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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 

IN CHEMISTOY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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Louis-Camille Maillard (1878-1936) in a photograph taken around 1915. 
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PREFACE 

L OUÏS-CAMILLE MAILLARD, a French scientist, first observed the reaction 
that now bears his name seventy years ago. This reaction occurs between 
sugars and amino acids, polypeptides, or proteins; and between polysac
charides and polypeptides or proteins. Examples of the reaction are 
nonenzymatic browning reactions and change of taste when a steak is 
cooked, and the colorin
heat treatment such as frying, roasting,  baking,
improves food in taste, flavor, and color. When foods are stored however, 
the reaction often gives unfavorable effects, such as decreased nutritional 
value and color deterioration. Thus, better and safer preservation of food 
and its nutritional value is the goal of scientists studying the Maillard 
reaction. In the last few years there has been an increased interest in the 
Maillard reaction from scientists in the fields of agriculture, foods, nutri
tion, and carbohydrate chemistry. 

This book is a result of the first symposium on the Maillard reaction 
held in this country (the second in the world1). Panel discussions with 
audience participation were held on the subjects of food and nutritional 
benefits of Maillard reaction products and the toxicology of Maillard 
reaction products but are not reported here. Interaction between partici
pants during this meeting helped cement relations for continued help and 
perhaps will promote some new areas for cooperative research between 
American and foreign scientists. This symposium was also an important 
element in the training of graduate students; it provided them with 
increased awareness of the breadth of the scientific field. We hope that it 
is true of each of you! 

Although this book cannot give a complete account of the meeting, 
we hope that it will serve as a starting point to help guide the research of 
others. We are pleased that the Maillard reaction and its products will now 
be the subject of on-going international meetings. 

1 The first symposium was held in Uddevalla, Sweden in 1979 and was published 
as "Maillard Reactions in Food: Chemical, Physiological, and Technological Aspects," 
Eriksson, C. E . Ed. , (Progress in Food and Nutrition Science, Vol . 5, Pergamon Press, 
Oxford, 1981). The next meeting will be held in 1985, organized by Professor 
Masao Fujimaki of Tokyo, Japan. 
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1 

S e v e n t y Y e a r s of the Maillard R e a c t i o n 

SIN'ITIRO KAWAMURA 
Kagawa-ken Meizen Junior College, Kameoka 1-10, Takamatu, 760 Japan 

A historical revie 1
work of Louis-Camill
May 12, 1936) are described. The first use of 
the index term Maillard reaction in Chemical 
Abstracts was in 1950. German scientists with 
early interest in this reaction were Lintner 
(1912) and Ruckdeschel (1914). Several aspects 
of this reaction are reviewed with emphasis on 
the work of Japanese scientists. 

About the Year 1912 

Ten years ago Kawamura (_1) published a brief historical 
review on this reaction in memory of the sixtieth anniversay of 
its first report by Louis-Camille Maillard (2). The first 
Maillard paper was presented on January 8, 1912, by Armand 
Emile Justin Gautier (1837-1920) in a session of the Academy of 
Sciences in Paris. Six weeks earlier (November 27, 1911) a 
remarkable study was reported by Maillard Ο) on the 
condensation of amino acids by use of glycerol. The method of 
peptide synthesis by Emil Hermann Fischer (1835-1919) was known 
to him. However, Maillard searched for milder conditions. 
Thus he wished to condense amino acids by use of glycerol as a 
condensing agent. He thus obtained cycloglycylglycine and 
pentaglycylglycine. 

Maillard (2̂ ) then used sugars instead of glycerol to 
investigate the formation of polypeptides by the reaction of 
amino acids with alcohols. It was found that the aldehyde 
group (of an aldose) had more intense effect on amino acids 
than did the hydroxyl groups. This led to the discovery of 
this reaction. 

In a later report Maillard (4) cited a paper (5) by Arthur 
Robert Ling (1861-1937). Ling, lecturer on brewing and malting 
at the Sir John Cass Institute, presented a paper on 

0097-6156/83/0215-0003$06.00/0 
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4 MAILLARD REACTIONS 

m a l t i n g at the meeting h e l d at the C r i t e r i o n R e s t a u r a n t , 
P i c c a d i l l y , London, on May 11, 1908. He noted a remarkable 
e f f e c t of k i l n i n g or heat d r y i n g . "At the second stage of 
k i l n i n g when the range of temperature i s from 120 to 150°C, 
t h i s mellowing by 1 a u t o d i g e s t i o n 1 i s c o n t i n u e d F l a v o u r i n g 
and c o l o u r i n g matters are produced....When these q 

amino-compounds produced from p r o t e i n s are heated at 120-140 C 
w i t h sugars such as o r d i n a r y glucose or maltose, which are 
produced at t h i s stage of p r o c e s s , combination o c c u r s . The 
p r e c i s e nature of the compounds produced i s unknown to me, but 
they are probably g l u c o s a m i n e - l i k e b o d i e s . " He f u r t h e r 
d e s c r i b e d the r e a c t i o n of h e a t i n g glucose w i t h a s p a r a g i n e , 
which produced darkening i n c o l o r . 

C a r l Joseph Ludwig L i n t n e r (1855-1926), l e a d e r of the 
S c i e n t i f i c S t a t i o n f o r Brewing ( W i s s e n s c h a f t l i c h e S t a t i o n f u e r 
B r a u e r e i ) i n Munich wa
He gave a l e c t u r e (6
November, 1912. As soon as he knew of the r e p o r t of M a i l l a r d 
(2^), he made some experiments by the process of M a i l l a r d (nach 
dem Vorgange von M a i l l a r d ) . He o b t a i n e d dark r e a c t i o n 
products which were r e s p o n s i b l e a l s o f o r f l a v o r and aroma ( c f . 
7). 

Ame P i c t e t (1857-1937) of the U n i v e r s i t y of Geneva 
r e p o r t e d the f o r m a t i o n of p y r i d i n e and i s o q u i n o l i n e bases from 
a c i d h y d r o l y z a t e of c a s e i n i n the presence of formaldehyde i n 
1916 ( 8 ) . M a i l l a r d (9) c l a i m e d p r i o r i t y over him i n 
d i s c o v e r i n g the condensation of amino a c i d s w i t h aldehydes or 
sugars to y i e l d p y r i d i n e bases by c i t i n g h i s own paper ( 1 0 ) . 
We should note t h a t World War I went on from J u l y 1914 to 
November 1918; Swiss s c i e n t i s t s c o u l d c o n t i n u e r e s e a r c h , 
whereas French ones c o u l d not do so e a s i l y . 

L i f e and Work of M a i l l a r d (1878-1936) 

L o u i s - C a m i l l e M a i l l a r d was born on February 4, 1878 i n 
Pont-a-Mousson (Meuthe et M o s e l l e ) (48.55°N , 6.03°E). He went 
to Nancy, where he o b t a i n e d the degrees of M. Sc. i n 1897 and 
Dr. Med. i n 1903. T h e r e a f t e r he worked i n the Chemical 
D i v i s i o n of the School of M e d i c i n e , U n i v e r s i t y of Nancy. In 
1914 he moved to P a r i s and the young doctor worked as head of a 
b i o l o g i c a l group i n the Chemical L a b o r a t o r y , U n i v e r s i t y of 
P a r i s ( 7 ) . 

In 1911 h i s f i r s t r e p o r t (3») on p e p t i d e s y n t h e s i s was 
p r e s e n t e d and i n 1912 h i s f i r s t r e p o r t (2) on the sugar-amino 
a c i d r e a c t i o n was p u b l i s h e d . He completed a book (1_1) i n 1913. 

A f t e r World War I i n 1919 he was appointed p r o f e s s o r of 
b i o l o g i c a l and m edical c h e m i s t r y at the U n i v e r s i t y of A l g i e r s . 
In the same year he became a c o r r e s p o n d i n g member of the 
D i v i s i o n of Pharmacy, Academy of M e d i c i n e . 

In May 1936 he was i n v i t e d to P a r i s f o r a l e c t u r e . On 
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1. KAWAMURA Seventy Years of the Maillard Reaction 5 

May 12, 1936, he d i e d suddenly d u r i n g a meeting, where he was a 
judge of the c o m p e t i t i o n f o r f e l l o w s h i p ( 1 2 ) . 

There are at l e a s t 6 papers of M a i l l a r d (_3> 13-17) on 
p e p t i d e s y n t h e s i s and at l e a s t 8 (2^, 4, 9, 10, 18-21) on the 
sugar-amino a c i d r e a c t i o n . 

This r e a c t i o n , r e p o r t e d b r i e f l y i n 1912 (_2) , was d e s c r i b e d 
i n d e t a i l l a t e r ( 2 0 ). The e v o l u t i o n of carbon d i o x i d e d u r i n g 
the r e a c t i o n was a t t r i b u t e d to the c a r b o x y l group of the amino 
a c i d a f t e r very c a r e f u l q u a n t i t a t i v e experiments. 

The m e l a n o i d i n prepared from glucose and g l y c i n e was 
s o l u b l e i n the e a r l y stage and then became i n s o l u b l e i n the 
l a t e r stage of h e a t i n g . The i n s o l u b l e m e l a n o i d i n he o b t a i n e d 
c o n t a i n e d C 58.85, H 4.92, Ν 4.35, and 0 31.88%; thus the 
e m p i r i c a l formula was ( ^ β Η ΐ 5 Ν Ο β · 

He proceeded to c a r r y out the r e a c t i o n s of v a r i o u s amino 
a c i d s w i t h glucose a
v a r i o u s sugars ( a r a b i n o s e
f r u c t o s e , maltose, l a c t o s e , and sucrose ) at 100°C. In the 
f i r s t experiments the a c t i v i t y i n t h i s r e a c t i o n was i n the 
order ( h i g h e s t f i r s t ) : a l a n i n e , v a l i n e , g l y c i n e , g l u t a m i c a c i d , 
l e u c i n e , s a r c o s i n e , and t y r o s i n e . T h i s i s n e a r l y the same as 
the order g i v e n more r e c e n t l y by Kato (22^). In l a t e r 
experiments M a i l l a r d (20) showed t h a t sucrose, a nonreducing 
sugar, gave no browning upon short h e a t i n g w i t h g l y c i n e , but 
the mixture showed the b e g i n n i n g of a darkening r e a c t i o n a f t e r 
3 hr of h e a t i n g , which was a t t r i b u t e d to h y d r o l y s i s of suc r o s e . 
Pentoses, e s p e c i a l l y x y l o s e , gave h i g h e r v e l o c i t y i n t h i s 
r e a c t i o n than hexoses. 

Being a b i o c h e m i s t , M a i l l a r d (20) s t u d i e d the r e a c t i o n of 
g l y c i n e w i t h x y l o s e or glucose at 40° and then at 34°C, i n 
order to know the p o s s i b i l i t y of the change i n v i v o . 

The l a s t chapter of the same r e p o r t (20) d e a l s w i t h 
r e a c t i o n of g l y c y l g l y c i n e w i t h x y l o s e at 75, 40, and 34°C, and 
three commercial peptone p r e p a r a t i o n s w i t h x y l o s e at 110°C. 
The l a t t e r combinations darkened a f t e r 45 to 90 min. 

The l a s t r e p o r t of M a i l l a r d (2_1) i s r a t h e r a review i n 
n a t u r e , w i t h more than 50 r e f e r e n c e s . The chemical natures not 
only of humus i n s o i l but a l s o of m i n e r a l f u e l ( c o a l ) and 
browning i n food m a t e r i a l were d i s c u s s e d , e s p e c i a l l y i n 
r e l a t i o n to the presence of n i t r o g e n i n browned p r o d u c t s , which 
was i n f e r r e d to be d e r i v e d from amino a c i d s (and r e l a t e d 
n i t r o g e n o u s m a t e r i a l s ) used f o r s y n t h e t i c " m e l a n o i d i n s " . 

Thus M a i l l a r d worked e n e r g e t i c a l l y on t h i s r e a c t i o n from 
1911 through 1917 w i t h n o t a b l e r e s u l t s . 

Naming the " M a i l l a r d R e a c t i o n " 

Reynolds (2J3, 24) and Strahlmann (_7) have c i t e d E l l i s 
(1959) (2_5) and Heyns and Paulsen (1960) (26) as the f i r s t to 
c a l l t h i s browning the M a i l l a r d r e a c t i o n . I t i s c e r t a i n l y t r u e 
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6 MAILLARD REACTIONS 

t h a t they p u b l i s h e d review a r t i c l e s w i t h these words i n the 
t i t l e . However, I wondered i f any o t h e r worker used the term 
M a i l l a r d r e a c t i o n e a r l i e r . 

Examination of the s u b j e c t indexes of Chemical A b s t r a c t s 
(CA) r e s t r i c t e d to the terms browning and M a i l l a r d r e a c t i o n 
gave the r e s u l t s shown i n Table I . 

Table I . "Browning" and " M a i l l a r d r e a c t i o n " as Index 
Terms i n CA (a) 

V o l s . (Years) Browning (b) M a i l l a r d r e a c t i o n . 

1-10 (1907-16) C o l o r , change of 
11-20 (1917-26) 
21-30 (1927-36) D i s c o l o r a t i o n * 
31-40 (1937-46) 
41-50 (1947-56) 
51-55 (1957-61) 
56-65 (1962-66) 
66-75 (1967-71) 
76-85 (1972-76) Browning' 

browning 169 
π *** 1 5 1 

120 
JU^UJU^. 3 40 

No 

32 
52 
77 
157 

(a) Number of a b s t r a c t s under each index term shown. 
(b) Browning or s u b s t i t u t e index term. 

* (See a l s o C o l o r ( s ) ; C o l o r i n g ; S t a i n i n g ; Y e l l o w i n g . ) 
** (See a l s o "browning" under D i s c o l o r a t i o n . ) 

***Browning r e a c t i o n . See M a i l l a r d r e a c t i o n ; see "browning" 
under D i s c o l o r a t i o n . 
D i s c o l o r a t i o n , browning. — See a l s o M a i l l a r d r e a c t i o n . 

* * * * S t u d i e s of browning of food and r e l a t e d m a t e r i a l s were 
indexed at t h i s heading. 

Thus CA a l r e a d y used the index term M a i l l a r d r e a c t i o n i n the 
5th C o l l e c t i v e Index (1947-56), p r i o r to 1959. There was no 
index term M a i l l a r d r e a c t i o n up to v o l . 43 (1949) of CA. The 
e a r l i e s t c i t a t i o n s by t h a t term are to the 6 papers (27-32) i n 
CA 44 (1950) and 46-48 (1952-54). 

John B. Thompson (21) worked at the Trace M e t a l Research 
L a b o r a t o r i e s i n Chicago, w h i l e Andre P a t r o n (28) was employed 
at the I n s t i t u t e of C o l o n i a l F r u i t s and C i t r u s e s ( I n s t i t u t e de 
F r u i t s et Agrumes C o l o n i a u x ) i n P a r i s , and prepared a r e v i e w 
(33) c o n t a i n i n g the words M a i l l a r d r e a c t i o n i n the t i t l e . R. 
G e o f f r o y (29) of the French C o l l e g e of M i l l i n g ( E c o l e Française 
de Meunerie) i n P a r i s a l s o p u b l i s h e d a b r i e f r e v i e w on the 
M a i l l a r d r e a c t i o n i n the c e r e a l i n d u s t r y . H. L. A. T a r r (30) 
of P a c i f i c F i s h e r i e s S t a t i o n , Vancouver, B r i t i s h Columbia, as 
w e l l as Hans Wegner (3_2) of the Research I n s t i t u t e of S t a r c h 
F a b r i c a t i o n ( F o r s c h u n g s i n s t i t u t der S t a e r k e f a b r i k a t i o n ) i n 
B e r l i n , a l s o used t h i s term i n the t i t l e s of r e s e a r c h papers. 
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1. KAWAMURA Seventy Years of the Maillard Reaction 7 

P. de Lange (31) of the C e n t r a l I n s t i t u t e of Food Research 
( C e n t r . I n s t . Voedingonderzoek), U t r e c h t , Netherlands reviewed 
the mechanism of the M a i l l a r d r e a c t i o n , though h i s t i t l e d i d 
not show the term. 

Thus, I once c o n s i d e r e d Thompson (1950) and P a t r o n (1950) 
to be the f i r s t namers of the M a i l l a r d r e a c t i o n . However, 
Barnes and Kaufman (34) of General Foods C o r p o r a t i o n , Hoboken, 
NJ, p u b l i s h e d a review i n 1947, three years e a r l i e r , of which 
the a b s t r a c t i n CA begins thus: " M a i l l a r d or browning r e a c t i o n 
i n f o o d s t u f f s i s a t t r i b u t e d to a r e a c t i o n between sugars and 
p r o t e i n s or o t h e r amino b o d i e s , " and the review i t s e l f 
r e p e a t e d l y r e f e r s to the M a i l l a r d r e a c t i o n . L a t e r I found t h a t 
P a t r o n (33) c i t e d a paper by Seaver and K e r t e s z (1946) (35) 
w i t h t h i s term i n the t i t l e . 

However, t h i s type of search proved not r e l i a b l e . In 
r e a d i n g the a b s t r a c t
the L a b o r a t o r y of Fermentatio
C o l l e g e ( K o e n i g l i c h e Technische Hochschule) at Munich I found 
the words M a i l l a r d ' s r e a c t i o n i n CA more than three t i m e s . The 
o r i g i n a l paper by Ruckdeschel (1914) (36) c o n t a i n e d the words 
" d i e R e a k t i o n M a i l l a r d s " f i r s t and then the words " d i e 
M a i l l a r d s c h e R e a k t i o n " f o u r times. Hence, he may be c a l l e d one 
of the f i r s t namers of t h i s r e a c t i o n . 

I t i s t r u e t h a t M a i l l a r d h i m s e l f wrote o f t e n "my r e a c t i o n " 
(ma r e a c t i o n ) . I t i s a very simple but c l e a r c o n c l u s i o n t h a t 
the f i r s t namer of the M a i l l a r d r e a c t i o n was the o r i g i n a l 
author M a i l l a r d h i m s e l f ! I b e l i e v e t h a t no one would p r o t e s t 
t h i s d e d u c t i o n . As has a l r e a d y been noted, i n 1912 L i n t n e r (6) 
used the phrase "by the process of M a i l l a r d " . I t i s of 
i n t e r e s t to f i n d two German s c i e n t i s t s , L i n t n e r and 
Ruckdeschel, c o n c e r n i n g themselves w i t h a r e a c t i o n then 
r e c e n t l y d i s c o v e r e d by a French s c i e n t i s t , e s p e c i a l l y s i n c e 
World War I began i n J u l y , 1914. 

Chemistry of the M a i l l a r d R e a c t i o n 

Among chemical reviews (22-26, 37-42) the paper of Hodge 
(38) c o n t a i n i n g the famous scheme i s e s p e c i a l l y n o t a b l e . The 
scheme was c o n s i d e r e d p r a c t i c a l l y u s e f u l and e f f e c t i v e even 
a f t e r 25 years ( 4 2 ) . The condensation of an amino a c i d w i t h an 
a l d o s e to form a S c h i f f base was f i r s t r e c o g n i z e d by M a i l l a r d 
( 2 0 ) . The r e s u l t i n g N - s u b s t i t u t e d a l d o s y l a m i n e i s converted to 
a deoxyketosylamine by the Amadori rearrangement. ( I n the 
r e a c t i o n of an amino a c i d w i t h a ketose a deoxyaldosylamine i s 
formed by the Heyns rearrangement ( 2 4 ) ) . The t h r e e pathways of 
Hodge (_38) should be augmented to f i v e (41 ). 

Condensation products of t r i o s e reductone w i t h g l y c i n e , 
l e u c i n e , m ethionine, and p h e n y l a l a n i n e have been c h a r a c t e r i z e d 
(4 3 ) . 

Hashiba, ejt a l . (44) i s o l a t e d s i x Amadori compounds from 
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soy sauce and other brewed p r o d u c t s . Very r e c e n t l y Hashiba 
(45) compared the i n t e n s i t y of browning caused by h e a t i n g 
sugars w i t h g l y c i n e at 120°C f o r 5 min. I t was i n the order 
( h i g h e s t f i r s t ) : r i b o s e , g l u c u r o n i c a c i d , x y l o s e , a r a b i n o s e , 
g a l a c t u r o n i c a c i d , g a l a c t o s e , mannose, g l u c o s e , and l a c t o s e . 
Reducing power and the amount of g l y c i n e consumed were 
p r o p o r t i o n a l to the i n t e n s i t y of browning, but the amount of 
Amadori compounds accumulated i n the r e a c t i o n m i x t u r e c o u l d not 
be c o r r e l a t e d w i t h these. The c o r r e s p o n d i n g Amadori compounds 
were a l s o compared f o r browning i n t e n s i t y . A g e n e r a l route 

I II 
Sugar + amino a c i d Amadori compd brown pigment 

has been p o s t u l a t e d f o r the M a i l l a r d r e a c t i o n by Kato (40)· I t 
was the purpose of Hashiba's study to f i n d whether d i f f e r e n c e s 
i n browning are due t
I or I I . However, th
c o n s i d e r e d t h a t the d i f f e r e n c e of browning among sugars 
depended on the r a t e of step I or a combination of r a t e s of 
both steps I and I I , a c c o r d i n g to the sugar used. 

Namiki and Hayashi (46) r e c e n t l y summarized t h e i r theory 
of f o r m a t i o n of i n t e r m e d i a t e f r e e r a d i c a l s , Ν, Ν'-disubstituted 
p y r a z i n e c a t i o n r a d i c a l s , i n an e a r l y stage of the M a i l l a r d 
r e a c t i o n ( c f . 47). 

M e l a n o i d i n s (36, 48-50) are d i f f e r e n t from melanins, 
humins, and caramels, but s i m i l a r to humus (3_7 ), a c c o r d i n g to 
M a i l l a r d (4, 11, 19-21). Kato and Tsuchida (51) s t u d i e d the 
p o s s i b l e chemical s t r u c t u r e of m e l a n o i d i n s . 

N u t r i t i o n a l Aspects of the M a i l l a r d R e a c t i o n 

Some reviews (4^, 52-54) are a v a i l a b l e . The p o s i t i v e 
a s p e cts are found i n the p r o d u c t i o n of d e s i r a b l e f l a v o r s and 
aromas. F u j i m a k i and K u r a t a (5_5) l i s t e d aldehydes and 
p y r a z i n e s , v o l a t i l e compounds produced by h e a t i n g amino a c i d s 
w i t h c a r b o n y l compounds, i s o v a l e r a l d e h y d e produced by r e a c t i o n 
of l e u c i n e w i t h c a r b o n y l compounds (aldehydes, 
3-deoxyglucosone, x y l o s e , and g l u c o s e ) , and v o l a t i l e compounds 
produced by r e a c t i o n of c y s t e i n e w i t h pyruvaldehyde. A r e c e n t 
review (5_6) c i t e d 127 r e f e r e n c e s i n c l u d i n g about 30 Japanese 
ones. 

To study the e f f e c t of the M a i l l a r d r e a c t i o n on n u t r i t i v e 
v a l u e of p r o t e i n , P a t t o n , e_t a l . (57) heated p u r i f i e d c a s e i n 
and soybean g l o b u l i n i n 5% glucose s o l u t i o n f o r 24 hrs at 
96.5°C, and found s i g n i f i c a n t l o s s e s of l y s i n e , a r g i n i n e , 
t r y p t o p h a n , and h i s t i d i n e ( 5 2 ) . 

Kawamura, e_t a_l. (58) r e p o r t e d t h a t the nonreducing sugar 
l e v e l , a v a i l a b l e l y s i n e , and whiteness decreased i n p a r a l l e l 
w i t h h e a t i n g time of d e f a t t e d soybean f l a k e s at 100 or 120°C. 
Co n c e n t r a t i o n s of the three o l i g o s a c c h a r i d e s ( s u c r o s e , 
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r a f f i n o s e , and stachyose) tended to decrease. These 
nonreducing sugars were presumed to undergo h y d r o l y s i s upon 
h e a t i n g , and r e d u c i n g sugars formed ( f r u c t o s e , g l u c o s e , and 
g a l a c t o s e ) were r e s p o n s i b l e f o r the M a i l l a r d r e a c t i o n . 

S t u d i e s w i t h 1 5 N - n o n d i a l y z a b l e m e l a n o i d i n showed t h a t 76% 
of the d i e t a r y m e l a n o i d i n was e x c r e t e d i n r a t s ' f e ces ( 5 9 ) . 
The o r a l a d m i n i s t r a t i o n of M a i l l a r d r e a c t i o n products caused an 
i n c r e a s e i n the growth of both a e r o b i c and anaerobic 
l a c t o b a c i l l i i n the m i c r o f l o r a of r a t s ( 6 0 ) . 

M u t a g e n i c i t y of M a i l l a r d R e a c t i o n Products 

In advanced stages of the M a i l l a r d r e a c t i o n some mutagens 
might be formed. For example, mutagens appeared when ground 
beef hamburgers were cooked over 200°C ( c f . 41)· Reductive 
i n t e r m e d i a t e s i s o l a t e
reductone w i t h guanin
m u t a g e n i c i t y ( 6 1 ) . 

Japanese workers i n the N a t i o n a l Cancer Center Research 
I n s t i t u t e p u b l i s h e d reviews c o n c e r n i n g mutagens i n heated foods 
(62-64). P y r o l y z a t e s of p r o t e i n s , p e p t i d e s , and amino a c i d s , 
e s p e c i a l l y t ryptophan and g l u t a m i c a c i d , showed m u t a g e n i c i t y 
(65-69). Coffee prepared i n the u s u a l way f o r d r i n k i n g 
c o n t a i n e d some mutagenic su b s t a n c e ( s ) ( 7 0 ) . B l a c k tea and 
green tea were a l s o mutagenic. However, these f a v o r i t e 
beverages were not c a r c i n o g e n i c ( 6 4 ) . Nine h e t e r o c y c l i c amines 
were i s o l a t e d as mutagenic compounds from p y r o l y z a t e s ( 6 3 ) : 
two p y r i d o i n d o l e s , f o u r p y r i d o i m i d a z o l e s , two i m i d a z o -
q u i n o l i n e s , and 2-amino-5-phenylpyridine. None of them have 
been i s o l a t e d as products of the M a i l l a r d r e a c t i o n . Moreover, 
m u t a g e n i c i t y appeared o n l y above 400°, and even more s t r o n g l y 
at 500-600°C as the p y r o l y s i s temperature. 

Lee, e_t a_l. (_71) c a r r i e d out long-term (up to 12 months) 
f e e d i n g experiments of browned egg albumin w i t h r a t s . S e v e r a l 
changes were found, but no mutagenic response was observed. 

The M a i l l a r d R e a c t i o n i n V i v o 

A simple s k e t c h i s g i v e n along the l i n e s of two r e c e n t 
reviews (^2> 73_). Borsook, et a l . (74) observed the occurrence 
of Amadori compounds i n v i v o , which were confirmed by Heyns and 
Paulsen (75) to be 1-deoxy-l-N-aminoacy1-D-fructose 
d e r i v a t i v e s . Feeney, et a_l. (76) i n c u b a t e d glucose w i t h egg 
white at 37°C f o r a few days and observed the disappearance of 
g l u c o s e . Holmquist and Schroeder (JJ) f i r s t showed t h a t the 
N - t e r m i n a l v a l i n e of Hb-A-l-c was b l o c k e d and subsequent 
r e s e a r c h e r s showed the occurrence of Amadori rearrangement of 
an a l d o s y l a m i n e , N - ( 1 - d e o x y g l u c o s y l ) v a l i n e . Rahbar (78) 
d i s c o v e r e d an i n c r e a s e i n the minor hemoglobin component, 
Hb-A-l-c, i n the blood of d i a b e t i c p a t i e n t s . 
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Tanzer (7_9) observed the presence of the reduced form of 
the Amadori compounds formed w i t h h y d r o x y l y s i n e and r e d u c i n g 
sugars i n aged c o n n e c t i v e t i s s u e s . Mester, e_t al_. (80) 
suggested the f o r m a t i o n of Amadori compounds i n the blood from 
glucose and l y s i n e - r i c h p r o t e i n or s e r o t o n i n e . Cerami, eit 
3^.(81) showed t h a t i n d i a b e t e s m e l l i t u s s t r u c t u r a l p r o t e i n s of 
the lens might be a f f e c t e d by h i g h glucose c o n c e n t r a t i o n to 
induce c a t a r a c t through Amadori-type r e a c t i o n . I t i s l i k e l y 
t h a t t h i s k i n d of study has not been made by Japanese workers. 

M a i l l a r d R e a c t i o n i n R e l a t i o n to L i p i d s 

L i p i d s upon a u t o x i d a t i o n produce c a r b o n y l compounds, which 
r e a c t w i t h amino compounds to form brown h i g h - m o l e c u l a r 
p r o d u c t s . This type of browning has r e c e n t l y been reviewed by 
Pokorny (82^). A c c o r d i n
was p u b l i s h e d by Stansb
s t u d i e d t h i s r e a c t i o n w i t h some f i s h and r e p o r t e d t h a t most 
brown pigment of f i s h muscle was s o l u b l e i n benzene-methanol. 
Thus i n t h i s case o x i d i z e d l i p i d - p r o t e i n i n t e r a c t i o n s are more 
important than the r e a c t i o n between amino a c i d s and r i b o s e . In 
f i s h muscle the browning due to o x i d i z e d l i p i d s i s accompanied 
by the M a i l l a r d r e a c t i o n between amino a c i d s and r i b o s e . In 
t h i s c o n n e c t i o n i t i s i n t e r e s t i n g to note an e a r l i e r gaper by 
Ta r r ( 3 0 ) , who r e p o r t e d t h a t upon h e a t i n g 1 hr at 120 C h a l i b u t 
browned s l i g h t l y whereas l i n g c o d darkened markedly and t h a t 
f r e e r i b o s e was d e t e c t e d i n the l a t t e r f i s h muscle. 

M a i l l a r d r e a c t i o n products have a n t i o x i d a n t a c t i v i t y (90, 
91). Franzke and Iwainsky (92) f i r s t r e p o r t e d t h i s a c t i v i t y of 
m e l a n o i d i n s . P a t t o n (93) noted the c o n t r i b u t i o n of the 
M a i l l a r d r e a c t i o n i n p r e v e n t i n g dry m i l k powder from o x i d a t i o n . 
G r i f f i t h and Johnson (94) showed t h a t the products from 
r e a c t i o n of glucose and g l y c i n e e x h i b i t e d a n t i o x i d a t i v e 
p r o p e r t i e s i n model system w i t h l a r d . The a n t i o x i d a t i v e 
p r o p e r t i e s were a t t r i b u t e d to reductones and t h i s was proved by 
Evans, et_ a l . ( 9 5 ) . Z i p s e r and Watts (£6) r e p o r t e d t h a t 
s t e r i l i z a t i o n of meat produced a n t i o x i d a t i v e compounds by the 
M a i l l a r d r e a c t i o n . Yamaguchi, e_t a_l. (91) as w e l l as K i r i g a y a , 
et a l . (98) made e x t e n s i v e s t u d i e s c o n c e r n i n g t h i s problem. 
E i c h n e r (90) s t u d i e d i n t e r m e d i a t e r e d u c t o n e - l i k e compounds as 
a n t i o x i d a n t s . Yamaguchi, et a l . (99) f r a c t i o n a t e d the r e a c t i o n 
products o b t a i n e d by h e a t i n g D-xylose and g l y c i n e and found 
s t r o n g a n t i o x i d a t i v e a c t i v i t y i n some m e l a n o i d i n f r a c t i o n s . 

S t u d i e s on Soy Sauce 

Soy sauce i s used every day by Japanese people. I t i s a 
fermented product made from steamed soybeans, parched wheat, 
and s a l t . I t has a s p e c i a l l y p l e a s a n t f l a v o r and a deep but 
a t t r a c t i v e c o l o r . I t i s now known th a t the c o l o r of f r e s h soy 
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sauce is formed chiefly by the ordinary Maillard reaction, 
whereas the undesirable dark color of soy sauce stored in 
contact with atmospheric oxygen is produced not only by the 
advanced Maillard reaction but also and more pronouncedly by 
oxidative browning reaction. 

The pigments of soy sauce, f i r s t studied by Kurono and 
Katsume (100), are melanoidins, which were reported by Omata, 
et a l . (101) to be produced from the reaction of sugars and 
amino acids. Kato, e_t a_l. ( 102) found 3-deoxyglucosone as an 
intermediate in browning of soy sauce (cf. 103). Oxidative 
browning (104,105) was again reviewed (44) with emphasis on the 
browning of Amadori compounds and interaction between 
melanoidins and iron. 

Studies on Dried Milk Products 

One of the ea r l i e
reaction in dried milk during storage. Spray-dried whey has 
considerable amounts of lactose and protein rich in lysine. 
Theoretical treatment of the problem in whey powder was the 
object of recent studies by Labuza and Saltmarch (106, 107). 

When the whey powders are stored at a^ (water a c t i v i t y ) 
0.33, 0.44, and 0.65, protein quality loss and browning extent 
were greatest not at 0.65 but at 0.44, where amorphous lactose 
began to shi f t to the alpha-monohydrate c r y s t a l l i n e form with a 
release of water which mobilized reactants for the Maillard 
reaction (106). This type of research was continued with 
special reference to temperature conditions. The temperatures 
used were f a i r l y constant at 25, 35, and 45°C or fluctuating 
between 25° and 45 °C with alternating 5-day periods at each 
temperature. Experiments were carried out for 100-200 days. 
Temperature history, however, did not si g n i f i c a n t l y change 
reaction mechanisms (107). 
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A New Mechanism of the Maillard R e a c t i o n 

I n v o l v i n g S u g a r F r a g m e n t a t i o n a n d Free Radical 

Formation 

MITSUO NAMIKI and TATEKI HAYASHI 
Nagoya University, Department of Food Science and Technology, 
Nagoya, Japan 464 

Analyses of th
found at an early stage o  the Maillard reaction 
led to the assignment that the radical products are 
Ν,Ν '-disubstituted pyrazine cation radicals. 
Quantitative product determination at the reaction 
stage involving the free radicals indicates a 
sequential formation of glucosylamine, a 2-carbon 
and other sugar fragmentation products, then 
certain reducing products and the free radical, the 
Amadori product, and finally, glucosones. N,N'
-dialkylpyrazines, or mixtures of glycolaldehyde with 
amino compounds, are shown to be highly active in 
free radical formation as well as in browning. 
Thus we propose the existence of a new pathway to 
browning in the Maillard reaction, involving sugar 
fragmentation and free radical formation prior to 
the Amadori rearrangement. 

The mechanism proposed by Hodge in 1953 (1) for the early 
stages of the Maillard reaction, involving the Amadori rearrange
ment as a key step, has been accepted over a quarter of a century 
as a most apt description. Here3 we propose a new mechanism 
which involves cleavage of the sugar molecule with generation of 
a highly reactive two-carbon fragment at an early stage of the 
Maillard reaction, prior to the Amadori rearrangement. We were 
led to the idea of sugar fragmentation by our finding of the 
development of a novel free radical product at an early stage in 
the Maillard reaction, prior to browning Ç2). Based on the 
hyperfine structural analyses of ESR spectra of various sugar-
amino compound systems, the structures of the radical products 
were assigned as Ν,N1 -dialkylpyrazine cation radicals (3), and it 
was assumed that each alkyl-substituted nitrogen originated from 
the amino compound, and each two-carbon moiety of the pyrazine 
ring from the sugar fragment. By isolation and identification of 
glyoxal derivatives from the sugar-amine reaction system (4) we 

0097-6156/83/0215-0021$07.50/0 
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have also established that the two-carbon fragmentation of the 
sugar molecule occurs prior to Amadori rearrangement. The present 
paper describes our recent studies on this new mechanism of the 
Maillard reaction (_5,6) . 

Development of Novel Free Radicals i n the Early Stage of the 
Maillard Reaction 

With the single exception of the stable free radical 
observed in melanoidin prepared from the glycine-glucose reaction 
(7), there have been no reports of free radical formation in the 
early stages of the Maillard reaction. We have observed the 
development of ESR spectra with characteristic hyperfine 
structures at an early stage in the Maillard reaction (_2). Figure 
1 shows the changes with time in intensities of the ESR signal 
with hyperfine structure
browning during the reactio
bo i l i n g water; the ESR spectra with hyperfine structure are shown 
for each reaction mixture at the maximum intensity. In the case 
of glucose-g-alanine the ESR signal with hyperfine structure 
could be detected as soon as the reaction mixture was heated; the 
rel a t i v e intensity increased rapidly during about ten min and 
then decreased rapidly, with simultaneous loss of hyperfine 
structure. The disappearance of hyperfine structure i n the ESR 
spectrum was also accompanied by a gradual increase i n browning 
and development of a melanoidin-type ESR signal with broad 
singlet. We are concerned here only with the ESR spectra with 
hyperfine structure, due to the new free radical products. 

The ESR spectra of reaction mixtures of glucose with a- and 
β-alanine differed from each other i n the complexity of their 
hyperfine structure, the former being s p l i t into 19 lines and the 
l a t t e r into 25 l i n e s . This difference was shown to depend on 
differences in the structure of amino acid, a- and 3-alanine, by 
comparison with spectra obtained from various sugar-amino acid 
systems as shown in Table I. A l l the sugars and their related 
carbonyl compounds gave essentially the same type of ESR spectrum 
with a given amino acid, with the exception of glyceraldehyde and 
dihydroxyacetone. The l a t t e r two showed spectra resembling each 
other and with more complicated hyperfine structures than the 
others. 

The carbonyl compounds most effective i n formation of free 
radicals are also most effective i n browning, and the fact that 
glycolaldehyde has especially high a c t i v i t y i n both reactions is 
par t i c u l a r l y significant i n this study. Such carbonyl compounds 
as f u r f u r a l and crotonaldehyde showed high a c t i v i t y only i n 
browning, and examination of structures of various carbonyl 
compounds suggest that the presence of an enediol or a potential 
enediol grouping i n the carbonyl compounds i s necessary for 
radical formation. 

Investigations of various amino compounds indicated that 
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Heating Time (min) 

Figure 1. Free radical formation and browning in the reaction of Ό-glucose with 
α-alanine or β-alanine (each 3 M), and ESR spectra of the reaction mixtures heated 
in a boiling water bath. Key: O, ESR signal with hyperfine structure; , ESR 

signal with broad line; and A, browning. 
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Table I 

ESR Spectral Data on Free Radicals and Browning i n the Reaction 
of Sugars and Other Carbonyl Compounds with a- or 3-Alanine* 

ESR Spectra Browning 
S p l i t t i n g Line No. Intensity 

a-Alanine 

D-Glucose 1
D-Fructose 19
D-Arabinose 19 + 4+ 
D-Xylose 19 + ++ 
D-Ribose 19 + +++ 
Glycolaldehyde 19 +++ -H-+ 

3-Alanine 

D-Glucose 25 ++ ++ 
D-Fructose 25 ++ ++ 
D-Arabinose 25 ++ -H-H-
D-Xylose 25 -H- -H-hf 
D-Ribose 25 ++ M M 
Glyceraldehyde 35 ~ +++ M M I 
Dihydroxyacetone 35 ~ +++ M M I 
Glycolaldehyde 25 ++-H- M M I 
3-Deoxyglucosone 25 ++ M M 
5-Hydroxymethyl- ++ 

fu r f u r a l 
Furfural M M I 
Glyoxal 25 ++ ++H-
Crotonaldehyde M i l 
Propionaldehyde + 

*Aqueous solutions (each 3 M) were heated i n b o i l i n g water 
bath. 
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a b i l i t y to develop an ESR spectrum with the characteristic 
hyperfine structure was only observed i n compounds with a primary 
amino group, although certain amino compounds, such as aniline, 
cysteine, and ethylenediamine?failed to show the spectrum (3). 

Effect of Reaction Conditions on Development and S t a b i l i t y of 
Free Radicals Ç2) 

pH seemed the most important factor i n the Maillard reaction 
for determining the rates of browning as well as reaction 
processes. As shown i n Fig. 2a, free radical development was 
observed even at neutral pH, and, l i k e browning, was enhanced 
markedly by increase i n pH, although the ESR signal disappeared 
rapidly at pH above 11. The free radical formed i s known to be 
f a i r l y stable in weakly acidic reaction mixture, although i t i s 
unstable i n moderately

It is known tha
radical reactions, and radicals usually disappear rapidly i n the 
presence of oxygen. Interestingly, the free radical formed i n the 
early stages of the Maillard reaction i s f a i r l y stable i n the 
reaction mixture, as the ESR signal could be observed i n the 
mixture on heating in an open test tube without exclusion of a i r , 
although i t was abolished rapidly by bubbling a i r . Attempts to 
isolate the r a d i c a l product are as yet unsuccessful. 

Analysis of Hyperfine Structure in ESR Spectra (3) 

To elucidate the structure of the free radical products, 
analyses were made of the hyperfine structures of ESR spectra of 
various reaction systems of sugar with amino compounds. Figure 3 
shows analyses of representative ESR spectra of the reaction 
mixtures of D-glucose with α-alanine or β-alanine. The hyperfine 
structures of (A) could be resolved into 8.41 G quintet, 2.86 G 
quintet and 2.93 G t r i p l e t due to two equivalent nitrogens, four 
equivalent protons and two equivalent protons, respectively. On 
the other hand, (B) was resolved into the 8.17 G quintet, 2.84 G 
quintet and 5.36 G quintet, due to two equivalent nitrogens, four 
equivalent protons and four equivalent protons, respectively, as 
indicated by the stick diagrams and s p l i t t i n g constants in each 
figure. 

The results of analyses of the ESR spectra of various 
reaction systems are summarised in Table II. It was shown that 
a l l spectra have i n common the s p l i t t i n g s a r i s i n g from two 
equivalent nitrogens (about 8.2 G) and four equivalent protons 
(about 3.0 G), and additionally from an even number of equivalent 
protons with different s p l i t t i n g constants. These assignments l e t 
to the reasonable assumption that the radical products are N,N!-
disubstituted pyrazine cation radical derivatives, as shown i n 
Fig. 4. This assumption was strongly supported by the fact that 
the hyperfine structure as well as the g-value of the ESR 
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Figure 3. ESR spectra of the reaction mixtures of (Λ) glucose-a-alanine and (B) 
glucose-β-alanine. (Reproduced from Ref. 3. Copyright 1977, American Chemical 

Society.) 
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Table II 

Analysis of Hyperfine Structures of ESR Spectra 

Amino acide or Amine S p l i t t i n g constants (G) 

(a-H) (2-N) (4-H) 

Glycine 4. 69 (4H) 8.15 3.04 
a-Alanine 2. 93 (2H) 8.41 2.86 
β-Alanine 
Valine 
Phenylalanine 1. 31 (2H) 7.99 3.03 
Other amino acids* 1. 5±0.1 (2H) 8.310.15 2.9±0.1 
t-Butylamine 8.74 2.74 
Methylamine 7. 98 (6H) 8.35 2.83 
Me t hy l-d_ 3-amine 1. 25 (6D) 8.38 2.86 
Ethylamine 
N,N f-Diethyl-

5. 37 (4H) 8.35 2.85 Ethylamine 
N,N f-Diethyl- 5. 33 (4H) 8.37 2.82 
pyrazinium sal t 

Sugar; D-glucose, D-arabinose, D-xylose or glycolaldehyde. 
*; serine, methionine, leucine, isoleucine, tyrosine, 

arginine. 

H < crt-proton(s) 

R-C-C00H 
I 4 nitrogen 

L four equivalent 

n %A I """ pro,ons 

I r~ nitrogen 
R-C-C00H 

μ i <x-proton(s) 

from Amino 
Acid and Sugar 

H ^[\r Η 
I 
R 

from Primary 

Amine and Sugar 

Figure 4. Ν,Ν'-Disubstituted pyrazine cation radicals with assignments for hyper
fine structures of the ESR spectra in the Maillard reaction mixtures. 
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spectrum of the reaction mixture of ethylamine with D-glucose 
were i n good agreement with those of the ESR spectrum of Ν,Ν 1-
diethylpyrazine cation radical (Fig.5) synthesized according to 
the method of Curphy and Prasa (8). 

Possible Formation Pathways for the Free Radical Products 

Despite the fact that a large number of pyrazine derivatives 
have been i d e n t i f i e d as Maillard reaction products, there i s 
l i t t l e information on formation of N,N ?-disubstituted pyrazinium 
salts and on their chemical properties. This i s probably due to 
their i n s t a b i l i t y (8) 9 but in the present work we were able to 
detect the presence of such pyrazine derivatives by ESR 
spectrometry. As the pyrazine derivatives proposed have no 
substituents on the ring carbons, one could propose the following 
two pathways as plausibl
Formation of a two-carbo
the sugar or sugar-amine derivative, followed by i t s dimerization 
to give the Ν,Nf-disubstituted pyrazine product. t>) Bimolecular 
condensation of the enaminol product of the Amadori rearrangement 
to form a pyrazine derivative possessing 1,4-diamino residues and 
2,5-disugar residues, with subsequent elimination of the 
substituted sugar residues by C-C bond scission to give the 
proposed pyrazine product. 

Relation of the Free Radical to the Schiff Base, Amadori Compound 
and 3-Deoxyglucosone (_5) 

It i s of importance to investigate the relation of free 
radical formation to formation of the main intermediates in the 
generally accepted scheme of the Maillard reaction (_1) , especially 
in connection with the potential route b mentioned above. 

Figure 7 shows concentration changes i n the main i n t e r 
mediates, and the relati v e i n t e n s i t i e s of ESR signals and of 
browning during the reaction of D-glucose with β-alanine in 0.1 Ν 
NaOH solution. The free radical developed rapidly prior to, or 
simultaneously with, formation of the Amadori product, and then 
began to decrease after about 10 min, while the Amadori product 
continued to increase* 3-Deoxyglucosone increased gradually 
thereafter. These results indicate that the free,radical i s 
derived from neither the Amadori product nor, naturally, from 3-
deoxyglucosone and that i t i s produced prior to the Amadori 
rearrangement. 

To confirm these relationships, the a b i l i t y of these 
intermediates to generate the free radical was also examined. As 
shown in Fig. 8, the Amadori product did not provide any free 
radical on heating alone or with added sugar or amino acid. In 
contrast to t h i s , glucosyl-3-alanine alone gave the free radical 
to an extent similar to that i n the glucose-3-alanine system. In 
a separate run, the Schiff base, glucosyl-n-butylamine, alone i n 
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Figure 5. ESR spectra of the reaction mixture of ethylamine with glucose (lower) 
and of synthesized Ν,Ν''-diethylpyrazine cation radical (upper). (Reproduced from 

Ref. 3. Copyright 1977, American Chemical Society.) 
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Figure 6. Two possible pathways for radical formation in the reaction of a sugar 
with an amino compound. 
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CD on 
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Figure 7. Formation of free radical and other intermediates in the reaction of 
glucose with β-alanine. The mixture (each 2 M) with aqueous alkali solution (0.1 
Ν NaOH) was heated in a boiling water bath. Key: · , free radical; O , browning; 
Δ , Ι-β-alanino-l-deoxyfructose; and • , 3-deoxyglucosone. (Reproduced with 

permission from Ref. 5.) 
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Figure 8. Development of free radicals from intermediate products in the reaction 
of glucose with β-alanine. Each aqueous solution (each 1 M) was heated in boiling 
water bath. Key to A for Ι-β-alanino-l-deoxyfructose: · , radical; O , browning; 
for Ι-β-alanino-l-deoxyfructose + β-alanine: A, radical; A, browning; and for 
Ι-β-alanino-l-deoxyfructose + glucose: M, radical; browning. Key to Β for 
glucose + β-alanine: · , radical; O , browning; and for glucosyl-β-alanine: A, 

radical; A, browning. (Reproduced with permission from Ref. 5.) 
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ethanol (1 M), also provided the ESR signal to an extent similar 
to that in the glucose-n-butylamine system. 

These results establish that the free radical was produced 
before the Amadori rearrangement and eliminate the p o s s i b i l i t y of 
route b from the enaminol of sugar. Thus, the only remaining 
p o s s i b i l i t y i s formation by the i n i t i a l fragmentation of sugar or 
sugar-amino derivative to give a two-carbon enaminol. 

Formation of Fragmentation Products at an Early Stage of the 
Maillard Reaction 

The above results led to the reasonable assumption of sugar 
fragmentation at an early stage of the Maillard reaction, but 
prior to this l i t t l e was known about formation of the two-carbon 
fragments, though i t had been postulated that cleavage would 
occur at the C-2—C-
catalysed by amino acid
However, iso l a t i o n and i d e n t i f i c a t i o n of the products have not 
been reported. To investigate this fragmentation, we carried out 
experiments to isolate and identify the two-carbon products 
produced i n the sugar-amine reaction systems. 

Mixtures of various sugars with amines were refluxed in 
ethanol for 10 min. The reddish-brown mixtures were developed on 
s i l i c a gel TLC plates and sprayed with 2,4-dinitrophenylhydra-
zine (2,4-DNP). As shown in Fig. 9, a particular spot at around Rf 
0.7 was observed immediately after the spraying i n every case, 
and an additional spot was also detected i n the cases of ri-
butylamine and cyclohexylamine. These spots agreed well i n Rf 
value and characteristic coloration with those of glyoxal and 
methylglyoxal, respectively. 

The substance commonly observed in every reaction systems at 
around Rf 0.7 which was highly sensitive to 2,4-DNP attracted our 
particular attention. To isolate this substance, the reaction 
mixture of glucose with t^-butylamine was chromatographed on a 
Bondapak Cis column and subjected to preparative TLC. From the 
fraction with the appropriate Rf, we obtained the 2,4-DNP-
positive substance as a purified l i q u i d . GLC analysis of the 
reduced and acetylated product from the isolated substance showed 
a main peak id e n t i c a l with that for ethylene glycol diacetate, 
but apparently d i f f e r i n g from that for glycerol triacetate, as 
shown i n Fig. 10. This suggests that the substance was glyoxal 
or glycolaldehyde, and the former was supported by TLC analyses 
of the substance i t s e l f and of i t s reaction mixture with 2,4-DNP, 
carried out i n p a r a l l e l with authentic glyoxal (Fig.10 B). 
Furthermore, the phenylhydrazone of this substance could be 
successfully prepared, and i t s NMR spectral data agreed well with 
those of authentic glyoxal bisphenylhydrazone. The i d e n t i f i c a t i o n 
of this substance as glyoxal, however, did not necessarily mean 
that i t was a direct product of the reaction. This i s because i t 
was shown that a 2,4-DNP-positive product was certainly present 
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( silica gel , EtOAc : Me OH : CDCL ) 

• glyoxal 

methylglyoxal 

glucose and cyclohexylamine 

• · glucose and n-butylamine 

• · glucose and ethylamine 

arabinose and t-butylamine 

fructose and t-butylamine 

glucose and t-butylamine 

1.0 Rf 0 .

Figure 9. TLC of the reaction mixtures of sugars with amines in ethanol. Mixtures 
of the materials (each 1 M) were prepared by refluxing for 40 min (t-butylamine 
system) or 10 min (others), developed with ethyl acetate-methanol-chloroform 
(5:2:1) on silica gel plate, and sprayed with 2,4-DNP solution (Reproduced with 

permission from Ref. 4.) 

0 4 8 min 
110eC iso. 

Figure 10. GLC (A ) and TLC (B) of the isolated 2,4-ΌΝΡ-positive substance from 
the reaction mixture of glucose with t-butylamine in ethanol. GLC conditions: 
XE-60 column at 110 °C. In a, 2,4-DNP-positive spots of the reaction mixture 
were developed with chloroform-ethanol-water (5:2:1). In b, 2,4-DNP derivatives 
were developed with benzene-hexane-ethyl acetate (5:2:1) on silica gel plate. Key 
to A and Β: (1), isolated substance; (2), glycolaldehyde; (3), glyoxal. (Reproduced 

with permission from Ref. 4.) 
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i n the reaction mixture, but this product was easily extractable 
with ethyl acetate, whereas glyoxal was not. It was further shown 
that treatment of the reaction mixture by the addition of acid or 
s i l i c a gel powder readily converted the product to glyoxal, which 
remained i n the aqueous layer after extraction with ethyl 
acetate. It therefore seemed reasonable to assume that the 
glyoxal detected on TLC was an a r t i f a c t of hydrolysis of the 
product i n question in the mixture, effected by the s i l i c a gel 
TLC procedure. 

In order to isolate the unchanged 2,4-DNP-positive product 
from the reaction mixture, fractionation by solvent extraction 
was employed. Chloroform extraction of the reaction mixture of D-
glucose with n- or _t-buylamine gave only noncrystalline products, 
but that with cyclohexylamine yielded a colorless c r y s t a l l i n e 
product. The mass spectrum of this product gave M+' 220, 
corresponding to the
molecules of cyclohexylamin
significant peak at m/z 177 can be explained by the fragment 
CH2=CH-CH=N+=CH-CH=N-C6Hii resulting from ring f i s s i o n of the 
cyclohexyl group, which i s frequently seen for cyclohexylamine 
derivatives (9). Proton NMR of this product showed signals for 
two cyclohexylamino groups (61.30-1.80 and 3.06) and a signal for 
the two C-H protons of the imine groups (67.82). This spectrum, 
as well as the IR spectrum, agreed well with that of the 
authentic specimen of glyoxal dicyclohexylimine. The y i e l d of 
this compound, as estimated by densitometry on the TLC spot, was 
12 or 74 mmol from 1 mol glucose, when i t was reacted with 1 or 5 
mol cyclohexylamine, respectively. 

When the isolated or authentic glyoxal dicyclohexylimine was 
developed on s i l i c a gel plate i n the same way as the reaction 
mixture, the only spot produced by 2,4-DNP was that of glyoxal, 
and heating the plate sprayed with s u l f u r i c acid revealed no 
additional spot. It was also confirmed that treatment of i t s 
solution with acid or s i l i c a gel, carried out as was done before, 
readily hydrolyzed the imine to glyoxal. 

These findings confirmed that glyoxal dicyclohexylimine i s 
one of the products from the reaction of glucose with cyclohexyl
amine i n ethanol. Although the formation of similar imines by the 
reaction of glucose with other alkylamines was not d i r e c t l y 
established, detection of glyoxal by s i l i c a gel TLC, shown in 
Fig. 9, i n a l l of these cases seems to j u s t i f y the assumption 
that the two-carbon diimines are always among the products of 
this kind of reaction, under the conditions employed. 

Fragmentation Products of Sugar i n the Reaction Mixture of Sugar 
with Amine i n Aqueous System (10) 

When a mixture of glucose and _t-butylamine, 1 M each in 
d i s t i l l e d water, was heated in a bo i l i n g water bath, the 
colorless mixture soon became turbid and then turned brown. After 
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Figure 11. Ν MR and mass spectra of isolated glyoxal dicyclohexy limine. 
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about 3 min the reaction mixture was extracted with ether, and 
the extract was separated by s i l i c a gel TLC. As shown i n Fig. 12, 
immediately after spraying with 2,4-DNP two spots were observed 
at Rf values corresponding to those of authentic glyoxal and 
methylglyoxal. Proton NMR of the ether-free extract i n CDC13 

showed signals for the protons assignable to glyoxal di-n-
butylimine and methylglyoxal di-n-butylimine as indicated i n 
Fig. 12. 

It i s therefore clear that fragmentation of the sugar to two-
or three-carbon products occurred readily at a very early stage 
in the Maillard reaction in aqueous systems. 

Relation of Sugar Fragmentation to Formation of Free Radicals and 
the Main Intermediates (4) 

To elucidate th
i d e n t i f i e d two-carbon
intermediates of the early stages of the Maillard reaction, the 
progress of reaction of D-glucose with jt-butylamine in ethanol 
was followed by simultaneous analyses with respects to glycosyl-
amine, glyoxal dialkylimine, 3-deoxyglucosone, the ESR signal, 
and the degree of browning. The results are shown in Figs. 13 
and 14. It i s apparent that fragmentation occurred after 
formation of glycosylamine, but prior to formation of the free 
radical and 3-deoxyglucosone. Formation of fragmentation 
products from 3-deoxyglucosone has been postulated, but these 
results demonstrate that the fragmentation i n question i s quite 
independent of 3-deoxyglucosone formation. 

Formation Pathway of the Two-carbon Fragmentation Products 

Figure 15 shows the pathway proposed for the formation of 
the isolated two-carbon product (glyoxal diimine derivative). 
The i n i t i a l two-carbon fragment might be a glycolaldehyde 
alkylimine derived from the C-C bond scission of glycosylamino 
compound by a reverse-aldol-type reaction. However, i t w i l l be 
easily oxidized to a glyoxal monoimine derivative, and w i l l 
subsequently give the glyoxal diimine derivative, which i s the 
product isolated from the reaction mixture. Glyoxal i s an 
a r t i f a c t of the i s o l a t i o n and i d e n t i f i c a t i o n procedures. 

Formation of Four-carbon Product by the Reaction of Sugar with 
Amine (10) 

Formation of mainly two-carbon fragmentation products of 
sugars at an early stage of the Maillard reaction implies the 
presence of residual product(s) of the fragmentation in the 
reaction mixture. To demonstrate t h i s , the reaction mixture of D-
glucose with n-butylamine i n ethanol was treated at the i n i t i a l 
stage with NaBHi* and then acetylated for GLC analysis. As shown 
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TLC(2 ,4 -DNP+) 

Figure 12. TLC and NMR spectra of the ether extract of the reaction mixture of 
glucose and n-butylamine in aqueous system (each 1 M), heated for 3 min in boiling 
water bath. TLC: silica gel, developed with ethyl acetate-methanol-chloroform 

(5:2:1 ) and sprayed with 2,4-DNP (6). 

Figure 13. Formation of glucosyl-n-butylamine and glyoxal dialkylimine during 
the reaction of glucose (0.25 M) with t-butylamine (1 M) in ethanol. Key: O, 

glucosylamine; A, imine; Φ, browning. 
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Heating Time (min) 

Figure 14. Formation in glyoxal dialkylimine, 3-deoxyglucosone, and the jree 
radical from glucose with i-butylamine (each 1 M) in ethanol. Key: Φ, glyoxal 
dialkylimine; O, 3-deoxyglucosone; Δ , free radical; • , browning (absorbancy at 

420 nm). (Reproduced with permission from Réf. 4.) 
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Figure 15. Possible pathways for formation of two-carbon compounds in the reac
tion of sugar with amine. 
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i n Fig. 16A, the presence of a Ci* product i n the reaction 
mixture, probably erythrose, was shown by identity of the Rt of 
the GLC peak with that of authentic e r y t h r i t o l acetate. 

Changes in the amounts of the Ci* and C2 products measured by 
GLC and TLC, respectively, are shown in Fig. 16B. The Ci+ product 
was produced at a very early stage of the reaction and increased 
rapidly within about 10 min, and then decreased gradually. 
Formation and increase of the C2 fragment product occurred at 
somewhat after t h i s , but this may be partly due to lower 
s e n s i t i v i t y i n measurement of the C2 product by TLC, coloration 
with 2,4-DNP followed by densitometry. 

Formation of the Free Radical Product from the Two-carbon 
Fragmentation Products (4) 

Although glycolaldehyd
fragmentation products
monoaIkylimine, and w i l l subsequently give r i s e to glyoxal 
dialkylimines. These processes suggest two different pathways 
for free radical product formation i n the reaction system. The 
f i r s t i s the bimolecular ring formation from the enaminol form of 
the glycolaldehyde alkylimine, followed by oxidative formation of 
the free radical product. The second i s the formation of N,Nf-
dialkylpyrazinium ions from glyoxal monoaIkylimine followed by 
reduction to the free radical product. 

The respective intermediates i n these pathways (glycol
aldehyde alkylimine and glyoxal monoalkylimine) may be formed by 
reaction of glycolaldehyde or glyoxal with amino compound. Then, 
radical formation and browning were therefore compared between 
these two systems. As shown in Fig. 17, the glycolaldehyde 
system showed much faster and stronger radical formation and 
browning than the glyoxal system; i n particular, the l a t t e r gave 
only negligibly weak ESR signal. These results indicate that the 
former i s by far the predominant intermediate. 

Formation of Reducing Substances and Its Relation to Free Radical 
Formation (_5) 

When a reaction mixture of glucose with _t-butylamine i n 
ethanol was refluxed for 50 min and subjected to sampled DC 
polarography, there was observed a group of anodic waves 
consisting of one or two components, which were better resolved 
by DP polarography. The height of the sampled DC polarographic 
current at +0.10 V increased steadily with time, after an i n i t i a l 
induction period, as shown in Fig. 18. The reducing a b i l i t y 
of the reaction mixture was also followed by the use of Tillman's 
reagent (2,6-dichlorophenol-indophenol sodium), and gave 
essentially the same result. Interestingly, the ESR signal 
measured simultaneously indicated a similar increase during the 
reaction, although i t began to decrease past 80 min. These 
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2Γ 

Retention Time Heating Time 

Figure 16. Formation of Ci, product by the reaction of glucose (0.5 M) and 
n-butylamine (2 M) in ethanol system. (A): GLC of the reduced and acetylated 

reaction mixture. Key to (B): ·, Ch product; O, glyoxal dialkylimine (6). 

Heating Time (min) 

Figure 17. Free radical formation and browning in the reaction of two-carbon 
aldehydes with β-alanine (each 1 M) in water. The mixtures were heated in a 
boiling water bath. Key for glycolaldehyde: O, radical; A, browning. Key for 

glyoxal: %, radical; A, browning. (Reproduced with permission from Ref. 5.) 
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results suggest that free radical formation i s closely connected 
with increase in the reducing power of the reaction 
mixture, jL. _e., a particular intermediate i s formed during an 
induction period i n the i n i t i a l stage and i s then converted by 
reduction to the radical as the reducing a b i l i t y of the reaction 
mixture begins to increase. If this i s true, addition of a 
suitable reductant to the reaction mixture in the induction 
period should produce the free r a d i c a l ; the following experiment 
was carried out to verify this idea. 

Radical Precursor i n the Reaction Mixture (5 $6) 

A portion of the reaction mixture of glucose with _t-
butylamine was taken at the induction period of the reaction 
(after about 15 min), where no detectable amounts of free radical 
were present and no reducin
aqueous solution of ascorbi
intense ESR signal appeared as shown i n Fig. 19, and increased 
gradually with time at room temperature. The hyperfine structure 
of the ESR spectrum agreed well with that observed i n the 
reaction of glucose with jL-butylamine. The appearance of free 
radical on addition of ascorbic acid to the reaction mixture was 
s i m i l a r l y observed i n the system of glucose-n-butylamine i n 
ethanol, and moreover, though to a lesser extent, i n the case of 
glucose-3-alanine heated for 5 min i n a b o i l i n g water bath. 

These facts show that there exists an intermediate product 
in the reaction mixture, which can easily give the free radical 
product on mild reduction: This intermediate i s tentatively 
termed the radical precursor. 

The amount of this radical precursor i n the reaction mixture 
of glucose with _t-butylamine was estimated from intensity of the 
ESR signal that appeared 30 min after ascorbic acid was added to 
the mixture. The increase i n ESR signal during the reaction i s 
shown in Fig. 20. The radical precursor was observed at a very 
early stage of the reaction and increased rapidly for about 25 
min, then decreased along with the development of the free 
ra d i c a l . This pattern i s very similar to that observed i n the 
formation of glyoxal dialkylimine as shown i n Fig. 18. The 
s i m i l a r i t y of these changes in the precursor and in glyoxal 
dialkylimine seemed at f i r s t to suggest that the l a t t e r may be 
the precursor. However, this assumption i s unacceptable since 
glyoxal dialkylimine i s known not to give the free radical by 
i t s e l f . 

As mentioned previously, we have found that certain 
product(s) could be extracted with ether from the early stages of 
the reaction between glucose and n-butylamine i n aqueous system, 
and have assigned glyoxal dialkylimine as the main product. 
Recently, i t has been shown that the ether-extractable substance 
i s not i t s e l f a radical product but when i t i s dissolved i n an 
aqueous solution of ascorbic acid or acidic ferrocyanide, an 
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Figure 18. Formation of free  reducing  of 
glucose with X-butylamine (each 1 M) in ethanol. Key: · , free radical; reducing 
substances (determined by polarography); A, reducing ability (determined with 

Tillman's reagent). 

Figure 19. ESR spectrum (B) produced by the addition of ascorbic acid to the 
reaction mixture of glucose with t-butylamine (each 1 M) in ethanol re fluxed for 
15 min. A: reaction mixture. B: reaction mixture (0.5 mL) kept at room temperature 
for 15 min after the addition of ascorbic acid (0.1 g/mL, 0.05 mL). (Reproduced 

with permission from Ref. 5.) 
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i n t e n s e ESR s i g n a l was developed and i t s h y p e r f i n e s t r u c t u r e 
agreed w e l l w i t h t h a t of the glucose-n-butylamine r e a c t i o n 
m i x t u r e . These r e s u l t s r e a s o n a b l y l e a d to the c o n c l u s i o n t h a t 
the r a d i c a l p r e c u r s o r termed above i s g l y o x a l d i a l k y l i m i n e , and 
i n a c i d i c c o n d i t i o n i t w i l l e a s i l y g i v e g l y o x a l monoalkylimine 
d e r i v a t i v e , and subsequent r e d u c t i o n w i l l p r o v i d e g l y c o l a l d e h y d e 
monoalkylimine as a v e r y a c t i v e product to the r a d i c a l f o r m a t i o n . 

R e a c t i o n of N , N T - d i e t h y l p y r a z i n i u m S a l t 

As d e s c r i b e d above, the f r e e r a d i c a l products are c o n s i d e r e d 
as Ν,Ν'-disubstituted p y r a z i n e c a t i o n r a d i c a l p r o d u c t s . However, 
f o r m a t i o n of such p y r a z i n e d e r i v a t i v e s i n the M a i l l a r d r e a c t i o n 
i s unknown, and l i t t l e work has been done on the s y n t h e s i s of 
N _ , N f - d i e t h y l p y r a z i n i u m s a l t ( 8 ) , the one — e l e c t r o n o x i d a t i o n 
product of the N , N T - d i e t h y l p y r a z i n
d i a l k y l p y r a z i n i u m compound
are r e a d i l y decomposed t o g i v e polymer products of unknown 
s t r u c t u r e . The d i e t h y l compound i s assumed to g i v e important 
i n f o r m a t i o n on the r o l e of f r e e r a d i c a l p r o d u c t s i n browning i n 
the M a i l l a r d r e a c t i o n . Free r a d i c a l f o r m a t i o n and browning of the 
s y n t h e s i z e d Ν,Ν1-diethylpyrazinium s a l t were t h e r e f o r e examined 
i n comparison w i t h the s i m i l a r r e a c t i o n s of ethylamine w i t h 
g l y c o l a l d e h y d e or g l u c o s e systems. As shown i n F i g . 21, the s a l t 
i s v e r y u n s t a b l e and on d i s s o l u t i o n i n pH 6.0 b u f f e r s o l u t i o n 
gave in s t a n t a n e o u s browning as w e l l as f r e e r a d i c a l f o r m a t i o n . 
H e a t i n g enhanced the browning, and i t s i n c r e a s e was f a r more 
r a p i d than those observed i n the sugar-amine r e a c t i o n m i x t u r e s . 
An i n t e n s e ESR s i g n a l was observed immediately a f t e r the 
d i s s o l u t i o n and then decreased w i t h r a p i d i n c r e a s e i n browning 
w i t h h e a t i n g time. 

I t was thus shown t h a t N , N f - d i s u b s t i t u t e d p y r a z i n i u m 
compounds are very l i k e l y among the a c t i v e i n t e r m e d i a t e s of the 
browning r e a c t i o n . 

C o n c l u s i o n 

Formation of n o v e l f r e e r a d i c a l p r o d u c t s at an e a r l y stage 
of the M a i l l a r d r e a c t i o n was demonstrated by use of ESR 
spectrometry. A n a l y s e s of the h y p e r f i n e s t r u c t u r e s f o r v a r i o u s 
sugar-amino compound systems l e d to the c o n c l u s i o n t h a t the 
r a d i c a l products are Ν,Ν1-disubstituted p y r a z i n e c a t i o n r a d i c a l s . 
These new p y r a z i n e d e r i v a t i v e s are assumed to be formed by 
b i m o l e c u l a r condensation of a two-carbon enaminol compound 
i n v o l v i n g the amino r e a c t a n t r e s i d u e . The presence of such a two-
carbon product i n an e a r l y stage r e a c t i o n m i x t u r e of sugar w i t h 
amine was demonstrated by i s o l a t i o n and i d e n t i f i c a t i o n of g l y o x a l 
d i a l k y l i m i n e by use of TLC, GLC, NMR, MS and IR. 

D e t e r m i n a t i o n of product c o n c e n t r a t i o n s d u r i n g the e a r l y 
stages of the M a i l l a r d r e a c t i o n i n d i c a t e d a s e q u e n t i a l r e a c t i o n 
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Heating Time (min) 

Figure 20. Formation of radical precursor by the reaction of glucose with t-butyl-
amine (each 1 M) in ethanol. Key: O, radical precursor; · , free radical. (Repro

duced with permission from Ref. 5.) 

Heating Time (min) 

Figure 21. Changes in free radical and browning of a solution Ν^'-diethyl
pyrazinium salt and reaction mixtures of ethylamine and glycoaldehyde or glucose. 
Ν,N'-Diethylpyrazinium salt solution, 50 mM in pH 6.0 phosphate buffer, was 
heated in a boiling water bath. Key: · , browning; A, radical. The mixtures of 
ethylamine and glycoaldehyde or glucose, each 50 mM in pH 7.0 phosphate buffer, 
were heated as above. Key (browning): • , glycolaldehyde system; Q glucose sys

tem. (Reproduced with permission from Ref. 5.) 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



2. ΝΑΜίκι AND HAYASHi New Mechanism of Maillard Reaction 45 

p r o c e s s , _i.e_., i n i t i a l f o r m a t i o n of gluco s y l a m i n o compound, 
f o l l o w e d by f r a g m e n t a t i o n t o C2 and Ct+ p r o d u c t s , and subsequently 
almost simultaneous f o r m a t i o n of the r e d u c i n g substance, f r e e 
r a d i c a l and Amadori product and, f i n a l l y , f o r m a t i o n of glucosones. 

I t was shown t h a t b o t h a N , N 1 - d i a l k y l p y r a z i n i u m s a l t and a 
mi x t u r e of g l y c o l a l d e h y d e w i t h an amino compound a r e h i g h l y 
a c t i v e i n f r e e r a d i c a l f o r m a t i o n as w e l l as i n browning. 

Thus, i t i s proposed t h a t t h e r e e x i s t s a new pathway t o 
browning i n the M a i l l a r d r e a c t i o n , i n v o l v i n g sugar f r a g m e n t a t i o n 
and f r e e r a d i c a l f o r m a t i o n a t an e a r l y stage p r i o r to the Amadori 
rearrangement. The summarized scheme i s shown i n F i g . 22. T h i s 
r e a c t i o n pathway seems v e r y i n t e r e s t i n g not o n l y from the 
vi e w p o i n t of b a s i c food c h e m i s t r y but a l s o from an i n d u s t r i a l 
v i e w p o i n t , because t h i s knowledge might prove u s e f u l i n 
c o u n t e r i n g such an e a r l y stage browning of foods and beverages. 
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Figure 22. A possible pathway for formation of the free radical product and 
browning in the reaction of sugar with amino compound. (Reproduced with per

mission from Ref. 5.) 
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Analytical Use of Fluorescence-Producing 

R e a c t i o n s of Lipid- a n d Carbohydrate-Derived 

Carbonyl G r o u p s w i t h Amine End G r o u p s of 

P o l y a m i d e P o w d e r 

W. L. PORTER, E. D. BLACK, A. M. DROLET, and J. G. KAPSALIS 
U.S. Army Natick Research and Development Laboratories, Natick, MA 01760 

Carbonyl compound
and reducing carbohydrate  produc
compounds on polyamide powder coated on plastic or 
glass, as conventionally used in TLC. Lipid oxida
tive fluorescence has an excitation maximum at 356 
nm and emission at 422 nm. It may be produced in 
either the liquid or vapor phase of wet or dry oxi
dizing lipid. Fluorescence from reducing sugars 
can be distinguished by its excitation at 362 nm 
and emission at 430 nm, and, unlike lipid-derived 
fluorescence, is greatly reduced if measured in the 
vapor phase. The plate fluorescence may be repro
ducibly measured using a solid sample holder. The 
fluorescence from lipid oxidation is presumed to 
arise from polymer-bound amino-imino-propene com
pounds resulting from the reaction of malondialde-
hyde and the known amine end groups of the polyamide. 
The pH dependence, excitation and emission wave
lengths, and other chemical evidence strengthen 
this hypothesis. The nature of the fluorescent 
compounds produced by the reaction of reducing 
sugars with amine end groups on polyamide is not 
known. The sugar reaction is pseudo-first order 
with a high activation energy. Relative reaction 
rates are triose > pentose > hexose. Low water 
activity inhibits the reaction. Alkali quenches 
the fluorescence and acid restores it . Plate 
fluorescence declines at the onset of visible 
browning. The lipid oxidative fluorescence can be 
used to monitor abuse of frying oils and to eval
uate antioxidants in both emulsions and dry 
systems. The sugar-derived fluorescence can be 
used in an accelerated evaluation of browning 
potential in foods. 

This chapter not subject to U.S. copyright. 
Published 1983, American Chemical Society 
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The general nature of the fluorophore i n oxidative l i p i d -
amine browning i s known, but that for the sugar-amine browning 
reaction i s not. To study t h i s , we have used a fluorescence-
producing reaction that we have found between the v o l a t i l e s from 
oxidizing l i p i d s and polyamide powder i n thin films on s o l i d sup
ports of p l a s t i c or glass, the conventional TLC display (1). 
Reducing sugars coated on the powder or i n ambient solution pro
duce a similar fluorescence, which i n a l l cases can be ascribed to 
reaction with the amine end groups of the polyamide. This f l u o 
rescence of compounds formed on polyamide can be measured by s o l i d 
sample fluorescence spectrophotometry. In the work reported here 
we have used the oxidative reaction to measure the abuse state of 
dry o i l s and relative effectiveness of antioxidants i n l e c i t h i n 
microdispersions. The sugar-amine reaction has been used to 
assess re l a t i v e reaction rates of various sugars with amines on a 
s o l i d polymer structur

The oxidative fluorescenc
gestive of that resulting from the combination of malonaldehyde 
and primary amines. The sugar-amine fluorescence i s very similar 
i n many ways, and the precise geometry of the reacting amine sub
strate may give some insights as to the fluorophore. 

Background 

The malonaldehyde-amine reaction has been extensively studied 
by Tappel and co-workers (2), by Csallany et a l . (_3), by Privett 
and co-workers (4), Knook et a l . (5), Buttkus and Bose (6), as 
well as many others. As shown i n Figure 1, malonaldehyde may 
react with a primary amine to produce an i n i t i a l ene-amine Schiff 
base (7), then by further condensation with another amine, an 
amino-imino-propene compound. Heat and acid are required in the 
usual model reaction. The model compounds (lysine with malonal
dehyde, for example) fluoresce between 430 and 470 nm when excited 
between 350 and 360 nm (8). These are typical of the "aging" 
pigments, the organic solvent-soluble lipo f u s c i n in oxidizing 
tissue. 

The production of fluorescence i n the sugar-amine reaction 
has been treated by Hodge (9, JO), Adhikari and Tappel (11), 
D i l l a r d and Tappel (12), Acharya and Manning (13), Monnier and 
Cerami (14), and many others. In particular, sugar-derived f l u o 
rescence on s o l i d supports has been studied for wool and amino-
cellulose (15, 16) and for soluble polymers on polylysine (17), 
and polyvinylamine (18). In no case has the fluorophore been 
i d e n t i f i e d . We f e l t that the s o l i d polymers so far studied do not 
have a precise geometry of amine group di s t r i b u t i o n . Because of 
the c r y s t a l l i n e nature of polyamides such as nylon or Perlon, the 
d i s t r i b u t i o n therein i s more predictable. In addition, the a v a i l 
a b i l i t y of uniform thin layers permits s o l i d sample spectrofluo-
rometry. Since the fluorogens have been shown to be precursors of 
the brown pigments (17, 19) and are therefore an early warning of 
lysine loss, their d e f i n i t i o n and measurement seem important. 
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Characteristics of the Polyamide Substrate 

The ty p i c a l polyamide powder, a poly-e-caprolactam, i s formed 
by heating aqueous solutions of ε-caprolactam i n a sealed tube at 
223°C (20) (Figure 2). The product i s variously called nylon-6 or 
Perlon (Figure 3) (21). The highly ordered c r y s t a l l i n e structure 
i s t y p i c a l l y composed of linear bundles of about 100 residues with 
a molecular weight of about 10,000 daltons. Hydrogen bonding i n 
sures that the many amide bonds are i n registry i n the same plane 
transverse to the bundle (21). The powder i s neutral i n pH and 
appears to be zwitterionic at end-group locations. Eighty-five to 
90% of the amine and carboxylate ions are available for t i t r a t i o n , 
although apparent pK values are shifted toward the extremes of the 
pH scale from the values for the monomer ε-aminocaproic acid (20). 
The t i t r a t i o n does not obey the simple Henderson-Hasselbach equa
tion. These effects ar
electrostatic effects o
polyelectrolytes. We have demonstrated the presence of available 
amine groups i n many ways. The reagent Fluoram^, fluorescamine 
or 4-phenylspiro [furan-2(3H)-1 T-phthalan]-3,3'-dione, adds to 
primary amines to give an intense yellow-green fluorescence, exci
tation at 390 nm, emission at 475 to 490 nm. Polyamide powder, 
but not s i l i c a or Whatman f i l t e r paper, shows this reaction 
intensely. We have found that reducing sugars, but not sucrose, 
and polyamide produce fluorescence with heat and the proper water 
a c t i v i t y as expected from the potential Maillard reaction. 
p-Benzoquinones and dehydroascorbic acid on polyamide show the 
characteristic intense pink color of the known amine adducts of 
these compounds (22). The benzoquinone reaction quantitatively 
removes the a l k a l i - t i t r a b l e amine groups which are protonated at 
neutral pH (20). 

The existence of an amino-iminopropene reaction product on 
this s o l i d substrate might place rather precise l i m i t s on the 
spacing of the available amine groups. 

Materials and Methods 

Fluorescence was measured for polyamide reaction products 
with three types of materials: 1) products of oxidation of a dry 
o i l , 2) products of oxidation of microdisperse l e c i t h i n , and 3) 
sugars. 

Dry O i l Oxidation Fluorescence may be measured within or 
over an o i l or within or over an emulsion of l i p i d i n water pro
viding the pH i s below 5.5. When plate fluorescence i s to be 
measured, s o l i d sample fluorescence spectrophotometry i s necessary 
(23). A Hitachi Solid Sample Holder Attachment for Model MPF-2A 
Hitachi-Perkin Elmer Fluorescence Spectrophotometer (Figure 4) was 
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- H 2 O 
0 = CHCH = CHOH + RNH2 0 = CHCH = CHNHR 
MALONALDEHYDE N - HEXYL- ENAMINE 

(ENOL FORM) AMINE OR 
α - Ν - ACETYL-

LYSINE 

0 = CHCH=CHNHR + RNH2 RN = CHCH = CHNHR 
ENAMINE Ν< Ν ' · DISUBSTITUTED 

1 - AMINO - 3 - IMINOPROPENE 

WHERE 
R = (CH 2 ) 5 CH 3 

Figure 1. Malonaldehyde-amine reactions. (Reproduced from Ref. 8. Copyright 
1969, American Chemical Society.) 

H 2 C C H 2 

Figure 2. e-Caprolactam. 
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used. Unlike solution fluorescence spectrophotometry, s o l i d sam
ple measurement demands precise positioning. We used thin p l a s t i c 
spacer frames to achieve i t . We used the following settings: 
Excitation wavelength 360 nm; emission wavelength 430 nm; excita
tion s l i t width 2 nm; emission s l i t width 4 nm; f i l t e r 39; sensi
t i v i t y variable 2-4. Calibration using plates spotted with 30 μΐ 
quinine sulphate solution (1 yg/ml i n 0.1N H 2 S O 4 ) compared to the 
relative fluorescence intensity of known model compounds (8) sug
gested a s e n s i t i v i t y of 10 ng of the malonaldehyde-amine moiety. 

For vapor phase measurement of dry o i l oxidation, the plate 
assembly shown i n Figure 5 i s used. The lower glass or terephtha-
late p l a s t i c plate holds a disk of polyamide (1.2 χ 0.1 cm) on 
which 1 μΐ of a suitable o i l ( l i n o l e i c acid, methyl linoleate, 
cottonseed o i l ) i s deposited from a micropipette. A Buna "0" ring 
of 1.5-mm thickness i s placed surrounding the spot and a similar 
plate with a polyamide
tight seal when clampe
placed i n a 65°C draft oven with the receiver plate bottommost. 
It i s disassembled, the receiver plate removed, and the fluores
cence measured. 

Vapor Phase over Oxidizing L i p i d Emulsions For p r a c t i c a l 
vapor phase measurement of malonaldehyde over oxidizing l i p i d 
emulsions, the pH must be below 5.5, since the pK of malonaldehyde 
i s 4.65 (24). We have used a sonicated aqueous dispersion (3 g/1) 
of either crude soybean l e c i t h i n (35% acetone solubles, mostly 
triglyceride) or acetone-extracted l e c i t h i n (3-5% acetone solu
bles) procured from Ross and Rowe, Inc., an Archer, Daniels, 
Midland subsidiary. The dispersion medium i s de-ionized water 
containing 0.013M phosphate buffer. Sonication of the crude 
(plastic) l e c i t h i n i s done at maximum power for 20 min on a 
Biosonik BP-III Ultrasonic System, Bronwill S c i e n t i f i c . Sonica
tion i s carried out under a stream of nitrogen, with the vessel 
suspended i n an i c e - s a l t bath. The stripped l e c i t h i n ("Arlec"), 
which i s in dry granular form, takes only 5 min sonication to pro
duce a clear, opalescent microdispersion with no particles v i s i b l e 
in an optical microscope (1250 X). The crude l e c i t h i n microdis
persion, which was largely used for the work herein reported, i s 
cloudy gray and has spherical particles sized from 0.1 to 1.2 ym, 
as measured on the optical microscope. The most frequently 
occurring p a r t i c l e size i s about 0.1 ym. The crude l e c i t h i n 
(Yelkin DS) has been double-bleached i n factory processing with 
hydrogen peroxide and benzoyl peroxide. Ul t r a v i o l e t spectra of 
the phosphatide microdispersions prior to adding hematin showed no 
measurable conjugated diene absorption at 233 nm. Sonicated 
microdispersions are prepared either on the day of an experiment, 
or the day before, being stored at 40°C i n the dark. 

Thin-layer chromatography of the crude l e c i t h i n on s i l i c a gel 
using chloroform revealed two main spots, the phosphatides at the 
orig i n and the triglycerides at 0.67 (sterol esters and pigments 
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Figure 4. Solid-sample holder attachment. 

Figure 5. Plate assembly for oxidative fluorescence assay. 
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contaminate the l a t t e r spot). Complete acetone extraction removes 
a l l these contaminants to leave only phosphatide. In the com
mercial stripped l e c i t h i n (Arlec) that we have used, this process 
i s incomplete and the material i s only 95% acetone insoluble. 

Our previous GC analyses of the transmethylated phosphatides 
from this material, commercial soybean " l e c i t h i n , " have shown 54% 
l i n o l e i c acid and 5% l i n o l e n i c acid. The material designated soy
bean " l e c i t h i n " of course contains not only phosphatidylcholine, 
but also substantial amounts of phosphatidylethanolamine, phos-
pha t i d y l i n o s i t o l , and phosphatidic acid. Both of the l a t t e r would 
confer a substantial negative charge to the microdisperse 
p a r t i c l e s . 

We have used both the commercial crude and stripped materials 
without further p u r i f i c a t i o n in tests of r e l a t i v e antioxidant 
effectiveness because they e f f e c t i v e l y simulate two different food 
exposures of phosphatide
emulsified o i l (35% t r i g l y c e r i d e )
while the stripped powder i n microdispersion (3-5% triglyceride) 
i s an approximate membrane model (25). 

Although the crude material has 35% acetone solubles, we 
found only traces of compounds that react with the Emmerie-Engel 
reagent, a test for potential antioxidants, p a r t i c u l a r l y tocophe
r o l s . In particular, no spot was found for alpha-tocopherol. 
This i s to be expected, since the product has been peroxide 
treated i n bleaching. 

For emulsion tests, polyamide-coated terephthalate p l a s t i c 
plates are attached powder-side down by double-faced transparent 
tape strips to the undersurface of the l i d of 9 χ 1 cm Pyrex P e t r i 
dishes. The plates, 2 x 3 cm, are cut from standard 20 χ 20 cm 
polyamide-terephthalate plates used for thin-layer chromatography. 
They are Polygram R Polyamide-6 U V 2 5 4 , procured from Macherey-Nagel 
and Co. through Brinkmann Instruments, Inc., Westbury, N.Y. As 
indicated, they contain a fluorophore (zinc s i l i c a t e ) activated by 
short-wave UV, but not active i n the 360-nm range used herein. 
For the usual test, 25 ml of microdispersion i s placed i n the dish 
about 4 mm i n depth. 

Tests of r e l a t i v e effectiveness of antioxidants are conducted 
with hematin acceleration. Hematin i s procured from Calbiochem-
Behring Corporation, It i s used as received, since the UV spec
trum and TLC behavior indicate purity. In the standard prepara
tion, 75 mg of hematin i s dissolved i n 75 ml deionized water with 
8 drops of 10% KOH, and brought to a volume of 100 ml. Two ml of 
this preparation are added to 50 ml of the microdispersion at zero 
time to give a phosphatide hematin ra t i o of 100/1. Final pH i s 
5.5 to 5.6. 

Antioxidants are tested for purity by melting point and TLC 
on heat-activated s i l i c a using solvent systems 1) chloroform, 2) 
chloroform/methanol, 19/1, 3) chloroform/methanol/acetic acid, 
19/1/0.1. Antioxidants are added at 0.1% by weight of dispersed 
l i p i d . In a t y p i c a l test, 50 ml of the l e c i t h i n microdispersion 
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are t r e a t e d w i t h 0.5 ml e t h a n o l c o n t a i n i n g 0 .15 mg a n t i o x i d a n t . 
C o n t r o l s are 50 ml d i s p e r s i o n and 0 .5 ml e t h a n o l . A f t e r a d d i t i o n , 
the d i s p e r s i o n s are bubbled w i t h g l a s s - f i l t e r e d a i r f o r t h i r t y 
m inutes. Two ml of hematin s o l u t i o n are added a t zero time to 
each 50-ml p o r t i o n , and 25 ml of the m i x t u r e p l a c e d i n each P e t r i 
d i s h . The covered d i s h e s , w i t h a t t a c h e d polyamide s t r i p , are 
p l a c e d i n a 65°C d r a f t oven and sampled a t 30-min i n t e r v a l s by 
removing the d i s h t o a room temperature cupboard, s u b s t i t u t i n g a 
l a b e l e d P e t r i l i d f o r the l i d w i t h polyamide s t r i p , and measuring 
the accumulated f l u o r e s c e n t m a t e r i a l i n the s o l i d - s a m p l e f l u o r e s 
cence spectrophotometer, a process t a k i n g 5 to 8 min. 

Sugar-amine Browning F l u o r e s c e n c e development from sugar-
amine browning i s measured i n covered 9 χ 1 cm Pyrex P e t r i d i s h e s , 
much as i n the method used f o r o x i d a t i o n of emul s i o n s . A 2 χ 3 cm 
polyamide p l a t e i s a t t a c h e d
of the P e t r i l i d , a f t e
p l a t e i s soaked f o r f i v e minutes i n the a p p r o p r i a t e c o n c e n t r a t i o n 
( o f t e n 0.02 M) o f the sample sugar, removed, edge-drained on 
f i l t e r paper b r i e f l y , and d r i e d under n i t r o g e n . The l i d w i t h the 
p l a t e i s p l a c e d over 25 ml of a s a l t s o l u t i o n o r a c t i v a t e d s i l i c a 
of a p p r o p r i a t e water a c t i v i t y , and a f t e r ten min e q u i l i b r a t i o n 
the assembly i s p l a c e d i n an 80°C ( Î 2 ) d r a f t oven. The v e r y t h i n 
polyamide l a y e r s (100 ym), the s h o r t d i s t a n c e to the s o l u t i o n 
(0 .5 cm), and the r e l a t i v e l y l a r g e volume of s o l u t i o n make s h o r t 
e q u i l i b r a t i o n adequate. The f l u o r e s c e n c e of the cover p l a t e i s 
measured a t 30-min i n t e r v a l s as d e s c r i b e d above. C o n c e n t r a t i o n 
and type of sugar, temperature, and water a c t i v i t y can be v a r i e d . 

R e s u l t s 

C h a r a c t e r i s t i c s of the F l u o r e s c e n c e S p e c t r a from O x i d a t i o n 
P r o d u c t s F i g u r e 6 shows a t y p i c a l f l u o r e s c e n c e spectrum produced 
on polyamide powder exposed to the vapors of a dry f i l m of l i n o -
l e i c a c i d o x i d i z i n g a t 70°C. F i g u r e 7 shows a s i m i l a r spectrum of 
polyamide exposed to the vapors of o x i d i z i n g aqueous soy l e c i t h i n 
m i c r o d i s p e r s i o n s a t pH 5 .6 and 65°C. F i g u r e 8 shows s i m i l a r spec
t r a o b t a i n e d a f t e r polyamide exposure to vapors of o x i d i z i n g pack
aged p o t a t o c h i p s and f r e e z e - d r i e d c a r r o t s . 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 , t h e i r e s t e r s and t r i g l y c e r i d e s produced s i m i l a r s p e c t r a . 
The s i m i l a r i t i e s a re o b v i o u s . I n a l l c a s e s , e x c i t a t i o n maximum i s 
at 356 nm and e m i s s i o n a t about 422 nm. The b l a n k shown i s the 
spectrum from a polyamide p l a t e exposed i n a s i m i l a r s i t u a t i o n but 
wi t h o u t l i p i d . I t shows the r e s i d u a l of the s c a t t e r peak a t 
360 nm which i s not removed by the 39 f i l t e r . There i s a l s o a 
p a t t e r n of d i f f r a c t i o n peaks produced by the polyamide (and, 
inde e d , by any f i n e powder-coated s u r f a c e l i k e s i l i c a TLC p l a t e s ) . 
The wavelengths of t h i s d i f f r a c t i o n p a t t e r n a r e e x c i t a t i o n wave
length-dependent, u n l i k e the s i t u a t i o n i n normal f l u o r e s c e n c e , a 
g i v e n peak of which i s c o n s e r v a t i v e i n wavelength w i t h changes i n 
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Figure 6. Fluorescence emission spectrum for polyamide on plastic facing oxidiz
ing linoleic acid. Conditions: 69 °C for 20 h. 
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Figure 7. Oxidative polyamide fluorescence emission spectrum from oxidized 
soy lecithin liposomes (excitation wavelength, 360 nm). 
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Figure 8. Oxidative polyamide fluorescence emission spectra in packaged foods. 
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excitation wavelength. As can be seen, the increase i n oxidative 
fluorescence gradually obliterates this pattern. 

Measurement of the Spectral Intensity For measurement, we 
use the residual 360 nm peak as internal reference (23). The 
fluorescence intensity i s recorded i n the standard method at 
430 nm. Fluorescence index i s defined by us as the ratio 
Ι 4 3 0 / Ι 3 6 0 · This i s measured at every sampling period for both the 
blank, the control without antioxidant, and the antioxidant-
treated sample. Relative mean deviation of replicate measurements 
(repositioning the plate) i s JT5%. 

When fluorescence index i n an oxidizing system i s plotted 
against time, there i s always a typical oxidative induction period 
whether the system does not contain antioxidant (Figure 9, l i n o -
l e i c acid) or has endogenous or added antioxidant (Figure 9, cot
tonseed o i l ; Figure 10,
dependent induction period
much longer. Pro-oxidants l i k e cobalt (dry system) and hematin 
(wet system) accelerate the reaction, and antioxidants i n h i b i t or 
slow the development of fluorescence. Fatty acids and esters with 
only two methylene-interrupted double bonds ( l i n o l e i c acid) pro
duce fluorescence, at a lower rate than the linolenate of soybean 
phosphatides. In addition, the fluorescence i s somewhat broadened 
to the greenish yellow, whereas the soy emission i s pure blue. 

Chemical Characteristics of the Oxidative Fluorescence-
Producing Reaction and Presumptive Implication of Malonaldehyde 
The reaction producing measurable fluorescence on polyamide powder 
can be carried out i n the gas phase by exposure to the v o l a t i l e s 
from oxidizing polyunsaturated l i p i d s , whether acids, esters, 
tr i g l y c e r i d e s , or phosphatides. It can be also carried out within 
either the o i l phase or a water emulsion, and, as noted above, i t 
can be followed i n the vapor above an emulsion, providing the pH 
i s 5.5 or below. 

If polyamide i s exposed to an authentic malonaldehyde source, 
i . e . , vapors from a c i d i f i e d 1,1,3,3-tetraethoxypropane, intense 
fluorescence excited at 360 nm i s produced, i n i t i a l l y i n the 
430 nm range, and broadening rapidly to 440-450 nm. 

Neither s i l i c a nor Whatman f i l t e r paper, so exposed, develops 
fluorescence. As we have indicated, polyunsaturated l i p i d s pro
duce the same fluorescence on polyamide, but not on s i l i c a or 
f i l t e r paper. 

In addition, i n our hands in the most sensitive fluorescence 
test for malonaldehyde ( a c i d i f i e d , moist jD-aminobenzoic acid,PABA; 
26) authentic malonaldehyde from the tetraethoxypropane produces a 
characteristic intense yellowish-green fluorescence with excita
tion at 360 nm and emission at 450-460 nm. Oxidizing l i p i d s of 
the type used i n our system show the same fluorescence with PABA. 

Moreover, the presumptive evidence for malonaldehyde p a r t i 
cipation i s strengthened by the fact that a polyamide s t r i p 
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Figure 10. Antioxidant evaluation by oxidative polyamide fluorescence from soy 
lecithin liposomes. Key: O, blank; Q lecithin plus hematin; A, lecithin-hematin 

plus 0.1% BHA. 
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immersed 12 h at 65°C i n a microdispersion of soybean l e c i t h i n 
prepared i n borate buffer, pH 9,1, shows strong fluorescence, 
whereas a plate i n the vapor space above shows l i t t l e to none. 
After adjustment of the same oxidized l e c i t h i n microdispersion to 
pH 2.6 and holding for three h at 65°C, the vapor space plate 
shows strong fluorescence. This pH-dependent s h i f t i n development 
of fluorescence on polyamide i n the vapor space over an oxidizing 
emulsion seems strong evidence for malonaldehyde involvement, 
since the writer knows of no other carbonyl compound with such 
dependence that could be expected from l i p i d oxidation. 

F i n a l l y , the polyamide oxidative fluorescence i s unmistakably 
quenched when the fluorescing plate i s treated with sodium meth-
oxide or IN sodium hydroxide, dried, and viewed under long-wave 
UV l i g h t , a test developed by Malshet, et a l . (27). Methanol or 
water alone has no ef f e c t . Strong acid restores the fluorescence. 
We were not able to quantitat
because of the r i s k of

Characteristics of the Fluorescence Spectra from Sugar-amine 
Browning Figure 11 shows a ty p i c a l fluorescence spectrum pro
duced on a polyamide plate coated with a 0.2 M solution of the 
reducing sugar fructose, dried, and heated at 80°C at water a c t i 
v i t y 1.0. Excitation maximum i s at 362 nm and emission maximum i s 
at 430 nm. (Adhikari and Tappel (11) found excitation and 
emission maxima of 350 nm and 430 nm i n browned glucose/glycine; 
Monnier and Cerami (14) found 360 nm and 430 nm i n glucose-browned 
lens protein.) There i s a close s i m i l a r i t y to the spectra from 
oxidizing l i p i d (Figures 6, 7, 8). Sugar-amine fluorescence i s 
quantitated i n the same manner as that from oxidizing l i p i d (see 
above). In each case the blank fluorescence index i s subtracted 
from the sample index to y i e l d change in fluorescence index (AFI). 
As heating progresses, the spectrum broadens and the peak s h i f t s 
toward 440-450 nm i n a manner similar to that from oxidizing 
l i p i d s . The onset of pronounced visua l browning (tan color) i s 
accompanied by a pronounced decrease i n fluorescence intensity. 
The form of the i n i t i a l spectrum i s similar for trioses, pentoses, 
and hexoses, although the spectra of the more rapidly reacting 
trioses and pentoses broaden to longer wavelength much e a r l i e r at 
a given temperature and water a c t i v i t y . 

Reaction Kinetics of Sugar-amine Fluorescence Figure 12 
shows a typical plot of fluorescence index against time for poly-
amide coated with 0.02 M glyceraldehyde, xylose, and arabinose and 
held at water a c t i v i t y 1.0 and 80°C. The kinetics of fluorescence 
development i s , of course, only an apparent one, since concentra
tion i s undefined. There i s c l e a r l y in the early stages, however, 
a q u a s i - f i r s t order decrease from an i n i t i a l l y nearly linear, 
rapid reaction with no induction period, unlike l i p i d oxidation. 
The reaction rather rapidly approaches a l i m i t , presumably by 
saturating the surface amine groups. The maximum attained change 
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Figure 11. Polyamide fluorescence emission spectrum from fructose-amine brown
ing (excitation wavelength, 360 nm). Condition: Fructose 0.2 M , 80 °C. 
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Figure 12. Polyamide fluorescence production in sugar-amine browning. Condi
tions: Water activity 1.0, 80 °C, sugar, 0.02 M and dipped and dried plate. Key: 

Ο, blank; Δ , glyceraldehyde; 0, xylose; and • , arabinose. 
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in fluorescence index ( A F I ^ ) for sugar-amine browning i s much 
less than that for l i p i d oxidation. Δ Π ^ χ for sugar-amine brown
ing i s rarely more than 5, whereas i t can be as much as 15 i n 
l i p i d oxidation. In addition, i n sugar-amine browning, as men
tioned above, at the time of intense v i s u a l browning, fluorescence 
index begins a pronounced decline; this i s rarely seen in l i p i d 
oxidation. 

Effect of Sugar Type on Rate of Fluorescence Development 
Because of the quasi-linear i n i t i a l rate, r e l a t i v e i n i t i a l rate i s 
defined i n this study as Fl/hour expressed i n arbitrary units. 
This i s obtained from the 30-min observation. Maximum AFI 
( A F I m a x ) i s the maximum excess over blank at any time in the 
experimental run for a given sugar. 

We have studied the effect of sugar type and water a c t i v i t y 
on rate of fluorescenc
with surface concentratio
meter i s not well defined in our system, we have not studied i t s 
effects i n d e t a i l . The effect of temperature has also not been 
studied. 

Table I shows rel a t i v e rates of fluorescence development for 
a triose, pentoses, and hexoses at 80°C, at water a c t i v i t y 1.0. 
The r e l a t i v e rate order i s triose>pentose>hexose. Nonreducing 
sugars (e.g. sucrose, trehalose, raffinose) do not develop f l u o 
rescence without a long lag to permit hydrolysis. The expected 
large rate difference—fructose>>glucose—occasioned by the 
greater percentage of acyclic carbonyl group i n fructose (0.7 
versus 0.002; 28) was not found. It may be that the res t r i c t e d 
mobility of the amine group i n the c r y s t a l l i n e polyamide favors 
the aldose over the less e l e c t r o p h i l i c ketose sugar (29). 

Table I 
Rate of Polyamide Fluorescence Development 

with Reducing Sugars over Water* 

Sugar I n i t i a l Rate 
AFI/60 Min 

AFI 240 Min 

Glyceraldehyde 
Arabinose 
Ribose 
Xylose 
Dextrose 
Fructose 
Mannose 

4.2, 3.3 
1.7, 1.6 
2.0, 2.0 
2.8 

6.4 
3.6 
5.0 

4.0, 3.6 
3.4, -
3.2, 2.4 
4.0 

4.5 
4.0 
4.0 

*T = 80°C ±2. Plate immersed i n 0.02 M sugar and dried, 
suspended over water (water a c t i v i t y = 1.0). 
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Table II shows similar r e l a t i v e rates and A F I m a x measured 
over saturated aqueous NaCl (water a c t i v i t y 0.76). Limited 
studies were also made over saturated KI solutions (water a c t i v i t y 
0.60). Rate was somewhat greater at the higher water a c t i v i t y , 
but there was not s u f f i c i e n t difference to warrant further compar
ative study. The same re l a t i v e rate order for sugar type occurs 
over NaCl as over water. Table III reports similar studies over 
activated s i l i c a . The experimental scheme does not permit r i g i d 
water a c t i v i t y control at near zero a c t i v i t y , but i t i s clear that 
rates are much lower and that the same re l a t i v e rate order for 
pentose and hexose sugars i s preserved, although the differences 
are much less pronounced. The triose i s r e l a t i v e l y less reactive 
here. 

Table II 
Rate of Polyamid

Reducing Sugar

Sugar I n i t i a l Rate AFI 240 Min 
AFI/60 Min 

Glyceraldehyde 4.8 3.2 
Arabinose 3.6 3.4 
Ribose 4.5 3.9 
Xylose 3.6, 4.1 - , 3.9 
Dextrose 2.8, 2.3, 1.7 4.2 
Fructose 1.9, 1.7 2.5, -
Mannose 2.4 4.4 
*T = 80°C ±2. Plate immersed i n 0.02 M sugar and dried, 
suspended over saturated NaCl (water a c t i v i t y 0.76). 

Table III 
Rate of Polyamide Fluorescence Development with 

Reducing Sugars over Activated S i l i c a * 

Sugar I n i t i a l Rate AFI 240 Min 
AFI/60 Min 

Glyceraldehyde 1.4 2.7 
Arabinose 1.9 2.1 
Ribose 1.7 2.1 
Xylose 1.7, 1.6 2.3, 1.4 
Dextrose 1.3, 1.3 2.0, 2.4 
Fructose 1.3 2.0 
Mannose 1.1 2.0 
*T = 80°C ±2. Plate immersed i n 0.02 M sugar and dried, 
suspended over activated s i l i c a (water activity~0.0). 
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Table IV summarizes the effects of water a c t i v i t y . In this 
system, there does not appear to be the usual biphasic dependence 
on water a c t i v i t y . Fluorescence production rises monotonically 
with water a c t i v i t y to saturation. In a freeze-dried immobilized 
system, Eichner (30) has found a similar dependence for i n i t i a l 
rate of reducing power development. 

Table IV 
Effect of Sugar Type and Water A c t i v i t y 

Sugar 
Over 

Activated 
S i l i c a 

Means of I n i t i a l Rates 
(AFI/60 Min) 

Over 
Sat. NaCl Over Water 

Triose 
Pentose 
Hexose 

1.4* 
1.77 + 0.12** 
1.23 + 0.12** 

4.00 + 0.46** 
2.17 Ξ 0.32**** 

4.13 ± 0.76** 
2.17 ± 0.57*** 

*N = 1 
**N = 4 

= 5 

Chemical Characteristics of the Sugar-amine Fluorescence and 
Implications as to Fluorophore Nature The near, but not complete, 
s i m i l a r i t y of the polyamide fluorescence spectra from oxidation 
and from sugar-amine browning (excitation and emission wavelengths, 
general shape of the curve) prompts speculation as to the similar
i t y of the fluorophores, whether i n solution (11) or on polyamide. 
For both oxidative and sugar-amine browning, Adhikari and Tappel 
found p a r t i a l fluorescence quenching i n a l k a l i and reversible 
restoration on neutralization. We have found the same phenomena 
for both the oxidative and sugar-amine polyamide fluorescence 
spectra. Adhikari and Tappel suggest an imine-ene-ol structure to 
accommodate their sugar-amine data, which also include a europium 
ion chelation e f f e c t . The structure proposed by Adhikari and 
Tappel i s a tautomer of the i n i t i a l Schiff base of the malonalde
hyde with an amino acid, a structure which i s not fluorescent 
(Figure 13, I I ) , and which i s hydrolyzed easily by acid (7); only 
the amino-iminopropene product fluoresces (Figure 13, I ) . 

( I ) H O - C ( = 0 ) - C H 2 - N = CH-CH = C-NH 

( I I ) H0-C(=0)-CH 2-N=CH-CH=C(-0H) 

Figure 13. Possible structures of the fluorophore in sugar-amine browning. (Re
produced from Ref. 11. Copyright 1972, Institute of Food Technologists.) 

We have found, as did Burton et a l . (16) with wool, and 
Hannan and Lea (17) with polylysine, that the fluorescent material 
i s firmly bound to the polyamide and cannot be removed by any 
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usual combination of organic or organic-aqueous solvents, i n c l u 
ding b o i l i n g IN HC1. In addition, rather strong oxidizing agents 
such as hydrogen peroxide (30%) and 0.1% FeCl^ d o n o t irreversibly 
quench the fluorescence after washing of the surface. These data 
are not consistent with the presence of a simple low-molecular-
weight water-soluble compound. 

Antioxidant Effect of Sugar-amine Products on Polyamide We 
have also found that the fluorescent polyamide contains acid-
ferricyanide-reducing power (31) and antioxidant a c t i v i t y for 
l i n o l e i c acid (30). The l a t t e r was tested by a simple variant of 
the procedure outlined above, depositing 1 μΐ of l i n o l e i c acid on 
a plate previously made fluorescent by b r i e f heating with a 0.2 M 
xylose coating. Oxidative fluorescence development i n a fresh 
polyamide cover plate i s greatly delayed i n contrast with a simi
lar fresh plate facing
f i l t e r paper or a fresh
the fluorescence on the receiver plate arises from malonaldehyde 
from the oxidizing l i n o l e i c acid. 

Like the fluorescence, the reducing power and antioxidant 
a c t i v i t y are not decreased by washing the plate with the usual 
organic or organic-aqueous solvent combinations. The substance 
responsible i s bound to the polyamide surface. 

Possible Chemical Nature of the Sugar-amine Fluorophore In 
sugar-amine browning, the r e l a t i v e amount of the fluorophore i s 
usually low. Adhikari and Tappel found 130 ymoles per mole of 
glucose based on an assumption of an amino-imino-propene moiety 
(11). The relat i v e amount of acid reducing power i s usually much 
higher (28). But of course i t cannot be assumed, no matter how 
simple the system, that the polymer-bound fluorophore and reducing 
power reside in the same molecule. 

The polyamide fluorophore has characteristic properties. The 
bound nature of the fluorophore and i t s lack of ready hydrolysis, 
the quenching by a l k a l i and i t s t o t a l reversal by acid, the strong 
basicity thus suggested for the fluorophore (sodium carbonate does 
not quench as greatly), the lack of quenching by oxidizing agents, 
and the very marked s i m i l a r i t y of the excitation and emission 
spectra from l i p i d oxidation and sugar-amine browning, are consis
tent with a possible fluorophore of a carbohydrate-substituted 
amino-iminopropene type (Figure 13A),a vinylog of an amidinium 
compound similar to that for the malonaldehyde-adduct i n oxidative 
browning. Such compounds are strongly basic (32). This compound 
would exist at the usual pH range as the symmetric and resonant 
cation, a l k a l i t i t r a t i o n to the free base destroying much of the 
resonance. Such a compound i s clearly a crosslinking entity, to 
the extent of i t s concentration. If i t were a part of a small 
pool of a rapidly reacting obligate intermediate, i t might be 
important i n crosslinking. 

In this regard, Baltes, et a l . (33), using p-chloroaniline as 
a slow-reacting primary amine with D-glucose, have detected in the 
refractory melanoidin fraction largely fragments derived from d i -
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amine substitution on a three-carbon fragment, the quinoline 
analogs of an amino-iminopropene skeleton. 

The t o t a l lack of permanent quenching by oxidizing agents 
dictates that the fluorophore i s not part of a resonant structure 
that includes the reducing moiety. 

Applications of Oxidative and Maillard Polyamide Fluorescence 

We have used the polyamide fluorescence reaction i n accele
rated shelf l i f e tests of fats and o i l s , either with the neat o i l s 
or with plates pre-dipped i n cobalt chloride for acceleration. 

We described (34) use of the test i n abused frying o i l s . We 
have patented an application to in-package detection of oxidative 
quality loss. We have studied i n this manner the rel a t i v e effec
tiveness of antioxidants i n a thin layer of dry o i l . 

We reported (35)
effectiveness of antioxidant
(sonicated microdispersions). 

We have reported here on comparison of the sugar-amine 
browning fluorescence with oxidative lipid-derived fluorescence 
to bring out the s i m i l a r i t i e s and differences of the two emissions. 
The sugar-amine browning fluorescence can also be studied within 
an antioxidant-containing medium to assess browning potential of 
the system. 

Summary and Conclusions 

Polyamide microcrystalline powders form measurable polymer-
bound fluorescent reaction products with malonaldehyde from 
oxidizing l i p i d s and with reducing sugars. The compounds form on 
the terminal amine groups which appear to exist i n zwitterionic 
f i e l d s with carboxylate anions, as revealed by t i t r a t i o n with 
acid, a l k a l i , or benzoquinones. 

S i m i l a r i t i e s i n the spectrofluorometric and chemical behavior 
of the malonaldehyde and Maillard adducts and the constraints of 
the rather precise geometry of the available amine groups i n 
microcrystalline polyamide are consistent with a possible carbo
hydrate-substituted amino-iminopropene derivative for the sugar-
amine fluorophore. The malonaldehyde product with amino acids 
and amines has been demonstrated by others to have an amino-
iminopropene moiety. 

Analytical applications of the malonaldehyde and Maillard 
fluorescent product formation to assessment of abuse status of 
oxidizing o i l s , r e l a t i v e effectiveness of antioxidants, and 
sugar-amine browning potential are available. 
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Strecker Degradation Products from 
(1-13C)-D-Glucose and Glycine 

TOMAS NYHAMMAR, KJELL OLSSON, and PER-ÅKE PERNEMALM 1 

Swedish University of Agricultural Sciences, Department of Chemistry and 
Molecular Biology, S-750 07 Uppsala, Sweden 

The effect of pH
the yields of 5-methylpyrrole-2-carboxaldehyd
methyl pyrrol-2-yl ketone (5), 6-methyl-3-pyridinol 
(6) and 2-methyl-3-pyridinol (7) in the reaction of 
D-glucose with glycine at 100°C i n aqueous solution 
has been studied. The reaction of the potential 
intermediate 3-deoxy-D-erythro-hexosulose with 
glycine was investigated in a similar way. The reac
tion of (1-13C)-D-glucose with glycine yielded 
(13CHO)-4, (5-13C)-5, (2-13C)-6 and (6-13C)-7. The 
results support previously proposed routes to 4 and 6 
but disqualify those to 5 and 7. Based on the smooth 
formation of 7 from 2-deoxy-D-arabino-hexose (9) and 
ammonia, a new route to 5 and 7 through an enamine 
derived from 9 is proposed. This route was also 
supported by the formation of 2,3-dideoxy-D-erythro-
hexose from 3-deoxy-D-ribo-hexose and glycine. 

In the Strecker degradation, an α-amino acid suffers oxidative 
decarboxylation to an aldehyde. The amino group i s transferred to 
a carbonyl compound, which i s thereby reduced. It has been gener
a l l y accepted (J_, 2) that the carbonyl compound may be an a-di-
carbonyl compound TFigure 1a.) or i t s vinylogues but not, e_.ĝ ., an 
acyloin (Figure 1b) . Compounds 1~3 or their enol forms are impor
tant intermediates in the dehydration of hexoses (3). In Maillard 
reactions of hexoses, the Strecker degradation may therefore be 
induced by any of 1~3 or by an α-dicarbonyl compound formed through 
further dehydration of 1~3. Cyclization of the resulting amino 
sugar or some of i t s dehydration products yields heterocyclic 
compounds, formally derived from a deoxy sugar and ammonia. 

1 Current address: Pharmacia Fine Chemicals AB, P.O. Box 175, S-751 04 Uppsala, 
Sweden 
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Figure 1. Strecker degradation induced by (a) an a-dicarbonyl compound and (b) 
an acyloin. 
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Thus, i n 1977, Shaw and Berry (4) obtained the 2-acylpyr-
roles 4 and 5 by refluxing a s l i g h t l y a c i d i c aqueous solution of 
D-fructose and D^-alanine. As shown in Figure 2, both products 
were believed to form through 1 and to contain C-6 of the fruc
tose i n the methyl group. In 1978, the pyrroles 4 and 5 as well 
as the 3-pyridinols 6 and 7 were obtained under similar conditions 
from D-glucose and glycine at our department (5). As shown in 
Figure 3, compounds 4 and 6 were believed to form through 1 and 
to contain C-6 of the glucose i n the methyl group. However, 5 and 
7 were thought to form v i a 2 (or 3) and to contain C-1 of the 
glucose i n the methyl group. The proposed routes to 4 d i f f e r only 
as to whether 1 i s further dehydrated or not before the Strecker 
degradation. The routes to 5 are entir e l y different, however. 
The glucose-glycine reaction has therefore been reinvestigated 
using glucose labelled with 90 % 1 3C at C-1. The behavior of a 
few potential intermediate
also been studied. 

