very well done to partially 
charred chicken samples. Undetectable or weak (<500 
revertants/100 gE) activity was present in chicken samples which 
were not overcooked. High activity (16,500 revertants/100 gE) 
was detected in one sample of broiled breast meat. In general, 
white chicken meat samples tended to be more mutagenic than dark 
meat cooked under similar conditions. 

Cooked egg products shewed variable levels of mutagenic 
activity depending on the type of product and the conditions of 
cooking. As indicated in Table 4, very l i t t l e mutagenic activity 
was formed in eggs and egg products unless severe cooking 
conditions were used. The mutagenic samples, eggs fried sunny-
side up at 310°C for 6 min. and pancakes cooked at high 
temperatures, did not approach the levels of mutagenic activity 
found in meats cooked at lower temperatures for shorter periods. 
Baked meringues and custards and pancakes fried at 350°C were 
non-mutagenic. Egg patties fried at pan temperatures above 
225°C shewed levels of mutagenicity that depended on the time 
and temperature of frying (Table 4). Degree of browning appeared 
to correspond to levels of mutagenic activity of the egg patties. 
The highest levels of activity (>10,000 revertants/lOOgE) were 
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Deep fried Fried Baked Broiled Fried patty Raw 

Cooking method 

Figure 1. Mutagen formation in chicken cooked by different methods. Key: open 
bars, white meat; and shaded bars, dark meat. Conditions: deep fried, 12 min at 
101 °C; fried, 15 min first side and 10 min second side at 103 °C; baked, 50 min 
at 190 °C; broiled, 17 min per side at 274 °C; fried patty, 6 min per side at 200 

°C; and raw, uncooked. 
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158 X E N O B I O T I C S IN F O O D S A N D F E E D S 

detected in samples which began to shew some charring (i.e., 
samples fried at >300°C for >4 min/side). 

The most consistently elevated mutagenic activity was 
detected in meat products of beef and pork muscle. Information 
presented in Figure 2 compares mutagenic activity of various meat 
products fried for 6 min/side at pan temperatures from 150°C-
300°C. Samples cooked at 200°C were considered well done but 
not charred. Mutagenic activity in these samples ranged from 
approximately 2/000 revertants/100 gE for bacon to about 9,000 
revertants/100 gE for pork sausage. Samples fried in the 275-
280°C range or above for 6 min/side shewed generally higher 
activity and were partially charred. For comparison, lamb chops 
fried at 210°C pan temperature for 5 min/side (well done, not 
charred) shewed mutagenic activity of 14,100 revertants/100 gE, 

From the results of this i n i t i a l survey i t became obvious 
that mutagenicity of protein-rich food was related to the type of 
food and degree of cooking. In order to study the effect of 
cooking in more detail and to determine the contribution of major 
meat constituents to mutagenicity of heated samples, ground beef 
patties or reconstituted samples were fried for various times at 
one or a series of temperatures on stainless steel or other 
cooking surfaces (17). 

Cooking Surface. The mutagenic activities of the basic fraction 
from hamburger cooked on the different surfaces are shown in 
Table 5. Meat cooked on aluminum, cast iron, stainless steel and 
Teflon surfaces contained the highest activity of the samples 
tested. Meat cooked on the ceramic and enamel surfaces contained 
less mutagenic activity. 

A more detailed investigation of the effects of cooking 
surface on mutagen production was conducted by measuring 
mutagenic activity of meat cooked at 200°C for various tijnes on 
Teflon, ceramic and stainless steel surfaces (Figure 3). Mutagen 
production on the stainless steel and ceramic surfaces was 
reproducible with lower activity observed in samples cooked on 
the ceramic surface. Mutagen production on the Teflon surface 
was somewhat variable between experiments. However, the overall 
trend of mutagenicity in samples fried for various times on 
Teflon was similar to the trend for samples fried on stainless 
steel. 

Evidence from these cooking-surface experiments suggests 
that there is not likely to be a specific role of surface metal 
in catalysis of mutagen production. The general indications from 
data presented in Table 5 are that a l l the metal surfaces and the 
Teflon surface produce similar levels of activity in fried 
samples. The consistently lower activity produced on the ceramic 
and enamel surfaces can be ascribed to reduced cooking rate for 
these samples. Thus, weight loss during cooking, moisture 
content, red reflectance (data not shewn) as well as general 
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30 

25 

20 

15 

10 

Ground beef • 
Round steak m 
Ham El 

Pork chop El 
Sausage • 
Bacon Π 

1 ^ 

ι, 

150 200 240-250 

Griddle temp (°C) 

i ! 

m 

275-280 300 

Figure 2. Comparative mutagenesis of fried red meats. All meats were fried for 
6 min per side on a stainless steel griddle. 

Figure 3. Effect of cooking surface on mutagenicity of fried beef. All cooking 
surfaces were equilibrated to 200 °C before cooking. Key: T, steel; •, Teflon; 

and O, ceramic. 
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appearance of samples fried for 10 min on the ceramic surface are 
similar to those of samples fried for 6 min on the stainless 
steel at the same temperature setting. Mutagenicity of the 
samples fried for 10 min on the ceramic surface is also in the 
range of activity of the samples fried for 6 min on stainless 
steel. A possible advantage of the ceramic surface in minimizing 
mutagen production during frying is that, at a given temperature 
setting, rates of cooking and mutagen production are lower on the 
ceramic surface compared to the metal surfaces and therefore can 
be more easily controlled. 

The effects of variation in meat composition on mutagenicity 
of cooked product were examined in reconstituted beef patties. 
Patties of variable water and fat content were prepared from 
freeze-dried meat. Appropriate amounts of d i s t i l l e d water were 
added back to the meat for the variable-water-content experiment. 
Defatted meat was prepared by petroleum ether extraction of 
freeze-dried material in a Soxhlet apparatus. Petroleum ether 
was removed in vacuo and the remaining o i l was used to 
reconstitute the meat samples, which were also reconstituted to 
their original water content. Reconstituted meat samples had the 
compositions indicated in Figures 4 and 5. 

Mutagen production is strongly dependent on the amount of 
moisture i n i t i a l l y present in the meat above approximately 40%. 
Below this level mutagen production is low and appears to be 
independent of moisture level. 

The relative fat content of meat appears to have l i t t l e 
effect on mutagenicity of cooked samples. Maximum mutagenicity 
was detected in defatted samples with a slight decrease in 
activity with increasing fat content. 

These results suggest that adequate water is required for 
mutagen production perhaps as a heat-transfer agent or as a 
reaction medium for water-soluble intermediates. The observed 
independence of mutagen production and content of fat, an 
excellent heat-transfer agent, suggests that water may be serving 
the latter purpose. Whereas the requirement of water as a 
reactant in mutagen formation cannot be ruled out based on the 
present results, fat is clearly not required as a reactant. The 
results provide evidence that increased fat levels may even lead 
to a slight decrease in mutagenicity in fried meat possibly due 
to loss of mutagens into the cooking juices. 

The present results appear to be inconsistent with the 
results of others who have reported low mutagenicity of low-fat 
meat (18). However, the present study was carried out with 
reconstituted samples from totally dehydrated and defatted meat. 
The consistency of the reconstituted samples was similar to, but 
certainly different from, the consistency of ground beef. These 
physical effects of total dehydration and defatting may 
contribute to the differences in the observed results using 
reconstituted and normal low-fat ground beef. 

An analysis was conducted of the influences of time and 
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162 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Figure 4. Effects of variation of initial water content on mutagenicity of ground 
beef. Samples are fried at 200 °C for 6 min per side and the basic fraction is 
tested for activity in the Sa lmone l la mutagenesis assay. (The • and Ο are data 
from two separate experiments.) The original fat-to-protein ratio of approxi

mately 0.8 in the ground beef was maintained in these samples. 

Figure 5. Effects of variation of initial fat content on mutagenicity of ground 
beef. Samples are fried at 200 °C for 6 min per side and the basic fraction is 
tested for activity in the Sa lmone l la mutagenesis assay. An amount of water equal 
to that removed in freeze-drying was added to each sample. Graded amounts of 

the extracted fat were added to the reconstituted samples before cooking. 
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9. B J E L D A N E S E T A L . Mutagens in Cooked Food 163 

temperature of frying on mutagenicity of ground beef. Ground 
beef patties were fried for 2-20 min/side with pan surface 
temperatures ranging from 150-300°C. The levels of mutagenic 
activity in patties fried under these conditions are indicated in 
Figure 6. At a l l temperatures studied, induced mutagenicity 
increases rapidly until about 10 min/side of cooking, followed by 
only a moderate increase (300°C samples) or no further increase 
in mutagenicity at longer times. An increase in frying 
temperature from 150°C to 200°C had a marked effect on 
mutagenic activity. This temperature change caused as much as a 
20-fold increase in activity of patties fried for 6 min/side. In 
contrast, the temperature increase from 200°C to 250°C was 
associated with no significant increase in activity of the 6 min-
samgles. Interestingly, the increase in frying temperature from 
250 C to 300°C was again associated with a marked increase 
(approximately 6-fold) in activity of the fried meat. This 
renewed increase in activity at the higher temperatures may be 
due to the formation of mutagens different from those formed at 
the lower temperatures. 

These results do not provide evidence for a general lag 
period of cooking before mutagen production becomes readily 
detectable. A lag period of approximately 4-5 min. has been 
reported for mutagen production in meat patties fried by a 
process which involved turning patties at 1-2 min. intervals (19) 
or when timing was initiated when heating of the frying surface 
was begun (18). Our frying procedure involved application of 
meat to a preheated surface and incorporated a single turn of the 
patty during heating, a technique which appears more closely to 
approximate the conventional cooking process. This technique, by 
allowing a more continuous heating of one side of the patty than 
the multiple turn method, results in more rapid cooking on one 
side and yields higher levels of mutagenicity early in the 
cooking process. 

Isolation of mutagens from fried ground beef. Prior to 
proceeding with a large scale extraction and fractionation of 
mutagens from fried beef, an effort was made to maximize mutagen 
yield from the i n i t i a l extraction procedure (20). Total 
mutagenic activity in around beef fried under standard 
conditions (6 min/side, 200 C) was estimated to be in the range 
of 300-400 revertants/gE based on corrected measurements of 
activity in an i n i t i a l aqueous acid extract. By contrast, 
methods employing (NH^J-SO. to precipitate proteins from an 
acid extract or an i n i t i a l extraction with acetone provided 
mutagenicity yields of only about 25 revertants/gE and 60 
revertants/gE, respectively. Use of a mixed solvent 
(Œ^ŒrO^C^^O/45:45:10, ν: ν: ν) improved the mutageni
city yiela to approximately 100 revertants/gE. Our best recovery 
of mutagenicity was obtained with the use of an XAD-2 resin to 
absorb active substances from an i n i t i a l aqueous acid extract. 
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164 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Figure 6. Effects of time and temperature of frying on mutagenicity of ground 
beef Standard sized patties were fried on a stainless steel griddle and the basic 
extract was assayed for mutagenicity. Key: •, 300 °C; O, 250 °C; T, 200 °C; and 

·, 150 °C. 
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9. B J E L D A N E S E T A L . Mutagens in Cooked Food 165 
By this method, recoveries in the range of 200-250 revertants/gE 
were obtained. An outline of this fractionation scheme is 
presented in Figure 7. 

The procedure which included the XAD-2 resin to remove 
active substances from an i n i t i a l aqueous acid extract was scaled 
up to process a 40 kg batch of ground beef. 

The active eluent from the XAD-2 column was stripped of 
volatile solvents and the remaining aqueous mixture was made 
basic with a few drops of concentrated NaOH. This mixture was 
extracted with petroleum ether and the combined organic phases 
were back-extracted with acetonitrile which was added to the 
aqueous phase. The aqueous phase was then extracted with 
acetonitrile. The combined acetonitrile phases were dried with a 
single partition against saturated NaCl (aq. ) and reduced in 
volume. 

Samples were then chromatographed on a preparative C-8 
bonded phase column at low pressure under the conditions 
specified in Figure 8. Results of the Salmonella assay of 
collected fractions are also given in Figure 8. The results 
shown in the figure indicate two major bands of mutagenic 
activity which are resolved under these preparative conditions. 
These bands are designated CE (for earlier, more polar) and CL 
(for later, less polar). 

A l l material eluting in the Ε-band region was pooled to give 
a combined early (CE) fraction. The principal mutagenic material 
of this fraction was obtained as a single subfraction following 
two chromatographic sequences using a C-8 semi-preparative column 
with methanol/water containing 100 ppn triethylamine as the 
eluting solvent. The composition of this subfraction ( α3) was 
then investigated in comparison with the known mutagens IQ(3-
me thy1-1,3,6,9-tetraazacyclopenta[a]naphthalen-2-amine) and 
MelQx ( 3,8-dimethyl-l ,3,6,9-tetraazacyclopenta [ a ] naphthalen-2-
amine. 

Co-injection of MelQx with cx3 gave a chromatogram showing an 
enhancement in the latest UV peak of α 3 and thus suggesting the 
presence of this compound. Results of further fractionation of 
the CE-derived fraction on a normal phase HPLC system indicated 
the presence of two distinct areas of mutagenic activity. The 
major active substance coeluted with MelQx. Ultraviolet 
(λ πβχ 2 7 4) a n d mass spectral (m/e; 213,197,185,144) properties 
of this substance are consistent with the MelQx assignment. The 
minor active component did not coelute with any of the standard 
mutagens isolated from food or pyrolysis experiments and is 
unidentified. 

The active fractions corresponding to the later band of 
activity (CL) from the original low pressure chromatography were 
combined. This material was rechrcmatographed on the C-8 semi-
preparative column with methanol/water as the eluting solvent. 
The three major bands of mutagenic activity were combined into 
fractions designated GL-I, GL-II and GL-III» 
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Discard • 

Cooked beef 
exterior layer 

Repeat 3Χ 

(1) Homogenize (Beef: H2O; 2.5:1) 

(2) Adjust pH to 2.0 

(3) Centrifuge 8,000 xg 

Combined 
supernatants 

Aqueous 
el u tant 

Pellet 

( 1 ) Adjust pH to 70 

(2) Pass through XAD-2 

(3) Elute with acetone 

Active 
acetone fraction 

• Discard 

Figure 7. Acid-XAD-2 extraction scheme. 

Retention time, min. 

Figure 8. UV absorbance chromatograms (262 nm) and Sa lmonel la assay results 
on fractions collected in the low-pressure preparative separation of fried beef 

extracts. 

Chromatographic specifications: Solvent—25% A in A + Β for 30 min to 80% A over 40 min and 
held (A = acetonitrile + 100 ppm triethylamine, Β = water + 100 ppm triethylamine). Flow rate— 

5.05 mLlmin. Column—EM Lobar RP-8, 2.5 x 31 cm, 40-63 \un packing. Amount injected—/J kgE. 
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9. B J E L D A N E S E T A L . Mutagens in Cooked Food 167 

Two consecutive chromatographic runs of CL-II resulted in 
the isolation of a single mutagenic substance. Spectral 
characterization of the active material (CL-II-B) i s in progress. 

It should be noted that IQ, MelQ (the 4-methyl derivative of 
IQ) and MelQx elute earlier than CL-II-B (around 30 min) and Trp-
P-1 (9H-lf4-dimethyl-3#9-clLazafluoren-2-amine) and the product of 
soybean pyrolysate (9H-l,9-diazafluoren-2-amine both elute much 
later (greater than 90 min). Only Glu-P-1 (8-methyl-l,4b,9-
triazafluoren-2-amine) elutes near the active compound (around 47 
min). 

Band CL-II I was also submitted to rechromatography by 
reversed phase HPLC. The mutagenic profile of the corresponding 
fractions indicates that this fraction contains many substances 
at least several of which appear to be mutagenic. 

At this stage of our studies i t is possible to estimate the 
contribution of the major mutagenic fractions to the total 
activity of the fried meat. The toal activity is nearly equally 
divided between the CE and CL fractions. Of the mutagenic 
activity in the CE fraction perhaps 80-90% is due to MelQx with 
10-20% due to a less polar, unidentified substance. 
Approximately 70% of the activity of the CL fraction is due to a 
single unidentified substance. The remaining 30% of the 
mutagenic activity of this later eluting fraction appears to 
arise from several unidentified components. 
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10 
D-Amino Acids in Processed Proteins: Their 
Nutritional Consequences 

L. RAÚL TOVAR 
Departamento de Alimentos, DEPg, Facultad de Química, Universidad de México, 
México 04510, D. F. 

DANIEL E. SCHWASS 
Western Regional Research Center, U.S. Department of Agriculture, ARS, 
Berkeley, CA 94710 

Racemization of amino acyl residues in food proteins 
is a reaction that can take place during processing 
and cooking. This review deals with the occurrence 
and detection of alkali- and heat-induced racemization 
in proteins. Differences between calcium hydroxide
-and sodium hydroxide-induced racemization and the 
effects of treatment with these alkalis on protein 
bioavailability is discussed. 

Amino acids i n animal and plant proteins appear to occur 
solely as L-isomers. However, D-amino acids are observed widely 
i n nature as constituents of bacterial c e l l walls and of several 
a n t i b i o t i c s (l_ -3 .). In addition, the heat and a l k a l i treatments 
used i n food processing can produce racemization of amino acids 
( 4 - 6 ) . 

Food proteins are often treated with a l k a l i to improve their 
functional properties. For example, soy protein i s treated with 
a l k a l i and heat during extrusion to produce textured fibers for 
use as meat analogues and extenders which are widely marketed for 
human consumption ( 7 ) . Several studies have shown that soy pro
te i n treated with a l k a l i contains significant amounts of racemized 
amino acids ( 8 - 1 0 ) . 

Another example of a protein-containing material that i s 
processed with a l k a l i i s corn, which t r a d i t i o n a l l y has been 
treated with aqueous lime, ashes or caustic soda ( 1 1 , 1 2 ) . Tor
t i l l a s , a primary source of protein for a large portion of the 
Mexican population, are prepared by simmering corn i n a 1% lime 
solution. The pH reached during this process i s about 1 2 . 4 , and 
175°C temperature i s used during the f i n a l stage of cooking. Lim
ited racemization of protein i n t o r t i l l a s has been reported ( 1 3 ) . 

0097-6156/83/0234-Ό169$06.00/0 
© 1983 A m e r i c a n C h e m i c a l S o c i e t y 
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170 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Harsh treatments used during food processing can have dele
terious effects on the n u t r i t i o n a l quality of the processed pro
t e i n . Decreases i n d i g e s t i b i l i t y (enzymatic hydrolysis) (8,10, 
14-18) and a v a i l a b i l i t y (absorption by the gut) (^,16_,17^19) of 
heat and a l k a l i treated proteins have been observed. There i s 
evidence that racemization may play an important role i n the 
decreased n u t r i t i o n a l quality of some treated proteins (8,14,16), 
and for this reason, this review w i l l focus on the methods used 
to detect racemization, the effects of a l k a l i on racemization, 
and the n u t r i t i o n a l effects of protein racemization. 

Analytical Procedures for Determination of D-Amino Acids 

H i s t o r i c a l l y , o p t i c a l isomers have been d i f f i c u l t to separate 
and measure. Table I l i s t s several methods for isomer analysis 
arranged i n order of their development. Because optical isomers 
d i f f e r i n configuration but not r e a c t i v i t y , melting point or 
other physical properties, i t was necessary for e a r l i e r i n v e s t i 
gators to measure changes i n the optical rotation of polarized 
l i g h t (JL5,20-22). 

In 1935, Krebs published a technique for isomer analysis 
that employs D-amino acid oxidase, an enzyme which s e l e c t i v e l y 
deaminates D-isomers. This method allowed measurement of D-amino 
acids v i a the resultant keto acids that were formed or by recovery 
of intact L-amino acids (28). Other enzymatic methods based on 
L-amino acid decarboxylases (2^5,43), L-amino acid acylases and 
amidases (44) also have been used. Other biologically-based 
techniques employing selective u t i l i z a t i o n of L-amino acids by 
microorganisms appeared as early as 1949 (29,30), but due to 
their complexity, have not been used widely. 

A major d i f f i c u l t y i n isomer analysis was the i s o l a t i o n of 
individual amino acids from a mixture. This problem was solved 
i n the mid-1950,s with the advent of ion exchange chromatography 
(45). With this technology, amino acids could be separated 
quickly and subsequently analyzed for their isomer composition. 
Under certain conditions, ion exchange chromatography also can be 
used to separate optical isomers. Amino acids with more than one 
asymmetric center (diastereomers), such as isoleucine and threo
nine, are separable into isomers (about the orcarbon) d i r e c t l y 
using ion exchange amino acid analyzers because the " a l i o " forms 
of these compounds have physical properties different from their 
non-allo counterparts (31). Most protein amino acids have only 
one asymmetric carbon (the orcarbon) however, and must be coupled 
to another o p t i c a l l y active molecule such as N-carboxy-L-leucine 
(using the carboxy anhydride) before they can be separated by ion 
exchange (32,33). This technique i s f a i r l y cumbersome however. 
A preliminary separation of the amino acid mixture i s necessary 
before derivatization with the anhydride, due to the i n a b i l i t y of 
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10. T O V A R A N D S C H W A S S D-Amino Acids in Processed Proteins 171 

TABLE I. Main Analytical Tools u t i l i z e d to Determine D-Amino 
Acids i n Several M a t e r i a l s a 

Method D-Amino acid 
detected 

Remarks Reference 

Polarimetry 

Enzymatic 

Total amino acids 
i n proteins or 
hydrolysates, 
or pure amino 
acids 

Most amino acids 

Cumbersome 15-19 
separation of 20-23 
each amino acid 
from protein 
hydrolysates 

One assay for 
each amino 
acid 

24-28, 

Microbio
l o g i c a l 

Most amino acids One assay for 23,24 
each amino 29,30 
acid 

IEC C Most amino acids 

GC&GC-MSb 

HPLCb 

Most amino acids 

Most amino acids 

Excellent for 31-33 
A l l o i l e - I l e 
separation but 
d i f f i c u l t for 
L-L and L-D 
dipeptides 

Met and Trp 34-39 
p a r t i a l l y 
damaged during 
hydrolysis. 
D/L Ratios of 
amino acids are 
determined i n a 
single step 

No derivatiza- 40-43 
tion required 

aThese include processed proteins and foods, animal tissue, 
geological and e x t r a t e r r e s t i a l materials. 

bIEC = Ion exchange chromatography; GC * Gas chromatography; 
MS = Mass spectrometry; HPLC = High pressure l i q u i d chromato
graphy; aa - amino acid. 
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172 X E N O B I O T I C S IN F O O D S A N D F E E D S 

an ion exchange amino acid analyzer to resolve a complete mixture 
of derivatized isomers* 

The most widely used technique for the estimation of amino 
acid isomers i s gas-liquid chromatography. Two basic strategies 
have been used to separate isomers by this technique. Both ap
proaches appeared i n the mid-1960's, and both involve derivatiza-
tion of the amino acids to suitably v o l a t i l e acyl-esters (46,47). 
One method i s similar i n concept to the separation of disastereo-
mers by ion exchange chromatography discussed above. In one step 
of the two step derivatization, the amino acids are e s t e r i f i e d 
with an o p t i c a l l y active agent. This procedure creates molecules 
with two centers of asymmetry which can be separated on a non-
o p t i c a l l y active l i q u i d (stationary) phase (46). This method 
allows any laboratory equipped with a gas chromatograph to perform 
isomer analyses. 

The second gas chromatographic method employs an o p t i c a l l y 
active l i q u i d phase (47). The amino acids are derivatized to 
acyl-esters to improve v o l a t i l i t y ; however, i n this case, both 
the acylation and e s t e r i f i c a t i o n agents are o p t i c a l l y inactive. 
Because the L-amino acid derivatives interact preferentially with 
the o p t i c a l l y active stationary phase, the isomers can be sepa
rated. However, use of this technique was limited because the 
o p t i c a l l y active l i q u i d phases were not stable to s u f f i c i e n t l y 
high temperatures to separate a l l the derivatized amino acids. 
In 1977, Bayer and coworkers reported covalent coupling of an 
o p t i c a l l y active moiety (L-valine) to a silicone l i q u i d phase 
(48). This phase has high thermal s t a b i l i t y and allows analy
s i s i n approximately one hour. 

The pr i n c i p a l advantages of gas chromatographic methods over 
ion exchange methods are that isomers of most amino acids may be 
determined i n a single chromatographic step and the analysis time 
i s much shorter. Furthermore, i t i s possible to couple an o p t i 
c a l l y active column i n the gas chromatograph to a mass spectro
meter which allows analysis of incompletely separated peaks and 
correction of the results for racemization that may occur during 
acid hydrolysis of the protein sample when deuterium chloride i s 
used for hydrolysis instead of hydrochloric acid (39). 

There are three basic approaches for using high performance 
l i q u i d chromatography (HPLC) for the separation of amino acid 
isomers, and each of these i s based on technology which emerged 
during the course of development of t r a d i t i o n a l l i q u i d chromato
graphy (for a review, see 49). Takaya, et a l . (50) have reported 
a method using non-optically active, reverse-phase HPLC for sep
aration of derivatized amino acid diastereomers. This i s essen
t i a l l y the approach of Manning and Moore (33), using L-phenylala-
nine-N-carboxy anhydride or L-leucine-N-carboxy anhydride as a 
derivatization agent to provide a second center of asymmetry. 
While analysis times are short (40 min. or less) for most isomers, 
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10. TOVAR AND SCHWASS D-Amino Acids in Processed Proteins 173 

the conditions (pH, temperature, solvent polarity) necessary for 
separation vary substantially over the amino acids. This drawback 
prohibits analysis i n a single run. 

A second approach to isomer separation by HPLC i s to use a 
non-optically active stationary phase and an o p t i c a l l y active s o l 
vent. If the amino acids can interact with both the stationary 
and mobile phases, but one of the isomers interacts more strongly 
with the mobile, o p t i c a l l y active phase, separation of the isomers 
i s possible (49). In 1979, several laboratories reported methods 
involving the use of c h i r a l mobile-phases containing zinc(II) or 
copper (II) complexed to an L-amino acid (51-53). A d i s t i n c t 
advantage of these methods i s that they do not require derivatiza
tion of the sample prior to analysis. However, separation of a 
complete mixture of amino acids (such as that obtained from a pro
tein hydrolysate) has not been reported. 

The third approach to isomer separation by HPLC i s based on 
the use of c h i r a l stationary phases. The phase may be inherently 
o p t i c a l l y active (e.g., powdered d-quartz or starch) or may be a 
non-optically active material coated with or reacted with an op
t i c a l l y active moiety. As early as 1938, enantiomers of a cam
phor compound were separated on a lactose column (54), and twenty 
years l a t e r , alumina coated with ortartaric acid was used to 
separate isomers of mandelic acid and phenylglycine-methyl ester 
(55). In 1960, a patent was granted for the separation of D,L-
proline on a lactose column (56). Davankov's laboratory was the 
f i r s t to report separation of amino acid Isomers on polymeric 
resins derivatized with o p t i c a l l y active amino acids (57). How
ever, separation of amino acid enantiomers by these techniques 
has been hampered by long separation times (ca. 10 hr) and the 
d i f f i c u l t y i n synthesizing supports of s u f f i c i e n t quality for 
modern HPLC (spherical p a r t i c l e s , small size, uniform chemical 
modification). Separation of amino acid isomers on a column con
s i s t i n g of s i l i c a bonded with L-amino acids and complexed with 
copper (II) has been reported by Gubitz and Jellenz (42). Short 
analysis times for separation of mixtures of single D,L-amino 
acids were reported (ca. 30 min), but complex mixtures have not 
been separated. 

With further development i t i s l i k e l y that a HPLC method 
w i l l be able to separate complex mixtures of amino acid isomers. 
The high speed and eff i c i e n c y of HPLC, coupled with the a b i l i t y 
to run samples without prior derivatization would be an ideal 
situation. The likelihood that such a method could be scaled up 
for commercial preparation of pure isomers i s also a strong impe
tus for i t s successful development. 

Factors Causing Racemization i n Food Systems 

The f i r s t observations of racemization of amino acids i n 
proteins were made near the beginning of the century (^76) · In 
these experiments, proteins were exposed to moderate temperatures 
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174 X E N O B I O T I C S IN F O O D S A N D F E E D S 

and strongly alkaline conditions. Several reactions including 
p a r t i a l hydrolysis of the proteins, some destruction of amino 
acyl residues, formation of inter- and intra-chain crosslinks 
and racemization of amino acyl residues occurred. These studies 
showed that several proteins suffered rapid declines in optical 
a c t i v i t y when treated with a l k a l i . 

Dakin (15) and later Dakin and Dudley (19) determined the 
opt i c a l properties of some amino acids obtained by hydrolyzing 
the products resulting from the action of caustic soda on gelatin 
and casein. Some amino acids l i k e leucine, glutamic acid, aspar-
t i c acid, arginine, lysine and phenylalanine showed loss of o p t i 
c a l a c t i v i t y indicating a racemic mixture and implying that race
mization was complete. These workers were also among the f i r s t 
to report that racemized proteins were pa r t i c u l a r l y resistant to 
the action of proteolytic enzymes. 

Treatment of proteins with a l k a l i can al t e r their conforma
tion, with the extent of alte r a t i o n depending on concentration of 
the base, duration of treatment and the temperature. Hydroxide 
ions can denature the protein and induce hydrolysis of amide 
groups of glutamine and asparagine, causing the protein to be 
more water soluble. 

A mechanism for the base-catalyzed racemization reaction has 
been proposed (58). The reaction occurs via removal of the 

0 0 
U 0 II 

L-Amino Acid I D-Amino Acid 

Pl= Portion of protein chain containing the amino terminus group 

P2= Portion of protein chain containing the carboxyl terminus 

α-methine hydrogen, giving r i s e to a carbanion intermediate ( I ) . 
This i s followed by the rapid readdition of a proton with equal 
probability of forming either the D- or L-amino acyl residue, 
assuming there are no conformational, structural or other effects 
external to the residue which may bias the reprotonation. This 
general mechanism appears to be operative within the pH range 
1 to 13, although the rate of racemization i s proportional to the 
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10. TOVAR AND SCHWASS D-Amino Acids in Processed Proteins 175 

hydroxide concentration only above pH 8 (59)* Below this pH, 
the racemization rate depends on the electron-withdrawing a b i l i t y 
of the amino acid sidechain, and below pH 1, acid-catalyzed e n o l i -
zation at the orcarbon and orcarboxy group may occur (59)· Acid-
catalyzed racemization of amino acids i s well known (60), and that 
caused during acid hydrolysis of protein samples may be determined 
most d i r e c t l y using mass spectrometry i f deuterium chloride i s 
used for hydrolysis instead of hydrochloric acid (39). 

In addition to high pH, increases i n the length of treatment 
and increases i n temperature are factors which promote increased 
racemization. Friedman, et a l . (61) have shown that for casein, 
half of the amount of aspartic acid that w i l l racemize within 
24 hours (at 65°C i n 0.1N NaOH) w i l l do so within the f i r s t hour. 
Others have shown similar results for proteins such as soy isolate 
and lactalbumin, with 60% to 80% racemization occurring with the 
f i r s t hour at 100°C (0.1N NaOH)(62). 

Heat alone can induce racemization i n proteins. Bovine 
plasma albumin and cod f i l l e t s , after heating at 145°C, were par
t i a l l y racemized: isoleucine racemization (measured as D-alloiso-
leucine by ion exchange analysis) was observed i n both test mate
r i a l s (63). Hayase et a l . (64,65) roasted several proteins and 
poly-L-amino acids at 180°-3(X)*C (see Table II for results with 
casein). Aspartic and glutamic acid were the most racemized amino 
acids of those detected i n the heat-treated proteins. Interest
ingly, lysine was almost completely racemized i n the roasted poly-
L-lysine. These workers suggested that the ε-amino group pro
motes the dissociation of the α-hydrogen atom. D-Alloisoleucine 
was formed i n the roasted proteins: neither L-alloisoleucine nor 
D-isoleucine were detected, indicating that racemization mainly 
occurs at the α-carbon of the amino acyl residues. 

Early work supports the conclusion that free amino acids and 
dipeptides are more resistant to racemization upon exposure to 
a l k a l i than proteins (15,22). These observations have been re
examined recently by Whitaker (68) who hypothesized that amino 
acid residues i n proteins undergo more racemization than do free 
amino acids due to the electron densities of the amino and carbo-
xylate groups of the free amino acids which interfere i n the ab
straction of the α-proton by the hydroxide ion. 

Recent studies have shown that i n addition to the structure 
of the amino acyl residue, the position of the residue i n the pep
tide (or protein) can have a major effect on racemization (69). 
Therefore, at the end of an exposure to a l k a l i , and depending on 
the severity of the treatment, a mixture of the o r i g i n a l protein 
and several D-amino acyl residue-containing proteins i s l i k e l y to 
r e s u l t . The l a t t e r are not necessarily i d e n t i c a l , i . e . , the D-
amino acyl residues may be located at different positions along 
the primary structure of the protein, thereby giving r i s e to a 
heterogenous mixture of racemized proteins. 
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176 X E N O B I O T I C S IN F O O D S A N D F E E D S 

TABLE I I . Percent D-Amino Acid Content I D lx 100 of Several Proteins 

Heat 
Proteins 

Amino acid Casein 3 Casein b 

230°C 250°C (8) (67) 

Alanine 10.3 31.5 8.1 11.1 

Valine 4.4 14.0 1.2 4.0 

Threonine 0 nd nd 44.0 nd 

Isoleucine e 3.8 18.0 nd nd 

Leucine 5.1 14.1 2.4 4.7 

Proline 1.0 7.5 nd nd 

Serine nd nd 33.0 nd 

Methionine nd nd 20.7 nd 

Aspartic acid 27.9 46.9 20.4 28.0 

Phenylalanine 0 19.0 23.8 19.4 

Glutamic acid 18.0 36.0 11.1 15.6 

Lysine nd nd 4.4 nd 

C a s e i n was roasted either at 230° or 250° under a i r for 20 min (65) 
bAqueous solutions of casein i n 0.1N NaOH at 65° for 3 hr (8,66) 
c3.8% aqueous solution of f i s h protein concentrate (FPC) i n 0.1N 
solution of either NaOH or Ca(0H) 2 at 85° for 4 hr 
Each value was an average of duplicate samples (14) 
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10. T O V A R A N D S C H W A S S D-Amino Acids in Processed Proteins 177 

upon Exposure to Different Processing Conditions 

A l k a l i 

FPC C Collagen 3' 

NaOH Ca(0H)2 

10.3 10.0 5.0 

4.0 3.0 nd 

nd nd nd 

nd nd nd 

4.0 3.0 6.6 

3.0 3.0 6.6 

39.0 28.0 36.3 

nd nd nd 

25.0 32.0 18.4 

21.0 14.0 12.5 

18.0 16.0 10.0 

9.0 9.0 8.8 

dCollagen was maintained 113 hr at room temperature i n a 3% aqueous 
lime solution (67) 

e%D-threonine and %D-isoleucine expressed as ([D-allo-amino acid]/ 
([L-amino acid]+[D-allo-amino acid])) χ 100 
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178 X E N O B I O T I C S IN F O O D S A N D F E E D S 

While several laboratories have shown that severe racemiza
tion of proteins can occur during treatment with sodium hydroxide 
(6,18,22-24,61,62), the effects of other a l k a l i s used i n food 
processing are documented less well. Jenkins, et a l . (70) have 
observed substantial differences i n the degree of racemization 
caused by lime or caustic soda treatment of zein. Lime causes 
only 50% to 90% of the racemization observed for several amino 
acyl residues compared to when caustic soda i s used. Because a 
substantial amount of calcium ion remained bound to the protein 
(approx. 10,000 ppm) compared to l/20th that amount of sodium ion 
for the caustic soda-treated zein, i t i s possible that divalent 
calcium may s t a b i l i z e the protein making i t less susceptible to 
racemization. Tovar (14) observed increases of 40% to 50% i n 
serine and phenylalanine racemization and a decrease of 30% aspar
tate racemization for caustic soda-treated f i s h protein concen
trate compared to lime-treated protein (see Table I I ) . These 
studies indicate that different a l k a l i s have different effects on 
racemization of proteins; s p e c i f i c a l l y , lime may cause less race
mization than caustic soda at a similar pH. 

Nutritional Effects of Racemized Protein 

Several studies have compared in vitro enzyme d i g e s t i b i l i 
t i e s between alkali-treated and untreated proteins, and decreases 
are routinely observed for the treated samples (8,16,18,17,24,61, 
71). For instance, as early as 1908, Dakin showed that a l k a l i -
treated casein was much more resistant to hydrolysis by enzymes 
than the untreated protein (71). However, i n addition to racemi
zation, crosslinking reactions between amino acids also may occur 
when proteins are exposed to a l k a l i (72). Of the products formed 
during alkali-induced crosslinking (73-75), lysinoalanine has 
been credited with causing a h i s t o l o g i c a l l y unique lesion i n the 
kidneys of rats fed soy protein treated with caustic soda (76-78). 
Since that time, most of the in vivo studies which fed a l k a l i -
treated protein have investigated the effects of lysino-alanine, 
using several animal species (79). Because the phenomena of 
racemization and crosslinking occur under the same conditions, 
and crosslinked amino acids are measured more readily than racemi
zation, few in vivo studies have been performed s p e c i f i c a l l y on 
the effects of racemization. 

Tovar (14) performed an experiment designed to evaluate the 
in vivo effect of D-amino acids i n alkali-treated protein without 
the presence of lysinoalanine. In addition, either lime or caus
t i c soda were used to investigate whether these a l k a l i s had d i f 
ferent effects in vivo. Zein was exposed to 0.1N a l k a l i for 4 
hours at 85°C. Because lysine i s absent from zein, no lysino
alanine formation was observed. Diets were prepared using un
treated or alkali-treated zein and were supplemented with casein 
and free amino acids to meet the n u t r i t i o n a l requirements of the 
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10. T O V A R A N D S C H W A S S D-Amino Acids in Processed Proteins 179 

rat. Supplements were adjusted to offset minor losses of amino 
acids suffered during a l k a l i treatment, and levels of a l k a l i -
treated protein were adjusted to provide levels of D-serine (mea
sured by gas chromatography) which have been shown to cause kidney 
lesions i n the rat (80). When these diets were fed to weanling 
rats, animals on the lime-treated zein diets showed s i g n i f i c a n t l y 
less weight gain (3.96g/rat/day) than animals on the untreated 
zein diet (4.49g/rat/day). Animals fed caustic soda-treated zein 
diets suffered alopecia and diarrhea, and depressed weight gain 
(0.29g/rat/day). 

From these results, i t can be concluded that caustic soda 
treatment i s much more deleterious to zein than i s lime treatment. 
Racemization of 9 of 11 amino acids i n the caustic soda-treated 
zein was equal of or higher than that observed for the lime-treated 
protein (70). However, the mechanism by which n u t r i t i o n a l qual
i t y i s reduced i s not clear. In a related study, Schwass, et a l . 
investigated lime and caustic soda effects on pronase digests of 
treated zein, and observed s i m i l a r l y reduced levels of uptake of 
both treated materials by perfused rat jejunum (16). Therefore, 
the reduced n u t r i t i o n a l quality of caustic soda-treated zein ob
served by Tovar (14) may be due to impaired metabolic u t i l i z a t i o n 
at a step subsequent to i n t e s t i n a l absorption. 

Species Variation of Amino Acid A v a i l i a b i l i t y 

The potential of an ingested D-amino acid to be used for pro
tei n synthesis appears to depend on whether or not there i s a mech
anism for i t s conversion to the L-enantiomer. Evidence gathered 
i n several studies showed that most of the essential amino acids 
i n the D-form are not used by human adults. Berg reviewed the 
u t i l i z a t i o n of D-amino acids i n humans and rats (81). An updated 
version of Berg's data, including results from more recent studies 
on a v a i l a b i l i t y of D-amino i n the chick (82, 83), showed that some 
essential amino acids i n the D-form are better u t i l i z e d by the 
chick and the rat than by humans (Table I I I ) . 

Extensive amino-aciduria was observed i n both normal infants 
and infants with kwashiorkor when fed a diet that contained D-
amino acids (114). It appeared that the D-isomers present were 
incompletely u t i l i z e d and this accounted for most of the excre
tion. 

Although i t had been stated that D-methionine was u t i l i z e d 
by man (91), D-methioninuria as well as fecal methionine sulfoxide 
were consistently observed when a soy formula containing D,L-
methionine was fed to infants (93,94). As a result of these f i n d 
ings, use of D,L-methionine was forbidden i n infant formulas 
based on soy (115). Recently, i n a metabolic study (95) using 
nitrogen balance as a c r i t e r i o n for u t i l i z a t i o n , D-methionine was 
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Table I I I . U t i l i z a t i o n of D-Amino Acids for Nitrogen Equilibrium 
i n the Adult Human and for Growth i n the Weanling Rat 
and Chick a> b 

Amino Acid Human Rat Chick (82,83) 

Leucine NU (84) U (85) U 
Isoleucine NU (84) NU° (86,87) PU 
Valine NU (88) NU (89,90) PU 
Threonine NU (91) NUC (92) NU 
Methionine NU (93-95) U (96) U 
Phenylalanine PU (97) U (98) U 
Tyrosine nd U (99) υ 
Histidine nd PU (100) PU 
Lysine NU (101) NU (102) NU 
Tryptophan NU U (108-110) PU d 

Cystine nd (103-107) NUC (111-112) U 

aU = u t i l i z e d ; NU - not u t i l i z e d ; PU » p a r t i a l l y u t i l i z e d ; nd -
not determined 

^The number i n parenthesis i d e n t i f i e s the references 
c0nly L-isoleucine and L-threonine of the four possible isomers 
of each of these amino acids support growth i n the young rat. 
Mesocystine supports growth only half as well as L-cystine 

dAs well as Ref. 110 and 113 

not used as well as the L-enantiomer. It appears that D-methio
nine may have contributed mainly sulfur to the sulfate pool rather 
than being converted to L-methionine. 

Evidence (104,116) suggests that D-tryptophan i s not f u l l y 
u t i l i z e d by human subjects and may have harmful ef f e c t s . Further 
studies showed that D-tryptophan did not maintain nitrogen balance 
i n normal young men (106), and i n another study (117), urine from 
normal human subjects, after ingestion of D-tryptophan, contained 
a considerable portion of this compound as well as D-kynurenine. 
In contrast, the rat u t i l i z e s D-tryptophan completely; however, 
food intake i s s i g n i f i c a n t l y less i n D-tryptophan-fed rats than 
i n rats fed a diet containing L-tryptophan (110). The metabolic 
conversion of the D- to the L-enantiomer takes place i n the rat 
l i v e r and kidney: D-amino acid oxidase plays a key role i n this 
conversion (109). Indole pyruvic acid can be converted to L-tryp
tophan by a stereospecific transaminase apparently absent i n 
humans. The chick, on the other hand, u t i l i z e s only 7-40% of the 
D-tryptophan (82,83,110, 113). This wide range of values i s prob
ably due to different experimental conditions. D-tryptophan and 
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10. TOVAR A N D SCHWASS D-Amino Acids in Processed Proteins 181 

other D-amino acids can be absorbed i n these species by a d i f f u 
sion system and these isomers i n h i b i t the absorption of the L-
enantiomers (118)« 

In summary, while HPLC techniques hold the greatest promise 
of short analysis times and the convenience of no derivatization 
of samples, these techniques are not yet available. At this time, 
gas chromatography using covalently bonded c h i r a l stationary 
phases i s the method of choice. This method i s s u f f i c i e n t l y 
accessible that measurement of racemization i n protein materials 
can be done on a routine basis. The current state-of-the-art i n 
isomer analysis i s this gas chromatographic technique coupled 
with mass spectrometry. 

I t has been well established that the three major factors 
involved i n racemization are pH, temperature and time of treat
ment, with isomerization increasing with increasing pH (above 8), 
increasing temperature and increasing time. While exposure to 
extremes of pH and temperature may be short for most processed 
materials, i t i s clear that racemization of the most l a b i l e r e s i 
dues (e.g. serine, aspartate) occurs f a i r l y rapidly. Because a l 
kali-induced racemization can cause decreased n u t r i t i o n a l quality, 
treated protein materials should be assayed for racemization. 
Decreases i n n u t r i t i o n a l quality due to processing should be a-
voided, especially i n situations where protein intake may be at 
marginal l e v e l s . Furthermore, the choice of a l k a l i for a p a r t i 
cular treatment may affect the l e v e l of racemization observed i n 
a protein material. Studies of the effects of different a l k a l i s 
should be extended to other proteins which are Important i n the 
food industry. 

The evidence reviewed here also shows that while crosslink
ing reactions occur under the same conditions as racemization, and 
crosslinking can contribute to decreased b i o a v a i l a b i l i t y , racemi
zation alone can have a dramatic effect. Part of this effect i s 
l i k e l y to be due to the observation that, except for D-phenylala-
nine, D-amino acids are not u t i l i z e d by humans. 
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11 
Absorption of Altered Amino Acids from 
the Intestine 
DANIEL E. SCHWASS—Western Regional Research Center, U.S. Department of 
Agriculture, ARS, Berkeley, CA 94710 
L. RAÚL TOVAR—Departamento de Alimentos, DEPg, Facultad de Química, 
Universidad de México, México 04510, D. F. 
JOHN W. FINLEY1—Nutritional Biochemistry, Ralston Purina, Checkerboard Square, 
St. Louis, MO 63188 

Heat or alkaline treatment of protein-containing ma
terials may cause racemization of a portion of the 
amino acids as well as crosslinking between amino 
acids. Very little is understood about how these 
altered amino acids interact with transport systems 
for normal amino acids and peptides in the gut. This 
study was designed to examine the effects of racemiza
tion on in vitro digestibility of alkali-treated pro
tein and on in vivo uptake of digested, treated pro
tein, in the absence of crosslinking. We report that 
significant decreases in in vitro digestibility and 
in vivo availability can be attributed to racemiza
tion effects. 

Two major chemical modifications of proteins that occur dur
ing alkaline treatment are crosslinking and racemization. Lysine, 
ornithine (via arginine), cystine and O-substituted serine can 
participate in base-catalyzed reactions forming the crosslinked 
amino acids lysinoalanine, ornithinoalanine and lanthionine ( 1^-4). 
Under the same conditions, inversion can occur when the or 
hydrogen of an amino acid residue i s abstracted by the base, re
sulting i n a planar, o p t i c a l l y inactive carbanion (7), as i l l u s 
trated i n Figure 1. The carbanion may be reprotonated from either 
face of the plane, which causes inversion when this occurs from 
the opposite face. 

The formation of lysinoalanine (LAL) i n treated proteins has 
been the subject of several investigations (for reviews, see 6^7) 
since i t was discovered that alkali-treated soy protein could 
cause a kidney lesion in rats and LAL appeared to be responsible 
(8). Human toxicity has not been established and no lesions were 
observed in rhesus monkeys, mice, hamsters, dogs and Japanese 
quail fed diets including free LAL or protein containing LAL (8^ 
and see 7). 

1 Current address: Department of Pediatrics, University Hospitals and Clinics, 
University of Iowa, Iowa City, IA 52242 

0097-6156/83/0234-0187$06.00/0 
© 1983 A m e r i c a n C h e m i c a l S o c i e t y 
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In addition to LAL, D-serine has been shown to be nephrotoxic 
i n rats, with lesions similar to those observed after LAL adminis
tration (9). When included i n the diet, D-serine causes necrosis 
of the proximal tubule of the kidney which can be f a t a l (10). A l 
though rats are sensitive to D-serine, several other species such 
as dogs, hamsters, rabbits and mice do not develop lesions (8,11). 
Toxicity has not been established for humans. 

Over and above the toxic effects of D-serine, which are 
l i k e l y to be negligible i n a r e a l i s t i c diet, several studies have 
provided evidence that racemization of amino acyl residues i n 
alk a l i - t r e a t e d and heat-treated proteins decreases d i g e s t i b i l i t y . 
Dakin, i n 1908, was the f i r s t to examine the effects of a l k a l i 
treatment on in vitro d i g e s t i b i l i t y (12). He showed that treated 
casein was highly-resistant to pepsin, trypsin and erepsin hy
drolysis. Dakin and Dudley followed up the in vitro studies with 
an experiment in which dogs were fed alkali-treated casein, and 
found that the protein was largely unabsorbed and was recoverable 
i n the feces (13). 

In 1969, deGroot and Slump also demonstrated decreases for 
in vitro d i g e s t i b i l i t y of alkali-treated soy protein isolate and 
decreases i n absorption of some amino acids by everted i n t e s t i n a l 
sacs (14)· These workers also observed decreases in net protein 
u t i l i z a t i o n for treated soybean meal, treated soy protein isolate 
and treated casein. These decreases in net protein u t i l i z a t i o n 
were correlated with increases i n LAL formation. In these experi
ments, therefore, i t was possible that protein u t i l i z a t i o n was 
hindered by the presence of LAL. 

Provansal and co-workers (15) treated sunflower protein i s o 
late with sodium hydroxide and observed formation of LAL, race
mization of isoleucine and lysine (only these two were analyzed 
for racemization), and decreased in vitro d i g e s t i b i l i t y by pro-
nase. While these workers suggested that the decreased pronase 
hydrolysis may have been due to crosslinking reactions, they also 
pointed out that i t was l i k e l y that other amino acids were also 
racemized which could compromise the n u t r i t i o n a l quality of the 
protein. 

More recently, Hayashi and Kameda (16) investigated the 
effects of a l k a l i treatment on casein and soybean protein by look
ing at in vitro pepsin d i g e s t i b i l i t y , racemization and LAL f o r 
mation. These authors observed that pepsin released fewer amino 
acids from treated protein than control samples. They suggested 
that decreases i n in vitro d i g e s t i b i l i t y were due to racemization 
(which was measured i n d i r e c t l y by tritium exchange) and not cross-
linking because they f e l t LAL formation occurred too slowly. How
ever, i t appears that LAL formation was high enough in these ex
periments to question this conclusion. 

In 1981, Friedman, Zahnley and Masters measured the in vitro 
d i g e s t i b i l i t y of a l k a l i - t r e a t e d casein by trypsin and chymotrypsin 
as a function of temperature, time and pH of the treatment (17). 
They also measured LAL formation and the racemization of aspartate 
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11. S C H W A S S E T A L . Absorption of Altered Amino Acids 189 

and phenylalanine and observed that the decrease i n d i g e s t i b i l i t y 
occurred as both crosslinking and racemization increased. How
ever, i t was not possible from their results to determine whether 
crosslinking reactions or racemization had the greater effect on 
d i g e s t i b i l i t y . 

Because crosslinking and racemization both occur during a l 
kaline treatment of proteins and an effect of both of these phe
nomena i s to decrease n u t r i t i o n a l quality (18), i t i s of interest 
to know i f either process has a greater eff e c t on protein d i g e s t i 
b i l i t y and uptake. While there i s no way known to prevent race
mization during alkaline treatment, i t i s possible to prevent LAL 
formation by the addition of thiols during processing (19) or by 
acylation of the protein prior to processing (20). 

The work of Bunjapamai, Mahoney and Fagerson (21) was the 
f i r s t successful attempt to separate the effects of racemization 
from crosslinking as measured by in vitro digestion. A l k a l i -
treatment of citraconylated (lysine-blocked) or non-blocked casein 
resulted in racemized only (blocked) or racemized and LAL cross-
linked (non-blocked) casein. In vitro multienzyme digestion 
of these preparations as well as untreated casein revealed simi
l a r l y decreased d i g e s t i b i l i t i e s for the treated proteins whether 
crosslinked or not, indicating that the primary cause for reduc
tion of casein d i g e s t i b i l i t y was racemization. 

I t i s important to know the separate effects of racemization 
and crosslinking for several proteins, especially those important 
in food systems. Therefore, the purpose of this study was to i s o 
late racemization from crosslinking, examine the effects of race
mization on in vitro d i g e s t i b i l i t y of alkali-treated zein and 
in vivo accumulation of a l k a l i - t r a t e d protein by isolated rat 
jejunum. 

Zein, which i s the major protein i n corn, was chosen because 
i t contains no lysine. This precluded the formation of LAL during 
a l k a l i treatment. Therefore, any changes i n d i g e s t i b i l i t y or up
take could be attributed to racemization effects alone. Addi
t i o n a l l y , we were interested in comparing the effects of sodium 
hydroxide treatment with the effects of calcium hydroxide treat
ment because lime i s used i n the preparation of corn meal for use 
in t o r t i l l a s . If the t r a d i t i o n a l lime treatment of corn meal i s 
unnecessarily harsh, i t could have important n u t r i t i o n a l conse
quences because a large segment of the Mexican population obtains 
much of their dietary protein in the form of t o r t i l l a s (22). 

Materials and Methods 

The basic outline of our experiment (Figure 2) was to treat 
zein with sodium hydroxide or calcium hydroxide causing racemiza
tion. The treated or untreated zein was then enzymatically hy-
drolyzed and values for d i g e s t i b i l i t y determined. Samples of the 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

01
1



190 X E N O B I O T I C S IN F O O D S A N D F E E D S 

lOH-J R H 

Ji-C-N-PROT L-ISOMER 
o=c 

PROT' IOT' 

Η • 
R v /N-PROT 
0"C PLANAR 

0=c CARBANION 

PROT' 4^ 

H R ^ 
P R O T - N-Ç - H . ^ D-ISOMER 

C=0 
PROT' 

Figure 1. Mechanism of base-catalyzed inversion of an amino acyl residue in a 
protein. 

ZEIN 

Pronase Hydrolysis 

ZEIN HYDROLYSATES 

NaOH 
^Heat 

Na-ZEIN 

Step 

2. 
Intestinal 
Segment 

a. Everted Sac 
or 

b. Perfusion 

Amino Acid Analysis Determines Absorption 

Figure 2. Outline of in vitro digestibility and in vitro (everted sac) or in vivo 
(intestinal perfusion) uptake experiments. Amino acid analysis of everted sac 
contents or of original and final intestinal perfusate allows uptake determination. 
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11 . S C H W A S S E T A L . Absorption of Altered Amino Acids 191 

enzymatic hydrolysates were then presented to segments of rat i n 
testine to determine uptake of the pre-digested treated or un
treated material* 

A l k a l i Treatment. Zein (ICN Nutritional Biochemicals, Cleveland, 
OH) was suspended i n 0.1N sodium hydroxide or 0.1N calcium hydrox
ide, held at 85°C for 4 hours, neutralized with 2 Ν hydrochloric 
acid, cooled to 4°C (3 hours) and dialyzed against 25 volumes of 
0.1N acetate buffer, pH 4.5 for 24 hours with one change at eight 
hours. Untreated zein was suspended i n deionized water and taken 
through the d i a l y s i s procedure. After d i a l y s i s , the zeins were 
lyophilized. At this point, samples were taken for amino acid 
analysis (Durrum D-500, Dionex Corp., Sunnyvale, CA; or Beckman 
121 MB, Palo Alto, CA) and isomer analysis. 

Hydrolysis by Pronase. In vitro pronase ( Calbiochem-Behring Corp 
LaJolla, CA) hydrolyses were performed according to the method of 
Rayner and Fox (23). Mixtures of zein, pronase and 40 mM borate 
buffer (pH 8.0) i n the r a t i o 1 gm zein to 150 mg pronase to 100 ml 
buffer were placed in screw-cap flasks and the pH readjusted to 
8.0 i f necessary. A sample without zein was also prepared as a 
control. The suspensions were incubated at 40°C for 48 hours with 
shaking. After the incubation, a 3 ml aliquot was taken for amino 
acid analysis and the remainder was frozen at -20°C. The 3 ml of 
hydrolysate was mixed with 6 ml 1% aqueous p i c r i c acid and c e n t r i -
fuged for 30 minutes at 3000 rpm at 4°C to remove residual protein 
and peptides. Five ml of the supernatant was placed on a 1.2 cm 
by 9 cm AG-50W-X8(H+), 100-200 mesh cation exchange column (Bio-
Rad Laboratories, Richmond, CA). P i c r i c acid was washed from the 
column with deionized water and the bound hydrolysate was eluted 
with 3M ammonium hydroxide. The eluates were rotary evaporated 
at 60°C and washed twice with deionized water, before being d i s 
solved i n 0.2N c i t r a t e buffer (pH 2.2) for amino acid analysis. 

Everted Sac Experiments. Hydrolysate solutions for use in the 
everted sac experiments were prepared by mixing 15 ml of the 
thawed pronase hydrolysates with 5 ml of a solution containing 
4.50 g/1 Nad, 0.74 g/1 KCL and 2.10 g/1 NaH003. The solutions 
were equilibrated with 95%:5% oxygen:carbon dioxide at 37°C (pH 
8.0) and osmolality (Wescor, Inc., Logan, UT) was observed to be 
within 10% of 302 mOsm. 

Everted i n t e s t i n a l sacs were prepared following the method 
developed by Wilson and Wiseman (25). Rats (mean weight of 210g, 
Simonsen Laboratories, Gilroy, CA) which were fed a chow diet 
(Ralston Purina, Inc., St. Louis, MO), were k i l l e d by a blow to 
the head after a 13 hour f a s t . The small intestine was sectioned 
at a distance of 10% of the total length of the intestine from 
pylorus to the ileo-caecal junction. Any residual, undigested 
food was washed out with c h i l l e d 0.9% NaCl before the intestine 
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192 X E N O B I O T I C S IN F O O D S A N D F E E D S 

was turned inside out (everted). Two sacs from the duodenum end, 
of approximately 6 cm each, were made from each rat. The sacs 
were tied off from the i l e a l end and f i l l e d with 2 ml Krebs-
Henseleit Ringer isotonic buffer, pH 7.4. The sacs were then 
transferred into Erlenmeyer flasks containing 20 ml of the sam
ple solution. Incubation was carried out at 37° for 1 hour with 
constant s t i r r i n g . At the end of the incubation period, the 
volume of the serosal f l u i d was measured and an aliquot taken for 
amino acid analysis. 

Intestinal Perfusion Experiments. Hydrolysate solutions for use 
in the perfused intestine experiments were prepared by concentrat
ing the pronase hydrolysates approximately two-fold in a rotary 
evaporator at 60°C (to inactivate pronase, 24) and mixing the 
equivalent of 157.5 mg (untreated zein), 289.2 mg (Ca(OH)2~treated 
zein) or 150.0 mg (NaOH-treated zein) with 0.05M HEPES (Calbio-
chem-Behring Corp., LaJolla, CA) buffer (pH 8.0). The f i n a l solu
tions had a pH of 8.10 ± 0.05. 

Intestinal perfusion experiments were performed using an 
adaptation of the technique of Smithson and Gray (26). Rats (mean 
weight of 220 gm fasted 13 hr.) were anesthetized with sodium pen
tobarbital (Abbot Laboratories, N. Chicago, IL) and a midline 
i n c i s i o n made in the abdomen which allowed access to the small 
intestine. A length of jejunum adjacent to the duodenum was iso 
lated by inserting a tube catheter at both ends of the segment 
and the sample was perfused for 40 minutes. Even though the i n 
t e s t i n a l loop was outside the animal, i t continued to receive 
blood from the intact circulatory system and remained quite viable 
over the course of the experiment. 

Fifteen ml of the pronase hydrolysate solutions were c i r c u 
lated through the i n t e s t i n a l segments over a 40 minute interval at 
a rate of 0.39 ml/min at 37°C, using a p e r i s t a l t i c pump (Buchler 
" P o l y s t a l t i c " , Fort Lee, NJ). At the end of the perfusion i n t e r 
v a l , the perfusates were flushed from the system using 0.9% saline 
at 37°Cand stored at -20°C for lat e r analysis. The perfused seg
ments of jejumum were excised and weighed. The frozen perfusates 
were thawed, adjusted to pH 6.5 with 0.1N hydrochloric acid, 
heated 10 minutes in a boiling water bath (to precipitate any 
protein sloughed from the mucosal c e l l s ) , centrifuged 10 minutes 
and the supernatant collected. The deproteinized supernatants 
were made up to 25 ml with deionized water and an aliquot taken 
for hydrolysis i n 6 Ν hydrochloric acid. Aliquots of the pronase 
hydrolysate solutions (which were not perfused) were also adjusted 
to pH 6.5, boiled, centrifuged and hydrolyzed as above. Amino 
acid analyses of the hydrolyzed samples were then performed. 

Isomer Analysis. Isomer analyses were performed using an o p t i 
c a l l y active Chirasil-Val 25m column (Applied Science, State 
College, PA) in a Hewlett-Packard 5840 gas chromatograph (Avon-
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11 . S C H W A S S E T A L . Absorption of Altered Amino Acids 193 

dale, PA) f i t t e d with an i n l e t stream s p l i t t e r and flame ioniza
tion detector. Hydrolysates were derivatized (27) using 3N hydro
c h l o r i c acid i n dry isopropyl alcohol for es t e r i f i c a t i o n and pen-
tafluoropropionic anhydride (Pierce Chemical Co., Rockford, IL) 
for acylation. 

Results and Discussion 

The amino acid compositions of the untreated and treated 
zeins are given i n Table I, and are in reasonable agreement with 
those of Boundy, et a l . (28). As expected, no LAL was observed 
in these materials. 

Table II l i s t s the amino acid compositions of .the pronase 
hydrolysates after p i c r i c acid precipitation ( i . e . amino acids 
released by pronase). For each amino acid but glycine, which was 
present only i n small quantities, decreases in released amino 
acids were observed for the lime- and caustic soda-treated zeins. 
These results are shown i n Figure 3 where release is expressed as 
a percent of that seen for untreated zein. The 32% decrease for 
the Ca(OH)2~treated zein and 41% decrease for NaOH-treated zein 
indicates that the in vitro d i g e s t i b i l i t y has been s i g n i f i c a n t l y 
reduced by both of the a l k a l i treatments. 

Hayashi and Kameda have reported 40% to 70% decreases i n pep
sin-catalyzed hydrolysis of lysozyme, soybean protein, casein and 
ribonuclease A due to alkali-treatment under s l i g h t l y milder con
ditions than ours (16, 29). Friedman, Zahnley and Masters report
ed an 80% decrease in d i g e s t i b i l i t y of sodium hydroxide-treated 
casein measured as hydrolysis by trypsin (17). However, trypsin 
i s s p e c i f i c for l y s y l residues and lysine levels decreased to 
about half control values during the alkali-treatment, with a con
comitant increase in LAL formation. The somewhat lower d i g e s t i 
b i l i t i e s reported by these laboratories compared to our observa
tions may be due to LAL formation in the proteins other than zein. 

100 

80 

Figure 3. In vitro pronase digestibilities of untreated zein (open bar), Ca (OH)2-
treated zein (center, shaded bar) and NaOH-treated zein (right, shaded bar). 
Results expressed as percent free amino acids released relative to control. Stan

dard error bars are shown. 
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194 X E N O B I O T I C S IN F O O D S A N D F E E D S 

TABLE I. Amino acid composition of the non-treated and alkali-treated 
zein obtained by acid hydrolysis, compared with published data* 

g/16 g nitrogen 
Amino 

A c i d 2 non-treated Ca(0H) 2"treated NaOH-•treatec 

Çysteic acid nd [1.5] nd [1.3] 
% 

nd 
% 

Methionine nd [2.0] nd [1.4] nd 

Aspartic acid 6.6 [5.6] 6.6 [6.1] (100) 6.2 (94) 

Threonine 3.5 [3.2] 2.6 [3.2] (74) 2.5 (71) 

Serine 6.8 [6.9] 5.1 [6.3] (75) 4.8 (90) 

Glutamic acid 27.7 [25.9] 25.5 [26.7] (92) 24.8 (90) 

Proline 12.6 [11.0] 11.6 [9.6] (92) 10.8 (86) 

Glycine 1.5 [1.4] 1.5 [1.2] (100) 1.4 (93) 

Alanine 12.2 [10.6] 12.0 [11.2] (98) 11.4 (93) 

Valine 4.4 [3.2] 4.4 [4.0] (100) 3.9 (89) 

Isoleucine 5.2 [3.1] 4.8 [4.4] (92) 4.5 (87) 

Leucine 25.8 [20.4] 27.6 [22.4] (107) 24.9 (97) 

Tyrosine 6.8 nd 6.2 nd (91) 5.7 (84) 

Phenylalanine 9.4 [7.4] 8.9 [7.8] (95) 8.2 (87) 

Histidine 1.7 nd 1.6 nd (94) 1.5 (88) 

Arginine 2.1 [1.6] 1.4 [1.5] (67) 1.8 (86) 

Totals 126.3 [103.8] 119.8 [107.1] 112.4 

^-Values i n brackets are data gathered by Boundy et a l . (28). Their 
Ca(0H)2 treatment was carried out at 75° for 15 minutes (concentration 
of the a l k a l i not indicated). Values in parentheses are percentages of 
amino acid observed re l a t i v e to the non-treated zein acid hydrolyzate; 
nd =* not determined. 

2Lysinoalanine was not detected i n any of the samples. 
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11. S C H W A S S E T A L . Absorption of Altered Amino Acids 

Table I I . Amino acids released by the in vitro pronase hydrolysis 
in non-treated and alkali-treated zein* 

g amino acid/16 g of o r i g i n a l nitrogen 
Zein 

Amino 
Acid non-treated Ca(0H)2 NaOH 

Aspartic acid 0.42 0.52 0.0 [0] 

Threonine-* - - -
Serine 3 - - -
Glutamic a c i d 3 - - -
Proline 0.0 [0] 0.0 [0.0] 0.0 

Glycine 0.2 [13] 0.5 [33.3] 0.0 

Alanine 16.94 11.7 [98] 8.8 [77] 

Valine 3.4 [77] 2.6 [59] 2.3 [59] 

Methionine 0.9 0.4 0.5 

Isoleucine 4.0 [77] 2.7 [56] 2.4 [53] 

Leucine 27.7 [107] 22.9 [83] 19.4 [78] 

Tyrosine 3.0 [44] 2.5 [40] 2.1 [37] 

Phenylalanine 7.5 [80] 5.0 [56] 5.1 [62] 

Histidine 0.5 [29] 0.4 [25] 0.3 [20] 

Lysine 0 0 0.16 0.21 

Arginine 1.5 [71] 0.6 [38] 0.4 [22] 

Cysteine 0.0 0.0 0.0 

TOTAL5 6 4 Λ 48.9 41.5 

1 Corrections have been made for the reagent blanks i n each test 
materials. Values i n brackets refer to the percentage of the 
amino acid that has been released by pronase r e l a t i v e to i t s 
content i n the zein acid hydrolyzates. These values represent 
one determination. ^ , . -, . 

Continued on next page 
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196 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Table II.—Continued 
^No percentage can be given relati v e to the values i n the acid 
hydrolyzates because of a lack of data of actual content of 
asparagine i n non-treated and treated zein. 

3Since asparagine and glutamine peaks overlapped with the threonine, 
for serine and glutamic acid peaks i n the zein hydrolyzates, values 
for these amino acids are not included. 

4An interfering peak overlapped with the alanine peak: this value 
i s higher than that obtained i n acid hydrolyzates. 

5Neither ammonia nor tryptophan i s included. 

Accumulation of the measured amino acids from the pronase 
digests into everted sacs i s shown in Figure 4. The results are 
expressed as percent accumulation relative to control which was 
d i r e c t l y measured in the contents of the everted sac by amino 
acid analysis. Although accumulation in the calcium hydroxide-
treated cases is not greatly decreased compared to the control, 
the sodium hydroxide-treated zein hydrolysate shows markedly de
creased accumulation. However, serine shows s i g n i f i c a n t l y re
duced uptake in both the lime- and soda-treated zeins. The rea
son for this observation i s not clear. 

The results from the everted sac experiments were that both 
calcium hydroxide and sodium hydroxide treatment s i g n i f i c a n t l y 
decrease in vitro d i g e s t i b i l i t y , but that only sodium hydroxide 
treatment affects uptake of the zein hydrolysates. Because of 
the minimal effects of calcium hydroxide treatment on accumula
tion, we decided to reexamine the uptake phenomenon using an 

120 
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ZD Σ 
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0 thr ser pro ala ile leu tyr phe 

Figure 4. Accumulation of free amino acids by everted gut sacs. Key: open bars, 
pronase digests of Ca(OH)2-treated zein; and shaded bars, pronase digests of 
NaOH-treated zein. Results are expressed as percent relative to accumulation 
for pronase digests of untreated (control) zein and represent duplicate determi

nations. 
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11. S C H W A S S E T A L . Absorption of Altered Amino Acids 197 

in vivo technique that more closely approximated the physiologi
c a l gut, as the everted sac technique has been c r i t i c i z e d for lack 
of proper oxygenation of the tissue (26). 

Figure 5 shows the results for the uptake of several amino 
acids from the pronase hydrolysate of untreated zein. One disad
vantage of using this technique i s that i t i s necessary to measure 
both the o r i g i n a l concentration of substrate as well as the con
centration of substrate remaining after the uptake in t e r v a l . The 
accumulation must be determined by difference and has been ex
pressed here as the percent of amino acid i n the o r i g i n a l hydroly
sate taken up. These results show that the gut i s able to remove 
10 to 15% of the amino acids presented to i t over a 40 minute 
i n t e r v a l . 