The glucose-glycine reaction 

Experiments with unlabelled glucose To make maximum use of 
the expensive labelled compound, we f i r s t studied the influence 
of the reaction conditions on the yields of 4~7> using ordinary 
glucose. Samples were withdrawn from each reaction mixture at 
suitable time intervals and processed according to the scheme i n 
Figure 4. The resulting Extract 1 contained a l l of the r e l a t i v e l y 
l i p o p h i l i c pyrroles (4 and 5) and some 5-(hydroxymethyl)-2-
furaldehyde (8), while Extract 3 contained a l l of the weakly basic 
pyridinols (6 and 7)· The yields of 4~7 were determined by GC 
analysis of Extracts 1 and 3 on 3 % NPGS (Neopentyl Glycol Suc
cinate) . 

Preliminary experiments showed that a considerable excess 
of glycine was required to minimize the formation of 8 and other 
caramellization products. Aqueous solutions 0.17 M in glucose and 
3.4 M in glycine were then brought to a pH ranging from 2.0 to 
8.0 and refluxed for 72 h. The yields of 4~7 at i n i t i a l pH 2.0, 
3.0, and 6.0 are shown i n Figure 5. Whereas the yields of the 
pyridinols increased steadily with time, those of the pyrroles 
reached a maximum and then declined. This was not due to conver
sion of pyrroles into pyridinols, as shown by similar experiments 
with 4 or 5 instead of glucose. The predominance of 4 and 6 at 
pH 2.0, and of 5 and 7 at pH 6.0, seemed to support the scheme i n 
Figure 3, since the importance of 2 and 3 relative to 1 as inte r 
mediates i n the dehydration of hexoses i s considered to increase 
with pH (3). 

Experiments with labelled glucose The experiment at i n i t i a l 
pH 3.0 was repeated with 540 mg of (1-^ 3C)-D-glucose and in t e r 
rupted after refluxing for 13 h. Those at i n i t i a l pH 2.0 and 6.0 
were repeated on a three times smaller scale and interrupted 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



MAILLARD REACTIONS 

CH=0 C H 3 CH 2 OH 
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ι ι ι 

C H 2 C = 0 C = 0 

H - C - O H H - C - O H C H 2 

ι ι ι 
H - C - O

CH

CH=0 1 CH=0 C H 2 N H 2 

CHNH 2 C=0 C=0 

CH C H 2 C H 2 

il ·<— ι L —>• ι L 

CH CHOH CHOH 

C=0 CHOH CHOH 

C H 3

 6 C H 2 0 H CH 2 OH 

\ - / 
C H 3 - > j X ^ C H O \ N / ^ C O C H 3 

H H 

Figure 2. Proposed intermediates in the formation of 2-acylpyrroles from D-
fructose and OL-alanine. The numbers 1 and 6 refer to fructose. (Reproduced from 

Ref. 4. Copyright 1977, American Chemical Society.) 
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F/gwre 5. Proposed intermediates in the formation of 2-acylpyrroles and 3-pyr-
idinols from Ό-glucose and glycine (5). (Numbers 1 and 6 within the structures 

refer to glucose.) 
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brought to 
pH 1 with 
3 M H2SO<, 

Extract 3 " 
6 and 7 

Aq. phase 

Centrifugation 
22,000 g; 30 min 

C H 2 C l 2 

J 4x10ml 

EtOAc 

4x25ml 

j 
EtOAc 

4x10 ml 

"L 

Polymeric 
precipitate 

Supernatant 
brought to 
pH 12 with 

J M NaOH 

Extract 2 
8 and acids 

Aq. phase 
brought to 
pH 7 with 

^sat .NaHC0 3 

Figure 4. General scheme for separation of 2-acylpyrroles (Extract 1) and 3-pyr
idinols (Extract 3) from a reaction mixture. 
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after 48 and 24 h, respectively. The whole reaction mixtures were 
processed according to Figure 4. Each extract 1 or 3 was dried 
and evaporated. The residues were dissolved i n ( H^)methanol. The 
solutions were analyzed with ^3C-NMR spectrometry, those from the 
pH 3.0 experiment also with GC/MS. The spectra were compared with 
those of unlabelled 4"~7· 

In the "off-resonance 1 1 C-NMR spectrum of each unlabelled 
compound, the h i g h - f i e l d quartet was, of course, due to the methyl 
carbon. Being linked to nitrogen, the other terminal atom of the 

chain corresponded to the doublet at lowest f i e l d . Both signals 
were very well separated from those due to the four internal atoms 
of the chain. The positions of the signals from the terminal 
carbons i n the proton-decoupled spectra are shown i n Figure 6. 
Clearly, separation of 4 from 5 or 6 from 7 was not required to 
interpret the proton-decoupled spectra of Extracts 1 and 3, 
containing the labelle
low-field signals i n Figur
noise l e v e l , the extent (90 %) of l a b e l l i n g , and the re l a t i v e 
i n t e n s i t i e s i n the spectra of the unlabelled compounds, we e s t i 
mated that <2 % of the 6 and <6 % of the 7» which formed at 
i n i t i a l pH 2.0, contained C-1 of glucose i n the methyl group. At 
i n i t i a l pH 3.0, this l i m i t was 6 % for 4 and 5, and 2 % for 7· 
At i n i t i a l pH 6.0, the l i m i t s 6 % for 5 and 9 % for 7 were e s t i 
mated. 

The fragmentation of 2-acylpyrroles (6) and 3-pyridinols (7) 
on electron impact (EI) has been elucidated and i s shown for 
4"7 i n Figure 7. The two numbers under each ion are the m/z values 
expected with the C label at the alternative positions, the 
la t t e r number within parantheses corresponding to labelled methyl 
carbon. Where the two m/_z values differed, the peak at the f i r s t 
one always predominated i n the EI mass spectra of the labelled 
4~7 obtained on GC/MS analysis of Extracts 1 and 3. This was i n 
complete accordance with the C-NMR spectrometric results, but 
for several reasons the mass spectrometric results were less 
accurate and did not exclude up to 15 % of the label i n the 
respective methyl groups. Most important, the spectra showed 
clusters of peaks at consecutive m/z values, including those of 
interest. The content was calculated by means of a computer 
program based on the somewhat doubtful assumption that ions i n 
the same cluster differed only i n hydrogen content and/or isotopic 
composition. 

The results obtained with the labelled glucose disqualify 
our routes to 5 and 7 hut are consistent with those to 4 and 6 
(Figure 3) and with the routes to 4 and 5 proposed by Shaw and 
Berry (Figure 2). 
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Extract 1 

c-r 

C-1 6' 
C H - ^ K . X ^ C H O 
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N / ^ C O C H 3 

H 
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— ι — 
100 50 

Figure 6. Positions of 13C-NMR signals from terminal atoms of the C6 chain in 
compounds 4-7. (Numbers 1 and 6 refer to glucose.) 
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Figure 7. Fragmentation of compounds 4-7 on electron impact. Two m/z values 
are given under each ion. The first value predominates in the observed mass spec
trum and corresponds to the l-13C-labeled ion. The second value, in parentheses, 
corresponds to the 6-13C-labeled ion (6,1). (Numbers 1 and 6 within the structures 

refer to glucose.) 
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Related reactions 

Experiment with 3-deoxy-D-erythro-hexosulose (1). The experi
ment with unlabelled glucose at i n i t i a l pH 3.0 was repeated after 
replacing the glucose by an equimolar amount of 1, prepared v i a 
i t s bis(benzoylhydrazone) (8). The yields of L\-J in the two experi
ments are compared i n Figure 8. This further supports the proposed 
routes to L\ and 6 but also shows that 1 i s not an important inter
mediate i n the formation of 5 or "J. Thus, the route to 5 proposed 
by Shaw and Berry (Figure 2) must also be discarded. 

It should be noted in 5 and 7 that no hetero atom i s linked to 
the carbon now known to originate from C-2 of glucose. This i s hard 
to explain with an intermediate such as 1~3 where C-2 is oxidized. 
However, without intermediates such as 1_3> the Strecker degrada
tion cannot follow the accepted course (Figure 1a.). To explain the 
elimination of the hydroxy
propose that the alternativ
or 7 is formed, as shown in Figure 9. The end product from glucose 
in Figure \b_ would be 2-deoxy-D-arabino-hexose (9). However, 
attempts to detect 9 during the glucose-glycine reaction were 
unsuccessful, although several methods of sugar analysis were 
t r i e d . A possible reason may be that the enamine precursor of 9 
i s dehydrated through 3-elimination much more rapidly than i t i s 
hydrolyzed to 9· l n Figure 9, a "vinylogous" Amadori rearrange
ment i s assumed to follow this β-elimination. 

Experiments with deoxyhexoses That the reaction steps after 
the Strecker degradation in Figure 9 are indeed fas t , was indicated 
by the following experiment. An aqueous solution 0.17 M i n (commer
c i a l ) 9 and 3.4 M in ammonium acetate was brought to pH 6.0, 
refluxed for 3 h and processed according to Figure 4. Gas chromato
graphic analysis of Extracts 1 and 3 showed a 1.0 % y i e l d of 5 and 
a 19 % y i e l d of 7· This may be compared with the respective maximum 
yields 0.27 and 0.34 % i n the much slower glucose-glycine reaction 
(Figure 5). 

To support the mechanism i n Figure 1̂ b, the reaction of 3-deoxy-
D-ribo-hexose (10), prepared v i a 3-deoxy-3-iodo-1,2;5,6-di-O-iso-
propylidene-a-D-allofuranose (9), with glycine was investigated. 
The end product from 10 i n Figure 1b would be 2,3-dideoxy-D-
erythro-hexose (H) . Since β-elimination from i t s enamine precursor 
i s not possible, H should accumulate, i f the unconventional 
Strecker degradation i n Figure 1b_ takes place. An aqueous solution 
0.17 M in 10 and 0.85 M i n glycine (pH 6.0) was refluxed. Samples 
were withdrawn after 3, 6 and 12 h, and evaporated. The sugars 
i n each residue were converted to per-O-acetylaldononitriles 
(10), which were analyzed by GC and GC/MS using a glass c a p i l l a r y 
column coated with CP S i l 5. One of the GC peaks was assigned 
to the n i t r i l e derivative of H on the basis of the EI mass 
spectrum (11) . S t i l l more convincing was the spectrum recorded 
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CHO C H = N - C H 2 - C - 0 CHNH 2 CH = NH 
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Figure 9. Proposed route to compounds 5 and 7 from Ό-glucose and glycine. 
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with chemical ionization (10), using ammonia as reaction gas. The 
intensity of (M + H)+ at m7z 272 was ca. 50 % relative to the 
base peak, which was due to (M + H + NH3)+ (m/:z 289). If there 
was no difference in GC response factor between the derivatives 
of 10 and 11, the maximum yield of H was 4.7 % and was obtained 
after 6 h. At that time, 27 % of 10 remained. 

It remains to be explained how 5 is formed from fructose and 
alanine (4). Perhaps a Heyns rearrangement will give rise to 
2-[(1-carboxyethyl)imino]-2-deoxy-2-glucose, where the (proton-
ated) alanine residue might be eliminated as proposed in Figure 9 
for the hydroxyl group at C-2 of glucose. It may be noted that 
2-amino-2-deoxy-D-glucose is unstable in slightly acidic solution, 
particularly in the presence of glycine (12). 
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Nitrite In terac t ions i n Model Maillard B r o w n i n g 

S y s t e m s 

GERALD F. RUSSELL 
University of California, Department of Food Science and Technology, 
Davis, CA 95616 

The Maillard reactio
and by carbohydrate an
reactions of glucose and amino acids lead to the formation of 
intermediates such as the Amadori compounds and their rearrange
ment products. Secondary amines in these products are thus po
tential sites for reactions with nitrite to form nitrosamines and, 
as such, may be of significance as genotoxic agents. Further 
Maillard reactions yield volatile productrs which may have 
nitrosation potential. Recent evidence has shown that formation 
of compounds formed from Maillard type reactions are biologically 
active in bacterial mutagen assays. Heterocyclic compounds such 
as thiazolidines can react with nitrous acid to form nitroso
-thiazolidines which also show genotoxicity in bacterial assays. A 
discussion of studies from model system reactions and formation of 
toxic products from reaction with nitrite is presented. 

Many reports in the literature have identified volatile and 
nonvolatile products formed from Maillard browning reactions. 
Several reports have shown the formation of 1,3-thiazoles, 1,3-
thiazolines, and 1,3-thiazolidines in the early stages of browning 
reactions from fragmentations which lead to the formation of these 
small heterocyclic molecules. Recently, some of these compounds 
have shown mutagenic activity in bacterial systems such as the 
Ames mutagen assay and hence are of interest to food toxicologists 
as genotoxic agents. Also, there is evidence that at least one 
Amadori compound, which when nitrosated, has strong mutagenic 
activity. This paper will review these recent developments as an 
overview of the the role of nitrite in Maillard reactions from the 
standpoint of their toxicological significance. 

We first became interested in this area from studying vola
tiles produced in model Maillard systems. Shibamoto and Russell 
(_̂ >_2) studied model systems such as glucose/hydrogen sulfide/ammo-
nia and reported volatile profiles which contained many of the 
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v o l a t i l e s reported in cooked meat products. Certain v o l a t i l e 
fractions produced from three model browning systems of glu-
cose/cysteamine, acetaldehyde/cysteamine, and glyoxal/cysteamine 
displayed mutagenic a c t i v i t y in the Ames assay (3_). Of particular 
interest were the heterocyclic thiazoles and their presumed t h i a -
zoline and thiazolidine precursors, since purified synthetic 
nitroso-thiazolidines were shown to exhibit varying levels of 
mutagenic response ( 4_). 

Amadori compounds (N-substituted-l-amino-l-deoxy-2-ketoses) 
are potential precursors to the formation of many of these hetero
c y c l i c v o l a t i l e products. The secondary nitrogen in most Amadori 
compounds is weakly basic and is therefore a l i k e l y site for rapid 
nitrosation reactions via normal reactions with nitrous acid, 
under mildly acidic conditions. However, purified Amadori com
pounds are usually obtained only after tedious i s o l a t i o n proce
dures are invoked to separat
typical Maillard brownin
high performance l i q u i d chromatographic (HPLC) procedures to 
separate Amadori compounds in highly purified form on a wide 
variety of columns, both of hydrophilic and hydrophobic nature. 
They were able to thus demonstrate that reaction products could be 
followed for k i n e t i c measurements as well as to ensure purity of 
isolated products. 

Takeoka et a l . (_5) also reported methods for derivatizing 
both aliphatic and aromatic Amadori compounds as ̂ -nitrobenzyloxy-
amine (PNBO) derivatives to allow f a c i l e UV detection in the pico-
raolar range for HPLC separations. They reported in the same paper 
a simple method for derivatizing the Amadori compounds to allow 
gas chromatographic/mass spectrometric (GC/MS) separation and 
i d e n t i f i c a t i o n of highly purified Amadori compounds. 

Only recently have î^-nitroso Amadori compounds been charac
terized chemically. The f i r s t description of an N-nitroso deriva
tive of an Amadori compound reported the formation of 1-deoxy-l-
(_N-nitroso-3,4-xylidino)-D-fructose to confirm that a secondary 
amino group had been formed in an Amadori compound (_6). Coughlin 
et a l . (_7) and Heyns et a l . (8) described the formation of 
nitrosated Amadori compounds. Since Amadori compounds are weakly 
basic secondary amines and occur widely i n Maillard browned foods 
and beverages (_5) and unburned tobacco (_9), the genotoxic poten
t i a l of these compounds is of interest. 

Procedures 

Analytical Instrumentation A Hewlett Packard model 5880-A 
series gas chromatograph equipped with flame ionization detection 
(FID) was f i t t e d with an 18 m χ 0.25 mm id glass capillary column 
coated with OV-101. Reaction mixtures and standards were injected 
through a stainless steel injector s p l i t t e r with a s p l i t ratio of 
100:1. The column oven was linearly programmed from 90 to 200°C 
at 2 or 5°/min. The injector and detector temperatures were 
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250°C. The gas flow rates were: nitrogen ca r r i e r gas — 0.5 
mL/min (linear velocity of 15 cm/sec), nitrogen make-up gas — 50 
mL/min, hydrogen — 40 mL/min, and compressed a i r — 240 mL/min. 

A DuPont model 21-492B GC/MS with an Incos data system was 
used to confirm the presence of thiazolidine and nitrosated 
thiazolidine. A 30 m χ 0.24 mm id glass capillary column coated 
with SP-2250 was used for GC/MS analyses with a 30:1 s p l i t ratio 
(with the larger fraction vented to atmosphere through a charcoal 
trap). Electron impact ionization was used at 70 eV. The data 
system generated total ion current chromatograms and recorded mass 
spectra. 

A Perkin Elmer model 257 infrared spectrophotometer with a 
beam condenser and normal s l i t program was used to identify some 
reaction products. Infrared (IR) spectra of the compounds were 
obtained from neat liquids between KBr crystals. 

Preparation of Standard
tures _N-Nitroso-l,3-thiazolidine was prepared by direct nitrosa
tion of 1,3-thiazolidine and also from reaction of cysteamine/for-
maldehyde/nitrite. Details for the experimental procedures 
involved in the preparation and work up of these standards and 
mixtures w i l l be presented elsewhere (10). Quantitative deter
mination of 1,3-thiazolidine and Jtf-nitroso-l,3-thiazoline were 
obtained for seven reaction mixtures (10): 

(1) Thiazolidine (0.5M) heated i n aqueous solution (pH 5.5, 
60°C, 12 h). 

(2) Thiazolidine (0.2M) heated i n aqueous solution (pH 4.5, 
60°C, 12 h). 

(3) Thiazolidine (0.2M) heated in aqueous solution with 0.4M 
n i t r i t e (pH 4.5, 60°C, 2 h). 

(4) Cysteamine (0.5M) and formaldehyde (0.5M) aqueous solu
tion heated under nitrogen (pH 1.8, 100°C, 12 h). 

(5) Cysteamine (0.5M) and formaldehyde (0.5M) aqueous solu
tion heated under nitrogen (pH 4.5, 100°C, 12 h). 

(6) Cysteamine (0.5M), formaldehyde (0.5), and n i t r i t e (0.5M) 
aqueous solution heated under nitrogen (pH 4.5, 100°C, 
2 h). 

(7) Cysteamine (0.5M), formaldehyde (0.5M), and n i t r i t e 
(0.5M) aqueous solution heated under nitrogen (ph 4.5, 
60°C, 2 h). 

Nitrosation of Fructose-L-tryptophan The Amadori compound 
fructose-L-tryptophan ( f r u - t r p ) , was synthesized as described by 
Sgarbieri et a l . (11). Purity was checked by the methods given by 
Takeoka et a l . (_5). An aqueous solution of reactants containing 
fru-trp (10 micromol/mL) and sodium n i t r i t e (60 micromol/mL) was 
adjusted to pH 4.0 and incubated in a closed v i a l at 37°C for 24 h 
as described by Coughlin et a l . (_7). The methods of Yahagi et a l . 
( 12) were used to modify the Ames assay in which S. typhimurium 
strains TA98 and TA100 and portions of the nitrosated fru-trp were 
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preincubated in l i q u i d suspension with and without S-9 mix for 20 
min at 37°C prior to being poured onto a plate. 

Results and Discussion 

GC/MS Analyses Confirmation of the identity of peaks on 
chromatograms was based largely upon GC/MS data. Dichloromethane 
extracts of appropriate compounds or reaction mixtures were chro-
matographed as described under procedures. Mass spectra for the 
major peaks obtained from nitrosation mixtures showed a prominent 
molecular ion [M+*] of m/z 118, corresponding to the molecular 
weight of _N-nitroso-l,3-thiazolidine. A base peak at m/z 88 
corresponding to the loss of NO and a prominent m/z 60 peak were 
also present. This type of fragmentation i s consistent with that 
shown by Vestling and Ogren (13). In addition, high resolution 
mass spectrometry on th  mai k  M + # f m/  118.0211 
(calc. = 118.02). Mas
reaction mixtures matche y
thiazolidine. 

The infrared spectra of reaction product thiazolidines 
matched the standard Sadler Reseach Laboratory spectra, with a 
band at 3270 cm consistent with that for an NH group. IR spec
tra of the nitrosated products in a KBr pellet showed no peak i n 
the NH region, but did show prominent N=0 absorption at 1420 cm" , 
supporting the presence of nitrosated thiazolidines. 

GC/FID Analyses Chromatograms for a l l seven reaction mix
tures were obtained on an 18-m OV-101 open-tubular glass ca p i l l a r y 
column as described under procedures. Oven temperatures were pro
grammed linearly from 90 to 200°C at 2°C/min for mixtures 1, 2, 4, 
and 5, and at 5°C/min for mixtures 3, 6, and 7. 

The chromatogram for mixture 1 showed several chromatographic 
peaks with one peak at retention time t R 3.50 (min) i d e n t i f i e d as 
1,3-thiazolidine. The thiazolidine peak represented approximately 
20% of the total integrated peak area. There were several other 
peaks which were probably formed from degradation reactions from 
the thiazolidine. 

The chromatogram for mixture 2 showed very similar results 
with the thiazolidine peak representing approximately 19% of the 
tot a l integrated area. These results along with others from simi
l a r experiments suggest that heating time, thiazolidine concentra
tion, and pH adjustment prior to heating did not greatly a l t e r the 
degradation pattern of the heated thiazolidine. 

The chromatogram of mixture 3 showed a major peak with t R 

9.29 which accounted for 98% of the tot a l integrated area; this 
peak was ide n t i f i e d by GC/MS as N_-nitroso-l ,3-thiazolidine. A 
minor peak with t R 3.63 representing 0.45% of the total integrated 
area was ide n t i f i e d as 1,3-thiazolidine. 

The chromatogram of mixture 4 showed a major peak at t R 3.39 
which was ide n t i f i e d as 1,3-thiazolidine and was essentially the 
only peak on the chromatogram, other than solvent impurities. 
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The chromatogram of solution 5 showed a minor peak at t R 3.87 
corresponding to 1,3-thiazolidine and 6% of the total integrated 
area. The chromatographic p r o f i l e was akin to that of mixtures 1 
and 2, indicating that the higher pH (4.5-5.5 compared to 1.8 in 
mixture 4) f a c i l i t a t e d rapid degradation of the thiazolidine. 
Ratner and Clarke (14) studied the reaction of cysteine and form
aldehyde and noted the rapid reaction rate increase with increas
ing pH. It is possible that rapid formation of the thiazolidine 
at the higher pH permitted rapid degradation to occur while the 
slower formation at low pH was not conducive to further degrada
tion. 

The chromatogram of mixture 6 showed a major peak with t R 

8.40, id e n t i f i e d as _N-nitroso-l,3-thiazolidine, which represented 
97% of the total integrated area. A minor peak for 1,3-thiazoli
dine was seen at t R 3.21. 

The chromatogram o
for mixtures 3 and 6.
96% of the tot a l integrated area, with a trace peak at t R repre
senting unreacted thiazolidine. 

The three chromatograms for mixtures 3, 6, and 7 had similar 
patterns with no indication of thiazolidine degradation prod
ucts. Presumably, the nitrosation was faster than dégradâtive 
reactions of the thiazolidine precursor. 

Mirvish ( 15) showed that weak bases are more easily 
N-nitrosated than strong bases under mildly acidic conditions. 
Since the secondary amine nitrogen on the 1,3-thiazolidine ring i s 
much less basic (pK a 6.3) than in the pyrrolidine ring (pK a 11.3), 
the formation of N-nitroso-1,3-thiazoline should be favorable and 
hence would be predicted to occur i n products such as bacon where 
_N-nitrosopyrrolidine is of major concern. 

It was demonstrated by Coughlin (16) that formaldehyde cata
lyzed the N-nitrosation of 1,3-thiazolidine at pH 7. Therefore, 
i t i s possible that HCHO catalyzed the formation of Jtf-nitroso-1,3-
thiazolidine i n these reactions, presumably following ring 
closure. 

The modified Ames mutagen assay was used to investigate the 
mutagenic potential of nitrosated fru-trp, a fru-trp control, and 
a n i t r i t e control incubated in solutions under mild conditions 
(37°C, pH 4, 24 h). Figure 1 shows dose response curves obtained 
with S. typhimurium TA98 and TA100. Nitrosated fru-trp demon
strated a positive dose-response relationship with both tester 
strains i n the absence of S-9 mix and a somewhat reduced dose-
response relationship i n i t s presence. The fru-trp and n i t r i t e 
controls did not manifest mutagenic properties i n either tester 
s t r a i n . 

The positive dose-response results of the mutagen assays are 
of interest since both strains showed the nitrosated product to be 
direct-acting mutagens for both TA98 and TA100 strains. Most 
N-nitroso compounds cause mutations by base-pair substitution only 
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Figure 1. Ames assay dose-response curves of the mutagenic effects of 25-, 50-, 
and 100-μΣ aliquots of nitrosated fru-trp reaction mixture and controls on S. 
typhimurium strains TA98 (top) and Τ A100 (bottom). Bacteria and test mixtures 
were preincubated with and without S-9 mix for 20 min at 37 °C. Background 

revenant levels were not subtracted from the data points shown. 
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with only a few reported to cause frameshift mutations (17). The 
planar aromatic ring of fru-trp may contribute to i t s frameshift 
mutagenic a c t i v i t y as a result of intercalation with DNA. Simi
l a r l y , most N-nitrosaraines require S-9 activation to effect a 
mutagenic response in the Ames system; the direct-acting proper
ties of fru-trp are unusual, but not unique. 

The reaction between fru-trp and n i t r i t e under mildly acidic 
conditions could lead to a mixture of mono- and di-nitroso deriva
tives since both the secondary nitrogen and indole ring nitrogen 
can be nitrosated. Nakai et a l . (18) demonstrated the rapid room-
temperature nitrosation of the indole nitrogen of N^acetyl-L-
tryptophan using excess n i t r i t e at pH 4. A characteristic s h i f t 
i n UV absorption maximum ( 18) was observed with our reaction 
product; the incubated fru-trp control showed an absorption maxi
mum at 277 nm, while the nitrosated fru-trp mixture showed a com
plete s h i f t i n the absorptio  maximu  t  257  which suggested 
complete nitrosation o
excess n i t r i t e . Amino aci  autoanalysi
trp and the mixture gave a negative ninhydrin reaction indicating 
l i t t l e i f any unreacted secondary nitrogen. Since Amadori-type 
products can easily react through further steps in browning reac
tions, further work i s required to isolate and identify the exact 
mutagenic product(s). Professor Heynsf group i s actively looking 
at these products and has iden t i f i e d similar questions that need 
to be further addressed before the active components can be 
clearly i d e n t i f i e d (19). 

Literature C i t e d 
1. Shibamoto, T.; Russell, G.F. J. Agric. Food Chem. 1976 24, 

843. 
2. Shibamoto, T.; Russell, G.F. J. Agric. Food Chem. 1977, 25, 

109. 
3. Sakaguchi, M.; Shibamoto, T. J. Agric. Food Chem. 1978, 26, 

1179. 
4. Sekizawa, J.; Shibamoto, T. J. Agric. Food Chem. 1980, 28, 

781. 
5. Takeoka, G.R.; Coughlin, J.R.; Russell, G.F. In "Liquid 

Chromatographic Analysis of Food and Beverages"; Vol. 1; 
Academic Press: New York, 1979; p. 179. 

6. Zaugg, H.E. J. Org. Chem. 1961, 26, 2718. 
7. Coughlin, J.R.; Russell, G.F.; Wei, C.I.; Hsieh, D.P.H. 

Toxicol. Appl. Pharmacol. 1979, 48, A45. 
8. Heyns, K.; Roper, H.; Roper, S.; Meyer, B. Angew. Chem. Int. 

Ed. Eng. 1979, 18, 878. 
9. Schmeltz, I.; Hoffman, D. Chem. Rev. 1977, 77, 295. 

10. Assadi, F.; Coughlin, J.R.; Russell, G.F. (in preparation). 
11. Sgarbieri, V.C.; Amaya, J.; Tanaka, M.; Chichester, C.O. J. 

Nutr. 1973, 103, 657. 
12. Yahagi, T.; Nagao, M.; Seino, Y.; Matsushima, T.; Sugimura, 

T.; Okada, M. Mutation Res. 1977, 48, 121. 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



90 MAILLARD REACTIONS 

13. Vestling, M.M.; Ogren, R.L. J. Heterocyclic Chem. 1975, 12, 
243. 

14. Ratner, S.; Clarke, H.T. J. Am. Chem. Soc. 1037, 59, 200. 
15. Mirvish, S.S. Toxicol. Appl. Pharmacol. 1975, 31, 325. 
16. Coughlin, J.R. Formation of N-Nitrosamines from Maillard 

Browning Reaction Products i n the Presence of N i t r i t e . 
1979. Dissertation, Univ. of Ca l i f o r n i a , Davis. 

17. Olajos, E.J. Ecotoxicol. Environ. Safety 1972, 1, 175. 
18. Nakai, H.; Cassens, R.G.; Greaser, M.L.; Woolford, G. J. Food 

Sci. 1978, 43, 399. 
19. Erbersdobler, H.F. 1982. Personal communication. 

RECEIVED January 18, 1983 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



6 
Studies on the Color Development in Stored 
Plantation White Sugars 

H U N G - T S A I C H E N G , W A I - F U K L I N , and C H U N G - R E N W A N G 

Taiwan Sugar Research Institute, 54 Sheng Chan Road, Tainan, Taiwan, 
Republic of China 

Crude plantatio
manufactured by
process, developed color during storage leading to 
degradation i n their color grade. This development 
of color or poor keeping quality was more marked i n 
carbonation than i n sulphitation sugars. Spectro
photometric and chromatographic studies indicated 
that the color-bearing compounds responsible for the 
sugar quality changes were humic acids, caramel, 
5-hydroxymethylfurfural, and melanoidins. In car
bonation, a high percentage of reducing sugar des
truction i n the highly alkaline condition of the 
first carbonation stage is believed responsible for 
the formation of color-bearing compounds of the 
5-hydroxymethylfurfural and humic acid categories, 
and these reducing sugar degradation products play 
an important role on the melanoidin and caramel for
mation i n sugar crystals during storage. Carbonates 
evidently catalyze the caramelization much faster 
than sulphites, leading to faster development of 
color in carbonation sugars. Sulphitation inhibited 
the melanoidin formation, presumably by blocking the 
carbonyl function. Lowering of the lev e l of carbon
ates by replacing the second carbonation stage with 
sulphitation or phosphatation, and improvement of 
the first carbonation technique for reducing sugar 
destruction, were recommended to improve the keeping 
quality of the carbonation sugars. 

The development of brown color in sugar during storage i s one 
of the oldest problems i n the sugar industry. In Taiwan, about 
400,000 tons of plantation white sugar from sugar cane are 
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annually produced in seven carbonation factories and two sulphita
tion factories, during the period of November-May. The sugar i s 
stored i n bags in warehouses at ambient conditions, i . e . , the 
rel a t i v e humidity (RH) i s from 65 to 90% and the temperature i s 
between 5 and 40°C. Under these conditions of storage, the 
plantation white sugar deteriorates i n the sense that some 
coloring matter i s produced i n the sugar crystals,leading to 
degradation i n their color grade. This deterioration i n color on 
storage i s more marked in carbonation sugar than i n sulphitation 
sugar, as shown in Figure 1. 

Though much knowledge concerning the coloration of sugar 
products was obtained from studies involving a l k a l i and heat 
treatment of sugars and the reactions of amino compounds and 
sugars (1,2), understanding of the nature of the coloring matter 
formed during storage i s s t i l l very limited. Most investigations 
have concerned the brownin
that a direct relationshi
on storage and nitrogen content, which i s probably related to the 
Maillard reaction between the amino acids and degradation products 
of reducing sugars. Chen (4) concluded that a sugar with high 
o r i g i n a l color increases more than a sugar with low o r i g i n a l 
color. Monterde (5) stated that no relationship exists between 
darkening and bacterial content. According to Cortis-Jones (6), 
color development during raw sugar storage depends on o r i g i n a l 
color and the ambient conditions. Ramon Samaniego (7) concluded 
that coloring matter present i n raw sugars are simply carameliza-
tion products which interact with each other to give ris e to the 
dark color developed during storage. G i l l e t t (2) reported that 
the color development of sugar i s dependent on several factors 
such as variety of cane, s o i l and season. 

Plantation white sugars contain ash, reducing sugars, and 
some amino acids. These may interact during storage to give r i s e 
to colored products. This study was conducted to (a) develop a 
simple method of i s o l a t i n g sugar colorants, (b) determine the 
possible causes of color development during storage, and (c) find 
methods to improve the keeping quality of carbonation sugar in 
particular. The present communication reports a summary of these 
studies. 

Experimental Materials and Methods 

Investigation of factors affecting the browning occurring 
during storage of plantation white sugar Samples of sugar from 
the sulphitation process and the carbonation process were stored 
at constant temperature of 70°C and RH 60% for 90 h. Changes i n 
terms of color variation or development under such conditions were 
found to be equal to those of sugar stored at about 20°C and RH 80% 
for one year (4). 
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Figure L Development of color in carbonation (Φ) and sulfitation (Ο) sugars 
during storage. 
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Four plantation white sugar samples from the same area 
exhibiting various degrees of browning were collected for this 
experiment as follows : 

Color Value Whiteness 
(Lumetron) 

Samples Source Β A Β A 
1 Sulphitation 60.08 69.75 0.723 0.675 
2 Sulphitation 62.14 71.44 0.650 0.512 
3 Carbonation 57.96 92.55 0.705 0.390 
4 Carbonation 61.70 94.18 0.665 0.310 

B: Before storage A: After storage 
These were analyzed for ash, reducing sugar, pol, starch, protein 
and moisture to determine i f any relationship exists between these 
factors and the color development of the sugar. Color values were 
determined with a Lumetron Spectrophotometer at 420 nm  Ash, 
reducing sugar, pol, an
with the O f f i c i a l Method
determined by direct or single polarization of the normal weight 
solution of a sugar product i n a saccharimeter; the figure i s used 
as the concentration of sucrose present i n the solution. Protein 
was determined colorimetrically by Lowry's Folin-phenol method 
using bovine albumin (Sigma Chemical Co.) as a standard (9). 
Starch was determined colorimetrically by Whistler's iodine method 
using amylose from corn starch (G.R. TCI Chemical Co.) as a 
standard (10). 

Isolation of coloring matter produced i n plantation white 
sugar during storage Fresh and stored plantation white sugar 
samples from the carbonation process and the sulphitation process 
were compared. A rapid method for i s o l a t i n g colorants from sugar 
samples was developed. A prepacked mini-column of SEP-PAK Cie of 
I.D. 0.8 χ 1.0 cm was used. Colorants of a sugar sample were 
isolated from sucrose i n minutes by three simple steps. F i r s t , 
sample after d i l u t i o n with buffer of pH 2.5 was pumped through the 
SEP-PAK Cie column. About 70% of the colorants were adsorbed on 
the column while sugar molecules passed through. Second, residual 
sugar in the column was washed by pumping through portions of the 
same buffer. F i n a l l y , the adsorbed colorants were eluted with 2 
ml of 50% aqueous CH3CN containing 0.01 Ν NaOH, 1 ml of 50% CH3CN 
containing 0.02 N HC£, and 2 ml of 0.1 M Tris buffer of pH 7.5 
successively. The concentrated sugar-free colorant solution was 
analyzed by high performance gel permeation chromatography (HPGPC), 
HPLC, UV, and IR. 

Nature of the coloring matter produced i n plantation white 
sugar during storage The l i q u i d chromatograph used (Water 
Associates) consisted of a Model 6000A high pressure solvent 
delivery system, a Model 440 dual wavelength detector, and a Model 
U6K injector. The column used for fractionation was Bondagel 
E-125/3.9 mm I.D. x 30 cm length. It i s an ether-bonded s i l i c a 
gel column with nominal molecular weight separation range of 2000 
to 50,000. The operating conditions for HPGPC were as follows: 
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Solvent: 0.1 M Tris buffer of pH 7.5 
Flow rate: 0.4 ml/min 
Injection volume: 30 y£ 
Detection: UV detector with 436 nm wavelength f i l t e r 
S e nsitivity: 0.05 aufs (absorbance units f u l l scale) 
Chart Speed: 1.0 cm/min 

Hitachi Model 200-20 double-beam spectrophotometer with 
wavelength scanning was used for spectrophotometry study. The 
scanning covered the range 220 to 500 nm. 

Results and Discussion 

It has been observed that the color development of plantation 
white sugar during storage i s more marked in carbonation sugar 
than i n s u l f i t a t i o n sugar, as shown i n Figure 1. We have observed 
that (1) Sugars produce
(November-December) or
developed color faster than those manufactured i n the periods of 
midseason (January-March), (2) The higher the temperature, the 
faster i s the color development; (3) Color development occurred 
even when sugar was kept out of contact with a i r and i n the dark. 
To help explain these phenomena, chemical analyses were made to 
examine the relationship of constituents and the color development 
in the sugar crystals. Four plantation white sugar samples from 
the same area exhibiting various degrees of browning were analyzed. 
The results are shown i n Table 1. There are no correlations 
between the factors studied (reducing sugar, pol, starch, protein 
and moisture) and the color development. The ash content of 
sugars varied between 0.037% and 0.071%. It i s interesting to 
note that the sugars of darker color development had the higher 
ash content. Ash constituents present i n the crystals catalyze 
the development of color i n sugars during storage. 

In order to understand the mechanism of color formation or 
the chemistry of the colorant i t s e l f i n sugar products, a rapid 
chromatographic method for i s o l a t i o n of colorants from sugar 
samples was developed. The mini-column adopted, a SEP-PAK Cie 
cartridge, i s able to isolate colorants from sugar products of 
very low color. By this technique, highly concentrated and sugar-
free color solutions can be obtained from 100 g of sugar sample; 
su f f i c i e n t colorants were recovered on the SEP-PAK Cie column 
for HPGPC studies by treating 100 g of sugar samples. This high 
efficiency of color concentration and sugar removal of the 
cartridge i s a consequence of i t s small column size and well 
placed nonpolar packing. The small size of the cartridge permits 
rapid operation, and only a small amount of eluent i s needed for 
releasing the adsorbed colorants. Consequently, colorant i s 
concentrated after elution. The nonpolar packing of the cartridge 
can retain organics of moderate to low polarity disolved i n a 
polar moving phase, yet reject very polar compounds such as sugar 
completely. Because l i t t l e sugar colorant i s very polar, 
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s i g n i f i c a n t amounts of colorants can be isolated free from sugar. 
Thus analysis of colorant by methods such as HPGPC or TLC can be 
conducted with higher resolution and lesser d i f f i c u l t y . HPGPC 
fractionation of sugar colorant is compared with that of colored 
sugar i t s e l f i n Figure 2. This suggests that the p r i n c i p a l peak 
of colorant i s indeed present i n the o r i g i n a l sugar, and that the 
colorants adsorbed by the SEP-PAK Ci β cartridge possessed the same 
range of molecular size and polarity as the o r i g i n a l sugar 
solution. Hence the treatment i s considered nonselective and 
gentle for i s o l a t i n g colorants. Figure 2 also i l l u s t r a t e s the 
adverse effect of sugar i t s e l f , and the d i f f i c u l t y of fractionat
ing very light-colored samples, even when monitoring i s in the UV 
region of the spectrum. The application of the SEP-PAK Cie 
cartridge as a tool for sugar colorant i s o l a t i o n gives excellent 
eff i c i e n c y and simplicity. 

Fractionation of suga
usually conducted with Sephade
have employed this method for sugar colorant studies. Usually 
three to four peaks are obtained after at least 2 h of separation. 
In this experiment, HPGPC was adopted for the fractionation of 
isolated colorants. Repeatability and efficiency of HPGPC were 
good. Fractionating one sample into six peaks detected at 436 nm 
took only 20-40 min. HPGPC colorant molecular p r o f i l e s of fresh 
and stored plantation white sugar samples from the carbonation 
process and the sulphitation process showed si g n i f i c a n t d i f f e r 
ences, as shown i n Figure 3. S u l f i t a t i o n sugar contained more 
high-molecular-weight colorants, and less low-molecular-weight 
colorants, than carbonation sugar. Fractions (2-3 ml and 4.5-5.5 
ml) collected and analyzed by UV absorption spectra also showed 
differences as shown in Figure 4. The carbonation sugar colorant 
of the 4.5-5.5-ml fraction had an absorption maximum at 283 nm, 
and a stronger t o t a l absorbance around 280 nm. After storage, the 
low-molecular-weight colorants of carbonation sugar had become 
high-molecular-weight colorants, as shown in Figure 5. Compared 
with Figure 3, these data indicated that the low-molecular-weight 
colorants undergo slow polymerization leading to the development 
of color in sugar crystals during storage, p a r t i c u l a r l y carameli-
zation. The calcium carbonate present in the crystals catalyzes 
the caramelization of the reducing sugar. UV spectra of the 
colorant fractions (2.5-3.5 ml) from HPGPC for s u l f i t a t i o n sugar 
and carbonation sugar after storage (Figure 6) show carbonation 
sugar colorant had stronger absorption at 280-285 nm, and more 
5-HMF, caramel, humic acids and melanoidins; further studies w i l l 
be done to characterize these compounds. UV absorption maxima of 
these "compounds" are at 265 nm (humic acid), 282 nm (caramel), 285 nm 
(5-HMF))and 300 nm (melanoidins), as shown i n Figure 7. In carbona
tion, a high percentage of reducing sugar destruction in the 
highly alkaline condition of the f i r s t carbonation stage helped 
cause formation of color-bearing compounds of the 5-HMF and humic 
categories, and these reducing sugar degradation products play an 
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Figure 3. HPGPC colorant molecular profiles of sulfitation sugar (—; and carbo
nation sugar ( ) before storage. 
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Figure 4. UV spectra of colorant fractions from HPGPC for fresh sulfitation sugar 
and carbonation sugar. Key for 2-3-mL fraction: — · —, sulfitation sugar colorant; 

, carbonation sugar colorant. Key for 4.5-5.5-mL fraction: - · · -, carbonation 
sugar colorant; —, sulfitation sugar colorant. 

Figure 5. HPGPC colorant molecular profiles of sulfitation sugar (—) and car
bonation sugar ( ) after storage. 
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Figure 6. UV spectra of colorant fraction (2.5-3.5-mL) from HPGPC for sulfi
tation sugar (—) and carbonation sugar ( ) after storage. 

Figure 7. UV spectra of main colorants. Key: - · · -, 5-HMF; — · —, caramel; 
, humic acids; and —, melanoidins. 
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important role in melanoidin and caramel formation in the sugar 
crystal during storage. They are formed by slow polymerization of 
reducing sugars present as impurities along with ash constituents, 
imbedded between the crystal layers. The nature of the ash 
constituents played an important role in the rate of deterioration 
of the sugar. Carbonates evidently catalyze the caramelization 
much faster than sulphites, leading to faster development of color 
in carbonation sugars. Sulphitation inhibited the melanoidin 
formation, presumably by blocking the carbonyl function. Reduction 
of carbonate content by replacing the second carbonation stage 
with sulphitation or phosphatation, and improvement of first 
carbonation technique so as to minimize reducing sugar destruction, 
were recommended to improve the keeping quality of the carbonation 
sugars. 

Conclusions 

A rapid method developed for sugar colorant isolation by 
adsorption column chromatography has been proven to possess 
excellent efficiency and simplicity. The mini-column adopted, a 
SEP-PAK Cie cartridge, is able to isolate colorants from crystal 
sugar of very low color. Colorants adsorbed by the column cover 
the same range of molecular size and polarity as the colorants 
before isolation. By using this technique, highly concentrated 
and sugar-free color solution can be obtained simultaneously from 
sugar products. For fractionation of the isolated colorants, a 
HPLC system for gel permeation chromatography was developed. The 
efficiency is considered higher than for the conventional gel 
filtration technique. 

Spectrophotometry and chromatographic studies indicated that 
the color-bearing compounds responsible for the sugar color 
development were 5-HMF, caramel, humic acids, and melanoidins. 
Reduction of these compounds by improving first carbonation 
technique to minimize reducing sugar destruction would improve 
color development of the carbonation sugar. 
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Colored C o m p o u n d s Formed b y the I n t e r a c t i o n of 

Glycine a n d Xylose 

H. E. NURSTEN and ROSEMARY O'REILLY 
University of Reading, Department of Food Science, London Road, 
Reading, RG1 5AQ, United Kingdom 

Colored compound
from the reactio
(1M), refluxed for 2 h, initial pH 6. The solubles 
in light petroleum ether (b.p. 60-80°) were fractio
nated into at least 13 peaks by semipreparative 
reverse-phase HPLC, using a water-methanol gradient. 
The peaks were collected and freed from adjacent 
peaks and shoulders by further HPLC, before examina
tion by mass spectrometry and electronic absorption 
spectroscopy. Compounds of the following molecular 
masses were progressively eluted on reverse-phase 
HPLC: 114, 346, 178, 194, 194, 194, 192, 272, 272, 
371, 257, 326, 342 daltons. With the exception of 
the first, 4-hydroxy-5-methyl-3(2H)-furanone, al l 
compounds were colored. The seventh compound 
dominated the chromatogram and was identified as 
2-furfurylidene-4-hydroxy-5-methyl-3(2H)-furanone. 
Its derivative with a further furfurylidene substituent 
on its methyl group (270 daltons) was not found to be 
present. 

Color production is the primary characteristic of the 
Halliard reaction, yet surprisingly little is known about any 
chromophores present (l_). In view of the labile nature of at 
least some of the browning products, rapid separation of these 
complex mixtures with minimal exposure to heat and air is 
necessary. High-performance liquid chromatography promised to 
provide almost the ideal answer. 

High-performance liquid chromatography has been used for 
the separation of Amadori products (2j and for th8 isolation of 
3,8-dihydroxy-2-methylchromone from the products of xylose 
degradation at 100° (j3). In 1981 (£) we reported an HPLC separa
tion scheme for the colored products of the xylose/glycine 
reaction. 

0097-6156/83/0215-0103$06.00/0 
© 1983 American Chemical Society 
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To make the i n i t i a l work r e l a t i v e l y s i m p l e , we chose to 
i n v e s t i g a t e the l e a s t p o l a r m a t e r i a l formed i n t h a t s y s t e m , 
t h a t s o l u b l e i n l i g h t p e t r o l e u m , b . p . 6 0 - 8 0 ° . 

E x p e r i m e n t a l 

P r e p a r a t i o n o f browning p r o d u c t m i x t u r e s X y l o s e (15 g) 
and g l y c i n e (7 .5 g) were d i s s o l v e d i n S ^ r e n s e n ' s phosphate 
b u f f e r (5) (1/15M pH 8 . 2 , 100 ml) and heated under r e f l u x f o r 
2 h . On 2 5 0 - f o l d d i l u t i o n w i th wa te r , the absorbance a t 450 nm 
was 0.75 ί 0 . 0 5 . The p r e p a r a t i o n was a l s o c a r r i e d out i n the 
absence o f b u f f e r , i n i t i a l pH 6 . 0 . L a r g e r amounts were p r e p a r e d 
on 5 and 10 t imes t h i s s c a l e . 

S o l v e n t e x t r a c t i o n Immediately a f t e r p r e p a r a t i o n , the 
browning p r o d u c t mix tur
l i g h t p e t r o l e u m , b . p . 60-8
2 h were r e q u i r e d f o r each s tage b e f o r e no f u r t h e r c o l o r was 
e x t r a c t e d . In each case the s o l v e n t was removed under vacuum 
^ 6 0 ° . 

HPLC The sample was i n j e c t e d on to an ACS Model LC750 
chromatograph wi th d u a l pumps ( A p p l i e d Chromatography Systems 
L t d , L u t o n , B e d s , U . K . ) by means of a l o o p i n j e c t i o n v a l v e , 
Model 7120 (Rheodyne I n c . , B e r k e l e y , CA 9^710, U . S . A . ) A s i n g l e -
c h a n n e l , v a r i a b l e - w a v e l e n g t h UV d e t e c t o r w i th a 1-cm path 
l e n g t h ( 8 - / 4 volume) q u a r t z f l o w c e l l was u s e d , Model CE212 
( C e c i l Ins t ruments L t d , Cambr idge , U . K . ) The c h a r t r e c o r d e r , 
Model BS600 (Bryans Southern Ins t ruments L t d , S u r r e y , U . K . ) was 
p r e s e t a t 10 mV f u l l s c a l e d e f l e c t i o n . F o r s e m i p r e p a r a t i v e 
HPLC, a 50- / * l l o o p was made from AISI Type 316 s t a i n l e s s s t e e l 
t u b i n g . 

The HPLC was c a r r i e d out a t room temperature on a 0.8 i . d . 
χ 25 cm s t a i n l e s s s t e e l c o l u m n , l a b o r a t o r y - p a c k e d wi th S p h e r i -
s o r b 0DS (Phase S e p a r a t i o n s L t d , C l w y d , U . K . ) , a r e v e r s e - p h a s e 
m a t e r i a l . 

Samples were i n j e c t e d as c o n c e n t r a t e d s o l u t i o n s i n m e t h a n o l . 
The i n i t i a l c o m p o s i t i o n o f the s o l v e n t was 0% methanol/10056 
wa te r , but was changed a t 5 j £ / m i n u s i n g a l i n e a r g r a d i e n t p r o 
gram, the s o l v e n t c o m p o s i t i o n r e a c h i n g 100$ methanol i n 20 m i n . 
Methanol of HPLC grade (Rathburn C h e m i c a l L t d , P e e b l e s h i r e , 
U . K . ) was used wi th s o l v e n t f low r a t e o f 6 m l / m i n . U i t h the 
r e c o r d e r s e t a t 0.2 absorbance u n i t s f u l l s c a l e , the r e s p e c t i v e 
d e t e c t i o n wavelengths and sample l o a d i n g s were 450 nm (50/^1 and 
2 0 / * l ) and 260 nm ( 2 / ^ 1 ) . Assessment o f peak p u r i t y u s i n g 
260 nm takes advantage o f the i n c r e a s e d s e n s i t i v i t y and a l s o 
d e t e c t s c o l o r l e s s but U V - a b s o r b i n g compounds. 
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TLC S e p a r a t i o n by TLC uas per formed on s i l i c a l a y e r s 
(BDH C h e m i c a l s L t d , P o o l e , D o r s e t , U . K . ) . Separa ted c o l o r e d 
components uere d e t e c t e d v i s u a l l y . 

E l e c t r o n i c a b s o r p t i o n s p e c t r o s c o p y Samples uere examined 
i n methanol or e t h a n o l on a double-beam s p e c t r o p h o t o m e t e r , Model 
SP800B (Pye Unicam Ins t ruments L t d , Cambr idge , U . K . ) 

I n f r a r e d s p e c t r o s c o p y KBr d i s c s (3-mm) uere made u i t h a 
m i c r o p e l l e t i n g k i t (Model 198854) and mounted i n a m i c r o p e l l e t 
h o l d e r (Model 195465) , used i n c o n j u n c t i o n u i t h a C621 beam 
condenser ( a l l a n c i l l a r y equipment by Beckmann RIIC L t d , P u r l e y , 
S u r r e y , U . K . ) . S p e c t r a uere o b t a i n e d on a Pye Unicam SP200G 
s p e c t r o m e t e r . 

PMR A l l PMR s p e c t r
V a r i a n HA-100 i n s t r u m e n
Thames, S u r r e y , U . K . ) , c h l o r o f o r m - ç j as s o l v e n t and t e t r a m e t h y l -
s i l a n e as i n t e r n a l s t a n d a r d (NMR L t d , High Uycombe, B u c k s , 
U . K . ) , u i t h a normal sueep u i d t h o f 1000 Hz and sueep t ime o f 
500 s . F o u r i e r t r a n s f o r m PMR s p e c t r a uere r e c o r d e d u s i n g a 
Bruker WH 300 ins t rument (Bruker Instruments I n c . , Manning P a r k , 
B i l l e r i c a , MA 01821, USA) and m e t h a n o l - d ^ as s o l v e n t (NMR L t d ) . 

Mass s p e c t r o m e t r y Lou r e s o l u t i o n s p e c t r a uere de termined 
u i t h an MS9 i n s t r u m e n t ( Α Ε Ι L t d , Urmston, M a n c h e s t e r , U . K . ) a t 
70 eV. A probe uas u s e d , n o r m a l l y a t 1 0 0 ° . M o l e c u l a r i o n s uere 
a l s o examined under h i g h r e s o l u t i o n . F o r A178, h i g h r e s o l u t i o n 
data uere o b t a i n e d u s i n g the ARC/FRI Mass Spect romet ry S e r v i c e 
(Food Research I n s t i t u t e , N o r u i c h , N o r f o l k , U . K . ) and p e r f l u o r o -
k e r o s i n e as r e f e r e n c e . 

R e s u l t s 

Here ue a re s o l e l y concerned u i t h the l i g h t pe t ro leum 
s o l u b l e s ( d e s i g n a t e d F r a c t i o n A ) , d e r i v e d from a x y l o s e / g l y c i n e 
model s y s t e m . F r a c t i o n A uas o b t a i n e d as a y e l l o u s o l i d i n 
0 .05$ y i e l d . A n a l y s i s by HPLC a t 450 nm shoued i t to c o n s i s t o f 
a t l e a s t 25 components ( F i g u r e 1 ) , and e x a m i n a t i o n a t 315 and 
260 nm f u r t h e r i n c r e a s e d the number d e t e c t e d . 

R e p r o d u c i b i l i t y o f HPLC s e p a r a t i o n s r e q u i r e s c a r e . Use o f 
a 0 to 100$ methanol g r a d i e n t h e l p e d , as d i d p u r g i n g the column 
betueen i n j e c t i o n s u i t h methanol and then u i t h u a t e r , f o r 5 min 
e a c h . A l though F r a c t i o n A uas s t a b l e i n methanol a t - 2 0 ° 
u i t h o u t change i n HPLC p r o f i l e , i t d i d a l t e r a f t e r more than a 
day a t room t e m p e r a t u r e . 

T h i r t e e n o f the components o f F r a c t i o n A uere i s o l a t e d by 
s e m i p r e p a r a t i v e HPLC, u s i n g m u l t i p l e i n j e c t i o n o f m e t h a n o l i c 
s o l u t i o n s . Tuo o f the components , A114 and A192 ( the numbers 
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r e p r e s e n t the m o l e c u l a r we ights as de termined by mass s p e c t r o 
m e t r y ) , were p r e s e n t i n f a r l a r g e r amounts than the o t h e r s . To 
i s o l a t e s u f f i c i e n t m a t e r i a l of the o t h e r s , the column had to be 
o v e r l o a d e d u i t h r e s p e c t to the major components . Even s o , not 
enough m a t e r i a l f o r mass s p e c t r o m e t r y uas o b t a i n a b l e f o r some o f 
the components . To p u r i f y compounds p r o d u c i n g i n d i v i d u a l p e a k s , 
they uere s u b j e c t e d to HPLC, sometimes t u i c e more. Each s t e p 
caused l o s s e s o f 30-50$ . The p r o c e s s f o r A178 i s shoun i n 
F i g u r e 2. 

Tab le I shous the amounts o b t a i n e d o f the d i f f e r e n t 
components and the i d e n t i f i c a t i o n t e c h n i q u e s u h i c h i t uas 
f e a s i b l e to a p p l y to them i n c o n s e q u e n c e . A l l compounds 
i s o l a t e d (except A114) uere c o l o r e d . U i t h the e x c e p t i o n o f 
A192 and A178, the amounts o f samples a re e s t i m a t e d , based on 
peak h e i g h t , u s i n g d e t e c t i o n a t 450 nm and assuming a b s o r p -
t i v i t i e s e q u a l to t h a t

Data f o r A114 and
a l o n g s i d e da ta f o r 4 - h y d r o x y - 5 - m e t h y l - 3 ( 2 J H ) - f u r a n o n e and 
2 - f u r f u r y l i d e n e - 4 - h y d r o x y - 5 - m e t h y l - 3 ( 2 I H ) - f u r a n o n e , r e s p e c t i v e l y . 
A178 i s a neu c o l o r e d compound, the da ta f o r u h i c h are summa
r i z e d i n Tab le IV . Both HPLC and MS data f o r the 10 o t h e r 
c o l o r e d compounds i s o l a t e d a re summarized i n Tab le V. 

D i s c u s s i o n 

The d i s c u s s i o n i s i n t h r e e p a r t s : (a) the 4 compounds f o r 
u h i c h d e t a i l e d a n a l y t i c a l da ta have been o b t a i n e d , (b) compounds 
u i t h MS data o n l y , and (c ) the e x a m i n a t i o n o f F r a c t i o n A f o r the 
p r e s e n c e o f LS270. 

(a) Compounds A114. A192, A178 and A326 

A114, C 5 H 6 O 3 T h i s c o l o r l e s s compound i s i d e n t i f i e d as 

4 - h y d r o x y - 5 - m e t h y l - 3 ( 2 H > ) - f u r a n o n e . The data f o r the compound 
i s o l a t e d a re compared u i t h those f o r 4 - h y d r o x y - 5 - m e t h y l - 3 ( 2 H t ) -
fu ranone i n T a b l e I I . 4 - H y d r o x y - 5 - m e t h y l - 3 ( 2 j H ) - f u r a n o n e has 
been p r e v i o u s l y i s o l a t e d from s e v e r a l foods ( 1 2 ) , i n c l u d i n g 
r a s p b e r r i e s ( 1 4 ) , beef b r o t h (J7, 14) and shoyu ( 1 4 ) , and from 
the r e a c t i o n p r o d u c t s o f p r imary amines (11) o r methylammonium 
a c e t a t e (J3) u i t h p e n t o s e s . The a lmost s u p e r i m p o s a b l e IR s p e c t r a 
a re p a r t i c u l a r l y n o t e u o r t h y . 

A192, C 1 0 H 8 O 4 The da ta f o r A192 match c l o s e l y the da ta 
f o r 2 - f u r f u r y l i d e n e - 4 - h y d r o x y - 5 - m e t h y l - 3 ( 2 H > ) - f u r a n o n e (see 
Tab le I I I ) . The tuo have i d e n t i c a l HPLC r e t e n t i o n and TLC R f s , 
and c l o s e l y match ing mass, PMR, IR ,and e l e c t r o n i c a b s o r p t i o n 
s p e c t r a . They have i d e n t i c a l m e l t i n g p o i n t s , a 1:1 mix ture 
m e l t i n g s h a r p l y a t the same t e m p e r a t u r e . There can be no doubt 
about t h e i r i d e n t i t y . 2 - F u r f u r y l i d e n e - 4 - h y d r o x y - 5 - m e t h y l - 3 ( 2 J H ) -
furanone has p r e v i o u s l y been i s o l a t e d from the p r o d u c t s o f 
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Absorbance 450 nm; 0-2aufs. 

25H 

109 

~ i — 
12 18 
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8 ~13 8~ 

Minutes 
- 0 — 7 5 % Methanol. 

Figure 2. Purification of A178 in three stages by HPLC. 
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TABLE I 

TECHNIQUES APPLIED TO THE SEPARATION AND 

ANALYSIS OF COMPONENTS OF FRACTION A 

Component A p p r o x i - T e c h n i q u e s 
M o l e c u l a r mate Amount MS 

U e i q h t Obta ined
( d a l t o n s ) (mq) l o

114 - * * * * * 
192 5 * * * * * * * * 

178 0 .5 * * * * * 

326 0 .5 * * 

346 0.1 * 

194a 0.2 * * 

194b 0.1 * * 

',94c 0 .05 * * 

272a 0.05 * * 

272b 0.05 * * 

371 0.1 * * 

257 0.2 * * 

342 0.2 * * 

/ EAS - E l e c t r o n i c a b s o r p t i o n s p e c t r o s c o p y 
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TABLE II 
COMPARISON OF DATA FOR A114 UITH 
4-Hydroxy-5-methyl-3(2H)-furanone 

A114 4-Hydroxy-5-methyl-3(2H)-furanone 

Mass spectral M+*114(72) 114(60) (6) 
ions (m/z) 43(100) 43(100) 

(6) 

(% relative 55(8) 55(10) 
abundance) 42(6) 42(9) 

29(6) 29(9) 
44(5) 44(31) 
115(5) 115(3) 
71(4) 71(3) 
58(4

Accurate mass 114.03

Calculated for C5 H6°3 114.0317 

Infrared peaks ι -1 cm 

A114 Reference ι data (7.) A114 Ref. 

3195 (broad) 
2950 
2920 
2850 
1745 
1705 
1695 
1600-1650 
1450 
1405 
1365 

3195 (broad) 
2950 
2920 
2850 

- 1740 
1705 
1695 
1600-1650 
1450 
1405 
1365 

1315 
1195 
1143 
1000 
958 
920 
883 
745 
698 
660 

1315 
1195 
1140 
1000 
955 
920 
885 
745 
700 
660 

Electronic absorption, λ max, nm 
283-290 287 (2) 
(ethanol) (water) 
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TABLE IV 
DATA FOR A178 

HPLC retention: 11.2 cm. 
NS: [^-178(100), 150(43), 107(29), 31 (26), 163(25), 79(23), 
43(23), 39(21), 160(20), 121 m/z (19JÉ relative abundance). 
Accurate molecular mass, 178.06352; calculated for C>{QH^QQ ,̂ 
178.062989 u. 
High-resolution mass spectral data for fragment ions: 
Observed ion mass ion formula Observed ion mass ion formula 

153.0708 
C9 H7°3 83.0474 C 5 H 7 ° 

150.0661 
C9 H10°2 82.0781 C6 H10 

149.0274 
C8 H5°3 82.0394 C 5 H 6 ° 

135.0428 
131.0132 

C8 H3°2 81.0318 C 5 H 5 ° 
122.1099 

C9 H14 30.0611 C6 H8 
122.0704 

C8 H10° 79.0536 C6 H7 
121.0387 

C9 H13 78.0434 C6 H6 
C 8 H 9 ° 77.0373 C 6 H 5 

103.0949 
C3 H12 77.0211 C2 H5°3 

103.0546 C 7H 80 75.0458 C 3 H 7 ° 
107.0842 C8 H11 75.0254 C 6 H 3 
107.0520 C 7H ?0 69.0705 C5 H9 
107.0451 C ?H 70 69.0330 C 4 H 5 ° 
96.0955 

C7 H12 68.0654 C5 H3 
96.0580 C 6 H 8 ° 67.0557 C5 H7 
95.0892 C7 H11 66.0505 C5 H6 
95.0498 C 6 H 7 ° 65.0404 C 5 H 5 
94.0814 

C7 H10 63.0240 C 5 H 3 
94.0440 C 6 H 6 ° 61.0317 C2 H5°2 
94.0000 C5 H2°2 60.0234 C2 H4°2 
93.0735 

C7 H9 56.0641 C4 H8 
91.0572 C 7H ? 55.0570 C4 H7 
91.0407 

C3 H7°3 55.0198 
C 3 H 3 ° 

33.0835 C6 H11 
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Table IV. Continued 

U i t h the e x c e p t i o n of m/z_ 163, a l l observed masses l i e u i t h i n 
- 0.005 u. of those c a l c u l a t e d . 

-v POeOH 
max, 255 nm, 290 nm

and r e s p o n s i b l e f o r the y e l l o w c o l o r . 

FT PMR: arom a t i c r e g i o n 

Chemical C o u p l i n g M u l t i p l i c i t y R e l a t i v e 
S h i f t c o n s t a n t area 
(ppm) 3 (Hz) 

7.40-7.41 1.5 Quad. 1 C-2 
6.33-6.35 1.8 Quad. 1 C-3 
6.19-6.20 3 Doublet 1 C-4 

I n s u f f i c i e n t m a t e r i a l f o r c l e a n spectrum i n the a l i p h a t i c 
r e g i o n . 

Assignment 
(2,10) 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
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TABLE V 
MASS SPECTRAL AND HPLC DATA 

FOR 10 OTHER COMPONENTS OF FRACTION A 

Component HPLC 
retention 

(min) 

Mass spectrum: M and 
10 most prominent peaks, 

m/z (% relative abundance) 

A346 8.8 M + #346(22), 43(100), 29(80), 31(33), 81(32), 
60(32), 41(30), 55(23), 45(20), 57(17) 

A194a 10.0 M+*194(28), 31(100), 01(93), 29(83), 44(84), 
149(79), 63(66), 91(49), 39(34), 41(34), 
55(34) 

A194b 10.3 Μ**194(52)  81(100)  43(42)  55(16)  94(14)

194—176 +18 
M* observed 117.5, (151) 2/194 = 117.5. 

194—151 + 43 
A194c 10.5 M+*194(10), 29(100), 43(52), 81(48), 31(48), 

136(43), 108(39), 39(33), 52(28), 91(24), 
27(22), 41(22) 

A272a 13.1 M+*272,(8), 81 (100), 43(57), 121 (48), 192(48), 
160(24), 147(21), 271(20), 95(19.5), 134(19) 

A272b 13.6 M + e272(2), 192(100), 28(100), 43(90), 206(85), 
121(83), 177(79), 135(79), 81(66), 258(29), 
244(29) 

A371 14.2 M+*371(1), 177(100), 81(100), 43(64), 
258(55.5), 255(54), 206(47), 256(45.5), 
135(44.5), 228(44.5), 192(42) 

A257 15.5 M + ,257(5), 45(100), 43(32.5), 29(23), 75(23), 
192(18), 149(18), 121(18), 81(13), 76(13), 
55(12) 

A326 16.7 M*'326(100). 325(69), 77(36), 43(33), 149(25), 
57(23), 170(20), 81(20), 233(19), 55(19) 
M* observed 198.3, (215) 2/233 = 198.4. 

233 — 215 + 18 
Accurate mass observed = 326.07134, 
calculated for ^2ϋΗ^2Ώ3 = 326.069137 
C18 H14°6 = 3 2 6 · 0 7 9 0 3 0 

M + #342(100), 77(37.5), 341(31), 109(29), 
43(27), 60(26), 249(26), 149(24), 343(24), 
233(22.5) 

A342 13.1 
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interaction of isopropylammonium acetate with xylose (13) and 
synthesized by the reaction of 4-hydroxy-5-methyl-3(2iH)-furanone 
uith 2-furaldehyde (&)· It would be useful to confirm the 
presence of the OH group by acetylation as Ledl and Severin 
have done. 

A178, C/JQH^QOJ A178 i s a new colored compound. The 
molecular formula was derived by high resolution mass spectro
metry (Table IV). Further support comes from the following 
observations: 

(1) The M+1 peak i s consistent with the presence of 10 
carbons (1.05/9.05 χ 100 = 11.6%/1.1JÎ = 10.5). 

(2) It i s l i k e l y to be formed from 2 x 5 carbon moieties. 
(3) A178 would be expected to possess some s i m i l a r i t i e s to 

A192, both coming from Fraction A and having close HPLC reten
tion times. 

(4) High resolutio
only come from C 1 0 H 1 Q O 3 . 

Important l o s s e s from the m o l e c u l a r ion a r e at M-15, M-18, 
M-28, and M-43. 

The formulae for the neutral fragments lost in transitions 
of metastable ions and confirmed by high resolution MS data 
build up into a scheme (Figure 3). Most metastable ions 
appeared within 0.1?£ of the calculated value, but two, at m/z 
58.5 and 39.3, did not (calc. for m/z 150—94, 58.9; 163—121, 
89.3). 

Successive losses of 23 daltons are due to the expulsion of 
CO in three stages by two p a r a l l e l but staggered routes. 

The presence of a monosubstituted furan ring at C-5 i s 
evident from the aromatic region of the PMR spectrum. A c y c l i c 
structure i s favored by the high s t a b i l i t y of the molecular ion; 
a straight chain would require a terminal carbonyl group, and 
the PMR spectrum does not show an aldehydic proton. C 1 Q H 1 Q O 3 

has 6 rings and/or double bonds, and the conjugated unsaturation 
of the 2-furyl group needs to be extended to account for the 
pinkish-yellow color. 

The metastable ion at m/z 93.8 i s of particular structural 
significance, involving m/z 122, CQH^QO—m/z 107, C 7 H 7 O . This 
shows a methyl group to be present in a group of eight carbon 
atoms, having lost 2 mol. CO in successive stages. The fu r y l 
ring can supply only one of these CO molecules, so the rest of 
the molecule must provide at least one and probably both. In 
the l a t t e r case, C Q H I Q O s t i l j contains a furyl ring. The ion at 
m/z 43 i s l i k e l y to be CH3C=Q#, which implies that the methyl 
group must be next to an oxygen-carrying C. Such reasoning 
leads to 1_ as the most probable structure for A173. The evidence 
i s not unequivocal, and problems that remain to be resolved are: 
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-co 
( M * 1 2 6 4 )

nUZ 1 5 0 C 9 H 1 0 0 2 

- C O 

( M 

zo 
* 9 9 4 ) 

mlz 1 2 2 C 8 H 1 0 O 

-co l 
™lz 9 4 C 7 H 1 0 

M 1 7 8 C L 0 H 1 0 O 3 

- C H . 

- H 0 

mlz 1 6 0 C 1 0 H 8 O 2 

( M * 9 3 8 ) 

- C H 3 

( M * 6 6 4 ) 

- C O 

mjz 1 3 5 C 8 H 7 0 2 

-co 
( Ν Γ 8 4 - 8 ) 

TîtiZ 1 0 7 C 7 H 7 0 2 

mjz 7 9 C 6 H 7 

Figure 3. Mass spectral fragmentation of A178 based on high resolution mass 
spectral data and observed metastable ions. 

High resolution data showed no listing at m/z 160, but such an ion was clearly observed in 
the low resolution spectrum and is implied by the metastable ion. 
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(a) the absence o f a f o u r t h H(C-6 ) i n the a r o m a t i c r e g i o n 
o f the PMR, 

(b) the h y d r o g e n - t r a n s f e r n e c e s s a r y to l i b e r a t e C-9 as CO 
from 1. 

A326 M e t h a n o l i c s o l u t i o n s o f A326 a re dark b r o w n i s h -
o r a n g e . Two f o r m u l a e , C 2 0 H 1 0 N 2 O 3 and C ^ e H ^ O ô , f a l l j u s t 
o u t s i d e the normal ± 5 p . p . m
l i e s c l o s e r . In a d d i t i o n , the compound p o s s e s s e s a m u l t i p l e o f 
5 ca rbon atoms. I t has f e a t u r e l e s s a b s o r p t i o n i n the UV r e g i o n , 
and i n t h i s r e s p e c t resembles the t o t a l browning p r o d u c t . 

(b) Compounds wi th MS data o n l y Some g e n e r a l i z a t i o n s 
can u s e f u l l y be made about these s p e c t r a : 

( i ) Some f ragments o c c u r i n s e v e r a l of them, a t m/z 39 , 
43 , 55 , 81 , 121, 149, and 192. 

( i i ) The i o n a t m/z 81 i s the most s t r i k i n g o f these and 
i s i n f a c t p r e s e n t i n a l l the s p e c t r a . I t i s most l i k e l y due 
to a 2 - f u r f u r y l g r o u p . 

( i i i ) Because the i o n a t m/z 121 i s v e r y prominent i n the 
spectrum of A192 and o f LS270, i t can be a t t r i b u t e d to s t r u c 
t u r e 2 . 

I t i s p r e s e n t i n s p e c t r a o f A194b, A272a, A272b, A371, and A256, 
but a l s o i n A178, where h i g h r e s o l u t i o n mass s p e c t r o m e t r y gave a 
d i f f e r e n t c o m p o s i t i o n , CsHgO. 

( i v ) The i o n a t m/z, 135 c o u l d w e l l be !2 w i th a 5 -methy l 
g r o u p , s i n c e i t i s ve ry prominent i n s p e c t r a o f a p p r o p r i a t e 
compounds s y n t h e s i z e d by L e d l and S e v e r i n (8). I t i s p r e s e n t 
i n A272b and A371. 

(v) The i o n a t + e m/z 43 i s l i k e l y to be due to the a c e t y l i u m 
i o n - r a d i c a l , C H 3 C = 0. 

( v i ) The i o n a t m/z_ 192 i s the base peak o f A272b and i m p o r 
t a n t i n s p e c t r a o f A272a, A371, A256, and A326. I t s s t r u c t u r e 
i s l i k e l y to c o r r e s p o n d to A192. 

CH 3 

1 

2 
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( v i i ) The s p e c t r a f o r A326 and A342 a re noteworthy i n h a v i n g 
t h e i r m o l e c u l a r i o n s as base p e a k s , as do A178 and A192. 

I t i s d i f f i c u l t to assemble t h i s i n f o r m a t i o n i n t o a 
c o h e r e n t p i c t u r e a t t h i s s t a g e . F u r t h e r da ta a re r e q u i r e d , but 
i t w i l l need c o n s i d e r a b l e e f f o r t to o b t a i n them because of poor 
y i e l d s . 

( c ) E x a m i n a t i o n o f F r a c t i o n A f o r LS270 A key compound 
i d e n t i f i e d i n t h i s s tudy uas 2 - f u r f u r y l i d e n e - 4 - h y d r o x y - 5 - m e t h y l -
3 ^ H ^ - f u ranone . I t s methy l group i s s u f f i c i e n t l y a c t i v a t e d to 
condense u i t h 2 - f u r a l d e h y d e i n a second s t a g e , u h i c h L e d l and 
S e v e r i n (8) have demonstra ted s y n t h e t i c a l l y ( F i g u r e 4 ) . 

F i g u r e 5 shous the HPLC s e p a r a t i o n o f F r a c t i o n A s p i k e d 
u i t h LS270. The peak a t 16 .9 min i n F r a c t i o n A ( u n s p i k e d ) uas 
c o l l e c t e d , but mass s p e c t r o m e t r
326 d a l t o n s . No f ragment
i n i t s mass s p e c t r u m . 

Whereas q u i t e l a r g e amounts o f f r e e 4 - h y d r o x y - 5 - m e t h y l -
3 (2JH )—f uranone uere f o u n d , 2 - f u r a l d e h y d e uas not e v i d e n t i n 
F r a c t i o n A , both u i t h normal column l o a d i n g and u i t h o v e r 
l o a d i n g . The amount o f 2 - f u r a l d e h y d e formed appears to l i m i t 
the f o r m a t i o n o f LS270 and even of A192. As l o n g as 
4 - h y d r o x y - 5 - m e t h y l - 3 ( 2 J i ) - f u r a n o n e i s p r e s e n t i n e x c e s s o f 
2 - f u r a l d e h y d e , A192 i s l i k e l y to be formed i n p r e f e r e n c e to 
LS270. 2 - F u r a l d e h y d e i s p r o b a b l y i n v o l v e d i n y e t o t h e r 
r e a c t i o n s , l i m i t i n g even f u r t h e r the amount o f A192 fa rmed. 
F o r m a t i o n o f 2 - f u r a l d e h y d e i s f a v o r e d by l o u pH, and t h u s , 
p r o v i d e d s u f f i c i e n t furanone i s p r o d u c e d , LS270 i s more l i k e l y 
to be found i n model systems u i t h a l o u s t a r t i n g pH , but no 
e v i d e n c e f o r i t s p resence uas o b t a i n e d u i t h our model s y s t e m s , 
s t a r t i n g pH 6 . 0 . 

C o n c l u s i o n 

Use of HPLC has p e r m i t t e d the s e p a r a t i o n and i s o l a t i o n o f 
s e v e r a l c o l o r e d M a i l l a r d p r o d u c t s , i l l u s t r a t i n g a t the same 
t ime the c o m p l e x i t y o f the m i x t u r e s formed even from r e l a t i v e l y 
s i m p l e r e a c t a n t s . T h i r t e e n compounds from F r a c t i o n A were 
i s o l a t e d , t h e i r m o l e c u l a r u e i g h t s b e i n g , i n o r d e r o f e l u t i o n : 
114, 346, 194, 194, 194, 178, 192, 272, 272, 371, 257 , 326, and 
342. U i t h the e x c e p t i o n o f the f i r s t compound, a l l a re c o l o r e d . 

Four compounds uere c h a r a c t e r i z e d i n more d e t a i l , and tuo 
o f them had p r e v i o u s l y been a s s o c i a t e d u i t h b r o u n i n g , namely , 
4 - h y d r o x y - 5 - m e t h y l - 3 ( 2 j H ) - f u r a n o n e and 2 - f u r f u r y l i d e n e - 4 - h y d r o x y -
5 - methy l -3 (2h [ ) - fu ranone . A178 i s a neu y e l l o u compound; i t 
p r o b a b l y has s t r u c t u r e j[, u h i c h remains to be c o n f i r m e d by 
s y n t h e s i s . 

The dark b r o u n i s h - o r a n g e A326 has the fo rmu la C20H10N2O3. 
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C H O 
HO Ο 
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H P L C cm. 4-4 7-6 12-4 16-9 

Figure 4. Ledl and Severin's route to colored compounds from pentoses (8). 
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Figure 5. HPLC separation of Fraction A spiked with LS270. 
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Uf the remaining nine compounds, structural information i s 
limited to that derivable from Ιοω-resolution mass spectra, 
which indicate the presence of furfuryl groups in a l l of them. 
For progress to be made, high resolution mass spectra would be 
helpful, but scale-up of preparation would be required. 
Synthesis of appropriate model compounds for comparison and 
automation of analysis by combined LC/MS (15, 16) are two 
promising approaches. 
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C o n d i t i o n s for the S y n t h e s i s of Antioxidative 

Arginine-Xylose Maillard Reaction P r o d u c t s 

G. R. WALLER, R. W. BECKEL, and B. O. ADELEYE 
Oklahoma State University, Oklahoma Agricultural Experiment Station, 
Department of Biochemistry, Stillwater, OK 74078 

An antioxidativ
can be formed fro
results were obtained by refluxing 1M 
arginine-HCl with 1M xylose in water at 100°C 
for 10-20 h at initial pH of approximately 5. 
Tris buffer and pressures up to 5 bar using N2, 
O2 , and air had negligible effect on yield of 
antioxidative activity but the use of 1:1 
pyridine/water as a reaction medium produced a 
2-fold increase in this activity. 

A considerable amount of research pertaining to the 
Maillard reaction has revolved around the conditions of the 
reaction (1, 2, 3). However, very little attention has been 
directed toward the conditions for maximizing the yield of 
antioxidative products. The studies that have been conducted 
have focused primarily on very specific reactants, as does 
this study, and although some generalizations can be drawn 
about reaction parameters, most reactant combinations used so 
far have only been treated with a single set of reaction 
conditions. 

By increasing the initial pH from 4 to 9 in a solution of 
glycine and glucose, Kirigaya, et al. (4) found that the yield 
of undialyzable antioxidative product was increased. Similar 
increases were also obtained with arginine and glucose. In 
addition, Kirigaya, et al. reported that increasing the ratio 
of glycine to xylose increased the yield of antioxidants. 

In one of the most extensive studies to date, Tomita (5) 
found that phosphate buffer more effectively enhanced the 
yield of antioxidative activity produced from tryptophan and 
glucose than either veronal or borate buffer. The optimum 
concentration of phosphate buffer was 0.1 M and the optimum 
initial pH was 9. He also reported that an increase in 
antioxidative activity was directly associated with an 
increase in the molar ratio of sugar to amino acid and was 

0097-6156/83/0215-0125$06.00/0 
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f a v o r e d by h i g h t o t a l r e a c t a n t c o n c e n t r a t i o n s and r e a c t i o n 
temperature (140° C). E i c h n e r (6) i n d i c a t e d t h a t low water 
a c t i v i t y f a v o r s the p r o d u c t i o n of a n t i o x i d a t i v e browning 
i n t e r m e d i a t e s more than i t does the f o r m a t i o n of 
hi g h e r - m o l e c u l a r - w e i g h t m e l a n o i d i n s . This i m p l i e s t h a t the 
y i e l d of h i g h e r - m o l e c u l a r - w e i g h t a n t i o x i d a n t s would be f a v o r e d 
by moderate to hi g h r e a c t a n t c o n c e n t r a t i o n s . 

R e c e n t l y , L i n g n e r t and E r i k s s o n (7) r e p o r t e d the e f f e c t 
of v a r y i n g the amino a c i d - s u g a r combinations on the y i e l d of 
a n t i o x i d a t i v e a c t i v i t y . H i s t i d i n e w i t h glucose as w e l l as 
a r g i n i n e w i t h x y l o s e produced h i g h l e v e l s of a n t i o x i d a t i v e 
M a i l l a r d r e a c t i o n p r oduct s (MRP'S). The e f f e c t s of i n i t i a l 
pH, r e a c t i o n time, and molar r a t i o of amino a c i d to sugar on 
the y i e l d of a n t i o x i d a t i v e a c t i v i t y from the h i s t i d i n e - g l u c o s e 
r e a c t i o n were a l s o r e p o r t e d . A h i g h y i e l d was favo r e d by 
r e f l u x i n g a 2:1 mola
at a pH i n i t i a l l y betwee

Although L i n g n e r t and E r i k s s o n o b t a i n e d h i g h l y 
a n t i o x i d a t i v e products i n the a r g i n i n e - x y l o s e r e a c t i o n , no 
attempt was made to d e f i n e the optimum c o n d i t i o n s . In l i g h t 
of t h i s , F o s t e r (8) e s t a b l i s h e d t h a t maximum a n t i o x i d a t i v e 
a c t i v i t y c o u l d be generated by r e f l u x i n g f o r three h a 2:1 
a r g i n i n e - x y l o s e m i x t u r e b u f f e r e d at pH 8.0 w i t h 0.1 M 
phosphate. At l e a s t some of the a n t i o x i d a t i v e a c t i v i t y was 
c l e a r l y a s s o c i a t e d w i t h a hig h - m o l e c u l a r - w e i g h t f r a c t i o n . No 
other r e a c t i o n parameters were e x p l o r e d i n F o s t e r ' s study. 
Consequently, the purpose of t h i s p r esent i n v e s t i g a t i o n was to 
d i s c o v e r the optimum r e a c t i o n c o n d i t i o n s under which a r g i n i n e 
and x y l o s e would y i e l d , f o l l o w i n g p a r t i a l p u r i f i c a t i o n , a c t i v e 
p r o d u c t s . Although many of the a n t i o x i d a n t s p r e s e n t l y used by 
the food i n d u s t r y are e f f e c t i v e i n p r e v e n t i n g r a n c i d i t y , t h e i r 
s a f e t y i s o f t e n q u e s t i o n e d by the consumer. Most d i e t s 
c o n t a i n MRP's so the p o s s i b i l i t y of u t i l i z i n g these as 
" n a t u r a l " p r e s e r v a t i v e s i s a t t r a c t i v e and should not be 
ov e r l o o k e d . 

M a t e r i a l s and Methods: C o n d i t i o n s f o r S y n t h e s i s 

S y n t h e s i s of MRP A l l r e a c t i o n s were conducted u s i n g the 
a p p r o p r i a t e amounts of L - a r g i n i n e h y d r o c h l o r i d e (Sigma grade, 
Sigma Chemical Co., S t . L o u i s ) and D(+)-xylose (grade I I , 
Sigma) i n 50 ml of d i s t i l l e d water; the s o l u t i o n s were 
r e f l u x e d f o r v a r y i n g t i m e s . A l l samples produced were s t o r e d 
at -20°C u n t i l assayed f o r a n t i o x i d a t i v e a c t i v i t y . 

T r i s B u f f e r A 1.0 M s o l u t i o n of T r i s 
( tris(hydroxymethyl)aminomethane) (Sigma) was a d j u s t e d to a pH 
of e i t h e r 7.0 or 8.0 w i t h Κ0Η and cone. HC1. 

Organic A d d i t i v e s P y r i d i n e (Reagent grade ACS) was 
ob t a i n e d from Eastman Kodak (Rochester, New Y o r k ) . G e r a n i o l 
was s u p p l i e d by Chemicals Procurement L a b o r a t o r i e s ( C o l l e g e 
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P o i n t , New York) and 1-nonanol was purchased from Κ and Κ 
L a b o r a t o r i e s (Jamaica, New Y o r k ) . The other o r g a n i c s o l v e n t s 
were of HPLC grade, from J . T. Baker and Company 
( P h i l l i p s b u r g , New J e r s e y ) . 

P r e s s u r e R e a c t i o n s The Par r p r e s s u r e r e a c t i o n apparatus 
( P a r r Instrument Co., M o l i n e , I l l i n o i s ) was used f o r a l l 
p r e s s u r e and gas s t u d i e s . A s p e c i a l l y designed T e f l o n stopper 
was used i n p l a c e of the o r i g i n a l rubber stopper so t h a t the 
commercial a n t i o x i d a n t s i n the rubber would not contaminate 
the r e a c t i o n m i x t u r e . Standard 99.9% oxygen, lamp-grade 
n i t r o g e n , and Type-1 grade-Ε b r e a t h i n g a i r were o b t a i n e d from 
Sooner S u p p l i e s (Shawnee, Oklahoma). 

Assays f o r A n t i o x i d a t i v e A c t i v i t y S p e c t r o p h o t o m e t r i c 
and p o l a r o g r a p h i c (9) assays were u t i l i z e d to monitor l e v e l s 
of a n t i o x i d a t i v e a c t i v i t y . In the s p e c t r o p h o t o m e t r i c assay, a 
2-ml p o r t i o n of l i n o l e i
t e s t tube along w i t h 1
t h i s , 200 u l were withdrawn and mixed w i t h 2 ml of 100% 
methanol and 6 ml of 60% methanol-water. The remainder of the 
2 ml of emulsion and sample mixture was then i n c u b a t e d at 37°C 
f o r 15 to 20 h. Meanwhile, the absorbance of the methanol 
s o l u t i o n to which the 200 μΐ of sample had been added was 
measured at 234 nm. A f t e r i n c u b a t i o n , the absorbance of 200 

jjl of the emulsion and sample mixture was a l s o measured at 234 
nm i n the same manner. A n t i o x i d a t i v e a c t i v i t y (A.O.A.) was 
c a l c u l a t e d u s i n g the e q u a t i o n : 

A.O.A. = A A 2 3 " e " A A 2 3 ^ S 

where ^^23kc ^ s the d i f f e r e n c e i n absorbance between a f r e s h 
and an inc u b a t e d c o n t r o l , and ΔΑ231+ s i - n t n e analogous change 
i n absorbance of the sample. 

The p o l a r o g r a p h i c assay was c a r r i e d out by adding 4 ml of 
the l i n o l e i c a c i d emulsion to 100-200 y l of the sample and 
then measuring the l e n g t h of time r e q u i r e d f o r 50% of the 
oxygen to be consumed a f t e r the a d d i t i o n of 0.2 ml of a 
s o l u t i o n of hemin c a t a l y s t (prepared by d i s s o l v i n g 5 ymol of 
bovine hemin (Sigma Chemical Co.) i n 500 ml of a one-to-one 
m i x t u r e of 0.02 M potassium phosphate b u f f e r (pH 7.0) and 95% 
e t h a n o l ) . Oxygen consumption was monitored u s i n g a YSI Model 
53 Oxygen M o n i t o r ( Y e l l o w Springs Instrument Company, Y e l l o w 
S p r i n g s , O h i o ) . The p o l a r o g r a p h i c assay i s c a l c u l a t e d u s i n g 
the e q u a t i o n : 

t Q - t. 
A.O.A. = — § 1 — 

H 
where t g i s the time r e q u i r e d f o r 50% of the oxygen to be 
consumed i n the emulsion c o n t a i n i n g the sample b e i n g assayed, 
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and t i s the c o r r e s p o n d i n g time f o r the emulsion to which no 
sample^has been added. 

P u r i f i c a t i o n of AX A l i q u o t s (15-ml) of crude r e a c t i o n 
m a t e r i a l were d i a l y z e d a g a i n s t 250 ml of t r i p l y d i s t i l l e d , 
degassed, N 2 - s a t u r a t e d water by use of Spectrapor 6 t u b i n g (43 
mm χ 10 m, MW c u t o f f nominal at 1000). The i n n e r c o n t e n t s 
( r e t e n t a t e ) and 250 ml of the o u t e r l i q u i d ( d i a l y z a t e ) were 
s e p a r a t e l y l y o p h i l i z e d , weighed, and s t o r e d i n d e s i c c a t o r s at 
20 C p r i o r to b e i n g assayed. 

R e s u l t s 

E f f e c t of Time F i g u r e 1 r e f l e c t s the change i n pH w i t h 
time, and F i g u r e 2 r e f l e c t s the change i n a n t i o x i d a t i v e 
a c t i v i t y of crude product w i t h time, both the 
s p e c t r o p h o t o m e t r i c an
pH of the crude r e a c t i o
v a l u e a f t e r two to f i v e h. The time r e q u i r e d to produce 
maximum a n t i o x i d a t i v e a c t i v i t y v a r i e d between 10 and 20 h 
depending on which assay was used to monitor i t . T h i s 
d i f f e r e n c e was not s u r p r i s i n g , however, and r e f l e c t e d a 
problem commonly encountered when a u t o x i d a t i o n i s measured 
w i t h more than one assay system. The assays i n t h i s case were 
a p p l i e d to the l i n o l e i c a c i d emulsion at d i f f e r e n t stages of 
a u t o x i d a t i o n and, t h e r e f o r e , e x h i b i t e d d i f f e r e n t s e n s i t i v i t i e s 
to equal amounts of a n t i o x i d a n t s . 

E f f e c t of T r i s B u f f e r F i g u r e s 3 and 4 i l l u s t r a t e the 
changes i n pH and a n t i o x i d a t i v e a c t i v i t y w i t h time of t h r e e 
r e a c t i o n systems i n which 1.0 M T r i s was used as a b u f f e r . No 
s i g n i f i c a n t d i f f e r e n c e i n a n t i o x i d a n t y i e l d c o u l d be observed 
between the b u f f e r e d and nonbuffered systems, and a l l t h r e e 
systems were c h a r a c t e r i z e d by a r a p i d drop i n pH d u r i n g the 
i n i t i a l t h r e e h of the r e a c t i o n . W i t h i n f i v e h, however, the 
pH reached a minimum and was constant f o r the remainder of the 
r e a c t i o n . 

E f f e c t of I n i t i a l pH F i g u r e 5 d e p i c t s the change i n pH 
w i t h time and F i g u r e 6 shows the a n t i o x i d a t i v e a c t i v i t y a f t e r 
20 h of r e f l u x i n g of s i x n o n b u f f e r e d systems h a v i n g d i f f e r e n t 
i n i t i a l pH v a l u e s . In a l l s i x r e a c t i o n s , the pH a t t a i n e d a 
minimum and c o n s t a n t v a l u e w i t h i n f i v e h. The two r e a c t i o n 
m i x t u r e s c h a r a c t e r i z e d by i n i t i a l pH v a l u e s of 5.0 and 7.0 
generated the maximum amount of a c t i v i t y ; i n these the pH 
reached a f i n a l v a l u e of 3.5 and 4.0 r e s p e c t i v e l y . 

E f f e c t of Molar R a t i o of Reactants S e v e r a l m i x t u r e s 
c o n t a i n i n g d i f f e r e n t molar r a t i o s of a r g i n i n e to x y l o s e were 
r e f l u x e d i n 25 ml of nonbuffered water f o r 20 h. The t o t a l 
c o n c e n t r a t i o n i n a l l cases was 3.0 M. F i g u r e 7 i s a p l o t of 
the f i n a l a c t i v i t y v e r s u s the molar r a t i o of a r g i n i n e to 
x y l o s e , and c l e a r l y i n d i c a t e s t h a t the 1:1 r a t i o was the 
s u p e r i o r c o m b i n a t i o n . In a d d i t i o n , the b e l l - s h a p e d 
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PH 

5.0 4 

4.0 A 

3.0 H 

TIME (HOURS) 

Figure 1. Average change in pH with time of the unbuffered arginine-xylose 
reaction mixture. 

Figure 2. Average change in percent maximum antioxidative activity with time of 
the nonbuffered arginine-xylose reaction mixture. Key: O, spectrophotometric 

assay; A, oxygen electrode assay. 
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3.0 i 

0 1 1 1 1 Τ 
Ο 5 10 15 20 

TIME (HOURS) 

Figure 3. Average change in pH with time of the nonbuffered, Tris 7.0, and Tris 
8.0 arginine-xylose reaction mixtures. Key: O, nonbuffered; M, Tris 7.0; A, 

Tris 8.0. 

TIME (HOURS) 

Figure 4. Change in percent antioxidative activity with time of the nonbuffered, 
Tris 7.0, and Tris 8.0 arginine-xylose reaction. Key: O, nonbuffered; M, Tris 7.9; 

A, Tris 8.0. 
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TIME (HOURS) 

Figure 5. Change in pH with time of six nonbuffered arginine-xylose systems 
possessing different initial pH values. 
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d i s t r i b u t i o n of a c t i v i t y suggested the p o s s i b i l i t y of 
p r e d i c t i n g the outcome of h e a t i n g s e v e r a l combinations or 
a r g i n i n e and x y l o s e . 

E f f e c t of Organic A d d i t i v e s To determine i f other 
o r g a n i c compounds c o u l d be used to enhance the y i e l d of 
a n t i o x i d a t i v e a c t i v i t y , m i x t u r e s were made c o n t a i n i n g 0.1 mole 
of a r g i n i n e , 0.05 mole of x y l o s e , and one of the f o l l o w i n g : 
50 ml 95% e t h a n o l , 50 ml acetone, 45 ml 1-pentanol, 9 ml 
be n z y l a l c o h o l , 1 ml 1-nonanol, 1 ml g e r a n i o l , 50 ml 
t e t r a h y d r o f u r a n (THF), 50 ml carbon t e t r a c h l o r i d e ( C C l ^ ) , and 
50 ml p y r i d i n e . The volumes were a d j u s t e d to 100 ml w i t h 
d i s t i l l e d water and the s o l u t i o n s r e f l u x e d f o r f i v e h. The 
f i n a l r e l a t i v e a c t i v i t i e s of these systems can be seen i n 
F i g u r e 8. Only the p y r i d i n e m i x t u r e d i s p l a y e d a marked 
i n c r e a s e i n a c t i v i t y compared to the c o n t r o l , even though 
p y r i d i n e by i t s e l f wa
p l a u s i b l e t h a t p y r i d i n
a n t i o x i d a n t s produced i n the r e a c t i o n might enhance the 
e f f e c t i v e n e s s of these compounds. An e q u i v a l e n t amount of 
p y r i d i n e , t h e r e f o r e , was added to a c o n t r o l sample j u s t p r i o r 
to p e r f o r m i n g the assay and the r e s u l t s showed the sample to 
be a l s o p r o - o x i d a t i v e i n a c t i v i t y . Equal weights of 
l y o p h i l i z e d c o n t r o l and l y o p h i l i z e d a r g i n i n e - x y l o s e - p y r i d i n e 
(AXP) r e a c t i o n m ixture were then assayed. The dry AXP was 
f i r s t d i s s o l v e d i n 1.0 Ν a c e t i c a c i d and then l y o p h i l i z e d i n 
order to d i s c a r d the p y r i d i n e . The p y r i d i n e system s t i l l 
d i s p l a y e d an a n t i o x i d a t i v e a c t i v i t y t wice t h a t of the c o n t r o l . 

In order to o b t a i n a c l e a r e r p e r s p e c t i v e of the 
d i f f e r e n c e between the p y r i d i n e - i n f l u e n c e d r e a c t i o n and the 
c o n t r o l , both m i x t u r e s were r e f l u x e d f o r seventy h, and 
a l i q u o t s were withdrawn at v a r i o u s times so th a t the change i n 
a c t i v i t y c o u l d be monitored. F i g u r e 9 c l e a r l y shows th a t 
throughout the e n t i r e time, the p y r i d i n e system generated 
twice the a c t i v i t y of the c o n t r o l and d i d not reach a maximum 
u n t i l a f t e r f i f t y h. F i n a l l y , F i g u r e 10 shows t h a t t w i c e as 
much c o n t r o l was needed i n order to produce an a n t i o x i d a t i v e 
e f f e c t e q u i v a l e n t to t h a t of the p y r i d i n e system. Thus, 
p y r i d i n e may have served as a c a t a l y s t or i t may have been 
i n c o r p o r a t e d i n t o new a n t i o x i d a t i v e compounds, though the 
l a t t e r i s u n l i k e l y , c o n s i d e r i n g the low r e a c t i v i t y of 
p y r i d i n e . I t should be noted t h a t the pH of t h i s r e a c t i o n 
dropped from an i n i t i a l v a l u e of 5.6 to a f i n a l v a l u e of 5.2. 
In l i g h t of t h i s , i t was f i r s t c o n s i d e r e d t h a t the enhanced 
a c t i v i t y was perhaps due s o l e l y to the b u f f e r i n g e f f e c t of the 
p y r i d i n e . However, t h i s seemed u n l i k e l y s i n c e no a p p r e c i a b l e 
d i f f e r e n c e s i n a n t i o x i d a n t p r o d u c t i o n c o u l d be o b t a i n e d i n 
r e a c t i o n s c o n t a i n i n g no p y r i d i n e and running at pH's between 
3.5 and 6.5 (see F i g s . 3 & 4 ) . Since the u n b u f f e r e d water 
r e a c t i o n ran at a pH between 3.5 and 4.0, i t was d o u b t f u l t h a t 
the i n c r e a s e i n a n t i o x i d a t i v e e f f e c t generated by the p y r i d i n e 
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Figure 9. A comparison of the change with time in antioxidative activity produced 
by arginine-xylose in a water system and a pyridine-water system. Key: O, water 

system; A» pyridine-water system. 
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Figure 10. A comparison of the change with time in antioxidative activity pro
duced by arginine-xylose in 2 μΣ of the water system and 1 μΣ of the pyridine-

water system. Key: O, water system; A, pyridine-water system. 
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system was e n t i r e l y due to the i n f l u e n c e of pH. Both systems 
were r e a c t i n g w i t h i n a pH range t h a t r e s u l t s i n very l i t t l e 
d i f f e r e n c e i n a n t i o x i d a n t p r o d u c t i o n . 

To g a i n an i n s i g h t i n t o the c o m p o s i t i o n of the r e a c t i o n 
p r o d u c t s , a C, Η, 0, Ν a n a l y s i s was performed by G a l b r a i t h 
L a b o r a t o r i e s , Tennessee on samples prepared by l y o p h i l i z a t i o n ; 
the r e s u l t s are d i s p l a y e d i n Table 1. 

Table 1 

Elemental Composition of AXC and AXP 

% T o t a l Dry Weight 

C Ν

AXC 37.1 20.7 22.7 7.2 87.7 

AXP 40.9 17.7 24.4 7.1 90.1 

C l e a r l y , the AXP co n t a i n e d more carbon and oxygen and 
l e s s n i t r o g e n and hydrogen than d i d the AXC. I f 95-97% of the 
t o t a l r e a c t i o n products were n o n a n t i o x i d a t i v e and i f the 
a n t i o x i d a n t s present i n the AXC mixture c o n t a i n e d a g r e a t e r 
percentage of carbon and oxygen than n i t r o g e n and hydrogen, 
then an i n c r e a s e i n t h e i r y i e l d would have been r e f l e c t e d by 
an i n c r e a s e i n the carbon and oxygen content r e l a t i v e to 
n i t r o g e n . T h i s was the case when p y r i d i n e was used i n the 
r e a c t i o n , thus g i v i n g credence to i t s r o l e as a c a t a l y s t . I f 
the p y r i d i n e had p a r t i c i p a t e d i n the r e a c t i o n and i n doing so 
generated a new a n t i o x i d a t i v e compound then i t i s u n l i k e l y 
t h a t the new product would c o n t a i n a r a t i o of elements 
c o n s i s t e n t w i t h the observed a n a l y s i s . 

E f f e c t of Pr e s s u r e and of Gas Used S o l u t i o n s 
c o n t a i n i n g 30 ml of nonbuffered a r g i n i n e - x y l o s e were a l l o w e d 
to r e a c t i n a 50-ml P a r r vesse 1 f o r 10 h at 100°C e i t h e r at 
one or f i v e bars of pr e s s u r e of a i r , N 2 ) or 0 2 . P r i o r to 
s t a r t i n g the r e a c t i o n , a i r , n i t r o g e n , or oxygen was bubbled 
through the s o l u t i o n f o r one min. 

Comparison of the a n t i o x i d a t i v e a c t i v i t y of equal 
amounts of product o b t a i n e d by r e p e t i t i v e d i a l y s i s y i e l d e d the 
r e s u l t s shown i n Table 2. 
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Table 2 

R e l a t i v e A n t i o x i d a t i v e A c t i v i t i e s produced from 2:1 R a t i o of 
A r g i n i n e and X y l o s e under 1 and 5 Bars of 

A i r , Oxygen, and N i t r o g e n 

No. 1 Bar 5 Bars 
of 
D i 

a l y 
ses 

A i r Oxygen N i t r o g e n A i r Oxygen N i t r o g e n 

D i a l y s a t e 1 0.25 0.0

2 1.49 0.07 1.07 0.25 -0.11 0.79 

3 0.39 0.00 2.99 0.35 -0.09 1.17 

4 0.05 1.00 0.00 0.58 

R e t e n t a t e 1 1.45 0.01 3.23 0.30 -0.02 1.44 

2 3.67 -0.12 8.94 0.21 -0.02 1.90 

3 0.89 -0.01 0.89 0.35 0.00 1.06 

4 0.99 -0.13 0.64 0.36 0.07 0.88 

Both r e t e n t a t e s and d i a l y z a t e s showed a h i g h e r a n t i o x i d a t i v e 
a c t i v i t y f o r the samples prepared under 1 bar of p r e s s u r e of 
a i r and n i t r o g e n than under 5 bars except f o r r e t e n t a t e s 3 and 
4 under n i t r o g e n , i n which the a n t i o x i d a t i v e a c t i v i t y f o r 5 
bars was s l i g h t l y h i g h e r . G e n e r a l l y , the a n t i o x i d a t i v e 
a c t i v i t y i n samples prepared under 1 and 5 bars of p r e s s u r e of 
oxygen was s i g n i f i c a n t l y lower. Except f o r samples heated 
under oxygen, the a n t i o x i d a t i v e a c t i v i t y was at i t s h i g h e s t i n 
the second r e t e n t a t e . When the crude samples were d i a l y z e d 
more than t w i c e , the a n t i o x i d a t i v e a c t i v i t y i n the d i a l y s a t e s 
i n c r e a s e d w i t h d e c r e a s i n g a c t i v i t y i n the r e t e n t a t e s . T h i s 
showed t h a t i n c r e a s i n g r e p e t i t i v e d i a l y s i s r e s u l t e d i n more 
d i f f u s a b l e a n t i o x i d a t i v e substances t h a t c r o s s e d the 1,000 
m o l e c u l a r weight c u t o f f t u b i n g i n t o the d i a l y s a t e . The 
s t r u c t u r e s and the m o l e c u l a r weights have not been determined. 
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D i s c u s s i o n 

Depending on which assay was used, the optimum time f o r 
p r o d u c i n g a n t i o x i d a t i v e a c t i v i t y was between 10 and 20 h. 
However, i n e i t h e r case, the major p a r t of the y i e l d had been 
formed w i t h i n 10 h. I f time i s the c r i t i c a l f a c t o r when 
produ c i n g a n t i o x i d a n t s from t h i s system, the i n c r e a s e i n y i e l d 
from 10 to 20 h would probably not be s u b s t a n t i a l enough to 
j u s t i f y the d o u b l i n g of r e a c t i o n time. 

The presence of T r i s e x e r t e d no i n f l u e n c e on the amount 
of f i n a l a c t i v i t y produced. Only 1.0 M T r i s was used and i t 
i s c o n c e i v a b l e t h a t any enhancement of a c t i v i t y r e s u l t i n g from 
the b u f f e r i n g c o u l d have been negated by an i n h i b i t o r y a c t i o n 
of the T r i s , though t h i s was u n l i k e l y s i n c e T r i s i s an amino 
compound which i f a n y t h i n g would have i n c r e a s e d the r a t e . A 
more e x t e n s i v e surve
might i d e n t i f y som
a n t i o x i d a n t , but the i n c r e a s e would have to be s u b s t a n t i a l i n 
order to outweigh the added expense of the b u f f e r . 

Maximum a c t i v i t y was produced w i t h an i n i t i a l pH of 5.0 
and, i n f a c t , the r e s u l t s i n F i g u r e 6 i n d i c a t e d t h a t a wide 
range between 3.0 and 7.0 c o u l d be employed to o b t a i n 
a c c e p t a b l e y i e l d s . However, t h i s i s based p a r t l y on 
e x t r a p o l a t i o n s i n c e no data f o r a pH of 3.0 were o b t a i n e d . 

Although the 1:1 molar r a t i o n produced a h i g h e r y i e l d of 
a c t i v i t y , u n p u b l i s h e d r e s u l t s o b t a i n e d i n t h i s l a b o r a t o r y have 
shown t h a t the m a j o r i t y of the a c t i v i t y i s l o s t upon d i a l y s i s . 
T h i s i m p l i e s t h a t the i n c r e a s e i n a c t i v i t y w i t h the 1:1 system 
was the r e s u l t of an i n c r e a s e i n the y i e l d of 
low-molecular-weight a n t i o x i d a n t s at the p o s s i b l e c o s t of 
h i g h e r a n t i o x i d a n t s . 

J u s t as c e r t a i n n i t r o g e n o u s compounds are known to 
i n c r e a s e the r a t e of browning, the r e s u l t s w i t h p y r i d i n e 
i n d i c a t e d t h a t t h i s may a l s o be t r u e f o r the p r o d u c t i o n of 
a n t i o x i d a n t s . The present study r e v e a l e d t h a t use of p y r i d i n e 
doubled the y i e l d of a c t i v i t y . No attempts, however, were 
made to i s o l a t e and p u r i f y the a n t i o x i d a t i v e components, and 
t h e r e f o r e , no c o n c l u s i o n can be made as to whether p y r i d i n e 
was a c t i n g merely as a c a t a l y s t or i f i t was i n v o l v e d i n 
p r o d u c i n g a d i f f e r e n t and s t r o n g e r a n t i o x i d a n t . 

C o n c l u s i o n s 

This study has d e f i n e d a few of the optimum c o n d i t i o n s , 
but, the e f f e c t s of other b u f f e r s and of the t o t a l 
c o n c e n t r a t i o n s of r e a c t a n t s need to be i n v e s t i g a t e d . In 
a d d i t i o n , the i n f l u e n c e of other base c a t a l y s t s m e r i t s f u r t h e r 
study. The mechanisms by which p y r i d i n e enhances the y i e l d i s 
not understood, but the use of i s o t o p i c a l l y l a b e l e d p y r i d i n e 
might p r o v i d e evidence as to whether or not p y r i d i n e i s 
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incorporated into a new antioxidant. Another approach would 
be to carry out some experiments with a pH-stat to control pH 
at the same level that pyridine maintains. Finally, caution 
should be exercised in the interpretation of the results of 
this study. Except for the 1:1 molar ratio products, no 
attempt was made to associate molecular weights with 
antioxidative activity, and therefore, little can be said 
about the conditions for producing a maximum yield of 
high-molecular-weight antioxidants. Even though it would be 
tempting to do so, it is clear from the dialysis results that 
more than assumptions must be made before defining the optimum 
conditions for producing the antioxidative compounds. 

Acknowledgments 

The authors thank
and editing this manuscript
from the M.S. thesis of Ronald W. Beckel. This research was 
supported in part from the National Science Foundation in the 
form of a research grant No. INT-8018220. 

Literature Cited 

1. Smirnov, V. Α.; Geispits, K. A. Biokhimiya 1956, 21, 
633-635; Biochemistry (translation), 21, 655-657. 

2. Kliely, R. J.; Nowlin, A. C.; Moriarty, J . H. Cereal Sci. 
Today 1960, 5, 273-274. 

3. Heyns, K.; Klier, M. Carbohydrate Res. 1968, 6, 436-448. 
4. Kirigaya, N; Kato, H.; Fujimaki, M. Nippon Nogei Kagaku 

Kaishi 1969, 43, 484-491; CA (1970) 72:11493a; BA (1970) 
51:18420. 

5. Tomita, Y. Kogashima Daigaku Nogakubu Gakujutsu Hokoku 
1971, 21, 161-170; CA (1972) 76:98098e. 

6. Eichner, K. "Water Relations of Food"; Duckworth, R. B., 
eds.; Academic Press, London, New York, 1975; pp. 
417-437. 

7. Lingnert, H.; Eriksson, C. E. J . Food Process. Pres. 
1980, 4, 161-172. 

8. Foster, R. C. "Preliminary isolation and characterization 
of an antioxidative component of the Maillard reaction 
between arginine and xylose"; M. S. Thesis, Oklahoma 
State University, Stillwater, Oklahoma, 1980; 72 pp. 

9. Lingnert, H.; Vallentin, K.; Eriksson, C. E. J . Food 
Process. Pres. 1979, 3, 87-103. 

RECEIVED November 22, 1982 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



9 

The Variety of Odors Produced i n Maillard 

Model S y s t e m s a n d How They Are I n f l u e n c e d 

b y R e a c t i o n C o n d i t i o n s 

M. J. LANE1 and H. E. NURSTEN2 
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The odors of mor
drawn from twenty-on  eigh  sugars, 
treated under different conditions of temperature 
and humidity with the inclusion of selected third 
components, were evaluated by one assessor only. 
Organoleptic assessment of odors produced by a full 
range of common amino acids in "dry" 1:1 admixture 
with glucose was carried out by immersion of an 
ignition tube containing the reaction mixture into 
a heated Wood's metal bath. The investigator 
assessed variations in aroma produced by: (a) changes 
in heating temperature from 100 to 220°C at selected 
time intervals up to thirty minutes, (b) different 
levels of relative humidity of the reactants, (c) 
changes in the sugar used, and (d) adding third 
components, such as powdered cellulose and soluble 
starch and two nitrogen sources, asparagine and 
glutamine. The initial experiments, the heating of 
glucose-amino acid mixtures at selected temperatures, 
proved of greatest interest, many aromas being 
reported for the first time. However, as the experi
ments progressed from variations in time and tempera
ture only to variations of water content, change of 
sugar and inclusion of third components, the aromas 
emerged as basically the same for each particular 
amino acid. 

1 Current address: Quaker Oats Ltd., Bridge Rd., Southall, Middlesex 

2 Current address: University of Reading, Department of Food Science, Whiteknights, 

Reading, Berkshire 

0097-6156/83/0215-0141$06.00/0 
© 1983 American Chemical Society 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



142 MAILLARD REACTIONS 

When our i n t e r e s t i n t h i s a r e a uas a r o u s e d i n 1969, a 
s u r v e y o f p r e v i o u s work shoued t h a t , a l t h o u g h many aqueous 
m i x t u r e s had been s t u d i e d , a t t e n t i o n had been a c c o r d e d to v e r y 
f e u systems o f ve ry l o u water c o n t e n t . In f a c t , a t t h a t t ime 
no " d r y " , tuo-component system had been examined w i t h r e s p e c t 
to the v o l a t i l e s p r o d u c e d , a s u r p r i s i n g o m i s s i o n c o n s i d e r i n g 
the impor tance o f r o a s t i n g and g r i l l i n g . 

S i n c e t h e n , some i m p o r t a n t work a l o n g these l i n e s has been 
c a r r i e d out ( 2 . ) » c u l m i n a t i n g i n the r e c e n t paper by de R i j k e , 
e t a l . ( 2 j , i n u h i c h a s u l f u r - c o n t a i n i n g amino a c i d , me th ion ine 
o r c y s t e i n e , uas heated under " d r y " c o n d i t i o n s u i t h one o f s i x 
s u g a r s i n t u r n f o r 15 min a t 1 9 0 - 2 0 0 ° and 2-3 T o r r . , the 
v o l a t i l e s b e i n g c o l l e c t e d i n c o l d t r a p s and examined . 

Our approach uas d i f f e r e n t , a m b i t i o u s , ye t s i m p l e . The 
odors o f more than 400 model systems draun from 21 amino a c i d s 
and 8 s u g a r s , t r e a t e d under d i f f e r e n t c o n d i t i o n s o f temperature 
and h u m i d i t y u i t h the i n c l u s i o
uere e v a l u a t e d by one a s s e s s o r o n l y . 