Figure 6 shows the results for the calcium hydroxide-treated 
zein digest i n the hatched bars, while the open bars are the con
t r o l values, for ease of comparison. A generally similar pattern 
of uptake was observed except most values were reduced about 5%, 
(to about 60% control), indicating a decrease i n amino acid up
take. This is in contrast to the results obtained using the 
everted sac technique, where l i t t l e difference was observed be
tween control and calcium hydroxide-treated zein. Numbers below 
the bars indicate the degree of racemization for the treated 
zein, which w i l l be discussed below. 

The results for the sodium hydroxide treated zein are shown 
i n Figure 7. Again, the control values are given as open bars for 
comparison. As in the calcium hydroxide-treated case, uptake i s 
reduced to the 5 to 10% l e v e l (about 50% control) with a generally 
similar pattern of uptake over the amino acids. As in Figure 6, 
numbers below the bars indicate the percent D-isomer present i n 
the treated zein. I t is apparent that there is not a linear 
correlation between the degree of racemization and the degree of 
uptake i n h i b i t i o n i n either the soda or lime-treated cases since 
the accumulation of phenylalanine, for example, i n the soda-
treated case i s similar to the accumulation of alanine in the 
soda-treated sample even though there is only one half as much 
racemization of alanine. 

This phenomenon may be explained i f one considers that a 
great deal of the amino acids are taken up i n the form of pep
tides rather than by a process of essentially complete hydroly
s i s to free amino acids i n the gut lumen. Evidence from many 
laboratories including those of Matthews (30) and Adibi (31) has 
shown that perhaps more than 50% of amino acid uptake can be 
accounted for by transport of intact peptides. There appears 
to be s p e c i f i c i t y for some portion of the peptide, but at this 
time i t i s not clear how large the recognition sequence must be 
(32) . Although there has been no evidence excluding a l l peptides 
containing more than three residues, several tetrapeptides have 
been tested in mammalian systems and do not appear to be trans
ported intact, while tripeptides are good substrates for uptake 
(33) . 
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198 X E N O B I O T I C S IN F O O D S A N D F E E D S 

asp thr scr glu pro gly ala val He leu tyr phe 

Figure 5. Uptake of amino acids from pronase hydrolysate of untreated zein by 
perfused jejunal segments. Results represent the portion of total amino acids 
taken up and are expressed as the percent of the difference between the original 
and final amino acid concentrations in acid hydrolysates of the perfusate (AAQ 

- AAf) divided by the original concentration (AA0):[(AA0 - AAf)/(AA0)] x 100. 
Duplicate determinations were run. 

2 0 
15 

asp thr ser glu pro gly ala val He leu tyr phe 
20 0 19 15 O - 8 Ο Ο β 14 13 

Figure 6. Uptake of amino acids from pronase hydrolysate of Ca(OH)2-treated 
zein by perfused jejunal segments. Shaded bars show uptake for Ca(OH)2-treated 
zein and open bars are control (see Figure 5) for ease of comparison. Results 
expressed as in Figure 5. Numbers below the bars indicate percent D-isomer in 

the treated hydrolysates. 
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11 . S C H W A S S E T A L . Absorption of Altered Amino Acids 199 

2 0 
LU 

asp thr ter glu pro gly ala val Ile leu tyr phe 
23 O 23 25 O - 13 0 10 7 12 23 

Figure 7. Uptake of amino acids from pronase hydrolysate ofNaOH-treated zein 
by perfused jejunal segments. Shaded areas show uptake for NaOH-treated zein 
and open bars are control (see Figure 5) for ease of comparison. Results are 
expressed as in Figure 5. Numbers below the bars indicate percent D-isomer in 

the treated hydrolysates. 

15 

Figure 8. Mean uptake of amino acids from pronase hydrolysates of untreated 
zein (open bar), Ca(OH)2-treated zein (center, shaded bar) and NaOH-treated 
zein (right, shaded bar). Averages were taken over the 12 amino acids measured 
in Figures 5-7. Uptake is expressed as in Figure 5. Standard error bars are 

shown. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

01
1



200 X E N O B I O T I C S IN F O O D S A N D F E E D S 

We are led by our results to speculate that i f an amino acid 
residue i s present i n the peptide as the D-isomer, i t may render 
that peptide unavailable for transport regardless of whether the 
inverted residue i s an alanine, phenylalanine or any other amino 
acid. And each of the other L-residues i n the peptide w i l l be 
denied entry regardless of their identity or degree of racemiza
tion. So phenylalanine uptake might be decreased as much as 
alanine uptake because both of these amino acids finds themselves 
i n D-isomer-containing peptides at about the same frequency. 

A summary of the results from the perfused intestine experi
ment i s shown i n Figure 8. The results are expressed as the mean 
uptake of a l l the measured amino acids for the three zein hydroly
sates. The results from this series c l e a r l y show that uptake has 
been reduced by both soda- and lime-treatments of zein, which is 
also consistent with the results of the pronase study which show 
that both calcium hydroxide and sodium hydroxide treatments de
crease d i g e s t i b i l i t y . However, i t i s not clear why the results 
for Ca(OH)2-treated zein are different for the everted sac and 
perfusion experiments, but this may be related to the better 
v i a b i l i t y of the in vivo perfusion technique. 

In conclusion, racemization alone reduces in vitro d i g e s t i 
b i l i t y as well as in vivo uptake of enzymatically digested pro
tein. This supports in part the results of Bunjapamai, et a l . , 
(21) who concluded that racemization plays a greater role than 
crosslinking i n reducing d i g e s t i b i l i t y of treated protein. 

These results suggest that racemization of certain non-essen
t i a l residues such as aspartate may have indirect, negative ef
fects on the a v a i l a b i l i t y of other, r e l a t i v e l y non-racemized but 
essential residues. Therefore, conditions which cause racemiza
tion should be minimized during processing. 
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Lysinoalanine Formation in Severely 
Treated Proteins 

JOHN W. FINLEY 
Department of Pediatrics, The University of Iowa, Iowa City, IA 52242 

Heat or alkaline treatment of foods, feeds or pure proteins 
can result in desirable changes in the food system but treatments 
can also lead to the formation of a series of xenobiotics, one of 
which is lysinoalanine. Alkaline treatment of proteins can be 
intended to improve flavor or texture (1-3), to destroy toxins or 
enzyme inhibitors and to promote solubilization of the protein 
for the purpose of isolation (4, 5). Heat treatment can be used 
for sterilization or to alter the physical characteristics of the 
protein or constituents of the food system. 

An undesirable aspect of heat and alkaline treatment is that 
crosslinking compounds such as lysinoalanine are formed and can 
lead to severely impaired digestibility and reduced bioavailabil
ity of the protein. Such changes cannot be completely separated 
from the isopeptide formations (6), the Maillard reactions (7) 
and the racemization reactions (8) discussed elsewhere in this 
volume. In this chapter the chemistry, the analysis, the toxi
cology and the occurrence of lysinoalanine will be reviewed. 
Chemistry o f L y s i n o a l a n i n e Formation 

In 1964, Patchorn ik and Sokolovsky (9) observed the format ion 
o f an unusual amino a c i d when they t r e a t e d S - d i n i t r o p h e n y l a t e d 
r i b o n u c l e a s e with a l k a l i . They conc luded tha t the new amino a c i d 
was the r e s u l t o f an a d d i t i o n r e a c t i o n between the ε-amino group 
o f l y s i n e and d e h y d r o a l a n i n e . L a t e r the same y e a r , Bohak (10) 
r e p o r t e d the i s o l a t i o n o f a new amino a c i d ( N - c - ) D , L - 2 - a m i n o - 2 -
c a r b o x y e t h y l ) - L - l y s i n e , from the a c i d h y d r o l y z t e o f a l k a l i n e 
t r e a t e d p r o t e i n s . The t r i v i a l name l y s i n o a l a n i n e (LAL) was a s 
signed to the new amino a c i d . Pa tchorn ik and Sokolovsky (11) r e 
p o r t e d the importance o f c y s t i n e in the format ion o f dehydro
a l a n i n e in p r o t e i n s . The o b s e r v a t i o n was important in t h a t de
hydroa lan ine i s an immediate p r e c u r s e r o f L A L . Z i e g l e r r e p o r t e d 
t h a t a l k a l i n e treatment o f wool a l s o r e s u l t e d in the format ion o f 
LAL and l a t e r found o r n i t h i n o a l a n i n e as well as LAL in a l k a l i n e -
t r e a t e d s i l k p r o t e i n (]2). Bohak (10J r e p o r t e d t h a t LAL was 

0097-6156/83/0234-0203$06.00/0 
© 1983 American Chemical Society 
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204 X E N O B I O T I C S IN F O O D S A N D F E E D S 

formed i n a v a r i e t y o f a l k a l i n e t r e a t e d p r o t e i n s i n c l u d i n g l y s o 
zyme, p a p a i n , c h y m o t r y p s i n , p h o s p h o v i t i n and b o v i n e serum a l b u m i n . 

The g e n e r a l l y a c c e p t e d r o u t e o f f o r m a t i o n o f LAL i s t h r o u g h 
the f o r m a t i o n o f d e h y d r o a l a n i n e f r o m c y s t e i n e , c y s t i n e , s e r i n e o r 
p h o s p h o s e r i n e t h r o u g h 3 - e l i m i n a t i o n r e a c t i o n f o l l o w e d by M i c h a e l 
a d d i t i o n between t h e d e h y d r o a l a n i n e and t h e ε-amino group o f 
l y s i n e . The f o r m a t i o n o f LAL f r o m t h e o x i d i z e d d e r i v a t i v e s o f 
c y s t i n e has been r e p o r t e d by F i n l e y e t a l . ( 1 3 ) . I t was s u g g e s t e d 
t h a t o x i d a t i o n o f c y s t i n e t o c y s t i n e monoxide may a c c e l e r a t e de
h y d r o a l a n i n e f o r m a t i o n and subsequent LAL f o r m a t i o n . I t was a l s o 
o b s e r v e d t h a t v e r y l i t t l e LAL was formed t h r o u g h t h e 3 - e l i m i n a -
t i o n o f c y s t e i n e . M e l l e t (14) p r o p o s e d t h a t the e l i m i n a t i o n r e a c 
t i o n i n s e r i n e r e s i d u e s was r e s p o n s i b l e f o r t h e f o r m a t i o n o f de
h y d r o a l a n i n e i n p e p t i d e s . W h i t a k e r and Feeney (1_5) have r e v i e w e d 
t h e a l k a l i n e d e c o m p o s i t i o n o f p h o s p h o s e r i n e and g l y c o s y l a t e d 
s e r i n e o r t h r e o n i n e r e s i d u e s i n p r o t e i n s . 

When c a r t i l a g e i s t r e a t e d w i t h a l k a l i , t h e r e i s complete o r 
n e a r l y c o m p l e t e l o s s o f c y s t i n e and g l y c o s y l a t e d s e r i n e a l o n g w i t h 
t h e f o r m a t i o n o f s u b s t a n t i a l amounts o f LAL i n t h e p r o t e i n . Lee 
e t a l . (±6) i n v e s t i g a t e d t h e e f f e c t s o f a l k a l i on a n t i f r e e z e 
g l y c o p r o t e i n . The p r o t e i n was chosen because i t c o n t a i n e d no 
s u l f h y d r y l s , d i s u l f i d e s o r p h o s p h a t e s . T h e r e f o r e , because i t c o n 
t a i n e d a s u b s t a n t i a l number o f g l y c o s y l a t e d t h r e o n i n e r e s i d u e s , 
t h e 3 - e l i m i n a t i o n o f the g l y c o s y l t h r e o n i n e c o u l d be i n v e s t i g a t e d 
w i t h o u t i n t e r f e r e n c e f r o m o t h e r dehydro-amino a c i d - f o r m i n g r e s i 
dues i n t h e p r o t e i n . I t was o b s e r v e d t h a t the i n i t i a l r a t e o f 
the 3 - e l i m i n a t i o n was dependent on th e h y d r o x y l c o n c e n t r a t i o n but 
n o t on p r o t e i n c o n c e n t r a t i o n . 

In a s i m i l a r s t u d y , Sen e t a l . (17) i n v e s t i g a t e d the 3 -
e l i m i n a t i o n i n p h o s p h o p r o t e i n s . P h o s p h o v i t i n was chosen f o r t h i s 
i n v e s t i g a t i o n because i t c o n t a i n s 119 p h o s p h o s e r i n e r e s i d u e s and 
1 p h o s p h o t h r e o n i n e r e s i d u e . The r a t e s o f 3 - e l i m i n a t i o n were meas
u r e d by change i n a b s o r b a n c e o f the p r o t e i n a t 241 nm a f t e r t r e a t 
ment w i t h a l k a l i . As w i t h t h e g l y c o p r o t e i n s , a t low c o n c e n t r a t i o n 
the i n i t i a l r a t e o f 3 - e l i m i n a t i o n was dependent on the h y d r o x y l 
i o n c o n c e n t r a t i o n . The r a t e o f 3 - e l i m i n a t i o n was i n c r e a s e d w i t h 
i n c r e a s e d i o n i c s t r e n g t h and t h e a d d i t i o n o f 1.12 χ 10"3M c a l c i u m 
c h l o r i d e i n c r e a s e d t h e i n i t i a l r a t e twenty t i m e s . The c a l c i u m 
i o n e f f e c t may be o f g r e a t s i g n i f i c a n c e i n t h a t c a s e i n , which can 
c o n t a i n s u b s t a n t i a l amounts o f c a l c i u m i o n , i s e x t r e m e l y s u s c e p 
t i b l e t o LAL f o r m a t i o n . The p r i m a r y s o u r c e f o r d e h y d r o a l a n i n e i n 
c a s e i n i s p h o s p h o s e r i n e . O t h e r m u l t i v a l e n t c a t i o n s a l s o i n f l u e n c e 
t h e r a t e o f d e h y d r o a l a n i n e f o r m a t i o n i n p h o s p h o p r o t e i n s . The ad 
d i t i o n o f 0.0125 M magnesium c h l o r i d e d u r i n g a l k a l i n e t r e a t m e n t 
r e s u l t e d i n t h e f o r m a t i o n o f 1320 ppm LAL i n c a s e i n . A d d i t i o n o f 
the same l e v e l o f aluminum c h l o r i d e r e s u l t e d i n c a s e i n c o n t a i n i n g 
8060 ppm LAL. A d d i t i o n o f h i g h e r l e v e l s o f p o t a s s i u m (0.225 M) 
pro d u c e d e f f e c t s s i m i l a r t o t h o s e o b t a i n e d w i t h t h e lower l e v e l s 
o f d i - and t r i - v a l e n t metal i o n s . 

A l t h o u g h l y s i n e was not c o n s i d e r e d , p r o d u c t s s i m i l a r t o LAL 
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12. F I N L E Y Lysinoalanine Formation in Proteins 205 

and l a n t h i o n i n e were o b s e r v e d by E i g e r and G r e e n s t e i n (18) i n an 
e a r l y study o f the a d d i t i o n r e a c t i o n p r o d u c t s o f s u l f y d r y l s o r 
amines w i t h d e h y d r o a l a n i n e . The importance o f l y s i n e i n t h e s e 
a d d i t i o n r e a c t i o n s became a p p a r e n t when t h e l y s i n o a l a n i n e c r o s s 
l i n k was r e p o r t e d by Bohak (10). 

The k i n e t i c s o f the M i c h a e l a d d i t i o n r e a c t i o n w i t h a c e t o n i 
t r i l e on r e d u c e d p r o t e i n s t u d i e d by C a v i n s and Friedman (19) 
s e r v e d a s an e x c e l l e n t model f o r l a t e r s t u d i e s w i t h N - a c e t y l d e 
h y d r o a l a n i n e methyl e s t e r (20) where t h e f o r m a t i o n o f a v a r i e t y 
o f d e h y d r o a l a n i n e a d d u c t s o f amino a c i d s were r e p o r t e d . I t i s 
n e c e s s a r y t o use th e d e h y d r o a l a n i n e methyl e s t e r i n t h e s e s t u d i e s 
because t h e r e a c t i o n k i n e t i c s a r e much f a s t e r t h a n w i t h t h e f r e e 
Ν - a c e t y l d e h y d r o a l a n i n e (21 ). The f r e e amino compounds decom
poses t o ammonia and p y r u v i c a c i d when s y n t h e s i s i s a t t e m p t e d . 
The r e a c t i v i t y o f the methyl e s t e r a l s o more c l o s e l y e m u l a t e s 
th e r e a c t i v i t y o f d e h y d r o a l a n i n e r e s i d u e s i n p e p t i d e s . G r o s s e t 
a l . (22) o b s e r v e d t h a t d e h y d r o a l a n i n e was p r e s e n t i n the a n t i 
b i o t i c s c i n n a m y c i n and d u r a n y c i n . C a r e f u l measurement o f de
h y d r o a l a n i n e i n a l k a l i n e t r e a t e d p r o t e i n s was c o n d u c t e d by Sen e t 
a l . (17) and Walsh e t a l . (23) by change i n ab s o r b a n c e a s de s 
c r i b e d by C a r t e r and G r e e n s t e i n ( 2 4 ) . The measurements were d i f 
f i c u l t i n pure p r o t e i n s and would n o t seem t o l e n d t h e m s e l v e s t o 
measurement o f d e h y d r o a l a n i n e i n complex f o o d p r o t e i n s y s t e m s . 
We a r e aware o f no r e p o r t s f i n d i n g d e h y d r o a l a n i n e i n f o o d p r o 
t e i n s . D u r i n g a c i d h y d r o l y s i s t h e d e h y d r o a l a n i n e i s broken down 
t o ammonia and p y r u v i c a c i d ; t h e r e f o r e , o n l y t h e ammonia would 
be d e t e c t e d i n r o u t i n e amino a c i d a n a l y s i s . In summarizing t h e 
many r e a c t i o n s o f d e h y d r o a l a n i n e i n p r o t e i n s , Friedman (25) r e 
p o r t e d t h a t 14 c r o s s l i n k e d amino a c i d s can be formed i n p r o t e i n s . 
I f one c o n s i d e r s t h e i s o m e r i c forms t h a t c o u l d e x i s t , t h e number 
expands t o a t l e a s t 53 d e r i v a t i v e s . 

F i g u r e 1 summarizes t h e p o t e n t i a l pathways i n v o l v e d i n t h e 
f o r m a t i o n o f d e h y d r o a l a n i n e . I t a p p e a r s t h a t d e h y d r o a l a n i n e can 
be formed i n a v a r i e t y o f amino a c i d s p r o t e i n , s u g g e s t i n g t h a t 
any o r a l l o f t h e r o u t e s i n F i g u r e 1 c o u l d be i n v o l v e d i n de
h y d r o a l a n i n e f o r m a t i o n . T a b l e 1 c o n t a i n s r e s u l t s o f p a r t i a l 
amino a c i d a n a l y s i s o f s e v e r a l a l k a l i n e t r e a t e d p r o t e i n s . The 
r e s u l t s s u p p o r t t h e s u g g e s t i o n t h a t b o t h s e r i n e and c y s t i n e o r 
t h e i r d e r i v a t i v e s can be s o u r c e s o f d e h y d r o a l a n i n e and sub s e 
q u e n t l y t h e l y s i n o a l a n i n e measured i n the p r o t e i n s . In c a s e i n 
t h e r e i s s u b s t a n t i a l LAL f o r m a t i o n w i t h a measurable l o s s i n 
s e r i n e . In i s o l a t e d soy p r o t e i n and l a c t a l b u m i n i t can be seen 
t h a t c y s t i n e shows th e most s i g n i f i c a n t l o s s e s . I t s h o u l d be 
n o t e d t h a t a s i g n i f i c a n t p o r t i o n o f t h e s e r i n e i n c a s e i n i s 
p r e s e n t a s p h o s p h o s e r i n e . The r e l a t i v e l y r a p i d 3 - e l i m i n a t i o n o f 
p h o s p h o s e r i n e (15) a c c o u n t s f o r the f o r m a t i o n o f c o n s i d e r a b l e 
q u a n t i t i e s o f d e h y d r o a l a n i n e and s u b s e q u e n t l y t h e s u b s t a n t i a l 
l e v e l s o f LAL f o u n d i n c a s e i n . In a d d i t i o n , a s mentioned above, 
the p r e s e n c e o f c a l c i u m would a c c e l e r a t e d e h y d r o a l a n i n e f o r m a t i o n 
f r o m t h e p h o s p h o s e r i n e p r e s e n t i n t h e c a s e i n . The v a r i a b i l i t y o f 
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Table 1. Selected Amino Acid Analysis 

Protein Treatment Conditions Units3 Lysine 
Untreated Treated 

Isolated pH 12.2/40°C/1 hr. 1 5.7 5.6 
Soy Protein pH 12.2/40°C/2 hr. 1 5.2 

pH 12.2/40°C/4 hr. 1 5.4 
pH 12.2/40°C/8 hr. 1 5.1 
pH 12.2/80°C/4 hr. 1 4.7 

Sun Flower 0.1 Ν NaOH/55°C/l hr. 2 11 10 
Protein 0.2 Ν Na0H/55°C/l hr. 2 10 

0.2 Ν NaOH/80°C/l hr. 2 8.5 
Wheat Gluten pH 13.0/70°C/4 hr. 2 11.2 6.9 
Fish Protein pH 13.7/90°C/8 hr. 2 68.3 54.8 
Cone. 
Sericine 2 21 14.1 
β Lactoglobulin pH 6.2/80 min./97.5°C 3 30.3 22.7 

Wheat Gluten pH 9.6/65°C/3 hr. 4 1 .33 1 .40 
pH 11 .2/65°C/3 hr. 4 0.96 
pH 13.9/65°C/3 hr. 4 0.94 

Lactalbumin pH 9.6/65°C/3 hr. 4 8.94 8.57 
pH 11 .2/65°C/3 hr. 4 7.45 
pH 13.9/65°C/3 hr. 4 7.19 

Casein pH 10.6/65°C/3 hr. 6.84 6.46 
pH 11 .2/65°C/3 hr. 6.03 
pH 12.5/65°C/3 hr. 4.48 

Phosvitin 0.123 Ν NaOH/60°C 3 23.1 18.9 
0.123 Ν NaOH/60°C 3 12.9 
0.123 Ν Na0H/60°C 3 5.33 

Π6 gmN; (2) MM/100 g; (3) moles/mole protein (4) mole percent 
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12. F I N L E Y Lysinoalanine Formation in Proteins 

of Various Alkaline Treated Proteins 

207 

Serine Cystine Arginine Lysinoalanine References 
Untreated Treated Untreated Treated Treated Untreated Treated Untreated 

deGroot and 
Slump 
(32) 

Provansal 
et al . 
(33) 

Fujimaki 
et al . 
(29) 

Ziegler (12) 
Watanabe (93) 
Klostermeyer 
Friedman 
(94) 

5.6 5.5 0.87 0.40 8.0 7.7 0.42 6. 
5.5 0.37 8.0 0.68 
5.8 0.40 7.9 0.83 
5.7 0.40 7.7 1 .09 
5.0 0.25 7.5 2.08 

27 28 2.5 20 35 38 35 28 
27 27 TR 33 3.0 
27 23 0 31 5.5 
42.3 28.1 8.6 1 .5 11 .8 20.2 4.9 0 
44.8 20.1 4.8 2.8 16.3 30.4 12.0 0 

34.9 20.6 -- -- 22.0 25.5 7.5 0 

-- - 3.92 0.60 5.4 5.6 3.8 0 

6.81 6.75 0.98 0.69 2.70 2.75 0 0 
6.55 0 2.68 0.42 
2.24 0 1 .79 0.88 

6.18 6.11 0.95 0.56 2.22 2.14 0.26 0 
6.08 0 2.12 1 .52 
2.26 0 1 .32 3.87 

7.15 7.09 -- 2.53 2.56 0.49 0 
6.94 2.50 0.78 
4.60 2.21 2.43 

11 .5 90.2 -- — ND ND 4.20 0 
70.1 — -- ND ND 8.83 
36.4 -- -- ND ND 17.9 

Friedman 

Sen et al. 
(17) 
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208 X E N O B I O T I C S IN F O O D S A N D F E E D S 

LAL f o r m a t i o n i n p r o d u c t s such as i s o l a t e d soy p r o t e i n may r e l a t e 
t o t h e i n t e n s i t y o f a l k a l i and t h e i o n i c s t r e n g t h o f the s o l v e n t 
system used i n sample p r e p a r a t i o n . However, i t a l s o may be i n 
f l u e n c e d by th e e x t e n t o f o x i d a t i o n o f the c y s t i n e i n t h e p r o t e i n 
and t h e i n c o r p o r a t i o n o f a i r d u r i n g p r o c e s s i n g . 

F i g u r e 2 summarizes some o f the compounds t h a t can be formed 
t h r o u g h t h e a d d i t i o n o f d e h y d r o a l a n i n e t o a v a r i e t y o f amino 
a c i d s i n p r o t e i n s . A l t h o u g h t h e r e a r e no r e p o r t s i n t h e l i t e r a 
t u r e o f such r e a c t i o n s , one i s tempted t o r a i s e t h e q u e s t i o n a s 
t o whether d e h y d r o a l a n i n e r e a c t s w i t h n u c l e i c a c i d s c o n t a i n i n g 
r e a c t i v e amino g r o u p s . More complete d i s c u s s i o n o f the d ehydro
a l a n i n e a d d i t i o n r e a c t i o n s have been made e a r l i e r by Friedman 
( 2 5 ) , A s q u i t h e t a l . {26) and F e a i r h e l l e r e t a l . ( 2 7 ) . 

The r e a c t i o n o f l y s i n e w i t h d e h y d r o a l a n i n e was s t u d i e d by 
Snow e t a l . (21) u s i n g t h e Ν - α - a c e t y l - d e h y d r o a l a n i n e methyl e s t e r 
a s a model. The s t u d i e s w i t h t h e model compound a r e d i f f i c u l t 
t o compare w i t h r e a c t i o n s t h a t o c c u r i n p r o t e i n s because p r o t e i n s 
a r e such complex m o l e c u l e s and a n a l y s i s i s d i f f i c u l t . The com
p a r i s o n o f the v a r i e t y o f p r o t e i n s which f o r m LAL s u g g e s t s t h a t 
a l t h o u g h d e h y d r o a l a n i n e may be formed by a v a r i e t y o f pathways, 
th e M i c h a e l a d d i t i o n between l y s i n e and d e h y d r o a l a n i n e i s r a p i d , 
p a r t i c u l a r l y a t h i g h e r pHs. 

The o v e r a l l e f f e c t s o f p r o c e s s i n g c o n d i t i o n s on LAL f o r m a 
t i o n have been i n v e s t i g a t e d i n a wide v a r i e t y o f p r o t e i n s and 
f o o d s . H a y a s h i and Kameda (28) i n v e s t i g a t e d a b r o a d range o f 
c o n d i t i o n s which i n f l u e n c e LAL f o r m a t i o n i n lysozyme and r i b o -
n u c l e a s e . I t was s u g g e s t e d e a r l i e r by Bohak (10) t h a t i n t r a m o l e 
c u l a r f e a t u r e s o f the p r o t e i n i n f l u e n c e t h e f o r m a t i o n o f LAL. 
H a y a s h i and Kameda (28) s u p p o r t e d t h i s s u g g e s t i o n w i t h t h e i r r e 
s u l t s . LAL a p p e a r s t o r e a c h a maximum v a l u e d u r i n g a l k a l i n e 
t r e a t m e n t and i n c r e a s i n g t r e a t m e n t t i me o r a d d i t i o n o f c y s t i n e 
o r l y s i n e does not a p p e a r t o i n c r e a s e the LAL f o r m a t i o n . Maximum 
LAL f o r m a t i o n was a c h i e v e d w i t h t r e a t m e n t w i t h 0.2N sodium h y d r o 
x i d e f o r 4 h r s a t 40°C f o r r i b o n u c l e a s e and l y s o z y m e . F u j i m a k i 
e t a l . (29) i n v e s t i g a t e d t h e c o n d i t i o n s t o maximize LAL f o r m a t i o n 
i n wheat g l u t e n and f i s h p r o t e i n c o n c e n t r a t e . They r e p o r t e d t h a t 
c o n d i t i o n s f o r t h e maximum f o r m a t i o n o f LAL d i f f e r e d s i g n i f i 
c a n t l y between t h e two p r o t e i n s : maximum LAL f o r m a t i o n i n g l u t e n 
was a c h i e v e d by h o l d i n g t h e p r o t e i n a t pH 13.0 f o r 14 h r s a t 70°C 
and maximum LAL f o r m a t i o n i n f i s h p r o t e i n c o n c e n t r a t e was 
a c h i e v e d a t pH 13.7 a t 90°C f o r 8 h r s . In a d d i t i o n , when g l u t e n 
was o x i d i z e d w i t h p e r f o r m i c a c i d t o c o n v e r t t h e c y s t i n e t o c y s -
t e i c a c i d p r i o r t o a l k a l i n e t r e a t m e n t , more r i g o r o u s c o n d i t i o n s 
were r e q u i r e d t o o b t a i n LAL f o r m a t i o n . The r e s u l t s s u g g e s t t h a t 
w i t h g l u t e n , d e h y d r o a l a n i n e f o r m a t i o n was fr o m c y s t i n e and when 
the c y s t i n e was d e s t r o y e d t h e o t h e r s o u r c e s o f d e h y d r o a l a n i n e 
formed t h e d e h y d r o a l a n i n e more s l o w l y . 

S e r a s s i - K y r i a k o u e t a l . (30) i n v e s t i g a t e d t h e e f f e c t o f v a r 
i o u s a n i o n s on LAL f o r m a t i o n i n s i l k . They o b s e r v e d t h a t LAL 
f o r m a t i o n was dependent on i o n i c s t r e n g t h , t i m e , t e m p e r a t u r e and 
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12. F I N L E Y Lysinoalanine Formation in Proteins 209 

C H 2 - O P 0 3 H 2 

R-NH-CH-CO-R, χ 

Phosphoprotein 

H 3 P 0 4 

R-NH-CH-C0-R| 
CH 2-S 

CH 2-S=0 
I 

R-NH-CH-CO-R, 

Figure 1. Postulated pathways for the formation of dehydroalanine in proteins. 

R-NHCH2-C0-R 
S 
I 
CHo 
I 

R-NH-CH-CO-R, 

Lanthionine , 
CYSTEINE 

R-NH-Ç-C0-R 
(CH2)4 

NH 
CHo 
I c 

R-NH-CH-C0-R| 

Lysinoalanine 

CH 
R-NH-CH-C0-R| 

Dehydroalanine 

NH2 

CH 2 

R-NH-CH-CO-R, 

β -aminoalanine 

LYSINE 

ORNITHINE 
(from arginine) 

R-NH-C-CO-R 
(CH2)3 

NH 

R-NH-CH-CO-R, 

Ornithinoalanine 

Figure 2. Reaction products between dehydroalanine and various side chains in 
proteins. 
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210 X E N O B I O T I C S IN F O O D S A N D F E E D S 

pH, and was a l s o dependent on t h e n a t u r e o f t h e a n i o n s p r e s e n t 
i n s o l u t i o n . I t was r e p o r t e d t h a t t h e LAL f o r m a t i o n was g r e a t e s t 
when c a r b o n a t e was p r e s e n t . I n t e r m e d i a t e l e v e l s o f LAL were 
formed when phosphate o r t e t r a p y r o p h o s p h a t e were added. When 
t r i p o l y p h o s p h a t e was th e a n i o n , much lower l e v e l s o f LAL forma
t i o n were o b s e r v e d . 

C o n s i d e r a b l e r e s e a r c h has been done on the f o r m a t i o n o f LAL 
i n a v a r i e t y o f p r o t e i n s . T a b l e 2 summarizes some o f t h e s e i n 
v e s t i g a t i o n s . The r e s u l t s s u g g e s t t h a t v a r i o u s p r o t e i n s have 
d i f f e r i n g s u s c e p t i b i l i t i e s t o LAL f o r m a t i o n . Most workers use 
s l i g h t l y d i f f e r i n g r e a c t i o n c o n d i t i o n s so a c c u r a t e c o m p a r i s o n s 
a r e d i f f i c u l t . I t s h o u l d a l s o be emphasized t h a t c o n d i t i o n s u s ed 
in many o f t h e s e i n v e s t i g a t i o n s a r e much h a r s h e r t h a n e n c o u n t e r e d 
i n normal f o o d o r f e e d p r o c e s s i n g . 

In a d d i t i o n t o t h e LAL c o n t e n t s r e p o r t e d f o r p r o t e i n s sum
m a r i z e d i n T a b l e 2, LAL has been d e t e c t e d i n a v a r i e t y o f o t h e r 
p r o t e i n s and f o o d s . S t e r n b e r g e t a l . (31) f o u n d LAL t o be p r e s 
e n t i n a v a r i e t y o f home c o o k e d f o o d s which were n o t exposed t o 
a l k a l i n e c o n d i t i o n s . P r o t e i n s o u r c e s which c o n t a i n e d s i g n i f i c a n t 
l e v e l s o f LAL were egg wh i t e (which c o u l d be s l i g h t l y a l k a l i n e 
depending on a g e ) , c h i c k e n , s t e a k , and f r a n k f u r t e r s . A l k a l i n e 
e x p o s u r e o f f o o d p r o t e i n s has been shown t o cause c o n s i d e r a b l e 
LAL f o r m a t i o n i n f o o d s by a number o f workers (28, 32-41). 
T r a d i t i o n a l l y , c e r t a i n f o o d s have been e x p o s e d t o a l k a l i d u r i n g 
p r o c e s s i n g . A c l a s s i c example i s the t o r t i l l a , where c o r n i s 
mixed w i t h water c o n t a i n i n g 1% l i m e and i s h e a t e d a t t e m p e r a t u r e s 
up t o 80°C f o r up t o 45 minutes ( 4 2 - 4 5 ) . A l k a l i n e t r e a t m e n t s 
improve t h e a v a i l a b i l i t y o f n i a c i n and t h e i n v i t r o r e l e a s e o f 
amino a c i d s . I t i s i n t e r e s t i n g t h a t o n l y low l e v e l s o f LAL a r e 
formed under t h e s e c o n d i t i o n s . T o v a r (46) i n v e s t i g a t e d a wide 
v a r i e t y o f c o n d i t i o n s and f o u n d t h a t t r a d i t i o n a l c o n d i t i o n s f o r 
p r o d u c t i o n o f t o r t i l l a s p r o d u c e d o n l y minor l e v e l s o f LAL, a l 
though r a c e m i z a t i o n was a l s o o b s e r v e d i n t h e p r o t e i n . In samples 
o f c o r n r e c e i v i n g a l k a l i n e t r e a t m e n t , p a r t i c u l a r l y w i t h l i m e , t h e 
f o r m a t i o n o f LAL was l e s s t h a n might be e x p e c t e d . The p r e s e n c e 
o f t h e c a l c i u m i o n does n o t app e a r t o cause h i g h e r LAL f o r m a t i o n 
i n t h e c o r n p r o t e i n s where c y s t i n e would be t h e l i k e l y s o u r c e o f 
the LAL p r e c u r s e r . In a l k a l i n e t r e a t e d c o r n , s l i g h t l o s s e s a r e 
o b s e r v e d i n c y s t i n e , l y s i n e and a r g i n i n e ( 4 6 - 4 8 ) . 

S e v e r a l a p p r o a c h e s have been a t t e m p t e d f o r t h e i n h i b i t i o n 
o f LAL f o r m a t i o n i n a l k a n i n e t r e a t e d p r o t e i n s . Dworschak (39) 
o b s e r v e d t h a t a d d i t i o n o f a s c o r b i c a c i d had both an i n h i b i t i n g 
and an e n h a n c i n g e f f e c t on LAL f o r m a t i o n . The d i f f e r e n c e ap
p e a r e d t o be r e l a t e d t o t h e c y s t i n e c o n t e n t o f t h e p r o t e i n . I t 
might be s u g g e s t e d t h a t p a r t i a l r e d u c t i o n o f c y s t i n e t o c y s t e i n e 
by t h e a s c o r b i c a c i d was i n p a r t r e s p o n s i b l e f o r t h e r e s u l t s . 
When p r o t e i n was low i n c y s t i n e , t h e a s c o r b i c a c i d i n h i b i t e d LAL 
f o r m a t i o n , but a s c o r b i c a c i d was a l e s s e f f e c t i v e i n h i b i t o r a t 
h i g h e r c o n c e n t r a t i o n s . The argument would s u g g e s t t h a t a t low 
c o n c e n t r a t i o n most o f t h e c y s t i n e was r e d u c e d t o c y s t e i n e and a t 
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h i g h e r c y s t i n e l e v e l s t h e r e d u c t i o n was i n c o m p l e t e . Under t h e s e 
c o n d i t i o n s the p a r t i a l l y o x i d i z e d a s c o r b i c a c i d c o u l d a c t as a 
p r o o x i d a n t t o promote o x i d a t i o n o f c y s t i n e t o c y s t i n e monoxide 
which forms d e h y d r o a l a n i n e more r a p i d l y . Murase (49) and Dworshak 
(39) b o t h r e p o r t e d t h a t g l u c o s e i n h i b i t e d LAL f o r m a t i o n , presum
a b l y due t o c o m p e t i t i o n f r o m t h e browning r e a c t i o n and the f o r m a 
t i o n o f a n t i o x i d a n t s by the browning r e a c t i o n . Meyer (40) de-
p h o s p h o r y l a t e d c a s e i n and improved i t s r e s i s t a n c e t o LAL f o r m a 
t i o n . Such a r e d u c t i o n would be e x p e c t e d by e l i m i n a t i o n o f the 
p h o s p h o s e r i n e which Sen e t a l . []7_) d e m o n s t r a t e d a s an e x c e l l e n t 
d e h y d r o a l a n i n e f o r m e r . 

A v a r i e t y o f s u l f u r - t y p e r e d u c i n g a g e n t s have been i n v e s t i 
g a t e d f o r t h e i r p o t e n t i a l i n i n h i b i t i n g LAL f o r m a t i o n . F i n l e y 
and K o h l e r (50) and Friedman (51) r e p o r t e d t h a t b i s u l f i t e o r 
b i s u l f i d e would i n h i b i t LAL f o r m a t i o n . The compounds worked 
t h r o u g h a v a r i e t y o f mechanisms. F i r s t , t h e c y s t i n e was r e d u c e d 
t o c y s t e i n e which i s r e s i s t a n t t o a l k a l i . S e c o n d l y , the compounds 
( i n c l u d i n g the newly formed c y s t e i n e ) r e a c t e d r a p i d l y w i t h any 
d e h y d r o a l a n i n e formed t o c o m p e t i t i v e l y i n h i b i t LAL f o r m a t i o n , and, 
t h i r d l y , t he r e d u c i n g a g e n t s r e d u c e d c y s t i n e monoxide back t o 
c y s t i n e o r c y s t e i n e . C y s t i n e monoxide i s a more r a p i d d e h y d r o 
a l a n i n e f o r m e r than t h e c y s t i n e o r c y s t e i n e as was l a t e r shown 
(50, 52, 53 ) . Reduced g l u t a t h i o n e and c y s t e i n e were e f f e c t i v e , 
but l e v e l s a s h i g h a s 3% o f th e p r o t e i n were r e q u i r e d t o o b t a i n 
i n h i b i t i o n . 

A c y l a t i o n o f the p r o t e i n has been p r o p o s e d by Friedman (51) 
as a means o f i n h i b i t i n g LAL f o r m a t i o n by b l o c k i n g t h e ε-amino 
group o f l y s i n e w i t h a c e t a t e o r s u c c i n a t e . When g l u t e n was 10% 
a c e t y l a t e d o r 1% s u c c i n y l a t e d , LAL f o r m a t i o n was a l m o s t c o m p l e t e l y 
b l o c k e d . R e s u l t s w i t h i s o l a t e d soy p r o t e i n were l e s s i m p r e s s i v e , 
a f f o r d i n g o n l y l i m i t e d i n h i b i t i o n o f LAL f o r m a t i o n . The r e s u l t s 
r e i n f o r c e t h e c o n c e p t t h a t e a c h p r o t e i n o r m o d i f i e d p r o t e i n has a 
c e r t a i n i n h e r e n t s u s c e p t i b i l i t y t o LAL f o r m a t i o n . M o d i f i c a t i o n 
o f a few amino gr o u p s c a u s e d s i g n i f i c a n t changes i n t h i s s u s c e p -
t i b i l i t y t o LAL f o r m a t i o n . C l e a r l y , c o n t r o l o f LAL s u s c e p t i b i l i t y 
w i t h minor changes c o u l d be o f g r e a t b e n e f i t i n d e v e l o p i n g new 
m o d i f i c a t i o n s o f p r o t e i n a t h i g h pH. I t i s a l s o i m p o r t a n t t o 
r e c o g n i z e t h a t a c e t y l a t i o n and s u c c i n y l a t i o n o f th e p r o t e i n i s 
l i k e l y t o compromise t h e n u t r i t i o n a l q u a l i t y o f the p r o t e i n . 

M o d i f i c a t i o n o f p r o c e s s i n g t e c h n i q u e s has r e s u l t e d i n r e 
duced LAL f o r m a t i o n . F i n l e y and K o h l e r (50) r e p o r t e d t h a t r e d u c 
t i o n o f a i r i n c o r p o r a t i o n d u r i n g a l k a l i n e t r e a t m e n t s i g n i f i c a n t l y 
r e d u c e d LAL c o n t e n t o f th e t r e a t e d p r o t e i n s . The r e s u l t s were 
s u p p o r t e d by l a t e r work o f F i n l e y e t a l . (13) which d e m o n s t r a t e d 
th e importance o f o x i d i z e d c y s t i n e i n LAL f o r m a t i o n . 

Of a l l t h e e f f o r t s t o re d u c e LAL f o r m a t i o n , c a r e f u l c o n t r o l 
o f p r o c e s s i n g c o n d i t i o n s i s t h e most s a t i s f a c t o r y a p p r o a c h a t 
t h i s t i m e . C a r e f u l c o n t r o l o f pH, t e m p e r a t u r e , a i r i n c o r p o r a t i o n , 
and i n g r e d i e n t q u a l i t y w i l l a l l o w m a n u f a c t u r e o f p r o d u c t s w i t h 
minimum LAL c o n t e n t . The s a f e t y and n u t r i t i o n a l q u a l i t y o f p r o -

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

01
2



12. F I N L E Y Lysinoalanine Formation in Proteins 213 

d u c t s must be c l e a r l y e s t a b l i s h e d b e f o r e r i g o r o u s m o d i f i c a t i o n s 
such a s a c y l a t i o n can be c o n s i d e r e d by t h e f o o d i n d u s t r y . 

The r e l a t i v e ease o f LAL f o r m a t i o n s u g g e s t s t h a t LAL c o n t e n t 
may be an e x c e l l e n t i n d i c a t o r o f a l k a l i n e damage t o p r o t e i n . In 
r o u t i n e a n a l y s i s o f amino a c i d s , i f LAL l e v e l s a r e below 50 ppm, 
the p r o t e i n can be c o n s i d e r e d undamaged by a l k a l i . 

Methods o f A n a l y s i s f o r LAL 
In a d d i t i o n t o b e i n g d e t e c t e d i n r o u t i n e amino a c i d a n a l y s i s , 

s e v e r a l s p e c i f i c methods have been d e v e l o p e d f o r d e t e r m i n a t i o n o f 
LAL i n f o o d o r f e e d p r o t e i n s . S i n c e LAL i s most f r e q u e n t l y bound 
in t h e p e p t i d e , a l l a n a l y t i c a l p r o c e d u r e s s t a r t w i t h an a c i d 
h y d r o l y s i s o f the p r o t e i n . The h y d r o l y s i s c o n d i t i o n s most f r e 
q u e n t l y used a r e 6N h y d r o c h l o r i c a c i d a t 110°C f o r 24 h r s . From 
t h e h y d r o l y s i s s t e p on, a v a r i e t y o f c h r o m a t o g r a p h i c p r o c e d u r e s 
have been a t t e m p t e d . 

Bohak (10) f i r s t o b s e r v e d LAL i n a l k a l i n e t r e a t e d p r o t e i n s . 
The LAL was measured as a new peak m i g r a t i n g w i t h the b a s i c amino 
a c i d s d u r i n g i o n exchange c h r o m a t o g r a p h y . The LAL peak i s c l e a r l y 
s e p a r a t e d f r o m l y s i n e and t h e o t h e r b a s i c amino a c i d s . The gen
e r a l l y s m all LAL peak i s sharp enough t o a l l o w measurement o f 
l e v e l s a s low a s 50 ppm t o be d e t e c t e d . S e n s i t i v i t y f o r t h e s e 
d e t e r m i n a t i o n s a r e b e s t a c c o m p l i s h e d by m o d i f i e d p r o c e d u r e s ( 6 7 ) . 
S e n s i t i v i t y i s a c c o m p l i s h e d by l o a d i n g s u f f i c i e n t sample and 
o p e r a t i n g the amino a c i d a n a l y z e r a t a h i g h s e n s i t i v i t y . The 
t e c h n i q u e w i l l f r e q u e n t l y r e q u i r e a s e p a r a t e c h r o m a t o g r a p h i c run 
fro m r o u t i n e p r o f i l e d e t e r m i n a t i o n s . In Raymond's work, he 
p o i n t s o u t t h e importance o f s e p a r a t i n g t h e LAL f r o m o t h e r b a s i c 
amino compounds such a s g l u c o s a m i n e , g a l a c t o s a m i n e , and t r y p t o p h a n 
which o c c u r i n th e same r e g i o n d u r i n g i o n exchange c h r o m a t o g r a p h y . 
Oth e r c h r o m a t o g r a p h i c m o d i f i c a t i o n s based on ion exchange chroma
t o g r a p h y have been p r o p o s e d (32, 34, 54-59). 

In a l l c h r o m a t o g r a p h i c p r o c e d u r e s , i n t e r f e r e n c e s o r p o t e n 
t i a l i n t e r f e r e n c e s a r e a pro b l e m . Slump (58) p r o p o s e d a s i n g l e 
sodium c i t r a t e b u f f e r (0.61N i n sodium pH 4.50) which s e p a r a t e d 
LAL f r o m h y d r o x y l y s i n e and o r n i t h i n o a l a n i n e . The same paper r e 
p o r t e d a f o u r b u f f e r system f o r c o m p l e t e amino a c i d a n a l y s i s . In 
th e f o u r b u f f e r system, h y d r o x y l y s i n e and o r n i t h i n o a l a n i n e i n t e r 
f e r e d w i t h LAL. Most o t h e r workers have o b s e r v e d s i m i l a r i n t e r 
f e r e n c e s t o v a r y i n g d e g r e e s depending on t h e s p e c i f i c b u f f e r s and 
r e s i n s b e i n g u s e d . 

S t e r n b e r g e t a l . (31) r e p o r t e d a t h i n l a y e r c h r o m a t o g r a p h i c 
p r o c e d u r e which a f f o r d e d s e p a r a t i o n and q u a n t i t a t i o n o f LAL. 
S t e r n b e r g ' s t e c h n i q u e a l l o w e d t h e d e t e c t i o n o f as l i t t l e a s 3 ng 
o f LAL. High s t a n d a r d d e v i a t i o n s and r e l a t i v e l y l o n g s e p a r a t i o n 
t i m e s t e n d t o l i m i t p r a c t i c a l a p p l i c a t i o n o f the t h i n l a y e r t e c h 
n i q u e ( 6 0 - 6 2 ) , imporved t h e t e c h n i q u e and s h o r t e n e d the t i m e t o 
4 h r s . 

Sakamoto e t a l . (63, 64) r e p o r t e d a method which measures 
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LAL and o t h e r c r o s s l i n k i n g amino a c i d s i n wool by gas l i q u i d 
c hromatography and mass s p e c t r o m e t r y d e t e c t i o n o f th e p r o d u c t s . 
The Sakamoto t e c h n i q u e o f f e r e d t h e a d v a n t a g e t h a t i d e n t i f i c a t i o n 
was b a s e d n o t o n l y on chromatography but a l s o on f r a g m e n t a t i o n 
p a t t e r n s o f th e compounds. The d i s a d v a n t a g e i s t h a t d e r i v a t i o n 
i s r e q u i r e d t o f o r m t h e t r i f l u o r o a c e t y l b u t y l e s t e r s p r i o r t o th e 
gas c h r o m a t o g r a p h i c s e p a r a t i o n . Hasegawa and Okamoto (37) em
p l o y e e a s i m i l a r gas c h r o m a t o g r a p h i c t e c h n i q u e u s i n g the same 
d e r i v a t i v e s . Schwass e t a l . (8) o b t a i n e d e x c e l l e n t s e p a r a t i o n o f 
LAL on an o p t i c a l l y a c t i v e column which a l s o s e p a r a t e d t h e d and 
1 i s o m e r s o f the amino a c i d s . High v o l t a g e e l e c t r o p h o r e s i s was 
used by A s q u i t h and Carthew (65) f o r s e p a r a t i o n and i d e n t i f i c a t i o n 
o f LAL. P r o v a n s a l e t a l . ( 3 3 T u t i 1 i z e d paper e l e c t r o p h o r e s i s 
a f t e r i o n exchange chromatography t o i d e n t i f y LAL i n v a r i o u s f r a c 
t i o n s . F r i t s c h and K l o s t e r m e y e r (41) r e p o r t e d improved s e n s i t i 
v i t y i n LAL a n a l y s i s by u s i n g o - p h t h a l a l d e h y d e and f l u o r o m e t e r i c 
measurement o f the LAL d e r i v a t i v e . Wood-Rethwill and Warthesen 
(66) d e v e l o p e d an HPLC t e c h n i q u e f o r LAL d e t e r m i n a t i o n which 
c o u l d s e r v e a s an e x c e l l e n t method f o r r a p i d s c r e e n i n g o f LAL 
c o n t e n t i n f o o d s o r f e e d s . 

From t h e l i t e r a t u r e one f i n d s t h a t LAL can be d e t e c t e d i n a 
v a r i e t y o f ways. When d e a l i n g w i t h l e v e l s commonly f o u n d i n 
f o o d s , some s p e c i a l e f f o r t s must be t a k e n f o r d e t e c t i o n a s p r o 
posed by Raymond (67) o r a d a p t a t i o n o f one o f the HPLC t e c h n i 
ques (41, 6 6 ) . F o r a n a l y s i s o f a l k a l i n e t r e a t e d p r o t e i n s t h e 
more r o u t i n e a p p r o a c h e s t o amino a c i d a n a l y s i s can be u t i l i z e d . 

B i o l o g i c a l E f f e c t s o f L y s i n o a l a n i n e 
S e v e r a l changes which can a d v e r s e l y i n f l u e n c e t h e n u t r i t i o n a l 

q u a l i t y o c c u r i n p r o t e i n s t h a t a r e s u b j e c t e d t o s e v e r e a l k a l i n e 
t r e a t m e n t s . L o s s e s i n t h e amino a c i d s ( l y s i n e and c y s t i n e , 
p a r t i c u l a r l y ) , d r o p s i n d i g e s t i b i l i t y , and r e d u c t i o n i n n e t p r o 
t e i n u t i l i z a t i o n a l l i n c r e a s e a s the s e v e r i t y o f th e a l k a l i n e 
t r e a t m e n t i n c r e a s e s ( 3 2 ) . I n c r e a s e s i n e i t h e r t e m p e r a t u r e o r pH 
o f t r e a t m e n t c a u s e d s i m i l a r r e s u l t s . D e c r e a s e d i n t e s t i n a l ab
s o r p t i o n amino a c i d s was a t t r i b u t e d t o L A L - l i k e c r o s s - l i n k s and 
r a c e m i z a t i o n . Kraus and Schmidt (68) a l s o o b s e r v e d a r e d u c t i o n 
i n d i g e s t i b i l i t y o f m i l k p r o t e i n s a s t r e a t m e n t t e m p e r a t u r e i n 
c r e a s e d f r o m 30 t o 90°C a t pH 12. 

The t o x i c e f f e c t s o f a l k a l i n e t r e a t e d f i s h p r o t e i n and 
c a s e i n were r e p o r t e d by C a r p e n t e r and Duckworth i n c h i c k s ( 6 9 ) . 
The a l k a l i n e t r e a t m e n t e f f e c t s r e s u l t i n g i n LAL f o r m a t i o n c a n n o t 
be s e p a r a t e d c o m p l e t e l y f r o m t h e r a c e m i z a t i o n e f f e c t s on th e 
amino a c i d s i n t h e p r o t e i n ( 8 , 7 0 ) . 

Newborne and Young (71) r e p o r t e d t h a t f e e d i n g r a t s a l p h a 
p r o t e i n (an a l k a l i n e t r e a t e d soy p r o t e i n i s o l a t e i n t e n d e d f o r 
i n d u s t r i a l u s e s ) r e s u l t e d i n m i c r o s c o p i c l e s i o n s i n t h e i n n e r 
c o r t e x o f th e k i d n e y , a l o n g w i t h n o n c a l c i f i e d mucoid s t r u c t u r e s 
i n t h e u r i n a r y b l a d d e r . Woodard's group (72-77) c o n f i r m e d t h a t 
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12. F I N L E Y Lysinoalanine Formation in Proteins 215 

t h e r e n a l l e s i o n s i n r a t s f e d a l k a l i n e t r e a t e d soy p r o t e i n were 
c y t o m e g a l i c changes i n t h e p a r s r e c t a o f t h e p r o x i m a l t u b u l e . 
Woodard e t a l . (78) a t t r i b u t e d t h e t o x i c e f f e c t o f a l k a l i n e 
t r e a t e d soy p r o t e i n t o LAL which was formed d u r i n g t h e a l k a l i n e 
t r e a t m e n t o f t h e p r o t e i n . Complete and a c c u r a t e d e s c r i p t i o n o f 
th e c y t o m e g a l i c changes were made by Woodard e t a l . (78) i n a 
r e v i e w a r t i c l e . 

The d i f f i c u l t i e s i n o b t a i n i n g an a c c u r a t e a n a l y s i s o f LAL 
c o m p l i c a t e d t h e e f f o r t s t o q u a n t i t a t e t h e l e v e l s o f LAL which 
c a u s e d t h e l e s i o n . Woodard e t a l . (78, 79) f e d 250 t o 3000 ppm 
s y n t h e t i c LAL t o r a t s a nd o b s e r v e d n e p h r o c y t o m e g l i a a t a l l l e v e l s . 
The h i g h e r doses d i d produce more s e v e r e l e s i o n s . I t i s i n t e r 
e s t i n g t h a t a n i m a l s i n j e c t e d i n t r a p e r i t o n e a l l y showed no q u a l i t a 
t i v e o r q u a n t i t a t i v e d i f f e r e n c e i n t h e l e s i o n f r o m a n i m a l s dosed 
by stomach t u b e w i t h 30 mg/day f r e e LAL. The stomach tube d o s i n g 
was e q u i v a l e n t t o 2000 t o 2500 ppm d i e t a r y LAL. Female r a t s 
a p p e a r e d somewhat more s u s c e p t i b l e t o the l e s i o n t h a n male r a t s . 
When f e e d i n g a l k a l i n e t r e a t e d soy p r o t e i n , d e G r o o t ' s group ob
s e r v e d n e p h r o c a l c i n o s i s i n f e m a l e r a t s , but t h e l e s i o n was o v e r 
come by i n c r e a s i n g d i e t a r y c a l c i u m (32, 35). In t h e s e e x p e r i 
ments, a l p h a p r o t e i n c o n t a i n i n g LAL l e v e l s a s h i g h a s 0.34% was 
f e d t o W i s t a r r a t s . VanBeek e t a l . (80) f e d a l k a l i n e t r e a t e d soy 
i s o l a t e a t l e v e l s a s h i g h a s 20% i n th e d i e t f o r 90 days and 
f o u n d no n e p h r o c y t o m e g l i a but d i d f i n d n e p h r o c a l c i n o s i s i n t h e 
r a t s . The n e p h r o c a l c i n o s i s was a t t r i b u t e d t o t h e h i g h p hosphorus 
c o n t e n t o f t h e d i e t . When f r e e LAL was f e d t o r a t s , t h e l o w e s t 
l e v e l t h a t i n d u c e d n e p h r o c y t o m e g l i a was 100 ppm i n the d i e t . 
deGroot e t a l . (35, 81) o b s e r v e d t h a t bound LAL d i d n o t produce 
n e p h r o c y t o m e g l y and f r e e LAL a p p e a r e d t o cause t h e l e s i o n s . Next 
t h e y f e d a c i d h y d r o l y z e d a l k a l i n e t r e a t e d p r o t e i n . The p r o t e i n , 
which had not c a u s e d c y t o m e g l y b e f o r e h y d r o l y s i s , p r o d u c e d s i g n i 
f i c a n t c y t o m e g l y a f t e r h y d r o l y s i s . I t i s e v i d e n t t h a t t h e f r e e 
amino a c i d (LAL) i s much more l i k e l y t o cause the l e s i o n t h a n when 
i t i s p r o t e i n bound. S t r u t h e r s e t a l . (82) c a l c u l a t e d t h e e f f e c t 
l e v e l t o be 80 t o 100 f o l d g r e a t e r f o r p r o t e i n bound LAL. 
S t r u t h e r s e t a l . a l s o r e p o r t e d t h a t t h e Sprague-Dawley s t r a i n o f 
r a t s was more s u s c e p t i b l e t o r e n a l c a l c i f i c a t i o n . Woodard's 
group s t u d i e d t h e Sprague-Dawley s t r a i n , d e G r o o t ' s group s t u d i e d 
t h e W i s t a r s t r a i n ; t h e d i f f e r e n c e i n r a t s t r a i n s may e x p l a i n t h e 
d i f f e r e n c e s between Woodard's and d e G r o o t ' s r e s u l t s . 

deGroot e t a l . (81) r e p o r t e d f e e d i n g s t u d i e s o f LAL w i t h 
s e v e r a l mammalian s p e c i e s . The r e s u l t s i n d i c a t e d t h a t r a t s were 
u n i q u e l y s u s c e p t i b l e t o t h e l e s i o n . F e e d i n g o f up t o 1000 ppm 
f r e e LAL t o mic e , h a m s t e r s , r a b b i t s , q u a i l , dogs and monkeys 
f a i l e d t o produce r e n a l c h a n g e s . S i m i l a r r e s u l t s were r e p o r t e d 
by Leegwater (83) and F i n o t e t a l . ( 8 4 ) . A p p a r e n t l y o n l y t h e r a t 
i s s u s c e p t i b l e t o LAL a t t h e s e l e v e l s . 

K a r a y i a n n i s e t a l . (85) r e p o r t e d no q u a n t i t a t i v e o r q u a l i t a 
t i v e d i f f e r e n c e i n r e s p o n s e s o f W i s t a r and Sprague-Dawley r a t s t o 
d i e t a r y l e v e l s o f LAL a s h i g h a s 2630 ppm bound i n a l k a l i n e 
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t r e a t e d i s o l a t e d soy p r o t e i n . I t was s u g g e s t e d , t h e r e f o r e , t h a t 
t h e d i f f e r e n c e s i n s e n s i t i v i t y may l i e i n a p a r t i c u l a r l i n e o f 
r a t s . I t was a l s o c o n c l u d e d t h a t p r o t e i n bound LAL d i d not i n 
duce n e p h r o c y t o m e g l i a i n mice, whereas f r e e LAL p r o d u c e d n e p h r o 
cytomegl i a a t a lower f r e q u e n c y t h a n r e p o r t e d i n r a t s (53, 8 6 ) . 
F i n l e y e t a l . (87) o b s e r v e d t h a t k i d n e y homogenates f r o m s u s c e p 
t i b l e s t r a i n s o f r a t s h y d r o l y z e d LAL a t a much g r e a t e r r a t e t h a n 
k i d n e y homogenate f r o m m i c e . The p r o d u c t s o f t h e h y d r o l y s i s were 
1 - l y s i n e and d , l - s e r i n e . F i n o t (84) r e p o r t e d a number o f p o t e n 
t i a l pathways by which LAL c o u l d be m e t a b o l i z e d . In t h e g u t , a 
c o n s i d e r a b l e p o r t i o n o f i n g e s t e d LAL i s c o n v e r t e d t o c a r b o n d i o 
x i d e by t h e b a c t e r i a . When l a b e l e d LAL i s g i v e n i n t r a v e n o u s l y , 
i t a p p e a r e d i n t h e i n t e s t i n e s and i n t h e cecum o f t h e r a t s . In 
the u r i n e , 10 l a b e l e d m e t a b o l i t e s were f o u n d i n c l u d i n g a t l e a s t 
f i v e a c e t y l a t e d LAL d e r i v a t i v e s . I t i s i n t e r e s t i n g t h a t F i n o t ' s 
group f o u n d t h e same m e t a b o l i t e s i n t h e u r i n e o f mice and hamsters 
t h a t do no t r e s p o n d w i t h c y t o m e g l y . 

In a d d i t i o n t o a c y l a t i o n , t h e r e a p p e a r t o be o t h e r modes by 
which LAL i s m e t a b o l i z e d i n t h e k i d n e y . Engelsma e t a l . (88) r e 
p o r t e d t h e o x i d a t i o n o f LAL by l-amino a c i d o x i d a s e . The o x i d a 
t i o n o f L , D - l y s i n o a l a n i n e r e s u l t e d i n t h e f o r m a t i o n o f 3 - ( p i p e r i -
d o n y l ) - a l a n i n e . I t was s u g g e s t e d , b ut n o t p r o v e n , t h a t 2 - ( p i p e r i -
d o n y l ) - a c e t i c a c i d would be t h e p r o d u c t o f t h e o x i d a t i o n o f L,L-
l y s i n o a l a n i n e . L a t e r , Leegwater and Tas (89) s u g g e s t e d t h a t when 
L,L- and L,D- LAL a r e t r e a t e d w i t h l-amino a c i d o x i d a s e i n t h e 
p r e s e n c e o f c a t a l a s e t h e p r o d u c t s a r e t h e 6S, 8S and 6R, 8R 
en a n t i o m e r s o f 1 , 7 - d i a z a b i c y c l o - [ 3 . 3 . 0 ] n o n a n e - 6 , 8 - d i c a r b o x y l i c 
a c i d . 

Tas and K l e i p o o l (90) s t u d i e d t h e v a r i o u s o p t i c a l i s o m e r s o f 
LAL and o b s e r v e d t h a t t h e y e x h i b i t d i f f e r e n t a c t i v i t i e s i n p r o 
d u c i n g t h e l e s i o n . They c o n c l u d e d t h a t l , d - L A L was 10- t o 3-
f o l d more a c t i v e i n p r o d u c i n g t h e l e s i o n t h a n t h e 1,1 o r d,d 
f o r m s . When combined w i t h t h e k i d n e y homogenate work o f F i n l e y 
e t a l . ( 8 7 ) , t h e r e s u l t s s u g g e s t t h a t t h e c o n c e n t r a t i o n o f d-
s e r i n e i n t h e k i d n e y homogenates a f t e r h y d r o l y s i s o f the LAL. 
The l-amino a c i d s a r e r a p i d l y m e t a b o l i z e d by the homogenate and 
the d - s e r i n e (which i s a p r o d u c t o f t h e h y d r o l y s i s o f t h e s e c o n d 
a r y amine o f LAL) a c c u m u l a t e s i n t h e homogenate. 

G o u l d and MacGregor (9]_), i n an e x c e l l e n t r e v i e w , p r o p o s e d 
s e v e r a l n u t r i t i o n a l f a c t o r s t h a t may i n f l u e n c e LAL t o x i c i t y . Im
p o r t a n t f a c t o r s a ppear t o be t h e m e t h i o n i n e l e v e l o f t h e d i e t , 
c a r b o h y d r a t e s o u r c e , and s a l t c o n c e n t r a t i o n . The p r o t e i n s o u r c e 
a p p e a r s t o be t h e major f a c t o r , but i t i s d i f f i c u l t t o s e p a r a t e 
v a r i a t i o n s i n s u s c e p t i b i l i t y and n u t r i t i o n a l f a c t o r s due t o v a r 
i a t i o n i n amino a c i d p r o f i l e o f t h e p r o t e i n . 

R e c e n t l y , H a y a s h i (92) s u g g e s t e d t h a t the c h e l a t i n g c h a r a c 
t e r i s t i c s o f LAL c o u l d be i n v o l v e d w i t h i t s t o x i c i t y . S i n c e LAL 
i s a s t r o n g c h e l a t o r , LAL c o u l d p o t e n t i a l l y remove metal i o n s 
f r o m metaloenzymes, t h e r e b y i n h i b i t i n g t h e enzyme. I n h i b i t i o n o f 
c a r b o x y p e p t i d a s e - B and a l c o h o l dehydrogenase were d e m o n s t r a t e d a s 
examples. 
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12. F I N L E Y Lysinoalanine Formation in Proteins 217 
From t h e c u r r e n t l i t e r a t u r e i t a p p e a r s t h a t f r e e LAL i s 

s i g n i f i c a n t l y more t o x i c t h a n p r o t e i n bound LAL. A number o f f a c 
t o r s a r e i n v o l v e d i n the t o x i c i t y o f LAL and i t s p o s s i b l e i m p l i c a 
t i o n s f o r humans. There i s no c u r r e n t e v i d e n c e t o su g g e s t t h a t 
t h e human i s s u s c e p t i b l e t o t h e c y t o m e g l y c a u s e d by LAL i n r a t s . 
The d e c r e a s e i n d i g e s t i b i l i t y o f t h e p r o t e i n i s w i t h o u t a doubt 
t h e most s i g n i f i c a n t f a c t o r i n a l k a l i n e t r e a t m e n t . M i l k a l k a l i 
t r e a t m e n t s as us e d by t h e f o o d i n d u s t r y do not app e a r t o y i e l d 
t o x i c l e v e l s o f LAL. C a r e f u l c o n t r o l o f p r o c e s s i n g c o n d i t i o n s 
a p p e a r s t o be t h e most s a t i s f a c t o r y a p p r o a c h t o p r e v e n t LAL f r o m 
becoming a h e a l t h h a z a r d f o r humans. 
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Isopeptides: The Occurrence and Significance 
of Natural and Xenobiotic Crosslinks 
in Proteins 

MICHAEL S. OTTERBURN 
Department of Chemical Engineering, The Queen's University of Belfast, 21 Chlorine 
Gardens, Belfast BT9 5DL, Northern Ireland 

Proteins are biopolymers having a molecular weight arbi
trarily greater than 5,000 daltons. They are essential for func
tions in cellular structure, catalysis, metabolic regulation and 
contractile processes. They also play an important part in the 
defensive and protective mechanisms in animals. 

Protein chains are built up of monomeric units, the α-amino 
acids linked together by amido groups (peptide links). This 
polymerisation occurs through the α-amino and α-carboxyl groups 
of adjacent residues. The result is a complex random copolymer 
with many different functional groups and consequently complex 
chemical and physical properties. Whilst it is self-evident that 
the protein reactivity and many of its physical properties depend 
on the primary sequence, the secondary and tertiary structures 
are also important in defining the molecules functions. Many 
inter- and intrachenic forces and crosslinks are responsible for 
maintaining these structures and it is the purpose of this review 
to emphasize the importance of such crosslinks in protein struc
ture, function and reactivity. 
Bonding and C r o s s l i n k i n g in P r o t e i n s 

Bonding f o r c e s which occur in p r o t e i n s f a l l in to two groups , 
p h y s i c a l and c h e m i c a l , the l a t t e r be ing o f p a r t i c u l a r i n t e r e s t 
in t h i s rev i ew . P h y s i c a l f o r c e s inc lude i o n i c i n t e r a c t i o n s be 
tween o p p o s i t e l y charged r e s i d u e s {Y)9 hydrogen bonds which are 
v i t a l in s t a b i l i z i n g the α - h e l i c a l conformat ions and i n t e r c h e n i c 
a t t r a c t i o n s in the secondary and t e r t i a r y s t r u c t u r e s (2 , 3 ) . 
The r o l e o f hydrophobic i n t e r a c t i o n i s a l s o p a r t i c u l a r l y Impor
t a n t in the s t a b i l i z a t i o n process ( 4 - 6 ) . The common f e a t u r e o f 
such p h y s i c a l s t a b i l i z a t i o n i s t h a t the a t t r a c t i o n s can be broken 
and reformed by v a r i o u s chemical and p h y s i c a l changes in the p r o 
t e i n s ' environment . 

An a l t e r n a t i v e method o f s t a b i l i z a t i o n in p r o t e i n s i s t h a t 

0097-6156/83/0234-0221 $06.00/0 
© 1983 American Chemical Society 
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222 X E N O B I O T I C S IN F O O D S A N D F E E D S 

b r o u g h t about by c o v a l e n t i n t e r a c t i o n s between r e s i d u e s o f a d 
j a c e n t p o l y p e p t i d e c h a i n s . The most w i d e l y d i s t r i b u t e d o f a l l 
known c r o s s l i n k s i s c y s t i n e . T h i s m o l e c u l e a l l o w s two c h a i n s 
( o r a s i n g l e f o l d e d c h a i n ) t o be c o v a l e n t l y l i n k e d t o g e t h e r by a 
d i s u l p h i d e b r i d g e . The importance o f t h i s m o i e t y and i t s i n h e r 
e n t r e a c t i v i t y has l e d t o a c o n s i d e r a b l e amount o f work b e i n g r e 
p o r t e d i n t h e s c i e n t i f i c l i t e r a t u r e (7_, 8 ) . 

O t h e r c r o s s l i n k s o f a more s p e c i a l i z e d o r i g i n have a l s o been 
n o t e d i n t h e l i t e r a t u r e . Such c r o s s l i n k s t e n d t o be s p e c i f i c t o 
a p a r t i c u l a r p r o t e i n r a t h e r t h a n b e i n g u b i q u i t o u s l i k e c y s t i n e . 
Thus i n c o l l a g e n and e l a s t i n t h e a l d o l and a l d o l i m i d e c r o s s l i n k s 
o c c u r . P r e c u r s o r s f o r c r o s s l i n k i n g i n t h e s e p r o t e i n s a r e t h e 
l y s i n e and h y d r o x y l y s i n e d e r i v e d a l d e h y d e s which a r e formed 
e n z y m i c a l l y . The c r o s s l i n k s o f c o l l a g e n a r e f o r m e d by a s e r i e s 
o f spontaneous a l d o l and a l d i m i d e c o n d e n s a t i o n s . In e l a s t i n t h e 
c r o s s l i n k s a r e f o r med by s i m i l a r r e a c t i o n s l e a d i n g i n t h i s c a s e 
t o t h e h i g h l y s t a b l e p y r i d i n i u m compounds demosine and isodemo-
s i n e . In t h e c a s e o f c o l l a g e n , t h e f u n c t i o n o f th e c r o s s l i n k s 
seems t o be t o c o n f e r o r d e r on th e a g g r e g a t e d p r o t e i n c h a i n s w i t h 
a r e s u l t i n g i n c r e a s e i n s t r e n g t h and d i m e n s i o n a l s t a b i l i t y . In 
th e c a s e o f e l a s t i n , the c r o s s l i n k s f u n c t i o n a p p e a r s t o be t h a t 
o f r e s t r i c t i n g t h e e x t e n s i b i l i t y o f t h e p o l y p e p t i d e c h a i n ( 9 - 1 1 ) . 

A n o t h e r group o f c r o s s l i n k s i n v o l v i n g t y r o s y l r e s i d u e s has 
been d e m o n s t r a t e d t o e x i s t i n the p r o t e i n r e s i l i n (12). T h i s 
c r o s s l i n k has been shown t o be formed f r o m d i m e r i c and t r i m e r i c 
r e s i d u e s o f t y r o s i n e ( 1 3 ) . The mechanism o f f o r m a t i o n o f t h e s e 
compounds i s b e l i e v e d t o be i n i t i a t e d by a p e r o x i d a s e . The en 
zyme c a t a l y z e s t h e o x i d a t i v e c o u p l i n g o f th e t y r o s i n e r e s i d u e s 
t h r o u g h t h e t h r e e p o s i t i o n s o f th e a r o m a t i c r i n g s . T a b l e 1 
i l l u s t r a t e s some o f th e c r o s s l i n k s known t o o c c u r i n p r o t e i n s . 

I s o p e p t i d e L i n k s 
I s o p e p t i d e c r o s s l i n k s a r e formed by th e c o v a l e n t r e a c t i o n o f 

the ε-amino group o f l y s i n e r e a c t i n g w i t h e i t h e r t h e 3 - c a r b o x y l 
group o f a s p a r t i c a c i d o r the α - c a r b o x y l group o f g l u t a m i c a c i d . 
Thus t h e g e n e r a l n o t a t i o n o f t h e s e l i n k s i s t o r e f e r t o them a s 
ω-ε i s o p e p t i d e c r o s s l i n k s t o d i f f e r e n t i a t e them f r o m t h e normal 
p e p t i d e 1 i n k . 

The i d e a t h a t such c r o s s l i n k s might o c c u r i n p r o t e i n s was 
r a i s e d by F i s c h e r (14) and more f o r c e f u l l y by A s t b u r y ( 1 5 ) . 
P a u l i n g and Nieman a l s o a l l u d e d t o such amide c r o s s l i n k s ( 1 6 ) . 
However, l i t t l e o r no work was c a r r i e d o u t on t h e s e e a r l y s ugges
t i o n s , p o s s i b l y because o f t h e p r o t e i n c h e m i s t r y o b s e s s i o n w i t h 
c y s t i n e and t h e i n t r a c t a b l e c r o s s l i n k s o f c o l l a g e n . In s p i t e o f 
t h i s h i a t u s , much i n d i r e c t e v i d e n c e was amassed f o r t h e i n v o l v e 
ment o f th e ε-amino group o f l y s i n e i n b i n d i n g r e a c t i o n s . T h i s 
c i r c u m s t a n t i a l e v i d e n c e has been a d e q u a t e l y r e v i e w e d by Loewy 
(J_7), P i s a n o e t a l . (J8 ) , F i n l a y s o n Q9 ) and A s q u i t h e t a l . (20). 
As a consequence o f t h i s , t h e c r o s s l i n k s (and o t h e r s ) were i n -
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224 X E N O B I O T I C S IN F O O D S A N D F E E D S 

f e r r e d f r o m b i n d i n g e x p e r i m e n t s . T h i s u n s a t i s f a c t o r y s i t u a t i o n 
was r e s o l v e d when an adequate enzymic d i g e s t i o n p r o c e d u r e was 
de v e l o p e d which e n a b l e d c - ( - y-GLUTAMIC)LYSINE (G-L) t o be i d e n t i 
f i e d f o r t h e f i r s t t i m e . T h i s b r e a k t h r o u g h o c c u r r e d i n 1968 w i t h 
the i d e n t i f i c a t i o n o f G-L i n b o v i n e and human f i b r i n . T h i s work 
showed t h a t a c r o s s l i n k o f G-L was formed a s the f i r s t s t e p i n 
the f i b r i n o g e n ^ f i b r i n t r a n s f o r m a t i o n i n b l o o d c l o t t i n g . The 
s t e p s l e a d i n g up t o the c r o s s l i n k f o r m a t i o n were i d e n t i f i e d and 
c h a r a c t e r i z e d {2]_9 2 2 ) . The p r e s e n c e o f G-L i n t h i s system 
opened a new e r a i n c r o s s l i n k i n v e s t i g a t i o n and f r o m t h a t time 
many workers have f o u n d t h e m o i e t y i n a wide v a r i e t y o f o r g a n i s m s . 
T h i s l e d Loewy e t a l . t o c o n c l u d e t h a t t h e i s o p e p t i d e o c c u r s 
u n i v e r s a l l y i n a l l l i v i n g systems ( 2 3 ) . Subsequent r e s e a r c h 
y i e l d e d t h e c r o s s l i n k i n an i m p r e s s i v e a r r a y o f c e l l s , o r g a n i s m s 
and t i s s u e s . The o c c u r r e n c e o f G-L and i t s s i g n i f i c a n c e i n b i o 
l o g i c a l m a t e r i a l s was the s u b j e c t o f an e x c e l l e n t r e v i e w by F o l k 
and F i n i ayson ( 2 4 ) . 

F o l l o w i n g t h e work on f i b r i n , t h e n e x t p r o t e i n t o be e x t e n 
s i v e l y s t u d i e d a s f a r a s the i s o p e p t i d e was c o n c e r n e d was th e 
h e t e r o g e n e o u s s t r u c t u r a l p r o t e i n k e r a t i n . In t h e i r work, A s q u i t h 
e t a l . (25) i d e n t i f i e d and i s o l a t e d G-L f r o m n a t i v e wool k e r a t i n 
and s u b s e q u e n t l y i s o l a t e d t h e a s p a r t y l a n a l o g u e c-(-3-ASPARTIC) 
LYSINE (A-L) f r o m t h e same s o u r c e ( 2 6 ) . O ther workers went on t o 
i d e n t i f y t he i s o p e p t i d e s i n human h a i r , g u i n e a p i g h a i r , p o r c u 
p i n e q u i l l s and p r o t e i n f r o m h a i r f o l l i c l e s (27, 2 8 ) . O t h e r t i s 
sues where i s o p e p t i d e s have been l o c a t e d i n c l u d e a v i a n and mouse 
muscle ( 2 9 ) , human s t r a t u m corneum (_30), e r t h y r o c y t e membranes 
(31 ), c e l l membranes {32) and b o v i n e c o l o s t r u m ( 3 3 ) . 

The mechanisms o f f o r m a t i o n o f G-L i n a l l t h e s e d i v e r s e t i s 
s u e s , whether s l i m e moulds o r human t i s s u e , i s b e l i e v e d t o be 
s i m i l a r . The c r o s s l i n k i n g b e i n g b r o u g h t about e n z y m i c a l l y v i a a 
t r a n s g l u t a m i n a s e , i n some c a s e s t h e enzyme system, has been i d e n 
t i f i e d ( 2 4 ) . 

The f u n c t i o n o f the i s o p e p t i d e s i n t h e v a r i o u s t i s s u e s i s 
not c l e a r , a l t h o u g h t h e y may c o n t r i b u t e d i r e c t l y t o t h e s t r u c t u r e 
o f t h e p a r t i c u l a r p r o t e i n . For example, p r i o r t o k e r a t i n i z a t i o n 
o r by s i m p l y i n c r e a s i n g t h e m o l e c u l a r weight o f a p r o t e i n system 
c o n f e r s enhanced s t a b i l i t y , d e c r e a s e d s o l u b i l i t y and i n c r e a s e d 
r e s i s t a n c e t o enzymic h y d r o l y s i s . 

I s o l a t i o n and A n a l y s i s o f I s o p e p t i d e s 

The major p r o b l e m i n a l l work c a r r i e d o u t on i s o p e p t i d e s was 
r e l a t e d t o the f a c t t h a t t h e i s o p e p t i d e bond i s c h e m i c a l l y an 
amide bond and a s a consequence o f t h i s i s s u s c e p t i b l e t o a t t a c k 
by a c i d s o r a l k a l i s , t h u s d e s t r o y i n g t h e i s o p e p t i d e . The o n l y 
p o s s i b l e methods were m i c r o b i o l o g i c a l o r en z y m i c , bot h o f which 
o b v i a t e t h e p r o b l e m o f random h y d r o l y s i s . Methods o f enzymic 
d i g e s t i o n had p r e v i o u s l y been known and a d e q u a t e l y u s e d ; however, 
such methods, a l t h o u g h s u i t a b l e f o r g l o b u l a r p r o t e i n s , p r o v e d t o 
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13. O T T E R B U R N Natural and Xenobiotic Crosslinks in Proteins 225 

be i n s u f f i c i e n t f o r p r o t e i n s w i t h a h i g h c r o s s l i n k d e n s i t y due t o 
h i g h c o n c e n t r a t i o n s o f c y s t i n e . In t h e l a t e 1960's and e a r l y 
1970's, new methods i n v o l v i n g r e d u c i n g and b l o c k i n g o f c y s t i n e 
f o l l o w e d by enzymic d i g e s t i o n were d e v e l o p e d . These p r o v e d t o be 
s u c c e s s f u l enough t o a l l o w i d e n t i f i c a t i o n and i s o l a t i o n o f the 
i s o p e p t i d e s (22, 3 4 ) . S i n c e t h e n , o t h e r methods have been sug
g e s t e d which m o d i f y the r e d u c t i o n and b l o c k i n g s t a g e s and a l s o 
i n t r o d u c e p r e - d i g e s t i o n s t a g e s i n t o t h e schemes ( 3 5 ) . 

In a l l t h e s e methods, p a r t i c u l a r l y w i t h the I c e r a t i n s , t h e 
e f f i c i e n c y o f r e d u c t i o n , b l o c k i n g and d i g e s t i o n i s i n q u e s t i o n 
and c o n s e q u e n t l y the t r u e c o n c e n t r a t i o n o f i s o p e p t i d e . I f t h e 
r e d u c t i o n s t a t e i s not 100% e f f i c i e n t , a r e a s o f the p r o t e i n w i l l 
be u n a b l e t o be d i g e s t e d and t h u s any i s o p e p t i d e s p r e s e n t i n 
such r e g i o n s w i l l n ot be m o n i t o r e d . Thus t h e r e a r e f r u i t f u l 
a r e a s o f r e s e a r c h a v a i l a b l e i n t o enzymic d i g e s t i o n o f c r o s s l i n k e d 
p r o t e i n s and, u n t i l a t o t a l l y e f f i c i e n t system i s d e v e l o p e d , t h e 
t r u e s i g n i f i c a n c e o f i s o p e p t i d e s i n p r o t e i n s w i l l n ot be r e v e a l e d . 

The o r i g i n a l method o f a n a l y s e s o f t h e i s o p e p t i d e s i n p r o t e i n 
d i g e s t s was t o use i o n exchange chromatography u s i n g sodium b u f 
f e r s ( 2 2 - 2 5 ) . However, a l t e r n a t i v e l y l i t h i u m b u f f e r s were used 
i n o r d e r t o o b t a i n b e t t e r s e p a r a t i o n and r e s o l u t i o n ( 3 6 ) . More 
r e c e n t l y G r i f f i n e t a l . (37) have d e v e l o p e d HPLC t o q u a n t i f y G-L, 
w h i l s t o t h e r workers have d e v e l o p e d r a p i d i o n exchange methods 
(38., 21). 

F o r m a t i o n o f I s o p e p t i d e s i n Heated P r o t e i n s 
The f a c t t h a t t h e i s o p e p t i d e s c o u l d be formed a s a c o n s e 

quence o f ther m a l t r e a t m e n t o f p r o t e i n s was f i r s t d e m o n s t r a t e d 
by A s q u i t h and O t t e r b u r n who a l s o showed t h a t the i s o p e p t i d e s had 
c r o s s l i n k i n g f u n c t i o n s and t h a t t h e i r c o n c e n t r a t i o n s i n c r e a s e d 
w i t h i n c r e a s i n g s e v e r i t y o f h e a t i n g ( 4 0 ) . The mechanism o f f o r 
mation c o u l d e i t h e r be v i a a c o n d e n s a t i o n o r t r a n s a m i n a t i o n r e 
a c t i o n depending on whether t h e f r e e c a r b o x y l i c a c i d o r t h e amide 
i s i n v o l v e d ( F i g u r e 1) ( 2 0 ) . 

L a t e r , o t h e r workers c o n f i r m e d t h e s e f i n d i n g s which a r e sum
m a r i z e d i n T a b l e 2. Thus i s o p e p t i d e s t o date have been f o u n d t o 
be formed d u r i n g h e a t i n g i n k e r a t i n ( 4 0 ) , m i l k p r o t e i n s ( 4 1 ) , 
muscle p r o t e i n s ( 4 2 ) , r i b o n u c l e a s e ( 4 3 j and o t h e r p r o t e i n s o f 
n u t r i t i o n a l i n t e r e s t ( 4 4 ) . The ease o f f o r m a t i o n o f t h e i s o p e p 
t i d e i n any s p e c i f i c p r o t e i n s h o u l d be dependent on two f a c t o r s : 
f i r s t l y , t h e c o n c e n t r a t i o n o f g l u t a m i c and a s p a r t i c a c i d s i n 
r e l a t i o n t o the c o n c e n t r a t i o n o f l y s i n e and, s e c o n d l y , t h e p r o x 
i m i t y o f the l y s y l and c a r b o x y l i c r e s i d u e s which w i l l be d e t e r 
mined by the c o n f o r m a t i o n o f t h e p r o t e i n c h a i n . 

I t has been shown by O t t e r b u r n e t a l . (44) t h a t t h e r e i s no 
o b v i o u s c o r r e l a t i o n between t h e q u a n t i t y o f i s o p e p t i d e s formed 
and t h e c o n c e n t r a t i o n o f t h e i n v o l v e d r e s i d u e s i n the p r o t e i n . 
These a u t h o r s a l s o showed t h a t i n one s p e c i f i c c a s e , v i z . l y s o 
zyme, the s t e r e o s t r u c t u r e o f t h e p r o t e i n c o u l d be used a s a g u i d e 
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COOH COOH 
HC-(CH 2 )2-COOH or H C - C C ^ - C O N H z 

N H 2 N H 2 

Glutamic acid Glutamine 

\ ^ COOH j 

+HC-(CH2)4 -NH2 

N H 5 ^2 
Lysine 

COOH COOH 

H C - C H 2 - C O O H or HC-CH2-CONH2 

N H 2 

Aspartic acid 

N H 2 

Asparagine 

COOH / 

4HC - ( C H 2 )4 - N H 2 

N H 2 

Lysine 

COOH N H 2 

HC- (CH2 )2 - C O - N H - (CH2>4-CH 

N H 2 COOH 

COOH J N H 2 

H C - C H 2 - C O - N H - ( C H 2 )4 - C H 

N H 2 COOH 

ε - (-Y-GLUTAMIC) LYSINE É - ( - β - A S P A R T I C ) LYSINE 

Figure 1. Proposed reaction scheme for the formation of ω - e isopeptides in 
heated proteins. 
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228 X E N O B I O T I C S IN F O O D S A N D F E E D S 

t o t h e t y p e o f c r o s s l i n k most l i k e l y t o be form e d . Weder e t a l . 
(43) have r e c e n t l y shown a s i m i l a r example w i t h r i b o n u c l e a s e 
where t h e y showed t h a t i n t e r m o l e c u l a r b o n d i n g o c c u r r e d between 
dimers and o l i g o m e r s o f r i b o n u c l e a s e . The a b s o l u t e v i n d i c a t i o n 
o f t h i s argument a w a i t s more work b e i n g c a r r i e d o u t on p r o t e i n s 
w i t h known s e c o n d a r y s t r u c t u r e s . 

The p r e s e n c e o f r e d u c i n g s u g a r s and l i p i d s m i l i t a t e s a g a i n s t 
t h e f o r m a t i o n o f i s o p e p t i d e s : i n t h e f o r m e r c a s e , because o f com
p e t i t i v e M a i l l a r d r e a c t i o n s , and i n t h e l a t t e r , by c o m p e t i t i o n t o 
for m e s t e r s o r by a c t i n g a s a h y d r o p h o b i c b a r r i e r between t h e 
l y s y l and g l u t a m y l o r a s p a r t y l r e s i d u e s ( 4 4 ) . 

Thus t h e r e i s now c o n s i d e r a b l e e v i d e n c e t h a t i s o p e p t i d e s a r e 
formed d u r i n g t h e h e a t i n g o f p r o t e i n s , the amounts formed depend
i n g on the p u r i t y o f th e s t a r t i n g m a t e r i a l and t h e s e v e r i t y o f 
h e a t i n g . 

N u t r i t i o n a l Consequences o f I s o p e p t i d e F o r m a t i o n 

I t has been known f o r some time t h a t heat i n d u c e s changes i n 
the p h y s i c a l p r o p e r t i e s o f p r o t e i n s and t h a t such changes i n 
f l u e n c e t h e p r o t e i n s d i g e s t i b i l i t y and hence i t s n u t r i t i o n a l v a l u e 
as a f o o d (45, 4 6 ) . The n u t r i t i o n a l v a l u e o f heat s t e r i l i z e d 
p r o t e i n s was i n v e s t i g a t e d by C a r p e n t e r e t a l . (47) and o t h e r s 
(48, 4 9 ) . T h i s work e s t a b l i s h e d t h a t t h e d e c r e a s e i n n u t r i t i o n a l 
v a l u e was r e l a t e d t o th e i n v o l v e m e n t o f r e a c t i v e l y s i n e g r o u p s . 
From t h i s work i t became a p p a r e n t t h a t t h e ε-amino group o f the 
l y s i n e r e s i d u e s were b e i n g b l o c k e d by p h y s i c a l i n h i b i t i o n o r chem
i c a l c o m b i n a t i o n (40, 50) t o f o r m m o i e t i e s which were u n a t t a c k e d 
by enzymes i n t h e g u t , t h u s e f f e c t i v e l y r e d u c i n g t h e i n t a k e o f 
l y s i n e by the a n i m a l . B j a r n a s o n and C a r p e n t e r (51^, 52) showed 
t h a t s i m p l e a c y l a t i o n o f the ε-amino group was i n i t s e l f i n s u f f i 
c i e n t t o cause t h e e f f e c t . Indeed, a c y l a t e d l y s i n e was shown t o 
have growth p r o m o t i n g p r o p e r t i e s when f e d t o young r a t s on a l y 
s i n e d e f i c i e n t d i e t . 

These o b s e r v a t i o n s l e d t o t h e s p e c u l a t i o n t h a t t h e ε-amino 
group o f l y s i n e was i n v o l v e d i n c r o s s l i n k f o r m a t i o n which e i t h e r 
p r e v e n t e d o r i n h i b i t e d t h e d i g e s t i v e p r o c e s s e s . The p o s s i b l e 
c r o s s l i n k s were t h e i s o p e p t i d e s and l y s i n o a l a n i n e . T h i s l a t t e r 
c r o s s l i n k can be formed v i a a M i c h a e l a d d i t i o n r e a c t i o n o f the 
ε-amino group o f l y s i n e a c r o s s t h e d o u b l e bonds o f d e h y d r o a l a n i n e , 
t h e l a t t e r b e i n g t h e d e g r a d a t i o n p r o d u c t o f a l k a l i o r heat de
gra d e d c y s t i n e ( 5 3 - 5 5 ) . L y s i n o a l a n i n e i s known t o be s t a b l e t o 
a c i d and enzymic h y d r o l y s i s and was s u b s e q u e n t l y i d e n t i f i e d i n 
h e a t e d p r o t e i n s ( 4 0 ) . The c o n c e n t r a t i o n o f l y s i n o a l a n i n e i n 
c r e a s e s c o n s i d e r a b l y i n a l k a l i / h e a t c o m b i n a t i o n s ( 5 5 ) . The b i o 
l o g i c a l s t a b i l i t y o f th e i s o p e p t i d e s has a l s o been i n v e s t i g a t e d . 
Thus O t t e r b u r n e t a l . (44) showed t h a t G-L was s t a b l e t o t h e 
r e d u c t i o n / b l o c k i n g and enzyme systems used t o i s o l a t e t h e com
pound i n p r o t e i n s . C a r p e n t e r and W a ible (56) i n v e s t i g a t e d t h e 
s t a b i l i t y and u t i l i z a t i o n o f f r e e i s o p e p t i d e s as a so u r c e o f 
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l y s i n e . They were a b l e t o show w i t h c h i c k s t h a t t h e f r e e i s o p e p 
t i d e G-L was m e t a b o l i z e d and had some growth p r o m o t i n g e f f e c t . 
These workers a l s o showed t h a t none o f t h e f r e e i s o p e p t i d e c o u l d 
be d e t e c t e d i n t h e u r i n e , a l t h o u g h t r a c e s were f o u n d i n t h e p l a s 
ma. T h i s o b s e r v a t i o n i n d i c a t e d t h a t some i s o p e p t i d e had been 
a b s o r b e d t h r o u g h t h e i n t e s t i n a l w a l l a l t h o u g h n o t a l l t h e G-L 
was a c c o u n t e d f o r . 

R a c z y n s k i e t a l . (57) o b s e r v e d t h a t t h e s u p e r n a t a n t f r a c t i o n 
o f k i d n e y homogenates c a u s e d g r e a t e s t enzymic h y d r o l y s i s o f G-L. 
However, O t t e r b u r n and H e a l y (58, 59) f o u n d t h a t s u p e r n a t a n t f r a c 
t i o n s o f sma l l i n t e s t i n a l homogenates e x h i b i t e d maximum enzymic 
a c t i v i t y towards t h e i s o p e p t i d e s . These r e s u l t s were s u b s t a n 
t i a t e d by r e s u l t s o b t a i n e d i n s t u d y i n g t h e t r a n s f e r e n c e o f G-L 
a c r o s s t h e w a l l o f the s m a l l i n t e s t i n e s o f r a t s u s i n g t h e e v e r t e d 
s a c - t e c h n i q u e ( 5 9 ) . These l a t t e r r e s u l t s showed t h a t G-L was 
h y d r o l y z e d t o a c o n s i d e r a b l e degree (71.03%) i n t h e j e j u n a l r e g i o n 
o f t h e gut and t o a l e s s e r e x t e n t (24.4%) i n t h e duodenal and 
i l e a l (8.72%) r e g i o n s . A g a i n , t h e s e r e s u l t s a r e a t v a r i a n c e w i t h 
t h o s e o f R a c z y n s k i e t a l . (57) whose i n v i t r o s t u d i e s w i t h e v e r t e d 
i n t e s t i n a l s a c s showed t h a t r a d i o l a b e l l e d G-L p a s s e d a c r o s s t h e 
gut w a l l unchanged. 

The r e s u l t s o f O t t e r b u r n and H e a l y , however, a g r e e w i t h the 
s u g g e s t i o n s o f Waib l e and C a r p e n t e r (56) t h a t h y d r o l y s e s o f i n 
g e s t e d G-L can o c c u r w i t h i n t h e i n t e s t i n a l w a l l a s a consequence 
o f which o n l y t r a c e s o f G-L a r e f o u n d i n t h e b l o o d p l a s m a . 

Very l i t t l e work has been c a r r i e d o u t on t h e n u t r i t i o n a l 
s i g n i f i c a n c e o f s e v e r e l y h e a t e d p r o t e i n s which a r e known t o c o n 
t a i n i s o p e p t i d e c r o s s l i n k s . One such s t u d y was c a r r i e d o u t by 
H u r r e l l e t a l . (42) u s i n g s e v e r e l y h e a t e d c h i c k e n muscle p r o t e i n 
f e d a s p a r t o f th e d i e t t o r a t s . These workers a n t i c i p a t e d t h a t 
t h e i n a c c e s s i b l e l y s i n e and l y s i n e r e s i d u e s i n v o l v e d w i t h i s o p e p 
t i d e s would have s i g n i f i c a n t l y r e d u c e d d i g e s t i b i l i t y v a l u e s com
p a r e d w i t h the o v e r a l l p r o t e i n . Thus i t was e x p e c t e d t h a t such 
h i g h l y s i n e f r a c t i o n s would a c c u m u l a t e i n t h e i l e a l and f a e c a l 
c o n t e n t s . However, i t was f o u n d t h a t a l t h o u g h p r o t e i n d i g e s t i 
b i l i t y was g r e a t l y r e d u c e d a f t e r h e a t t r e a t m e n t , t h e i s o p e p t i d e s 
t h e m s e l v e s were a t l e a s t a s d i g e s t i b l e a s the t o t a l p r o t e i n com
ponent, t o t a l l y s i n e and FDNB r e a c t i v e l y s i n e . The r e d u c t i o n i n 
i l e a l p r o t e i n d i g e s t i b i l i t y o n l y p a r t l y a c c o u n t e d f o r t h e much 
l a r g e r r e d u c t i o n i n n u t r i t i v e v a l u e a s measured by t h e Net P r o t e i n 
R a t i o (NPR). One e x p l a n a t i o n f o r t h i s r e s u l t may be f o u n d i n t h e 
f a c t t h a t i f i s o p e p t i d e s a r e n o t a b s o r b e d t h r o u g h t h e i l e u m t h e y 
w i l l p a s s t o the c o l o n where i n t e s t i n a l b a c t e r i a and m i c r o f l o r a 
a r e a b l e t o h y d r o l y z e them ( 4 4 ) . 

Thus t h e r e i s e v i d e n c e t o show t h a t b o t h G-L and A-L a r e 
f o u n d i n p r o t e i n s which have been s u b j e c t e d t o heat t r e a t m e n t s -
th e q u a n t i t y o f i s o p e p t i d e s formed b e i n g r e l a t e d t o t h e s e v e r i t y 
o f t r e a t m e n t . F u r t h e r , i t seems t h a t the i s o p e p t i d e s a r e i m p l i 
c a t e d t o some e x t e n t i n t h e r e s u l t i n g f a l l i n n u t r i t i o n a l v a l u e 
a s m o n i t o r e d by NPR. 
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C o n c l u s i o n 
The p r e s e n c e o f i s o p e p t i d e c r o s s l i n k s i n h e a t e d p r o t e i n s i s 

i n t e r e s t i n g f r o m a s c i e n t i f i c v i e w p o i n t a s i t i s a r a r e example 
o f t h e f o r m a t i o n o f a x e n o b i o t i c s u b s t a n c e which i s a l s o f o u n d i n 
n a t i v e p r o t e i n s . O t h e r examples a r e l a n t h i o n i n e and l y s i n o a l a 
n i n e which can be formed x e n o b i o t i c a l l y and have been shown by 
Gr o s s t o o c c u r n a t u r a l l y i n c i n n a m y c i n ( 6 0 ) . 

To date t h e r e i s no e v i d e n c e t h a t t h e i s o p e p t i d e s have any 
t o x i c o l o g i c a l m a n i f e s t a t i o n s i n h e a t e d f o o d s , a l t h o u g h l i t t l e o r 
no work has been c a r r i e d o u t i n t h i s a r e a . The o n l y e v i d e n c e o f 
any d e l e t e r i o u s e f f e c t s o f t h e x e n o b i o t i c s i s t h e r e d u c t i o n t h e y 
c a u s e i n n u t r i t i o n a l v a l u e a s measured by NPR. In o r d e r t o f u l l y 
u n d e r s t a n d t h e r o l e and importance o f t h e i s o p e p t i d e s i n p r o t e i n 
f o o d s t u f f s and n u t r i t i o n , more work s h o u l d be un d e r t a k e n i n t o 
t h e i r n u t r i t i o n a l and t o x i c o l o g i c a l p r o p e r t i e s . 
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14 
Mode of Formation of Aflatoxin in Various Nut 
Fruits and Gross and Histologic Effects of 
Aflatoxins in Animals 
RICHARD J. COLE, TIMOTHY H. SANDERS, and PAUL D. BLANKENSHIP 
National Peanut Research Laboratory, Dawson, GA 31742 

ROBERT A. HILL 
Georgia Coastal Plain Experiment Station, Tifton, GA 31793 

Aspergillus flavus Link and the closely related 
fungus A. parasiticus Speare are two species of 
fungi that are capable of invading various food and 
feed commodities and causing extensive economic 
losses by contamination of these commodities with 
highly toxic aflatoxins, thus, posing a threat to 
animal health. The specific conditions that result 
in containation of peanut, pecans, almonds, and 
pistachio nuts with the aflatoxins are discussed 
in detail. The primary target organ of the afla
toxins in domestic animals is the liver. A 
discussion of the gross and histological effects 
of aflatoxin poisoning in rainbow trout and swine 
is presented. 

A considerable amount of research e f f o r t has been expended 
since the discovery of the highly toxic aflatoxins contaminating 
B r a z i l i a n peanut meal i n Great B r i t a i n i n the early I960 1s. 
Recently some of this e f f o r t has been expanded to define the 
etiology of aflatoxin contamination i n peanuts. The preharvest 
and storage phases of peanut production are most often associ
ated with s i g n i f i c a n t aflatoxin contamination. 

The most extensive aflatoxin contamination of peanuts occurs 
during preharvest following drought stress. Environmental con
ditions affect the nature and degree of microbial interaction 
with peanuts. Despite the omnipresence of Aspergillus flavus 
propagules i n the s o i l during peanut f r u i t development, the 
fungus i s innocuous except during periods of environmental stress. 
Recent studies have shown that dry s o i l conditions and an ele
vated s o i l temperature i n the geocarposphere during the l a t t e r 
4-6 weeks of the growing season are the major factors responsible 
for preharvest aflatoxin contamination (1,2)(Table 1). The 
apparent effect of dry s o i l conditions i s to reduce microbial 
a c t i v i t y and, therefore, antagonism by competitors of A. flavus. 
The major fungal antagonists of A. flavus are probably A. niger 

T h i s c h a p t e r n o t sub jec t t o U . S . c o p y r i g h t . 
P u b l i s h e d 1983, A m e r i c a n C h e m i c a l S o c i e t y 
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14. C O L E E T A L . Aflatoxins: Formation and Effects 235 

and Trichoderma sp., which cannot tolerate low environmental 
moisture conditions as can A. flavus. The lower l i m i t of water 
a c t i v i t y (Aw) capable of sustaining growth i s approximately 0.88 
Aw for A. niger, whereas 0.78 i s considered the lower l i m i t for 
A. flavus (3). 

In conjunction with drought stress, an elevated geocarpo-
sphere temperature during the l a t t e r 4-6 weeks of the growing 
season i s necessary for preharvest aflatoxin contamination of 
peanuts (1,2). Experiments i n which peanuts were grown under 
drought stress at selected geocarposphere temperatures, showed 
that an overall mean geocarposphere temperature between 26.7-
32.2°C was required i n addition to dry s o i l conditions for pre
harvest aflatoxin contamination to develop (Table I ) . Elevated 
geocarposphere temperatures presumably break down some resistance 
mechanism i n the developing peanut f r u i t , enabling A. flavus to 
grow and produce aflatoxin. 

Peanut plants that grow with adequate moisture overlap the 
row middles during the l a t t e r third of the growing season i n such 
a fashion that the s o i l surface under, and between, the rows i s 
shaded from direct sunlight. It has been shown that the mean 
geocarposphere temperature under these conditions (approximately 
24°C) i s not affected greatly by ambient temperatures (1,2). 
Peanut plants grown under severe drought stress, during the l a t t e r 
4-6 weeks of the growing season, recede so as to p a r t i a l l y expose 
the s o i l surface to direct sunlight, which causes an increase i n 
geocarposphere temperature. Thus, the two major requirements (dry 
s o i l and elevated geocarposphere temperature) for preharvest a f l a 
toxin contamination are achieved. 

It has been reported that the aflatoxin content of insect-
damaged peanuts i s considerably higher than contaminated undamaged 
peanuts (1,2.). The lesser cornstalk borer, which i s the most 
important s o i l insect responsible for peanut kernel damage, favors 
hot, dry environmental conditions similar to those favored by A. 
flavus. In addition, insecticide applications must be wetted into 
the s o i l to be effe c t i v e . Thus, insect treatments during drought 
periods are largely i n e f f e c t i v e . 

The other phase of peanut production i n which aflatoxin con
tamination may occur i s storage. The primary concern i n main
taining peanuts aflatoxin-free during storage i s moisture control 
(4). Required temperatures may be b i o l o g i c a l l y generated i n a 
mass of peanuts by microbial action. The source of moisture may 
be from a l o t of improperly dried peanuts (stored with greater 
than 10% moisture). Condensation of moisture within the ware
house, because of an inadequate flow of a i r through the peanuts 
and the overspace, i s also a cause. This occurs when the moisture 
condenses before i t i s exhausted from the warehouse. Another 
source of excessive moisture i s a leaky warehouse roof. Peanuts 
moistened from a leak can become highly contaminated with a f l a 
toxin and these can, i n turn, contaminate a considerable amount of 
uncontaminated peanuts when they are mixed. Two additional 
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236 X E N O B I O T I C S IN F O O D S A N D F E E D S 

sources of moisture i n warehouses are high moisture foreign 
material, such as wild cucumbers and aqueous insecticide a p p l i 
cations (4) . 

In addition to peanuts (which are not botanically true nuts), 
aflatoxins have been found i n many of the tree nuts including 
pistachios, almonds, pecans, and other tree nuts (5). 

Pistachio nuts are formed i n clusters and enclosed i n a h u l l . 
They are either hand-harvested (imported nuts) or mechanically 
harvested (domestically produced nuts). Conventional methods of 
processing harvested nuts are used abroad. This procedure 
involves sun drying i n the h u l l . The dried nuts are stored either 
i n bulk or i n burlap bags. Before marketing the nuts are dehulled 
after soaking them i n water for 4-6 hrs. The nuts are then re-
washed and dried with sun, or hot a i r dryers. The use of a r t i 
f i c i a l drying of pistachios, as compared to sun drying, i s more 
desirable and provides less chance for mold growth and aflatoxin 
development (6). 

Storage of pistachio nuts i n the h u l l necessitates rewetting 
before dehulling; therefore, storage of nuts after dehulling 
would provide less opportunity for aflatoxin contamination. Also, 
the presence of the h u l l favors mold growth under favorable con
ditions ( 7 ) . 

Since nuts that are s p l i t are more readily invaded by A. 
flavus than sound nuts, the s p l i t nuts should be separated from 
intact nuts after dehulling and should be stored separately (8). 

A survey conducted i n 3 areas of the Gajiantep province of 
Turkey, representing extremes of geography and climate, showed 
that A. flavus was a common contaminant of harvested stored nuts 
at a l l stages after dehulling, but there was no evidence of s i g 
n i f i c a n t aflatoxin contamination of immature or freshly harvested 
nuts (2). In contrast, i n a study of Iranian pistachio nuts, 
Rahnema (.10). observed contamination of immature nuts (endosperms) 
while s t i l l on the tree. Based on p a r a l l e l observations i n pea
nuts, the explanation may be that A. flavus i s more competitive i n 
the hotter, more ari d climate. In addition, the higher tempera
tures may predispose the developing f r u i t to aflatoxin develop
ment i n a way similar to that observed i n peanuts (1,2). 

Aspergillus flavus invasion and aflatoxin contamination i n 
almonds are usually associated with damaged kernels (8,11,12,13). 
The most si g n i f i c a n t source of damage to almond kernels i s caused 
by the navel orangeworm larvae, Amyelois transite11a (Walker). 
The insect attacks the almond kernel i n the orchard, after natural 
s p l i t t i n g of the f r u i t , as i t matures. Apparently, the insect 
provides an invasion route for A. flavus by injuring the kernel 
rather than serving as a vector of the fungus (14)• The source of 
A. flavus propagules i s from the environment, where they are 
disseminated by natural factors, such as wind and r a i n . Studies 
have shown that A. flavus invasion and aflatoxin development i n 
almonds occur i n the orchard following the natural s p l i t t i n g of 
the h u l l before harvest (12). Normally, the moisture content of 
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the almond kernel at harvest i s i n s u f f i c i e n t to support growth of 
A. flavus. Although i t i s somewhat unclear at this time whether 
A. flavus invasion and aflatoxin development can occur i n the 
absence of insect damage, results suggest that sound almond 
kernels are r e l a t i v e l y free of aflatoxin contamination. However, 
surveys over a three-year period established that aflatoxin may 
occur i n tree nuts, such as almond, throughout the growing area 
and that only a r e l a t i v e l y few kernels i n a large population were 
contaminated (8). 

The pecan nut may be invaded by numerous fungi including the 
A. flavus group. There i s no clearly defined evidence that a f l a 
toxin contamination i n pecans i s a preharvest problem similar to 
peanuts. The problem, as currently understood, occurs when pecans 
are damaged by insects or when they l i e on the ground several days 
after normal drop (15). In addition, the benefits of timely har
vest of pecans may he l c s t ^ i f they are not adequately dried and 
stored. This i s due to damage incurred to the shells during 
mechanical harvesting (16). Furthermore, i t was concluded that 
resistance due to the s h e l l apparently i s a v a r i e t a l characteris
t i c that i s related to s h e l l structure. Selection of v a r i e t i e s 
on the basis of s h e l l structure and resistance to s p l i t t i n g 
should provide adequate protection from A. flavus invasion and 
subsequent aflatoxin contamination. This, i n conjunction with 
prompt harvesting and good storage practices, should insure nuts 
that are aflatoxin^free. 

Histologic effects of aflatoxins i n animals 

A t y p i c a l gross c l i n i c a l sign of chronic aflatoxicosis i n 
animals i s general unthriftiness resulting from reduced feed con
sumption and feed conversion e f f i c i e n c y . The major target organ 
of aflatoxin Βχ i s the l i v e r , with variable adverse effects 
depending on the animal species involved. The potent hepatocar-
cinogenicity of aflatoxin Βχ i s seen i n the Shasta s t r a i n of r a i n 
bow trout (17) and i n the Fischer s t r a i n of rat (Table II)(18). 

Table I I . Carcinogenic Effects of Dietary Levels of Aflatoxin Βχ 
i n Rats 

Aflatoxin Levels Number of Animals Total Animals 
(ppb) With Carcinoma Tested 

0 0 18 
1 2 22 
5 1 22 

15 4 21 
50 20 25 

100 28 28 

This i s i n contrast to the Wister s t r a i n of rat, which i s not 
nearly as susceptible to the carcinogenic effects of aflatoxin Βχ 
(19). 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

01
4



238 X E N O B I O T I C S IN F O O D S A N D F E E D S 

The rainbow trout i s known to be one of the most sensitive 
animals to the toxic effects of dietary aflatoxin, especially the 
hepatocarcinogenic effects. The LD^Q of pure aflatoxin Βχ i n 
trout i s 0.5 mg/kg for a single dose, and 0.3 mg/kg for a dose 
given over a 5-day period. Trout fed levels as low as 0.4 yg/kg 
i n the diet showed a s i g n i f i c a n t incidence of hepatoma after 12 
months1 exposure. In the l a t t e r case, the t o t a l intake of a f l a 
toxin Β χ over the one-year period would be 0.1-0.2 yg. In trout 
fed aflatoxin at 20 yg/kg for 20 days, incidence of hepatoma was 
40% after 12 months. Recently, i t was reported that when embryo-
nated trout eggs were placed i n an aqueous solution of aflatoxin 
ΒI (0.5 yg/ml) for only 1 hour, the incidence of hepatoma was 40% 
after 10 months (20). Table II shows that the Fischer s t r a i n of 
rat i s also very susceptible to the hepatocarcinogenic effects of 
aflatoxin Βχ (18). 

Induction of l i v e r carcinoma has been less consistent i n 
animals other than the Shasta trout and Fischer r a t . For example, 
there are few, i f any, d e f i n i t i v e accounts of aflatoxin-induced 
l i v e r cancer i n swine (21). Aflatoxicosis i n most animals appears 
to be similar to that observed i n swine. The carcass of a pig 
suffering from aflatoxicosis appears yellow or jaundiced due to 
impaired l i v e r function and the resultant accumulation of b i l i 
rubin i n the tissues. The peritoneal cavity and pericardium 
contain excessive f l u i d . The gross appearance of the l i v e r i s 
often yellow due to accumulation of f a t . The b i l e i s t y p i c a l l y a 
straw color rather than the normal dark color. On gross obser
vation, the lobular pattern may be accentuated due to the accumu
l a t i o n of fat and an increase of fibrous tissue around the lobule. 
Microscopically, there i s fatty change, p r o l i f e r a t i o n of b i l e 
ductules within the lobule, karyomegaly (enlarged nuclei), megalo-
cytocis (enlarged hepatocytes), nodular regeneration (hyperplasia), 
and perilobular f i b r o s i s developing ultimately into a dissecting 
f i b r o s i s reminiscent of the condition of advanced cir r h o s i s seen 
with alcoholism i n humans (21). In a f l a t o x i c o s i s , necrosis of the 
l i v e r i s centrolobular i n swine and t y p i c a l l y periportal i n other 
animals, such as the rat. 

Although aflatoxin has been shown to be toxic to humans (22), 
the role of these toxins i n human primary l i v e r cancer remains 
obscure. Epidemiological studies i n humans conducted i n portions 
of A f r i c a show a correlation between increased incidence of human 
primary l i v e r cancer and increase i n aflatoxin intake (23). How
ever, epidemiological studies i n the U.S. do no indicate a 
correlation between incidence of primary human l i v e r cancer and 
aflatoxin consumption. In the Southeast, the average intake of 
aflatoxin i s estimated to be nine times greater than the national 
average (24). However, according to unpublished data from the 
U.S. National Center for Health S t a t i s t i c s , the number of deaths 
from l i v e r cancer i s lower i n each of the eight population groups 
i n the Southeast as compared to the national average (24). 

In summary, the environmental conditions that appear to be 
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14. C O L E E T A L . Aflatoxins: Formation and Effects 2 3 9 

c r i t i c a l for aflatoxin contamination of nuts i n general are dam
age, elevated temperature, and i n peanuts, dry s o i l conditions. 
The l a t t e r condition i s related to microbial competition and may 
be unique to peanuts, since they develop i n a subterranean environ
ment. 
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The Vomitoxin Story 

THOMAS R. ROMER 
Romer Labs, Inc., Washington, MO 63090 

Vomitoxin or deoxynivalenol (Figure 1) is a mycotoxin that 
has been receiving much attention lately. In fact, vomitoxin is 
receiving as much attention in the 1980s as aflatoxin did in the 
1970s. While aflatoxin has been found to cause sickness and death 
in animals and humans in real situations, vomitoxin is only known 
to cause some animals to lower their feed consumption or vomit at 
the concentrations found in naturally contaminated grain. Why, 
then, is there so much interest in vomitoxin at this time? The 
answer to this question is at least fourfold: 1) Lowered feed 
consumption (refusal) is an economic problem for the animal indus
try; 2) Vomitoxin is a potential adulterant which may fal l under 
the Food, Drug and Cosmetic Act, which prohibits interstate com
merce of an adulterated food; 3) Vomitoxin has been found in the 
United States and Canada every year since 1980 when analytical 
methods were f irst available for routine testing; and 4) Vomitoxin 
has been shown to cause serious toxic effects to laboratory ani
mals and is suspected of causing other human and animal diseases. 

Of the above four factors, the most significant is number 
three, the high incidence of vomitoxin in grains. If vomitoxin 
were seldom found in natural samples, it would not be a signifi
cant problem. However, since vomitoxin is often found in grain 
samples, the fact that the only toxic effects of vomitoxin known 
to occur in real situations are refusal and vomiting only alerts 
us to the fact that vomitoxin is present in natural samples at 
concentrations high enough to exhibit some toxic effects. 

H 
Figure 1. Structure of deoxynivalenol (vomitoxin). 

0097-6156/83/0234-0241 $06.00/0 
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242 X E N O B I O T I C S IN F O O D S A N D F E E D S 

The f i r s t c r o p i n N o r t h America t o be s u r v e y e d f o r v o m i t o x i n 
was t h e 1980 wheat f r o m e a s t e r n Canada S o f t w i n t e r wheat 
h a r v e s t e d i n O n t a r i o was n o t i c e d t o c o n t a i n p i n k k e r n e l s ; t h i s i s 
one o f t h e s i g n s t h a t t h e F u s a r i u m mold which p r o d u c e s v o m i t o x i n 
c a u s e s when i t i n v a d e s t h e k e r n e l s . F o r t y - f o u r o f 45 samples 
a n a l y z e d c o n t a i n e d v o m i t o x i n i n c o n c e n t r a t i o n r a n g i n g f r o m 0.01 
t o 4.3 p a r t s p e r m i l l i o n (ppm). In Quebec, t h e c o n t a m i n a t i o n 
was worse. One hundred p e r c e n t c o n t a m i n a t i o n o f the h a r d s p r i n g 
wheat c r o p was f o u n d b a s e d on a n a l y s e s o f 27 samples. E i g h t y 
f i v e p e r c e n t o f t h e samples c o n t a i n e d g r e a t e r t h a n 0.3 ppm. 

These same wheat c r o p s were a n a l y z e d a g a i n i n 1981 ( 2 ) . A 
samp l i n g p l a n was used i n O n t a r i o which i n c l u d e d 60% o f tfie e n t i r e 
c r o p . The a v e r a g e l e v e l o f v o m i t o x i n f o u n d was 0.18 ppm. T h i s 
l e v e l was not c o n s i d e r e d t o pose a h e a l t h h a z a r d t o consumers 
s i n c e t h i s wheat i s used o n l y i n the p r e p a r a t i o n o f n o n - s t a p l e 
f o o d s ( c a k e s , b i s c u i t s , e t c . ) . However, because o f the s a m p l i n g 
l i m i t a t i o n and t o e n s u r e t h a t t h i s a v e r a g e l e v e l was m a i n t a i n e d , 
an upper l i m i t o f 0.3 ppm v o m i t o x i n was recommended f o r O n t a r i o 
s o f t wheat t o be used i n n o n - s t a p l e f o o d s . The h a r d s p r i n g wheat 
o f Quebec i s used i n t h e manu f a c t u r e o f s t a p l e f o o d s such a s 
b r e a d . Because o f t h e p o t e n t i a l v o m i t o x i n i n t a k e f r o m wheat u s e d 
i n breadmaking, an i n t e r i m g u i d e l i n e o f 0.1 ppm v o m i t o x i n i n h a r d 
wheat was recommended. A n a l y s e s o f t h e 1981 c r o p o f Quebec h a r d 
wheat d e t e r m i n e d t h a t t h e l e v e l s o f v o m i t o x i n were much h i g h e r 
than 0.1 ppm (some samples c o n t a i n e d 5 ppm). As a r e s u l t o f t h e s e 
f i n d i n g s , i t was recommended t h a t 1981 Quebec h a r d wheat s h o u l d 
n o t be u s e d i n t h e p r o d u c t i o n o f f o o d s f o r human c o n s u m p t i o n . 
These g u i d e l i n e s o f 0.1 ppm f o r wheat f l o u r t o be used i n s t a p l e 
f o o d s and 0.3 ppm f o r wheat f l o u r used i n n o n - s t a p l e f o o d s a r e 
s t i l l i n e f f e c t t o d a y and a f f e c t t h e s h i p p i n g o f wheat i n t o 
Canada. L e v e l s o f v o m i t o x i n i n t h e 1980 and 1981 d r i e d c o r n , 
which i s used f o r f l o u r , g r i t s , meal and b r e a k f a s t c e r e a l s , were 
s l i g h t l y h i g h e r t h a n t h a t o f wheat grown i n t h e same a r e a , b ut 
s i n c e t h e consumption o f c o r n p r o d u c t s i n Canada i s much lower 
t h a n t h a t o f wheat p r o d u c t s , no g u i d e l i n e s were p l a c e d on c o r n 
p r o d u c t s . 

In t h e U.S., r o u t i n e a n a l y s i s o f g r a i n s f o r v o m i t o x i n d i d n ' t 
b e g i n u n t i l 1981, about a y e a r a f t e r t h e C a n a d i a n s ' f i r s t s u r v e y s . 
In 1981, t h e U.S. c o r n b e l t was h e a v i l y c o n t a m i n a t e d w i t h v o m i t o x i n 
f r o m Iowa t o New York. In I l l i n o i s , 274 o f 342 samples o f g r a i n 
( m o s t l y c o r n , but some wheat and o a t s ) and animal f e e d s were f o u n d 
t o c o n t a i n from 0.1 t o 22 ppm w i t h a mean o f 3 ppm v o m i t o x i n ( 3 ) . 
In 1982, t h e w i n t e r wheat c r o p o f Kansas, N e b r a s k a , M i s s o u r i and 
Iowa was c o n t a m i n a t e d w i t h v o m i t o x i n . A m i l l i o n a c r e s o f l a n d i n 
s o u t h e a s t and s o u t h c e n t r a l Nebraska (one t h i r d o f the Nebraska 
wheat p r o d u c i n g a r e a ) c o n t a i n e d scabby wheat, a c o n d i t i o n c a u s e d 
by t h e F u s a r i u m mold t h a t p r o d u c e s v o m i t o x i n . A s u r v e y o f 87 
samples o f wheat heads, g r a i n , c h a f f , and s t r a w f o u n d 76 (87%) 
t o c o n t a i n o v e r 0.3 ppm, 63 (72%) o v e r 1 ppm and 11 (13%) o v e r 
5 ppm v o m i t o x i n ( 4 ) . The scabby wheat a r e a e x t e n d e d i n t o n o r t h -
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15. R O M E R The Vomitoxin Story 243 

c e n t r a l and n o r t h e a s t e r n Kansas, southwest Iowa and n o r t h w e s t 
M i s s o u r i . A s u r v e y o f 43 g r a i n samples f r o m 30 M i s s o u r i c o u n t i e s 
f o u n d 39 (91%) t o c o n t a i n o v e r 0.1 ppm, 32 (74%) o v e r 1 ppm and 
8 (19%) o v e r 10 ppm v o m i t o x i n , w i t h t h e h i g h e s t l e v e l f o u n d b e i n g 
61 ppm (5). These two s u r v e y s o f t h e 1982 U.S. wheat c r o p were 
c o n d u c t e d i n a r e a s where scabby wheat was p r e v a l e n t and, t h u s , do 
not r e p r e s e n t t h e t o t a l wheat c r o p o f t h e two s t a t e s s u r v e y e d . 
A t h i r d s u r v e y i n which 55 samples were c o l l e c t e d f r o m scappy 
wheat a r e a s o f a l l o f the above f o u r s t a t e s f o u n d t h r e e samples 
(5%) c o n t a i n i n g no d e t e c t a b l e v o m i t o x i n , 41 (75%) c o n t a i n i n g o v e r 
1 ppm and 15 (27%) c o n t a i n i n g o v e r 5 ppm ( 6 j . 

From t h e above s u r v e y s we can see t h a t v o m i t o x i n c o n t a m i n a 
t i o n o f g r a i n s i s common i n N o r t h A m e r i c a . However, f r e q u e n t 
c o n t a m i n a t i o n i s n o t a s u f f i c i e n t r e a s o n t o l a b e l a rnycotoxin a 
h a z a r d . Animal s t u d i e s need a l s o be c o n d u c t e d t o d e t e r m i n e i f a 
mycot o x i n i s a p o t e n t i a l h e a l t h h a z a r d f o r humans o r an economic 
h a z a r d f o r t h e animal i n d u s t r y . 

In a study p e r f o r m e d by H e a l t h and W e l f a r e , Canada (7), pure 
v o m i t o x i n was a d m i n i s t e r e d t o f e m a l e mice on days 8 t o 11 o f 
pre g n a n c y . Doses r a n g e d f r o m 0.5 t o 15 mg/kg/day. F e t a l e f f e c t s 
were o b s e r v e d a t doses o f 2.5 mg/kg/day and above. A t t h e 2.5 
mg/kg dose, 72% o f t h e f e t u s e s a t t e r m were m i s s i n g one o r more 
r i b s and e x h i b i t e d many o t h e r bone-type e f f e c t s such a s f u s e d 
a r c h e s and f u s e d r i b s . R e s o r p t i o n s accompanied by v a g i n a l b l e e d 
i n g o c c u r r e d i n f r e q u e n c i e s o f 100% a t t h e 15 and 10 mg/kg and 
80% a t t h e 5 mg/kg d o s e s . The 2.5 mg/kg dose i s e q u i v a l e n t t o 
about 12 ppm v o m i t o x i n i n t h e mouse d i e t . T h i s means t h a t e a c h 
dam consumed about 20% o f her body weight i n f e e d p e r day. S i n c e 
a p r e g n a n t woman consumes about 1.5% o f her body weight i n f o o d 
p e r day, the c o n c e n t r a t i o n o f v o m i t o x i n i n her t o t a l d i e t would 
need t o be 160 ppm i n o r d e r f o r her t o consume 2.5 mg/kg body 
w e i g h t / d a y . However, s i n c e o n l y p a r t o f a pr e g n a n t woman's d i e t 
i s l i k e l y t o be composed o f m a t e r i a l s s u s c e p t i b l e t o v o m i t o x i n 
c o n t a m i n a t i o n , t h e s e f o o d p r o u d c t s ( e . g . , b r e a d ) would have t o 
c o n t a i n about 500 ppm i n o r d e r f o r her t o t a l d i e t t o c o n t a i n 
160 ppm v o m i t o x i n . 

In a n o t h e r s t u d y ( 8 ) , p r e g n a n t r a t s were f e d up t o 5 ppm 
pure v o m i t o x i n i n t h e i r d i e t f o r t h e f u l l t e r m o f p r e g n a n c y . A l 
though a l l o f th e r e s u l t s f r o m t h i s s t u dy have n o t been c o l l e c t e d 
and a n a l y z e d , t h e d a t a on t h e f e t a l bone e f f e c t s have been a n a l 
y z e d . No s t a t i s t i c a l l y s i g n i f i c a n t bone d e f e c t s were n o t e d ; how
e v e r , some a n o m a l i e s were o b s e r v e d i n t h e 5 ppm f e t u s e s t h a t were 
no t o b s e r v e d i n t h e c o n t r o l g r o u p . These a n o m a l i e s i n c l u d e d 
a s y m m e t r i c a l c e r v i c a l c e n t r a , c u r v e d s p i n e , c l e f t p a l a t e , and 
m i c r o p h t h a l m i a ( u n i - o r b i l a t e r a l ) . S i n c e a p r e g n a n t woman c o n 
sumes 5 t o 10 t i m e s l e s s f o o d p e r day r e l a t i v e t o her body weight 
than does a p r e g n a n t r a t , t h e c o n c e n t r a t i o n o f v o m i t o x i n i n t h e 
woman's d i e t needs t o be 25 t o 50 ppm i n o r d e r f o r her t o r e c e i v e 
t h e e q u i v a l e n t amount o f v o m i t o x i n a s d i d t h e r a t s on th e 5 ppm 
d i e t . 
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244 X E N O B I O T I C S IN F O O D S A N D F E E D S 

One o f t h e main c o n c e r n s r e g a r d i n g v o m i t o x i n i s whether i t 
c a u s e s any c h r o n i c t o x i c e f f e c t s , t h a t i s , e f f e c t s when low c o n 
c e n t r a t i o n s a r e consumed o v e r a l o n g p e r i o d o f t i m e . One t y p i c a l 
c h r o n i c e f f e c t i s c a n c e r . So f a r , no s t u d i e s have shown t h a t 
v o m i t o x i n can cause c a n c e r ; however, no c h r o n i c s t u d i e s have been 
p e r f o r m e d w i t h v o m i t o x i n . V o m i t o x i n has been r e l a t e d t o c a n c e r 
o f t h e esophagus i n humans i n T r a n s k e i , A f r i c a ( 9 ) , but t h i s 
s t u d y o n l y i n v o l v e d a few samples and no animal s t u d i e s have 
c o r r o b o r a t e d t h i s r e l a t i o n s h i p . A n o t h e r c h r o n i c e f f e c t t h a t i s 
a c o n c e r n w i t h v o m i t o x i n i s t h a t o f immunosuppression, t h a t i s , 
an e f f e c t which l o w e r s t h e body's a b i l i t y t o r e s i s t d i s e a s e . A 
Japanese study (10) has de m o n s t r a t e d t h a t when sm a l l amounts o f 
T-2 t o x i n , a t r i c h o t h e c e n e s i m i l a r t o v o m i t o x i n , were a d m i n i s t e r e d 
t o c a t s , a s i g n i f i c a n t d e c r e a s e i n t h e w h i t e b l o o d c e l l c o u n t r e 
s u l t e d . I f v o m i t o x i n i s f o u n d t o have a s i m i l a r immunosuppressive 
e f f e c t a t low c o n c e n t r a t i o n s , i t may become r e g a r d e d a s a human 
h e a l t h h a z a r d . 

What, t h e n , s h o u l d f e e d and f o o d companies do w i t h r e s p e c t 
t o v o m i t o x i n ? They s h o u l d keep a b r e a s t o f t h e l a t e s t t o x i c i t y 
i n f o r m a t i o n , e s p e c i a l l y c h r o n i c t o x i c i t y s t u d i e s . Feed and g r a i n 
companies need t o keep a b r e a s t o f t h e l a t e s t i n f o r m a t i o n on t i s s u e 
r e s i d u e r e s e a r c h on v o m i t o x i n and i t s m e t a b o l i c break-down p r o d 
u c t s (some r e s i d u e r e s e a r c h i s i n p r o c e s s a t t h e p r e s e n t t i m e , 
b o t h i n the U.S. and Canad a ) . A t t h e same t i m e , companies can 
t e s t t h e i r i n g r e d i e n t s and f i n a l p r o d u c t s u s i n g a v a i l a b l e p r o 
c e d u r e s (H, 12* 1A> 14, 15). S e v e r a l p r o c e d u r e s a r e a v a i l a b l e 
ranging from t h e highly s o p h i s t i c a t e d mass spectrometric (14) t o 
a s i m p l e r a p i d "go o r no go" t e s t t h a t can be used a t t h e pTant 
o r e l e v a t o r site (15). Many U.S. and Canadian companies a r e a l 
r e a d y t e s t i n g f o r v o m i t o x i n , some as p a r t o f t h e i r own q u a l i t y 
c o n t r o l program, o t h e r s because o f t h e Canadian g u i d e l i n e s which 
a l l o w a maximum l e v e l o f 0.1 ppm v o m i t o x i n i n wheat f l o u r o r bran 
used t o make s t a p l e f o o d p r o d u c t s ( e . g . , b r e a d ) and 0.3 ppm i n 
th e f l o u r o r bran used t o make n o n - s t a p l e f o o d p r o d u c t s ( e . g . , 
c a k e s , c o o k i e s , p r e t z e l s , e t c . ) . A t t h e p r e s e n t t i m e , t h e r e a r e 
no U.S. g u i d e l i n e s a s su c h , but t h e Food and Drug A d m i n i s t r a t i o n 
has d e v e l o p e d " a d v i s o r y " l e v e l s f o r v o m i t o x i n i n wheat and wheat 
p r o d u c t s . The a d v i s o r y l e v e l f o r wheat and wheat p r o d u c t s i n 
t e n d e d f o r human consumption i s 2 ppm i n t h e wheat b e f o r e m i l l i n g 
and 1 ppm i n t h e f i n i s h e d wheat p r o d u c t s . F o r wheat and wheat 
p r o d u c t s which a r e u s e d a s animal f e e d i n g r e d i e n t s , t h e a d v i s o r y 
l e v e l i s 4 ppm w i t h t h e added recommendation t h a t t h e s e i n g r e d 
i e n t s not e x c e e d 10% o f swine and pe t d i e t s o r 50% o f t h e d i e t s 
o f r u m i n a n t s and p o u l t r y . The r e a s o n f o r t h e l o w e r recommended 
l e v e l f o r swine, c a t s , and dogs compared t o r u m i n a n t s and p o u l t r y 
i s t h a t t h e f o r m e r a r e more s u s c e p t i b l e t o the known e f f e c t s o f 
v o m i t o x i n ( r e f u s a l and v o m i t i n g ) . S i n c e v o m i t o x i n can a l s o be 
fo u n d i n c o r n a t c o n c e n t r a t i o n s a s h i g h o r h i g h e r than i s f o u n d 
i n wheat and s i n c e c o r n i s n o r m a l l y used a t h i g h e r t h a n a 10% 
l e v e l i n swine f e e d and p e t f o o d s , i t i s a d v i s a b l e t o c o n s i d e r a 
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15. R O M E R The Vomitoxin Story 245 

f i n a l l e v e l o f 1 ppm v o m i t o x i n i n h i g h - c o r n swine and p e t d i e t s 
as a maximum c o n c e n t r a t i o n and m o n i t o r t h e c o r n a c c o r d i n g l y . 
S e v e r a l f e e d i n g s t u d i e s have been p e r f o r m e d on swine u s i n g , i n 
most c a s e s , c o r n o r wheat n a t u r a l l y c o n t a m i n a t e d w i t h v o m i t o x i n 
(4, 16, 2 7 ) . In g e n e r a l , the o n l y e f f e c t n o t i c e d was l o w e r e d 
f e e d consumption w i t h swine when 0.3 ppm o r more v o m i t o x i n was 
i n c o r p o r a t e d i n t o t h e d i e t v i a n a t u r a l l y c o n t a m i n a t e d wheat o r 
c o r n . The l o w e r e d f e e d consumption was n o t i c e d m a i n l y d u r i n g 
t h e f i r s t week o f t h e s t u d i e s which r e s u l t s i n a d e p r e s s i o n i n 
f i n a l w e i g h t compared t o c o n t r o l s . When pure v o m i t o x i n was 
i n c o r p o r a t e d i n t o swine d i e t s , t h e f e e d consumption d e c r e a s e 
r a n g e d f r o m 20% a t 3.6 ppm t o 90% a t 40 ppm. The minimum e m e t i c 
dose was 0.1 t o 0.2 mg/kg body weight when a d m i n i s t r a t i o n was 
o r a l (gavage) ( 1 8 ) . I t i s n e c e s s a r y t o remember t h a t some o f the 
l o w e r e d f e e d consumption i n d i e t s c o n t a i n i n g n a t u r a l l y contam
i n a t e d i n g r e d i e n t s may be c a u s e d by t r i c h o t h e c e n e m y c o t o x i n s 
o t h e r t h a n v o m i t o x i n which have no t y e t been i d e n t i f i e d . 

P o u l t r y have been f o u n d t o be h i g h l y r e s i s t a n t t o t h e e f f e c t s 
o f v o m i t o x i n . A d i e t c o n t a i n i n g s u f f i c i e n t n a t u r a l l y contam
i n a t e d c o r n t o p r o v i d e a 50 ppm v o m i t o x i n c o n c e n t r a t i o n was f e d 
t o 6 day o l d b r o i l e r c o c k e r e l s f o r 6 days w i t h no e f f e c t on growth 
o r f e e d c o n s u m p t i o n . The o n l y o b s e r v e d e f f e c t s o f the contam
i n a t e d d i e t were p l a q u e s i n t h e mouth and g i z z a r d e r o s i o n ( 1 9 ) . 
When a d i e t c o n t a i n i n g 15 ppm pure v o m i t o x i n was f e d t o b r o i l e r s 
f o r 6 weeks, no d e l e t e r i o u s e f f e c t s were n o t i c e d ( 2 0 ) . 

A d i e t c o n t a i n i n g s u f f i c i e n t n a t u r a l l y c o n t a m i n a t e d c o r n t o 
p r o v i d e a f i n a l c o n c e n t r a t i o n o f 50 ppm v o m i t o x i n was f e d t o 
l a y i n g hens f o r 4 weeks w i t h no e f f e c t s on p r o d u c t i o n , consump
t i o n , body w e i g h t , egg weight o r s h e l l s t r e n g t h . Sample c h i c k s 
were n e c r o p s i e d a t h a t c h and grown t o one week o f age; no t r e a t 
ment e f f e c t s were f o u n d ( 2 1 ) . However, i n a n o t h e r s t u d y ( 2 2 ) , 
when d i e t s c o n t a i n i n g 0.3 t o 0.7 ppm v o m i t o x i n f r o m n a t u r a l l y 
c o n t a m i n a t e d wheat were f e d t o l a y i n g hens f o r 3 weeks, t h e r e was 
a 2% d e c r e a s e i n egg weight and egg s h e l l t h i c k n e s s . T h i s l a t t e r 
r e s u l t p o i n t s o u t a s i g n i f i c a n t f a c t o r t h a t a l w a y s needs t o be 
c o n s i d e r e d when f e e d i n g g r a i n c o n t a i n i n g v o m i t o x i n . J u s t because 
t h e l e v e l o f v o m i t o x i n i n t h e g r a i n i s n o t s u f f i c i e n t t o cause a 
pro b l e m i n t h e a n i m a l s b e i n g f e d ( e . g . , l a y i n g hens) does n o t 
mean t h e g r a i n i s n o t h a r m f u l . Even i f a l l o f th e mold t o x i n s 
f o r which t h e r e a r e a n a l y t i c a l methods have no t been d e t e c t e d , 
g r a i n c o u l d s t i l l c o n t a i n u n i d e n t i f i e d mold t o x i n s . More th a n 
30 compounds have been d i s c o v e r e d t h a t b e l o n g t o t h e t r i c h o t h e c e n e 
f a m i l y o f m y c o t o x i n s which i n c l u d e v o m i t o x i n , T-2 t o x i n and d i a -
c e t o x y s c i r p e n o l . However, t h e s e t h r e e a r e t h e o n l y t r i c h o t h e c e n e s 
f o r which t h e r e e x i s t r o u t i n e a n a l y t i c a l methods. The f a c t t h a t 
v o m i t o x i n i s f o u n d i n a sample o f g r a i n i s p r o o f t h a t a t l e a s t 
one mold has been growing i n the g r a i n . More t h a n one mold may 
have been growing and more t h a n one t o x i n may have been p r o d u c e d . 

C a t t l e , l i k e p o u l t r y , seem t o be u n a f f e c t e d by v o m i t o x i n . 
S t e e r s and h e i f e r s were f e d d i e t s c o n t a i n i n g 11 ppm v o m i t o x i n f o r 
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246 X E N O B I O T I C S IN F O O D S A N D F E E D S 

18 weeks w i t h no i l l e f f e c t s n o t i c e d (4J. However, n e i t h e r t h e 
serum c h e m i s t r y nor t h e h i s t o p a t h o l o g y p o r t i o n o f t h i s r e s e a r c h 
has been c o m p l e t e d . In a n o t h e r study (23), dry d a i r y c a t t l e were 
f e d a d i e t c o n t a i n i n g 4.7 ppm v o m i t o x i n f o r 30 d a y s . No e f f e c t s 
on f e e d consumption o r o t h e r p e r f o r m a n c e f a c t o r s were n o t i c e d . 
In b o t h o f t h e s e c a t t l e s t u d i e s , n a t u r a l l y c o n t a m i n a t e d wheat was 
th e s o u r c e o f v o m i t o x i n i n t h e f e e d . 

We need t o r e a l i z e t h a t none o f t h e v o m i t o x i n t o x i c i t y 
s t u d i e s d i s c u s s e d above t e s t e d f o r immunosuppression. A l s o , none 
o f t h e swine o r c a t t l e s t u d i e s t e s t e d f o r r e p r o d u c t i v e e f f e c t s . 
One o f t h e s t u d i e s c i t e d above (7) f o u n d t h a t v o m i t o x i n can p r o 
duce r e p r o d u c t i v e e f f e c t s i n l a b o r a t o r y a n i m a l s . Z e a r a l e n o n e , a 
mycotoxin known t o produce r e p r o d u c t i v e e f f e c t s on swine (24) and 
l e n g t h e n t h e i r e s t r u s c y c l e (25), i s o f t e n f o u n d a l o n g w i t T F v o m i -
t o x i n i n c o n t a m i n a t e d g r a i n . Thus, i t i s i m p o r t a n t t h a t v o m i t o x i n 
be t e s t e d both a l o n e and i n c o m b i n a t i o n w i t h z e a r a l e n o n e t o de
t e r m i n e i f i t a d v e r s e l y e f f e c t s t h e r e p r o d u c t i v e system o f swine 
and/or c a t t l e . 