E x p e r i m e n t a l 

R e a g e n t s . A n a l a r amino a c i d s and s u g a r s ( B . D . H . C h e m i c a l s 
L t d ) uere u s e d . T h i n l a y e r chromatography r e v e a l e d no i m p u r i 
t i e s i n the r e a g e n t s as d e l i v e r e d , and no f u r t h e r p u r i f i c a t i o n 
uas c a r r i e d o u t . The r e a g e n t s uere kept over phosphorus 
p e n t o x i d e i n a vacuum d e s i c c a t o r f o r a t l e a s t t h r e e days b e f o r e 
u s e . 

Tuo-component systems (a) G l u c o s e - a m i n o a c i d systems 
F i n e l y g r o u n d , e q u i m o l a r m ix tu re (0 .3 g) uas p l a c e d i n t o a s m a l l 
t e s t t u b e , a g l a s s s p a c e r added to h o l d doun the s o l i d i n c a s e 
o f f r o t h i n g and a l s o to i n c r e a s e the c o n t a c t o f the mix tu re u i t h 
the o u t s i d e u a l l (see F i g u r e 1 ) , and the tube c l o s e d u i t h an 
aluminum cap (Oxoid L t d ) to l e s s e n the escape o f v o l a t i l e s . 
The t e s t tube uas p a r t i a l l y immersed i n a g l a s s d i s h o f mol ten 
wood's m e t a l , kept a t 180 ( Î 2 ) ° on a magnet ic h o t - p l a t e s t i r r e r . 
At r e g u l a r i n t e r v a l s the t e s t tube uas u i t h d r a u n to s m e l l the 
v o l a t i l e s p r o d u c e d . G l u c o s e uas heated u i t h the f o l l o u i n g 
amino a c i d s : a l a , a r g , a s n , a s p , c y s , c y s 2 , g l u , g i n , g l y , h i s , 
i l e , l e u , l y s , met , phe , p r o , s e r , t h r , t r y , t y r , and v a l , h i s 
and l y s b e i n g i n the form o f t h e i r m o n o h y d r o c h l o r i d e s . The 
amino a c i d s and g l u c o s e uere a l s o heated a l o n e . 

The aromas uere n o r m a l l y a s s e s s e d a f t e r 1, 2 , 3 , and 
4 m î n . The maximum y i e l d (0.5%) o f the i n t e r e s t i n g 2 - ( 5 -
h y d r o x y m e t h y l - 2 - f o r m y l - l - p y r r o l y l ) p r o p i o n i c l a c t o n e has been 
shoun to o c c u r from a m ix tu re o f g l u c o s e and a l a i n about 3 min 
under " d r y 1 1 c o n d i t i o n s a t 2 0 0 ° (.3). The f u l l r e s u l t s a re 
a v a i l a b l e ( £ ) and a s e t o b t a i n e d a t 1 8 0 ± 2 ° i s g i v e n i n T a b l e I 
as an example . 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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ignition tube 

metal cap 

glass spacer 

sugar-amino acid 
mixture 

13-5 mm 

Figure 1. Heating tube. 

TABLE I 

EXAMPLE OF AROMA ASSESSMENT OF 

1:1 GLUCOSE ; AMINO ACID MIXTURE AT 18QC 

53mm 

q l u c o s e - c y s t e i n e 

30, 60 s s t r o n g l y p u f f e d wheat 30 s 

c y s t e i n e a l o n e 

very s l i g h t H 2 S 
s m e l l 

2 min c r u s t y , burnt 

3 min burn t b r e a d , w i th 
u n d e r l y i n g p u f f e d 
wheat o r o v e r - r o a s t e d 
meat 

( c f . meaty a t 150°) (5) 

1, 2 min s l i g h t l y s u l f u r o u s 

3, 4 min u n p l e a s a n t s u l f u 
r o u s , some p u f f e d 
wheat 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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(b) Temperature as a v a r i a b l e The e x p e r i m e n t s were 
r e p e a t e d a t 100, 140, and 220 ( ± 2 ) ° f o r up to 30 , 7 , and 1^ m i n , 
r e s p e c t i v e l y . 

( c ) Humid i ty as a v a r i a b l e H e n c e f o r t h , to save t i m e , the 
number o f amino a c i d s i n v e s t i g a t e d uas c u t from 21 to 6: c y s , 
i l e , l y s , s e r , t h r , and t y r , g i v i n g a s e l e c t i o n o f i n t e r e s t i n g 
a romas , as u e l l as o f s t r u c t u r e s . The g l u c o s e - a m i n o a c i d 
m i x t u r e s uere c o n d i t i o n e d i n d e s i c c a t o r s over one o f 5 a p p r o 
p r i a t e s a t u r a t e d s o l u t i o n s o r s o l i d P 2 O 5 » n o m i n a l l y a t 98-Oji r . h . 
H e a t i n g uas f o r up to 5 min a t 1 4 0 ± 2 ° . 

(d) Sugar as a v a r i a b l e The s i x amino a c i d s uere heated 
i n d i v i d u a l l y u i t h each o f the s u g a r s , f r u c t o s e , g a l a c t o s e , 
m a l t o s e , r i b o s e , s u c r o s e , and x y l o s e ^ and u i t h a s c o r b i c a c i d . 
H e a t i n g uas f o r up to 5
r e a c t i v i t y o f the tuo p e n t o s e s
f o r up to 30 min a t 1 0 0 ± 2 ° . 

Three-component systems (a) A n i t r o g e n s o u r c e , asn o r g i n 
P y r a z i n e s have been r e c o g n i z e d f o r some y e a r s as i m p o r t a n t 
o d o r a n t s , and the a v a i l a b i l i t y o f a d d i t i o n a l n i t r o g e n uas 
e x p e c t e d to promote t h e i r f o r m a t i o n . Both asn and g i n uhen 
heated a l o n e produce ammonia, so 1:1:1 m o l . m i x t u r e s uere 
h e a t e d , each s e r v i n g as n i t r o g e n s o u r c e i n t u r n . 

(b) A s p a r a g i n e u i t h change o f sugar At t h i s s t a g e , the 
e f f e c t o f asn on the l y s m i x t u r e s c o n s i d e r e d most i n t e r e s t i n g 
had a l r e a d y been i n v e s t i g a t e d . E i g h t o t h e r tuo-component 
systems e x h i b i t d i s t i n c t and i n t e r e s t i n g aromas (see Tab le I I ) , 
and they uere nou heated i n p resence o f an e q u i m o l a r amount o f 
a s n . A number o f r e l a t e d systems uas a l s o h e a t e d . 

( c ) C e l l u l o s e M i x t u r e s o f h a l f q u a n t i t i e s o f the s i x 1:1 
g l u c o s e : a m i n o a c i d m i x t u r e s u i t h , i n t u r n , 0 , 1, 3 , and 10 
50-mg p o r t i o n s o f c e l l u l o s e uere heated a t 1 4 0 Î 2 ° , as uere a 
f e u r e l a t e d s y s t e m s . 

(d) S o l u b l e s t a r c h Four m i x t u r e s , p a r a l l e l l i n g those 
c o n t a i n i n g c e l l u l o s e , uere heated a t 1 4 0 ± 2 ° . 

(e) P o l y m e r i z a t i o n - b l o c k i n g components The a l d o l c o n d e n 
s a t i o n i s an i m p o r t a n t r e a c t i o n i n the M a i l l a r d netuork (see 
F i g u r e 2 ) . Not a l l the r e a c t i o n s can o c c u r i n a l l c a s e s . 
E q u i l i b r i u m 1 cannot o c c u r uhere the c a r b o n y l compound l a c k s 

- h y d r o g e n a toms, i . e . , i t b e l o n g s to uhat ue d e s i g n a t e 
Group 1 ( F i g u r e 3 ) . V i n y l o g u e s o f - h y d r o g e n s may u e l l need 
to be c o n s i d e r e d . In g e n e r a l , ^ - e l i m i n a t i o n next l e a d s to the 
t< , ^ 3 - u n s a t u r a t e d a ldehyde by R e a c t i o n 3 . T h i s , the f i r s t 
" i r r e v e r s i b l e " s t e p , i s not p o s s i b l e uhere the a l d o l l a c k s 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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TABLE I I 

T'jJQ-COMPQNENT SYSTEMS GIVING 
DISTINCT AND INTERESTING AROMAS 

Amino a c i d Sugar Temperature Aroma 

cys r i b o s e 100 r o a s t beef 

cys a s c o r b i c a c i d 140 c h i c k e n 

i l e a s c o r b i c a c i d 14C c e l e r y 

i l e g lucose 100 c e l e r y 

l y s HC1 glucose 140 bread 

ser glucose 100 c h o c o l a t e 

t h r a s c o r b i c a c i d 140 beef e x t r a c 

meaty 

t y r glucose 100 c h o c o l a t e 

t y r a s c o r b i c a c i d 140 c h o c o l a t e 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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R€HC=0 

Χ θ 

g* R CHJ-C=0 
? 2 ft 

_ C H = C - O

v4 

R,CH 2-C 
electrophile 

Γ 
R2 H R 2 

R C H 2 C - C - C = 0 aldol 
ι ι 

o HO R, 

β CL ? 
R , C H 2 Ç = Ç - C = 0 

R 2 R| 

conjugated enal 

ι R,CH=C-CH-C=0 
R 2 R, 

unconjugated enal 

Figure 2. A Idol condensation. 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
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s(-hydrogens. Such a l d o l s are formed from nucl8ophilic alde
hydes having only one c< -hydrogen, uhich u/e designate Group 2 
(Figure 4). These a l d o l s may dehydrate by the l e s s favored 
Reaction 4, giving the Ρ ,V-unsaturated aldehyde, provided the 
e l e c t r o p h i l i c aldehyde did not belong to Group 1· 

Thus, the a l d o l route w i l l be blocked, or p a r t i a l l y blocked, 
i f the only a v a i l a b l e aldehydes have fewer than two <<-hydrogens. 
Hence, i n c l u s i o n of "blocking 1 1 aldehydes of Group 1 or 2 i n a 
browning reaction mixture should increase the proportion of free 
aldehyde produced and generally lower the chain length of a l d o l 
polymers formed. Ov e r a l l , an increase i n aroma v o l a t i l e s should 
be observed, except with aldehydes of such low b o i l i n g point as 
to be able to escape p h y s i c a l l y and for which the a l d o l conden
sation acts as a r e s t r a i n t . 

In consequence, f u r f u r a l (Group 1) was added to two glucose: 
amino acid mixtures i
heating at 140±2° (se

Comparison of the difference between (1) and (2) with that 
between (3) and (4) should show the e f f e c t of the greater degree 
of blocking of mixture 1, through a higher f i n a l f u r f u r a l con
centration. F u r f u r a l can only be involved as the e l e c t r o p h i l e 
and, i n mixture 1, reaction with 2-methylbutanal (from i l e , 
Group 2) cannot proceed even v i a the l e s s favored Ζ3,**-
elim i n a t i o n . 

Comparison of (5) u i t h (6a) + (6b) (heated i n separate 
tubes but smelled together) should show s i m i l a r l y the extent to 
which f u r f u r a l can a f f e c t a normal aldehyde. Comparison of (7) 
with (8a) + (8b) and of (9) with (10a) + (10b) should show 
l i t t l e difference because of considerable s u r v i v a l of v o l a t i l e 
aldehydes i n presence of a blocking Group 2 aldehyde (from i l e ) . 

Results and Discussion 

(a) Glucose-amino acid systems at différant temperatures 
To reduce the mass of data to manageable proportions, most of 
the aroma descriptors were placed into 14 groups (Table IV), 
some others were also placed i n these groups (for example, pork 
c r a c k l i n g , lamb, and meat extract were included i n meaty), and 
some were omitted (for example, rubbery, earthy, peaty). Two 
descriptors, toast and potato c r i s p s , appear i n two groups. 
This grouping allowed tables to be constructed showing the 
incidence of aach type of aroma. The simplest example was the 
f l o r a l aroma (Tabla V). Only 1 amino acid gave r i s e to i t , both 
with glucose and alone. I t appears at almost a l l temperatures, 
there being 3 occurrences on heating u i t h glucose and 4 on 
heating alone. The other extreme i s presented by Group 14, 
which each of the 21 amino acids exhibited under at l e a s t one of 
the conditions, there being 55 occurrences with glucose and 63 
without, out of a maximum of 84 i n each case. More i n t e r e s t i n g 
than ei t h e r are Groups 2-4 (Tables V I - V I I I ) . 

American Chemical 
Society Library 
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formaldehyde H C H O 

^ - m e t h y l a c r o l e i n C H 2 = C ( C H 3 ) - C H O 

2 - furaldehyd
χ Q <̂ ~" C H O 

C H O 

3 - furaldehyde π Λ 
^ O ^ 

benzaldehyde 
P h - C H O 

Figure 3. Examples of Group 1 aldehydes (those lacking α-hydrogens). 

2-methylbutanal C H 3 C H 2 C H ( C H 3 ) - C H O 

2-methylprupanal C H 3 C H ( C H 3 ) - C H O 

^ - a n g e l i c a l a c t o n e C H ^ ^ Q ^ ^ O 

2-hydroxypropanal C H 3 C H O H C H O 

Figure 4. Examples of Group 2 aldehydes (those having only one a-hydrogen). 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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TABLE II I 

BLOCKED AND PARTIALLY BLOCKED SYSTEMS INVESTIGATED 

1. G l u c o s e + i l e + f u r f u r a l 

2 . G l u c o s e + i l e 

3. G l u c o s e + t y r + f u r f u r a l 

4 . G lucose + t y r 

5 · P e n t a n a l + f u r f u r a l 

6a . P e n t a n a l and 6b. F u r f u r a l 

7. G l u c o s e + i l e + p e n t a n a l 

8a . G l u c o s e + i l e and Sb. P e n t a n a l 

9 . G l u c o s e (X2) + i l e + t y r 

10a. G lucose + i l e and 10b. G lucose + t y r 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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TABLE IV 

GROUPING OF AROMA DESCRIPTORS USED 

Group D e s c r i p t o r ( s ) 

1. Sweet, b o i l e d s u g a r , c a r a m e l , t o f f e e 

2. C h o c o l a t e

3. B r e a d , c r u s t y , b i s c u i t s , c a k e s , t o a s t 

4 . Meaty , beefy 

5. P o t a t o , p o t a t o s k i n s , po ta to c r i s p s 

6. F r u i t y , a r o m a t i c e s t e r 

7. C e l e r y , c h i c o r y , l e e k s , B r u s s e l s s p r o u t s , 
t u r n i p s 

8. P u f f e d wheat , Sugar P u f f s 

9 . Nut ty 

10. F l o r a l 

11 . Ammoniacal 

12. U n p l e a s a n t , ' c a u s e d c o u g h i n g 1 

13. A l d e h y d i c 

14. B u r n t , c h a r r e d , s c o r c h e d , a c r i d , po ta to c r i s p s , 
t o a s t , smoky 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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TABLE V 

INCIDENCE O

Amino a c i d With g l u c o s e A lone 

( t e m p e r a t u r e s , ° C ) 

Phe 100 140 220 100 140 180 220 

1 (1 + 1) 1 1 0 1 1 1 1 1 

T o t a l 3 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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TABLE VI 

INCIDENCE OF CHOCOLATE. COCOA AROMAS (GROUP 2) 

Amino a c i d U i t h q l u c o s e 

( t e m p e r a t u r e s , ° C ) 

Arg 100 180 220 

Asn 100 

Asp 100 180 220 

G lu 180 220 

G in 100 140 180 220 

I l e 100 220 

Leu 100 

Pha 100 140 180 220 

Ser 100 140 180 

Thr 180 220 

Try 180 220 

Tyr 100 140 180 220 

V a l 100 140 180 

13 (13 + 1) 10 5 10 10 

A lone 

140 

0 1 0 0 

T o t a l 35 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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TABLE VII 

INCIDENCE OF BREAD, CRUSTY, BISCUITS, 

CAKES, TOAST AROMAS (GROUP 3) 

Amino a c i d With q l u c o s e Alone 

( t e m p e r a t u r e s , ° C ) 

Arg 100 140 

Asn 180 220 

Cys 180 

c y s 2 220 

Gin 140 1Θ0 220 

Gly 220 

His 100 140 180 

Lys 100 140 180 220 

Pro 100 

Ser 100 180 220 

Thr 140 

Tyr 220 

12 (12 + 0) 5 5 6 7 

T o t a l 23 0 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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TABLE VII I 

INCIDENCE OF MEATY, BEEFY AROMAS (GROUP 4) 

Amino a c i d U i t

( t e m p e r a t u r e s

Asn 140 180 

Cys 100 140 180 140 130 

c y s 2 140 180 

Glu 130 

G l y 100 140 

I l e 100 

Ser 100 140 180 220 

Thr 100 100 140 130 220 

8 (3 + 7) 2 2 2 0 4 5 5 2 

T o t a l 6 16 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Based on a l l the da ta a v a i l a b l e , the f o l l o w i n g comments can 
u s e f u l l y be made: 

1. Almost w i thout e x c e p t i o n , t h e r e i s no one temperature 
a t which the aromas s t a r t o r cease to o c c u r , a l t h o u g h i n s e v e r a l 
o f the groups the number o f o c c u r r e n c e s r i s e s above 1 0 0 ° and 
then f a l l s above 1 8 0 ° . 

2 . Aromas o f Groups 1-3 and 9 a re produced a lmost e x c l u 
s i v e l y by amino a c i d mixed w i th s u g a r , whereas o t h e r s , o f Groups 
4 , 7 , and 11 , show a g r e a t e r o c c u r r e n c e when amino a c i d s a re 
heated a l o n e . Noteworthy i s the f a c t t h a t cys2 o n l y gave a 
meaty aroma i n p resence o f g l u c o s e , presumably because o f r e d u c 
t i o n to c y s , which gave a meaty aroma wi th and w i thou t g l u c o s e 
(Tab le Mill). 

3. G e n e r a l l y , the aromas become s t r o n g e r and more 
u n p l e a s a n t , a l d e h y d i c , and burn t w i th i n c r e a s e d temperature and 
t i m e . 

4 . The aromas o b t a i n e
c o n s i s t e n t note throughout the temperature range i n v e s t i g a t e d 
(Tab le I X ) . 

5. On the o t h e r h a n d , each amino a c i d g i v e s r i s e to more 
than one c h a r a c t e r i s t i c note over the temperature range u s e d , 
i l e a p p e a r i n g i n no l e s s than s i x g r o u p s . 

(b) V a r i a t i o n i n water c o n t e n t A l i m i t e d range of amino 
a c i d s was i n v e s t i g a t e d , no i n t e r e s t i n g new aromas b e i n g p r o d u c e d , 
and l i t t l e o r no p a t t e r n o f change becoming a p p a r e n t . 

(c ) Other s u g a r s i n p l a c e o f g l u c o s e In g e n e r a l , the 
r e s u l t s a t 140 d i d not show much d i v e r g e n c e from the aromas 
produced wi th g l u c o s e , but they do c a l l f o r some comments: 

( i ) Cys + a s c o r b i c a c i d gave r i s e to the o n l y ment ion o f 
c h i c k e n meat aroma so f a r . 

( i i ) Lys + r i b o s e p r o v i d e d a d e f i n i t e ment ion o f t o a s t , 
( i i i ) None o f the g l u c o s e r e p l a c e m e n t s gave r i s e to a 

c h o c o l a t e aroma wi th s e r . 
( i v ) Thr + r i b o s e and t h r + x y l o s e gave an almond and a 

marz ipan aroma, r e s p e c t i v e l y . 
(v) Whereas m i x t u r e s o f t h r w i th m a l t o s e , r i b o s e , s u c r o s e , 

and a s c o r b i c a c i d e l i c i t e d a meaty n o t e , those w i th g l u c o s e , 
g a l a c t o s e , f r u c t o s e , and x y l o s e d i d n o t . 

( v i ) Ty r m i x t u r e s gave a c o n s i s t e n t c h o c o l a t e aroma, e x c e p t 
w i th ma l tose and r i b o s e . 

( v i i ) The h i g h r e a c t i v i t y o f r i b o s e and x y l o s e shows i t s e l f 
i n t h e i r a b i l i t y to produce aromas a t 1 4 0 ° e q u i v a l e n t to those 
o b t a i n e d wi th g l u c o s e m i x t u r e s a t about 2 0 0 ° . At 1 0 0 ° , the 
pentose m i x t u r e s gave l e s s b u r n t and t h e r e f o r e more i n t e r e s t i n g 
r e s u l t s . 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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TABLE IX 

THE AROMAS OBTAINED FROM SOME AMINO ACIDS 

AND POSSESSING A CONSISTENT ELEMENT 

THROUGHOUT THE TEMPERATURE RANGE USED 

System Aroma 

A l a + g l u c o s e caramel 

A l a a l o n e 

Arg + g l u c o s e a l d e h y d i c 

Asn a l o n e ammoniacal 

Cys + g l u c o s e p u f f e d wheat, Sugar 

c y s 2 + g l u c o s e p u f f e d u h e a t , Sugar 

Gin + g l u c o s e c h o c o l a t e 

G in a l o n e ammoniacal 

G ly + g l u c o s e caramel and burnt 

G ly a l o n e burnt 

I l e a lone f r u i t y 

Lys + g l u c o s e b r e a d , c a k e s , e t c . 

Met + g l u c o s e p o t a t o e s 

Phe + g l u c o s e c h o c o l a t e 

Phe a l o n e f l o r a l 

Pro + g l u c o s e n u t t y 

Ser a l o n e meaty 

Thr + g l u c o s e burnt 

Thr a l o n e meaty 

Tyr + g l u c o s e c h o c o l a t e 

V a l + g l u c o s e a l d e h y d i c 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
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(d) Three-component systems u i t h a s p a r a g i n e and q lu tamine 
No e v i d e n c e o f i n c r e a s e d p y r a z i n e f o r m a t i o n uas d e t e c t e d , the 
o v e r a l l e f f e c t b e i n g a s u e e t e n i n g o f the aromas. With t u o -
component s y s t e m s , a meaty aroma uas e v i d e n t , p o s s i b l y j u s t a 
r e f l e c t i o n o f ammonia p r o d u c t i o n . In c o n j u n c t i o n u i t h s u g a r s 
o t h e r than g l u c o s e , asn d i d not i n c r e a s e or improve the aroma. 

(e) Three-component systems u i t h c e l l u l o s e and s t a r c h 
I n c l u s i o n o f p o u d e r e d , p o l y m e r i c m a t e r i a l uas c o n s i d e r e d l i k e l y 
to a f f e c t the b r o u n i n g r e a c t i o n p h y s i c a l l y , by p r o v i d i n g a d d i 
t i o n a l s u r f a c e s , u h i c h c o u l d c o n s t i t u t e the s i g n i f i c a n t 
d i f f e r e n c e betueen v e g e t a b l e m a t e r i a l and model m i x t u r e s . L i t t l e 
e v i d e n c e of any such e f f e c t uas f o u n d . 

( f ) Systems u i t h p o l y m e r i z a t i o n - b l o c k i n g components The 
r e l a t i v e l y u n s o p h i s t i c a t e
f o r the e f f e c t s s o u g h t

C o n c l u s i o n s 

The r e s u l t s o f t h i s survey o f the aromas produced over t ime 
by h e a t i n g g l u c o s e - a m i n o a c i d m i x t u r e s a t a s e r i e s o f t empera 
t u r e s i n the range 100-220° p roved of g r e a t i n t e r e s t . Many 
m i x t u r e s uere heated i n the " d r y " s t a t e f o r the f i r s t t i m e . Some 
produced the expec ted r e s u l t , f o r example , meth ion ine and p h e n y l 
a l a n i n e l e d to p o t a t o and to f l o r a l a romas, r e s p e c t i v e l y . O thers 
uere u n e x p e c t e d , f o r example , the l a r g e number o f amino a c i d s 
t h a t uas c a p a b l e o f p r o d u c i n g c h o c o l a t e aroma under one or o t h e r 
s e t o f c o n d i t i o n s . 

V a r i a b l e s o t h e r than t ime and t e m p e r a t u r e , i . e . , m o i s t u r e 
c o n t e n t , na ture o f s u g a r , and i n c l u s i o n o f t h i r d components , 
a s p a r a g i n e , g l u t a m i n e , c e l l u l o s e , s t a r c h , and b l o c k i n g a g e n t s , 
d i d not l e a d to i m p o r t a n t d i f f e r e n c e s . The number o f aromas 
produced s t i l l depended b a s i c a l l y on the amino a c i d p r i m a r i l y 
i n v o l v e d . Yet the range of aromas produced i n the c o o k i n g o f 
f o o d s i s much u i d e r than t h i s , and so the f a c t o r s r e s p o n s i b l e 
f o r t h i s d i v e r s i t y remain to be i d e n t i f i e d . The i d e a s p r e s e n t e d 
here have o n l y been t e s t e d i n a p r e l i m i n a r y uay a n d , even though 
t h i s i n i t i a l a t tempt to v e r i f y them has proved l a r g e l y n e g a t i v e , 
ue i n t e n d to f o l l o u them up a t the f i r s t o p p o r t u n i t y . 
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Characteristics of S o m e New Flavoring Materials 

Produced b y the Maillard R e a c t i o n 

E. DWORSCHÁK and V. TARJÁN 
Institute of Nutrition, H-1097 Gyáli út 3/a, Budapest, Hungary 
S. TUROS 
Kanold AB, Göteborg, Sweden 

Milk-crumbs and
produced by the Maillard reaction and intended to be 
used in the food industry. During the production of 
the crumbs thermal reactions take place in the 
material (e.g. milk) and the added glucose and amino 
acid constituents. Fructose-lysine and 
lactulose-lysine, biologically active Amadori 
compounds, are formed in high levels in the 
milk-crumb, but much less in the soya-crumb, caused by 
lysine degradation. Extracts from the crumbs show 
only a low mutagenic activity measured by Ames test. 
Soya-crumb has a significant antioxidant effect; for 
this reason its possible role in the food industry is 
discussed. 

The KANOLD AB Company has developed a series of new 
materials, produced from mixtures of skimmed milk, glucose, and 
lysine (or other basic amino acids) by drying on a roller at a 
temperature of 125°C (1). Instead of skimmed milk, soya flour 
can be used as basic material. The new products, named milk-
and soya-crumbs respectively, have a very pleasant odor 
resembling that of caramel. The yellow to deep-brown 
coloration and the aroma characteristics are attributed to the 
Maillard reaction. According to experiments carried out in the 
confectionery industry, up to 50% of cocoa powder could be 
replaced by the crumbs without any significant changes in flavor, 
appearance, or consistency of food products, e.g. in chocolates. 

Our aim was to investigate some chemical properties as 
well as the possible mutagenic effects of the new materials. 
We determined the content of furosine, which is an amino acid 
derivative formed by acid hydrolysis of fructose-lysine or 
lactulose-lysine (2) (Fig. 1). 

0097-6156/83/0215-0159$06.00/0 
© 1983 American Chemical Society 
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E x p e r i m e n t a l 

M a t e r i a l and S u p p l i e s Milk-crumb and soya-crumb were 
prepared by the KANOLD AB Co., Goteborg, Sweden. 

N - f l ( - a c e t y l - L - l y s i n e . A Grade, Calbiochem. 
Tween 20 and 80 ( s o r b i t a n , p o l y o x y e t h y l a t e d , s t e a r i c e s t e r ) , 

BDH Chemicals L t d . 
Hemoglobin, horse, pure. REANAL, Hungary. 
Sunflower o i l , Ph. Hg. VI p u r i t y . 
BHT ( 3 , 5 - d i t e r t - b u t y l - 4 - h y d r o x y t o l u e n e ) , A grade REANAL 

P r e p a r a t i o n of f u r o s i n e s o l u t i o n : 
N - a - a c e t y l - L - l y s i n e (0.5 mmole) and gluc o s e (1.0 mmole) 
are d i s s o l v e d i
s o l u t i o n i s heate
Then the s o l u t i o n i s made 6 Ν w i t h HC1 and heated at 105° 
fo r 24 h. The h y d r o l y s a t e i s evaporated i n vacuo. A 
s o l u t i o n of the r e s i d u e i n 20 ml water can be used f o r the 
TLC p r o d u c t i o n of f u r o s i n e s p o t s . For q u a n t i t a t i v e 
e v a l u a t i o n the same absorbance was assumed f o r the 
n i n h y d r i n r e a c t i o n product both a r g i n i n e and f u r o s i n e . 

Methods 

D e t e r m i n a t i o n of F u r o s i n e For the d e t e r m i n a t i o n of 
f u r o s i n e the food crumbs were h y d r o l y z e d w i t h 6 N HC1 f o r 24 h 
at 105° C i n a c l o s e d g l a s s v e s s e l . The 0.5% h y d r o l y s a t e was 
chromatographed on a c a t i o n exchange r e s i n - c o a t e d t h i n l a y e r 
p l a t e (sodium c y c l e FIXI0N 50 X 8 p l a t e s , CHIN0IN P h a r m a c e u t i c a l 
Works, Budapest) developed by Devenyi, et a l . (3). For the 
s e p a r a t i o n of f u r o s i n e a 0.12 M c i t r a t e b u f f e r (sodium 
c o n c e n t r a t i o n 400 meq/1, pH = 6.0) was used. The chromatogram 
was developed at 50° C. A f t e r the d r y i n g of the p l a t e , the 
chromatogram was sprayed w i t h 0.4%, n i n h y d r i n i n acetone. 
F u r o s i n e spots were e v a l u a t e d w i t h a VIS-UV-2 Chromatogram 
A n a l y z e r , FARRAND O p t i c a l Co., I n c . , N.Y. 

Test f o r Mutagenic A c t i v i t y Milk-crumbs and soya-crumbs 
e x t r a c t e d i n two d i f f e r e n t ways were t e s t e d f o r p o s s i b l e 
m u t a g e n i c i t y by the Ames t e s t . 

A p o r t i o n of the crumbs was e x t r a c t e d w i t h a 5 - f o l d amount 
of 5% Tween 80 aqueous s o l u t i o n . 

In another e x t r a c t i o n , a 5-g sample was kept i n 60 ml 
r e f l u x i n g e t h a n o l f o r one h. The f i l t e r e d e t h a n o l was 
d i s t i l l e d from the d i s s o l v e d f a t t y m a t e r i a l at a normal 
p r e s s u r e . The d i s t i l l a t e was used f o r the Ames t e s t . 

In the Ames t e s t the f o l l o w i n g S a l m o n e l l a typhimurium 
s t r a i n s were used: TA 1535 and TA 100, which are s e n s i t i v e to 
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mutagens c a u s i n g b a s e - p a i r s u b s t i t u t i o n s , and TA 1537, TA 1538, 
and TA 98, s e n s i t i v e to mutagens c a u s i n g f r a m e - s h i f t m u t a t i o n s . 

M a n i p u l a t i o n of the t e s t s t r a i n s , and p r e p a r a t i o n of the 
microsomic f r a c t i o n of the A r o c h l o r 1254 p r e t r e a t e d R-Amsterdam 
male r a t s , were c a r r i e d out as d e s c r i b e d by Ames, et a l . ( 4 ) . 
The c o n t r o l mutagen was 2-aminofluorene i n a 0.1 mg/plate dose. 

D e t e r m i n a t i o n of A n t i o x i d a n t E f f e c t The measurement was 
based on consumption of d i s s o l v e d oxygen by a sunflower o i l 
emulsion i n a c l o s e d system w i t h or w i t h o u t the presence of 
a n t i o x i d a n t m a t e r i a l . 

The emulsion was f r e s h l y prepared (f>) from 10 ml sunflower 
o i l , 2 ml 30% aqueous s o l u t i o n of Tween 20, and 88 ml 0.1 M 
phosphate b u f f e r at v a r i o u s pH v a l u e s . T h i s mixture was 
homogenized i n a BIOMIX-mixer (LABOR MIM, Budapest) f o r 5 min. 

To 50 ml emulsio
sample, and the m i x t u r
The oxygen content of the emulsion was e v a l u a t e d w i t h a 
RADELKIS (Budapest) p 0 2 -pC0 2 a n a l y z e r u s i n g an ΟΡ-9263-type 
oxygen membrane e l e c t r o d e . From the moment of adding 5 ml 
0.14% hemoglobin s o l u t i o n to the s t i r r e d emulsion, the time was 
measured w i t h a stopwatch. The time r e q u i r e d f o r 50% r e d u c t i o n 
of the d i s s o l v e d oxygen c o n c e n t r a t i o n was recorded. 

The a n t i o x i d a n t e f f e c t (Α.Ε.) i s c a l c u l a t e d from the 
e q u a t i o n (5) 

A.E. = ( T a - T c) T c 

where T a i s time e l a p s e d f o r 50% r e d u c t i o n of the a v a i l a b l e 
gaseous oxygen i n the sample c o n t a i n i n g the a n t i o x i d a t i v e 
m a t e r i a l , and T c the c o r r e s p o n d i n g time i n t e r v a l i n the 
c o n t r o l , w i t h o u t crumb sample. 

For comparison, a _ j_strong a n t i o x i d a t i v e m a t e r i a l used i n 
the food i n d u s t r y , 10 mM BHT i n 0.1 ml sunflower o i l , was 
added to a p o r t i o n of the emulsion. 

R e s u l t s and D i s c u s s i o n 

Table I shows the f u r o s i n e content of the milk-crumb and 
soya-crumb samples i n comparison to o t h e r food p r o t e i n sources 
t h e r m a l l y p r o c e s s e d . Milk-crumb has the h i g h e s t f u r o s i n e 
c o n t e n t , p r o b a b l y due to the f r e e l y s i n e and glucose added i n 
the p r o d u c t i o n ; moreover, the m i l k p r o t e i n has a l s o a 
c o n s i d e r a b l e l e v e l of protein-bound l y s i n e . 

Data from Table I p o i n t out t h a t o t h e r m i l k - b a s e d products 
are l i k e l y to form Amadori p r o d u c t s , i n t h i s case 
l a c t u l o s e - l y s i n e and f r u c t o s e - l y s i n e , even under moderate 
thermal t r e a t m e n t s . The f u r o s i n e c o n t e n t , o r i g i n a t i n g from the 
a c i d h y d r o l y s i s of Amadori p r o d u c t s , was h i g h i n a whipping 
agent made from sugar and Na c a s e i n a t e . I t i s s u r p r i s i n g , 
however, t h a t cheeses have a l s o r e l a t i v e l y h i g h f u r o s i n e 
l e v e l s . 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
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Table I 

Fu r o s i n e content of m i l k and soya-crumb, and of ot h e r 

foods and b a s i c m a t e r i a l s 

F u r o s i n e , 

Milk-crumb 4000 

Soya-crumb 150 

M i l k t r e a t e d at u l t r a - h i g h 

temperature 180 

Condensed sweet m i l k 400 

I n f a n t formulae (EGYT p r o d u c t s ) 110-230 

Whipping agent (from sodium 

c a s e i n a t e ) 3000 

Whole m i l k powder 70 

Gruyère cheese 210 

Port s a l u t cheese 390 

Roasted c o f f e e 200 

Nescafe 350 

UNIBIT Textured Soya Concentrate 
S 202/24 (PURINA) 20 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Soya products c o n t a i n much l e s s r e d u c i n g carbohydrate and 
a l s o lower bound l y s i n e than those from m i l k ; moreover, o n l y 
s m a l l amounts of f r e e l y s i n e and glucose were added i n the 
p r o d u c t i o n of soya-crumb. The s m a l l e r f u r o s i n e v a l u e s from 
soya products can be e x p l a i n e d by these f a c t s . The e f f e c t of 
i n t e n s i v e heat treatment on the f o r m a t i o n of f u r o s i n e i s 
demonstrated by r o a s t e d c o f f e e . 

E r b e r s d o b l e r , et a l . (6) found karyocytomegaly i n the 
kidne y s of r a t s f ed 16200 to 23300 ppm f r u c t o s e - l y s i n e i n the 
d i e t . The d i e t d i d not c o n t a i n l y s i n o a l a n i n e ( F i g . 2) but the 
r e n a l damage was s i m i l a r to t h a t found a f t e r l y s i n o a l a n i n e 
a d m i n i s t r a t i o n by oth e r a u t h o r s . The d e t a i l s of t h i s q u e s t i o n 
are reviewed elsewhere (1). E r b e r s d o b l e r ' s r e p o r t has not been 
confirmed w i t h new data by o t h e r s . 

Among the v a l u e s g i v e n i n the Table I o n l y m i l k crumb and 
the whipping agent hav
the f r u c t o s e - l y s i n e ( o
E r b e r s d o b l e r ' s experiment. 

The t e s t f o r mutagenic a c t i v i t y of the detergent (Tween) 
e x t r a c t d i d not induce any r e v e r t a n t s ; a l l p l a t e counts were i n 
the range of spontaneous mu t a t i o n r a t e , w i t h and wi t h o u t S-9 
mix. From the e t h a n o l d i s t i l l a t e we got a p o s i t i v e response 
demonstrated i n Table I I . In the case of milk-crumb the 
numbers of induced r e v e r t a n t s were about a h u n d r e d f o l d those of 
the spontaneously r e v e r t e d c o l o n i e s w i t h the most s e n s i t i v e 
s t r a i n s (TA 98, 100) o n l y w i t h o u t m e t a b o l i c a c t i v a t i o n . In the 
same experiment the t e s t s t r a i n TA 100 responded to the 
soya-crumb sample, a l s o o n l y w i t h o u t m e t a b o l i c a c t i v a t i o n . 

Thus, a c c o r d i n g to our r e s u l t s , the crumbs have o n l y 
s l i g h t mutagenic a c t i v i t y as compared to oth e r h e a t - t r e a t e d and 
M a i l l a r d products d e s c r i b e d i n the l i t e r a t u r e ( 8 ) . 

Our experiments on the a n t i o x i d a t i v e e f f e c t of soya-crumbs 
are summarized i n Table I I I . S u r p r i s i n g l y milk-crumb had no 
e f f e c t at any pH v a l u e , although the o p p o s i t e c o u l d be expected 
from i t s h i g h l e v e l of Amadori p r o d u c t s . 

Soya-crumb has a s i g n i f i c a n t a n t i o x i d a t i v e e f f e c t i n the 
sunflower o i l emulsion system, although l e s s than BHT i n the 
c o n c e n t r a t i o n g e n e r a l l y used i n the food i n d u s t r y (Table I I I ) . 
The a n t i o x i d a t i v e e f f e c t i s h i g h e r i n the a c i d r e g i o n w i t h a 
maximum observed between pH v a l u e s of 4 and 5. 

Our r e s u l t s c o n f i r m the a n t i o x i d a t i v e e f f e c t of some 
M a i l l a r d p r o d u c t s . The low t o x i c i t y of these products may 
permit u s i n g them i n c e r t a i n food products (e.g. i n sausages) 
as m i l d a n t i o x i d a n t s of n a t u r a l o r i g i n (_5) . 

C o n c l u s i o n s 

I n t e n s i v e search has been s t a r t e d r e c e n t l y to f i n d b a s i c 
m a t e r i a l s of moderate p r i c e to be used i n the food i n d u s t r y . 
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Table I I 

Number of r e v e r t a n t c o l o n i e s produced by e t h a n o l e x t r a c t s 

of m i l k crumb and soya crumb 

M a t e r i a l s 
mg/plate 

S-9 

1535 1537 1538 98 100 

(spontaneous 
r e v e r s i o n ) 

20 
13 

29 
22 

2-Amino-
f l u o r e n e 
0.1 mg 

14 
4 

130 
6 

1100 
66 

160 
13 

Soya-crumb 
62.5 mg 

18 
0 

5 
2700 

Milk-crumb 
62.5 mg 

7 
1200 

3 
2200 

The column S-9 shows whether the experiment was c a r r i e d out 
w i t h (+) or wi t h o u t (-) m e t a b o l i c a c t i v a t i o n . 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
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Table I I I 

A n t i o x i d a t i v e e f f e c t (A.E.) of soya-crumb at 

Soya-crumb, 0.1 g A.E. 

pH = 7.47 0.84 

5.92 1.30 

5.03 1.83 

4.15 1.90 

3.20 1.45 

2.25 1.23 

BHT 10" 5 mmole 

pH = 7.47 2.18 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



168 MAILLARD REACTIONS 

Milk-crumbs and soya-crumbs belong to this group. Their 
favorable organoleptic characters and good adaptability to 
further technological processes have been established, but more 
scientific investigations are s t i l l needed. The analysis of 
the aroma constituents of the crumbs is a task for the future. 

The potential toxicity of the Amadori products (e.g. 
fructose-lysine) is s t i l l uncertain. The high levels of 
furosine in the milk-crumb add to the need to settle this 
question. 

Our experiments on the mutagenicity of these materials 
revealed that a water extract of the crumbs did not give a 
positive Ames test. On the other hand the ethanol extract 
after distillation produced reverted colonies in the range of 
the positive control (2-AF) with the most sensitive strains, 
but only without metabolic activation. The Maillard products 
responsible for mutation
living organism. I
international evaluation on heat-processed foods, the crumbs 
present no more detrimental risk to human health than other 
heat-processed foods, when consumed. 

The model experiments on the antioxidative effect of 
crumbs revealed the potential ability of the soya-crumb to 
prevent lipid oxidation in certain foods. The mild acid medium 
of meat products seems to be favorable for fulfilling this 
hope. However, further investigations in food products are 
necessary to obtain a decisive answer. As the case of milk 
crumb shows, a Maillard product is not necessarily an 
antioxidant. 
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11 
The Maillard Reaction and Meat Flavor 

M I L T O N E . B A I L E Y 

University of Missouri, Department of Food Science and Nutrition, 
Columbia, M O 65211 

Many desirable meat flavor v o l a t i l e s are synthesized 
by heating water-soluble precursors such as amino 
acids and carbohydrates
interact to form
to meat flavor compounds by oxidation, decarboxyla
tion, condensation and cyc l i z a t i o n . O-, N-, and S
-heterocyclics including furans, furanones, pyrazines, 
thiophenes, thiazoles, thiazolines and cyclic polysul
fides contribute s i g n i f i c a n t l y to the overall desir
able aroma impression of meat. The Maillard reaction, 
including formation of Strecker aldehydes, hydrogen 
sulfide and ammonia, is important i n the mechanism of 
formation of these compounds. 

Raw meat has l i t t l e desirable flavor, but each type of meat 
has a characteristic flavor due to the animal species and the tem
perature and type of cooking. Both water-soluble and lipi d - s o l u b l e 
fractions contribute to meat flavor and the water-soluble compo
nents include precursors which upon heating are converted to vola
t i l e compounds described as "meaty.11 

There are two approaches to studying meat flavor; one i s con
cerned with i d e n t i f i c a t i o n of nonvolatile precursors of flavor 
components and the other involves i s o l a t i o n and i d e n t i f i c a t i o n of 
v o l a t i l e flavor molecules. Water-soluble meat flavor precursors 
encompass a number of different organic classes of compounds, i n 
cluding; nucleic acids, nucleotides, nucleosides, peptides, amino 
acids, free sugars, sugar amines, glycogen, and amines. Bender and 
co-workers (1,_2) were perhaps the f i r s t to thoroughly examine con
tents of water-soluble extracts of boiled beef, which they believed 
contained precursors of meaty flavor. These investigators reported 
the presence of many low-molecular-weight nitrogen compounds. 
Kramlich and Pearson (3) reported that pressed f l u i d from raw beef 
produced meat flavor upon heating. 

Hornstein and Crowe (4) found that flavor precursors of meat 
were extractable with cold water and demonstrated that lyophilized 
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diffusate from cold water extracts of raw beef and pork produced 
meaty odors upon heating. Wood (5) demonstrated that heating at 
100°C resulted i n increase i n inorganic phosphate and a decrease i n 
organic phosphate and reducing substances. This was accompanied by 
pronounced meat odor. Heating mixtures of amino acids i n the ab
sence of reducing sugars produced neither browning nor meaty f l a 
vor. To obtain meaty aromas synthetically, a mixture of a l l com
pounds i d e n t i f i e d i n beef extract was required. Wood concluded, 
" i t i s shown beyond reasonable doubt that development of the brown 
color and meaty flavor characteristics of these extracts i s a re^ 
suit of the Maillard reaction. 1 1 

Macy, et a l . (6-10) studied the water-soluble precursors of 
beef, pork and lamb including the dialyzable low-molecular-weight 
constituents, amino acids, carbohydrates, nucleotides, and nucleo
sides. They studied the influence of heating on these constituents. 
The predominant amines
anserine-carnosine and taurine
during heating. Other amino acids decreasing during heating i n -
eluded methylhistidine, isoleucine, leucine, methionine, cystine, 
serine, lysine, glycine, and glutamic acid. 

Ribose-5-phosphate, ribose, glucose and fructose decreased 
extensively i n concentration during heating at 100°C for one h. 
Ribose and ribose-5-phosphate decreased most readily under these 
conditions. Similar results were published by Wasserman and Spi-
n e l l i (11), who examined the amino acids and sugars i n beef d i f f u ~ 
sate after heating for one h at 125°C. They also studied changes 
i n amino acids and sugars during heating i n model systems. Wasser^ 
man (12) also concluded that Maillard browning was important for 
the formation of desirable flavor compounds during heating of meat? 

but that the relationship between compounds formed by this reac-
tion and meat flavor was unknown. 

These statements concerning the Maillard reaction are associ
ated with the formation of l-amino-l-deoxy-2-ketose addition pro-
ducts during heating of reducing sugars and amines. These addi^ 
tion products can then degrade by several pathways to form flavor 
compounds. The addition product for one pathway enolizes at 
C-2 - C-3 and eliminates the amine from C-l to form methyl dicar-
bonyl intermediates (13,14), which further react to give f i s s i o n 
products such as C-methyl reductones, keto aldehydes, dicarbonyl 
compounds and reductones (15)· Important v o l a t i l e flavor produc
ing compounds include pyruvaldehyde, diacetyl and hydroxyacetone. 
Another pathway begins with 1,2-enediol form of the addition pro
duct with subsequent deamination at C-l yielding 3-deoxyhexosone 
(16) . Dehydration results i n the formation of important flavor 
compounds such as 2-furaldehydes ( f u r f u r a l ) , a formylpyrrole, and 
similar compounds. Another pathway possibly beginning with the 2 ?3 
enediol involves the enolic form of a l-deoxy-2,3-dicarbonyl i n t e r 
mediate or an equilibrium enolic form which leads to formation of 
flavor compounds such as methylfuranones, isomaltol, and maltol 
(17) . The a c i d i t y of the reaction medium and the bas i c i t y of the 
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amine constituting the addition product (Amadori compound) are irn̂ -
portant variables for the formation of these various flavor vola
t i l e s . 

Two branches of the above reaction pathways provide active 
reagents for the degradation of α-amino acids to aldehydes and ke
tones of one less carbon atom (Strecker degradation), which i s an^ 
other arm of the Maillard reaction. Strecker aldehydes from these 
reactions are important flavor compounds (18). 

Further evidence of the importance of the Maillard reaction 
i n the formation of v o l a t i l e flavorants from meat precursors i s 
gleaned by examining ingredients i n reaction mixtures patented as 
synthetic meat constituents. Ching (19) examined 128 patents o£ 
meat flavor and found that 55 specified use of both amino acids 
and sugars. Amino acids were the predominant components of these 
mixtures, and among the amino acids, sulfur-containing cysteine 
and/or cystine were use
used i n 39 such mixtures

In their recent comprehensive review of natural and synthetic 
meat flavors, MacLeod and Seyyedain^-Ardebili (20) l i s t e d 80 patents 
describing "reaction products" procedures that produced meat^like 
flavors upon heating. Approximately one-half of these precursor 
mixtures included amino acids, and reducing sugars. Most of the 
mixtures described i n patented procedures for synthetic meat f l a ~ 
vor are modeled after ingredients found i n the water-soluble d i a l y -
zable fraction of fresh meat. These constituents serve as reagents 
for Maillard reactions. 

Many investigations have been made of the v o l a t i l e flavor com
pounds resulting from meat cookery or heating of mixtures simula
ting meat flavor precursors i n model systems. These have been re
viewed by Herz and Chang (21), Dwivedi (22), Ching (19) and Mac
Leod and Seyyedain-Ardebili (20). It has been estimated that 
approximately 600 v o l a t i l e s have been i d e n t i f i e d from meat or sim
ulated meat precursors (23). These v o l a t i l e s are not only from 
pre-formed v o l a t i l e s i n meat but largely from changes of precur
sors by oxidation, decarboxylation, fragmentation, recombination, 
rearrangement, condensation, and c y c l i z a t i o n . 

Meat aroma i s not the result of one chemical constituent but 
the sum of the sensory effects of many of these v o l a t i l e s . Over 
90% of the volume of v o l a t i l e constituents from freshly roasted 
beef i s from l i p i d , but approximately 40 percent of the v o l a t i l e s 
from the aqueous fraction are thought to be heterocyclic compounds, 
many resulting from Maillard reaction products or their interac
tions with other ingredients. 

Heterocyclic compounds as meat v o l a t i l e s have been reviewed 
recently by Ohloff and Flament (23) and by Shibamoto (24). More 
comprehensive coverage of these constituents as food flavorants i s 
currently being published (Vernin, 25). 

Heterocyclic compounds contribute s i g n i f i c a n t l y to the over
a l l aroma impression of meat. They include 0-, N-, and S-hetero-
c y c l i c structures. Meat flavor heterocyclics include furans, 
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furanones, pyrazines, thiophenes, thiazoles, thiazolines, oxazo-
lines and c y c l i c polysulfides. These compounds can a l l be formed 
by Maillard type interactions. 

Furans and Furanones 

Heterocyclics, p a r t i c u l a r l y the S-containing ones, are ex-
tremely important contributors to "meaty11 flavors. Ching (19) 
ide n t i f i e d 11 furans and 7 furanones from reaction mixtures con
taining precursors responsible for beef flavor. Furfural deriva
tives were obtained by heating several reaction mixtures including 
low-molecular-weight water-extractable components from beef and 
simple amino acid-sugar mixtures. 4-Hydroxy-2,5-dimethyl-3(2H)-
furanone, 4-hydroxy-5-methyl-3-(2H)-furanone, and four similar 
compounds were i d e n t i f i e d by Ching (19) from beef by dialyzing 
water-soluble material
The diffusâtes were the
for 2 h. Furanones can be formed by Amadori compound pathways (17, 
18)· Some of these compounds were o r i g i n a l l y isolated and i d e n t i 
f i e d from beef by Tonsbeek, et a l . (26), who stated they might be 
formed through interaction of ribose-5-phosphate and taurine dur
ing heating. Hexoses form 5-methylfufurals and 4-hydroxy-2,5-
dimethyl-3(2H) furanone, while pentoses produce f u r f u r a l and 4-
hydroxy-5-methyl-3(2H) furanone. Hicks and Feather (27) and Hicks, 
et a l . (28) synthesized the l a t t e r compound by heating amines with 
xylose, ribose, ribose-5-phosphate, or gluconic acid. 

Although exact mechanisms have not been described for the fo r ~ 
mation of other furanoid compounds through amine-carbohydrate i n 
teractions, probably many of the 32 furans described by Ohloff and 
Flament (23) from meat aroma mixtures are from this source. Shiba
moto (24) described many of the same components from mixtures pro
ducing meat odors. 

Herz and Chang (21) examined several furan compounds which had 
a wide variety of aromas, but none of them were meaty, Furans that 
do not contain sulfur are usually f r u i t y , nutty, and caramel-like 
i n odor. The furanones described above have burnt pineapple and 
roasted chicory odors, but these contribute to overall flavor im
pression of meat and important Ν and S meat flavor compounds might 
be formed from them during cooking, 

Thiophenes 

MacLeod and Seyyedain-Ardebili (20) l i s t e d 36 thiophene d e r i 
vatives as having been found during various investigations of meat 
or meat constituents. Ching (19) found 18 and Shibamoto (24) 
l i s t e d 29. 

Thiophenes are extremely important i n flavor and are responsi
ble for the mild sulfurous odor of cooked meat. Numerous other 
thiophenes have been i d e n t i f i e d during heating of meat or meat con
stituents. The sulfur i n thiophene may be derived from amino acids 
(cysteine, cystine, methionine) or from vitamin Β · 
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Probably the most important reactant i n the formation of vola
t i l e meat flavor compounds i s hydrogen s u l f i d e . It can be formed 
by several pathways during meat cookery, but one mechanism i s 
Strecker degradation of cysteine i n the presence of a diketone as 
established by Kobayashi and Fujimaki (29). The cysteine conden
ses with the diketone and the product i n turn decarboxylates to 
amino carbonyl compounds that can be degraded to hydrogen sulfide, 
ammonia and acetaldehyde. These become very reactive v o l a t i l e s for 
the formation of many flavor compounds i n meat and other foods. 

Shibamoto (30) formed α-thiophenecarboxaldehyde by reacting 
f u r f u r a l and hydrogen d i s u l f i d e . This means that there probably 
was exchange between the S and 0 i n the furan ring during heating. 

van den Ouweland and Peer (31) made a sig n i f i c a n t contribu
tion to the elucidation of meat flavor when they demonstrated that 
4-hydroxy-5-methyl-3(2H)-furanone formed a number of "meat-like" 
mercapto-substituted fura
in the presence of hydroge
the i n i t i a l stage i n forming the thiophene derivatives involves a 
p a r t i a l substitution of the ring oxygen by sulfur to give the thio 
analog. Compounds having a meaty odor included 3-mer cap t o u 
rne thy 1-2,3-dihydr ο thiophene, 3-mercapto-4-hydroxy-2-methyl-2,3-
dihydrοthiophene, 4-mercapto-2-methyltetrahydrothiophene, and 3-
mercapto-2-methyltetrahydrothiophene. The proposed (31,32) reac
tions for the formation of some of these "meaty" compounds i s sum
marized i n Figure 1. Although these authors assumed that the d i -
hydrofuranone was derived from ribose-5-phosphate v i a a dephos-
phorylation-dehydration reaction (31), there i s evidence which i n 
dicates that the furanone can be formed by a reaction of aldose 
sugars with amines to produce Amadori products which subsequently 
dehydrate with amine elimination (17,28,33). The amine could be 
taurine,which i s i n ample supply i n muscle (7) and was mentioned 
by Tonsbeek, et^ a l . (26) i n their o r i g i n a l discovery of these com
pounds. None of these compounds have been i d e n t i f i e d from meat 
extracts, but Ching (19) i d e n t i f i e d 4-mercapto-2-methyl-4,5-dihy-
drothiophene from synthetic beef diffusate. The mercaptothiophenes 
are undoubtedly formed at low concentrations i n meat. 

Evers, ejt a l . (34) i d e n t i f i e d several S-substituted furans 
having meaty aroma including 3-mercapto-2-methylfuran and 3-mer-
capto-2,5-dimethylfuran from Maillard reaction mixtures. These 
compounds were readily oxidized to sulfides, some of which re
tained meaty odors. A l l furans having the sulfur atom bound to the 
β-carbon had meaty aromas, whereas those with sulfur bound to the 
α-carbon had hydrogen s u l f i d e - l i k e odors. 

Maillard reaction products formed by interaction of reducing 
sugar and amino acids such as ot-dicarbonyl compounds, aldehydes, 
hydrogen s u l f i d e , and ammonia can react further to form deriva
tives that have been i d e n t i f i e d from meat or i t s components during 
heating. Important reviews of sulfur compounds that might be pro
duced by these reactions have been published by Schutte (35) and 
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R I B O N U C L E O T I D E 

R I B 0 S E - 5 - P H 0 S P H A T E 

Figure 1. Reaction of 4-hydroxy-5-methy1-3(2H)-juranone with hydrogen sulfide 
to form mercaptofurans and mercaptothiophenes having beef-like odors (31,). 
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by Takken, ej. a l . 136)_. Some of the important sulfur-containing 
compounds include thiazoles, thiazolines, a,nd poly sulfide hetero
c y c l i c s . 

Thiazoles and Thiazolines 

Takken, et^ a l . (36) found that these compounds could be 
formed by combining butane-2,3-dione (diacetyl), pentane-2,3-dione, 
or pyruvaldehyde with acetaldehyde, hydrogen sul f i d e , and ammonia. 
Some of the reaction pathways suggested for thiazole and thiazo-
l i n e formation for these reaction ingredients are outlined i n F i g ~ 
ure 2. Thiazoles have also been i d e n t i f i e d i n v o l a t i l e s resulting 
from heating cysteine and cystine with glucose and pyruvaldehyde 
at 160°C (37) and by Mulders (38) who heated a similar system at 
125°C and pH 5.6 for 24 h. Possible pathways for these reactions 
were discussed by Schutt
thiazoles frequently coexis
during heating (39). 

MacLeod and Seyyedain-Ardebili (20) l i s t e d 12 thiazoles and 
thiazolines that had been i d e n t i f i e d i n beef samples by different 
investigators. Some patented compounds l i s t e d as having meaty 
flavor are 4-methyl-5-(2-hydroxyethyl)thiazole, 4-ethyl-5-(3-ace-
t ox ypropyl)thiazole, 2-acetyl-2-thiazoline and 2-acetyl-5-propyl-
2-thiazoline. Ching (19) i d e n t i f i e d 12 thiazole derivatives i n 
her studies of the v o l a t i l e produced by heating components of 
meat. Important thiazoles i d e n t i f i e d i n these studies included 2 
and 4-acetyl derivatives. It was postulated by Tonsbeek, et_ a l . 
(40) that 2-acetyl-2-thiazoline i s formed by Strecker degradation 
of cysteine with methylglyoxal or similar compounds followed by 
oxidative c y c l i z a t i o n as shown i n Figure 3. This compound was 
isolated from 225 kg of cooked beef and had a strong odor of 
freshly baked bread. Other thiazoles have been isolated from meat 
or meat constituents which have undergone Maillard-type reactions 
(Wilson, et_ a l . , 41) . 

Polysulfide Heterocyclics 

Wilson, et a l . (41) also confirmed the presence of polysulfur 
heterocyclics i n meat including thialdine (5,6-dihydro-2,4,6-tri-
methyl-l,3,5-dithiazine) and trithioacetone (2,2,4,4,6,6-hexame-
thyl-l,3,5-trithiane). Wilson (42) la t e r discussed the possible 
routes of formation of some of these compounds from cysteine. 
Thialdine was found by Brinkman, ejt a l . (43) i n the headspace 
v o l a t i l e s of beef broth. These workers also i d e n t i f i e d 3,5-di-
methyl-1,2,4 - t r i t h i o l a n e from the same source. Both cis and 
trans isomers of this compound had previously been i d e n t i f i e d as 
flavor components of boiled beef by Chang, et^ a l . (44) and Herζ 
(45). 

Chicken has also been found to be a source of polysulfide 
heterocyclics. Pippen and Mecchi (46) theorized that 2,4,6-tri-
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2 , 4 , 5 - T R I M E T H Y L T H I A Z O L I N E 

t 

2 , 4 , 5 - T R I M E T H Y L T H I A Z O L E 

N H 3 t C 2 H 5 C H ° 

OH 

C H i - C - C - C H , 

O O 

D I A C E T Y L 

« f c + > C H ^ - C - C - C H , 
^ 3 ι il 3 

L S H O J 

C H C C - C - C H , 3 ι n 3 
SH O 

3 - M E R C A P T O B U T A N -

2 - O N E 

H C H 3 - C H O 

2,4,5 - T R I M Ε Τ Η Y L -

T H I A Z O L E 

2 , 4 , 5 - T R I M E T H Y L 

T H I A Z O L I N E 

Figure 2. Reaction pathways for formation of thiazoles and thiazolines by heating 
Maillard degradation products of meat precursors (36). 
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2 - ACETYL - 2 - THIAZOLINE 0 

Figure 3. Formation of 2-acetyl-2-thiazoline by Strecker degradation of cysteine. 
(Reproduced from Ref. 40. Copyright 1971, American Chemical Society.) 
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methyl-l,3,5-trithiane might be formed i n chicken by indirect com
binations of hydrogen sulfide and acetaldehyde i n f a t . The same 
heterocyclic was l i s t e d as a flavor v o l a t i l e i n chicken by Wilson 
and Katz (47) i n their review of chicken flavor. These same wor
kers (48) also i d e n t i f i e d this compound i n lean ground beef. 

The formation of 5,6-dihydro-2,4,6-trimethyl-l,3,5-dithiazine, 
2,4,6-trimethyl-1,3,5-trithiane, and 3,5-dimethyl-l,2,4-trithiolane 
by heating of acetaldehyde, hydrogen su l f i d e , and ammonia was out
lined by Takken and coworkers (36) and i s summarized in Figure 4. 
Under oxidative conditions, d i a l k y l t r i t h i o l a n e s are formed; at low 
pH there i s conversion to t r i a l k y l t r i t h i a n e s ; at elevated tempera
ture isomerization into t r i s u l f i d e s occurs, which compounds dispro
portionate into d i and tetrasulfides; and in the presence of ammo
nia, dithiazines are formed. These compounds and the conditions 
for their formation are of extreme importance for the production of 
desirable meat flavors

1-(Me thylthio)e thanethiol 

This important flavor compound was id e n t i f i e d i n the head-
space v o l a t i l e s of beef broth by Brinkman, e_t a l . (43) and although 
i t has the odor of fresh onions, i t i s believed to contribute to 
the flavor of meat. This compound can be formed quite easily from 
Strecker degradation products. Schutte and Koenders (49) conclud
ed that the most probable precursors for i t s formation were etha-
nal, methanethiol and hydrogen sulfide. As shown i n Figure 5, 
these immediate precursors are generated from alanine, methionine 
and cysteine i n the presence of a Strecker degradation dicarbonyl 
compound such as pyruvaldehyde. These same precursors could also 
interact under similar conditions to give dimethyl d i s u l f i d e and 
3,5-dimethyl-l,2,4-trithiolane previously discussed. 

Pyrazines 

The formation of pyrazines i n foods has been reviewed exten
sively by Mega and Sizer (50). Temperature and pH are very impor
tant factors i n the formation of s p e c i f i c pyrazines. Forty-two 
pyrazines have been id e n t i f i e d i n meat from various sources by 
these authors. MacLeod and Seyyedain-Ardebili (20) l i s t e d 49 pyra
zines found i n beef by various investigators. Ching (19) i d e n t i 
f i e d 28 pyrazines i n her studies of sugar-amine reactions simula
ting beef flavor. 

Several mechanisms have been reported for pyrazine formation 
by Maillard reactions (21,52,53). The carbon skeletons of pyra
zines come from α-dicarbonyl (Strecker) compounds which can react 
with ammonia to produce α-amino ketones as described by Flament, 
et a l . (54) which condense by dehydration and oxidize to pyrazines 
(Figure 6), or the dicarbonyl compounds can i n i t i a t e Strecker de
gradation of amino acids to form α-amino ketones which are hydro-
lyzed to carbonyl amines, condensed and are oxidized to substituted 
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ALANINE —+> ETHANAL 
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Figure 5. Formation of secondary reaction products involved in production of 
l-(methylthio)ethanethiol by Strecker degradation of amino acids. (Reproduced 

from Ref. 49. Copyright 1972, American Chemical Society.) 
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Figure 6. Interaction of Maillard reaction products to form pyrazines (54). 
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pyrazines. The l a t t e r mechanism was proposed by Hodge and Osman 
(55). 

Some meat flavor-contributing pyrazines patented for use for 
synthetic purposes are methylpyrazine, 5,7-dihydro-5,7-dimethyl-
furo-(3,4-b)pyrazine, and 5-methyl-(7H)-cyclopenta[b]pyrazine (20). 

Present Outlook 

Even though many compounds discussed i n the above presenta
tion are thought to be important i n meat flavor, a delicate blend 
of these compounds and other ingredients at the appropriate con
centration i s needed to synthesize acceptable flavor. In view of 
the possible i n s t a b i l i t y of the flavor compounds themselves, pre
cursors that supply the precise mixture of v o l a t i l e s upon heating 
w i l l be needed. Attempts have already been made to use this ap
proach as judged by th
l i s t e d i n the l i t e r a t u r e
t i t a t i v e aspects of meat flavor production and work must be con
tinued on the qualitative aspects of the v o l a t i l e s and the appro
priate Maillard reaction precursors chosen. 

One method presently being used to determine the contribution 
of v o l a t i l e compounds to food flavor i s to combine sensory analy
ses with GC/MS fractionation technics. Using these combined pro
cedures, Persson and coworkers (56-59) were able to correlate ac
ceptability of canned beef with levels of different compounds i n 
the product. Pearson and coworkers (60,61^,62) have used a similar 
method to optimize the ingredients responsible for desirable beef 
aroma. In their most recent publication (62) they report that 
heterocyclic compounds containing oxygen, nitrogen and sulfur were 
the most important ingredients for beef aroma. Hydrophilic com
pounds contributed more to meat aroma than did hydrophobic com
pounds, verifying the importance of water-soluble compounds in meat 
flavor. Important mixtures of ingredients were found to be hydro
gen sulfide with 2-acetyl-3-methylpyrazine and hydrogen sulfide 
with 4-hydroxy-5-methy1-3(2H)-furanone. This approach w i l l u l t i 
mately be useful in solving the problem of producing desirable meat 
flavors from purified precursors and certainly lends support for 
the importance of the Maillard reaction i n the formation of these 
flavors. 
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Sensory Properties of Volatile Maillard Reaction 
Products and Related Compounds 
A Literature Review 

S U S A N F O R S 

SIK-The Swedish Food Institute, Box 5401, S-402 29 Göteborg, Sweden 

Volat i le compound
react ions are of great importance for the sensory proper
t ies of heat - t reated foods. 

L i te ra ture informat ion about the sensory propert ies 
for nearly 450 Mai l la rd react ion products has been c o m 
piled in a survey. It includes qual i tat ive aroma and f lavor 
descript ions as well as sensory threshold values in 
d i f ferent media for the compounds, c lassi f ied accord ing 
to their chemica l s t ructure . 

In recent decades a large number of papers and reviews about research on 
food aroma and f lavor have been published, and this research f ie ld 
cont inues to expand. The expansion is re f lec ted in the rapid increase in 
the number of volat i le compounds ident i f ied in various foods. 

N o n - e n z y m a t i c browning react ions play a centra l role in the 
format ion of food aroma and f lavor , especia l ly in heat - t reated foods. The 
purpose of this work is to present sensory data , scat tered in the 
l i terature , for volat i le non-enzymat ic browning react ion products and 
related compounds. The compi la t ion has no pretensions to completeness 
and only a smal l part of the extensive patent l i terature has been covered . 
Anyhow, it is felt that a compi la t ion of this k ind, which has not been 
avai lable h i therto , would be useful to workers in the f i e ld . 

The major i ty of the compounds in this compi la t ion are Ma i l l a rd 
react ion products and l ikewise recognized as important aroma and f lavor 
substances in foods. 

The sensory propert ies, presented in tabular f o r m , include the 
fol lowing 

• The qual i tat ive odor and/or f lavor descr ipt ion of the compound. 
The concentrat ion may have a strong inf luence on the odor or 
f lavor qual i ty; one compound strongly di luted wi l l not have the 
sensory character is t ics of the same compound in a more c o n c e n 
trated f o r m . 
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• The threshold values determined in di f ferent l iquids (water, o i l , 
orangejuice, beer , sugar solution etc.) or less f requent ly , in air . The 
majori ty of the threshold values given are detect ion rather than 
recognit ion thresholds, although in many cases the type of threshold 
determined is not indicated in the original paper. 

The threshold values given by di f ferent investigators vary consider
ably depending on the choice of solvent(s), the method used for the 
determinat ion, and the purity of the compound. There fore , the same 
aroma or f lavor compound may have as many threshold values as there are 
invest igators. C a r e must be exercised when threshold values f rom the 
l i terature are used, and the mentioned sources of d iscrepancies must 
always be borne in mind. Odor threshold values, expressed as concentra t ion 
in the gaseous phase, have the dist inct advantage of being independent of 
the solvent used. 

Major classes of f lavor compound

The volat i le compounds formed by the Mai l lard react ion are only one group 
of f lavor compounds in foods. Schutte (1) presents a br ief summary of the 
major classes and their modes of format ion f rom precursors. Some of them 
can be formed by di f ferent pathways. A n example is the furans, which can 
be formed by n o n - e n z y m a t i c browning react ion but also by biotrans
format ion . 

C lass i f i ca t ion of Mai l lard react ion products 

Since this compi la t ion concerns volat i le Mai l lard react ion products, a br ief 
presentat ion of di f ferent types of substances in this group is just i f ied. The 
c lass i f ica t ion system given by Nursten (1980-1981) (2) has been a valuable 
too l . The volat i les may be c lassi f ied into three groups 

1) 'Simple' sugar dehydrat ion/ f ragmentat ion products: 
Furans 
Pyrones 
Cyc lopentenes 
Carbony l compounds 
A c i d s 

2) 'Simple' amino ac id degradation products: 
Aldehydes 
Sulfur compounds 

3) Volat i les produced by further interact ions: 
Pyrro les 
Pyr id ines 
Imidazoles 
Pyraz ines 
Oxazo les 
Thiazo les 
Compounds ex aldol condensations 
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A s seen above, the volat i le Mai l la rd compounds have very diverse 
c h e m i c a l s t ructures. The most important groups wil l now be presented one 
by one. 

The importance of he te rocyc l ic compounds 

A m o n g the known consti tuents of food a roma, h e t e r o c y c l i c compounds 
deserve part icular at tent ion. These are formed in large numbers during 
preparat ion of the food, e .g . , by cooking, baking or roast ing. Owing to 
their character is t ic odors, heterocycles contr ibute s igni f icant ly to the 
f lavor of processed foods. These he terocyc l ics do not always arise by 
n o n - e n z y m a t i c Mai l la rd react ions; enzymat ic (including microbiological ) 
processes are also important routes of fo rmat ion . Degradat ion by pyrolysis 
of cer ta in compounds (sugars, amino acids, th iamin, t r igonel l ine, etc. ) , also 
releases aroma compounds (3). 

A m o n g the he te rocyc l ic
examined: the pyraz ines
very important role as contr ibutors of desirable food f lavor propert ies. 
Structura l ly , pyrazines are he te rocyc l ic nitrogen compounds and their 
format ion is a quite compl ica ted process. Maga and Sizer (4) present a 
summary of these format ion pathways. 

N o n - h e t e r o c y c l i c compounds 

There are other compounds than he te rocyc l ics that also deserve at tent ion: 
Sulfur compounds and other classes of a l iphat ics. 

Schutte (1) lists substances containing sulfur and their mode of 
fo rmat ion . (Note that th iazoles, thiophenes, and other c y c l i c compounds 
can be c lassi f ied also in the preceding group, the heterocyc l ics ) . 

Other groups of al iphat ic substances (aldehydes, ketones, esters, etc.) 
may also contr ibute to agreeable food sensations. 

A r o m a and f lavor propert ies of important substance groups 

This chapter gives brief general descript ions of the sensory propert ies of 
the most important substance groups. It is intended as an introduct ion to 
the more detai led sensory informat ion in the fol lowing tables. 

Pyranones, furanones, and related compounds (6, 7). Structura l ly 
these substances are general ly c y c l i c ethers, mainly furanoid compounds. 
They are found in condensates f rom carbohydrates that have been sub
jected to browning react ions. 

A s a rule furan der ivat ives are considered important aroma c o n 
stituents f rom a sensory point of view. They are mainly associated with 
sweet , f ru i ty , nutty or c a r a m e l - l i k e odor - impress ions. The furans have no 
meaty character is t ics , but it seems possible that they contr ibute to the 
overal l odor of broi led and roasted meat . 

Furan der ivat ives with several funct ional groups have increased odor 
intensity as compared with lower homologues. 
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Pyrro les (5 - 8). About f i f ty members of this group have 
been detected in various food stuf fs , though it appears that pyrroles are 
not present in f resh, raw foods. Pyrro les have not rece ived much 
at tent ion as f l avor -cont r ibu t ing components, but they seem to contr ibute 
an unddesirable odor to cooked meat . 

Pyr id ines (6, 9). Pyr id ines have been found in c o f f e e , barley and 
roasted lamb. Thei r importance as aroma consti tuents is l im i ted . 

Pyraz ines (4, 6, 10, 11). The pyrazines const i tute a very 
important class among f lavor compounds. They have been ident i f ied in 
various food systems, and they are associated with pleasant and desirable 
food f lavor propert ies. A s a rule, the a lkyl der ivat ives produce roasted-
-nut l ike sensory impressions. The acety lpyraz ines also have an essential 
p lace among f lavor ing agents. They have a charac ter is t ic roasted note, 
reminiscent of popcorn. 

Sulfur compounds Sul fur -conta in ing volat i les contr ibute to both 
pleasant and unpleasant overal l f lavors in many foods. 

• Thiols (7, 12) 
The t radit ional name for this group is mercaptans; nowadays, the term 
thiols is more c o m m o n . They have been ident i f ied in more than sixty 
d i f ferent foodstuf fs . 

Maga (12) gives an explanation for their importance as aroma and 
f lavor components: 
a) they have object ionable sensory propert ies (although there are excep 

tions) 
b) the thresholds for most thiols are in the low p a r t s - p e r - m i l l i o n range 

or lower. 

• Thiophenes (13) 
The majori ty of the thiophenes has been ident i f ied as const i tuents of 
m e a t - b a s e d products . This group of f lavor compounds is re lat ive ly new, 
therefore sensory data are somewhat lack ing. 

• Oxazoles and Oxazol ines (14, 15) 
The i r presence has only been reported in a l imi ted number of foods: c o f f e e , 
c o c o a , meat products , barley and soy sauce. Very few sensory propert ies 
have been reported for oxazoles and oxazol ines. 

• Th iazoles (6, 16) 
Th iazo les are in a cer ta in way unique; they contain a he te rocyc l i c r ing 
containing both nitrogen and sulfur. Most of the thiazoles have been 
isolated f rom cof fee and meat . The alkyl der ivat ives are most c o m m o n ; 
they general ly have green, nutty, and vegetab le - l ike odors. 
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Sensory data for compounds 

Explanatory notes 

Nota t ion , symbols and abbreviat ions used in the fol lowing tables: 

Names 

The nomenclature is intended to fol low I U P A C 1979 Ru les , "Nomencla ture 
of Organ ic C h e m i s t r y " . 

Synonyms 

Synonyms are at t imes given, especial ly when accepted t r iv ia l names exist 
and/or to avoid doubt. 

Descr ipt ions 

The sensory propert ies of

F signif ies F l a v o r , i.e. odor and taste together (the senses of smel l and 
taste), which is the case when the i tem is taken into the mouth. 

Ο signif ies Odor , i.e. a property perceived through the sense of smel l 
only. 

Leav ing out one or both of these letters signif ies lack of such in format ion , 
for example: green note, charac ter is t ic . 

Threshold values 

These values are usually evaluated through the sense of smel l ; they are 
marked with Ο = Odor threshold value. Some values are evaluated through 
the sense of taste; 

Τ = Taste threshold value 
F = F lavor threshold value, i.e. odor and taste together. 

The solvent used is ment ioned after the threshold value: 

Examples : 

Ο 0.05 ppb/water the odor threshold of an aroma compound 

is measured (dissolved) in water 

Τ 150 ppm/water the taste threshold of a compound in beer 

* F o r further values, see references Nos . 23, 141, and 142. 

Remarks 

Under this heading, place(s) of occurrence of each compound is g iven. 
F for Foods , i.e. the compounds has been ident i f ied in a food or 

beverage, such as meat , vegetables, c o f f e e , c o c o a , and tea . 

M for Model System, i.e. the compound has been ident i f ied in a 
non- food mi l ieu . E x a m p l e : g lucose-cyste ine model sys tem. 

S for Synthet ic , i.e. the compound has been synthesized. 
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FURANS 

NAME / (SYNONYM) R 2 R 3 R^ 

Furan 

2-Methylfuran CH^ 

2-Ethylfuran C

2-Propylfuran Π"Ο^Η 7 

2-Butylfuran U - C

4 H 9 

2-Pentylfuran -" C5 H11 

2-Vinylfuran CH=CH, 
(2-Furylethylene) 

2-Acetylfuran COChL 
(2-Furyl methyl ketone) 

2 

2-Furyl-2-propanone CHJiZOCH 
(2-Furfuryl methyl ketone) 

2-Furfuryl methyl ether ChLOCH 
(2-(Methoxymethyl)furan) 
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R 3 W « 2 

2 Λ 

191 

DESCRIPTION THRESHOLD VALUE REM. REF 

O: Peculiar spice-smoky, 
slightly cinnamon-like 

O: Ethereal 
Ο of GC eluates: Sickly, nasty 

O: Ethereal 
Ο of GC eluates: Sickly 

O: Powerful sweet, burnt
when dilute, warm, sweet 

F: Caffeine-like 

O: Weak, noncharacteristic 

O: Fruity 

Ο of GC eluates: Green, sweet 
pungent 

O: Sweet, pungent 
F in vegetable oil at concentration 

up to 10 ppm: Beany, grassy 

O: Phenolic, coffee-grounds 

O: Pleasant, ketonic 
F: Burning, sweetish 
O: Powerful balsamic-sweet with a 

tobacco-like, almost narcotic 
pungence. Floral undertones of 
balsamic-cinnamic character 

F in beer: Almonds, rubber, burnt/ 
/phenolic, pyrazole 

O: Mild, sweet, fruity-caramellic, 
somewhat spicy 

F: Sweet, fruity-spicy, slightly nut-
F: Suggestive of radish 
O: Rum-like 

Ο 4.5 ppm/water 

Ο 3.5 ppm/water 

Ο 8 ppm/oil 

Ο 6 ppm/oil 

Ο 10 ppm/oil 

Ο 6 ppb/water 
Ο 2 ppm/oil 

Ο 1 ppm/oil 

F,M,S, 

F,M,S, 

F 

F 

F,S 

F,M 

80 ppm/beer 

Τ 110 ppm/orange juice 
F 80 ppm/water 

like 

F,S 

17 

18 
19 
20 

18 
19 
20 

21 

21 

22 
21 

23 
19 

24 
21 

22 
21 

18 

17 

25 

26 
27 

17 

23 
6 

O: Mustard-like 22 

Continued on next page 
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NAME / (SYNONYM) 

2-Furfuryl methyl sulfide 

2-Furfuryl acetate 

2-Furfuryl propionate 

2-Ethyl furoate 
(2-Furancarboxylic acid, ethyl ester) 

2-Furoic acid 
(2-Furancarboxylic acid

2-Furfuryl alcohol 
(2-Furylmethanol, 
2-(Hydroxymethyl)furan) 

FURANS (cont.) 

R l R 2 R 3 R 4 

CH 2 SCH 3 

CH 2 OCOCH 3 

CH 2 OCOC 2 H 5 

COOC 2 H 5 

CH 2 OH 

2-(Hydroxyacetyl)furan COCH 2OH 
(2-Furyl hydroxymethyl ketone) 

2-Propionylfuran COCJ-L 
(Ethyl 2-furyl ketone) 

2-Furaldehyde CHO 
(Furfural, 2-Furancarbaldehyde) 

2,5-Dimethylfuran C H 3 C H 3 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Coffee-like 

O: Nut-like 

O: Bitter, nut-like 

O: Burnt, buttery, vanilla-like 

F,M 

F 

F 

F 

28 

29 

22 

6 

Ο: Stinging 
F: Sour 
Ο: Practically odorless 
F: Clear acid, mildly caramellic note 

O: "Characteristic" 
F: Bitter 
O: Very mild, warm-oily, "burnt" 
F: Warm, slightly caramellic, in higher 

concentration burning, yet some
what creamy 

O: Mild sweet 
F in beer: Sugar cane, woody 

F,M,S 

O: Burnt 

O: None 

F: Burning, sweetish 

O: Sweet, caramellic 

> 3000 ppm/beer 
Τ 30 ppm/orange juice 
F 5 ppm/water 

F,M 

Τ >200 ppm/ orange juice 

F,M 

17 

18 

17 

22 
25 
26 
27 
30 

18 

26 

28 

O: 

O: 
F: 
F: 

Pungent, but sweet, bread-like 
caramellic, cinnamon-almond-like 
of poor tenacity 
Sweet bread-like, caramellic in 
proper dilution 
"Characteristic" 
Sweet 
Bitter 

F in beer: Paper, husk 

F,M,S 

150 ppm/beer 
F 5 ppm/water 
Τ 80 ppm/orange juice 
Ο 3000 ppb/water 

17 

18 

29 
25 
27 
26 
24 

O: Ethereal F,M 28 

Continued on next page 
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FURANS (cont.) 

NAME (SYNONYM) 

5-Methyl-2-furaldehyde 
(5-Methylfurfural) 

CHO 

5-Hydroxymethyl-2-furaldehyde 
(HMF, 5-(Hydroxymethyl)furfural

CHO CH 2 OH 

2,5-Diformylfuran 
(2,5-Furandicarbaldehyde) 

2-Acetyl-3-hydroxyfuran 
(Isomaltol) 

CHO 

COCH 3 OH 

CHO 

2-Acetyl-5-methylfuran 

2-Butyl-5-methylfuran 

2-(2-Hydroxybutyl)-5-methylfuran 

2-(l,2-Dioxopropyl)-5-methylfuran 

2-(2,3-Dioxobutyl)-5-methylfuran 

2-Cyano-5-methylfuran 
(5-Methyl-2-furonitrile) 

COCH, 

n-c 4
H9 

CH 2CH(OH)C 2H 5 

COCOCH^ 

CH 2 COCOCH 3 

CN 

C H 7 

C H 7 

CH, 

CH, 

CH, 

CH, 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Sweet-spicy, warm and slightly 
caramellic 

F: Sweet-caramellic, warm 
O: Burnt, caramel-like, slightly meaty 
F in beer: Almonds, burnt/phenolic, 

pyrazole 

O: None 
F: Bitter, astringent 
O: Warm-herbaceous, winy-etherea

remotely resembling Hungaria
chamomile (matricaria oil). A 
natural sweetness common; 
similarity to hay, caramel, tobac
co, etc. often perceptible 

F: Sweet, herbaceous-hay-like, mildly 
tobacco-like 

F2 Bitter 
F in beer: Aldehyde, stale, vegetable 

oil 

F,M,S 

20 ppm/beer 

10 ppm/orange juice 

F,M,S 

1000 ppm/beer 

Τ >200 ppm/orange juice 
F 100 ppm/water 

F > 100 ppm/water M,S 

17 
y 
6 

25 

26 

18 

17 

29 
25 

26 
27 

27 

Ο: Burnt, pungent, fruity 
F: Sour, sweet, fruity 
O: Caramellic-sweet, but rather 

pungentjof good tenacity 
F: First sour, then sweet, caramellic-

-fruity, bread-like, depending upon 
the concentration used. Sour taste 
mostly noticed in high concentration! 
of the material. 

O: Caramel-like 

O: Green 

F,M,S 

O: Green 

O: Caramel 

O: Like roasted rye bread 

O: Nut-like, bitter almond-like 

F 2 ppm/water 

F,M 

S 

S 

M,S 

F 

F 

18 

17 

28 

31 

31 

27 

22 

22 

Continued on next page 
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FURANS (cont.) 

NAME / (SYNONYM) R x R £ R 3 R 4 

2-Methyl-3-furanthiol 
(5-Mercapto-2-methylfuran) 

2-Methyl-4-furanthiol 
(4-Mercapto-2-methylfuran) 

2,5-Dimethyl-3-furanthiol 
(3-Mercapto-2,5-dimethylfuran) 

S-Methyl 2-thiofuroate 
(2-Thiofuroic acid, methy

5-Methylthio-2-furaldehyde 
(5-Methylthiofurfural) 

2-(Mercaptomethyl)furan 
(2-Furylmethanethiol, Furfuryl 
mercaptan) 

C H 3 SH 

C H 3 SH 

C H 3 SH C H 3 

CHO SCH 3 

CH 2SH 

S-2-Furfuryl thioacetate CH 2 SCOCH 3 

2-Methyl-5-(methylthio)furan C H 3 SCH 
(2-Methyl-5-furyl methyl sulfide) 

2- ((Methyldithio)methyDfuran CH 2SSCH 3 

(Furfuryl methyl disulfide) 

2-Furfurylfuran 

Difurfuryl sulfide 

CH2~furan 

CH2SCH2~furan 
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DESCRIPTION THRESHOLD VALUE REM. REF 

F: Sweetish, fried meat, beef broth 32 

O: Green, meaty, herbaceous 31 

F: Strongly roasted meat 32 

O: Mercaptan-like 
O: Cabbage-like 

O: Meaty 

F,M 

F,S 

22 

33 

O: Extremely powerful and diffusive, 
penetrating, only in proper dilution 
agreeable, coffee-like, caramellic-
-burnt, sweet 

F: Dilution < 5 ppm: Pronounced cara
mellic-coffee-like 

O: Characteristic, unpleasant 
O: Strong like roasted coffee 
F: Coffee 

O: Coffee-like 

O: Very strong sulfurated 

0.04 ppb/water 
0.04 ppb/2% 
protein-hydro-
lysate solution 
0.003 ppb/skim 
milk 

F,M,S 

F 

F,M,S 

17 

23 
22 
34 

32 

22 

23 

O: Fresh white bread crust 
O: Roasted bread crust 
O: Freshly baked bread 

O: Caramellic 

O: Toasted 

0.04 ppb/water 

F,M 

F,M 

6,7 
35 

36 

37 

37 

Continued on next page 
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4,5-DIHYDROFURANS 

NAME / (SYNONYM) R R 2 R 3 R 

2-Methyl-4,5-dihydrofuran-3-thiol C H 3 SH 

2-Methyltetrahydrofuran-3-ol CH, OH 

FURANONES 2<5H> / \ 

3-Hydroxy-4,5-dimethyl-2(5H)-
-furanone 

CH C H 3 C H 3 

3-Hydroxy-4-ethyl-5-methyl-
-2(5H)-furanone 

OH C 2 H $ C H 3 

3-Hydroxy-4-methyl-5-ethyl-
-2(5H)-furanone 

OH C H 3 C 2 H 5 

4 - Hydroxy - 5 - methyl - 3(2H)- f uranone OH CH, 

4-Mercapto-5-methyl-3(2H)-f uranone SH CH, 

2,5-Dimethyl-3(2H)-furanone CH, C H 7 

2,5-Dimethyl-4-methoxy-3(2H)-
-furanone 

C H 3 OCH 3 C H 3 

4-Hydroxy-2,5-dimethyl-3(2H)-
-furanone^ 
(Furaneol ) 

C H 3 OH CH, 
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TETRAHYDROFURANS 

DESCRIPTION THRESHOLD VALUE REM. REF 

O: Roasted meat 

O: Fatty 

31 

31 

R 3 \ / ^ R 1 

F: Burnt 

O: Typically caramel 

O: Typically caramel Τ 0.005-0.01 ppm/ 
water 

Ο 0.5-1 ppm/water 

O: Maple-like, curry-like 
O: Intense caramel and curry-like 

O: Caramel-like 
O: Roasted chicory root 
O: Reminiscent of roasted chicory root 

with an unmistakable undertone of 
maple sirup 

O: Sweet, meat-like 

O: Strong odor of freshly baked bread 
but not very reminiscent of bread 
aroma 

F,M 

38 
29 

29 

39 

38 
7 

40 
38 

31 

O: Reminiscent of sherry 

O: Fragrant, fruity, caramel, burnt 
pineapple 

F: Burning, sweet 
O: Caramel, burnt sugar-like 
O: Sweet, cotton-candy 
O: Caramel-like, burnt pineapple 

which turns into a strawberry-
like note as dilution increases 

Ο 0.03 ppb/water 

Ο 0.04 ppb/water 
F 1 ppm/water 
Ο 0.1-0.2 ppm/water 
Τ 0.03 ppm/water 

F,M 

7 
41 

18 

30 
42 

41 
27 

39 

Continued on next page 
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FURANONES (cont.) 

NAME / (SYNONYM) R, R,. 

2-Hydroxymethyl-4-hydroxy-
- 5- methyl - 3(2H)- f uranone 

2-Ethyl-4-hydroxy-5-methyl-
-3(2H)-furanone 

CH 2 OH OH 

C 2 H 5 OH 

CH, 

CH, 

4-Hydroxy-5-methyl-2,3-dihydro-
furan-3-one 

OH CH, 

TETRAHYDROFURAN-3-ONES 

2-Methyltetrahydrofuran-3-one CH^ 

4-Mercaptotetrahydrofuran-3-one 
(4-Mercapto-3-oxotetrahydrofuran) 

4-Mercapto-5-methyltetrahydrofuran-
-3-one 
(4-Mercapto-5-methyl-3-oxotetra-
hydrofuran) 

SH 

SH CH, 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Unpleasant odor of charred paper M 42 

O: Sweet, reminiscent of shortcake 
F: Intensely sweet 
O: Caramel-like 

F 7 
38 
40 

F: Pleasant, maltol-like M 43 

Ο: Sweet, roasted F,M 28 

O: Green, meaty, "Maggi-like" S 31 

O: Meaty, "Maggi-like" S 31 

Continued on next page 
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4H-PYRAN-4-ONES 

NAME / (SYNONYM) R x R £ R ? R̂  

2-Methyl-3-hydroxy-4H-pyran-4-one CH, OH 
(Maltol) 

2-Ethyl-3-hydroxy-4H-pyran-4-one C ?H,- OH 
(Ethylmaltol) 

2-Methyl-3,5-dihydroxy-4H-pyran- C H 3 OH OH 
-4-one 
(5-Hydroxymaltol) 

2-Ethyl-3-hydroxy-6-methyl-4H- C ^ O H C H 3 
-pyran-4-one 

Ô 
2,3-Dihydro-3,5-dihydroxy-6- H O v ^ \ OH 

- methyl-4H-pyran-4-one vfj j 
(5-Hydroxy-5,6-dihydromaltol) ^ J 

3- Hydroxy -2H-py ran-2-one 
(3-Hydroxy-2-pyrone) 

3 Ό 

O.OH 

I 
Methyl 4,5-dimethyl-3,6-dihydro- ^^3\ " 2H-pyran-2-carboxylate 

S ) c OOCH 3 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



12. FORS Sensory Properties: Literature Review 203 

Ο 

DESCRIPTION THRESHOLD VALUE REM. REFE 

O: 

O: 
F: 
O: 

O: 

Warm-fruity, caramellic-sweet 
with emphasis on the caramellic 
note in the dry state, while solu
tions show a pronounced fruity, 
jam-like odor of pineapple, straw
berry type 
Fragrant, caramel 
Bitter, sweetish 
Warm, sweet, fruity; jam-like in 
solution 
Coffee, malt, carame

F,M,S 

O: Intensely sweet, fruity-bread
like, pleasant, of immense ten
acity 

F: Sweet, fruity-jam-like, remini
scent of pineapple, strawberry, 
vanilla and heavy fruit-preserve 
or syrup, depending upon concen
tration 

O: Very sweet, caramel-like, of 
immense tenacity 

F: Sweet, fruity with initial bitter-
tart flavor 

7.1 ppm/water 
35 ppm/water 
13 ppm/water 

17 

18 

23 

44 

39 

17 

23 

O: Caramel-like 40 

O: Preserved tang boiled down in 
soy sauce 

O: Not reminiscent of maltol 

7 

29 

O: Odorless 
Τ > 200 ppm/orange juice 

F,S 18 
26 

Τ 30 ppm/orange juice F 26 

Ο: Interesting green note F,S 45 

Continued on next page 
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PYRROLES 

NAME / (SYNONYM) R± R 2 R 3 R 4 

Pyrrole H 

1-Methylpyrrole 
(N-Methylpyrrole) 

C H 3 

2 - Pyrrolecar baldehy de H CHO 

1-Acetonylpyrrole 
(l-Pyrrolyl-2-propanone) 

2-Acetylpyrrole 
(Methyl 2-pyrrolyl ketone) 

H COCH 3 

2-Acetyl-5-chloropyrrole H COCH 3 Cl 

2-Acetyl-5-bromopyrrole H COCH 3 Br 

2-Formyl-5-methylpyrrole 
(5-Methylpyrrole-2-carbaldehyde) 

H CHO CH 

l-Ethyl-2-formylpyrrole 
(N-Ethylpyrrole-2-carbaldehyde) 

C 2 H 5 CHO 

'3 

l-(2-Furfuryl)pyrrole furfuryl 
(N-Furfurylpyrrole) 

PYRROLIDINES (TETRAHYDROPYRROLES) 

Pyrrolidine H 

1-Acetylpyrrolidine COCH 

1-Pyrroline 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Sweet and warm-ethereal, slightly 
burnt-nauseating, resembling that 
of chloroform 

F,S 17 

O: Powerful and penetrating smoky-
-tarry, in extreme dilution sweet, 
woody-herbaceous, slightly animal. 

F,S 17 

O: Corny, pungent F,M 37 

O: Bready green 
O: Cookie- or mushroom-lik

Τ 200 ppm/orange juice F 26 

O: Strong almond aroma F,S 47 

O: Strong almond aroma F,S 48 

O: Pungent 
Τ 110 ppm/orange juice F,M,S 26 

37 

τ 2 ppm/orange juice F,M 26 

O: Green, hay-like F 29 

Ο 
1 

O: Penetrating amine-type remini
scent of ammonia and piperidine, 
nauseating and diffusive, of very 
poor tenacity, repulsive 

F,S 17 

O: Bread-like M 46 

O: Corn-like M 49 

Continued on next page 
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2,3-DIHYDRO-lH-PYRROLIZINES 

NAME / (SYNONYM) R 1 R 2 R 3 R 4 

5-Acetyl-2,3-dihydro-lH-pyrrolizine 

5-Acetyl-6-methyl-2,3-dihydro-lH-
-pyrrolizine 

5-Formyl-6-methyl-2,3-dihydro-lH-
-pyrrolizine 

COCH 3 

COCH 3 C H 3 

CHO C H 3 

TETRAHYDROINDOLIZIN-8-ONES 

5,6,7,8-Tetrahydroindolizin-8-one 

2-Methyl-5,6,7,8-tetrahydro-
indolizin-8-one 

H 

C H 3 
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*1 

DESCRIPTION THRESHOLD VALUE REM. REF 

O: Smoky, amine-like 
F: Sweet 

F,M 30 

O: Smoky, medicine-like 
F: Bitter 

M 30 

Ο: Smoky 
F: Sweet, cinnamic F,M 30 

r9 
Ο: Mild smoky, weak amine-like M 30 

Ο: Mild smoky, weak amine-like M 30 

Continued on next page 
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PYRIDINES 

NAME / (SYNONYM) R̂  R 2 R ? R̂  

Pyridine 

3-Methylpyridine 
(P -Picoline) 

2-Ethylpyridine C 2 H 5 

3-Ethylpyridine 

3-Propylpyridine 

2-Isopropylpyridine 

2-Butylpyridine 

2 - Isobu tylpy ridine 

2-Pentylpyridine 
(2-Amylpyridine) 

2-Methoxypyridine 

2-Ethoxypyridine 

2-Pyridinecarbaldehyde 
(2-Pyridylmethanal) 

C 2 H 5 

n -C 3 H ? 

i - C 3 H 7 

i r C 4 H 9 

n - C 5 H n 

OCH, 

O C 2 H 5 

CHO 

2-Acetylpyridine 
(Methyl 2-pyridyI ketone) 

COCH, 

2-Acetylpyridin-3-ol 

3,4-Dimethylpyridine 

COCH 3 OH 

C H 3 C H 3 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



12. FORS Sensory Properties: Literature Review 

" N V R 1 
R4^f 

209 

DESCRIPTION THRESHOLD VALUE REM. REF 

O: Burnt, pungent, diamine Ο 21 ppb/air F 50 
O: Pungent, penetrating and 

diffusive, generally de
scribed as nauseating, but 17 
in extreme dilution, warm, 
"burnt", smoky, of very poor 
tenacity 

F: ( * Ί ppm): Rather sharp, burnt 
Ο 0.82 ppm/water 51 

F: Green 

F: Green F,S 52 
F: Green, smoky 53 

F: Tobacco F 23 

F; Sweet, musty, beany 53 

F: Green, vegetable S 52 

F: Sweet, green F,S 52 

F: Green pepper S 52 

O: Fatty or tallowy-like Ο 0.6 ppb/water F 54 

F: Phenolic 

F: Phenolic 

Ο: Pungent bitter almond-like, poor 
tenacity. In extreme dilution quite 
pleasant, sweet, bitter almond and 
nut-like 

O: Popcorn 
O: Bready 
O: Tobacco-like 
O: Cracker-like 

F: Cereal-like 

F: Green 

Ο 19 ppb/water 

F,S 

52 

52 

17 

6 
46 
23 
55 

53 

52 

Continued on next page 
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PYRIDINES (cont.) 

NAME / (SYNONYM) R R 2 R 3 R 4 

4-Ethyl-3-methylpyridine CH^ C2H5 

2- Isobutyl-3-methoxypyridine i-C^H^ OCH^ 

3- Isobutyl-2-methoxypyridine OCH, i -C -H g 

2-Acetyl-l,4,5,6-tetrahydropyridine COCH 

PYRIMIDINES 

4,6-Dimethylpyrimidine 

4-Acetyl-2-methylpyrimidine 

C H 3 

C H 3 COCH 3 
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DESCRIPTION THRESHOLD VALUE REM. REF 

F: Sweet, nutty S 52 

F: Green pepper S 52 

Ο: Not very characteristic, but per- Ο 11 ppb/water S 56 
haps somewhat camphoraceous 

Ο 
Ο: Distinct odor of crackers F,S 57 
O: Cracker-like Ο 1.6 ppb/water 55 

"2 

O: Similar to alkyl-substituted F 6 
pyrazines (i.e. roasted, nut-like) 

Very interesting grilled note F 6 

Continued on next page 
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Pyrazine 

2-Methylpyrazine CH

2-Ethylpyrazine C 2 H 5 

2-Propylpyrazine D" C 3 H 7 

2-Isopropylpyrazine i-C^H^ 

2-Isobutylpyrazine i-C^H^ 

2-Pentylpyrazine - " C 5 H 11 

2,3-Dimethylpyrazine CH^ CH^ 

PYRAZINES 

NAME / (SYNONYM) Ηχ R £ R 3 R^ 
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XT 
R 3 X^R 2 

DESCRIPTION THRESHOLD VALUE REM. REF 

O: Pungent, sweet, in dilution floral 
with remote resemblance to helio
trope. Very diffusive, poor tenacity 

O: Strong, sweet (slightly ammoniacal) 
Ο: Cornlike with bitter note 

F,S 

F: Roasted hazelnuts 
Ο 
Ο 

50 χ 10 gpb/water 
17.5 χ 10 ppb/water 

F >100 ppm/beer 

F: 

Ο: 
Ο: 
Ο: 

Ο: 

Chocolate, roasted peanuts
chicken 
Nutty, roasted 
Nutty, green 
Strong basic role; in dilution 
chocolate character 
Grassy 

O: 
O: 

Nutty, roasted 
Buttery, rum 

Green, vegetable 

Green, nutty 

Green, fruity 

O: Pungent; in dilution chocolate type 
O: Nutty, green 
O: New leather, linseed oil 

10 χ 10 ppb/water 
105 ppm/water \ 
27 ppm/oil 1 

100 pprn/beer 
6 χ 10 ppb/water 

22 ppm/water 
17 ppm/oil 
6000 ppb/water 
10 ppm/beer 

F,S 

400 ppb/water 

1 ppm/water 
9 ppm/oil 

400 ppm/water 
2500 ppb/water 
35 ppm/water 
50 ppm/beer 

F,S 

F,S 

F,S 

S 

F,S 

17 

58 
70 
59 
35 
60 

35 

46 
58 

70 
59 
61 

60 
62 

52 
65 
61 

62 

60 

52 

52 

52 
63 
61 

58 
52 
65 
59 
62 
64 
60 

Continued on next page 
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PYRAZINES (cont.) 

NAME / (SYNONYM) R± R £ R 3 R 4 

2,5-Dimethylpyrazine CH^ C H 3 

2,6-Dimethylpyrazine CH^ CH^ 

2,3-Diethylpyrazine C 2 H 5 C 2 H 5 

2.5- Diethylpyrazine ^2^5 ^2^5 

2.6- Diethylpyrazine ^2^5 ^2^5 

2-Ethyl-3-methyIpyrazine C 2 H 5 C ^ 3 
(3-Ethyl-2-methylpyrazine) 

2-Ethyl-5-methylpyrazine C H 3 

(5-Ethyl-2-methylpyrazine) 

2-Ethyl-6-vinylpyrazine C 2 H 5 CH=CH 2 

2-Methyl-6-propylpyrazine C H 3 D ' ^H^ 
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DESCRIPTION THRESHOLD VALUE REM. REF 

F: Characteristic, reminiscent of F,S 23 
potato chips 

F: Chocolate, grilled chicken, 35 
roasted peanuts 

O: Grassy, "cornnuts" 70 
O: Roasted Ο 800 ppb/water 66 
F in oil: Earthy raw potato Ο 1 ppm/water ι 67 

2 ppm/oil ' 
Ο 1800 ppb/water 63 

 ppm/oi
F 25 ppm/beer 60 

O: Sweet, "fried", resembling | F,S 17 
fried potatoes, but not as 
typical odor as the 2,5-isomer 

O: Nutty, roasted Ο 200 ppb/water 46 
F: Chocolate 35 
O: Ether-like with corn note 70 

Ο 54 ppm/water \ 61 
8 ppm/oil ' 

Ο 9 ppm/water 64 
Ο 1500 ppb/water 62 
F 3 ppm/beer 60 

F: Roasted hazelnuts F,S 35 

Ο 20 ppb/water F,S 62 
270 ppb/oil 

Ο 6 ppb/water F,S 62 

O: Raw potato F,S 68 
O: Nutty, roasted 52 
O: Butterscotch, nutty 65 
O: Pleasant earthy, nutty 69 

Ο 130 ppb/water 62 
F 2 ppm/beer 60 

O: Nutty, roasted Ο 50 ppb/oil F,S 46 
O: Grassy 70 

Ο 100 ppb/water \ 62 
320 ppb/oil ' 

F 1 ppm/beer 60 

O: Buttery, baked, potatolike F 69 

Ο: Burnt, butterscotch Ο <0.1 ppm/water F 65 

Continued on next page 
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PYRAZINES (cont.) 

NAME / (SYNONYM) R l R 2 R 3 R 4 

2-Isobutyl-3-methylpyrazine 
(3-Isobutyl-2-methylpyrazine) 

i -C ,H 9 C H 3 

2,3,5-Trimethylpyrazine C H 3 C H 3 C H 3 

2,3-Dimethyl-5-ethylpyrazine 
(5,6-Dimethyl-2-ethylpyrazine) 

C H 3 C H 3 C 2 H 5 

2,5-Dimethyl-3-ethylpyrazine 
(3,6-Dimethyl-2-ethylpyrazine) 

C H 3 C 2 H 5 C H 3 

2,6-Dimethyl-3-ethylpyrazine 
(3,5-Dimethyl-2-ethylpyrazine) 

C H 3 C 2 H 5 
C H 3 

2,3-Diethyl-5-methylpyrazine C 2 H 5 C 2 H 5 C H 3 

2,6-Diethyl-5-methylpyrazine C 2 H 5 C H 3 C 2 H 5 

2,3-Dimethyl-5-butylpyrazine C H 5 C H 3 

2,3-Dimethyl-5-pentylpyrazine C H 3 C H 3 n - C 5 H n 

2,3-Dimethyl-5-isopentylpyrazine C H 3 C H 3 i - C 5 H n 

2,3-Dimethyl-5-(l-methylbutyl)-
pyrazine C H 3 C H 3 n-C 3H ?CH(CH 3)-
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F: Roasted hazelnuts Ο 400 ppb/water F,S 35 
O: Green (bell pepper like), Ο 130 ppb/water 64 

dry and sweet notes 
Ο 35 ppb/water 62 

O: Nutty, roasted F,S 52 
O: Baked potato or roasted peanuts 23 
F: Roasted hazelnuts Ο 1800 ppb/water 35 
O: Very similar to 2,3-dimethyl-

pyrazine, but slightly heavie
O: Grassy 

Ο 400 ppb/water 59 
Ο 9 ppm/water > 61 

27 ppm/oil f 
F 1 ppm/beer 60 

F: Chocolate, sweet F,S 53 
O: Nutty, roasted 0 1 ppb/water 46 

O: Roasted Ο 5 ppb/water F,S 66 
O: Nutty, roasted 46 
F: Lard 35 
O: Earthy, baked potato-like 69 

Ο 43 ppm/water ι 61 
24 ppm/oil ' 

ο 0.4 ppb/water ι 62 
24 ppb/oil / 

F 25 ppb/beer 60 

O: Nutty, roasted F,S 52 
F: Walnut, steak 34 
O: Nutty, roasted Ο 1 ppb/water 46 

ο 15 ppm/water ι 61 
24 ppm/oil ' 

F 5 ppb/beer 60 

O: Nutty, roasted F,S 52 

O: Grassy F 70 

O: Sweet, earthy F 69 

O: Sweet, smoked, caramel-like S 71 

O: Caramel-like, coffee, sweet S 71 

O: Honey-like, sweet S 71 

Continued on next page 
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PYRAZINES (cont.) 

NAME / (SYNONYM) R l R 2 R 3 R 4 

2,3-Dimethyl-5-(2-methylbutyl)-
pyrazine C H 3 C H 3 C 2 H 5 CH(CH 3 )CH 2 -

2,3-Dimethyl-5-(l,2-dimethylpropyl)-
pyrazine C H 3 C H 3 (CH 3) 2CHCH(CH 3)-

2,3-Dimethyl-5-(2,2-dimethylpropyl)-
pyrazine 
(2,3-Dimethyl-5-neopentylpyrazine) 

C H 3 C H 3 (CH 3 ) 3 CCH 2 -

2,3-Dimethyl-5-(l-ethylpropyl)
pyrazine 

2,3-Dimethyl-5-(l,5-dimethyl-
-4-hexenyl)pyrazine 

R 3 

C H 3 

(CH 3) 2C: 
C H 3 

=CHCH2 CH 2CH(CH 3)-

2,3-Dimethyl-5-(3,7-dimethyl-
-6-heptenyl)pyrazine 

R 3 

C H 3 

CH(CH 3): 
C H 3 

=CHCH2 CH 2CH(CH 3)CH 2CH 2-

2,3,5,6-Tetramethylpyrazine C H 3 C H 3 C H 3 C H 3 

3,6-Diethyl-2,5-dimethylpyrazine CH^ C

2

H 5 C H 3 C 2 H 5 
(2,5-Diethyl-3,6-dimethylpyrazine) 

2-Isobutyl-3,5,6-trimethylpyrazine i-C^H^ C H 3 C H 3 C H 3 

2-(2-MethylbutyI)-3,5,6-trimethyl-
pyrazine C 2 H 5 CH(CH 3 )CH 2 lCH 3 C H 3 C H 3 

2-Acetylpyrazine COCH-^ 

2-Acetyl-3-methylpyrazine COCH 3 C H 3 

2-Acetyl-5-methylpyrazine COCH, CH, 

6-Acetyl-2-methylpyrazine 
(2-Acetyl-6-methylpyrazine) 

CH, COCH, 

2-Acetyl-3-ethylpyrazine COCH 3 C 2 H 5 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



12. FORS Sensory Properties: Literature Review 219 

DESCRIPTION THRESHOLD VALUE REM. REF 

O: Sweet, smoked, caramel-like S 71 

Ο Sweet, caramel-like S 71 

Ο: Brown sugar-like, roasted S 71 

Ο: Honey-like, sweet S

Ο: Roasted nut S 71 

Ο: Roasted nut 5 7 1 

O: Fermented soybeans F,S 4 
F: Lard 55 
O: Similar to trimethylpyrazine but Ο 1000 ppb/water 58 

without the odor intensity 
Ο 10 ppm/water ι 61 

38 ppm/oil ' 
F > 100 ppm/beer 60 

F 100 ppm/beer F,S 60 

O: Roasted nut, sweet S 71 

Ο: Sweet, roasted F,S 71 

F: Popcorn-like F,S 72 
O: Popcorn, nutty 52 
F: Chocolate, popcorn 55 
O: Breadcrust-like, nutty, no green 64 

notes, reminiscent of acetamide 
Ο 62 ppb/water 55 

F: Cereal, roast grain F,S 53 
O: Nutty, vegetable Ο 4 ppb/water 46 

F: Popcorn-like S 72 

Ο: Popcorn F,S 52 
F: Popcorn-like 72 

F: Potatoes F,S 35 
F: Reminiscent of slightly roasted 7 

potatoes Continued on next page 
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NAME / (SYNONYM) 

2-Methoxypyrazine 

2-Ethoxypyrazine 

2-Butoxypyrazine 

2 - (Methoxy met hy l)py raz i ne 

2-Methoxy-3-methylpyrazin
(3-Methoxy-2-methylpyrazine) 

PYRAZINES (cont.) 

R l R 2 R 3 R 4 

OCH 3 

O C 2 H 5 

OC 4 H 9 -n 

CH 2 OCH 3 

2-Methoxy-5-methylpyrazine 
(5-Methoxy-2-methylpyrazine) 

OCH, CH, 

2-Ethyl-3-methoxypyrazine 
(3-Ethyl-2-methoxypyrazine) 

C 2 H 5 OCH 3 

2-Ethyl-5-methoxypyrazine 
(5-Ethyl-2-methoxypyrazine) 

2- Propyl-3-methoxypyrazine 
(3-Propyl-2-methoxypyrazine) 

3- Isopropyl-2-methoxypyrazine 
(2-Isopropyl-3-methoxypyrazine) 

C 2 H 5 OCH 3 

n-C 3 H y OCH 3 

OCH 3 i - C 3 H ? 

2-Isopropyl-5-methoxypyrazine i-C-jH^ OCH 3 

(5-Isopropyl-2-methoxypyrazine) 

2-Butyl-3-methoxypyrazine n-C^H^ OCH 3 

2-Isobutyl-3-methoxypyrazine i-C^H^ OCH 

(3-Isobutyl-2-methoxypyrazine) 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Sweet, nutty S 52 
Ο: Not very characteristic Ο 700 ppb/water 63 

O: Sweet, nutty S 52 

Ο: Green, vegetable S 52 

F: Nutty, earthy S 73 
Ο: Ethereal character 58 

Ο 150 ppb/wate  59 

O: Reminiscent of hazelnut
and peanut 

O: Roasted peanuts, nutty, earthy 4 
O: in concentration vegetably; in 

dilution popcorn/potato 58 
Ο 4 ppb/water 63 
Ο 3 ppb/water 59 

F: Hazelnuts, almonds, peanuts S 35 
Ο: Green vegetably character 58 

Ο 15 ppb/water 59 

O: Raw potato, earthy, bell pepper F,S 4 
F: Earthy, bell pepper 73 

Ο 0.4 ppb/water 63 

O: Bread-like/mousy F,S 66 

F: Bell pepper S 73 
Ο: Very similar to bell pepper Ο 0.006 ppb/water 63 

F: Bell pepper, earthy F,S 73 
O: Potato-like 7 

O: Earthy, bell pepper, raw potato 4 
O: Strong galbanum note 58 

Ο 10 ppb/water 59 
Ο 0.002 ppb/water 63 
Ο 0.001 ppb/water 74 

O: Strong galbanum note S 58 
Ο 10 ppb/water -59 

F: Bell pepper S 73 

Ο: Strongly green (bell pepper-like) Ο 0.016 ppb/water F,S 64 
O: (Green) bell pepper Ο 0.002 ppb/water 24 

Ο 10 ppb/water 59 

Continued on next page 
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PYRAZINES (cont.) 