When t h e r e s u l t s o f s u b c h r o n i c and c h r o n i c s t u d i e s on the 
r e p r o d u c t i v e , immunosuppressive, and o t h e r p o s s i b l e a d v e r s e e f 
f e c t s o f v o m i t o x i n have been c o m p l e t e d , i t w i l l be e a s i e r t o 
judge how much o f a h a z a r d v o m i t o x i n poses f o r t h e f e e d and the 
f o o d i n d u s t r i e s . 
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Aflatoxins in Corn 

U. L. DIENER and N. D. DAVIS 
Department of Botany, Plant Pathology, and Microbiology, Auburn University, Auburn, 
AL 36849 

Certain fungi (molds) synthesize chemicals, called 
mycotoxins, that are poisonous and produce symptoms 
of toxicity when food and feed containing them is 
eaten by humans and animals. The aflatoxins are 
mycotoxins produced by two fungi, Aspergillus 
flavus and A. parasiticus, which are distributed 
worldwide in air and soils and may contaminate 
corn, peanuts, cottonseed, tree nuts and other 
crops with aflatoxin. Animal products may contain 
aflatoxins where contaminated feeds have been in
gested. Aflatoxin B1 is the most potent, natu
rally-occurring, cancer-producing substance known, 
causing liver cancer in most experimental and 
domesticated animals and man. Preharvest infection 
by A. flavus may occur via colonization of corn 
silks followed by invasion of the glumes and sur
face of developing kernels. Internal seed infec
tion occurs later during kernel denting. Commonly, 
ear-damaging insects transport fungal spores both 
externally and internally, and may provide infec
tion sites and disperse the fungus within the ear. 
Stress induced by water deprivation, above normal 
temperatures, inadequate fertilization, and weed 
competition appears to exacerbate susceptibility of 
developing kernels to infection by A. flavus and 
subsequent aflatoxin biosynthesis. Aflatoxin can 
develop in storage; rapid drying of corn to safe 
storage moisture after harvest and dry storage 
facilities with aeration are essential to prevent 
contamination. Although control with fungicides 
and/or resistant varieties has been notably unsuc
cessful to date, considerable progress has been 
made in preventing and reducing contamination of 
human foods as well as losses in animal feeds by 
detoxifying aflatoxin-contaminated products, 
particularly by ammoniation. 

0097-6156/83/0234-0249$06.25/0 
© 1983 American Chemical Society 
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250 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Certain fungi (molds) synthesize chemicals that are poison
ous and produce symptoms of t o x i c i t y when food or feed containing 
them i s eaten by humans and animals. These chemicals are called 
mycotoxins, a term derived from the Greek words "myces" meaning 
fungus and "toxikon" meaning poison. Mycotoxic effects, such as 
ergot poisoning, can be traced to c i v i l i z a t i o n s of 5,000 years 
ago. Ergotism (St. Anthony's F i r e ) reached epidemic proportions 
i n the Middle Ages in Central Europe from the consumption of con
taminated rye bread. In Russia i n the 1940s, stachybotryotoxico
s i s caused i l l n e s s and death to horses and humans, as did alimen
tary toxic aleukia i n humans, which was associated with Fusarium 
infection of overwintered wheat and millet (1). 

The impetus that stimulated s c i e n t i f i c interest i n myco
toxins evolved from the death of 100,000 turkey poults at 500 
locations i n England i n 1960, which led to the discovery by B r i t 
ish s c i e n t i s t s of aflatoxin (a toxic metabolite of the fungus 
Aspergillus flavus Link ex Fr.) in the peanut meal fraction of 
the feed (2,3). Research soon demonstrated that aflatoxin B| i s 
possibly the most potent, naturally occurring carcinogen ever 
u t i l i z e d i n animal studies (4). In addition, i t can cause acute 
aflatoxicosis i n animals and humans; a case of the l a t t e r was 
cited i n a CAST report (5). 

"Perhaps the single, most impressive, aflatoxin-related e p i 
sode reported i n recent s c i e n t i f i c l i t e r a t u r e i s an acute poison
ing i n an area of India i n 1974 involving over 400 people and r e 
sulting i n 106 deaths. The circumstances were typical of those 
highly conducive to excessive mycotoxin exposure, i . e . , a poor, 
rural subsistence economy, where the people were v i r t u a l l y t o t a l 
l y dependent on a single food crop (corn, Zea mays L.) that they 
produced themselves, and conditions were favorable for aflatoxin 
formation as a result of unseasonable rains that drenched the 
crop at harvest i n the warm subtropical climate of the area. 
Only corn-eating ethnic groups and individuals were affected. No 
new cases occurred after the l o c a l l y grown corn supplies were ex
hausted. Several members of some rural households were affected. 
Dogs eating the same food suffered a similar fate. Medical fea
tures of the syndrome were consistent with experimental data on 
a f l a t o x i c o s i s . Aflatoxin-contaminated corn was consumed i n af
fected households but not i n unaffected households. Aflatoxin 
concentrations were r e l a t i v e l y high with samples containing from 
250 to 15,600 parts per b i l l i o n " (5). 

Three years later i n 1977 and again i n 1980, outbreaks of 
aflatoxin i n corn i n Southeastern United States caused extensive 
crop losses and i n animals that ingested contaminated corn. This 
occurrence instigated the development of a Regional Technical 
Committee of corn researchers i n the Southeast, which sponsored a 
symposium i n Atlanta, Georgia, i n January 1982 on "Aflatoxin and 
Aspergillus flavus i n Corn" (6). 
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16. DiENER A N D D A V I S Aflatoxins in Corn 251 

Biology of Aspergillus Flavus and Aspergillus Parasiticus 

Aspergillus flavus and A. parasiticus Speare, closely 
related fungi, occur world-wide i n the s o i l and contaminate a 
wide variety of crops i n the f i e l d , during harvest, i n storage, 
or during processing. They are seed-inhabiting fungi of impor
tant food crops such as corn, peanuts, cottonseed, and tree nuts. 
Aflatoxins are produced only by these two fungi. Far less i s 
known about the basic physiology and nut r i t i o n of A. flavus than 
A. parasiticus. Researchers have seldom distinguished between 
the two species and referred to A. parasiticus as A. flavus. 
Some morphological characteristics of these two species are given 
i n Table I. 

Table I. Morphological and Growth Comparisons of the 
Aflatoxin-producing Fungi 

Characteristic A. parasiticus A. flavus 

Conidia D i s t i n c t i v e l y 
verruculose 

Almost smooth to 
l i g h t l y roughened 

Conidiophore 
heads 

Mostly uniseriate, 
sometimes mixed 

Consistently 
biseriate 

Color Ivy green Yellow-green 

Colony Compact Irregular 

A. flavus t y p i c a l l y produces only the toxic metabolites a f l a 
toxin B 1 (AFB^) and aflatoxin B 2 (AFB 2), whereas t o x i 
genic A. parasiticus isolates produce AFG^ and AFG 2 as well 
as AFB^ and AFB 2. Over 90% of the analyses of contaminated 
corn samples show only AFB^ and AFB 2, whereas AFG^ i s com
mon in contaminated peanuts. A. flavus i s considered dominant i n 
cottonseed, pecans, and other tree nuts as well as corn. 

Several trace elements are required for aflatoxin formation 
by A. flavus, p a r t i c u l a r l y zinc (7). The necessity for zinc, 
magnesium, and other mineral elements for aflatoxin production by 
A. flavus (A. parasiticus) i s i l l u s t r a t e d i n Table II (8). 
Zinc, magnesium, iron and molybdenum were essential, whereas man
ganese appeared to stimulate aflatoxin formation. 
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252 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Table I I . E s s e n t i a l i t y of Certain Mineral Elements to Aflatoxin 
Production by Aspergillus flavus 

Aflatoxin 
Mycelial dry wt. mg/100 ml Total 

Element omitted g/100 ml B l G l (B+G) 

Magnesium 1.60 0 0 0 
Zinc 0.60 0 0 0 
Iron 1.33 0.13 0.16 0.29 
Molybdenum 2.86 0.17 0.30 0.47 
Copper 2.85 0.82 1.76 2.58 
Boron 2.91 0.69 2.00 2.69 
Manganese 2.12 1.24 2.64 3.88 
None of above 2.77 0.69 2.00 2.69 
A l l of above 0.65 0 0 0 

L i l l e h o j et a l . (9) found that the addition of low levels 
of zinc, copper, and manganese stimulated aflatoxin production by 
A. flavus growing on corn germ, as others had discovered with 
nutrient solutions (8,10). Other investigators have found other
wise, but apparently the concentration of metal salt determines 
whether i t i s stimulatory or inhibitory (11,12), as can be noted 
for zinc i n Table III (8). Thus, some of the contradictions i n 
the l i t e r a t u r e probably are due to concentration differences i n 
non-comparable experiments. 

Table I I I . Influence of Zinc Level on Aflatoxin Production by 
Aspergillus flavus 

Aflatoxin 
ZnS0 4 Mycelial dry wt. mg/100 ml Total 
ppm g/100 ml Βλ G x (B+G) 

None 0.21 0 0 0 
1 2.77 0.32 0.56 0.88 
3 2.67 0.69 1.20 1.89 
5 3.48 0.85 2.40 3.29 
7 3.04 0.34 0.60 0.94 

10 3.51 0.21 0.38 0.59 
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16. D I E N E R A N D D A V I S Aflatoxins in Corn 253 

The influence of various carbohydrates supplied as sole 
carbon sources on growth and aflatoxin production by A. flavus, 
actually A. parasiticus, i s shown i n Table IV (8). The fungus 
grew and produced some aflatoxin on a l l of the carbohydrates tes
ted except lactose* The highest yields of aflatoxin were pro
duced from glucose and sucrose. 

Table IV. Influence of Carbohydrate Source on Production of 
Aflatoxin by Aspergillus flavus 

Aflatoxin 
Carbohydrate Mycelial dry wt. mg/100 ml Total 

(66 g/1 of carbon) g/100 ml B l G l (B4C) 

Glucose 2.25 0.76 1.92 2.68 
Sucrose 2.28 0.76 1.62 2.38 
Fructose 2.96 0.38 0.88 1.26 
Raffinose 2.66 0.42 0.48 0.90 
Mannitol 3.13 0.03 0.08 0.11 
Galactose 2.27 0.02 0.05 0.07 
Lactose No Growth 0 0 0 
Glucose + Fructose 2.03 0.76 1.84 2.60 
Glucose + Galactose 2.51 0.48 0.93 1.41 

The effect of sucrose concentration on aflatoxin production 
by A. flavus i s shown i n Table V (13). The highest yields were 
produced with 15 and 20% sucrose i n a 2% yeast extract medium. 

Table V. Influence of Sucrose Concentration on Aflatoxin 
Production by Aspergillus flavus 

Sucrose Mycelial dry Aflatoxin 
wt. mg/100 ml Total 

% g/100 ml Β χ G x (B+G) 

0 0.3 0.1 0.1 0.2 
1 1.0 0.5 0.7 1.2 
5 1.6 0.7 0.9 1.6 
10 3.0 1.4 1.7 3.1 
15 3.0 2.7 3.5 6.2 
20 2.8 2.8 3.6 6.4 
30 3.2 2.7 2.3 5.0 
50 3.2 2.6 2.0 4.6 
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254 X E N O B I O T I C S IN F O O D S A N D F E E D S 

The influence of nitrogen source on growth and aflatoxin 
production by A. flavus (A. parasiticus) i s shown i n Table VI 
(8). Note that the complex organic sources of nitrogen, such as 
yeast extract and peptone, gave tremendous yields as compared to 
the best single amino acid. Inorganic nitrogen sources, such as 
potassium nit r a t e , were t o t a l l y inadequate for aflatoxin pro
duction. 

Table VI. Influence of Nitrogen Source on Growth and Production 
of Aflatoxin by Aspergillus flavus i n a Chemically Defined Medium 

Aflatoxin 
Nitrogen Mycelial dry wt. mg/100 ml Total 

(0.42 g/1 Nitrogen) g/100 ml B l G l (B-K?) 

None No Growth 0 0 0 
Yeast extract 3.87 2.47 3.20 5.67 
Peptone 2.60 1.71 1.56 3.27 
Aspartate 3.96 0.76 0.64 1.40 
Glycine 4.09 0.44 0.74 1.18 
Glutamine 3.62 0.63 0.53 1.16 
Glutamate 3.94 0.57 0.58 1.15 
Asparagine 3.59 0.19 0.18 0.37 
Alanine 3.73 0.12 0.15 0.27 
Methionine 3.61 0.12 0.09 0.21 
Valine 3.04 0.06 0.05 0.11 
Leucine 2.88 0.03 0.03 0.06 
KN03 3.66 0.02 0.02 0.04 
NaNo3 3.71 0.01 0.01 0.02 

The effect of yeast extract concentration on aflatoxin pro
duction by A. flavus i s shown i n Table VII (13). The highest 
yields were produced with 2% yeast extract i n 20% sucrose medium. 
Yeast extract provided most of the major and minor elements 
needed for growth and toxin production and technical grade 
sucrose provided carbon and iron. 

Amino acids mixtures stimulate aflatoxin biosynthesis, par
t i c u l a r l y asparagine and aspartic acid. Proline has been r e 
ported to stimulate conidial germination i n a culture that was 
probably A. parasiticus, although reported as A. flavus (14). 
These investigators reported the greatest toxin formation with a 
mixture of amino acids followed by a mixture of proline plus 
glutamate or proline plus aspartate. The effect i n the l a t t e r 
instances may have been due to the effect on conidial germination 
rather than a direct effect on aflatoxin biosynthesis. 
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16. DiENER A N D D A V I S Aflatoxins in Corn 255 

The cardinal temperatures for vegetative growth for A. f l a 
vus are: minimum 6 to 8° C; optimum 36 to 38° C; and maximum 44 
to 46° C (15). However, optima and lim i t i n g temperatures for 
aflatoxin production on media and natural substrates vary. The 
optimum for A. flavus i n l i q u i d (SMKY) medium and on peanuts was 
25° C, whereas A. parasiticus showed highest aflatoxin production 
at 35° C and high t o t a l aflatoxins at 30° C over incubation p e r i 
ods of 5 to 21 days (16). Precise l i m i t i n g temperatures and re
lati v e humidity for aflatoxin production oy A. parasiticus were 
determined for wet-heat, pasteurized peanuts, freshly-dug peanuts 
and stored peanuts (17-19). Limiting temperatures were 12 and 
41° C and limiti n g relative humidity was 83% for sound mature 
kernels, broken mature (damaged) kernels, immature kernels, and 
kernels i n intact pods incubated for 84 days at 30° C. Similar 
data are presently being obtained for aflatoxin formation i n corn 
by A. flavus. 

Table VII. Influence of Yeast Extract Concentration on Aflatoxin 
Production by Aspergillus flavus Growing i n 20% 

Sucrose Medium 

Yeast extract Mycelial dry Aflatoxin 
wt. mg/100 ml Total 

% g/100 ml B l G l (B-KO 

None 0 0 0 0 
0.7 3.3 2.4 3.8 6.2 
2.0 4.1 3.6 4.3 7.9 
3.0 4.2 4.3 3.2 7.5 
5.0 5.2 3.0 2.7 5.7 

The effect of temperature on linear growth rates of A. 
flavus and A. parasiticus was determined on potato-dextrose and 
cornmeal agars by Davis and Diener (unpublished data). A. flavus 
grew s l i g h t l y faster than A. parasiticus at 20, 27, and 35° C. 
Other workers measuring growth i n grams of mycelium produced 
reported no difference i n the two species (20,21). At best, data 
are meager for v a l i d conclusions. 
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256 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Wicklow et a l . (22) view the A. flavus sclerotium as primary 
inoculum i n regions where aflatoxin contamination of corn i s a 
recurrent problem. Germination of the sclerotium results i n pro
duction of conidia that represent infective inoculum. Dispersal 
of inoculum by arthropods and wind may be f a c i l i t a t e d by strongly 
roughened or echinulate c o n i d i a l walls. Wicklow and Cole (23) 
detected aflatrem, cyclopiazonic acid, and dehydroxyflavinine 
only i n the s c l e r o t i a from 85% of the isolates examined and never 
i n the culture medium of fungus mycelium. They argue that the 
sclerotium i s important as a survival structure and contains the 
chemical defense systems of the fungus as the evolutionary out
come of selective forces determining the intrafungus d i s t r i b u t i o n 
of compounds toxic to potential predators and parasites (6). 

Epidemiology of Aflatoxin Formation by Aspergillus Flavus 

Preharvest contamination of corn with aflatoxin i s a serious 
problem. Aspergillus flavus can colonize corn s i l k s and invade 
developing kernels. The most susceptible stage for colonization 
appears to be just after p o l l i n a t i o n when the s i l k s are yellow-
brown i n color. At this stage, A. flavus conidia germinate read
i l y and rapidly colonize s i l k s and pollen grains on the s i l k s . In 
contrast, conidia germinate poorly and l i t t l e growth occurs on 
unpollinated s i l k s or dry brown s i l k s . Fungus infection of corn 
s i l k s i s favored by high temperatures (Table VIII) (24). 

Table VIII. Effect of Temperature and Time of S i l k Inoculation 
on Seed Infection by Aspergillus flavus 

Time Percentage of Kernels Infected at each Temperature 
of Regime 

Inoc .S/ 34/30 26/30 34/22 26/22 

1 30 6 30 3 
2 46 4 5 6 
3 49 15 1 2 
5 14 3 1 1 

£./ Weeks after s i l k emergence. 

In a phytotron, the percentage of infected kernels was 49, 
15, and 2, respectively, for day/night temperature regimes of 
34/30, 26/30, and 26/22 C. Growth of the fungus from the 
external s i l k s into the kernels and the accompanying in f e c t i o n 
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16. D I E N E R A N D D A V I S Aflatoxins in Corn 257 

process are not well understood. The fungus can grow from exter
nal s i l k s into the ear i n four days. Shortly thereafter, the 
surface of the kernels and the glumes of the kernel are colo
nized. Internal infection of the kernel, however, occurs la t e r 
apparently during the period of kernel denting. Infection at 
this stage has been reported for other seed infecting fungi. 
Payne indicates that insects probably play an important role i n 
providing infection sites by injuring the kernels, i n spreading 
the fungus with the ear, and i n bringing fungus spores into the 
ear (6). 

In general, levels of contamination of insects by A. flavus 
ranged from 2 to 50% of the insects observed i n preharvest corn 
including the corn earworm, Heliothis zea (Boddie), European corn 
borer, Ostrinia n u b i l a l i s (Hubner), and ri c e weevil, Sitophilus 
oryzae (L) according to McMillian (6). Corn-ear-inhabiting 
insects have been contaminated much more with A. flavus than A. 
parasiticus and the fungus has been isolated fom a l l stages of 
the l i f e cycle of H. zea and from a l l except the egg i n S* 
oryzae. H. zea can also transmit A. flavus from one l i f e - c y c l e 
stage to the next. Spore-contaminated feces have been collected 
from H. zea larvae, 24 hours after the ingestion of A. flavus 
conidia. The biology of several corn insects i s detrimentally 
affected by A. flavus, A. parasiticus, and/or their metabolites 
and they have been suggested as control agents. A direct cause-
and-effeet relationship has been demonstrated between A. flavus 
contaminated maize weevils (S_. zeamais Motschulsky) and A. flavus 
contamination i n corn ears damaged by weevils. Generally, insec
t i c i d e applications and the planting of tight-husked, insect-
resistant hybrids have resulted i n reduced insect damage to grain 
and lower aflatoxin l e v e l s . 

The colonization of developing corn kernels by A. flavus has 
been associated with the early milk stage (25), aflatoxin has 
been detected i n kernels at late milk stage (26), and maximum 
aflatoxin formation has been reported when A. flavus invaded ker
nels at late milk-early dough stage (27,28). The interaction be
tween kernel moisture content (KMC) and aflatoxin accumulation 
was studied by inoculation with A. flavus about 20 days after 
s i l k i n g i n corn grown i n I l l i n o i s , Missouri, and Georgia (29). 
Ears were harvested 15, 30, 45, and 70 days after inoculation. 
Data i n Table IX show that i n I l l i n o i s the KMC remained high for 
70 days with formation of negligible levels of AFB. In Missouri, 
AFB^ levels became significant when KMC dropped below 30%. In 
Georgia, AFB X levels were significant at 51%, 31% (220 ppb), 
and reached 440 ppb at KMC of 14%. Some of these differences are 
obviously related to temperature effects resulting from the three 
d i s t i n c t regional locations. Except under controlled experimen
t a l conditions, researchers often cannot measure differences re
sulting from only one variable i n the f i e l d . 
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258 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Table IX. Kernel Moisture Content and Aflatoxin B 1 i n Corn 
Kernels Harvested at Various Intervals after 
Inoculation with Aspergillus flavus i n 1974 

Post I l l i n o i s Missouri Georgia 
Inoc. 
days £/ 

KMC 
% 

AFB^ 
ppb 

KMC 
% 

AFB X 

ppb 
KMC 
% 

AFB X 

ppb 

15 65 1 46 3 51 63 
30 48 1 29 61 31 203 
45 43 5 27 105 23 307 
70 34 9 24 63 14 440 

Means 48 4 32 58 30 253 

îJ Inoculated 20 days after flowering. 

Most data on the r e l a t i o n of temperature to aflatoxin forma
tion have been obtained with A. parasiticus. Aflatoxin contami
nation of cottonseed by A. flavus i n the f i e l d occurs primarily 
in low-altitude areas of Arizona and the Imperial Valley of C a l i 
fornia and not i n the hot and humid Southeastern States. Chronic 
f i e l d contamination of cottonseed apparently requires daily mean 
temperature of 34° C or above (T.E. Russell, personal communica
tio n ) . The significant difference between Arizona and the South
east cotton areas i s the high night temperatures of 32-34 C i n 
Arizona. 

The r e l a t i o n of temperature to aflatoxin contamination i n 
corn kernels from inoculation at the early dough, medium dough, 
and late dough stages of development was studied i n a phytotron 
(30). Aflatoxin levels were s i g n i f i c a n t l y higher i n kernels from 
plants grown at the highest combination of daily temperatures 
(Table X). 

Table X. Aflatoxin B^ Levels i n Corn Inoculated with 
Aspergillus flavus at Three Developmental 

Stages and Grown under Four Different 
Postinoculation Temperature Regimes 

Kernel 
Develop, 
at Inoc. 

Aflatoxin Βη (ppm) Kernel 
Develop, 
at Inoc. 

Day/Night Temperature C 
Kernel 

Develop, 
at Inoc. 22/18 30/18 22/26 30/26 

Early Dough 12.6 12.4 13.0 12.7 
Medium Dough 11.2 22.0 26.5 29.4 
Late Dough 13.1 18.0 25.8 31.4 
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16. DiENER A N D D A V I S Aflatoxins in Corn 259 
These data and those i n Table IX emphasize the c r i t i c a l role 

of temperature i n aflatoxin formation i n developing corn kernels. 
Fungi are aerobic organisms and small changes i n gaseous en

vironment can cause dramatic changes i n metabolic c e l l u l a r pro
cesses (31,32). When C0 2 was removed from the atmosphere, 
spore germination of A. flavus was inhibited (14). In high-mois
ture stored corn, growth and aflatoxin production by A. flavus 
was blocked at oxygen levels below 0.5% (33). The s e n s i t i v i t y of 
aflatoxin-producing fungi to atmospheric gases, p a r t i c u l a r l y oxy
gen and carbon dioxide, suggests research to determine the l e v e l 
of gases i n the microenvironment of developing corn kernels. 

Although A. flavus w i l l grow on almost any natural or pro
cessed substrate, afl a t o x i n occurs naturally primarily i n corn, 
peanuts, cottonseed, grain sorghum, tree nuts, m i l l e t , copra, and 
figs (34). Substrate factors must be involved i n contamination, 
since i t i s limited to a r e l a t i v e l y small number of ag r i c u l t u r a l 
commodities. The restricted access of zinc has been proposed as 
an explanation for the i n a b i l i t y of A. flavus to elaborate a f l a 
toxin i n soybeans (35). The a v a i l a b i l i t y of zinc for aflatoxin 
biosynthesis appears to be blocked by the presence of phytic acid 
i n soybeans (36). 

Production of aflatoxin by A. flavus i s r e l a t i v e l y indepen
dent of vegetative growth. An elevated carbon-to-nitrogen ratio 
has been linked to aflatoxin formation and high toxin production 
i s dependent of high concentrations of s p e c i f i c carbohydrates i n 
the substrate as well as s p e c i f i c organic nitrogen sources. Glu
cose concentrations of 20-30% (37) and sucrose levels of 10-20% 
(13,38) have produced maximum aflatoxin yields. Amino acids, 
such as aspartate, glycine, glutamate, and glutamine, appear to 
promote elevated aflatoxin formation (8,39). 

Plant stress was involved i n the corn-aflatoxin outbreak i n 
Iowa i n 1975. That region of the state had experienced drought 
and above-normal temperatures, whereas other areas i n Iowa with 
no toxin contamination had normal r a i n f a l l and temperatures (40). 
In 1976, corn test plots i n six southern and three Corn Belt 
states were sampled and monthly average temperature and r a i n f a l l 
were recorded (41). No aflatoxin positive samples were taken i n 
Iowa, I l l i n o i s , and Ohio, which had lower temperatures than the 
six southern states. The location with the highest 3-month aver
age temperature (Florida) had 75% of i t s samples a f l a t o x i n -
positive. Florida had much above normal r a i n f a l l i n June (+4.6") 
and much below normal i n July (-3.4) and August (-5.4). Thus, 
d i s t i n c t drought stress was present i n these las t two months. 

Other research has been summarized (42) by a proposal that 
elevated temperatures and water stress are responsible for i n 
creased parasitic a b i l i t y of A. flavus, associated infection pro
cesses, and higher aflatoxin concentration i n developing kernels 
(Table XI). 
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260 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Table XI. Effect of Water Stress on Kernel Infection and 
Aflatoxin Production by Aspergillus flavus 

Infected Aflatoxin 
Treatment kernels % B l PPb 

No Stress 40 28 
Preinoculation Stress 38 291 
Postinoculation Stress 35 392 

Jones et a l . (43) also found aflatoxin was less severe i n 
the high corn-yielding Tidewater region than i n the sandy Coastal 
Plain s o i l s . Stress was linked to reduced water holding capacity 
of the s o i l and drought related interference with nutrient uptake 
by corn plants. A controlled i r r i g a t i o n study during 1977 and 
1978 showed 23.6% aflatoxin-positive samples (7.3 ppb AFB^) 
from i r r i g a t e d plots as compared to 54.9% positive samples (61.9 
ppb AFB^) from non-irrigated plots. This convincing evidence 
of an association between water stress on developing corn plants 
and enchanced vulne r a b i l i t y of the kernels to aflatoxin contami
nation paralleled the findings of P e t t i t et a l . (44) i n 1971 on 
the effect of i r r i g a t i o n on aflatoxin accumulation i n peanuts. 

F e r t i l i t y stress from reduced f e r t i l i z a t i o n and dense popu
lations of plants contributes to aflatoxin development i n pre
harvest corn (26). A definite relationship between increased 
aflatoxin levels i n kernels from plants grown under nitrogen 
stress has been reported (45). The competition of weeds for 
available nutrients and water also has been linked to presence of 
aflatoxin i n corn (46). 

Sampling and Analysis 

In aflatoxin-contaminated lots of corn, a small percentage 
of kernels may contain very high concentrations of aflatoxin mak
ing accurate determinations of aflatoxin levels d i f f i c u l t (6). 
This factor makes getting a representative sample for chemical 
analysis the c r i t i c a l step. Research indicates that the variance 
and skewness of the distr i b u t i o n of aflatoxin concentrations of 
samples about a lot mean are inversely proportional to sample 
size and to toxin concentration i n the l o t . The distr i b u t i o n of 
sample concentrations about the lot mean i s p r a c t i c a l l y normal 
when lo t concentration i s greater than 20 ppb aflatoxin and sam
ple weight i s 4.45 kg or greater. Probe sampling may be used 
when a lo t of corn has been recently blended i n harvesting, hand
l i n g , or other operations; otherwise, stream sampling should be 
used. 
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16. DiENER A N D D A V I S Aflatoxins in Corn 261 
A number of r e l i a b l e effective methods of detection and de

termination of aflatoxin i n corn are available (6)· 
(1) the bright greenish-yellow fluorescence (BGYF) presump

tive test or black light test i s widely used by farmers, elevator 
operators, and industry to identify suspect lots of corn that may 
contain aflatoxin. It alone does not demonstrate the presence of 
aflatoxin, but requires a chemical analysis for confirmation. 

(2) For laboratories with minimal equipment and requirements 
for results i n a minimum amount of time, the Holaday-Velasco 
minicolumn method has been adopted for aflatoxin i n corn by the 
Association of O f f i c i a l Analytical Chemists (AOAC) as well as the 
American Association of Cereal Chemists (AACC). 

(3) The o f f i c i a l method i s by the CB method, but an improved 
method i s needed that i s less expensive and uses less toxic s o l 
vents. Modified and alternate methods abound but are untested 
except by their creator. 

There are several promising quantitative methods that need 
evaluation i n collaborative studies by the AOAC and the AACC. 
High performance l i q u i d chromatography (HPLC), the fluorometric-
iodine method (FL-IM), the enzyme-linked immunosorbent assay 
(ELISA), the solid-phase radioimmunoassay (RIA), and the tandem 
mass spectrometer, a l l have great potential. Research i s needed 
to determine the extent, limitations, and applications for each 
method. 

Biolo g i c a l Effects of Aflatoxin i n Domestic Animals 

Bovine. Although acute aflatoxicosis i n c a t t l e results i n 
overt symptoms, such as reduced feed consumption, severely de
pressed milk-yield, weight loss, and l i v e r damage, the insidious 
b i o l o g i c a l effects resulting from chronic exposure to sub-acute 
levels of aflatoxin may be of greater economic importance ( 6 ) . 
Low to moderate intakes of aflatoxin-contaminated rations by 
dairy and beef cattle have been associated with reduced feed ef
ficiency, immunosuppression, increased s u s c e p t i b i l i t y to stress, 
and reduced reproductive performance. These low l e v e l effects 
are d i f f i c u l t to recognize; thus, the incidence of chronic a f l a 
toxicosis i n c a t t l e as well as other livestock may be greater 
than reported. Not only i s animal health affected during chronic 
a f l a t o x i c o s i s , but also a portion of ingested AFB^ i s converted 
to a hydroxylated metabolite, AFM^, and excreted i n milk. Be
cause the conversion rate i s approximately 0.9%, a dairy cow may 
produce milk containing some AFM^ without manifesting symptoms 
of intoxication. Research concerning the b i o l o g i c a l effects of 
AFBi i n the bovine has been p r i n c i p a l l y designed for testing 
acute toxicological response. L i t t l e d e f i n i t i v e data are a v a i l 
able on the effects of aflatoxin on physiological processes, such 
as nutrient (particularly trace mineral) metabolism or c e l l -
mediated immune response. 

Porcine. Data from veterinary diagnostic laboratories 
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262 X E N O B I O T I C S IN F O O D S A N D F E E D S 

indicate that porcine aflatoxicosis was common i n 1981 i n South
eastern and Midwestern United States (6). Twenty to 60% of corn 
and feed samples suspected of t o x i c i t y contained aflatoxin and 
concentrations exceeding 200 ppb were common. Suckling piglets, 
growing and f i n i s h i n g swine, and breeding stock are susceptible 
to a f l a t o x i c o s i s , but c l i n i c a l and pathological alterations vary 
greatly depending upon age, diet, dosage, and duration of ex
posure. Decrease i n the rate of weight gain and impaired feed 
conversion efficiency are among the mildest effects, and l e t h a l , 
acute, severe, toxic hepatitis, nephrosis, and systemic hemor
rhages are among the most severe. Aflatoxins are carcinogenic i n 
pigs, but toxin-induced neoplasia i n pigs have not been recog
nized to occur naturally. Spontaneous porcine aflatoxicosis i s 
associated with increased s u s c e p t i b i l i t y to disease and experi
mental aflatoxicosis may cause immunosuppression i n pigs (6). The 
conditions under which this occurs however are incompletely de
fined. Aflatoxins are absorbed rapidly from the porcine gas
t r o i n t e s t i n a l tract and are concentrated largely i n the l i v e r and 
kidney. Excretion occurs mostly i n the feces and i n lesser 
amounts in the urine. Aflatoxins B^, B 2, G^, G2, M̂ , 
M 2 and a f l a t o x i c o l are metabolites now i d e n t i f i e d i n pigs. 

Avian. Aflatoxin (AFB^) from peanut meal caused s i g n i f i 
cant losses of turkeys, ducklings and pheasants i n England, 1960 
(2,3). Research demonstrated that exposure to AFB^ resulted i n 
hepatic c e l l damage with necrosis, congestion, and b i l e duct pro
l i f e r a t i o n (2). There were macroscopic hemorrhages, icterus, and 
the l i v e r s were firm and pale. Large, focal areas of lymphoid 
hyperplasia and mitotic figures were observed. Aflatoxin i s re
cognized as an important carcinogen. Aflatoxin (0.25-0.5 yg/g 
B^) consumed during periods of immunization against Pasteurella 
multocida interfered with the development of acquired resistance 
i n 20-67% of turkey poults and chicks (47). Decreased immunity 
persisted even when an aflatoxin-free diet was substituted. This 
immunosuppression resulted from impairment of the reticuloendo
t h e l i a l system. Aflatoxin B^ (0.2 yg/g) i n commercial feed for 
New Hampshire and b r o i l e r chicks decreased weight gains, and 
increased s u s c e p t i b i l i t y and mortality from cecal coccidiosis 
(48) . In another t r i a l , vaccinated and nonvaccinated groups of 
chickens exposed to AFB^ were more susceptible to challenge 
inoculation with Marek s virus than similar AFB^ free groups 
(49) . In further t r i a l s i n turkey poults (50), inclusion of 
AFB^ i n the diet at 0.5 yg/g reduced leukocyte counts as well 
as serum complement t i t e r s . Also, serum γ-gl o b u l i n s increased 
during the AFB^ exposure period. Toxic effects were diminished 
by the addition of 2 yg/g Selenium (Se) i n the diet (50). Sele
nium, at concentrations that increased l i v e r glutathione peroxi
dase (GSH.Px) actvity, probably detoxified the AFBj^-2,3 oxide 
to reduced GSH. Phagocytic a c t i v i t y was markedly suppressed i n 
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16. DiENER A N D D A V I S Aflatoxins in Com 263 
the AFB^ exposed groups; this suppression of a c t i v i t y was pre
vented i n poults exposed to AFB^ and receiving dietary Se at 
2.0 yg/g. Hepatotoxicity i n turkeys poults from AFB^ exposure 
probably resulted i n Se deficiency, reducing b i l e flow with 
diminished absorption of vitamin A resulting i n increased mem
brane permeability, edema, and hemorrhage. 

Equine. C l i n i c a l signs and symptoms of equine aflatoxicosis 
are variable and do not offer a clear pathognomonic picture of 
the disease (6). Of the hematologic values examined, prolonged 
c l o t t i n g time appeared to be s i g n i f i c a n t . Elevations of blood-
biochemical enzymes, such as glutamic oxaloacetic transaminase, 
lactate dehydrogenase, i d i t o l dehydrogenase, gamma glutamyl 
transferase, and arginase during the t o x i c i t i e s were reported. 
Liver necrosis and hemorrhagic lesions were found i n most of the 
animals necropsied along with histopathologic damage to the 
l i v e r , kidney, heart, and brain. Toxic levels of aflatoxin r e 
ported i n c l i n i c a l cases ranged from 54.8 ppb to 6,500 ppb. 
Aflatoxin B^ and M^ were isolated from feed, feces, and l i v e r 
tissues. 

Economic Effects of Aflatoxin i n Corn 

Corn i s important to the grain and livestock economy of the 
Southeast. In recent years, grain infection and aflatoxin conta
mination have become serious problems and unless these problems 
are solved, future growth of the grain and livestock industries 
i n the region could be adversely affected (6). 

Losses from aflatoxin occur at a l l levels in the production, 
marketing, and u t i l i z a t i o n process. Contaminated grain causes 
serious marketing problems for producers and grain buyers. Some 
elevators refuse to buy corn i f i t tests positive above FDA ac
tion guidelines of 20 ppb. Other buyers may purchase corn at 
higher levels of aflatoxin, but discount the price paid according 
to the amount of aflatoxin i n the sample analyzed. Livestock and 
poultry producers have become acutely aware of the potential 
problem related to contaminated feeds. Many problems with animal 
performance, disease, and death have been attributed to 
aflatoxin-contaminated feed, although i t has frequently been 
impossible to determine the actual cause of the problems. Nearly 
30 lawsuits, totaling over $8 m i l l i o n i n damages, have been f i l e d 
against grain and feed firms by livestock feeders i n the 
Southeastern States during the past three years. Additional 
costs resulting from aflatoxin contamination of corn include (a) 
surveillance and assays by state departments of agriculture and 
(b) l e g i s l a t i v e appropriations for research and extension ef
fo r t s . Summary of losses are shown i n Table XII totaling over 
$400 m i l l i o n for the two epidemic years of 1977 and 1980. 
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264 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Table XII. Cost of Aflatoxin i n Corn i n Southeast 

Data i n $1,000 1977 1980 

Private cost: *J 
Corn producer 79, 939 97, 157 
Handler 7, 592 13, 997 
Swine 58, 691 100, 360 
Milk — 2 
Poultry 50, 000 25, 000 
Cornmeal — 145 

Public costs: 
Surveillance and assay 545 673 
Research and extension 800 500 

TOTAL 197, 567 237, 834 

£/ Milk and cornmeal estimate from NC only. 
^ Data from NC & GA i n 1977; NC only i n 1980. 

While the short-run costs are substantial for the i n d i v i d 
ual and for society, they may be greater i n the long run i f re
current aflatoxin contamination i n corn cannot be eliminated or 
detoxified. Farmers, who are unable to market the corn, w i l l u l 
timately s h i f t acreage to other crops, which have less year-to-
year risks and considerably less net returns. Fewer buyers may 
be needed to handle the crops that are produced and marketed. 
Some feeders, p a r t i c u l a r l y poultry integrators, are already pur
chasing Midwestern grain i n preference to l o c a l grain. Others are 
considering bringing grain from the Midwest i n unit trains to 
lower their costs. Absence of corn production in the Southeast 
could a l t e r some of the comparative advantage of the area i n 
feeding certain species, such as broilers and hogs. However, 
some of the effect on poultry producers may be dampened by fur
ther downward adjustments i n grain freight rates from the Mid
west. These changes could impact adversely on both producers and 
consumers. 

Prevention and Control of Aflatoxin i n Corn 

Screening Methods. Screening to detect resistance i n corn 
to kernel infection by A. flavus and/or aflatoxin production have 
been conducted i n the f i e l d and to a lesser extent i n the labora
tory (6). To date, screening for genotypic differences has 
focused primarily on level of aflatoxin production rather than on 
frequency of kernel infection. Inoculation methods have general
ly included some form of wounding of the kernels to establish the 
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16. DiENER A N D D A V I S Aflatoxins in Com 265 
fungus i n ears, although recent studies show that infection and 
subsequent aflatoxin production can occur in the absence of 
wounding. In screening for resistance to the fungus or toxin 
production, researchers are facing problems that are more f o r 
midable than those usually encountered. Future progress i n 
screening w i l l be f a c i l i t a t e d by: 1) i d e n t i f i c a t i o n of at least 
one resistant check; 2) improvements i n uniformity of treatment 
response among replications, location, and years; 3) development 
of inoculation methods that y i e l d infection levels of s u f f i c i e n t 
magnitude to differentiate among genotypes; and 4) development of 
a rapid and inexpensive method for aflatoxin assessment. Identi
f i c a t i o n of plant characters (morphological or biochemical) that 
reduce infection or aflatoxin synthesis may provide a significant 
step forward. 

Plant Breeding. Differences i n aflatoxin levels i n prehar
vest commercial corn hybrids have been reported i n isolated i n 
stances (6). However, i n a b i l i t y to repeat differences among hy
brids over locations and years has been a major obstacle to re
commending one hybrid over another for reducing aflatoxin conta
mination. Studies have shown that maize parents can be c l a s s i 
f i e d as donors of low, intermediate, and high aflatoxin produc
tion to their respective progenies. These results may indicate 
that aflatoxin contamination i s under genetic control, but d i f 
ferences among genotypes have been so e r r a t i c that recurrent 
selection i s not currently warranted. In genetic studies, a 
large interaction between genotype and environment has been ob
served; this interaction probably has masked differences i n 
aflatoxin associated with inherited response. Many factors may 
contribute to the large errors encountered including: sampling 
technique, aflatoxin analysis, inoculation method, number of 
samples, a lack of knowledge of the host-pathogen relationship, 
and varying environmental conditions. Elucidation of the chemi
cal basis for genetic control of the infection and contamination 
process would probably help reduce the large experimental errors. 
Genetically controlled, indirect methods of reducing preharvest 
aflatoxin contamination include planting hybrids with adaptation 
to location and a high degree of resistance to ear-damaging i n 
sects, diseases, and stress during the grain f i l l i n g period. In 
addition, the choice of 1) planting date, 2) optimum plant den
s i t y , and 3) good cultural practices, such as weed control and 
f e r t i l i t y balance to a l l e v i a t e stress during the grain f i l l i n g 
period, should be useful i n controlling the aflatoxin problem. 

Natural Metabolites. An innovative area of research i s the 
effect of corn metabolites on A. flavus, A. parasiticus, and 
aflatoxin production. Metabolites from several plants have been 
reported to i n h i b i t A. flavus or aflatoxin synthesis. A number 
of chemicals consisting of v o l a t i l e o i l s from corn husks, ker
nels, and s i l k s were extracted by several investigators (51,52) 
and tested i n culture by Wilson et a l . (53). Several alcohols 
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and aldehydes were inhibitory to A. flavus with β-ionone dramati
c a l l y r e s t r i c t i n g growth, sporulation, and aflatoxin production 
by A. flavus and A. parasiticus. Naturally occurring compounds 
may be useful i n plant breeding or i n chemical control of A. 
flavus i n the f i e l d or i n storage* 

Pesticide Control. Numerous antimicrobial compounds have 
been studied i n the la s t 10 to 15 years seeking means of control
l i n g growth of Aspergillus flavus and aflatoxin production i n 
corn (6). A number of chemicals, including pesticides, i n h i b i t 
aflatoxin production i n the laboratory, but only the propionates 
and some acetates have been found effective i n stored corn. Over 
30 pesticides have been tested for their a b i l i t y to i n h i b i t 
growth and aflatoxin production by A. flavus, but only fiv e have 
been applied to corn during the growing season to determine i f 
preharvest development of aflatoxin can be reduced or prevented. 
The insecticide Gardona when sprayed three times per week r e 
duced, but did not eliminate aflatoxin B^ accumulation on pre
harvest corn (54). Preharvest corn that was naturally contamina
ted by A. flavus after kernel damage contained 28.9 ppb aflatoxin 
B^. Application of the insecticides bux, carbaryl, and dyfon-
ate reduced aflatoxin %i levels to 4 ppb, 1 ppb, and 2 ppb, r e 
spectively (55). 

Detoxification. Outbreaks of aflatoxin i n corn occur spo
r a d i c a l l y i n different sections of the United States. In recent 
years, incidence has centered largely i n the Southeastern States. 
When these outbreaks occur, some means of salvaging the contami
nated corn must be considered. Numerous approaches have been 
suggested, largely f a l l i n g i n the broad categories of physical 
separation, chemical inactivation, and biol o g i c a l inactivation. 
Research conducted on peanut and cottonseed meals has provided a 
basis for the selection of methods to be applied to the d e t o x i f i 
cation of corn. A review of the l i t e r a t u r e indicates that the 
most practical method for salvaging aflatoxin-contaminated corn 
i s ammoniation. Extensive work at the Northern Regional Research 
Center resulted i n development of a procedure whereby introduc
tion of ammonia reduced aflatoxin i n corn from i n excess of 1,000 
ppb to less than 10 ppb (56,57,58). Although toxicological stu
dies have not yet been completed to qualify the process for FDA 
approval, indications are that the method i s feasible and offers 
promise to farmers and buyers, who may otherwise face f i n a n c i a l 
disaster as a result of aflatoxin contamination of corn. 
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Detection of Trichothecene Mycotoxins 
Quantitation of Deoxynivalenol by Negative Chemical 
Ionization Mass Spectrometry 

JANET M. ROTHBERG, JOHN L. MACDONALD, and JOSEPH C. SWIMS 

Central Research Services, Ralston Purina Company, St. Louis, MO 63164 

A GC/MS technique has been developed for the 
detection of trichothecene mycotoxins. The 
technique has been used to quantitate the 
trichothecene deoxynivalenol in corn, wheat and 
mixed feeds. The trichothecenes are derivatized 
with heptafluorobutyrylimidazole and the derivat
ives are separated by gas chromatography. 
Methane negative chemical ionization produces 
characteristic fragment ions with high molecular 
weights which are measured by selected ion 
monitoring. The technique has been used to deter
mine low levels of six trichothecene compounds: 
diacetoxyscirpenol, neosolaniol, T-2 toxin, HT-2 
toxin, deoxynivalenol, and fusarenon-x. One 
hundred femtograms of deoxynivalenol has been 
detected by this method. The coefficients of 
variation of the method for quantitation of 
deoxynivalenol in both corn and wheat are 15% 
with a mean recovery of greater than 95% in 
spiked corn and wheat. Levels of deoxynivalenol 
which were measured by different laboratories 
using a variety of methods will be compared. 

T r i c h o t h e c e n c e s a r e a c l a s s o f s t r u c t u r a l l y s i m i l a r 
m y c o t o x i n s p r o d u c e d p r i n c i p a l l y by F u s a r i u m molds. These c y c l i c 
compounds a r e o f i n t e r e s t t o f e e d m a n u f a c t u r e r s because t h e y c a n 
cause f e e d r e f u s a l o r r e d u c e d f e e d e f f i c i e n c i e s i n some a n i m a l 
s p e c i e s ( 1 , 2 , 3 ) . S e v e r a l a p p r o a c h e s have been r e p o r t e d f o r t h e 
a n a l y s i s o f t r i c h o t h e c e n e s i n f e e d s and f e e d i n g r e d i e n t s . 
T r i m e t h y l s i l y l d e r i v a t i v e s o f t h e t r i c h o t h e c e n e s have been formed 
and t h e d e r i v a t i v e s measured by gas chromatography u s i n g a fla m e 
i o n i z a t i o n d e t e c t o r ( 4 , 5 , 6 , 7 ) . O t h e r workers o b t a i n e d improved 

0097-6156/83/0234-0271$06.00/0 
© 1983 A m e r i c a n C h e m i c a l S o c i e t y 
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s e n s i t i v i t y by f o r m i n g t h e h e p t a f l u o r o b u t y r y l (HFB) d e r i v a t i v e s 
o f t h e t r i c h o t h e c e n e s which c o u l d t h e n be measured by e l e c t r o n 
c a p t u r e gas chromatography ( 5 , 8 , 9 ) . The use o f mass s p e c t r o m e t r y 
has a l s o been r e p o r t e d f o r c o n f i r m a t i o n and q u a n t i t a t i o n o f t h e 
t r i c h o t h e c e n e s d e o x y n i v a l e n o l (DON), d i a c e t o x y s c i r p e n o l (DAS), 
T-2 t o x i n and HT-2 t o x i n (10,11,12). 

The t e c h n i q u e d e s c r i b e d h e r e u s e s gas chromatography 
combined w i t h n e g a t i v e c h e m i c a l i o n i z a t i o n (NCI) mass 
s p e c t r o m e t r y t o a n a l y z e e x t r a c t s o f f e e d i n g r e d i e n t s . 
H e p t a f l u o r o b u t y r y l d e r i v a t i v e s o f t h e t r i c h o t h e c e n e s a r e formed 
by r e a c t i o n w i t h h e p t a f l u o r o b u t y r y l i m i d a z o l e (HFBI) and t h e 
d e r i v a t i v e s a r e t h e n s e p a r a t e d by g a s - l i q u i d chromatography. 
C h a r a c t e r i s t i c h i g h m o l e c u l a r weight (542-943 amu) n e g a t i v e i o n s 
a r e measured u s i n g s e l e c t e d i o n m o n i t o r i n g (SIM). The methods 
l i s t e d above g e n e r a l l y r e q u i r e some t r e a t m e n t o f t h e sample 
e x t r a c t s p r i o r t o gas c h r o m a t o g r a p h i c a n a l y s i s t o remove 
s u b s t a n c e s which i n t e r f e r e w i t h q u a n t i t a t i o n o f t h e 
t r i c h o t h e c e n e s . The c o m b i n a t i o n o f s e n s i t i v i t y and s e l e c t i v i t y 
r e s u l t i n g from t h e use o f NCI and s e l e c t e d i o n m o n i t o r i n g p e r m i t s 
a n a l y s i s o f sample e x t r a c t s w i t h o u t a d d i t i o n a l sample c l e a n - u p . 

D e t e c t i o n o f s i x t r i c h o t h e c e n e s ; DON, DAS, T-2 t o x i n , HT-2 
t o x i n , n e o s o l a n i o l (NSL), f u s a r e n o n e - x (F-X) i s shown h e r e . T h i s 
method has been used f o r q u a n t i t a t i o n o f DON i n c o r n , wheat, 
wheat b r a n , and mixed f e e d s . The p r e c i s i o n o f t h e method was 
measured by r e p e t i t i v e a n a l y s i s o f n a t u r a l l y c o n t a m i n a t e d 
samples. R e c o v e r y was measured from samples s p i k e d w i t h DON 
s t a n d a r d s . 
E x p e r i m e n t a l 

D e o x y n i v a l e n o l s t a n d a r d was p u r c h a s e d from M y c o l a b s , I n c . , 
C h e s t e r f i e l d , M i s s o u r i . A d d i t i o n a l d e o x y n i v a l e n o l , 
d i a c e t o x y s c i r p e n o l and T-2 t o x i n were p u r i f i e d from F u s a r i u m 
c u l t u r e s i n t h i s l a b o r a t o r y . The HT-2 t o x i n s t a n d a r d was 
o b t a i n e d from Sigma C h e m i c a l Company, S t . L o u i s , MO. Fusarenon-x 
and n e o s o l a n i o l were p r o v i d e d by Dr. L o s h i o Ueno, Tokyo 
U n i v e r s i t y o f S c i e n c e , Tokyo, J a p a n . 

The n - h e p t a f l u o r o b u t y r y l i m i d a z o l e r e a g e n t was o b t a i n e d from 
R e g i s C h e m i c a l Company, Morton Grove, I l l i n o i s . S o l v e n t s were o f 
a q u a l i t y s u i t a b l e f o r p e s t i c i d e a n a l y s i s and were o b t a i n e d from 
v a r i o u s s o u r c e s . 

A l l mass s p e c t r a were r e c o r d e d u s i n g a H e w l e t t - P a c k a r d 5985B 
mass s p e c t r o m e t e r e q u i p p e d w i t h a d u a l e l e c t r o n i m p a c t / c h e m i c a l 
i o n i z a t i o n s o u r c e i n c l u d i n g n e g a t i v e i o n c a p a b i l i t y . The s o u r c e 
t e m p e r a t u r e was 125°C, f i l a m e n t e m i s s i o n c u r r e n t was 300 uA, 
and e l e c t r o n energy was 230 ev. The i n t e r f a c e between t h e GC and 
MS was a g l a s s - l i n e d s t a i n l e s s s t e e l t r a n s f e r l i n e . Methane was 
used b o t h f o r c a r r i e r gas and a s t h e c h e m i c a l i o n i z a t i o n r e a c t a n t 
g a s . A methane f l o w o f 11.5 mL/min. r e s u l t e d i n an i o n s o u r c e 
p r e s s u r e o f 0.5 t o r r . 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

01
7



17. R O T H B E R G E T A L . Detection of Trichothecene Mycotoxins 273 

Samples were a n a l y z e d on a 6 f t χ 2 mm ID g l a s s column 
packed w i t h 3% SP-1000 ( S u p e l c o , B e l l e f o n t e , P A . ) . The column 
t e m p e r a t u r e was programmed from 150°C t o 225°C a t 
10°C/min. The i n j e c t i o n p o r t t e m p e r a t u r e was 200°C and t h e 
i n t e r f a c e t e m p e r a t u r e was 250°C. 

The i n s t r u m e n t was o p e r a t e d i n t h e s e l e c t e d i o n m o n i t o r i n g 
(SIM) mode. T h i s a l l o w e d g r o u p s o f one t o f o u r i o n s t o be 
mo n i t o r e d a t a t i m e . Masses t o be m o n i t o r e d were changed p r i o r 
t o t h e r e t e n t i o n t i m e o f each t r i c h o t h e c e n e d e r i v a t i v e . 
Samples 

Cor n c o n t a m i n a t e d w i t h DON was o b t a i n e d from t h e 1980 c o r n 
c r o p from E a s t e r n Canada. The c o r n was s e l e c t e d f o r a n a l y s i s due 
t o the p r e s e n c e o f mold on t h e k e r n e l s . Wheat c o n t a m i n a t e d w i t h 
DON was t a k e n from samples o f t h e 1980 wheat c r o p from t h e upper 
midwestern U n i t e d S t a t e s . Wheat samples were s e l e c t e d f o r 
a n a l y s i s due t o t h e p i n k c o l o r o f t h e g r a i n . 

Samples o f n a t u r a l l y c o n t a m i n a t e d c o r n and wheat were 
b l e n d e d t o produce samples c o n t a i n i n g v a r i o u s l e v e l s o f DON. 
F o l l o w i n g g r i n d i n g , samples c o n t a i n i n g h i g h l e v e l s o f DON were 
b l e n d e d w i t h samples which had been a s s a y e d by t h e method 
d e s c r i b e d h e r e and found t o c o n t a i n low l e v e l s o f DON. These 
b l e n d e d samples were used t o measure t h e p r e c i s i o n o f t h e method 
and p r o v i d e c o n t r o l samples t o be a n a l y z e d w i t h e a c h s e t o f 
unknown samples. 

A r t i f i c i a l l y DON c o n t a m i n a t e d samples were p r e p a r e d by 
a d d i n g a l i q u o t s from s t a n d a r d s o l u t i o n s o f DON i n a c e t o n e t o 
ground samples o f c o r n and wheat. A f t e r a d d i t i o n , t h e s o l v e n t 
was a l l o w e d t o e v a p o r a t e b e f o r e a n a l y s i s . These samples were 
used t o measure r e c o v e r y o f DON t h r o u g h t h e method. 
P r o c e d u r e 

E x t r a c t i o n . A 25-g ground sample was e x t r a c t e d i n 100 mL o f 
50% methanol/water ( v / v ) . The m i x t u r e was b l e n d e d a t t h e h i g h e s t 
speed o f an e x p l o s i o n - p r o o f b l e n d e r . The sample was t h e n 
c e n t r i f u g e d a t 28,000 rpm. f o r 5 m i n u t e s . Sample e x t r a c t s were 
r e f r i g e r a t e d o v e r n i g h t i f t h e y c o u l d n o t be a n a l y z e d on t h e same 
day. 

D e r i v a t i z a t i o n . A 1 mL a l i q u o t from t h e c e n t r i f u g e d sample 
e x t r a c t was d i l u t e d t o 200 mLs i n a v o l u m e t r i c f l a s k . A 1 mL 
a l i q u o t o f t h i s d i l u t e d e x t r a c t was t r a n s f e r r e d t o a s m a l l 
screw-capped c u l t u r e tube which was t h e n p l a c e d i n a 50°C water 
b a t h and d r i e d under a st r e a m o f n i t r o g e n . Then t h e sample was 
th e n d i s s o l v e d i n 1 mL o f 95% t o l u e n e / 5 % a c e t o n i t r i l e ( v / v ) and 
mixed v i g o r o u s l y f o r a t l e a s t 30 s e c o n d s . Two hundred 
m i c r o l i t e r s o f n - h e p t a f l o u r o b u t r y l i m i d a z o l e (HFBI) was added t o 
each sample and t h e s o l u t i o n was a g a i n mixed v i g o r o u s l y f o r 15 
se c o n d s . 
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274 X E N O B I O T I C S IN F O O D S A N D F E E D S 

E x c e p t f o r t h o s e samples and s t a n d a r d s c o n t a i n i n g DAS, t h e 
samples were p l a c e d i n a 100°C o i l b a t h f o r 15 m i n u t e s . A f t e r 
removal o f t h e sample from t h e o i l b a t h , 3 mL o f 5% sodium 
b i c a r b o n a t e s o l u t i o n was added t o each sample and t h e n mixed 
v i g o r o u s l y f o r 30 s e c o n d s . The sample was a l l o w e d t o phase, t h e 
o r g a n i c l a y e r was removed and t r a n s f e r r e d t o a c u l t u r e t u b e 
c o n t a i n i n g 300 mg o f anhydrous sodium s u l f a t e c r y s t a l s . T h i s 
tube was t h e n shaken b r i e f l y . F i v e m i c r o l i t e r s o f t h e 
d e r i v a t i z e d sample was i n j e c t e d i n t o t h e GC/MS. 

The d i a c e t o x y s c i r p e n o l (DAS) s t a n d a r d and samples c o n t a i n i n g 
DAS were d e r i v a t i z e d a t room t e m p e r a t u r e f o r 15 m i n u t e s . A t 
100°C l o s s e s o f DAS have been e x p e r i e n c e d . 

GC/MS A n a l y s i s . The s i x t r i c h o t h e c e n e s were d e t e c t e d by 
m o n i t o r i n g t h e m o l e c u l a r i o n (M+l) and c h a r a c t e r i s t i c fragment 
i o n s o f each d e r i v a t i v e . The i o n s m o n i t o r e d a r e shown i n T a b l e 
I I . Q u a n t i t a t i o n o f t h e d e o x y n i v a l e n o l d e r i v a t i v e (DON-HFB) were 
670, 671, 884, and 885 amu. 
R e s u l t s and D i s c u s s i o n 
C o n f i r m a t i o n o f T r i c h o t h e n e s 

The b a s i c s k e l e t a l s t r u c t u r e o f t h e F u s a r i u m t r i c h o t h e c e n e s 
i s shown i n F i g u r e I . The s i x t r i c h o t h e c e n e s d i s c u s s e d h e r e 
d i f f e r i n t h e number and p o s i t i o n o f h y d r o x y l g r o u p s , a c e t a t e 
e s t e r s , o r i s o b u t y l e s t e r s s u b s t i t u t e d a t one o f f o u r s i t e s on 
th e m o l e c u l e . When t h e t r i c h o t h e c e n e i s d e r i v a t i z e d w i t h HFBI, 
h e p t a f l u o r o b u t r y r l e s t e r s a r e formed w i t h h y d r o x y l g r o u p s on t h e 
t r i c h o t h e c e n e m o l e c u l e . Depending on t h e number o f h y d r o x y l 
g r o u p s , 1,2,or 3 HFB group s may be added, t h u s i n c r e a s i n g t h e 
m o l e c u l a r w e i g h t o f the compound by 196 amu f o r e a c h HFB group 
a t t a c h e d . The r e s u l t i n g d e r i v a t i v e s have m o l e c u l a r w e i g h t s i n t h e 
range o f 540-950 amu. 

The NCI s p e c t r a a r e g e n e r a l l y c h a r a c t e r i z e d by an abundant 
m o l e c u l a r i o n , t h e l o s s o f hydrogen f l u o r i d e (M-20) g r o u p s , and 
l o s s o f i n t a c t HFB (M-213) g r o u p s . T a b l e I shows t h e t a b u l a t e d 
NCI s p e c t r a o f s i x d e r i v a t i z e d t r i c h o t h e c e n e s . F o r example, i n 
the c a s e o f d e o x y n i v a l e n o l - H F B , t h e m o l e c u l a r i o n i s m/e= 884, 
l o s s o f HF(M-20) r e s u l t s i n m/e= 864, l o s s o f i n t a c t HFB group s 
(M-213) g i v e s fragment i o n s o f m/e= 671,458. 

T a b l e I . T a b u l a t e d NCI S p e c t r a o f S i x T r i c h o t h e c e n e D e r i v a t i v e s 

D e o x y n i v a l e n o l / t r i - H F B 
F u s a r e n o n - x / t r i - H F B 
N e o s o l a n i o l / d i - H F B 
HT-2/di-HFB 
D i a c e t o x y s c i r p e n o l / H F B 
T-2/HFB 

Compound Mass I n t e n s i t y 
884 ( 6 6 ) , 671 ( 5 ) , 670 ( 7 ) , 630 (2) 
942 ( 1 0 0 ) , 943 ( 3 5 ) , 728 ( 9 ) , 922 (5) 
692 ( 9 7 ) , 754 ( 5 1 ) , 774 ( 2 5 ) , 693 (24) 
816 ( 1 0 0 ) , 817 ( 3 6 ) , 233 ( 2 2 ) , 583 (6) 
480 (1 0 0 ) , 481 ( 2 6 ) , 562 ( 2 ) , 542 (9) 
580 ( 1 0 0 ) , 581 ( 3 0 ) , 662 ( 4 ) , 642 (8) 
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17. ROTHBERG ET AL. Detection of Trichothecene Mycotoxins 275 

One o f the a d v a n t a g e s o f t h i s GC/MS method o f d e t e c t i o n o f 
t h e d e r i v a t i z e d t r i c h o t h e c e n e s i s t h e r e d u c t i o n o f t h e e f f e c t o f 
the i n t e r f e r e n c e s from t h e sample m a t r i x . Many i n t e r f e r e n c e s a r e 
s m a l l m o l e c u l a r weight compounds, but t h e l a r g e m o l e c u l a r w e i g h t 
t r i c h o t h e c e n e d e r i v a t i v e s c a n be s e l e c t i v e l y m o n i t o r e d a t t h e 
h i g h e r mass i o n s . I n t e r f e r e n c e s s e e n i n t h e e l e c t r o n c a p t u r e 
c h r o m a t o g r a p h i c d e t e r m i n a t i o n o f t r i c h o t h e c e n e s due t o t h e e x c e s s 
HFBI l e f t i n t h e e x t r a c t a f t e r d e r i v a t i z a t i o n and due t o t h e low 
m o l e c u l a r weight compounds from t h e sample m a t r i x a r e n o t 
a p p a r e n t i n NCI mass s p e c t r o m e t r y . 

A second advantage i s t h a t a t t a c h m e n t o f t h e e l e c t r o n e g a t i v e 
HFB g r o u p s t o t h e t r i c h o t h e c e n e s r e s u l t s i n v e r y h i g h s e n s i t i v i t y 
when u s i n g n e g a t i v e c h e m i c a l i o n i z a t i o n T h i s s e n s i t i v i t y i s 
d e m o n s t r a t e d by t h e d e t e c t i o n o f a 300 femtogram i n j e c t i o n o f 
DON-HFB as shown i n F i g u r e I I . A co m p a r i s o n o f n e g a t i v e c h e m i c a l 
i o n i z a t i o n ( N C I ) , p o s i t i v e c h e m i c a l i o n i z a t i o n ( P C I ) , and 
e l e c t r o n impact ( E I ) s e n s i t i v i t i e s t o d e r i v a t i z e d DON s t a n d a r d i s 
shown i n T a b l e I I . Each s o u r c e t e c h n i q u e was ru n on t h e same 
i n s t r u m e n t on t h e same day. The NCI t e c h n i q u e i s about 5000 
t i m e s more s e n s i t i v e t h a n PCI, and 10,000 t i m e s more s e n s i t i v e 
t h a n E I . 

C o n f i r m a t i o n o f t r i c h o t h e c e n e c o n t a m i n a t e d samples i s 
p e r f o r m e d by s e l e c t e d i o n m o n i t o r i n g (SIM) mass s p e c t r o m e t r y , 
s c a n n i n g t h e m o l e c u l a r i o n o f e a c h t r i c h o t h e c e n e d e r i v a t i v e . 
U s i n g SIM, c o e l u t i n g peaks can be s e p a r a t e d and q u a n t i t a t e d 
w i t h o u t d i f f i c u l t y . F i g u r e I I I shows s e p a r a t i o n o f s i x 
t r i c h o t h e c e n e s t a n d a r d s t h a t were d e r i v a t i z e d s e p a r a t e l y and 
combined b e f o r e i n j e c t i o n . The m o l e c u l a r i o n was m o n i t o r e d f o r 
each compound i n t h i s d e m o n s t r a t i o n . Even though, under t h e 
c o n d i t i o n s used h e r e , NSL and DAS a r e n o t c o m p l e t e l y r e s o l v e d , 
t h e y c a n e a s i l y be d e t e c t e d i n d e p e n d e n t l y w i t h SIM. 

T a b l e I I . L i m i t o f D e t e c t i o n Of Three Mass S p e c t r a l 
T e c h n i q u e s t o D e o x y n i v a l e n o l S t a n d a r d 

T e c h n i q u e Lowest DON S t a n d a r d M e a s u r e a b l e 
E l e c t r o n Impact 100 pg 
P o s i t i v e C h e m i c a l I o n i z a t i o n 500 pg 
N e g a t i v e C h e m i c a l I o n i z a t i o n 0.1 pg 

Q u a n t i t a t i o n o f D e o x y n i v a l e n o l 
The method has been used f o r t h e q u a n t i t a t i o n o f 

d e o x y n i v a l e n o l i n c o r n , wheat, and mixed f e e d s . The p r e c i s i o n 
and r e c o v e r y o f t h e method have been e s t a b l i s h e d i n our 
l a b o r a t o r y . The p r e c i s o n s t u d y was p e r f o r m e d on l a r g e b a t c h e s o f 
n a t u r a l l y c o n t a m i n a t e d c o r n and wheat. Corn c o n t a i n i n g low l e v e l 
o f DON was ground, mixed, and r i f f l e d w i t h h i g h D O N - l e v e l c o r n t o 
g i v e a l a r g e homogeneous sample o f c o n t a m i n a t e d c o r n w i t h a l e v e l 
o f a p p r o x i m a t e l y 1500 ppb. 
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276 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Rl R2 R3 R4 COMPOUND 

one ORc H H DIACETOXYSCIRPENOL 
ORc ORc H OOCBu T-2 TOXIN 
ORc ORc H OH NEOSOLANIOL 
OH ORc H OOCBu HT-2 TOXIN 
ORc OH OH - 0 FUSRRENON-X 
hi OH OH - 0 DETOXYN1VRLENOL 

Figure 1. Structure of six trichothecenes showing four groups for substitutions. 

Figure 2. NCI spectrum of DON standard (100 femtograms) showing instrument 
sensitivity. 
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- I I 

j ^ m'Z 816 

Μ m / z 662 

. u t . i β 6 7 8 9 IB 

Figure 3. Separation of six combined derivatives of trichothecene standards by 
selected ion monitoring. A series of unique ion fragments are monitored for 

analysis. (Molecular ions only are shown in figure.) 

m- z 8 8 4 DON 

m ·-' ζ 816 

HT-2 

12 13 14 

Figure 4. Confirmation of DON and HT-2 in naturally contaminated corn. 
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278 X E N O B I O T I C S IN F O O D S A N D F E E D S 

The same p r e p a r a t i o n was p e r f o r m e d w i t h wheat. A t l e a s t 
e i g h t p o r t i o n s o f e a c h o f t h e c o r n and wheat samples were 
e x t r a c t e d , d i l u t e d , d e r i v a t i z e d , and a n a l y z e d by mass 
s p e c t r o m e t r y . Q u a n t i t a t i o n o f t h e DON i n t h e sample m a t r i c e s was 
a c c o m p l i s h e d by measurement o f t h e peak a r e a o f t h e m o l e c u l a r i o n 
o f t h e DON-HFB i n t h e sample and comparing t h i s t o t h e peak a r e a 
o f t h e same i o n a s the s t a n d a r d . 

T a b l e I I I shows p r e c i s i o n d a t a on t h e r e p l i c a t e samples o f 
c o r n and wheat. The c o e f f i c i e n t o f v a r i a t i o n o f t h e v a l u e s f o r 
t h e a r t i f i c a l l y c o n t a m i n a t e d c o r n was l e s s t h a n 11%. E i g h t 
samples o f t h e a r t i f i c i a l l y c o n t a m i n a t e d wheat samples were r u n , 
t h e CV was 10%. 

T a b l e I I I . P r e c i s i o n Data on Wheat and C o r n A r t i f i c i a l l y 
C o n t a m i n a t e d w i t h D e o x y n i v a l e n o l 

PPB DON 
Ν Mean Range CV 

Corn 11 1456 1187-1682 11.4% 
Wheat 8 1466 1245-1720 10.3% 

T a b l e IV shows t h e r e c o v e r y d a t a f o r DON-spiked m a t r i c e s o f 
bo t h c o r n and wheat. The s p i k e l e v e l was v a r i e d t o c o v e r t h e 
range o f v a l u e s c o r r e s p o n d i n g t o t h e l e v e l s f o u n d i n t h e 
n a t u r a l l y - c o n t a m i n a t e d m a t r i c e s . The mean r e c o v e r y f o r b o t h c o r n 
and wheat samples was 97%. 