NAME / (SYNONYM) R x R 2 R 3 R̂  

2-Isobutyl-5-methoxypyrazine i-C^H^ OCH^ 

2-Isobutyl-6-methoxypyrazine 

3 - sec.Buty 1 - 2 - metho xy pyraz ine 
(2-sec.Butyl-3-methoxypyrazine, 
2-Methoxy-3-(l-methylpropyl)-
pyrazine) 

2-Methoxy-3-(l-methylbutyl)pyrazine 

2-Isopentyl-3-methoxypyrazine 

2-Hexyl-3-methoxypyrazine 
(3-Hexyl-2-methoxypyrazine) 

2-Methoxy-3-(2-methyloctyl)pyrazine 

2-Methoxy-3-isononylpyrazine 

2-Methoxy-3-acetylpyrazine 

2-Methoxy-3,5-dimethylpyrazine 

2-Methoxy-3,6-dimethylpyrazine 

2-Methoxy-3-isopropyl-5-methyl-
pyrazine 

2-Methoxy-3-isopropyl-6-methyl-
pyrazine 

2-Methoxy-3-(DC-hydroxyisopropyl)-
-5-methylpyrazine 

2-Methoxy-3-(cC-hydroxyisopropyl)-
-6-methylpyrazine 

i - C 4 H 9 OCH 3 

OCH 3 s -C 4 H g 

OCH 3 CH(CH 3)C 3H ? n 

i - C 5 H 1 1 OCH 3 

-~ C 6 H 13 0 C H 3 

OCH 3 CH 2 CH(CH 3 )C 6 H 1 3 

OCH 3 i - C 9 H 1 9 

OCH 3 COCH 3 

OCH 3 C H 3 C H 3 

OCH 3 C H 3 C H 3 

OCH 3

 i " C 3 H 7 C H 3 

OCH 3 i - C 3 H ? C H 3 

OCH 3 C(OH)(CH3)2 C H 3 

OCH 3 C(OH)(CH3)2 C H 3 
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O: Strong green bell pepper note S 58 
Ο 10 ppb/water 59 

F: Coffee 35 

F: Bell pepper S 73 

F: Bell pepper S 73 
Ο 0.001 ppb/water 74 

F: Bell pepper S 73 

F: Bell pepper S 73 

F: Bell pepper S 73 
Ο: Very similar to bell pepper Ο 0.001 ppb/water 63 

F: Earthy, bell pepper S 73 

F: Bell pepper S 73 

Ο: Weak breadcrust-like, green and S 64 
nutty notes 

O: Bready/mousy Ο 4 ppb/water F,S 46 

F: Medicinal, earthy S 73 

Ο: Strongly green (green bean-like), Ο 0.05 ppb/water S 64 
floral and ethereal undertone, no 
nutty notes 

O: Strongly green (green bean-like), Ο 0.045 ppb/water S 64 
no nutty or floral notes 

O: Weak, green (bell pepper-like), F,S 64 
earthy undertone, chimney soot 

O: Weak, green (bell pepper-like), S 64 
earthy undertone, chimney soot, 
nutty note 

Continued on next page 
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PYRAZINES (cont.) 

NAME / (SYNONYM) R 1 

2-Isobutyl-3-methoxy-5-methylpyrazine i-C^H^ OCH^ CH^ 

2-Isobutyl-3-methoxy-6-methylpyrazine i-C^H^ OCH^ 

2-Methoxy-3,6-diisobutylpyrazine OCH, 

2-Methoxy-3-acetyl-5-methyl-
pyrazine 

- C 4 H 9 

OCH 3 COCH 3 C H 3 

i -C ,H 9 

2-Methoxy-3-acetyl-6-methyl
pyrazine 

3 3 

5-Isobutyl-2-methoxy-3-methyl-
pyrazine 

OCH 3 C H 3 i - C 4 H 9 

5-(2-Methylbutyl)-2-methoxy-
-3-methylpyrazine 

OCH 3 C H 3 CH 2 CH(CH 3 )C 2 H 5 

5-Isopentyl-2-methoxy-
-3-methylpyrazine 

OCH 3 C H 3 - C 5 H 1 1 

5-(2-Methy Ipent yl)- 2 - methoxy -
-3-methylpyrazine 

OCH 3 C H 3 CH 2 CH(CH 3 )C 3 H y 

2-Ethoxy-5-isobutyl-3-methyl-
pyrazine 

O C 2 H 5 C H 3 i -C ,H 9 

5-Isobutyl-2-isopropoxy-3-methyl- OC 3 H 7 - i C H 3 i -C^H 9 

pyrazine 

5-Isobutyl-3-methyl-2-phenoxy-
pyrazine 

O C 6 H 5 C H 3 i - C 4 H 9 

5-Isobutyl-3-methyl-2-(methylthio)-
pyrazine 

SCH 3 C H 3 i - C 4 H 9 

5-(2-Methylpentyl)-3-methyl-
-2-(methylthio)pyrazine 

SCH 3 C H 3 CH 2 CH(CH 3 )C 3 H 7 

5-Isobutyl-3-methyl-2-(phenylthio)-
pyrazine 

SC^H^ C H 3 i - C 4 H 9 

2-Isobutyl-3-methoxy-5,6-dimethyl- 'l~c^ OCH 3 C H 3 C H 3 

pyrazine 

2,5-Dimethoxy-3,6-dimethylpyrazine OCH 3 C H 3 OCH 3 C H ? 
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O: Similar to bell pepper but with Ο 0.3 ppb/water 
some minty notes 

O: Minty camphoraceous in character Ο 2.6 ppb/water 
with slight bell pepper undertone 

F: Earthy, low bell pepper 

O: Weak, breadcrust-like, green 
musky note, chimney soo

O: Weakly green, unpleasant, no 
nutty notes, chimney soot 

O: Licorice-woody 

S 

F,S 

Ο 0.7 ppm/water 

56 

56 

73 

64 

64 

75 

O: Licorice-woody, slightly green Ο 1 ppm/water 75 

O: Licorice-woody, walnut-like Ο 1 ppm/water 75 

O: Burdock, bell pepper Ο 0.5 ppm/water 75 

O: Burdock-like brownish, 
slightly bell pepper, 
galbanum green 

O: Licorice-woody, 
walnut-like 

O: Bell pepper, cacao bean 

O: Licorice-woody, walnut-like 

Ο 0.2 ppm/water 

Ο 1 ppm/water 

Ο 1 ppm/water 

Ο 0.8 ppm/water 

75 

75 

75 

75 

O: Burdock-like, slightly earthy Ο 1 ppm/water 75 

O: Nutty, macadamia-like Ο 0.7 ppm/water 75 

O: Minty-camphoraceous Ο 315 ppb/water 56 

O: Green (bell pepper-like), nutty Ο 180 ppb/water S 64 
notes, floral and ethereal undertone 

Continued on next page 
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NAME / (SYNONYM) 

2,5-Dimethoxy-3,6-diisopropyl-
pyrazine 

2,5-Dimethoxy-3-isopropyl-
-6-methylpyrazine 

2.5- Dimethoxy-3-acetyl-
-6-methylpyrazine 

2.6- Dimethoxy-3-isopropyl
- 5- methy lpy razine 

2-Ethoxy-3-methylpyrazine 

2-Ethoxy-6-methy lpy razine 
(6-Ethoxy-2-methylpyrazine) 

2-Ethoxy-3-ethylpyrazine 

2-Ethoxy-3-isobutylpyrazine 

2-Butoxy-3-methylpyrazine 

2-Butoxy-3-propylpyrazine 

2-Methylamino-3-methylpyrazine 

2-Dimethylamino-3-methylpyrazine 

2-Dimethylamino-6-methy lpy razine 

2-(Methy lthiomethyl)py razine 

2-Methylthio-3-methylpyrazine 
(2-Methyl-3-methylthiopyrazine) 

5-Methylthio-2-methylpyrazine 

PYRAZINES (cont.) 

R 2 R 3 

OCH 3 i - C 3 H 7 OCH 3 i -C 3H. 

OCH 3 i - C 3 H 7 OCH 3 C H 3 

OCH 3 COCH 3 OCH 3 C H 3 

O C 2 H 5 C H 3 

O C 2 H 5 C H 3 

O C 2 H 5 C 2 H 5 

O C 2 H 5 i - C 4 H 9 

° C 4 H 9 

C H 3 

O C 4 H 9 
n-C 3 H 7 

NHCH 3 C H 3 

N(CH 3) 2 C H 3 

N(CH 3) 2 C H 3 

i - C 4 H 9 

CH 2 SCH 3 

SCH 3 C H 3 

C H 3 SCH 3 

2-Dimethylamino-3-isobutylpyrazine N(CH 3) 2 i - C ^ 

2-Dimethylamino-6-isobutylpyrazine N(CH,) ? 
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O: Green (bell pepper-like), nutty Ο 670 ppb/water S 64 
notes, weakly sweet 

O: Green (bell pepper-like), nutty Ο 250 ppb/water S 64 
notes 

O: Unpleasant, weakly green, S 64 
earthy notes, chimney soot 

O: Nutty, green (bell pepper-like
woody bynote 

F: Earthy, nutty S 73 
F: Hazelnuts, almonds, peanuts 35 

F: Pineapple S 35 

Ο: Raw potato 0 11 ppb/water S 56 

F: Earthy, bell pepper S 73 

F: Floral, medicinal S 73 

F: Medicinal, earthy S 73 

Ο: Weak, reminds of roasted peanuts, S 64 
green and cocoa notes 

O: Like 2-methylamino-3-methyl- Ο 180 ppb/water S 64 
pyrazine but more green and 
peanut-like, less cocoa notes 

O: Reminds of unburnt coffee, Ο 1200 ppb/water S 64 
peanut-like and sweet notes, no 
cocoa notes 

O: Strong cocoa note, reminds of Ο 1600 ppb/water S 64 
fusel oil, green and burnt undertone 

O: Weakly green, cocoa note, no Ο 5000 ppb/water S 64 
peanut note 

O: Weak sulfide note Ο 20 ppb/water S 58 

F: Nutty, cracker S 73 
Ο: Cooked meat, vegetable 58 

Ο 1 ppb/water 59 

O: Meaty, vegetably Ο 4 ppb/water S 58 

Continued on next page 
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PYRAZINES (cont.) 

NAME / (SYNONYM) R l R 2 R 3 R 4 

2-Methylthio-3-isobutylpyrazine SCH 3 i - C 4 H 9 

2-Methylthio-6-isobutylpyrazine SCH^ 

2-(Furfurylthiomethyl)pyrazine CH2-S-furfuryl 

i - C 4 H 9 

2-Methyl-3-(furfurylthio)pyrazin

2-Methyl-5-(furfurylthio)pyrazine CH, S-furfuryl 

5-Methylcyclopenta [b jpyrazine 

6,7-Dihydro-5H-cyclopenta [ b] pyrazine 

2-Methyl-6,7-dihydro-5H-cyclopenta-
[ î>] pyrazine 

w 
CH3 Co 

5-Methyl-6,7-dihydro-5H-cyclopenta-
[ b] pyrazine 

3,5-Dimethyl-6,7-dihydro-5H-cyclo-
penta [ b ] pyrazine 

5,7-Dihydro-5,7-dimethylfuro[ 3,4-b-
pyrazine 

5,7-Dihydrothieno [ 3,4-b ] pyrazine 

3 CH, 
υπ, 

C O 
Ν ι CH3 Co 
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F: Bell pepper S 73 
Ο: Weakly green, roasted peanuts, Ο 0.33 ppb/water 64 

cheese-like (Camembert) note 

F: Bell pepper S 73 

Ο: Powerful coffee, cooked meat Ο 1 ppb/water S 58 
note, also strong chocolate 
character 

F: Roasted coffee-like S
Ο: Powerful coffee, cooke  ppb/wate

F: Roasted, coffee-like S 23 
Ο: Powerful coffee, cooked meat note Ο <1 ppb/water 58 

O: Grilled meat F 66 

F: Green, phenolic F,S 53 

O: Earthy, baked, potato-like F,S 69 
F: Chocolaty 53 

O: Earthy, baked, potato-like F,S 69 
F: Peanut 53 

O: Earthy, baked, potato-like F 69 

Ο: Roasted aroma character S 76 

F: Roasted nut S 76 

Continued on next page 
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PYRAZINES (cont.) 

NAME / (SYNONYM) 

2-Methyl-5,7-dihydrothieno [3,4-b ] -
pyrazine 

5-Methyl-3,4,5,7-tetrahydro-2H-
cyclopenta[b] pyrazine 

4a,5,6,7,8,8a-Hexahydroquinoxaline 

CH3> 

5,7-Dimethyl-l,2,3,4,7,8-hexahydro-
quinoxaline 

CD 
CO 
C O ' 

3 

2,3-Dimethyl-4a,5,6,7,8,8a-hexahydro- I I I 
quinoxaline ^^S^N'^^^ 

H CH3 

ÇH 3 

5,7,7-Trimethyl-2,3,4,6,7,8-hexahydro- I J X H

3 

quinoxaline ^^^^ Χ ΟΗ 3 

2,3,5,6,7,8,9,10,11,12-Decahydrocyclodeca[b}-
pyrazine 

l,5(or 7)-Dimethyl-l,2,3,5,6,7-hexahydrodicyclo-
penta[b,e] pyrazine \ ^ ^ • 

CH3
 N 

CH3 

oCX> 
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O: Roasted nut-like S 76 

Ο: Bready, nut-like S 77 

Ο: Intense popcorn S 77 

Ο: Earthy, baked, potato-like F 69 

Ο: Cedar wood, tobacco, buttery S 77 

Ο: Sweet, tobacco-like fragrance note S 77 

F: Nut-like, fatty S 77 

Ο: Roasted bean-like M 78 

Continued on next page 
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THIOPHENES 

NAME / (SYNONYM) R± R 2 R 3 R̂  

Thiophene 

2-Methylthiophene C H 3 

3-Methylthiophene CH-j 

2-Ethylthiophene C 2 H 5 

2.4- Dimethylthiophene C H 3 C H 3 

2.5- Dimethylthiophene C H 3 C H 3 

3,4-Dimethylthiophene C H 3 C H 3 

2-Thienyl alcohol OH 
(2-Hydroxythiophene) 

2-Acetylthiophene COCH 3 

(Methyl 2-thienyl ketone) 

2-Acetyl-3-methylthiophene COCH 3 C H 3 

(Methyl 3-methyl-2-thienyl ketone) 

2-Acetyl-5-methylthiophene COCH 3 CH 
(Methyl 5-methyl-2-thienyl ketone) 

2-Thiophenecarbaldehyde CHO 
(2-Formylthiophene) 
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R 3\ S**2 

«1 

DESCRIPTION 

Ο of GC eluates: Sickly, pungent 

Ο of GC eluates: Green, sweet 
Ο at GC exhaust: Onion-like, 

gasoline-like, paraffini
O: Heated onion or sulfur

O: Fatty, winey 

O: Styrene-like 

O: Fried onion 

O: Fried onions 
O: Greenish 

F: Fresh onion 
O: Fried onions 

O: Burnt 

THRESHOLD VALUE REM. 

F 8 ppb/water 
F 300 ppb/skim milk 
F 4 ppb/protein-

hydrolysate 
solution 2% 

Ο 1.3 ppb/water 

Ο 1.3 ppb/water 

F,M 

F,M,S 

F,M 

F,M 

F,M 

F,M 

F,M 

F,M 

REF 

19 

32 

19 
31 

28 

28 

28 

80 
28 

34 
80 

28 

O: Mustard-like 
Ο in syrup: 1 g/100 ml: Onion-like; ι 
Ο in coffee: Malty, roasted 

F,M 

F: Mustard 
O: Nutty 

O: Sweet, flowery 

O: Nutty 
O: Reminiscent of benzaldehyde 
O: Spicy meat 
O: Coconut-like 
O: Sharp, sweet-nutty, somewhat 

roasted grain-like 

F 0.08 ppb/water 
F 1 ppm/skim milk 
F 0.3 ppb/protein-

hydrolysate 
solution 2% 

F 200 ppb/water 
F 8 ppm/skim milk 
F 600 ppb/protein-

hydrolysate 
solution 2% 

F,M 

F,M 

F,M 

28 
6 

32 

34 
28 

28 

81 
6 

33 
28 
82 

32 

Continued on next page 
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THIOPHENES (cont.) 

NAME / (SYNONYM) 
R l R 2 R 3 R 4 

5-Methyl-2-thiophenecarbaldehyde 
(5-Methyl-2-formylthiophene) 

CHO C H 3 

3 - Methyl - 2 - thiophenecar baldehy de 
(3- Methyl - 2- f or mylthiophene) 

CHO C H 3 

l-(2-Thienyl)-l-propanone 
(2-Propionylthiophene) 

C O C 2 H 5 

l-(2- or 3-Thienyl)-propane

2-Methylthiophene-3-thiol C H 3 SH 

2-Methylthiophene-4-thiol C H 3 SH 

DIHYDROTHIOPHENES 2,3-
(4,5) 

2-Methyl-2,3(or 2,5)-dihydrothiophene C H 3 

2-Methyl-4,5-dihydrothiophene C H 3 

2-Methyl-2,3-dihydrothiophene-3-thiol C H 3 SH 

2- Methyl-2,3-dihydrothiophene-4-thiol C H 3 SH 

3- Mercapto-2-methyl-2,3-dihydro- C H 3 SH OH 
thiophen-4-ol 

2-Methyl-4,5-dihydrothiophene- CH, SH 
-3-thiol 

2-Methyl-4,5-dihydrothiophene- CH, SH 
-4-thiol 

2-Methyltetrahydrothiophene- CH, SH 
-3-thiol 

2-Methyltetrahydrothiophene- CH, SH 
-4-thiol 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Cherry-like 
F: Cherry, bitter almond 

F 1 ppb/water 

F,M 6 
34 
1 

O: Reminiscent of saffron F,M 6 

Ο in syrup 1 g/100 ml: Creamy, 
caramel-like 

F,M 6 

Imparts a parline-like and
to coffee 

O: Woody 28 

Ο at GC exhaust: Roasted meat S 31 

Ο at GC exhaust: Rubbery S 31 

R 3 N ,R2 R 3 y ' R 2 

IJ \ TETRAHYDROTHIOPHENES 

Ο at GC exhaust: Cabbage-like S 31 

O: Heated onion or sulfury M 79 

Ο at GC exhaust: Sweet, roasted meat S 31 

Ο at GC exhaust: Rubbery, meaty S 31 

Ο at GC exhaust: Meaty, savory, phenolic S 31 

Ο at GC exhaust: Meaty S 31 

Ο at GC exhaust: Roasted meat S 31 

Ο at GC exhaust: Cis-form, meaty; 
trans-form, meaty, savory 

S 31 

Ο at GC exhaust: Meat-like S 31 

Continued on next page 
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3_(2H-)-THIOPHENONES 

NAME / (SYNONYM) R 2 R 3 R 4 

4-Hydroxy-5-methyl-3(2H)-thiophenone =o OH C H 3 

4 - Mer capto - 5 - methyl - 3(2H)-
-thiophenone 

=o SH C H 3 

4,5-Dihydro-3(2H)-thiophenone =o 

2-Methyl-4,5-dihydro-3(2H)- C H 3 =0 
-thiophenone 

3,4-Dimethyl-2,5-dioxo-
-2,5-dihydrothiophene 
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4,5-DIHYDRO-3(2H)-THIOPHENONES 

DESCRIPTION THRESHOLD VALUE REM. REF 

Ο at GC exhaust: Popcorn-like S 31 

Ο at GC exhaust: Nutty S 31 

F: Garlic F,M 7 

F: Green, burnt, coffee F,M,S 7 
Ο at GC exhaust: Acetylenic 31 

O: Onion, a little H2S F 83 

Continued on next page 
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AROMATIC SULFUR COMPOUNDS 

NAME / (SYNONYM) 

oC-Toluenethiol 
(Benzyl mercaptan, Phenylmethanethiol) 

Benzyl methyl sulfide 

2-Naphthalenethiol 
(2-Naphthyl mercaptan) 
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DESCRIPTION THRESHOLD VALUE REM. REF 

Ο "Leek-like" (a more exact de
scription than the older still 
common "onion-like"). Has the 
sharpness of leek odor, 
yet not lachrymatory 

O: Repulsive, garlic-like 
F: Reminiscent of the natural land-

cress off-flavor 

F,S 

F 1 ppb/milk 

17 

23 
84 

F 10 ppb/milk \ F,M 
F 100 ppb/butter oil ' 

84 

O: Disagreeable, mercaptan-like F,S 23 

Continued on next page 
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CYCLIC NON-AROMATIC SULFUR COMPOUNDS 

NAME / (SYNONYM) 

Ethylene sulfide 
(Thiirane) 

1,3-Dithiolane 

4-Methyl-l,3-dithiolane 

2,4-Dimethyl-l,3-dithiolane 

1,2,4-Trithiolane 

V 
ΓΛ 

1,2-Dithiacyclopentene \ y$ 
(3H-l,2-Dithiole) S Ρ** 

CH, 
/ 3 

3-Methyl-l,2-dithiolane 

3,5-Dimethyl-l,2-dithiolane CH^X 
3 S 

-s 

^ ^ ĈH 
2-Methyl-l,3-dithiolane ^S' 3 

b 
CH, 

S 

s—S 

3,5-Dimethyl-l,2,4-trithiolane C H ^ g / ' C ^ 

S - S 

3-Ethyl-5-methyl-l,2,4-trithiolane C H 3 ^ S ^ C 2 H 5 

S — S 

3,5-Diethyl-l,2,4-trithiolane ^'s^S ^ 5 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Cooked cabbage 
Ο of GC eluates: Sickly, cooked 

cabbage, pungent 

6 
19 

O: Pleasant smell like cooked 
asparagus 

85 

T: Oniony metallic with cooke
beef or braised and vegetabl
nuances 

Cooked onion, cooked vegetable Τ 10 ppb 
nutty note 

86 

Sweet, sulfury character, in high Τ 2 ppb 
levels: reminiscent of degrading 
onions 

F,S 86 

F: Onion and garlic roasted or 
boiled 

20 ppb/water F,S 34 

T: Onion, root-vegetable-like Τ 50 ppb 86 

T: Onion-like with slight metallic 
background notes 

O: Roast beef 
O: Sulfurous 

Τ 20 ppb 

M 

86 

78 
28 

Ο: Characteristic of boiled beef 
O: Onion-like 

F 10 ppb/water 

F,M,S 87 
88 

1 

O: Garlicky F,S 88 

O: Garlicky F,S 88 

Continued on next page 
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CYCLIC NON-AROMATIC SULFUR COMPOUNDS (cont.) 

NAME / (SYNONYM) 

( C H 3 ) 2 C H 2 C H 2

/ \ S / ^ C H 2 C H 2 ( C H 3 ) 2 

1,2-Dithiane 

3,5-Di-(2-methylpropyl)-l,2,4-trithiolane ^ 

3-Methyl-l,2-dithiane 

2-Methyl-l,3-dithiane 

4-Methyl-l,3-dithiane 

2,4-Dimethyl-l,3-dithiane 

2,4,6-Trimethyl-l,3-dithiane 

1,4-Dithiane 

Q S 
S 

3,5-Dimethyl-l,2-dithiane 
S 

" S 
2,6-Dimethyldithiin 
(2,6-Dimethyl-4H-dithiin) C H 3 ^ s / c H 3 

1,3-Dithiane Q 
C^CH3 

C H 3 

Q 
α 

S ' Ν * 3 
Ç H , 

Ô 
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DESCRIPTION THRESHOLD VALUE REM. REF 

F at 1 ppm: Roasted, crisp bacon-like, 
pork rind-like 

86 

Garlic character with slight Τ 2 ppb 
metallic nuance 

M,S 86 

F: Onion and garlic, 
roasted or boiled 

F: Onion and garlic, 
roasted or boiled 

10 ppb/water 34 

O: Fuel gas-like F,S 88 

F: Onion and garlic, roasted 2 ppb/water 
or boiled 

T: Onion, garlic-like with a Τ 50 ppb 
metallic by-note 

F,S 34 

86 

Onion-like character with 
metallic notes 

Τ 20 ppb 86 

Onion, garlic and tomato 
like character 

Τ 50 ppb 86 

Allium-onion like character Τ 5 ppb 
with slight metallic notes 

86 

Root-vegetable-like 
character 

Τ 10 ppb 86 

Onion-like or garlic-like character Τ 50 ppb F,S 86 

Continued on next page 
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CYCLIC NON-AROMATIC SULFUR COMPOUNDS (cont.) 

NAME / (SYNONYM) 

1,3,5-Trithiane 
(s-Trithiane) 

(2,4,6-Trimethyl-s-trithiane) C H ^ ^ s ^ C ^ 
2,4,6-Trimethyl-l,3,5-trithiane |  J 

C 2 H S 

2,4,6-Triethyl-l,3,5-trithiane I J 

C 2 H ; S ^ C 2 H 5 

6-Methyl-2,3-dihydrothieno [ 2,3-c ] furan 
(Kahweofuran) 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Sulfurous 
F 0.04 ppb/water 
F 60 ppb/skim milk 
F 0.08 ppb/protein-

hydrolysate 
solution 2% 

F,M 78 
32 

F dissolved in water: Dusty, earthy, 
nutty 

F,

F dissolved in water: Green, allium 
(onion, garden cress) 

M 89 

Ο in pure state: Violent, sulfury, but 
in high dilution develops a pleasant 
roasted and smoky note 

F,S 

Continued on next page 
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OXAZOLES 

NAME / (SYNONYM) R± R 2 R ? 

2-Acetyloxazole COCH 3 

4-Butyloxazole n - c 4

H 9 

5-Butyloxazole n -C 4 H 9 

4-Heptyloxazole n - C 7 H 1 5 

2,4-Dimethyloxazole C H 3 C H 3 

4,5-Dimethyloxazole 

4,5-Diethyloxazole C 2 H 5 C 2 H 5 

4-Methyl-5-propyloxazole C H 3 n -C 3 H ? 

4-Methyl-5-butyloxazole C H 3 D-C 4 H 9 

4-Methyl-5-hexyloxazole CH , 2" C 6 H 13 

4-Ethyl-5-propyloxazole C 2 H 5 n-C 3 H 7 

4-Ethyl-5-butyloxazole C 2 H 5 D-C 4 H 9 

4-Ethyl-5-pentyloxazole C 2 H 5 n - C 5 H n 

4-Propyl-5-methyloxazole n -C 3 H 7 C H 3 

4-Propyl-5-ethyloxazole n -C 3 H ? C 2 H 5 

4-Butyl-5-methyloxazole 0 - C 4 H 9 C H 3 

4-Butyl-5-propyloxazole n -C 4 H 9 
C 3 H 7 

4-Pentyl-5-methyloxazole n - C 5 H u C H 3 

4- Hexy 1 - 5 - methy loxazole n - C 6 H 1 3 C H 3 

2,4-Diethyl-5-propyloxazole C H 3 C H 3 n -C 3 H ? 

2,4,5-Trimethyloxazole C H 3 C H 3 C H 3 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Nutty, popcorn-like F 90 

O: Vegetable-like, green S 91 

O: Green, sweet, vegetable F 90 

O: Vegetable-like S 91 

O: Nutty, sweet M 37 

O: Green, sweet, vegetabl

O: Green, vegetable-like S 91 

O: Vegetable-like, green S 91 

O: Vegetable-like, green S 91 

O: Vegetable-like, green S 91 

O: Vegetable-like, green S 91 

O: Vegetable-like, green S 91 

O: Vegetable-like, green S 91 

O: Green, weak bell pepper-like S 91 

O: Celery-like, green S 91 

O: Bell pepper-like S 91 

O: Bell pepper-like S 91 

O: Bell pepper-like S 91 

O: Vegetable-like, green S 91 

O: Nutty, sweet, green F 90 

F: Like boiled beef 
F: Nutty, sweet, green F 5 ppb 

F,S 6 
92 

American Chemical Continued on next page 
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OXAZOLINES 

NAME / (SYNONYM) R l R 2 R 3 

2-Ethyl-5-methyl-2-oxazoline C 2 H 5 C H 3 

5 - Methyl - 2 - propyl - 2 - oxazoline n -C 3 H ? C H 3 

5-Methyl-2-pentyl-2-oxazoline n - C 5 H n C H 3 

2-Methyl-3-oxazoline C H 3 

2,4-Dimethyl-3-oxazoline C H 3 C H 3 

2,4,5-Trimethyl-3-oxazolin

2,4-Dimethyl-5-ethyl-3-oxazoline C H 3 C H 3 C 2 H 5 

2,5-Dimethyl-4-ethyl-3-oxazoline C H 3 C 2 H 5 C H 3 

2,4,5-Triethyl-3-oxazoline C 2 H 5 C 2 H 5 C 2 H 5 

4,5-Diethyl-2-isopropyl-3-oxazoline i - C 3 H 7 C 2 H 5 C 2 H 5 

4,5-Dipropyl-2-isopropyl-3-oxazoline i - C 3 H 7 n - C 3 H 7 n -C 3 H ? 

2-s-Butyl-4,5-diethyl-3-oxazoline C 2 H 5 C 2 H 5 

2-Isopropyl-4,5,5-trimethyl-3-
-oxazoline 

i - C 3 H 7 C H 3 2xCH 3 

2-Isobutyl-4,5,5-trimethyl-3-
-oxazoline 

i - C 4 H 9 C H 3 2xCH 3 

2-t-Butyl-4,5,5-trimethyl-3-
-oxazoline 

t - C 4 H 9 C H 3 2xCH 3 

BENZOXAZOLES 

2-Methylbenzoxazole 
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Ηη—N R ^ = N 

DESCRIPTION THRESHOLD VALUE REM. REF 

O: Melon, fruity 35 
F: Fresh mint 35 
F: Mild, fruity 35 
O: Nutty, sweet F 90 
F: Nutty, vegetable, not roasted F 1.0 ppm/water 
O: Nutty, sweet 

F,S 92 
90 

F: Woody, musty, green F 1.0 ppm/wate
O: Characteristic boiled beef 

92 
87 

F: Nutty, sweet, green, woody F 0.5 ppm/water F,S 92 

F: Nutty, sweet F 1.0 ppm/water F,S 92 
0 : Very reminiscent of fresh carrots 
O: Green 

S 7 
93 

O: Cocoa 7 

O: Banana 
O: Cool, banana-like 

S 35 
93 

O: Cocoa s 93 

Rum-like note 
O: Cool, menthol-like, unroasted cocoa 

s 7 
93 

O: Earthy (fungal) with a butter-like 
green leaf-like note 

O: Earthy, diacetyl 

s 7 
93 

O: Fresh mint and, depending on the 
concentration, fresh banana or buttery 

O: Cool, mint-like 

35 
93 

O: Very sweet, of rather gassy-pungent 
character when undiluted, becoming 
floral-sweet, heavy, when diluted 

F,S 17 

Continued on next page 
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THIAZOLES 

NAME / (SYNONYM) R 2 R 3 

Thiazole 

2-Methylthiazole 

4-Methylthiazole 

2-Ethylthiazole 

2-Propylthiazole 

2-Isopropylthiazole 

2-Butylthiazole 

2-Isobutylthiazole 

CH, 

C 2 H 5 

i - C 3 H 7 

CH, 

n -C 4 H 9 

i - C 4 H 9 

2-Acetylthiazole COCH 
(Methyl 2-thiazolyl ketone) 

4- Acetylthiazole 
(Methyl 4-thiazolyl ketone) 

2-Methoxy thiazole 

5- Methoxy thiazole 

COCH 3 

OCH 3 

OCH 3 

2-Ethoxythiazole 
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R % — Ν 

DESCRIPTION THRESHOLD VALUE REM. REF 

F in beer: Sulfury, grainy, CS 2 Τ 23 ppm/beer F,M 25 
O: Pyridine-like 23 
O: Nutty, meaty 22 

F: Green, vegetable F,M,S 52 

O: Green, nutty F,M 23 

F: Green, nutty F,M,S 52 

F: Green, herby, nutty M,

F: Green, vegetable S 52 

F: Raw, green, herby S 52 

F in water: Spoiled wine-like, slightly F,S 94 
horseradish Ο 2 ppb/water 

F in canned tomato juice or tomato 
paste: More intense, fresh 
tomato-like 

O: Strong green, resembling that of 7 
tomato leaf 

Ο 3.5 ppb/water 95 
F 3 ppb/water 1 

F: Nutty, cereal, popcorn F,M,S 52 
O: Cereal bready 46 
O: Taco, grassy 70 
O: Popcorn-like, strong, nutty- 82 

roasted character 
F 10 ppb/water 1 

F: Nutty, cereal M,S 52 
O: Hazelnut, earthy | 
F: Nutty, steak with bitter aftertaste, 35 

baked bread, meat 
O: Cracker-like Ο 170 ppb/water 55 

F: Sweet, roasted, phenolic M,S 52 
F: Oatmeal, bread and caramel 35 

F: Roasted, meaty, onion M,S 52 
F: Braised vegetables, roast meat, 

fresh onions 35 

F: Phenolic, burnt, nutty M,S 52 
F: Roasted peanuts, roast meat 35 

Continued on next page 
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THIAZOLES (cont.) 

NAME / (SYNONYM) R 2 R 3 

5-Ethoxythiazole O C 2 H 5 

2-Butoxythiazole OC^H^-n 

2.4- Dimethylthiazole C H 3 C H 3 

4.5- Dimethylthiazole C H

2.4- Diethylthiazole C 2 H 5 C 2 H 5 

2.5- Diethylthiazole C 2 H 5 C 2 H 5 

4,5-Diethylthiazole C 2 H 5 C 2 H 5 

2.4- Dipropylthiazole D'^-jH^ D'^-jH^ 

4.5- Dibutylthiazole D- C 4 H 9 Π-°4 Η 9 

5-Ethyl-4-methylthiazole C H 3 C 2 H 5 

2-Acetyl-4-methylthiazole COCH 3 C H 3 

(Methyl 4-methyl-2-thiazolyl ketone) 

5-Acetyl-4-methylthiazole CH^ COCH. 
(Methyl 4-methyl-5-thiazolyl ketone) 

4-Ethyl-5-propylthiazole 

4-Ethyl-5-butylthiazole 

4-Butyl-5-methylthiazole 

4-Butyl-5-ethylthiazole 

4-Butyl-5-propylthiazole 

2-Methyl-5-methoxy thiazole 

C 2 H 5 n-CjH. 

C 2 H 5 n-C 4H, 

n-" C 4 H 9 C H 3 

n-- C 4 H 9 C 2 H 5 

n-" C 4 H 9 n-CjH. 

C H 3 OCH 3 
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DESCRIPTION THRESHOLD VALUE REM. REF 

F: Cooked onion 
F: Cooked vegetables (sharp 

resembling nuts) 

F: Green vegetable 

O: Skunky-oily 
O: Meat, cocoa 

F: Roasted, nutty, green 
F: Braised meat, hazelnu
O: Meaty, boiled poultry 

O: Ethereal, musty, earthy 

O: Slightly skunky and green peppery 

O: Sweet, fruity, minty 

F: Nutty, green, earthy 
O: Green vegetables, unroasted 

hazelnuts 

F: Very sharp, dry and earthy parsley] 

F: Anthranilic, burnt 

F: Roasted, nutty, sulfury 
O: Peanut, earthy 
F: Roasted nuts, sulfury, bitter 

metallic and earthy 

Ο 18 ppb/water 
Ο 0.1 ppb/water 

Ο 470 ppb/water 

Ο 6.5 ppb/water 

Ο 0.09 ppb/water 

Ο 5.1 ppb/water 

Ο 26 ppb/water 

Ο 0.19 ppb/water 

Ο 0.02 ppm 

F 300 ppb/water 

Ο 0.05 ppm 

M,S 

S 

F,M 

F 

F 

S 

S 

F,M,S 

F,M 

M,S 

52 
35 

52 

55 
34, 35 

52 

96 

55 

55 

96 

55 

96 

52 

35 

7 
1 

52 

35 

O: Bell pepper O 0.06 ppb/water S 96 

O: Bell pepper O 0.12 ppb/water S 96 

O: Bell pepper O 0.01 ppb/water S 96 

O: Bell pepper O 0.02 ppb/water S 96 

O: Bell pepper O 0.003 ppb/water S 96 

F: Cabbagy, sulfury, vegetable S 52 

Continued on next page 
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THIAZOLES (cont.) 

NAME / (SYNONYM) R 2 R 3 

4-Isobutyl-5-methoxy thiazole i - C 4 H 9 OCH 3 

4-Isobutyl-5-ethoxy thiazole i - C 4 H 9 O C 2 H 5 

2,4,5-Trimethylthiazole C H 3 C H 3 C H 3 

2,4-Dimethyl-5-ethylthiazole C H 3 C H 3 C 2 H 5 

4-Acetyl-2,5-dimethylthiazole C H 3 COCH 3 C H 3 

5-Acetyl-2,4-dirnethylthiazole C H 3 C H 3 COCH 3 

2,4-Dimethyl-5-vinylthiazole C H 3 C H 3 CH=CH 2 

2,5-Dimethyl-4-butylthiazole C H 3 0 - C 4 H 9 C H 3 

2,5-Diethyl-4-methylthiazole C 2 H 5 C H 3 C 2 H 5 

2-Isopropyi-4,5-dimethylthiazole i - C 3 H ? C H 3 C H 3 

2-Propyl-4,5-diethylthiazole B - C 3 H

7 
C 2 H 5 C 2 H 5 

4-Isobutyl-5-methoxy-2-
-methylthiazole 

C H 3 i - C 4 H 9 OCH 3 

4-Isobutyl-5-ethoxy-2-methyl-
thiazole 

C H 3 i - C 4 H 9 O C 2 H 5 

2-Butyl-4-isobutyl-5-
-methoxy thiazole 

i - C 4 H 9 OCH 3 
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DESCRIPTION THRESHOLD VALUE REM. REF 

F: Green pepper 
O: Vegetable soup (minestrone) 
F: Pepper, onion, celery and green 

vegetables (peas and haricot beans) 

F: Cucumber, green potato 

F: Cucumber, green pepper, onions Ο 0.02 ppm 

F: Cocoa, nutty 
O: Cocoa, hazelnut, dark chocolate

green vegetables (haricot beans) j Ο 0.05 ppm/water 
F: Nutty, roasted, meaty 
O: Hazelnut, steak, meat, liver, 

green vegetables, "Buccu" leaf 
and black currant 

F: Nuts, meat, steak 

F: Roasted, meaty, sulfury 

F: Roasted, nutty, meaty 
O: Sulfury as in meat 
F: Boiled beef, chicken and turkey 

O: Strong, characteristic, nut-like 

O: Sweet, earthy 

F: Green, nutty 

O: Pleasant, nutty 

O: Pleasant, nutty 

F: Green, vegetable 
O: Onion and pepper 
F: Pepper, vegetables (green) 

F: Green, vegetable, onion 
F: Vegetables, sharp and green 

O: Vegetable soup with touch of 
barley, potato, green pepper 
and onion 

Ο 0.02 ppm 

Ο 0.002 ppm 

Ο 0.0002 ppm 

M,S 

M,S 

F,M,S 

F,M,S 

S 

M,S 

F 

F 

S 

F 

F 

M,S 

M,S 

M 

52 

35 

52 
35 

52 

52 

35 

34 

52 

52 

35 

7 

69 

52 

90 

90 

52 

34, 35 

52 
35 

35 

Continued on next page 
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THIAZOLINES (DIHYDROTHIAZOLES) 

NAME / (SYNONYM) R± R2 R^ 

2-Acetyl-2-thiazoline COCH^ 

2,4-Dimethyl-3-thiazoline CH^ CH^ 

2,4,5-Trimethyl-3-thiazoline CH^ C H 3 C H 3 

2-Propyl-3-thiazoline D-

2-(2-Methylpropyl)-4,5- CH ? CH (CH,) ? CH, CH, 
-dimethyl-3-thiazoline * 

2-(l-Methylpropyl)-4,5-dimethyl-CH(CH,)C7H, CH, CH, 
-3-thiazoline > 1 * * y 

2-Propyl-2,4,5-trimethyl- n-C,H 7 CH, CH, 
-3-thiazoline C H 3 
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R £ — Ν 

' 3 -s 

DESCRIPTION THRESHOLD VALUE REM. REF 

O: Cracker-like 
O: Freshly baked bread crust 

F: Nutty, roasted, vegetable 

F: Meaty, nutty, onion-like 
F at 0.2-1 ppm: Fresh chopped 

meat-like with light sour effect 
Τ at 2 ppm: Chemical 

Ο at 0.2 ppm: Green, vegetabl
nutty and roasted 

Τ at 0.2 ppm: Sweet, green, vege
table, roasted, cocoa powderlike 

Ο at 2 ppm: Sweet, roasted meat
like, roasted nut-like, dark chocolate-
-like, baked goods-like and vegetable 
green-like 

Τ at 2 ppm: Sweet, roasted meat-like, 
roasted nut-like, chocolate-like, 
vegetable green-like, hydrolyzed 
vegetable protein-like. 
Having a hydrolyzed vegetable protein 
aftertaste and astringent and choco
late-like notes 

Ο at 2 ppm: Sweet, herbaceous, spicy, 
chocolate-like, nutty, vegetable-
-like, hydrolyzed vegetable protein-
-like, roasted 

F at 2 ppm: Herbaceous, vegetable, 
green-like, nutty, roasted, chocolate-
-like, astringent 

Ο at 1 ppm: Sweet, green bean-like, 
cucumber-like, geranium-like and 
spicy 

F at 1 ppm: Cucumber-like, green bean-
-like, spicy, watermelon-like, black 
pepper-like, astringent 

Ο 1.3 ppb/water 

F 3 ppb/water 

F 0.02 ppm 

F 0.5 ppm 

F,M,S 

F,M,S 

55 
22 

1 

92 

92 

97 

97 

97 

97 

Continued on next page 
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BENZOTHIAZOLES 

NAME / (SYNONYM) R̂  R 2 R 3 

Benzothiazole 

2-(Methylthio)benzothiazole 

H 

SCH 

1,3,5-DITHIAZINES 

NAME / (SYNONYM) 

2,4,6-Trimethyldihydro-l,3,5-dithiazine 
ι J 

C H 3 ^ N ^ N C H 3 

H 
Ç 2 H 5 

2-Ethyl-4,6-dimethyldihydro-l,3,5-dithiazine I J 
C H ' ^ N C H 3 

H 
C H 3 

ι ό 

4-Ethyl-2,6-dimethyldihydro-l,3,5-dithiazine 
C H 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Quinoline-like, rubbery F 7 
Ο: Similar to pyridine 34 
O: Heated rubber-like, heavy and dirty 82 

O: Imparts characteristic fatty Ο 5 ppb/water F 6, 7 
and smoky odor to meat aroma 

H 2 

DESCRIPTION THRESHOLD VALUE REM. REF 

O: Roasted beef-like F,M,S 88 
Typical note of heated meat 6 

O: Cooked beef-like F,S 88 

O: Onion-, cooked beef-like F,S 88 

Continued on next page 
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ALDEHYDES AND KETONES 

CH 3CHO 

n-C 3H 7CHO 

NAME / (SYNONYM) 

Ethanal 
(Acetaldehyde) 

Butanal 
(Butyraldehyde) 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Pungent ethereal-nauseating, in 
high dilution reminiscent of coffee 
or wine 

O: Characteristic pungent and penetrating 
Ο of GC eluates: Pungent 
O: Sour, greenhouse 

Caramel, sweet 

F,M,S 

Ο 100°C 
180°C: Burnt sugar 

O: Green, sweet 

F: Green leaves, fruity 

O: Very diffusive, penetrating 
pungent-irritating 
Only in extreme dilution 
truly fruity, banana-like, 
green-fresh odor 

O: Characteristic pungent 
Ο of GC eluates: Burnt, green, 

nasty 

F in beer: Melon, green leaves, 
varnish 

Ο 

Ο 

0.21 ppm/air ι 
(recognition)

0.005 mg/m /air 

Ο 15 ppb/water 
Ο 109 ppb/water 
Ο 120 ppb/water 
F 25 ppb/beer 
F 50 ppm/beer 

Ο <0.013 mg/m3/air 
Ο 0.042 mg/m /air 

Ο 9 ppb/water 
Ο 37.3 ppb/water 
F 1.0 ppm/beer 

F 1.0 ppm/beer 

F,S 

17 

23 
19 
98 

18 
50 

100 
23, 

141, 142 
101 
102 
20 
25 

103 

17 

23 
19 

104, 105 
55 
23, 

141, 142 
106 
102 
25 

103 

Continued on next page 
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NAME / (SYNONYM) 

2-Methylpropanal 
(Isobutyraldehyde) 

2-Methylbutanal 
fcC- Met hy lbu ty raldehy de) 

3-Methylbutanal 
(Isovaleraldehyde) 

MAILLARD REACTIONS 

ALDEHYDES AND KETONES (cont.) 

(CH 3) 2CHCHO 

CH 3CH 2CH(CH 3)CHO 

(CH 3) 2CHCH 2CHO 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Extremely diffusive, penetrating 
pungent and undiluted-unpleasant 
sour, repulsive. In extreme dilution 
almost pleasant, fruity banana-like, 
"overripe-fruit-like" 

Ο 100°C: Rye bread, fruity, aromatic; 
180°C: Penetrating chocolate 

O: Harsh, grain, baked poatoes 

F in beer: Banans, melon, varnish, 
green leaves, bitter 

F,M,S 17 

18 

t 19 
98 

0 0.1 ppb/water ι 62 
43 ppb/oil ' 

ο 0.01 ppm/water 20 
ο 2.3 ppb/water 102 
F 1 ppm/beer 25 

O: Powerful, choking when undiluted, 
but in extreme dilution tolerable 
almost pleasant fruity-"fermented" 
with a peculiar note resembling 
that of roasted cocoa or coffee. 

F: Sweet, slightly fruity-chocolate-like 
when diluted to < 20 ppm. Pungent 
at higher concentrations 

Ο of GC eluates: Burnt, sickly 
Musty, fruity aromatic; 
Burnt cheese 

Ο 100°C: 
180°C: 

F in beer: Green grass, fruity, sour/ 
/medicinal 

F,M 17 

1 ppb/water 
140 ppb/oil 
1.25 ppm/beer 

19 
18 

102 
62 
25 

O: Very powerful, penetrating, acrid-
pungent, causes cough-reflexes un
less highly diluted. In extreme di
lution fruity, rather pleasant. 
Peach-like, heavy fruity at ^10 ppm 
100 C: Sweet, chocolate, toasted 
bready; 
180°C: Burnt cheese 

F: 
Ο 

Ο 

17 

F in beer: Unripe banana, apple, 
cherry, cheese 

Ο of GC eluates: Burnt, green, sickly 
0.2 ppb/water 
13 ppb/oil 
7 ppb/water 
2 ppb/water 
0.17 ppm/water 
0.6 ppm/beer 

18 
19 
62 

20 
102 
44 
25 

Continued on next page 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



264 

NAME / (SYNONYM) 

2,3-Butanedione 
(Diacetyl, dimethylglyoxal) 

2,3-Pentanedione 
(Acetylpropionyl) 

4-Hydroxy-2,3,5-hexanetrione 
(Acetylformoin) 

MAILLARD REACTIONS 

ALDEHYDES AND KETONES (cont.) 

CH 3 COCOCH 3 

CH 3 COCOC 2 H 5 

CH 3COCOCH(OH)COCH 3 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
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DESCRIPTION THRESHOLD VALUE REM. REFE 

O: Very powerful and diffusive, 
pungent, buttery, chlorine-
-quinone-like in high con
centration, oily-buttery in 
extreme dilution 

O: Quinonic, buttery, chlorine-like 
F: Sharp 
Ο of GC eluates: Buttery, sickly 

F in beer: Diacetyl, butterscotch 
O: Buttery, penetrating 

O: Oily-buttery, pungent and some
what "quinone-like", less sharp 
and volatile than diacetyl. Weak 
aqueous solutions practically 
odorless 

F aqueous solution: Sweet 
Ο of GC eluates: Butter, sickly 
O: Burnt, grain, malty, burnt butter 
F in beer: Diacetyl, fruity 

F,M,S 

Ο 0.0025 mg/m /air 

Ο 2.6 ppb/water 
Ο 6.5 ppb/water 
Ο 2.3 ppm/water 
F 0.15 ppm/beer 
F 0.1 ppm/beer 

F,S 

1 ppm/beer 
0.9 ppm/beer 

Τ 18 ppm/orange 
juice 

17 

18 

19 
108 

141, 142 
110 
20 

111 
25 
98 

17 

19 
98 
25 

26 

Continued on next page 
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v ' R 3 

CYCLOPENTANONES 
ι 

R i 

NAME / (SYNONYM) R £ R 3 R 4 R 5 

2- Methylcyclopentan-l-one =0 CH^ 

3- Methylcyclopentan-l-one =0 CH^ 

2-Mercapto-3-methyl-2- =0 SH C H 3 

-cyclopenten-l-one 

5-Imino-2-methyl-l- OH C H 3 =NH 
-cyclopenten-l-ol 

5-Imino-4-methyl-l- O
-cyclopenten-l-ol 

2-Hydroxy-3-methyl-2- =0 OH C H 3 

-cyclopenten-l-one 
(Methylcyclopentenolone, 

Cyclotene) 

3-Ethyl-2-hydroxy-2- =0 OH 
-cyclopenten-l-one 
(Ethylcyclopentenolone) 

3.4- Dimethyl-2-hydroxy-2- =0 OH C H 3 C H 3 

-cyclopenten-l-one 

3.5- Dimethyl-2-hydroxy-2- =0 OH C H 3 C H 3 

-cyclopenten-l-one 
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1- , ' Γ Τ - ft CYCLOPENTENONES R s \ ^ R 2
 R 5 

Ri »i 

DESCRIPTION THRESHOLD VALUE REM. REF 

O: Roasted beef M 78 

Ο: Roasted beef M 78 

Ο: Seaweed-like M 78 

Ο Cooked rice M 78 

Ο: Rice cracker M

Ο: Fragrant, burnt, licorice 1 F,M,S 18 
F: Sweet j 
O: Strong caramel-like 42 
O: Caramel, maple-like 30 

Τ 5 ppm/orange 26 
juice 

F: Sweet, somewhat similar 23 
to licorice 

O: Strong caramel-like F,M,S 42 
F: Caramel-like, exhibits flavor-

enhancing characteristics 23 

O: Strong caramel-like F,M 42 

O: Strong caramel-like F,M 42 

Continued on next page 
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NON-CYCLIC SULFUR COMPOUNDS 

NAME / (SYNONYM) 

Hydrogen sulfide H ?S 

Carbon disulfide CS. 

Dimethyl sulfide CH,SCH 
(Methyl sulfide, (Methylthio)methane) 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Very unpleasant, chokingly repulsive 
often described as reminiscent of 
"rotten eggs" or "decaying seaweed" 
etc. 

O: Eggy, suifidy Ο 4.7 ppb/air 

F,M,S 

O: Diffusive, chokingly repulsive 
ethereal-sulfuraceous 

GC exhaust: Sweet, cabbage-like, 
almost herbaceous, slightly green 

O: Vegetable, sulf idy 

O: Extremely diffusive, repulsive, 
reminiscent of wild radish, sharp 
green, cabbage-like. Only in high 
dilution bearable and most accept
able, pleasant, vegetable-like 

Ο of GC eluates: Sulfurous, sickly 
O: Vegetable, sulfidy 

F in beer: Cooked vegetable (corn, 
onion), garlic, ^ S 

(H2S from Na2S) 
(recogn) 
0.47 ppb/air 
(hLS gasXrecpgn) 
0.0001 mg/m /air 
0.18 mg/m /air , 
0.00021-0.0016 mg/m j 
/air  ' 

/air ' 

10 ppb/water 
5 ppb/water 
5 ppb/beer 

F,S 

0.21 ppm/ajr (recogn) 
0.07 mg/m-j/air 
0.05 mg/m /air, 
0.08-0.5 mg/m /air 

F,M,S 

17 

50 

112 
99 

113 

115 
23, 

141, 142 
116 

1 
98 
17 

50 
117 
118 
119 

23, 
141, 142 
17 

19 
Ο 1 ppb/air (recogn) 50 
ο 0.0094 mg/m /air. 99 
ο 0.002-0.03 rag/m /air 113 
ο 0.014 mg/m /air 120, 

TP 121, 122 
ο 0.003 mg/m /air 123 
* 23, 

141, 142 
ο 10 ppb/water 124 
ο 0.33 ppb/water 106 
ο 1 ppb/water 20 
F 12 ppb/water 125 
F 0.03 ppb/water 32 
F 50 ppb/beer 25 

F 60 ppb/beer 103 
F 6 ppb/skim milk 32 
F 0.02 ppb/protein- 32 

hydrolysate solution 2% 
Continued on next page 
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NON-CYCLIC SULFUR COMPOUNDS (cont.) 

NAME / (SYNONYM) 

Diethyl sulfide C ?H l.SC 7H l. 
((Ethylthio)ethane) Z 5 Z 5 

Dibutyl sulfide n- C/. Hg s c/. HQ-!2 
((Butylthio)butane) n y 4 y 

Diallyl sulfide CH
(3-(2-Propenylthio)propene

Dimethyl disulfide CH 3 SSCH 3 

((Methyldithio)methane, 
Methyl disulfide) 

Diethyl disulfide C ?I-LSSC 7H, 
((Ethyldithio)ethane) Δ ^ L 5 

Dipropyl disulfide n - C ^ S S C ^ - n 
((Propyldithio)propane) 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
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DESCRIPTION THRESHOLD VALUE REM. REF 

Ο 0.010 mg/m Zair 
Ο 0.0045 mg/xn /air 
Ο 0.31 mg/m /air 

F,M 

F in beer: Cooked vegetable (onion, 
garlic), ^ S 

Ο 
F 

0.11 ppm/water 
1.2 ppb/beer 

F 3 ppb/beer 

F in beer: Rubber, rotten onion, 
sulfury 

O: Powerful, penetrating
radish-like of poor tenacity 
Not a lachrymator, but produces 
some irritation of eyes and mucous 
membrane 

F: Green and sharper than diallyl di
sulfide 

O: Intensely onion-like, very dif
fusive, nonlachrymatory 

Ο of GC eluates: Sulfurous, sickly, 
cooked cabbage 

F in beer: Garlic, burnt rubber, H Ŝ 

O: Very penetrating and powerful, 
diffusive, of garlic/onion type 
but with no lachrymatory effect. 
Poor tenacity. In extreme di
lution more herbaceous-green 
than truly sulfuraceous. 

F: Cooked onions 

0.09 mg/m /air 
0.002 ppb/beer 

Ο 0.00065 mg/m /air 

F,M,S 

Ο 0.003-0.014 mg/m /air 

Ο 1.2 ppb/water 
Ο 0.16 ppb/water 
Ο 12 ppb/water 
F 30 ppb/water 
F 21 ppb/water 
F 0.06 ppb/water 
F 3 ppb/beer 
F 0.6 ppb/skim milk 
F 0.03 ppb/protein-

hydrolysate solu
tion 2% 

Ο 0.0003 mg/m3/air F,M 

Ο 0.02 ppb/water 
F 30 ppb/water 
F 0.4 ppb/beer 

F,S 

F 3.2 ppb/water 

99 
117 
126 

23, 
141, 142 
127 
25 

103 

99 
25 

99 

17 

19 

113 
23, 

141, 142 
128 
20 

129 
1 

130 
32 

103 
32 
32 

131 
23, 

141, 142 
124 

1 
25 

17 

80 

Continued on next page 
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NON-CYCLIC SULFUR COMPOUNDS (cont.) 

NAME (SYNONYM) 

Diallyl disulfide 
(3-(2-Propenyldithio)propene) 

CH 2=CHCH 2SSCH 2CH=CH 2 

Methyl propyl disulfide 
(1 -(Methy ldi thio)propane) 

CH 3 SSC 3 H 7 -n 

Methyl propenyl disulfide 
(1 - (Methy ldi thi o)propene) 

CH 3SSCH=CHCH 3 

Propyl propenyl disulfide 
(l-(Propyldithio)propene) 

fi-C 3H 7SSCH=CHCH 3 

Dimethyl trisulfide 
(Methyl trisulfide, 

(Methyltrithio)methane) 

CH 3SSSCH 3 

Dipropyl trisulfide 
(1 -(Propyltr ithio)propane) 

n-C 3H 7SSSC 3H 7-n 

Methyl propyl trisulfide CH 3SSSC 3H ?-n 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: 

O: 

O: 

F: 
F: 

Pungent, not truly reminiscent of 
garlic, but heavier, more sulfide-
-like, obnoxious 
Taste - Only in extreme dilutions 
resembling that of garlic 
Characteristic garlic 

F,S 

Ο 0.0072 mg/m /air 

Powerful penetrating sulfuraceous 
herbaceous of onion-type, but non-
lachrymatory and not very tenacious, 
In extreme dilution sweet and more 
pleasant "natural" odo
Almost identical to it
Cooked onions 

F,S 

F: Cooked onions F 6.3 ppb/water 

17 

23 
99 

17 

80 

F: Cooked onions F 2.2 ppb/water 80 

O: Powerful, diffusive, penetrating, 
reminiscent of fresh onions 

Ο of GC eluates: Sulfurous, burnt, 
cooked cabbage 

O: Very powerful and diffusive, 
garlic-like, penetrating and 
repulsive when undiluted, but in 
extreme dilution rather pleasant, 
sweet-herbaceous, distinctly 
garlic-like 

O: Onion 

O: Very powerful and penetrating, 
warm-herbaceous-oily of onion-
-like character, particularly upon 
dilution. 

F in cone. Ο ppm: Sweet, onion-like 
and warm-oily 

F,M,S 

0.0073 mg/m /air (recogn) 
0.01 ppb/water 

F 3 ppb/water 

F,S 

F,S 

23 

19 

132 
129 

1 

17 

83 

17 

Continued on next page 
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NON-CYCLIC SULFUR COMPOUNDS 

NAME / (SYNONYM) 

Methanethiol CH 3SH 
(Methyl mercaptan) 

Ethanethiol C ^ S H 
(Ethyl mercaptan) 

1-Propanethiol n-C 3H 7SH 
(Propyl mercaptan) 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Rotten cabbage, very diffusive 
and objectionable 

Ο of GC eluates: Sickly, sulfurous, 
cooked cabbage 

O: Sulfidy, pungent 

F in beer: Putrefaction (o
cabbage), drains, ester

O: Earthy, sulfidy 

F in beer: Putrefaction (of leek, 
onion, garlic, egg) 

F,M,S 

Ο 
Ο 
Ο 
Ο 
Ο 

Ο 
Ο 

Ο 
Ο 

2.1 ppb/air irecogn) 
0.081mg/m /air 
0.0005 mg/myair 
0.0002 mg/ra /air 
0.003 mg/m /air 

Ο 0.02 ppb/water 

1.0 ppb/air (recogn) 
0.00^066-0.0076 mg/ 
/m /air , 
0.0001 mg/m Xair 
0.00065 mg/m /air 

Ο 0.016 mg/m /air 
F 0.008 ppb/water 
F 1.7 ppb/beer 

F 0.01 ppm/beer 
F 2 ppb/skim milk 
F 0.004 ppb/protein-

hydrolysate solu
tion 2% 

F,M 

17 

19 

50 
99 

133 
123 
134 

23, 
141, 142 
106 

50 
99 

135 
136 

23, 
141, 142 
134 
32 
25 

98 
32 
32 

O: Very powerful, penetrating and 
diffusive, cabbage-like, sulfur-
aceous, unpleasant unless extreme
ly diluted 

F in cone. < 1 ppm: Sweet onion-
cabbage-like, not unpleasant 

F in beer: Putrefaction (of onion, 
garlic, egg) 

F,M,S 

Ο 
Ο 
Ο 
Ο 
* 

F 
F 

0.005 mg/m /air, 
0.07-0.03 mgim /air 
0.0016 mg/m /air 
0.018 mg/m.j/air 

0.06 ppb/water 
0.15 ppb/beer 

F 2 ppb/skim milk 
F 0.3 ppb/protein-

hydrolysate solu
tion 2% 

17 

99 
137 
138 
134 

23, 
141, 142 
32 
25 

32 
32 
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NON-CYCLIC SULFUR COMPOUNDS (cont) 

NAME / (SYNONYM) 

1-Butanethiol f i - C 4 H 9 S H 

(Butyl mercaptan) 

2-Methyl-l-propanethiol i-C^h^SH 
(Isobutyl mercaptan) 

1-Hexanethiol 
(Hexyl mercaptan) 

3-Methyl-l-butanethiol 
(Isopentyl mercaptan) 

3-Methyl-2-butene-l-thiol 

1-(Methy lthio)-l-ethanethiol 

1-(Methy lthio)-l-propanethiol 

1 -(Methy lthio)-1 -hexanethiol 

l-(Ethylthio)-l-ethanethiol 

n-C^H^-jSH 

CH 3CH(CH 3)CH 2CH 2SH 

(CH 3) 2C=CHCH 2SH 

CH3CH(SHXSCH3) 

CH 3CH 2CH(SHXSCH 3) 

n- C5H i : LCH(SHXSCH 3) 

CH 3CH(SHXSC 2H 5) 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Powerful, diffusive, reminiscent of 
cabbage. Often described as skunk
like or just sulfuraceous. In extreme| 
dilution intensely sweet and non
descript 
Taste slightly bitter 

Ο 
Ο 
Ο 
Ο 

F in beer: Putrefaction (o
garlic, egg) 

F in beer: Putrefaction (of onion, 
garlic, egg) 

O: Extremely powerful and diffusive 

O: Repulsive, characteristic mer-
captan-like 

Intense leek or onion-like- This 
compound is responsible for the 
skunky odor of "sunstruck beer" 

O: Strong, meaty, onion-like 
Ο in very aqueous solutions 1-5 ppb: \ 

Meaty rather than onion-like 1 

F dissolved in water: Allium (onion), 
meaty 

F,S 

0.0037 mg/m /air, 
0.007-0.04 rag/m /air 
0.003 mg/m3/air 
0.003 mg/m /air 

Ο 6 ppb/water 

0.8 ppb/skim milk 
0.001 ppb/protein-
hydrolysate solu
tion 2% 

0.000002-0.0002 mg/ F 
/m /air , 
0.007 mg/m /air 

F 2.5 ppb/beer 

Ο 0.00002 mg/m /air 

Ο 0.0018 mg/m /air 

F 5 ppb/water 

F,S 

F,S 

M 

F,M 

M 

17 

99 
137 
138 
139 

23, 
141, 142 
51 

32 
32 

135 

134 
23, 

141, 142 
25 

17 
139 

23, 
141, 142 

23 

99 

7 

7 

140 

1 

89 

F dissolved in water: Allium (onion) 
black currant, rhubarb and green 
bell pepper 

F dissolved in water: Allium (onion, 
leek), black currant 

M 89 

M 89 

Continued on next page 
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NON-CYCLIC SULFUR COMPOUNDS (cont.) 

NAME / (SYNONYM) 

1 -(Propylthio)-1 - propanethiol 

Bis(l-mercaptoethyl) sulfide 

Bis(l-mercaptopropyl) sulfide 

Bis(l-mercaptoisobutyl) sulfide 

Bis(l-mercaptohexyl) sulfid

3-(Methylthio)-l-propanol 
(Methionol, methyl 3-
-hydroxypropyl sulfide) 

C 2H 5CH(SHXSC 3H ?) 

CH3CH(SH)SCH(SH)CH3 

C 2H 5CH(SH)SCH(SH)C 2H 5 

i-C 3H 7CH(SH)SCH(SH)i-C 3H 7 

n-C H CH(SH)SCH(SH)C H

CH 3S(CH 2) 3OH 

3-Methylthio-l-hexanol CH 3(CH 2) 2CH(SCH 3XCH 2) 2OH 

[Methylthio)propan 
[Methional, 3-(Mel 
propionaldehyde] 

3-(Methylthio)propanal CH,SCH 2 CH 2 CHO 
[Methional, 3-(Methylthio)-

3-(Methylthio)hexanal 

1-Methy lthio-2-butanone 

C 3H 7CH(SCH 3)CH 2CHO 

C 2 H 5 COCH 2 SCH 3 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
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DESCRIPTION THRESHOLD VALUE REM. REF 

F dissolved in water: Allium (onion), 
black currant 

F dissolved in water: Allium (onion, 
chives), meaty 

F dissolved in water: Green, fruity, 
Allium (onion, garlic) 

F dissolved in water: Allium (onion), 
mushroom and soup 

F dissolved in water: Alliu
green, fatty 

Ο and F: Powerful, sweet, soup- or meat-
-like 

O: In undiluted form displays a rather 
repulsive odor with perceptible 
notes of sulfuraceous character. 
Extreme dilution causes a marked 
improvement to agreeable and 
pleasant, food-like note. 

Green, fatty and sulfury note 

O: Powerful and diffusive onion-meat-
-like, in dilution more pleasant, less 
onion-like, reminiscent of bouillon 

F 5 ppm: Pleasant, warm meat- or soup-
-like, at higher cone, with a slight 
"bite" or pungency 

Ο 100°C or 180 C; Potato 
O: Cooked-cabbage ι F 0.05 ppm/water 
F: "Sunlight" flavor J 

F 
Ο 

10 ppb/water 
0.2 ppb/water j 

F in beer: Mashed potato, warm, 
soup-like 

F dissolved in water: Strongly green, 
privet 

O: Reminiscent of mushroom, with a 
characteristic garlic undertone 

O: Mushroom-like 

0.2 ppb/oil 
250 ppb/beer 

M 

M 

M 

M 

M 

F,S 

F 

F,M,S 

M 

F,S 

89 

89 

89 

89 

89 

17 

7 

17 

18 
130 

1 
62 

25 

89 

23 

31 

Continued on next page 
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NON-CYCLIC SULFUR COMPOUNDS (cont.) 

NAME / (SYNONYM) 

4-Mercapto-4-methyl-2-pentanone CH 3C(SH)(CH 3)CH 2COCH 3 

Methyl 3-(methylthio)propionate ChLSCr-LChLCOOCH, 

S-Methyl thiohexanoate

S-Methyl thioheptanoate CH 3 SCO(CH 2 ) 5 CH 3 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
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DESCRIPTION THRESHOLD VALUE REM. REF 

O: Unpleasant odor of cat urine F 7 

Ο: Extremely powerful, diffusive F,M,S 17 
penetrating sweet, sulfuraceous, 
only in dilution becoming endur
able and fruity-sweet. Its onion
like character in high cone, changes 
to "cooked"-fruity in minute cone. 

F: Fruity-sweet, pineapple-like in cone. 
< 5 ppm, most pleasant <1 ppm. The 
flavor is clearly perceptible and 
agreeable well below 0.1 ppm 

Ο 2 ppb/water F 123 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
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Mechanism Responsible for Warmed-Over 

Flavor in Cooked Meat 

A. M. PEARSON and J. I. GRAY 
Michigan State University, Department of Food Science and Human Nutrition, 
East Lansing, MI 48824 

Studies using
demonstrated that
contributors to warmed-over flavor (WOF) in cooked 
meat. Although phosphatidylcholine has little 
effect upon WOF, phosphatidylethanolamine plays an 
important role which is related to the propensity of 
its constituent polyunsaturated fatty acids to 
autoxidation. Both nitrite and EDTA inhibit WOF as 
does removal of heme pigments, which suggests that 
myoglobin may catalyze WOF development. However, 
purified myoglobin in the model system does not 
cause autoxidation. It has been demonstrated that 
WOF is catalyzed by the non-heme iron released from 
meat pigments during cooking. Evidence has 
indicated that overheating of meat protects against 
WOF by producing Maillard reaction products 
possessing antioxidant activity. 

The term "warmed-over flavor" (WOF) was coined by Tims and 
Watts (]_) to describe the rapid development of oxidized flavor 
in cooked meat upon subsequent holding. The rancid or stale 
flavor becomes readily apparent within 48 h in contrast to the 
more slowly developing rancidity that becomes evident only after 
freezer storage for a period of months. Although WOF was first 
recognized as occurring in cooked meat, hence the name WOF, it 
also develops in raw meat that is ground and exposed to air (2, 
3). With increased consumption of precooked convenience meat 
entrees, such as quick-frozen meat dishes and TV dinners, 
preventing the development of WOF has become of great economic 
importance (4). 

The present review will cover evidence on the mechanism 
involved in WOF development, with description of a model system 
that has been utilized to clarify some of the pathways. The 
role of meat pigments and various lipid components will be 
reviewed. Finally some procedures for inhibiting WOF in cooked 
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288 MAILLARD REACTIONS 

meats w i l l be d i s c u s s e d . A l t h o u g h an e a r l i e r r e v i e w c o v e r s some 
o f t h e s e p o i n t s ( 5 ) , c o n s i d e r a b l e new i n f o r m a t i o n i s now 
a v a i l a b l e and w i l l be p r e s e n t e d h e r e i n . 
D e s c r i p t i o n o f Model Meat System 

Love and Pearson (6) have d e s c r i b e d a model meat system i n 
which b o v i n e muscle was ground and e x t r a c t e d w i t h d i s t i l l e d , 
d e i o n i z e d water a t 4°C u n t i l i t was d e v o i d of c o l o r , 
i n d i c a t i n g the removal o f a l l meat pigments, i . e . , myoglobin and 
hemoglobin. Other w a t e r - s o l u b l e components would a l s o be 
p a r t i a l l y o r c o m p l e t e l y e x t r a c t e d by t h i s p r o c e d u r e . The 
re m a i n i n g e x t r a c t e d muscle was then used as a model system t o 
which p u r i f i e d m y o g l o b i n , f e r r o u s i r o n and f e r r i c i r o n were 
added back t o a s c e r t a i n t h e i r r o l e i n WOF. 

E s s e n t i a l l y the sam
l a b o r a t o r y t o s t u d y t h
t r i g l y c e r i d e s i n development o f WOF u s i n g beef and c h i c k e n dark 
and w h i t e meat (_7). F i g u r e 1 shows not o n l y how t h e system was 
p r e p a r e d f o r s t u d y i n g the e f f e c t o f a d d i n g back myoglobin but 
a l s o how c h l o r o f o r m - m e t h a n o l was u t i l i z e d t o e x t r a c t the t o t a l 
l i p i d s (8) and then how t r i g l y c e r i d e s and p h o s p h o l i p i d s c o u l d be 
separatee! by s i l i c i c a c i d column chromatography w i t h e l u t i o n by 
c h l o r o f o r m and methanol ( 9 ) . 
Mechanism of WOF Development 

R o l e of M y o g l o b i n and Non-Heme I r o n . The model meat system 
c o n t a i n i n g the i n d i g e n o u s l i p i d s was used t o o b t a i n the d a t a 
p r e s e n t e d i n T a b l e I. O x i d a t i o n was f o l l o w e d by 2 - t h i o b a r b i t u r i c 
a c i d (TBA) numbers o b t a i n e d u s i n g the d i s t i l l a t i o n p r o c e d u r e o f 
T a r l a d g i s e t a l . ( J O ) . The d a t a show the e f f e c t s o f d i f f e r e n t 
c o n c e n t r a t i o n s o f metmyoglobin (MetMb) and f e r r o u s i r o n ( F e ^ + ) 
upon TBA numbers i n the model beef muscle system ( 6 ) . MetMb 
c o n c e n t r a t i o n had no e f f e c t upon a u t o x i d a t i o n , whereas F e ^ + 

i n c r e a s e d o x i d a t i o n o f the model system w i t h the e x t e n t b e i n g 
d i r e c t l y r e l a t e d t o the c o n c e n t r a t i o n . Thus, i t was shown t h a t 
MetMb does not c a t a l y z e o x i d a t i o n o f the model system, but 
F e 2 + c a u s e s r a p i d a u t o x i d a t i o n o f the r e s i d u a l l i p i d s . These 
r e s u l t s are i n agreement w i t h an e a r l i e r r e p o r t ( 3 ) , i n which 
both F e ^ + and a s c o r b a t e were shown t o c a t a l y z e development o f 
WOF. Thus, i t has been c l e a r l y shown t h a t myoglobin i s not 
d i r e c t l y r e s p o n s i b l e f o r development o f WOF, a l t h o u g h t h i s 
c o n c e p t has been w i d e l y a c c e p t e d ( 1 1 - 1 4 ) . 

A subsequent s t u d y (j_5) u s i n g the model meat system showed 
t h a t removal o f the heme pigments o r a d d i t i o n o f 156 ppm o f 
n i t r i t e s i g n i f i c a n t l y i n h i b i t e d l i p i d o x i d a t i o n i n cooked meat, 
which s u p p o r t s the e a r l i e r c o n c e p t t h a t myoglobin (Mb) i s 
i n v o l v e d i n WOF. However, i t s h o u l d be borne i n mind t h a t 
removal o f heme pigments by l e a c h i n g w i l l a l s o remove a number 
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Fresh Raw Meat 
(Beef, chicken dark or white meat) 

Grinding (3/16 in. plate) 

Extraction of lipids 
(CHCI3:MeOH) 

Protein Matrix (residue) 

Vacuum dried 

Muscle fibers 

Total Lipids 

Separation on 
silicic acid 
column 

Chloroform 
elution 

I 
Triglycerides 

Methanol 
elution 

— ι 
Phospholipids 

Figure 1. Preparation of model meat system. (Reproduced from Ref. 7. Copyright 
1979, American Chemical Society.) 
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of o t h e r compounds i n c l u d i n g F e 2 + . By u s i n g t h e scheme shown 
i n F i g u r e 2, Igene e t a l . (15) demonstrated t h a t the l e v e l o f 
f r e e F e 2 + g r e a t l y i n c r e a s e d " d " u r i n g c o o k i n g , and a c c e l e r a t e d 

T a b l e I . E f f e c t s o f V a r i o u s C o n c e n t r a t i o n s of MetMb and F e 2 + 

on TBA Numbers o f Beef Muscle R e s i d u e 0 

MetMb Fe2+ 
Cone., C o n e , 
mg/g TBA n o . b ppm TBA n o . b 

0 1.4 0 1.0 
1.0 1.4 1.0 1.5 
2.5 1.4 2.0 3.6 
5.0 1.4 

10.0 1.4 
d T h e r e a c t a n t s were mixed, h e a t e d , and s t o r e d f o r 48 h at 

4 o C b e f o r e measuring t h e TBA v a l u e s . bTBA numbers = mg of 
malonaldehyde produced per 1000 g of meat. Taken from Love and 
Pearson ( 6 ) . 
l i p i d o x i d a t i o n i n cooked meat. T h i s i n d i c a t e s t h a t Mb s e r v e s 
as a s o u r c e o f F e 2 + , b e i n g r e a d i l y broken down d u r i n g the 
c o o k i n g p r o c e s s and c a t a l y z i n g a u t o x i d a t i o n . The d a t a showing 
t h e s e e f f e c t s a re summarized i n T a b l e I I . 
T a b l e I I . Role o f Heme and Non-heme Iron on Development o f TBA 
Numbers i n Cooked B e e f . a > b 

E x p e r i m e n t a l t r e a t m e n t Mean E x p e r i m e n t a l t r e a t m e n t 
TBA no. 

r e s i d u e + t o t a l raw meat 5.00 
pigment 

r e s i d u e + t o t a l raw meat 1.55 
pigment ( c h e l a t e d ) 

r e s i d u e + t o t a l cooked f r e e 4.35 
meat pigment 

1.46 r e s i d u e + t o t a l cooked f r e e 1.46 
meat pigment ( c h e l a t e d ) 

r e s i d u e + h ^ O z - t r e a t e d t o t a l 6.02 
meat pigment 1.54 r e s i d u e + h ^ - t r e a t e d m e a t 1.54 
pigment ( c h e l a t e d ) 

a E a c h e x p e r i m e n t a l t r e a t m e n t used 100 g of beef r e s i d u e i n 
a d d i t i o n t o 50 mL of the c o n c e n t r a t e d e x t r a c t . bEDTA was used 
t o c h e l a t e the i n o r g a n i c o r f r e e i r o n a t a c o n c e n t r a t i o n o f 2%. 
Taken from Igene e t al_. ( 1 5 ) . 
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I t i s i n t e r e s t i n g t o a l s o note t h a t t r e a t m e n t w i t h H2O2 
d e s t r o y s even more o f the heme pigments than h e a t i n g , r e s u l t i n g 
i n s t i l l g r e a t e r o x i d a t i o n o f the meat system ( T a b l e I I I ) . On 
the o t h e r hand, a d d i t i o n o f 2% EDTA markedly reduced 
a u t o x i d a t i o n as shown by much lower TBA numbers. 
T a b l e I I I . C o n c e n t r a t i o n s o f T o t a l I r o n , Heme I r o n , and F r e e 
Non-heme Iron i n T r e a t e d and U n t r e a t e d Meat Pigment E x t r a c t 

Amount o f f r e e 
F e 2 + , y g / g 

Exp e r i m e n t a l t r e a t m e n t o f meat 

t o t a l i r o n i n f r e s h meat pigment e x t r a c t 20.64 
non-heme i r o n i n
heme i r o n i n f r e s
t o t a l i r o n i n cooked meat pigment f i l t r a t e 5.51 
f r e e non-heme i r o n i n cooked pigment f i l t r a t e 4.18 
t o t a l i r o n i n H202~"treated m e a t pigment 13.59 
e x t r a c t 
f r e e i r o n i n H 2 0 2 ~ t r e a t e d meat pigment 12.33 
e x t r a c t ( c h e l a t e d 8 ) 

C h e l a t e d by a d d i n g 2% EDTA. Taken from Igene e t a l . (lj>). 
R e s u l t s d e m onstrate t h a t Mb per se i s not the c a t a l y s t o f 

l i p i d o x i d a t i o n i n cooked meat. However, c o o k i n g d e s t r o y s p a r t 
o f t h e Mb, r e l e a s i n g F e 2 + which then c a t a l y z e s t h e development 
of WOF. A l t h o u g h the r o l e o f g r i n d i n g i n development o f WOF was 
not s t u d i e d , i t seems l i k e l y t h a t i t a l s o r e l e a s e s F e 2 + . I t 
has r e c e n t l y been shown t h a t s o l u b i l i z a t i o n o f i r o n from 
g r i n d i n g equipment can i n c r e a s e the f r e e i r o n c o n t e n t o f f i s h 
m eal, which c o u l d a l s o be a f a c t o r i n a u t o x i d a t i o n o f f r e s h 
ground meat (j_6). 

R o l e o f P h o s p h o l i p i d s and T r i g l y c e r i d e s C i r c u m s t a n t i a l 
e v i d e n c e has s u g g e s t e d t h a t p h o s p h o l i p i d s are the major 
c o n t r i b u t o r s t o WOF, w i t h t h e c o r r e l a t i o n c o e f f i c i e n t s between 
TBA numbers and p h o s p h o l i p i d l e v e l s b e i n g h i g h e r than t h o s e f o r 
TBA numbers and t o t a l l i p i d s {]]_). 0 n adding p h o s p h o l i p i d s , 
t r i g l y c e r i d e s , and t o t a l l i p i d s back t o a model meat system, i t 
was v e r i f i e d t h a t p h o s p h o l i p i d s were t h e major c o n t r i b u t o r s t o 
WOF ( 7 ) . T h i s c o n c l u s i o n i s s u p p o r t e d by the d a t a g i v e n i n 
T a b l e IV, which demonstrate t h a t t h e same p r i n c i p l e s are 
i n v o l v e d i n development o f WOF i n beef and i n both c h i c k e n dark 
and l i g h t meat. The d a t a i n t h e same t a b l e a l s o show a 
r e l a t i o n s h i p between s e n s o r y s c o r e s f o r WOF and TBA numbers. 
A l t h o u g h the a d d i t i o n o f t r i g l y c e r i d e s r e s u l t e d i n some i n c r e a s e 
i n TBA numbers, t h e e f f e c t was always c o n s i d e r a b l y lower than 
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T a b l e IV. TBA Numbers and Sensory S c o r e s f o r Cooked Beef, 
C h i c k e n Dark Meat and White Meat Model S y s t e m s a > b 

Meat 
t y p e 

C o m p o s i t i o n o
tr e a t m e n t

beef 0.8% p h o s p h o l i p i d s 
9.2% t r i g l y c e r i d e s 
10% t o t a l l i p i d s 
c o n t r o l 

5.76 b 

1.88 a 

6.81 b 

1.16 a 

2.69 a 

3.84 b 

2.64 a 

3.75 b 

c h i c k e n 
dark 
meat 

0.74% p h o s p h o l i p i d s 
4.3% t r i g l y c e r i d e s 
5% t o t a l l i p i d s 
c o n t r o l 

8.48 b 

6.30 a> b 

11 .74C 
5.78 a 

2.97 a 

3.65 a> b 

3.25 a 

3.88 a> b 

c h i c k e n 
w h i t e 
meat 

0.7% p h o s p h o l i p i d s 
4.3% t r i g l y c e r i d e s 
5% t o t a l l i p i d s 
c o n t r o l 

5.03 b 

2.99 a 

5.53 b 

2.18 a 

2.80 a 

3.35 a 

3.09 a 

4.02 b 

a T h e r e were f o u r r e p l i c a t e s f o r each t r e a t m e n t . 
b T a s t e p a n e l s c o r e were from 1-5, w i t h 1 v e r y pronounced WOF 

and 5 no WOF. 
CA11 numbers i n same column w i t h i n a meat t y p e f o l l o w e d by the 

same s u p e r s c r i p t a re not s i g n i f i c a n t a t the 5% l e v e l . Taken 
from Igene and Pearson ( 7 ) . 
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t h a t o f the p h o s p h o l i p i d s . The a d d i t i v e e f f e c t o f t r i g l y c e r i d e s 
was, however, g r e a t e r i n c h i c k e n dark meat than f o r c h i c k e n 
w h i t e meat or b e e f . T h i s i s p r o b a b l y due t o the g r e a t e r degree 
o f u n s a t u r a t i o n i n the t r i g l y c e r i d e s from c h i c k e n dark meat. 

T a b l e V p r e s e n t s i n f o r m a t i o n on the r e l a t i v e e f f e c t s o f 
a d d i n g back p h o s p h a t i d y l c h o l i n e (PC), p h o s p h a t i d y l e t h a n o l a m i n e 
( P E ) , and t o t a l b l o o d serum p h o s p h o l i p i d s (TP) t o t h e model meat 
system. N i t r i t e was a l s o added but w i l l be d i s c u s s e d l a t e r 
h e r e i n . The a d d i t i o n o f both PE and TP i n c r e a s e d TBA numbers, 
w i t h the e f f e c t o f PE b e i n g the g r e a t e s t . Sensory s c o r e s a l s o 
i n d i c a t e d t h a t o x i d a t i o n o f PE, TP, and PC c o n t r i b u t e d t o WOF, 
w i t h PE a g a i n h a v i n g the g r e a t e s t e f f e c t . 
T a b l e V. TBA Numbers and S e n s o r y S c o r e s f o r Cooked Meat Model 
Systems C o n t a i n i n g Added PC, PE, Serum P h o s p h o l i p i d s , or 
N i t r i t e a > b 

Mean TBA Mean s e n s o r y 
E x p e r i m e n t a l t r e a t m e n t no. s c o r e 

model system o n l y 0.36 + 0.07 b 3.33 + 0.42 a> b 

model system + n i t r i t e 0.26 + 0.06 a 4.11 + 0 . 4 4 b » c 

model system + PC 0.34 + 0.03 a> b 3.36 + 0.51 a> b 

model system + PC + n i t r i t e 0.29 + 0.07 a 4.52 + 0.27 c 

model system + PE 0.81 + 0.13 d 2.64 + 0.58 a 

moael system + PE + n i t r i t e 0.36 + 0.07 b 3.61 + 0.23 b 

model system + TP 0.62 + 0.12 c 3.29 + 0.49 d> b 

model system + TP + n i t r i t e 0.34 + 0.05 a> b 4.04 + 0.43 b> c 

d E a c h t r e a t m e n t was r e p l i c a t e d f o u r t i m e s . 
b A s i g n i f i c a n t P<0.01) " r " v a l u e o f -0.62 was found between TBA 

numbers and s e n s o r y s c o r e . Numbers i n the same column b e a r i n g 
same l e t t e r a r e not s i g n i f i c a n t a t 5% l e v e l . Take from Igene 
and Pearson ( 7 ) . 

In summary, i t has been shown t h a t p h o s p h o l i p i d s are the 
major c o n t r i b u t o r s t o development o f WOF, w i t h t r i g l y c e r i d e s 
p l a y i n g o n l y a minor r o l e . S t u d i e s on t h e i n d i v i d u a l 
p h o s p h o l i p i d s have demonstrated t h a t PE i s the main p h o s p h o l i p i d 
i n v o l v e d i n development o f WOF. 
Comparison o f WOF and Normal O x i d a t i o n 

I t i s w e l l known t h a t meat l i p i d s are s t a b l e d u r i n g f r e e z e r 
s t o r a g e o f f r e s h meats f o r p e r i o d s o f up t o 12 months or more 
( 5 ) . Recent work has shown t h a t α - t o c o p h e r o l l e v e l s d e c l i n e d 
s t e a d i l y d u r i n g s t o r a g e and had l a r g e l y d i s a p p e a r e d by the end 
o f 6 months i n f r e e z e r s t o r a g e (18). In c o n t r a s t t o the 
i n v o l v e m e n t o f p h o s p h o l i p i d s i n development o f WOF i n cooked 
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meats, Igene e t a l . (19) have r e c e n t l y shown t h a t the major 
changes o c c u r r i n g d u r i n g f r o z e n s t o r a g e were due t o l o s s e s i n 
the t r i g l y c e r i d e f r a c t i o n . The p h o s p h o l i p i d s remained 
r e l a t i v e l y c o n s t a n t d u r i n g f r o z e n s t o r a g e f o r up t o 18 months. 
The e x t e n t o f d e t e r i o r a t i o n i n the t r i g l y c e r i d e s has been shown 
t o be r e l a t e d t o the degree o f u n s a t u r a t i o n as w e l l as t o the 
l e n g t h o f s t o r a g e (20) . 

A l t h o u g h t h e r e i s some d e c l i n e i n t h e c o n s t i t u e n t 
p h o s p h o l i p i d s (PC and PE) d u r i n g f r o z e n s t o r a g e o f uncooked 
meat, the d e c l i n e i s much g r e a t e r i n cooked meat (21) . 
D r i p p i n g s c o l l e c t e d upon c o o k i n g c o n t a i n p r i m a r i l y 
t r i g l y c e r i d e s , w h i l e PE i s e s s e n t i a l l y absent s u g g e s t i n g t h a t i t 
i s membrane-bound ( 2 J J . S i n c e t h e r e i s an i n c r e a s e i n the 
p r o p o r t i o n o f PE i n cooked meat, t h i s a l o n g w i t h i t s p r o p e n s i t y 
t o o x i d i z e may accou n t f o r the f a s t e r o x i d a t i o n i n cooked meat
even d u r i n g f r e e z e r s t o r a g e
cooked meat i s e v i d e n t
These s t u d i e s h e l p i n e x p l a i n i n g the r e l a t i v e r o l e s o f 
t r i g l y c e r i d e s and p h o s p h o l i p i d s i n a u t o x i d a t i o n o f cooked meat 
and have b e a r i n g on our u n d e r s t a n d i n g o f WOF. 
I n h i b i t i o n o f WOF 

Phosphate, a s c o r b a t e , NaCl, n i t r i t e , M a i l l a r d r e a c t i o n 
p r o d u c t s , and o t h e r a n t i o x i d a n t s o r p r o o x i d a n t s have been 
r e p o r t e d t o i n f l u e n c e development o f WOF. T h e i r r o l e s have been 
re v i e w e d ( 5 ) , but newer e v i d e n c e i s now a v a i l a b l e and w i l l be 
co v e r e d h e r e i n . 

R o l e o f Phosphates Tims and Watts (1) showed t h a t a d d i t i o n 
o f phosphates t o cooked meat p r o t e c t s agaTnst a u t o x i d a t i o n . 
T h i s was foun d t o be the c a s e f o r p y r o - , t r i p o l y - , and 
hexametaphosphate, but o r t h o p h o s p h a t e had no a n t i o x i d a n t 
e f f e c t . Sato and H e g a r t y (3) v e r i f i e d t h e e f f e c t s o f p hosphates 
i n r e t a r d i n g the development o f WOF by showing t h a t p y r o - , 
t r i p o l y - , and hexametaphosphate p r o t e c t e d cooked ground beef 
a g a i n s t WOF d u r i n g s t o r a g e a t 2°C. 

The phosphates appear t o p r e v e n t a u t o x i d a t i o n by c h e l a t i n g 
metal i o n s , a l t h o u g h the e x a c t mechanism i s not known. Other 
work, however, has shown t h a t metal c h e l a t o r s do p r o t e c t meat 
a g a i n s t a u t o x i d a t i o n (]_, 22) . EDTA has been shown t o i n h i b i t 
development o f WOF by c h e l a t i n g the non-heme i r o n i n cooked meat 
(j_ 5 ) . Thus, e v i d e n c e s u g g e s t s t h a t the phosphates p r o b a b l y 
c h e l a t e F e 2 + and thus i n h i b i t WOF. 

Role o f A s c o r b a t e s At low l e v e l s (< 100 ppm) a s c o r b i c a c i d 
has been shown t o c a t a l y z e development o f WOF as shown by 
i n c r e a s e d TBA v a l u e s (2, 3 ) . At h i g h e r l e v e l s (>1,000 ppm), 
however, a s c o r b i c a c i d r e t a r d s o x i d a t i o n ( 3 ) . A l t h o u g h the 
mechanism o f r e t a r d a t i o n i s not known, i t F a s been s u g g e s t e d 
t h a t h i g h l e v e l s o f a s c o r b a t e s may upset the b a l a n c e between 
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Fe2+ and F e 3 + o r e l s e c o u l d have i t s e f f e c t by a c t i n g as an 
oxygen s c a v e n g e r ( 5 ) . 

Tims and Watts (]_) showed t h a t a c o m b i n a t i o n o f a s c o r b a t e s 
and phosphates a c t e d s y n e r g i s t i c a l l y t o r e t a r d development o f 
r a n c i d i t y . Sato and Hegarty (3) v e r i f i e d the a n t i o x i d a n t 
a c t i v i t y o f the c o m b i n a t i o n and s u g g e s t e d t h a t a s c o r b i c a c i d 
a c t s by k e e p i n g p a r t o f the i r o n i n t h e F e 2 + s t a t e . I t has 
been shown t h a t a s c o r b i c a c i d and phosphates a c t s y n e r g i s t i c a l l y 
i n p r e v e n t i n g o x i d a t i o n o f c u r e d meat ( 2 3 ) , and p r o b a b l y h e l p i n 
e x p l a i n i n g the v i r t u a l absence o f WOF i n c u r e d meats. 

Rol e o f NaCI The a c t i v i t y o f NaCl i n i n i t i a t i n g c o l o r and 
f l a v o r changes i n meat i s w e l l known but p o o r l y u n d e r s t o o d . The 
e f f e c t i s f u r t h e r c o m p l i c a t e d by the f a c t t h a t NaCl i s both a 
p r o o x i d a n t and an a n t i o x i d a n t , depending upon the c o n c e n t r a t i o n 
d i s s o l v e d ( 2 4 ) . Lea (25
be a p r o o x i d a n t i n som
a n t i o x i d a n t i n o t h e r f o o d s . Watts (26) c o n c l u d e d t h a t s a l t may 
have a n t i o x i d a n t a c t i v i t y i n d i l u t e s o l u t i o n s but on 
c r y s t a l l i z a t i o n has a p r o o x i d a n t e f f e c t . On the o t h e r hand, 
Mabrouk and Dugan (24) found t h a t s a l t i n h i b i t e d a u t o x i d a t i o n i n 
aqueous e m u l s i o n s oTHnethyl l i n o l e a t e , i t s e f f e c t i v e n e s s as an 
a n t i o x i d a n t b e i n g d i r e c t l y a s s o c i a t e d w i t h i n c r e a s i n g 
c o n c e n t r a t i o n s . They s u g g e s t e d t h a t d i s s o l v e d oxygen may be 
e l i m i n a t e d from the system as the NaCl c o n c e n t r a t i o n i s 
i n c r e a s e d . 

Some o f t h e s t u d i e s on s a l t a r e , no doubt, c o m p l i c a t e d by 
the f a c t t h a t s a l t may c o n t a i n metal c o n t a m i n a n t s , which c o u l d 
s e r v e as c a t a l y s t s o f l i p i d o x i d a t i o n . N e v e r t h e l e s s , r a n c i d i t y 
may s t i l l d e v e l o p i n the f a t o f d r y c u r e d hams, even though s a l t 
w i t h a low metal c o n t e n t i s used ( 2 7 ) . The use o f an 
a n t i o x i d a n t i n c o m b i n a t i o n w i t h such s a l t , however, d i d i n h i b i t 
r a n c i d i t y and improve f l a v o r s c o r e s . F u r t h e r work t o c l a r i f y 
the r o l e o f s a l t i n l i p i d o x i d a t i o n i s needed b e f o r e i t s 
mechanism i s f u l l y u n d e r s t o o d . 

R o l e o f N i t r i t e Sato and Hegarty (3) r e p o r t e d t h a t 2000 
ppm o f n i t r i t e c o m p l e t e l y e l i m i n a t e d WOF, w h i l e as l i t t l e as 50 
ppm g r e a t l y i n h i b i t e d i t s development. B a i l e y and Swain (28) 
f u r t h e r c o n f i r m e d the e f f e c t i v e n e s s o f n i t r i t e i n p r e v e n t i n g 
o x i d a t i o n o f f r e s h meat s t o r e d under r e f r i g e r a t i o n and v e r i f i e d 
i t s r o l e i n p r e v e n t i n g WOF. A c o n c e n t r a t i o n o f 156 ppm o f 
n i t r i t e has been shown t o i n h i b i t WOF development i n cooked 
meat, w i t h a t w o f o l d r e d u c t i o n o f TBA v a l u e s f o r beef and 
c h i c k e n and a f i v e f o l d r e d u c t i o n f o r pork ( 2 9 ) . T a b l e V a l s o 
d e m o n s t r a t e s t h a t n i t r i t e i n h i b i t s WOF development. Undoubtedly 
t h e s e r e s u l t s e x p l a i n t h e h i g h e r f l a v o r s c o r e s f o r n i t r i t e as 
compared t o N a C l - c o n t a i n i n g c u r e d pork ( 3 0 ) . 

The mechanism by which n i t r i t e p r e v e n t s o r i n h i b i t s WOF has 
been s u g g e s t e d t o be r e l a t e d t o s t a b i l i z a t i o n o f the l i p i d s i n 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



13. PEARSON AND GRAY Warmed-Over Flavor in Meat 297 

the membrane (3, 5 ) , which are n o r m a l l y d i s r u p t e d and exposed t o 
oxygen by c o o k i n g o r g r i n d i n g . Z i p s e r e t a i . (32) proposed t h a t 
n i t r i t e forms a s t a b l e complex w i t h t h e i r o n p o r p h y r i n s o f h e a t -
d e n a t u r e d meat, thus i n h i b i t i n g WOF. Kanner (32) has 
demonstrated t h a t S - n i t r o s o c y s t e i n e i s a po t e n t a n t i o x i d a n t and 
has s u g g e s t e d t h a t i t may be ge n e r a t e d i n the n i t r i t e c u r i n g o f 
meat. Thus, S - n i t r o s o c y s t e i n e c o u l d a l s o s e r v e as an i n h i b i t o r 
o f WOF i n c u r e d meat. S i n c e non-heme i r o n has been shown t o be 
the major l i p i d p r o o x i d a n t i n uncured, heated meat systems (3, 
6, 2 § )> i t seems more p r o b a b l e t h a t n i t r i t e s t a b i l i z e s the heme 
pigments so t h a t t h e y do not r e l e a s e F e 2 + and thus c a t a l y z e 
development o f WOF. The i n h i b i t i o n o f WOF by EDTA len d s f u r t h e r 
c r e d e n c e t o t h i s t h e o r y , which as y e t i s unproven. 

Ro l e o f M a i l l a r d R e a c t i o n P r o d u c t s C e r t a i n p r o d u c t s o f the 
M a i l l a r d r e a c t i o n are know
are produced d u r i n g r e t o r t i n
f i r s t d e s c r i b e d the development o f " a n a n t i o x i d a t i v e e f f e c t i n 
o v e r c o o k e d meat and s u g g e s t e d t h a t d i l u t e d s l u r r i e s c o u l d be 
used t o p r o t e c t n o r m a l l y cooked meats from o x i d a t i o n . Sato e t 
a l . (34) demonstrated t h a t r e t o r t e d meat, i n d e e d , p o s s e s s e d 
s t r o n g a n t i o x i d a n t a c t i v i t y a g a i n s t development o f WOF. They 
then d e m onstrated t h a t t h e m a t e r i a l r e t a i n e d by d i a l y s i s o f 
e x t r a c t s o f the r e t o r t e d meat had no a n t i o x i d a n t a c t i v i t y but 
t h a t the d i f f u s a t e p o s s e s s e d s t r o n g i n h i b i t o r y a c t i v i t y a g a i n s t 
WOfL. This" s u g g e s t e d t h a t the s u b s t a n c e s r e s p o n s i b l e f o r 
inhibiti«*g WOF i n r e t o r t e d meat are water s o l u b l e and o f low 
m o l e c u l a r w e i g h t . Huang and Greene (.35) c o n f i r m e d t h e s e 
f i n d i n g s and s u g g e s t e d t h a t a temperature o f about 90°C i s 
r e q u i r e d t o produce the browning compounds r e s p o n s i b l e f o r the 
a n t i o x i d a n t a c t i v i t y i r i cooked meat. They f u r t h e r showed t h a t 
t h e r e was a r e l a t i o n s h i p between a n t i o x i d a n t a c t i v i t y and 
development o f the brown c o l o r , which was accompanied by an 
i n c r e a s e i n f l u o r e s c e n c e . 

P o r t e r (3j5) has reviewed the r o l e o f M a i l l a r d r e a c t i o n 
p r o d u c t s as a n t i o x i d a n t s i n f o o d systems, p o i n t i n g out the 
importance o f hi g h t e m p e r a t u r e s ( ~ 1 0 0 ° C ) t o t h e i r development 
i n c o n t r a s t t o lower t e m p e r a t u r e s (~70°C), which a c c e l e r a t e 
development o f WOF. E i c h n e r (37) has shown t h a t browning 
i n t e r m e d i a t e s -- p r i m a r i l y Amaïïôri rearrangement p r o d u c t s — 
have s t r o n g a n t i o x i d a n t a c t i v i t y even though t h e y are 
c o l o r l e s s . The mechanism by which t h e s e r e d u c t o n e and 
r e d u c t o n e - 1 i k e compounds i n h i b i t a u t o x i d a t i o n seems t o by 
decomposing h y d r o p e r o x i d e s and i n a c t i v a t i o n o f f r e e r a d i c a l s 
(.37). Sato and H e r r i n g (38) have r e p o r t e d t h a t r e d u c t i c a c i d 
and m a l t o l , which are browning p r o d u c t s , p o s s e s s s t r o n g 
a n t i o x i d a n t a c t i v i t y a g a i n s t WOF. A s c o r b i c a c i d , a r e l a t e d 
r e d u c t o n e , has been r e p o r t e d t o a c c e l e r a t e WOF a t c o n c e n t r a t i o n s 
o f 100 ppm or l e s s but t o i n h i b i t the r e a c t i o n a t l e v e l s o f 
1,000 ppm or over ( 3 ) . L i n g n e r t and E r i k s s o n (39) have 
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demonstrated t h a t M a i l l a r d r e a c t i o n p r o d u c t s i n h i b i t o x i d a t i o n 
i n e m u l s i o n - t y p e s a u s a g e s . 

The s t u d i e s reviewed d e m onstrate t h a t browning p r o d u c t s 
produced on r e t o r t i n g o f meat i n h i b i t development o f WOF, so 
t h a t canned meat p r o d u c t s are not s u b j e c t t o t h i s f l a v o r 
d e f e c t . The f l a v o r o f canned meat i s l e s s d e s i r a b l e , however, 
than t h a t o f f r e s h l y cooked meat. N e v e r t h e l e s s , the s t r o n g 
i n h i b i t o r y a c t i o n o f the M a i l l a r d r e a c t i o n p r o d u c t s a g a i n s t WOF 
sug g e s t s t h a t t h e y c o u l d be u s e f u l i n p r e v e n t i n g development o f 
WOF, so f u r t h e r r e s e a r c h i n t h i s a r e a c o u l d be f r u i t f u l . 

R o l e o f Other A n t i o x i d a n t s A g r e a t d e a l has been w r i t t e n 
about the p r i m a r y a n t i o x i d a n t s , which may be used t o i n h i b i t 
development of WOF. P o r t e r (36) has reviewed t h e s e compounds, 
t h e i r s t r u c t u r e s , and p r o b a b l e modes o f a c t i o n so t h e y w i l l not 
be d i s c u s s e d . The d i s c u s s i o
a n t i o x i d a n t s t h a t may b

S ato e t a i . (34) d emonstrated t h a t a v a r i e t y o f common meat 
a d d i t i v e s , i n c l u d i n g c o t t o n s e e d f l o u r , n o n f a t d r y m i l k , s p r a y -
d r i e d whey, wheat germ, and t e x t u r e d soy f l o u r , i n h i b i t e d WOF i n 
the meat system. These p r o d u c t s may have e x e r t e d t h e i r 
i n h i b i t o r y e f f e c t on WOF t h r o u g h t h e M a i l l a r d r e a c t i o n , s i n c e 
most o f them c o n t a i n some r e d u c i n g s u g a r s . P r a t t (40) r e p o r t e d 
soybeans and soy p r o t e i n c o n c e n t r a t e had an i n h i b i t o r y e f f e c t 
upon development o f WOF and was a b l e t o demonstrate t h a t t h e 
a c t i v e components are water s o l u b l e . F r a c t i o n a t i o n and a n a l y s i s 
o f the w a t e r - s o l u b l e f r a c t i o n showed the a n t i o x i d a n t a c t i v i t y 
was due t o t h e p r e s e n c e o f i s o f l a v o n e s and h y d r o x y l a t e d c i n n a m i c 
a c i d s ( 4 0 ) . T h i s c o n f i r m s e a r l i e r work showing t h a t the 
f l a v o n o T c f s p r e s e n t i n p l a n t e x t r a c t s i n h i b i t o x i d a t i o n i n s l i c e d 
r o a s t beef (42). 

The a d d i t i o n o f smoke t o meat a l s o i m p a r t s a n t i o x i d a n t 
p r o p e r t i e s ( 4 2 ) . T h i s has a l s o been shown on a p p l i c a t i o n o f 
smoke t o f a t t y f i s h e s ( 4 3 ) . P o r t e r (36) has r e v i e w e d the 
a n t i o x i d a n t p r o p e r t i e s o f smoke and c o n c l u d e d t h a t a number o f 
p h e n o l i c compounds are r e s p o n s i b l e . S e v e r a l o f t h e s e p h e n o l i c 
components, i n c l u d i n g p h e n o l , g u a i a c o l and c a t e c h o l , are not 
o n l y p o t e n t a n t i o x i d a n t s but a l s o have a n t i b i o t i c a c t i v i t y . 
These components would a l s o s e r v e as i n h i b i t o r s o f WOF, but some 
o f the components o f wood smoke are known c a r c i n o g e n s (36, 4 2 ) . 
Summary 

The use o f model meat systems has been shown t o be h e l p f u l 
i n e l u c i d a t i n g the r o l e o f d i f f e r e n t compounds i n development o f 
WOF. R e s u l t s o f t h e s e s t u d i e s have shown t h a t the major 
c a t a l y s t of WOF i s Fe2+, which i s r e l e a s e d from t h e heme 
pigments by h e a t i n g , and presumably by g r i n d i n g . The 
p h o s p h o l i p i d s are t h e major l i p i d s i n v o l v e d i n development o f 
WOF, i n c o n t r a s t t o o x i d a t i o n d u r i n g f r o z e n s t o r a g e , where the 
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triglycerides are mainly involved. The role of phosphates, 
nitrite, salt, ascorbate, other additives, and of Maillard 
reaction products are discussed in light of their role as 
possible inhibitors of WOF. These active inhibitors of WOF 
could play an important role in protecting pre-cooked meat 
entrees against WOF. 
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14 
Maillard Technology: Manufacturing 
Applications in Food Products 

J A M E S P. D A N E H Y and B E R N A R D W O L N A K 
Bernard Wolnak and Associates, Chicago, IL 60601 

Just about forty years ago the United States Army Quartermaster 
Corps was having serious problems with the deterioration of certain 
stored foods, attributable to non-enzymatic browning reactions. The 
Corps approached the Corn Products Refining Company (now CPC Inter
national) and requested them to undertake research directed toward al
leviating their problems. The late Ward Pigman, a carbohydrate chem
ist, and myself, in charge of the research on proteins, had never heard 
of the Maillard reaction. Nevertheless, we accepted their invitation, 
and the result was the first English language review of Maillard chem
istry (1), published thirty-one years ago in Advances in Food Research. 

Maillard reactions can be involved in the manufacture of foods in 
at least three quite different ways. First, there is the unconscious role 
played in the development of flavor* in such traditional processes as 
the roasting of coffee and cacao beans, the baking of breads and cakes, 
and the cooking of meats. Second, there is the deliberate use of Mail-
lard technology in the production of artificial (or engineered) foods and 
flavors. Third, there are the efforts to inhibit undesirable results of 
Maillard reactions in food processing today. 

The Role of Browning in Specific Food Systems 

Many bland, or even downright unpleasant-tasting, substances are 
transformed into some of the most desirable flavors and popular foods 
by roasting. Thus, those foods, representing such different tastes and 
aromas as chocolate, bread, roast beef, coffee, and toasted nuts have 
in common the fact that they are products of the Maillard browning 

* Aromas (or odors) are the signals perceived by the olfactory organs, 
tastes are the signals perceived by the lingual organs, and flavors are 
the simultaneous perceptions of the other two. 
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© 1983 American Chemical Society 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



304 MAILLARD REACTIONS 

react ion . The enormous var ie ty in flavor is due almost ent i re ly to the 
large number o f permutat ions f rom the interact ions o f a re la t ive ly few 
pr imary reactants , and to the importance of balance between the c o m 
ponents f inal ly present. The reproducib i l i ty obtained in these seemingly 
c h a o t i c , and cer ta in ly random, systems is as remarkable as the sensitive 
d iscr iminat ion of the mammal ian o l fac tory -gusta tory system. 

Dur ing the last forty years a great dea l has been learned, both by 
model studies and by the appl icat ion of sophist icated analyt ica l methods 
to foods, about the chemist ry which accounts for these f lavors. To date, 
however , there is l i t t le or no evidence that the in-depth c h e m i c a l infor
mat ion has had any impact on the processes by which authent ic , "nat
ura l" foods are manufactured. 

However , during these same four decades about a hundred patents 
have been granted worldwide for processes and products based on M a i l -
lard browning technology. Since C h e m i c a l Abs t rac ts has the po l icy o f 
abstract ing only the firs
ing the later ones in a paten
patents abstracted in C h e m i c a l Abst rac ts . We have, however, used a 
var ie ty o f search and re t r ieva l methods and bel ieve that our b ib l iogra 
phy on Mai l lard patents is substantively complete . Givaudan (2) has 
stated that over the last twenty years , about a thousand patents in this 
f ie ld have been granted to various flavor companies. Even al lowing for 
the inclusion o f al l equivalent patents in this sum, it is d i f f icu l t to 
bel ieve that this number could be reached. 

We have found 45 "standard" patents, i .e., patents which spec i fy 
mixing one or more amino acids with one or more carbonyl compounds 
and heat ing, with some or al l o f the operat ing condit ions given: t e m 
perature, t ime , water content , p H , innumerable addit ives. It was pointed 
out previously that slight changes in in i t ia l composi t ion and react ion 
condit ions produce signif icant changes in the flavor and aroma of the 
react ion products. But not one of these patents gives a r ig id , controlled 
spec i f i ca t ion . The wide ranges of operat ing condit ions and the numerous 
a l ternat ives o f fered produce such a comple te over lap between these 
patents that not even a knowledgeable chemist and a wily lawyer could 
distinguish one from the other. 

What value might these patents have? Probably very l i t t le , both 
f rom the standpoint of the holders o f the patents, and from the s tand
point o f those who might hope to learn by studying them. 

We have already emphasized the redundancy of the "standard" pa t -
tents. Not only do they al l say substantial ly the same th ing, but they 
appear to contain l i t t le , if anything, that was not ful ly disclosed in the 
model studies which have been discussed ear l ier in this symposium. We 
bel ieve that it is doubtful i f the val id i ty of any one o f them could be 
upheld in court in view of the prior art published in journals. Fur ther , 
we do not bel ieve that a holder o f one of these exist ing patents could 
sue successful ly for inf r ingement , for two quite d i f ferent reasons. First, 
in view o f the extreme complex i ty of the composi t ion of the react ion 
products , it would be impossible to de termine , by examining them, how 
they were made. Second, in view of the redundancy of the patents 
themselves, there would be no way to determine whose patent was being 
infr inged. 
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In order to get reproducible results, it is essential to exercise the 
most precise contro l at every stage of the react ion process. The basis 
for this is not provided by any of the patents , which charac ter is t ica l ly 
give broad ranges. 

Mai l lard react ion products are being manufactured c o m m e r c i a l l y 
today by deta i led , propr ietary processes which are not given by any 
patent. 

It is worthwhile to review what has been learned about two w e l l -
studied food systems, for upon this sc ient i f ic base cer ta in usefu l , a r t i 
f i c ia l f lavors and food products have been developed. 

C h o c o l a t e and C o c o a 

One of the world's most popular f lavors is determined by a phys
i c a l - c h e m i c a l composi t ion which starts with the seeds of the plant , 
Theobroma c a c a o , and continues with an empi r ica l process d iscovered 
and per fec ted by the A z t e c s
A z t e c s rece ived it. 

Two ent i re ly separate stages are essential for the development o f 
this f lavor: The fermentat ion of the beans (seeds) in their mucilaginous 
pulp enclosure when the pod is opened, and the roast ing of the dr ied , 
fermented beans. It has long been known that neither a roma nor aroma 
precursors are present in unfermented cacao beans which, when roasted, 
develop an odor reminiscent of broad beans (3). Substantial ly the only 
sugar present in unfermented beans is sucrose, but a mixture of fructose 
and glucose accounts for most of the sugar in fe rmented beans (4,5). 
A l s o , in going f rom unfermented to fermented beans, the concentra t ion 
of f ree amino acids increases between th ree - and four - fo ld (6). 

That summary is based on the reports of a we l l -conce ived and 
care fu l ly executed research program car r ied out by Rohan. Mohr et a l . 
(7) extended these studies and was able to draw addit ional conclusions. 
F i r s t , without except ion , free amino acids are much more sensit ive to 
destruct ion in this system than the peptide-bound amino acids. Second, 
d i f fe rences in the stabi l i ty of amino acids under these condit ions are 
not great —from 25% loss for isoleucine to 68.5% for lysine, over a 
re la t ive ly short period of t ime. In this system the reducing sugars must 
be the l imi t ing fac tor , since the glucose and fructose are comple te ly 
destroyed or removed . T h i r d , neither cyst ine nor cysteine are reported 
to be present, and the only other sul fur -conta in ing amino a c i d , meth io 
nine, is present at a much lower concentra t ion than any other amino 
ac id . C l e a r l y , as we shall see la ter , c o c o a would probably have a c o n 
siderably d i f ferent f lavor i f cyste ine or cyst ine were present in the 
fermented beans. 

Rohan had suggested that the operat ive react ion in the deve lop 
ment o f chocolate a roma might be a Strecker degradat ion o f the amino 
ac id f ract ion . Bai ley et a l . (8) demonstrated quant i tat ively that three 
aldehydes, which could be re la ted to leuc ine , va l ine, and alanine, were 
prominent in the volat i les f rom a typ ica l sample of roasted , ground 
cacao beans. 
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Obviously , however, while a synthet ic mixture corresponding to the 
above would be fragrant , it would cer ta in ly not suggest the aroma of 
c o c o a , based on the work reported by many others. What, then is the 
c h e m i c a l basis for the aroma and f lavor which are character is t ic of 
c o c o a and chocola te products? Dur ing the period of 1964-1976 more 
than a dozen reports addressed themselves to this problem. They 
ranged from the herculean labors o f the F i r m e n i c h group, which carr ied 
out a c lass ica l f ract ionat ion of 750 ki lograms of A r r i b a (Venezuelan) 
c o c o a , which conf i rmed the presence of 43 compounds previously r e 
ported by others and ident i f ied 29 compounds not previously reported(9), 
to the powerful ly instrumented investigations which, to date , have claim
ed the ident i f icat ion o f more than three hundred consti tuents o f c o c o a 
volat i les. The cumulat ive result o f a l l this e f for t is the reasonably 
sure establ ishment that at least 350 di f ferent kinds of organic molecules 
are present in c o c o a volat i les in at least detectable amounts and that a 
goodly, though indeterminable
Mai l lard react ions. F e w
But how they combine , in intensity and spec i f i c i t y , to produce the i n 
stant ly recognizable aroma and f lavor o f chocolate is st i l l unknown. 

In view of the fact that holding large numbers of organic c o m 
pounds of diverse funct ional i ty in a homogeneous system at room t e m 
perature , much less at about 1 0 0 ° , is conducive to c h e m i c a l reac t ion , 
we should consider at least two other reasons for the lack o f success 
in at tempts to reconst i tute the aroma of c o c o a . F i r s t , some of the 
compounds which contr ibute to the aroma of c o c o a may have d e c o m 
posed and are no longer present in the extract analyzed. Second, some 
of the compounds ident i f ied in the ext ract may be a r t i f ac ts , not actually 
present in the c o c o a , but synthesized during the ext ract ion and working-
up process. 

The c o c o a and chocolate consumed by the A m e r i c a n market are 
produced by a re lat ive ly smal l number of A m e r i c a n and D u t c h manu
facturers who start with the dr ied , fermented beans. Current m a n u 
factur ing prac t ice uses improved machine design and extended automatic 
cont ro l in accord with modern pr inciples of c h e m i c a l engineering, but it 
is based sol idly on the t radi t ional process, l i t t le modi f ied during the last 
century. 

There is no evidence that any of the manufacturers of c o c o a and 
chocola te have adapted any part of the Mai l lard technology to their 
manufactur ing processes. There are at least two reasons for this. First, 
the standard processes, as applied to beans of good qual i ty , produce 
excel lent products. Second, while the work just reviewed has given us 
a rather c lear outline as to how chocolate aroma is developed in the 
roast ing o f fermented beans, the research work has not yet been done, 
or repor ted , that would serve as a basis for improving the industr ial 
processing o f cacao beans. 

However , there are two re lated classes of products which do d e 
pend, more or less, on Mai l lard technology: chocolate f lavors, and 
c o c o a substitutes (or extenders, as they are more rea l is t ica l ly called). 

F o r those foods and beverages which require a chocolate f lavor , 
without the added bulk o f c o c o a or the fat of choco la te , the f lavor 
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houses provide synthet ic approximat ions, extracts o f c o c o a , or mixtures 
thereof . The f lavorist is an art ist , sk i l l fu l in the blending of essential 
oi ls and pure organic compounds. More recent ly , del iberate use has 
been made of the products o f Mai l lard react ions between selected i n 
gredients, but operat ive detai ls are retained as highly conf ident ia l i n 
format ion . While some art has been recorded in patents, these data 
usually list spec i f i c organic compounds, and frequent ly methods for their 
synthesis. Genera l ly , these patents are o f very doubtful value. 

C o c o a extenders or substi tutes, as products which purport to be 
serious contenders for a f ract ion o f the c o c o a market , are a re la t ive ly 
new phenomenon. So long as c o c o a was p lent i fu l , cheap, and of superior 
qual i ty a c o c o a substitute made no sense. But the steady increasing 
of pr ices and t ightening of supplies of cocoa in view of r is ing wor ld 
wide demand provided the incent ive for some companies to undertake 
l imi ted development o f c o c o a substitutes. It was no co inc idence that 
their appearance on the marke
pr ices o f both c a c a o bean

These c o c o a substitutes are of two kinds. F i r s t , they consist of 
otherwise unprocessed bulking agents with added f lavor and color . The 
bulking agents employed are soybean f lour , modi f ied food starches, 
dextr ins, or mixtures thereof. They are def in i te ly o f fered as extenders; 
none of the manufacturers recommend that they be used as a tota l r e 
p lacement for c o c o a . Manufacturers include C a r g i l l , Inc., Minneapol is , 
Minnesota ( C o c o a - M a x ) , M c C o r m i c k & C o m p a n y , Inc., Hunt Val ley, 
Mary land , ( M c C o r m i c k C o c o a Extenders) , and Nat iona l Starch & Chemical 
C o r p . , Bridge water , New Jersey ( N - L i v e n Cocoa) . A . E . Staley M f g . C o . , 
D e c a t u r , I l l inois, entered the f ield but quick ly dropped out. 

The second kind of c o m m e r c i a l c o c o a substitute consists o f roasted 
food products. C l e a r l y , whether intentionally or net, they employ 
Mai l lard technology in the same way in which it is employed in producing 
c o c o a and c o f f e e . The ingredients disclosures suggest that no e f for t has 
been made to modi fy or to enhance the f lavors by the addit ion of amino 
acids or of spec ia l sugars (xylose, for example). A t least three o f these 
products are worth mentioning. 

The carob , or locust bean, t ree , C e r a t o n i a si l iqua L . , is indigenous 
to Medi terranean shores. It produces f lat pods, known as St. John's 
bread, eight to twelve inches long, f rom which the seeds are removed 
and processed to y ie ld locust bean gum. The deseeded pods are dr ied , 
broken, and sold as "kibble", which can be roasted and ground to p ro 
vide a nutrient f lavor ing agent. 

The color range and aromas attainable by vary ing the t imes and 
temperature of roast ing, the powdery bulk, comple te compat ib i l i ty with 
c o c o a , its G R A S status, and its pr ice ( ~ $ 0 . 6 0 / l b . ) give it an in i t ia l 
advantage as a c o c o a extender. But it cer ta in ly doesn't taste l ike cocoa, 
al though it is sweet and has a rather pleasant taste. 

It has been avai lable for a long t ime commerc ia l l y . Indeed, its 
human use probably antedates that o f c o c o a , and cer ta in ly does in Europe. 
Its status as a c o c o a extender arises s imply f rom temporary economic 
condit ions. 
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V C R (Viobin C o c o a Replacer ) is " . . . .pressure-roasted defat ted wheat 
g e r m , ground to a fine powder which is s imi lar in color and texture to 
processed cocoas . . .The toast ing process develops aroma and taste charac
ter ist ics that c o m p l e m e n t . . . c o c o a . . . " Such a roma as it has, and it would 
not be mistaken for c o c o a , can be at t r ibuted to Mai l lard react ions tak
ing place during toast ing. It is manufactured and sold by the Viobin 
C o r p o r a t i o n , Mont ice l lo , Illinois. 

For almost four years C o o r s Food Products C o m p a n y , G o l d e n , 
C o l o r a d o , has tr ied to per fect a product (Cocomost) consist ing of TT100% 
brewers 1 yeast", though processed, of course. Samples were released on 
a very l imi ted basis for a short period o f t ime in mid-1978 to food 
manufacturers , and some favorable , but premature , publ ic i ty appeared in 
nat ional magazines which cater to the food industry. The process (pro
prietary) which produces the al leged cocoa - l i ke f lavor is complex and 
d i f f icu l t to cont ro l . C o c o m o s t has not yet appeared on the market , nor 
are samples again avai lable

The fate of c o c o a substitute
independent factors: qual i ty , and the pr ice of c o c o a . It is at least 
conceivable that a substitute could be developed that would be equal to 
c o c o a . If its pr ice were right we would have a real c o c o a replacer . 
But to date the products are, at best, acceptable adulterants, based on 
l imi ted development , and no rea l research work. Nor is the pr ice s i t u 
at ion favorable to c o c o a substitutes. Swif t ly fal l ing pr ices and accumu
lat ing stocks for c o c o a from mid-1977 to ear ly 1980 are more of an 
over react ion than anyone pred ic ted . Based on the in format ion presently 
avai lable , the outlook for c o c o a substitutes is not favorable. 

Meat F lavors , Natura l and A r t i f i c i a l 

Meat is the muscular tissue o f the c o m m o n domest ic animals , con
sidered and used as food for human consumption. Meat is at least a 
three-phase system consist ing of (1) a hydrophi l ic , but water- insoluble, 
f ibrous protein network, (2) a hydrophobic fat deposit held together by 
membranes, and (3) an aqueous solution containing many soluble, low 
molecular weight compounds. 

Raw meat has very l i t t le a roma at room temperature although it 
is usually possible to distinguish beef, pork, l amb, and ch icken by sniffing. 
The taste of raw meat , which is not at a l l palatable to most human 
beings, can be descr ibed as somewhat sal ty and meta l l i c . Raw meat 
must be cooked in some fashion in order to develop any organoleptically 
acceptab le odor and f lavor . C l e a r l y , then, the unheated tissues must 
contain precursors which undergo thermal ly induced c h e m i c a l react ion; 
these react ions produce both volat i le compounds with desirable aromas 
and nonvolat i le compounds which inf luence the taste; the combinat ion of 
these two categor ies determines the f lavor . A s we proceed , str ik ing 
analogies between the development of f lavors in the cooking of meat 
and in the food system we have already discussed (cocoa and chocolate) 
wil l become apparent. 

In a series o f investigations (10-19) it was def in i te ly establ ished 
that the ext ract ion o f m inced , lean meat (beef, pork, and lamb) with 
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cold water gave solutions which contained sal t , l a c t i c a c i d , glycoproteins, 
inosinic a c i d , taur ine, g lu tamine, asparagine, g lucose, and some amino 
acids. A g i n g , par t icu lar ly in the case of beef, is important in the d e 
velopment o f the various f lavor precursors ( Γ 7 ) . Thus, g lycogen under
goes g lycolys is to l a c t i c ac id almost comple te ly within 24 hours af ter 
slaughter. Par t ia l autolysis o f the proteins and nucle ic acids gives an 
assortment of peptides and amino acids f rom the former , and a mixture 
o f inosinic ac id and its f ragments (inosine, hypoxanthine, r ibose-5 -phos
phate, and ribose) f rom the la t ter . 

When the f i l te red , aqueous extract of ground beef is heated, a 
sequence o f aromas is deve loped, beginning with a fa int , b lood- l ike a r o 
ma in the barely warm solut ion, passing through a phase in the boil ing 
solut ion which gives o f f the a roma of boi led beef, and terminat ing in 
the hot, dr ied , brown residue ( 1 0 0 - 1 5 0 ° ) with an a r o m a resembl ing broil
ed steak. When this or ig ina l , f i l te red , aqueous extract was subjected 
to dialysis against water
molecular -weight f rac t ion
phi l ized to a white powder and then pyro lyzed , it underwent the typical 
Mai l la rd browning to produce a strong aroma of broi led meat . This 
a roma was substant ial ly the same, whether the or iginal lean meat was 
beef or pork. This may result f rom the fact that the amino ac id c o n 
tents o f beef , pork, and lamb are semiquant i ta t ive ly rather s imi lar . 

It appears, then, that there is a genera l , meaty a r o m a , c o m m o n 
to cooked beef, pork, and lamb (and probably poultry) , at tr ibutable to 
the pyrolysis of the mixture of low molecular weight nitrogenous and 
carbonyl compounds ext racted f rom the lean meat by cold water. But 
the aromas of roast beef , roast pork, roast l amb, and roast ch icken are 
unmistakably d i f ferent . The c h e m i c a l composi t ion of the muscular fat 
deposits of these animals d i f fer appreciably , and it is to these l ipid 
components that we must look to account for the spec i f i c f lavor differ
ences. Hea t ing the care fu l ly separated fat alone does not g ive a meaty 
aroma at a l l , much less an an ima l -spec i f i c one. It is the subsequent 
react ions o f pyrolysis products o f nonlipid components that give the 
charac te r is t ic aromas and f lavors of roasted meats (20). 

Since it is precise ly at the surface of roast ing meat that water 
concentrat ions are lowest and temperatures are highest, it is at the 
meat sur face that the f lavor and color generat ing a c t i v i t y dur ing roast
ing is most prominent . This si tuat ion is analogous to the format ion o f 
crust and aroma in bread and other baked cerea l products. The same 
facts also account for the s igni f icant d i f fe rence between roasted and 
boiled meats. 

Para l le l ing the studies of the volat i le products o f roasted cacao 
beans and of baked cerea l products , and using the same techniques, a 
great deal of e f for t has gone into the determinat ion of the compounds 
present in the volat i le f ract ions o f cooked meat . Most of these have 
been concerned only with beef , either roasted or boi led, but ch icken has 
also rece ived appreciable at tent ion (21). Several l ists of compounds 
isolated from the volat i les o f cooked beef have been published (22-24), 
both cumulat ive and newly isolated ones. The totals for ch icken (as o f 
1972) and for beef (as o f 1977) are more than two hundred each . It 
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must be emphasized again that these are qual i tat ive ident i f icat ions, not 
quant i tat ive account ings. 

These cumulat ive tables for cooked meat volat i les are very d i f f i 
cult to distinguish f rom those published somewhat ear l ier for c o c o a 
volat i les. Indeed, the larger cumulat ive tables resemble somewhat a -
bridged versions of the A l d r i c h and Eastman Kodak catalogs of organic 
chemica ls . Meaningful comparisons are hindered by two quite d i f ferent 
facts . F i r s t , there is usually no hint as to the f ract ion o f the meat , 
or even the f ract ion of the volat i les, that is comprised by a given c o m 
pound. Second, we are probably gett ing a great deal o f noise with the 
signals: that is, there must be many compounds which, even though 
they have odors, would not be missed, i f they were absent. We s imply 
cannot bel ieve that more than 200 compounds are required to produce 
any one o f the dist inct ive roasted food aromas. 

But the human nose has no d i f f i cu l ty in distinguishing chocolate 
f rom roast beef, and the
degree o f d iscr iminat ion

C h a n g and Peterson have suggested that lactones, a c y c l i c sulfur 
compounds, nonaromat ic he te rocyc l ic compounds conta in ing r ing S, N , or 
Ο a toms, and a romat ic he te rocyc l i c compounds containing r ing S, Ν or 
Ο atoms may be important contr ibutors to meat f lavor , even though 
none of them, a lone, smel l anything l ike cooked meat. Wilson and Katz 
ident i f ied 46 sul fur -conta in ing compounds f rom the volat i les of lean beef 
pressure-cooked with water at 1 6 3 ° and 1 8 2 ° . Most o f these compounds 
were thiophene or thiazole der ivat ives , but a c y c l i c thiols, methyl sulfide, 
and four disulf ides were also present. A l s o , as we shall see la ter , s u l 
fur compounds (especial ly cysteine) play a key role in manufactur ing 
a r t i f i c i a l meat f lavors. Tonsbeek et a l . (25,26) have isolated 4 -hydroxy-
5 -methy l -2 ,3 -d ihydrofuran-3 -one and 4 -hydroxy-2 ,5 -d imethy l -2 ,3 -d ihydro-
furan-3-one, par t icu lar ly pungent compounds, from cooked beef. P y r a 
zines are a par t icu lar ly important class o f f lavor compounds, but it was 
not unti l 1971 that their presence in beef volat i les was reported (27), 
and by 1973 a tota l o f 33 of them had been ident i f ied (28). R e c e n t l y , 
F lament et a l . (28) ident i f ied several pyr ro lo [ l , 2 -a ]pyraz ines . 

Despi te the large amount of qual i ta t ive , if not quant i ta t ive , data 
on the c h e m i c a l composi t ion o f the volat i les from cooked meat , no one 
has yet c la imed anything l ike a dupl icat ion o f a meat a roma by the 
combinat ion of the pure chemica ls ident i f ied in meat aromas. Once 
more , the paral le l with c o c o a and baked products is str ik ing. Just one 
example points up the elusive relat ionship between c h e m i c a l compounds 
and food f lavors. Hydrogen sulf ide has the odor which does c h a r a c t e r 
ize rot ten eggs, yet it appears to be a necessary component of meat 
aromas. Its odor threshold is 10 parts per bil l ion (ppb), but its c o n c e n 
t rat ion in freshly cooked ch icken is 20 to 100 t imes greater . It is g e n 
era l ly agreed that the aroma of a food is the sensed percept ion o f an 
ex t remely complex interact ion of many components , but one reads b e 
tween the lines the disappointment of some who report new compounds 
and note that they do not have a meat l ike a roma. C h a n g and Peterson 
(24) suggest the justi f iable fear that some components may have been 
decomposed or missed, but their hope that a unique component may still 
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be found which alone or in combinat ion wil l have a charac ter is t ic beef 
a r o m a , is less just i f iable. 

The key involvement of organic sulfur compounds in the deve lop 
ment o f meat l ike f lavors was announced simultaneously in 1960 by sev 
era l invest igators. In what was the earl iest paper to describe deliberate 
a t tempts to produce aromas useful in foods v ia Mai l lard react ions , Kiely 
et a l . (30) noted that both cysteine and cyst ine gave meaty odors when 
heated with reducing sugars. M a y et a l . rece ived severa l equivalent 
patents (31-35) in which they c la imed that heating cyste ine or cyst ine 
with furan, or substi tuted furans, pentoses, or g lyceraldehyde gave a 
meat l ike f lavor. 

It is prec ise ly to the product ion of meat l ike f lavors that the great 
major i ty of patents based on the Mai l lard react ion have been d i rec ted . 
Mos o f them indicate cysteine or cyst ine as the essent ia l su l fur -conta in 
ing compound. Other patents c la im a l ternat ive sources for sul fur , e .g . , 
der ivat ives of mercaptoaceta ldehyd
ace ty lmercaptosucc in ic aci
(40), and hydrogen sulf ide (heated with aqueous xylose without any amino 
acid) (41). 

Two patents (42-43) c la im the contr ibut ion to meat l ike f lavors 
made by thiamine when it is present in the standard pyro ly t ic mixture. 
Arno ld et a l . (44) have reported on the volat i le f lavor compounds pro 
duced by the thermal degradat ion of th iamine alone. It is general ly 
agreed that the presence of methionine, the other su l fur -conta in ing ami
no ac id in the f lavor -deve loping mixture , produces negative and/or un 
desirable results. However , one patent (45) speci f ies methionine in a 
standard Mai l lard procedure , and no cyste ine. 

Shibamoto and Russel l (46) heated an aqueous g l u c o s e - a m m o n i a -
hydrogen sulf ide solution at 1 0 0 ° for two hours. O f the 34 major com
ponents ident i f ied , 2-methyl thiophene accounted for 24.9% of the area 
o f the chromatographic peaks e thy l sul f ide , thiophene, fu r fura l , and 2-
acety l furan each accounted for 10-11%, and methyl sulf ide and 2 ,5 -d i -
methyl thiophene, 7% each. The react ion mixture as a whole was deemed 
by sensory panel evaluat ion to have a cooked beef odor. 

O n c e more , although the distr ibutions are expressed quant i tat ive ly , 
there is no in format ion on the yields o f these interest ing compounds 
made f rom glucose, ammonia , and hydrogen sulf ide. Ear l i e r , however, 
in their studies of carbohydra tes-ammonia systems (47-49), Shibamoto 
and Russel l found that the amounts of tota l pyrazines produced, based 
on the sugars, were in the range of 1-2%. 

Wilson's rev iew of thermal ly produced imi ta t ion meat f lavors is 
well worth consult ing (50). 

To what extent has Mai l la rd technology been exploi ted in the p r o 
duct ion of a r t i f i c ia l meat f lavors? It is d i f f icu l t to obtain a quantitative 
answer to that question since either the f lavors are produced as p r o p r i 
e tary products and sold to food manufacturers , with no way of a c c o u n t 
ing for the size o f the market without access to pr ivate records , or 
else the f lavors are produced in-house by the food manufacturers and 
put in their shelf i tems, with even less of an opportunity to determine 
the amounts produced. 
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Givaudan , in the January , 1979, issue o f their house organ (2), gives 
an appreciat ive nontechnica l introduct ion to the subject which concludes 
with this passage: 

"Much of our work in this f ie ld has been devoted to the search 
for more suitable natural intermediates as star t ing mater ia ls . 
These had to be pret reated prior to their use in browning r e 
act ions. The latest development in this f ie ld is the util ization 
of ful ly natural s tar t ing mater ia ls which permit to reproduce 
t radi t ional ly known food f lavors o f greatest per fec t ion . 

" . . .nonenzymat ic browning wil l continue to be an important 
process for the manufacture of f l avors . . .Espec ia l l y the c o m b i 
nation o f e n z y m a t i c and nonenzymat ic react ions wil l p lay an 
important role in reproducing the exquisite f lavors of roasted 
foods". 

A t least s ince 1969, P f i ze r C h e m i c a l s D iv is ion has been m a n u f a c 
tur ing and market ing imi ta t ion beef and chicken f l a v o r s under the trade-
marked name, C O R R A L . Their brochure (data sheet No . 638) leaves no 
doubt as to what the C O R R A L products are. The ingredients used to 
make C O R R A L Beef paste are: hydrolyzed vegetable prote in , monoso-
dium g lu tamate , sucrose, vegetable fa t , L -arab inose , disodium inosinate, 
cysteine hydrochlor ide , ^ -a lan ine , and glycine hydrochlor ide. It is under
stood that these ingredients have been heated in aqueous solut ion, and 
then the mixture largely dehydrated. The ingredients in C O R R A L chick
en paste are: Hydro lyzed vegetable prote in , monosodium g lu tamate , 
sucrose , vegetable fa t , cyste ine hydrochlor ide , dextrose, L -arabinose, 
g lycine hydrochlor ide, disodium inosinate, and disodium guanylate. It 
wil l be noted that the somewhat d i f ferent sequences in the two f o r m u 
lat ions, as well as two addit ional ingredients in the second, account , at 
least in par t , for the d i f ferent f lavors. Condi t ions of t ime , temperature, 
and water content o f the reac t ion mixture must also inf luence the final 
results. 

Representat ive o f F I D C O r s aggressively advert ised S P E C T R A i m i 
tat ion meat f lavors is F I D C O S P E C T R A BN-10 ( N e s t l e ' C o . ) , whose 
spec i f ica t ions show that it contains 34% sodium chlor ide and 54% o r 
ganic sol ids, including 33% prote in . Rea l i s t i ca l l y , that "protein" is a l 
most cer ta in ly hydrolyzed vegetable protein (HVP). This product also 
contains "natural and a r t i f i c ia l f lavors, monosodium g lutamate , beef fat , 
sodium inosinate, sodium guanylate , and c a r a m e l color" . It is r e c o m 
mended that it make up 20% by weight o f a dehydrated beef soup base. 
In al l l ikel ihood Mai l lard reac t ion products are included under "ar t i f ic ia l 
f lavors" , and may also be present as part of the processing of the HVP 
with reducing sugars. Consider ing the size and market ing resources o f 
the company , S P E C T R A f lavors probably make up an important part of 
this market . M A G G P s dehydrated soup mixes, more important in Europe 
than in the Uni ted States, are c losely re la ted products of another d i v i 
sion o f Nestled 
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Knox Ingredients Technology (KIT), successor to Knox G e l a t i n e , a 
wholly owned subsidiary of Thomas J . L i p t o n , Inc., is a major producer 
o f H V P ' s , and of a line o f "Tastemaker Na tura l and A r t i f i c i a l Flavorings" 
based on them. R e c e n t press releases by K I T are quite expl ic i t about 
the role of Mai l lard reac t ion products in the more sophist icated versions 
o f these f lavor ing agents. 

The Ed long C o r p o r a t i o n , E l k Grove Vi l lage, I l l inois, is de f in i te ly 
act ive in this f ie ld . They are par t icu lar ly interested in the product ion 
o f precursors by fermentat ion which may undergo Mai l la rd react ions in 
the customer 's product dur ing cooking. They have just brought out a 
"Natura l Butter F lavor #1-4006" for use in Grano la - type i tems. In addi
t ion to the f lavor which it develops, it produces a pleasing yellow-brown 
rather than the gray-brown color o f ten charac ter is t ic o f Grano la products. 

Wm. M. Be l l C o . , Melrose Park, I l l inois, is one o f the companies 
act ive in this technology. They incorporate Mai l lard reac t ion products 
into a var ie ty o f f lavors

Borden Industrial Foo
Wyler Soups and Wyler Brand C B - M f lavor concent ra tes . One of the 
la t ter , for example , #78-62 Beef F l a v o r , contains: hydrolyzed vegetable 
prote in , dextrose, sucrose, vegetable o i l , sa l t , monosodium g lu tamate , 
disodium inosinate, disodium guanylate , onion powder, and gar l ic powder. 
They are simi lar to , but not ident ica l wi th, P f i ze r ' s C O R R A L , which 
also contains arabinose, cys te ine , -a lan ine , and g lyc ine . Wyler Brand 
#78-50 C h i c k e n F lavor also contains some ch icken . 

C h e m i c a l Market ing Repor te r for June 25, 1979, car r ied an adver
t isement of H y d r o c a l , S . A . , G e n e v a , Swi tzer land, which announced the 
avai lab i l i ty of "unique new Mai l lard f lavors" , manufactured by Frutarom, 
L t d . , H a i f a , Israel. The owner of this operat ion is Rober t A r i e s , the 
A m e r i c a n c h e m i c a l engineer who became expatr iate in about 1955, and 
who returned to the Un i ted States in 1979. 

A l e x Fr ies & Bro . , Inc. C i n c i n n a t i , O h i o , make meat , cheese, and 
chocola te f lavors based on Mai l lard technology. They have no i n f o r m a 
t ion to release on these products other than that in their general b ro 
chure . 

F r i t z s c h e - D o d g e & O l c o t t , Inc., New York C i t y , incorporates 
Mai l lard react ion roducts on a rather broad scale into their meat , choco
la te , bread, and malt f lavors . 

While the advert isements of Haarmann & R e i m e r , Spr ingf ie ld , New 
J e r s e y , emphasize the natural approach, a spokeman agreed that they 
use Mai l lard technology, especia l ly in the product ion o f meat f lavors. 
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Chemical analysis
mediates (Amadori compounds) renders possible 
an early detection of this reaction. On this 
basis an analytical control of drying proces
ses can be exerted, thus avoiding temperature 
and moisture ranges which are critical in re
spect of product quality. With different vari
eties of carrots it was shown that quality re
tention can be improved by lowering air tempe
rature during an initial high-temperature dry
ing step and final drying at lower temperatures 
to a water content providing optimum storage 
stability. 

P h y s i c a l p r e s e r v a t i o n methods f o r foods, such as 
s t e r i l i z a t i o n and d r y i n g , are a s s o c i a t e d with the 
a p p l i c a t i o n of heat. In these cases, because of i t s 
high temperature c o e f f i c i e n t , the M a i l l a r d r e a c t i o n be
comes the dominant d e t e r i o r a t i v e r e a c t i o n (1_>2.>3θ· 
I t i s w e l l known that the M a i l l a r d r e a c t i o n i n foods i s 
i n i t i a t e d by the formation of c o l o r l e s s and t a s t e l e s s 
i n t e r m e d i a t e s , which p r e f e r e n t i a l l y are formed i n low-
moisture systems (Jt>5)9 ^ n t h i s way by r e a c t i o n of g l u 
cose with amino acids fructose-amino a c i d s are formed 
v i a Amadori rearrangement of the primary g l u c o s y l - a m i -
no acids (1.). Fructose-amino acids e.g. have been i s o 
l a t e d from f r e e z e - d r i e d a p r i c o t s and peaches (É>,_7,8_). 
Amadori compounds a r i s i n g from aldoses and amino acids 
are formed during drying of foods of p l a n t o r i g i n and 
can be e a s i l y detected by amino a c i d a n a l y s i s (5.). 

During f u r t h e r progress of the M a i l l a r d r e a c t i o n 
brown d i s c o l o r a t i o n occurs and a great v a r i e t y of d i f 
f e r e n t compounds are formed which p a r t l y cause undesi-
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r a b l e sensory changes (9.). Several authors (10-13) 
t r i e d to c o r r e l a t e a n a l y t i c a l w i t h sensory data by 
using some t y p i c a l M a i l l a r d products such as Strecker 
degradation products as chemical i n d i c a t o r substances. 

The M a i l l a r d r e a c t i o n r a t e i s g r e a t l y i n f l u e n c e d 
by temperature and water content; i n a c e r t a i n low-
moisture range i t reaches a maximum. Hendel and cowor
kers (IjJ.) e s t a b l i s h e d a temperature-moisture p r o f i l e 
f o r browning of white potato during d r y i n g , from which 
they were able to c a l c u l a t e the extent of browning at 
d i f f e r e n t drying p e r i o d s . I t turned out that the l a s t 
drying p e r i o d maximized browning, whereas the i n t e r v a l 
of the browning maximum made only minor c o n t r i b u t i o n 
to o v e r a l l browning response because of the small i n 
herent time i n t e r v a l s . They concluded t h a t the tempera
ture should be lowere
p a r t i c u l a r l y becaus
l a r d r e a c t i o n i s in c r e a s e d by decreasing the water con
t e n t . 

Using a g l u c o s e - g l y c i n e browning model, Kluge and 
Heiss (15) evaluated the p e r m i s s i b l e r e a c t i o n time f o r 
a given p e r m i s s i b l e extent of browning f o r each tempe
rature-water content combination t h a t could occur du
r i n g d r y i n g . Knowing the temperature-water content pro
f i l e s during d r y i n g , they added the r e c i p r o c a l s of the 
p e r m i s s i b l e browning times f o r each time i n t e r v a l , i n 
t h i s way g e t t i n g p o r t i o n s of the p e r m i s s i b l e browning 
extent f o r any drying time. 

From these experiments general conclusions can be 
drawn w i t h respect to an improvement of the q u a l i t y of 
d r i e d products. However, these i n v e s t i g a t i o n s are based 
on the measurement of browning being the l a s t step of 
a mu l t i s t a g e d e t e r i o r a t i v e r e a c t i o n which normally i s 
already accompanied by the formation of o f f - f l a v o r s . 
I t becomes c l e a r that a n a l y t i c a l methods based on the 
ev a l u a t i o n of the end products of d e t e r i o r a t i v e reac
t i o n s w i l l not be s a t i s f a c t o r y . Therefore i n our own 
experiments amino a c i d a n a l y s i s of Amadori compounds 
and gas chromatography of v o l a t i l e Strecker aldehydes 
were a p p l i e d to detect the onset of the M a i l l a r d reac
t i o n w e l l before d e t r i m e n t a l sensory changes occurred. 

Drying of foods must be looked at i n connection 
w i t h storage c o n d i t i o n s , because -- e s p e c i a l l y at 
higher water contents -- the M a i l l a r d r e a c t i o n may con
t i n u e . I t may occur during storage at a greater r a t e , 
p a r t i c u l a r l y i f i t has been i n i t i a t e d during drying by 
formation of Amadori compounds (_5). I f s h e l f l i f e i s 
l i m i t e d by the M a i l l a r d r e a c t i o n , such l i f e may be 
incre a s e d on the other hand by lowering the water con
tent of the product (16). 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



15. EiCHNER AND W O L F Indicators for Drying and Storage 319 

In former experiments (5) we have shown that 
chemical a n a l y s i s f o r Amadori compounds (mainly con
s i s t i n g of f r u c t o s e - g l u t a m i c a c i d ) and i s o v a l e r a l d e -
hyde, formed by Strecker degradation of the amino 
acids l e u c i n e and i s o l e u c i n e , can be used f o r an e a r l y 
d e t e c t i o n of undesirable q u a l i t y changes caused by the 
M a i l l a r d r e a c t i o n . In order to demonstrate the u s e f u l 
ness of these compounds as i n d i c a t o r substances f o r 
q u a l i t y improvement of d r i e d products, we performed 
drying experiments with c a r r o t s as an example of p l a n t 
products. 

Pro cedure 
P r e p a r a t i o n of the m a t e r i a l and drying Fresh 

c a r r o t s were cut i n t
blanched with b o i l i n
on wire screens ( s i n g l e product l a y e r ) and d r i e d w i t h 
upstream c i r c u l a t i n g hot a i r (about 3 m/s). A f t e r 
v a r i ous time i n t e r v a l s , the screens were removed from 
the dryer and the l o s s of water was determined by 
weighing. In samples assigned f o r chemical a n a l y s i s 
the water content was determined by vacuum drying at 
70 °C f o r k h. Samples having higher water contents 
were s t a b i l i z e d by f r e e z e - d r y i n g p r i o r to a n a l y s i s . 

For the constant-temperature heating experiments 
d i f f e r e n t product water contents were obtained by 
storage of f r e e z e - d r i e d c a r r o t s over saturated s a l t 
s o l u t i o n s (17). 

Determination of Amadori compounds and browning 
Dried c a r r o t s (1.5 g) were homogenized i n a mixer 
with 25 ml deion i z e d water (7x10^ rpm) and c e n t r i f u g e d 
f o r 30 min at 5 °C (20x10 3 rpm). For e v a l u a t i o n of the 
extent of browning the e x t i n c t i o n values of the ex
t r a c t s were measured a f t e r d i l u t i n g them w i t h water 
(1:10). The Amadori compounds were determined using 
an amino a c i d analyzer ( B i o t r o n i c LC-2000). To 2 ml of 
the c a r r o t e x t r a c t 2 ml 0.1 Ν HC1 and 1 ml of b u f f e r 
concentrate A were added; the mixture was d i l u t e d with 
water to a t o t a l volume of 10 ml and 0.1 ml of the r e 
s u l t i n g s o l u t i o n was i n j e c t e d onto the amino a c i d ana
l y z e r . 

A n a l y t i c a l c o n d i t i o n s . The a n a l y t i c a l column 
contained a s t r o n g l y a c i d c a t i o n exchange r e s i n , 
Dionex DC-6A; column height: 20 cm; column diameter: 
0.6 cm; column temperature: 36 °C. The washing column 
contained Dionex DC-3Li +; column height: 1| cm. 
Buffer concentrate A: L i c i t r a t e , 1.8 M L i ; pH 2.38. 
Buffer A: L i c i t r a t e , 0.18 M L i + , pH 2.38. Buf f e r B: 
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L i c i t r a t e , 0.23 M L i + , pH 3.10. B u f f e r program (min): 
A: 0-17; B: 17-60; LiOH (0.4 M) : 60-85; A: 85-UO. 
Bu f f e r flow: 30 ml/h; n i n h y d r i n flow: 20 ml/h. 
For c a l c u l a t i o n of the molar r a t i o of Amadori compounds 
of peak C i n the amino a c i d chromatogram (Figure 1 ) the 
f o l l o w i n g formula was used: 
r ( m n l a \ = 1 , 7 x [ c l x 100 
u ^ m o ± / o J 1 , 7x [CJ + [Thré] + [Ser] + £Asp-NH^]+ [GluJ + [Glu-NH2j 
The concentrations are expressed as i n t e g r a t i o n u n i t s 
of the peak areas (counts), the f a c t o r 1.7 being the 
n i n h y d r i n c o l o r - c o r r e c t i o n f a c t o r . 

Head-space gas chromatographic determination of 
i s o v a l e r a l d e h y d e D r i e d c a r r o t samples(0.5 g) were 
placed i n septum v e s s e l
t a i n i n g i s o b u t y l a l c o h o
(1 : 20.000 v/v) were added. A f t e r s e a l i n g with a sep
tum the head-space v e s s e l s were kept i n a thermostat 
at 85 °C. A f t e r 30 min 1 ml of the head-space gas was 
withdrawn with a syringe heated at 85 °C and i n j e c t e d 
i n t o a gas chromatograph. The area of the i s o v a l e r a l d e -
hyde peak (j5) was determined by using an i n t e g r a t o r . 
For determination of the absolute i s o v a l e r a l d e h y d e con
c e n t r a t i o n s known amounts of s o l u t i o n s c o n t a i n i n g known 
concentrations of i s o v a l e r a l d e h y d e were added to the 
samples and the r e s u l t i n g peak areas i n the gas chroma
togram were measured. In t h i s way the i s o v a l e r a l d e h y d e 
peak areas could be c o r r e l a t e d w i t h the i s o v a l e r a l d e 
hyde concentrations present i n the standard s o l u t i o n s 
and the sample. 

A n a l y t i c a l c o n d i t i o n s : 2-m g l a s s column ( 0.2 mm), 
f i l l e d w i t h Chromosorb 101. Column temperatures: 
6 min 120 °C, heated to 14-0 °C (temperature g r a d i e n t : 
k °C/min). C a r r i e r gas flow: 25 ml ^ / m i n ; d e t e c t o r : 
FID. Retention times f o r i s o b u t y l a l c o h o l (standard): 
667 s and f o r i s o v a l e r a l d e h y d e : 869 s. 
R e s u l t s 

O p t i m i z a t i o n of drying by the use of Amadori com
pounds Figure 1 shows an amino a c i d chromatogram of 
d r i e d c a r r o t s . Peak C i n the chromatogram represents 
the Amadori compounds f r u c t o s e - t h r e o n i n e , - s e r i n e , 
-asparagine, -glutamic a c i d and -glutamine formed by 
r e a c t i o n of glucose with the r e s p e c t i v e amino a c i d s . 
These compounds are formed without i n d u c t i o n p e r i o d at 
a l l experimental c o n d i t i o n s (5.)· The molar r a t i o of 
peak C (mol %) can be used as a measure f o r the l a t e n t 
heat impact during d r y i n g , which i s causing a r e d u c t i o n 
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of s h e l f l i f e . In order to f i n d out, which p e r i o d of 
time produces Amadori compounds, we performed drying 
experiments on c a r r o t s . Figure 2 represents an a i r dry
ing experiment w i t h c a r r o t cubes ap p l y i n g an a i r tempe
r a t u r e of 110 °C. As the product temperature r i s e s , the 
formation of Amadori compounds s t a r t s and p a r a l l e l s 
temperature i n c r e a s e u n t i l a maximum i s reached, beyond 
which decomposition of these browning i n t e r m e d i a t e s 
predominates, whereas browning does not become s i g n i f i 
cant t i l l t h i s p o i n t . 

Further i n v e s t i g a t i o n s aimed at e l u c i d a t i o n of 
temperature and moisture ranges c r i t i c a l i n respect of 
food q u a l i t y impairment were done. Fi g u r e 3 shows the 
drying course of the c a r r o t v a r i e t y "Bauer's K i e l e r Ro
t e " at an a i r temperature of 110 °C, p r o j e c t i n g the de
crease i n moisture conten
matter), the r i s e o
crease i n concentration of Amadori compounds (C, mol % ). 
F i g u r e s 4- and 5 give r e s u l t s of the corresponding dry
ing experiments at a i r temperatures of 90 and 60 C, 
r e s p e c t i v e l y . From these experiments the strong i n f l u 
ence of temperature on formation of Amadori compounds 
becomes evident, r e l a t e d to the f a c t t h a t the M a i l l a r d 
r e a c t i o n has a much higher temperature c o e f f i c i e n t than 
the water v a p o r i z a t i o n r a t e . F i g ure 6 summarizes the 
described r e s u l t s by p l o t t i n g the concentrations of 
Amadori compounds (C, mol %) versus water content (re
l a t e d to wet matter). The strong i n c r e a s e i n formation 
of these r e a c t i o n i ntermediates at lower moisture con
tents may be a t t r i b u t e d on the one hand to the longer 
r e t e n t i o n times i n t h i s moisture i n t e r v a l , on the other 
to an incr e a s e i n the r a t e of formation of Amadori com
pounds below a water content of about 20 %, approaching 
a maximum, as w i l l be shown l a t e r . The dashed l i n e s i n 
Figure 6 mark the l i m i t of p e r c e p t i b i l i t y of u n d e s i r 
able sensory changes ( l i n e 1) and the t o l e r a b l e upper 
l i m i t of q u a l i t y decrease ( l i n e 2) caused by the M a i l -
l a r d r e a c t i o n . During drying to a f i n a l water content 
of 7 %, t h i s upper l i m i t i s exceeded at an a i r tempera
ture of 110 °C, whereas at an a i r temperature of 90 C 
only the l i m i t of sensory p e r c e p t i b i l i t y i s crossed; 
an a i r temperature of 60 °C does not l e a d to any change 
i n sensory q u a l i t y owing to M a i l l a r d r e a c t i o n products. 
Figure 7 i n the same way presents the formation of 
brown products during a i r drying of the c a r r o t v a r i e t y 
mentioned. Browning was determined by measuring the ex
t i n c t i o n values of water e x t r a c t s of c a r r o t samples at 
4-20 nm. By comparing Figure 7 with F i g u r e 6, i t again 
becomes c l e a r that v i s i b l e browning s t a r t s much l a t e r 
than the formation of M a i l l a r d r e a c t i o n i n t e r m e d i a t e s . 
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Glu-NH 2 

Asp II 
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r e t e n t i o n t i m e ( m i n ) 

Figure 1. Shortened chromatogram of amino acids in air-dried carrots. Peak C 
represents Amadori compounds formed by reaction between glucose and the amino 

acids threonine, serine, asparagine, glutamic acid, and glutamine. 

9 0 < H 

AO 80 120 160 

dry ι ng t i m e ( m m ) 

Figure 2. Formation of browning intermediates (Amadori compounds correspond
ing to peak C in Figure 1) and browning during air drying (110 °C) of carrot cubes. 
Key: O, water content related to dry matter; Φ, product temperature; formation 
of Amadori compounds (mol %); and A, browning (excitation wavelength 420 nm). 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



EICHNER AND W O L F Indicators for Drying and Storage 323 

20 40 60 80 100 

drying time ( min ) 

Figure 3. One-step air drying of the carrot variety "Bauer's Kieler Rote" at an air 
temperature of 110 °C. Key: mol % of Amadori compounds corresponding to 
peak C in Figure 1; ·, product temperature (°C); and O, water content (%, 
related to wet matter). The dashed lines are associated with drying to a final water 

content of 7% guaranteeing a sufficient shelf life. 

20 AO 60 80 

drying t i me ( min ) 

Figure 4. One-step air drying of the carrot variety "Bauer's Kieler Rote" at an air 
temperature of 90 °C. Key: same as Figure 3. 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



324 MAILLARD REACTIONS 
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Figure 5. One-step air drying of the carrot variety "Bauer's Kieler Rote" at an air 
temperature of 60 °C. Key: same as Figure 3. 

w a t e r c o n t e n t ( % ) 

Figure 6. Increase of the concentrations of Amadori compounds during air drying 
of carrot variety "Bauer's Kieler Rote" dependent on water content and air tem
perature. Key: Δ, 60 °C; 0, 90 °C; O, 110 °C; dashed line 1, sensory percepti

bility limit; and dashed line 2, sensory quality limit. 
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Furthermore Figure 7 shows that by c a r r o t drying with 
an a i r temperature of 1 1 0 °C the upper l i m i t of brown 
d i s c o l o r a t i o n of the product i s not reached at a f i n a l 
water content of 7 %, whereas at 9 0 °C no v i s i b l e c o l o r 
changes can be detected. Therefore, during c a r r o t dry
ing the f l a v o r q u a l i t y l i m i t i s reached much e a r l i e r 
than the corresponding l i m i t of brown d i s c o l o r a t i o n . 

Furthermore i t should be e l u c i d a t e d , how f a r good 
q u a l i t y r e t e n t i o n during drying i s p o s s i b l e without r e 
q u i r i n g too long drying times, which occur at low a i r 
temperatures. This should be p o s s i b l e by applying a 
two-step drying process, where a great deal of water i s 
removed*quickly at higher temperatures, whereas i n the 
c r i t i c a l lower moisture i n t e r v a l the temperature i s 
lowered to minimize the M a i l l a r d r e a c t i o n . F i gure 8 
shows the r e s u l t s o
cess f i r s t was performe
f o r 1 0 min, 2 0 min, and 3 0 min: subsequently the a i r 
temperature was lowered to 6 0 C f o r f i n a l d r y i n g . 
Figure 8 i l l u s t r a t e s t h a t Amadori compounds at t h i s 
temperature i n c r e a s e but not before a water content of 
about 1 0 % i s reached; drying to a f i n a l water content 
of 7 % r e s u l t s i n a good product q u a l i t y . Extending the 
f i n a l drying process f o r o b t a i n i n g lower water contents 
could cause a c e r t a i n l o s s of q u a l i t y even at a lower 
a i r temperature. 

Tables I , I I , and I I I summarize the r e s u l t s of the 
described drying experiments. 

Table I 
A i r drying of the c a r r o t v a r i e t y "Bauer's K i e l e r Rote" 

( A i r temperature: 1 1 0 °C) 
Drying 
time 
(min ) 

Water 
content 

(%) 

C 
(mol % ) • 

I s o v a l e r 
aldehyde 

(ppm) 

Sensory e v a l u a t i o n Drying 
time 
(min ) 

Water 
content 

(%) 

C 
(mol % ) • 

I s o v a l e r 
aldehyde 

(ppm) Color F l a v o r 
1 0 7 3 2 . 0 1 . 1 t y p i c a l t y p i c a l 
2 0 4 6 4 . 3 1 . 4 Î I tt 

3 0 27 9 . 4 2 . 0 T? tt 

4 0 1 5 1 2 . 1 3 . 5 ft tt 

5 0 6 2 9 . 0 9 . 4 si·brown burnt 
6 0 4 3 3 - 9 9 . 6 brown tt 

70 2 . 3 3 5 . 6 18. 0 tt s t r . b u r n t 
9 0 1 . 4 3 7 . 4 2 6 . 2 str.brown scorched 
( s i . = s l i g h t l y ; s t r . = s t r o n g l y ) 
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0,3 

Figure 7. Increase of browning during air drying of the carrot variety "Bauer's 
Kieler Rote" dependent on water content and air temperature. Key: Δ, 60 °C; O, 
90 °C; O, 110 °C; dashed line 1, limit of detectable visible browning; and dashed 

line 2, quality limit relative to browning. 

100 9 0 8 0 7 0 6 0 5 0 AO 3 0 2 0 10 0 

w a t e r c o n t e n t ( % ) 

Figure 8. Increase of the concentrations of Amadori compounds during two-step 
air drying of the carrot variety "Bauer's Kieler Rote" (10, 20, and 30 min at 110 °C 
( ) and 60 °C (—) dependent on water content. Key: dashed line 1, sensory 

perceptibility limit; and dashed line 2, sensory quality limit. 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



15. EICHNER AND W O L F Indicators for Drying and Storage 327 

Table I shows that an incr e a s e of Amadori compounds 
occurs p a r a l l e l w i t h an increase of i s o v a l e r a l d e h y d e 
formed by Strecker degradation of the amino a c i d l e u 
cine (18.) · I t becomes evident from Table I that the f l a 
vor impression "burnt" a r i s e s i f c e r t a i n concentrations 
of i s o v a l e r a l d e h y d e are exceeded; t h i s f l a v o r change i s 
increased by i n c r e a s i n g i s o v a l e r a l d e h y d e concentrations. 
By t h i s means an a n a l y t i c a l c o n t r o l of undesirable sen
sory changes caused by the M a i l l a r d r e a c t i o n i n c a r r o t s 
i s a v a i l a b l e . 

Table I I 
A i r drying of the c a r r o t v a r i e t y "Bauer's K i e l e r Rote" 
A i r 

temp. 
(°c5 

Drying 
time 
(min ) 

Water 
content 

C I s o v a l e r  Sensory e v a l u a t i o n A i r 
temp. 
(°c5 

Drying 
time 
(min ) 

Water 
content 

C I s o v a l e r 

90 AO 

60 
75 
90 

22 

9 
6 
4 

5.9 
11.5 
19.4 
20.4 

0.9 
1.4 
2.0 
2.7 

t y p i c a l 
If 

tt 

1! 

t y p i c a l 
tt 

si.changed 
n ff 

60 60 33 2.1 0. 8 t y p i c a l t y p i c a l 
120 13 2.9 0.3 tt ff 

180 7 8.0 0.5 tt ff 

210 6 5.1 1.1 tt ft 

From Table I I i t can be seen that at a i r tempera
tures of 90 C and 60 °C there i s only a minor increase 
i n i s o v a l e r a l d e h y d e concentrations , c o r r e l a t i n g with 
very l i t t l e or no sensory changes. 

Table I I I shows the r e s u l t s of the described two-
step a i r drying experiments; i n accordance with Figure 
8 only a small increase of Amadori compounds was observ
ed during the second drying step. 

The i n f l u e n c e of the c a r r o t v a r i e t y on M a i l l a r d 
r e a c t i o n Samples of s i x f r e e z e - d r i e d c a r r o t v a r i e 
t i e s were e q u i l i b r a t e d at room temperature to a water 
a c t i v i t y of 0.33 (1_7), corresponding to an average 
water content of 6.3 % ( r e l a t e d to wet matter). Then 
the samples were heated to 55 °C f o r 30 h and the con
c e n t r a t i o n s of Amadori compounds as w e l l as the co r r e s 
ponding sensory changes were determined. The r e s u l t s 
are l i s t e d i n Table IV. The amount of Amadori compounds 
formed by the heating process seems to be c o r r e l a t e d 
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Table I I I 
A i r drying of the c a r r o t v a r i e t y "Bauer's K i e l e r Rote" 
A i r Drying Water C Sensory e v a l u a t i o n 

temp · 
(°c0 

time 
(min ) 

content 
{%) 

(mol %) Color F l a v o r 

1 0 min 
110°/ 
60° 

60 
90 

120 

22 
12 
9 

2.5 
2.3 
5.2 

t y p i c a l 
II 

If 

t y p i c a l 
ft 

n 

240 5 7.9 ft tt 

30 min 
110°/ 
60° 

40 
75 

105 

21 
11 
8 

• 10.3 

14.1 

t y p i c a l 

If 

t y p i c a l 

1 60 6 15.3 si·brown s i . b u r n t 

Table IV 
Reducing sugar and amino a c i d content/browning a c t i v i t y 
of d i f f e r e n t c a r r o t v a r i e t i e s (heated at 55 °C f o r 30 h) 

(water content: 6.3 %) 
Gluco se + Amino C Sensory e v a l u a t i o n 

V a r i e t y Fructose 
(mmol/g) 

acids 
(mmol/g) (mol %) Color F l a v o r 

P a r i s e r 
Markt 1.61 0.13 65.6 t y p i c a l s i . b u r n t 

Rubin 1.34 0.11 64.8 si·brown burnt 
Nantaise 1.21 0.11 61.3 t y p i c a l si.changed 
Kundulus 0.86 0.11 48.5 ff si·burnt 
Rubika 0.27 0.20 22.6 si.brown If It 

Bauer's 
Κ. Rote 0.16 0.23 13.6 t y p i c a l si.changed 

with the concentrations of reducing sugars present. 
Furthermore Table IV shows that the r a t i o of Amadori 
compounds i s not a general measure f o r sensory changes 
to be expected; the t o l e r a b l e c oncentration l i m i t s must 
be determined separately f o r each c a r r o t v a r i e t y . 

In Figure 9 the formation of Amadori compounds de
pendent on water content i s presented f o r three d i f f e 
r e n t c a r r o t v a r i e t i e s (heating time: 20 h at 55 C). 
I t i s remarkable t h a t the v a r i e t i e s " P a r i s e r Markt" and 
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"Kundulus" show a very d i s t i n c t maximum i n r e a c t i o n 
r a t e , s i m i l a r to the v a r i e t i e s "Rubin" and "Nantaise", 
whereas the v a r i e t i e s "Bauer's K i e l e r Rote" as w e l l as 
"Rubika" show only a very f l a t c h a r a c t e r i s t i c . 

From these f i n d i n g s i t becomes evident that the 
lower moisture i n t e r v a l i s very c r i t i c a l i n respect to 
q u a l i t y impairment caused by the M a i l l a r d r e a c t i o n ; 
they e x p l a i n why f i n a l drying f o r too long times has a 
det r i m e n t a l e f f e c t . Moreover, as already mentioned, the 
a c t i v a t i o n energy of the M a i l l a r d r e a c t i o n i s i n c r e a s e d 
by decreasing the water content (I j ^ ) . For these reasons 
a p p l i c a t i o n of low a i r temperatures during f i n a l drying 
becomes imp e r a t i v e . 

Drying experiments using d i f f e r e n t c a r r o t v a r i e 
t i e s (Figure 10) show d i f f e r e n c e s i n formation of Ama
d o r i compounds dependen
shown i n Table IV. Th
ing experiments are presented i n Table V, which i n d i c a
tes t h a t one-step a i r drying at 90 C does not provide 
the same good sensory q u a l i t y f o r a l l v a r i e t i e s ; "Nan
t a i s e " , "Rubika", and "Bauer's K i e l e r Rote" show the 
lowest tendency to undergo un d e s i r a b l e sensory changes 
induced by the thermal treatment. 

Table V 
A i r drying of d i f f e r e n t c a r r o t v a r i e t i e s ( a i r temp.90°C) 

Water C I s o v a l e r  Sensory e v a l u a t i o n 
V a r i e t y content 

(%) 
(mol %) aldehyde (ppm) Color F l a v o r 

P a r i s e r 
Markt 5.5 57. 4 1 .48 si.brown si·burnt 

Rubin 5.5 42.8 1.88 brown burnt 
Nantaise 6.0 41.8 0.59 si.brown t y p i c a l 
Kundulus 6.0 21.9 0.69 tf M c a r a m e l l i c 
Rubika 7.0 16.8 1.84 If ff si.changed 
Bauer's 
Κ. Rote 7.5 13.6 0.79 ft tt tt tt 

According to Table V the t o l e r a b l e l i m i t s of i s o 
valeraldehyde c o n c e n t r a t i o n seem to be v a r i e t y depen
dent: while "Rubika" c o n t a i n i n g 1.8 ppm i s o v a l e r a l d e 
hyde does not e x h i b i t d i s t i n c t u n d e s i r a b l e f l a v o r chan
ges, "Rubin" having the same i s o v a l e r a l d e h y d e concen
t r a t i o n and " P a r i s e r Markt" w i t h an even lower amount 
of i s o v a l e r a l d e h y d e already show a burnt f l a v o r charac
t e r . These f i n d i n g s may be a t t r i b u t e d to the f a c t that 
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7 0 

0 2 A 6 8 10 12 H 16 18 2 0 2 2 

w a t e r c o n t e n t ( % ) 

Figure 9. Formation of Amadori compounds in different varieties of carrots by 
heating for 20 h at 55 °C, dependent on water content. Key: O, Pariser Markt; 0, 

Kundulus; and A, Bauer's Kieler Rote. 

100 9 0 8 0 7 0 6 0 5 0 4 0 3 0 

w a t e r c o n t e n t ( % ) 

Figure 10. Increase of the concentrations of Amadori compounds during air 
drying for 90 min of different carrot varieties at an air temperature of 90 °C 
dependent on water content. Key: O, Pariser Markt; 0, Rubin; Kundulus; and 

A, Bauer's Kieler Rote. 
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"Rubika" has a higher concentration of the amino a c i d 
l e u c i n e ; t h e r e f o r e i n t h i s case more is o v a l e r a l d e h y d e 
may be generated compared to other v o l a t i l e products 
c o n t r i b u t i n g to o f f - f l a v o r . 

The general conclusion that a two-step drying pro
cess w i l l improve product q u a l i t y was v e r i f i e d f o r 
d i f f e r e n t c a r r o t v a r i e t i e s by drying at an a i r tempera
ture of 90 °C i n the f i r s t step and subsequent f i n a l 
d rying at 70 °C (Figure 11). As shown i n Table VI, i n 
t h i s case the concentrations of Amadori compounds and 
i s o v a l e r a l d e h y d e are g r e a t l y lowered, r e s u l t i n g i n a 
good product q u a l i t y . 

6oJ i 

50 A 

1 0 0 9 0 8 0 7 0 6 0 5 0 AO 3 0 2 0 10 0 

w a t e r c o n t e n t ( % ) 

Figure 11. Increase of the concentrations of Amadori compounds during the two-
step air drying of different carrot varieties, dependent on water content. Key: , 
25 min at 90 °C; —, 155 min at 70 °C; O, Pariser Markt; 0, Rubin; and A, 

Bauer's Kieler Rote. 

Table VI 
Ai r drying of d i f f e r e n t c a r r o t v a r i e t i e s 

( a i r temp.: 25 min 90 °C/155 min 70 °C) 
Water C I s o v a l e r  Sensory e v a l u a t i o n 

V a r i e t y content 
(%) 

(mol %) aldehyde (ppm) Color F l a v o r 

P a r i s e r 
Markt 5.0 35.6 0.66 t y p i c a l t y p i c a l 

Rubin 5.0 26.2 0.71 si.brown si.changed 
Nantaise 4.5 20.3 0.41 t y p i c a l t y p i c a l 
Kundulus 5.0 U.6 0.56 ft tt 

Rubika 6.5 9.8 1.12 it If 

Bauer's 
Κ. Rote 5.5 5.8 0.94 tt si.changed 
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Conclusion 
The drying experiments described provide s t a r t i n g 

p o i n t s f o r o p t i m i z a t i o n of drying processes. Since 
temperature and water content change simultaneously 
during d r y i n g , f u r t h e r experiments should be performed 
f o r i n v e s t i g a t i n g the i n f l u e n c e of temperature and 
water content on M a i l l a r d r e a c t i o n r a t e independently. 
From the r e a c t i o n r a t e constants and the apparent a c t i 
v a t i o n energies dependent on water content, the course 
of M a i l l a r d r e a c t i o n during any drying process could 
be c a l c u l a t e d . 
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Characterization of Antioxidative Maillard 
Reaction Products from Histidine and Glucose 
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Maillard reaction product
were fractionated by various methods to isolate the anti
oxidative products. Upon dialysis through membranes with a 
nominal molecular weight cut-off of 1000 daltons, anti
oxidative components were concentrated in the retentate. 
Further purification of the antioxidative material was ob
tained by isoelectric precipitation of the retentate at pH 5.0. 
The precipitate was considerably more antioxidative than the 
supernatant. The precipitate was fractionated by preparative 
electrophoresis. The most antioxidative electrophoresis frac
tion is now being analyzed by spectrometric methods. Its C, 
Η, Ν, O content was determined and EPR studies showed it to 
contain stable free radicals. EPR studies of several fractions 
of the histidine-glucose reaction mixture showed good agree
ment between intensity of EPR signal and antioxidative 
effect. The free radicals are suggested to be of importance 
for the antioxidative mechanism of the MRP. 

Unsaturated f a t t y acids in foods are very susceptible to ox idat ion 
by oxygen in the a i r during processing and storage. The oxidat ion results 
i n i t i a l l y in the format ion of f a t t y ac id hydroperoxides by a f ree rad ica l 
chain mechanism. The hydroperoxides are subject to several fur ther 
react ions forming secondary products such as aldehydes, ketones, and 
other vo la t i le compounds, many of which are odorous and cause ranc id 
f lavor in the food. This development of ranc id f lavor l im i t s the storage 
s tab i l i t y of a large number of food products. 

The foods can be protected against l ip id ox idat ion either by the 
addit ion of ant ioxidants or by packaging in vacuum or inert gases to 
exclude oxygen. The ant ioxidants can be of various types. They can work 
as " cha in -b reaker s " that i n te r fe re wi th the f ree rad i ca l chain reac t ion , 
as " m e t a l i nac t i va to r s " , that bind otherwise p ro -ox idat i ve metals , or as 
"peroxide destroyers", which react w i th hydroperoxides to give stable 
products by nonradical processes (1). 

0097-6156/83/0215-0335$06.00/0 
© 1983 American Chemical Society 
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The most common antioxidants are phenols, such as buty lated 
hydroxyanisole (BHA) or buty lated hydroxytoluene (BHT). Increasing 
interest has, however, been d i rected towards the u t i l i z a t i on of normal 
food const i tuents w i th ant iox idat ive propert ies (2). Among those, the 
Ma i l l a rd react ion products (MRP) might be of spec ia l importance, since 
they are so widespread in foods. 

The f i r s t report on ant iox idat ive e f f e c t of M R P was made by F ranzke 
and Iwainsky (3). Shortly a f te rward G r i f f i t h and Johnson (4) reported 
that the addit ion of glucose to cookie dough resulted in a better s tab i l i t y 
against ox idat ive ranc id i ty during storage of the cookies. Research on 
ant iox idat ive M R P was then mainly performed by groups in Japan. A 
symposium on Ma i l l a rd React ions in Food held in Uddeva l la , Sweden, 
1979 included also the aspect of ant iox idat ive propert ies. The c o n t r i 
butions on this subject contained also br ief reviews (5, 6, 7). Most of the 
work has been done on model systems. Some appl icat ions in food 
systems have, however, als

Ident i f i cat ion of ant iox idat ive M R P 

Knowledge about the chemica l s t ructure of the ant iox idat ive M R P is 
very l i m i t e d . Only a few attempts have been made to cha rac te r i ze 
them. Evans, et a l . (12) demonstrated that pure reductones produced by 
the react ion between hexoses and secondary amines were e f f e c t i v e in 
inhibit ing oxidat ion of vegetable oils. The importance of reductones 
formed f rom amino acids and reducing sugars is, however, s t i l l obscure. 
E ichner (6) suggested that reductone- l i ke compounds, 1,2-enaminols, 
formed f rom Amador i rearrangement products could be responsible for 
the ant iox idat ive e f f e c t of M R P . The mechanism was c l a imed to involve 
inact i va t ion of l ip id hydroperoxides. 

On the other hand, Yamaguch i , et a l . (5) found most of the an t i 
ox idat ive e f f e c t in the melanoidin f r a c t i on . By various chromatographic 
methods they pur i f ied an ant iox idat ive product f rom g lyc ine and xylose 
having a molecu lar weight of approx imate ly 4500. 

Possibly several d i f fe rent compounds formed by the Ma i l l a rd react ion 
can exhibit ant iox idat ive propert ies. Their fo rmat ion might be depen
dent on what reactants are used and on the react ion condit ions ( tempera
ture, t ime, water content etc.) 

The a im of the present work was to cha rac te r i ze the ant ioxidants 
formed in the react ion between hist id ine and glucose in order to 
e luc idate the mechanism of their ant iox idat ive act ion . The combinat ion 
h i s t id ine-g lucose was chosen since it previously was found to be one of 
the most e f f e c t i v e combinations in model systems (13). 

Synthesis of M R P 

Ma i l l a rd react ion products were obtained by ref lux ing 100 ml of 
d i s t i l l ed water contain ing 0.1 mol L -h i s t id ine monohydrochlor ide mono-
hydrate and 0.05 mol D-glucose for 20 h. The pH of the react ion 
mixture was adjusted to 7.0 wi th potassium hydroxide before s tart ing the 
react ion . 
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Measurement of ant iox idat ive e f f e c t 

The ant iox idat ive e f f e c t of the various f ract ions of M R P was 
evaluated by a previously described polarographic method (14). 

Separation of ant iox idat ive M R P 

In the course of t ry ing to isolate the ant iox idat ive M R P , we found that 
part of the ant iox idat ive e f f e c t was lost during the iso lat ion processes. 
This could be explained in two ways. E i the r the ant ioxidants were 
unstable or there were d i f fe rent ant ioxidants in the react ion mixture 
act ing synerg i s t ica l ly , result ing in a lower e f f e c t when such an t i 
ox idat ive components had been separated. Since recombinat ion of the 
various f ract ions fa i l ed to restore the or ig inal ant iox idat ive e f f e c t , we 
studied the s tab i l i t y of the antioxidants in more deta i l . The ant ioxidants 
were then found to be sensit iv
the ins tab i l i ty of the antioxidants
with oxygen in every single separation step. A l l solvents were degassed 
and bubbled w i th nitrogen pr ior to use and the various f ract ions were 
f rozen as soon as possible. 

D ia lys i s Prev ious ly we reported that the ant iox idants f r om hist id ine 
and glucose could be concentrated by u l t r a f i l t r a t i on (7). The results 
ind icated that the ant iox idat ive compounds had a molecu lar weight of 
more than 1000. Therefore, we further studied the poss ib i l i ty of separat
ing the antioxidants with respect to thei r molecu lar s ize by dialysis. 
D ia lys i s tubing wi th a molecular weight c u t - o f f of 1000 daltons was used 
(Spectrapor 6, Spectrum Med ica l Industries Inc., Los Angeles, C A ) . A 
15 -m l port ion of the Ma i l l a rd react ion mixture was t ransferred to each 
of f ive dialysis tubes. The contents of the f i ve tubes were d ia lyzed 
together against 6.5 1 of degassed, n i t rogen-bubbled, d i s t i l l ed water at 
5 C. A f t e r 12 h one of the tubes was withdrawn and the other four were 
t ransferred to a new dialysis tank contain ing 6.5 1 of water and dialysis 
continued for another 12-h period. Aga in one of the tubes was 
withdrawn whi le dialys is was renewed for the other three for another 
12-h period and so on. F igure 1 shows the ant iox idat ive e f f e c t and the 
to ta l amount of mate r i a l in each of the f i ve retentates and in each of 
the f i ve dialysates. The to ta l amounts of mate r i a l (open bars) are given 
as percentage of the or ig ina l mate r i a l in one dialysis tube. The 
ant iox idat ive e f f e c t ( f i l l ed bars) is compared on an equal -weight basis. 

A f t e r the th i rd dialys is no further improvement of the ant iox idat ive 
e f f e c t of the retentate was obtained, even though smal l amounts of less 
ant iox idat ive mate r i a l s t i l l passed the membrane and were found in the 
dia lysate. A f t e r dialys is for 3 χ 12 h only 3.5 % of the or ig ina l mate r i a l 
remained in the re tentate . 

P rec i p i t a t i on A f t e r the fourth dialysis some prec ip i ta te could be 
observed in the retentate in the dialysis tube. The p rec ip i ta t i on was 
found to be pH dependent; the prec ip i ta te was revers ib ly dissolved when 
pH was either increased or decreased. The inf luence of pH on the 
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Figure 1. Antioxidative effect and amount of material in retentates and dialysates 
after dialysis of histidine-glucose reaction mixture up to five times 12 h through 

dialysis tubing with a molecular weight cut-off of 1000 daltons. 
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prec ip i ta t i on is shown in F igure 2, where the absorption at 450 nm of the 
solut ion is given as a funct ion of pH. Since the p rec ip i t a te was brown 
co lored, the color intensity of the supernatant could in this way be used 
as a measure of the extent of p rec ip i t a t i on . It can be seen that 
max imum prec ip i ta t ion was obtained at pH 5.0. A t pH lower than 3 or 
higher than 7 no prec ip i ta t i on could be observed. 

This p rec ip i ta t ion occurred only w i th the d ia lyzed mate r i a l . Smal l 
amounts of p rec ip i t a te were obtained already w i th the f i r s t rententate, 
when adjusting the pH to 5.0. The crude react ion mix tu re was, however, 
fu l ly soluble a l l over this pH range. Obviously salts or other mate r i a l of 
low molecular weight prevent the prec ip i ta t ion . Add i t i on of salts to the 
d ia lyzed mate r i a l was also shown to decrease the extent of the iso
e l e c t r i c p rec ip i ta t i on . 

Since the prec ip i ta te was by far more ant iox idat ive than the super
natant or the or ig ina l re tentate, when compared on a weight basis, the 
i soe lec t r i c p rec ip i ta t ion
pur i f i ac t i on sequence. 

E lectrophores i s A solut ion of the p rec ip i ta te was f r ac t i ona ted by 
preparat ive paper e lectrophores i s at pH 1.9 (acet ic ac id - f o rm i c ac id 
buffer) . A 30-mg port ion of the prec ip i ta te was dissolved in 0.45 ml of 
the buf fe r and appl ied ^ s a 20 - cm band on the paper (Whatman 
Chromatography Paper 3 -j^j). The sample was chromatographed at 3000 V 
for 30 min. 

Table I. An t i ox ida t i ve e f f e c t and amount of mate r i a l in each f r a c t i on 
a f ter f rac t ionat ion of p rec ip i ta te by paper e lectrophores is . 

F r a c t i on Amount of An t i ox i da t i ve 
No. mate r i a l e f f e c t 

(%) 

Or ig ina l 100 2.0 
p rec ip i t a te 

1 8 0.6 

2 5 0.5 

3 31 1.1 

4 43 1.7 

5 22 0.7 
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Figure 2. Influence of pH on the formation of precipitate in the retentate of 
Maillard reaction products from histidine and glucose. 
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No d i s t inct bands were obtained in the chromatogram, except for an 
intense f luorescent band of rather low R^ value. The chromatogram 
was, therefore, div ided into f i ve fract ions,one being the f luorescent one. 
The mate r i a l in each f r ac t i on was ex t rac ted w i th a ce t i c ac id and its 
weight and ant iox idat ive e f f e c t were determined. The results are given 
in Table I. The amount of mate r i a l is expressed as percent of the 
or ig inal p rec ip i ta te and its ant iox idat ive e f f e c t is compared on an equal 
weight basis. F r a c t i on No. 2 was the f luorescent one. A l l the f ract ions 
were more or less brown colored. The most colored f r ac t i on (No. 4) was 
found to conta in most of the mate r i a l and was also the most an t i 
ox idat ive. The f luorescent f rac t ion was the smal lest one and also the 
least ant iox idat ive. 

As can be seen in Table I a l l the electrophores is f ract ions exh ib i ted less 
ant iox idat ive e f f e c t than the prec ip i ta te , possibly as a result of ox id 
at ion during the separat ion, in spite of a l l precautions taken to avoid the 
contact wi th oxygen. 

Table II summar izes th
obtained in the various steps in the pur i f i ca t i on of the ant ioxidants f r om 
hist idine and glucose. The yie ld is expressed as percent of the start ing 
mate r i a l , the crude Ma i l l a rd react ion mix tu re . The ant iox idat ive e f f e c t 
of the various f ract ions is compared to that of the crude react ion 
mix ture on a weight basis, the crude react ion mix ture being given the 
value 1. The re la t i ve ant iox idat ive e f f e c t of 6 for the retentate means, 
for example, that the retentate gives the same ant iox idat ive e f f e c t as 
the crude react ion mixture with only one s ixth of the amount of 
mate r i a l . In the table is also shown the ca lcu la ted " t o t a l ant iox idat ive 
e f f e c t " ("yield " χ " r e l a t i ve ant iox idat ive e f f e c t " ) . 

Table II. Y i e l d and ant iox idat ive e f f e c t of mate r i a l at various steps of 
the pu r i f i ca t i on of M R P f rom hist idine and glucose. 

Y i e l d Re l a t i v e Tota l 
ant iox idat ive ant iox idat ive 

(%) e f f e c t e f f e c t 

Crude react ion 100 1 100 
mixture 

Re tenta te 2 6 12 

P rec i p i t a t e 0.2 12 2.4 

Electrophores i s 0.1 6 0.6 
f r ac t i on No. 4 
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Table II shows that as l i t t l e as 0 .2% of the or ig inal mate r i a l 
remained in the p rec ip i ta te , the most ant iox idat ive f r a c t i on . This 
f r ac t i on contained only 2.4% of the or ig inal ant iox idat ive e f f e c t . It is 
obvious that much of the or ig ina l ant iox idat ive e f f e c t was lost during the 
pu r i f i ca t i on . It should, however, be kept in mind that the main a im in the 
pu r i f i ca t i on was not to get max imum y ie ld but to get as pure f ract ions as 
possible. 

Cha rac te r i z a t i on of pur i f ied f r ac t i on 

E lectrophores i s f rac t i on No. 4 was chosen for fur ther chemica l 
cha rac te r i za t i on , in spite of the f ac t that i t was not as ant iox idat ive as 
the p rec ip i ta te . It was, however, considered to be more homogeneous. 
A t least i t was pur i f ied f r om the f luorescent ma te r i a l . S t i l l , i t s pur i ty is 
uncerta in . The f ac t that no we l l def ined bands were obtained in the 
electrophores is indicates tha
compound, possibly d i f fe r in
of charged groups. Another explanat ion to the lack of d i s t inct bands 
could be unselect ive adsorption between the compound and the paper. 
This is supported by the f ac t that rechromatography of the f i ve 
electrophores is f ract ions f a i l ed to reproduce the same f ract ions d i s t i nc t l y . 

Desp i te the uncerta inty regarding the pur i ty, a t tempts are in 
progress to cha rac te r i ze electrophores is f r ac t i on No. 4 by methods such 
as mass spect rometry , nuclear magnet ic resonance spect rometry , and 
in f rared spect rometry . The a im is to at least get an idea of the 
molecu lar weight of the compound(s) and its content of spec i f i c f unc 
t iona l groups that might expla in its ant iox idat ive propert ies. 

E lementary compos i t ion The C, H, N, and Ο content of the 
electrophores is f r ac t i on No. 4 is given in Table III. The table also shows 
that the f r ac t i on had an ash content of 2.9%. The or ig in of this 
re l a t i ve l y high content of inorganic matter is not c lear . 

Table III. Compos i t ion of e lectrophores is f r ac t i on No. 4. 

C 54.3% 

Η 5.4% 

Ν 12.6% 

Ο 24.5% 

Ash 2.9% 
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E lec t ron Paramagnet ic Resonance studies Analys i s by e lec t ron 
paramagnet ic resonance spect rometry (EPR) showed the electrophores i s 
f r ac t i on to conta in stable f ree radicals . A strong E P R signal was 
obtained at the g fac to r value of 2.0035-0.0003. The invo lvement 
of f ree radica ls in the Ma i l l a rd react ion has previously been reported 
(16). Recen t l y also Less ig and Bal tes (17) reported the content of 
ext remely stable f ree radicals in melanoids obtained f r om the react ion 
between glucose and 4 -ch loroan i l ine. 

Examinat ion of various f ract ions f rom the pur i f i ca t i on sequen
ce by E P R showed that, on the whole, there was a good agreement 
between the intens ity of the E P R signal and the ant iox idat ive e f f e c t . 
This is shown in F igure 3. The increasing ant iox idat ive e f f e c t in the 
sequence crude react ion mixture - re tentate - p rec ip i ta te is a ccompa 
nied by an increased E P R signal. The supernatant, being less a n t i 
ox idat ive, also gave a les
re tentate was incubated
and the E P R signal were decreased. When i t was incubated for the same 
length of t ime under nitrogen an increase of both ant iox idat i ve e f f e c t 
and E P R signal was not iced, for some reason. There is no d i rect 
proport iona l i ty between the ant iox idat ive e f f e c t and the E P R signal, 
but the tendency is obvious. 

These f indings are of interest w i th respect to the mechanism 
of the ant iox idat ive act ion of the M R P . The stable f ree rad ica l s of the 
M R P might i n te rac t w i th the free radica ls fo rmed in the l i p id ox idat ion 
and thus lead to an inhib i t ion of the l ip id ox idat ion chain mechanism. 

Conc lud ing remarks 

A constant observation when the M R P were separated by 
various methods was that ant iox idat ive e f f e c t was found in many 
d i f fe rent f ract ions . Both the dialysates and the retentates f r om 
dialys is were ant iox idat ive to some extent. A l l the electrophores i s 
f ract ions exh ib i ted some ant iox idat ive e f f e c t . A t t e m p t s to separate 
the M R P by co lumn chromatography on Sephadex G -50 have resu l ted in 
several f ract ions w i th some ant iox idat ive e f f e c t , and so on. This 
indicates that severa l ant iox idat ive products are formed by the Ma i l l a r d 
react ion , possibly d i f fe r ing in molecular s ize and chemica l s t ructure, 
but perhaps w i th one single ant iox idat ive funct iona l group in common, 
such as a free rad i ca l funct ion. However, i t can not be exc luded that 
the M R P conta in a few ent i re ly d i f fe rent ant iox idants w i th d i f fe rent 
modes of act ion. Various mechanisms have also been suggested. E ichner 
(6) c l a imed M R P to inact i va te the hydroperoxides fo rmed by the l ip id 
ox idat ion. There are also reports on the complex binding of meta ls by 
M R P (18, 19). 

Another possible explanat ion of the observat ion that ant iox idat i ve 
e f f e c t is found in several f ract ions of M R P could be that the a n t i 
ox idat ive compound is strongly adsorbed on other M R P and is for that 
reason d i f f i c u l t to isolate. If that should be the case, the e lectrophores i s 
f r a c t i on could consist of smal l amounts of highly e f f e c t i v e ant iox idants 
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of low molecular weight, possibly f ree rad ica l s , adsorbed on the main 
component of higher molecu lar weight. Cau t i on must therefore be used 
when drawing conclusions about the ant iox idat ive mechanism based on 
in format ion about the main chemica l s t ructures in the f r a c t i on . 
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The Effect of Browned and Unbrowned Corn 
Products on Absorption of Zinc, Iron, and 
Copper in Humans 
P. E. JOHNSON, G. LYKKEN, J. MAHALKO, D. MILNE, L. INMAN, 
and H. H. SANDSTEAD 
U.S. Department of Agriculture, Agricultural Research Station, Grand Forks 
Human Nutrition Research Center, Grand Forks, ND 58202 

W. J. GARCIA and G. E. INGLETT 
U.S. Department of Agriculture  Northern Regional Research Center
Peoria, IL 61604 

Retention and excretion ( i . e . , balance) of 
iron, zinc, and copper were determined for men 
consuming a constant diet which contained either 
corn flakes or corn grit porridge. After a meal 
containing 6 5Zn-labeled corn flakes or grits , 
subjects were counted in a whole body counter to 
determine absorption and retention of the 
radioisotope. Stable isotopes, 54Fe, 67Zn and 
65Cu, were mixed with an identical meal. 
Absorption was calculated from fecal excretion of 
the stable tracer. Balance, stable isotope, and 
radioisotope absorption did not differ 
significantly between diets for any of the three 
metals. Long-term 65Zn retention was reduced 
when corn flakes were fed. Urine of subjects 
consuming corn flakes contained higher-molecular
-weight amino-containing substances than that of 
subjects eating corn grits. Urinary zinc was 
bound by the heavier compounds. 

Toasted and browned foods are rich i n products of the 
Maillard reaction. Much effor t has been devoted to 
investigating the effect of the Maillard reaction on protein 
quality, flavor, and aroma. Recently the influence of Maillard 
products on metal metabolism has also been investigated. 

In 1975 Freeman et a l . (1) reported excessive urinary zinc 
losses i n patients undergoing t o t a l parenteral alimentation 
(TPN). These losses were not observed when the same patients 
were given the TPN solution v i a a nasogastric tube, or when they 
were given a similar solution prepared by autoclaving the sugar 
and amino acid mixtures separately. Sugar-amine compounds were 
found in the TPN solutions prepared by autoclaving amino acids 
and dextrose together, but not in those made from solutions 
autoclaved separately. It was hypothesized that compounds 

This chapter not subject to U.S. copyright. 
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produced from the reaction of dextrose with amino acids were 
chelating zinc and increasing i t s excretion in the urine. 

The same investigators subsequently reported increased 
urinary excretion of copper and iron, as well as zinc, in 
patients receiving TPN (_2) . They also detected sugar-amine 
compounds in the TPN solutions and in the patients 1 urine and 
plasma. 

When van Rij and co-workers (3) infused patients with 
various amino acid preparations, they found urinary zinc 
excretion to be higher with a sugar-containing preparation than 
when they used the same preparation without sugar. A unique 
zinc-binding substance was present i n the sugar-containing 
solution and in the urine of patients infused with i t . 

Although there i s evidence that at least some products of 
the Maillard reaction are absorbed from the digestive tract 
(4-_7) » there has been l i t t l
not browning in ordinar
excretion. In rats, a diet containing 3% Maillard products 
caused a significant decrease in retention of calcium, 
phosphorus, magnesium, and of copper in axenic but not holoxenic 
animals (8). Rats fed a diet of browned egg albumin for 12 
months had lower hemoglobins and hematocrits than pair-fed 
control rats (9). However, anemic rats fed diets containing 
casein and glucose heated together, absorbed more iron than rats 
fed diets to which glucose was added after heating (10). 

The present study was designed to investigate metal 
absorption i n humans eating conventional diets containing a 
typ i c a l browned food, corn flakes, compared to absorption from 
diets as free as possible from browning. 

Materials and Methods 

Adult male subjects age 23-65 in good general health 
participated i n this study while l i v i n g i n the Metabolic Unit of 
the Center. They gave consent after being informed of the 
purpose of the research and i t s potential hazards. This project 
was approved by the Human Studies Committees of the University 
of North Dakota School of Medicine and of the USDA Science and 
Education Administration. Informed consent and experimental 
procedures were consistent with the Declaration of Helsinki. 

Diets The diet was a weighed diet on a three-day 
rotating-menu cycle, with energy distributed as 45% 
carbohydrate, 15% protein, and 40% fat. A t y p i c a l menu i s shown 
in Table I. 

The diet was planned with a test breakfast to compare the 
a v a i l a b i l i t i e s of zinc, iron, and copper from browned corn 
products (corn flakes) with those from unbrowned corn products 
(hot corn g r i t cereal). The breakfast served for a l l 3 days of 
the menu cycle at a l l energy levels was i d e n t i c a l , with only the 
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Table I 

Labeled Cornflakes Basal Diet 
3000 Kcal 

Day 2 

Breakfast 
Orange juice 
Cornflakes or corn cereal 
Bread, white, w/o crust 
Margarine 
Milk, NFDM prepared* 
Sugar 

Evening 
Chicken a l a king 
Rice p i l a f 
Bread, white, w/o crust 
Butter 
Pears 
Milk, NFDM prepared* 

Lunch 
Grapefruit juice 
Beef stew w/green beans 
Mashed potatoes 
Cheese 
Bread, white, w/o crust 
Margarine 

Cheese 
Sugar cookie 

*nonfat dried milk 

corn products changing. A constant dry weight of corn g r i t s 
(53 g) was served as 56 g corn flakes (5% moisture) or 58 g corn 
g r i t s (9% moisture). Coffee and tea were not allowed at 
breakfast. 

A l l ingredients of the diet were purchased i n lots large 
enough to be used for the entire study. Food items were weighed 
to 0.01 g during preparation. Preparation procedures and 
serving times were kept as constant as possible. Salt and 
pepper were weighed and served for an entire day; a l l other 
foods were completely consumed at sp e c i f i c meal times. Salt, 
pepper, coffee, and tea were allowed i n constant amounts that 
were adjusted to the volunteer*s preference. The le v e l of 
browning products i n the diet was reduced by serving bread 
without crust, and by baking cookies and desserts i n a 
microwave oven. Mineral intake was 16.2 +0.7 mg Fe/day, 
10.4 + 0.6 mg Zn/day and 1.1+ 0.04 mg Cu/day. 

The corn products were prepared at the USDA Northern 
Regional Research Center, Peoria, IL. The unlabeled products 
were made from unenriched, degermed yellow corn g r i t s , ground to 
40 mesh. The corn g r i t s were made into hot corn g r i t cereal, 
using water and s a l t , or into toasted corn flakes, using water 
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tu make an i n i t i a l batter. Corn flakes and g r i t s labeled with 
6 5Zn were prepared from i n t r i n s i c a l l y labeled corn endosperm-
h u l l flour which was made from corn grown and milled as reported 
previously (11). 

Three volunteers received both the corn flakes and the corn 
g r i t cereal in a crossover design. A fourth volunteer received 
the g r i t diet and then withdrew from the study. Each diet 
period began with 21 days of equilibration, which was followed 
by 21 days of balance. The equilibration period allowed time 
for any metabolic or physiological changes which might have 
occurred i n the subjects due to a change i n diet. During the 
balance period, duplicates of a l l meals were prepared and a l l 
urine and feces were collected for analysis. "Balance" i s the 
difference between intake and excretion of a nutrient. Stable 
isotopes and radioisotopes were fed i n separate test meals three 
days apart at the beginnin

Radioisotopes 6 5Zn-labeled corn products were served 
once i n the form of corn flakes and once in the form of corn 
g r i t cereal to each volunteer. At the time of feeding the 
radioactively labeled cereal, a portion was measured to obtain 
the desired l e v e l of radioactivity and then the corresponding 
unlabeled product was added to obtain the t o t a l desired weight 
of cereal. Each test meal contained 0.1-0.5 yCi 6 5Zn. 

Radioactivity i n each volunteer was determined by counting 
in a whole body counter at 0.5 and 4 hours after ingestion of 
the labeled meal and at 1, 2, 3, 4, 6, 13, 20, 27 and 34 days 
after the meal. The whole body counter consists of a bed 
placed between two movable 28 χ 10 cm Nal(TI) gamma 
s c i n t i l l a t i o n detectors located in a steel room. Correction for 
self absorption and geometry was done by the method of Cohn et 
a l . (12). Correction for body potassium-40 and environmental 
2 1 9Rn and 2 1 5 B i was also made. Absorption and retention were 
determined by computer-fitting of time vs 6 5Zn retention data. 

Stable Isotopes Test meals at the beginning of each diet 
period were labeled e x t r i n s i c a l l y with 6 5Cu, 6 7Zn or 7 0Zn, and 
5 1 +Fe or 5 7Fe. The stable isotopes were obtained i n the oxide 
form from Oak Ridge National Laboratory. Each volunteer 
received 2 mg 6 5Cu (99.69 atom % ) , 4 mg 5 4 F e (97.61 atom % ) , or 
5 7 F e (90.24 atom %) and 4 mg 6 7Zn (93.11 atom %) or 3.3 mg 7 0Zn 
(65.51 atom %, 5 mg t o t a l Zn). The isotopes were dissolved i n 
hydrochloric acid, neutralized to pH 4, and mixed with orange 
juice at breakfast. Duplicate solutions of metal isotopes were 
added to duplicate diets prepared for analysis. Feces were 
collected in 3-day pools for 18 days following ingestion of the 
isotopes. Unabsorbed isotopes appeared in the feces and the 
levels of enrichment was measured using mass spectrometry. 
Metals i n fecal ash were separated by anion exchange 
chromatography, chelated with tetraphenylporphyrin, and assayed 
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as described elsewhere (13). Fractional absorption was 
calculated by determining the difference in the amount of stable 
isotope ingested compared to that recovered i n the feces. 

Metal Balances Duplicates were prepared of a l l meals 
consumed by the volunteers during the 21-day balance periods. 
A l l urine and feces were collected i n three-day pools. Diets 
were homogenized and weighed aliquots taken for analysis. Feces 
were freeze-dried, weighed, pulverized and blended, and weighed 
aliquots taken for analysis. Total urinary output was recorded 
and aliquots taken for analysis. Diets and feces were digested 
with n i t r i c and perchloric acids, and metals were determined 
using an inductively coupled argon plasma spectrometer. Urinary 
metals were measured using atomic absorption spectrophotometry. 

Metal binding by corn flakes and gri t s was measured using 
the method of Camire an
both cereals were measure
(5). 

Zinc-binding components of urine were examined using 
modified gel chromatography (15). Urine (3 ml) was 
chromatographed on Sephadex G-25 columns (2.5 χ 40 cm) 
equilibrated with a buffer containing 10 ppm Zn as Zn(NÛ3)2 and 
10 mM Tr i s buffer, pH 7.4. Fractions of 3 ml were analyzed by 
atomic absorption spectroscopy. Void volume of the column was 
determined with blue dextran. 

Changes i n the molecular weight distribution of urinary 
components were examined by chromatography of urine (3 ml) on 
Sephadex G-25 columns (2.5 χ 40 cm) with 0.1 M phosphate buffer, 
pH 8 (5). The resulting fractions were hydrolyzed with HC1 and 
reacted with ninhydrin (5). Absorbance was determined at 570 
nm. 

Results and Discussion 

Metal Balances Balance data for iron, zinc, and copper 
are shown in Table II. These figures represent the average 
balance in mg/day over a 21-day period. The mean balance for 
a l l subjects does not d i f f e r s i g n i f i c a n t l y between diet periods 
for any of the three metals. Subject #2055, who showed the 
greatest difference in balance between diet periods, was 65 
years old, while the other three subjects averaged 25 years old. 
This subject also had the most e r r a t i c pattern of defecation, 
which may have had an influence on his balance data. 

Subject #2070 was inadvertently given 20 mg 6 5Cu rather 
than 2 mg with the corn g r i t test meal. This probably caused 
the s l i g h t l y positive copper balance he had while on the corn 
g r i t diet. 

Total urinary metal excretion was not s i g n i f i c a n t l y 
different between diet periods for any of the three metals. 
Average urinary excretion was 0.50 + .08 mg Zn/day, 0.11 + .04 
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Table II 

Iron, Zinc, and Copper Balance 
(mg/day) 

Iron Zinc Copper 
Subject Flakes Grits Flakes Grits Flakes Grits 

2055 -2.73 3.32 -0.69 1.73 -0.25 -0.03 
2056 3.33 3.80 2.60 1.01 0.00 -0.04 
2065 - 2.26 - 0.40 - -0.03 
2070 3.34 1.18 2.20 1.18 0.01 0.12 

mean + 1.31 2.64 1.37 1.08 -0.08 0.00 
SD + 3.50 +

mg Fe/day, and 0.05 + .01 mg Cu/day. The lack of any change i n 
urinary metal excretion i s consistent with the report of 
Freeman et a l . (1), who observed no change in urinary zinc 
excretion when patients were fed either the TPN solution v i a 
nasogastric tube or a ty p i c a l hospital diet. 

Stable Isotope Absorption Absorption values for stable 
iron, zinc, and copper from the breakfast test meal are given i n 
Table III. 

Table III 

Absorption of Stable Iron, Zinc, and Copper from Breakfast 
Meal 

Iron Zinc Copper 
Subj ect Flakes Grits Flakes Grits Flakes Grits 

2055 0% 0% 57% 47% 36% 61% 
2056 34% 46% 26% 37% 56% 74% 
2065 - 0% - 25% - 66% 
2070 6% 14% 47% 48% 70% 49% 

mean + 13 15 43 39 54 65 
SD + 18% + 22% + 16% + 11% + 17% + 11% 
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There were no significant differences in stable tracer 
absorption between the two diets. A l l the absorption values 
appear to be f a i r l y comparable to those reported i n the 
lit e r a t u r e . Iron absorption in adult males i s generally less 
than 10% (16). This meal would be c l a s s i f i e d as a high-
a v a i l a b i l i t y meal (17), with non-heme iron a v a i l a b i l i t y of 8%, 
due to the ascorbic acid content of the orange juice. Volunteer 
#2056 absorbed high amounts of iron, 34% and 46% from flakes and 
gr i t s , respectively. He also had the most positive iron 
balance (Table I I ) , which averaged 23% of intake, but ranged as 
high as 61% retention. This volunteer has participated i n other 
studies in our laboratory and has consistently absorbed high 
amounts of iron (13), although his hematological status was 
normal at the time of this study. His serum f e r r i t i n was 27.7 
ng/ml upon admission (normal >20 ng/ml) and his hemoglobin was 
15.4 g/dl. ~ 

There are few dat
absorption from meals. However, King, et a l . (18), also using 
stable tracers, reported 46% absorption of zinc from a formula 
meal by adult women who did not use oral contraceptives. Using 
6 5Zn tracers, Sandstrom, et a l . (19) reported 15.7% absorption 
from a meal containing white bread, milk, and cheese. 
Absorption from white bread alone averaged 38%. Zinc absorption 
from other meals varied from an average of 8% from wholemeal 
bread to 36% from chicken ÇL9, 20). 

Absorption of copper in adult women consuming a formula 
diet has been reported to average 57.7 + 17.7% (18). Our 
absorption figures for copper f a l l into this range. 

Absorption of 6 5Zn Absorption of zinc from a 6 5Zn-labeled 
meal i s given in Table IV and compared to measurements of zinc 

Table IV 

Comparison of 6 5Zn and Stable Zn 
Absorption Measurements 

6 7Zn 7 0Zn 6 5Zn 

2055 Grits 47% 53% 
Flakes - 57% 55% 

2056 Grits 37% - 35% 
Flakes - 26% 51% 

2065 Grits 25% - 30% 
2070 Grits - 48% 39% 

Flakes 47% - 46% 
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absorption from an i d e n t i c a l meal labeled with stable zinc. The 
6 5 Z n and stable zinc-labeled meals were separated by three days. 
The stable zinc-labeled meal contained 6.2-7.1 mg Zn, while the 
6 5Zn labeled meals contained 2.1 mg Zn. It has been found that 
the t o t a l amount of zinc i n a meal w i l l influence both t o t a l and 
percent absorption (19), which might explain some of the 
difference between absorption values between the two methods. 
However, the differences i n absorption measured by the two 
methods are of the same size as the precision of the methods 
except for two cases using 7 0Zn. In only one case i s the 
absorption of the stable isotope s i g n i f i c a n t l y less than 
absorption of the radioisotope, which suggests that the size of 
the zinc dose given i s not the major determinant of the 
difference between 6 5Zn and stable zinc measurements. 

It appears that 6 7Zn i s useful as tracer for determining 
zinc absorption, but tha
surprising, since 6 7Zn determination
precise than 7 0Zn determinations (13). 

Retention of 6 5Zn could be described as 

R(t) = Aiexp(-Lit) + (1-Ai)exp(-L 2t) 

where R(t) i s the normalized retained 6 5Zn a c t i v i t y and t i s the 
time in days after ingestion. The parameters for this equation 
for the two diets are given in Table V. 

Table V 

6 5Zn Retention Parameters 

Ai Li (day" -1) L2 (day" -1) 

Grits 0.14 + .08 0.09 + . 01 0.0018 + . 0005 
Flakes 0.25 + .08 0.10 + . 03 0.0018 + . 0005 

The larger average value of Ai for the cornflakes breakfast 
indicates that a larger fraction of the absorbed zinc had a 
short term retention ( t ^ = 7 day) and that a smaller fraction 
(1-Ai) had a long term retention (ti^ = 383 day). Thus 6 5Zn 
retention was reduced when toasted flakes were fed. 

Metal Binding in Corn Products Binding of iron, zinc 
and copper by corn flakes and gr i t s was determined at pH 5, 6, 
and 7. Corn flakes bound more copper and less iron than did 
corn g r i t s , as shown in Table VI. 
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Table VI 

Ratio of Metal Bound 
Flakes/Grits 

Fe Zn Cu 

pH 5 0.76 + 0.07* 1.76 + 0.27 1.55 + 0. 18 
PH 6 0.63 + 0.07 1.03 + 0.08 1.26 + 0. 04 
PH 7 0.47 + 0.01 1.02 + 0.01 1.54 + 0. 05 

*Mean + SD of 3 determination

Camire and Clydesdale (14) found an effect of toasting on 
binding of zinc, magnesium and ferrous iron by wheat bran. For 
zinc the effect was seen only at pH 5. We also see an effect on 
zinc binding only at pH 5. 

The free amino content of both cereals was also measured 
after a pepsin-pancreatin digestion. The corn flakes contained 
3.1 + 0.4 mg leucine equivalents/g and the corn g r i t s , 13.5 + 
2.1 mg leucine equivalents/g. 

Zinc Binding by Urine Urine from subjects during both 
dietary treatments was chromatographed to examine patterns of 
zinc binding. When rats were fed toasted diets, they excreted 
more amino-containing compounds of molecular weight 3,000-5,000 
than when they consumed untoasted diets (5). We observed the 
same phenomenon i n our subjects (Figures 1 and 2). Typically, 
subjects excreted higher-molecular-weight materials i n the 
urine while on the corn flake diet than when on the corn g r i t s 
diet. 

Insulin (molecular weight 5733) eluted at a Ve/Vo of 1.0-
1.1. L-Phenylalanylglyclglycine (MW 279) eluted at Ve/Vo = 1.95 
and L-glycylphenylalanylphenylalanine (MW 369) at Ve/Vo = 2.18. 
Molecular weight markers between these sizes were not available. 

When urine was chromatographed with a zinc-saturated 
buffer, the higher-molecular-weight zinc-binding substances 
predominated on the corn flake diet, while the lower-molecular-
weight substances zinc-binding peak was largest when gr i t s were 
eaten. The amino-containing substances and the higher-
molecular-weight zinc-binding peak coincided (Figure 2) on the 
corn flake diet. Apparently Maillard products are being 
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excreted in the urine and are capable of binding urinary zinc. 
However, no difference in t o t a l urinary excretion of zinc, 
iron, or copper was observed between the diets. 

Although quantitative measures of browning i n t o t a l diets 
have not, to our knowledge, been made, most conventional diets 
contain substantially more browned foods than the diet used i n 
this study. Nevertheless, differences i n 6 5Zn retention and i n 
the molecular-weight dis t r i b u t i o n of urinary zinc-binding 
substances were seen. It i s l i k e l y that these differences would 
be less subtle i f the experimental diet were more highly 
browned. Future experiments in this laboratory w i l l examine 
this question. 
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Nutritional Value of Foods and Feeds of Plant 
Origin: Relationship to Composition and 
Processing 

J. E. KNIPFEL, J. G. McLEOD
Agriculture Canada, Research Station
Saskatchewan, S9H 3X2 Canada 

Historically, alterations in amino acid availability and p r o 
tein digestibility have been considered as the primary effects of 
processing reactions leading to reduced nutritional values of 
food and feeds. Predominant among these reactions are Maillard 
and crosslinking types. In plant materials used as foods and 
feeds, including both grains and roughages, reactions among 
nitrogenous compounds and complex polysaccharides such as hemi-
cellulose appear to be of considerable importance in determining 
nutritive value responses to processing. Heating of alfalfa 
increased the content of Neutral Detergent Fibre (NDF) and the 
nitrogen contents of both NDF and Acid Detergent Fibre (ADF). 
Associated with increased NDF and increased Ν content of the 
fibre fractions was a reduction in organic matter digestibility 
by rumen bacteria, and in Ν digestibility by both rumen bacteria 
and pepsin digestion in vitro. In lower quality roughages, a 
large proportion of total Ν was associated with NDF and ADF. 
Ammonia treatment resulted in decreases in NDF and increases in 
digestibility and intake of wheat straw by sheep. Following 
ammoniation, increased levels of Ν in both NDF and ADF occurred. 
Investigations with rye grain suggested that the pentosan frac
tion is of prime importance in the adverse effects observed when 
rye is fed to animals. Increased chick performance observed fol 
lowing supplementation of rye with amino acids or high-quality 
protein suggests that pentosans adversely affected digestibility 
of rye protein through unknown mechanisms. Arabinose was easily 
released from rye hemicellulose by acid hydrolysis; following 
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heating of arabinose and xylose at 40°C with lysine for 1 hr, 
browning reactions were observed, raising the p o s s i b i l i t y that 
Mai Hard-type reactions occur at r e l a t i v e l y low temperatures in 
plant materials. 

The hemicellulose fraction of plant food and feed materials 
appears to be of considerably greater importance in determining 
nu t r i t i o n a l value of such foods and feeds than has been generally 
recognized. 

Processing of foods and feeds by man has been carried out 
from prehistoric times, as a method of preservation or for the 
purpose of increasing either p a l a t a b i l i t y or nutritive value of 
many foodstuffs. During the past quarter-century, however, there 
has been a tremendous and ever-increasing use of foods and feeds 
which have been subjected to various types of processing. This 
dramatic increase in processin
result of factors suc
in considerable pressure to develop new processing technologies 
and new sources of food and feed. 

In conjunction with this increase in processing of foods 
and feeds there has been increased research into the effects of 
processing on the nutritive value of these materials, and a num
ber of symposia have been held to discuss these effects during 
the past decade. From these discussions i t has become apparent 
that there have been significant advances in knowledge of certain 
aspects of nutritional consequences of processing of foods and 
feeds. In many instances there is l i t t l e known of the inter
actions among food or feed constituents that occur naturally or 
following processing. This is of particular concern when dealing 
with the wide variety of potential feed- and foodstocks which may 
be derived from nonconventional sources such as forages. 

In this presentation the interrelationships of carbohy
drates and proteins in cereal grains and fibrous feeds w i l l be 
discussed and related to selected aspects of processing of these 
materials. 
Investigations of Nutritive Value of Rye 

Nutritive value of foods and feedstuffs depends to a large 
degree on protein level and quality, i.e., the relative amounts 
of the component amino acids compared to the requirements of the 
animal for various metabolic functions. The cereal grains are 
notoriously low in certain essential amino acids. Usually lysine 
is the f i r s t or second limiting amino acid. The grain of rye 
(Secale céréale L.) exhibits an amino acid p r o f i l e superior to 
that of other cereal grains, especially wheat (1,2,3,4,5). 
Despite this fact, lysine is s t i l l the f i r s t limiting amino acid 
in rye in most instances (6,7). 

In recent years factors such as alk y l r e s o r c i n a l s (8), 
trypsin inhibitors, (9,10) and water-soluble polysaccharides have 
been implicated in the poor feeding quality of rye. Investiga-
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tions have shown that levels of 15 to 20% rye grain in the diet 
depress the appetite and growth of chicks (8, 11, 12, 13). 
Higher levels of rye in the diet decrease u t i l i z a t i o n . Although 
t h e literature contains many reports on feeding rye to swine and 
poultry, there are r e l a t i v e l y few on the effects of rye on rumi
nants. 

The implication of âlkylresorcinals in the low feeding 
quality of rye (8) has been largely disproved (14,15). Protein 
supplementation studies (16) revealed that rye diets supplemented 
with low levels of low-quality protein accentuated the detrimen
t a l effects of feeding rye while supplementation with high levels 
of high-quality protein greatly reduced the effects of feeding 
rye grain. Addition of various m i l l i n g fractions of rye to chick 
diets showed that the growth-depressing factor was distributed 
throughout a l l such fractions of the grain (14). In addition, 
the growth depression coul
the rye (17). Water extractio
wet-feces problem associated with feeding rye to chicks. 

Reduced nitrogen retention was reported when chicks were 
fed rye diets (18). Supplementation of those diets with amino 
acids increased the retention of only the supplemented amino 
acids and not those contributed by the rye. These observations 
are compatible with the trypsin inhibitor hypothesis of other 
researchers (9,10). On the other hand, examination of the d i f 
ferences between endosperm and embryo and trypsin inhibitors of 
barley, wheat, and rye has revealed that, in contrast to certain 
trypsin inhibitors from leguminous seeds, those from the cereal 
grains appeared to be r e l a t i v e l y weak, nonstoichiometric i n h i b i 
tors of trypsin (19). 

Although protein efficiency indices (PEI) calculated from 
animal feeding t r i a l s (20) do give an estimate of the b i o a v a i l 
a b i l i t y of proteins, they represent an integration of many fac
tors working individually or in combination. It is possible that 
other factors such as crosslinking of proteins, amino acid b a l 
ance or protein-carbohydrate interactions are much more important 
in producing the adverse effects of rye grain than is trypsin 
in h i b i t o r . 

Rye-type growth depression in chicks fed pectin has been 
reported (21). Significant levels of pectin were reported to be 
present in rye grain (22) (as high as 8%). In our laboratory no 
pectin (as polygalacturonic acid) could be detected in rye grain. 

Antibiotics have been shown to alleviate the effects of 
feeding rye to some extent (11,12,17,18,23). These observations 
led to the postulation that rye in the diet stimulated the pro
l i f e r a t i o n of an adverse microflora in the gut. This is further 
substantiated by an adaptive response in chicks fed rye (24). 

Rye does contain a significant amount of a polysaccharide 
(Table I) composed mostly of two pentose sugars, arabinose and 
xylose. This polysaccharide constitutes about 6 to 9% of the 
grain by weight and can be separated into a water-soluble and a 
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water-insoluble fraction. These polysaccharide levels are of the 
same order as those previously determined as pectin (22). Both 
fractions have been isolated and substituted into diets of a 
wheat base (25). The detrimental effects of feeding rye were 
observed when either of the s o l u b i l i t y fractions were fed. Both 
fractions of rye polysaccharide were more powerful inhibitors of 
chick growth than were alternative polysaccharides used by other 
researchers (26). The polysaccharides of rye, often referred to 
as pentosans, were similar to those of wheat flour in composition 
and have been studied mainly with respect to effects in the 
breadmaking process. The polysaccharides of rye are highly 
hygroscopic (27), produce viscous solutions, and should be stud
ied further to determine their mode of action, composition, and 
nutrient-binding properties. 

Table I. Pentosan"1" levels of rye  wheat  and t r i t i c a l e 

% 
Crop Cultivar Pent Crop Cultivar Pent Crop Cultivar Pent 

Rye Frontier 6.0 Wheat Neepawa 5.9 T r i t i  Welsh 6.5 
Cougar 6.4 Leader 5.9 cale Carman 5.8 
Puma 6.6 Norstar 4.8 Mapache 5.6 
Kodiak 9.6 Lemhi 4.8 Mean 6.0 
Musketeer 5.7 P i t i c 5.9 
Mean 6.9 Glenlea 

NB 320 
Norquay 
Mean 

5.3 
5.7 
5.5 
5.5 

+Pentosan was determined by the method of Dische and Borenfreund 
(28) on grains grown at Swift Current, 1981 

Generally, there are higher levels of pentosans in rye than 
in wheat as shown in Table II. T r i t i c a l e , a hybrid of wheat and 
rye, has pentosan levels intermediate to the parental species. 
The arabino-xylan fractions of the water-soluble polysaccharides 
of wheat and rye have been examined (27). In general, the molec
ular weight of rye pentosans was considerably higher than that of 
wheat pentosans but component sugar ratios were similar. The 
component sugars of the pentosans were determined (27) by the 
formation of a l d i t o l acetates and gas chromatography (29). The 
sample was f i r s t hydrolyzed in IN H2SO4 for 4 hr at 100°C, which 
is r e l a t i v e l y strong acid hydrolysis. In forage, i t has been 
shown that hydrolysis with dilute acid can release arabinose from 
the hemicellulose fraction while leaving xylose polymerized. An 
experiment was set up to determine i f arabinose could be released 
from rye pentosans by gentle hydrolysis and to test the p o s s i b i l 
i t y of nonenzymatic browning at physiologic temperatures using 
sugar-lysine solutions. 

Rye pentosans were extracted by the method of Medcalf _ejt 
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a l . (27). Samples of the pentosans were hydrolyzed in 2 ml of 
.05 Ν H2SO4 for 1 hr at 99°C. After hydrolysis the solution was 
neutralized with Na2HP04 and prepared for gas chromatography. 
Chromatography indicated that arabinose had been released from 
the polysaccharide but almost no xylose was detected. This is 
similar to results reported by Burdick and Sullivan (30), that 
arabinofuranoside linkages are much more easily cleaved than the 
pyranoside linkage of the main xylan chain. 

Many studies of nonenzymatic browning have been carried out 
using model systems of monosaccharides and amino acids. Given 
the ease of release of arabinose from the pentosan, there is the 
po s s i b i l i t y that Maillard reactions could take place i f the tem
perature is appropriate. 

Four sugar-lysine solutions were prepared and heated in a 
water bath. In addition, a pentosan-lysine solution and the pen
tosan, lysine, and sugar

Table II. Rating y (browning)
sugar- lysine solutions were heated for 1 hr 

Temp. 
C O 

Lysine mixed with Single compounds Temp. 
C O Glu Ara Xyl Gal Pent Glu Ara Xyl Gal Pent Lys 

92 ++++ ++++ ++++ ++++ + _ _ - _ + -
78 +++ ++++ ++++ +++ + - - - - + -
60 + ++ ++ + + - - - - + -
40 + + - - - - - -

The pentose sugars gave more intense browning and exhibited 
browning reactions with lysine at lower temperatures than did the 
hexoses (Table II). Maillard (31) observed browning reaction 
between glycine and xylose at temperatures of 40 and 34°C when 
the aqueous mixtures were incubated for 20 hr, while glycine-
glucose solutions required more extended periods of time to give 
browning. In the present study, we were able to detect browning 
when either xylose or arabinose were incubated at 40°C for 1 hr 
while higher temperatures were necessary to cause noticeable 
browning with glucose- or galactose-lysine solutions heated for 
1 hr. The pentosan color development occurred in the presence or 
absence of lysine (Table II) only at 60°C or above and may be 
ref l e c t i v e of reactions other than those of the Maillard type. 
On the other hand, i t is conceivable that there may have been 
some protein or other nitrogenous compounds present in the pento
san which did undergo Maillard reactions. The demonstrations of 
Maillard (31) that browning reactions could occur at physiologi
cal temperatures, and the results reported in this presentation, 
suggest that nutritional alterations due to Mai Hard-type reac
tions may be much more prevalent than is generally considered, 
for food- and feedstuffs not subjected to extensive processing. 
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Nutritive Value of Fibrous Feed Materials in Relation to Process
ing 

In the 1940 's Pirie (32) suggested that protein extracted 
from a l f a l f a could represent a potential protein source for mono-
gastric animals, including humans. Further development of this 
concept into a commercial process was undertaken in several coun
t r i e s and i t is expected that further development in this area 
w i l l occur. It i s , however, beyond the scope of this presenta
tion to cover this subject; the reader is referred to Bickoff, e_t 
al_. (33) and P i r i e (34) for more detailed treatment. 

Feedstuffs containing r e l a t i v e l y high levels of fibre, such 
as forages and cereal crop residues, have t r a d i t i o n a l l y been con
sidered as feeds for ruminant species. It was usually assumed 
under accepted production schemes that the rumen microbial activ
i t y would supply sufficient quantitie f microbial amin  acid
to the lower digestiv
was supplied. As productio
i v i t y of the ruminant, particularly the dairy cow, increased, i t 
was realized that a limiting factor in production was the supply 
of amino acids reaching the lower digestive tract ( 35 ,36 ) . This 
supply of amino acids, however, represents a combination of both 
microbial protein and feed protein. Since the rumen microbial 
protein has a biological value of about 55 to 70%, the feeding of 
a protein with a higher biological value than that of the micro
b i a l protein w i l l be of value only i f the feed protein is not ex
tensively degraded in the rumen and used to resynthesize micro
b i a l protein of lower biolo g i c a l value. Several processing 
methods have been employed to reduce the degradability of high 
b i o l o g i c a l value proteins in the rumen. Descriptions of these 
processes and the alterations in nutritive value accompanying the 
treatments have been reviewed in de t a i l earlier ( 3 7 , 38 , 39 , 40 ) . 

Effects of Heat Treatment on A l f a l f a 
Previously i t was reported (41) that dry heating of a l f a l f a 

at 105°C for up to 1440 min resulted in a reduction of rn v i t r o 
organic matter d i g e s t i b i l i t y (IVOMD) by rumen microbes. Increas
es in Acid Detergent Insoluble Ν (ADIN) and Neutral Detergent 
Fibre (NDF) were also observed. For the convenience of the 
reader these data have been included with more recent observa
tions in this study. 

As shown in Table III, NDF, suggested to represent the 
hemicellulose-cellulose-lignin fraction of the plant c e l l (45), 
increased at 480 and 1440 min of heating, while ADF, representing 
cellulose + l i g n i n ( 4 5 ) , did not. This resulted in an increase 
in the hemicellulose fraction of a l f a l f a from 7.1% to 12.2%. No 
significant changes in either cellulose or lignin occurred. The 
effect of heat treatment therefore appeared to be primarily an 
increase in the hemicellulose component of NDF, although i t must 
be realized that the term "hemicellulose 1 1 represents a fraction 
obtained by difference which may contain compounds other than 
hemicellulose. 
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Table III. Alterations in a l f a l f a fraction following heating 

Fraction (%) 
Time of heating (min) at 105°C 

Fraction (%) 0 10 30 60 120 240 480 1440 

NDF1 35.3 35.3 35.1 35.5 35.8 35.1 37.5 40.6 
ADF2 28.2 28.7 28.3 28.5 29.1 28.5 29.2 28.4 
Hemicellulose^ 7.1 6.6 6.8 7.0 6.7 6.6 8.3 12.2 
Cellulose^ 27.0 27.1 27.4 27.9 27.7 27.6 27.6 27.4 
Lignin^ 1.0 1.6 0.9 0.6 1.4 0.9 1.6 1.0 

Neutral Detergent Fibre (42) 
•Acid Detergent Fibre (43) 
lNDF minus ADF 
By methods of Crampton and Maynard (44) 
'ADF minus cellulose 

Examination of the partition of Ν in the fibre fractions 
(Table IV) shows a slight decrease in total Ν at the two longest 
heating times. ADIN showed a gradual increase as the duration of 
heating increased, as was shown (46,47,48,49) with increasing 
heat damage to a l f a l f a . This i s more obvious when the ratios of 
ADIN to total Ν are calculated and shows about a 50% increase in 
ADIN at the longest duration of heating. NDIN increased more 
rapidly than did ADIN following heating and also to a much great
er extent, particularly at the longest duration (Table IV) of 
heating. The ratio of ADIN to NDIN (Table IV) also indicated 
that before heating almost a l l of the fibre Ν (94.1%) was associ
ated with ADF (ligno-cellulose) while after 1440 min of heating, 
58.3% of the fibre Ν was associated with hemicellulose. The 
amount of insoluble protein increase in the hemicellulose frac
tion from t = 0 to t = 1440 can be calculated as: 
NDINi44Q - NDINQ = Increased NDIN (Kjeldahl conversion factor) = 

% Insoluble Protein Increase, or 
1.20 - 0.34 = 0.86 X 6.25 = 5.38% 

From Table III the NDF fraction increased from 35.3% to 40.6%, 
i.e. , by 5.3%, which is v i r t u a l l y identical to the calculated 
increase in insoluble protein. These data suggest that the 
increase in NDF caused by heating was a result of protein associ
ation with the hemicellulose fraction. Several authors (35,45) 
suggested that Maillard reactions might cause binding of the pro
tein to indigestible carbohydrate fractions of the c e l l wall 
while the proposal that a fraction of hemicellulose is associated 
with protein (47) is also consistent with the observations of 
Tables III and IV. 

In v i t r o rumen fermentation of the heated a l f a l f a s showed 
(Table V) a decrease in organic matter d i g e s t i b i l i t y (OMD) which 
was of the same order of magnitude as the increase in NDIN, sug
gesting that the NDIN fraction was resistant to microbial attack 
at rumen pH (6.9). The addition of HCl-pepsin to give a pH of 
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T a b l e IV. P a r t i t i o n o f Ν i n a l f a l f a s u b j e c t e d to h e a t i n g 

Time o f heating (min) at 105°C 
(%) 0 10 30 60 120 240 480 1440 

Total Ν 2.85 2.89 2.85 2.85 2.85 2.85 2.75 2.75 
ADIN1 0.32 0.29 0.32 0.37 0.37 0.39 0.44 0.50 
ADIN/N t Q t 11.2 10.0 11.2 13.0 13.0 13.7 16.0 18.2 
NDINZ 0.34 0.48 0.64 0.64 0.70 0.74 0.82 1.20 
NDIN/N t o t 11.9 16.6 22.5 22.5 24.6 26.0 29.8 43.6 
ADIN/NDIN 94.1 60.2 49.8 57.8 52.8 52.7 53.7 41.7 

•'•Acid Detergent Insoluble Ν 
^Neutral Detergent Insoluble Ν 
1.3 resulted in an increase in organic matter d i g e s t i b i l i t y 
(OMDP) over that cause
organic matter solubilize
tion of heating of the a l f a l f a increased; this suggested that a 
large proportion of the increase in the NDIN fraction observed 
e a r l i e r (Table IV) constituted material solubilized by the acid-
pepsin solution. 