T a b l e IV. R e c o v e r i e s i n DON-Spiked M a t r i c e s D a t a 
CORN: S p i k e L e v e l Ν Average R e c o v e r y C.V. 

170 ppb 3 126% 11% 
200 3 87% 17% 
860 13 105% 19% 

1000 2 78% 33% 
2000 3 85% 25% 

Mean R e c o v e r y f o r a l l c o r n s p i k e s = 97% 
WHEAT: S p i k e L e v e l Ν Average R e c o v e r y C.V. 

1000 ppb 3 94% 11% 
2000 ppb 3 100% 8% 

Mean Rec o v e r y f o r a l l wheat samples = 97% 

To compare r e s u l t s f o r q u a n t i t a t i o n o f DON by v a r i o u s 
methods, samples o f c o n t a m i n a t e d c o r n , wheat and mixed f e e d s were 
s u b m i t t e d t o s i x l a b s who used v a r i o u s methods f o r q u a n t i t a t i o n 
o f DON. The methods o f a n a l y s i s i n c l u d e d gas 
c h r o m a t o g r a p h y / e l e c t r o n c a p t u r e (GC/EC) method, (6) a combined 
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17. R O T H B E R G E T A L . Detection of Trichothecene Mycotoxins 279 

t h i n - l a y e r chromatography ( T L C ) , GC, and MS a n a l y s i s , (17) 
Romer 1s GC/EC method, (15) and t h e method d e s c r i b e d i n t h i s 
p a p e r . The r e s u l t s o f t h e c o r r e l a t i o n s t u d y a r e shown i n T a b l e 
V. The s t u d y shows t h a t t h e r e i s c o n s i d e r a b l e v a r i a t i o n between 
l a b o r a t o r i e s , r e g a r d l e s s o f t h e method o f 
a n a l y s i s . The r e s u l t s o f the a n a l y s i s by t h e NCI-mass 
s p e c t r o m e t r i c method d e s c r i b e d i n t h i s p aper, a r e g e n e r a l l y 
s l i g h t l y h i g h e r t h a n o b t a i n e d by o t h e r methods. One p o s s i b l e 
e x p l a n a t i o n f o r t h e h i g h e r r e s u l t s o b t a i n e d w i t h t h i s method may 
be h i g h e r r e c o v e r i e s o b t a i n e d by NCI-MS compared t o r e c o v e r i e s 
r e p o r t e d f o r o t h e r p r o c e d u r e s . T a b l e VI shows a c o r r e l a t i o n 
s t u d y between two l a b o r a t o r i e s on samples o f wheat b r a n a n a l y z e d 
f o r d e o x y n i v a l e n o l . The agreement between t h e two l a b o r a t o r i e s 
was good, t h e r e s u l t s o b t a i n e d by S c o t t ' s method (6) a g r e e d 
w e l l w i t h t h e r e s u l t s o b t a i n e d by t h e NCI-MS t e c h n i q u e . 

T a b l e V: D e o x y n i v a l e n o l C o r r e l a t i o n Study 

DON i n ppb 
Lab Lab Lab Lab Lab Lab Lab %CV 

Sample A Β C D Ε F G Mean ** 
C o r n 1280 1000 1000 600 1710 760 1580 1160 ~38 
Corn 40 500 10 300 200 70 20 130 20 
Wheat 1310 1000 1090 800 630 990 1380 1030 28 
Wheat 1250 1000 1150 800 830 830 1510 1062 27 
Wheat 200 500 150 300 200 160 174 240 13 
Mixed Feed 200 1000 * 300 200 130 380 240 54 
Mixed Feed 4960 500 * 4800 4080 2920 7410 4110 40 
Mixed Feed 7100 500 * 6400 5180 4500 10000 6640 32 

Method (5) (17) (5) (11) (15) (1) NCI-(11) 
Mass Spec. 

* Lab chose n o t t o run mixed f e e d s . 
** E x c l u d e s Lab Β r e s u l t s . V a l u e s r e p o r t e d a s " l e s s t h a n " a r e 

n o t i n c l u d e d i n mean/CV. 

T a b l e V I : Wheat B r a n C o r r e l a t i o n S t u d y D e o x y n i v a l e n o l L e v e l ( p p b ) 

Sample Lab A Lab Β 
Wheat B r a n 627 620 
Wheat Bran 504 497 
Wheat B r a n 514 600 
Wheat Bran 728 754 
Wheat C o n t r o l 201 312 

Method NCI (5) 
Mass 
Spec 
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C o n c l u s i o n 
N e g a t i v e i o n c h e m i c a l i o n i z a t i o n mass s p e c t r o m e t r y c a n be 

used t o c o n f i r m t r i c h o t h e c e n e s and q u a n t i t a t e DON i n n a t u r a l l y 
c o n t a m i n a t e d g r a i n s and f e e d s . The e f f e c t s o f i n t e r f e r e n c e s a r e 
e l i m i n a t e d by s e l e c t i v e l y s c a n n i n g t h e r e l a t i v e l y h i g h m o l e c u l a r 
w e i g h t f r a g m e n t s and m o l e c u l a r i o n o f the t r i c h o t h e c e n e 
d e r i v a t i v e s . S e p a r a t i o n o f a m i x t u r e o f t r i c h o t h e c e n e 
d e r i v a t i v e s i s a c c o m p l i s h e d i n 15 mi n u t e s on a packed GC column. 
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Antinutrients and Allergens in Oilseeds 

ROBERT L. ORY, ANTONIO A. SEKUL, and ROBERT R. MOD 
Southern Regional Research Center, U.S. Department of Agriculture, ARS, 
New Orleans, LA 70179 

The presence of antinutrients and 
allergens in foods and feeds has prompted 
much research on these xenobiotics as concern 
for the safety of foods. Some of the more 
prominant adventitious components of peanuts 
and soybeans (allergens, trypsin inhibitors, 
hemagglutinins), cottonseed (allergens, gos-
sypol, cyclopropene fatty acids), and castor 
seed (allergens, toxins), their effects on 
selected enzymes and metabolism of mammals, 
on the general well-being of humans, some of 
the chemical/biochemical methods used to 
identify these materials, their subcellular 
site in the seeds, and methods for measuring 
them are described. 

Antinutrients and allergens have always been present i n 
certain foods but the growing interest i n oilseeds as a source of 
edible protein as well as o i l , and current interest in xenobio
ti c s and safety of foods i s focusing more attention on the a n t i 
nutrients, such as trypsin inhibitors, hemagglutinins, gpssypol, 
toxins, etc. In 1979, however, Dr. Phi l i p L. White, Director of 
the Department of Food and Nutrition for the American Medical 
Association, said, "Nothing has happened i n the last 1, 5, 10, or 
50 years that has suddenly made our food supply hazardous. If 
anything i t is much less hazardous today than i t was 75 years 
ago" (I). Despite such statements, people today are not sure 
what foods are safe or which ones contain allergens, a n t i n u t r i 
ents, carcinogens, toxins, etc. Consumers are also paying more 
attention to nutrient contents of both fresh and prepared foods. 
To keep pace with this awareness of nutritional content by con
sumers, research has increased on the safety, wholesomeness, and 
s t a b i l i t y of both tradi t i o n a l foods and new food products enter
ing the market, especially those from plant sources. This report 

T h i s c h a p t e r no t sub jec t t o U . S . c o p y r i g h t . 
P u b l i s h e d 1983, A m e r i c a n C h e m i c a l S o c i e t y 
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284 X E N O B I O T I C S IN F O O D S A N D F E E D S 

d e s c r i b e s a f ew o f t h e s e a n t i n u t r i e n t s , e m p h a s i z i n g t h e i r 
c h e m i s t r y a n d t h e a n a l y t i c a l m e t h o d s u s e d t o m e a s u r e th em r a t h e r 
t h a n t h e i r p h y s i o l o g i c a l a c t i v i t y i n h u m a n s . 

F o o d A l l e r g i e s . The t e r r a " a l l e r g i e " was i n t r o d u c e d b y v o n 
P i r q u e t ( 2 ) i n 1906 t o d e s c r i b e t h e c h a n g e i n a p e r s o n 1 s c a p a c i t y 
t o r e a c t t o a s e c o n d i n j e c t i o n o f h o r s e s e r u m . A l l e r g e n s a r e 
g e n e r a l l y l a r g e m o l e c u l a r w e i g h t m a t e r i a l s t o o l a r g e t o d i a l y z e 
o u t o f s o l u t i o n a n d a r e m o s t l y g l y c o p r o t e i n i n n a t u r e . A l l e r 
g e n i c a c t i v i t y i s m o s t o f t e n a s s o c i a t e d w i t h t h e p r o t e i n m o i e t y 
o f t h e c o m p o u n d . The mos t f r e q u e n t f o o d s t h a t i n d u c e a l l e r g i c 
r e a c t i o n s i n humans a r e c o w ' s m i l k , c h o c o l a t e , b e v e r a g e s made 
f r o m t h e K o l a n u t , c o r n , e g g s , t h e pea f a m i l y o f l e g u m e s ( m o s t l y 
p e a n u t s , w h i c h a r e n o t n u t s b u t a r e l e g u m e s ) , c i t r u s , t o m a t o e s , 
w h e a t a n d o t h e r s m a l l g r a i n s , c i n n a m o n a n d a r t i f i c i a l f o o d c o l o r s 
( 3 ) . E x t r a c t s o f p e a n u t s f r e q u e n t l y c r o s s r e a c t w i t h a n t i b o d i e s 
t o v a r i o u s b e a n s a n d p e a s , e s p e c i a l l y s o y b e a n s . C e r e a l g r a i n s 
i n c l u d e many s t a p l e f o o d s p r e p a r e d f r o m w h e a t , s u c h as b r e a d a n d 
p a s t a p r o d u c t s , some w h i c h h a v e b e e n r e p o r t e d t o p r o d u c e a l l e r g i c 
r e a c t i o n s i n h u m a n s . Whea t i s p r o b a b l y t h e most f r e q u e n t o f f e n d 
e r a n d w h e a t g l u t e n h y p e r s e n s i t i v i t y , c a l l e d c e l i a c d i s e a s e , 
i n d u c e s a d v e r s e r e a c t i o n s i n humans s e n s i t i v e t o w h e a t g l u t e n . 

I n c l i n i c a l d i a g n o s i s o f s e n s i t i v i t y t o a l l e r g e n s i n f o o d , 
t h e two m e t h o d s u s e d mos t f r e q u e n t l y a r e t h e s k i n p r i c k t e s t 
( S P T ) a n d t h e r a d i o a l l e r g o s o r b e n t t e s t ( R A S T ) . T h e s e t e s t s h a v e 
b e e n u s e d r e l i a b l y f o r t h e d i a g n o s i s o f a l l e r g y t o p e a s , c o d f i s h , 
p e a n u t s , e g g w h i t e , w h e a t a n d w h e a t f l o u r b u t w e r e o n l y p a r t l y 
r e l i a b l e i n d e t e c t i n g a l l e r g y t o c o w ' s m i l k , s a r d i n e s , a n d w h i t e 
b e a ns ( 4_) . 

O i l s e e d A l l e r g e n s . L e gumes a n d o i l s e e d s c o n t a i n l a r g e a m o u n t s o f 
s t o r a g e a n d n o n - s t o r a g e p r o t e i n s . M o s t s t o r a g e p r o t e i n s a r e 
g l o b u l i n s s o l u b l e i n d i l u t e s a l t o r b u f f e r a n d i n s o l u b l e i n 
w a t e r . The n o n - s t o r a g e p r o t e i n s c o n t a i n w a t e r - s o l u b l e a l b u m i n s , 
e n z y m e s a n d g l y c o p r o t e i n s t h a t i n c l u d e t r y p s i n i n h i b i t o r s , h e m 
a g g l u t i n i n s , a l l e r g e n s , a n d o t h e r x e n o b i o t i c s w h i c h a f f e c t n u t r i 
t i o n a l v a l u e o f t h e p r o t e i n . Many o f t h e s e a r e o f t e n a s s o c i a t e d 
w i t h s t o r a g e p r o t e i n s . Some a l l e r g e n s f o u n d i n o i l s e e d s a n d t r e e 
n u t s a r e s h o w n i n T a b l e 1 . A l l e r g e n c o n c e n t r a t i o n s i n o i l s e e d s 
a p p e a r t o be much h i g h e r t h a n t h o s e i n t r e e n u t s , p e a n u t s a n d 
s o y b e a n s ( t w o l e g u m e s ) . E x c e p t f o r c a s t o r b e a n s , c o t t o n s e e d s , 
a n d f l a x s e e d , t h e y i e l d s o f r e c o v e r e d a l l e r g e n s a r e g e n e r a l l y 
l e s s t h a n 1%. N i t r o g e n c o n t e n t s o f t h e s e a l l e r g e n s r a n g e f r o m 
11% t o 18% b u t c a r b o h y d r a t e c o n t e n t s show much w i d e r v a r i a t i o n : 
3% t o 3 9 % . P e a n u t s a p p e a r t o be more a l l e r g e n i c t h a n t r e e n u t s , 
p e r h a p s b e c a u s e t h e y a r e c o n s u m e d i n l a r g e r q u a n t i t i e s . 

A m i n o a c i d p r o f i l e s o f t h e a l l e r g e n s i n c o t t o n s e e d s , c a s t o r 
s e e d s , a n d p e a n u t s show more s i m i l a r i t y i n t h e f o r m e r two s e e d s 
t h a n w i t h t h e p e a n u t 05). C a s t o r s e e d a n d c o t t o n s e e d a l l e r g e n s 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

01
8



18. O R Y E T A L . Antinutrients and Allergens in Oilseeds 285 

Table I. Some Allergens in Tree Nuts, Oilseeds, and Legumes 

Seed Allergen* 
% 

Yield % Ν 
% 

Carb. 

Almonds IA 0.46 16.9 12 .6 
B r a z i l Nuts IA 0.81 17.6 6.9 
F i l b e r t s IA 0.30 17.1 10.5 

Castor Seeds IA 1.76 18.4 3.1 
Cottonseed IA 1.38 12.1 36.4 
Flaxseed IA 1.98 11.3 39.4 

Peanuts IA 0.07 15.4 16.7 
IB 0.18 15.2 10.6 

Soybeans IB 0.10 13.3 20.4 

* Isolated by method of Spies, et a l . (5); % N=nitrogen; % 
Ca r b. - ca rb ohy dra t e. 

have high arginine and glutamic acid concentrations (lower in 
peanuts), and they have low lysine (higher i n peanut allergen). 
Glycine content i n the peanut allergen, PN-1B, is 5-10 times 
higher than that in castor and cottonseed allergens, CB-1A and 
CS-1A. Neither amino acids, percent nitrogen, or percent carbohy
drate contents are consistent enough to be correlated with 
allergenic s e n s i t i v i t y . 

Peanuts. Peanuts are one of the world's major oilseeds. They 
have been reported to contain various compounds such as hemag
glutinins (6), antiheraophilia factors (7), trypsin inhibitors 
(8), and allergens (5). Spies et ajL (5) were the f i r s t to chemi
cal l y characterize isolated peanut allergens, but when they did 
this research, peanut allergens were not considered a hazard. 
Recently several reports of a l l e r g i c reaction to peanuts by 
humans have appeared (9,10). 

Reports i n the li t e r a t u r e today concern allergens present in 
raw peanuts. However, people who show positive reactions to pea
nut allergens are generally a l l e r g i c to roasted peanut products. 
By Spies' (5) c l a s s i f i c a t i o n , PN-1A i s heat-stable whereas PN-1B 
is heat-sensitive and would be destroyed i n the roasting process. 
PN-1A is present in extremely low amounts in the seed. We examin
ed raw and roasted peanut allergen extracts using blood serum of 
two sensitive individuals as the source of antibody. The immuno
diffusion reaction between the peanut allergen and antibodies i n 
their blood produced a sharp p r e c i p i t i n arc, but the p r e c i p i t i n 
arc disappeared after saline deproteination of the gel on the 
glass plate. No p r e c i p i t i n arc occurred with blood from 
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286 X E N O B I O T I C S IN F O O D S A N D F E E D S 

n o n s e n s i t i v e i n d i v i d u a l s . We a l s o c o m p a r e d i m m u n o d i f f u s i o n o f 
i m m u n o g l o b u l i n s a s a more p r e c i s e t e s t f o r e f f e c t s o f p e a n u t 
a l l e r g e n s o n i m m u n o g l o b u l i n s i n t h e i r b l o o d . T h i s m e t h o d i s 
b a s e d o n a r e p o r t b y K a m a t , e t a l ( 1 1 ) , t h a t b l o o d s e r u m 
i m m u n o g l o b u l i n s f r o m c o t t o n m i l l w o r k e r s i n I n d i a a n d n o r m a l 
b l o o d s e r a showed s t r i k i n g d i f f e r e n c e s i n I g G l e v e l s . N o r m a l 
s e r a h a d I g G l e v e l s o f 1400 mg. w h e r e a s s e r a o f c o t t o n m i l l 
b y s s i n o t i c s a v e r a g e d 1850 m g . 

We e m p l o y e d t h i s t e c h n i q u e t o e x a m i n e b l o o d f r o m p e a n u t -
s e n s i t i v e i n d i v i d u a l s f o r I g A a n d I g G l e v e l s ( F i g u r e 1 ) . T h e g e l 
c o n t a i n e d a n t i b o d i e s t o human I g A . B l o o d s e r a i n w e l l s w e r e a s 
f o l l o w s : 1 , 5 , 9 , a r e s t a n d a r d I g A ; 3 , 7 , 1 1 a r e s e r u m o f a n o n - s e n s i 
t i v e p e r s o n ; 2 , 6 , 1 0 a r e f r o m s e n s i t i v e p a t i e n t P L ; a n d 4 , 8 , 1 2 a r e 
f r o m s e n s i t i v e p a t i e n t C S . I m m u n o d i f f u s i o n was r u n o v e r n i g h t a t 
4 0 C . T h e r e we r e s i g n i f i c a n t c h a n g e s i n t h e s i z e o f i m m u n o 
d i f f u s i o n r i n g s f o r b o t h s e n s i t i v e i n d i v i d u a l s c o m p a r e d t o 
n o n s e n s i t i v e c o n t r o l s . Q u a n t i t y o f a s p e c i f i c i m m u n o g l o b u l i n was 
d e t e r m i n e d b y m e a s u r i n g t h e d i a m e t e r o f t h e r i n g a n d s u b s t i t u t i n g 
t h i s v a l u e i n a c h a r t w h i c h g i v e s t h e l e v e l o f i m m u n o g l o b u l i n 
p r e s e n t i n t h a t p e r s o n ' s b l o o d . I n b o t h p a t i e n t s e x a m i n e d , t h e 
I g A l e v e l s w e r e much l o w e r t h a n t h a t o f t h e n o n s e n s i t i v e p e r s o n 
a n d t h e I g A s t a n d a r d . I g G l e v e l s o f t h e two p a t i e n t s w e r e 
s l i g h t l y h i g h e r t h a n t h e two n o n - a l l e r g i c c o n t r o l s . ( I n o u r 
t e s t s o n c o t t o n d u s t a n t i g e n s , I g G i n b l o o d o f one b y s s i n o t i c 
p a t i e n t was c a l c u l a t e d t o be 1 7 9 0 mg c o m p a r e d t o 1292 mg f o r 
n o r m a l b l o o d , i n a c c o r d w i t h v a l u e s r e p o r t e d b y K a m a t , e t a l 
( 1 1 ) . ) O t h e r a n t i n u t r i e n t s i n p e a n u t s , s u c h a s h e m a g g l u t i n i n s 
a n d t r y p s i n i n h i b i t o r s , a r e d e s t r o y e d by h e a t d u r i n g r o a s t i n g . 

T r y p s i n I n h i b i t o r s . T r y p s i n i n h i b i t o r a c t i v i t y i s f o u n d i n 
v i r t u a l l y a l l l e g u m e s , i n c l u d i n g s o y b e a n s a n d p e a n u t s . T r y p s i n 
i n h i b i t o r a c t i v i t y i n p e a n u t s ( P T I ) , l i k e t h a t i n s o y b e a n s , c a n 
be d e t e c t e d b y v a r i o u s m e t h o d s , mos t w h i c h m e a s u r e t h e a c t i v i t y 
o f t r y p s i n o n h y d r o l y s i s o f a p r o t e i n o r s y n t h e t i c s u b s t r a t e b y 
s p e c t r o p h o t o m e t e r . We d e v e l o p e d a n i n d i r e c t i m m u n o c h e m i c a l 
i m m u n o e l e c t r o p h o r e t i c a n a l y s i s ( I E A ) m e t h o d w h i c h d e t e c t s P T I i n 
m i c r o q u a n t i t i e s o f p e a n u t m e a l s o r e x t r a c t s . I n s t e a d o f 
m e a s u r i n g t h e i n h i b i t o r d i r e c t l y , a s i s done f o r s o y b e a n t r y p s i n 
i n h i b i t o r , t h e i n d i r e c t m e t h o d m e a s u r e s t h e e f f e c t o f i n h i b i t o r 
f r a c t i o n s o n t r y p s i n h y d r o l y s i s o f a r a c h i n , t h e m a j o r p e a n u t 
p r o t e i n ( F i g u r e 2 J . The p r o t e i n s o u r c e , a r a c h i n , t h e m a j o r p e a n u t 
p e a n u t g l o b u l i n , was p l a c e d i n a l l w e l l s a n d a n t i b o d i e s t o 
a r a c h i n was p l a c e d i n t h e t r o u g h s . I E A i n 1.5% i o n a g a r , pH 8 . 2 
V e r o n a l b u f f e r , 0 . 2 5 M , was r u n f o r 2 h r a t 4 V / c m . F o r t r y p s i n + 
P T I i n t e r a c t i o n , m a t e r i a l s s t o o d 2 0 h r b e f o r e a d d i n g t o a r a c h i n . 
F o r t r y p s i n + a r a c h i n , m a t e r i a l s s t o o d 2 h r . A f t e r I E A , a r c s 
w e r e s t a i n e d w i t h A m i d o B l a c k . The i n d i r e c t m e t h o d m e a s u r e s t h e 
e l e c t r o p h o r e t i c m i g r a t i o n o f a r a c h i n u n t r e a t e d ( u p p e r s l i d e ) , 
t r e a t e d w i t h t r y p s i n ( s e c o n d s l i d e ) a n d t r e a t e d w i t h t r y p s i n 
w h i c h was f i r s t i n c u b a t e d w i t h t h e p e a n u t i n h i b i t o r e x t r a c t 
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18. O R Y E T A L . Antinutrients and Allergens in Oilseeds 287 

Figure 1. Effect of peanut allergens on IgA levels in blood of sensitive individuals. 
Key: 1, 5, and 9, standard IgA; 3, 7, and 11, nonsensitive individual; 2, 6, and 

10, sensitive patient PL; and 4, 8, and 12, sensitive patient CS. 

Figure 2. Indirect measurement of peanut trypsin inhibitor activity by immuno-
electrophoretic analysis. 
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288 X E N O B I O T I C S IN F O O D S A N D F E E D S 

( t h i r d s l i d e ) . A s shown h e r e , t h e i n h i b i t o r - t r e a t e d f r a c t i o n 
shows a n i n c r e a s e i n m i g r a t i o n o f a r a c h i n c o m p a r e d t o t h a t w i t h 
u n t r e a t e d t r y p s i n . I f t h e t r y p s i n i n h i b i t o r i s h e a t e d b e f o r e 
m i x i n g w i t h t h e t r y p s i n ( t h e l o w e r s l i d e ) , t h e i n h i b i t o r e f f e c t 
i s c o m p l e t e l y d e s t r o y e d , c o n f i r m i n g t h e h e a t s e n s i t i v i t y o f P T I . 
C o m p a r i n g P T I w i t h a n d w i t h o u t h e a t i n g a n d a d d i n g t o t r y p s i n , 
i n d i c a t e s t h e s p e c i f i c i t y a n d p o t e n t i a l u s e f u l n e s s o f t h i s m e t h o d 
f o r s i m u l t a n e o u s a n a l y s i s o f s e v e r a l p e a n u t f r a c t i o n s . 

H e m a g g l u t i n i n s . H e m a g g l u t i n i n s a r e f o u n d i n v i r t u a l l y a l l o i l 
s e e d s a n d c e r e a l g r a i n s . D e c h a r y ( 6 ) i s o l a t e d a h e m a g g l u t i n i n 
f r o m p e a n u t s t h a t was n o n s p e c i f i c f o r t y p e s A , B , a n d 0 r e d b l o o d 
c e l l s . I t b e h a v e d i n a mos t u n u s u a l m a n n e r a n d i t s r a t h e r l o w 
p o t e n c y c o u l d n o t be i n c r e a s e d b y a n y o f t h e m e t h o d s a v a i l a b l e 
f o r f r a c t i o n a t i n g p e a n u t s . We c o n d u c t e d s i m i l a r s t u d i e s o n h e m a g 
g l u t i n i n s p u r i f i e d f r o m r i c e g e r m (RGA) b y g e l e l e c t r o p h o r e s i s , 
i m m u n o e l e c t r o p h o r e t i c a n a l y s i s ( I E A ) , r e d b l o o d c e l l a g g l u t i 
n a t i o n t e s t s , a n d b y c r o s s e d I E A , a more s e n s i t i v e t e s t t h a n one 
p h a s e I E A , i f e n o u g h a n t i s e r u m i s a v a i l a b l e . C r o s s e d I E A u s e s 
c o n s i d e r a b l y more a n t i s e r u m . F i g u r e 3 shows t h e e f f e c t s o f t h e 
RGA o n human s e r u m p r o t e i n s . N o r m a l human s e r u m w i t h o u t RGA i s 
shown i n t h e l e f t p l a t e a n d m i x e d w i t h RGA e x t r a c t f o r 1 h r . 
b e f o r e c r o s s e d I E A i n f i r s t d i m e n s i o n i n t h e r i g h t p l a t e . S e c o n d 
d i m e n s i o n I E A ( b o t h p l a t e s ) i n t o a g e l c o n t a i n i n g a n t i b o d i e s t o 
human s e r u m p r o t e i n s was r u n f o r 2 h r . On t h e l e f t s i d e human 
s e r u m p r o t e i n s show t h e p r i m a r y s e r u m a l b u m i n ( t a l l p e a k i n f r o n t 
o f t h e g r o u p ) a n d t h e i m m u n o g l o b u l i n s ( p e a k s c l o s e r t o t h e 
o r i g i n ) . A f t e r e l e c t r o p h o r e s i s i n one d i r e c t i o n t h e g e l was 
e l e c t r o p h o r e s e d i n t h e s e c o n d d i r e c t i o n i n t o a g e l c o n t a i n i n g 
a n t i b o d i e s t o human s e r u m p r o t e i n s . S e v e r a l p r o t e i n s , i n c l u d i n g 
t h e f r o n t - r u n n i n g s e r u m a l b u m i n and t h e s l o w e r i m m u n o g l o b u l i n s , 
now show d e c r e a s e d m i g r a t i o n i n d i c a t i n g some t y p e o f b i n d i n g o f 
t h e a g g l u t i n i n t o t h e s e p r o t e i n s . T h i s m e t h o d c a n be u s e d t o 
e x a m i n e t h e e f f e c t o f a g g l u t i n i n s o n b i n d i n g t o s p e c i f i c p r o t e i n s 
i n b l o o d . 

C o t t o n s e e d ( a n d C a s t o r S e e d ) . A l t h o u g h c o t t o n h a s b e e n g r o w n 
s i n c e a n c i e n t t i m e s f o r t h e f i b e r , t h e s e e d i s a n i m p o r t a n t 
s o u r c e o f v e g e t a b l e o i l a n d m e a l t o d a y . The m e a l , u s e d f o r many 
y e a r s a s a n i m a l f e e d , i s now b e i n g p r o p o s e d a s a new s o u r c e o f 
e d i b l e p r o t e i n f o r humans i f c e r t a i n h a r m f u l c o m p o u n d s p r e s e n t i n 
s e e d s c a n be e l i m i n a t e d . C o t t o n s e e d m e a l c o n t a i n s s t o r a g e 
p r o t e i n s a n d a l l e r g e n s . C o t t o n s e e d c o n t a i n s t h r e e m a j o r c l a s s e s 
o f p r o t e i n ; 2 S , 5 S , a n d 9 S , i n a l m o s t e q u a l a m o u n t s . T h e 5S a n d 
9S p r o t e i n s a r e s t o r a g e g l o b u l i n s w h e r e a s t h e 2 S p r o t e i n s a r e 
a l b u m i n s , s o m e t i m e s c l a s s i f i e d a s s t o r a g e p r o t e i n s b e c a u s e o f 
t h e i r a m i n o a c i d c o m p o s i t i o n , p r o p e r t i e s , a n d h i g h c o n c e n t r a t i o n s 
i n t h e s e e d ( 1 2 ) . 
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The p r i m a r y a l l e r g e n s o f c o t t o n s e e d , C S - 1 A , a n d c a s t o r s e e d , 
C B - 1 A , w e r e p u r i f i e d s u f f i c i e n t l y f r o m d e f a t t e d m e a l s t o p e r m i t 
d e t e r m i n a t i o n o f t h e i r c h e m i c a l s t r u c t u r e ( 5 ) . T h e y a r e s o l u b l e 
i n w a t e r a n d 25% e t h y l a l c o h o l b u t n o t i n 75% e t h y l a l c o h o l a n d 
a r e i m m u n o l o g i c a l l y d i s t i n c t f r o m o t h e r a l l e r g e n s i n t h e s e e d s . 
T h e y a r e n o t p r e c i p i t a t e d by b a s i c l e a d a c e t a t e , a r e s t a b l e i n 
b o i l i n g w a t e r , a n d r e s i s t d r a s t i c c h e m i c a l t r e a t m e n t . The C S - 1 A 
a l l e r g e n was l o c a l i z e d i n t h e p r o t e i n b o d i e s o f c o t t o n s e e d b y 
Y o u l e a n d H u a n g ( 1 2 ) u s i n g i m m u n o d i f f u s i o n o f t h e a l l e r g e n a n d 
t h e 2 S , 5 S , a n d 9S p r o t e i n s o f t h e p r o t e i n b o d i e s a g a i n s t a n t i 
b o d i e s t o t h e C S - 1 A a l l e r g e n . T h e y showed t h a t 2 S a l b u m i n s 
c o n t a i n t h e c o t t o n s e e d a l l e r g e n , C S - 1 A , b y c r o s s r e a c t i n g t h e 2S 
a l b u m i n s w i t h t h e a l l e r g e n . H o w e v e r , s i n c e t h e r e a r e no r e c o r d e d 
i n c i d e n t s o f a l l e r g e n c i t y t o c o t t o n s e e d p r o t e i n s by t h o s e c o n s u m 
i n g i t , t h e p r e s e n c e o f t h i s a l l e r g e n i n t h e m e a l i s n o t a d e t e r 
r e n t t o i t s a c c e p t a n c e a s a s o u r c e o f p r o t e i n . 

A n o t h e r c o n c e r n t o d a y f o r a l l e r g e n s i n s e e d s i s t h e i n t e r e s t 
i n s p r o u t e d o r p a r t l y g e r m i n a t e d s e e d s ( e . g . : b e a n , a l f a l f a , o r 
b a r l e y s p r o u t s ) . T h e s e a r e n o t c o n s i d e r e d a l l e r g e n i c b u t we 
w o n d e r e d a b o u t t h e e f f e c t o f g e r m i n a t i o n o n a l l e r g e n s . I n 
g e r m i n a t i n g o i l s e e d s , t h e s t o r a g e p r o t e i n s a r e m e t a b o l i z e d b y 
p r o t e a s e s , b u t t h e a l l e r g e n s a r e n o t . We e x a m i n e d t h e e f f e c t s o f 
s e e d g e r m i n a t i o n o n t h e a l l e r g e n C B - 1 A i n c a s t o r s e e d s ( t h e 
c o u n t e r p a r t o f C S - 1 A i n c o t t o n s e e d ) . Many a l l e r g e n s a r e n o t 
d i g e s t e d by p r o t e a s e s i n t h e a l i m e n t a r y s y s t e m , w h i c h p r e v e n t s 
t h e i r m e t a b o l i s m by n o n - r u m i n a n t s . The C B - 1 A a l l e r g e n m a i n t a i n e d 
i t s a n t i g e n i c s t r u c t u r e up t o t e n d a y s o f g e r m i n a t i o n t o c o n f i r m 
i n v i t r o t e s t s o n t h e e f f e c t o f p r o t e o l y t i c e n z y m e s o n a l l e r g e n s , 
w h i c h showed t h e y a r e n o t m e t a b o l i z e d b y p r o t e a s e s ( 1 3 ) . 

W h i l e c a s t o r s e e d s a r e i n d u s t r i a l l y i m p o r t a n t a s a s o u r c e o f 
o i l , t h e o i l o r p r o t e i n i s n o t e d i b l e b e c a u s e s e v e r a l p o t e n t 
a l l e r g e n s a r e p r e s e n t i n t h e s e e d . T h e s e e d c o n t a i n s 
a p p r o x i m a t e l y 50% o i l a n d 18% p r o t e i n b u t a l s o c o n t a i n s t h e 
t o x a l b u m i n r i c i n , t h e C B - 1 A s e r i e s o f a l l e r g e n s , a n d a n a l k a l o i d , 
r i c i n i n e . R i c i n , m o l e c u l a r w e i g h t 4 0 , 0 0 0 , i s a n e x t r e m e l y p o t e n t 
p h y t o t o x i n , t h e m o s t p o t e n t x e n o b i o t i c y e t d i s c o v e r e d i n 
o i l s e e d s . E v e n c r u s h i n g o f c a s t o r s e e d s t o s e p a r a t e t h e o i l f o r 
i n d u s t r i a l u s e s c a n be q u i t e h a z a r d o u s . R i c i n i s w a t e r - s o l u b l e 
a n d i s p r e s e n t i n t h e d u s t g e n e r a t e d d u r i n g c r u s h i n g . C o n s t a n t 
i n h a l a t i o n o f t h e d u s t c a n c a u s e s e r i o u s p r o b l e m s u n l e s s 
a i r - f i l t e r i n g m a s k s a n d o t h e r p r e c a u t i o n s a r e t a k e n . R i c i n , l i k e 
t h e c a s t o r a l l e r g e n , i s n o t d i g e s t e d b y m a m m a l i a n p r o t e o l y t i c 
e n z y m e s . 

G o s s y p o l . G o s s y p o l i s a n o t h e r s u b s t a n c e i n c o t t o n s e e d t h a t 
p r e v e n t s g r e a t e r u t i l i z a t i o n o f t h e m e a l b y n o n - r u m i n a n t s . I t i s 
a p o l y p h e n o l i c g r e e n i s h - y e l l o w p i g m e n t p r e s e n t w i t h i n g l a n d s i n 
g l a n d e d c o t t o n s e e d , t h a t c a n r e d u c e t h e n u t r i t i v e v a l u e o f t h e 
m e a l . T h e s t r u c t u r e o f g o s s y p o l i s s h o w n i n F i g u r e 4 . G o s s y p o l 
i s n o t p r e s e n t i n t h e n ewe r v a r i e t y o f g l a n d l e s s s e e d . T h e 
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290 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Figure 3. Crossed immunoelectrophoretic analysis of binding between rice germ 
agglutinin and human serum proteins. 

Figure 4. Chemical structure of gossypol. 
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18. O R Y E T A L . Antinutrients and Allergens in Oilseeds 291 

p i g m e n t g l a n d s a p p e a r a s d a r k p u r p l i s h - b l a c k d o t s t h r o u g h o u t t h e 
e n d o s p e r m . G o s s y p o l g l a n d s v a r y i n s i z e f r o m 1 0 0 t o kOO μ . F r o m 
10 t o 40 g l a n d s a r e f o u n d i n a c r o s s s e c t i o n or a s e e d k e r n e l . 
When t h e s e e d s a r e c r u s h e d t o p r o d u c e t h e o i l , g o s s y p o l c a n be 
l e a c h e d i n t o t h e o i l o r c a n be r e t a i n e d b y t h e m e a l . I f r e t a i n e d 
b y t h e m e a l , t h e m e a l i s u n s u i t a b l e a s a s o u r c e o f f e e d f o r n o n -
r u m i n a n t s . G o s s y p o l o c c u r s i n b o t h f r e e a n d b o u n d f o r m s . I n t e r -
r e a c t i o n o f g o s s y p o l w i t h p r o t e i n s t a k e s p l a c e t h r o u g h t h e a l d e 
h y d e g r o u p s o f g o s s y p o l a n d t h e a m i n o g r o u p s o f f r e e a m i n o a c i d s 
o r t e r m i n a l a m i n o g r o u p s o f p o l y p e p t i d e s i n t h e p r o t e i n . The 
mos t f r e q u e n t l y b o u n d a m i n o a c i d i s l y s i n e , w h i c h l o w e r s n u t r i 
t i v e v a l u e o f t h e p r o t e i n . 

T h e e a r l i e s t e f f e c t s o f g o s s y p o l were f o u n d on h a t c h a b i l i t y 
o f e g g s a n d o n egg d i s c o l o r a t i o n ( 1 4 ) . C h i c k s f e d c o t t o n s e e d 
m e a l c o n t a i n i n g h i g h g o s s y p o l p r o d u c e d s m a l l e r eggs a n d eggs w i t h 
d e c r e a s e d h a t c h a b i l i t y . E g g l a y e r s p r o d u c e d e g g s w h i c h had d i s 
c o l o r e d y o l k s . T h i s e f f e c t ( t h e H a l p h e n r e a c t i o n ) was b e l i e v e d 
t o be due t o r e a c t i o n o f g o s s y p o l w i t h i r o n i n t h e e gg y o l k t h a t 
p r o d u c e d a g r e e n i s h y o l k i n s t e a d o f y e l l o w . R e a c t i o n o f g o s s y p o l 
w i t h i r o n c a n p r o d u c e l o w s e r u m l e v e l s o f i r o n a n d l o w u p t a k e o f 
i r o n b y m o n o g a s t r i c s . G o s s y p o l c a n a l s o i n h i b i t v a r i o u s e n z y m e s . 
T a n k s l e y e t a l . ( 1 5 ) f o u n d t h a t g o s s y p o l p r e v e n t e d t h e c o n v e r s i o n 
o f p e p s i n o g e n t o p e p s i n . T h e y i n c u b a t e d p e p s i n o g e n w i t h 2 : 1 o r 
3 : 1 m o l a r r a t i o s o f g o s s y p o l a n d showed t h a t t h e c o n v e r s i o n o f 
p e p s i n o g e n t o p e p s i n was b l o c k e d a t l o w p H v a l u e s . T h i s was t h e 
f i r s t r e p o r t o f a n a t u r a l l y o c c u r r i n g i n h i b i t o r f o r t h e c o n v e r 
s i o n o f a n i n a c t i v e z ymogen t o i t s a c t i v e f o r m . G o s s y p o l a l s o 
i n h i b i t s a c t i v i t y o f A T P a s e a n d s u c c i n a t e d e h y d r o g e n a s e JLn v i t r o 
( 1 6 ) . 

T h e e f f e c t o f g o s s y p o l - a c e t i c a c i d o n p l a s m a l i p i d c o n c e n 
t r a t i o n was r e c e n t l y s t u d i e d i n a d u l t m o n k e y s ( 1 7 ) . S i g n i f i c a n t 
d e c r e a s e s i n t o t a l p l a s m a c h o l e s t e r o l , l o w d e n s i t y l i p o p r o t e i n 
( L D L ) , a n d v e r y l o w d e n s i t y l i p o p r o t e i n - c h o l e s t e r o l were o b s e r v e d 
w i t h o u t a n y s i g n i f i c a n t d e c r e a s e i n p l a s m a h i g h d e n s i t y l i p o p r o 
t e i n c h l o r e s t e r o l l e v e l s i n monkeys g i v e n 10 m g / k g / d a y . T h i s 
t h e r a p e u t i c p r o p e r t y o f g o s s y p o l h a s n o t b e e n p r e v i o u s l y r e p o r t 
e d . I t i s t e m p t i n g t o s p e c u l a t e t h a t g o s s y p o l m i g h t p o s s i b l y 
r e d u c e i n t e s t i n a l a b s o r p t i o n o f d i e t a r y c h o l e s t e r o l o r h e p a t i c 
s y n t h e s i s o f L D L i n mamma ls . 

I n a d d i t i o n t o i t s a d v e r s e e f f e c t s on mamma l s , g o s s y p o l has 
a l s o b e e n shown t o be t o x i c t o i n s e c t s . Among t h e p e s t i c i d e s 
s h o w n t o m a n i f e s t p l a n t r e s i s t a n c e a r e c e r t a i n c l a s s e s o f p h e n o 
l i c c o m p o u n d s , i n c l u d i n g g o s s y p o l , f l a v o n o i d s , a n d a r o m a t i c a c i d s 
( 1 8 ) . The r o l e s o f t h e s e c ompounds a r e d i f f i c u l t t o e l u c i d a t e 
b e c a u s e c ompounds t o x i c t o one i n s e c t may n o t be t o x i c t o 
a n o t h e r , b u t g l a n d l e s s c o t t o n s e e d i s s i g n i f i c a n t l y more s u s c e p 
t i b l e t o i n s e c t a t t a c k t h a n g l a n d e d c o t t o n s e e d . G o s s y p o l i n 
c o t t o n a c t s a s a n i n h i b i t o r o f i n s e c t s b u t t h e r e s i s t a n c e h a s n o t 
b e e n c o r r e l a t e d w i t h t h e t o t a l g o s s y p o l . E a g l e ( 1 9 ) c o n c l u d e d 
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292 X E N O B I O T I C S IN F O O D S A N D F E E D S 

t h a t f r e e g o s s y p o l c o n t e n t o f c o t t o n s e e d m e a l i s n o t a t r u e 
m e a s u r e o f m e a l t o x i c i t y , a l t h o u g h many o t h e r s c o n s i d e r t o t a l 
g o s s y p o l a s t h e p r i m a r y t o x i c a g e n t . 

P e r h a p s t h e m o s t i n t e r e s t i n g e f f e c t o f g o s s y p o l t o d a y i s i t s 
u s e i n C h i n a a s a m a l e c o n t r a c e p t i v e . G o s s y p o l was f i r s t n o t e d 
t o a f f e c t f e r t i l i t y a s l o n g a s t w e n t y y e a r s ago b u t c l i n i c a l 
t r i a l s o n l y b e g a n a b o u t 1972 ( 2 0 ) . Up t o 1 9 7 2 , more t h a n 1 0 , 0 0 0 
men h a d b e e n s t u d i e d o v e r l o n g p e r i o d s . E a c h r e c e i v e d d a i l y o r a l 
d o s e s o f 20 mg u n t i l s p e r m c o u n t was s u f f i c i e n t l y r e d u c e d ( a b o u t 
two m o n t h s ) , w i t h m a i n t e n a n c e d o s e s o f 7 5 - 1 0 0 mg t a k e n t w i c e 
m o n t h l y . S i d e e f f e c t s w e r e m i n i m a l a n d s p e r m c o u n t s r e t u r n e d t o 
n o r m a l w i t h i n a f ew m o n t h s a f t e r u s e o f g o s s y p o l was d i s c o n t i n u 
e d . T h e m e c h a n i s m o f a c t i o n was f o u n d t o be i n h i b i t i o n o f l a c 
t a t e d e h y d r o g e n a s e - X , a n enzyme f o u n d o n l y i n s p e r m a n d t e s t i s 
c e l l s . 

C y c l o p r o p e n e F a t t y A c i d s C y c l o p r o p e n e f a t t y a c i d s ( C P F A ) a r e 
p r e s e n t i n c o t t o n s e e d o i l . T h e y c a n a f f e c t l i p i d m e t a b o l i z i n g 
e n z y m e s i n a n i m a l s b y c h a n g i n g t h e o l e i c : l i n o l e i c f a t t y a c i d 
r a t i o t o w a r d s h i g h e r s a t u r a t i o n ( 2 1 ) . T h e a b s o l u t e a m o u n t s o f 
o l e i c a n d l i n o l e i c a c i d s d e c r e a s e a n d more s t e a r i c ( s a t u r a t e d 
C - 1 8 f a t t y a c i d ) i s p r o d u c e d . W i t h a l i p a s e p r e p a r e d f r o m c a s t o r 
s e e d s , we showed t h a t CPFA i n h i b i t e d a c t i v i t y b y f o r m i n g a 
c o v a l e n t b o n d b e t w e e n t h e S H - g r o u p o f c y s t e i n e a t t h e a c t i v e s i t e 
o f t h e enzyme ( 2 2 ) . I n v i t r o t e s t s w i t h t h e S H - s e n s i t i v e l i p a s e 
o f c a s t o r s e e d s showed t h a t c o t t o n s e e d o i l c o n t a i n i n g m a l v a l i c 
a c i d , a C P F A , r e d u c e d l i p a s e a c t i v i t y u n l e s s c y s t e i n e was a d d e d 
f i r s t . F r e e c y s t e i n e b o u n d t o CPFA p r e f e r e n t i a l l y , r e d u c i n g 
i n h i b i t i o n o f t h e enzyme ( 2 2 ) . 

I n c o n c l u s i o n , many o i l s e e d s a n d c e r e a l g r a i n s b e i n g c o n s i d e r 
ed a s s o u r c e s o f p r o t e i n f o r f u t u r e f o o d p r o d u c t s c o n t a i n c o m 
p o u n d s w i t h a l l e r g e n i c o r a n t i n u t r i e n t p r o p e r t i e s . U n l e s s p r e c a u 
t i o n s a r e t a k e n t o r emove o r d e t o x i f y s u c h c o m p o u n d s , u n d e s i r a b l e 
e f f e c t s c a n o c c u r . H o w e v e r , w i t h t h e t e c h n o l o g y a v a i l a b l e f o r 
f o o d p r o c e s s i n g t o d a y , o u r f o o d s u p p l y i s q u i t e s a f e a n d s h o u l d 
n o t p r e s e n t s e r i o u s p r o b l e m s f o r c o n s u m e r s . 
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Psoralens as Phytoalexins in Food Plants of the 
Family Umbelliferae 
Significance in Relation to Storage and Processing 

ROSS C. BEIER, G. WAYNE IVIE, and ERNEST H. OERTLI 
Veterinary Toxicology and Entomology Research Laboratory, Agricultural Research 
Service, U.S. Department of Agriculture, College Station, TX 77841 

Linear furanocoumarins (psoralens) are 
phototoxic, photomutagenic, and photocarcinogenic 
compounds that occur as natural constituents of 
hundreds of plant species, including some food 
plants of the family Umbelliferae (e.g., parsnip, 
celery, and parsley). Certain plant stresses, 
particularly diseases, induce biosynthesis of 
toxic natural plant products; a phenomenon 
referred to as a phytoalexin response. Such 
interactions in food plants of the family 
Umbelliferae may have toxicological implications 
for man because of the biological activity of 
psoralens. The linear furanocoumarin phytoalexin 
response in celery is discussed, with brief 
comments concerning carrots and parsley. 

H i s t o r i c a l 

Psoralens. Many plants contain linear furanocoumarins 
(psoralens) (J_), which were identified i n the late 1940fs as 
the cause of the photosensitization properties of these plants 
(_2"_4) · Plants containing linear furanocoumarins can cause 
photosensitization i n livestock and poultry (_5-9_), resulting i n 
economic losses and, i n some cases, animal death. 

Man has also encountered problems with the 
photosensitizing properties of linear furanocoumarins. Celery 
handlers and f i e l d workers are frequently affected with 
photosensitization of the fingers, hands, and forearms (10,11). 
These skin disorders are referred to as celery dermatitis, 
celery i t c h , or celery b l i s t e r s , and are caused by linear 
furanocoumarins i n diseased celery (12). Some researchers 
(12,13) have found linear furanocoumarins only i n diseased 
plants, whereas others (14,15) obtained them from healthy 
celery. 

T h i s c h a p t e r n o t sub j ec t t o U . S . c o p y r i g h t . 
P u b l i s h e d 1983, A m e r i c a n C h e m i c a l S o c i e t y 
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296 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Biological A c t i v i t i e s of Linear Furanocoumarins» The 
b i o l o g i c a l a c t i v i t y of these compounds are extremely diverse 
because of their interactions with DNA (32-35), and RNA (36). 
Linear furanocoumarins have antifeedant a c t i v i t y toward various 
insects (37,38) and are phototoxic to others (39). 
Interestingly, the black swallowtail butterfly has maximized 
i t s metabolic detoxification processes allowing i t s larva to 
feed on plants with a high linear furanocoumarin content (40). 
Psoralen, bergapten, xanthotoxin, and isopimpinellin are 
antib a c t e r i a l when combined with UV l i g h t , whereas psoralen and 
xanthotoxin have some antibacterial a c t i v i t y without UV l i g h t 
(41). A mixture of pimpinellin, isopimpinellin, isobergapten, 
and sphondin was fungi toxic at 200 ppm or less (42). The 
individual linear furanocoumarins, psoralen (43), and 
xanthotoxin (44,45) are also antifungal. 

Toxicological Implications for Man. Because psoralens are 
potent photoactive compounds, they have been used medically for 
treatment of skin depigmentation or v i t i l i g o (16,17), and 
psoriasis (18). However, there has recently been concern 
associated with the medical use of these compounds (19) · This 
concern i s due to the observed phototoxicity during therapeutic 
use (17), the suspected photocarcinogenicity of xanthotoxin 
(20,21), and the latent onset of tumors in treated laboratory 
animals (22). Acute gout secondary to psoriasis also was 
exacerbated by psoralen and UV-A (PUVA) photochemotherapy (23). 

Psoralens i n Healthy Celery. Healthy celery contains at least 
four linear furanocoumarins (Figure 1), psoralen, bergapten, 
xanthotoxin, and isopimpinellin (14). The observed quantities 
of linear furanocoumarins i n healthy samples of three different 
celery cultivars grown at different locations i n the U.S. are 
shown i n Table I. 

Table I. Summary of the Linear Furanocoumarin Content i n Fresh 
Celery Grown i n Cal i f o r n i a , F l o r i d a , and Michigan 3 

C u l t i v a r b , c 

Compound A Β C 

Psoralen 0.15 + 0.06 <0.03 0.07 + 0.03 
Bergapten 0.14 + 0.04 0.04 + 0.03 0.35 + 0.05 
Xanthotoxin 0.61 + 0.14 0.04 + 0.06 0.47 + 0.05 
Isopimpinellin 0.08+0.03 0.05 ± 0.03 0.41 ± 0.04 

fData from Beier et a l . (14). 
b C u l t i v a r A: T a l l Utah 5270-R grown i n Califo r n i a , 
Cultivar B: Florida 2192 grown i n Florida, 
CUltivar C: Florida 683 grown i n Michigan. 

cConcentration i s reported i n ppm of fresh plant material. 
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19. B E I E R E T A L . Phytoalexins in Food Plants 297 

O C H 3 

Xanthotoxin Isopimpinellin 

Figure 1. The four linear furanocoumarins observed in celery. 
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298 X E N O B I O T I C S IN F O O D S A N D F E E D S 

In general, low levels of the four psoralens were observed i n 
fresh healthy celery, with a maximum total of 1 ·3 ppm observed 
i n Cv. Florida 683 grown i n Michigan. 

During the measurement of linear furanocoumarins i n fresh 
celery (14), r e l a t i v e l y high levels of psoralens were randomly 
observed i n some samples. It was then hypothesized that 
psoralens may function as phytoalexins i n celery. The linear 
furanocoumarin, xanthotoxin, has been previously reported as 
being a phytoalexin i n parsnip root (Pastnaca sativa) (24)· 

Phytoalexins. Let us now review the history of the terra 
phytoalexin. An early d e f i n i t i o n stated that a phytoalexin 
was, "a chemical compound produced only when the l i v i n g c e l l s 
of the host are invaded by a parasite and undergo necrobiosis" 
(25) . This d e f i n i t i o n was later expanded to, "antibiotics 
which are produced as a result of the interaction of two 
different metabolic systems, the host and parasite, and which 
i n h i b i t the growth of microorganisms pathogenic to plants" 
(26) . A broader d e f i n i t i o n which seems to relate well and 
encompass experimental observations i s , "the term phytoalexin 
serves as an umbrella under which chemical compounds 
contributing to disease resistance can be c l a s s i f i e d whether 
they are formed in response to injury, physiological stimuli, 
the presence of infectious agents or are the products of such 
agents" (27). A working d e f i n i t i o n has recently been devised 
by a group of s c i e n t i s t s : "Phytoalexins are low molecular 
weight, antimicrobial compounds that are both synthesized by 
and accumulated i n plants after exposure to microorganisms 
(28). In addition to the o r i g i n a l l y observed antifungal 
a c t i v i t y , phytoalexins exhibit t o x i c i t y across much of the 
b i o l o g i c a l spectrum, and their a c t i v i t y i s not confined to 
microorganisms (29)· 

Linear Furanocoumarins i n Diseased Celery. There are a number 
of reports of linear furanocoumarins (12,13) i n diseased 
celery, and the effects of diseased celery (10,30,31) on celery 
workers and handlers. In these reports, only diseased celery 
caused celery dermatitis; however, low levels of linear 
furanocoumarins are found i n healthy celery (14,15). Therfore, 
i t seems l o g i c a l that some elevated concentration of psoralens 
exists at which celery dermatitis w i l l begin to occur. 
Unfortunately, there are no quantitative data on the amounts of 
psoralens i n diseased celery. 

Phytoalexins i n Celery. Past studies support the hypothesis 
that linear furanocoumarins act as phytoalexins in celery. The 
infection of celery with Sclerotinia sclerotiorum has been 
correlated with elevated levels of psoralens, and with the 
onset of celery dermatitis (12,13). Spurious elevated levels 
of linear furanocoumarins also are found during analysis of 
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apparently healthy celery, whereas healthy celery in general 
has very low levels of psoralens (14). 

E l i c i t o r s of the Phytoalexin Response. The production of 
phytoalexins can be e l i c i t e d not only by l i v i n g organisms, but 
also by many chemical compounds and stress situations 
(27,46,47). Hg"^ (48) and Cu1"1" (49) ions, fungicides 
( 50,51), and polyamines ( 52) are some of the different chemical 
e l i c i t o r s of phytoalexins. Physical stresses such as cold (53) 
and UV l i g h t (54,55) also stimulate the phytoalexin response. 
Even though these different stresses may act at different sites 
and i n different ways, the result is always a dramatic change 
i n metabolism of the susceptible plants. 

Stimulation of Phytoalexins i n Celery 

Experimental. Extracts of fresh celery petioles (Apium 
graveolens cv. 5270-R) grown and packed i n California and 
shipped to Texas were prepared according to the flow chart in 
Figure 2. Celery samples (5 g) were placed i n 25 χ 150 mm 
tubes used for simultaneous ether extraction and polytron 
grinding. With this sample size our minimum detection l i m i t , 
obtained by HPLC, was about 0.03 ppm (14). 

The linear furanocoumarins were characterized with a 
Varian/MAT (H-7 mass spectrometer, and their mass spectra were 
id e n t i c a l to those of the authentic psoralens (56). The 
isolated compounds were also co-injected with standard 
psoralens on normal and reverse phase HPLC to further 
substantiate their authenticity. 

CuS0/( Treatment. Celery petioles were immersed i n a CUSO^ 
solution (9 X 10 M) for 0.5 hr at room temperature. Some 
treated plant material was kept at 26° C and some at 2°C. 
Figure 3 shows some HPLC tracings of CuSO^ treated celery and 
controls after 72 hrs at 26° C and 2°C with comparison to 
standard psoralens. At 26°C, the psoralen level was the lowest 
and bergapten the highest of the observed linear 
furanocoumarins. However, at 2°C the psoralen level was 
r e l a t i v e l y much higher, second only to xanthotoxin (57). A 
plot of the increase of total psoralens over the control values 
at 26° C i s shown i n Figure 4. Although the observed ppm and 
f o l d increase vary from one experiment to the next, the shape 
of the curve ( i . e . , decrease about day three with elevated 
levels immediately thereafter) remains the same. 

Evaluation of the onset of phytoalexin production with 
respect to e l i c i t o r concentration was attempted by treating 
celery for 0.5 hr periods with various concentrations of 
CuSO^. Concentrations ranging from 10 to 10*" M 
were used followed by a 72 hr incubation period at 26° C (Table 
2). Results lead to the conclusion that bergapten and 
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Celery 

ether extraction (3X) (polytron) 

water layer 
(discard) 

ether layer 

I remove solvent 

dissolve residue with 60:40, ACN/H-O <3X-1ml) 

pass through C 1 8 SEP-PAK and 
wash with 8ml 60:40, ACN/H 2 0 

C 1 8 SEP-PAK 
(discard) 

eluate 

J remove solvent 

dissolve residue with CHCI 3 (4X-0.25ml) 

pass through silica SEP-PAK with 
8ml of 7.5% EtoAc in CHCI 3 

silica SEP-PAK 
(discard) 

eluate 

^ remove solvent 

dilute residue with CHCI 3 , 0.3ml 

Analysis by HPLC 

Figure 2. Flow chart of the basic extraction procedure used prior to HPLC anal
ysis of celery. 
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CuS0 4 Treated (0.5 hr) 

72 hrs at 2 6 ° C 

U U J L J » UL 

Al 

Treated 

Control 

STD 

Ί 1 1 1 1 
5 10 15 20 25 

Time (min) 

CuS0 4 Treated (0.5 hr) 

72 hrs at 2 ° C 

Treated 

Control 

STD 

—ι 1 1 1 1 
0 5 10 15 20 25 

Time (min) 

Figure 3. HPLC tracings of detector response vs. retention time for psoralen 
(p), bergapten (b), xanthotoxin (x), and isopimpinellin (i) standards, and CuS04-

treated celery cv. 5270-R and controls after 72 h treatment. 
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110 H 

0 1 2 3 

Days After Treatment 

Figure 4. Increase of total psoralens over controls at 26 °C and 24-h intervals 
after CuS04 treatment. 
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xanthotoxin both changed l i n e a r l y with the concentration of 
CuSO^ after exceeding the threshold for the phytoalexin 
response (57)» 

Table 2. Levels of bergapten and xanthotoxin observed from 
celery treated for 0.5 hr with various concentrations 

of CuSO, (57) 

Cone, of 
CuSO/, (M) 

(ppm) at 72 hrs Cone, of 
CuSO/, (M) Bergapten Xanthotoxin 

lo-J 1.2 5.1 
10-2 0.7 3.2 

0.3 1.1 
0.03 0.1 

10" 6 0.03 0.1 
0 0.04 0.2 

Fold increase at lO^M 30 25 

To establish that the onset of phytoalexin synthesis i s 
both concentration and time dependent i s very important. This 
indeed would mimic phytoalexin responses i n other plants. 

UV Treatment. A combination of long and short wave UV l i g h t 
was used to treat celery petioles for a 1-hr period. The 
irradiated petioles and controls were kept at room temperature 
for 72 hrs in the dark. The HPLC tracings obtained from 
extracts of irradiated celery are shown i n Figure 5. The 
response at 26°C i s very similar to that observed with CuSO^ 
treatment; however, the response at 2°C d i f f e r s from the 
CuSO^ treatment i n that the level of psoralen i s r e l a t i v e l y 
very low, whereas the psoralen level i n CuSO^ treated celery 
at 2°C i s second only to xanthotoxin. 

Cold Treatment. Celery was placed i n the freezer (-15°C) for 
70 min. Treated samples and controls were kept at room 
temperature for 72 hrs and then analyzed (Table 3). The 
quantities of total psoralens increased 8.8 times over the 
controls. 

Sodium Hypochlorite Treatment. This treatment was considered 
because sodium hypochlorite i s often used to s t e r i l i z e plant 
tissues prior to microbiological studies. Since the disease 
organism j>. sclerotiorum i s often implicated i n the production 
of linear furanocoumarins i n celery, s t e r i l i z i n g the plant 
tissues maybe an appropriate f i r s t step i n many 
investigations. 
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Φ 
Q 

26°C 

i l 

2°C 

10 15 
" Ί 
20 

Time (min) 

Figure 5. HPLC tracings of detector response vs. retention time for UV-treated 
celery cv. 5270-R after 72 h at 2 °C and 26 °C in comparison to the linear fur
anocoumarin standards: psoralen (p), bergapten (b), xanthotoxin (x), and isopim

pinellin (i). 
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Celery petioles were immersed i n 0.1% sodium hypochlorite 
for 20 min. and incubated for 72 hrs at 26° C. Subsequent 
extraction and HPLC analysis gave the tracings shown i n Figure 
6. The psoralen levels at 2°C are similar to the CuSO^ 
treated celery, but at 26° C the levels are lower and appear 
q u a l i t a t i v e l y different from those observed i n the 
CuSO^-treated plant material. 

A composite bar graph showing the levels of the four 
li n e a r furanocoumarins i n both UV-treated and sodium 
hypochlorite treated celery analyzed after 72 hrs at 26°C i s 
shown i n Figure 7. The observed levels i n both treated tissues 
were s i g n i f i c a n t l y higher than those i n the controls. 

Summary 

The total quantities of psoralens and their increased 
concentration i n celery after different treatments is described 
i n Table 3. 

Table 3. Summary of Phytoalexin Response i n Treated Celery (57) 

Treatment Time (hr) Total Psoralens 
(ppm) 

Fold Increase 

CuSO^ 96 26.0 104.0 
CuSO^ 79 21.1 23.0 
UV lig h t 72 7.4 3.4 
Sodium hypochlorite 72 4.9 2.2 
Cold 72 2.2 8.8 
CuS04* 48 29.0 

-23.0 
4-day-old CuSO/,* 48 1.3 

*These experiments were carried out on celery procured at the 
same time. Part of the lot was immediately treated, while 
another portion was retained for 4 days i n the refrigerator 
before treatment. 

A l l of the treatments i n Table 3 caused an increase i n the 
quantities of linear furanocoumarins to some degree, with some 
samples containing as much as 29 ppm of total psoralens. It i s 
also interesting that a sample of harvested celery allowed to 
age 4 days i n the laboratory prior to CuSO^ treatment 
exhibited a 23 fol d decrease i n the total linear furanocoumarin 
production when compared to non-aged CuSO^-treated celery 
(Table 3). This result may reflect a deterioration of the 
c e l l u l a r condition i n these samples. 
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I 1 — ι 1 — I 
0 5 10 15 20 

Time (min) 

Figure 6. HPLC tracings of the detector response vs. retention time for sodium 
hypochlorite-treated celery cv. 5270-R after 72 h at 2 °C and 26 °C in comparison 
to the linear furanocoumarin standards: psoralen (p), bergapten (b), xanthotoxin 

(x), and isopimpinellin (i). 

Psoralens from celery cv. 5270-R 

Figure 7. A bar graph of the observed levels of psoralen, bergapten, xanthotoxin, 
and isopimpinellin in celery cv. 5270-R 72 h after UV light and sodium hypo

chlorite treatment. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

01
9



19. BEiER E T A L . Phytoalexins in Food Plants 307 

What i s the Impact of the Phytoalexin Response i n Celery. 
Studies to date indicate that celery purchased at local markets 
should contain low levels of linear furanocoumarins (14). 
Increased levels of psoralens as a result of a phytoalexin 
response w i l l probably be of l i t t l e or no significance to the 
consumer. The major interest that arises from this phenomenon 
w i l l be to the grower, f i e l d worker and celery handler. 
Clearly, certain chemicals and stress situations can cause up 
to 100 f o l d increases in the linear furanocoumarin content of 
previously excised celery petioles. Therefore, i t seems 
possible that certain stress situations and/or chemical 
treatments may indeed elevate levels of psoralens in celery to 
a point where the risk of dermatitis i s greatly enhanced. 

The actual role of linear furanocoumarins i n the disease 
resistance of celery i s unknown; however, i t has been concluded 
that the phytoalexins studied to date play an important role i n 
resistance (47). 

Phytoalexins i n Other umbelliferae? 

Carrots. Previous phytochemical studies with carrot (Daucus 
carota L.) have been unsuccessful i n demonstrating the presence 
of psoralens, and i t i s generally accepted that carrots lack 
l i n e a r furanocoumarins (58,59). We have recently developed 
techniques to look for psoralens at the sub parts-per-million 
l e v e l i n carrot (60), and were s i m i l a r l y unable to see linear 
furanocoumarins i n this plant. 

Along with our celery studies, we treated carrot sl i c e s 
with CuS04 (9 Χ 10""3 M) for 0.5 hr, and made analyses by 
HPLC after 72 hrs. Even with this attempted stimulation, no 
l i n e a r furanocoumarins were detected. 

It has been suggested (46) that phytoalexins can be used 
i n some cases as taxonomic markers. That application may 
indeed be appropriate i n the case of carrots. 

Parsley. Parsley (Petroselinum sativum) has been known to 
cause dermatitis on the hands and arras. This condition was 
accompanied by b l i s t e r s which developed on the back of the 
hands of schoolgirls that picked parsley. Peasants i n a 
v i l l a g e near Sofia, Bulgaria, are familiar with this problem, 
and some cover their hands with fat before picking (61). 

The f i r s t linear furanocoumarin to be isolated from 
parsley was bergapten (62). Later work provided quantitative 
data for bergapten, xanthotoxin, and isopimpinellin from dried 
parsley grown i n greenhouse conditions (15). 

We are presently investigating parsley for i t s linear 
furanocoumarins besides those previously i d e n t i f i e d . 
Preliminary studies with CuSO^ suggests that parsley also 
produces psoralens as phytoalexins. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

01
9



308 X E N O B I O T I C S IN F O O D S A N D F E E D S 
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Food, Drug, and Cosmetic Colors: 
Toxicological Considerations 
JOSEPH F. BORZELLECA 
Department of Pharmacology and Toxicology, Medical College of Virginia, Virginia 
Commonwealth University, Richmond, VA 23298 

JOHN HALLAGAN and CAROLINE REESE 
The Offices of Daniel R. Thompson, 900 17th St. N.W., Washington, DC 20006 

The Food, Drug and Cosmetic (FD&C) Colors have been 
studied extensively. The most recent have been 
chronic toxicity/oncogenicity studies in Charles 
River CD rats and Charles River CD-1 mice. The 
colors evaluated and the dietary levels employed 
were: 

Dietary Levels (%) 
Color Rat Mouse 

FD&C Blue 1 0.0, 0.1, 1.0, 2.0 0.0, 0.5, 1.5, 5.0 
FD&C Green 3 0.0, 1.25, 2.5, 5.0 0.0, 0.5, 1.5, 5.0 
FD&C Blue 2 0.0, 0.5, 1.0, 2.0 0.0, 0.5, 1.5, 5.0 
FD&C Yellow 6 0.0, 0.75, 1.5, 3.0, 5.0 0.0, 0.5, 1.5, 5.0 
FD&C Yellow 5 0.0, 0.1, 1.0, 2.0, 5.0 0.0, 0.5, 1.5, 5.0 
FD&C Red 3 0.0, 0.1, 0.5, 1.0, 4.0 0.0, 0.3, 1.0, 3.0 

Many parameters were measured during the course of 
these studies including reproductive performance 
(rats only), body weights, feed consumption, c l i n i 
cal chemistries (blood, urine), hematology, gross 
and histological examination of tissues. Data were 
subjected to extensive statistical analyses. There 
were no consistent statistically significant and 
biologically relevant compound related effects, 
including tumors. These studies were supported by 
the Certified Colors Manufacturers Association and 
were conducted by Bio-dynamics Laboratory and 
International Reseach and Development Corporation. 

C o l o r s have been an e s s e n t i a l p a r t o f our e x i s t e n c e . N a t u r e 
i s c o l o r f u l . C o l o r s have been used t h r o u g h o u t h i s t o r y by man i n 
a t l e a s t t h r e e major a r e a s - f o o d , d r u g s and c o s m e t i c s . C o l o r e d 
candy has been i d e n t i f i e d i n p a i n t i n g s i n E g y p t i a n tombs d a t i n g 

0097-6156/83/0234-0311$06.50/0 
© 1983 A m e r i c a n C h e m i c a l S o c i e t y 
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312 X E N O B I O T I C S IN F O O D S A N D F E E D S 

back t o about 1500 B.C. A r t i f i c i a l l y c o l o r e d wines were 
r e p o r t e d by P l i n y t h e E l d e r i n about 400 B.C. E b e r s P a p y r u s , 
t h e o l d e s t r e c o r d o f dr u g s , i d e n t i f i e s c o l o r s t h a t were used i n 
dr u g s . About 5000 B.C., E g y p t i a n s were u s i n g g r e e n c o p p e r f o r 
eye shadow. A l s o used were henna t o dye h a i r , c a r m i n e t o r e d d e n 
l i p s , k o h l (an antimony compound) t o b l a c k e n eyebrows, l i d s and 
l a s h e s . Around 500 B.C., s a f f r o n was used t o make f a c e s y e l l o w 
and henna t o dye f e e t r e d i n I n d i a . C h i n e s e used v e g e t a b l e dyes 
on f e e t , c h e e k s , and t i p s o f t h e i r tongues f o r v a r i o u s r e a s o n s . 
The Romans used w h i t e l e a d and c h a l k on t h e i r f a c e s and b l u e and 
g o l d dye on t h e i r h a i r . 