In v i t r o Nitrogen D i g e s t i b i l i t y (ND) decreased with i n 
creased heating of the a l f a l f a (Table V) when the microbial 
degradation was considered. This observation is consistent with 
those of previous workers (46,48,49), who observed decreases in 
ruminant digestion of a l f a l f a following heat treatment. Pepsin-
HCl digestion removed 62.9% of the Ν l e f t in the residue follow
ing microbial digestion, for unheated a l f a l f a , and this propor
tion decreased when the a l f a l f a was heated for 30 minutes or more 
(Table V). Total in v i t r o Ν d i g e s t i b i l i t y therefore decreased as 
the duration of heating increased, even though the OMDP did not 
indicate this to be the case. E a r l i e r studies (43,47) demon
strated that the s o l u b i l i t y of hemicellulose increased markedly 
following treatment of plant tissue with proteolytic enzymes. 
The present data indicate that this s o l u b i l i t y in HCl-pepsin may 
be a factor which masked differences in nutritive value caused by 
excessive heating when the in v i t r o OMDP was used for assessment. 

Table V. In vi t r o rumen fermentation of heated a l f a l f a 

Component Time of heating (min) at 105°C 
(%) 0 10 30 60 120 240 480 1440 

OMD 58.7 58.5 56.6 58.2 57.2 56.2 56.5 54.9 
OMDP 65.6 66.8 65.9 67.2 65.8 66.5 66.2 65.8 
OMSP 6.9 8.3 9.3 9.0 8.6 10.3 9.7 10.9 

ND (% total N) 71.2 71.6 68.4 69.8 68.4 67.7 66.5 62.2 
NDP (% res. N) 62.9 62.4 51.1 53.5 51.1 53.9 52.8 49.4 
Total ND 89.3 89.3 84.6 86.0 84.6 85.1 84.2 80.9 
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At the present time the actual mechanisms by which the 
d i g e s t i b i l i t y of the protein was reduced have not been elucidat
ed. As already noted, a number of workers have suggested that 
Maillard reactions may cause binding of the protein to indigest
ib l e carbohydrates in the c e l l wall (35,45), while available Ν 
may also be reduced substantially through several crosslinking 
reactions (37,38) or through interactions with other plant com
ponents (40). In ea r l i e r studies (41,50) cellulose did not 
appear to react with casein, egg, or soy proteins to cause de
creases in nutritive value upon heating, which is consistent with 
the results of the present study showing no changes in cellulose 
content with heating (Table I I I ) . The increase i n ADIN, however, 
suggests that there was binding of Ν by components of this fibre 
fraction, perhaps to a variety of carbohydrate and/or noncarbohy-
drate compounds. As well, the increase in NDIN indicated that 
protein interaction wit
occurred rapidly and t
Chemical Treatment Effects on Fibrous Feeds 

Processing of highly fibrous feeds to improve the n u t r i 
tional value of these materials for ruminants has been practiced 
since the beginning of the 20th century. The Beckmann (51) pro
cedure has been used in Europe u n t i l very recently; this process 
involved soaking straw with NaOH to improve cellulose d i g e s t i b i l 
i t y . A number of other procedures to improve the d i g e s t i b i l i t y 
of the fibre fraction of roughages have been developed more 
recently. These include ammoniation, refined NaOH procedures, 
steaming, and other treatments, which have been reviewed by sev
eral authors (52,53). Several of these treatments have been 
developed into commercial processes in Europe and North America. 
The primary effect of treatment of roughages to improve d i g e s t i 
b i l i t y for ruminants is to provide a more readily available 
source of energy for some phase of production. With roughages, 
a strong positive correlation exists between d i g e s t i b i l i t y and 
intake, however, so that by increasing d i g e s t i b i l i t y of rough
ages an increase in intake w i l l also occur and the available 
energy to the animal (and thus production) is l i k e l y to be great
er than would be expected from the increase in d i g e s t i b i l i t y . In 
order to achieve acceptable levels of production, however, other 
nutrient deficiencies, especially that of N, must be corrected. 
Ammoniation has been chosen as a method of choice for treatment 
of crop residues and other low-quality roughage in Western Cana
da, since i t does not result in any increase in cation return to 
the land in manure, is readily available commercially for on-farm 
use, and also may supply a large part of the Ν d e f i c i t in low-
quality roughages (54). 

Very limited information exists on the actual mechanism(s) 
by which ammonia or NaOH exert their effects on low-quality for
ages, although the mechanisms are thought to be similar to those 
proposed by Tarkow and Feist (55) for hardwoods, involving both 
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chemical and physical changes, which w i l l be further discussed in 
a later section. 

Following treatment of barley straw with 5% NaOH, Is r a e l -
sen, et^ a l . (56) observed a decrease in NDF of 14.6 percentage 
units, while Braman and Abe (57) found the ADF fraction of wheat 
straw decreased by 5.7 units following NaOH treatment. Rexen 
(58) showed a substantial decrease in ADF of barley straw follow
ing NaOH treatment, but no effect of NaOH on rice straw. Itoh, 
et a l . (59) observed significant decreases in NDF of ammoniated 
rice straw, rice h u l l s , and orchard hay. Treatment with 3.5% 
ammonia (Table VI) considerably decreased NDF for both chaff and 
straw, while ADF showed l i t t l e change. Cellulose and lignin con
tents similarly changed only to a minor extent following ammonia
tion, with the major change in the fibre fraction appearing to be 
a decrease in hemicellulose. A substantial increase in both Ν 
content and in_ v i t r o OM
ear l i e r study, Kernan ^
the ADIN content of wheat straw and increased that of sweet clov
er hay by 25%, and these workers proposed that a Mai Hard-type 
reaction between ammonia and some component of the c e l l wall ear-
bohydrate fraction would account for the increase in ADIN. 

Table VI. Effects of 3.5% anhydrous NH3 on crop residue 

% Straw Straw + NH3 Chaff Chaff + NH3 

Ν 0.54 1.40 0.62 1.96 
NDF 78.8 73.8 70.7 65.6 
ADF 47.9 47.7 37.9 38.3 
Hemicellulose 30.9 26.1 32.8 27.3 
Cellulose 41.1 41.9 34.3 35.5 
Lignin 6.8 5.8 3.6 2.8 
In v i t r o OMD 38.8 53.7 47.8 60.0 

Following ammoniation of wheat straw or chaff, or crested 
wheatgrass or A l t a i wild ryegrass hays (Table VII), increases in 
NDIN and ADIN were observed. In a l l of the untreated roughages 
the NDIN represented 30% or more of total N, which decreased as a 
percentage of Ν following ammoniation even though the absolute 
amount of NDIN increased. Of the Ν absorbed by the feedstuff 
after ammoniation the major proportion was present in the non-
fibre fraction of the c e l l . Except for untreated wheat straw, 
50% or more of NDIN was present in hemicellulose (Table VII) as 
indicated by the ratio of ADIN to NDIN. A significant decrease 
in hemicellulose content of both straw and chaff occurred follow
ing ammoniation, which suggests that the amount of Ν taken up by 
hemicellulose was greater per unit of weight than is apparent 
when the results are expressed as a proportion of total sample 
weight. 

It is possible that Ν associated with both NDF and ADF may 
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Table VII. Ammoniation effects on roughage Ν (%) distribution 

NDIN ADIN ADIN 
Roughage Ν NDIN ADIN Ν Ν NDIN x 1 0 0 

Wheat straw 
Untreated 0.54 0.20 0.12 37.0 22.2 60.0 
+NH3 1.28 0.32 0.16 25.0 12.5 50.0 

Wheat chaff 
Untreated 0.68 0.24 0.10 35.3 14.7 41.7 
+NH3 1.64 0.34 0.16 20.7 9.8 47.1 

Crested wheatgrass 
Untreated 0.60 0.20 0.08 33.3 13.3 40.0 
+NH3 1.3

A l t a i wild ryegrass 
Untreated 0.76 0.24 0.10 31.6 13.2 35.3 
+NH3 1.48 0.42 0.16 28.4 10.8 38.1 

have been removed during the extraction procedures for these 
fractions. In view of the decrease in hemicellulose content of 
both roughages a substantial proportion of the Ν determined as 
soluble Ν may have, in fact, been associated with hemicellulose; 
this should be investigated further. 

In vivo d i g e s t i b i l i t y data obtained with sheep using 75% 
straw and 25% oats (Table VIII) show that ammoniation increased 
the d i g e s t i b i l i t i e s of a l l ration components measured. In the 
fibre fraction a l l components were increased in approximately the 
same order of magnitude in d i g e s t i b i l i t y . In addition, hemicell
ulose was somewhat higher in d i g e s t i b i l i t y than cellulose both 
before and after ammoniation. Of considerable interest would be 
information regarding the forms and a v a i l a b i l i t y of Ν to the 
animal from both untreated and treated straw. The apparent 
d i g e s t i b i l i t y of Ν increased following ammoniation but this 
increase was not as pronounced as would have been expected from 
the increase in Ν content (Table VII), which was presumably in a 
readily available form since i t was not associated with the fibre 
fraction. Abidin and Kempton (64) recently reported that 65% of 
the Ν in ammoniated barley straw was potentially degradable in 
the rumen, which is of the same order of magnitude as the results 
of Table VIII. 

Intake of digestible organic matter and digestible energy 
increased about 50% following ammoniation, while digestible Ν 
intake increased more than twofold (Table IX), showing that 
ammoniation increased the nutritive value of straw markedly for 
the ruminant. The increase in intake of ammoniated roughages, 
which has been consistently observed in our studies, has been 
considerably greater than increases in d i g e s t i b i l i t y caused by 
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Table VIII. Straw component d i g e s t i b i l i t y response to 
ammoniation 

Treatment 
D i g e s t i b i l i t y of: Untreated +NH3 

Ν 52.8 57.8 
Energy 59.8 64.2 
OM 62.4 67.2 
NDF 57.7 66.0 
ADF 53.6 62.2 
Cellulose 61.3 68.9 
Hemicellulose 64.0 72.9 

ammoniation. This observation indicates that a major effect of 
ammoniation has been t
fraction to microbial
of digestion to a greater extent than the amount of d i g e s t i b i l 
i t y . However, a number of fundamental questions remain regarding 
the basic mechanisms of action of ammonia (or other treatments) 
on the fibre fraction, and the effects upon the a v a i l a b i l i t i e s of 
the native protein (N) and carbohydrate fractions. 

Table IX. Intake of digestible components of straw following 
ammoniation 

Intake 1 of: 
Treatment 

Intake 1 of: Untreated +NH3 

Digestible Ν 0.39 0.90 
Digestible energy 180 265 
Digestible organic matter 40.6 59.9 

xg of Kcal/kg 7 5 

Proposal for Some Nitrogen-Carbohydrate Interactions in Cereal 

In view of the extreme complexity of molecular species com
prising plant c e l l s , obviously any model or explanation for n i 
trogen (protein) interactions with carbohydrates must be extreme
ly simplistic in relation to total events occurring in the plant 
c e l l , either following any form of processing or in relation to 
reactions occurring under "natural" conditions. For the purposes 
of attempting to derive a useful working hypothesis for studies 
of nutritive value in cereal grains such as rye, for low-quality 
roughage evaluation, and for developing techniques for improve
ment of nutritive value, the diagrammatic structure for the 
interaction of the hemicellulose fraction with nitrogenous mater
ia l s such as protein or ammonia has been adopted from the o r i g i n 
a l proposal of Tarkow and Feist ( 5 4 ) , and is shown in Figure 1. 
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Figure 1. Λ simplified model for plant fiber interactions. 

Hemicellulose may be considered as a polymer of pentosans 
although a number of hexoses and other materials are usually pre
sent also. The simple structure can be represented by a xylan 
chain, with side chains of several sugars but with arabinose 
prominent. The arabinose units may be bonded to other compounds 
(R, e.g., lignin) by ester linkages with these bonds acting as 
crosslinks to limit swelling or dispersion of the polymer seg
ments in water ( 5 4 ) . There may also be free carbonyl groups as 
shown i n Figure 1, which could react with protein in amide or 
Mai Hard-type reactions. In Figure 1, for simplicity, the car-
bonyls shown are carboxyl groups which would undergo reaction to 
produce amide linkages with protein. However, there are undoubt
edly arabinose and other monosaccharide residues present as 
branches of the xylan chain which would have aldehyde or keto end 
groups available for c l a s s i c a l Maillard reactions. While we have 
not established that this is indeed the case, the evidence of 
increased Ν association with hemicellulose following heat treat
ment is strongly suggestive. Other authors (46,48,49) have 
demonstrated the occurrence of the Maillard reaction in forages, 
although there is considerable controversy over the exact molec
ular species reacting. 

From this type of schematic representation i t would be 
expected that a more highly branched xylan chain would give more 
potential for reaction of the arabinose residues, either through 
crosslink formation or by Mai Hard-type reactions. Indirect 
evidence supporting this concept can be derived from pentosan 
analysis of the hemicellulose fraction of grasses and legumes. 
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A l f a l f a hemicellulose has been observed (61) to contain an arabi
nose :xylose ratio of about 1:5.5, indicating that the hemicellu
lose is not highly branched. In grass species, the ratio has 
been observed to be in the order of 1:2.6 (62) for grass-alfalfa 
mixtures, but closer to unity for grasses (63). These data i n d i 
cate that the hemicelluloses of grasses are more highly branched, 
and perhaps crosslinked, than is that of a l f a l f a , which is con
sistent with the observation (60) that ammoniation response is 
much greater with grasses than with a l f a l f a . 

That l i g n i n is intimately involved in the s u s c e p t i b i l i t y 
of these structural carbohydrates to degradation is well docu
mented. Considerable available evidence (65,66,67) indicates 
that the ester linkages between lignin and hemicellulose are 
major factors in this process. The involvement of proteins is 
less well defined, although earlier studies (46,47) demonstrated 
the close relationship
ages. In a number of studie
tion of l i g n i n could have included a substantial amount of a r t i 
fact l i g n i n , which has been suggested (47) to result from Mail-
lard reactions and be unavailable as a source of amino acids to 
the animal. 

The evidence of increases in NDIN and ADIN in heated a l f a l 
fa suggests that Mai Hard-type phenomena and l i k e l y other reac
tions are involved in the decrease in a v a i l a b i l i t y of Ν occurring 
following heat damage. The effects of ammonia in breaking ester 
linkages and thus increasing s u s c e p t i b i l i t y of fibrous fractions 
to bacterial attack is well documented, but whether this, in 
turn, may render native proteins more available is not known. 
Furthermore, evidence from studies of rye suggests that the hemi
cellulose (pentosan) fraction of rye grain is involved in effects 
upon amino acid a v a i l a b i l i t y and in intake and d i g e s t i b i l i t y of 
the grain by monogastric animals. 

While Maillard reactions may represent only a portion of 
the interactions responsible for alterations in nutritive value 
of plant materials, the recognition that such reaction may occur 
at temperatures that can be considered as physiological in plants 
raises a considerably wider spectrum of p o s s i b i l i t i e s for a l t e r a 
tions in nutritive value of feed- and foodstuffs than has gener
a l l y been assumed. As pressure for increased production e f f i 
ciency of animals and increased use of nonconventional nutrient 
sources increases, the effects of processing upon nutritive value 
of these materials w i l l be studied in greater d e t a i l . 

Conclusions 
1. The hemicellulose (pentosan) fraction of rye grain appears to 

be intimately involved in poor feeding value of rye, perhaps 
as a result of naturally occurring Maillard reactions. 

2. Heat treatment of a l f a l f a results in increases in protein 
content of the fibre fraction of the feed. Associated with 
this increase is a decrease in in v i t r o d i g e s t i b i l i t y of OM 
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by rumen microbes, and reductions in both ruminai and HC1-
pepsin digestion of Ν in v i t r o . 

3. Ammoniation of low-quality roughages generally reduces the 
NDF content of the roughage while having lesser effects upon 
ADF or li g n i n . These changes are associated with increased 
d i g e s t i b i l i t y and intakes of treated roughages by sheep. 

4. The hemicellulose fraction of diverse plant feedstuffs 
appears to be of considerable importance in determining 
n u t r i t i o n a l value and response to processing. 
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Effect of the Maillard Browning Reaction on the 
Nutritive Value of Breads and Pizza Crusts 

C. C. TSEN, P. R. K. REDDY, and S. K. EL-SAMAHY 
Kansas State University, Department of Grain Science and Industry, 
Manhattan, KA 66506 

C. W. GEHRKE 
University of Missouri, Experimen
Columbia, MO 65211 

Bread is an excellent staple supplying key nutri
ents: carbohydrate, protein, minerals and vita
mins. The Maillard browning reaction could signif
icantly reduce the nutritive value of bread when 
baked or toasted. Conventional baking produced a 
much darker bread crust and crumb than microwave 
baking or steaming. Rat-feeding tests demonstrated 
that protein efficiency ratios (PERs) of breads 
were significantly improved by substituting steam
ing or microwave baking for conventional baking. 
Toasting bread reduces the PER from 0.90 to 0.32. 
Significant differences in PER were found between 
fermented doughs before and after baking, and be
tween bread crust and crumb. The high-temperature, 
short-time baking process used in balady bread and 
pizza crust reduced their nutritive value s ignif i 
cantly. The nutritive loss in bread and pizza 
crust was largely due to the destruction of lysine 
in those products; to a lesser extent baking 
caused the lysine to become unavailable. 

Bread , i n v a r i o u s f o rms , i s t he most popu l a r s t a p l e i n 
the w o r l d . I t i s p repared from fermented dough made m a i n l y 
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of wheat f l o u r . Wheat f l o u r , l i k e o t h e r c e r e a l f l o u r s , i s 
low i n l y s i n e . The M a i l l a r d browning r e a c t i o n induced by 
bak ing or t o a s t i n g can aggravate the l y s i n e d e f i c i e n c y and 
reduce the n u t r i t i v e v a l ue o f b r ead . 

L y s i n e i s an e s s e n t i a l amino a c i d i n human n u t r i t i o n . 
A l though peop le i n developed n a t i o n s most o f t e n o b t a i n l y s i n e 
from foods o t h e r than b read , the n u t r i t i v e v a l ue p rov ided by 
l y s i n e i n bread i s h i g h l y impo r tan t t o the m a j o r i t y o f peop le 
l i v i n g i n d e v e l o p i n g n a t i o n s . Th i s paper r e p o r t s e f f e c t s o f 
bak ing or t o a s t i n g on the n u t r i t i v e v a l u e o f breads and 
r e l a t e d p roduc t s such as p i z z a c r u s t s . 

E f f e c t s o f Conven t i ona l B a k i n g , Microwave Bak ing and Steaming 

Browning o f b read s , as induced by b a k i n g , i s a complex 
p roces s c o n s i s t i n g m a i n l
f l o u r s t a r c h or o t h e r c a rbohyd ra te
o t h e r p r o t e i n - r i c h a d d i t i v e s , and the c a r a m e l i z a t i o n o f sugar 
and o t h e r c a r b o h y d r a t e s . 

A number o f e a r l y i n v e s t i g a t o r s , n o t a b l y Rosenberg and 
Rohdenburgh (_]_, 2), Rosenberg, e t aj_. (3J, C l a r k e and Kennedy 
(4·), E r i c s o n , e t aj_. Hu t ch i n s on , e t ajk (6), Jansen and 
Eh le {7)9 and Jan sen , e t aj_. (8), have shown t h a t l y s i n e i s 
the l i m i t i n g amino a c i d i n b r e a d , and t h a t bak ing can a gg r a 
va te the l y s i n e d e f i c i e n c y i n b r ead . S ab i s t on and Kennedy 
(9) found t h a t the p r o t e i n e f f i c i e n c y o f a l l the breads was 
a p p r o x i m a t e l y 20% l e s s than t h a t of t h e i r unbaked i n g r e d i e n t s . 
G o t t h o l d and Kennedy (10) showed the p r o t e i n q u a l i t y o f steamed 
bread was s u p e r i o r t o t h a t o f c o n v e n t i o n a l l y baked b r ead . A l l 
the se s t u d i e s p o i n t out the d e l e t e r i o u s e f f e c t o f the browning 
on the n u t r i t i v e v a l u e o f b r e a d . 

Tsen, e t a l . (11) found t h a t the n u t r i t i v e v a l u e , as 
expres sed i n p r o t e i n e f f i c i e n c y r a t i o (PER) , o f bread was 
i n c r e a s e d s i g n i f i c a n t l y i f bread was baked w i t h microwave 
energy o r s teaming i n s t e a d o f c o n v e n t i o n a l b a k i n g . Microwave 
bak ing or steaming d i d not brown the bread c r u s t ; a c c o r d i n g l y , 
l e s s browning t ake s p l a c e by these p roces se s than conven 
t i o n a l b a k i n g . As shown i n Tab le I, r a t s f ed c o n v e n t i o n a l 
bread d i e t ga ined o n l y 22.2 g compared w i t h 40.5 g or 41.0 g by 
those fed steamed bread o r microwave-baked bread d i e t . Only 7.6 
or 7.3 g, r e s p e c t i v e l y , o f steamed bread o r microwave-baked bread 
produced the same ga i n i n we ight by r a t s as 11.5 g o f c o n v e n t i o n 
a l l y baked b r ead . The feed c o n v e r s i o n r a t i o s i n d i c a t e c l e a r l y 
t h a t a g r e a t dea l o f wheat bread o r f l o u r can be saved by m o d i f y 
ing c o n v e n t i o n a l bak ing p r o c e s s i n g or by r e p l a c i n g i t w i t h 
microwave bak ing or s teaming . 

P r o t e i n e f f i c i e n c y r a t i o s o f c o n v e n t i o n a l l y baked, 
mic rowave-baked, and steamed b read s , p re sen ted i n Tab le I I , 
were 0.79, 1.20, and 1.25, r e s p e c t i v e l y . The s i g n i f i c a n t l y 
lower PER o f c o n v e n t i o n a l l y baked breads i n d i c a t e s t h a t more 
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Tab le I. Weight g a i n , f eed i n t a k e , and feed c o n v e r s i o n r a t i o 
r a t s f e d i n d i c a t e d bread d i e t s 28 days 

Weight g a i n Feed i n t a k e Feed c o n 

3 Κ (mean c±SEM) (mean c ±SEM) v e r s i o n 
B r e a d 3 ' 0 i n d i e t 

88% WF + 12% SF(S) 111 .5±5.9A 4 6 9 . 0 H 5 . 8 A 4.2 
88% WF + 12% SF(M) 109.0±9.1A 435.3+22.1AB 4 .0 
WF + 0.2% L (S ) 102.0±4.8AB 440.2±13.3AB 4.3 
WF + 0.2% L(M) 94.2+5.6B 422.5+14.3B 4.5 
Ca se in ( c o n t r o l ) 79.2±4.2C 288.7±10.7E 3.6 
WF + 0.2% L(C) 61.7+4.6D 363 . 7H3 . 8C 5.9 
88% WF + 12% SF(C) 49.3+1.2E 328.3±12.3D 6.6 
WF(M) 41 .0±4 .0E 297.3+19.5DE 7.3 
WF(S) 40 .5±2 .3E 308.7±20.6DE 7.6 
WF(C) 22 .2±1.1F 254.3±12.1 11.5 

aWF, WF + 0.2% L, and 88% WF + 12% SF i n d i c a t e breads prepared 
f rom wheat f l o u r , wheat f l o u r f o r t i f i e d w i t h 0.2% L - l y s i n e 
monohyd roch l o r i de , and wheat f l o u r f o r t i f i e d w i t h 12% soy f l o u r 
(88% p a r t s wheat f l o u r and 12 p a r t s d e f a t t e d soy f l o u r ) , 
r e s p e c t i v e l y . 

( C ) , (M), and ( S ) : Conven t i ona l b a k i n g , microwave b a k i n g , and 
s teaming , r e s p e c t i v e l y . 

c D u n c a n ' s M u l t i p l e Range Tes t ( 1955 ) : Means w i t hou t a l e t t e r i n 
common d i f f e r s i g n i f i c a n t l y (p < 0 . 0 5 ) . 
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Tab le I I . P r o t e i n e f f i c i e n c y r a t i o s o f 
b r e a d - d i e t s f ed r a t s 28 days 

A d j u s t e d 
Bread i n d i e t (mean±SEM) PER 

Ca se i n ( c o n t r o l
88% WF + 12% SF(M) 2.47±0.09C 2.25 
88% WF + 12% SF(S) 2.36±0.05C 2.15 
WF + 0.2% L(S) 2.30+0.04CD 2.09 
WF + 0.2% L(M) 2.23±0.12D 2.03 
WF + 0.2% L(C) 1.69±0.11E 1.54 
88% WF + 12% SF(C) 1.50+0.04F 1.36 
WF(M) 1.37±0.096 1.25 
WF(S) 1.32+0.06G 1.20 
WF(C) 0.87±0 05H 0.79 

a WF, WF + 0.2% L, and 88% WF + 12% SF i n d i 
c a t e breads p repared from wheat f l o u r , 
wheat f l o u r f o r t i f i e d w i t h 0.2% L - l y s i n e 
h y d r o c h l o r i d e , and wheat f l o u r f o r t i f i e d 
w i t h 12% soy f l o u r (88% p a r t s wheat f l o u r 
and 12 p a r t s d e f a t t e d soy f l o u r ) , 
r e s p e c t i v e l y . 

k ( C ) , (M), and ( S ) : Conven t i ona l b a k i n g , 
microwave b a k i n g , and s teaming , r e s p e c t i v e l y . 

c D u n c a n ' s M u l t i p l e Range Tes t (1955) : Means 
w i t hou t a l e t t e r i n common d i f f e r s i g n i f i 
c a n t l y (p < 0 . 0 5 ) . 
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l y s i n e becomes l o s t o r l e s s a v a i l a b l e n u t r i t i o n a l l y w i t h 
c o n v e n t i o n a l bak ing than w i t h e i t h e r microwave bak ing or 
s teaming . 

From PER and net p r o t e i n r a t i o (NPR) t e s t s , P a l a m i d i s 
and Markak i s (12) l a t e r a l s o found t h a t t he PER o f bread mix 
( i n g r e d i e n t s ) o r bread mix w i t h 4% non fa t d r y m i l k (NFDM) 
were 0.75 or 1.17, as compared to 0.46 or 0.75 f o r t h e i r 
c o r r e spond i n g b read s , r e s p e c t i v e l y . The f i n d i n g s a l s o 
c l e a r l y show t h a t bak ing can damage the n u t r i t i v e q u a l i t y o f 
bread p r o t e i n s i g n i f i c a n t l y and t h a t f o r t i f i c a t i o n o f NFDM 
can r a i s e the PER o f bread mix and wheat (wh i te ) b r ead . 
T h e i r NPR va l ue s ranked the p r o t e i n q u a l i t y o f samples i n the 
same o r d e r as the PERs (Tab le I I I ) . 

L y s i n e , Soy o r M i l k F o r t i f i c a t i o n 

F o r t i f y i n g wheat f l o u
r a i s e d the PER to 1.54 or 1.36 r e s p e c t i v e l y , f o r c o n v e n t i o n 
a l l y baked b r e a d ; t o 2.09 or 2.15 f o r steamed b r e a d ; and to 
2.03 o r 2.25 f o r microwave-baked bread (Tab le I I ) . 

The marked i n c r e a s e s i n PERs w i t h l y s i n e and soy or m i l k 
f o r t i f i c a t i o n s (Tab les II and I I I ) , r e g a r d l e s s o f bak ing 
method, c o n f i r m t h a t wheat bread i s d e f i c i e n t i n l y s i n e . 
C o n v e n t i o n a l l y baked b r e a d ' s h i gh response t o l y s i n e than soy 
or m i l k f o r t i f i c a t i o n i n d i c a t e s t h a t c o n v e n t i o n a l bak ing can 
aggravate the l y s i n e d e f i c i e n c y o f wheat bread much more than 
does microwave bak ing o r s teaming . 

Comparing the N u t r i t i v e Va lues Between Fermented Doughs 
Be fo re and A f t e r Bak ing and Between Bread C ru s t and Crumb 

A l though a number o f i n v e s t i g a t o r s such as S ab i s t on and 
Kennedy (9) and P a l a m i d i s and Markak i s (12) compared the 
p r o t e i n q u a l i t y o f bread mix (a m i x t u r e o f i n g r e d i e n t s ) and 
f i n i s h e d b r e a d , the compar ison d i d not t ake dough f e r m e n t a 
t i o n i n t o c o n s i d e r a t i o n . Dur ing dough f e r m e n t a t i o n and 
p r o o f , y e a s t and a host o f enzymes, p a r t i c u l a r l y amylases 
and p r o t e a s e s , a c t on dough s t a r c h and o t h e r c a r b o h y d r a t e , 
p r o t e i n s , and l i p i d s t o produce more r e a c t a n t s f o r the 
M a i l l a r d r e a c t i o n and c a r a m e l i z a t i o n . As a r e s u l t o f the 
f e r m e n t a t i o n and p r o o f , dough volume i n c r e a s e s g r e a t l y to 
f a c i l i t a t e the browning r e a c t i o n s . A t the same t i m e , the 
dough ' s pH i s reduced because o f the p r o d u c t i o n o f carbon 
d i o x i d e and o r g a n i c a c i d s such as l a c t i c anc a c e t i c a c i d s . 
As Dworschak, e t aj_. f o u n d , t he f e r m e n t a t i o n c o u l d i n c r e a s e the 
b i o l o g i c a l v a l ue o f bread ( 1 3 ) . 

Tsen, et_ a]_. (14) have r e c e n t l y observed the d e l e t e r i o u s 
e f f e c t o f bak ing by f e e d i n g r a t w i t h d i e t s p repared from 
fermented and proofed dough be fo re and a f t e r bak ing and from 
bread c r u s t and crumb. PERs ( ad j u s t ed ) were found to be 1.34 
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and 0.92 f o r d i e t s w i t h fermented dough be fo re and a f t e r 
b a k i n g , r e s p e c t i v e l y . A s i g n i f i c a n t drop i n PER r e s u l t e d 
d i r e c t l y from b a k i n g . 

In another s tudy by Tsen e t a l . ( 1 4 ) , a s u b s t a n t i a l PER 
d i f f e r e n c e was observed between d i e t s w i t h bread c r u s t (0.36) 
and bread crumb ( 1 . 3 5 ) . P a l a m i d i s and Markak i s (12) a l s o 
found t h a t the PERs o f t h e i r bread and i t s crumb were 0.46 
and 0 . 91 , r e s p e c t i v e l y , w h i l e the c r u s t showed a n e g a t i v e 
PER, - 0 . 2 3 . Hansen, e t a l . ( 1 8 ) r e p o r t e d t h a t bread crumb and 
c r u s t had r e s p e c t i v e PERs o f 1.36 and 0.62. The d i f f e r e n c e 
i n PERs f o r bread crumb o r c r u s t r e p o r t e d by t he t h r e e 
groups o f i n v e s t i g a t o r s i s l a r g e l y due t o d i f f e r e n t raw 
m a t e r i a l s and p r o c e s s i n g c o n d i t i o n s f o r the b read s . Never 
t h e l e s s , the marked d i f f e r e n c e i n PER between bread crumb 
and c r u s t i n d i c a t e s c l e a r l y t h a t the browning r e a c t i o n can 
reduce the n u t r i t i v e

E f f e c t o f T o a s t i n g 

T o a s t i n g , l i k e b a k i n g , can reduce t h e n u t r i t i v e v a l u e 
o f b r e a d , as found by Tsen and Reddy ( 1 5 ) . In one o f t h e i r 
f e e d i n g s t u d i e s , r a t s r e c e i v i n g un toa s ted crumbs averaged 
27.5 g ga i n compared w i t h 17.4, 11 .1 , and 7.1 g , r e s p e c t i v e l y , 
by those g e t t i n g l i g h t - , medium-, and d a r k - t o a s t e d bread s l i c e s . 
I t a l s o was e v i d e n t t h a t t o a s t i n g s i g n i f i c a n t l y reduced the 
PERs: t o 0.64, 0 .45 , and 0 .32 , r e s p e c t i v e l y , f o r l i g h t - , medium-
and d a r k - t o a s t e d s l i c e samples compared w i t h 0.90 f o r the 
untoas ted crumb sample, as shown i n Tab le V. 

P a l a m i d i s and Markak i s (12) conducted a thorough s t udy 
t o e v a l u a t e not o n l y the PER o f t o a s t e d p roduc t s but a l s o 
t h e i r ne t p r o t e i n r a t i o s (NPRs) and d i g e s t i b i l i t i e s . They 
r e p o r t e d t h a t l i g h t t o a s t i n g reduced the PER o f bread t o 
0.40 (NPR 1.11) and dark t o a s t i n g t o 0.16 (NPR 0 . 95 ) . The 
p r o t e i n d i g e s t i b i l i t y decreased as the i n t e n s i t y o f t o a s t 
i n g i n c r e a s e d . 

E f f e c t s o f H igh-Temperature and Sho r t -T ime Bak ing on the 
N u t r i t i v e Va lue o f Ba l ady Bread and P i z z a C r u s t 

In a d d i t i o n t o wh i t e b r e a d , s t u d i e s have been done on 
some e x o t i c b r ead s , such as ba l ady b r e a d , w i d e l y consumed i n 
Egypt and o t h e r M id -Ea s t c o u n t r i e s , by El-Samahy and Tsen 
(16) and some popu la r foods such as p i z z a i n the U.S., I t a l y , 
and many o t h e r c o u n t r i e s by Tsen, e t aj_. ( 1 6 ) . B a l ady bread 
and p i z z a c r u s t , l i k e wh i t e b r e a d , are prepared from f e r m e n t 
ed dough, but t hey are baked at a much h i g h e r temperatu re 
f o r a s h o r t e r p e r i o d . 

Chemical c h a r a c t e r i s t i c s and amino a c i d c o n t e n t s v a r i e d 
o n l y s l i g h t l y among ba l ady breads baked at tempera tu re s 
r ang i ng from 248-343°C f o r 3 .5 -7 .0 m in . However, bread 
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Table III. PER (adjusted to PER =2.50 
for casein) and NPR values 
of bread products 

Adjusted PER1 NPR1 

Bread mix 0.75C 1.51C 
Bread 0.46B 1.22B 
Crumb 0.91D 1.62D 
Crust -0.23A 0.69A 
LTB 
DTB2 

NFDM-mix^ 1.17E 1.84E 
NFDM-bread3 0.75C 1.51C 
Casein 2.50 3.23 

"̂ "Values with different l e t t e r s 
d i f f e r s i g n i f i c a n t l y (p < 0.05), 
according to Duncan's multiple range 
test. 

2 
LTB: Light-toasted bread 
DTB: Dark-toasted bread 
3 
NFDM: Nonfat dry milk 

Table IV. Protein efficiency ratios and digest
i b i l i t y of bread diets 

Bread in diet PER (adjusted) D i g e s t i b i l i t y 

Casein (control) 2.90 (2.50)A 91.7 A 
Bread (whole) 1.02 (0.88)C 86.3 Β 
Bread crust 0.42 (0.36)D 83.4 C 
Bread crumb 1.47 (1.35)E 87.1 Β 
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p r o t e i n q u a l i t y d e t e r i o r a t e d s i g n i f i c a n t l y as a r e s u l t o f 
r a i s e d bak ing temperature o r pro longed bak ing t ime as shown 
i n t h e r e d u c t i o n i n PER l i s t e d i n Tab le V I . A d i f f e r e n c e i n 
bak ing t ime o f o n l y 1.4 min s i g n i f i c a n t l y reduced the PER 
from 1.13 to 0.87 when the breads were baked at 327°C. 
I n c r e a s i n g the bak ing temperatu re mere l y 16°C from 327° 
to 343°C reduced the PER from 1.13 t o 0.95 when both 
breads were baked f o r 5.0 m in . The s i g n i f i c a n t r e d u c t i o n s 
i n PER p o i n t out the impor tance o f c o n t r o l l i n g temperatu re 
and t ime when bak ing ba l ady bread or r e l a t e d p roduc t s such 
as p i z z a c r u s t . 

As f o r p i z z a , t he h i gh - t empe ra tu re and s h o r t - t i m e 
bak ing reduced the l y s i n e and, t o a l e s s e r e x t e n t , t y r o s i n e , 
c y s t i n e , and t h r e o n i n e i n the c r u s t . As shown i n Tab le 7, 
the t o t a l l y s i n e con ten t l o s s ranged from 7.1% f o r whole 
wheat p i z z a c r u s t t o 19.4
The d i f f e r e n c e between
p i z z a c r u s t was s m a l l , i n d i c a t i n g t h a t t he n u t r i t i v e l o s s i n 
p i z z a c r u s t shou ld be a t t r i b u t e d l a r g e l y to the d e s t r u c t i o n o f 
a p o r t i o n o f l y s i n e i n such c r u s t . 

L y s i n e Involvement 

Wheat f l o u r i s the most impor tan t i n g r e d i e n t i n b r e a d -
making. A c c o r d i n g l y , the changes i n f l o u r - p r o t e i n components 
by thermal p r o c e s s i n g shou ld be c o n s i d e r e d f i r s t . From 
t h e i r s t u d i e s on thermal p r o c e s s i n g o f f l o u r i n a c l o s e d 
heat exchanger , Hansen, e t _al_. (18) conc luded t h a t h i gh p r o 
c e s s i n g temperatu res (108, 150, and 174°C) c o u l d c l e a v e some 
f l o u r p r o t e i n i n t o p e p t i d e s . With t he p r o d u c t i o n o f the p e p t i d e s , 
l y s i n e , a r g i n i n e and c y s t i n e c on ten t s were r educed , as shown i n 
Tab le 8. Enzymat ic r a t e s of peps i n and t r y p s i n on heated f l o u r 
p r o t e i n a l s o were dec rea sed . 

In a d d i t i o n t o f l o u r , some sugar , amylases , p r o t e i n 
a d d i t i v e s such as n o n - f a t d r y m i l k and soy f l o u r , and 
s h o r t e n i n g , used as minor i n g r e d i e n t s f o r breadmaking, a l s o 
are i n v o l v e d i n the browning r e a c t i o n d u r i n g b a k i n g . Bak ing 
c o n d i t i o n s , p a r t i c u l a r l y temperature and t i m e , a f f e c t the 
browning r e a c t i o n . 

Of a l l amino a c i d s i n v o l v e d i n the browning r e a c t i o n , 
l y s i n e w i t h i t s ε-amino group i s e s p e c i a l l y s u s c e p t i b l e t o 
s i d e r e a c t i o n and c r o s s l i n k i n g and becomes u n a v a i l a b l e . 
L y s i n e , l i k e o t h e r amino a c i d s , can a l s o be decomposed by 
h e a t i n g . The e a r l y work o f Lea and Hannan showed t h a t t he 
d e s t r u c t i o n and c r o s s - l i n k i n g o f l y s i n e w i t h sugars took 
p l a c e i n the r e a c t i o n between g lucose and c a s e i n ( 1 9 ) . 
S i n ce t h e n , many workers have demonstrated the d e l e t e r i o u s 
e f f e c t o f the browning r e a c t i o n on the a v a i l a b i l i t y o f 
l y s i n e i n foods by h e a t i n g o r bak ing as rev iewed by Reynolds 
(20) and r e c e n t l y by Dworschak ( 13 ) . 
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Tab le V I . P r o t e i n e f f i c i e n c y r a t i o s (PERs) o f 
bread d i e t s f ed r a t s f o r 28 days 

D i e t s C o n t a i n i n
Baked at 

Temperature Time . Ad j u s t ed 
(°C) (min) P E R a ' D PER 

Case in d i e t 
248 6.4 
327 6.4 
327 5.0 
343 5.0 
327 3.6 
343 3.5 
288 7.0 

2 .99±0.09A 2.50 
1 .65±0.06B 1.38 
1 .03±0.03F 0.87 
1 .35±0.04D 1.13 
1 •13±0 08EF 0.95 
1 .52±0.03BC 1.27 
1 .26±0.08ED 1.05 
1 .38+0.07CD 1.16 

0.17 c -
aMean ± SEM. 

b Duncan ' s m u l t i p l e range t e s t ( 1955 ) ; Means w i t h 
out a l e t t e r i n common d i f f e r s i g n i f i c a n t l y 
(p < 0 . 0 5 ) . 

c L e a s t s i g n i f i c a n t d i f f e r e n c e . 
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Seve ra l e a r l y workers r e p o r t e d the a v a i l a b i l i t y o f 
l y s i n e i n breads (4 , JO^ ZVj. P a l a m i d i s and Markak i s (12) 
r e p o r t e d t h a t the t o t a l l y s i n e c on ten t decreased w i t h bak ing 
or t o a s t i n g . A v a i l a b l e l y s i n e c o n t e n t s s i g n i f i c a n t l y 
decreased as the heat exposure i n c r e a s e d . Th i s c o r r e l a t e s 
h i g h l y w i t h PER. However, e x i s t i n g t e c h n i q u e s , such as 
f 1 u o r o d i n i t r o b e n z e n e (FDNB) (2J_) and t r i n i t r o b e n z e n e s u l f o n i c 
a c i d (TNBS) (22J, f o r c h e m i c a l l y d e t e r m i n i n g a v a i l a b l e l y s i n e 
s u f f e r i n t e r f e r e n c e s and i n a c c u r a c i e s . 

Hwang (24) d i d h i s t h e s i s work under Geh r ke ' s d i r e c t i o n 
to deve lop a r a p i d and accu ra te method f o r measur ing a v a i l 
ab l e l y s i n e i n p r o t e i n s and f o o d s . He found t h a t cyano-
e t h y l a t i o n o f l y s i n e r e s i d u e i n the p r o t e i n m a t r i x w i t h 
a c r y l o n i t r i l e gave two a c i d - s t a b l e p r o d u c t s , Ν-ε-mono-
( c a r b o x y e t h y l ) l y s i n e (MCEL) and Ν^,Ν-ε,ε-οΜ ( c a r b o x y e t h y l )-
l y s i n e (DCEL). He mad
ab le l y s i n e va l ue s by
chromatography, CIE) o r automat i c enzymat i c d e t e r m i n a t i o n 
(AED). He found t h a t t he TNBS method gave h i g h l y i n c o n s i s 
t e n t d a t a f o r a v a i l a b l e l y s i n e i n f l o u r and b read s . Use o f 
the CIE and AED methods p rov i ded d a t a t h a t were i n agreement. 
With t he se new methods, he measured the t o t a l and a v a i l a b l e 
l y s i n e i n b r e a d , bread c r u s t and crumb samples (Tab le I X ) . 

As shown i n Tab le IX, the l y s i n e a v a i l a b i l i t y (%) 
showed changes f o r the t h r e e samples. However, t he u n a v a i l 
ab l e l y s i n e ( t o t a l l y s i n e minus a v a i l a b l e l y s i n e ) c o n t e n t s i n 
bread ( w h o l e ) , bread c r u s t and crumb were o n l y 0.04, 0.05, 
0.03%, r e s p e c t i v e l y . Tab le 7 shows t h a t the u n a v a i l a b l e 
l y s i n e c on ten t s f o r a l l p i z z a c r u s t s , baked and unbaked, 
v a r i e d o n l y f rom 0.02 t o 0.03%. These d a t a i n d i c a t e t he 
r e d u c t i o n o f l y s i n e caused by bak ing i s m a i n l y shown by the 
t o t a l l y s i n e a n a l y s i s . I t appears then t h a t t h e r e i s no 
need to run a v a i l a b l e l y s i n e d e t e r m i n a t i o n s f o r such 
bakery f o o d s . Th i s f i n d i n g a l s o suggests t h a t t he n u t r i t i v e 
l o s s o f bread and p i z z a c r u s t s was p r i m a r i l y due t o the 
d e s t r u c t i o n o f l y s i n e i n those p r o d u c t s ; t o a l e s s e r e x t e n t 
bak ing caused i t t o become u n a v a i l a b l e . 

D i s c u s s i o n 

Bread i s an e x c e l l e n t s t a p l e s u p p l y i n g key n u t r i e n t s ; 
c a r b o h y d r a t e s , p r o t e i n s , m i n e r a l s , and v i t a m i n s . I t s 
n u t r i t i v e v a l ue a f f e c t s a g r ea t m a j o r i t y o f the human 
p o p u l a t i o n . The marked i n c r e a s e i n n u t r i t i v e va l ue o f 
microwave o r steamed b r ead s , observed i n the p re sent 
s t udy , i n d i c a t e s t h a t those p roces ses deserve a t t e n t i o n o r 
t h a t c o n v e n t i o n a l bak ing war ran t s some m o d i f i c a t i o n . 

The impor tance o f c o n t r o l l i n g tempera tu re and t ime a l s o 
shou ld be emphas i zed, p a r t i c u l a r l y when p roduc t s such as 
ba l ady bread or p i z z a c r u s t , baked by a h i g h - t e m p e r a t u r e and 
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s h o r t - t i m e p r o c e s s , a re d i s c u s s e d . A l though t o a s t i n g i s t he 
customary way o f s e r v i n g bread f o r b r e a k f a s t , i t i s c e r t a i n l y 
a d v i s a b l e t o t o a s t the s l i c e l i g h t l y , not d a r k l y , t o p re se r ve 
the n u t r i t i v e v a l u e o f b r e a d . 

In a d d i t i o n t o the d e s t r u c t i o n and c r o s s - l i n k i n g o f 
l y s i n e by b a k i n g , p r o t e i n d i g e s t i b i l i t y i s reduced as a 
r e s u l t o f the browning r e a c t i o n . In s p i t e o f t he d e l e t e r i o u s 
e f f e c t o f t he browning r e a c t i o n on the n u t r i t i v e va l ue o f 
bread and p i z z a c r u s t , browning p l a y s an impo r t an t r o l e i n 
p roduc i ng t he unique go lden brown c r u s t and f l a v o r . Baker 
e t _al_- (25) have po i n t ed out yea r s ago t h a t f e r m e n t a t i o n 
f o l l o w e d by the f o r m a t i o n o f a brown c r u s t i s e s s e n t i a l t o 
the development o f f u l l f l a v o r and aroma o f b r ead . Thus we 
must compromise o r o p t i m i z e t o produce a h i g h - q u a l i t y bread 
and r e l a t e d p roduc t s w i t h a minimum l o s s o f n u t r i t i v e v a l ue s 
d u r i n g p r o c e s s i n g . 
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Loss of Available Lysine in Protein in a Model 
Maillard Reaction System 

BARBEE W. TUCKER, VICTOR RIDDLE,1 and JOHN LISTON 
University of Washington, Institute for Food Science and Technology, College of 
Ocean and Fishery Sciences, Seattle, WA 98195 

A model Maillar
measure the los
protein system after reaction with two keto-alde-
hydes normally present in food systems. Bovine 
plasma albumin and malonaldehyde or methylglyoxal 
reactions were measured in an aqueous solution. 
Conditions of reaction were varied over a range 
representative of conditions during handling and 
storage of food. pH was adjusted between 5 and 8. 
Temperatures in the range 20-60°C were tested. 
Reactant concentrations of 0.07 to 35.0 mM carbonyl 
compound and 1 to 10 g/L albumin were used. Loss 
of available lysine was measured by a trinitroben-
zenesulfonic acid method for residual lysine. With 
malonaldehyde, loss of available lysine decreased 
as pH increased, but with methylglyoxal, an 
increased pH increased the lysine loss. Both 
carbonyl compounds caused significant increasing 
loss of lysine with increasing temperature and 
concentration. Results indicated that methylglyoxal 
reacts with protein to effect a loss of available 
lysine, but more slowly than does malonaldehyde. 
Temperature had the greatest effect on lysine loss, 
but the concentration of the carbonyl compound and 
the pH of the reaction mixture also influenced the 
rate. 

Of the eight amino acids essential for man and other animals, 
lysine i s the most easily damaged by processing and/or storage 
of food. This damage or modification results i n a reduction i n 
nu t r i t i o n a l a v a i l a b i l i t y of lysine. Available lysine can be 

1 Deceased 
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u t i l i z e d for metabolism and i s distinguished from t o t a l lysine, 
which includes damaged or bound lysine. It has been shown i n 
experiments with growing chicks that no correlation exists 
between growth and t o t a l lysine while there i s a good correlation 
between growth and unbound lysine, suggesting that lysine i s not 
used b i o l o g i c a l l y unless the ε-amino group i s free (1). Plant 
proteins are often low i n lysine content and i t i s the l i m i t i n g 
amino acid i n most cereals. Processing damage compounds the 
problem. Although lysine i s r e l a t i v e l y abundant i n animal 
protein, heat treatment and/or storage may render i t n u t r i t i o n a l l y 
unavailable by promoting i t s i r r e v e r s i b l e reaction with carbonyl 
compounds (jÎ.e_. Maillard reactions) to form indigestible color
less browning intermediates. Carbonyl compounds are present i n 
foods as reducing sugars and sugar breakdown products, l i p i d 
oxidation products, or carbonyl groupé of proteins. 

Maillard reaction
described by Mauron (2)
Maillard reactions involve a condensation between a carbonyl 
compound and a free amino group of a p r o t e i n — i n this instance 
the ε-amino of of lysine—which i s rapidly converted v i a Schiff 
bases and the Amadori rearrangement to the b i o l o g i c a l l y unavail
able deoxyketosyl compound (_3). Whatever the source of the 
carbonyl group, the basic reaction rendering the lysine unavail
able as a biochemical component i s the same. Although v i s i b l e 
browning may not occur, lysine loss i s i r r e v e r s i b l e and this 
early-forming product i s the major form of blocked lysine i n 
foods. The second stage involves a number of reactions producing 
v o l a t i l e or soluble substances and the third gives insoluble 
brown polymers. 

Although the early Maillard reaction products are reported 
to have antioxidant properties and, i n fact, can be u t i l i z e d by 
processors to i n h i b i t l i p i d oxidation i n animal protein foods 
such as f i s h products, there i s an accompanying lysine loss (4,·5). 

Malonaldehyde (MA) i s a major end product of oxidizing or 
rancid l i p i d s and i t accumulates i n moist foodstuffs (6). Several 
MA-protein systems have been studied. Chio and Tappel combined 
RNAase and MA to demonstrate fluorescence attributed to a conju
gated imine formed by crosslinking two ε-amino groups with the 
dialdehyde (7). Shin studied the same reaction and found i t to 
be dependent on pH and reactant concentrations (8). Crawford 
reported the reaction between MA and bovine plasma albumin (BPA) 
also to be pH dependent, and of f i r s t order kinetics with a 
maximum rate near pH 4.30. At room temperature 50-60% of the 
ε-amino groups were modified—40% i n the f i r s t eight hours, the 
remainder over a period of days (9). 

Another carbonyl compound often found i n food products i s 
the keto aldehyde methylglyoxal (MGA). Having the same 
empirical formula and molecular weight as MA, MGA has been of 
interest primarily as a g l y c o l y t i c by-pass intermediate. In 
foods derived from animal tissue MGA i s probably formed from 
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hydrated glyoxalate (dihydroxyacetate, DHA), the l a t t e r accumu
lat i n g as a result of impaired glycolysis following death and 
subsequent freezing, thawing, and/or storage (10). Riddle and 
Lorenz clearly demonstrated that MGA can be produced nonenzy-
matically as the result of a polyvalent-anion-catalyzed reaction 
(11). It also occurs as a product of autoclaved glucose, unsatu
rated fatty acid oxidation, and food i r r a d i a t i o n (12,13,14). 
Hodge demonstrated i t s parti c i p a t i o n i n browning reactions and i t 
or i t s precursor DHA i s currently a component of quick- or 
instant-tanning lotions (15). 

At the pH of most foods and i n moist systems MA exists as 
the enol tautomer and an enamine derivative would be the i n i t i a l 
product while MGA would form, more slowly, the more highly 
colored imine derivative. 

This study was undertaken to further investigate the 
relationships between foo

Experimental 

A model system demonstrating the n u t r i t i o n a l destruction of 
lysine i n bovine plasma albumin (BPA) by reaction with either a 
dialdehyde (MA) or a keto-aldehyde (MGA) was studied i n rel a t i o n 
to reaction rates as affected by pH, temperature, reaction time 
and carbonyl concentration. The BPA was Fraction V obtained from 
Schwartz/Mann and had a molecular weight of 69 x 10 3 with sixty 
lysine residules/mole, an assayed content of 11.4%. It was 
dissolved i n 0.0200 M phosphate-citrate buffer adjusted to the 
desired pH. Malonaldehyde was prepared by acid hydrolysis of i t s 
bis-(dimethyl acetal). An aqueous solution of pyruvic aldehyde 
was diluted with d i s t i l l e d water and phosphate-citrate buffer to 
give an MGA solution of the desired pH (16). 

Available lysine in the model system was determined by an 
adaptation of the method of Kadade and Leiner (17)» After pre
liminary rate studies the parameters chosen for measurement were: 
pH—5,6,7,8; temperature—20, 40 and 60°C i n a water bath; 
time—usually 24 hours with samplings at 10 min and 1,2,4, and 8 
or 10 hours (occasionally after 2 or 4 days @ 20°C); BPA concen
t r a t i o n — 1 g/L, 10 g/L; carbonyl compound concentration—0.07 to 
35.0 mM or carbonyl:lysine—1:10 to 50:1. 

Experimental procedures employed generally were as follows: 
The BPA solution was measured into a culture tube, the carbonyl 
compound at the desired concentration added and the two gently 
mixed. Zero time samples were withdrawn and the capped tubes 
were placed i n a Beckman thermocirculator at the experimental 
temperature. Blank (no carbonyl) and control (no BPA) tubes 
were included with each run. Samples were withdrawn at specified 
intervals and assayed for available lysine. 

In addition to determining protein damage as indicated by per 
cent loss of available lysine, the amount of carbonyl compound' 
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remaining after reaction with BPA was measured. MA was assayed 
by Buttkus's modification of the method of Sinnhuber and Yu 
(18,19). MGA was assayed by the method of Vogt as modified by 
Riddle (20,11). 

Results and discussion 

Among the variables tested (pH, temperature, and reactant 
concentration) temperature was the most i n f l u e n t i a l parameter 
with each carbonyl compound at a l l levels tested and reactant 
concentration was s i g n i f i c a n t when carbonyl-lysine ratios were 
above 1. In contrast, alteration of pH within the pH 5-8 range 
tested (that commonly found i n protein food systems) had a n e g l i 
gible effect. Although preliminary studies indicated optimal pH 
values for these reactions to be close to 5 for MA and near 8 for 
MGA, rate changes whe
were s l i g h t — e s p e c i a l l
with increases i n temperature and reactant concentration. There
fore, the graphs presented are based upon data using a pH of 6. 

Fig. 1 shows the loss of available lysine after 12 hours of 
reaction of BPA with either MA or MGA as a function of temperature 
and carbonyl concentration. As the reaction temperature was 
increased the lysine loss was s i g n i f i c a n t l y increased with each 
carbonyl compound although the loss with MA was considerably 
greater than with MGA. At 60°C, not an unlikely temperature for 
a variety of processing procedures, as much as 80% of the lysine 
was lost with MGA and 90% with MA—much of this loss occurring 
during the f i r s t 2-4 hours as shown i n Fig. 2. These are s i g n i 
ficant n u t r i t i o n a l losses and i l l u s t r a t e the damage possible to 
foods either through prolonged heat processing or, perhaps more 
important, by storage i n hot climates. Even after 10 min the 
loss was more than 20% while i t exceeded 50% i n 4 hours. 
Studies of the MA-lysine reaction by other authors, as discussed 
previously, were conducted at 37°C or lower. There are a few 
reports of lysine losses measured as a function of increasing 
temperature to more than 100°C; some of these reports correlate 
these losses with browning and others with moisture content 
(21-26). However, most studies of high temperature effects have 
been on browning rather than nutrient loss. 

The effects of carbonyl concentration are i l l u s t r a t e d i n 
Figs. 3 and 4. MA exhibited a more obvious relationship between 
carbonyl concentration increases and lysine loss than did MGA. 
It i s evident that loss occurs to a greater extent with the d i -
rather than the keto-aldehyde. This i s consistent with the 
previously mentioned theory that the enamine derivative forms 
more readily than the imine. 

The carbonyl:lysine r a t i o used influenced the lysine loss. 
MA at a ratio of 50:1 caused a s i g n i f i c a n t l y greater lysine loss 
than equimolar amounts of MGA, but each demonstrated a d e f i n i t e , 
though not l i n e a r , increase i n r e a c t i v i t y with increasing 
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lOOr 
CARBONYL-BPA: I2hrs., pH 6 

corb.: lys 

S ι • ι 

96.5 

MA MG
20°C 60°C 

Figure 1. Variation of lysine loss with temperature, nature of carbonyl reagent, 
and ratio of reagents. 

hours 

Figure 2. Rate of lysine loss at fixed reactant ratio with change of temperature 
and nature of carbonyl reagent. Key: —, malonaldehyde (MA ); and , methyl

glyoxal (MGA). 
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lOOr-
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Figure 3. Variation of lysine loss with ratio of reactants. 

lOOr-
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Figure 4. Rate of lysine loss at various ratios of malonaldehyde and methylglyoxal 
to bovine plasma albumin. 
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concentrations. At molar ratios of carbonyl:lysine near 1 very 
l i t t l e effect was noted with an increase i n temperature (Fig. 1 ) — 
an indication that foods with a low content of carbonyl compounds 
might maintain lysine s t a b i l i t y even under processing conditions. 

Loss of the carbonyl component was measured as an indication 
of i t s reaction with BPA. Results are i l l u s t r a t e d as functions 
of the various parameters i n Tables I and II. At each concen
tration l e v e l of carbonyl compound, increasing temperatures were 
accompanied by increases i n loss of the carbonyl component. 
Increasing the lysine:MGA to 100:1, i n effect creating conditions 
for a f i r s t order reaction, decreased the influence of tempera
ture, yet even at 20°C more than 75% of the MGA reacted. 

Control samples of MGA i n which no BPA was present showed a 
loss of 42.7% of the MGA at 60°C, but no si g n i f i c a n t loss at 20 
or 40°C. These large losses of MGA at the higher temperature are 
attributed i n part to polymerizatio
Cannizzaro-type reactions
menon into account, are shown i n Table II. Even after correcting 
for self-reactions, both carbonyl compounds reflected losses i n 
excess of the lysine loss (mole for mole), which might be due to 
reactions occurring between the carbonyl compounds and other 
active sites of the protein such as the α-amino group of the 
N-terminal aspartate and/or t h i o l residues (27). Therefore, i t 
i s d i f f i c u l t to correlate losses of MGA with decreased lysine 
a v a i l a b i l i t y . 

Because this model system employed dilute aqueous solutions, 
the effect of water a c t i v i t y (A ) on the loss of available lysine 
was not a parameter. During storage of dried foods A^ as well 
as temperature i s a consideration. Labuza reported a loss 
of available lysine i n dry milk at A^ = 0.44 to 0.68 (28). 

Conclusions 

In general both d i - and keto-aldehydes react with lysine 
residues of BPA at temperatures which may occur during storage 
under t r o p i c a l conditions or r e l a t i v e l y mild heat processing to 
eff e c t i v e l y decrease the available lysine. The di-aldehyde, 
through formation of an enamine derivative, reacts more rapidly 
and to a greater extent than the keto-aldehyde at pH values 
l i k e l y to be encountered i n foods. The conjugated imine 
derivative of the keto-aldehyde, however, contained a more highly 
colored chromophore. Therefore, damage to the lysine by MGA may 
be accompanied by more "browning" than the greater lysine damage 
with MA. Temperature as well as reactant concentration s i g n i f i 
cantly increases these losses. Rapid cooling and low storage 
temperatures after heat processing of protein foodstuffs appear 
to be required i n minimizing n u t r i t i o n a l lysine loss. 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



402 MAILLARD REACTIONS 

TABLE 1 

Variation of loss of carbonyl compound 
(by reaction with BPA at 1:10 ratio) 

with temperature, source of carbonyl group, and ra t i o of reagents 

ι 
LOSS CARBONYL (%) 

20°C 40°C 60°C 

MA - pH 5 2.7 8.6 16.0 

MGA - pH 7 6.0 47.0 92.5 

TABLE 2 

Variation of loss of MGA (by reaction with BPA i n 24 hr at pH 7) 
with ratio of reactants and temperature 

MGA:lysine 

% LOSS MGA 

MGA:lysine 

20°C 40°C 60°C 

1:10 6 47 93 

53 # 

1:100 76 84 100 

57 # 

Corrected for self-reaction. 
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Effect of a Glucose-Lysine Reaction Mixture on 
Protein and Carbohydrate Digestion and 
Absorption 
RICKARD ÖSTE, INGER BJÖRCK, ARNE DAHLQVIST, 
MARGARETHA JÄGERSTAD, and PER SJÖDIN 
University of Lund, Department of Applied Nutrition, Chemical Center, 
P.O. Box 740, S-220 07 Lund, Sweden 

HANS SJÖSTROM 
The Panum Institute, Departmen

A low-molecular-weight fraction from a glucose
-lysine reaction mixture reduced the plasma level 
of lysine originating from dietary protein, when 
given to rats (1.5% w/w in diet). This fraction 
inhibited in vitro trypsin, carboxypeptidase A, and 
carboxypeptidase Β as well as aminopeptidase Ν 
of the brush border. A high-molecular-weight frac
tion from the reaction mixture strongly inhibited, 
competitively, invertase and lactase. When intu
bated into rats, however, i t did not affect the 
absorption of sucrose (ratio sucrose/reaction 
fraction 100:1 w/w). The low-molecular-weight 
fraction had only a slight effect on the carbo
hydrate -hydrolyzing enzymes. 

When p r o t e i n s a re heated t o g e t h e r w i t h c a r bohyd r a t e s a de
crease i n the n u t r i t i v e v a l u e i s f r e q u e n t l y ob se r ved . The degree 
o f t h i s dec rease i s dependent on a number o f f a c t o r s , i n c l u d i n g 
wa te r a c t i v i t y , t ype and amount o f r e d u c i n g s u ga r , t ype o f p r o 
t e i n , as w e l l as the e x t e n t o f heat t r ea tmen t (J_). The l o s s o f 
p r o t e i n q u a l i t y may be exp re s sed as reduced b i o l o g i c a l v a l u e 
(BV) and d i g e s t i b i l i t y (TD) , as apparent i n a c o n v e n t i o n a l net 
p r o t e i n u t i l i z a t i o n (NPU) assay w i t h r a t s . When the heat t r e a t -
meant i s m i l d , a l o s s i n the BV o f t e n co r re sponds t o the l o s s o f 
l y s i n e caused by the M a i l l a r d r e a c t i o n , p r o v i d e d l y s i n e i s t he 
l i m i t i n g amino a c i d i n the p r o t e i n . When the h e a t i n g i s more 
pronounced, the r e d u c t i o n i n BV i s o f t e n found t o be g r e a t e r i n 
the p r o t e i n and may a l s o cause a r e d u c t i o n o f TD. Reviews o f 
the e f f e c t o f the M a i l l a r d r e a c t i o n i n p r o t e i n n u t r i t i o n have r e 
c e n t l y been p u b l i s h e d by Mauron {2} and Dworschak ( 3 ) . 

There a r e some r e p o r t s on p o s s i b l e mechanisms beh ind these 
e f f e c t s o f seve re heat t r e a t m e n t . A d r i a n 0 ) has shown t h a t water-
s o l u b l e p r eme l ano i d i n s f rom a g l u c o s e - g l y c m e r e a c t i o n m i x t u r e 
reduce the p r o t e i n d i g e s t i b i l i t y and a f f e c t the u t i l i z a t i o n o f 
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absorbed amino a c i d s . V a l l e - R i e s t r a (4) sugges t s t h a t the r e 
duced uptake o f a s e v e r e l y heated g l u co se -egg albumen m i x t u r e i s 
t he r e s u l t o f a l owered p a n c r e a t i c s e c r e t i o n o f d i g e s t i v e e n z y 
mes. The observed dec rea se i n b i o l o g i c a l v a l u e ( the r e s u l t o f 
enhanced u r i n a r y n i t r o g e n e x c r e t i o n ) may p a r t l y be e x p l a i n e d by 
an uptake o f i n d i g e s t i b l e l o w - m o l e c u l a r r e s i d u e s f rom the gut 
( 4 , 5, 6 ) . 

H"he p r e s e n t s tudy was per formed i n o r d e r t o examine whether 
the compounds i n a g l u c o s e - l y s i n e r e a c t i o n m i x t u r e per se may 
i n f l u e n c e the d i g e s t i o n and uptake o f p r o t e i n s . S i n c e such an 
e f f e c t was n o t e d , the s tudy was extended t o i n c l u d e the d i g e s t i o n 
and uptake o f c a r bohyd r a t e s as w e l l . 

G l u c o s e - l y s i n e r e a c t i o n m i x t u r e 

Equ imo la r amounts
c h l o r i d e (4.55 g) were
and the s o l u t i o n was b o i l e d under r e f l u x f o r 24 h. The pH was 
kept c o n s t a n t d u r i n g the r e a c t i o n by a p H - s t a t - c o n t r o l l e d a d d i 
t i o n o f 5N NaOH. The p H - s t a t s e t t i n g was 6 . 5 . A f t e r the r e a c t i o n 
t he pH o f the m i x t u r e a t room tempera tu re was about 5 .3 . The 
m i x t u r e was d i a l y z e d a g a i n s t 3x2 1 d i s t i l l e d wa te r i n a S p e c t -
r apo r s a c k , wh ich a c c o r d i n g t o t he manu fac tu re r (Spectrum M e d i 
c a l I n d u s t r i e s , I n c . , Los A n g e l e s , U.S.A.) had an e x c l u s i o n l i m 
i t o f 6000-8000 d a l t o n s . The d i a l y s a t e was e v a p o r a t e d , the r e s i 
due d i s s o l v e d i n 0.1 M ammonium-acetate b u f f e r , and p l a c e d on a 
ConA-Sepharose column t o s e p a r a t e un reac ted g l u c o s e . The e l u a t e 
was c o n c e n t r a t e d and c o n s t i t u t e d the l o w - m o l e c u l a r - w e i g h t (LMW) 
f r a c t i o n used i n t h i s s t udy . The y i e l d s f rom repea ted p r e p a r a 
t i o n s were 7 .4 -7 .7 g. The r e ten ta te f rom the d i a l y s i s was c e n -
t r i f u g a t e d t o remove i n s o l u b l e m a t e r i a l , and then c o n c e n t r a t e d 
by e v a p o r a t i o n . The y i e l d was 0 .9 -1 .2 g and c o n s t i t u t e d the h i g h -
m o l e c u l a r - w e i g h t (HMW) f r a c t i o n . 

E f f e c t s on p r o t e i n u t i l i z a t i o n 

Animal a s s a y s . When a s ses s ing the na tu re o f a p r o t e i n q u a l i 
t y r e d u c t i o n , t he c o n v e n t i o n a l methods o f p r o t e i n q u a l i t y mea
surement have c e r t a i n l i m i t a t i o n s . Fo r example , a reduced TD i n 
an NPU assay i s not n e c e s s a r i l y the r e s u l t o f a reduced p r o t e i n 
d i g e s t i o n . O b v i o u s l y the same r e s u l t w i l l be o b t a i n e d i f t he 
i n c r e a s e o f f e c a l n i t r o g e n i s caused by an enhanced e x c r e t i o n 
o f endogenous p r o t e i n o r i f t h e r e i s a f i x a t i o n o f m e t a b o l i c 
n i t r o g e n by the c o l o n i c m i c r o - f l o r a . 

To be a b l e to s p e c i f i c a l l y s tudy the d i g e s t i o n o f an e x o 
genous p r o t e i n i n r a t s , a method was e l a b o r a t e d as f o l l o w s : A 
s o l u t i o n o f [ U - l i f C l - l y s i n e was i n j e c t e d i n the w i n g - v e i n o f a 
l a y i n g hen a t the t ime o f maximal egg-albumen s y n t h e s i s . The 
eggs were r e c o v e r e d , the egg -wh i te s epa r a t ed and d i a l y z e d t o r e 
move g l u co se and then l y o p h i l i z e d . An a c i d h y d r o l y s a t e was s epa -
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r a t e d by t h i n l a y e r chromatography and s u b j e c t e d t o a u t o r a d i o 
graphy. I t was t h e r e b y shown t h a t t he r a d i o a c t i v i t y p r e s en t i n 
the egg -wh i te was d e r i v e d a lmos t e x c l u s i v e l y f rom p r o t e i n - b o u n d 
l y s i n e (45000 dpm/mg p r o t e i n ) . Only t r a c e s o f r a d i o a c t i v i t y c o u l d 
be found i n n o n - l y s i n e r e s i d u e s . 

A c o n t r o l d i e t was p repa red as f o l l o w s : Tha l a b e l l e d egg -
w h i t e p r o t e i n was mixed w i t h a ba sa l d i e t i n the p r o p o r t i o n 2 :98. 
The ba sa l d i e t c o n t a i n e d 10% c a s e i n , 10% s u c r o s e , about 70% 
s t a r c h and 5% m a i z e o i l , as w e l l as v i t a m i n s and m i n e r a l s . A 
sma l l amount o f [ S H ] - l y s i n e was added t o t h i s m i x t u r e , g i v i n g 
a r a t i o o f t r i t i u m t o ( l l f C ) dpm o f a p p r o x i m a t e l y 10 :1 . The e x p e r i 
mental d i e t was o b t a i n e d by add ing a sma l l amount o t the g l u c o s e -
l y s i n e r e a c t i o n m i x t u r e t o t he c o n t r o l d i e t . 

These d i e t s were then f e d t o male Sprague-Dawley r a t s , we i gh 
i ng 100-120 g each . The r a t s were p l a c e d i n i n d i v i d u a l cages and 

were f a s t e d o v e r n i g h t . E a r l
g o f the c o n t r o l o r th
tum. We have observed t h a t o v e r n i g h t f a s t e d r a t s i n the morning 
immed i a te l y w i l l consume a t l e a s t 2 g o f f o o d , p r o v i d e d the a n i 
mal room i s kept dark and the food i s not t o o u n t a s t y . In the se 
exper iment s a l l the r a t s c o m p l e t e l y consumed t he p o r t i o n w i t h i n 
15 m in . Th i s p rocedure was a c c u r a t e enough t o o b v i a t e i n t u b a t i o n 
as a means f o r a d m i n i s t e r i n g the d i e t s . E x a c t l y two hours a f t e r 
f i n i s h i n g the meal each r a t was a n e s t h e s i z e d w i t h e t h e r , b l o o d 
was sampled by h e a r t p u n c t u r e , and the ( 1 4 C ) / ( 3 H ) - r a t i o i n the 
plasma was measured. 

In the f i r s t exper iment the e x p e r i m e n t a l d i e t c o n t a i n e d 1.5% 
o f the LMW f r a c t i o n . Tab l e I shows the ( l l *C)/( 3 H ) - r a t i o s found i n 
the p la sma. The r a t i o o b t a i n e d i n the c o n t r o l d i e t was about t he 
same as t h a t i n the d i e t ( 0 . 120 ) . In the group f e d w i t h t he expe 
r i m e n t a l d i e t a s t a t i s t i c a l l y s i g n i f i c a n t 15% dec rea se was o b s e r v 
ed . In the second exper iment the e x p e r i m e n t a l d i e t c o n t a i n e d 1.7% 
o f the HMW f r a c t i o n . With t h i s f r a c t i o n a somewhat unexpected 
e f f e c t was ob se r ved . There was a s m a l l , but h i g h l y s i g n i f i c a n t i n 
c r e a s e i n the ( lkC/3H)-ratio (Tab le I ) . T h i s c o u l d be e x p l a i n e d by 
a dec rea se i n the uptake o f f r e e l y s i n e f rom the sma l l i n t e s t i n e , 
s i n c e a c o n s i d e r a b l e p a r t o f the o r i g i n a l l y p r o t e i n - b o u n d ( l l f C ) -
l a b e l l e d l y s i n e might be absorbed i n the form o f sma l l p e p t i d e s 
( 8 ) . Tab l e I a l s o shows the a b s o l u t e v a l ue s o f ( 3 H) and ( l l f C ) i n 
tïïe plasma o f t he r a t s f e d the HMW f r a c t i o n . The s t anda rd d e v i a 
t i o n s o f these da ta a re h i g h e r than the one c a l c u l a t e d f rom the 
( lkC)/( 3 H ) - r a t i o and the i n c r e a s e d average o f ( l l f C ) i n the e x p e r i 
mental group i s not s t a t i s t i c a l l y s i g n i f i c a n t . The l e v e l s o f ( 3 H) 
a re about the same i n both g roups . These r e s u l t d i d not i n d i c a t e a 
s p e c i f i c a f f e c t on the l y s i n e up take . 

Enzyme as says As shown p r e v i o u s l y t he LMW f r a c t i o n had a 
r e p r e s s i n g e f f e c t on the p r o t e i n d i g e s t i o n i n the i n v i v o e x p e r i -
ment. A c c o r d i n g l y , i t was o f i n t e r e s t t o s tudy i n v i t r o t he e f 
f e c t o f t h i s f r a c t i o n on the k i n e t i c s o f r e a c t i o n s c a t a l y z e d by 
p ro tea se s and p e p t i d a s e s p r e s e n t i n the g a s t r o - i n t e s t i n a l t r a c t . 
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In Tab le II a re shown the r e s u l t s from k i n e t i c s t u d i e s w i t h 
c o m m e r c i a l l y a v a i l a b l e g a s t r i c and p a n c r e a t i c enzymes. T r y p s i n 
was s t r o n g l y i n h i b i t e d , a t l e a s t a t a low c o n c e n t r a t i o n o f c a s e i n 
as s u b s t r a t e . The h y d r o l y s i s o f b e n z o y l a r g i n i n e e t h y l e s t e r 
(BAEE) by t r y p s i n was n o n - c o m p e t i t i v e l y i n h i b i t e d , g i v i n g a 30% 
r e d u c t i o n o f V m a x a t 0.5 mg/ml o f the LMW f r a c t i o n . C a r b o x y p e p t i 
dase A, and t o a l e s s e r e x t e n t c a r b o x y p e p t i d a s e B, were non-com
p e t i t i v e l y i n h i b i t e d as w e l l . Peps in and chymot r yp s i n were not 
a f f e c t e d by the c o n d i t i o n s used i n t he se a s s a y s . 

The a c t i o n o f the g a s t r i c and p a n c r e a t i c enzymes causes t he 
r e l e a s e o f sma l l p e p t i d e s as w e l l as f r e e amino a c i d s , t he pep
t i d e f r a c t i o n be ing the q u a n t i t a t i v e l y dominant one ( 9 ) . Thus 
f u r t h e r h y d r o l y s i s i s c r u c i a l , i f the d i e t a r y p r o t e i n i s t o be 
c o m p l e t e l y u t i l i z e d by the o rgan i sm. The f i n a l s tages o f h y d r o 
l y s i s i s a s s o c i a t e d w i t h t he i n t e s t i n a l mucosal c e l l s . L a r g e r 
p e p t i d e s a re p r obab l y h y d r o l y z e d by enzymes a t the brush bo rde r 
membrane. D i - and t r i p e p t i d e
l y z e d i n t r a c e l l u l a r ^ ( 9

There a r e a t l e a s t t h r e e p e p t i d a s e s i n t he brush bo rde r o f 
the sma l l i n t e s t i n e : Aminopept idase A, wh ich has an a f f i n i t y f o r 
pep t i de -bound a c i d amino a c i d s O j _ ) , am inopept ida se N, which has 
a broad s p e c i f i c i t y ( 1 2 ) , and d i p e p t i d y l p e p t i d a s e IV, which r e 
l e a s e s d i p e p t i d e s f rom the N - t e rm ina l end o f p e p t i d e s w i t h a 
p r e f e r e n c e f o r X-PRO t e r m i n a l s (j_3). In Tab le I I I a r e shown the 
e f f e c t o f a low c o n c e n t r a t i o n o f the LMW f r a c t i o n on the a c t i v i 
t y o f these enzymes i n e x t r a c t s o f hog i n t e s t i n e . Aminopept idase 
Ν was found t o be s t r o n g l y i n h i b i t e d by 0.25 mg/ml o f the f r a c 
t i o n . Aminopept idase A and d i p e p t i d y l p e p t i d a s e IV were not i n h i 
b i t e d . 

Around 40% o f the LMW f r a c t i o n i s absorbed f rom the sma l l 
i n t e s t i n e i n the r a t ( 1 4 ) . A p a r t o f the f r a c t i o n may thus be 
p r e s e n t i n the e p i t h e l i a l c e l l s a t the t ime o f i n t r a c e l l u l a r 
p e p t i d e h y d r o l y s i s . The e f f e c t o f the LMW f r a c t i o n on the a c t i 
v i t y o f two c y t o s o l enzymes, p r e sen t i n a p r e p a r a t i o n f rom hog 
i n t e s t i n e , i s shown i n Tab l e I I I . G l y c y l l e u c i n e d i p e p t i d a s e , 
wh ich has a broad s p e c i f i c i t y ( 1 5 ) , was i n h i b i t e d a t 0.7 mg/ml 
o f the f r a c t i o n , w h i l e p r o l i n e "oTpept idase , wh ich c a t a l y z e s t he 
h y d r o l y s i s o f X-PRO ( J 6 ) , was n o t . 

S i n c e the g l u c o s e - l y s i n e r e a c t i o n m i x t u r e used i n t h i s s tudy 
c o n s i s t e d o f a number o f d i f f e r e n t s u b s t a n c e s , i t was o f i n t e 
r e s t t o s tudy whether the observed i n h i b i t o r y e f f e c t i n v i t r o 
c o u l d be a t t r i b u t e d to some s p e c i f i c compound(s) . In o r d e r t o 
o b t a i n a s e p a r a t i o n , an a l i q u o t o f the LMW f r a c t i o n , r a d i o l a 
b e l e d by [U- τΧ] g l u co se added t o the r e a c t a n t s , was a p p l i e d on 
a Sephadex G-50 column and e l u t e d w i t h wa te r . The UV absorbance 
was r e co rded and the e l u a t e was c o l l e c t e d i n f r a c t i o n s . The de 
gree o f i n h i b i t i o n e f f e c t e d by sma l l samples o f equal volume 
f rom each f r a c t i o n and e x e r t e d on c a r box ypep t i d a s e A and p u r i 
f i e d am inopep t i da se Ν was dete rmined as w e l l as the r a d i o a c t i v i t y 
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TABLE I 
Measurements o f ( 3 H) and ( l l f C ) i n r a t plasma 

Exper iment ( 1 ! , 0 / ( 3 Η ) ( i * c ) * * * ( 3H) 

LMW f r a c t i o n 

C o n t r o l (6) 0.117 ± 0 . .014 

Expe r imenta l (7) 0.102 ± 0 . .010* 

HMW f r a c t i o n 

C o n t r o l (10) 0.100 ± 0 , .0027 1969 ± 2 3 5 18251 ± 1 3 8 2 

Expe r imenta l (10) 

Α Π v a l u e s a re mean ± s t anda rd d e v i a t i o n , A new c o n t r o l d i e t was 
p repa red b e f o r e each e xpe r imen t . W i t h i n pa ren the s i s number o f 
r a t s . From Oste e t a l . ( 7 ) 

* P<0.05 
* * P<0.01 
* * * Dpm/ml plasma 

TABLE I I 
E f f e c t o f the LMW f r a c t i o n on the a c t i v i t y 
o f g a s t r i c and p a n c r e a t i c enzymes i n v i t r o . 

Enzyme S u b s t r a t e Cone, o f 
LMW 
f r a c t i o n * 

R e s u l t s 

Pep s i n Hemoglobin 1.0 No i n h i b i t i o n . 

T r y p s i n Ca se i n 1.0 I n h i b i t i o n a t low 
s u b s t r a t e cone. 

BAEE 0.5 N o n - c o m p e t i t i v e i n h i 
b i t i o n . V m a v reduced 
30%. m a X 

Chymotryps in Ca se in 1.0 No i n h i b i t i o n . 

C a r b o x y p e p t i 
dase A 

N-Benzoyl-GLYPHE 0.5 N o n - c o m p e t i t i v e i n h i 
b i t i o n . V m _ v reduced 
30%. m a x 

C a r b o x y p e p t i 
dase Β 

N-Benzoyl-GLYARG 0.5 C o m p e t i t i v e i n h i b i 
t i o n ? 

* mg/ml 
From Dste e t a l - ( 7 ) 
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TABLE I I I 
E f f e c t o f the LMW f r a c t i o n on the a c t i v i t y o f 
enzymes o f the i n t e s t i n a l mucosa. 

Enzyme S u b s t r a t

f r a c t i o n * 

Brush bo rde r membrane enzymes 

Amino-
p e p t i d a s e A 
(EC 3 .4.11.7) 

Amino-
p e p t i d a s e Ν 
(EC 3 .4 .11.2) 
D i p e p t i d y l 
p e p t i d a s e IV 

C y t o s o l enzymes 

G l y c y l - l e u c i n e 
d i p e p t i d a s e 
(EC 3 .4.13.11) 
P r o l i n e 
d i p e p t i d a s e 
(EC 3 .4 .13.9) 

G L U - D - n i t r o 
a n i l i d e 

A L A - p - n i t r o -
a n i l i d e 

- 0.25 

GLYLEU 

ALAPRO 

0.25 

0.7 

No i n h i b i t i o n 

M i xed - t ype i n h i b i t i o n ? 

Vmax reduced 60% 
No i n h i b i t i o n 

I n h i b i t i o n 
v max reduced c a -
50-60% 
No i n h i b i t i o n 

* mg/ml 
From u s t e e t a l . ( 7 ) 
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o f each f r a c t i o n . The r e s u l t s a re shown i n F i g u r e 1. The 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 A seemed t o a p p r o x i m a t e l y c o i n c i d e w i t h 
the degree o f UV abso rbance . Aminopept idase Ν was i n h i b i t e d t o 
a v a r y i n g e x t e n t by d i f f e r e n t f r a c t i o n s . I t was e v i d e n t t h a t the 
i n h i b i t i o n c o u l d not be a s c r i b e d t o any s i n g l e compound. On the 
o t h e r hand, the i n h i b i t o r y e f f e c t c o u l d not be a f e a t u r e common 
t o t he q u a n t i t a t i v e l y dominant f r a c t i o n s i n the m i x t u r e , s i n c e 
the amount o f r a d i o a c t i v i t y found i n each f r a c t i o n , wh ich shou ld 
r o u g h l y r e f l e c t the t o t a l amount o f M a i l l a r d r e a c t i o n compounds, 
d i d no t co r r e spond t o the degree o f i n h i b i t i o n o f the enzymes. 
In a d d i t i o n , t he Sephadex f r a c t i o n s a f f e c t e d the a c t i v i t y o f the 
two enzymes t o a d i f f e r e n t d e g r e e , i n d i c a t i n g t h a t not n e c e s s a 
r i l y t he same compounds were r e s p o n s i b l e f o r the i n h i b i t o r y e f 
f e c t o f the LMW f r a c t i o n noted w i t h d i f f e r e n t enzymes. 

E f f e c t on ca rbohyd ra te

S i n c e t he g l u c o s e - l y s i n e r e a c t i o n m i x t u r e i n h i b i t e d enzymes 
o f p r o t e i n d i g e s t i o n , an e f f e c t on ca rbohyd r a t e d i g e s t i o n c o u l d 
a l s o be e x p e c t e d . The q u a n t i t a t i v e l y most i m p o r t a n t d i e t a r y c a r 
bohydra te i s s t a r c h , wh ich i s h y d r o l y z e d by s a l i v a r y and pan 
c r e a t i c α -amylase i n t o ma l to se and o l i g o s a c c h a r i d e s . These a re 
then h y d r o l y z e d i n t o g l u c o s e by a m y l o g l u c o s i d a s e , i s o m a l t a s e and 
ma l t a se p r e sen t i n the brush bo rde r o f the e p i t h e l i a l c e l l s . Su 
c r o s e i s h y d r o l y z e d by brush bo rde r i n v e r t a s e and l a c t o s e by 
brush bo rde r l a c t a s e . T r e h a l a s e s p l i t s t r e h a l o s e p r e s e n t i n mush
rooms. The monosacchar ides formed i n the se p r o c e s s e s , g l u c o s e , 
f r u c t o s e and g a l a c t o s e , a r e a c t i v e l y t r a n s p o r t e d ( f o r r e f e r e n 
c e s , see ( 1 7 ) ) . 

T a b l e T V shows the e f f e c t o t f h e LMW f r a c t i o n on the a c t i 
v i t y o f some o f these enzymes i n v i t r o . M a l t a s e , l a c t a s e and i n 
v e r t a s e were c o m p e t i t i v e l y i n h i b i t e d a t a c o n c e n t r a t i o n o f 10 mg/ 
m l . When the e f f e c t s o f a range o f c o n c e n t r a t i o n s (2 .5 -20 mg/ml) 
o f t he LMW f r a c t i o n were s t u d i e d , i t was r e v e a l e d t h a t t he i n 
h i b i t i o n was not o f the pure c o m p e t i t i v e t y p e . T a b l e V shows 
the e f f e c t o f the HMW f r a c t i o n . Low c o n c e n t r a t i o n s had t o be 
used i n the a s s a y s , as the i n t e n s e brown c o l o r o f t h i s f r a c t i o n 
i n t e r f e r e d w i t h t he s p e c t r o p h o t o m e t r y measurements. In s p i t e 
o f t h i s a s t r o n g c o m p e t i t i v e i n h i b i t i o n o f l a c t a s e and o f i n 
v e r t a s e was f ound . Ma l t a s e was a l s o i n h i b i t e d , and , t o a l e s s e r 
e x t e n t , even t r e h a l a s e . α -Amylase f rom s a l i v a was not a f f e c t e d 
a t the c o n c e n t r a t i o n t e s t e d . 

In o r d e r t o s tudy whether t he pronounced i n h i b i t i o n o f i n 
v e r t a s e might be o f s i g n i f i c a n c e f o r the i n v i v o uptake o f s u 
c r o s e , a suc ro se s o l u t i o n c o n t a i n i n g 1 % (w/w) o f tne HMW f r a c t i o n 
was i n t u b a t e d i n t o f a s t i n g r a t s . The r a t s were k i l l e d a t v a r i o u s 
t ime i n t e r v a l s a f t e r i n g e s t i o n , the g a s t r o - i n t e s t i n a l t r a c t s 
were removed, and the content s o f t o t a l c a r bohyd r a t e s were d e t e r 
mined ( the d e t a i l e d p rocedure has been d e s c r i b e d e a r l i e r , see 
r e f . 19 ) . The r e s u l t s , g i v e n i n F i g u r e 2 , show t h a t no d i f f e r e n c e 
i n the amount o f sugar absorbed c o u l d be o b s e r v e d . 
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ELUT ION VOLUME 

Figure 1. Separation of the low molecular weight (LMW) fraction on Sephadex 
G-50 superfine (2.6 χ 90 cm, eluent water) (1). Key: —, UV absorbance; shaded 
area, relative distribution of a (14C)-label on reactant glucose; A, inhibition of 

aminopeptidase N; and A, inhibition of carboxypeptidase A. 
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TABLE IV 
E f f e c t o f the LMW f r a c t i o n on c a r b o h y d r a t e -
h y d r o l y z i n g enzymes 

Enzyme S u b s t r a t e Cone, o f 
LMW 
f r a c t i o n * 

R e s u l t s 

α-Amylase 
Ma l t a s e 

S o l u b l e s t a r c h 
Ma l t o se 

4 
2.5-

.6 
-20 

L a c t a s e L a c t o s e 2.5--20 

I n v e r t a s e Sucrose 

T r e h a l a s e T r eha l o s e 10 

No i n h i b i t i o n 
M i xed - t ype i n h i b i t i o n 
{ W p = 2 ^ a t 10 mg/ml 
M i xed - t ype i n h i b i t i o n 
Kmapp  2 .71^ a t 10 mg/ml 

fe[?Pinhibit?on 

* mg/ml 
From Oste e t a l . ( 1 8 ) 

TABLE V 
E f f e c t o f the HMW f r a c t i o n on c a r b o h y d r a t e -
h y d r o l y z i n g enzymes 

Enzyme S u b s t r a t e Cone, o f 
HMW 
f r a c t i o n * 

R e s u l t s 

α-Amylase S o l u b l e s t a r c h 0.8 No i n h i b i t i o n 
Ma l t a se Ma l t o se 1.4 C o m p e t i t i v e 

i n h i b i t i o n ? 

L a c t a s e L a c t o s e 1.4 
- m a p p " ? ' 3 ^ 
C o m p e t i t i v e 
i n h i b i t i o n ? 

I n v e r t a s e Sucrose 2.4 
JSnapp t7 
C o m p e t i t i v e 
i n h i b i t i o n ? 

T r e h a l a s e T r e h a l o s e 2.4 T m ê P Ï ? . I - 8 ^ I n h i b i t i o n 

* mg/ml 
From Oste e t a l . (18) 
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1 2 3 4 
Time (hours) 

Figure 2. Total sugar absorbed from rat intestine at different times after the 
ingestion of 760 mg sucrose in solution with (M)> and without (A) 8 mg of the 
high molecular weight (HMW) fraction of the glucose-lysine reaction mixture (IS). 
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D i s c u s s i o n 
I t i s c l e a r t h a t the LMW f r a c t i o n f rom the g l u c o s e - l y s i n e 

r e a c t i o n m i x t u r e a f f e c t e d , down t o a c o n c e n t r a t i o n o f a t l e a s t 
0.25 mg/ml, the r a t e s o f h y d r o l y s i s c a t a l y z e d by some, but not 
a l l , o f the enzymes i n v o l v e d i n p r o t e i n d i g e s t i o n i n v i t r o . C a r 
boxypep t i da se A and aminopept ida se Ν were i n h i b i t e d by a number 
o f subs tances i n the m i x t u r e , some be ing more e f f e c t i v e than 
o t h e r s . E f f o r t s t o c h a r a c t e r i z e t he se compounds a r e i n p r o g r e s s . 

The q u e s t i o n i s , whether t he i n h i b i t o r y e f f e c t o f t he LMW 
f r a c t i o n might e x p l a i n the reduced uptake o f l y s i n e f rom o r a l l y 
g i v en egg -wh i t e p r o t e i n as obse rved i n v i v o i n r a t s . The t o t a l 
i n t a k e per r a t o f the LMW f r a c t i o n s was 22.5 mg. Assuming a t o t a l 
volume o f d i g e s t i v e j u i c e s around 5 m l , t he c o n c e n t r a t i o n i n the 
i n t e s t i n e s hou ld most l i k e l y be h i gh enough t o b r i n g about a no 
t a b l e i n h i b i t i o n , even w i t h a h i gh degree o f b i n d i n g o f t h e com
pounds t o n o n - s p e c i f i
e f f e c t s observed i n v i t r
t y p e . Th i s means t h a t even under c o n d i t i o n s o f excess s u b s t r a t e 
c o n c e n t r a t i o n , wh ich i s p o s s i b l y f o u n d , a t l e a s t i n i t i a l l y , i n 
the lumen o f the i n t e s t i n e , an e f f e c t on the s u b s t r a t e t u r n o v e r 
i s t o be e x p e c t e d . P r o v i d e d t h i s e f f e c t w i l l be r a t e - l i m i t i n g 
f o r t he o v e r a l l d i g e s t i o n and a b s o r p t i o n , a reduced b l ood up 
t a k e , o r a t l e a s t uptake r a t e , o f l y s i n e might be the r e s u l t , 
as obse rved i n the i n v i v o a s s ay . 

The n u t r i t i o n a l s i g n i f i c a t i o n o f the e f f e c t o f t he LMW 
f r a c t i o n i s no t c l e a r . We do not know i f t he observed reduced 
u p t a k e , o r uptake r a t e , w i l l i n f a c t l e a d t o an e q u i v a l e n t l y 
reduced t o t a l l y s i n e u t i l i z a t i o n by t he r a t . The l e v e l s o f p l a s 
ma amino a c i d s f rom the d i e t two hours a f t e r i n t a k e i s o f cou r s e 
not an i n d i s p u t a b l e measure o f amino a c i d a v a i l a b i l i t y . However, 
the l e v e l o f t o t a l l y s i n e i n the plasma o f t he r a t reaches a 
maximum about two hours a f t e r a meal g i v e n as d e s c r i b e d above 
( unpub l i s hed o b s e r v a t i o n ) . T h i s i n d i c a t e s t h a t a change i n d i e 
t a r y amino a c i d c o n t e n t i s p r o b a b l y b e s t r e f l e c t e d i n plasma two 
hours a f t e r i n g e s t i o n . Another q u e s t i o n t o be answered i s i f 
o t h e r e s s e n t i a l amino a c i d s a r e a f f e c t e d t o the same e x t e n t as 
l y s i n e . Th i s i s not n e c e s s a r i l y the c a s e , s i n c e no t a l l o f the 
enzymes i n v o l v e d i n p r o t e o l y s i s o r i n the f i n a l i n t e s t i n a l h y d r o 
l y s i s were a f f e c t e d . The r e s u l t s o b t a i n e d , however, do suppor t 
t he f i n d i n g s o f A d r i a n { ] ) , who r e p o r t e d t h a t w a t e r - s o l u b l e p r o 
duc t s i n a g l u c o s e - g l y c i n e r e a c t i o n m i x t u r e m o d i f i e d an enzymat i c 
p r o t e o l y s i s i n v i t r o per fo rmed w i t h p e p s i n , t r y p s i n and e r e p s i n . 
He a l s o obse rved an e f f e c t on the p r o t e i n d i g e s t i o n per formed by 
r a t s . The HMW f r a c t i o n gave a s i g n i f i c a n t r i s e o f the d i e t a r y 
p r o t e i n - d e r i v e d l y s i n e c o n c e n t r a t i o n i n p l a sma. Th i s f r a c t i o n 
thus had an e f f e c t o p p o s i t e t o the LMW f r a c t i o n . We have a t p r e 
sen t no e x p l a n a t i o n t o t h i s o b s e r v a t i o n . 

The c a r b o h y d r a t e - h y d r o l y z i n g enzymes were i n h i b i t e d by f a i r l y 
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h i gh c o n c e n t r a t i o n s o f the LMW f r a c t i o n . These i n h i b i t i o n s was 
o f t he mixed type w i t h a pronounced c o m p e t i t i v e e l ement . To 
b r i n g about a s u b s t a n t i a l i n h i b i t i o n the c o n c e n t r a t i o n o f the 
LMW f r a c t i o n had t o be o f the same magnitude as the s u b s t r a t e 
c o n c e n t r a t i o n . The e f f e c t s o f the LMW f r a c t i o n a re t h e r e f o r e 
p r o b a b l y o f l i t t l e p r a c t i c a l impo r t ance . 

The HMW f r a c t i o n s t r o n g l y i n h i b i t e d i n v e r t a s e and l a c t a s e 
a t s u r p r i s i n g l y low c o n c e n t r a t i o n s ( 1 . 4 - 2 . 4 mg/ml). When g i v e n 
t o r a t s t o g e t h e r w i t h s uc ro se i n a r a t i o o f 1:100, no e f f e c t on 
the uptake was ob se r ved . A h i g h e r c o n c e n t r a t i o n o f the HMW 
f r a c t i o n c o u l d o f cou r se have had an e f f e c t , but we b e l i e v e such 
c o n d i t i o n s would too much d e v i a t e f rom what i s t o be expec ted 
f rom consuming food p r o d u c t s . Moreover , i n r a t and i n man, t he 
h y d r o l y t i c c a p a c i t y f o r ma l t o se and suc ro se exceeds the t r a n s 
p o r t c a p a c i t y f o r the monosacchar ides formed ( 1 9 , 20 ) . In the 
case o f suc ro se d i g e s t i o n
thus p r obab l y o f l i t t l
b i t i o n o f l a c t a s e , on the o t h e r hand, deserves f u r t h e r i n v e s t i -
t a g i o n s i n c e the l a c t a s e a c t i v i t y i n a d u l t man i s r a t e l i m i t i n g 
f o r t he u t i l i z a t i o n o f l a c t o s e ( 2 J J . 
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Determination of Available Lysine by Various 
Procedures in Maillard-Type Products 
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Three methods of
employing the reagent  Orang ,  anhy
dride, and dansyl chloride, as well as methods for 
total lysine and furosine using ion exchange chro
matography, were compared with the method for fluoro-
dinitrobenzene(FDNB)-reactive lysine as reference, 
in their abil ity to estimate available lysine in 
heat-damaged soya protein samples. A l l methods showed 
at least some measure of sensitivity to increased 
severity of lysine damage, with samples heated alone 
being least damaged followed by those heated with 
lactose, glucose, then xylose. Under more severe con
ditions lactose showed reactivity comparable to that 
of xylose, probably owing to partial hydrolysis of 
the disaccharide. Total lysine overestimated FDNB 
lysine at a l l levels of heat damage. Acid Orange 12 
and succinic anhydride values correlated well with 
FDNB lysine for both non-Maillard ( r = 0.93 ) and 
Maillard ( r = 0.90 ) material. The dansyl method 
gave good relative values but certain problems pre
vented exact quantitative calculations. The chemi
cal methods correlated quite well with plasma lysine 
and lysine digestibil ity methods although the abso
lute values varied considerably between methods. 

The n u t r i t i o n a l a v a i l a b i l i t y of lysine i n foods of plant and 
animal o r i g i n may be s i g n i f i c a n t l y decreased by the ready involve
ment of the €~NH2 group of lysine in i n t r a - and intermolecular 
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crosslinking i n proteins as well as i n reactions with various food 
constituents. The most common involvement i s that together with 
reducing sugars in the Maillard condensation since this reaction 
occurs also under mild and moderate conditions such as storage of 
the food. Some of the intermediate or end products have been repor
ted to be toxic ( J_, 2_> 3_ ) . Although the f i n a l answer as to the 
nut r i t i o n a l consequences of processing damage to lysine can obvi
ously be given only by i n vivo analysis, recently emphasis has 
been placed on methods that not only give an acceptable estimate 
of available lysine but are simple and rapid enough to be automated 
for use i n general laboratory practice ( e.g.4_, .5 ). 

In this report various chemical and i n vivo methods are com
pared i n their a b i l i t y to assess n u t r i t i o n a l damage in various 
model soya proteins representing mainly the Maillard-type modifi
cation of lysine. 

Materials and Methods 

Model protein samples. Isolated soya protein (Purina Brand 
Assay Protein RP 100 ) was employed i n these studies and found to 
contain on a dry matter basis 96% crude protein, 1.4% ash, 0.2% 
crude fiber, and 2% N-free extract. This material was used to 

prepare 48 samples, which were heated i n a i r t i g h t metal containers 
( 250-ml ) at temperatures of 90, 110, 130° C for 0.5, 1, 2, and 
4 h respectively. 

The samples were prepared by a mixture of 90 parts of soya 
protein with 10 parts of tap water or of 80 parts of soya protein 
with 10 parts of glucose and 10 parts of tap water or instead of 
glucose an equivalent amount of lactose or xylose according to 
their molecular mass compared on water-free basis to the glucose. In 
this way for instance the lactose samples contained 71 g soya 
protein, 19 g lactose and 10 g tap water. 

A further 3 samples were prepared by heating equal masses of 
isolated soya protein and tap water i n open vessels for 24 h at 
either 95, 138, or 160° C. 

Crude protein and total lysine plus furosine Total n i t r o 
gen was determined by macro Kjeldahl digestion and protein estima
ted as Ν χ 6.25. Total lysine values were obtained from conventional 
amino acid analyses carried out on 500-mg samples following diges
tion with 800 ml of 6M HC1 under reflux by use of a Biotronic LC 
6000 or Kontron Liquimat III amino acid analyzer. Furosine was 
determined in the same way using 300 ml 7.8 M HC1 as described i n 
( 6_ ) with an amino acid analyzer ( 1_ ). 

Fluorodinitrobenzene ( FDNB )-reactive lysine The direct 
FDNB method of Carpenter ( 8̂  ) was used with some further ( 9_, _K) ) 
modifications. 
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Succinic anhydride (SA)-reactive lysine The method of 
Anderson ( _Π_ ) was employed. Duplicate 12- to 15- mg portions of 
each sample (particle size<80/im ) were accurately weighed into 
20-ml glass s c i n t i l l a t i o n v i a l s , 3 ml of 6M guanidine hydrochloride 
and 0.1 ml of 5M NaOH added, and the whole was magnetically 
s t i r r e d at ca. 50 C for 15 min. After coaling to ca. 25 C, the 
suspension was treated with s o l i d [1,4- C] -succinic anhydride 
with a speci f i c a c t i v i t y of 0.026 uCi per jimol ( Radiochemical 
Centre, Amersham, England ). The reagent was added i n small por
tions over a period of 30 min to give an approximately 80-fold 
molar excess over total lysine content. Vigorous s t i r r i n g was 
maintained throughout the addition process during which a further 
two aliquots ( 0.1 and 0.05 ml ) of 5M NaOH were added after ca. 
10 and 20 min respectively. 

The mixture was then treated with 5 ml of alkaline hydroxyl-
amine reagent ( 20 ml hydroxylamin
13 with 3.5M NaOH ) fo
5% trichloroacetic acid. After centrifuging ( 5000 g ) for 5 min 
the supernatant was carefully decanted and the precipitate washed 
twice with 10-ml aliquots of absolute ethanol. The material was 
then di ssolved i n 1 ml, of 0.2M NaOH, mixed with 10 ml of Insta— 
gel s c i n t i l l a t o r ( Packard Instrument (Pty) Ltd.) , and the radio
a c t i v i t y counted i n a Packard T r i Carb Liquid S c i n t i l l a t i o n 
Spectrometer. 

Dansyl chloride ( DAN )-reactive lysine The method of 
Christoffers ( j_2 ) was employed. Duplicate 19- to 21-mg portions 
of each sample ( pa r t i c l e size <80 jim ) were accurately weighed 
into 10-ml centrifuge tubes and with good mixing f i r s t 1 ml of 
0.5M sodium bicarbonate ( 70 h old ) and then 4 ml of absolute 
ethanol were added. The whole was centrifuged at 5000 g for 0.5 
min, the supernatant decanted, and the residue mixed with 8 ml of 
freshly prepared dansyl chloride solution ( 1 mg/1 ml 95% etha
nol ). The tubes were then incubated for 1 h i n a water bath at 
30 C, the whole centrifuged at 5000 g for 0.5 min, and the super
natant decanted. The residue was washed three times with 4 ml of 
94% ethanol and then suspended in 5 ml of deionized water i n a 
cy l i n d r i c a l glass cuvette. Fluorescence intensity was measured 
using a Biotronic Model BT 1010 amino acid- protein- f i l t e r 
fluorometer, an instrument specially designed to minimize the 
problems associated with measuring the fluorescence of insoluble 
suspended material. 

Dye-binding ( DB ) lysine using Acid Orange 12 The dye-
binding capacity method as a rapid indicator of lysine of Hurrell 
and Carpenter ( 13, see also .5 ) was used with some modifications. 
This type of procedure has been widely used for many years. 

Plasma lysine The concentration of free lysine i n the 
portal plasma of rats was measured 45, 60, 75, 90, 12o, and 180 
min after feeding a test meal of various selected proteins to 
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adult rats which were trained to consume their meals within 15 
min. Relative lysine a v a i l a b i l i t y was calculated from the d i f f e r 
ence of concentrations between the fasting level and the levels 
at different times after the uptake of the test meal. The exact 
method has been described ( 14, 15 ). 

Lysine d i g e s t i b i l i t y i n rats Certain selected samples were 
analyzed for their lysine d i g e s t i b i l i t y in rats according to a 
described method ( J_4, 15, 16 ). 

Results and Discussion 

In Figure 1 i t i s clear that a l l five procedures showed 
at least some measure of s e n s i t i v i t y to lysine damage in a l l 
heated samples and that generally with increased severity of heat 
treatment a correspondin
The SA and DAN methods
more sensitive than the FDNB method, p a r t i c u l a r l y for the most 
severely damaged samples. The total lysine method was least 
sensitive. 

There was also general agreement between methods in terms of 
re l a t i v e values for the different types of heat treatments. The 
samples heated alone showed least lysine damage followed by those 
heated with lactose, glucose, and then xylose, p a r t i c u l a r l y i n 
the gently and moderately treated samples. Lewis and Lea ( J_7 ) 
found the same order of r e a c t i v i t y of these sugars when heated 
with casein at 37 C. The present results however indicate that 
this order alters under more severe heat treatment (110 C, 4 h 
or 130 C, 2, and 4h) i n that lactose i s observed to cause damage 
similar to or even higher than that of xylose. This was probably 
due to the p a r t i a l hydrolysis of lactose to glucose and galactose, 
a step which was reported ( _1_8 ) to considerably increase the 
s u s c e p t i b i l i t y of milk powder for lactose-intolerant infants, to 
Maillard reactions. 

Although other newer chemical methods are starting to take 
over as a method of choice for reactive lysine ( JJ9 ), i n the 
present work the c l a s s i c a l direct FDNB method was selected as 
standard reference since many times i t has been shown to give 
results that correspond closely with those from both b i o l o g i c a l 
evaluation and in v i t r o enzymic digestion ( 19, 20 ). 

Table I shows a series of simple linear regression equa
tions calculated from the data plotted i n Figure 1. For the 
samples heated alone total lysine correlated ( r =0.55 ) badly 
with FDNB lysine and overestimated i t at a l l levels of heating. 
One would however expect this overestimâtion to be more profound 
since isopeptides are a c i d - l a b i l e and hence a l l lysine i n this 
form i s measured by total amino acid analysis. Also i n the 
Maillard samples total lysine values overestimated FDNB lysine. 
The overestimation in the case of the less damaged samples can be 
explained by the fact that e.g. the "early" Maillard product 
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0.5 1.0 2.0 4.0 0.5 1.0 2.0 4.0 0.5 1.0 2.0 4.0 

HOURS AT 9 0 ° C HOURS AT 110° C HOURS AT 1 3 0 ° C 

Figure 1. Comparison of the sensitivity of the various chemical procedures to 
lysine damage in a variety of heat-treated model soya protein samples. (All lysine 
data are given in g 116 g of N) Key: · - · — , unheated; —, heated alone; — · —, 

with glucose; —, with xylose; and , with lactose. 
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fructoselysine, which i s both poorly digested and t o t a l l y unavail
able as a source of lysine (20, 21, 22), releases 40-50% of i t s 
lysine content during acid hydrolysis ( 3.» 6.» 20-22 ). Although i t 
was found ( \3_ ) that total lysine values gave a good estimate of 
lysine a v a i l a b i l i t y i n more severely damaged " l a t e " Maillard 
material since under these conditions the majority of lysine i s 
t o t a l l y destroyed, i n the present study FDNB lysine was grossly 
overestimated in a l l cases. Fructoselysine, measured as furosine, 
however was only detectable in the less damaged products ( see 
figure 1, ). Nevertheless the results of tot a l lysine determina

tion correlated ( r =0.85 ) quite well with the FDNB values. 
The SA method correlated quite well with the FDNB method, 

showing a greater s e n s i t i v i t y than total lysine but giving absolute 
values that were i n some cases very different from that of FDNB. 
In the lower range the SA values were below FDNB values but above 
about 4 g lysine/16 g Ν
difference may arise fro
the £ -NH^-linkage of blocked lysine ( _22 ). There may be also 
differences due to the f a i l u r e of the various reagents to f u l l y 
penetrate the high crosslinked material. The SA method may there
fore better r e f l e c t the influence of poor d i g e s t i b i l i t y on lysine 
a v a i l a b i l i t y . 

Table I. Simple linear regression equations; correlation between 
FDNB-reactive lysine and lysine determined by the other methods 

Isopeptide samples ( η = 15 ) 

L y s i n eFDNB " - 0.88 L y s i n e T ( ) T A L - 0.28; r = 0.55 

L y s i n eFDNB = = 0.51 L y s i n e ^ + 2.36; r = 0.93 

L y s i n eFDNB " • 0.08 L y s i n e ^ + 1.01; r = 0.85 

L y s i n eFDNB = = 0.59 L y s i n e D B + 2.05; r 0.93 
Maillard samples ( η = 36 ) 
L y s i n eFDNB = - 0.91 L y s i n e T 0 T A L - 0.95; r = 0.85 

L y s i n eFDNB = = 0.41 Lysine + 2.02; r = 0.90 

L y s i n eFDNB = - 0.06 L y s i n e ^ + 1.91; r = 0.85 

L y s i n eFDNB = = 0.65 Lysine.., + 1.10; r = 0.90 

SA = succinic anhydride; DAN = dansyl chloride; DB = dye-binding 
with Acid Orange 12. 

Attempts to determine absolute values for the DAN method were 
complicated mainly by the problem that fluorescence intensity was 
found to increase with decreasing p a r t i c l e size ( even below 80 jim). 
For materials of the same p a r t i c l e size, as in the present study, 
the results correlated ( r = 0.85 ) quite well with the FDNB lysine 
and showed good reproducibility, attributable to the unique design 
of the fluorometer used ( 1 2 ) . 
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The dye-binding method with Acid Orange 12 was very similar 
in results to succinic anhydride, showing regression equations 
between ( near to ) SA and DAN. The DB method also underestimated 
FDNB lysine i n the severely heat-damaged samples. 

Comparison with in vivo procedures Although the FDNB proce
dure proved to be a suitable reference method, there i s no doubt 
that a l l methods should be ultimately compared to i n vivo proce
dures. For this reason selected samples were also analyzed by 
plasma amino acid and d i g e s t i b i l i t y methods. Preliminary results 
( Table II ) show that plasma lysine results correlated very well 
with results for lysine d i g e s t i b i l i t y and FDNB lysine ( r =0.95 ), 
reasonably well with those for dansyl chloride lysine, succinic 
anhydride reactive lysine and dye binding lysine, but poorly with 
total lysine. Although the absolute values were i n many cases very 
different, i t i s apparen
be used to at least indicat

Table II. Relative percentage of the lysine a v a i l a b i l i t y i n selec
ted samples as determined by various methods ( unheated total 
lysine - 6.0 g /16 g N - = 1002 : ). 

Sample & 
Treatment 

Plasma 
Lys 

Digest.Total 
Lys Lys 

FDNB 
Lys 

SA 
Lys 

DAN 
Lys 

DB 
Lys 

90°C, 2 h 85 nd 93 85 95 98 87 
110°C, 1 h 76 nd 97 85 90 92 85 
95°C, 24 h 113 98 100 85 88 81 81 
138°C, 24 h 48 80 95 63 25 48 28 
160°C, 24 h 0 13 80 30 8 21 17 
90°C, + gluc, 2 h 38 nd 67 58 57 44 58 
110°C, + gluc, 1 h 31 nd 83 58 65 49 59 
90°C, + lac, 2 h 66 nd 77 65 77 76 73 
110°C, + lac, 1 h 39 nd 87 63 87 79 79 

Correlations with 
Plasma lysine ( r ) 0.94 0.61 0.95 0.76 0.86 0.74 

FDNB = fluorodinitrobenzene; SA = succinic anhydride; DAN = dansyl 
chloride; DB = dye-binding with Orange 12; nd = not determined 

If the four reactive-lysine methods studied are compared on 
the basis of simplicity and rapidity, the FDNB method i s not pre
ferred since i t is f a i r l y complicated, takes ca. 20 h per assay, 
and reqires special precautions due to the vesicant effects of the 
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FDNB on the skin. The other methods are on the other hand r e l a 
t i v e l y simple and rapid, their assay procedures taking 1,5 - 2 h 
to complete. The succinic anhydride method does however have the 
problem of requiring radioisotope f a c i l i t i e s , which could l i m i t 
i t s use i n the typical quality control laboratory. 

In conclusion i t can be said that a l l the tested methods for 
a v a i l a b i l i t y , but not that for total lysine, are most d e f i n i t e l y 
useful as simple and rapid methods for detecting lysine damage i n 
"isopeptide", "early 1 1 Maillard and " l a t e " Maillard type material 
and the results correlate f a i r l y well with FDNB, plasma lysine 
test, and lysine d i g e s t i b i l i t y . But further work w i l l be needed i f 
we are to become confident about their a b i l i t y to give absolute 
measures of n u t r i t i o n a l l y available lysine. In any case, making 
the assumption that reactive lysine w i l l always be equivalent to 
nu t r i t i o n a l l y available lysine should be done with caution since 
there are many factors tha
Under these circumstance
methods should surely be to furnish a good re l a t i v e estimate of 
a l l categories of lysine damage that can occur i n both plant and 
animal protein and to achieve this by a method that i s simple, 
rapid, and economical. 
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23 
Nonenzymatic Glycosylation and Browning of 
Proteins In Vivo 

V. M. MONNIER1 and A. CERAMI 
The Rockefeller University, New York, NY 10021 

The discovery, i
products form readil
of glycosylated hemoglobins reflect the glycemia 
over several weeks has greatly stimulated the 
interest in the Maillard reaction in vivo. The 
fact that long-lived proteins such as lens 
crystallins, collagen and elastin become pigmented 
and highly crosslinked suggests that the Maillard 
reaction could be involved in the general aging 
process. In this chapter, we review recent studies 
on the Maillard reaction with proteins in vivo. 