The s o u r c e s o f dyes used by man i n c l u d e a n i m a l , v e g e t a b l e , 
and m i n e r a l . S i r W i l l i a m Henry P e r k i n s , i n 1856, s y n t h e s i z e d 
t h e f i r s t a n i l i n e dye. In I860, a t r i p h e n y l m e t h a n e dye, f u c h 
s i n e , was used by the F r e n c h t o c o l o r wine. On August 2, 1886, 
t h e U.S. C o n g r e s s a u t h o r i z e d t h e a d d i t i o n o f c o l o r t o b u t t e r . 
On June 6, 1896, C o n g r e s s approved c o l o r a n t s i n c h e e s e , and by 
1900 c o l o r a n t s were added t o c a t s u p , j e l l i e s , c o r d i a l s , c a n d i e s , 
sausage and n o o d l e s . However, t h e r e were some c o n c e r n s by t h e 
p u b l i c . F o r example, chrome y e l l o w , m a r t i u s y e l l o w and q u i c k 
s i l v e r v e r m i l l i o n were added t o f o o d s t o h i d e poor q u a l i t y o r 
t o i n c r e a s e w e i g h t . T h e r e was no c o n t r o l o v e r t h e p u r i t y o f 
c o l o r a n t s used. F o r example, i t has been noted t h a t r e j e c t e d 
t e x t i l e dyes were sometimes added t o f o o d s . Use o f a r s e n i c a c i d 
and m e r c u r y i n t h e m a n u f a c t u r e o f c o l o r a n t s a l s o c r e a t e d some 
c o n c e r n s . 

In 1899, t h e N a t i o n a l C o n f e c t i o n e r s A s s o c i a t i o n p u b l i s h e d a 
l i s t o f u n f i t c o l o r a n t s f o r f o o d s . T h i s was t h e f i r s t t i m e t h a t 
any group a d d r e s s e d t h e i s s u e o f s a f e t y o f c o l o r a n t s . U n f o r 
t u n a t e l y , t h i s was n o t v e r y e f f e c t i v e . In Au g u s t , 1904, t h e 
U.S.D.A. i s s u e d a Food I n s p e c t i o n D e c i s i o n which s t a t e d , "Food 
i s a d u l t e r a t e d i f i t i s c o l o r e d , powdered o r p o l i s h e d w i t h 
attempt t o d e c e i v e . " A n o t h e r Food I n s p e c t i o n D e c i s i o n was 
i s s u e d i n September 1905 i n which t h e U.S.D.A. r e q u i r e d t h a t 
c o l o r s must be d e c l a r e d on l a b e l s . In 1906 t h e U.S.D.A. 
d e c l a r e d m a r t i u s y e l l o w i n macaroni t o be an u n s a f e c o l o r ; and 
i n 1907 t h e F.D.A. p r o h i b i t e d t h e use o f dangerous and impure 
c o l o r a n t s i n f o o d . The Food and Drug A c t was pas s e d i n 1906. 
Dr. B e r n a r d C. Hesse o f t h e U.S. Department o f A g r i c u l t u r e had 
e v a l u a t e d t h e c h e m i s t r y and p h y s i o l o g y o f a p p r o x i m a t e l y 700 c o a l 
t a r d y e s . O n l y c o l o r s o f known c o m p o s i t i o n were examined p h y s i 
o l o g i c a l l y . T h o s e showing n o n - f a v o r a b l e r e s u l t s c o u l d be used 
i n f o o d s . The U.S.D.A. began t o c e r t i f y s y n t h e t i c o r g a n i c f o o d 
c o l o r s i n A p r i l 1908. The c o s t o f t h e c e r t i f i c a t i o n was t o be 
borne by i n d u s t r y (and s t i l l i s ) . The c o l o r s approved a t t h a t 
t i m e were amaranth (Red 2 ) , ponceau 3R (Orange 1 ) , e r y t h r o s i n e 
(Red 3 ) , n a p h t h o l y e l l o w S ( Y e l l o w 7 ) , l i g h t g r e e n SF y e l l o w i s h , 
and i n d i g o d i s u l f o a c i d sodium s a l t ( B l u e 2 ) . O t h e r c o l o r s were 
added: i n 1916, t a r t r a z i n e ( Y e l l o w 5 ) ; i n 1927, FCF g r e e n 
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20. B O R Z E L L E C A E T A L . Food, Drug, and Cosmetic Colors 313 

G r e e n 3 ) ; and 1929 ponceau SX (Red 4 ) , s u n s e t y e l l o w SCF 
Y e l l o w 6 ) , and b r i l l i a n t b l u e SCF ( B l u e 1 ) . In 1938, t h e 

F e d e r a l F o od, Drug and C o s m e t i c A c t was p a s s e d . I t s t a t e d t h a t 
u n c e r t i f i e d c o a l t a r c o l o r s i n f o o d , d rugs and c o s m e t i c s c o u l d 
n o t be s h i p p e d i n i n t e r s t a t e commerce. Use o f c o l o r s was 
l i m i t e d . A l l c o l o r s had t o be c e r t i f i e d and h a r m l e s s . T h r e e 
c a t e g o r i e s o f c o a l t a r c o l o r s were e s t a b l i s h e d : Food, Drug and 
Cos m e t i c c o l o r s , Drug and C o s m e t i c c o l o r s , and E x t e r n a l Drug 
and C o s m e t i c c o l o r s . The S e r v i c e and R e g u l a t o r y Announcement, 
FD and C No. 3, September 1940, l i s t e d c o l o r s t h a t were approved 
a t t h a t t i m e and t h e s p e c i f i c a t i o n and r e g u l a t i o n s c o n c e r n i n g 
m a n u f a c t u r i n g , c e r t i f i c a t i o n , s a l e , e t c . The Food and Drug 
A d m i n i s t r a t i o n began t e s t i n g c o l o r s i n t h e e a r l y 1950s f o l l o w i n g 
an i n c i d e n t i n which c h i l d r e n became s i c k a f t e r e a t i n g candy and 
c o l o r e d p o p c o r n . U n f a v o r a b l e f i n d i n g s r e s u l t e d i n t h e b a n n i n g 
o f FD and C Orange 1, FD and C Orange 2, and FD and C Red 32. 
The FDA's p o s i t i o n was t h a t t h e term h a r m l e s s n e s s as d e f i n e d i n 
th e 1938 A c t meant s a f e r e g a r d l e s s o f th e amount used. L a t e r , 
t h e Supreme C o u r t r u l e d t h a t t h e Food and Drug A d m i n i s t r a t i o n 
c o u l d n o t e s t a b l i s h l i m i t s u n l e s s t h e c e r t i f i e d c o l o r i n any 
q u a n t i t y c a u s e d harm. The C o l o r A d d i t i v e s Amendment o f 1960 
(PL-86-618) r e q u i r e d t h e f o l l o w i n g : e x i s t i n g c o l o r s c o u l d be 
used p e n d i n g f u r t h e r t e s t i n g ; l i m i t s o f use were e s t a b l i s h e d ; 
a l l c o l o r s were t o be i n c l u d e d , n o t j u s t t h e c o a l t a r c o l o r s ; 
t h e S e c r e t a r y was t o d e t e r m i n e which c o l o r s were t o be c e r t i f i e d 
and which would be exempted; p r o d u c e r s and consumers were t o 
p r o v i d e d a t a t o o b t a i n permanent l i s t i n g s ; and p r o v i s i o n a l l i s t 
i n g r e f e r r e d t o c o l o r s f o r which a d d i t i o n a l d a t a were n e c e s s a r y 
t o s e c u r e permanent l i s t i n g . 

Uses o f C o l o r s 
F o o d s . C o l o r s a r e added (1) t o f o o d s t h a t have no c o l o r o f 
t h e i r own ( b e v e r a g e s , g e l a t i n d e s s e r t , c a n d i e s , i c e cream); 
(2) where t h e n a t u r a l c o l o r has been l o s t i n p r o c e s s i n g o r 
s t o r a g e ; (3) where c o l o r o f the f o o d v a r i e s w i t h t h e s e a s o n o f 
the y e a r ( g e o g r a p h i c o r i g i n , f o r example d a i r y p r o d u c t s , 
o r a n g e s ) ; (4) t o make f o o d s r e c o g n i z a b l e and a t t r a c t i v e , 
e n h a n c i n g t h e i r a e s t h e t i c v a l u e . The meat i n s p e c t i o n stamp i s 
a l s o c o l o r e d . 
Drugs. C o l o r s a r e added t o dr u g s f o r p u r p o s e s o f i d e n t i f i c a 
t i o n , s t a n d a r d i z i n g b a t c h e s , t o mask u n s a t i s f a c t o r y n a t u r a l 
c o l o r s , and f o r a p p e a l ( c o l o r l e s s p r o d u c t s a r e not a e s t h e t i c ) . 
C o s m e t i c s . C o s m e t i c s r e q u i r e t h e a d d i t i o n o f c o l o r s f o r e f f e c -
t i v e n e s s . C o l o r s may be added t o enhance t h e a e s t h e t i c v a l u e , 
f o r example t o a f t e r shave l o t i o n and shampoo, o r t o s e r v e a 
f u n c t i o n a l p u r p o s e , f o r example i n eye brow p e n c i l , n a i l p o l i s h , 
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314 X E N O B I O T I C S IN F O O D S A N D F E E D S 

l i p s t i c k , e t c . The amounts used i n c o s m e t i c s i s g r e a t e r t h a n 
i s used i n f o o d s and d r u g s . 

A c c e p t a b l e D a i l y I n t a k e (API) 
The amount o f t h e m a t e r i a l t h a t can be i n g e s t e d w i t h o u t 

u n r e a s o n a b l e r i s k o f a d v e r s e h e a l t h e f f e c t s may be c o n s i d e r e d 
an a c c e p t a b l e d a i l y i n t a k e . T h i s r e f e r s p r i m a r i l y t o f o o d 
c h e m i c a l s . To a r r i v e a t an a c c e p t a b l e d a i l y i n t a k e , a p p r o p r i a t e 
t o x i c o l o g i c a l t e s t s and s a f e t y f a c t o r s a r e i n v o l v e d . ADIs have 
been e s t a b l i s h e d by th e U.S. Food and Drug A d m i n i s t r a t i o n , t h e 
World H e a l t h O r g a n i z a t i o n , t h e J o i n t E x p e r t Committee on Food 
A d d i t i v e s , and t h e European Economic Community. 

Background o f t h e C u r r e n t T e s t i n g Program 
The Food and Drug A d m i n i s t r a t i o n d e t e r m i n e d t h a t t h e p r o v i 

s i o n a l l i s t i n g o f c o l o r s was t o be e l i m i n a t e d . C o l o r s were t o 
be e i t h e r p e r m a n e n t l y l i s t e d o r t o be p r o h i b i t e d f r o m use. 
A l s o , t h e r e was c o n c e r n about c o l o r s t h a t were p e r m a n e n t l y 
l i s t e d . The c o n c e r n was not based on a d v e r s e h e a l t h e f f e c t s nor 
on t h e g e n e r a t i o n o f a s i g n i f i c a n t amount o f t o x i c o l o g i c a l d a t a , 
but p r e s u m a b l y on a t e r a t o l o g y s t u d y o f Aramanth (Red No. 2) 
t h a t appeared i n R u s s i a n l i t e r a t u r e . The f i n d i n g s were not c o n 
f i r m e d when t h e s t u d y was redone by t h e Food and Drug A d m i n i s 
t r a t i o n and by t h e C e r t i f i e d C o l o r s M a n u f a c t u r e r s A s s o c i a t i o n . 
T h e r e was some c o n c e r n t h a t c o l o r s were n o t n e c e s s a r y s i n c e t h e y 
a r e n o n - n u t r i v e . T h i s n e g l e c t s t h e a e s t h e t i c v a l u e o f f o o d s . 
C o l o r s were a l s o r e - e v a l u a t e d , p resumably because o f t h e c y c l i c 
r e v i e w and r e - e v a l u a t i o n program a t FDA. The i n d u s t r y was 
r e q u e s t e d by FDA t o r e - t e s t a l l FD and C and D and C c o l o r s . 
S p e c i f i c a l l y , t h e c o l o r m a n u f a c t u r e r s were r e q u e s t e d t o p r o v e 
s a f e t y . I f s a f e t y i s d e f i n e d as t h e absence o f t o x i c i t y , t h e n 
i t can never be pr o v e d s i n c e one ca n n o t p r o v e a n e g a t i v e . I f 
s a f e t y i s d e f i n e d as t h e v e r y low p r o b a b i l i t y t h a t an a d v e r s e 
e f f e c t w i l l o c c u r under c e r t a i n c o n d i t i o n s o f use, t h e n a p p r o 
p r i a t e s t u d i e s can be d e s i g n e d and l e v e l s d e t e r m i n e d . H a r m l e s s -
ness must be d e f i n e d under c e r t a i n c o n d i t i o n s o f use. In o r d e r 
t o r e s p o n d t o FDA's r e q u e s t , l i f e - t i m e s t u d i e s were c o n d u c t e d 
i n t h e mouse and t h e r a t t o e s t a b l i s h s a f e t y ( r e a s o n a b l e c e r 
t a i n t y t h a t no harm w i l l o c c u r when t h e m a t e r i a l i s used under 
c e r t a i n c o n d i t i o n s ) . 

P r i o r t o i n i t i a t i n g t h e s e s t u d i e s , a th o r o u g h s e a r c h o f t h e 
l i t e r a t u r e was c o n d u c t e d and t h e e x t e n t o f o r a l t o x i c i t y t e s t s 
was d e t e r m i n e d . I t was f o u n d t h a t t h e c o l o r s have a v e r y low 
o r d e r o f a c u t e o r a l t o x i c i t y . An e x p e r i m e n t a l d e s i g n was th e n 
d e v e l o p e d . P o t e n t i a l r e p r o d u c t i v e t o x i c i t i e s were e v a l u a t e d i n 
m u l t i g e n e r a t i o n r e p r o d u c t i v e and t e r a t o l o g i c a l s t u d i e s . No 
ad v e r s e e f f e c t s were r e p o r t e d a t any o f t h e l e v e l s examined. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

02
0
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E x p e r i m e n t a l D e s i g n 

The FD and C c o l o r s e v a l u a t e d a r e l i s t e d i n Table I. The 
c h e m i c a l s t r u c t u r e s , m o l e c u l a r w e i g h t s and c h e m i c a l names appear 
i n Table i i . The s u p p l i e r s o f t h e c o l o r s a r e i d e n t i f i e d i n 
Table i n . O t h e r e x p e r i m e n t a l d e t a i l s a r e summarized i n Tables i v 
through VII. 

The c h r o n i c t o x i c i t y / c a r c i n o g e n i c i t y s t u d i e s were d e s i g n e d 
as d e f i n i t i v e s t u d i e s t o a d d r e s s t h e i s s u e o f s a f e t y . The 
e x p e r i m e n t a l d e s i g n i n v o l v e d j_n u t e r o e x p o s u r e o f r a t s and t h e 
use o f w e a n l i n g m i c e . O n l y c e r t i f i e d b a t c h e s o f c o l o r f r o m t h e 
v a r i o u s s u p p l i e r s were use d . Two l a b o r a t o r i e s were s e l e c t e d 
f o l l o w i n g an e x t e n s i v e e v a l u a t i o n o f t h e f a c i l i t i e s a v a i l a b l e 
a t t h a t t i m e . 

The c o l o r s were a n a l y z e d on a r e g u l a r b a s i s t o e v a l u a t e 
s t a b i l i t y , and m i c r o b i o l o g i c a l c o n t a m i n a t i o n . F e e d a n a l y s e s 
were c o n d u c t e d on a weekly b a s i s f o r t h e f i r s t 13 weeks o f t h e 
s t u d y , and then a t mont h l y i n t e r v a l s t h e r e a f t e r by t h e c o n t r a c t 
l a b o r a t o r y and by in d e p e n d e n t l a b o r a t o r i e s . Good l a b o r a t o r y 
p r a c t i c e s m o n i t o r i n g o c c u r r e d a t l e a s t m o nthly. 
R e s u l t s 

The r e s u l t s o f t h e s e s t u d i e s a r e summarized i n T a b l e s V I I I 
t h r o u g h X I I I . 

T h e s e d a t a f a i l e d t o i d e n t i f y any c a r c i n o g e n i c p o t e n t i a l o f 
the Food, Drug and C o s m e t i c c o l o r s . T h e r e were no c o n s i s t e n t , 
b i o l o g i c a l l y s i g n i f i c a n t c o m p o u n d - r e l a t e d e f f e c t s a t any l e v e l 
i n e i t h e r s p e c i e s . 
F u t u r e S t u d i e s 

The g e n e t i c t o x i c o l o g i c a l a s p e c t s o f t h e c o l o r s a r e b e i n g 
e v a l u a t e d . The d a t a g e n e r a t e d t o d a t e f a i l e d t o de m o n s t r a t e 
g e n o t o x i c i t y o f t h e s i x F D and C c o l o r s e v a l u a t e d . C o m p a r a t i v e 
b i o t r a n s f o r m a t i o n and k i n e t i c s t u d i e s a r e e s s e n t i a l and t h e s e 
a r e i n p r o g r e s s . 

S p e c i a l s t u d i e s a re b e i n g c o n s i d e r e d i n c l u d i n g i n t e r a c t i o n s , 
s e n s i t i z a t i o n o r a l l e r g i e s , and assessment o f t h e v a l u e o f c o l o r 
i n human n u t r i t i o n . 
Summary and C o n c l u s i o n s 

The Food, Drug and C o s m e t i c c o l o r s have been e x t e n s i v e l y 
e v a l u a t e d (few f o o d c h e m i c a l s have been so e x t e n s i v e l y s t u d i e d ) . 
The F o od, Drug and C o s m e t i c c o l o r s do n o t pose a t h r e a t t o human 
h e a l t h a t l e v e l s c u r r e n t l y i n use o r a t l e v e l s g r e a t e r t h a n 
t h o s e c u r r e n t l y used. T h e r e i s no b i o l o g i c a l e v i d e n c e i n a n i 
mals o r human t h a t the Food, Drug and C o s m e t i c c o l o r s a r e u n s a f e 
or h a z a r d o u s t o human h e a l t h . 
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20. B O R Z E L L E C A E T A L . Food, Drug, and Cosmetic Colors 317 

T a b l e I I . Çhem i ç a^l _S t^uc^jur e s x. Name sj,. _ a n d __Mo 1 e çu l a r Weights 
of the FD&C C o l o r s E v a l u a t e d 

C o l o r E m p i r i c a l Formula M o l e c u l a r Weijght 

FD&C Red No. 40 
( A l l u r a Red AC) 

FD&C Red No. : 
( E r y t h r o s i n e ) 

FD&C Red No. 40 C 1 8 H 1 4 ° 8 N 2 S 2 N a 2 496.40 

FD&C Red No. 3 C 2 0 H 6 I 4 N a 2 ° 5 879.87 

V e W s 9 1 2 · 1 0 

FD&C Yellow No. 5 C,,H nN.Na Q0 QS o 534.37 
frr, \ 16 9 4 3 9 2 
( T a r t r a z m e ) 

FD&C Yellow 
(Sunset Yellow FCF) 

FD&C Blue No 
( I n d i g o t i n e ) 

FD&C Green Ν 
(Fast Green FCF) 

FD&C Yellow No. 6 C 1 6 H 1 0 N 2 N a 2 ° 7 S 2 452.37 

FD&C Blue No. 2 C 1 6 H 8 N 2 N a 2 ° 8 S 2 466.36 

FD&C Green No. 3 C 3 7 H 3 4 N 2 N a 2 ° 1 0 S 3 808.86 
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318 X E N O B I O T I C S I N F O O D S A N D F E E D S 

T a b l e I I . C h e m i c a l S t r u c t u r e s , N a m e s , a n d M o l e c u l a r W e i g h t s 

C o l o r D y e T y p e S t r u c t u r e 

FD&C Red No. 40 M o n o a z o 

(Allura Red AC) 

F D & C R e d N o . 3 X a n t h e n e 

( E r y t h r o s i n e ) 

F D & C Y e l l o w N o . 5 P y r a z o l o n e 

( T a r t r a z i n e ) 

F D & C Y e l l o w N o . 6 M o n o a z o 

( S u n s e t Y e l l o w F C F ) 

F D & C B l u e N o . 2 I n d i g o i d 

( I n d i g o t i n e ) 
H 0 

F D & C G r e e n N o . 3 
( F a s t G r e e n F C F ) 

T r i p h e n y l m e t h a n e 
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20. B O R Z E L L E C A E T A L . Food, Drug, and Cosmetic Colors 

of the FD&C C o l o r s E v a l u a t e d — Continued 

Chemical Name 

Disodium s a l t of 6-hydroxy-5-
[(2-methoxy-5-methyl-4-sulfophenyl)-
a z o ] - 2 - n a p t h t h a l e n e s u l f o n i c a c i d 

CFR Reference 

21 CFR 74.340 

Monohydrate of 9-(0-carboxy-
phenyl)-6-hydroxy-2,4,5,7-tetraiodo-
3H-xanthen-3-one, disodium or dipotassium 
s a l t , w i t h s i m i l a r amounts of lower 
i o d i n a t e d f l u o r e s c e i n s 

21 CFR 74.303 

5 - 0 x o - l - ( p - s u l f o p h e n y l ) - 4 - [ ( p - s u l f o -
p h e n y l ) a z o ] - 2 - p y r a z o l i n e - 3 - c a r b o x y 1 i c 
a c i d , t r i s o d i u m s a l t 

21 CFR 74.705 

Disodium s a l t of 1-p-sulfophenyl-
a z o - 2 - n a p h t h o l - 6 - s u l f o n i c a c i d 

21 CFR 82.706 

P r i n c i p a l l y the disodium s a l t , o f 
5 , 5 ' - d i s u l f o - 3 , 3 ' - d i o x o - Δ ' -
b i i n d o l i n e w i th s m a l l e r amounts of 
the i s o m e r i c disodium^sg].t of 5,7 f-
disulfo-3,3'-dioxo-Δ ' - b i i n d o l i n e 

21 CFR 74.1102 

4-[(4-Εthy1-p-sulfobenzylamino)-
phenyl]-(4-hydroxy-2-sulfoniumphenyl)-
m e t h y l e n e ^ - [ l - ( N - e t h y l - N - p - s u l f o b e n -
z y l ) - A ' - c y c l o h e x a d i e n i m i n e ] 

21 CFR 82.203 
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X E N O B I O T I C S IN F O O D S A N D F E E D S 

T a b l e I I I 
FD AND C COLORS 

C h r o n i c T o x i c i t y S t u d i e s 
1977-1981 

SUPPLIERS OF COLORS 

C o l o r 
FD and C B l u e No. 1 
FD and C Green No. 3 
FD and C B l u e No. 2 
FD and C Y e l l o w No. 6 

FD and C Y e l l o w No. 5 
FD and C Red No. 3 

M a n u f a c t u r e r 
H i l t o n - D a v i s C h e m i c a l Co. 
Wa r n e r - J e n k i n s o n Co. 
H i l t o n - D a v i s C h e m i c a l Co. 
Sta n g e Co. 
H i l t o n - D a v i s C h e m i c a l Co. 
Wa r n e r - J e n k i n s o n Co. 
H. Kohnstamm 
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322 X E N O B I O T I C S IN F O O D S A N D F E E D S 

T a b l e V 
FD AND C COLORS 

C h r o n i c T o x i c i t y S t u d i e s 
1977-1981 

MATERIALS AND METHODS: MICE ( C h a r l e s R i v e r , CD-I) 

O b s e r v a t i o n 
G e n e r a l c h a n ges, m o r i b u n d i t y , 

m o r t a l i t y (3 χ d a i l y ) 
Body Weight/Food Consumption 

(we e k l y : weeks 1-14; 
b i - w e e k l y : weeks 16-26 
e v e r y 4 weeks t h e r e a f t e r ) 

D e t a i l e d P h y s i c a l E x a m i n a t i o n 
( w e e k l y : weeks 1-14; 
b i - w e e k l y : weeks 16-16; 
e v e r y 4 weeks t h e r e a f t e r ) 

P a t h o l o g y 
G r o s s p a t h o l o g y on a l l a n i m a l s 

DOS a n i m a l s 
T e r m i n a l S a c r i f i c e 

S t a t i s t i c a l A n a l y s i s 
A p p r o p r i a t e t e s t s 

T e s t D i e t A n a l y s i s 
Independent a n a l y s i s by c o n t r a c t 

l a b and CCMA member company l a l 

C l i n i c a l L a b o r a t o r y T e s t s 

Hematology ( 3 , 6, 12, 18 months; 
t e r m i n a l ) 

Hemoglobin 
H e m a t o c r i t 
T o t a l e r y t h r o c y t e 
E r y t h r o c y t e morphology 
T o t a l and d i f f e r e n t i a l l e u c o c y t e 

(10 Μ, 10 F from each group) 

H i s t o p a t h o l o g y 

A d r e n a l (2) 
A o r t a ( a b d o m i n a l ) 
Bone and bone marrow (femur) 
B l o o d smear 
B r a i n (3 s e c t i o n s , i n c l u d i n g 

f r o n t a l c o r t e x and b a s a l 
g a n g l i a , p a r i e t a l c o r t e x and 
thalamus; c e r e b e l l u m and pons) 

Esophagus 
Eye ( 2 - w i t h o p t i c n e r v e ) 
G a l l b l a d d e r 
H e a r t ( w i t h c o r o n a r y v e s s e l s ) 
I n t e s t i n e 

cecum 
c o l o n 
duodenum 
i l e u m 

K i d n e y s (2) 
L i v e r (2) 
Lung and mainstem b r o n c h i 
Lymph nodes 

( m e s e n t e r i c , m e d i a s t i n a l ) 
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B O R Z E L L E C A E T A L . Food, Drug, and Cosmetic Colors 

T a b l e V ( C o n t i n u e d ) 

H i s t o p a t h o l o g y 
Mammary g l a n d ( i n g u i n a l ) 
Nerve ( s c i a t i c ) 
O v a r i e s 
P a n c r e a s 
P i t u i t a r y 
P r o s t a t e 
S a l i v a r y g l a n d ( m a n d i b u l a r ) 
Seminal v e s i c l e s (2) 
S k e l e t a l m uscle ( b i c e p s f e m o r i s ) 
S k i n 
S p i n a l c o r d ( c e r v i c a l ) 
S p l e e n 
Stomach 
T e s t e s w i t h e p i d i d y m i d e s 
Thymus 
T h y r o i d / p a r a t h y r o i d 
T r a c h e a 
U r i n a r y b l a d d e r 
U t e r u s 
G r o s s changes o r u n c e r t a i n n a t u r e 

( i n c l u d i n g a s e c t i o n o f n o r m a l -
a p p e a r i n g p o r t i o n o f same 
t i s s u e ) 

T i s s u e masses o r s u s p e c t tumors 
w i t h r e g i o n a l lymph nodes 
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324 X E N O B I O T I C S IN F O O D S A N D F E E D S 

T a b l e VI 
FD AND C COLORS 

C h r o n i c T o x i c i t y S t u d i e s 
1977-1981 

MATERIALS AND METHODS: RATS 

In U t e r o Segment 

Group Male Female Min. No. L i t t e r s Dosage L e v e l s 

1-A 60 60 70 C o n t r o l 

1-B 60 60 70 C o n t r o l 

2 60 60 35 Low 

3 60 60 35 Mid 

4 60 60 35 H i g h 

RANDOM SELECTION 

C h r o n i c F e e d i n g Segment 

Group Male Female Dosage L e v e l s 

1-A 70 70 C o n t r o l 

1-B 70 70 C o n t r o l 

2 70 70 Low 

3 70 70 Mid 

4 70 70 H i g h 
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20. B O R Z E L L E C A E T A L . Food, Drug, and Cosmetic Colors 325 

T a b l e VII 
FD AND C COLORS 

C h r o n i c T o x i c i t y S t u d i e s 
1977-1981 

MATERIALS AND METHODS: RATS ( C h a r l e s R i v e r , CD-I) 
O b s e r v a t i o n C l i n i c a l L a b o r a t o r y T e s t s 

G e n e r a l changes, m o r i b u n d i t y , ) 
m o r t a l i t y (3 χ d a i l y ) 

Body Weight/Food Consumption 
(we e k l y : weeks 1-14; 
b i - w e e k l y : weeks 16-26 
e v e r y 4 weeks t h e r e a f t e r ) 

D e t a i l e d P h y s i c a l E x a m i n a t i o n 
(weekly: weeks 1-14; 
b i - w e e k l y : weeks 16-16; 
e v e r y 4 weeks t h e r e a f t e r ) 

P a t h o l o g y 

G r o s s p a t h o l o g y on a l l a n i m a l s 
DOS a n i m a l s 
I n t e r i m S a c r i f i c e 
T e r m i n a l S a c r i f i c e 

Hematology ( 3 , 6, 12, 18, 
24 months; t e r m i n a l ) 

Hemoglobin 
H e m a t o c r i t 
T o t a l e r y t h r o c y t e 
E r y t h r o c y t e morphology 
T o t a l and d i f f e r e n t i a l l e u c o c y t e 

(10 M, 10 F fr o m each group) 

B l o o d C h e m i s t r y ( 3 , 6, 12, 
18, 24 months; t e r m i n a l ) 
Serum g l u t a m i c o x a l o a c e t i c 

t r a n s a m i n a s e 
Serum g l u t a m i c p y r u v i c 

t r a n s a m i n a s e 
A l k a l i n e p h o s p h a t a s e 
B l o o d u r e a n i t r o g e n 
F a s t i n g g l u c o s e 
T o t a l p r o t e i n 
C r e a t i n i n e 

U r i n a l y s i s ( 3 , 6, 12, 18 
S t a t i s t i c a l A n a l y s i s 24 months; t e r m i n a l ) 

G r o s s a p p e a rance 
A p p r o p r i a t e t e s t s S p e c i f i c g r a v i t y 

pH 
P r o t e i n 

T e s t D i e t A n a l y s i s G l u c o s e 
K e t o n e s 

Independent a n a l y s i s by c o n t r a c t B i l i r u b i n 
l a b and CCMA member company l a i O c c u l t b l o o d 

M i c r o s c o p i c a n a l y s i s 

( C o n t i n u e d ) 
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326 X E N O B I O T I C S IN F O O D S A N D F E E D S 

T a b l e VII ( C o n t i n u e d ) 

H i s t o p a t h o l o g y O p h t h a l m o s c o p i c E x a m i n a t i o n 
A d r e n a l (2) 3, 6, 12, 18, 24 months 
A o r t a ( a b d o m i n a l ) 
B l o o d smear 
Bone and bone marrow (femur) 
B r a i n (3 s e c t i o n s , i n c l u d i n g 

f r o n t a l c o r t e x and b a s a l 
g a n g l i a , p a r i e t a l c o r t e x and 
thalamus; c e r e b e l l u m and pons) 

Esophagus 
E y e (2 - w i t h o p t i c n e r v e ) 
H e a r t ( w i t h c o r o n a r y v e s s e l s 
I n t e s t i n e 

cecum 
c o l o n 
duodenum 
i l e u m 

K i d n e y s (2) 
L i v e r (2) 
Lung and mainstem b r o n c h i 
Lymph nodes 

( m e s e n t e r i c , m e d i a s t i n a l ) 
Mammary g l a n d ( i n g u i n a l ) 
Nerve ( s c i a t i c ) 
O v a r i e s 
P a n c r e a s 
P i t u i t a r y 
P r o s t a t e 
S a l i v a r y g l a n d ( m a n d i b u l a r ) 
Seminal v e s i c l e s (2) 
S k e l e t a l m u s c l e ( b i c e p s f e m o r i s ) 
S k i n 
S p i n a l c o r d ( c e r v i c a l ) 
S p l e e n 
Stomach 
T e s t e s w i t h e p i d i d y m i d e s 
Thymus 
T h y r o i d / p a r a t h y r o i d 
T r a c h e a 
U r i n a r y b l a d d e r 
U t e r u s 
G r o s s changes o f u n c e r t a i n n a t u r e 

( i n c l u d i n g a s e c t i o n o f n o r m a l -
a p p e a r i n g p o r t i o n o f same t i s s u e ) 

T i s s u e masses o r s u s p e c t tumors 
w i t h r e g i o n a l lymph nodes 
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Analysis of Carrot Constituents: Myristicin, 
Falcarinol, and Falcarindiol 

S. G. YATES, R. E. ENGLAND, and W. F. KWOLEK 

Northern Regional Research Center, Agricultural Research Service, U.S. Department 
of Agriculture, Peoria, IL 61604 

P. W. SIMON 

Department of Horticulture, University of Wisconsin, Madison, WI 53706 

Falcarinol, falcarindiol, and myristicin 
contents of carrots, Daucus carota L., were 
determined by a sequence of dichloromethane 
extraction, column chromatographic 
purification, and gas-liquid chromatographic 
analysis. High Color 9, Long Imperator 58, 
Danvers 126, and Spartan Bonus varieties 
were grown in Wisconsin (1979-1982), Florida 
(1980-1982), California (1980-1982), Arizona 
(1981), and Illinois (1981-1982). Gold Pak, 
Nantes Half Long, Red Cored Chantenay, and 
Royal Chantenay varieties were grown in 
Illinois (1980). The overall mean of 
falcarinol for 510 observations of these 
eight commercial varieties was 24.1 mg/kg; 
that of falcarindiol for 389 observations 
was 65.1 mg/kg. The standard error of a 
mean based on 2 samples of 4 carrots, with 
2 aliquots per sample, was 2.8 for falcarinol 
and 4.8 for falcarindiol. Varietal means 
ranged from 11.3 to 28.2 for falcarinol and 
53.3 to 106.9 for falcarindiol. Myristicin 
was detected in only one variety of carrots 
(Spartan Bonus) harvested in Wisconsin in 
1981; the mean of 12 observations, 2 samples, 
was 1.4 mg/kg with a range of 1.3 to 1.5 mg/kg. 

This chapter not subject to U.S. copyright. 
Published 1983, American Chemical Society 
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334 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Crosby and Aharonson (1), i n the course of their 
investigation of naturally occurring toxicants i n foods, 
discovered that an acetone extract of carrots was toxic to the 
organism Daphnia magna Straus. The pu r i f i e d toxin had an L D ^ Q 
in mice of 100 mg/kg. They gave this substance the t r i v i a l 
name "carotatoxin" and published a tentative structure. Bentley 
and Thaller (2) published a corrected structure and gave proof 
that the compound Crosby and Aharonson isolated was f a l c a r i n o l , 
a polyacetylenic alcohol (I) (Figure 1) f i r s t isolated by 
Bohlmann et a l . (3), from Falcaria vulgaris Bernh. Other such 
compounds have since been isolated from carrots ( f a l c a r i n d i o l II, 
a c e t y l f a l c a r i n d i o l III, and falcarinolone IV) (4). Recently, 
the function of f a l c a r i n d i o l as an antifungal agent i n the 
disease response mechanism of carrots was recognized (5-2)· 
The LD , ip, i n mice of f a l c a r i n d i o l was found to be 133 mg/kg 
(8). 5 0 

M y r i s t i c i n V, a phenylpropenoid, i s frequently found i n 
carrots (9). It i s known to stimulate central nervous system 
a c t i v i t y (10) and to enhance the a c t i v i t y of certain insecticides 
(11), and i t i s suspected of being involved i n the disease 
response mechanism of carrots (12). 

Carrots were analyzed for f a l c a r i n o l , f a l c a r i n d i o l , and 
myristicin to determine i f concentrations varied with respect 
to genetic (variety) and/or environmental changes (location and 
year). The data generated define the level of those toxicants 
normally present in carrots grown for processing (Danvers 126, 
Spartan Bonus, Royal Chantenay, Red-Cored Chantenay, and Nantes 
Half Long), for fresh market (Long Imperator 58, High Color 9, 
and Gold Pak), and for genetic studies (B10138, B9304, B0493, 
B3615, and B10720). 

Experimental Section 

Plant Materials. Carrot roots, Daucus carota L., were grown at 
NRRC or at the following locations as directed by the Department 
of Horticulture, University of Wisconsin, Madison: Wisconsin, 
Florid a , C a l i f o r n i a , and Arizona. 

Carrots were harvested by hand and shipped unwashed to 
NRRC i n p l a s t i c bags. Analysis of the four varieties was 
completed 1 to 2 weeks after each harvest sample was received. 
Carrots grown i n I l l i n o i s (NRRC) were harvested by hand and 
analyzed immediately. 

Chromatography Equipment and Conditions. Gas-liquid 
chromatography was performed with a Bendix 2600 instrument 
(flame ionization detectors); injector temperature was 250°C 
and detector temperature was 270°C, with helium car r i e r gas at 
10-20 ml/min, a i r at 500-600 ml/min, and hydrogen at 50 ml/min. 
Columns were programmed from 80 to 250°C at 4°C/min with a 
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Y A T E S E T A L . Analysis of Carrot Constituents 

R. R, 

CH =CH-C-C=C-C=C-C-CH=CH-(CH.),-CH 
2 I I 2 6 

R 2 R 4 cis 

R l ' R2 R3> R 4 

I Falcarinol (OH, H) (H, H) 

II F a l c a r i n d i o l (OH, H) (OH, H) 

III A c e t y l f a l c a r i n d i o l (OAc, H) (OH, H) 

IV Falcarinolone ( =0) (OH, H) 

V Myr i s t i c i n 

Figure 1. Structures of carrot constituents. 
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336 X E N O B I O T I C S IN F O O D S A N D F E E D S 

5-min f i n a l hold. Glass columns 6 f t by 1/8 i n . were used, one 
packed with 3% SE-52 (Applied Science Laboratories, Inc.) on 
80-100 mesh Gas-Chrom Q (nonpolar), and one packed with 3% 
OV-17 (Supelco Inc.) on 100-120 mesh Chromosorb W HP 
(intermediate p o l a r i t y ) . 

Dichloromethane Extraction, Column Chromatographic P u r i f i c a t i o n 
and Gas-Liquid Chromatographic (DE-C CP-GLC) 
Analysis of Carrots. A longitudinal quarter was removed from 
each carrot included in the sample. Each quarter was cut into 
2-mm cross sections, and these were immediately placed in a 2 £ 
stainless steel blending container. Antioxidant 
(Antioxidant 330, Ethyl Corp. or I onox 330, Shell Chemicals) 
(2 mg/5 g carrot fresh weight) and dichloromethane (10 ml/5 g 
carrot) were added quickly, and the constituents were blended 
in a commercial Waring Blendor at moderate speeds for a t o t a l 
of 12 min. Alternate cycles of blending and cooling (4 min 
each) reduce evaporation of dichloromethane. Any solvent 
losses were corrected for by weighing the capped blender and 
contents before and after blending and then replacing the l o s t 
solvent. Maximum blending e f f i c i e n c y was obtained with 300- to 
500-g of carrots. Teflon seals were inserted i n the blender 
cup blade assembly to replace the standard seals. After 
dichloromethane lost by evaporation was replaced, the mixture 
was blended for an additional 30 s and aliquots transferred to 
250-ml centrifuge bottles capped with a screw cap or Saran 
Wrap. The mixture was centrifuged for 15 min at 1500 g, and 
then 50 ml of the clear extract was removed with a large syringe 
f i t t e d with a long 17-gauge needle passed through the pulp. 
One mg of methyl palmitate as internal standard was added to 
each of two 50-ml aliquots of centrifuged extract. These 
aliquots were concentrated under vacuum on a rotating evaporator 
at 25°C to about 3 ml; 7 ml of hexane was added and the solution 
was reconcentrated to 3 ml; 4 ml of hexane was added and the 
solution was reconcentrated to 1 ml. The resulting hexane 
solution was chromatographed on 2 g of S i l i c a gel (70-325 mesh; 
EM Reagents). Glass columns 6 X 140 mm, f i t t e d with 50-ml 
reservoirs, were constructed from 8 mm o.d. glass tubing and 
25 X 140 mm test tubes. Yellow pigments were eluted with 
hexane u n t i l the hexane eluate was colorless (40 to 60 ml). 
The fraction of interest was eluted with 20 ml of ether-hexane 
(45:55). The eluate was concentrated to about 0.75 ml and 
transferred to a \ dram v i a l with teflon-lined cap. Analysis 
by GLC (3-6 μΐ injection) gave symmetrical peaks, which were 
integrated e l e c t r o n i c a l l y . 

Quantities of individual toxicants were calculated by 
using the formula 
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2 1 . Y A T E S E T A L . Analysis of Carrot Constituents 337 

mg of toxicant A^ W V 0 

_! = F t t Ρ a χ i o 3 

kg of sample A W V r p e r 

where i s the response factor of the toxicant i n relation to 
methyl palmitate, A t and A are the areas of the toxicant and 
methyl palmitate gas chromatographic peaks, respectively, W i s 
the quantity of methyl palmitate added i n milligrams, W is^the 
i n i t i a l weight of carrots used, V i s the i n i t i a l volume of 
solvent used for extraction, and θ i s the volume of solvent 

r 
taken after centrifuging as the analysis aliquot. Response 
factors were determined by chromatographing a mixture of known 
weights of the toxicants myristicin, f a l c a r i n o l , and f a l c a r i n d i o l , 
with a known weight of methyl palmitate (13) . 
Results and Discussion 

Carrots (Daucus carota L.) make a si g n i f i c a n t contribution 
to the American diet by providing fiber , minerals, and vitamins 
(14). These essential nutrients must be maintained at present 
levels or improved as the plant breeder attempts to develop 
carrots of better culinary quality. Other components of carrots, 
those that contribute to the plant's defense against damage, 
disease, and insects, must be monitored to ensure that they do 
not increase or decrease to a troublesome l e v e l . Therefore, 
today more than ever, the plant breeder and chemist need to 
cooperate i n developing new v a r i e t i e s . 

Most of the carrots grown i n the USA (80%) are for fresh 
market, the remainder are grown for processing (15). An 
unestimated, but s i g n i f i c a n t , carrot crop also i s produced i n 
the home garden. The main thrust of this study involved four 
commercial var i e t i e s (for fresh markets, Long Imperator 58 and 
High Color 9; for processing, Danvers 126 and Spartan Bonus) 
grown i n Wisconsin, Flori d a , C a l i f o r n i a , Arizona, and I l l i n o i s 
during 1979-1982. Other var i e t i e s commonly grown i n home 
gardens also were examined (Royal Chantenay, Red Cored Chantenay, 
Gold Pak, Nantes Half Long) as well as experimental genetic 
material from the USDA Carrot Improvement Program (low v o l a t i l e 
inbreds B10138 and B9304, high v o l a t i l e inbreds B0493 and 
B3615, and white carrot B10720). 

During the early stages of the study (1979-1980), only 
f a l c a r i n o l was measured; late r measurements (1980-1982) included 
f a l c a r i n d i o l and myristicin. Identification of peaks i n the 
chromatographic record was based on elution times relative to 
methyl palmitate (internal standard) i n nonpolar (3% SE-52) and 
intermediate p o l a r i t y (3% OV-17) packed columns. Identification 
of myristicin, a small peak, was generally confirmed by GC/MS. 
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338 X E N O B I O T I C S IN F O O D S A N D F E E D S 

The data acquired were divided into three main groups, 
depending on sampling and analysis protocol, for further 
evaluation: (a) Type 1: 22 selections, with four samples 
each; sample weight was 50 g, with 4 carrots per sample. 
Aliquots of each sample were analyzed. (b) Type 2: 5 
selections, with 5 to 18 carrots per sample. Carrots were 
quartered, and aliquots of two quarters each were analyzed i n 
duplicate. (c) Type 3: 28 selections with two samples each; 
sample weight was 300 to 500 g, with 10 to 30 carrots per 
sample. Aliquots of each sample were analyzed i n duplicate. 
Although sampling procedures differed, there were 8 observations 
of each toxicant for each carrot selection. Analysis of variance 
was computed for each group; the least s i g n i f i c a n t difference 
(LSD, 0.05 level) i s reported where appropriate (16) . 

The largest sources of variation i n the analysis are due 
to sampling and lack of agreement between GC columns. Larger 
composite samples (Type 3) gave less variation for f a l c a r i n d i o l ; 
f a l c a r i n o l generally gave good agreement with a l l sampling 
types. Agreement between GC columns also was much better for 
fa l c a r i n o l than for f a l c a r i n d i o l . One probable explanation for 
these results i s that the elution time for f a l c a r i n o l i s very 
close to that of methyl palmitate, whereas elution time for 
fa l c a r i n d i o l was somewhat la t e r . Also, i n the OV-17 column, 
establishment of a base li n e at the f a l c a r i n d i o l peak was 
complicated because of minor peaks that were not completely 
resolved from f a l c a r i n d i o l . Minor constituents may have coeluted 
with f a l c a r i n d i o l . 

M y r i s t i c i n was detected i n only one variety of carrots 
(Spartan Bonus) harvested i n Wisconsin i n 1981; the mean of 12 
observations, 2 samples, was 1.4 mg/kg with a range of 1.3 to 
1.5 mg/kg. Wulf et a l . (9) also report myristicin i n carrots. 
They show 15 mg/kg for the variety Imperator, with lesser 
amounts for other v a r i e t i e s . The polyacetylenes, on the other 
hand, were found i n a l l var i e t i e s (Table I ) . 

The overall mean of f a l c a r i n o l for 510 observations of a l l 
commercial va r i e t i e s was 24.1 mg/kg; that of f a l c a r i n d i o l for 
389 observations was 65.1 mg/kg. Previous reports on toxicant 
levels, except for those relating to disease response, tended 
to overlook the f a l c a r i n d i o l content. The mean of the 
f a l c a r i n d i o l / f a l c a r i n o l ratio was 4.4, ref l e c t i n g the higher 
concentration of f a l c a r i n d i o l . 

The standard error of a mean based on 2 samples (4 carrots 
per sample), 2 aliquots per sample, and 2 runs per sample, or 8 
observations, was 2.8 for f a l c a r i n o l and 4.8 for f a l c a r i n d i o l . 
For single observations, the respective standard deviations 
were 15.2 and 24.8. About 70% of the variation for f a l c a r i n o l 
was associated with sample, but only about 25% for f a l c a r i n d i o l . 
For f a l c a r i n d i o l , variation associated with the assay differences 
contributed most of the variation. Precision for both toxicants 
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2 1 . Y A T E S E T A L . Analysis of Carrot Constituents 339 

Table I. Çummary of Means of F a l c a r i n o l and F a l c a r i n d i o l f o r T h i r t e e n C a r r o t 
V a r i e t i e s -

Mean r a t i o 

F a l c a r i n o l F a l c a r i n d i o l f a l c a r i n d i o l / 

V a r i e t y mg per kg Ν mg per kg f a l c a r i n o l 

High C o l o r 9 104 11.3 72 54.5 9.0 
Long Imperator 58 114 28. 1 85 69.0 2.8 
Danvers 126 124 28.2 92 59.3 2.7 
Spartan Bonus 118 28.1 90 74.4 4.2 

Mean 460 24.3 339 64.7 4.4 

Gold Pak 10 13.4 10 106.9 8.0 
Nantes H a l f Long 8 22.2 8 59.9 2.7 
Red Cored Chantenay 8 22.6 8 67.8 3.1 
Royal Chantenay 24 25.6 24 53.3 2.6 
Mean 50 22.1 50 67.4 3.8 

3 
O v e r a l l mean- 510 24.1 389 65.1 4.4 

Low v o l a t i l e s B10138 8 10.5 8 78.0 7.6 
Low v o l a t i l e s B9304 8 12.3 8 38.0 3.1 
High v o l a t i l e s B0493 8 6.1 8 58.9 9.8 
High v o l a t i l e s B3615 12 9.2 12 284.6 52.4 
White c a r r o t B10720 8 9.4 8 129.1 14.2 
Mean 44 9.5 44 132.9 20.6 

3 
O v e r a l l means- 564 22.7 433 76.8 7.1 
Minimum s i n g l e value 0.4 16.7 0.8 
Maximum s i n g l e value 53.5 384.2 82.9 

- High C o l o r 9, Long Imperator 58, Danvers 126, and Spartan Bonus v a r i e t i e s 
were grown i n Wisconsin (1979-1982), F l o r i d a (1980-1982), C a l i f o r n i a (1980-
1982), A r i z o n a (1981), and I l l i n o i s (1981-1982). Gold Pak, Nantes H a l f Long, 
Red Cored Chantenay, and Royal Chantenay v a r i e t i e s were grown i n I l l i n o i s 
(1980), and the experimental g e n e t i c m a t e r i a l s were grown i n Wisconsin (1980-
1981). 

2 
- Ν Number of analyses i g n o r i n g sampling design. 
3 
- Means of a l l v a r i e t i e s l i s t e d above. 
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X E N O B I O T I C S IN F O O D S A N D F E E D S 

Table II. Falcarinol and Fa l c a r i n d i o l Means by 

Location, Year, and Variety 

Falcarinol F a l c a r i n d i o l 

mg/kg mg/kg 

Location 

I l l i n o i s (NRRC) 
Wisconsin 
Florida 
C a l i f o r n i a 
LSD-

15.61 
15.1 
33.5 
25.2 
5.0 

75.1 
52.4 
62.8 
56.2 
8.8 

Year 

1980 
1981 
1982 
LSD 

22.5 
25.9 
25.4 
5.0 

65.8 
57.6 
6.2 

Variety 

High Color 9 
Long Imperator 58 
Danvers 126 
Spartan Bonus 
LSD 

12.1 
28.8 
27.9 
29.6 
5.8 

46.9 
65.2 
57.4 
70.2 
8.8 

- Based on 1981 and 
2 
- Least s i g n i f i c a n t 

between two means 

1982 only. 

difference (0.05 level) 
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2 1 . Y A T E S E T A L . Analysis of Carrot Constituents 341 

Table III. Falcarinol and Fa l c a r i n d i o l 

Means Associated with the Interaction of 

Location and Year^ 

Year 

Location 1980 1981 1982 

Falcarinol mg/kg 

Wisconsin 18.0 27.2 21.9 
Florida 13.4 40.5 23.7 
Californi a 13.8 32.8 29.6 
LSD-= 8.6 

I l l i n o i s 
Wisconsin 
Florida 
C a l i f o r n i a 
LSD =12.4 

Fal c a r i n d i o l mg/kg 

95.3 54.9 
56.8 48.1 
56.9 68.8 
54.0 58.4 

- Each mean i s for High Color 9, Long 
Imperator 58, Danvers 126, and Spartan 
Bonus v a r i e t i e s . 

2 
- Least s i g n i f i c a n t difference (0.05 level) 

between two means. 
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2 1 . Y A T E S E T A L . Analysis of Carrot Constituents 343 

was improved by a factor of 2 when sample size was increased 
from 4 to 18 carrots. 

The means by location, year, and variety for four selected 
commercial varieties are shown i n Table II. The combination of 
data for a l l years and varie t i e s shows that the Florida location 
produced the highest concentration of f a l c a r i n o l . However, 
location differences are dependent on year; the high value of 
fa l c a r i n o l occurred at a different location each year (Table I I I ) . 
Table II also shows that f a l c a r i n d i o l concentration i s highest 
i n those carrots grown i n I l l i n o i s ; however, Table III again 
shows that the high toxicant level i s i n a different location 
each year. Therefore, the sig n i f i c a n t effects of location i n 
Table II must be judged i n the l i g h t of a si g n i f i c a n t 
year-location interaction. 

Tables II and III indicate that the levels of both toxicants 
were highest i n 1981. Perhaps these results account for variation 
in resistance to rot that i s observed i n carrots from year to 
year ( 6). The interaction of var i e t i e s with year was not 
sign i f i c a n t , suggesting that v a r i e t a l differences tended to 
remain the same from year to year. 

An interaction of variety and location was observed for 
fa l c a r i n o l (Table IV). Long Imperator 58, Danvers 126, and 
Spartan Bonus show considerable variation among locations, but 
High Color 9 has the lowest values at a l l three locations. 
High Color 9 has low levels of f a l c a r i n d i o l , whereas Danvers 126 
consistently had high levels. 

Sensory scores on a scale of 1 to 3 were tabulated by one 
of the authors with a limited number of carrots for four sensory 
evaluations: sweetness, harsh aftertaste, crispness, and 
overall preference. There was no indication of association 
between toxicant levels and sensory evaluations i n a plot of 
toxicants versus sensory evaluation. Therefore, i t seems 
highly probable that culinary quality can be improved without 
increasing toxicant levels. 
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Ingestion of Pyrrolizidine Alkaloids: A Health 
Hazard of Global Proportions 

JAMES N. ROITMAN 
Natural Products Chemistry Research, Western Regional Research Center, Agricultural 
Research Service, U.S. Department of Agriculture, Berkeley, CA 94710 

Pyrrolizidine alkaloids, about 200 of which 
have been identified, occur in a number of unre
lated plant families distributed throughout the 
world. These alkaloids have been shown to be 
responsible for the long known hepatotoxicity in 
humans and animals associated with ingestion of 
certain plants. Because the onset of symptoms 
often occurs only after considerable time has 
elapsed (up to several years), it is likely that 
many, if not most, cases of pyrrolizidine alkaloid
-caused liver damage are ascribed to other causes. 
The diverse physiological effects as well as the 
underlying mode of toxicity are presented. The 
chemical properties and analytical methods em
ployed are summarized and the manner in which 
pyrrolizidine alkaloids enter the human food chain 
via contaminated foodstuff and the use of herbs 
is discussed as well as the nature of the problem 
in the U.S. today. Reasons for increasing con
sumption of herbal teas are suggested. 

It was eighty years ago that Gilruth demonstrated by feeding 
experiments that tansy ragwort (Senecio jacobaea) was responsible 
for a disease of horses and ca t t l e i n New Zealand called Winton 
d i sease (1). Other feeding experiments established that certain 
species o f Senecio (Compositae) were responsible for Pictou d i 
sease of ca t t l e (Canada, 1906) (2), Molteno disease (Cape Colony, 
South A f r i c a , 1904) (3), "dunsiekte" disease of horses (South 
A f r i c a , 1918) (4), and "walking disease" of horses (northwestern 
Nebraska, 1929) (5). Feeding experiments with various species of 
Crotalaria (Leguminosae) established the etiology of several 
diseases of horses exhibiting symptoms similar to those caused by 
Senecio although the genera are unrelated botanically. Diseases 
known as "jaagsiekte" i n S. A f r i c a and "walkabout" i n Australia 

T h i s c h a p t e r no t sub jec t to U . S . c o p y r i g h t . 
P u b l i s h e d 1983, A m e r i c a n C h e m i c a l S o c i e t y 
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346 X E N O B I O T I C S IN F O O D S A N D F E E D S 

were reproduced by feeding horses Crotalaria dura and C. retusa 
respectively 06,^). A number of plants i n the family Boraginaceae 
were also demonstrated to cause assorted related diseases: Helio-
tropium species were responsible for l i v e r dystrophy prevalent i n 
central Asia during the period 1931-45 i n man and domestic animals 
(8-12) as well as sheep poisoning i n Australia (13); Trichodesma 
incanum was responsible for an Asian disease of horses and ca t t l e , 
called " s u i l j u k " (14), Echium lycopsis caused sheep poisoning i n 
Australia (13,15), and Amsinckia intermedia produced ci r r h o s i s i n 
horses and "hard l i v e r disease" i n c a t t l e and pigs i n the P a c i f i c 
Northwest of the U.S. (16). Although the plants associated with 
these various, often l e t h a l , diseases occur in three unrelated 
plant families, a common feature of a l l i s their production of 
pyr r o l i z i d i n e alkaloids. These have been shown to be capable of 
causing the physiological changes characteristic of the above-
mentioned diseases although other plant constituents may play a 
role in exacerbating or mediating the effects of the alkaloids 
and may i n part explain some of the inconsistencies observed i n 
animal feeding experiments. 

Chemistry of Py r r o l i z i d i n e Alkaloids 

There are currently about 200 py r r o l i z i d i n e alkaloids known, 
most of which are mono- and di-esters of the saturated and 1,2-
unsaturated amino-aleohoIs (commonly known as necines or necine 
bases) shown in Figure 1 (17a). Numerous toxicological studies 
on small laboratory animals have shown that acute and chronic 
t o x i c i t y are caused only by e s t e r i f i e d 1,2-unsaturated necines 
although an unrelated per-acute syndrome, manifested by rapid 
mortality, can be induced by very large doses of saturated necine 
esters (17b,18). The structures of some representative p y r r o l i 
zidine alkaloids are shown i n Figures 2 thru 4. The esterifying 
acids are highly branched and infrequently found elsewhere in 
nature. Although the structures are not especially complex, the 
number of asymmetric centers renders unequivocal structure deter
mination d i f f i c u l t . Furthermore, mixtures of diastereomers and 
geometric isomers often coexist i n plant extracts, and separation 
of these i s laborious and involves special techniques. These 
problems confounded a number of the early chemical investigations 
especially since mixtures of the alkaloids often c r y s t a l l i z e as 
i f they were single substances. 

An additional feature of pyr r o l i z i d i n e alkaloids i s that they 
often occur admixed with their N-oxides. The l a t t e r are highly 
water soluble and consequently are not extracted from aqueous 
solutions by the normal extraction procedures employed to isolate 
alkaloids. However t o t a l plant alkaloids may be 90% i n the form 
of N-oxides, rendering meaningless any estimates of alkaloid con
tent determined by normal extraction techniques. Chemical reduc
ing agents added during i s o l a t i o n procedures rapidly convert N-
oxides to the corresponding alkaloid bases allowing i s o l a t i o n from 
aqueous alkaline solution by solvent extraction (17c). 
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ROiTMAN Ingestion of Pyrrolizidine Alkaloids 

HO u CH2OH 

CD 
RETRONECINE HELIOTRIDINE 

CHjOH 

CD 
SUPINIDINE 

HO CH2OH 

CH, 

OTONECINE 

LINDELOFIDINE 
(3 OTHER STEREOISOMERS 
ALSO OCCUR NATURALLY) 

H CH2OH H ° y ^ H 2 ° H 

Ct> CD 
PLATYNECINE 

HO y CH2OH HO H CH2OH 

ct> ct> 
DIHYDROXY - ROSMARINECINE 

HELIOTRIDANE 

Figure 1. Structures of necine bases, esters of which are hepatotoxic (retrone 
cine, heliotridine, supinidine, otonecine) or nonhepatotoxic (platynecine, dihy 

droxyheliotridane, rosmarinecine, lindelofidine) pyrrolizidine alkaloids. 

American Chemical 
Society Library 

1155 16th St. N. w. 
Washington, D. C. 20036 
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1 9 

\ ^ f 1 8 \ 2 0 1 5 

C = C - C H 2 - C — C « ' . . C H 3 

2 1 C H 3 16ÇO "CO 
! 7 Q v C H 2 0 

SENECIONINE 

C H ( I CH 3 H OH 

£ = C - C H 2 - C - C " " C H 3 

I 
CO 
I 
ο 
Τ 

ι 
CO 

C H 2 0 

INTEGERRIMINE 

C = C - C H 2 - C — C " " C H 3 

ι co <:o / 
CH 3 I 

ο Ç H 2 0 

CD 
SENECIPHYLLINE 

CH3. Ç H 2 ,OH 

C=C-CH2 -C—Ç111CH3 

u CO CO 
I / 

Ρ C H 2 0 
1 T l v r 

CD 
SPARTIOIDINE 

/ C = Ç - C H 2 - C — Ç m « C H 3 C = Ç - C H 2 - C — C m , C H 3 

CH 3 Ç ° CO H CO CO 
1 / i f 

Ο CH 20 ά CH2o' 

CD CD 
PLATYPHYLLINE NEOPLATYPHYLLINE 

Figure 2. Macrocyclic diester pyrrolizidine alkaloids. 
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/C=C-CM2-C-Ç«"CH2OH yC=C-CH2-C-—ÇMMCH2OH 
CH3 CO CO CHj CO CO 

? CH20 f CH2<S 

CO CO 
RETRORSINE RIDDELLIINE 

ÇH, OH 

CH.—CH—C — Ç —CH, 

«> OH <f° 
Ο CH 2 0 

CD 
MONOCROTALINE 

CH3 H O H 

C = C - C H 2 - C - C » » C H 3 

C H 3 C O C O 
I 

C H 0 0 

HO, 

ANACROTINE 

Η 

CH 

\ 
C H 

C = Ç - C H 2 - C — Ç ' " » C H 3 

3 i " 
I 

.CO 

c p 
CH3 

SENKIRKINE 

Ï=C—'C — C — Ç»''CH3 

CH3 ίο f o 
ÇHjO 

CD 
HYGROPHYLLINE 

Figure 3. Macrocyclic diester pyrrolizidine alkaloids. 
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LYCOPSAMINE, R=H INTERMEDtNE, R=H 
7-ACETYl.lYCOPSAMINE, R=CH 3CO 7-ACETYL-INTERMEDINE,R=CH3 CO 

SYMPHYTINE, R=(E) CH 3 CH=C(CH3)CO ECHIMIDINE 

SYMLANDINE, R=(Z) CH 3 CH=C (CH 3 )CO 

<=Η3 C H , 
H ? CH ?V 

Ç H J O - C O - C ^ ^ 3 HO Ç H J O - C O - C ^ \ H 3 

I V - — ^ H 0 . « / - C H 3 

Η 

HO C H 2 0 — C O — <ζ S C H 3 H O CH 2 < 

06 - r - cp 
INDIGNE ° INDICINE 

Ν-OXIDE 

Figure 4. Mono- and diester pyrrolizidine alkaloids and a pyrrolizidine U-oxide. 
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22. R O I T M A N Ingestion of Pyrrolizidine Alkaloids 351 

The chemical s t a b i l i t y of the p y r r o l i z i d i n e alkaloids varies 
considerably with structural type and purity. The macrocyclic 
alkaloids such as senecionine, monocrotaline, and senkirkine are 
more stable than mono- and di-ester alkaloids such as lycopsamine 
and echimidine under normal storage conditions. This may be a 
result of s t e r i c i n h i b i t i o n of decomposition processes or the lack 
of c r y s t a l l i n i t y often characteristic of non-macrocyclic alka
lo i d s ; we have noticed that their decomposition seems to be en
hanced and catalyzed by the presence of impurities. In some 
cases alkaloid levels i n dried plant material are considerably 
lower than i n fresh plant, an important factor to be considered 
when attempting to reproduce livestock poisoning experimentally by 
feeding dried plant material. Losses of up to 80% of the alka
loids upon drying of plant material have been reported, but this 
phenomenon varies greatly with the particular species and i s 
probably caused by enzymes liberated during wilting (17c). Unless 
evidence to the contrary i s available, crude alkaloid extracts, 
mixtures, and even pure non-crystalline alkaloids ought to be 
considered as having limited s t a b i l i t y and stored at low tempera
ture i n the absence of a i r . Failure to appreciate possible alka
l o i d loss via decomposition during the course of a long term 
toxicological study could certainly lead to spurious results. 

Analysis of P y r r o l i z i d i n e Alkaloids 

Although gravimetric and t i t r i m e t r i c procedures have been 
used extensively to measure levels of p y r r o l i z i d i n e alkaloids, 
these methods are subject to increasingly great errors when 
alkaloid levels are low. A much more s p e c i f i c a n a l y t i c a l method 
based on formation of a characteristic purple color, which can be 
readily measured by u l t r a v i o l e t spectroscopy, has been widely 
used (19,20). The color i s formed by acid-catalyzed condensation 
of 4-(N,N-dimethylamino)-benzaldehyde (Ehrlich's reagent) with 
the pyrrole ring formed from the p y r r o l i z i d i n e alkaloid by N-
oxidation, acetylation, and subsequent Polonovski rearrangement 
(Scheme 1). The reaction sequence requires 1,2-unsaturation, and 
thus alkaloids lacking this double bond are not detected. But 
1,2-unsaturation i s also a structural prerequisite for hepatotoxi-
c i t y ; the colorimetric procedure therefore automatically excludes 
the non-toxic saturated alkaloids. Unfortunately i t also gives 
negative results with seco alkaloids, such as senkirkine and 
other otonecine based alkaloids, whose physiological properties 
are largely unknown. 

Ti c . We have used a modification of the colorimetric method to de
tect p y r r o l i z i d i n e alkaloids on thin layer chromatograms. A l k a l 
oid spots when sprayed with o-chloranil are converted d i r e c t l y 
to the pyrrole derivatives which then can be detected by spraying 
with Ehrlich's reagent (21). As expected, seco and saturated 
alkaloids give negative res u l t s . 
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22. R O I T M A N Ingestion of Pyrrolizidine Alkaloids 353 

Pmr. Proton magnetic resonance (pmr) spectroscopy provides a 
r e l i a b l e analysis of pyrrol i z i d i n e alkaloids i f s u f f i c i e n t quan
t i t i e s of alkaloid 1 mg) are present. The amount of t o t a l 
alkaloid i s estimated by comparison of the area of the v i n y l pro
ton (H2) signal (present i n a l l 1,2-unsaturated and seco a l k a l 
oids) with that of an added internal standard (pj-dinitrobenzene) 
(22). In certain fortuitous instances the re l a t i v e amounts of i n 
dividual alkaloids may be simultaneously determined by integration 
of other diagnostic signals. 

Hplc. High pressure l i q u i d chromatography (hplc), p a r t i c u l a r l y 
with reverse-phase columns, i s very useful i n the analysis of 
pyrro l i z i d i n e alkaloid mixtures and can be used to isolate pure 
alkaloids on a preparative scale (23-27). However, because u l t r a 
v i o l e t detection i s used and the alkaloids have an absorption 
maximum near 220 nm, choice of solvents i s limited and small 
amounts of impurities with large extinction coefficients can give 
very misleading p r o f i l e s . With current hplc instrumentation, 
detection of microgram quantities of py r r o l i z i d i n e alkaloids i s 
pr a c t i c a l . Furthermore separations of alkaloids d i f f e r i n g i n 
two hydrogen atoms at C13 (e.g., senecionine vs. seneciphylline 
or retrorsine vs. r i d d e l l i i n e , Figure 2) are readily achieved; 
such separations have been very d i f f i c u l t i n the past necessitat
ing countercurrent d i s t r i b u t i o n or specialized p a r t i t i o n chromat
ography (27). It has been impossible, however, to separate the 
C15-C20 double bond isomers which often co-occur naturally (e.g., 
senecionine vs. integerrimine or seneciphylline vs. spartioidine, 
Figure 2). Nor have any reports of separation of diastereomeric 
pyrrolizidines by hplc appeared, although they, too, frequently 
occur as mixtures i n plant extracts. We have t r i e d unsucessfully 
to separate the diastereomeric alkaloids lycopsamine and i n t e r -
medine (Figure 4) by reverse phase hplc. 

Gc. Gas chromatography (gc) has been used for pyrr o l i z i d i n e 
alkaloid analysis although most of the work has been qualitative 
i n nature. Thermal i n s t a b i l i t y coupled with low v o l a t i l i t y and 
high polarity make special precautions such as a l l glass systems 
necessary (28). Because char was reported at the front of the 
columns, necessitating frequent replacement of some of the packing 
material, i t i s clear that a considerable portion of the injected 
sample never reached the detector. The technique i s capable of 
resolving Ε and Ζ isomers of macrocyclic diester alkaloids but i s 
less successful with mixtures of diastereomers such as lycopsamine 
and intermedine (Figure 4). A sensitive method for t o t a l alkaloid 
analysis, based on electron capture gc of fluorinated esters of 
retronecine, has been reported (29). Alkaloid mixtures are hydro
lyzed; then the basic amino-alcohol portion (necine) i s acylated 
with a fluorinated acid derivative. The disadvantage of this 
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354 X E N O B I O T I C S IN F O O D S A N D F E E D S 

technique i s that no information regarding the individual a l k a l 
oids can be obtained and further that i t may not be applicable 
to seco alkaloids, since otonecine i s substantially destroyed 
by the alkaline hydrolytic conditions (30). 

We have recently explored the application of glass c a p i l l a r y 
gc to t r i m e t h y l s i l y l (tms) ether derivatives of py r r o l i z i d i n e 
alkaloids. The high resolution c a p a b i l i t i e s of c a p i l l a r y columns 
offered promise i n separating the complex and closely related 
alkaloid mixtures often encountered i n plant extracts. The gc 
trace shown i n Figure 5 i l l u s t r a t e s the application of a c a p i l l a r y 
system to a mixture of tms-ethers of the 12 pure macrocyclic 
di-ester alkaloids shown i n Figures 2 and 3. 

The compounds were eluted from the non-polar column with good 
peak shape and resolution, and when checked by a combined gc-mass 
spectroscopy (gc-ms) experiment gave molecular ions corresponding 
to the expected per-silylated ethers. Both flame ionization (FI) 
and nitrogen-phosphorus (NP) detectors permit f a c i l e detection of 
alkaloids down to levels of 1 ng or less; the selective NP detec
tor has as i t s major advantages over FI increased s e n s i t i v i t y 
(5-10 times) and the a b i l i t y to suppress peaks of non-nitrogenous 
impurities which hamper analyses at high s e n s i t i v i t y . Separation 
of closely related compounds was successful, but some problems 
were encountered with several alkaloids, notably jaconine and 
jacobine (Figure 6) each of which gave several signals but not 
reproducibly. The chlorohydrin moiety of jaconine and the epox
ide of jacobine are chemically l a b i l e and apparently undergo 
various transformations during preparation of the tms ethers. 