In 1912, L. C. Maillard (1) observed that solutions of amino 
acids heated i n the presence of reducing sugars developed yellow-
brown color, and he hypothesized that this reaction could occur i n 
vivo and be of importance i n diabetes. The b i o l o g i c a l importance 
of this observation, however, was not recognized for a long time 
by medical s c i e n t i s t s . Instead, i t was found i n i t i a l l y to be of 
pr a c t i c a l relevance to the storage and processing of foods, where 
the reaction of sugars with amino groups led to a series of un
wanted changes i n food quality and appearance. Therefore, most of 
today's knowledge concerning the chemistry of the Maillard 
reaction has been provided by food and agri c u l t u r a l chemists. 

In 1962, Rhabar discovered that red blood c e l l s i n diabetics 
had elevated amounts of a minor component of hemoglobin (_2) . This 
hemoglobin, called hemoglobin A i c (HbAi c) (3), was found to 
contain a l-amino-2-deoxyfructose molecule attached to the N-
terminus of the (3 chain (4,5). Since various studies indicated 
that the glycosylation of hemoglobin occurred i n the absence of an 
enzyme (_6,ĵ ,j3) , the term "nonenzymatic glycosylation" has been 
generally accepted to designate the formation of Amadori products 
i n vivo (Figure 1, top). The observation that, i n the diabetic, 
the levels of HbA^c r e f l e c t the integrated glycemia over the pre-

1 Current address: Case Western Reserve University, Institute of Pathology, Cleve
land, OH 44106 
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Figure 1. Amadori rearrangement of glycosylated proteins. Integration of known 
reactions leading to browning in sugar-amine systems. (Reproduced from Ref. 101. 

Copyright 1953, American Chemical Society.) 
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ceding 3 to 4 weeks suggested that i t could be used to assess 
overall carbohydrate control (9). Furthermore, since various 
complications of diabetes occur i n tissues not dependent on 
in s u l i n for the uptake of glucose, i t was hypothesized that i n 
creased nonenzymatic glycosylation could be involved i n some of 
the long-term sequelae of diabetes (10). The fact that proteins 
with l i t t l e or no turnover, such as lens c r y s t a l l i n e and collagen, 
become pigmented and insoluble with age, suggests to us that the 
la t e r stages of the Maillard reaction could be responsible for 
these changes. Nonenzymatic glycosylation can affect b i o l o g i c a l 
functions of proteins i n a very different way from intermediate 
and late products of the Maillard reaction. We therefore use the 
term "nonenzymatic browning" to designate s p e c i f i c a l l y protein 
changes characterized by the presence of fluorescent, pigmented 
and crosslinked adducts generated during the la t e r stages of the 
Maillard reaction (11)

In this a r t i c l e , w
glycosylation and nonenzymatic browning i n vivo. Structural, 
functional, a n a l y t i c a l , and k i n e t i c aspects w i l l be discussed. 
C l i n i c a l aspects have been reviewed recently elsewhere (12,13,14) 
and w i l l therefore not be considered i n this chapter. 

Nonenzymatic Glycosylation 

The observation that many complications of diabetes are 
reversible upon tight control of glycemia spurred an interest i n 
the potential role of increased protein glycosylation i n the long-
term sequelae. Particular attention has been devoted to proteins 
exposed to high concentrations of glucose such as those i n the 
blood, lens, nerves, vascular and basement membranes, and skin. 
These are also the tissues that are most severely affected by the 
disease. The proteins that are susceptible to nonenzymatic 
glycosylation include c e l l u l a r , extracellular, and membrane pro
teins (Table I ) . Whereas glucose i s the main sugar involved i n 
glycosylation of secretory, structural, and membrane proteins, 
other sugars, i n particular the phosphorylated intermediates of 
glycolysis, can form adducts with i n t r a c e l l u l a r proteins (Figure 
2). 

Detection of Amadori Products Various methods are now 
available for the detection and quantification of Amadori products 
i n body proteins (Figure 3). The furosine method, developed by 
Finot et a l . (15), allows the quantification of glycosylated 
lysine residues. I t has been used recently by Dolhover, et a l . 
(16) i n studies on lipoproteins. Alternatively, the Amadori 
products can be reduced with t r i t i a t e d sodium borohydride to both 
label the sugar and prevent i t s p a r t i a l destruction upon acid 
hydrolysis. The stable adduct, e.g., e-N-(l-deoxyglucitolyl)-
lysine can then be separated by cation exchange chromatography 
(17,18) or by a f f i n i t y chromatography using m-aminophenylboronic 
acid coupled to a s o l i d support (19,20)· This method has been 
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Table I: Nonenzymatically Glycosylated Proteins 

Loca l i za t ion Protein Reference 

In t race l lu la r 

Hemoglobin 
A l a l 
Ala2 
Alb 
A I c 

Ao 
S 

C r y s t a l l i
Cathepsin Β 

72 
35 
7,29,35,70 
36 
4,5,6,8,70 
69 
38,73 

47 

Plasma Proteins 48,56,57 
Albumin 39,49,50,67 
F e r r i t i n 51 
Insul in 52,53,54 
Lipoproteins 75,76,77,78 

Collagen 
Ex t race l lu la r s k i n 58,59,71 

Tendon 60 
Aorta 61 
Glomerular base- 62,64,74 
ment membrane 
Lens capsule 63 

Urine 
Peptides and 19 
amino acids 

Erythrocytes 65,68 

Membrane Endothelium 66 

Myelin 21,46 
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STRUCTURAL PROTEINS 

Figure 2. Possible reaction sites of glucose and other reducing sugars with extra
cellular, membrane, and intracellular proteins. 
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5 - Hydroxymethy I-
furfur aldehyde 

Figure 3. Various methods for the detection and quantification of Amadori 
products. 
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successfu l ly used to detect and quantify glycosylated peptides and 
amino acids i n the urine of d iabet ic patients (19). It a lso can 
be used to i so la te nonenzymatically glycosylated proteins such as 
glycohemoglobin ( 2 0 ) · Fluckiger and Winterhalter (6>) have used 
mi ldly a c i d i c conditions to release 5-hydroxymethyl-furfuraldehyde 
from hemoglobin. This i s then treated with th iobarb i tur ic ac id 
(TBA) to form a chromophore which can be quant i f ied spectrophoto-
met r ica l l y . This method i s widely used for routine purposes. 
However, i t requires carefu l standardization and freedom from con
taminants that can react with TBA, such as l i p i d peroxidation 
products. Amadori products can also be der ivat ized with hydra
z ine . The hydrazone, e . g . , phenylhydrazone, i s s t a b i l i z e d by 
reduction with borohydride and quant i f ied spectrophotometrical ly. 
This method has been used to detect hemoglobin adducts with g l y c -
eraldehyde (26). F i n a l l y , some glycoproteins can be separated by 
cat ion exchange chromatography (3,22,35), electrophoresis (23,24), 
or immunoprecipitation (25)
c l i n i c a l appl icat ions for the estimation of glycohemoglobins i n 
d iabet ic pat ients . Hurrel , et a l . (27) found that ferr icyanide 
reacts with Amadori products i n milk to form a chromophore which 
can be measured quant i ta t ive ly . 

K inet ics of the Glycosylat ion Reaction Several factors i n 
fluence the k ine t ics of the g lycosyla t ion react ion . The rate of 
condensation of the carbonyl group with the free amine depends on 
the pK of the protonated amino group and the type and concentra
t ion of the sugar. The formation of Amadori products i n vivo most 
probably occurs nonenzymatically. Studies on the biosynthesis of 
hemoglobin A i c i n mice have indicated that i t was synthesized 
throughout the l i f e of the red c e l l at a constant rate of 0.1% per 
day (28). In d iabet ic mice, the react ion rate was increased by a 
factor of 2 .7 . Haney and Bunn (29) studied the react ion k ine t ics 
of glucose and glucose-6-phosphate (G6P) with deoxy- and carboxy-
hemoglobin. The adduct formation of deoxy-Hb was twenty times as 
fast with deoxy-Hb as with carboxy-Hb. The conformation of 
carboxy-Hb and deoxy-Hb are d i f f e ren t , which suggests that con
formational changes can strongly inf luence the g lycosylat ion ra te . 
S imi lar observations have been made by Stevens, et a l . (30), who 
showed that the rate of adduct formation was dependent upon the 
concentrations of both hemoglobin and G6P. 

The k ine t ics of the nonenzymatic g lycosylat ion of hemoglobin 
to form hemoglobin A]_c have been analyzed i n d e t a i l by Higgins and 
Bunn (31). Assuming a bimolecular react ion for the condensation 
react ion and f i r s t - o r d e r k ine t ics for the Amadori rearrangement, 
they determined the rate constants for the g lycosylat ion of the 
N-terminal val ine of the β - c h a i n : 
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Glucose concentrations were estimated with p u r i f i e d , 1 4 c-labelled 
glucose. To determine k i , the overall rate of Schiff base forma
tion at several sites of hemoglobin was f i r s t measured by incuba
ting hemoglobin AQ with NaCNBH3# At neutral pH, this reagent 
selectively reduces Schiff base linkages without affecting carbonyl 
groups (34). The overall condensation rate, k^ 1, was found to be 
0.9 ± 0.2 χ 10-3 mM-lh-l. Since the rate of condensation of D-
[^-^Cj-glucose was 2/3 that of HDAQ, the rate of condensation of 
the 3-NH2 terminus, k i , was estimated at 0.3 χ 1 0 _ 3 mM~lh~l. As 
anticipated, k]/ rose with increasing pH. However, i t was not 
si g n i f i c a n t l y affected by increasing the concentration of hemo
globin to about two-thirds the l e v e l found i n normal red blood 
c e l l s . The overall f i r s t - o r d e r rate constant (k-i) for the di s 
sociation of glucose from the aldimine complex was calculated from 
incubations of [^-^C]-glucose with hemoglobin i n the absence of 
NaCNBH3, assuming k - i » k2« The value found for k _ i was 0.35 h - 1 . 
The rate of the Amadori rearrangement at the (3-NH2 terminus was 
estimated as for k-χ and with chromatographic quantification of 
the keto amine HbA]_c. The mean value for k2 was 0.0055 h " l , which 
i s very close to the one obtained from k i n e t i c data i n humans 
(k2 = 0.006 h-1) (37 ). These data indicate that the rate of the 
Amadori rearrangement i s 1/60 that of the dissociation of the 
Schiff base to hemoglobin and glucose. For the normal red c e l l 
with a 5 mM glucose concentration, calculated and estimated data 
on nonenzymatic glycosylation can be summarized as follows: 
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Type of 
Hemoglobin 

Glycosylat ion 
Si te Sugar 

% of 
Total Hb Ref. 

Ao 90% 

ε - Ν Η 2 glucose 8% of HbAo 69,72 

β - Ν Η 2 glucose 4% of HbAQ 69,72 

Alax β - Ν Η 2 f ructose-1,6-P 0.5% 35 

A l a £ β - Ν Η 2 glucose-6-P 0.5% Z>35 

A l b not glycosylated 36 

A l c 3-NH ,6,8,7C 

P r e - A i c 

(Schi f f base) 
β - Ν Η 2 glucose 0.5% 

The rate of incorporat ion of sugars into proteins depends 
strongly on the type of sugar. The r e a c t i v i t y of reducing sugars 
generally increases with the rate of mutarotation. With lens 
c rys ta l l i ne and rad io labe l led sugars, we found the order to be 
fructose < glucose < glucose-6-P - galactose < xylose (11). This 
observation i s of spec ia l in terest in the formation of experimental 
sugar cataracts, since lens opaci t ies appear faster i n rats fed 
with xylose than i n those fed galactose, and faster in galactosemic 
than i n diabet ic r a t s . Simi lar observations were made by Bunn and 
Higgins (33). These authors measured the r eac t i v i t y of various 
monosaccharides with hemoglobin and found that glucose was the 
least react ive of the aldohexoses. Therefore, they propose that 
glucose probably emerged as the primary metabolic fue l because the 
high s t a b i l i t y of i t s r ing structure l im i ts the potent ia l ly de le t 
erious nonenzymatic g lycosylat ion of prote ins . 

F i n a l l y , caution should be exerted when determining k ine t i c 
data with radio label led sugars. Trueb, et a l . (32) found that 
labe l led glucose from several manufacturers contained radioact ive 
impurit ies of unknown structure which often reacted faster than 
glucose i t s e l f . P u r i f i c a t i o n methods can be found i n reference 31. 

Structure and Function of Glycosylated Proteins. A wide 
var iety of proteins has been studied for nonenzymatic g lycosy la 
t ion both i n v i t r o and i n vivo (Table I ) . Using NMR spectroscopy, 
Koenig and Cerami (28) obtained conclusive evidence for the 
presence of 1-deoxyfructosylvaline i n hemoglobin A]_ c. They showed 
that f ruc tosy lva ly lh is t id ine from HbA]_c w ^ s i d e n t i c a l with the 
synthetic glycopeptide. Various studies on hemoglobin g lycosy la 
t ion have also come from the laborator ies of Bunn, Gabbay, Gallop 
and Winterhalter, and have already been discussed above. Acharya 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



440 MAILLARD REACTIONS 

and Manning (38) studied the reactive sit e s of hemoglobin S (HbS) 
with glyceraldehyde, which readily forms Amadori products with 
hemoglobin (26). About 23% of the glyceraldehyde incorporated i n 
to hemoglobin was present at Val-1 (β) and less than 5% at Val-1 
(a). The reactive lysine residues of the β-chain were Lys-82, 
Lys-59 and Lys-120. They incorporated 27%, 12% and 9.6% respect
i v e l y of the to t a l glyceraldehyde. The most reactive lysine 
residue of the α-chain was Lys-16, which incorporated 30% of t o t a l 
glyceraldehyde. 

Apart from hemoglobin, various other proteins have been shown 
to be glycosylated by one of the methods described above. With 
the exception of i n s u l i n and albumin, however, the s p e c i f i c glyco
sylation s i t e s remain to be elucidated. 

Nonenzymatic glycosylation, theoretically, can a l t e r protein 
function i n several ways. The i s o e l e c t r i c point (pi) drops, 
p a r t i c u l a r l y i f the suga
additional sugar on a fre
enzymatic a c t i v i t y , decreased ligand binding a f f i n i t y , changes i n 
conformation, modified protein h a l f - l i f e , blocking of proteolytic 
s i t e s , or suppression of crosslinking. In addition, i t could lead 
to a selective receptor-mediated uptake of the protein or the 
formation of anti-hapten antibodies. Several observations support 
these theoretical considerations which could be of importance i n 
the long-term sequelae of diabetes. 

Inhibition of ligand binding has been observed i n glycohemo-
globins, since 2,3-diphosphoglycerate (2,3-DPG), a regulator of 
hemoglobin function, cannot bind to the N-terminal valine of the 
β-chain (22). The oxygen a f f i n i t y of the two acid i c minor hemo
globins, Ala and A ] ^ , i s lower than that of HbAQ at neutral pH, 
whereas the a f f i n i t y of HbAi c i s s l i g h t l y increased. Although 
diabetic blood has an elevated a f f i n i t y (about 2 mm Hg), this 
change i s not important enough to account for the c l i n i c a l symp
toms. Decreased binding of, e.g., drugs, may also be found i n 
albumin, since a s p i r i n competes with the glycosylation of lysine 
residue 199 (48). 

Changes i n conformation have been postulated i n c r y s t a l l i n e 
incubated with hexoses (18). As a result of the incubation, l i g h t -
scattering disulfide-linked high-molecular-weight protein aggre
gates were formed which were similar to those of experimental 
galactose or diabetic cataract. The phenomenon was investigated 
by Liang and Chakrabarti (55), who found changes i n the te r t i a r y 
structure of a- c r y s t a l l i n s that had been incubated with glucose-
6-phosphate. 

No alteration of protein h a l f - l i f e has been detected with 
glycosylated albumin (39) and f e r r i t i n (51). However, Jones and 
Peterson (45) found that fibrinogen survival, which was reduced i n 
diabetic patients with elevated glycemia, could be increased to 
normal value shortly after i n s u l i n therapy. This suggests that a 
l a b i l e Schiff base could play a role i n the regulation of f i b r i n o 
gen turnover. 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



23. MONNIER AND CERAMi Glycosylation and Browning of Proteins 441 

A decrease i n enzymatic a c t i v i t y upon g lycosylat ion has been 
reported for cathepsin Β (47). The conversion of p ro insu l in (PI) 
to i n s u l i n (I) was impaired. The P l / I ra t io increased by a factor 
of 3 when the glycosylated enzyme was tested. 

Decreased d i g e s t i b i l i t y of nonenzymatically glycosylated 
glomerular basement membrane has been demonstrated by Lubec and 
Pol lak (62). They hypothesized that thickening of d iabet ic 
glomerular basement membranes could be due to reduced pro teo ly t ic 
degradation. Decreased d i g e s t i b i l i t y has also been shown i n sk in 
collagen from diabet ic patients (59). I t correlated wel l with 
the increased amounts of keto amine linkages i n the same samples. 
Overa l l , the resu l ts indicated that collagen of juveni le-onset 
diabet ics had undergone accelerated aging. 

Amadori products may act as recognit ion s ignals for the 
se lec t ive uptake of nonenzymatically glycosylated proteins by 
c e l l s . McVerry (67) observe
glycosylated serum protein
as i n diabetes. A possible explanation for these observations may 
be found i n the observation of an increased uptake of glycosylated 
albumin by endothel ia l c e l l s i n v i t r o (80). Studies on the uptake 
of glycosylated low-density l ipoprote ins (LDL) are somewhat con
t r o v e r s i a l . Gonen, et a l . (76) found that glycosylated LDLs were 
degraded faster by rat per i toneal macrophages than were nonglyco
sy lated ones. Kim and Kurup (77) observed that extensively 
glycosylated LDLs had a decreased catabolism i n r a t s . However, 
Kraemer and Reaven (78) found no di f ference between LDL binding or 
degradation by f ib rob las ts of d iabet ic patients and f ib rob las ts of 
normal i n d i v i d u a l s . 

F i n a l l y , membrane proteins are also increasingly glycosylated 
i n diabetes (65). Reid, et a l . (68) recently i d e n t i f i e d an anti-M 
a l loagg lu t in in i n juveni le-onset diabetes that would agglutinate 
M-posit ive c e l l s that had been pre-incubated i n glucose. This 
suggests that Amadori products could act as haptens and e l i c i t an 
immune react ion towards glycosylated t i s s u e s . 

In summary, many, i f not a l l , body proteins can be g lyco
sylated to d i f ferent degrees, both i n v i t r o and i n v ivo . The 
degree of impaired funct ion, however, may depend upon the to ta l 
amount of g lycosy la t ion . 

Nonenzymatic Browning 

Although nonenzymatic g lycosyla t ion may a f fec t p r a c t i c a l l y 
every protein i n v ivo , i t i s l i k e l y that nonenzymatic browning 
w i l l occur only i n proteins that have a slow turnover or none at 
a l l , such as lens c r y s t a l l i n e , col lagen, e l a s t i n and proteoglycans. 
In some t issues , these proteins are, i n e f f e c t , "stored" for a 
l i f e t ime and undergo some charac te r is t i c changes, many of which 
have been observed i n stored and processed foodstuffs (Table I I) . 

In the aging human lens , and p a r t i c u l a r l y during cataract 
formation, protein aggregation (81), decreased protein s o l u b i l i t y 
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Table I I : Some 

Physical Changes 

Dénaturâtion 

Aggregation 

I n s o l u b i l i t y 

Pigmentation 

Fluorescence 

Characteristics of Aging Proteins 

Chemical Changes 

Oxidation (Trp,Tyr,His, 
Cys,Met) 

Deamidation 

Decreased d i g e s t i b i l i t y 

Racemization 

Cross-linking 

Adduct formation 
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(82), and accumulation of yellow (82) and f luorescent (83) p i g 
ments has been demonstrated. Several l ines of evidence support 
the p o s s i b i l i t y that nonenzymatic browning may be in part respon
s i b l e for these changes. 1) Amadori products of lys ine residues 
are present i n human lens c rys ta l l i ne (41) and have been found to 
accumulate i n the lens with age (44). 2) A loss of lys ine 
residues has been observed, p a r t i c u l a r l y i n advanced cataracts 
(82). 3) Browning of proteins with glucose can occur not only 
upon heating but also at phys io log ica l pH and temperature (84). 
4) Increased amounts of glucose and glucose-6-phosphate have been 
reported in human lenses from older ind iv iduals (85). 

To invest igate the presence of nonenzymatic browning products 
i n the lens , we have incubated bovine lens c r y s t a l l i n e with r e 
ducing sugars for 10 months under phys io log ica l conditions (30). 
The spectroscopic propert ies of these protein so lu t ions , which had 
developed yellow co lor ,
and cataractous lens prote ins
spectra with maxima at 360 nm and 470 nm and a shoulder at 400 nm 
were obtained from bovine lens proteins incubated with glucose-6-
phosphate and from proteins iso la ted from cataracts . Non-d isu l -
f ide covalent crossl inks were also detected i n protein solut ions 
incubated with hexoses, p a r t i c u l a r l y upon incubation with glucose-
6-phosphate. Human lenses were then analyzed for the presence of 
yel low, f luorescent and borohydride-reducible protein adducts, 
possibly generated during nonenzymatic browning. Such adducts 
were detected i n acid hydrolysates of heavi ly pigmented proteins 
from cataractous lenses (86). T y p i c a l l y , a 20% to 40% decrease i n 
lys ine and h i s t i d i n e residues was noted i n these lenses, suggest
ing that these amino acids had been modified by the cataractous 
process. These adducts were p u r i f i e d by gel f i l t r a t i o n , cat ion 
exchange and reverse phase chromatography. Two borohydride-
reducible amino acid der ivat ives were found to co-chromatograph 
with browning products syntheeized from glucoee and a - t e r t . -
butyloxycarbonyllyeine prepared at 3 7 ° C and pH 7.4. The etructure 
of theee compounds has not been elucidated yet . However, Olsson 
and colleagues (87) have iso la ted a ser ies of b i c y c l i c products 
from the react ion of D-glucose and methylamine which, hopefu l ly , 
w i l l serve as models for the structures of browning products. 

Preliminary indicat ions for the occurrence of nonenzymatic 
browning i n connective t issue can be found i n the l i t e r a t u r e . For 
example, LaBel la and associates (88,89) have shown that aor t i c 
e l a s t i n i s associated with a covalently bound f luorescent material 
that accumulates with age, i n p a r a l l e l to the resistance of the 
native protein to s o l u b i l i z a t i o n and degradation by e lastase . The 
age-related accumulation of yellow pigments and fluorogens with 
exci tat ion-emission maxima at 350/440 and 370/460 nm s imi la r to 
those reported for synthet ic browning products involv ing glucose 
and lys ine (30) has also been found i n human tendon collagen (90). 

The potent ia l for the occurrence of nonenzymatic browning in 
col lagen i s supported by the recent demonstration by Schnider and 
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Kohn (59) that nonenzymatic g lycosylat ion and resistance to 
pepsin digest ion were greatly increased i n tendon and skin c o l 
lagen of d iabet ic , and p a r t i c u l a r l y juveni le-onset d iabe t ic , 
patients (Figure 4). Increased glycosylat ion has also been ob
served i n collagen iso la ted from the aorta of d iabet ic rats (61). 
These observations suggest that accelerated formation of c ross 
l inks may occur i n diabetes as a resu l t of excessive nonenzymatic 
browning and glycosylat ion of lys ine or hydroxylysine residues. 
These studies point to the possible accelerat ion of the aging 
process i n diabetes. In e f f e c t , several complications of diabetes 
mel l i tus resemble the general charac ter is t ics of aging which occur 
i n co l lagen- r ich t i ssues . These include a r t e r i o s c l e r o s i s (91), 
s t i f f e n i n g of ar ter ies (92), s t i f f e n i n g of lungs (93), p e r i 
a r t i c u l a r r i g i d i t y (94), and os teoar thr i t i s (95). The thickening 
of c a p i l l a r y and glomerular basement membrane which i s observed 
i n diabetes and aging could be due to nonenzymatic browning of 
p ro teo ly t ic digest ion s i t e s
to note that DeBats and Rhodes (96) observed an increase i n blue 
autofluorescence i n d iabet ic kidneys when compared with age-
matched cont ro ls . 

Conclusions 

Nonenzymatic g lycosylat ion has been shown to occur i n vivo 
with various .proteins and to a f fec t prote in function i n several 
ways. The amounts of Amadori products are increased, on an 
average, by a factor of two i n diabetes, p a r t i c u l a r l y i n proteins 
from t issues that are not dependent on i n s u l i n for the uptake of 
glucose. A l inear accumulation of glyco-adducts was demonstrated 
i n aging col lagen. Several reports now indicate that nonenzymatic 
g lycosylat ion could explain some of the acute or chronic molecular 
changes observed i n diabetes. 

Studies on nonenzymatic browning are not as far advanced as 
those on g lycosy la t ion . However, the s i m i l a r i t i e s between changes 
found i n t issues with long- l i ved proteins and foodstuffs stored i n 
the presence of reducing sugars, as wel l as prel iminary a n a l y t i c a l 
data, indicate that the browning process occurs i n v i v o . I t may 
expla in , i n par t , changes i n s o l u b i l i t y of aging and d iabet ic 
prote ins . 

The Mai l la rd react ion with reducing sugars which we have 
described above i s one of the classes of carbonyl-amine reactions 
which occurs i n v ivo . There i s now an increasing interest among 
medical researchers i n the ro le of carbonyl-amine react ions. 
Cyanate, an a n t i s i c k l i n g agent, produces neuropathy and cataracts 
(97). The cyanate adduct of l y s i n e , homoci t ru l l ine , has been 
found i n the human lens (98). Acetaldehyde, the f i r s t metabolite 
of ethanol , forms adducts with hemoglobin (99) and could be i n 
volved i n some of the chronic sequelae of a lcohol ism. Formalde
hyde has long been known to be a health r i s k factor i n workers 
chronica l ly exposed to i t . F i n a l l y , s te ro ids , such as 
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16-a-hydroxyestrone and Cortisol , have recently been found 
readily to form adducts with proteins (100). Such steroid-
protein adducts could play a role i n diseases such as systemic 
lupus erythematosus and complications due to chronic therapy with 
antiinflammatory steroids. 
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Figure 4. TOP: The amount of keto amine-linked glycosylation of insoluble col
lagen plotted as a function of subject's age. BOTTOM: The amount of insoluble 
collagen plotted as a function of subject's age. Key: Ο» normal; +, juvenile-onset 

diabetic; and • , maturity-onset diabetic. 

The solid line represents the regression equation. The 99.9% confidence bands are represented 
by the dashed lines. The regression lines and confidence bands are derived from the data on 

nondiabetics. 
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Some Maillard-typ
vivo have wel
e.g., browning products of D-glucose and glycine 
promote the growth of lactobacilli in microflora of 
rats. Deoxyfructoserotonin formed synthetically or 
in vivo inhibits the multiplication of Mycobacteri
um leprae and shows anti-stress activity. The 
Maillard reaction prevents lysine-rich proteins 
from aggregating platelets. Enzymic cleavage of 
Maillard-type compounds in vivo conteracts the 
detrimental effects of the Maillard reaction in 
diabetes, e.g., cataract formation or thickening of 
the basal membrane of blood vessels. The enzymic 
cleavage of Maillard-type compounds depends on the 
concentrations of cytochrome P-450 and NADPH. 

M a i l l a r d , who f i r s t observed the f a c i l e t r a n s f o r m a t i o n of 
reducing sugars with amines and p r o t e i n s , a t t r i b u t e d to t h i s 
r e a c t i o n some b i o l o g i c a l s i g n i f i c a n c e ( ̂ ) · P a r a d o x i c a l l y , t h i s 
aspect was completely n e g l e c t e d u n t i l r e c e n t l y , whereas the r o l e 
of the r e a c t i o n i n food chemistry generated a paramount i n t e r e s t . 
Thus, many thousands of papers have been devoted to understanding 
such processes as nonenzymatic browning, p r e s e r v a t i o n of food
s t u f f s , and formation of f l a v o r (2). 

The occurrence of M a i l l a r d r e a c t i o n s i n v i v o was observed f o r 
the f i r s t time only a few years ago. In 1975 we re p o r t e d (3) the 
formation of d e o x y f r u c t o s e r o t o n i n ( F i g . 1) and d e o x y f r u c t o l y s i n e 
d e r i v a t i v e s i n the blood, i n t h i s second case p o l y - L - l y s i n e being 
used as a model compound ( F i g . 2). 

T h i s o b s e r v a t i o n was soon f o l l o w e d by the di s c o v e r y of 
deoxyfructohemoglobin by F l u c k i g e r and W i n t e r h a l t e r ( 4 ) . In normal 
i n d i v i d u a l s t h i s sugar d e r i v a t i v e r e p r e s e n t s 4% of the t o t a l 
amount of hemoglobin, but t h i s value can be in c r e a s e d up to 20% i n 
d i a b e t i c s . More r e c e n t l y d e t r i m e n t a l e f f e c t s of the M a i l l a r d 
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r e a c t i o n i n v i v o have a l s o been observed i n d i a b e t e s , such as 
c a t a r a c t formation and t h i c k e n i n g of the blood v e s s e l w a l l s (.5). 

Enzymic Cleavage of M a i l l a r d - t y p e Compounds 

The chemical s y n t h e s i s of M a i l l a r d - t y p e compounds proceeds 
r e a d i l y i n v i v o ; however, the chemical cleavage of these compounds 
r e q u i r e s d r a s t i c c o n d i t i o n s that c e r t a i n l y do not e x i s t i n v i v o 
( 6 ) . N e v e r t h e l e s s , a slow l i b e r a t i o n of s e r o t o n i n from deoxy-
f r u c t o s e r o t o n i n i s observed i n blood and b r a i n , suggesting the 
ex i s t e n c e of an enzyme system f o r the cleavage of M a i l l a r d - t y p e 
sugar-amine d e r i v a t i v e s (7_). 

It has been e s t a b l i s h e d that the enzymic cleavage of 
M a i l l a r d - t y p e compounds depends on the c o n c e n t r a t i o n of cytochrome 
P-450 and of the coenzyme NADPH (8) ( F i g . 3 ) . The mechanism 
suggested f o r the enzymi
shown i n Fig u r e 4. Th e r e f o r e
system may prevent the d e t r i m e n t a l e f f e c t s of the M a i l l a r d 
r e a c t i o n i n d i a b e t e s . 

M a i l l a r d Reaction Products of T h e r a p e u t i c I n t e r e s t 

Some M a i l l a r d - t y p e compounds formed i n v i t r o or i n v i v o have 
w e l l e s t a b l i s h e d t h e r a p e u t i c e f f e c t s . 

E f f e c t s of M a i l l a r d Compounds on the Growth of Micro-organisms. 
M a i l l a r d - t y p e compounds a f f e c t the development of micro-organisms 
i n v a r i o u s ways. G e n e r a l l y , the e a r l y M a i l l a r d r e a c t i o n products 
promote such development, whereas l a t e r e a c t i o n products may have 
an i n h i b i t i n g e f f e c t on the growth of micro-organisms. N - G l u c o s y l -
g l y c i n e s t i m u l a t e s the growth (9) of L a c t o b a c i l l i and only l a t e 
premelanoidins i n h i b i t growth. Ne a r l y the same e f f e c t s have been 
observed with A s p e r g i l l i (10). 

E f f e c t s of M a i l l a r d Compounds on P l a t e l e t Aggregation M a i l l a r d 
r e a c t i o n products of l y s i n e - r i c h p r o t e i n s prevent p l a t e l e t 
aggregation, e.g., p o l y - L - l y s i n e aggregates p l a t e l e t s , but upon 
M a i l l a r d r e a c t i o n l o s e s t h i s a b i l i t y (11). 

T h e r a p e u t i c E f f e c t s of D e o x y f r u c t o s e r o t o n i n D e o x y f r u c t o s e r o t o n i n 
was f i r s t s y n t h e s i z e d i n 1975 (1_2) i n our l a b o r a t o r y from 
D-glucose and s e r o t o n i n , c o f f e e wax being an abundant source of 
t h i s amine (13). 

D e o x y f r u c t o s e r o t o n i n has a strong reducing power and a b i l i t y 
f o r complexation. The sugar d e r i v a t i v e shows the f o l l o w i n g 
b i o l o g i c a l p r o p e r t i e s : 

- i t d i s p l a y s " s e r o t o n i n - l i k e " a c t i v i t y , being i n com p e t i t i o n 
with s e r o t o n i n f o r the same t r y p t a m i n e r g i c r e c e p t o r s (14), 

- the ra t e of i t s metabolism by monoamine oxidase (MAO) i s 
very low (15), 
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Figure 3. Enzymic cleavage of deoxyf ructoserotonin (DFS) as a function of cyto

chrome P-450 concentration. 

Figure 4. Mechanism of the enzymic cleavage of deoxyfructoserotonin. 
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- i t has a low t o x i c i t y (LD^ Q = 1200 mg/kg o r a l adminstra-
t i o n , 400 mg/kg i . v . ) i n mice (160, and 

- i t i n h i b i t s the r e l e a s e of s e r o t o n i n from p l a t e l e t s by 
neurotoxins (e.g., 5,6-dihydroxytryptamine) (17). 

In l e p r o s y , d e p l e t i o n of s e r o t o n i n and low uptake of the 
bioamine by blood p l a t e l e t s has been observed. The sugar d e r i v a 
t i v e c o u n t e r a c t s these phenomena, r e e s t a b l i s h i n g the s e r o t o n i n 
l e v e l necessary f o r the n e a r l y normal f u n c t i o n of p l a t e l e t s and 
neurons (18) . 

During our i n v e s t i g a t i o n on the metabolism of de o x y f r u c t o -
s e r o t o n i n we have observed a strong i n h i b i t i o n of mushroom 
DOPA-oxidase (19) ( F i g . 5). 

It has been r e p o r t e d that Mycobacterium leprae c o n t a i n s a 
s p e c i f i c DOPA-oxidase and the the me t a b o l i t e s of D0PA are 
e s s e n t i a l f o r the growt
have^observed that d e o x y f r u c t o s e r o t o n i
of [ HJ-DOPA i n Mycobacterium leprae (21). 

The c o m p e t i t i o n of d e o x y f r u c t o s e r o t o n i n with the enzyme-
c o n t r o l l e d u t i l i z a t i o n of D0PA may then suppress the v i a b i l i t y of 
le p r o s y b a c t e r i a . In f a c t , 20 mg/kg body weight/day deoxy-
f r u c t o s e r o t o n i n i n c o r p o r a t e d i n the d i e t of mice t o t a l l y i n h i b i t e d 
the m u l t i p l i c a t i o n of M. leprae on mouse foot pad, 4 months a f t e r 
i n c u b a t i o n , from both s u i f o n e - s e n s i t i v e as w e l l as s u l f o n e -
r e s i s t a n t cases ( 2_2 ) . These r e s u l t s are shown i n Table I. 

The c l i n i c a l e f f e c t i v e n e s s of d e o x y f r u c t o s e r o t o n i n i n le p r o s y 
has been t e s t e d i n the I n s t i t u t e Marchoux i n Bamako (Rep. of 
M a l i ) . Seven p a t i e n t s s u f f e r i n g from l e p r o s y were t r e a t e d during 6 
months with deoxyf r u c t o s e r o t o n i n at a d a i l y r a t e of 5 - 20 mg/kg 
body weight. Considerable improvement was observed i n a few weeks 
i n cases c l a s s i f i e d " b o r d e r l i n e " and i n a few months i n cases of 
lepromatous l e p r o s y (23). 

A young g i r l with t y p i c a l "Faciès l e o n i n " i s shown i n P l a t e 
1. A f t e r 5 months treatment with d e o x y f r u c t o s e r o t o n i n , complete 
f l a t t e n i n g of a l l nodules i s observed ( P l a t e 2). 

P l a t e 3 shows a young man with s k i n patches on the nape of 
the neck. A f t e r 6 months treatment w i t h d e o x y f r u c t o s e r o t o n i n , the 
s k i n patches had disappeared ( P l a t e 4 ) . 

The improvement was not only c l i n i c a l , but a l s o b a c t e r i o l o 
g i c a l , reducing the mor p h o l o g i c a l index (percent of v i a b l e 
b a c t e r i a ) to 0. During the treatment, no s i d e - e f f e c t s were 
observed e i t h e r c l i n i c a l l y or by b i o l o g i c a l t e s t s (2Λ). Continued 
treatment over a p e r i o d of another 6 months confirmed the d e f i n i t e 
e f f e c t i v e n e s s of the drug a g a i n s t l e p r o s y . 

In a d d i t i o n to i t s a n t i l e p r o s y e f f e c t , d e o x y f r u c t o s e r o t o n i n 
shows a c o n s i d e r a b l e a n t i - s t r e s s a c t i v i t y , e s p e c i a l l y on u l c e r 
formation by r e s t r a i n t (25). 
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Figure 5. Inhibition of DOPA-oxidase by deoxyf ructoserotonin. Key: 1, oxidation 
of DOPA by DOPA-oxidase; and 2, inhibition by DFS of the oxidation of DOPA 

by DOPA-oxidase. 
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Table I. Studies on the A n t i l e p r o s y A c t i v i t y of Deoxyfructo-
s e r o t o n i n (DFS) by the

Time a f t e r I n o c u l a t i o n M. Leprae L e v e l s Found 
(months) C o n t r o l DFS-Treated 

4 19.4 X a 5.3 X 
6 22.8 X Negative 
8 39.4 X Negative 

10 20.0 X Negative 

Note: St u d i e s done at C e n t r a l Leprosy Teaching and Research 
I n s t i t u t e , Chingleput, I n d i a . E i g h t groups of 6 mice each i n o c u l a 
ted w ith biopsy m a t e r i a l from a LL p a t i e n t w i th BI over 2+ and MI 
17o. Each t r e a t e d animal r e c e i v e d 0.5 mg DFS/day (20 mg/kg body 
weight) i n the d i e t . 

a X = times more than at the begi n n i n g . 

^Negative means no a c i d - f a s t b a c i l l i detected i n the 20-22 
m i c r o s c o p i c f i e l d s i n any of the smears. 
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Plate 1. Patient 6 with "lion face". 

Plate 2. Patient 6, 5 months later. Regression and complete flattening of nodules. 
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Plate 3. Patient 7 skin patches on nape of neck. 

Plate 4. Patient 7, 6 months later. Patches on nape of neck had disappeared. 
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R e l a t i o n s h i p of N u t r i t i o n to M a i l l a r d Reactions i n Vivo 

N u t r i e n t s can modify M a i l l a r d r e a c t i o n s i n v i v o by many 
d i f f e r e n t ways. 

Change of pH of Blood Plasma A s l i g h t l y a c i d medium i s u s u a l l y 
needed f o r the M a i l l a r d r e a c t i o n , but i n some cases, e.g., w i t h 
l y s i n e - r i c h p r o t e i n s , a s l i g h t l y a l k a l i n e pH i s a l s o o p e r a t i n g . 
Thus a small change i n pH, due to the nature of food consumed or 
the p a t h o l o g i c metabolism of f o o d s t u f f s , can a f f e c t M a i l l a r d 
r e a c t i o n s i n v i v o . 

The cytochrome P-450 enzyme system, r e s p o n s i b l e f o r the 
cleavage of M a i l l a r d compounds, i s h i g h l y s e n s i t i v e to pH change, 
maximum a c t i v i t y being at about pH 7.2. A small change of the pH 
i n e i t h e r d i r e c t i o n decreases c o n s i d e r a b l y the a c t i v i t y of the 
enzyme system. 

Food as Source of S t a r t i n g M a t e r i a l s f o r M a i l l a r d Reaction i n 
Vivo N u t r i e n t s are, of course, the o r i g i n of many d i f f e r e n t 
reducing sugars and amines or p r o t e i n s , which are suspected to 
undergo a M a i l l a r d r e a c t i o n i n v i v o . 

A high consumption of D-glucose or p o l y s a c c h a r i d e s e a s i l y 
degradable i n t o glucose can r e s u l t i n a t e m p o r a r i l y high l e v e l of 
reducing sugar i n the blood. Since the s p e c i f i c i t y of the r e a c t i o n 
i s pH dependent, the reducing sugar can subsequently undergo a 
M a i l l a r d r e a c t i o n with one or more amines or p r o t e i n s . I t i s a l s o 
w e l l e s t a b l i s h e d that tryptophan i n the food i s the source of 
s e r o t o n i n i n blood and b r a i n (26). 

A v a i l a b i l i t y of S t a r t i n g M a t e r i a l s f o r M a i l l a r d Reaction i n Vivo 
Not a l l s t a r t i n g m a t e r i a l s present i n the body are a v a i l a b l e f o r 
M a i l l a r d r e a c t i o n . For example, trypotophan i n blood, formed by 
d i g e s t i o n and a b s o r p t i o n of t r y p t o p h a n - r i c h p r o t e i n s , i s e a s i l y 
bound by plasma albumin, making i t u n a v a i l a b l e f o r f u r t h e r 
t r a n s f o r m a t i o n . 

Unsaturated f r e e f a t t y a c i d s , having a higher a f f i n i t y f o r 
albumin then tryptophan has, can help to l i b e r a t e tryptophan (27). 
Unsaturated f r e e f a t t y a c i d s i n the blood a l s o , of course, come 
from food. Other n u t r i t i o n a l f a c t o r s , such as v i t a m i n Ε can 
prevent a u t o x i d a t i o n or enzymic o x i d a t i o n , processes that i n a c t i 
vate the unsaturated f r e e f a t t y a c i d s (28). 

In view of the a n t i l e p r o s y a c t i v i t y of d e o x y f r u c t o s e r o t o n i n , 
the i n v i v o formation of t h i s compound can a l s o probably prevent 
l e p r o s y . A p o s s i b l e route by which n u t r i t i o n a l f a c t o r s can favor 
such i n v i v o formation of deoxyf r u c t o s e r o t o n i n and i n t h i s way 
prevent l e p r o s y i s g i v e n i n Scheme 1. The v a l i d i t y of t h i s 
h ypothesis i s now being t e s t e d i n I n d i a . 
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SEQUENCE OF DIETARY FACTORS FAVOURABLE AND UNFAVOURABLE 

FOR THE PROPAGATION OF LEPROSY 

1st STEP : FATS (28) 
(M. Bergel : 1957-1980) 
Conditions favourable for oxidation of fatty acids favour the propagation of leprosy 

2nd STEP : PROTEINS (26) 
(J.D. Fernstrom and R.J. Wurtman : 1971-1974 
Unsaturated free fatty acids are bound to serum albumin, preventing the capture of tryptophan 

SEQUENCE FAVOURABLE FOR PROPAGATION OF LEPROSY 
OXIDATIOUNSATURATEFATTY ACID

SEQUENCE UNFAVOURABLE FOR PROPAGATION OF LEPROSY 
UNSATURATED FATTY ACIDS -ANTIOXIDANT 

UNSATURATED FATTY ACIDS ARE BOUND TO ALBUMIN 
TRYPTOPHAN. IS • NOT CAPTURED BY ALBUMIN 

3rd STEP : SUGARS (2) 
(L. Mester de Parajd : 1975-1980) 
Free glucose reacts with serotonin in physiological conditions to give desoxyfrueto-serotonin 

TRYPTOPHAN. IS NOT AVAILABLE 

FORMATION OF SEROTONIN FROM TRYPTOPHAN" 
TRYPTOPHAN-

5HTP 

SE ROTO N m 

FORMATION OF DESOXYFRUCTO-SEROTONIN 

Tt?HIBITION OF DOPA-OXIDASE OF M. LEPRAE (21) 

INHIBITION OF MULTIPLICATION OF ML LEPRAE IN MOUSE FOOT-PAD TEST (22) 

Scheme I 
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C o n c l u s i o n 

The formation i n v i v o of M a i l l a r d - t y p e compounds depends 
mainly on a fa v o r a b l e concurrence of n u t r i t i o n a l f a c t o r s , but a 
pa t h o l o g i e s t a t u s , as i n d i a b e t e s , can a l s o favor the r e a c t i o n . 
Some of these compounds, such as deoxyf r u c t o s e r o t o n i n , are of 
th e r a p e u t i c i n t e r e s t . 
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25 
Nutritional and Toxicological Effects of Maillard 
Browned Protein Ingestion in the Rat 

STEPHEN J. PINTAURO1, TUNG-CHING LEE, and 
CLINTON O. CHICHESTER 
University of Rhode Island, Department of Food Science and Technology, 
Nutrition, and Dietetics, Kingston, RI 02881 

The Maillard, or nonenzymatic "browning  reaction between re
ducing sugars and protein
tion of the nutritiona  quality g processing
storage (1-7). Recently, considerable attention has focused on 
the physiological effects of the ingestion of Maillard browned 
compounds beyond those that can be attributed to nutritionally 
related causes (7,8,9). In addition, the food industry often em
ploys the reaction to produce desirable aromas, colors, and fla
vors. Thus, if there is indeed a food safety risk associated 
with Maillard browning, priorities in the food industry may have 
to be redirected to minimize and control the reaction, rather 
than promote it . 

The purpose of this study was to separate the nutritionally 
related effects of the long-term feeding of Maillard browned pro
tein, from the toxicological effects. This was done by eliminat
ing, wherever possible, variables that might lead to nutritional 
problems secondary to the effects of feeding the Maillard pro
teins. The diets were not only of equal protein quantity, but 
also of equal and high protein quality. 

PROCEDURE 
Maillard Browned Proteins Three types of browned proteins were 
used in the long-term feeding study; egg albumin, hydrolyzed egg 
albumin, and a commercial, casein-based, instant breakfast pro
duct. The hydrolyzed egg albumin was chosen to examine the ef
fects of feeding severely browned hydrolyzed proteins, such as 
are commonly used in a variety of processed foods to produce 
characteristic flavors and colors. The instant breakfast product 
was included in the feeding 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 prepared by dissolving 500 g 
of egg albumin (ICN Nutritional Biochemicals, Cleveland, Ohio) i n 

1 Current address : University of Vermont, Department of Human Nutrition & Foods, 
Burlington, VT 05405 

0097-6156/83/0215-0467$06.00/0 
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3 1 of d i s t i l l e d water. The solution was adjusted to pH 1.5 with 
IN HC1 and 1 g of pepsin (1:10,000, Sigma Chemical Co., St. 
Louis, MO) was added to the solution. The mixture was allowed to 
incubate at 3T°C with mixing for 2k h. Following incubation, the 
solution was adjusted to pH 7-0 with IN NaOH and freeze-dried. 

The egg albumin and hydrolyzed egg albumin samples were pre
pared for browning by mixing 3 parts of the protein with 2 parts 
D-(+)-glucose (ICN Nutritional Biochemicals, Cleveland, Ohio) and 
adjusting the moisture content to 15$. The instant breakfast pro
duct (Carnation Company, Waverly, Iowa) was prepared for browning 
by simply adjusting the moisture content to 9%· A l l samples were 
browned by storage at 37°C i n a sealed glass chamber. The humid
i t y was maintained at 68% by placing a small beaker of h0% s u l f u 
r i c acid in the chamber. After storage for hO days, the samples 
were freeze-dried and milled for incorporation into the diets. 
Control samples for a l
browned samples, but immediatel
as described above. 
Determination of Protein Quality The Protein E f f i c i e n c y Ratio 
(PER) method was used for determining the protein quality of the 
treatment diets (10). 

It was the purpose of t h i s study to eliminate, as much as 
possible, n u t r i t i o n a l factors from the treatment diets. It was 
necessary, therefore, to design the diets so as to contain s u f f i c 
ient levels of brown protein, yet at the same time keep the pro
te i n quality r e l a t i v e l y high. Protein Efficiency Ratios were de
termined for the three types of protein at intervals from 0 to ho 
days of browning under the conditions described e a r l i e r . PER1s 
were then run on various combinations of the U0-day browned pro
teins and non-browned protein. It was determined that a diet 
could be formulated that would contain no less than 3% U0-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 ap
propriate levels of gelatin as a protein source. The resulting 
protein compositions for the long-term feeding experiment and 
the i r respective Protein Efficiency Ratios are given i n Table I. 
Diets A l l diets were designed to contain exactly 10% protein, 
as measured by the Kjeldahl nitrogen determination method (10). 
The composition of the remainder of the diet i s described in 
Table I I . 
Animals Male, Sprague-Dawley rats (COBS-CD strain) were purchas
ed at five weeks of age from Charles River Breeding Laboratories, 
Wilmington, MA. The animals were maintained for two weeks on Rat 
Chow (Purina Lab Chow, Ralston Purina Company, St. Louis, M0). 
Following the two-week pretreatment, the animals were weighed and 
distributed into treatment groups as described i n Table I. 

Animals i n the control groups were pair-fed to t h e i r corres
ponding browned diet treatment animals to insure equal protein i n 
take i n both groups. Water was supplied ad libitum and weight 
gain was monitored throughout the study. 

Five animals from each group were s a c r i f i c e d at the end of six 
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TABLE II 

Composition of Diets for l8-Month Feeding Study 

Protein 3 , 1056 

Corn O i l 10% 

Cellulos

Vitamin M±x° 1.2% 

Salt Mix 0 h% 

Dextrose^" 11 M% 

Dextrin 11 M% 

Sucrose H M% 

Corn Starch ilM% 

fer to Table I for composition of protein portion of diet. 

^Vitamin diet f o r t i f i c a t i o n mixture, ICN Nutritional Bio-
chemicals, Cleveland, Ohio. 

°Mineral mixture, ICN Nutritional Biochemicals, Cleveland, Ohio. 

^Dextrose content of diet was corrected for dextrose added in 
preparing browned proteins. 
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and twelve months of feeding. The remainder were s a c r i f i c e d at 
the end of 18 months. A l l animals were fasted for 18 hours prior 
to being s a c r i f i c e d . 
Serum Preparation Whole blood was collected after decapitation 
of the animal and allowed to clot at room temperature for 30 min. 
The serum was then separated from the clot by centrifugation at 
5000 rpm at h°C. Aliquots of the serum were immediately taken 
and refrigerated for the determination of glutamic-pyruvic trans
aminase and l a c t i c dehydrogenase. An additional 0.5 ml of serum 
from each animal was treated with a few milligrams of sodium f l u 
oride and refrigerated for l a t e r glucose determinations. The 
rest of the serum was frozen for the remainder of the c l i n i c a l 
chemistry determinations. 

Samples of whole blood were obtained by heart puncture using 
and EDTA-treated syringe. The whole blood was immediately assay
ed for hematocrit (percen
the method of Drabkin an
Tissue Preparation Following decapitation and exsanguination, 
the l i v e r , kidneys, heart, lungs, spleen, testes, stomach, and 
proximal t h i r d of the small intestine were removed, freed of fat, 
blotted, and weighed. In addition, the cecum was removed, clean
ed and rinsed i n saline, blotted, and weighed. 

Small samples of the l i v e r , kidney, spleen, lung, heart, small 
intestine, and brain were fixed i n 10% buffered formalin for h i s -
topathological examination. The remainder of the tissue was kept 
in 0.25M sucrose and frozen in l i q u i d nitrogen. 
C l i n i c a l Biochemical Determinations of the Serum Serum l a c t i c 
dehydrogenase (LDH) and glutamic-pyruvic transaminase (GPT) activ
i t i e s were measured on fresh, refrigerated serum within U8 h of 
sa c r i f i c i n g the animal. Lactic dehydrogenase was measured accord
ing to the method of Amador, Dorfman, and Wacker (12). Serum GPT 
a c t i v i t y was measured according to the method of Wroblewski and 
LaDue (13). 

Serum glutamic-oxalacetic transaminase (GOT) a c t i v i t y was mea
sured according to the method of Karmen ( l k ) 5 serum albumin by the 
bromocresol green method of Doumas and Biggs (15), alkaline phos
phatase by the method of Young, Pestaner, and Gibberman (l6), urea 
nitrogen by the method of Crocker (17) , t o t a l iron and t o t a l iron 
binding capacity by the method of Persijn, Van Der Stik, and 
Riethorst (l8), t r i g l y c e r i d e s by the method of Bercolo and David 
(19), and cholesterol by the method of Wybenga, et_ a l . (20). Glu
cose was determined i n serum on a Model 23A, YSI Glucose Analyzer. 
Determination of Small Intestine Disaccharidases The proximal 
t h i r d of the small intestine from rats fed treatment diets for l8 
months was rinsed i n ice-cold 0.25M sucrose, cut open, and the 
mucosa scraped o f f with a glass s l i d e . The mucosa were then homo
genized i n cold 0.25M sucrose and centrifuged at 5000 rpm for 10 
min. The method of Dahlqvist (21) was used for determination of 
maltase and sucrase a c t i v i t y . 
Determination of Liver Glutamic-Oxalacetic Transaminase A sam-
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pie of l i v e r (approximately one g) was homogenized in ice cold 
0.25M sucrose and centrifuged at 5000 rpm for 10 min to remove 
nuclei and c e l l debris. The method of Reitman and Frankel (22) 
was used for determination of glutamic-oxalacetic transaminase 
a c t i v i t y . 
Protein Determinations The biuret assay (23) was employed for 
determining protein i n tissue samples. 
S t a t i s t i c a l Analysis A l l data were analyzed for significance be
tween treatment groups using the Student's t_ t e s t . 

RESULTS 
Weight Gain No significant difference i n weight gain was detect
ed between browned and control instant breakfast product, egg a l 
bumin, and hydrolyzed egg albumin fed animals, through 18 months. 
Relative Organ Weights The results for the r e l a t i v e organ 
weights of rats fed th
are l i s t e d in Table III
sulted i n a s i g n i f i c a n t l y enlarged l i v e r after six months, and a 
s i g n i f i c a n t l y smaller l i v e r after 18 months. After 12 months of 
feeding the browned instant breakfast product, a significant en
largement of the lung and heart was noted. 

The browned egg albumin diets resulted i n a significant en
largement of a l l tissues after 12 months of feeding. The re l a t i v e 
weight of the cecum was nearly double that of the control group. 
It should be noted, however, that with the possible exception of 
the cecum, a l l of these organ weights f a l l within the normal rang
es for a rat ( 2U ,25 ). 

The results for the re l a t i v e organ weights of rats fed the 
hydrolyzed egg albumin show few significant changes. Again, the 
cecum i s enlarged after six and eighteen months of feeding, and 
there i s a slight enlargement of the kidney in the browned protein 
fed rats after six months. 

Although we observed an increase i n the re l a t i v e weight of 
the cecum of rats fed browned proteins, the increase i s much less 
dramatic than previously reported (7 »9 >26)· This appears to be 
due to the fact that we cleaned and rinsed the cecum before weigh
ing. E a r l i e r investigators weighed the cecum plus i t s contents. 
Nevertheless, the enlargement of the cecum i s s t i l l the most defin
i t i v e and consistent organ weight change associated with the feed
ing of Maillard browned proteins. 
Hemoglobin and Hematocrit The values for hemoglobin and hemato
c r i t for a l l treatment diets through 18 months of feeding are l i s t 
ed i n Table IV. The rats fed browned, hydrolyzed egg albumin dem
onstrated s i g n i f i c a n t l y depressed hemoglobin levels at six months, 
and s i g n i f i c a n t l y elevated hematocrit values at 12 months. The 
browned-instant breakfast-fed rats showed depressed hemoglobin 
levels after 12 months of feeding. Again, however, a l l values for 
both hemoglobin and hematocrit are within the normal ranges for 
rats (27,28). It i s l i k e l y , therefore, that any apparent d i f f e r 
ence between brown and control groups has l i t t l e c l i n i c a l s i g n i f i 
cance . 
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25. P I N T A U R O E T A L . Effects of Browned Protein Ingestion 475 

C l i n i c a l Biochemistry The results of the c l i n i c a l "biochemical 
analysis of the serum from rats fed treatment diets for up to 18 
months are l i s t e d i n Table V. Rats fed browned instant breakfast 
product for 12 months exhibited s i g n i f i c a n t l y elevated blood urea 
nitrogen levels over control rats. After 18 months of feeding, 
serum globulin and albumin were clearly lower than i n controls. 

The results for rats fed browned or control egg albumin are 
also l i s t e d i n Table V. The only significant change evident was 
a depressed serum glutamic-oxalacetic transaminase a c t i v i t y in the 
browned fed rats after six months. 

The only significant changes observed in rats fed browned hy
drolyzed egg albumin were a s l i g h t l y elevated serum glutamic-py
ruvic transaminase a c t i v i t y after 6 months, and a s l i g h t l y elevat
ed serum globulin l e v e l after 12 months. 

A l l values for a l l serum assays in t h i s section f a l l within 
the normal ranges for r a t s
No pattern i n the c l i n i c a
the feeding of Maillard browned proteins i s apparent. The few 
assays that did show significant differences between browned and 
control groups are s t i l l within the normal ranges and, therefore, 
probably have no c l i n i c a l significance. 
Serum, Cholesterol and Triglyceride Serum t r i g l y c e r i d e and cho
l e s t e r o l levels were measured i n rats fed Maillard browned pro
teins or control diets for 18 months. The results are given i n 
Table VI. The feeding of Maillard browned egg albumin resulted 
in a s i g n i f i c a n t l y lower l e v e l of both cholesterol and t r i g l y c e r 
ides over animals fed the control egg albumin diet. Similar re
sults of serum cholesterol values were observed by Gomyo (2£). 
He suggested that the effect may be due to an interference i n 
enterohepatic c i r c u l a t i o n and/or an i n h i b i t i o n of the absorption 
of dietary cholesterol. The l a t t e r hypothesis i s l i k e l y the more 
accurate explanation, as we found no other evidence of an in t e r 
ference i n enterohepatic c i r c u l a t i o n , such as changes in serum 
b i l i r u b i n l e v e l s . 
Serum Total Iron and Total Iron Binding Capacity The results for 
the determination of serum t o t a l iron and t o t a l iron-binding ca
pacity of rats fed treatment diets for 18 months are also l i s t e d 
i n Table VI. A significant increase i n serum t o t a l iron was de
tected in rats fed the Maillard browned egg albumin over t h e i r 
control group. Increased serum t o t a l iron with normal t o t a l iron 
binding capacity i s associated with hemolytic anemia, hemochroma
t o s i s , hemosiderosis, and hepatitis (30). On the basis of other 
c l i n i c a l and histopathological data, however, none of these causes 
are l i k e l y . 
Intestinal Disaccharidase A c t i v i t y The results of the determina
tio n of small intestine mucosal maltase and suerase a c t i v i t y for 
a l l animals fed treatment diets for 18 months are given i n Table 
VII. No difference was detected in the a c t i v i t i e s of these en
zymes from the animals fed the instant breakfast product or the 
hydrolyzed egg albumin. The animals fed the browned egg albumin, 
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however, exhibited s i g n i f i c a n t l y lower maltase a c t i v i t y over the 
non-browned control group. A similar decrease i n mucosal sucrase 
a c t i v i t y was noted, but thi s difference was not sig n i f i c a n t . 

The observed decrease i n disaccharidase a c t i v i t y i s i n agree
ment with e a r l i e r published reports (5,6,7,29). The mechanism of 
this i n h i b i t i o n i s unclear. Lee, et_ a l . (5.) found that Amadori 
compounds were competitive inhibitors of maltase a c t i v i t y , while 
melanoidin compounds inhibited maltase i n a noncompetitive manner. 
Gomyo (29.) also found that the melanoidin compounds were noncom
pet i t i v e inhibitors of sucrase, maltase, and lactase. He also ob
served these melanoidin compounds to adsorb i r r e v e r s i b l y to the 
mucosa of the small intestine. 

Again, the c l i n i c a l significance of this effect i s probably 
minimal. Although the maltase a c t i v i t y i s decreased in rats fed 
the Maillard browned egg albumin, the a c t i v i t y i s s t i l l above that 
found for rats fed eithe
min. In addition, no othe
disaccharidase a c t i v i t y were detected i n these animals, such as 
effects on weight gain or serum glucose le v e l s . 
Liver Glutamic-Qxalacetic Transaminase A c t i v i t y The results of 
the determination of l i v e r glutamic-oxalacetic transaminase activ
i t y are l i s t e d i n Table VII. No significant difference was de
tected between browned and control groups for any of the treatment 
diets. This supports the serum data, which also showed no change 
in t h i s enzyme between browned and control groups. Both the serum 
and l i v e r data indicate the absence of any severe l i v e r damage. 
Urine Specific Gravity No significant change i n the specific 
gravity of the urine was noted between browned and control an
imals after 18 months. Again, the results were within the range 
normally found i n rats (28). 
Histopathology 

a) Six Months 
Histopathological examination of tissues after six months of 

feeding revealed no significant lesions i n any of the treatment 
groups. Some slight intracytoplasmic, basophilic pigment was de
tected i n the l i v e r hepatocytes but th i s was interpreted as being 
endoplasmic reticulum. In addition, both the control and browned-
instant-breakfast-fed rats exhibited mild fatty changes i n the 
l i v e r , but s t i l l within normal ranges. 

b) Twelve Months 
After twelve months of feeding, two of the five rats fed 

browned egg albumin exhibited mild fatty metamorphosis. This was 
not detected i n the control egg albumin group. Again, t h i s fatty 
change was within a normal range. No significant lesions were de
tected i n the instant breakfast or hydrolyzed egg albumin groups. 

c) Eighteen Months 
The feeding of browned or control diets for 18 months res u l t 

ed i n the appearance of a number of mild lesions. The incidence 
of these lesions, however, were equally distributed between the 
browned-protein-fed animals and th e i r non-browned controls. 
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Essentially no l i v e r fatty change was detected i n animals 
fed the instant breakfast product. Animals fed the browned or 
control egg albumin showed mild fatty metamorphosis and animals 
fed the hydrolyzed egg albumin (browned and control) exhibited 
mild to severe fatty metamorphosis. Most of the kidneys from a l l 
groups showed some degree of proteinaceous casts i n the lumen of 
the tubules. The spleens of a l l animals contained some megakaryo
cytes and significant amounts of what appeared to be ceroid pig
ment. When the tissues were stained with Perl's Prussian Blue 
stain, a l l spleens exhibited a large number of hemosiderin-laden 
macrophages. None of the other tissues contained any significant 
amount of hemosiderin. 

In summary, no significant lesions due to the feeding of 
Maillard browned proteins could be detected through 18 months of 
feeding. There was a s l i g h t l y higher incidence of mild fatty 
change detected i n animal
but t h i s was s t i l l withi
l o g i c a l significance i s not supported by c l i n i c a l biochemical 
changes. A l l of the lesions detected i n the tissues of rats fed 
for 18 months (fatty change in the l i v e r , proteinaceous casts, and 
hemosiderin i n the spleen) were equally distributed between brown 
and control animals. In addition, a l l of these lesions have been 
well documented as being age-related i n the rat (28,31). 

DISCUSSION 
The results of the 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 the present study, but also to a reexamination 
of e a r l i e r data that suggested a toxic effect. 

Sgarbieri, et_ al.. (£) 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 Qk% of the non-
browned control diet. Rogers and Harper (32), however, reported 
that free amino acids could not support a rate of growth equal to 
intact proteins. These researchers found that i t required 22% 
free amino acids (each at 1.5 times the requirement for the essen
t i a l amino acids, plus a mixture of nonessential amino acids) plus 
12% casein to equal the growth rate of rats receiving a 20% casein 
diet. This represents an additional lh% of the diet as amino acid 
nitrogen required i n the amino acid-supplemented group to match 
the growth rate of the intact-casein-fed animals 

An interesting comparison can also be made between the study 
of Lee, et a l . (26) and Kimiagar, et^ a l . (7). Lee, et a l . (26) 
fed a diet containing 11% browned apricot powder and 13% non-
browned casein. The control diet contained 10% casein and fk% non-
browned apricot powder. While a slight growth depression was ob
served in the browned-fed group, weight gain for both the control 
and browned groups was very good. After three months of feeding, 
the browned-apricot-fed animals exhibited a slight increase i n 
serum GPT, decreased serum glucose, and urine spe c i f i c gravity, 
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and no significant histopathological changes. Kimiagar, et_ a l . 
(7.) fed a diet containing 10% browned egg albumin and a control of 
equal protein quality (PER = 1.10) containing 5% egg albumin plus 
5% nonessential amino acids. This study resulted i n very poor 
weight gain for both groups, although the browned egg albumin 
group was s t i l l s i g n i f i c a n t l y lower than the control. In addi
t i o n , serum glucose levels were elevated i n the browned group, and 
the specific gravity of the urine was increased. Thus, although 
both studies found significant changes between browned-protein-fed 
animals and the non-browned controls, the direction of these 
changes was opposite i n the two studies. 

F i n a l l y , a l l the observed c l i n i c a l and histopathological 
findings of the study by Kimiagar, et_ a l . (7.) can be attributed 
to diet and nut r i t i o n . A study by Schwartz, et a l . (33) 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 seru
vic transaminase, and
internal organs to body weight, increase in l i v e r f a tty metamor
phosis, 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 . (7.) for rats fed Maillard browned pro
t e i n . 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 . (7.), where
as i n the present study 3% of UO-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 (3k): l ) 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 
drastic different effects i n long-term feeding. It may be useful 
in the future to isolate the p r i n c i p a l products of various M a i l l 
ard reactions and conduct acute and chronic feeding studies with 
those p u r 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 the present study can 
be attributed to n u t r i t i o n a l and/or dietary factors. 
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Mutagens in Cooked Foods: Possible 
Consequences of the Maillard Reaction 
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LORETTO L. VUOLO, Y. Y. WANG,2 and JOHN H. WEISBURGER 
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Fried or broiled meat contains powerful muta
gens not present in cooked meat. Most of the muta
genic activity can be partitioned into a basic 
fraction and the structure of several of these muta
gens is now known. A l l the mutagens are N-hetero-
cyclic primary amines and are carboline or imidazo-
quinoline derivatives. Another common feature of 
these compounds is their requirement for metabolic 
activation and their ability to act as extremely 
potent frameshift mutagens in bacteria. A number of 
these compounds can induce genetic damage in 
mammalian cells in vitro. From the limited data 
available at present, some of these food components 
may be weak carcinogens. The mode of formation of 
such mutagens may involve Maillard reactions, be
cause the crude product from model browning systems 
exhibits the same mutagenic characteristics as those 
in cooked meat. Experiments on the inhibition of the 
formation of mutagens in fried meat have shown that 
the addition of soy protein or antioxidants inhibit 
the formation of such mutagens. This area is im
portant since it can be postulated that the genotoxic 
carcinogens for important human diseases such as 
colon and breast cancer may be the result of in
gestion of such compounds. 
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The majority, or as much as 70-90%, of human cancers have 
been associated with environmental causes (_1,_2) · Our environ
ment is complex. Cancer causes are often misunderstood and mis
construed as consisting primarily of ubiquitous chemicals due to 
modern technology and indu s t r i a l development. It i s true that a 
number of food additives, pesticides, insecticides and i n d u s t r i a l 
chemicals introduced commercially in the last 40 years have ex
hibited carcinogenic properties in animal models (3) . However, 
most of the main human cancers in the Western world do not stem 
from such chemical contaminants. It i s , therefore, important to 
identify the actual causes of cancer in developing an effective 
basis for cancer prevention. 

Table I. Causes of Human Cancer* 

Type %

I. Occupational cancers - 1 - 5 
Varied organs 

II. Cryptogenic cancers - 10 - 15 
Lymphomas, leukemias, sarcomas 
(cervix?), (virus?) 

III. L i f e - s t y l e 
A. Tobacco-related 

Lung, pancreas, bladder, kidney 21 
B. Diet-related 

1. N i t r a t e - n i t r i t e , low vitamin C, 
mycotoxin, stomach, l i v e r 5 

2. High fat, low fiber, broiled or 
fried foods 
Large bowel, pancreas, breast, prostate 45 

C. M u l t i - f a c t o r i a l 
1. Tobacco and alcohol 

Oral cavity, esophagus 5 
2. Tobacco-asbestos, tobacco-mining, 

tobacco-uranium-radium 
Lung, respiratory tract 5 

IV. Iatrogenic-radiation, drugs 1 

* Calculated from the 1978 incidence figures published by the 
American Cancer Society. 

Data from Ref. 4. 

The major causes of human cancer are shown in Table 1, to
gether with an estimate of their re l a t i v e significance ( 4_). It 
should be noted that occupational cancers due to specific chemi
cals account for no more than 5% of the t o t a l ; l i f e - s t y l e factors 
are associated with most of the remainder. A numerically large 
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group of these l i f e - s t y l e cancers are those of the large bowel, 
pancreas, breast and prostate. There is considerable epidemiol
ogical and experimental evidence that diets high in fat and low 
in fiber are r i s k factors for these diseases. These elements 
appear to operate mainly through non-genotoxic, promoting, or i n 
h i b i t i n g mechanisms. It is our working hypothesis that broiled 
and fried foods may be key contributory factors and provide 
sources of the genotoxic carcinogens associated with the n u t r i 
t i o n a l l y related cancers (5). 

Age-adjusted mortality rates for cancer at different sites 
i n U.S. males are shown in Figure 1. It i s evident from these 
data that cancer of the lung has steadily increased in males 
since 1935 corresponding to an approximate 20-year lag period 
after cigarette smoking f i r s t became popular. In marked contrast 
to this, the incidence of cancers of the colon and rectum, breast 
and prostate have increase
l o g i c a l l y conclude tha
synthetic chemical products, etc., the levels of which have i n 
creased dramatically in our environment, are not associated with 
the development of these three cancer types. On the other hand, 
the mode of cooking has remained similar over this period, and 
thus is consonant with the cancer incidence data. 

Another element which underpins our working hypothesis has 
been the discovery of very potent bacterial mutagens in pyroly-
sates of amino acids and the charred surfaces of f i s h and meat 
(6^_7,8^ . Commoner and we (9,10) noted that mutagens were pre
sent in the basic fraction of ground beef fried at the lower 
temperatures typical of home-cooking. Since that time, the 
structure of a number of these mutagenic compounds has been 
determined (11,12,13). Figure 2 shows that two of the com
pounds, 3-amino-i >4-dimethyl-5H-pyrido[4,3Mindole and 3-amino-1-
methyl-5H-pyrido[4,3b]indole, (Trp-P-1 and Trp-P-2) are structur
a l l y similar to the potent carcinogens 2-acetylaminofluorene 
(2AAF) and 2-aminofluorene (2AF), while 2-Amino-3-methylimidazo 
[4,5-fJquinoline (IQ) bears a structural and steric resemblance 
to the potent colon carcinogen,3,2 f-dimethyl -4-aminobiphenyl. 

Formation of Mutagens in Cooked Meat 

The f i r s t intimation that mutagens could be formed from 
natural food substances came from the laboratory of Sugimura, 
where i t was found that mutagenic a c t i v i t y was found in smoke 
condensates or in DMSO extracts of the charred surface of fish 
and meat. This a c t i v i t y could not be accounted for by the 
amounts of BaP and PAH known to be present. Extracts of 
pyrolysates of various proteins and amino acids were also 
mutagenic (14). 
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901 

Figure 1. Age-adjusîed cancer death rates for selected sites, maies, United States, 
1930 to 1978. Standardized on the age distribution of the 1970 U.S. census popula
tion. Sources of data: National Vital Statistics Division and U.S. Bureau of the 
Census. (Reproduced with permission from Ref. 70. Copyright 1982, American 

Cancer Society.) 
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bipheny1 

Figure 2. Structures of some known carcinogens and food mutagens. 
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Commoner et_ a_l (9) then reported that mutagenic a c t i v i t y 
was also found in basic fractions of a commercial beef extract 
and fried hamburgers. Formation of the mutagens was dependent 
upon cooking time and that they were chromatographically d i s 
tinguishable from both BaP and amino acid pyrolysates. Perhaps 
the most important result of this work was the demonstration that 
normal cooking temperatures were sufficient for mutagen formation 
and the suggestion that browning reactions might be involved 
(9,15). 

A number of papers subsequently investigated the re l a t i o n 
ship between mutagen formation, cooking time, and temperature in 
ground beef (10,16,17,18). It was found that mutagen formation 
i s a complex function of cooking time and temperature. Repre
sentative results from Spingarn and Weisburger (10) are shown in 
Figure 3, where mutagen formation and temperature at the surface 
of the patty are shown
approximately five mi
v i t y . This is probably due to the temperature plateau at 100°C 
as the water content of the meat is reduced. Pariza (18) also 
showed that meat can be cooked to the "medium well-done" stage 
without the formation of mutagens i f cooking temperatures are 
kept low. Mode of cooking is also important. Frying is much 
more effective in mutagen formation than b r o i l i n g (9,19). Micro
wave cooking does not result in any extractable mutagenic activ
i t y (19). V o l a t i l i z e d mutagens are found in smoke condensates of 
cooking beef (6,7,20,21), but there is disagreement about how 
much of the total mutagenic a c t i v i t y is v o l a t i l i z e d , and un
certainty as to whether these mutagens d i f f e r from those remain
ing in the meat. 

Mutagenic a c t i v i t y is also present in broiled herring, 
mackerel and sardine (11,12,22). In part, these mutagens were 
later i d e n t i f i e d as Trp-P-1 and Trp-P-2 (12) and IQ and 
2-amino-3,4-dimethylimidazo [4,5-_f]quinoline (Me-IQ)(13). In 
addition, Bjeldanes <e£ a_l. (23) have also reported mutagen 
formation in pan-fried f i s h , such as rock cod, sole, halibut, 
trout, salmon and red snapper. However, the mutagenic a c t i v i t y 
i s low compared to that in beef. 

A limited amount of information is available on red meats 
other than ground beef (24) and is summarized in Table II- The 
relationship between mutagen formation and cooking time and 
temperature extends to these foods as well. Baking and bro i l i n g , 
as well as frying, are effective in producing mutagenic a c t i v i t y . 
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Figure 3. Mutagenic activity on TA98 with S9 mix of the basic organic extract of 
fried beef patties. (\Q). 

The ordinate shows nonspontaneous his* revenants/initial 10 g of meat. Each point is calcu
lated from the slope of the linear portion of a dose-response curve. Temperature was recorded 

at the surface of the patty. Average beef patty weight was 92 ± 3 g. 
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Table II Mutagen Formation in Meat and Fowl with various cooking 
Procedures 

TA1538 
Meat Mode of Cooking revertants/ 

lOOgE * 
Beefsteak Broiled 9 min/side at 300°C 1,500 

Broiled 11 min/side at 300°C 10,000 
Ground beef Fried, 300°C 30,000 
Ham Fried at 200°C 5,400 

Fried at 245°C 22,000 
Pork chop Fried at 200°C 4,600 

Fried at 245°C 12,000 
Fried at 280°C 23,000 

Sausage Fried at 200°C 9,000 
Frie

Chicken Dee
(white meat) Baked, 50 min. at 190°C 320 

Broiled, 17 min/side at 274°C 16,000 
Lamb chop Oven-broiled, 4 min/side at 225°C 390 

Pan-broiled, 5 min/side at 210°C 14,000 
revertant numbers are standardized by extrapolating dose-
response data to a volume of extract equivalent to 100 g 
starting weight. This amount is referred to as 100 gram-
equivalents (lOOgE). 
Data adapted from Reference 24. 

The chemical structure of a number of the mutagens found in 
cooked foods is now known. Two very potent mutagens in beef are 
IQ and Me-IQx (25,26,_27). Yamaguchi £t a l . (28) have reported 
the presence of Trp-P-1 in broiled beef and 2-amino-a-carboline 
(AaC) and 2-amino-3-methyl-a~carboline have been found in g r i l l e d 
beef by Matsumoto, Yoshida and Tomita (29).Although not mutagenic 
themselves, harman and norharman enhance the a c t i v i t y of Trp-P-1 
and other mutagenic carbolines, and also are present in cooked 
beef (30). Table III shows the information available on mutagens 
of this kind in beef. 

A number of these compounds have been iden t i f i e d in other 
foods as well. Trp-P-1 and Trp-P-2 are found in broiled 
sardines, chicken and horse mackerel (30). 2-Amino-dipyrido[1,2-
a:3',2 LdJimidazole (Glu-P-2) was identTfied i n br o i l e d squid. 
(22). AoC and Me-AaC are found in g r i l l e d chicken and g r i l l e d 
mushroom (29). IQ and Me-IQ also occur in broiled sardines (13). 

Genotoxicity of N-Heterocycles from Proteinaceous Foods 

Genotoxic compounds are those which are capable of causing 
genetic damage by interaction with DNA. Examples of genotoxic 
endpoints are chromosome aberrations (CA), sister chromatid ex-
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changes (SCE), mutagenicity and DNA repair. There is a plethora 
of information on the bacterial mutagenicity of these compounds 
and their literature is wellknown and accessible (30,31,32). 
Therefore, other genetic end-points only w i l l be discussed here. 

Chromosome aberrations have been reported in Syrian hamster 
embryo (SHE) c e l l s after treatment with a DMSO extract of trypto
phan pyrolysate. At a dose of 30 yg/ml, 69 exchanges and 29 
chromosome or chromatid breaks were observed among 200 
metaphases. Gaps and minutes were noted as well (33). Sasaki, 
et a l . (34) also observed chromosome aberrations in human and 
Chinese hamster c e l l lines after exposure to Trp-P-1 and Trp-P-2. 

Tryptophan pyrolysates have also been found to induce s i s t e r 
chromatid exchanges in cultured mammalian c e l l lines. Tohda et 
a l . (35) tested Trp-P-1, Trp-P-2, 2-Amino-6-methyldipyrido[1,2-a 
:3-1,2*-d] imidazole (Glu-P-1) , and AaC in a permanent c e l l line of 
human lymphoblastoid c e l l s
concentration of 10~^M
Similar results are reported by Sasaki, et_ a l . (34) in 2 human 
and Chinese hamster c e l l l ines. 

Hatch e_t a l . (36) compared the a c t i v i t y of IQ and Trp-P-2 i n 
assays for mutagenicity, CA, and SCE in repair-deficient and re
pair-proficient CHO c e l l s . Trp-P-2 was positive for a l l end-
points in repair-proficient c e l l s at 1 yg/ml, and repair-de
f i c i e n t c e l l s were even more sensitive. IQ, on the other hand, 
was negative for a l l endpoints in repair-proficient c e l l s at 
concentrations in excess of 300 yg/ml. Repair-deficient c e l l s 
did exhibit a positive response for mutagenicity and SCE in the 
range from 15-75 yg/ml of IQ, but an increased frequency of 
chromosome aberrations was not observed. 

Although not necessarily a genotoxic event, in v i t r o c e l l 
transformation is included in this section. The basic fraction 
of a tryptophan pyrolysate and synthetic Trp-P-1 and Trp-P-2 
were tested for transforming a c t i v i t y in Syrian golden hamster 
embryo c e l l s (37). The percent of morphologically transformed 
colonies was 1.5, 1.3 and 0.54 for Trp-P-2, Trp-P-1 and 3-methyl-
cholanthrene (3MC), respectively. The optimum concentrations for 
Trp-P-1 and Trp-P-2 were 0.5 yg/ml versus 1.0 yg/ml for 3MC. 
No morphologically transformed colonies were seen in control 
cultures. Cells transformed in this way also exhibited the 
a b i l i t y to grow in soft agar and formed anaplastic fibrosarcomas 
when transplanted into the cheek pouches of four-week old male 
hamsters (38). Tsuda et^ a l . (33) also demonstrated morphological 
transformation in primary cultures of Syrian hamster embryo ce l l s 
by crude tryptophan pyrolysates. In this experiment, a 
concentration of 50 ug/ml of pyrolysate induced 1.8% transformed 
colonies. The control transformation frequency was 0.028%. 
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Carcinogenic Effects of N-Heterocycles from Proteinaceous Foods 

Carcinogenicity data are presently rather limited because 
the compounds concerned have been so recently discovered. None
theless, some information is becoming available and more can be 
expected in the next several years, as several bioassay programs 
in the U.S.and Japan are completed. Matsukura et a l . (39) have 
tested Trp-P-1 and Trp-P-2 in CDF1 mice (BALB/cAnNxDBA/2N) i n a 
lifetime study. I n i t i a l l y , forty mice of each sex were fed 200 
ppm of either Trp-P-1 or Trp-P-2 or a basal CE-2 diet for 621 
days. There was a large incidence of hepatocarcinomas, and the 
effect is sex specific (Table IV). In male mice treated with 
Trp-P-2, there is also a sli g h t , but s t a t i s t i c a l l y s i gnificant, 
excess of pulmonary adenocarcinomas (39). 

The basic fraction of tryptophan pyrolysate was also tested 
by oral administratio
most advanced lesions obtaine
dose were neoplastic nodules in the l i v e r , an intermediate step 
in the process of hepatic carcinogenesis. The authors state 
that, h i s t o r i c a l l y , pre-neoplastic lesions in rats of this strain 
have never been seen in their laboratory without administration 
of carcinogens. Trp-P-2, as a pure compound, has also been 
tested in ACI rats in a lifetime (870 days) study (41). In this 
study, 10 male and 9 female animals survived more than 400 days 
on a diet containing 0.01% Trp-P-2. Neoplastic nodules were 
again seen in the l i v e r s of treated females, but none occurred in 
the males of the experimental group or any of the control 
animals. 

A number of limited in vivo bioassays have been made for 
carcinogenicity. After subcutaneous injections of Trp-P-1 into 
Syrian golden hamsters or Fischer rats, sarcomas were observed in 
3 of 8 surviving hamsters and 5 of 20 surviving rats. No tumors 
were observed in controls or in animals injected with Trp-P-2 
(42). Skin painting experiments in female ICR mice were likewise 
negative for Trp-P-1 and Trp-P-2 (42). The induction of enzyme-
altered f o c i in rat l i v e r has also been studied in Sprague-Dawley 
males (42) and in Fisher 344 males (43). Trp-P-1, Glu-P-1 and 
Glu-P-2 were positive (p<0.001) while Trp-P-2 was negative. 

Trp-P-1 and Trp-P-2 are certainly the best studied of the 
food mutagens. Both compounds are potent carcinogens in mice. 
However, this may re f l e c t the s e n s i t i v i t y of mice to l i v e r tumor 
induction as much as the carcinogenic potency of Trp-P-1 and 
Trp-P-2. This feeling is borne out by the generally weak re
sponse of two rat strains in feeding studies. Indications of 
precancerous changes were found in the l i v e r , more so in females, 
but actual tumors were not. It seems j u s t i f i e d to conclude that 
Trp-P-1 and Trp-P-2 are not strong carcinogens. However, because 
of the small experimental sizes, i t is not possible to give a 
d e f i n i t i v e answer as to actual potency. It would be advantageous 
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to have more information on carcinogenicity in other species. It 
is possible, for example, that differences observed in the re
sponse of mice and rats to Trp-P-1 may stem from the r e l a t i v e l y 
low N-hydroxylating a c t i v i t y of rats (44,45), which seems to be 
necessary for the activation of heterocyclic amines. The possi
b i l i t y should also be borne in mind that these two compounds may 
be incomplete carcinogens; that i s , strong i n i t i a t o r s with l i t t l e 
promoting a c t i v i t y . If this were true, other dietary components 
might be required to enhance the a c t i v i t y . Future experiments 
should test this hypothesis. 

Modifying Factors in Mutagen Formation and A c t i v i t y 

A number of factors may influence the amount of mutagenic 
a c t i v i t y observed in extracts of cooked foods. These factors may 
alter the amount of mutage
which would be availabl
ever, care should be exercised to assure that modifying factors 
are not artefactual by way of changing the response of the in 
v i t r o test system in a manner unlikely to be duplicated in vivo. 

Spingarn et_ a l . (46) showed that the amount of fat present 
in ground beef was an important variable in mutagen formation. 
As beef tallow is added into lean ground meat and f r i e d , the 
amount of mutagenic a c t i v i t y in the basic extracts peaks and 
thereafter declines (Figure 4). Figure 5 demonstrates that addi
tives such as soy protein, butylated hydroxyanisole (BHA) and 
chlorogenic acid also decrease the amount of mutagenic a c t i v i t y 
observed (47). This decrease is probably not attributable to an 
i n h i b i t i o n of S9 activation or of mutagenesis by antioxidant 
because BHA and chlorogenic acid are partitioned into different 
fractions during the extraction procedure. It has also been re
ported that fatty acids, especially oleic acid, inhibit mutagen
i c i t y when added to samples of basic beef extract for Ames test
ing (48). Other substances known to decrease the in v i t r o muta
genicity of pyrolysis products are hemin, chlorophyllin, chloro
phyll and aqueous extracts from vegetables such as cabbage, 
radish, turnip and ginger (49,50-53). 

Several new facets of the chemical and physical behavior of 
mutagens isolated from food and pyrolysates have been noted 
recently. Trp-P-1, Trp-P-2, and Glu-P-1 are rapidly deaminated 
upon incubation with n i t r i t e at acid pH (54). At pH 1.6, in 50 
yM n i t r i t e , the half lifetime of Trp-P-1 and Trp-P-2 is 
approximately 100 min, but less than 5 min for Glu -P-1. AOtC is 
also deaminated in 1 mM sodium n i t r i t e at pH less than four with 
the difference that longer incubation, for 1.5 h, leads to the 
formation of a d i r e c t l y mutagenic nitroso derivative (55). These 
reaction conditions approach those in the stomach (pH 1-2, 0-10 
yM n i t r i t e ) , but careful kinetic studies in vivo w i l l be required 
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15 ' So ' 35" 
• i A00CD FAT 

Figure 4. Mutagenicity of fried beef patties to TA98 with added S9 as a function 
of percentage fat in the beef (Ref. 46). 

Figure 5. Reduction in observed mutagenic activity of ground beef basic extracts 
from patties cooked with several additives. Extracts were tested with TA98 and 

S9 mix (Ref. 47). 
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to assess the relevance of these observations. It is interesting 
that the imidazoquinolines are not sensitive to dearaination 
although they are rapidly oxidized by hypochlorite (56). 

Harman and norharman are p-carbolines that are found in 
charred parts of fish and beef (30). Although not mutagenic 
themselves, they have been found to increase the mutagenic 
a c t i v i t y of benzo(a.)pyrene, and the azo dye, Yellow OB, and have, 
therefore, been termed co-mutagens (57). They seem to be 
part i c u l a r l y effective with aromatic amines such as aniline and 
c^-toluidine, or Trp-P-1 and Trp-P-2. Inasmuch as the mutagens 
now being found in cooked foods are a l l N-heterocycles, i t 
follows that the mutagenicity of a crude extract may not be the 
simple sum of a l l the mutagens present in i t . 

Genotoxic Effects of Maillard Reaction Products 

Model browning system
substances which are mutagenic in the Ames test with S9. When 
arabinose, 2-deoxyglucose, galactose, glucose, rhamnose or xylose 
are refluxed with aqueous ammonium hydroxide, substances which 
revert Ames strain TA98 are produced. In another model browning 
experiment the amino acids, rather than the sugars, were varied 
(58). Equimolar amounts (0.01M) of fructose or glucose and amino 
acid wat a pH value of either 7 or 10, were autoclaved for 1 h 
at 121°C and tested for mutagenicity in the Ames strain TA100 
without S9 (Fig. 6). These Maillard products also exhibited 
clastogenic a c t i v i t y in CHO c e l l s . Shibamoto, Nishimura and 
Mihara also found that browning reaction products of maltol and 
ammonia were positive in TA98 with S9 (59). Aeschbacher et a l . 
(60) found no bacterial mutagenicity in an arginine-glucose 
browning system. 

The genetic a c t i v i t y of pure synthetic Maillard products has 
also been studied. 2-Methylpyrazine, 2-ethylpyrazine, 2,5-di-
methylpyrazine and 2,6-dimethylpyrazine a l l induced a significant 
increase in chromosome aberrations in Chinese hamster ovary c e l l s 
(61) . Furfural, furfuryl alcohol, 5-methylfurfural, 2-methyl-
furan, 2,5-dimethylfuran, and 2-furyl methyl ketone also caused 
chromosome aberrations in CHO c e l l s (62). The significance of 
these results requires investigation, since a l l of these 
compounds, when tested simultaneously in the Ames assay, were 
negative. This agrees with the findings of Aeschbacher et a l . 
(60) on 2,5-dimethylpyrazine and 5-hydroxymethylfurfural. It 
appears that fried food mutagens may be products of advanced 
Maillard reactions, and that these simple heterocycles, i f they 
are involved at a l l in mutagen formation, participate only as 
intermediates. 

Caramel and caramelized sugars have also been investigated. 
Caramelized sucrose, glucose, mannose, arabinose, maltose and 
fructose induce high frequencies of chromosome aberrations (63), 
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Figure 6. Mutagenic activity of fructose-amino acid mixtures in Ames strain 
TA100. (Reproduced with permission from Ref. 58. Copyright 1981, Institute of 

Food Technologists.) 
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but here also the positive result is d i f f i c u l t to interpret in 
the absence of structural chemical data since caramelized sugars 
are negative in Ames assays (60,64). 

As would be expected from the results of studies on model 
systems, i t has been found that foods with a high starch or sugar 
content may form genotoxic substances, but at a much lower level 
than meats or f i s h . Spingarn et a l . (65) showed that several 
common foods, in addition to beef, contained mutagens active for 
TA98 in the presence of S9 (Table V) Pariza et_ £l. (66) found 
mutagenic a c t i v i t y in basic fractions of chicken broth, beef 
broth, rice cereal, bread crust, crackers, corn flakes, toast and 
cookies. 

Implications 

It is most interestin
present in many common
are some of the most potent mutagens so far i d e n t i f i e d . It i s 
important to realize that, for a number of reasons, there is no 
way to translate this finding into an estimate of human ris k at 
this time. 

The severest limitation at this time is a lack of r e l i a b l e 
data about the significance of the genotoxic properties of those 
compounds which have been id e n t i f i e d in foodstuffs. With the 
exception of Trp-P-1 and Trp-P-2, hardly any work has been done 
on the a c t i v i t y of these bacterial mutagens in other in v i t r o 
systems. It is now accepted that a battery of such short-term 
assays is needed when screening for potential genotoxins and the 
a v a i l a b i l i t y of this information would do much to place the 
bacterial mutagenicity data in a clearer light (67). The same 
cautionary note also applies in any consideration of the clasto-
genicity of Maillard reaction products. Indeed, chromosomal 
aberration is a very complex genetic end-point and may be induced 
by phenomena other than those which signify possible carcinogenic 
r i s k . Thus, interpretation of such results awaits further test
ing for genotoxicity in other well validated assays. We also 
need to know more about the metabolism and pharmacokinetics of 
these compounds in vivo. 

Long-term chronic bioassays for carcinogenicity w i l l be the 
most relevant source of information for future risk assessment 
and such studies are now under way. However, the number of ani
mals involved in these experiments needs to be considered in the 
evaluation. Data so far suggest that powerful bacterial mutagens 
of this type may not be strong carcinogens, and future experi
ments should be designed with this p o s s i b i l i t y in mind. For ex
ample, i t is extremely important, when considering the data on 
carcinogenicity of tryptophan pyrolysates in rats, to determine 
the minimum increase in tumor incidence detectable by the experi
ments. Classifying results as "weakly positive" or "negative" is 
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useful only when the s e n s i t i v i t y of the experiment which gener
ates them is defined. In relation to colon cancer, i t is es
pecially important to remember that this disease is related to 
l i f e s t y l e ; other dietary components such as dietary fat level may 
be important modulators of carcinogenicity for food carcinogens, 
but these are not often taken into account in standard carcinogen 
bioassays. In the case of the mutagens in fried food, we have 
postulated that they may be the carcinogens associated with 
cancer of the colon, breast and prostate (4,68). In these d i s 
eases, dietary fat levels, through specific promotional mechan
isms, exert powerful controlling influences on the overall cancer 
induction process. 

Thus, the mechanism of colon cancer induction is in need of 
detailed research. Although genotoxic agents are l i k e l y to be 
important, promotion is also intimately involved. In fact, a 
great deal of effort a
ci s e l y this question (69)
aspects of those n u t r i t i o n a l l y linked cancers are more d i f f i c u l t 
to do because of a somewhat cumbersome technology and the com
plexity of the biological phenomenon. For one thing, there is a 
need for improved accepted short-term assays for promoters, such 
as b i l e acids or certain hormones corresponding to the test 
batteries which are available for mutagens. 

Conclusions 

Much of the information we have on food mutagens derives 
from only one or two tests. This is highly suggestive, but i n 
suff i c i e n t for making judgments about relevance to human health. 
Some of these mutagens may turn out to be false-positives ( i . e . 
mutagenic, but not carcinogenic). On the other hand, several of 
these compounds are carcinogenic in animal tests, although they 
are weaker than would have been predicted by a naive extrapo
lation from mutagenic potency. Underemphasis as well as over
emphasis of r i s k should, therefore, be avoided. 

Future work is needed, not only on a broader range of 
genetic end-points, but on in vivo metabolism and pharmaco
kinetics. The role of other factors modifying mutagenicity 
and/or carcinogenicity, such as n i t r i t e , hypochlorite, a n t i 
oxidants, inhibitors of mutagenicity, fiber, the gut microflora, 
carcinogens, and promoters needs elucidation. 
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Creatinine and Maillard Reaction Products as 
Precursors of Mutagenic Compounds Formed in 
Fried Beef 
M. JÄGERSTAD, A. LASER REUTERSWÄRD, R. ÖSTE, and 
A. DAHLQVIST—University of Lund, Department of Applied Nutrition, 
Chemical Center, P.O. Box 740, S-220 07 Lund, Sweden 

S. GRIVAS—Swedish Meat Research Institute, P.O. Box 504, S-244 00 
Kavlinge, Sweden 

K. OLSSON and T. NYHAMMAR—Swedish University of Agricultural Sciences, 
Department of Chemistry and Molecula

Evidence of formation of mutagens from creatinine 
and Maillard reaction products was obtained from 
meat experiments and model reaction systems. Lean 
beef containing varying amounts of glucose after 
frying showed mutagenic activity with Ames test, 
which increased with the glucose content. Varying 
amounts of creatinine were formed from creatine 
during frying and the mutagenic activity was 
found to be related to the creatinine levels. In 
model experiments solutions of creatinine, glucose 
and glycine or alanine in diethylene glycol: H2O 
were refluxed for 4 h. The resulting mutagenic 
activity was around 12 - 20 x 103 revertants 
(TA98 + S9) per ml solution depending on which 
amino acid was used. 

In r e c e n t y e a r s , s e v e r a l r e p o r t s have demonstrated mutagenic 
a c t i v i t y by use o f Ames t e s t i n meat c r u s t a f t e r f r y i n g ( f o r r e f . 
see 1 ) . A h igh p r o p o r t i o n o f the mutagen ic a c t i v i t y found i n 
f r i e d meat and a l s o i n b r o i l e d f i s h has been i d e n t i f i e d by Kasa i 
e t a l . (2 ,3) and Sp inga rn e t a l . (4) as due t o i m i d a z o - q u i n o l i n e s 
(IQ and MelQ) and an i m i d a z o - q u i n o x a l i n e (MelQx). The s t r u c t u r e o f 
the se s o - c a l l e d IQ-compounds a re shown i n F i g u r e 1. IQ and MelQx 
have been demonstrated t o occu r i n f r i e d beef ( 2 - 4 ) . These com
pounds a re among the most po ten t mutagens so f a r i d e n t i f i e d f o r 
TA98 and r e q u i r e S9 a c t i v a t i o n . One ug co r re sponds t o 433 χ 10 3 

and 100 χ 10 3 r e v e r t a n t s , r e s p e c t i v e l y ( 2 , 3 ) . 
H i t h e r t o no e x p l a n a t i o n has been g i v e n c once rn i n g the mecha

nism f o r the f o r m a t i o n o f the se compounds. The M a i l l a r d r e a c t i o n 
has , however, been proposed t o be i n v o l v e d i n the f o r m a t i o n o f 
mutagenic a c t i v i t y i n the meat c r u s t d u r i n g f r y i n g o r b r o i l i n g 
( 5 - 7 ) . In the p re sen t i n v e s t i g a t i o n a t e n t a t i v e r o u t e i s f o rmu 
l a t e d t o e x p l a i n the f o r m a t i o n o f t he IQ-compounds s t a r t i n g from 
c r e a t i n i n e and M a i l l a r d r e a c t i o n p roduc t s o r i g i n a t i n g from g l u co se 
and c e r t a i n amino a c i d s . I nc rea sed mutagenic a c t i v i t y i n meat 

0097-6156/83/0215-0507$06.00/0 
© 1983 American Chemical Society 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



508 M A I L L A R D R E A C T I O N S 

Figure 1. Suggested route for the formation of the imidazo-quinoline compounds. 
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exper iment s by a d d i t i o n o f c r e a t i n e o r g l u co se seemed t o suppo r t 
the r o u t e . Moreover , v e r y h i gh mutagen ic a c t i v i t i e s were observed 
i n model r e a c t i o n systems c o n t a i n i n g the p o s t u l a t e d p r e c u r s o r s . 
From one o f these s y s tems , IQ was i s o l a t e d i n s u r p r i s i n g l y h i gh 
y i e l d and found t o be i d e n t i c a l w i t h a s y n t h e t i c sample. So f a r , 
we have not been a b l e t o r epea t t h a t e x p e r i m e n t , however. The 
observed mutagen ic a c t i v i t y may t h e r e f o r e be due t o s p e c i e s 
o t h e r than t he IQ-compounds. Work i s i n p rog re s s t o i d e n t i f y t he 
mutagens. 

Fo rmat ion o f t he IQ-compounds 

The i m i d a z o l e p a r t o f the IQ-compounds sugges t s c r e a t i n i n e 
as a common p r e c u r s o r . The rema in i ng p a r t s o f the IQ-compounds 
c o u l d a r i s e f rom M a i l l a r d r e a c t i o n p r o d u c t s , e . g . , 2 - m e t h y l p y r i -
d i n e o r 2 , 5 - d i m e t h y l p y r a z i n e
ed through S t r e c k e r d e g r a d a t i o n
induced by α - d i c a r b o n y l compounds d e r i v e d f rom c a r b o h y d r a t e s , 
wh ich a re the reby c o n v e r t e d t o p y r r o l e s , p y r i d i n e s , p y r a z i n e s , 
e t c . ( 8 ) . 

Thus, IQ may a r i s e f rom c r e a t i n i n e , 2 - m e t h y l p y r i d i n e and 
formaldehyde o r a r e l a t e d S c h i f f ba se , formed f rom g l y c i n e 
th rough S t r e c k e r d e g r a d a t i o n . The i n i t i a l s t ep may be a Mannich 
r e a c t i o n o r an a l d o l c o n d e n s a t i o n . By ana logy MelQ may a r i s e 
f rom c r e a t i n i n e , a l a n i n e and 2 - m e t h y l p y r i d i n e , and MelQx f rom 
c r e a t i n i n e , g l y c i n e and 2 , 5 - d i m e t h y l p y r a z i n e a c c o r d i n g t o the 
scheme i n F i g u r e 1. 

Meat expe r iment s 

E f f e c t o f f r y i n g tempera tu re and t ime on development o f 
mutagenic a c t i v i t y and brown c o l o r ( M a i l l a r d r e a c t i o n p r o d u c t s ) . 
In the f r y i n g e x p e r i m e n t s , l e a n musc le f rom b e e f , r e c e i v e d d i -
r e c t l y f rom a s l a u g h t e r house, was ground and formed t o f l a t 
50-g p a t t i e s . The muscle c o n t a i n e d 2.0% f a t and was f r i e d w i t h 
out add ing f a t on a t h e r m o s t a t i c d o u b l e - s i d e d T e f l o n - c o a t e d p l a t e . 
For each parameter 4-6 p a t t i e s were f r i e d , one a t a t i m e . A c r u s t 
was pee l ed o f f , t h i c k n e s s (mm) was e s t i m a t e d and the c r u s t and 
crumb were s e p a r a t e l y t h o r o u g h l y minced t o a f i n e powder. Water 
c o n t e n t was e s t i m a t e d , and some samples were l y o p h i l i z e d p r i o r 
t o a n a l y s e s . The s u r f a c e tempera tu re o f the f r y e r was 120, 180 
o r 250 C ( v a r y i n g -10 C) and the f r y i n g t ime v a r i e d between 1.5 
min and 9 m i n . Batches (20.Og) o f each c r u s t and crumb were sus
pended i n w a t e r , which was a c i d i f i e d t o pH 2. The p r o t e i n s 
were p r e c i p i t a t e d w i t h sodium s u l f a t e and f i l t e r e d o f f . The 
f i l t r a t e was made b a s i c w i t h sodium hyd rox i de and the mutagens 
were e x t r a c t e d w i t h methy lene c h l o r i d e from the b a s i c f r a c t i o n 
o f the wate r s u s p e n s i o n . The o r g a n i c phases were evapo ra ted 
t o d ryness and d i s s o l v e d i n 0.7 ml DMS0 (d imethy l s u l f o x i d e ) . The 
mutagen ic a c t i v i t y o f t he meat samples was assayed i n t r i p l i -
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c a t e s a t two d i f f e r e n t c o n c e n t r a t i o n s a c c o r d i n g t o Ames (9) by 
u s i n g the S a l m o n e l l a s t r a i n TA98. S9 mix was p repa red a c c o r d i n g 
to Ames (9) and c o n t a i n e d 5 per c e n t r a t l i v e r homogenate from 
r a t s t r e a t e d w i t h PCB. P r e i n c u b a t i o n o f samples and S9 mix 
(0.5 ml) was per formed f o r 20 min i n a water bath a t 37 C. 

T a b l e I summarizes the mutagen ic a c t i v i t y i n the meat e x p e r i 
ment exp re s sed i n r e v e r t a n t s pe r p l a t e . Raw beef as w e l l as the 
meat crumb c o n t a i n e d no s i g n i f i c a n t l e v e l s o f mutagen ic a c 
t i v i t y , t h a t i s below 20 r e v e r t a n t s per p l a t e , when c o r r e c t e d 
f o r spontaneous r e v e r t a n t s . The mutagen ic a c t i v i t y was found 
i n the meat c r u s t and r e q u i r e d S9 a c t i v a t i o n . None o f t he samp
l e s a s sayed w i t h o u t S9 a c t i v a t i o n exceeded the v a l u e s o f s pon 
taneous r e v e r t a n t s and were t h e r e f o r e not i n c l u d e d i n the t a b l e . 

The mutagenic a c t i v i t y o f the meat c r u s t i n c r e a s e d w i t h 
f r y i n g tempera tu re be ing w i t h o u t s i g n i f i c a n c e when f r y i n g was 
per formed a t 120°C i r r e s p e c t i v
f o r 3 min r e s u l t e d i n
i n samples o f 120°C. A l o n g e r f r y i n g t ime a t 180 C d i d not i n 
c r e a s e t he mutagen ic a c t i v i t y , wh ich p r obab l y c o u l d be be 
cause a n a l y s e s were done w i t h o u t s e p a r a t i n g c r u s t and crumb; t he 
p a t t y was v e r y hard f r i e d . At 250°C the mutagenic a c t i v i t y i n 
meat c r u s t i n c r e a s e d marked ly w i t h t i m e . 

The degree o f M a i l l a r d r e a c t i o n was e s t i m a t e d as amount o f 
brown c o l o r p roduced. Samples were e x t r a c t e d i n b u f f e r o f pH 
8 . 0 , p r o t e i n s were p r e c i p i t a t e d by TCA and absorbance was mea
sured a t 375 nm s p e c t r o p h o t o m e t r i c a l l y a c c o r d i n g t o a method 
by L a s e r Reutersward and Johansson ( u n p u b l i s h e d ) . 

As shown i n F i g u r e 2 the mutagen ic a c t i v i t y ( exp re s sed as 
r e v e r t a n t s pe r g d ry m a t t e r o f c r u s t ) as w e l l as the browning 
c o l o r i n c r e a s e d i n p a r a l l e l t o i n c r e a s i n g h e a t i n g c o n d i t i o n s . 
A l l samples ment ioned above c o u l d be c o n s i d e r e d as e x t r e m e l y 
f r i e d as e s t i m a t e d f rom the ve r y h i gh wate r l o s s e s which m a i n l y 
o c c u r r e d because the p a t t i e s were v e r y t h i n when f r y i n g began. 
A s u r f a c e tempera tu re o f 180 C on a T e f l o n f r y e r c o u l d o t h e r 
w i se be c o n s i d e r e d as r e a l i s t i c , as w e l l as the c o l o r t h a t was 
deve loped by f r y i n g a t 180°C f o r 3 m i n . 

E f f e c t o f g l u co se 

G luco se and g lucose-6 -phosphate a re the main r e d u c i n g sug 
a r s o c c u r r i n g i n meat. Dur ing c e r t a i n c o n d i t i o n s an an imal can 
deve lop s t r o n g s t r e s s b e f o r e s l a u g h t e r , r e s u l t i n g i n e x t r e m e l y 
low c o n t e n t s o f g l ycogen i n the l i v i n g musc le and thus e x t r e m e 
l y low c o n t e n t s o f r e d u c i n g sugars i n the meat ( 1 0 ) . Ana l y se s 
a c c o r d i n g t o L a s e r Reutersward (10) showed t h a t the c o n t e n t s 
o f g l u co se and g l u c o s e - 6 - P w e r e 0.01% and 0.00% and 0.15% and 
0.24% i n l o w - g l u c o s e beef and normal beef r e s p e c t i v e l y a f t e r 
f r y i n g . The l o w - g l u c o s e beef d i d not deve lop t he t y p i c a l brown 
c r u s t and thus showed i n ve r y low c o n t e n t s o f e x t r a c t a b l e brown 
c o l o r (Tab le I I ) . These p a t t i e s a l s o l a c k e d the t y p i c a l meat 
aroma wh ich u s u a l l y deve lops from M a i l l a r d r e a c t i o n s . 
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Tab l e I. Mutagen ic a c t i v i t y o f meat c r u s t , exp re s sed i n r e v e r 
t a n t s per p l a t e , assayed w i t h TA98 i n the presence o f S9 ( spon 
taneous r e v e r t a n t s s u b s t r a c t e d ) . Meat samples ( 2 0 . 0 g 2 ) were 
e x t r a c t e d and the r e s i d u e d i s s o l v e d i n 0 . 7 ml DMSO. T r i p l i c a t e s 
o f samples o f 2 5 and/or 5 0 y l per p l a t e were t e s t e d . 

F r y i n g 
c o n d i t i o n s 
°C - min 

Water l o s s i n 
% o f i n i t i a l 
w e i g h t . 

Th i ckne s s 
o f c r u s t 
(mm) 

Mutagen ic a c t i ' 
TA98+S9 

25 μΐ 50 

120-3 40 0.50 0 
0 -

120-6 51 0.55 6 
7 
4 

-

120-9 54 0.67 0 
0 
4 

-

180-3 55 0.55 37 
36 
45 

-

180-6 66 4 . 2 9 1 ) 17 
16 
24 

-

250-1.5 48 0.57 38 
43 
49 

135 
166 
161 

250-3 60 0.81 235 
223 

447 
538 

250-6 75 4 . 1 0 1 ) 367 
335 

628 
664 

1) c r u s t and crumb c o u l d not be s e p a r a t e d 
2) l y o p h i l i z e d w e i g h t , e xcep t f o r 120-3, 6, 9, which 

were w e t - w e i g h t . 
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Figure 2. Mutagenic activity (filled bars) expressed in revertants (TA98 + S9) 
per gram dry meat crust and browning reaction (unfilled bars) estimated spectro-
photometrically (375 nm) as a function of increasing frying time and temperature. 
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The meat c r u s t f rom the l o w - g l u c o s e meat showed ve r y low 
mutagenic a c t i v i t y compared t o normal beef when f r y i n g c o n d i t i o n s 
were the same ( F i g u r e 3 ) . When one ml o f a 5 per cen t D-g lucose 
s o l u t i o n was sp read ove r t he upper s u r f a c e o f the l o w - g l u c o s e 
p a t t y j u s t b e f o r e f r y i n g , the brown c o l o r i n c r e a s e d (Tab le I I ) , 
as w e l l as the mutagenic a c t i v i t y ( F i g u r e 3 ) . These r e s u l t s i n d i 
c a t e t h a t low c o n t e n t s o f g l u co se can be a l i m i t i n g f a c t o r f o r 
M a i l l a r d r e a c t i o n and t h a t the M a i l l a r d r e a c t i o n i n some way p a r -
t i c i p a t e s i n t he f o r m a t i o n o f mutagenic a c t i v i t y d u r i n g f r y i n g o f 
meat. 

E f f e c t o f c r e a t i n i n e . Raw beef c on t a i n s c r e a t i n e which by 
h e a t i n g i s c o n v e r t e d t o c r e a t i n i n e ( 1 1 , 12 ) . Chemica l a n a l y s e s , 
t o de te rm ine c r e a t i n e and c r e a t i n i n e ( 1 3 ) , were per formed on raw 
l o w - g l u c o s e beef (A) and raw normal beef ( B ) . The c o n t e n t s o f 
c r e a t i n e and c r e a t i n i n e were f o r (A) 0.45%, 0.00% and f o r (B) 
0.42% and 0.00% r e s p e c t i v e l y
samp le s , v a r y i n g amount
t i n e as seen i n Tab le I I . On some beef p a t t i e s a 2 per c e n t s o 
l u t i o n o f c r e a t i n e was sp read ove r the upper s u r f a c e j u s t b e f o r e 
f r y i n g . As seen i n Tab l e I I the mutagen ic a c t i v i t y , e xp re s sed as 
r e v e r t a n t s per gram d ry meat c r u s t , i n c r e a s e d w i t h i n c r e a s i n g 
l e v e l s o f formed c r e a t i n i n e . I t i s notewor thy t h a t c r e a t i n e i s 
p r e s e n t o n l y i n foods o f an imal o r i g i n ( 1 2 ) . Mutagen ic t e s t s o f 
a v a r i e t y o f heated foods have shown t h a t meat produces mutagens 
a t l e v e l s an o r d e r o f a magnitude h i g h e r than p l a n t food ( 6 ) , a 
f a c t t h a t c o u l d be due t o the l a c k o f c r e a t i n e i n p l a n t s . 

Tab le I I . E f f e c t o f c r e a t i n i n e c o n c e n t r a t i o n s on t he mutagenic 
a c t i v i t y i n c r u s t s (d ry m a t t e r ) o f f r i e d bee f . C r e a t i n e c oncen 
t r a t i o n s w i t h i n p a r e n t h e s i s . Brown c o l o r as a measure o f M a i l l a r d 
r e a c t i o n p roduc t s i s g i v e n as absorbance a t 375 nm per g d r y matter 

C r e a t i n i n e 

Low-g lucose beef (A) 0.42 (1.46) 

A+D-glucose 0.43 (1.56) 

A+D-g lucose+c reat ine 0.58 (1.47) 

Normal beef (B) 1.05 (1.19) 

B+c rea t i ne 1.32 (1.18) 

Number o f 
r e v e r t a n t s 
(TA98+S9) 

pe r g 

11 ± 12 

41 ± 17 

88 ± 23 

99 ± 69 

164 ± 32 

Absorbance a t 
375 nm 

per g 

0.03 

0.12 

0.14 

0.32 

0.38 
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Τ Ί 
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GLUCOSE 
BEEF 

0.01% 
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NORMAL 
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Figure 3. Effect of glucose concentration on the mutagenic activity in fried beef 
(180 °C for 3 min). 
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Model r e a c t i o n systems 

R e f l u x b o i l i n g o f c r e a t i n i n e , g l u co se and amino a c i d . In 
o r d e r t o t e s t t he suggested h ypo the s i s f o r the f o r m a t i o n o f the 
IQ-compounds, m i x t u r e s o f c r e a t i n i n e (1.25 g ) , D-g lucose (0 .8 g), 
g l y c i n e (1.07 g) o r a l a n i n e (1.07 g) were d i s s o l v e d i n 10 ml o f 
wate r doub ly d i s t i l l e d i n g l a s s and 50 ml o f d i e t h y l e n e g l y c o l 
were added. The pH was s t a b l e a t 7.2 and the b o i l i n g tempe
r a t u r e was around 130 C. M i x t u r e s were r e f l u x e d and samples were 
taken ou t a f t e r 1, 2 and 4 h . Assays f o r mutagenic a c t i v i t y were 
performed as d e s c r i b e d above f o r the meat samples . Both TA98 and 
TA100 were used w i t h o u t and w i t h S9 a c t i v a t i o n . T r i p l i c a t e s o f 
samples d i r e c t l y f rom the m i x t u r e s were a s s a yed . As seen i n 
Tab l e I I I and F i g u r e 4 , g l y c i n e gave h i g h e r mutagenic a c t i v i t y 
compared t o a l a n i n e , about 20x10* r e v e r t a n t s per ml f o r TA98 i n 
the p resence o f S9 mi
n i n e . Us ing g l y c i n e i n s t e a
mutagenic a c t i v i t y but d i f f e r e n t batches u s i n g the same l e v e l s 
o f r e a c t a n t s v a r i e d g r e a t l y i n t h e i r mutagenic a c t i v i t y . The 
h i g h e s t l e v e l reached f o r g l y c i n e a f t e r r e f l u x f o r 4 h was about 
100 χ 10 3 r e v / m l . (TA98+S9). 