We have since applied this technique to mixtures of alk
aloids isolated from herbal teas. A gc trace of comfrey root 
alkaloids i s shown i n Figure 7. The alkaloids were id e n t i f i e d 
after comparing a gc-ms run with the reported alkaloid contents 
of comfrey (31). Although the geometric isomers symphytine and 
symlandine (Figure 4) were incompletely resolved, the epimers 
lycopsamine and intermedine and their 7-acetates were clearly sep
arated. As a further i l l u s t r a t i o n of the resolution of c a p i l l a r y 
gc we prepared a tms derivative of indicine (another epimer of 
lycopsamine (Figure 4)), and showed by co-injection with lycop
samine and intermedine tms ethers that a l l three diastereomers 
were cleanly separated. 

Ms. Mass spectroscopy has been used to characterize p y r r o l i z i d i n e 
alkaloids since the mid I960's and the major fragmentation pat
terns have been determined (32-34). We have found that the rather 
low-intensity molecular ions observed i n electron impact (EI) 
spectra can be dramatically enhanced by use of chemical ionization 
(isobutane) where intense ions corresponding to the molecular ion 
plus hydrogen are observed. The EI and CI spectra of lycopsamine 
shown i n Figure 8 i l l u s t r a t e this phenomenon. 
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ROiTMAN Ingestion of Pyrrolizidine Alkaloids 

1) SENECIONINE 
2) SENECIPHYLLINE 
3) INTEGERRIMINE 
4) PLATYPHLLINE 
5) SPARTIOIDINE 
6) ΝΕΟ - PLATYPHYLLINE 
7) MONOCROTALINE 
8) RETRORSINE 
9) SENKIRKINE 

10) ANACROTINE 
11) HYGROPHYLLINE 
12) RIDDELLIINE 

MINUTES 

Figure 5. Gas chromatogram of 12 pyrrolizidine alkaloid TMS ethers. Condi
tions: 0.32 mm x 25 mm, wall-coated (SE52) open tubular glass capillary; flame 
ionization detector; carrier gas: helium, flow 28 cmls; temperature program: 60-

180 °C at 30 °Clmin; 180-325 °C at 5 °C/min. 

Figure 6. Structures of jaconine and jacobine. 
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1) RETRONECINE (STD.) 
2) LYCOPSAMINE 
3) INTERMEDINE 
4) 7- Ac -LYCOPSAMINE 
5) 7-Ac-INTERMEDINE 
6) ECHIMIDINE 

7KSYMLANDINE 
8PSYMPHYTINE 

3 

8 

0 10 20 30 

MINUTES 

Figure 7. Gas chromatogram of pyrrolizidine alkaloids from comfrey root tea. 
Nitrogen-phosphorus selective detector; all other conditions identical to those 

listed in Figure 5. 
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Toxic Actions of Pyrrolizidine Alkaloids 
Many studies have been undertaken to elaborate the toxic 

effects of p y r r o l i z i d i n e alkaloids by feeding the alkaloids, or 
plants which contain them, to a variety of animals; several exten
sive reviews have appeared (17,18,35)* In Table I are l i s t e d the 
affected organs and the animal species i n which the observations 

Table I. Animal Species and Organs Affected by Pyrrolizidine 
Alkaloids 

Gastric 
Species Liver Lung Kidney Heart Pancreas mucosa Muscle 
man + 
monkey + + + 
horse + + + 
Pig + + + + + 
sheep + + + 
goat + + 
c a t t l e + + 
dog + 
mouse + + 
rat + + + + 
chicken + + + 
turkey + + + 

have been made. The s e n s i t i v i t y to alkaloid t o x i c i t y varies 
greatly among the various species as do the primary sites of 
damage. Furthermore even within a single species the nature of 
the toxic effect as well as the organ affected can be altered by 
changing the dose rate and span. 

The comparative s u s c e p t i b i l i t i e s of various animal species 
to chronic pyrrolizidine alkaloid poisoning as determined by plant 
feeding experiments are shown in Table I I . The r e l a t i v e insensi-

Table I I . Susceptibility of Animals to Pyrrolizidine Alkaloid 
Toxicity.* 

Animal 
sheep (goat) 
mouse 
rat 
c a t t l e (horse) 
chicken 
Pig 

Relative Amount of 
Plant Necessary to 

Cause Chronic Poisoning 
200 
150 
50 
14 
5 
1 

Tolerance to Poisoning 
high 

low 

* Data were drawn from reference 36. 
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22. R O I T M A N Ingestion of Pyrrolizidine Alkaloids 359 

t i v i t y of sheep and goats probably l i e s i n their a b i l i t y (via 
ruminai micro-organisms) to convert the alkaloids to nontoxic 
metabolites (17d,37). Where man might l i e i n such a ranking i s 
presently unknown although, based on reported human poisoning 
incidents, i t may be inferred that he would appear i n the lower 
part of Table II. 

As can be seen from Table I, the most commonly affected organ 
i s the l i v e r followed closely by the lungs. The effects on other 
organs have been less frequently observed and appear to be more 
species s p e c i f i c . The p o s s i b i l i t y that plant constituents other 
than alkaloids influence the course of toxic effects cannot be 
overlooked, especially when attempts to evaluate the significance 
of diverse feeding experiments are made. 

Liver Toxicity. Three major effects of pyrr o l i z i d i n e alkaloids 
on the l i v e r are commonly observed i n many animals: 1) acute 
necrosis (death of l i v e r c e l l s ) , 2) megalocytosis (formation of 
greatly enlarged c e l l s ) , and 3) veno-occlusive disease (blockage 
of hepatic veins) (17,18,35,36). The f i r s t of these i s the result 
of r e l a t i v e l y large doses of alkaloids and i s manifested by exten
sive death of l i v e r parenchymal c e l l s , which occurs rapidly and 
results i n hemorrhage of the l i v e r and death. Animals surviving 
acute necrosis go on to develop veno-occlusive disease, a vascular 
lesion marked by progressive formation of fibrous connective 
tissue i n the hepatic veins, culminating in their occlusion. The 
resulting blockage of blood flow out of the l i v e r results i n 
portal hypertension, ascites, and engorgement of the l i v e r (18). 
When low doses of alkaloids are administered over long periods of 
time the l i v e r s of numerous animals exhibit many greatly enlarged 
c e l l s (megalocytes). These are thought to be a result of the 
c e l l s ' i n a b i l i t y to divide while DNA synthesis continues. U l t i 
mately the number of these abnormal c e l l s becomes so great that 
l i v e r f a i l u r e results; these megalocytes are incapable of per
forming normal l i v e r functions (17,18). 

Lung Toxicity. The changes which occur in the lungs of rats and 
monkeys p a r a l l e l those of veno-occlusive disease i n the l i v e r : 
attack on endothelial c e l l s resulting i n destruction of the 
c a p i l l a r y bed and consequent pulmonary vascular f a i l u r e often 
accompanied by subsequent hypertrophy of the right heart (18,38, 
39). Although lung damage i s usually accompanied by l i v e r damage 
some experiments with rats have produced the lung-heart lesions 
with no discernable l i v e r damage (38). The deleterious effects 
seen i n the lungs of livestock are quite different from the vascu
l a r lesions observed i n rats and monkeys and are characterized by 
i n t e r s t i t i a l pneumonia resulting from edema, f i b r o s i s , e p i t h e l i a -
l i z a t i o n , and emphysema (40). 

Carcinogenicity. The carcinogenicity of p y r r o l i z i d i n e alkaloids 
has been debated since i t was f i r s t reported, i n part because of 
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360 X E N O B I O T I C S IN F O O D S A N D F E E D S 

disagreements i n characterization of the lesions (17,18,41)* Many 
of the e a r l i e r experiments were marred by high death rates of the 
test animals due to l i v e r f a i l u r e as well as the possible contami
nation of the plant material with carcinogenic mycotoxins (41). 
It has since become clear that low dose rates are necessary and 
that a long period of latency exists. Relatively few p y r r o l i z i 
dine alkaloids have been tested for carcinogenicity, but a l l the 
hepatotoxic ones thus far examined have also been shown to be 
carcinogenic; from the limited data available i t seems that the 
carcinogenic a c t i v i t y of the individual alkaloids p a r a l l e l s their 
mutagenic behavior but not their r e l a t i v e hepatotoxicities (41). 
It i s presently believed that p y r r o l i z i d i n e alkaloids capable of 
exhibiting hepatotoxicity should also be considered carcinogenic 
but that carcinogenicity o v e r a l l i s weak (41_). This l a t t e r fea
ture i s supported, alb e i t i n a negative way, by the f a i l u r e to 
find abnormal rates of l i v e r cancer in human populations exposed 
to p y r r o l i z i d i n e alkaloids i n food or herb teas although the 
characteristic signs of l i v e r t o x i c i t y associated with p y r r o l i z i 
dine alkaloids have been observed. Carcinogenicity has not been 
observed i n livestock either, although this may be related to the 
rather young age at which the animals are slaughtered r e l a t i v e to 
their lifespans. 

Other E f f e c t s . Additional effects of p y r r o l i z i d i n e alkaloids have 
also been reported; they can act as teratogens and abortifacients 
(42, 49), mutagens (17e,18) and cause chromosome damage (17f,18, 
50). Chromosome damage has been observed in the blood of humans 
suffering from pyrrolizidine-alkaloid-induced veno-occlusive d i s 
ease (51). The alkaloids also show anti-tumor properties, doubt
less related to their antimitotic effects (52,53). C l i n i c a l 
testing of the N-oxide of indicine (Figure 4) i s currently under
way i n the United States, and although sig n i f i c a n t remissions 
have been achieved with leukemia patients, the problem of concom-
mitant l i v e r damage makes i t s future use unlikely (54,55). 

Mechanism of P y r r o l i z i d i n e Toxicity 

It was f i r s t suggested that the toxic effects of p y r r o l i z i 
dine alkaloids may be due to the a b i l i t y of the a l l y l i c esters to 
undergo nucleophilic attack by c e l l constituents thereby a l k y l a t 
ing them (56). However the alkaloids are not readily alkylated 
i n v i t r o and are no longer considered to be the actual active 
toxins. But oxidation of 1,2-unsaturated pyrr o l i z i d i n e a l k a l 
oids to form pyrroles has been demonstrated by incubation of 
p y r r o l i z i d i n e alkaloids i n v i t r o with l i v e r microsomal enzymes 
from numerous animal species (57,58). Furthermore the presence 
of these pyrroles can be detected i n vivo i n rat l i v e r s , and the 
amounts present one hour after administration of alkaloid corre
late well with the relat i v e t o x i c i t i e s of a number of individual 
alkaloids (58). Studies with the p y r r o l i c alkaloids have shown 
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22. R O I T M A N Ingestion of Pyrrolizidine Alkaloids 361 

them to be not only very reactive alkylating agents but also cap
able of alkylation at both ester groups (59,60)* The a b i l i t y to 
act as bifunctional alkylating agents suggests that crosslinking 
of nucleic acids may account for some of the toxic effects, es
pec i a l l y antimitosis (18)* 

Additional studies have shown that the oxidation of alkaloid 
to i t s N-oxide occurs and competes with pyrrole formation. N-
oxides when administered intravenously to rats or when treated 
with l i v e r microsomal enzymes are not converted to pyrroles. Hence 
they are non-toxic i n the l i v e r , and, by their highly hydrophilic 
nature, provide a pathway for detoxification. When administered 
o r a l l y to rats and sheep however, N-oxides are converted i n the 
rumen (sheep) or gut (rats) to the parent alkaloids which are 
then metabolized i n the l i v e r causing the normal toxic sequelae. 
The t o x i c i t y (or lack thereof) of the pyrrol i z i d i n e N-oxides de
pends on whether or not they are reduced i n vivo before reaching 
the l i v e r (61). After intravenous administration of indicine 
N-oxide to human cancer patients, free alkaloid has been detected 
in the blood and subsequent l i v e r damage has been observed (55). 

Another important process occurring concommitantly with pyr
role formation and N-oxidation i s hydrolysis of the ester groups. 
If this occurs before pyrrole formation, the necine formed, being 
highly water soluble i s l i k e l y to be rapidly excreted. And un
l i k e the parent alkaloids, unesterified necine bases do not form 
pyrroles when treated i n v i t r o with l i v e r microsomal enzymes nor 
are they metabolized to pyrroles In vivo (58,62). On the other 
hand, i f ester hydrolysis occurs after the alkaloid has been con
verted to i t s p y r r o l i c metabolite the resulting necine pyrrole i s 
s t i l l capable of producing t o x i c i t y . These findings are summa
rized i n Scheme 2. That hydrolysis prior to oxidation results i n 
detoxification i s supported by experiments i n which esterase-
activating drugs administered prior to alkaloid dosing reduced 
t o x i c i t y dramatically while esterase inhibitors increased the 
toxic effects (62). Analogous experiments aimed at the l i v e r 
microsomal enzyme system have also been performed, but the results 
are not completely consistent and seem to depend very much on the 
particular alkaloid employed. 

Other si g n i f i c a n t experiments have corroborated the metabolic 
pyrrole hypothesis. When c e l l s other than those capable of micro
somal oxidation ( i . e . , c e l l s other than l i v e r ) were incubated with 
py r r o l i z i d i n e alkaloids t o x i c i t y was not observed. However when 
these c e l l s were exposed to synthetically prepared necine pyr
roles, severe mitotic i n h i b i t i o n was observed. The chemical 
s t a b i l i t y of the pyr r o l i c alkaloids i s much less than that of the 
corresponding necine pyrroles and the former have not been de
tected In vivo* However when synthetic monocrotaline pyrrole was 
injected into the mesenteric vein of rats i t produced the lesions 
t y p i c a l of pyrrolizidine alkaloid poisoning: portal vascular 
degeneration, hepatic necrosis, and in h i b i t i o n of hepatocyte 
mitosis (63,64). Injected into the jugular veins of rats and dogs 
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Scheme 2. Metabolism of pyrrolizidine alkaloids in the liver. 
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22. r o i t m a n Ingestion of Pyrrolizidine Alkaloids 363 

the same substance caused severe vascular lesions in the lung 
similar to the effects seen when monocrotaline i t s e l f was admin
istered (64,65). 

Because of i t s increased chemical s t a b i l i t y , retronecine 
pyrrole has been detected in the l i v e r , blood, and urine of rats 
treated with monocrotaline (66). When synthetic retronecine pyr
role was injected subcutaneously into rats, ulceration and hemor
rhage of the stomach wall was observed as well as i n h i b i t i o n of 
l i v e r parenchymal c e l l mitosis; furthermore the production of 
cancerous lesions at the s i t e of injection was high (67-69). 

Structure A c t i v i t y Relationship. Attempts to relate a l k a l o i d 
structure to toxicity have been based on studies with rats in 
which single doses of alkaloids were administered v i a i n t r a p e r i 
toneal or intravenous injection. The objective of the early 
studies was establishment of median l e t h a l doses (LD50) based on 
3-day or 7-day survival times (17g). This procedure was expanded 
to include the determination of the minimum dose of many alka
loids necessary to cause: 1) acute toxic i t y , 2) chronic megalocy-
tosls and 3) lung lesions (70). Another approach has employed 
the measurement of pyrrole levels in the l i v e r two hours after 
administration of alkaloids, semisynthetic alkaloids, and syn
thetic analogs (58,62). 

The results may be summarized as follows: Necine bases and 
alkaloids of saturated necine bases are non-toxic; esters of the 
monohydroxy-necine, supinidine, are only s l i g h t l y toxic; mono-
esters of dihydroxy-necines are s l i g h t l y more toxic and diesters 
are considerably more so; macrocyclic diester alkaloids are 
the most toxic. Necine bases e s t e r i f i e d synthetically with n-
a l i p h a t i c acids are non-toxic indicating that branching of the 
acid side chain is required for t o x i c i t y (58,62,70). Relative 
t o x i c i t i e s also appear to be inversely related to water solu
b i l i t i e s of the alkaloids. 

These observations can be accommodated by the pyrrole hypo
thesis (Scheme 2). Necines are not converted to pyrroles and 
hence are non-toxic; the esters of supinidine can form pyrroles 
but these are not bifunctional alkylating agents. Monoesters of 
d i o l necines form pyrroles which are weak bifunctional alkylating 
agents whereas diesters form highly reactive ones. Macrocyclic 
diesters have f a i r l y r i g i d conformations which may hinder their 
hydrolysis but not their conversion to pyrroles. The requirement 
for branched side chains can also be explained by retardation of 
hydrolysis. High water s o l u b i l i t y considerably lowers the amount 
of alkaloid reaching the necessary ( l i p o p h i l i c ) enzyme sites for 
pyrrole conversion. 

I t must however be kept i n mind that the above generaliza
tions are based on only one species of test animal ( r a t ) , single 
rather than multiple doses, and intraperitoneal and intravenous 
rather than oral administration. Extrapolation to other species 
receiving multiple doses o r a l l y may be highly misleading. And 
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364 xenob io t i c s in f oods a n d feeds 

there are many gaps i n the data because of the lack of pure alka
loids for testing. The role of the seco alkaloids i s largely 
unknown; although their carcinogenicity has been demonstrated, 
l i v e r or other organ t o x i c i t y has seldom been reported (41,71). 

Because pyr r o l i z i d i n e alkaloids require metabolic activation 
to exhibit their toxic effects, characterization of the problem 
i s extremely complex and the observed effects may depend on many 
factors such as: 1) the species of animal, 2) the status of the 
individual animal's metabolizing enzymes, 3) synergistic or antag
o n i s t i c influences of other foods taken, 4) structure of i n d i v i 
dual alkaloids, 5) dose-time relationships. One of the most 
vexing problems i s that v i s i b l e evidence of organ damage i s often 
absent for very long periods and f i n a l l y appears only months after 
administration of alkaloid has ceased. If the t o x i c i t y i s i n 
fact caused by pyrrole derivatives and they are highly reactive 
as had been observed, one would expect the toxic effects to be 
readily expressed. At present there i s no explanation for this 
long delay period. 

Human Poisoning by Py r r o l i z i d i n e Alkaloids 

Humans have been poisoned by py r r o l i z i d i n e alkaloids i n many 
areas of the world, sometimes massively; furthermore i t i s l i k e l y 
that the reports i n the l i t e r a t u r e are but a fraction of those 
which have occurred. The problem was f i r s t recognized i n South 
A f r i c a i n 1920 and was traced to bread contaminated with seed of a 
Senecio species (72). Subsequently a large number of cases were 
seen i n Jamaica and associated with consumption of so-called "bush 
teas" consumed regularly by adults and given medicinally to c h i l 
dren (73,74). Further study in Jamaica resulted i n a complete 
c l i n i c a l description including collagenous occlusion of small 
branches of the hepatic venous system; the disease was named 
veno-occlusive disease (75,76). Of the patients affected 50% 
recovered from the acute stages, 20% died, and the remainder prog
ressed to a chronic form of the disease; one third of these 
patients subsequently died of c i r r h o t i c l i v e r f a i l u r e and the 
other two thirds recovered (77). The c i r r h o s i s was atypical and 
recognizable to pathologists because i t was largely non-portal; 
this type of c i r r h o s i s was present i n one third of the t o t a l 
c i r r h o t i c l i v e r s seen i n Jamaica at autopsy i n 1961 (78). Cro-
t a l a r i a species were implicated in the Jamaican poisonings. 

Other cases of poisoning, reported i n Central Asia i n 1952 
and 1965, have been attributed to species of Heliotropium; 
victims suffered ascites and hepatosplenomegaly one year after 
acute intoxication (10,11). A more recent outbreak occurred i n 
central India caused by cereal grain contaminated with Crotalaria 
seeds; of the 67 cases seen i n the four affected v i l l a g e s , 42% 
were f a t a l (79). F i n a l l y a massive outbreak of the disease was 
observed i n Afghanistan i n the early 1970's (80). A severe 
drought i n 1970-72 caused a serious food shortage i n an area of 
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22. ROITMAN Ingestion of Pyrrolizidine Alkaloids 365 

35000 inhabitants; by 1974 cases of ascites began to appear with 
f a t a l i t y 3-9 months later being normal. Examination of 7200 
residents i n 1976 showed one quarter to have evidence of l i v e r 
disease, eventually traced to bread made from flour contaminated 
with Heliotropium seeds (80). 

A few other cases of p y r r o l i z i d i n e alkaloid poisoning have 
been traced to consumption of herbal teas. A woman in B r i t a i n 
suffering from severe veno-occlusive disease, traced to a l o c a l l y 
purchased herb tea, died of l i v e r f a i l u r e although surgery to 
a l l e v i a t e the condition had been performed; the identity of the 
tea could not be determined but i t was shown to contain p y r r o l i 
zidine alkaloids (81). An Ecuadorian woman upon seeking advice 
from a l o c a l herbalist was given 7 herbal teas, one of which was 
la t e r i d e n t i f i e d as Crotalaria juncea. Several months late r she 
suffered abdominal distension and was diagnosed as having portal 
hypertension due to c i r r h o s i s ; subsequent diagnosis i n the United 
States, including l i v e r biopsies, revealed veno-occlusive disease, 
and after a successful portocaval shunt operation she recovered 
completely (82). Two additional cases of veno-occlusive disease, 
one of which was f a t a l , were observed i n young children from the 
Mexican-American population of Arizona (83^84). They resulted 
from administration of a medicinal tea known as "gordolobo verba" 
shown to be Senecio long i l obus, a range plant well known for i t s 
t o x i c i t y to livestock. 

The effects of py r r o l i z i d i n e alkaloid poisoning on humans are 
similar to the acute t o x i c i t y observed i n rats and other animals, 
namely ascites, l i v e r c e l l necrosis, and f i b r o t i c occlusion of the 
hepatic venous system. However the effects of chronic poisoning 
are unclear. The available evidence suggests that a type of c i r r 
hosis results; the commonly observed chronic effect i n many ani
mals, megalocytosis, has never been observed i n human victims. 
The effects of repeated exposure to small doses have never been 
reported, but this does not mean that there are none. There are 
a number of reasons for lack of information on this important sub
ject which are related to the time necessary to develop symptoms. 
In order to be reported, the association between the e t i o l o g i c a l 
factor and the symptoms must be established; this i s possible when 
symptoms appear rapidly, but much less l i k e l y after considerable 
time has elapsed. Thus even the acute poisonings with p y r r o l i z i 
dine alkaloids have been observed only because outbreaks were 
large or astute medical observation detected the unusual ef f e c t s . 
Furthermore i n many non-industrialized areas of the world medical 
care i s inadequate, contaminated food supplies, disease, and 
malnutrition are prevalent, and use of herbal medicine i s wide
spread. Chronic py r r o l i z i d i n e poisoning i s l i k e l y to escape 
detection under such circumstances and w i l l doubtless continue 
to be a problem i n Third World countries. 
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366 XENOBIOTICS IN FOODS AND FEEDS 

Sources of Pyrrolizidine Alkaloid Poisoning i n the United States. 

The methods by which py r r o l i z i d i n e alkaloid ingestion may 
occur i n the United States are, as i n the rest of the world, basic
a l l y of two types, one involving contaminated foodstuffs, the 
other by consumption of herbal teas. Contamination of food may 
occur i f seeds of pyrrolizidine-bearing plants are accidentally 
included i n grain crops. Thus far no reports of contaminated 
grain have appeared i n the U.S., but grain crops are grown i n 
areas where pyrrolizidine-containing weeds grow at the edges of 
and invade the f i e l d s . Thorough grain inspections i n suspect 
areas could better define the potential extent of the hazard. 
Screening procedures and weed control measures could then be used 
to eliminate the problem. For example, producers are now pena
l i z e d i f Crotalaria seeds are found i n their soybean crop (85). 

The other major route of food contamination i s by means of 
intermediary animals. When bees forage on plants containing 
py r r o l i z i d i n e alkaloids they transmit the alkaloids to their 
honey (86-88). Honey from bees foraging on Senecio jacobaea i n 
Oregon was found to contain from 1-4 ppm of py r r o l i z i d i n e a l k a l 
oids (86,87). Perhaps more disturbing i s the finding that cows 
and goats feeding on Senecio jacobaea transfer alkaloids into 
their milk (89,90). The current practice of pooling milk from 
a number of different areas doubtless reduces the hazard, but i n 
those cases where milk i s not blended (e.g., individuals produc
ing milk for their own consumption) the r i s k i s substantially 
greater. Unfortunately, l i t t l e i s known about what proportion 
of the alkaloids ingested by a grazing animal passes into i t s 
milk, what role structural differences of the alkaloids play i n 
that d i s t r i b u t i o n , and whether or not as yet undetected toxic 
metabolites may be present as well. 

The p o s s i b i l i t y that p y r r o l i z i d i n e alkaloids or some toxic 
metabolites may be present i n muscle and organ meats has also been 
raised. The likelihood of finding intact alkaloids i s negligible, 
although some sort of bound metabolite may certainly occur. 

Assessment of risks due to food contamination by p y r r o l i z i 
dine alkaloids i s made d i f f i c u l t not only by the many complex 
toxicological effects as yet unexplained, but also lack of i n f o r 
mation about the plant sources of the py r r o l i z i d i n e alkaloids. 
Although pyrrolizidine alkaloids have been found in 11 plant 
families and are wider spread botanically than was previously 
thought, they have been found most often i n three families: 
Leguminosae (genus Crotalaria), Boraginaceae ( a l l members thus far 
examined) and Compositae (tribes Eupatoriae and Senecionae) (17, 
91). The potential number of pyrrolizidine-alkaloid-bearing 
plants has been estimated at 6000 (about 3% of the world's flower
ing plants) (91). Of these the genus Senecio alone accounts for 
an estimated 1200 species worldwide over 100 of which can be 
found i n the U.S. (92). The genus Crotalaria i s found i n many 
tr o p i c a l areas of the world, but grows well i n temperate regions, 
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22. ROITMAN Ingestion of Pyrrolizidine Alkaloids 367 

including the southern U.S. where a number of species were i n t r o 
duced as nitrogen-fixing crops before i t was known that they 
contained py r r o l i z i d i n e alkaloids. There are many species of 
the Boraginaceae which grow i n the U.S., more than 150 i n C a l i 
fornia alone (93). Of the potential plant species from which 
pyrrolizidines may be expected only ca. 350 (5%) have been 
investigated chemically. In the past chemical investigations 
were i n i t i a t e d only after outbreaks of human or animal poison
ings; prior knowledge of the chemical composition of suspect 
plants would aid i n preventing poisonings i n the future. 

Although botanic information on any of the known or suspect 
species i s available, i t i s often limited to morphological des
c r i p t i o n and the geographical l i m i t s wherein the plant may be 
found. The density of the plant within the geographic boundaries 
i s usually unrecorded or unknown as are changes i n geographic 
boundaries. It would certainly be prudent to conduct botanic 
inventories i n areas of grain, milk, and honey production to iden
t i f y plants known or suspect of containing p y r r o l i z i d i n e a l k a l 
oids. The U.S. Department of Agriculture in cooperation with the 
U.S. Food and Drug Administration has begun ef f o r t s i n this d i 
rection. The amounts of p y r r o l i z i d i n e alkaloids i n a number of 
species (including Senecio, Crotalaria and Amsinckia) are being 
determined monthly for several years at different locations i n 
order to determine the effects of climate, s o i l , weather pat
terns, and stage of growth. Although the study i s not yet com
pleted, some s t r i k i n g variations have been observed, including a 
great v a r i a b i l i t y i n alkaloid content for the species Senecio 
r i d d e l l i i , a plant common i n the arid rangeland of the American 
southwest (94). Examination of food samples collected i n areas 
having high densities of p y r r o l i z i d i n e containing plants has 
recently begun. 

Herbal Teas and Medicines 

Because of the broad botanic and geographical d i s t r i b u t i o n of 
py r r o l i z i d i n e alkaloid-containing plants quite a number of them 
have found use as herbal remedies. Their botanic d i s t r i b u t i o n 
suggests that herbs in the families Boraginaceae, Compositae 
(tribes Eupatoriae and Senecionae) or Leguminosae (genus Crota
l a r i a ) are apt to contain p y r r o l i z i d i n e alkaloids. A number of 
herbs currently sold i n U.S. f a l l into these suspect groups; 
they are l i s t e d i n Table III with their common names, Latin 
binomials, and whether or not p y r r o l i z i d i n e alkaloids have been 
reported. This l i s t i s certainly incomplete since no attempt to 
include the special plants used by various close-knit ethnic 
groups was made. (An exception i s "gordolobo verba" used i n the 
American southwest by the Mexican-American population and included 
because i t s use has resulted i n known human poisoning incidents 
(83,84).) 
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368 XENOBIOTICS IN FOODS AND FEEDS 

Table I I I . Herbal Teas Available i n the U.S. i n which the 
Presence of Pyrrolizidine Alkaloids i s Suspected or Proven. 

Common Name 

Borage 
Lungwort 
Comfrey 
Comfrey 
Russian Comfrey 

Latin Binomial 
Boraginaceae: 

Borago o f f i c i n a l i s 
Pulmonaria spp. 
Symphytum o f f i c i n a l e 
S. asperum 
S. X upland!cum 

Alkaloids Literature 

+ 95 
+ 95 
+ 95-101 
+ 96,99,102,103 
+ 31,96,104 

Coltsfoot 
Fireweed 
Gordolobo Yerba 
L i f e Root Plant 

Gravel Plant 
Boneset 

Composltae: 
(Seneclonae) 

Tussilago farfara 
Erechtites h i e r a c i f o l i a 
Senecio longilobus 
S_» aureus 

(Eupatoriae) 
Eupatorium purpureum 
Ê . perfoliatum 

+ 
+ 
+ 
+ 
+ 
? 

105,106 
107,108 
109-113 
110,114 

115 

L i f e Root Plant. L i f e root plant (Senecio aureus), also known 
under the common names golden groundsel, squaw weed, and golden 
senecio, was used o r i g i n a l l y by Catawba Indian women to reduce 
the pains of ch i l d b i r t h and hasten labor (116). According to 
another source, i t i s a "most useful plant employed for em-
menogogue, di u r e t i c , pectoral and astringent qu a l i t i e s and as 
treatment for the f i r s t stages of consumption" (117a). The plant 
i s reported to contain senecionine as a result of investigations 
by Manske i n the infancy of chemical studies on pyr r o l i z i d i n e 
alkaloids i n the 1930*s and has not been investigated since for 
alkaloids (110,114). 

We have recently examined a sample of l i f e root plant pur
chased i n San Francisco and found, rather than senecionine, i t s 
C15-C20 double bond isomer, integerrimine, (Figure 2) i n small 
amount. However the major alkaloids were a series of seco alka
l o i d s , doronine, florosenine, floridanine and otosenine, which, 
with the exception of otosenine, have been rarely observed pre
viously (91). A l l were isolated as single substances by chroma
tography and characterized by nmr and ms. The structures of the 
alkaloids are shown i n Figure 9. The toxicological properties 
of the seco-alkaloids are largely unknown because their r a r i t y 
has precluded much bio l o g i c a l evaluation. Although thus far 
hepatotoxicity has been demonstrated i n very young rats only, 
carcinogenicity has been shown and i n v i t r o incubation of l i v e r 
enzymes with seco-alkaloids leads to pyrrole formation presumably 
via N-demethylation followed by ring closure and oxidation (or 
elimination) (41,71,118-121). 
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Figure 9. Secopyrrolizidine alkaloids isolated from life root plant (Senecio au
reus). 
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370 X E N O B I O T I C S IN F O O D S A N D F E E D S 

Comfrey* Comfrey (Symphytum spp*) has been used since the time 
of the Greeks for a great number of medicinal purposes (117b, 
122a) * One of the most prominent uses has been to promote healing 
of broken bones and reduce swelling; this effect has been documen
ted and i s apparently caused by the allan t o i n present. The 
action of allantoin may also explain the popularity of comfrey 
as a treatment for bleeding of many sorts, both external and 
internal (stomach, lungs, bowels)* Because i t contains a large 
amount of mucilage, i t has been used often for i n t e s t i n a l problems 
(diarrhea, dysentery) as an emollient* Additional uses have 
been as a demulcent and expectorant for colds and coughs* The 
herb, both root and leaf, remain popular and are often included 
as components of the numerous herbal mixtures sold today. Comfrey 
appears to have assumed the attributes of a panacea. A single 
modern herbal book (123), sold commonly in health food stores, 
recommends the use of comfrey to a l l e v i a t e some 47 ailments 
(including a l l e r g i e s , anemia, emphysema, and diabetes) and a f f e c t 
ed body organs (including bladder, lungs, kidneys, and pancreas). 

A number of recent studies of the pyrrolizidine alkaloids i n 
various Symphytum species have succeeded i n characterizing twelve 
mono- and di-ester alkaloids of retronecine and h e l i o t r i d i n e (31, 
95-104). We have examined twelve samples each of comfrey root and 
leaf sold as herbs in the U.S. As determined by nmr, the total 
a l k a l o i d content of the leaf samples was < 0.005%; the roots, on 
the other hand, contained from 0.14-0.42% (130). Examination of 
the root alkaloid mixture by c a p i l l a r y gc-ms after derivatization 
allowed i d e n t i f i c a t i o n of seven alkaloids (Figures 4 and 7); in 
a l l of the samples the f i r s t four peaks, lycopsamine, intermedine, 
and their 7-acetyl derivatives, accounted for 75% or more of the 
total alkaloids. The same seven alkaloids have been found i n 
Russian comfrey, a cross between Symphytum o f f i c i n a l e and Ŝ. 
asperum, sometimes called Symphytum X uplandicum (31,96,104). 

An aqueous infusion of one of the comfrey root samples was 
prepared according to the package's directions and the aqueous 
solution was analyzed for alkaloid by nmr after separation from 
the mucilage by centrifugation, and extractive workup. Of the 
total a l k a l o i d content of the particular sample, one third (8 mg) 
was i n the supernatant l i q u i d , while the remainder (17 mg) stayed 
i n the mucilage. However in actual practice the entire sample 
would probably be consumed in order to benefit from the therapeu
t i c properties of the mucilage. In this case the alkaloids con
sumed per cup of tea would range between 12 mg and 36 mg depend
ing on the amount of alkaloid i n the particular root sample (130). 

Coltsfoot. Coltsfoot (Tussilago fa r f a r a ) , known since Roman 
times, has been used widely for treatment of assorted lung and 
breathing ailments including asthma, bronchitis, and coughing 
(117c,122b). More recently an examination of this herb for alka
loids was made and the seco p y r r o l i z i d i n e , senkirkine (figure 3), 
was found (105,106). We have examined several samples obtained 
l o c a l l y and" also found small amounts of senkirkine (ca. 0.004%). 
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22. ROiTMAN Ingestion of Pyrrolizidine Alkaloids 371 

Borage. Borage (Borago o f f i c i n a l i s ) , another herb with a history 
of use dating back to ancient times, has been used more recently 
as a demulcent in the treatment of various pulmonary complaints 
and as a diuretic (117d,122c). We have made a preliminary exami
nation of a locally-purchased sample of borage tea and showed the 
presence of py r r o l i z i d i n e alkaloids by t i c although i n very small 
amounts. Examination of the crude alkaloids by c a p i l l a r y gc after 
derivatization showed only two major peaks which had retention 
times i d e n t i c a l to two peaks found i n comfrey root, namely lycops
amine and 7-acetyl-lycopsamine, and suggests that these are the 
major alkaloids of borage. 

The foregoing examples make i t clear that some herbs sold i n 
the U.S. do contain p y r r o l i z i d i n e alkaloids; others w i l l doubtless 
be found especially i f the herbals of various ethnic groups are 
examined. 

Why i s the Use of Herbal Teas Increasing i n the U.S.? 

For a variety of reasons the use of herbal teas as medicine 
i s increasing i n the U.S. at the same time that t r a d i t i o n a l medi
cal practice has abandoned them. I t i s perhaps surprising that 
much of the increase has come not from those close-knit ethnic 
communities of recent immigrants where tradit i o n a l use of herbs 
i s well established, but largely from the mainstream of society. 
With the exception of the ethnic "gordolobo yerba", the herbs 
l i s t e d i n Table III are generally available throughout the coun
try; they are to be found at most health food establishments as 
well as special herb shops. These establishments are finding 
increasing a c c e p t i b i l i t y and are as l i k e l y to be found in sub
urban shopping centers as anywhere else. What accounts for 
this new popularity of herbal medicine among segments of the 
population who themselves had no history or tradition of herbal 
medicine? The explanations which follow are my own and are mere
ly speculative. 

During the l a s t decade or two the word "chemical" has ac
quired a perjorative mantle and in the minds of many people i s 
equated with "toxic", "unhealthy", and "unnatural". On the con
trary "nature" i s perceived as "safe", "wholesome", and "natural". 
Plants as part of "nature" of course possess i t s be n e f i c i a l a t t r i 
butes; and pharmaceutical drugs, since they are "chemicals", are 
"bad for you." 

Second, herbal medicine has a very long history and t r a d i 
tion. I t was, after a l l , the only form of medicine available 
u n t i l rather recently, and although i t s use has a l l but disappear
ed from modern medical practice i t remains an important source of 
therapy i n many areas of the world where the benefits of modern 
medicine are simply unavailable or unaffordable. The use of 
herbal medicine has a weighty and lengthy tradition and i s seen 
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372 XENOBIOTICS IN FOODS AND FEEDS 

by some as the "Wisdom of the Ages"; i n fact the origins of most 
fo l k remedies l i e as much i n sorcery, magic, and other i r r a t i o n a l 
i t i e s as i n keen empirical observation. 

A third reason to use herbal medicine i s cost; v i s i t s to 
physicians, including tests, possible hospitalization and medica
tion are expensive, whereas self-diagnosis followed by herbal med
icine costs almost nothing. Diagnosis and treatment are readily 
accomplished by purchase of any of a number of books stocked by 
stores s e l l i n g herb teas. These range from extensive h i s t o r i c a l 
treatments to l i s t s of ailments and the herbs to take for them 
accompanied by enthusiastic endorsements which often border on 
fanaticism (117,122,123,131). 

Fourth there are those individuals who have availed them
selves of modern medicine, have been informed that no effective 
cure exists and then turn to unconventional methods of which 
herbal medicine i s only one facet. F i n a l l y the fact that herbal 
medicine i s , medically speaking, decidedly anti-establishment 
may provide an i r r e s i s t i b l e attraction to many counterculture 
enthusiasts. 

The U.S. Government has established stringent requirements 
to ensure the safety of food and drugs consumed i n the U.S. How
ever because of p e c u l i a r i t i e s in the regulations, herbs are not 
considered as food or drugs and need not be proven safe or effec
tive. The fact that herbs may contain toxic substances such as 
pyr r o l i z i d i n e alkaloids has caused concern about the effects on 
an everwidening group of users. Because the effects of small 
repeated doses of py r r o l i z i d i n e alkaloids i n humans are presently 
unknown, i t would seem wise to discourage the use of herbs i n 
which they occur u n t i l they can be demonstrated to be safe. At 
the very least warning labels outlining the risks ought to accom
pany the herbs sold l n r e t a i l establishments. 

Conclusions 

Because the p y r r o l i z i d i n e alkaloids are distributed i n plants 
growing throughout the world and their toxic effects on livestock 
and man have been documented since the turn of the 20th century, 
many s c i e n t i s t s worldwide have studied them. Through considerable 
e f f o r t , both chemical and b i o l o g i c a l , the basic features of the 
toxic action have been determined. There remain however many 
unanswered questions. The r e l a t i v e s e n s i t i v i t y to and pathologi
c a l effects of the pyrrolizidines are very much dependent on the 
animal species involved. Even within a single species such as 
the rat (the animal most studied) the physiological response i s 
very dose and time dependent. No satisfactory explanation has 
been advanced to account for the observation of hepatic veno-
occlusion i n certain instances, hepatic megalocytosis i n others, 
and endothelial lung lesions with (or without) l i v e r damage i n 
yet others. The considerable delay between cessation of alkaloid 
administration and the onset of pathologically observable effects 
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22. ROITMAN Ingestion of Pyrrolizidine Alkaloids 373 

when small amounts of alkaloids are involved remains a ba f f l i n g 
puzzle* 

The role played by alkal o i d N-oxides when ingested i s unknown 
except i n rats (where they pass into the gut, are reduced therein 
to alkaloids by i n t e s t i n a l microflora, and are absorbed into the 
bloodstream) and sheep (where rumenal microflora reduce them to 
alkaloids)* If no reducing system i s present N-oxides w i l l 
probably exhibit no toxicity and be excreted unchanged* The fate 
of N-oxides i n other animal species should be studied because 
plants can contain their pyrrolizidine alkaloids largely as N-
oxides and the ratio of free alkaloids to N-oxides can vary 
greatly during the plant's different phases of growth. The f i n d 
ing that indicine N-oxide administered intravenously to human 
cancer patients can cause l i v e r damage indicates that N-oxides 
are capable of exhibiting to x i c i t y evidently v i a an unknown reduc
tion process somewhere i n the body. Much more bi o l o g i c a l testing 
of individual alkaloids i s necessary before the effects of subtle 
changes in the structures of the alkaloids can be appraised. 
L i t t l e i s known of the effects of the seco alkaloids although 
they comprise about one third of the known 1,2-unsaturated 
alkaloids. The role played by chlorohydrin and epoxide groups 
found i n the side chains of a number of the macrocyclic dies ter 
alkaloids i s unknown. I t i s hoped that Increased awareness of 
the nature of pyrrolizidine toxicity and the plants that are 
responsible w i l l reduce the number of poisoning epidemics which 
occur i n Third World nations and that increased vigilance w i l l 
prevent pyrrolizidine alkaloids from entering food in the rest 
of the world. I t i s also hoped that awareness or regulation 
w i l l end the potentially dangerous ingestion of small repeated 
doses of the alkaloids found in some herbal teas. F i n a l l y the 
use of indicine N-oxide as a chemotherapeutic agent indicates 
that pyrrolizidine alkaloids (or synthetic analogs) may possess 
useful as well as toxic properties and may be able to aid man as 
well as poison him. 
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Physiological, Toxicological, and Nutritional 
Aspects of Various Maillard Browned Proteins 

TUNG-CHING LEE and CLINTON O. CHICHESTER 
Department of Food Science and Technology, Nutrition and Dietetics, University of 
Rhode Island, Kingston, RI 02881 

The Maillard, or nonenzymatic browning reaction 
between reducing sugars and proteins is known to 
cause serious deterioration of the nutritional qual
ity of foods during processing and storage. Recently, 
considerable attention has focused on the physio
logical effects of the ingestion of Maillard browned 
compounds beyond those that can be attributed to 
nutritionally related causes. In addition, the food 
and feed industry often encourages the reaction to 
produce desirable aromas, colors, and flavors. Thus, 
if there is indeed a food safety risk associated 
with Maillard browning, priorities in the food and 
feed industry may have to be redirected to minimize 
and control the reaction, rather than encourage it. 

The present paper will discuss the physiologi
cal, toxicological and nutritional aspects of 
Maillard browning reaction of proteins in foods 
using many experimental data as illustration. 
Some of the experiments were done by eliminating 
variables that may lead to nutritional problems 
secondary to the effects of feeding Maillard pro
teins. In addition to using model system approach, 
some of the experiments were using representative, 
commercial food products which may undergo some 
degree of browning due to the processing or storage. 

In general, thermal processing of foods i s extremely bene
f i c i a l , resulting i n increases i n d i g e s t i b i l i t y , destruction of 
antagonists of vitamins and enzymes, and i n many instances i n 
destruction of toxins that occur normally i n foods. However, 
when proteins or amino acids are heated i n the presence of car
bohydrates, a reaction takes place between these two components. 
This reaction i s called the Maillard nonenzymatic browning reac
tion (1) , Hence foods that undergo browning range from toasted 
bread through such things as dried f r u i t s , gravy mixes, and 

0097-6156/83/0234-0379$08.50/0 
© 1983 A m e r i c a n C h e m i c a l S o c i e t y 
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380 XENOBIOTICS IN FOODS AND FEEDS 

syrups, to thermally processed meat mixtures such as beef stew, 
frankfurters and beans, etc. In almost a l l cases, the browning 
reaction results i n the production of compounds that are respon
s i b l e for the characteristic cooked flavors and colors of foods. 

The chemistry of the browning reaction has been reviewed 
per i o d i c a l l y (1-7). The carbohydrate-amino acid browning reac
tion produces l i t e r a l l y hundreds of reaction products. Despite 
the fact that the Maillard reaction has been investigated for 
many years, we cannot as yet identify a l l the reactant compounds. 
The f i r s t steps are, however, c l e a r l y established. The aldose or 
ketose reacts with amine to produce N-substituted glycosyl amine 
(Fig. 1). This rearranges, as i l l u s t r a t e d , to produce a 1-amino-
desoxy-2-ketosyl amine. If i t i s blocked, the overall reaction 
i s blocked. This key compound or compounds can then continue to 
react (Fig. 2). The desoxy-ketose or amadori rearrangement pro
duct can dehydrate to produce f u r f u r a l - l i k e compounds or, through 
the loss of water, produce reductones. A l l of these compounds 
can react with one another or with other amine compounds to pro
duce a wide variety of reaction products. 

Two aspects of the reaction are p a r t i c u l a r l y interesting. 
F i r s t , the color or the brown product i s a long chain of rather 
unsaturated nitrogen-containing products sometimes called méla
nines. Its composition i s not constant, but i s dependent upon 
the extent of the reaction, and the mix of reactant. I t appears 
to be a moderately good chelating compound and thus may have some 
interesting characteristics from a n u t r i t i o n a l standpoint. 

Another part of the reaction which i s of interest i s shown 
on the right, the Strecker degradation of the amino acids which 
produces carbon dioxide (sometimes causing container f a i l u r e ) , 
and an aldehyde which may then further condense with other com
pounds. These aldehydic condensation products, together with the 
amino acid-carbohydrate residue, are responsible for many flavors. 
By deliberately reacting mixtures of different amino acids, f l a 
vors of chicken, beef and pork can be reproduced. The browning 
reaction i s f a i r l y rapid and occurs at comparatively low tempera
tures . 

Evidence i s accumulating i n our research group at the Univer
s i t y of Rhode Island and elsewhere, that under various processing 
and storage conditions there i s a sig n i f i c a n t and rapid decrease 
in the n u t r i t i v e value of foods which undergo the Maillard reac
tion (8-14). The reduced value of the brown products does not 
seem to be limited to the loss of amino acids, since supplementa
tion of the diet with those amino acids could not completely 
restore i t s b i o l o g i c a l value (15,16,17). This suggests the possi
ble formation of some inhibitory or a n t i - n u t r i t i o n a l compounds 
during the Maillard reaction. Recently, considerable attention 
has focused on the physiological and toxicological effects of the 
ingestion of Maillard browned compounds beyond those that can be 
attributed to n u t r i t i o n a l l y related causes including short-term 
and long-term animal tests. In addition, the mutagenicity of 
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Figure 1. Initiation of the Maillard reaction. If the keto (Amadori) compound 
not formed, there is no Maillard browning. 
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Figure 2. The Hodge scheme of the browning reaction. 
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23. L E E A N D C H I C H E S T E R Various Maillard Browned Proteins 383 

browning products has been intensively studied (19-23). The 
formation of mutagenic substances i n cooked foods which may be 
p a r t i a l l y attributed to Maillard browning reaction have been re
ported by many researchers (24,25,26,27,29). 

Given the fact that many processed foods, e.g., dry mixes, 
canned soups, etc., contain protein and carbohydrates that under
go browning during processing and continue to brown upon storage, 
and that processed foods are widely distributed and consumed, i t 
is l i k e l y that the average person daily ingests low levels of 
various "brown" substances, the long-term effects of which are 
as yet completely unknown. Thus i t i s extremely important to 
investigate further the n u t r i t i o n a l , physiologic, and safety as
pects of the Maillard reaction products and to study the possi
b i l i t y of modifying processing and storage procedures to minimize 
the undesirable effects of browning. 

TABLE I. Brown color development of protein and protein-glucose 
mixtures during cooking 

Absorbance (A)* 

Microwave Conventional 
oven time oven time 

(min) (min) 
Samples 1 3 5 30 45 

Egg albumin 0.010 0.015 0.059 0.00 0.045 
Egg albumin-glucose 0.001 0.135 0.506 0.246 0.788 
Soybean-protein 0.002 0.008 0.043 0.015 0.050 
Soybean-protein-glucose 0.050 0.170 0.135 0.140 0.290 
Casein-glucose 0.007 0.102 ND ND 1.744 
Lactalbumin-glucose 0.002 0.259 0.994 0.894 1.084 
Zein-glucose 0.046 0.057 0.107 0.088 0.092 

From T.H. Chen, T.C Lee and CO. Chichester, unpublished data. 
ND =not determined. 
*The absorbance (A) of TCA-(trichloroacetic acid) soluble portion 
at 420 nm as measured against the uncooked sample. 

The purpose of this paper i s to discuss the physiological, 
toxicological and n u t r i t i o n a l aspects of Maillard browning re
action of proteins i n foods. 

Nutritional and Physiologic Effects of Maillard Browning 

The difference between heating a protein and a protein with 
an aldose sugar i s shown i n Table I. There i s a 10-fold increase 
i n l i g h t absorption of the egg albumin-glucose mixture above egg 
albumin when heated for 5 min i n a microwave oven. An even larger 
difference i s shown between soybean protein with added glucose. 
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The loss of n u t r i t i v e value when protein or protein-rich 
foods are heated or stored i n the presence of carbohydrates has 
been studied by a large number of groups (8,10,12,18,29,30). A 
decrease i n the d i g e s t i b i l i t y of proteins and i n the a v a i l a b i l i t y 
of amino acids and carbohydrates after the Maillard reaction i s 
shown i n Table I I . It can be concluded from this that the bi o l o 
gic value of proteins has also decreased. For example, i n Table 
III one can see sig n i f i c a n t decreases i n amino acids of egg albu-n 

TABLE II. Loss of n u t r i t i v e value when proteins or protein-rich 
foods are heated i n the presence of carbohydrates. 

Nutritive Value Change 

D i g e s t i b i l i t y of proteins Ψ 
A v a i l a b i l i t y of amino acids Ψ 
A v a i l a b i l i t y of carbohydrates Ψ 
Biologic value of proteins Ψ 

TABLE I I I . Amino acid composition (g/16 g Ν) of browned egg albu
min hydrolyzed by 6 Ν hydrochloric acid 

Percentage 
loss i n 
protein 

0 10 20 30 40 
Amino acids days days days days days 40 dayi 

Aspartic acid 10. 12 10. 15 10. 42 9.58 10. 58 — 
Threonine 3. 50 3. 39 4. 22 3.45 3. 53 — 
Serine 7. 26 6. 40 6. 57 6.88 5. 72 21.2 
Glutamic acid 11. 01 9. 78 10. 24 10.01 9. 44 14.3 
Proline 2. 39 2. 82 2. 50 2.41 2. 40 — 
Glycine 3. 99 3. 42 3. 65 3.33 3. 88 2.8 
Alanine 7. 52 5. 51 6. 50 5.84 6. 82 9.3 
Valine 6. 53 6. 24 6. 77 6.37 6. 49 — 
1/2-Cystine 3. 44 2. 46 2. 62 2.71 2. 86 16.9 
Methionine 3. 34 3. 47 3. 55 3.28 3. 07 9.1 
Isoleucine 5. 97 5. 71 5. 36 5.37 5. 25 12.1 
Leucine 8. 97 9. 13 8. 97 8.27 7. 46 16.8 
Tyrosine 3. 33 2. 97 3. 02 3.04 3. 04 9.7 
Phenylalanine 5. 26 5. 92 5. 82 5.52 4. 93 6.3 
Lysine 7. 68 5. 92 4. 19 4.04 3. 29 57.2 
Histidine 2. 76 2. 53 2. 36 2.39 2. 12 23.3 
Arginine 3. 68 3. 26 3. 01 2.22 1. 78 51.6 
Tryptophan* 1. 61 1. 47 1. 34 1.24 1. 26 21.7 

From ref. 32 

*Tryptophan was determined after alkaline hydrolysis. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

02
3



23. L E E A N D C H I C H E S T E R Various Maillard Browned Proteins 385 

min stored at 37°C i n the presence of roughly the equivalent 
amount of glucose. The moisture content of the mix was 15%. 
After 10 days, there i s a very si g n i f i c a n t decrease i n lysine 
a v a i l a b i l i t y , which combines to decrease as the browning i s pro
longed. At 40 days, roughly 57% of the lysine i s lost (10). 

Other changes are shown in Table IV (31) where a number of 
n u t r i t i o n a l indices are compared for the egg albumin-glucose mix
ture, which our group has used as a model mixture. Using the 
zero or nonreactive day as 100, there i s a steady decrease i n the 
protein score, chemical score, etc. P a r t i c u l a r l y interesting i s 
the observation that protein efficiency r a t i o (PER), a measure
ment of the a b i l i t y of the diet to maintain growth, decreased by 
one-third within 10 days. This i s a s i g n i f i c a n t l y higher decrease 
than any of the other measurements would suggest. Thus the bio
logic n u t r i t i v e changes observed are more complicated than merely 
a loss i n the a v a i l a b i l i t y of amino acids or proteins. 

Our group and several others have shown that supplementing 
a diet that has undergone browning with lost amino acids cannot 
completely restore i t s biologic value (15,16,17). This suggests 
the possible formation of some inhibitory or a n t i n u t r i t i o n a l com
pounds during the Maillard reaction. 

Even a very short period of browning at 37 C i s measurable 
in terms of PER. After 1 day of browning at 37 C there i s a 
30% reduction i n the PER (Table V) (32). We have standardized 
most of our work i n u t i l i z i n g the 10-day sample. The PER of this 
material i s s u f f i c i e n t l y high that the animals can survive and 
yet s u f f i c i e n t l y low that the maximum physiologic effect on the 
animals i s observed. 

If one observes animals on a diet with a high concentration 
of browned materials, one immediately notes that almost a l l of 
the animals have severe diarrhea. It i s also obvious on further 
examination that animals on the diet develop enlarged cecums. 
Another observed effect upon the digestive system of animals i s 
the increase i n the excretion of essential and nonessential amino 
acids i n the form of short peptides, 4-6 residues long, i n the 
feces. Coupled with t h i s , the fec a l nitrogen content i s approx
imately 35% above the control, possibly r e l a t i n g to the existence 
of diarrhea and the decrease i n the rate of stomach emptying (33). 

Although these changes were primarily noted when diets such 
as egg albumin-glucose were fed, similar changes are observed 
when more conventional diets are fed. For instance Tsen et a l . 
(34) observed equivalent reductions i n PER when a number of 
breads were heated i n microwave ovens, i n steam, or were baked 
using conventional methods. Here, reductions i n PER were three
fold or more. 
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23. L E E A N D C H I C H E S T E R Various Maillard Browned Proteins 387 
In our investigation on the effect of Maillard reaction pro

ducts on the absorption of tryptophan ( 3 6 ) , the kinetics of the 
absorption of tryptophan i n the presence of Maillard reaction 
products formed i n the glucose-tryptophan system was studied by 
bott jin v i t r o everted gut sac method and i n vivo catherization 
of the portal vein. Fructose-L-tryptophan (Amadori compound) 
appeared to be the major f r a c t i o n of the reaction products when 
fractionated using a cellulose column eluted by water-saturated 
n-butanol. The absorption of L-tryptophan was p a r t i a l l y i n h i b i t 
ed Ln v i t r o and jln vivo by fructose-L-tryptophan i n a competitive 
manner with an inhibitor constant (Ki) of l.lraM. The r e l a t i v e 
absorption rate of L-tryptophan was s i g n i f i c a n t l y lower i n the 
presence of the Maillard reaction products than i n the presence 
of fructose-L-tryptophan indicating the presence of other i n h i 
bitory factors i n the reaction products. The i n vivo absorption 
of fructose-L-tryptophan was almost negligible compared to that 
of tryptophan. The inhibited-absorption by Maillard reaction pro
ducts, may have contributed i n part to an incomplete recovery i n 
the growth of the rats when fed a supplemented browned synthetic 
amino acid diet. 

We have studied the effect of nonenzymatically browned pro
ducts on the a c t i v i t i e s of mucosal disaccharidase i n the small 
intestine of young rats. Both i n vivo and i n v i t r o was studied 
using browned products prepared from a natural food system 
(apricot) and model systems (glucose, egg albumin, and glucose-
tryptophan) . (35) Disaccharidase a c t i v i t i e s of rats fed a diet 
containing browned products were found to be s i g n i f i c a n t l y reduced. 
(See Table VI ) Using a model system (glucose-tryptophan), the i n 
v i t r o study on the mode of inhibitory effect of browning products 
on maltase a c t i v i t y revealed that the fructose-L-tryptophan 
(Amadori compound) fraction showed a competitive inhibitory effect 
(Ki = 3.5 mol or 1.28 mg), whereas the fra c t i o n free from fruc
tose-L-tryptophan exhibited a noncompetitive inhibitory effect 
(Ki = 0.42 mg). The fructose-L-tryptophan free fraction con
tained mostly colored and fluorescent compounds. This fraction 
appeared to increase i n quantity with an increase i n reaction time 
and temperature. 

Furthermore, we investigated some properties of those Mail-
lard browning products responsible for those adverse effects (35). 
The kinetics of the formation of these brown products was also 
studied using a natural food system (apricot) and a model system 
(glucose-tryptophan). The water-soluble products responsible for 
the deterioration of the normal n u t r i t i o n a l state were formed i n 
the early stages of browning. Butanol-soluble products a t t r i b u 
table to adverse physiological effects were formed i n a later 
stage. K i n e t i c a l l y , a s i g n i f i c a n t proportion of the parent com
pounds were degraded, and a maximum y i e l d of Amadori compounds was 
attained even before an appreciable amount of brown color deve
loped. The rate of formation of browning products showed a linear 
relationship with reaction time and temperature u n t i l the parent 
compounds were no longer available. After depletion of parent 
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388 X E N O B I O T I C S IN F O O D S A N D F E E D S 

TABLE V. Effect of browning duration on rat PER value 

Days browned 
PER 

(mean ± SD) 

0 3.28 ± 0.17 
1/2 3.14 + 0.28 
1 2.44 + 0.37 
2 2.50 ± 0.32 
3 2.30 + 0.24 
6 2.0 + 0.54 

10 1.1 + 0.10 

From ref.32 

TABLE VI. Disaccharidase a c t i v i t i e s i n the i n t e s t i n a l mucosa of 
rats fed control, browned, and supplemented browned egg albumin 
diets 

A c t i v i t y (U/g) 
Dietary group Body weight 

ω 
Lactase Sucrase Maltase 

338 ± 3.6 10.6 ± 1.02 35.7 ± 3.32 221 ± 16.3 Control 
Supplemented 

browned 300 ± 12.3* 8.1 ± 1.31t 30.8 ± 0.78t 205 ± 11.3 
Unsupplemented 

browned 278 ± 10.7* 6.0 ± 1.20* 24.6 ± 1.24§ 172 ± 13.7§ 
From ref. 35. 
* S i g n i f i c a n t l y different from the control (P<0.01). 
t S i g n i f i c a n t l y different from the control (P<0.05). 
Φ S i g n i f i c a n t l y different from the control (P<0.001); s i g n i f i 

cantly different from supplemented browned diet (P<0.05). 
§ S i g n i f i c a n t l y different from the control (P<0.01); s i g n i f i c a n t l y 

different from supplemented browned diet (P<0.01). 
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23. L E E A N D C H I C H E S T E R Various Maillard Browned Proteins 389 
compounds, polymerizations between the remaining products and a 
p a r t i a l degradation of Amadori compounds occurred. The products 
became less soluble i n polar solvents as further polymerization 
proceeded. 

By using a trypsin-glucose mixture model system to study the 
effect of Maillard browning reaction on the serine proteases (37), 
we have shown that Maillard browning reaction takes place s i g n i 
f i c a n t l y . Brown pigments developed progressively during storage 
period. The pigments are fluorescent chromophore with emission 
maximum at 430 nm when excited at 355 nm. During the reaction, 
both glucose and free ε-lysyl amino group decreased. This may be 
due to some surface amino acid residues of the trypsin molecule 
coupled with glucose. The conformation of trypsin was modified 
due to the Maillard browning reaction. After 6 days 1 storage, 
there was 55% of free glucose, 40% of free l y s y l ε-amino group and 
70% of caseinolytic a c t i v i t y remained i n the browned trypsin. 
Only s l i g h t increase of the molecular weight of the browned tryp
s i n was estimated from the SDS-electrophoresis pattern. Neither 
intermolecular aggregation nor intramolecular autolysis was shown 
in this experiment. 

Toxicologic and An t i n u t r i t i o n a l Effect of Maillard Browned Protein 

In addition to the n u t r i t i o n a l and physiological effects of 
Maillard browned protein as described i n the previous section, i t 
has been shown that the reduced n u t r i t i o n a l value of the brown 
products does not seem to be limited to the loss of amino acids, 
since supplementation of the diet with those amino acids could not 
completely restore i t s b i o l o g i c a l value (15). This suggests the 
possible formation of some inhibitory or a n t i - n u t r i t i o n a l com
pounds during the Maillard reaction, the presence of which cannot 
be detected with short-term n u t r i t i o n a l feeding assays. Moreover, 
the short-term feeding effects reported i n the l i t e r a t u r e (30) 
seem to be due i n part to n u t r i t i o n a l deficiency and not s p e c i f i 
c a l l y the browning compounds. 

Tanaka et a l . (32) f i r s t demonstrated that when heavily 
browned mixtures are fed at moderate levels to rats for 3 months, 
several physiological events are observed, including decreases i n 
the rate of weight gain, serum glucose l e v e l , urea l e v e l , and 
l i v e r glycogen l e v e l . Concomittantly, there have been observed 
increases i n serum GOT and GPT a c t i v i t y . Furthermore, the r e l a 
tive l i v e r and kidney weights of male rats fed the brown diet to 
be s i g n i f i c a n t l y different from the control group. The wide v a r i 
ety of physiological effects observed by various investigators 
(13,14,32,38,39,40) would lead to the interpretation that there i s 
a p o s s i b i l i t y , under severe browning conditions, of the build-up 
of materials which are considered toxic or physiologically active. 

Kimiagar et a l . (12) investigated the long-term feeding ef
fects of browned egg albumin on rats. Significant effects, 
d i r e c t l y traceable to the browning reaction products, were ob-
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390 X E N O B I O T I C S IN F O O D S A N D F E E D S 

served. In these experiments, rats were fed browned diet for 
periods of up to 12 months u t i l i z i n g pair feeding techniques and 
a control ration resembling the n u t r i t i o n a l quality of browned 
diet. Thus, food inadequacy was eliminated as a variable and the 
observed effects could therefore be attributed only to the brown 
compounds. 

In these experiments, egg albumin was browned i n the gresence 
of glucose (3 parts egg albumin and 2 parts glucose) at 37 C under 
68% r e l a t i v e humidity for 10 days. The browned sample was freeze-
dried and incorporated i n the rat diet at a 10% l e v e l . Rats were 
fed brown diet (Group B) for 1,3,6 and 12-month periods, along 
with two control groups. One control group was fed a normal 10% 
egg albumin diet ad libitum (Group A). The other was pair fed a 
5% egg albumin plus 5% non-essential amino acid diet (Group C), 
designed to resemble that of the brown diet. The protein e f f i 
ciency ratios were 1:10 for both groups Β and C 

The weight gain, r e l a t i v e organ weight and biochemical de
terminations i n rats fed brown and control diets for 1 month are 
reported i n Table VII. There were no s i g n i f i c a n t differences i n 
the values for serum protein and hematocrit between the brown and 
control groups. This suggests that the two diets are n u t r i t i o n a l 
l y similar, as was also evident from the PER assay. The results 
of r e l a t i v e organ weights indicated that, except for the cecum, 
no differences existed between the control and experimental groups 
after 1 month feeding. Similarly, tests of l i v e r function ( l i v e r 
GOT, l i v e r GPT and SAP, SGOT and SGPT) did not reveal any d i f f e r 
ence between the two groups (Table VII). The a c t i v i t i e s of small 
i n t e s t i n a l digestive enzymes also f a i l e d to show any si g n i f i c a n t 
differences after 1 month feeding (Table VII). 

On the average, the rats on brown diets weighed, compared to 
rats fed diet C, 30% less after 3 months and 25% less after both 
6 and 12 months of feeding. The l i v e r i n rats fed browned diet 
was on the average 23% larger than group C and 62% larger than 
group A after 6 months. 

The cecum and stomach of rats on the brown diet were s i g n i 
f i c a n t l y heavier than those i n the control group. The kidneys 
were also enlarged i n the rats fed the browned diet. The s p e c i f i c 
gravity of the urine of rats after 6 mo feeding was s i g n i f i c a n t l y 
higher for the animals on the browned diet. This increase i n 
urine s p e c i f i c gravity coupled with kidney enlargement suggests 
that something i n the browned diet may affect kidney function. 
The hematology results of rats on the two control diets and rats 
on the browned diet were studded. The serum alkaline phosphatase 
in group Β increased r e l a t i v e to group A for a l l feeding periods 
and that group C (second control) was not s i g n i f i c a n t l y different 
from group A. After 1 yr of feeding, the serum alkaline phospha
tase of group B, the browned group, was 130% of the control group. 
The increase i n alkaline phosphatase a c t i v i t y and GOT coupled with 
the enlargement of the l i v e r i s indicative of l i v e r damage i n rats 
fed the browned diet. Additionally, histopathologic examination 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 2

5,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
23

4.
ch

02
3



23. L E E A N D C H I C H E S T E R Various Maillard Browned Proteins 391 

TABLE VII. Body weight, r e l a t i v e organ weight, and biochemical 
values i n rats fed for 1 mo at equivalent nutrient intake 

Browned Control Significance 
Mean ± SD Mean ± SD of difference 

Body weight(g) 85 ± 8 87 ± 5 NS 
Organ weight 

Liver 4.82 + 0.39 4.23 + 0.74 NS 
Kidneys 1.19 ± 0.11 1.24 ± 0.08 NS 
Testes 1.78 ± 0.27 1.81 + 0.13 NS 
Spleen 0.201 + 0.02 0.215 ± 0.01 NS 
Heart 0.426 ± 0.03 0.463 ± 0.02 NS 
Lungs 0.842 + 0.10 0.917 ± 0.04 NS 
Cecum 2.53 + 0.58 1.99 ± 0.01 Significant 

Biochemical values 
Small i n t e s t i n a l 7.5 ± 2.0 6.5 ± 2.2 NS 

dipeptidase 
Small i n t e s t i n a l 3.62 ± 1.4 2.83 ± 1.4 NS 

sucrase 
Liver GOT 580 + 110 492 ± 148 NS 
Liver GPT 240 + 108 289 ± 72 NS 
BUN 18.4 ± 11 8.7 ± 1.8 NS 
Serum glucose 106 ± 8 72 ± 31 Significant 
Serum protein 4.72 ± 0.66 5.32 ± 0.59 NS 
Serum alkaline 205 ± 64 172 ± 38 NS 

phosphatase 
SGOT 23 ± 5 23 ± 4.5 NS 
SGPT 26 ± 3 27 ± 3 NS 
Hematocrit 38.3 ± 5.3 38.2 ± 4.3 NS 

From ref. 12 
NS = not si g n i f i c a n t 
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392 X E N O B I O T I C S IN F O O D S A N D F E E D S 

of the l i v e r s reveals the accumulation of a black-brown pigment 
of an unknown nature. At 3 mo of feeding, 50% of rats developed 
heavy pigmentation with s i g n i f i c a n t changes i n the architecture 
of the c e l l s . These results are summarized i n Table VTII. After 
feeding for 12 mo, 100% of rats fed the browned mixture had fatty 
l i v e r s and pigmented and vacuolated hepatocytes (12). 

TABLE VIII. Histopathologic examination of the l i v e r i n rats fed 
browned and control diets (% of t o t a l rats) 

Feeding Vacuolated Fatty Pigmented 
period Diet hepatocytes l i v e r hepatocytes 

3 mo Control 0 0 0 
Browned 50 25 0 

6 mo Control 0 0 0 
Browned 56 44 44 

12 mo Control 0 0 0 
Browned 100 100 100 

From Ref. 12. 

S t a t i s t i c a l analysis of the data suggests si g n i f i c a n t changes 
in cecum, l i v e r , and kidney weights between browned and n u t r i 
t i o n a l l y equivalent control diets in the 12-mo rats (Table IX). 
Serum GOT, alkaline phosphatase, and serum glucose levels are a l l 
s i g n i f i c a n t l y different for these two^controls. From this and 
previous data, i t i s clear that as the feeding period of browned 
materials increases, the adverse effects become more and more pro
nounced. This pattern indicates that there i s a cumulative effect 
and that i t resembles, i n many instances, the effect expected of 
a toxic compound. 

Recently, we conducted another study which was designed to 
separate the n u t r i t i o n a l l y related effects of the long-term feed
ing of Maillard browned protein, from the toxicological effects 
(7). This was done by eliminating, whenever possible, variables 
that might lead to n u t r i t i o n a l problems secondary to the effects 
of feeding Maillard proteins. The diets were not only of equal 
protein quantity, but also of equal and high protein quality. 

Three types of browned proteins were used i n the long-term 
feeding study; egg albumin, hydrolyzed egg albumin, and a commer
c i a l , casein-based, instant breakfast product. The hydrolyzed 
egg albumin was chosen to examine the effects of feeding severely 
browned hydrolyzed proteins, such as are commonly used i n a va
r i e t y of processed foods to produce characteristic flavors and 
colors. The instant breakfast product was included i n the feed
ing study as a representative, commercial food product which may 
undergo some degree of browning due to the processing or storage. 

The hydrolyzed egg albumin was f i r s t prepared by pepsin d i 
gestion. The egg albumin and hydrolyzed egg albumin samples were 
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394 X E N O B I O T I C S IN F O O D S A N D F E E D S 

prepared for browning by mixing 3 parts of the protein with 2 
parts D-(+)-glucose and adjusting the moisture content to 15%. 
The instant breakfast product (Carnation Company, Waverly, Iowa) 
was prepared for browning by simply adjusting the moisture con
tent to 9%. A l l samples were browned by storage at 37 C i n a 
sealed glass chamber. The humidity was maintained at 68% by 
placing a small beaker of 40% s u l f u r i c acid in the chamber. After 
storage for 40 days, the samples were freeze-dried and milled for 
incorporation into the diets. Control samples for a l l proteins 
were prepared i d e n t i c a l l y to the browned samples, but immediately 
freeze-dried rather than stored. 

Control and browned diets were formulated so as to be i s o -
c a l o r i c , isonitrogenous, and of equal protein quality, with a 
PER of no lower than 2.0. Weight gain for a l l treatment groups 
was excellent. PER's were run on various combinations of the 
40-day browned proteins and non-browned protein. It was deter
mined that a diet could be formulated that would contain no less 
than 3% 40-day browned protein and s t i l l result i n a PER of no 
lower than 2.0. The PER of the control diets were adjusted to 
match the protein quality of the experimental (browned) diets by 
substituting appropriate levels of gelatin as protein-source. 
The resulting protein compositions for long-term experiment and 
their respective Protein Efficiency Ratios are given i n Table X. 

A complete analysis on data of weight gain, r e l a t i v e organ 
weight, hemoglobin, hematocrit, c l i n i c a l biochemistry, serum 
cholesterol, serum t r i g l y c e r i d e , serum t o t a l iron, t o t a l iron 
binding capacity, i n t e s t i n a l disaccharidase a c t i v i t y , l i v e r glu-
tamic-osalacetic transaminase a c t i v i t y , urine s p e c i f i c gravity 
and histopathology during the 18 months feeding of rats revealed 
that no pattern of s i g n i f i c a n t changes was detected i n the c l i n 
i c a l biochemical analysis of the serum. Rats fed Maillard 
browned egg albumin for 18 months showed decreased serum choles
t e r o l , t r i g l y c e r i d e , and small i n t e s t i n a l disaccharidase activity, 
and increased serum t o t a l iron levels over rats fed nonbrowned 
egg albumin for the same period (for example, see Table XI and 
Table XII). No s i g n i f i c a n t histopathological lesions were de
tected i n any of the treatment groups. Enlargement of the cecum 
was evident i n a l l animals fed browned protein diets. 

The results of this long-term feeding study lead to the con
clusion that Maillard browned proteins are not toxic to rats. In 
reaching this conclusion, consideration i s given not only to the 
data generated by this study, but also to a reexamination of 
e a r l i e r data that suggested a toxic effect. 

Sgarbieri, et a l . (17) found that when they supplemented 
Maillard browned egg albumin with those amino acids destroyed, 
the n u t r i t i o n a l value could be restored to only about 84% of the 
nonbrowned control diet. Rogers and Harper (41), however, re
ported that free amino acids could not support a rate of growth 
equal to intact proteins. These researchers found that i t re
quired 22% free amino acids (each at 1.5 times the requirement 
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for the essential amino acids, plus a mixture of nonessential 
amino acids) plus 12% casein to equal the growth rate of rats re
ceiving a 20% casein diet. This represents an additional 14% of 
the diet as amino acid nitrogen required in the amino acid-supple
mented group to match the growth rate of the intact-casein-fed 
animals. 

F i n a l l y , a l l the observed c l i n i c a l and histopathological find
ings of the study by Kimiagar, et a l . (12) can be attributed to 
diet and nu t r i t i o n . A study by Schwartz, et a l . (42) found that 
r e s t r i c t i o n of food intake to rats resulted i n depressed weight 
gain, elevated serum glucose, urea nitrogen, glutamic-pyruvic 
transaminase, and alkaline phosphatase, increased ratios of i n 
ternal organs to body weight, increase i n l i v e r fatty metamorpho
s i s , and increase i n the deposition of hemosiderin i n the l i v e r 
and spleen. A l l of these changes are i d e n t i c a l to the results re
ported by Kimiagar, et a l . (12) for rats fed Maillard browned pro
tein. However, i t should be noted that 10% of 10-day-browned egg 
albumin was used i n the test diet by Kimiagar, et a l . (12), where
as i n the present study 3% of 40-day-browned egg albumin and other 
type of browned proteins were used i n the test diets. Based on 
the chemical kinetics of Maillard browning reaction, a three-stage 
development mechanism was proposed by Hodge (1): 1) I n i t i a l stage 
(sugar-amine condensation, Amadori rearrangement), 2) intermediate 
stage (sugar dehydration, sugar fragmentation, amino acid degrada
tion) and 3) f i n a l stage (aldol condensation, aldehyde-amine poly
merization, formation of heterocyclic nitrogen compounds). The 
qualitative and quantitative differences of the chemicals formed 
in different browned proteins i n the test diets may cause the dras
t i c different effects i n long-term feeding. I t may be useful i n 
the future to isolate the pr i n c i p a l products of various Maillard 
reactions and conduct acute and chronic feeding studies with those 
pur i f i e d compounds. 

In conclusion, i t appears that a l l reported anthropometric, 
c l i n i c a l biochemical, and histopathological changes resulting from 
the feeding of Maillard browned proteins i n this rat feeding study 
can be attributed to n u t r i t i o n a l and/or dietary factors. In 
addition to rat feeding studies, we have conducted a preliminary 
experiment to investigate the n u t r i t i o n a l , physiological and t o x i 
cological effect of Maillard browned protein on Spatas chicken (43) 
The feed e f f i c i e n c i e s of 0-day, 10-day and 40-day Maillard browned 
egg-albumin were 23.89, 5.88 and 3.69 respectively. This demon
strated the dramatic reduction of n u t r i t i o n a l quality of browned 
protein and indicated the possible p r a c t i c a l problem i n chicken 
feed. A preliminary two months feeding study of browned protein 
to chicken showed no si g n i f i c a n t difference i n blood chemistry, 
biochemical changes and histopathological analysis. We are pre
sently continuing our investigation i n this area. 
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23. L E E A N D C H I C H E S T E R Various Maillard Browned Proteins 399 

Investigation of the Mutagenicity of Maillard Browned Proteins 
Sugimura and Nagao (25) suggested that some of the compounds 

found i n overcooked foods are mutagenic when tested for mutageni
c i t y by the Ames method. Further, Coughlin et a l . (44) reported 
that the nitrosated Amadori rearrangement products were mutagenic 
when tested by the Ames method. Since Tannenbaum et a l . (45) 
demonstrated that nitrosation can occur i n the intestines, i t i s 
possible that browning reaction products may be undergoing this 
reaction i n vivo. This should not, however, be compared to the 
possible mutagenicity of the (nonnitrosated) browned products 
themselves. 

Recently, the mutagenicity of browning products have been i n 
tensively studied (19,20,21,22,23,24). The formation of mutagenic 
substances i n cooked foods which may be p a r t i a l l y attributed to 
Maillard browning reaction have been reported by many researchers 
(25,26,27,29). However, the possible public health significance 
of these findings i s not c l e a r l y known at this time. 

We have evaluated the mutagenicity of Maillard brown proteins 
(20) used in our animal feeding test described i n the previous 
section. An egg albumin/glucose mixture was browned by storage 
for 40 days at 37 C and 68% r e l a t i v e humidity, as previously des
cribed i n this paper. The l i p i d - s o l u b l e and water-soluble compo
nents were extracted and assayed for mutagenicity by the method of 
Ames et a l . (46). 

The results for the egg albumin browned proteins and 0-day 
controls are l i s t e d i n Table XIII. The values for the spontaneous 
revertants were obtained by treating the plates i d e n t i c a l l y to the 
experimental plates, but omitting any test compound from the top 
agar. For a positive mutagenesis conclusion, the compound tested 
should induce at least twice as many revertants as those occurring 
spontaneously, or a reversion index greater than 2.0. In our 
study, neither the water-soluble nor the l i p i d - s o l u b l e fractions 
of the products tested gave a positive mutagenic response. 

However, the Maillard browning reaction i s capable of pro
ducing a wide variety of products of varying concentrations de
pending on both the reactants used and the conditions employed. 
This may possibly explain the mutagenicity demonstrated by Iwaoka 
and Meaker (47) and others i n overcooked foods. 

The mutagenic, toxic, teratogenic and carcingenic properties 
of several N-nitroso compounds are well established (48,53), and 
these compounds have been shown to be potential hazards to human 
health (49,67). The N-nitroso compounds can be formed by the i n 
teraction of n i t r i t e with nitrosable amines and amides i n the acid 
conditions (50), and i n vivo system (45,51). Thus, many research
ers are investigating the occurrence of nitrosable agents i n our 
food supply and environment, with a view to elucidating their 
possible role i n the etiology of human cancer. Many reviews are 
available on the formation, occurrence, and analysis of N-nitroso 
compounds i n food and the environment (54,56,57). The formation 
of N-nitrosamines i n Maillard browning reaction was f i r s t reported 
by Devik (55) from the heat induced reactions between D-glucose 
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400 X E N O B I O T I C S IN F O O D S A N D F E E D S 

TABLE XIII. Results of Mutagenicity Testing of Egg Albumin Extracts 

Ether extracts 
Sample TA 1535 TA 1537 TA 1538 TA 98 ΤΑ 100 
(Days browned) A Β A Β A Β A Β Α Β 

0 37 L O 11 1-0 26 1-0 35 1· 0 70 1-0 
20 33 0-9 8 0-7 26 1-0 37 ι1 77 1-0 
40 35 1-0 7 0-7 27 1-0 39 ι. 2 73 0-9 
0 + (S-9) 34 1-0 8 0-7 41 1-0 34 Ι- 0 73 1-0 

20 + (S-9) 31 0-9 9 0-8 38 1-0 34 Ι0 62 0-9 
40 + (S-9) 27 0-7 11 1-0 38 1-0 39 Ι- 2 60 0-8 

Methanol ι sxtracts 

0 31 0-8 6 0-5 25 1-0 33 1« •0 69 0· 9 
20 36 1-0 11 1-0 23 1-0 34 1« •0 72 0· 9 
40 38 1-0 9 0-8 24 1-0 26 Ο· .8 65 0. 8 
0 + (S-9) 28 0-8 9 0-8 38 1-0 41 ΙΊ 67 1- 0 

20 + (S-9) 26 0-7 11 L O 39 1-0 32 Ο 9 63 Ο- 9 
40 + (S-9) 37 1-1 10 1-0 44 1-1 34 Ι· •0 62 0· 9 

SR 37 11 25 32 78 -
SR + (S-9) 34 — 11 — 39 — 35 — 70 -

From Réf. 20. 
A = Revertants 
Β = Reversion index = A/SR or A/SR + (S-9) 
SR = Spontaneous revertants 
S-9 = Incubated i n the presence of rat l i v e r S-9 microsomal prep
aration. 

and several L-amino acids. However, i n subsequent research, many 
investigators (54,58,59,60) have refuted the work of Devik and 
indicate that Devik probably misidentified non-enzymatic brown 
product such as pyrazine and acetyl pyrrole as N-nitrosamines. 
Marshall and Durgan (61) also indicated that N-nitrosamine forma
tion was not demonstrated i n aqueous systems containing sodium 
n i t r i t e and carbonyl-amine reaction product. 

Since a large variety of constituents are produced by the 
Maillard browning reaction involving reducing sugars and amino 
acids (free and peptide-bond), these chemicals include many n i t r o -
soable compounds ( l ) , p a r t i c u l a r l y , the Amadori compounds (l-amino-
l-deoxy-2-ketoses) formed i n the early stages of the Maillard 
browning reaction during the heat processing, storage, or cooking 
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23. L E E A N D C H I C H E S T E R Various Maillard Browned Proteins 401 

of foods. These compounds are weak bases and are e a s i l y nitrosable 
secondary amines (62). Therefore, the mutagenicity and carcino
genicity of the n i t r i t e - t r e a t e d Maillard products have been stud
ied i n recent years. Sakaguchi and Shibamoto (63) isolated an 
N-nitroso compound, 2-methyl-thiazolidine, from a cystenine-
acetylaldehyde-sodium n i t r i t e model system. Mihara and shibamoto 
(64) isolated several fractions from a heated (100 C for 2 hr) 
cysteamine/D-glucose/nitrite brown model system which were muta
genic when tested by the Ames Salmonella mutagenese assay using 
Strain TA98 and TA100 with or without microsomal (S-9) activation. 
Furthermore, Coughlin et a l . (44) examined nitrosation of Amadori 
compounds and found the positive response of nitroso-product by 
Ames test. Wedzicha et a l . (65) pointed out that the intermediate 
of non-enzymatic browning reactions showed sig n i f i c a n t r e a c t i v i t y 
toward n i t r i t e ion. 

The coexistence of Maillard browned compounds and n i t r i t e / 
n i t r a t e i n foods i s well documented. However, data concerning 
the interaction of these constituents i n foods during the pro
cessing or storage or through i n vivo metabolism i s not clearly 
known. 

We have used an Amadori compound, fructose-L-tryptophan as a 
simple 'model system to study i t s mutagenicity after nitrosation. 
(66) The nitrosation was carried out at 25°C for 1 hr. The result 
indicated that the nitrosated fructose-L-tryptophan had powerful 
mutagenic a c t i v i t y on IS. typhimurium TA 100 i n the presence and 
i n the absence of S-9 mixture (as shown i n Fig. 3). This result 
further confirmed Coughlin et a l . (44). Furthermore, the mutagen 
formed i n this reaction mixture may have been N-nitrosamine or N-
nitrosamide. The optimal pH for the mutagen production was pH 1. 
Other factors involved i n mutagen formation e.g. nitrosation time, 
temperature and sodium l e v e l were also studied. Preliminary ana
l y s i s by ERRC/USDA revealed si g n i f i c a n t amounts of the nitroso-
amines, dimethylnitrosoamines and diethylnitrosoamines. Examina
tion of the mutagenicity assay resulted i n a clear/dose response 
mutagenic effect. No mutagenic effect was seen when NaNo2 or 
fructosyltryptophan were tested alone. Further detailed study of 
this system and i t s implication i n foods w i l l be extremely i n 
teresting and important. 

Furthermore, we have recently investigated the mutagenicity of 
lysine-glucose Maillard browning product treated with n i t r i t e (23). 

The methylene chloride extract of lysine-glucose browning 
product treated with n i t r i t e under acidic condition was found to 
be mutagenic to Salmonella typhimurium tester strains TA 98,TA 100 
and TA 1535 both with and without S-9 mixture. (See Figure 4 and 
Figure 5) The mutagenic a c t i v i t y of nitrosated product was shown 
l i n e a r l y with the browning intensity of the reaction mixture. The 
optimal pH for the formation of mutagens i s pH 3. Also, the muta
genicity i s dependent on the nitrosation time and sodium n i t r i t e 
concentration. Several antioxidants show effective i n h i b i t i o n on 
the mutagenicity formation i n this system. Two apparent n i t r o -
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HOO A 

1200 A 

looo A 

" " " I I' I' I " I " " I ' | H I M M I M I M I M M H 

0 25 50 75 100 125 150 175 200 225 250 275 300 

AMT 
LEGEND: TRTMT Φ Φ Φ 1 D D ο 2 » » » 3 

RE VT NT =REVERT ANT S/PLAT Ε AMT^AMOUNT OF"?EST SOLUTTON^UL) 

(•)=WiTH S-9. <-)=WiTHOUT S-9 
I.4-NITRÏTED FRU-L-TRP I (•). 

2.5=FRU-L-TRP 2(*) . 5(-) 

3.6-ΝΛΝ02 3 ( 0 . 6(-) 

Figure 3. Dose-response curve of mutagenic effects of nitrated FRU-L-TRP 
(M), FRU-L-TRP (Π), and NaN02 (A) on S. t yph imur ium TA 100 with (—) 

and without ( ) S-9. 
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REVÎNT 

800 H 

700 A 

600 A 

500 A 

400 A 

300 A 

200 A 

100 

ο 4 ' " I | Ι Ι Ι Ι Ι Ι Ι Ι Ι | Ι Ι Ι Ι Ι Ι Ι Ι Ι | |IIM ι pi ! | l l 

0 10 20 30 40 50 60 70 80 90 
AMT 

LEGEND: TRTMT Φ Φ Φ I D D • 2 m » » 3 <*-
Φ--Φ--Φ- 5 *-«-» 6 •-·--· 7 

REVT NT =REVERT ANT S/PLAT Ε AMT*AMOUNT OF TEST SOLUTION (UL) 
(•)=W!TH S-9. (-)'WITHOUT S-9 

l.5=NAN02 1 <•). 5(-> 
2.6-LYSINE-NAN02 2CO. 6(-) 
3.7=LYS!NE-GLUCQSE 3(0. 7 (-) 

4.8«L YSI NE- GLUCOSE - NAN02 4<0. 8(-) 

T T T r 
100 

Figure 4. Mutagenicity ofDCM extracts ofNaN02 (M), LYS-NaN02 (•), LYS-
GLY (·), and LYS-GLC-NaN02 (A) systems on S. typh imur ium TA 100 with 

(—) and without ( ) S-9. 
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REVÎNT 130 H 

AMT 

Figure 5. Mutagenicity ofDCM extracts ofNaN02 (M), LYS-NaN02 (Ώ), LYS-
GLC (Φ), and LYS-GLC-NaN02 (A) systems on S. t yph imur ium with (—) and 

without ( ) S-9. 
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23. L E E A N D C H I C H E S T E R Various Maillard Browned Proteins 405 

samines were revealed by thin-layer chromatography i n the prelim
inary separation. 

Conclusion 

I t i s clear that the Maillard nonenzymatic browning reaction 
between reducing sugar and protein cause serious deterioration of 
the n u t r i t i o n a l quality of foods during processing and storage. 
Browned protein has certain physiological effects that are not 
usually detectable from chemical or short-term n u t r i t i o n a l evalua
tions commonly i n the assessment of processed foods at this time. 
However, this area of investigation d e f i n i t e l y warrants serious 
study due to the widespread occurrence of the reaction in foods. 

Any detrimental effect of Maillard browned compounds on an 
animal that cannot be d i r e c t l y linked to a n u t r i t i o n a l basis may 
be considered a potential toxic response. However, i t i s extreme
ly d i f f i c u l t to separate n u t r i t i o n a l related effects from toxic 
effects i n studies involving such complex food systems as i l l u s 
trated i n our discussion. Furthermore, i t i s clear that the na
ture of Maillard reaction results i n the formation of a tremendous 
number of chemicals. The constituents of the browning reactants 
can greatly affect the chemical and b i o l o g i c a l properties of the 
products formed. Considerable more work i s required to d e f i n i 
t i v e l y identify the compounds responsible for physiological and 
toxicological effects. 

Although the possible t o x i c i t y and mutageneity of browned 
food products s t i l l remains an open issue, we f e e l there i s 
su f f i c i e n t data both from a n u t r i t i o n a l and toxicological stand
point, for a réévaluation of the food processing p r i o r i t i e s on 
the part of the food industries, who presently encourage this re
action i n many processed foods for i t s flavor and color charac
t e r i s t i c s , while s a c r i f i c i n g n u t r i t i o n and possibly even safety. 
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Lee, Tung-Ching 379 
Luh, Yuhshi 99 
MacDonald, John L. 271 
Mod, Robert R. 283 
O e r t l i , Ernest H. 295 
Ory, Robert L. 283 
Otterburn, Michael S. 221 
Reese, C a r o l i n e 311 
Roitman, James N. 345 
Romer, Thomas R. 241 
Rothberg, Janet M. 271 
Sanders, Timothy H. 233 
Schwass, Daniel E. 169, 187 
Sekul, Antonio A. 283 
Shahani, Khem M. 47 
Simon, P. W. 333 
Swims, Joseph C. 271 
Tovar, L. Raul 169, 187 
Whitaker, John R. 15 
Yates, S. G. 333 

Subject Index 
A 

A b o r t i f a c i e n t s , e f f e c t s of 
p y r r o l i z i d i n e a l k a l o i d s , 360 

Absorption 
a l t e r e d amino acids from the 

i n t e s t i n e , 187-200 
e f f e c t of thermally o x i d i z e d o i l , 130 

A b s t r a c t i o n , hydrogen from 
f a t t y a c i d , 64,65f 

Acid-c a t a l y z e d r a c e m i z a t i o n , of 
p r o t e i n amino a c i d s , 175 

Acid production, i n h i b i t i o n by 
a n t i b i o t i c residues i n mi l k , 51 

Acute t o x i c i t y t e s t s , d i s c u s s i o n , 6,9t 
A c y l a t i o n of p r o t e i n , e f f e c t on 

l y s i n o a l a n i n e formation, 21 
Adduct formation, Trp-P-2 and DNA, 

mechanism, 112 
A f l a t o x i c o s i s , c l i n i c a l signs and 

symptoms, 237,263 
A f l a t o x i n s 

animals, h i s t o l o g i c e f f e c t s , 237-39 

A f l a t o x i n s — C o n t i n u e d 
corn 

economic e f f e c t s , 263-64 
prevention and c o n t r o l , 264-66 
sampling and a n a l y s i s , 260 

nut f r u i t s , v a r i o u s , 233-37 
Aldose sugars, p h y s i o l o g i c a l and 

n u t r i t i o n a l e f f e c t s of 
M a i l l a r d browning, 379-405 

Alimentary t o x i c a l e u k i a , human, 250 
A l k a l i n e processing of p r o t e i n s 

absorption o f d i e t a r y z e i n , 191 
d i s c u s s i o n , 169 
l y s i n o a l a n i n e 

content as damage i n d i c a t i o n , 213 
formation, 204 

A l k a l o i d s 
p y r r o l i z i d i n e i n g e s t i o n , 345-73 
s t r u c t u r e - t o x i c i t y r e l a t i o n s h i p , 363 

Al l e r g e n s 
a n t i b i o t i c s i n food products, 50 
i n o i l s e e d s , 283-92 

Almonds, a f l a t o x i n contamination, 236 
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410 XENOBIOTICS IN FOODS AND FEEDS 

Ames test 
browning model systems, 118 
fa t t y epoxides with v i c i n a l 

f u n c t i o n a l i t y , 79 
13-hydroperoxylinoleate (methyl 

ester), 80t 
l i p i d hydroperoxides, 78 
tryptophan pyrolysis products, 99 

Amino acids 
a l k a l i - t r e a t e d proteins, 205,206t 
allergens i n oilseeds, 284 
altered, absorption from the 

in t e s t i n e , 187-200 
browned egg albumin, 385 
effect on a f l a t o x i n biosynthesis, 25i 
free, resistance to racemization, 175 
in v i t r o pronase hydrolysis, 195t 
n u t r i t i o n a l consequences i n 

processed proteins, 169-81 
with peroxidized l i p i d s , 70 
Phaseolus vulgaris trypsin 

i n h i b i t o r s , 24,25f 
protease i n h i b i t o r s , 32,34t,35t 
pyrolysis product mutagenicity, 100 
sequence homology i n protease 

and amylase i n h i b i t o r s , 35t 
Strecker degradation i n the 

Maillard reaction, 380 
zein, nontreated and a l k a l i 

treated, W t 
Amino acyl residues, effect of 

structure and location on 
racemization, 175 

3-Amino-1,4-dimethyl-5H-pyrido 
(4,3-b)indole—See Trp-P-1 

e-Amino group, l y s i n e , involvement in 
binding reactions, 222 

3-Amino-1-methyl-5H-pyrido(4,3-b) 
indole—See Trp-P-2 

Ammonium ions, mutagen extraction, 118 
Amyelois t r a n s i t e l l a , a f l a t o x i n 

contamination of almonds, 236 
α-Amylase i n h i b i t o r s , i n b i o l o g i c a l 

materials, discussion, 15-41 
Qf-Amylostatin, carbohydrate oi-amylase 

i n h i b i t o r , 20,21f 
Angiotoxic e f f e c t s , oxidation products 

derived from cholesterol, 89 
Animals 

a n t i b i o t i c s i n feed additives, 48 
effects of a f l a t o x i n , 237-39,261-63 
food, drug, and cosmetic colors, 

chronic t o x i c i t y studies, 321 
intermediary, source of p y r r o l i z i d i n e 

a l k a l o i d poisoning, 366 
species 

affected by p y r r o l i z i d i n e 
a l k a l o i d s , 358 

choice for t o x i c i t y t e s t s , 2-4 
symptoms i n t o x i c i t y t e s t s , 11t 
vomitoxin t o x i c i t y , 241,243-46 

An t i b i o t i c s 
amino acids i n animal and plant 

proteins, 169 
in foods, 47-58 

Antifungal agents, f a l c a r i n d i o l i n 
carrots, 33** 

Antihemophilia factors, peanuts, 285 
Antinutrients 

effect of Maillard browned 
products, 388,390-99 

in oilseeds, 283-92 
Antitumor properties, p y r r o l i z i d i n e 

al k a l o i d s , 360 
Ascarbose, carbohydrate o*-amylase 

i n h i b i t o r , 20,21f 
Ascorbic acid 

and lysinoalanine formation, 210 
with peroxidized l i p i d s , 77 

Aspergillus flavus 
aflatoxins i n peanuts, 233,250 
biology, 251 
epidemiology of af l a t o x i n 

formation, 256-60 
Aspergillus p a r a s i t i c u s , biology, 251 
Atherogenicity, oxidation products 

derived from cholesterol, 89 
Autooxidation, l i p i d s i n food, 64-69 
Avian, b i o l o g i c a l effects of 

af l a t o x i n , 262 

Β 

Base-catalyzed racemization, protein 
amino acids, mechanism, 174 

Beans, mutagenic a c t i v i t y , 152 
Beef 

and beef-containing products, 
mutagenicity, 121,123t,152 

f r i e d , i s o l a t i o n of mutagens, 163-67 
malonaldehyde content, 88t 
mutagen formation, 122 

Beef tallow, cholesterol oxidation, 89 
Bergapten 

lin e a r furanocoumarin 
i n healthy celery, 296t 
in parsley, 307 

stimulation of phytoalexin response 
in celery, 299-303 

Bil e acids, carcinogenic or tumor 
promoting a c t i v i t y , 93 

Binding s i t e homology, enzyme 
i n h i b i t o r s , 37 

Bio l o g i c a l effects 
a f l a t o x i n i n domestic 

animals, 261-63 
lysinoalanine, 214 

Bio l o g i c a l materials, protease and 
amylase i n h i b i t o r s , 15-41 

Bi o l o g i c a l s t a b i l i t y , isopeptides, 228 
Biosynthesis, macromolecular, effects 

of malonaldehyde, 86 
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I N D E X 411 

Bonding, i n proteins, discussion, 221 
Bovine, b i o l o g i c a l effects of 

a f l a t o x i n , 261 
B r a z i l i a n pink beans, trypsin 

i s o i n h i b i t o r s , 24 
Bread 

contamination by p y r r o l i z i d i n e 
a l k a l o i d s , 364 

potential vomitoxin intake, 242 
Browning reaction 
mutagen formation i n model 

systems, 118 
nonenzymatic, phy s i o l o g i c a l , 

t o x i c o l o g i c a l , and 
n u t r i t i o n a l aspects, 379-405 

C 

Calcium, effect on dehydroalanine 
formation, 205 

Cancer 
choice of t o x i c i t y test animals, 3 
possible role of l i p i d oxidation 

products, 93 
Canned foods, mutagenicity, 121-24 
Canned meat, mutagenicity of basic 

extracts, 122t 
Canning, mutagen formation during, 119 
Carbohydrates 

effect on Aspergillus flavus 
production of a f l a t o x i n s , 253t 

effect on lysinoalanine t o x i c i t y , 216 
n u t r i t i o n loss when heated with 

proteins, 384 
oilseed allergens, 284 

β-Carboline metabolites, mutagen and 
comutagen translocation across 
c e l l u l a r membranes, 108 

Carbon dioxide, effect on a f l a t o x i n 
contamination i n corn, 259 

Carbonyl compounds, reaction with 
thiobarbaturic acid, 87 

Carboxyl (acid) proteases, protease 
i n h i b i t o r s , 19 

Carcinogens 
af l a t o x i n B l t 250 
in canned foods, 122 
cholesterol oxides, discussion, 91-94 
in cooked foods, 117 
effect of a f l a t o x i n i n domestic 

animals, 262 
l i p i d hydroperoxide a c t i v a t i o n , 78 
malonaldehyde, 86 
p y r r o l i z i d i n e a l k a l o i d s , 359 
r a t s , dietary l e v e l s of 

af l a t o x i n B^ 237 
safe l e v e l s , 5 

0-Carotene, destruction during l i p i d 
peroxidation, 78 

Carrots 
phytoalexins in umbelliferae, 307 
possible toxic constituents, 333-43 

Casein, and lysinoalanine 
formation, 205,206t 

Castor seed, antinutrients and 
allergens, 288-92 

Catalysis, role of cooking surface 
metal on mutagen production, 158 

Cecum, r a t , effect of Maillard 
browned products, 391 

Celery, l i n e a r furanocoumarin 
phytoalexin response, 295-307 

Cell u l a r membranes, effect of 
/3-carboline metabolites on trans
location of mutagens and 
comutagens, 108 

Cereal grains, human poisoning by 
p y r r o l i z i d i n e a l k a l o i d s , 364 

Chelation, and lysinoalanine 
t o x i c i t y , 216 

Chemical i o n i z a t i o n , methane negative, 
determination of trichothecene 
compounds, 271-80 

Chemical mutagens 
role of l i p i d hydroperoxides i n 

ac t i v a t i o n , 82 
synthetic schemes for Trp-P-1 and 

Trp-P-2, 101 
Chicken, cooked, discussion of 

mutagenic a c t i v i t y , 152 
Chiral stationary phases, approach to 

isomer separation by HPLC, 173 
Cholesocystitis, effect of natural 

a n t i b i o t i c s , 57 
Cholesterol 

oxidation products as xenobiotics 
i n foods, 89-94 

rat serum, effect of Maillard 
browned product d i e t , 397 

Chromatographic p u r i f i c a t i o n , analysis 
of carrot constituents, 336 

Chromatography 
i s o l a t i o n of mutagens i n f r i e d 

ground beef, 165 
isopeptides, method, 225 
lysinoalanine, various methods, 213 

Chromosome damage, effects of 
p y r r o l i z i d i n e a l k a l o i d s , 360 

Chronic feeding segment, food, drug, 
and cosmetic colors, chronic 
t o x i c i t y studies, t e s t s , 7,9t, 324 

Chymostatins, protease i n h i b i t o r , 19 
Chymotrypsin, i s o i n h i b i t o r 

a f f i n i t y , 24,28t 
C i r r h o t i c l i v e r f a i l u r e , p y r r o l i z i d i n e 

a l k a l o i d s , 364 
C l i n i c a l tests 

food, drug, and cosmetic colors, 
chronic t o x i c i t y studies, 322,325 
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412 XENOBIOTICS IN FOODS AND FEEDS 

C l i n i c a l tests—Continued 
r a t s , effects of Maillard browned 

product d i e t , 396 
s e n s i t i v i t y to allergens i n food, 284 
toxicology, 12t 

Colon carcinogenesis, possible role of 
l i p i d oxidation products, 93 

Color additives, chronic t o x i c i t y and 
carcinogenicity studies, 314-32 

Color development, cooked protein and 
protein-glucose mixtures, 383 

Comutagens, from tryptophan p y r o l y s i s , 
metabolism, 99-115 

Conformational change, mechanism of 
enzyme i n h i b i t o r s , 38,39 

Contraceptive, male, effect of 
gossypol, 292 

Cooking, and mutagenicity, 118,158 
Copper, effect on color development in 

thiobarbaturic acid t e s t , 88 
Copper s u l f a t e , stimulation of celery 

phytoalexin response, 299-303 
Corn 

containing a f l a t o x i n s , 249-66 
deoxynivalenol quantitation, 273,275 
dried, l e v e l s of vomitoxin, 242 
economic effect of a f l a t o x i n s , 263-64 
prevention and control of a f l a t o x i n s , 

screening methods, 264-66 
Coronary heart disease, human, l i p i d 

involvement, 89 
Cosmetic colors, toxicology, 311-32 
Cottonseed 

antinutrients and allergens, 288-92 
natural a f l a t o x i n s , 259 

Cross-linking 
function and r e a c t i v i t y , 221 
mechanism of p y r r o l i z i d i n e 

t o x i c i t y , 361 
naturally occurring, 223t 
r a d i c a l reactions promoted by l i p i d 

hydroperoxides, 69-75 
2-Cyanomethylindole, synthesis of 

Trp-P-2, 104 
Cyclopropene f a t t y acids, antinutrients 

i n cottonseed o i l , 292 
Cysteine, with peroxidizing l i p i d , 72 

D 
Dairy s t a r t e r cultures, i n h i b i t i o n by 

a n t i b i o t i c residues i n milk, 51 
Dehulling, a f l a t o x i n contamination, 236 
Dehydroalanine 

addition to amino acids, 208,209f 
lysinoalanine precursors, 203 
potential formation routes, 205,207f 

Deoxynivalenol 
quantitation by negative chemical 

i o n i z a t i o n MS, 271-80 
vomitoxin, 241-46 

Dermal t e s t s , general procedures, 9t 
Detoxification, prevention and control 

of a f l a t o x i n i n corn, 266 
Diarrhea, effect of d i e t of Maillard 

browned materials, 384 
Dichloromethane extraction, analysis 

of carrot constituents, 336 
Dietary f a t s , heated, b i o l o g i c a l 

properties, 129-46 
D i g e s t i b i l i t y , protein, effect of 

racemization of amino acyl 
residues, 188 

Digestive t r a c t disease, effect of 
natural a n t i b i o t i c s , 57 

Dimers, toxic properties of thermally 
oxidized f a t s , 143 

2,5-Dimethyl-4-nitropicolinic acid, 
synthesis of Trp-P-1, 101 

Dipeptides, resistance to 
racemization, 175 

Disease protection, natural 
a n t i b i o t i c s , 57 

Disproportionation, l i p i d oxy 
r a d i c a l s , 68 

Disulfide bonds, reduction of 
i n h i b i t o r y a c t i v i t y , 37 

DNA 
effect of malonaldehyde, 86 
effect of malondialdehyde, 79 
effect of tryptophan pyrolysis 

products, 100,112 
Dosage factors, t o x i c i t y t e s t i n g , 4,5 
Drug colors, t o x i c o l o g i c a l 

considerations, 311-32 
Dry s o i l , preharvest a f l a t o x i n 

contamination, 235 
Duodenal region, enzymic hydrolysis of 

isopeptides, 229 
Dyes, use, 312 

Ε 

Eggs, cooked 
m u l t i p l i c i t y of enzyme i n h i b i t o r s , 20 
mutagen formation, 152,156t 

Egg albumin, browned 
amino acid content, 385 
effect of Maillard reaction, 389 
with glucose, n u t r i t i o n change 

during storage, 386 
mutagenicity, 400 

/3-E1 imination reaction, formation of 
dehydroalanine i n peptides, 204 

E n t e r o c o l i t i s , effect of natural 
a n t i b i o t i c s , 57 

Environmental stress, preharvest 
a f l a t o x i n contamination, 233 

Enzymatic hydrolysis, isopeptides, 229 
Enzymatic method, determine D-amino 

acids, 171t 
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I N D E X 413 

Enzymes 
in v i t r o d i g e s t i b i l i t y of racemized 

proteins, 178 
i n h i b i t i o n 

chelating c h a r a c t e r i s t i c of 
lysinoalanine, 216 

by gossypol, 291 
i n h i b i t o r detection, 16-18 
occurrence of i n h i b i t o r s , 16 
preparation, mutagenicity of 

tryptophan pyrolysis product, 104 
Epidemiology of a f l a t o x i n formation, 

Aspergillus flavus, 256-60 
α-Epoxides 
Ames mutagenicity method, 79 
carcinogenic or tumor promoting 

a c t i v i t y , 92,93 
human serum, related to 

atherosclerosis severity, 90 
Epoxyallylic r a d i c a l , l i p i d oxy r a d i c a l 

rearrangement, 72 
Equine, b i o l o g i c a l effects of 

af l a t o x i n , 263 
Ergot poisoning, 250 
Escherichia c o l i , effect of a n t i b i o t i c 

supplemented feeds, 50t 
Everted sac experiments, zein, 

absorption of a l k a l i treated 
dietary protein, 191 

Extraction 
analysis of trichothecene 

mycotoxins, 273 
aqueous, mutagens i n cooked food, 119 

F 

F a l c a r i n d i o l , analysis of carrot 
constituents, 333-43 

F a l c a r i n o l , analysis of carrot 
constituents, 333-43 

Fats 
content effect on mutagenicity of 

cooked samples, 161 
heated dietary, b i o l o g i c a l 

properties, 129-46 
Fatty acids, phospholipid and 

t r i a c y l g l y c e r o l fractions of heart 
c e l l s , 141t 

Fatty epoxides, Ames method 
mutagenicity, 79 

Feeds 
a n t i b i o t i c s i n , 48-53 
mixed, quantitation of 

deoxynivalenol, 275 
thermally oxidized o i l , 130 
vomitoxin, 241-46 

Fibrosarcoma, cholesterol oxidation 
product evaluation, 92 

Figs, natural a f l a t o x i n s , 259 
Fish, mutagenic a c t i v i t y , 152 

Food allergens, discussion, 284 
Food colors, t o x i c o l o g i c a l 

considerations, 311-32 
Foods 

a n t i b i o t i c s i n , 47-58 
causes of racemization, 173-78 
effects of l i p i d hydroperoxides, 63 
malonaldehyde measurements, 87 
mutagens, various cooking 

conditions, 149,153t-154t 
processed, mutagen formation, 117 
various home cooked, formation of 

lysinoalanine, 210,211t 
Freezing pretreatment, effect on 

mutagenicity of canned 
products, 124 

Frying f a t s , potential t o x i c i t y , 130 
Fungal antagonists, Aspergillus 

flavus, 233 
Fungi, a f l a t o x i n producing, 251t 
Furanocoumarins, phytoalexin 

response, 295-307 
Fusarium molds 

trichothecene production, 271 
vomitoxin production i n wheat, 242 

Fusarium trichothecenes, basic 
s k e l e t a l structure, 274 

G 

Gases, atmospheric, effect on 
afla t o x i n contamination i n 
corn, 259 

Gas chromatography 
D-amino acids, 171t 
p y r r o l i z i d i n e a l k a l o i d s , 353,354,356f 

Gas l i q u i d chromatography 
D-amino acid isomers, 172 
carrot constituents, 334 

Gel plate, method of detecting enzyme 
i n h i b i t o r s , 17,18f 

Genetic heterogeneity, 
i s o i n h i b i t o r s , 24 

Glucose-lysine Maillard browning 
products, with n i t r i t e , 401 

Glucose-protein mixtures, brown color 
development, 383 

Glutamic acid, pyrolysis products as 
mutagens, 117 

Glutathione, with peroxidized 
l i p i d s , 77 

Glycoprotein, protease i n h i b i t o r , 19 
Gossypol, antinutrients i n 

cottonseed, 289-92 
Grains, routine analysis for 

vomitoxin, 242 
Grain sorghum, natural a f l a t o x i n s , 259 
Great Northern bean, tr y p s i n 

i s o i n h i b i t o r s , 24 
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414 XENOBIOTICS IN FOODS AND FEEDS 

Growth rate 
effect of malonaldehyde, 86 
effect of thermally oxidized o i l , 13 

H 

Halphen reaction, gossypol i n chicken 
feed, 291 Harman 

comutagenic action, 108 
mutagenicity of tryptophan pyrolysis 

products, 100 
Heart 

r a t , evaluation of the b i o l o g i c a l 
effects of thermally oxidized 
o i l s , 131 

tissue damage, 134 
Heart c e l l cultures 

f a t t y acids of phospholipid and 
t r i a c y l g l y c e r o l f r a c t i o n s , 141t 

i n v i t r o effects of thermally 
oxidized o i l , 132 

l i p i d droplet accumulation, 143t 
mitotic index, 144t 
percent pyknotic c e l l s , 143t 
r a t , with various dietary 

f a t s , 139-43 
Heart l i p i d s , neutral, 

f a t t y acid composition, 139t 
rats intubated with various dietary 

f a t s , 139t 
Heat 

effect on protein d i g e s t i b i l i t y , 228 
racemization i n proteins, 176t 

Hemagglutinins 
in oilseed and cereal grains, 288 
i n peanuts, 285 

Hepatocarcinogenic e f f e c t s , aflatoxins 
on rainbow trout, 238 

Hepatocellular d i s s o c i a t i o n , rats 
intubated with d i f f e r e n t dietary 
f a t s , 134 

Herbal teas, sources of p y r r o l i z i d i n e 
a l k a l o i d poisoning, 365,367-72 

Heterogeneity, protease and amylase 
i n h i b i t o r s , 20-32 

His t i d i n e , with peroxidizing l i p i d , 72 
H i s t o l o g i c a l scores, rats intubated 

with d i f f e r e n t dietary f a t s , 134 
Histopathology 

food, drug, and cosmetic colors, 
chronic t o x i c i t y studies, 322,32i 

r a t s , effect of Maillard browned 
products, 392 

Homology, protease and amylase 
i n h i b i t o r s , 32,35t 

Homolysis, l i p i d oxy r a d i c a l s , 69 
Homolytic d i s s o c i a t i o n , l i p i d 

hydroperoxide, 64 
HPLC 
D-amino acids, 171t 

HPLC—Continued 
free malonaldehyde i n tissues or 

meat, 88 
p y r r o l i z i d i n e a l k a l o i d s , 353 

Human t o x i c i t y 
lysinoalanine, 187 
p y r r o l i z i d i n e a l k a l o i d s , 364-72 

Hydrogen abstraction 
amino acids with peroxidized 

l i p i d s , 70,71f 
l i p i d s , 64,66,68 

Hydroperoxide, l i p i d , effects on food 
components, 63 

Hypercholesterolemia, related to 
cholesterol oxidation products, 90 

I 

I l e a l region, enzymic hydrolysis of 
isopeptides, 229 

Immunosuppression, possible effect of 
vomitoxin, 244 

In utero segment, food, drug, and 
cosmetic co l o r s , chronic t o x i c i t y 
studies, 324 

In v i t r o heart c e l l s , effects of 
thermally oxidized o i l , 132 

Indigoid, food, drug, and cosmetic 
colors, chronic t o x i c i t y 
studies, 315-32 

Indole-2-acetonitrile, synthesis of 
Trp-P-2, 101 

Inhibition 
lysinoalanine formation, 210,212 
maltase, Maillard browned 

products, 388 
I n h i b i t o r s , enzymes 

m u l t i p l i c i t y , 20,22t 
trypsin a c t i v i t y , 17 

Insects 
a f l a t o x i n i n f e c t i o n of corn, 235,257 
gossypol t o x i c i t y , 291 

Intestine 
absorption of altered amino acids 

from, 187-200 
perfusion experiments, a l k a l i 

treated dietary protein, 192 
Intramolecular rearrangement, l i p i d 

r a d i c a l s , 66,68 
Intubation 

general test procedures, 9t 
r a t s , b i o l o g i c a l effects 

of thermally oxidized 
o i l s , 131,133t 

Ion exchange chromatography, to 
determine D-amino acids, 17It-

Iron 
rat serum, effect of Maillard 

browned product d i e t , 397 
reaction with gossypol, 291 
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I r r a d i a t i o n , thiobarbaturic acid 
reactive substances, 87 

I s o i n h i b i t o r s , genetic 
heterogeneity, 24 

Isomer analysis 
D-amino acids, 170-73 
zein, absorption of a l k a l i treated 

dietary protein, 192 
Isopeptides, natural and xenobiotic 

cross-links i n proteins, 221-39 
Isopimpinellin 

linear furanocoumarin i n healthy 
celery, 296t 

linear furanocoumarin i n parsley, 30 
J 

Jejunal region, enzymic hydrolysis of 
isopeptides, 229 

Κ 

Karyolysis, incubation of rat heart 
c e l l s with dietary f a t s , 141 

Karyorrhexis, incubation of rat heart 
c e l l s with dietary f a t s , 141 

Kernels, corn, epidemiology of 
a f l a t o x i n formation, 256-60 

Kidneys, rat 
b i o l o g i c a l effects of thermally 

oxidized o i l s , 132 
effect of Maillard browned 

products, 391 
tissue damage, 134 

L 

Lactalbumin, lysinoalanine 
formation, 205,206t 

Lactic culture i n h i b i t i o n , 
Staphylococci, 54t 

Lactic s t a r t e r cultures, production of 
natural a n t i b i o t i c s , 55,56t 

Lactobacillus acidophilus, i n h i b i t i o n 
of pathogens, 55t 

Lard, b i o l o g i c a l effects of thermally 
oxidized o i l s , 131 

L e t h a l i t y , acute t o x i c i t y t e s t s , 6 
Leupeptins, protease i n h i b i t o r , 19 
L i f e root plant, source of 

p y r r o l i z i d i n e a l k a l o i d 
poisoning, 368,369f 

Lima beans, trypsin i s o i n h i b i t o r s , 24 
Linear furanocoumarins 

b i o l o g i c a l a c t i v i t i e s , 296 
carrots, 307 
celery, 296t,298 
parsley, 307 

Lipids 
neutral heart 

f a t t y acid composition, 139t 

L i p i d s , neutral heart—Continued 
rats intubated with various 

dietary f a t s , 139t 
t o t a l organ, rats intubated with 

d i f f e r e n t dietary f a t s , 134t,139t 
Lip i d hydroperoxide, effects on food 

components, 63 
Li p i d oxidation 

inducing mutagenicity, 78-82 
products as xenobiotics, 85-94 

Lipid peroxidation products, effects 
on rat tissues, 130 

Liver 
human, role of aflatoxins i n 

cancer, 238 
rat 

b i o l o g i c a l effects of thermally 
oxidized o i l s , 132 

effect of Maillard browned 
products, 391 

target organ of a f l a t o x i n B., 237 
tissue damage, 134 
t o x i c i t y of p y r r o l i z i d i n e 

a l k a l o i d s , 359 
Livestock production, a n t i b i o t i c feed 

supplements, 53 
Lungs, t o x i c i t y of p y r r o l i z i d i n e 

a l k a l o i d s , 359 
Lung disease, effects of natural 

a n t i b i o t i c s , 57 
Lysine 

with e-amino group, involvement i n 
binding reactions, 222 

with glucose, Maillard browning 
products with n i t r i t e , 401 

and gossypol, 291 
loss by S c h i f f base formation, 75 
with peroxidizing l i p i d , 75 

Lysinoalanine 
formation i n treated 

proteins, 187,203-17 
methods of analysis, 213 
nontreated and a l k a l i treated 

zein, 194t 
and D-serine, nephrotoxicity i n 

r a t s , 188 

M 

Macroglobulin, protease i n h i b i t o r , 19 
Macromolecular biosynthesis, effects 

of malonaldehyde, 86 
Maillard browned proteins 
mutagens i n heated foods, 118 
physiological, t o x i c o l o g i c a l , and 

n u t r i t i o n a l aspects, 379-405 
Malonaldehyde, l i p i d oxidation 

products as xenobiotics i n 
foods, 85-88 

Malondialdehyde, weak mutagenicity, 79 
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416 XENOBIOTICS IN FOODS AND FEEDS 

Maltase, effect of Maillard browned 
products, 388 

Mammalian c e l l s , effect of β-carboline 
metabolites on translocation of 
mutagens and comutagens, 108 

Mass spectrometry, p y r r o l i z i d i n e 
a l k a l o i d s , 354,357f 

Meat 
effect of content variation on 

mutagenicity, 161 
malonaldehyde content, 88t 

Membranes, effect of j3-carboline 
metabolites on c e l l u l a r 
translocation of mutagens and 
comutagens, 112,108 

Membrane encapsulation, cholesterol 
oxidation product evaluation, 92 

Metabolic pyrrole hypothesis, 
mechanism of p y r r o l i z i d i n e 
t o x i c i t y , 361 

Metabolism, microsomal, tryptophan 
pyrolysis products, 101-8 

Metabolites, natural, prevention and 
control of a f l a t o x i n i n corn, 265 

Métallo proteases, protease 
i n h i b i t o r s , 19 

Methane negative chemical i o n i z a t i o n , 
determination of trichothecene 
compounds, 271-80 

Methionine 
influence on lysinoalanine 

t o x i c i t y , 216 
with peroxidizing l i p i d , 75 

Michael addition reaction, 205,228 
Microbial action, peanut storage 

a f l a t o x i n contamination, 235 
Microbial resistance, a n t i b i o t i c s i n 

feeds, 49 
Microbiological method, D-amino 

acids, 171t 
Microsomal metabolism, tryptophan 

pyrolysis products, 101-8 
Microsomes 

effects of Norharman and Harman, 108 
mutagenicity of tryptophan pyrolysis 

products, 104 
Milk 

primary cause of a n t i b i o t i c 
residues, 51 

raw, a n t i b i o t i c - r e s i s t a n t 
microorganisms, 50 

Milk proteins, reduction i n 
d i g e s t i b i l i t y , 214 

Milk stage, Aspergillus flavus 
colonization of developing corn 
kernels, 257 

Minerals, and Aspergillus flavus 
a f l a t o x i n production, 252t 

Mitoti c index, heart c e l l 
cultures, I44t 

Mixed function oxidase system, 
microsomal metabolism of 
tryptophan pyrolysis products, 104 

Moisture 
effect on mutagenicity of cooked 

samples, 161 
kernel, effect on corn a f l a t o x i n 

contamination, 258t 
Mold growth, i n h i b i t o r y effect of 

natamycin, 54t 
Mold toxins, possible harmful effects 

i n feeds, 245 
Molecular heterogeneity, enzyme 

i n h i b i t o r s , 29-34 
Monoazo, food, drug, and cosmetic 

colors, chronic t o x i c i t y 
studies, 315-32 

Monomers, toxic properties of 
thermally oxidized f a t s , 143 

Morphology, effects of 
malonaldehyde, 86 

Multiple binding s i t e s , enzyme 
i n h i b i t o r s , 32,33t 

Mutagens 
in canned foods, l e g i s l a t i o n , 125 
chemical 

role of l i p i d hydroperoxides i n 
act i v a t i o n , 82 

synthesis of Trp-P-1 Trp-P-2, 101 
in cooked food, 149 
effects of p y r r o l i z i d i n e 

a l k a l o i d s , 360 
i s o l a t i o n , f r i e d ground beef, 163-67 
metabolism, tryptophan 

pyro l y s i s , 99-115 
Mutagenic a c t i v i t y r a t i o (MAR), 

mutagens i n cooked food, 120-125 
Mutagenicity 

cooked foods, 120-125 
food samples, various cooking 

conditions, 153t-154t 
induced by l i p i d oxidation, 78-82 
malonaldehyde, 86 
processed foods, 117 
tryptophan pyrolysis products, 99 

Mycotoxigenic molds, effects of 
antifungal a n t i b i o t i c , 54 

Mycotoxins 
discussion, 250 
trichothecene, GC/MS detection 

technique, 271-80 
vomitoxin t o x i c i t y , 243 

Myocardial i n f a r c t i o n , effect of 
natural a n t i b i o t i c s , 57 

M y r i s t i c i n , analysis of carrot 
constituents, 333-43 
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INDEX 417 

Ν 

Navel orangeworm larvae, a f l a t o x i n 
contamination of almonds, 236 

Negative chemical i o n i z a t i o n 
l i m i t of deoxynivalenol 

detection, 275t 
spectra of si x trichothecene 

derivatives, 274t 
Nephrotoxicity of lysinoalanine and 

D-serine i n r a t s , 188 
N i t r i t e s , and Maillard browned 

products, 401 
Nitrogen 

effect on Aspergillus flavus 
a f l a t o x i n production, 254t 

in oilseed allergens, 284 
Nitrogen balance, c r i t e r i o n for 

u t i l i z a t i o n of D-amino acids, 179 
Nitrosation time, formation of mutagen.* 

in Maillard browned products, 405 
N-Nitroso compounds, and the Maillard 

browning reaction, 399-401 
Nonenzymatic browning reaction, 

physiological, t o x i c o l o g i c a l , and 
n u t r i t i o n a l aspects, 379-405 

Nonproteins, r a d i c a l reactions, 77 
Nonradical oxidation products, effect 

on protein, 75 
Norharman 

comutagenic action, 108 
microsomal metabolism, 

discussion, 105 
mutagenicity of tryptophan pyrolysis 

products, 100 
Nutrition 

consequences of D-amino acids i n 
processed proteins, 169-81 

consequences of isopeptide 
formation, 228-30 

effects of racemized protein, 178 
importance of protease and amylase 

i n h i b i t o r s , 39-41 

0 

O i l s , various, evaluation of the 
b i o l o g i c a l effects of thermally 
oxidized o i l s , 131 

Oilseeds, antinutrients and 
allergens, 283-92 

Oleoma, cholesterol oxidation product 
evaluation, 92 

Olive o i l , heated, results of 
intubation of r a t s , 133 

Oncogenicity, food, drug, and cosmetic 
colors, 311-32 

Ophthalmoscopic examination, food, 
drug, and cosmetic colors, chronic 
t o x i c i t y studies, 326 

Optical isomers, determination of 
D-amino acids, 170-73 

Organs, affected by p y r r o l i z i d i n e 
a l k a l o i d s , 358 

Organ meat, mutagenic a c t i v i t y , 
discussion, 152 

Organ weights, r e l a t i v e , rats 
intubated with d i f f e r e n t dietary 
f a t s , 134t,139t 

Ovomucoids, protease 
i n h i b i t o r s , 20,25f 

Oxidation 
l i p i d products as xenobiotics, 85-94 
ra d i c a l reactions of proteins 

promoted by l i p i d 
hydroperoxides, 69-75 

thermal, b i o l o g i c a l properties, 129 
Oxy r a d i c a l s , reactions of l i p i d 

autooxidation products, 68 
Oxygen 

af l a t o x i n contamination i n corn, 259 
reaction of l i n o l e i c acid 

hydroperoxide and cysteine, 72 
reaction of α-tocopherol and l i p i d 

hydroperoxide, 77 

Ρ 

Pancreatic protease i n h i b i t o r s , 
physiological r o l e s , 39-41 

Parsley, phytoalexins i n 
umbelliferae, 307 

Pathogens 
food, drug, and cosmetic colors, 

chronic t o x i c i t y studies, 322,325 
i n h i b i t i o n by a n t i b i o t i c s , 53-56 
rats intubated with d i f f e r e n t 

dietary f a t s , 133 
Peanuts 

antinutrients, 285 
extensive a f l a t o x i n 

contamination, 233 
natural a f l a t o x i n s , 259 

Pecans, a f l a t o x i n 
contamination, 236,237 

Pentadiene r a d i c a l , hydrogen 
abstraction from f a t t y a c i d , 64 

Peptides 
amino acid uptake, 197 
sequence i n tr y p s i n i n h i b i t o r s , 37 

Perfusion experiments, i n t e s t i n a l , 
zein, absorption of a l k a l i treated 
dietary protein, 192 

Peroxidation products, l i p i d , effects 
on rat tissues, 130 

Peroxy r a d i c a l s , reactions of products 
of l i p i d autooxidation, 66,67f 

Pesticides, prevention and control of 
af l a t o x i n i n corn, 266 
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418 XENOBIOTICS IN FOODS AND FEEDS 

PH 
a c t i v i t y optima, method of detecting 

enzyme i n h i b i t o r s , 17,18f 
formation of mutagens i n Maillard 

browned products, 401 
range, racemization of amino acids 

i n proteins, 174 
Phenypropenoid, m y r i s t i c i n i n 

carrots, 334 
Phosphatase t e s t , pasteurized 

milk, 51 
Phospholipid f r a c t i o n s , f a t t y acids, 

heart c e l l s , 141t 
Phosphoproteins, /3-elimination, 204 
Phosphoserine, serine i n casein, 205 
Photocarcinogenicity, psoralens, 296 
Phototoxicity, psoralens, 296 
Physiological importance, protease and 

amylase i n h i b i t o r s , 39-41 
Physiological parameters, choice of 

species for t o x i c i t y t e s t i n g , 2-4 
Phytoalexins, d e f i n i t i o n , 298 
Phytoalexin response 

in celery, 298,305t 
furanocoumarins and 

psoralens, 295-307 
stimulation, 299 

Pistachios, a f l a t o x i n 
contamination, 236 

Plants, sources of p y r r o l i z i d i n e 
a l k a l o i d poisoning, 366 

Plant breeding, prevention and control 
of a f l a t o x i n i n corn, 265 

Plant materials, analysis of carrot 
constituents, 334 

Plant stress, involved i n corn 
a f l a t o x i n outbreak, 259 

Plasma, human, m u l t i p l i c i t y of enzyme 
i n h i b i t o r s , 20 

Poisoning, human, p y r r o l i z i d i n e 
a l k a l o i d s , 364-72 

Polarimetry, D-amino acids, 17It 
Polyacetylinic alcohol, f a l c a r i n o l i n 

carrots, 334 
Pork 

b i o l o g i c a l effects of a f l a t o x i n , 261 
malonaldehyde content, 88t 
mutagenic a c t i v i t y , 158 

Potato, white, m u l t i p l i c i t y of enzyme 
i n h i b i t o r s , 20 

Poultry products, mutagenicity of 
basic extracts, 122t 

Precanning treatment, effects on 
mutagen formation, 122 

Preharvest contamination, corn with 
a f l a t o x i n , 256 

Processed foods, mutagen formation, 117 
Processing conditions, effect on 

lysinoalanine formation, 21,208 
Pronase hydrolysis, zein amino 

acids, 191,195t 

Proteases, serine, effect of Maillard 
browned products, 388 

Protease i n h i b i t o r s , i n b i o l o g i c a l 
materials, discussion, 15-41 

Proteins 
acylation e f f e c t on lysinoalanine 

formation, 21 
cooked, brown color development, 383 
effect on di e t of thermally oxidized 

f a t s , 130 
effect of l i p i d oxidation, 69-77 
effect of racemization of amino acyl 

residues on u t i l i z a t i o n , 188 
isopeptides 

natural and xenobiotic 
c r o s s - l i n k s , 221-39 

thermal treatment, 225-28 
kidney lesions i n r a t s , 214 
physi o l o g i c a l , t o x i c o l o g i c a l , and 

n u t r i t i o n a l aspects of Maillard 
browning, 379-405 

processed, n u t r i t i o n a l consequences, 
D-amino acids, 169-81 

pyrolysis product mutagenicity, 100 
racemization of amino acids, 173-78 
severely treated, formation of 

lysinoalanine, 203-17 
source effect on lysinoalanine 

t o x i c i t y , 216 
zein, absorption of a l k a l i treated 

dietary protein 193-200 
Protein e f f i c i e n c y r a t i o , Maillard 

browned foods, 384 
Protein moiety, allergenic a c t i v i t y of 

food, 284 
Protein r i c h foods, cooked, 

mutagenicity, 149-67 
Proteolysis, protease i n h i b i t o r s , 29 
Proton magnetic resonance (pmr) 

spectroscopy, p y r r o l i z i d i n e 
a l k a l o i d s , 353 

Psoralens, phytoalexin response i n 
celery, 295-307 

Pyknotic c e l l s , percent i n heart c e l l 
cultures, 143t 

Pyrazolone, food, drug, and cosmetic 
colors, chronic t o x i c i t y 
studies, 315-32 

Pyrolysis products 
amino acids as mutagens, 117 
tryptophan, mutagens and 

comutagens, 99 
Py r r o l i z i d i n e alkaloids 

ingestion, discussion, 345-73 
t o x i c i t y mechanism, 360-63 

R 

Racemization 
amino acids i n processed food 

protein, 169 
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I N D E X 419 

Racemization—Continued 
causes i n food systems, 173-78 
protein, n u t r i t i o n a l e f f e c t s , 178,200 
t o r t i l l a processing, 210 

Radicals, peroxy, l i p i d autooxidation 
products, 66,67f 

Radical reactions 
amino acids with peroxidized 

l i p i d s , 70 
nonproteins, 77 
proteins, 69 

Radioallergosorbent test (RAST), 
diagnosis of a l l e r g y , 284 

Rancid foods, oxidation products 
derived from cholesterol, 89 

Renal lesions, i n rats fed alkaline 
treated soy protein, 215 

Reproductive e f f e c t s , vomitoxin 
t o x i c i t y , 246 

Russell mechanism, l i p i d peroxy 
r a d i c a l s , 66 

S 

Safe l e v e l , as applied to chemicals i n 
food, 5 

Safety factors, dosage l e v e l for 
t o x i c i t y t e s t i n g , 4 

Salmon, mutagenicity, various 
precanning treatments, 122 

Salmonella assay, mutagens i n f r i e d 
ground beef, 165 

Salmonella i n humans, a n t i b i o t i c 
resistance, 49 

Salmonella typhimurium, mutagens in 
cooked food, 120-125 

Salt concentration, influence on 
lysinoalanine t o x i c i t y , 216 

Schiff base formation, aldehydes 
formed from l i p i d autooxidation, 75 

/3-Scission 
amino acids with peroxidized 

l i p i d s , 70 
l i p i d r a d i c a l s , 66,68 
ra d i c a l reactions of proteins 

promoted by l i p i d 
hydroperoxides, 69-75 

S c l e r o t i n i a sclerotiorum, linear 
furanocoumarins in celery, 298 

Sclerotium, Aspergillus flavus fungus 
survival structure, 256 

Seafoods 
canned, mutagenicity of basic 

extracts, 122t 
mutagenic a c t i v i t y , 

discussion, 120t,121,154,155t 
processed, effect of additional 

heating on mutagenicity, 121t 
Selected ion monitoring, confirmation 

of trichothecene contaminated 
samples, 275 

Sequence homology, enzyme 
i n h i b i t o r s , 37 

D-Serine and lysinoalanine, 
nephrotoxicity i n r a t s , 188 

Serine proteases 
effect of Maillard browned 

products, 388 
i n h i b i t o r s , 19 

Serum, r a t , various effects of Maillard 
browned product d i e t , 396,397 

Skin, ultraviolet-induced 
carcinogenesis, 91-93 

Skin prick test (SPT), diagnosis of 
allergy, 284 

Snail epidermis, i s o i n h i b i t o r s , 24 
Sodium hypochlorite treatment, 

stimulation of phytoalexin 
response i n celery, 303 

Sodium n i t r i t e , formation of mutagens 
i n Maillard browned products, 405 

S o i l moisture, effect on a f l a t o x i n 
concentration, 234t 

Soybeans 
i n h i b i t i o n of a f l a t o x i n 

contamination, 259 
lysinoalanine formation, 205,206t 

Species choice, t o x i c i t y t e s t i n g , 2-4 
Sperm count, effect of gossypol, 292 
S p l i t nuts, a f l a t o x i n 

contamination, 236 
Stachybotryotoxicosis, 250 
Staphylococci, l a c t i c culture 

i n h i b i t i o n , 54t 
Starter cultures 

dairy, i n h i b i t i o n by a n t i b i o t i c 
residues i n milk, 51 

l a c t i c , production of natural 
a n t i b i o t i c s , 55,56t 

Steaming pretreatment, effect on 
mutagenicity of canned 
products, 124 

Stomach, r a t , effect of Maillard 
browned products, 391 

Strecker degradation, amino acids i n 
the Maillard reaction, 380 

Stress, plant, corn af l a t o x i n 
outbreak, 259 

Subacute t o x i c i t y t e s t s , 
discussion, 7»9t 

Substrate i n h i b i t i o n , effect of the 
-carbolines, 112 

Sucrose 
effect on Aspergillus flavus 

af l a t o x i n production, 253t 
interference with the thiobarbaturic 

acid reaction, 87 
Sulfhydryl proteases, protease 

i n h i b i t o r s , 19 
Sulfur-type reducing agents, 

effect on lysinoalanine 
formation, 212 
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420 XENOBIOTICS IN FOODS AND FEEDS 

Surface for cooking, effects on 
mutagenicity of protein-rich 
food, 158 

Swine, effect of a n t i b i o t i c s on weight 
gains, 53t 

Τ 

Teas, herbal, sources of p y r r o l i z i d i n e 
a l k a l o i d poisoning, 367-72 

Temperature 
afla t o x i n contamination, 234t,258 
corn s i l k fungus i n f e c t i o n , 256t 
factors i n mutagen formation, 118 
mutagenicity of cooked meats, 163 
racemization of processed protein 

amino acids, 175 
Teratogens, effects of p y r r o l i z i d i n e 

a l k a l o i d s , 360 
1,1,3,3-Tetraethoxypropane(TEP), 

malonaldehyde standard for 
thiobarbaturic acid method, 87 

Tetramethoxypropane(TMP), 
malonaldehyde standard for 
thiobarbaturic acid method, 87 

Thin layer chromatography, 
p y r r o l i z i d i n e a l k a l o i d s , 351,352s 

Thiobarbaturic acid r e a c t i v i t y , 
measurement of l i p i d oxidation i n 
foods, 87,88 

Tissue damage, r a t s , b i o l o g i c a l 
effects of thermally oxidized 
o i l s , 131 

α-Tocopherol, with peroxidized 
l i p i d s , 77 

T o r t i l l a s 
effect of a l k a l i treatment on 

absorption of dietary 
protein, 189 

lysinoalanine formation, 210 
Toxic aleukia, alimentary , human, 250 
Toxicity 

a f l a t o x i n i n corn, 260 
alkaline-treated f i s h protein, 214 
a n t i b i o t i c s i n food products, 50 
b i o l o g i c a l effects of thermally 

oxidized o i l s , 131 
chronic, vomitoxin, 244 
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i n h i b i t i o n by a n t i b i o t i c s , 53-56 
linear furanocoumarins, 296 
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a l k a l o i d s , 360-63 
p y r r o l i z i d i n e a l k a l o i d s , 358-63 
and structure r e l a t i o n s h i p , 

a l k a l o i d s , 363 
te s t i n g , systematic, 5 

Translocation, mutagens and comutagens 
across c e l l u l a r membranes, 108 

Tree nuts, a f l a t o x i n s , 236,259 
Tri a c y l g l y c e r o l f r a c t i o n s , heart c e l l 

f a t t y acids, 141t 
Trichothecene mycotoxins, GC/MS 

detection technique, 271-80 
Triglycerides, rat serum, effect of 

Maillard browned product d i e t , 397 
T r i o l , carcinogenic or tumor promoting 

a c t i v i t y , 93 
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cosmetic colors, chronic t o x i c i t y 
studies, 315-32 

Trp-P-1, tryptophan pyrolysis 
products, 100-104 

Trp-P-2, tryptophan pyrolysis 
products, 100-105,112 

Trypsin, 24 
Trypsin i n h i b i t o r s 

legumes, 286 
in peanuts, 285 

Tryptophan 
with peroxidizing l i p i d , 72 
pyrolysis products as comutagens and 
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Tyrosine, with peroxidizing l i p i d , 75 
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Umbelliferae, phytoalexins i n food 
plants, 295-307 

Uptake phenomenon, protein i n v i t r o 
d i g e s t i b i l i t y , 193,197-200 

UV-induced 
phytoalexin response i n celery, 303 
skin carcinogenesis, 92 

UV spectroscopy, analysis of 
p y r r o l i z i d i n e a l k a l o i d s , 351,352s 
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Vacuolation, incubation of rat heart 
c e l l s with dietary f a t s , 141 

Venoocclusive disease, p y r r o l i z i d i n e 
a l k a l o i d s , 364 

Vomitoxin 
possible t o x i c i t y , discussion, 241-46 
quantitation, 271,80 
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Wheat 
α-amylase i n h i b i t o r s , 28,30f 
quantitation of 
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Xanthene, food, drug, and cosmetic 
col o r s , chronic t o x i c i t y 
studies, 315-32 

Xanthotoxin 
linear furanocoumarin 

i n healthy celery, 296t 
in parsley, 307 

stimulation of phytoalexin response 
in celery, 303 

Xenobiotics, routes of addition to 
foods, 1 

Y 

Yeast extract, effect on Aspergillus 
flavus a f l a t o x i n production, 255t 

Ζ 

Zearalenone, reproductive e f f e c t s , 246 
Zein, absorption of a l k a l i treated 

dietary protein, 178,189-200 
Zinc, effect on Aspergillus flavus 

afla t o x i n production, 252t 
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