Tab l e I I I . Mutagen ic a c t i v i t y exp re s sed as r e v e r t a n t s pe r p l a t e 
(TA98+S9) o f model r e a c t i o n systems ( c r e a t i n i n e , g l u c o s e , amino 
a c i d i n d i e t h y l e n e g l y c o l - w a t e r 6 : 1 , v / v ) . Samples i n t r i p l i 
c a t e s were d i r e c t l y w i thdrawn from the m i x t u r e s a f t e r 1, 2 and 
4 h of r e f l u x . 50 y l were used per p l a t e . Comparison o f mutagenic 
a c t i v i t y a f t e r c o r r e c t i o n s f o r spontaneous r e v e r t a n t s between 
model m i x t u r e s c o n t a i n i n g a l a n i n e o r g l y c i n e . 

Number o f r e v e r t a n t s per p l a t e 
(TA98+S9) 

r e f l u x t ime (h) 1 2 4 

model m i x t u r e c o n  153 404 640 
t a i n i n g a l a n i n e 151 334 408 t a i n i n g a l a n i n e 

104 313 450 

model m i x t u r e c o n  777 903 970 
t a i n i n g g l y c i n e 461 712 1146 t a i n i n g g l y c i n e 

732 810 980 

No mutagenic a c t i v i t y was o b t a i n e d w i t h o u t S9 a c t i v a t i o n o r 
when t he r e a c t a n t s were heated s e p a r a t e l y . B o i l i n g a l l r e a c t a n t s 
i n w a t e r , w i t h o u t d i e t h y l e n e g l y c o l , was found t o produce 
mutagenic a c t i v i t y . The a d d i t i o n o f d i e t h y l e n e g l y c o l made i t 
p o s s i b l e t o r a i s e the tempera tu re o f t h e s o l u t i o n t o 130-140 C 
and thus enhance the r e a c t i o n r a t e s i g n i f i c a n t l y . A low wate r 
c o n t e n t and a h i gh tempera tu re i s known t o enhance the M a i l l a r d 
r e a c t i o n . B o i l i n g e x t r a c t f rom meat demands s e v e r a l hours f o r 
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o b t a i n i n g mutagenic a c t i v i t y w h i l e f r y i n g o f beef i n some 10-20 
min g i v e s h i gh mutagenic a c t i v i t y ( 1 4 ) . 

As seen i n F i g u r e 4 the mutagenic a c t i v i t y i n c r e a s e d w i t h 
b o i l i n g t ime and was c o n s i d e r a b l y ' h i g h e r f o r TA98 compared w i t h 
TA100. The power fu l mutagenic a c t i v i t y , t he h i g h e r response f o r 
TA98 and the need o f S9 a c t i v a t i o n agree w i t h the c o n d i t i o n s 
t y p i c a l f o r the IQ-compounds ( 2 , 3 ) . 

E f f e c t o f added M a i l l a r d r e a c t i o n p r o d u c t s . The suggested 
r o u t e f o r f o r m a t i o n o f the IQ-compounds i n c l u d e d p a r t i c i p a t i o n 
o f 2 , 5 - d i m e t h y l p y r a z i n e o r 2 - m e t h y l p y r i d i n e (see F i g u r e 1 ) . 
T h e r e f o r e 2 , 5 - d i m e t h y l p y r a z i n e (0.5 m l , A l p h a r e t t a A r omat i c s I n c , 
r e d i s t i l l e d b e f o r e use) o r 2 - m e t h y l p y r i d i n e (0 .5 ml) was added 
t o r e f l u x i n g model systems c o n t a i n i n g c r e a t i n i n e , D-g lucose and 
an amino a c i d i n d i e t h y l e n e g l y c o l : wa te r 6:1 ( v / v ) . As seen 
i n Tab le IV the a d d i t i o n o f e i t h e r compound enhanced the muta 
g e n i c a c t i v i t y w i t h a

Tab l e IV. E f f e c t o f M a i l l a r d r e a c t i o n p roduc t s ( 2 - m e t h y l p y r i d i n e 
o r 2 , 5 - d i m e t h y l p y r a z i n e ) on the mutagenic a c t i v i t y o f d i f f e r e n t 
model r e a c t i o n m i x t u r e s ( c r e a t i n i n e , D - g l u co se , amino a c i d i n 
d i e t h y l e n e g l y c o l - w a t e r 6 : 1 , v/v) a f t e r 4 h o f r e f l u x i n g , 10 - y l 
samples be ing d i r e c t l y wi thdrawn from the r e a c t i o n m i x t u r e s and 
assayed w i t h TA98 a f t e r S9 a c t i v a t i o n . 

Model m i x t u r e c o n t a i n i n g g l y c i n e 

Model m i x t u r e c o n t a i n i n g g l y c i n e 
p l u s 2 - m e t h y l p y r i d i n e 

Model m i x t u r e c o n t a i n i n g a l a n i n e 

Model m i x t u r e c o n t a i n i n g a l a n i n e 
p l u s 2 , 5 - d i m e t h y l p y r a z i n e 

Number o f r e v e r t a n t s per p l a t e 
(TA98+S9) 

843 
922 
692 

1113 
1267 
944 

336 
365 
498 

690 
585 
480 

Chemical i d e n t i f i c a t i o n o f IQ-compounds i n the model system 

A f t e r r e f l u x i n g c r e a t i n i n e , g l y c i n e and D-g lucose i n d i 
e thy lene g l y c o l : wa te r 6:1 (v/v) f o r 20 h, IQ was i s o l a t e d f rom 
the r e a c t i o n m i x t u r e i n 2.6 per cen t y i e l d (7.6 mg c a l c u l a t e d 
on g l u c o s e ) and found t o be i d e n t i c a l ( Ε Ι - M S , H-NMR, HPLC) w i t h 
a s y n t h e t i c sample g i ven by T. Sugimura and a l s o w i t h IQ s y n t h e -
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Figure 4. Effect of reflux time, amino acid (glycine or alanine), and Salmonella 
strain on the mutagenic activity formed in model reaction systems of creatinine (1.25 
g), O-glucose (0.8 g), and amino acid (1.07 g) in diethylene glycol-water (6:1 v/v). 
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s i z e d i n our l a b o r a t o r y ( t o be p u b l i s h e d ) . S e ve r a l a t tempt s t o 
r e p e a t t h i s expe r iment were w i t h o u t s u c c e s s , however. 

C o n c l u s i o n 

The meat expe r iment s as w e l l as t he model system thus sup
p o r t e d t h a t the M a i l l a r d r e a c t i o n i s o f importance f o r the f o r 
mat ion o f mutagen ic compounds. The mutagenic a c t i v i t y o b t a i n e d 
i n meat c r u s t was found t o be i n f l u e n c e d by the g l u c o s e and c r e a 
t i n i n e l e v e l s o f the bee f . The model system showed t h a t be s i de s 
s p e c i a l r e a c t a n t s p r oduc i n g M a i l l a r d r e a c t i o n p r o d u c t s , c r e a 
t i n i n e a l s o was e s s e n t i a l f o r the f o r m a t i o n o f mutagens. A l l 
r e a c t a n t s i n the model system a re p r e s e n t i n beef i n adequate 
amounts t o e x p l a i n the mutagen ic a c t i v i t y produced i n the meat 
c r u s t d u r i n g f r y i n g . The suggested r o u t e f o r f o r m a t i o n o f the 
IQ-compounds needs f u r t h e
r e p e a t i n g t he s u c c e s s f u
model system suggest t h a t o t h e r mutagens c o u l d be produced as we l l . 

F u r t h e r r e s e a r c h i s neces sa r y t o i d e n t i f y t he se mutagens 
formed i n the model system and to demonst rate t h e i r o c c u r r e n c e i n 
the meat c r u s t o f f r i e d o r b r o i l e d bee f . A l s o impo r t an t i s t o 
show i f these mutagens hav t u m o r - i n d u c i n g e f f e c t s i n animal 
s t u d i e s . 
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Mutagens Produced by Heating Foods 

M. NAGAO, S. SATO, and T. SUGIMURA 
National Cancer Center Research Institute, Biochemistry Division, 
1-1, Tsukiji 5-chome, Chuo-ku, Tokyo, 104 Japan 

Gril l ing fish o
electric hot plate produced mutagens. Mutagenic 
activity of such products to S. typhimurium TA98 
in the presence of S9 mix increased with an 
increase of cooking time. 2-Amino-3-methyl-
imidazo[4,5-f]quinoline (IQ) and 2-amino-3,4-
dimethylimidazo[4,5-f]quinoline (MeIQ) were 
identified as mutagens in sun-dried sardine 
gril led over a bare flame. From fried beef, 
2-amino-3,8-dimethylimidazo[4,5-f] quinoxaline 
(MeIQx) was isolated as a mutagen. IQ and MeIQ 
induced diphtheria toxin-resistant mutation in 
Chinese hamster lung cells . The presence of 
other mutagenic heterocyclic amines, which had 
been isolated from pyrolysates of amino acids and 
protein, was confirmed in cooked food. Some of 
them were proved to be carcinogenic. Roasting 
coffee beans resulted in the formation of geno
toxic substance(s) towards E. coli, S. typhi-
murium, and Chinese hamster lung cells. Methyl
glyoxal was identified as one of the major mutagens. 

Humans have used f i r e for cooking since about 105 years ago. 
The presence of polycyclic aromatic hydrocarbons in broiled foods 
such as beefsteak and broiled f i s h has been reported (_1,2). The 
presence of genotoxic substances in broiled foods other than 
typical carcinogenic hydrocarbons was detected after the develop
ment of Ames1 Sa tmoneI la/mammalian-microsome test (3). Charred 
parts of broiled f i s h and meat showed mutagenicity towards 
Salmonella typhimuriiori TA98, a frameshift mutant of histidine 
auxotroph, i n the presence of S9 mix, a mixture of rat l i v e r 
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522 MAILLARD REACTIONS 

postmitochondrial supernatant fraction and NADPH (4,5»). Products 
of pyrolysis of proteins and amino acids also showed strong 
mutagenicity towards TA98 with S9 mix (6,7). Since mutagens in 
pyrolyzed amino acids and broiled f i s h or meat have several 
common characteristics (specific induction of revertants of TA98, 
requirement of S9 to exhibit mutagenicity, and basic nature), we 
f i r s t tried to isolate and determine the structures of mutagens 
from pyrolysates of amino acids which showed strong mutagenic 
activity^—tryptophan, glutamic acid, lysine, and ornithine (8-11). 
Then the structures of mutagens in broiled f i s h and meat were 
also determined (12-15). A l l the mutagenic compounds isolated 
from the various pyrolysis products were heterocyclic amines with 
one exception. Carcinogenic a c t i v i t i e s of some of these mutagens 
were proved with long-term in vivo animal experiments. 

Heating carbohydrates also resulted in the formation of 
mutagens but the mutageni
produced by heating protei
Mutagens from carbohydrates were direct-acting towards S. 
typhimurium TA100, a base-pair change mutant of hi s t i d i n e auxo-
troph. Mutagen(s) present in coffee f e l l in this type (16,17). 
Freshly brewed and instant, regular, and caffeine-free coffees 
were a l l mutagenic. Mutagenic a c t i v i t y of coffee was produced 
by roasting green coffee beans. Recently, associations between 
human pancreatic and ovarian cancer, and coffee intake were 
reported (18,19,20), although contradictory reports are also 
available (21,22_) . 

Heating or cooking foods makes them easily digestible, and 
increases their n u t r i t i o n a l value. However, heating foods can 
yi e l d various mutagens. Isolation of mutagens from pyrolysis 
products, and examination of their carcinogenic effects on labo
ratory animals, may be useful in finding a clue to human cancer 
prevention. 

Mutagenicity of Broiled Fish and Meat 

Broiling or g r i l l i n g f i s h and meat produces mutagens. 
Dimethyl sulfoxide or methanol extracts of smoke condensates and 
charred parts of various f i s h obtained by g r i l l i n g were mutagenic 
to S. typhimurium TA98 i n the presence of S9 mix 04,5). Charred 
parts of beefsteak and the hamburger were also mutagenic (4,23). 
The mutagenic a c t i v i t i e s of methanol extracts of sun-dried sardine 
and hamburger increased with cooking time, as shown in Figure 1. 
A naked gas flame and an e l e c t r i c hot plate were used for cooking 
the f i s h and the hamburger, respectively. Broiling sun-dried 
sardine and hamburger for 5-7 min and 15-20 min, respectively, 
yielded the best taste. Methanol extracts of sun-dried sardine 
were 103 times as mutagenic as those of hamburger (Figure 1). 
The difference may not be due to the difference in the quality of 
protein but to the water content (24) and the cooking method. 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



. N A G A O E T A L . Mutagens Produced by Heating Foods 523 

Cooking time (min) 

Figure 1. Mutagenicities of sun-dried sardine broiled over naked gas flame (a) 
and hamburger cooked in electric hamburger cooker (b). Methanol extracts of 
cooked materials were tested for their mutagenicities with S. typhimurium ΤΛ98 

with or without S9 mix. 
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Mutagens Isolated from Pyrolysates of Amino Acids and Protein, 
and from Cooked Foods 

During an early stage of our studies of mutagens in cooked 
foods, we found that mutagens which mainly induced frameshift 
mutation in the presence of S9 mix were produced by pyrolyzing 
proteins or amino acids (Table I ) . Pyrolysis of tryptophan, 
glutamic acid, lysine, and ornithine produced mutagenic a c t i v i t y 
which was stronger than that found for other amino acids. From a 
basic fraction of tryptophan pyrolysate, mutagenic compounds were 
purified and two c r y s t a l l i n e substances were obtained. Their 
structures were determined, by X-ray crystallography, to be 
3-amino-l,4-dimethyl-5#-pyrido[4,3-2>]indole (Trp-P-1) and 3-
amino-l-methyl-5#-pyrido[4,3-2?]indole (Trp-P-2) (8). These 
structures were confirmed by chemical synthesis (8). Similarly, 
the following compound
[l,2-a:3 f

f2 f^i]imidazol
3 f,2 f-d]imidazole (Glu-P-2), both from glutamic acid pyrolysate; 
3,4-cyclopentenopyrido[3,2-a]carbazole (Lys-P-1), from lysine 
pyrolysate (10); 4-amino-6-methyl-l#-2,5,10,10b-tetraazafluor-
anthene (Orn-P-1), from ornithine pyrolysate (11); and 2-amino-
5-phenylpyridine (Phe-P-1), from phenylalanine pyrolysate (8) . 
A l l these are new compounds. 

Table I. Mutagenic a c t i v i t y of condensate of smoke formed by 
pyrolysis of biomacromolecules and of amino acids 

Revertants/mg smoke condensate 
Substrate 
pyrolyzed 

TA98 TA100 Substrate 
pyrolyzed +S9 mix -S9 mix +S9 mix S 9 mix 

Lysozyme 8,311 0 2,319 0 
Histone 5,012 0 1,311 0 
DNA 278 0 170 0 
RNA 83 0 0 0 
Starch 0 0 70 338 
Vegetable o i l 0 0 85 0 

Tryptophan 22,420 0 2,500 0 
Glutamic acid 13,800 0 3,400 0 
Lysine 5,250 0 608 0 
Ornithine 3 8,290 0 560 0 
Cysteine 324 0 965 0 
Valine 0.9 0 0 0 

Adapted from Nagao, et al*(6) and Kosuge, et al.(60) 
a. Tar obtained by dry d i s t i l l a t i o n was subjected to test. 
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Yoshida et al (25) isolated 2-amino-9#-pyrido[2,3-2?]indole 
(AaC) and 2-amino-3-raethyl-9#-pyrido[2,3-2?]indole (MeAaC) from 
pyrolysate of soybean globulin. 

From g r i l l e d sun-dried sardines, two mutagenic fractions 
were obtained with high performance l i q u i d chromatography using 
yBondapak Cie. Their structures were determined, by 270 MHz 
XH-NMR and low- and high-resolution mass spectra, to be 2-amino-
3-methylimidazo[4,5-/]quinoline (IQ) and 2-amino-3,4-dimethyl-
imidazo[4,5-/]quinoline (MelQ) (12,13,14). The structures of 
these new compounds were confirmed by chemical synthesis. 

From f r i e d beef, another new compound, 2-amino-3,8-dimethyl-
imidazo[4,5-/]quinoxaline (MelQx), was isolated, and i t s structure 
was confirmed by chemical synthesis (15). The structures of a l l 
the compounds isolated from pyrolysates of amino acids and a 
protein, and from cooked f i s h and meat, are shown i n Table II. 

Quantitative analyse
pounds in cooked foods
for humans. Although methods of analysis have not been standard
ized yet, p a r t i a l p u r i f i c a t i o n of methanol extracts of cooked 
foods with acid-base pa r t i t i o n , s i l i c a - g e l or Sephadex LH-20 
column chromatography and high performance l i q u i d chromatography 
are recommended. For the id e n t i f i c a t i o n of compounds, gas chro
matography /mass spectrometry (GC/MS) with multiple ion detection 
(MID) and high performance liq u i d chromatography monitored with 
fluororaetry are useful. One gram of broiled sun-dried sardine 
was found to contain 13.3 ng and 13.1 ng of Trp-P-1 and Trp-P-2, 
respectively (26). Trp-P-1 was also detected in beef g r i l l e d 
over a naked flame (27). A deuterium di l u t i o n technique using 
a [ 2H]CH 3 derivative as the standard compound made analyses more 
precise. The amounts of IQ i n sun-dried sardine and fried beef 
were 158 ng/g and 0.59 ng/g, respectively (28). Quantitative 
analyses of mutagens in cooked foods are summarized in Table III. 

Genotoxic A c t i v i t y of Pyrolyzed Products 

Trp-P-1, Trp-P-2, Glu-P-1, IQ, MelQ and MelQx were very 
strongly mutagenic to S. typhimurium TA98 (a frameshift mutant of 
histidine auxotroph which has plasmids pKMlOl) in the presence of 
S9 mix. MelQ and MelQx were also strongly mutagenic to S. 
typhimurium TA100 (a base-pair change mutant of histidine auxo
troph which has plasmids pKMlOl) with S9 mix, but Trp-P-1, Trp-P-
2, and Glu-P-1 were not as strongly mutagenic to TA100. Specific 
mutagenic a c t i v i t i e s of the compounds isolated from pyrolysis 
products including those of typical carcinogens, are shown in 
Table IV. It is interesting that S. typhimurium TA1535, which has 
the same genetic properties as TA100 except that i t lacks plasraid, 
did not respond to any of these pyrolysis products. These pyrol
ysis products were mutagenic towards Escherichia coli WP2 uvrA 
(trp , a base-pair change mutant), and their mutagenicities were 
enhanced by introducing plasmids pKMlOl to E. coli WP2 uvrA (29). 
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Table I I . Mutagens isolated from pyrolysates 

Source of 
Chemical name Abbreviation Structure i s o l a t i o n 

3-Amino-1,4-dimethyl- Trp-P-1 
5#-pyrido[4,3-2?]indole 

3-Amino-l-methyl-5#- Trp-P-2 
pyridof 4,3-2?] indole 

γ Tryptophan 
NH2 pyrolysate (8) 

— f | ^ N Tryptophan 
N A ^ N H 2 pyrolysate (8) 

2-Amino-6-methyldipyrido- Glu-P-1 L JL 
[ 1,2-a: 3\2'-d] imidazol  c C ^ 

Glutamic acid 
pyrolysate (9) 

2-Aminodipyridο[1,2-a: 
3\ 2'-d] imidazole 

3,4-Cyclopentenopyrido-
[3,2-a]carbazole 

4-Amino-6-methyl-l#-
2,5,10,10b-tetraaza-
fluoranthene 

2-Amino-5-phenyl-
pyridine 

2-Amino-9#-pyrid o-
[2,3-2?] indole 

2-Amino-3-methyl-
9^-pyrido [2,3-2?] indole 

2-Amino-3-methylimidazo-
[4,5- / ] quinoline 

2-Amino-3,4-dimethyl-
imidazo[4,5-/]quinoline 

2-Amino-3,8-dimethyl-
imidazo[4,5-/]quinoxaline 

Glu-P-2 

Lys-P-1 

Orn-P-1 

Glutamic acid 
pyrolysate (9) 

Lysine 
pyrolysate (10) 

Ornithine 
NH2 pyrolysate (11) 

Phe-P-1 ^|T~f^ ]] Phenylalanine 
^ N ^ N H 2 pyrolysate (8) 

Aac N ^ N 
H 

^ N H 2 Soybean globulin 
pyrolysate (25) 

MeAaC ^ / ^ Ν ^ Χ Ν ^ Ν Η 2 Soybean globulin 
H pyrolysate (25) 

I Y 
IQ 

MelQ 

,N-CH3 

MelQx H 3 C ^ N 

Broiled sardine 
(12,13) 

N-CH3 Broiled sardine 
(12,13) 

N-CH3 Fried beef (15) 
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Table III. Example of quantitat ive analyses for mutagens 
in cooked foods 

Methods of 
Food Method of i d e n t i f i c a t i o n 
material cooking and quant i f icat ion 

Sun-dried 
sardine 

Mutagens in cooked 
material (ng/g) 

Naked flame GC/MS with MID Trp-P-1 13.3 (26) 
Trp-P-2 13.1 

Sun-dried 
sardine 

Naked flame GC/MS with MID IQ 
by addit ion of MelQ 
CD 3-substituted 
MelQ 

158 (28) 
72 

Beef 

Beef 

E l e c t r i c hot GC/MS with MID 
plate 

Naked flame Ident i f ied by 
fluorescence 
and MF, quan
t i f i e d by GC/MS 

IQ 
MelQx 

0.59 (28) 
2.4 

Trp-P-1 53 (27) 

Chicken Naked flame Fluorescence AaC 
MeAaC 

180 (61_) 
15 

Sun-dried Naked flame Ident i f ied by 
c u t t l e f i s h UV, quantif ied 

by MF 

Glu-P-2 280 (62) 

a . ng/g of raw beef 
b. ng/g of sun-dried material 
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Table IV. Mutagenic a c t i v i t i e s of mutagens isolated from 
pyrolysis products and typical carcinogens 

Mutagenic a c t i v i t y (revertants/yg) 
TA98 TA100 

Pyrolysis product 
MelQ 661,000 30,000 
IQ 433,000 7,000 
MelQx 145,000 14,000 
Trp-P-2 104,200 1,800 
Orn-P-l a 56,800 
Glu-P-1 49,000 3,200 
Trp-P-1 39,000 1,700 
Glu-p-2 1,900 1,200 
AaC 300 20 
MeAaC 200 120 
Lys-P-1 86 99 
Phe-P-1 41 23 

Typical carcinogen 
AF-2 6,500 42,000 
AFBi 6,000 28,000 
4NQ0 970 9,900 
B[aJP 320 660 
DEN 0.02 0.15 
DMN 0.00 0.23 

Mutagenicity was tested with optimal amount of S9. 
a. S9 at the rate of 150 yl/plate was used. 
AF-2, 2-(2-furyl)-3-(5-nitro-2-furyl)acrylamide; AFBi, 
aflatoxin Bi; 4NQ0, 4-nitroquinoline 1-oxide; Β [aJP, benzota]-
pyrene; DEN, diethylnitrosamine; DMN, dimethylnitrosamine. 
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Pyrolysis products were also found to induce prophage λ in lyso-
genic E. coli K12, strain GY5027 (30), by Inductest III, which 
was developed by Moreau et a l . (31) (Figure 2). The genotoxic 
effects of pyrolysis products on cultured mammalian c e l l s were 
also investigated. Trp-P-1, Trp-P-2, IQ and MelQ were found to 
induce diphtheria toxin-resistant mutants of Chinese hamster lung 
c e l l s in the presence of S9 mix. The mutation frequencies were 
33, 160, 40 and 38 per 106 survivors per yg of Trp-P-1, Trp-P-2, 
IQ and MelQ, respectively (32). These mutagenic a c t i v i t i e s were 
comparable to those of benzo[ci]pyrene and methyl methanesulfonate. 

Trp-P-1, Trp-P-2, Glu-P-1, and AaC induced s i s t e r chromatid 
exchanges in human lymphoid c e l l s , NL-3 (33). Trp-P-1, Trp-P-2, 
Glu-P-1, Glu-P-2, AaC, and MeAaC induced chromosome aberrations 
in Chinese hamster fibroblasts (34). 

Carcinogenic a c t i v i t i e s of pyrolysis products were studied 
in v i t r o and in vivo. Trp-P-1
induced malignantly transforme
cryopreserved Syrian golden hamsters. 

The in vivo carcinogenic a c t i v i t i e s of Trp-P-1, Trp-P-2, 
Glu-P-1, Glu-P-2, AaC, and MeAaC were detected in CDFi mice by 
feeding. Mice which were fed a diet containing 0.02% Trp-P-1 or 
Trp-P-2 for an entire l i f e span developed s p e c i f i c a l l y hepato
c e l l u l a r carcinomas; females were more susceptible than males 
(37) (Table V). Female rats but not males fed a diet containing 
0.01% Trp-P-2 developed hemangioendothelial sarcoma and neoplas
t i c nodules of the l i v e r (38). 

Table V. Numbers of CDFX mice with hegatic tumors induced by 
Trp-P-1 and Trp-P2 

No. effective Hepatocellular Total jiepatic 
Treatment Sex animals carcinoma tumor (%) 

Trp-P-1 Male 24 4 5 (21) 
(0.02%) Female 26 14 16 (62) 

Trp-P-2 Male 25 3 4 (16) 
(0.02%) Female 24 22 (2°) 22 (92) 

Control Male 25 0 1 ( 4) 
Female 24 0 0 ( 0) 

a. Adapted from Matsukura et al (37) (Copyright 1981 by the 
American Association for the Advancement of Science) 

b. Total hepatic tumor contains hepatocellular carcinomas, 
hepatocellular adenoma, and hemangioma. 

c. Two mice had metastasis to the lung. 
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^g/plate 

Figure 2. Phage-inducing activities of mutagens isolated from pyrolysates (E. coli 
GY5027 was used). Key (S9 at 10 pL/plate): A , MelQ; A, IQ; ·, Trp-P-1; O , 
Trp-P-2; and M, Glu-P-1. Key (S9 at 30 pL/plate): • , Glu-P-2. Key (S9 at 50 

μΣ/plate): • , MeAaC; 0, AaC; and X, Lys-P-1. 
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Mice fed a diet containing 0.05% of Glu-P-1 or Glu-P-2, or 
0.08% of MeAaC, mainly developed hepatic tumors and hemangio-
sarcomas in the brown fat tissue of the interscapula (39). The 
incidence of hepatic tumors produced by these three compounds was 
higher in females than in males, but the incidence of hemangio-
sarcoma in males and females was similar. AaC also induced 
hepatic tumors and hemagiosarcomas by feeding. 

Mutagens in Coffee 

Freshly brewed and instant, regular, and caffeine-free 
coffees were mutagenic to S. typhimurium TA100 without S9 mix 
(16,17). The addition of S9 mix abolished or reduced mutagen
i c i t y . E. coli WP2 mtfVl/pKMlOl also responded to these types of 
coffee, but those strains which had no plasmids, such as S. 
typhimurium TA1535 and
also induced prophage λ
One cup of coffee contained mutagens which induced 4-10 x 10
revertants of S. typhimurium TA100 by the Ames method (3) with 
some modifications (40). One cup of coffee i s equivalent to 
800 y g of W-methyl-# f-nitro-W-nitrosoguanidine in prophage 
λ-inducing a c t i v i t y . These genotoxic a c t i v i t i e s were shown to 
be produced by roasting coffee beans; coffee prepared from green 
coffee beans did not show any mutagenic a c t i v i t y or prophage 
λ-inducing a c t i v i t y (41). 

Recently, some of the mutagenic compounds in coffee have 
been i d e n t i f i e d . They are dicarbonyl compounds, methylglyoxal, 
diacetyl and glyoxal (42). One gram of instant coffee contains 
150 yg of methylglyoxal and 100 yg of diacetyl and glyoxal. 
Specific mutagenic a c t i v i t y of methylglyoxal was highest among 
these, and one mg of methylglyoxal induced 1 x 10 5 revertants of 
TA100. Mutagenic a c t i v i t i e s of diacetyl and glyoxal are much 

Table VI. Genotoxicity of coffee in bacteria 

Mutagenicity (revertants/plate) Phage-inducing 
Amount S. typhvmurium E. coli WP-2 a c t i v i t y 

(mg/plate) TA100 TA1535 ww?i4/pKM101 uvrA (plaques/plate) 

Instant coffee 
0 89 59 58 17 22 
2 225 40 97 23 
5 361 51 106 18 

10 621 60 127 19 46 
20 146 
50 576 
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Table VII. Effects of s u l f i t e on the mutagenicity and 
phage-inducing a c t i v i t y of coffee 

Revertants/10 8 survivors 3 Plaques/plate 0 

Coffee Sodium , Coffee Sodium , 
(mg/plate) None s u l f i t e (mg/plate) None s u l f i t e 

Instant Instant 
"regular" "caffeine- free" 
2.5 43 0 2 8 23 
5.0 120 0 10 93 37 
7.5 238 0 20 305 52 
10.0 365 0 

a. S. typhimurium TA10
revertants (163) was subtracted. 

b. 300 yg of s u l f i t e were added. 
c. E. coli GY5027 was used. The number of spontaneous plaques 

(62) was subtracted. 

less, being 360 and 9,000 revertants per mg, respectively. This 
is in accordance with a paper by other investigators (43). A 
simple calculation suggested that these dicarbonyl compounds can 
account for about half of the mutagenicity of coffee. 

Both regular and caffeine-free instant coffees, without S9 
mix, also induced diphtheria toxin-resistant mutants of Chinese 
hamster lung c e l l s (44). It i s urgent that carcinogenicity of 
methylglyoxal be tested with animals. 

Mutagenic a c t i v i t y and phage-inducing a c t i v i t y of coffee 
were suppressed by s u l f i t e or b i s u l f i t e (45). Both a c t i v i t i e s 
can be suppressed by adding about 300 ppm of s u l f i t e or b i s u l f i t e 
to coffee served at home (Table VII). Sulfite and b i s u l f i t e have 
already gained wide acceptance as food preservatives and an t i 
oxidants. However, ascorbic acid, which is also a reducing 
agent, enhanced the mutagenicity of instant coffee several fol d . 

Epidemiological studies showed positive association of 
coffee drinking and cancers of pancreas and ovary (18,19,20), 
although reports describing negative association are also a v a i l 
able (21^22). In an experimental animal study, no carcinogenic 
a c t i v i t y of coffee was reported (46,47). However, this data 
should be reconsidered in terms of the genotoxic a c t i v i t i e s of 
coffee revealed in bacteria and cultured mammalian c e l l s . 

Discussion 

The Salmonella mutagenicity test i s a very powerful method 
for detecting genotoxic substances in crude materials, including 
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cooked foods. We have already identified 10 new compounds from 
pyrolysates of amino acids and cooked foods. Among those, a l l 
6 compounds which we tested were proved to be carcinogenic. 
However, there was no quantitative correlation between the c a r c i 
nogenic potency of these compounds and the mutagenic a c t i v i t y to 
Salmonella. Information on the carcinogenic potency of IQ, MelQ, 
and MelQx, which were isolated from cooked foods, i s especially 
important for estimating the hazards that cooked foods hold for 
humans, and animal experiments with these three compounds are now 
under way in our laboratory. 

Most mutagens are carcinogenic in long-term animal tests 
(48,49,50), but we observed exceptional cases in which mutagens 
were not carcinogenic. For instance, quercetin, which i s widely 
distributed in vegetables, is moderately mutagenic towards 
bacteria (51-54) and cultured mammalian c e l l s (55,56). Never
theless, intensive studie
nogenicity (57,58,59)

There have been many epidemiological studies on coffee 
intake and human cancer. Since we have indentified one of major 
genotoxic substance in coffee, thorough experimental studies are 
urgently required to evaluate the hazards of coffee. 

Acknowledgements 

This work was supported in part by Grants-in-Aid for Cancer 
Research from the Ministry of Education, Science, and Culture, 
and the Ministry of Health and Welfare of Japan, and by a grant 
from the Nissan Science Foundation. 

Literature Cited 

1. Lijinsky, W.; Shubik, P. Science 1974, 145, 53-54. 
2. Masuda, Y . ; Mori, K. ; Kuratsune, M. Gann 1966, 57, 133-142. 
3. Ames, B.N.; McCann, J.; Yamasaki, Ε. Mutat. Res. 1975, 31, 

347-364. 
4. Nagao, M.; Honda, M.; Seino, Y. ; Yahagi, T. ; Sugimura, T. 

Cancer Lett. 1977, 2, 221-226. 
5. Sugimura, T . ; Nagao, M.; Kawachi, T . ; Honda, M.; Yahagi, T.; 

Seino, Y . ; Sato, S.; Matsukura, N. ; Matsushima, T . ; Shirai, 
Α.; Sawamura, M.; Matsumoto, H. "Origins of Human Cancer"; 
Hiatt, H.H. , Watson, J .D . , Winsten, J . A . , Eds.; Cold Spring 
Harbor Laboratories: Cold Spring Harbor, 1977; p. 1561. 

6. Nagao, M.; Honda, M.; Seino, Y . ; Yahagi, T . ; Sugimura, T. 
Cancer Lett. 1977, 2, 335-340. 

7. Matsumoto, T . ; Yoshida, D.; Mizusaki, S.; Okamoto, H. 
Mutat. Res. 1977, 48, 279-286. 

8. Sugimura, T . ; Kawachi, T . ; Nagao, M.; Yahagi, T . ; Seino, Y . ; 
Okamoto, T . ; Shudo, K.; Kosuge, T . ; Tsuji , K.; Wakabayashi, 
K. ; Iitaka, Y . ; Itai , A. Proc. Japan Acad. 1977, 53, 58-61. 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



534 MAILLARD REACTIONS 

9. Yamaraoto, T.; Tsuji, K.; Kosuge, T.; Okamoto, T.; Shudo, K.; 
Takeda, K.; Iitaka, Y.; Yamaguchi, K.; Seino, Y.; Yahagi, 
T.; Nagao, M. ; Sugimura, T. Proc. Japan Acad. 1977, 54B, 
248-250. 

10. Wakabayashi, K.; Tsuji, K.; Kosuge, T.; Takeda, K.; 
Yamaguchi, K.; Shudo, K.; Iitaka, Y.; Okamoto, T.; Yahagi, 
T.; Nagao, M.; Sugimura, T. Proc. Japan Acad. 1978, 54, 
569-571. 

11. Yokota, M.; Narita, K.; Kosuge, T.; Wakabayashi, K.; Nagao, 
M.; Sugimura, T.; Yamaguchi, K.; Shudo, K.; Iitaka, Y.; 
Okamoto, T. Chem. Pharm. Bull. 1981, 29, 1473-1475. 

12. Kasai, H.; Yamaizumi, Z.; Wakabayashi, K.; Nagao, M.; 
Sugimura, T.; Yokoyama, S.; Miyazawa, T.; Spingarn, N.E.; 
Weisburger, J.H.; Nishimura, S. Proc. Japan Acad. 1980, 
56B, 278-283. 

13. Kasai, H.; Nishimura,
Sugimura, T. Proc.

14. Kasai, H.; Yamaizumi, Z.; Wakabayashi, K.; Nagao, M.; 
Sugimura, T.; Yokoyama, S.; Miyazawa, T.; Nishimura, S. 
Chem. Lett. 1980, 1391-1394. 

15. Kasai, H.; Yamaizumi, Z.; Shiomi, T.; Yokoyama, S.; 
Miyazawa, T.; Wakabayashi, K.; Nagao, M.; Sugimura, T.; 
Nishimura, S. Chem. Lett. 1981, 485-488. 

16. Nagao, M.; Takahashi, Y.; Yamanaka, H.; Sugimura, T. Mutat. 
Res. 1979, 68, 101-106. 

17. Aeschbacher, H.U.; Wurzner, H.P. Toxicol. Lett. 1980, 5, 
139-145. 

18. MacMahon, B.; Yen, S.J.; Trichopoulos, D.; Warren, K.; 
Nardi, G. N. Engl. J. Med. 1981, 630-633. 

19. Nomura, Α.; Stemmermann, G.N.; Heilbrun, L.K. Lancet 1980, 
2, 415. 

20. Trichopoulos, D.; Papapostolou, M.; Polychronopoulow, A. 
Int. J. Cancer 1981, 28, 691-693. 

21. Feinstein, A.R.; Horwitz, R.I.; Spitzer, W.D.; Battista, 
R.N. J. Am. Med. Assoc. 1981, 246, 957-961. 

22. Jick, H.; Dian, B.J. Lancet 1981, 1, 92. 
23. Commoner, B.; Vithayathil, A.J.; Dolara, P.; Nair, S.; 

Madyastha, P.; Cuca, G.C. Science 1978, 201, 913-916. 
24. Ueta, M.; Kaneda, T.; Mazaki, M.; Taue, S.; Takahashi, S. 

"Naturally Occurring Carcinogens-Mutagens and Modulators of 
Carcinogenesis": Miller, E.C., Miller, J.A., Hirono, I., 
Sugimura, T., Takayama, S. Eds.; Japan Scientific Societies 
Press: Tokyo/University Park Press: Baltimore, 1979; p. 169. 

25. Yoshida, D.; Matsumoto, T.; Yoshimura, R.; Matsuzaki, T. 
Biochem. Biophys. Res. Commun. 1978, 83, 915-920. 

26. Yamaizumi, Z.; Shiomi, T.; Kasai, H.; Nishimura, S.; 
Takahashi, Y.; Nagao, M.; Sugimura, T. Cancer Lett. 1980, 
9, 75-83. 

27. Yamaguchi, K.; Shudo, K.; Okamoto, T.; Sugimura, T.; Kosuge, 
T. Gann, 1980, 71, 745-746. 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



28. N A G A O E T A L . Mutagens Produced by Heating Foods 

28. Sugimura, T.; Nagao, M.; Wakabayashi, K. "Environmental 
Carcinogens Selected Methods of Analysis"; Egan, H., 
Fishbein, L . , Castegnaro, Μ., O'Neill, I.K., Bartsh, H. 
Eds.; International Agency for Research on Cancer: Lyon, 
1981; Vol. 4, p. 251. 

29. Matsushima, T. personal communication. 
30. Kosugi, Α.; Suwa, Y.; Nagao, M.; Wakabayashi, K.; Sugimura, 

T. Proc. 10th Environ Mutagen Soc. Japan Mtg. 1981, p. 62. 
31. Moreau, P.; Bailone, Α.; Devoret, R. Proc. Natl Acad. Sci. 

USA 1976, 73, 3700-3704. 
32. Nakayasu, M. personal communication. 
33. Tohda, H.; Oikawa, Α.; Kawachi, T.; Sugimura, T. Mutat. 

Res. 1980, 77, 65-69. 
34. Ishidate, M.Jr.; Sofuni, T.; Yoshikawa, K. Gann Monogr. 

Cancer Res. 1981, 27, 95-108. 
35. Takayama, S.; Katoh

K.; Sugimura, T. Proc
36. Takayama, S.; Hirakawa, T.; Tanaka, M.; Kawachi, T.; 

Sugimura, T. Toxicol. Lett. 1979, 4, 281-284. 
37. Matsukura, N.; Kawachi, T.; Morino, K.; Ohgaki, H.; 

Sugimura, T.; Takayama, S. Science 1981, 213, 346-347. 
38. Hosaka, S.; Matsushima, T.; Hirono, I.; Sugimura, T. Cancer 

Lett. 1981, 13, 23-28. 
39. Sugimura, T. "Genetic Toxicology: An Agricultural Perspec

tive"; Hollaender, Α., Ed.; Plenum: New York, 1982, in press. 
40. Sugimura, T.; Nagao, M. "Chemical Mutagens". Vol. 6; 

de Serres, F . J . , Hollaender, Α., Eds.; Plenum, New York, 
1980; p. 41. 

41. Kosugi, Α.; Nagao, M.; Suwa, Y.; Wakabayashi, K.; Sugimura, 
T. Mutat. Res. 1982, in press. 

42. Kasai, H.; Kumeno, K.; Yamaizumi, Z.; Nishimura, S.; Nagao, 
M.; Fujita, Y.; Sugimura, T.; Nukaya, H.; Kosuge, T. Gann 
1982, 73, 681-683. 

43. Bjeldanes, L .F . ; Chew, H. Mutat. Res. 1979, 67, 367-371. 
44. Nakayasu, M. personal communication. 
45. Suwa, Y.; Nagao, M.; Kosugi, Α.; Sugimura, T. Mutat. Res. 

1982, in press. 
46. Würzner, H.P.; Lindström, E.; Vuataz, L . ; Luginbühl, H. Fd 

Cosmet. Toxicol. 1977, 15, 289-296. 
47. Zeitlin, B.R. Lancet, 1972, 1, 1066. 
48. McCann, J.; Ames, B.N. Proc. Natl Acad. Sci. USA 1976, 73, 

950-954. 
49. Purchase, I.F.H.; Longstaff, E. ; Ashby, J.; Styles, J.A.; 

Anderson, D.; Lefevre, P.Α.; Westwood, F.R. Nature 1976, 
264, 624-627. 

50. Sugimura, T.; Sato, S.; Nagao, M.; Yahagi, T.; Matsushima, 
T.; Seino, Y.; Takeuchi, M.; Kawachi, T. "Fundamentals in 
Cancer Prevention"; Magee, P.N., Takayama, S., Sugimura, 
T., Matsushima, T., Eds.; Japan Scientific Societies Press: 
Tokyo/University Park Press: Baltimore, 1976; p.191. 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



536 M A I L L A R D R E A C T I O N S 

51. Bjeldanes, L.F.; Chang, G.W. Science 1977, 197, 577-578. 
52. Brown, J.B. Mutat. Res. 1980, 75, 243-277. 
53. MacGregor, J.; Jurd, L. Mutat. Res. 1978, 54, 297-309. 
54. Nagao, M.; Morita, N.; Yahagi, T.; Shimizu, M., Kuroyanagi, 

M.; Fukuoka, M.; Yoshihira, Κ., Natori, S.; Fujino, T.; 
Sugimura, T. Environ. Mutagen. 1981, 3, 401-419. 

55. Amacher, D.E.; Paillet, S.C.; Turner, G.N.; Ray, V.A.; 
Salsburg, D.S. Mutat. Res. 1980, 72, 447-474. 

56. Meltz, M.L.; MacGregor, J.T. Mutat. Res. 1981, 88, 317-324. 
57. Hirono, I.; Ueno, I., Hosaka, S.; Takanashi, H.; Matsushima, 

T.; Sugimura, T,; Natori, S. Cancer Lett. 1981, 13, 15-21. 
58. Saito, D.; Shirai, Α.; Matsushima, T.; Sugimura, T.; Hirono, 

I. Teratogen. Carcinogen. Mutagen. 1980, 1, 213-221. 
59. Morino, K.; Matsukura, N.; Kawachi, T.; Ohgaki, H.; 

Sugimura, T.; Hirono, T. Carcinogenesis 1982, 3, 93-97. 
60. Kosuge, T.; Tsuji, K.; Wakabayashi, K.; Okamoto, T.; Shudo, 

K.; Iitaka, Y.; Itai,
M.; Yahagi, T.; Seino,  1978, 26, 
611-619. 

61. Matsumoto, T.; Yoshida, D.; Tomita, H. Cancer Lett. 1981, 
12, 105-110. 

62. Yamaguchi, K.; Shudo, K.; Okamoto, T.; Sugimura, T.; Kosuge, 
T. Gann 1980, 71, 743-744. 

RECEIVED November 17, 1982 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



29 

Formation of Mutagens by the Maillard Reaction 

HIROHISA OMURA, NAZMA JAHAN, KAZUKI SHINOHARA, and 
HIROKI MURAKAMI 
Kyushu University, Food Chemistry Laboratory, Department of Food Science 
and Technology, Fukuoka, 812, Japan 

Several weak mutagen
tions of 20 differen
°C. Mutagenicity was studied by Ames test with Salmo
nella typhimurium TA 100 and TA 98. Mutagenic act iv i 
ty varied with the nature of amino acids or sugars, 
the tester strains and the presence or absence of S9 
mixture. The mode of mutagenic action was categorized 
into 5 types. Mutagenicity varied with pH values at 
the reaction and increased with prolongation of heat
ing time. Rec-assay and test on pupal oocytes of s i lk
worms also gave positive mutagenicity. Several prin
cipal mutagens were identified as 5-hydroxymethyl fur
fural, ε-(2-formyl-5-(hydroxymethyl)pyrrol-1-yl)nor-
leucine and 2-methylthiazolidine. Products of triose 
reductone with amino acids or nucleic acid-related 
compounds also showed mutagenicity. 

It i s now wel l known that mutagenic substances are produced 
by pyro lys is of food or foodstuffs which contain prote ins , amino 
acids and sugars (1). This fact at tracted publ ic attent ion i n 
view of the potent ia l mutagenicity and carc inogenic i ty of foods. 
The o r i g i n a l pyro lys is was carr ied out at unusually high temper
atures, over 200 ° C , although these temperatures are involved i n 
cooking processes p a r t i c u l a r l y such as r o a s t i n g or f r y i n g . Re
cent ly , the contr ibut ion of food industr ies to the supply of 
processed foods has been extensively increas ing . Therefore, mu
tagen formation under milder condi t ion, at least below 100 ° C , 
needed invest igat ion because of the possible re la t ion to da i l y 
l i f e . 

Many of the reactions between foodstuffs take place under 
mild condit ions i n processing, storage, and cooking of foods. 
The Mai l lard react ion appears to be the one to occur most common
l y , accompanied not only by browning but also by change of aroma, 
loss of n u t r i t i o n a l value, and development of ant ioxidat ive ac -

0097-6156/83/0215-0537$07.75/0 
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t i v i t y . In th is react ion , a number of intermediates such as 
reductones and osones are produced. Since these compounds are 
quite react ive and are expected to have some phys io log ica l e f 
fects on l i v i n g organisms, we have investigated the i r biochemical 
properties and confirmed several a c t i v i t i e s , including nuc le ic 
acid-breaking a b i l i t y and mutagenicity of t r iose reductone, i t s 
condensation products with amino ac ids , and ascorbic acid (2, _3, 
40 . We then examined the formation of mutagens by Mai l lard reac
t ions . 

As a t yp ica l model react ion, mixtures of 1 M glucose and 
equimolar amounts of various amino acids were heated at 100 °C 
for 10 hr under re f lux and proper a l iquots of the browned s o l u 
t ion were subjected to mutagenic tests (5). By Ames test on 
Salmonella typhimurium TA 100 and TA 98 with or without S9 mix
ture, dose-dependent mutagenicity was detected in several such 
react ion mixtures, although i t was much lower than that of wel l 
known chemical mutagen
addi t ion , the mutagenicity var ied with the amino acids used, 
which were divided tentat ive ly into 5 categories, by c a l l i n g the 
resul t pos i t ive when the number of revertants formed in the test 
was over twice that in the control (6). No mutagenic a c t i v i t y 
was detected with the browned solut ion of glucose and Trp on both 
stra ins TA 100 and TA 98, with or without S9 mixture, while Trp 
alone was the most e f fec t ive among amino acids in producing muta
genic products by p y r o l y s i s . Reaction mixtures of glucose and 
(Cys)2, Tyr, Asp, Asn, or Glu were also included in th is group 
(group E ) . With products from glucose and other amino a c i d s , mu
tagenic a c t i v i t y was observed on TA 100 without S9 mixture. How
ever, for most of them, the a c t i v i t y was decreased by S9 mixture. 
The react ion mixture of glucose and Lys did not show any muta
genic i ty on TA 98 ei ther with or without S9 mixture. S i m i l a r l y , 
no mutagenic a c t i v i t y on TA 98 was produced with Leu, Ser, Thr, 
Met, and Gin (group A) . However, such a c t i v i t y on TA 98 was ob
served with S9 mixture for react ion mixtures of glucose and Arg, 
Gly, A l a , V a l , and l i e (group B) . On the other hand, glucose and 
Cys products showed mutagenicity on both s t r a i n s , TA 100 and TA 
98, without S9 mixture and the a c t i v i t y was enhanced by i t (group 
C) . Reaction between glucose and Phe gave a product with a c t i v i 
ty on TA 100 without S9 mixture and even more with i t in lower 
doses of the sample, but no a c t i v i t y was shown on TA 98 with and 
without S9 mixture, unl ike the case of Cys (group D). 

Instead of glucose, other sugars were examined for the forma
t ion of mutagens by the Mai l lard react ion using a t yp ica l amino 
acid from each of the 5 groups : Lys , Arg, Cys, Phe, and Trp. 
Several sugars such as f ructose, galactose, and xylose showed a -
b i l i t y to form mutagens with a l l amino acids except Trp, though 
thei r a c t i v i t i e s var ied depending on the sugars as wel l as the 
amino ac ids . The resul t with Lys and sugars i s shown in F i g . 1. 

Mutagen formation was then studied at varying pH values. 
Browned samples were prepared by heating glucose and Lys , Arg, 
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Amount of Browning Mixture 
(ml/plate) 

Figure 1. Mutagenicity of the browned solutions from varying sugars and Lys. 
Key: A> fructose; Φ, glucose; O, galactose; A, mannose; arabinose; and M, 

xylose. 
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Cys or Phe at 100 °C for 10 hr at pH 2, 7, and 12. As an example, 
mutagen formation from glucose and Phe i s shown in Fig. 2. A 
browning sample made at pH 7 showed the highest mutagenicity on 
TA 100, while on TA 98 strong a c t i v i t y was produced at pH 2, i.e . 
i n strongly acidic medium. On the other hand, mutagenic a c t i v i t y 
on TA 100 was the highest i n the reaction mixture of glucose and 
Lys at pH 2, whereas those were detected i n the case of glucose 
and Arg or Cys at pH 7. Furthermore, i t was observed that muta
gens were formed proportionally to heating time and coloration of 
the reaction mixture of glucose and Lys or Phe. However, a c t i v i 
ty was sharply produced after preliminary heating for a few hours 
of the sample of glucose with Arg or Cys (Fig. 3). Then, we have 
confirmed that the a c t i v i t i e s of the mutagens formed between glu
cose and amino acids were decreased by the action of several re
ducing substances; ascorbic acid and triose reductone exhibited 
the most sign i f i c a n t effect
icillamine had lower one
mixture of glucose with Lys or Phe depressed the a c t i v i t i e s of 
other mutagens such as nitrofuran and N-ethyl-N f-nitro-N-nitroso-
guanidine (ENNG), although the sample i t s e l f contains some muta
genic a c t i v i t y (Fig. 5). + 

By Rec-assay with Bacillus s u b t i l i s H 17 Rec and M 45 Rec , 
positive a c t i v i t y was also shown by reaction mixtures of glucose 
and amino acids, while the a c t i v i t y varied depending on amino ac
ids, as shown i n Table I I . This suggests that the browned solu
tions are able to injure bacterial DNA. On the other hand, we 
have often demostrated that nucleic acids are degraded i n v i t r o 
by the action of several carcinogens, mutagens, and virus i n 
ducers as well as antitumor substances by studies with v i s c o s i -
metry, sucrose density gradient centrifugation, and electrophore
si s (7). Many reductones brought about strand breaks of DNA, es
pec i a l l y i n the presence of Cu^ + (2, 3̂  4_) . Therefore, DNA-break-
ing a b i l i t y of the browned solutions was investigated by means of 
agarose-gel electrophoresis, and such a c t i v i t y of the samples was 
observed (Fig. 6). Thus, i t can be assumed that mutagens formed 
by the Maillard reaction may have DNA-breaking a c t i v i t y . 

Attempts were then made to isolat e and ide n t i f y the p r i n c i 
pal mutagens i n the browned samples. Since properties of the mu
tagens vary with amino acids, i t was supposed that those formed 
by the Maillard reaction may d i f f e r . Therefore, mutagens were 
sought i n the typi c a l reaction mixtures of glucose and Phe, Lys, 
and Cys. After d i a l y s i s of the browned solution against d i s t i l l 
ed water at 5 °C overnight, outer and inner fractions were sepa
rated and evaporated to dryness in vacuo. Only the outer portion 
of the dialysate showed both mutagenicity on TA 100 and DNA-break
ing a c t i v i t y (Fig.7). This observation indicates that the muta
gens are of low molecular weight, probably intermediates i n the 
Maillard reaction between glucose and amino acids. 

The outer portion of the browned solution of glucose and Phe 
was evaporated to dryness and the residue extracted with absolute 
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Heating Time (hr) Heating Time fhr) 
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Concentration o f the Reducing Agent (mM) 

Figure 4. Effect of reducing agents on the mutagenic action of the browning 
mixture of Glc and Lys. Key: · , cysteine; O , ^-acetylcysteine; A , penicillamine; 

A, dithiothreitol; M, triose reductone; and ascorbic acid. 
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0 1 0-2 0-3 
Amounts of Browning Mixture (ml/plate) 

Figure 5. Effect of browning solutions on mutagenic action of N-ethyl-N'-nitro-
N-nitrosoguanidine (ENNG) on TA 100. Key: · , browned sample from Glc and 
Phe; O , ENNG and browned sample from Glc and Phe; A , browned sample from 

Glc and Lys; and Δ , ENNG and browned sample from Glc and Lys. 
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tî 200 
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Amount of Dialysate Fraction 

i _ j ι (mg/pj.ate) 
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Amount of Retentate Fraction 
(mg/plate) 

*400h 

»200 

12.5 25 50 , 
Amount of Brownings(mg/plate) 

Figure 7. Dose-response curve of mutagenic effect of dialyzed fractions from 
browning mixture of Glc and Lys after heating at 100 °C for 10 h. (Assay with 
Salmonella typhimurium TA 100 with or without S9 mixture.) Key: ·, dialysate; 

O, fraction; A , retentate; and Δ , fraction. 
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Society Library 
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ethanol. From the soluble portion, the mutagenic substance was 
purified by successive chromatographic separations on a DEAE-cel-
lulose column, a Dowex-50 column (Fig. 8), and s i l i c a gel i n thin 
layer. On the basis of positive reaction with 2,4-dinitrophenyl-
hydrazine, Rf value (Fig. 9), and UV, NMR (Fig. 10) and mass (Fig. 
11) spectrometries, the mutagen was i d e n t i f i e d as 5-hydroxymethyl-
furfur a l (HMF) by comparing results with those obtained with au
thentic HMF. In addition, i t was found that authentic HMF has mu
tagenic and DNA-breaking a c t i v i t y and that i t s mutagenic a c t i v i t y 
coincided with that of the mutagen isolated (Fig. 12). Thus, i t 
can be concluded that the principal mutagen formed by the Maillard 
reaction between glucose and Phe i s HMF. 

The mutagen i n the browned mixture of glucose and Lys was 
also examined. From the ethanol-soluble portion of the dialysate 
fraction, the mutagen was isolated by successive chromatographic 
separations on a DEAE-cellulos
13), and thin-layer s i l i c a
with 2,4-dinitrophenylhydrazine and ninhydrin reagents (Fig. 14), 
NMR (Fig. 15), and UV spectrum having a shoulder at 265 nm and a 
peak at 297 nm i n water, i t was suggested to be related to pyrrole-
2-carbaldehyde as reported by Nakayama, et a l . (8)· They isolated 
the intermediate formed by the Maillard reaction between glucose 
and Lys and proved i t to be £-(2-formyl-5-(hydroxymethyl)pyrrol-1-
yl)norleucine. By comparing the above properties and the mutagen
i c i t y of Nakayama1s standard sample with those of ours, i t was 
confirmed that the samples were the same. Furthermore, thin-layer 
chromatography of the sample gave another positive spot with 2,4-
dinitrophenylhydrazine; this was found to be mutagenically active 
and to agree i n properties with HMF. Thus, i t was at least sug
gested that the main mutagens formed by the Maillard reaction be
tween glucose and Lys are a pyrrole compound, probably £-(2-formyl-
5-hydroxymethyl)pyrrol-l-yl)norleucine and HMF. 

F i n a l l y , i s o l a t i o n of the mutagen i n the browned solution of 
glucose and Cys was carried out. From pyrolyzed Cys or (Cys)2, 
Fujimaki et a l . (9) i d e n t i f i e d 7-8 v o l a t i l e compounds including 
2-methylthiazolidine. Mihara and Shibamoto (10) separated the 
browning mixture of glucose and cysteamine into 11 fractions hav
ing some mutagenicity at certain concentrations, 7 v o l a t i l e frac
tions from the methylene chloride extract by high-pressure l i q u i d 
chromatography and 4 from the residual aqueous solution by ion-
exchange chromatography. Among them, thiazolidine and 2-methyl
thiazolidine were found i n the former and 2-(l,2,3,4,5-pentahy-
droxy-n-pentyl)thiazolidine i n the l a t t e r . Since i t was supposed 
that a similar reaction may occur when Cys is employed instead of 
cysteamine, mutagens were surveyed as follows. The dialyzed outer 
part of the dark brown reaction mixture from glucose and Cys was 
d i s t i l l e d i n vacuo to about half i t s volume, and the d i s t i l l a t e 
was shaken with twice i t s volume of methylene chloride. The meth-
lene chloride layer was evaporated at room temperature in vacuo to 
remove the solvent and the residual aqueous phase was dried over 
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0.1 0.3 0.5 
Amounts of Sample 

(ml/plate) 

Figure 8. Chromatograms on DEAE-cellulose column and Dow ex 50 column of 
browned mixture from Glc and Phe and mutagenicity of fractions eluted. 
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Rf 
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0

0 * 0 (-) 
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( 2 ) 2 , 4 - D i n i t r i p h e n y l h y d r a z i n e 
pos i t ive 

I 

HMF I 

( - ) 

DNA 
break 

Figure 9. TLC of samples from Glc and Phe. Solvent: chloroform-methanol 
(50:1). 
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Figure 10. Comparison of NMR spectra of (A) the browned sample from Glc 
and Phe and (B) 5-hydroxy met hy If ur fural (HMF). 
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Figure 11. Comparison of mass spectra of HMF (top) and the browned sample 
from Glc and Phe (bottom). 
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9 0 0 r 

Amounts of Sample (pg/plate) 

Figure 12. Comparative mutagenicities of the browned sample from Glc and Phe, 
and HMF. Key: A, HMF without S9; Δ, HMF with S9; ·, sample without S9; 

and O , sample with S9. 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



>
 

r >
 

M >
 

Ο Η δ C/
3
 

F
ig

ur
e 

13
. 

C
h

ro
m

at
og

ra
m

s 
on

 D
E

A
E

-c
el

lu
lo

se
 

co
lu

m
n

 a
n

d 
C

M
-c

el
lu

lo
se

 c
ol

u
m

n
 o

f 
th

e 
br

ow
n

ed
 

sa
m

pl
e 

fr
om

 G
lc

 a
n

d 
L

ys
, 

an
d 

m
u

ta
ge

n
ic

it
y 

of
 f

ra
ct

io
n

s.
 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



O M U R A E T A L . Formation of Mutagens by Maillard Reaction 555 

R f 
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Figure 14. TLC of mutagenic fraction (peak III in figure 13) of the browned 
sample from Glc and Lys. Solvent: n-BuOH-acetic acid-water (4:1:1). 
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anhydrous MgSO^. The resultant o i l y material was then dissolved 
i n ether and subjected to gas chromatography. Retention time of 
the major peak was the same with that of authentic 2-methylthia-
zolidine (Fig. 16). Furthermore, GC/MS data for the main peak co
incided with that of the authentic compound (Fig. 17). In addi
tion, they both showed mutagenicity on TA 100 and TA 98 i n the 
presence or absence of S9 mixture, just as did the browned mixture 
from glucose and Cys (Fig. 18). Thus, at least one of the vola
t i l e mutagenic substances formed by the Maillard reaction between 
glucose and Cys i s 2-methylthiazolidine. 

To test mutagenicity on the animal l e v e l , we used silkworm 
oocytes (11). Browned solutions were injected into the body cav
i t y of the female at mid-pupal stage. Mutagenicity was detected 
as pink or red eggs among dark colored wild-type ones. Mutagen
i c i t y of the browned reaction mixtures between glucose and amino 
acids was observed on pupa
er rates than those produce
as shown i n Table I I I . 

Triose reductone contributes more readily to the browning 
reaction with amino acids than sugars do (12). This reaction i s 
a special one i n the Maillard reaction and i s referred as the 
"Reductone-Amino Reaction 1 1. Amino reductones or enaminol com
pounds are f i r s t produced as the intermediate during the browning 
by reaction of the OH group i n triose reductone with the NH2 group 
of amino acids. We have isolated such amino reductones from reac
tion mixtures of triose reductone and Gly, Ala, Leu, Met, Phe, Trp 
and l i e , and confirmed that some of them are mutagenic on TA 100 
(Fig. 19). On the other hand, browning reactions of triose reduc
tone with several nucleic acid-related compounds were also ob
served (13). Two types of reductive intermediates, linear and 
t r i c y c l i c forms, were isolated (Fig. 20). The reaction of triose 
reductone with guanine produced a brown t r i c y c l i c compound, 1,N^-
(2-hydroxypropenylidene)guanine ( c y c l i c TR-Gua) and a l a b i l e y e l 
low intermediate, N^-(3-oxo-2-hydroxypropenyl)guanine (TR-Gua), 
whereas such reaction with guanosine, 2 f ( 3 f ) - or 5 T-guanylic acid 
gave N^-(3-oxo-2-hydroxypropenyl)guanosine (TR-Guo), Ν -(3-oxo-2-
hydroxypropenyl>2 1(3 T)-guanylic acid (TR-2T(31)-GMP) or N 2-(3-oxo-
2-hydroxyprpenyl)-5'-guanylic acid (TR-5f-GMP), respectively (14). 
These intermediates are a kind of amino reductones too and showed 
evident mutagenicity on TA 100 without S9 mixture (Fig. 21), but 
not on TA 98 on Bacillus s u b t i l i s . H 17 Rec4" and M 45 Rec", used 
for Rec-assay (15). 

Thus, by the Maillard reaction i n different browning systems 
of sugars and amino compounds, some mutagenic substances were 
formed, although their a c t i v i t i e s are quite weak compared with 
those formed by pyrolysis of amino acids. They were confirmed as 
intermediates and some of them were i d e n t i f i e d as furan, pyrrole, 
or thiazolidine derivatives formed from glucose and amino acids 
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Figure 15. NMR spectrum of browned sample from Glc and Lys. 
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Figure 16. Comparison of gas chromatograms of 2-methylthiazolidine and volatile 
sample from Glc and Cys. 
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Figure 17. Comparison of mass spectra of 2-methylthiazolidine and volatile 
sample from Glc and Cys. 
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Figure 18. Comparison of mutagenicity of 2-methylthiazolidine and volatile 
sample from Glc and Cys. Key: O , sample with S9; · , sample without S9; Δ , 

2-methylthiazolidine with S9; and A, 2-methylthiazolidine without S9. 
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Table I I I . MUTAGENICITY OF BROWNED SOLUTIONS FROM GLUCOSE AND 
AMINO ACIDS ON EGGS OF SILKWORM 

Amino acid No. of No. of eggs No. of Mut. frequency 
moths observed mutants (xlO""^) 

Glycine 26 
Alanine 17 6,010 3 4.7 ( o • -10 .0) 
Valine 16 7,015 2 3.2 ( o - 8 .1) 
Isoleucine 24 8,728 7 10.7 (6.5--14 .9) 
Serine 22 6,872 5 6.9 ( o • -14 .1) 
Threonine 12 5,167 7 14.8 ( o -36 .8) 
Asparagine 24 9,944 7 6.8 (0.9 -12 .7) 
Glutamic acid 22 7,748 3 2.8 ( o - 7 .7) 
Glutamine 18 8,140 7 11.7 (4.3 -19 .2) 
Lysine 22 8,982 10 10.8 (4.6 -16 .9) 
Arginine 26 9,229 6 6.1 (0.3 -11 .9) 
Phenylalanine 28 11,361 10 9.0 (3.8 -14 .3) 
Tyrosine 24 9,544 6 6.8 (1.5 -12 .1) 
Tryptophan 20 8,188 3 3.6 ( o - 7 .7) 
Cysteine 31 14,415 11 8.1 (3.5 -12 .7) 
Cystine 22 9,624 9 10.0 (1.8 -18 .2) 
Methionine 31 11,089 6 6.8 (1.0 -12 .6) 
Histidine 28 11,173 9 7.8 (2.6 -13 .0) 
H20 ^ 43 17,352 2 1.2 ( o - 2 .8) 
MNNG , 0.01 /ig 13 5,889 3 7.2 ( 0 -16 .2) 
Mitomycin C, 6 μg 10 3,146 617 2511.3a, 695-3, 327) 

* N-Methyl-N'-nitro-N-nitrosoguanidine. An aliquot of 10 μΐ of 
sample was injected into a pupa. 
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Figure 19. Reaction between triose reductone and nucleic acid-related bases. 
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Figure 20. Mutagenicity of the product from triose reductone and Gly. 

Figure 21. Mutagenic effects of cyclic TR-Gua (A) or TR-Gua (B) in the presence 
ofCu2+ on TA 100 or TA 98. 
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and as combined amino reductones formed from t r iose reductone and 
amino acids or other bases. In addi t ion , i t was found that the 
mutagens have DNA-breaking a c t i v i t y i n v i t r o . Furthermore, i t i s 
expected that other mutagens w i l l be studied i n several Mai l la rd 
react ion mixtures. 
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unbrowned, availabilities of zinc, 

iron, and copper 350 
Cottonseed oil, polyamide fluores

cence production 59/ 
Creatinine, effect on mutagenic 

activity of fried beef 513/ 
Cyclization, oxidative, of 

thiazolines 175, 177/ 
Cyclohexylamine with glyoxal, Schiff-

type condensation product 34 
Cyclopentanones 

detection threshold values 266, 267 
odors and flavors, description ... 266, 267 
references 266, 267 

Cylopentenones 
detection threshold values 266, 267 
odors and flavors, description ... 266, 267 
references 266, 267 
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Cysteine-glucose mixture, 
identification of volatile 
products 556, 557/, 558/ 

D 
Dansyl chloride (DAN)-reactive 

lysine 421 
determination, effect of particle 

size 424 
Degradation products, Strecker, 

glucose and glycine 71 
Dehydrogenase activity, serum lactic 

(LDH), rats 471 
Deoxyfructoserotonin 

effect on leprosy bacteria 455, 457/, 
458/, 459/ 

formation by Maillard reaction 452/ 
mechanism of enzymic cleavag  454/ 
therapeutic effects 45

3-Deoxyglucosone, relationship
free radical 28 

Deoxyketosyl compound 396 
Description of Maillard reaction 

products, flavors 190-281 
Dextrose-amino acid reactions, 

chelation of copper, iron, and 
zinc in humans 350 

Diabetes 
detrimental effects of Maillard 

reactions in vivo 453 
effect of nonenzymatic 

glycosylation 433 
related to keto amine-linked glyco

sylation of insoluble collagen .. 445/ 
Dialysis 

histidine-glucose products, pH 
effect on precipitation 337, 340/ 

Maillard reaction products, 
precipitation 337 

separation, antioxidative Maillard 
reaction products 337, 338/ 

Dicarbonyl, Strecker degradation 72/ 
Dietary factors, related to propagation 

of leprosy 460, 4615 
Λ^Ν'-diethylpyrazinium salt, free 

radical formation and browning 43, 44/ 
Digestibility (TD) 405 

various bread diet, rats 385/ 
2,3-Dihydro-l//-pyrrolizines 

odors and flavors, description .206, 207 
references 206, 207 

Dihydrofurans 
flavors and odors, description .198, 199 
references 198, 199 

Dihydrofuran-3-ones 
flavors and odors, description 200-01 
references 200-01 

Dihydrothiazoles—See Thiazolines 

Dihydrothiophenes 
odors and flavors, description ... 234, 235 
references 234, 235 

4,5-Dihydro-3(2#)-thiophenones, 
odors and flavors, description 236, 237 

Diimines, two-carbon, Maillard 
reaction products 34 

2,4-Dinitrophenylhydrazine-positive 
products, Maillard reaction 32, 33/, 

548, 550/, 555/ 
Disaccharidases, rat small intestine .... 471 
Dispersion, aqueous, of lecithin 52 
N,W-disubstituted pyrazinium, active 

intermediate of browning 
reaction 43 

1,3,5-Dithiazines 
odors and flavors, description .258, 259 
references 258, 259 

protein quality 383 
Drying temperature 

related to Amadori compounds 
in carrots 321, 323/, 324/, 326/ 

related to browning of carrots 321, 326/ 
Dye-binding (DB) lysine, using Acid 

Orange 12 as indicator 421 

Ε 
EDTA, effect on development of 

warmed-over flavor 292, 295 
Effect of reaction conditions on 

development of free radicals 25 
Enzyme activities in rat tissue, 

browned protein ingestion study 478/ 
Enzyme inhibition, Maillard 

reaction products 411 
Enzymes, carbohydrate-hydrolyzing, 

effect of high and low molecular 
weight fraction 411,413/ 

Enzymic cleavage of 
deoxyfructoserotonin 453, 454/ 

ESR assignments for hyperfine 
structures of N,W-disubstituted 
pyrazine cation radicals 27/ 

ESR spectra 
amino acids or amines, hyperfine 

structures 27/ 
free radical formation 22, 23/, 24/, 25 
glucose alanines 26/ 
hyperfine structure analysis 25 

Experimental conditions for vapor 
phase measurement 52-55 

Extracellular proteins, nonenzymatic 
glycosylation 433, 434/, 439 

Extractions, cold water, meat flavors .. 309 
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F 
Feed intake, various bread diets, rats .. 386/ 
Feeds of plant origin, nutritional 

value, relationship to composition 
and processing 361 

Fibrous feeds 
effect from ammoniation 369-72/ 

microbial degradation 372 
nitrogen digestibility 370 

effect from sodium hydroxide 
treatment 369, 370 

nitrogen digestibility 370 
effect from steaming 369 
effects from various chemical treat

ments on digestibility 369-72 
interrelationship of proteins and 

carbohydrates 362 
Fish, broiled, mutagenic activity .522,523/ 
Flavor 

chocolate, development 30
cocoa and chocolate, chemical 

basis 306 
development in meat by heating .... 308 
meat 

changes in precursors 171 
contribution of l-(methylthio)-

ethanethiol 178 
contributions of pyrazines 178, 181 
contribution of thiazoles and 

thiazolines 175 
effect from aging 309 
low-molecular-weight nitrogen 

compounds as precursors .. 169 
precursors, water-soluble 170 
produced by Maillard reaction .. 169 
raw 308 
relationship of hydrogen sulfide .. 173 
synthesis of desirable 181 
volatile compounds 171 
water-soluble precursors 169 

related to non-enzymatic browning 
reactions 185 

related to pyrazines 187 
synthetic chocolate 

problems in developing 306 
related to Maillard reaction 
products 306, 307 

volatile Maillard reaction products 185 
warmed-over 

description 287 
description of model meat system 288 
development in meat 287, 292, 

294, 295 
effect from ascorbates 295, 297 
effect from EDTA 292, 295 
effect from ferrous iron 292 
effect from heme and nonheme 

iron 288,291/ 

Flavor—Continued 
effect from lipids 292, 293/ 
effect of Maillard reaction 

products 297 
effect from myoglobin 288 
effect from phosphates 295 
effect from phosphatidylcholine . 294 
effect from phosphatidyl-

ethanolamine 294 
effect from phospholipids 287, 288, 

292, 293/, 294, 295 
effect from sodium chloride 296 
effect from triglygerides 288, 292, 

293/, 295 
effect from various antioxidants . 298 
related to lipid oxidation 288 
related to TBA 

numbers 292, 293/, 294/ 

Flavors 
definition 303 
aldehydes 260-65 
aromatic sulfur compounds 238, 239 
benzothiazoles 256, 257 
benzoxazoles 248, 249 
cyclic non-aromatic sulfur 

compounds 240-45 
cyclopentanones 266, 267 
cyclopentenones 266, 267 
2,3-dihydro-l//-pyrrolizines 206, 207 
4,5-dihydro-3(2#)-thiophenones 236, 237 
dihydrofurans 198,199 
dihydrofuran-3-ones 200-01 
dihydrothiophenes 234, 235 
1,3,5-dithiazines 258,259 
furanones 198-201 
furans 190-97 
ketones 260-65 
Maillard reaction products 185, 190-281 
non-cyclic sulfur compounds 268-81 
oxazoles 188, 246, 247 
oxazolines 188,248,249 
pyrazines 212-31 
pyridines 208-11 
pyrimidines 210,211 
pyrroles 204,205 
pyrrolidines 204, 205 
tetrahydrofuran-3 -ones 200-01 
tetrahydroindolizin-8-ones 206, 207 
1,4,5,6-tetrahydropyridines 210, 211 
thiazoles 188,250-55 
thiazolines 256, 257 
thiophenes 188, 232-35 
3-(2#)-thiophenones 236, 237 
detection threshold values, Maillard 

reaction products 186 
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Flavors—Continued 
meat 

discussion of contributing 
compounds 172,310 

related to carbonyl low molecular 
weight compounds 309 

related to lipids 309 
related to nitrogenous low molec

ular weight compounds 309 
discussion 311-13 
synthetic, patented Maillard 

reactions 171 
related to concentration of 
isovaleraldehyde 327-31 

Strecker degradation products 327-31 
sulfur compounds 188 

Fluorescence development 
effect of sugar type on rate 64 
rates at various water 

activities 64, 64/, 65
relative initial rate, definition
sugar-amine browning 55 

Fluorescence index 
definition 58 
in lipid oxidation 64 
sugar-amine browning 64 

Fluorescence intensity 
related to browning 61 
sensitivity, malonaldehyde-amine .... 52 

Fluorescence-producing reactions 
amine end groups of polyamide 

powder 47, 59/ 
carbohydrate- and lipid-derived 

carbonyl groups 47 
oxidative, characteristics 58, 68 
sugar-amine 48, 61, 63/, 66 

Fluorescence spectra 
characteristics, oxidation 

products 55, 56/, 57/ 
characteristics, sugar-amine 

browning 61,62/ 
Fluorophore nature, implications 66 
Fluorophore 

polyamide characteristics 67 
possible structures in sugar-amine 

browning 66/ 
sugar-amine, chemical nature 67 

Food crumbs—See also milk and 
soya crumbs 

Food crumbs 
antioxidant effect 162, 164, 167/ 
determination of furosine .159, 161, 163/ 

Foods of plant origin, relationship of 
nutritional value to composition 
and processing 361 

Formation pathway—See Mechanism 
Four-carbon product formation, 

sugar with amine 36, 40/ 
Fraction, purified, Maillard reaction 

products, discussion 341-43 

Fractionation of sugar colorants, by 
molecular size 97, 98/, 99/ 

Fragmentation 
electron impact 77, 78/ 
sugar 

in aqueous systems 36 
as early stage of Maillard 

reaction 32 
related to formation of free radi

cals and intermediates 36, 37/, 38/ 
two-carbon 

mechanism 36, 38/ 
free radical formation 39 

Fragmentation products 
formation 32 
glycolaldehyde alkylimines 39 
sugar with amine 

i  syste  34 

addition of ascorbic acid 41 
Λ^Ν'-diethylpyrazinium salt 43, 44/ 
effects from pH 25, 26/ 
glucose with alanine 30/, 31/ 
mechanism 21, 28, 29/, 45/ 
reducing substances 39, 41, 42/ 

Free radical products, ESR spectra .24/, 25 
Free radicals 

effect of reaction conditions 
formation with carbonyl 

compounds 22 
relationship to Schiff base, Amadori 

compound, and 3-deoxy-
glucosone 28 

sugar fragmentation related to 
formation 36, 37/, 38/, 45/ 

two-carbon fragmentation products 39 
Fructose-amine browning 

fluorescence emission spectrum, 
polyamide 62/ 

mutagenic activity 499/ 
Fructoselysine, role in overestimation 

of available lysine 424 
Fructose-L-tryptophan, nitrosation ... 85 
Furanones 

Amadori compound mechanisms .... 172 
contribution to meat flavors 172 
detection threshold values 198-201 
flavors and odors, description 198 
in Maillard reaction 172 
references 198-201 

Furans 
contribution to meat flavors 172 
detection threshold values 190-97 
flavors and odors, description 190-97 
in Maillard reaction 172 
references 190-97 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



I N D E X 575 

Furan derivatives, related to food 
flavor and odor 187 

Furfuryl groups in browning 
products, presence 115-18,120 

2-Furfurylidene-4-hydroxy-5-methyl-
3(2//)-furanone, identification 106, 118 
Furosine 

by amino acid determination 420 
in food crumbs, determination 159, 

161, 163/ 

Gas chromatography of volatile 
Strecker degradation products .... 318 

Genotoxic activity, browning and 
pyrolysis products 525,528-31 

Genotoxicity—See also Mutagenic 
activity 

Genotoxicity 
carcinogens, related to Maillar

reaction products 485 
caramel and caramelized sugars .... 498 
coffee 531/ 
N-heterocycles, proteinaceous 

foods 491 
various Maillard reaction 

products 498-500 
Glucose 

antioxidation products, 
characterization 335 

antioxidative effect of Maillard 
reaction products 341 

with /-butylamine 33/, 34, 36, 37/, 
38/, 41, 42/, 44 

condensation reactions 83 
effect on mutagenic activity in 

fried beef 510, 514/ 
labeled, glucose-glycine 

reaction 73, 76/, 77 
Maillard reaction products, 

characterization 335 
reaction with alanines 22, 26/ 
REC-ASSAY of browning 

products 541, 546/ 
Strecker degradation product 71 
unlabeled, glucose-glycine 

reaction 73, 75/, 77 
various amino acids, model 

reaction mixture 538 
various reaction sites in vivo 433 

Glucose-amino acid systems 
chromatographic separation of 

mutagenic products .548, 549/, 554/ 
experimental conditions ...142, 143/, 144 
mutagenic activity 538, 539/, 

556, 559/, 560/ 
odors produced 143/, 147, 150/-154/ 

Glucose-cysteine, identification of 
volatile product 556, 557/, 558/ 

Glucose-glycine reaction 
labeled glucose 73, 76/, 77 
unlabeled glucose 73, 75/, 77 

Glucose-lysine 
effect on carbohydrate ingestion 

and absorption 405 
effect on protein ingestion and 

absorption 405, 406 
effect of reducing agents on 

mutagenic activity 541, 544/ 
effect on sugar absorption in rats .... 414/ 

Glucose-phenylaniline mixture, 
browning products 548, 551/ 

Glutamic-oxalacetic transaminase, in 
rat liver, rats 471 

Glutamic-pyruvic transaminase 
(GPT) activity, rats 471 

Glycine 

Strecker degradation product 71 
Glycine-glucose 

labeled and unlabeled glucose 73, 75/, 
76/, 77 

Glycine-xylose 
effect of ratio on yield of antioxi

dative products 125 
mixture 

HPLC separation 103, 104, 107/ 
browning products 

light petroleum soluble 1 
Glycoaldehyde alkylimines, 

fragmentation products 39 
Glycosylated proteins 

Amadori rearrangement 432/ 
nonenzymatic, detection 437 
structure and function 439 

Glycosylation 
hemoglobin, various studies 437, 

438, 439 
keto amine-linked, of insoluble 

collagen related to diabetes .... 445/ 
kinetics 437 
nonenzymatic 

data 431, 434/, 439 
effect in diabetes 433 
insoluble collagen 444, 445/ 
intracellular proteins ....433, 434/, 439 
membrane proteins 433, 434/, 439 
various effects on protein 

function 440-41 
Glyoxal-cyclohexylamine, Schiff-

type condensation product 34 
Grain cereals 

amino acids 362 
trypsin inhibitors 363 

Grits, binding of iron, zinc, 
and copper 356, 357/ 
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H 
Hematocrit, rats 472, 474/ 
Heme pigments 

effect of peroxide on 
concentration 292, 292/ 

removal, effect on development of 
warmed-over flavor 288 

Hemicellulose 
arabinose release 364 
arabinose-xylose ratio in alfalfa .... 374 
importance in nutritional value of 

foods 362 
interaction with nitrogeneous 

materials 372 
mechanism of Maillard reaction 373 
pentosan polymer 373 
structure 373 
various grains, arabinose-xylose 

ratio 37
Hemoglobin 

glycosylation, various studies 
439, 472, 474/ 

nonenzymatic glycosylation, data 
and kinetics 437, 438, 439/ 

N-Heterocycles 
carcinogenic effects in browned 

proteins 49 
genotoxicity in proteinaceous foods 491 
contribution to meat odor and 

flavor 171, 172, 175, 178, 179/ 
Maillard reaction products 175, 187 
mechanism of formation 187 
precursors, Amadori compounds .... 84 

Heyns rearrangement 82 
High molecular weight fraction 

effect on carbohydrate-hydrolyzing 
enzymes 411a, 413/ 

Maillard reaction products 407 
Histidine, characterization of 

antioxidation products 355, 341 
History, Maillard reaction 3-4 
HPLC separation 

and isolation of colored Maillard 
products 118 

light petroleum soluble browning 
products 105, 106, 107 

xylose-glycine 103, 104, 107/ 
Humic acids, color-bearing compound 91 
Humidity, effect on odors produced 

by Maillard reaction 144, 153 
Hydrogen sulfide 

formation in meat cooking 173 
4- Hydroxy-5-methyl-3(2//)-furanone, 

identification 106 
5- Hydroxymethylfurfural mutagenic 

activity 548, 553/ 
Hyperfine structure 

analysis in ERS spectra 25 
ESR spectra of amino acids or 

amines 27/ 

I 
Imidazo-quinolines 

mechanism for formation 508/ 
related to mutagenic activity 507 

Indicator compounds for food 
processing, Amadori compounds 317 

Infrared absorption, nitrosated 
thiazolidines 86 

Ingestion, carbohydrate and protein, 
effect of glucose-lysine 405 

Intake, feed, rats on bread diets 381/ 
browning 8 
fluorescence, related to browning .... 61 
spectral, measurement 58 

Intermediate formation of radical 
precursor 41, 44/ 

Internal organ weight to body weight 

Intracellular proteins, nonenzymatic 
glycosylation 433, 434/, 439 

Iron 
availability from browned and 

unbrowned corn products 350 
balances in humans 353, 354/ 
effect from corn products on 

absorption in humans 
349, 350-53, 356, 357/ 

ferrous 
effect on development of warmed-

over flavor 292 
effect on lipid oxidation 288, 289/ 

290, 291/ 
heme 

effect on development of 
warmed-over flavor 291/ 

effect on TBA numbers 290/ 
nonheme 

effect on development of warmed-
over flavor 288, 291/ 

effect on TBA numbers 290/ 
serum total in rats 475, 477/ 

Isolation of colorants, from sugar 
samples, method 94, 95, 101, 118 

Isotopes, stable, human metal 
absorption studies 352, 354/ 

Isovaleraldehyde, concentration 
related to flavors 327-31 

Κ 
Keto aldehyde methylglyoxal 396 
Ketones 

detection threshold values 260-65 
odors and flavors, description 260-65 
references 260-65 

Kinetics, sugar-amine fluorescence 
reaction 61 
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Lecithin 
antioxidant evaluation 60/ 
aqueous dispersion 52 

Lens crystallins 
effect of Maillard reaction 433 
in humans, Amadori products 443 
nonenzymatic browning products .. 443 

Leprosy 
effect of deoxyfructoserotonin 

on bacteria 455, 457/, 458/, 459/ 
effect of Maillard reaction products 455 

Linoleic acid 
emulsion 127 
fluorescence spectrum 56/ 
polyamide fluorescence production 59/ 

Lipid-amine browning reaction 48 
Lipid emulsions, oxidizing, vapo

phase measurement 5
Lipid oxidation 67

in cooked meat, TBA numbers as 
indication 288 

effect from myoglobin 288, 289/ 
fluorescence index 64 
prevention in food 335 
related to warmed-over flavor 288 

Lipid-derived carbonyl groups, 
fluorescence-producing reactions 47 

and Maillard reaction 10 
effect on development of warmed-

over flavor 292, 293/ 
oxidizing or rancid, malonaldehyde 
related to meat flavors 309 

Literature on Maillard reaction 5-6 
Liver glutamic-oxalacetic 

transaminase, rats 471 
Low molecular weight fraction 

effect on carbohydrate-hydrolyzing 
enzymes 411,413/ 

effect on enzyme activity in 
vitro 408,409/,410/, 412/ 

Maillard reaction products 407 
Lysine 

by amino acid determination 420 
available 

determination 391, 397, 419 
effect of browning 379, 387 
effect of carbonyl compounds 395, 

398, 399/ 
effect of pH 395, 398, 399/ 
effect of reactant ratio 399/ 
effect of temperature ...395, 398, 399/ 
loss in early stage of 

Maillard reaction 396 
loss in protein in Maillard 

reaction system 395 
loss ratio of various reactants .... 400/ 
loss related to protein efficiency 

ratio 391 

Lysine—Continued 
various methods, 

comparison 425, 425/ 
comparison of damage in various 

soya proteins 422, 423/ 
correlations between various 

methods 422,424/ 
dansyl chloride (DAN)-reactive 421 
deficiency caused by Maillard 

browning reaction 380 
destruction in bovine plasma 

albumin (BPA) 397 
determination, dansyl chloride-

reactive, effect of particle size 424 
digestibility in rats 422 
dye-binding (DB), using Acid 

Orange 12 421 
fortification effect on protein 

,
total and available, in bread, bread 

crust, and bread crumb 392/ 
Lysine-carbonyl, Amadori rearrange

ment of condensation product .... 396 
Lysine-glucose 

browning mixture 
effect of reducing agents on 

mugenic activity 541, 544/ 
carbohydrate utilization 411 
protein utilization 406 

effect on protein ingestion and 
absorption 405 

effect on sugar absorption in rats .... 414/ 
Lysine-sugar browning mixtures 365/ 

various, mutagenic activity 540/ 
Lysinoanaline, mechanism of 

formation 165/ 

M 

Maillard reactions at low temperature 362 
Maillard, Louis-Camille 3-4 
Malonaldehyde 58 
Malonaldehyde over oxidizing lipid 

emulsions, vapor phase measure
ment 52 

Malonaldehyde-amine reactions 48, 50/ 
fluorescence intensity sensitivity 52 

Manufacturing applications, Maillard 
technology 303 

Mass spectral data, light petroleum 
soluble browning products 115-18 

Meat, broiled, mutagenic activity .522, 523/ 
Mechanism—-See also Chemistry 
Mechanism 

browning products from pentanes 
118, 119/ 

enzymic cleavage of deoxyfructo
serotonin 454/ 
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Mechanism—Continued 
flavor compounds 170 
free radical products 28, 29/ 
furosine and pyridosine 160/ 
hemicellulose 373 
heterocyclic compounds 187 
imidazo-quinolines 508/ 
lysinoalanine and amino acid 

derivatives from proteins 165/ 
pyrazines 178, 180/, 187 
sugar fragmentation and free radical 

formation 21-45 
sulfur compounds 187 
thiazoles and thiazolines 176/ 
thiophenes 173, 174/ 
responsible for warmed-over flavor 

in cooked meat 287 
two-carbon fragmentation 36, 38/ 

Melanoidin 
antioxidative effect 33
color-bearing compound 9
in sugars during storage 101 

Membrane proteins, nonenzymatic 
glycosylation 433, 434/, 439 

Meat system, model, description .288, 289/ 
Metabolism, metal, human, effect of 

Maillard reaction products 349 
Metal binding in corn products ...356, 357/ 
1 -(Methylthio)ethanethiol, contribution 

to meat flavor 178 
Microbial degradation in fibrous feeds, 

effect of ammoniation 372 
Microorganisms, effect on growth of 

Maillard compounds 453 
Microwave baking, effect on protein 

efficiency ratio of breads 379 
Milk fortification of breads, effect on 

protein efficiency ratio in rats 383 
Milk products, dried, Maillard reaction 11 
Milk-crumbs 

as aroma sources 159 
mutagenic activity 161, 164, 166/ 
glucose and various amino acids .... 538 
effect of added Maillard reaction 

products on mutagenic activity 516 
various, mutagenic activity 515, 516/ 

Model soya proteins, various 420 
Molecular size fractionation of sugar 

colorants 97, 98/, 99/ 
Mutagen formation and activity, various 

modifying factors 496, 497/ 
Mutagen formation 

effect of browning 509-10, 512/ 
as function of cooking time and 

temperature 489, 490/, 491/ 
509-10, 511/, 512/ 

Mutagenic activity—See also 
Genotoxicity 

Mutagenic activity 
in broiled fish and meat 522, 523/ 

Mutagenic activity—Continued 
browned glucose and amino acid 

mixtures 556, 559/, 560/ 
browning 83,489,-91,492/ 
browning mixtures, effect of pH 

value 53 
browning products and 5-hydroxy-

methylfurfurfural 548, 553/ 
browning various sugar-lysine 

mixtures 540/ 
coffee 531 
coffee, effects of sulfite 532/ 
cyclic products of reductone-amino 

reaction 556, 562/ 
dicarbonyl compounds in coffee 531 
effect of reducing agents on browning 

mixture glycose-lysine 541, 544/ 
N-ethyl-A '̂-nitro-TV-nitrosoguanidine 

fried beef, effect of creatinine 513/ 
fried beef, effect of glucose 510, 514/ 
fructose-amino acid mixtures 499/ 
glucose-amino acid browning 

mixture 538, 539/ 
glycine-amino acids, related to 

time 541,543/ 
heating carbohydrates 522 
milk-crumbs and soya-crumbs 161, 

164, 166/ 
related to creatinine formed in 

fried beef 507 
related to imidazo-quinolines 507 
related to Maillard reaction products 

formed in fried beef 507 
triose reductone-amino acid-

product 556, 562/ 
tryptophan pyrolysate 524 
various model reaction system .515, 516/ 

Mutagenic compounds 
in coffee, various 531 
various quantitative analyses ...525, 527/ 
glucose-amino acid mixtures, 

chromatographic separation 
548, 549/, 554/ 

Mutagenic properties, tryptophan 
pyrolysate 493 

Mutagenicity of Maillard reaction 
products 9, 485 

Mutagens 
formation in cooked meat 487 
formation by Maillard reaction at 

low temperature 537 
various, identification, from 

pyrolysates of amino acids and 
protein 524, 525, 526/ 

Mutations by base-pair substitution, 
compounds 87 
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Myoglobin 
effect on development of warmed-

over flavor 288 
effect on lipid oxidation 288, 289/ 

Ν 

Naming the Maillard reaction 5 
Net protein utilization (NPU) 405 
Neutral detergent fibre (NDF) 366 
Nitrite interactions in browning 

systems, toxicology 83 
Nitrite, effect on development of 

warmed-over flavor 249/, 296 
Nitrogen-carbohydrate interactions in 

cereal grains and roughages 372 
Nitrogen compounds as meat flavor 

precursors, low-molecular-weigh  169 
Nitrogen content, relationship wit

browning of sugars on storag
Nitrogen digestibility 

effect of sodium hydroxide treatment 
of fibrous feeds 370 

in vitro 368 
Nitrogen partition in alfalfa 

fraction 367, 368/ 
Nitrogenous low molecular weight 

compounds, related to meat 
flavors 309 

Nitrosated compounds, mutations by 
base-pair substition 87 

Nitrosated fru-trp Ames mutagen 
assay to investigate mutagenic 
potential 87, 88/ 

UV absorption 89 
Nitrosated thiazolidines, infrared 

absorption 86 
Nitrosation of sugar-amine com

pounds, identification of 
products 84-87 

NMR spectra 
S-hydroxymethylfurfural 551/ 
of browning products 551/, 557/ 

Non-heterocyclic compounds, 
Maillard reaction products 187 

Nonvolatile products from browning .. 83 
Nutirition, related to various Maillard 

reactions in vivo 460 
Nutritional aspects of Maillard 

reaction 8 
Nutritional damage, soya proteins, 

assessment 420 
Nutritional value 

bread 
effect of browning reaction ... 379, 384 
expressed as protein efficiency 

efficiency ratio (PER) 380 
fibrous feeds, effect of ammoniation 371 
foods, effect of Maillard reaction 

products 361 

Nutritional value—Continued 
foods and feeds of plant origin, 

relationship to composition 
and processing 361 

foods, importance of hemicellulose 
fraction 362 

protein 
effect of cellulose 369 
effect of reducing sugar 405 
effect of water activity 405 

related to lysine availability loss in 
bread and pizza crust 391 

related to protein level and quality 362 
of rye 362 

Ο 
Odor 

chocolate  Strecke  degradatio  i

compounds in meat 171, 172 
definition 303 
description 

aldehydes 260-65 
aromatic sulfur compounds ...238, 239 
benzothiazoles 256, 257 
benzoxazoles 248, 249 
cyclic non-aromatic sulfur 

compounds 240-45 
cyclopentanones 266, 267 
2, 3-dihydro-ltf-pyrrolizines .206, 207 
4,5-dihydro-3(2#)-

thiophenones 236, 237 
dihydrofurans 198, 199 
dihydrofuran-3-ones 200-201 
dihydrothiophenes 234, 235 
dihydrothiophenes 234, 235 
1,3,5-dithiazines 258,259 
furanones 198-201 
furans 190-97 
4#-pyran-4-ones 202, 203 
3-(2//)-thiophenones 236, 237 
ketones 260-65 
Maillard reaction products 190-281 
non-cyclic sulfur compounds ...268-81 
oxazoles 246, 247 
oxazolines 248, 249 
pyrazines 212-31 
pyridines 208-11 
pyridimidines 210,211 
pyrroles 204,205 
pyrrolidines 204, 205 
tetrahydrofurans 198, 199 
tetrahydrofuran-3-ones 200-201 
tetrahydroindolizin-8-ones 206, 207 
1,4,5,6-tetrahydropyridines ...210, 211 
thiazoles 250-55 
thiazolines 256,257 
thiophenes 232-35 

In The Maillard Reaction in Foods and Nutrition; Waller, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



580 M A I L L A R D R E A C T I O N S 

Odor—Continued 
detection threshold values, Maillard 

reaction products 186-285 
development in meat by heating 308 
effect of cellulose 144, 157 
effect of humidity 144, 153 
effect of soluble starch 144, 157 
effect of temperature 144, 155 
influence of reaction conditions 141 
Maillard reaction products, litera

ture review 185-285 
meat, discussion of contributing 

compounds 308, 310 
produced by Maillard reaction, 

polymerization-blocking 
component 147, 149/ 

produced by two-component 
systems 144, 145/ 

produced by glucose-amino aci
reactions 143/

154/
synthetic chocolate, problems in 

developing 306 
Oils, shelf life 68 
Organic additives, effect on anti
oxidative activity 133 
Oxazoles 

detection threshold values 246, 247 
odors and flavors, description 

188, 246, 247 
references 246, 247 

Oxazolines 
detection threshold values 248, 249 
odors and flavors, description ... 248, 249 
references 248,249 

Oxidation products, characteristics of 
fluorescence spectra 55, 56/, 57/ 

Oxidation, lipid 67 
Oxidative browning 66 
Oxidative fluorescence-producing 

reaction, characteristics and 
applications 58, 68 

Ρ 
Packaged foods fluorescence spectra .. 57/ 
Particle size, effect on dansyl chloride-

reactive lysine determination 424 
Patents, Maillard browning technology, 

discussion 304 
Pectin in rye 363 
Pentanes, mechanism of formation of 

browning products 118, 119/ 
Pentosans 

hemicellulose polymer 373 
component sugars 364 
rye, wheat, and triticale 364/ 

Peptides, production in flour protein .. 387 
Peroxide, effect on heme pigment 

concentration 292, 292/ 

pH 
change with time of arginine-xylose 

reaction mixture 129/ 
effect on antioxidative activity .128, 131/ 
effect on available lysine .355, 398, 399/ 
effect on free radical formation ...25, 26/ 
effect on precipitation during dialysis 

of histidine-glucose 
products 337,340/ 

effect on yield of antioxidative 
products 126 

related to effect of carbonyl com
pounds on available lysine 395 

Phenylaniline-glucose mixture, 
browning products 548, 551/ 

Phosphatation, carbonation stage 
replacement 91 

Phosphate buffer, effect on yield of 

Phosphatidylcholine, effect on develop
ment of warmed-over flavor 294 

Phospholipids and triglycerides, separa
tion by column chromatograph .. 288 

Phospholipids, effect on development 
of warmed-over flavor ... 287, 288, 292, 

293/ 294, 295 
nutritive loss related to lysine 

availability loss 391 
Pizza crust 

amino acids content 387, 389/ 
nutritive value, effect of Maillard 

Maillard browning reaction 379 
Plantation white sugars, characteristics 

and color development 91, 92, 94 
Platelet aggregation, effects of Maillard 

compounds 453 
Pol, definition 94 
Polarographic assay, calculation 127 
Polyamide fluorescence emission 

spectrum, fructose-amine 
browning 62/ 

Polyamide fluorescence production 
linoleic acid and cottonseed oil 59/ 
sugar-amine browning 63/ 

Polyamide fluorophore characteristics 67 
Polyamide powder 

characteristics 49, 50/, 51/, 55 
fluorescence-producing reactions with 

amine end groups 47 
Polycyclic aromatic hydrocarbons 521 
Polymerization-blocking components 

effect on odors produced by Maillard 
reaction 147, 149/ 

examples of carbonyl compounds... 
144, 148/ 

Polymerization of reducing sugars 101 
Polysaccharides 

in rye 363, 364/ 
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Precipitation during dialysis of 
Maillard reaction products 337 

Pressure, effect on yield of anti
oxidative products 127, 137, 138/ 

Processing, relationship to nutritional 
value of foods and feeds of plant 
origin 361 

Protein 
available lysine loss in Maillard 

reaction system 395 
binding by Maillard reactions 367 
characteristics of aging 442/ 
determination, rats 472 
digestion in rats, method of 

study 406-407, 409/ 
effect of nonenzymatic browning ... 441 
effect of reducing sugar and water 

activity on nutritive value 405 
extracted from alfalfa for human
feed, degradation in ruminant
feed, related to amino acids
flour, peptide production 387 
glycosylated, structure and function 439 
glycosylation, various mechanisms .. 440 
microbial, related to amino acids .... 366 

Proteinaceous foods, N-heterocycles, 
genotoxicity 491 

Protein efficiency ratio 
determination of protein quality .... 468 
nutritive value of bread 379, 380 
in rats, effect of lysine, soy, or milk 

fortification of breads 383 
related to lysine availability loss .... 391 

Protein efficiency ratio 
determination of protein quality .... 468 
various bread diets, rats ...380, 382, 385/, 

386/, 387, 388/ 
Protein function, various effects of 

nonenzymatic glycosylation 440-41, 
433, 434/, 439 

Protein ingestion study 
rats 467,475,476/ 
tissue enzyme activities in rats 478/ 
toxicological and nutiritional effects 467 

Protein ingestion, effect of glucose-
lysine 406 

Protein nutritive value, effect from 
celluose 369 

Proteolytic enzymes related to solubility 
of hemicellulose 368 

Protein quality of bread mix, finished 
bread, and fermented dough 383 

Protein quality determination, protein 
efficiency ratio 468 

Pro-oxidants, effect on fluorescence .... 58 
Purification of antioxidative products 128 
4//-Pyran-4-ones 

odors and flavors, description ...202, 203 
references 202, 203 
threshold detection values 202-203 

Pyrazine cation radical derivatives, 
N,AT-disubstituted 25, 27/ 

Pyrazines 
contribution to meat flavor 178, 181 
detection threshold values 212-31 
mechanism of formation ...178, 180/, 187 
references 212-31 
related to food flavor and odors .187, 188 

Pyridine, effect on yield of anti
oxidative products 133, 135/, 136/ 

Pyridines 
detection threhold values 208-11 
odors and flavors, description 208-11 
references 208-11 
related to odors 188 
mechanism of formation 160/ 

Pyrimidines 
odors and flavors 210, 211 

 carcinogen ,
identification of various mutagens .. 524, 

525, 526/ 
Pyrolysis products, carcinogenic 

activities 529,530/ 
Pyrolysis products, genotoxic 

activity 525, 528-31 
Pyrroles 

odors and flavors, description ....204, 205 
references 204,205 
related to odors 188 
threshold detection values 204, 205 

Pyrrolidines 
odors and flavors, description ...204, 205 
references 204, 205 

R 

Radical precursor, intermediate 
formation 41,44/ 

Radicals, free, purified, fraction 
Maillard reaction products 343 

Radioisotopes, metal absorption studies 
in humans 352, 355, 356 

Rate of fluorescence development 
effect of sugar type 64 
effect of various water activities ... 64, 64/, 

65, 65/, 66/ 
Ratio of reactants, various, effect on 

available lysine 399/, 400/ 
Ratio of sugar to amino acid, effect on 

yield of antioxidative 
products 125, 126 

Ratios of internal organ weight to body 
weight in rats, browned protein 
ingestion study 473/ 

Reaction kinetics, sugar-amine 
fluorescence 61 

Reaction products, xylose-glycine .... 103 
Reaction sites, various, glucose and 

and other reducing sugars in 
vivo 433,435/ 
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Reaction time, effect on yield of 
antioxidative products 126 

REC-ASSAY of browning products 
from glucose and amino 
acids 541, 546/ 

Reducing agents, effect on mutagenic 
activity of glucose-lysine 
browning mixture 541, 544/ 

Reducing power related to free radical 
formation 41 

Reducing sugars 
polymerization 101 
various reaction sites in vivo ...433, 435/ 

Reductone-amino reaction—See also 
Triose reductone 

Reductone-amino reaction, mutagenic 
activity of cyclic products ... 556, 562/ 

References 
aldehydes 260-6
aromatic sulfur compounds 289
benzothiazoles 256, 257 
benzoxazoles 248, 249 
cyclic non-aromatic sulfur 

compounds 240 
cyclopentenones 266, 267 
dihydrofurans 198, 199 
dihydrofuran-3-ones 200-201 
2,3-dihydro-lH-pyrrolizines 206, 207 
4,5-dihydro-3(2//)-thiophenones 

236, 237 
dihydrothiophenes 234, 235 
furanones 198-201 
furans 190-97 
4//-pyran-4-ones 202, 203 
3-(2//)-thiophenones 236, 236 
ketones 260-65 
oxazoles 246, 247 
oxazolines 248, 249 
pyrazines 212-31 
pyridines 207-11 
pyrimidines 210,211 
pyrroles 204,205 
pyrrolidines 204, 205 
tetrahydrofurans 198,199 
tetrahydrofuran-3-ones 200-201 
tetrahydroindolizin-8-ones 206, 207 
thiazoles 250-55 
thiazolines 256,257 
thiophenes 232-35 

Relative initial rate of fluorescence 
development, definition 64 

Roughages, nitrogen-carbohydrate 
interactions 372 

Rumen fermentation of heated alfalfas 
in vitro 367, 368/ 

Rye 
amino acid profile and 

nutritive value 362 
arabinose, xylose, and pectin 363 

Rye pentosans 
arabinose release and 

extraction 364 
Rye with polysaccharides 363, 364/ 

Schiff base, relationship to free radical 28 
Schiff-type condensation product, 

cyclohexylamine with glyoxal .34, 35/ 
Separation 

HPLC 
of browning products 104 
of colored Maillard products 118 
of light petroleum soluble 

browning products 105 
of xylose and glycine mixture 104, 107/ 

TLC, of browning products 105 
Serum analysis  rats  browned protein 

activity, rats 471 
Serum total iron, rats 475, 477/ 
Shelf life tests of fats and oils 68 
5-Hydroxymethylfurfural 

and browning products, NMR 
spectra 551/ 

color-bearing compound 91 
Sodium chloride, as antioxidant 296 
Sodium hydroxide treatment 

effect on fibrous feeds 369, 370 
effect on nitrogen digestibility of 

fibrous feeds 370 
Solid sample fluorescence 49, 53/ 
Soluble starch, effect on odors pro

duced by Maillard reaction ...144, 157 
Soy fortification of breads, effect on 

protein efficiency ratio in rats .... 383 
Soy lecithin fluorescence spectrum .... 56/ 
Soy sauce and Maillard reaction 10 
Soya-crumbs 

as aroma sources 159 
mutagenic activity 161, 164, 16 
produced by Maillard reaction 159 

Spectral intensity measurement 58 
Spectrophotometric assay, calculation 127 
Spectrum, 13C-NMR, of unlabeled 

compounds 77, 78/ 
Starch, hydrolysis by enzymes 411 
Steaming, effect on fibrous feeds 369 
Storage, limitation by Maillard 

reaction products 318 
Strecker degradation 

of amino acids 171 
of cysteine 177/ 
description 71, 79, 73, 74/, 75/ 
by a dicarbonyl and an acyloin 72/ 

Strecker degradation products 
as indicators for food processing .... 318 
glucose-glycine 71 
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Strecker—Continued 
related to flavors 305, 327-31 
volatile, gas chromatography 318 

Structures of fluorophore in sugar-
amine browning, possible 66/ 

Sugar-amine browning 
reaction 48, 66, 67 
characteristics of fluorescence 

spectra 61, 62/ 
fluorescence development 55 
fluorescence index 64 
four-carbon product formation .36,40/ 
polyamide fluorescence production 63/ 
possible structures of 

fluorophore 66/ 
nitrosation 85 

Sugar-amine fluorescence, reaction 
kinetics 48  61 

Sugar-amine fluorophore, chemica
nature 6

Sugar-amine products on polyamide, 
antioxidant effect 67 

Sugar-amino acid 
effect on yield of antioxidative 

products 125, 126 
mechanism 45/, 79, 80/, 142 

Sugar fragmentation 
Amadori rearrangement 21 
related to formation of free radicals 

and intermediates 36, 37/, 38/ 
Sugar-lysine browning mixtures 

various, mutagenic activity 504/ 
Sugar reaction with amine in aqueous 

system, fragmentation products .. 34 
Sugars 

browning 91 
in cacao beans 305 
caramelized, genotoxic effects 498 
color development 91,93, 94/, 95 
manufactured by sulphitation and 

carbonation 91 
reaction with alanines, ESR 

spectra 22, 24/ 
reducing, concentration related to 

flavors 328 
reducing, reactivity with 

hemoglobin 439 
various, reaction with amines 32, 33/ 

Sugar type and water activity effect 
on rate of fluorescence 
development 64, 66/ 

Sulfite, effects on mutagenic activity 
of coffee 532/ 

Sulfur compounds 
aromatic, detection threshold 

values 238,239 
aromatic, odors and flavors, 

description 238, 239 
aromatic, references 238 

Sulfur compounds—Continued 
cyclic non-aromatic 

detection threshold values 240-45 
odors and flavors, description .240-45 
references 240-45 

mechanism of formation 187 
non-cyclic 

detection threshold values 268-81 
odors and flavors, description .268-81 
references 268-81 

organic, synthetic meat flavors 311 
related to odors and flavors 188 

Sulfur-containing amino acids, 
reaction with sugar 142 

Sulphitation sugars 
analysis 94, 96/ 
fractionation of colorants, by 

molecular size 97, 98/, 99/ 

inhibition melanoidin formation .91, 101 
Synthetic meat flavors, patented, 

Maillard reaction 171 

Τ 
Tastes, definition 303 
TBA numbers 

effect of heme iron 290/ 
effect of nonheme iron 290/ 
related to warmed-over 

flavor 292, 293/, 294/ 
Temperature 

effect on available lysine 395, 398, 399/ 
effect on odors produced by 

Maillard reaction 144, 155 
function in mutagen 

formation 489, 490/, 491/ 
related to carbonyl compound effect 

on available lysine 395 
related to sugar browning 365 

Tetrahydrofurans 
flavors and odors, description .198, 199 
references 198, 199 

Tetrahydrofuran-3-ones 
flavors and odors, description 200-01 
references 200-01 

Tetrahydroindolizin-8-ones, 
references 206, 207 

1,4,5,6-Tetrahydropyridines 
detection threshold values 210, 211 
odors and flavors, description ...210, 211 
references 210,211 

Tetrahydropyrroles—See Pyrrolidines 
Therapeutic effects 

of deoxyfructoserotonin 453 
of Maillard reaction products 

in vivo 451,453-59 
Thiazoles 

contribution to meat flavor 175 
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Thiazoles—Continued 
detection threshold values 250-55 
mechanism for formation 176/ 
odors and flavors, 

description 188,250-55 
references 250-55 

Thiazolines 
contribution to meat flavor 165 
detection threshold values 256, 257 
mechanism for formation 175, 176/ 
oxidative cyclization 175, 177/ 
references 256, 257 

2- Thiobarbituric acid numbers— 
See TBA numbers 

Thiols, related to odors and flavors .... 188 
Thiophenes 

contributions to meat flavors 162 
detection threshold values 232-35 
mechanism for formation 172
odors and flavors, 

description 188
references 232-35 

3- (2//)-Thiophenones 
description, odors and flavors 236, 237 
references 236, 237 

Three-component systems for 
Maillard reactions 144, 157 

Threshold values 
detection 186, 190-281 

aldehydes 260-65 
aromatic sulfur compounds ... 238, 239 
benzothiazoles 256, 257 
cyclopentanones 266, 267 
cyclopentenones 266, 267 
furanones 198-201 
furans 190-96 
ketones 260-65 
non-cyclic sulfur compounds ... 268-81 
oxazoles 246, 247 
oxazolines 248, 249 
pyridines 208-11 
1,4,5,6-tetrahydropyridines .210, 211 
thiazoles 250-55 
thiazolines 256, 257 
thiophenes 232-35 

Time 
effect on antioxidative activity 128 
mutagen formation as function 509-10, 

511/, 512/ 
TLC separation of browning products 105 
Toasting, effect on nutritive value 

of bread 384 
Total iron binding capacity, rats ... 475, 477/ 
Toxicological effect of browned 

protein ingestion 467 
Transaminase activity, glutamic-

pyruvic (GPT), in rats 471 
Transaminase, glutamic-oxalacetic, 

in rat liver 461 

Triglycerides 
effect on development of warmed-

over flavor 288, 292, 293/ 
rats 475 
separation by column 

chromatograph 288 
Triose reductone—See also 

reductone-amino reaction 
Triose reductone-amino acids, 

mutagenic activity of 
product 556, 561/, 562/ 

Triticale pentosan levels 364/ 
Trypsin inhibitors, grain cereals ...362, 363 
Tryptophan pyrolysate 

chromosome aberrations 493 
mutagenic activity 524 
mutagenic properties 493 

Two-carbon fragmentation 

Maillard reactions 142 
odors produced 144, 145/ 

U 

Unlabeled compounds, 1 3 C-NMR 
spectrum 77, 78/ 

Urinary components, molecular 
weight distribution 353 

V 
Vapor phase measurement 

experimental conditions 52-55 
malonaldehyde over oxidizing 

lipid emulsions 52 
plate assembly for oxidative 

fluorescence 52, 53/ 
Volatile product of glucose-cysteine 

mixture, identification .556, 557/, 558/ 
Volatile products 

from browning 83 
mutagenic activity 84 

W 

Water activity 
effect on rates of fluorescence 

development 64, 64/, 65, 
65/, 66, 66/ 

effect of sugar type 66/ 
effect on nutritive value of protein .. 405 

Water content 
in carrots, related to Amadori 

compounds .321, 323/, 324/, 326/ 
related to browning of carrots .321, 326/ 

Weight gain, rats on bread diets 381/, 386/ 
Wheat pentosan levels 364/ 
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χ 
Xylose-arabinose ratio 

hemicellulose of various strains 374 
Xylose-arginine reaction products, 

antioxidative 125, 129/ 
Xylose-glycine 

colored compounds formed 103, 105 
effect of ratio on yield of anti

oxidative products 125 
HPLC separation 103, 104, 107/ 

Ζ 

Zinc 
availability from browned and 

unbrowned corn products 350 
balances in humans 353, 354/ 
binding 353, 356, 358/ 
chelation by products of dextrose-

amino acid reactions 350 
effect from corn products on 

absorption in humans 349 
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