
Ascorbic Acid: 

Chemistry, Metabolism, and Uses 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
fw

00
1



 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
fw

00
1



Ascorbic Acid:

Chemistry, Metabolism, and Uses 

Paul A . Seib, EDITOR 

Kansas State University 

Bert M . Tolbert, EDITOR 

University of Colorado 

Based on a symposium 

sponsored by the Division of 

Carbohydrate Chemistry 

at the Second Chemical Congress 

of the North American Continent 

(180th ACS National Meeting), 

Las Vegas, Nevada, 

August 26-27, 1980. 

ADVANCES IN CHEMISTRY SERIES 200 
AMERICAN CHEMICAL SOCIETY 

WASHINGTON, D. C. 1982 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
fw

00
1



L i b r a r y of Congress Cataloging in Publication D a t a 

Ascorbic acid. 
(Advances in chemistry series, ISSN 0065-2393; 

200) 
Includes bibliographies and index. 
1. Vitamin C—Congresses. 
I. Seib, Paul Α., 1936- . II. Tolbert, Bert M. , 

1921- . III. American Chemical Society. Division 
of Carboydrate Chemistry. IV. Chemical Congress of 
the North American Continent (2nd: 1980: Las 
Vegas, Nev.). V. American Chemical Society. Na
tional Meeting (180th: 1980: Las Vegas, Nev.). VI. 
Series. 

QD1.A355 no. 200 [QP772.A8] 540s 82-13795 
ISBN 0-8412-0632-5 [574.19'26] ADCSAJ 200 

1-604 1982 

Copyright © 1982 

American Chemical Society 

All Rights Reserved. The appearance of the code at the bottom of the first page of each 
article in this volume indicates the copyright owner's consent that reprographic copies of 
the article may be made for personal or internal use or for the personal or internal use of 
specific clients. This consent is given on the condition, however, that the copier pay the 
stated per copy fee through the Copyright Clearance Center, Inc. for copying beyond that 
permitted by Sections 107 or 108 of the U.S. Copyright Law. This consent does not extend 
to copying or transmission by any means—graphic or electronic—for any other purpose, 
such as for general distribution, for advertising or promotional purposes, for creating new 
collective work, for resale, or for information storage and retrieval systems. The copying 
fee for each chapter is indicated in the code at the bottom of the first page of the chapter. 

The citation of trade names and/or names of manufacturers in this publication is not to be 
construed as an endorsement or as approval by ACS of the commercial products or services 
referenced herein; nor should the mere reference herein to any drawing, specification, 
chemical process, or other data be regarded as a license or as a conveyance of any right or 
permission, to the holder, reader, or any other person or corporation, to manufacture, repro
duce, use, or sell any patented invention or copyrighted work that may in any way be 
related thereto. 

PRINTED IN T H E UNITED STATES OF AMERICA 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
fw

00
1



Advances in Chemistry Series 

M . Joan Comstock, Series Editor 

Advisory Board 

David L. Allara 

R o b e r t B a k e r 

Donald D. Dollberg 

R o b e r t E . Feeney 

Brian M. Harney 

W. Jeffrey H o w e 

James D. Idol, Jr. 

H e r b e r t D. K a e s z 

Marvin Margoshes 

R o b e r t O r y 

L e o n Pet rak i s 

T h e o d o r e P r o v d e r 

Charles N. Satterfield 

D e n n i s Schuetz le 

Davis L. Temple, Jr. 

G u n t e r Z w e i g 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
fw

00
1



F O R E W O R D 

ADVANCES IN CHEMISTRY SERIES was founded in 1949 by the 
American Chemical Society as an outlet for symposia and 
collections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented, 
their papers distributed among several journals or not pub
lished at all. Papers are reviewed critically according to ACS 
editorial standards and receive the careful attention and proc
essing characteristic of ACS publications. Volumes in the 
ADVANCES IN CHEMISTRY SERIES maintain the integrity of the 
symposia on which they are based; however, verbatim repro
ductions of previously published papers are not accepted. 
Papers may include reports of research as well as reviews since 
symposia may embrace both types of presentation. 
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PREFACE 

THE BRILLIANT SUCCESS OF ASCORBIC ACID RESEARCH in the 1930s led to 

the commercial production of inexpensive ascorbic acid in large quanti
ties. The wide distribution of ascorbic acid, and its incorporation into 
many food products, so completely solved the problem of scurvy in both 
general and special populations that pressure for a more complete 
scientific understanding of this vitamin was sharply reduced. As a result 
many questions concerning ascorbic acid's chemistry, biochemistry, 
physiological roles and kinetics, and its nutritional requirements were 
deferred for more pressing scientific problems. 

In spite of a relaxed position for ascorbic acid studies, our technical 
knowledge regarding this vitamin has greatly increased during the second 
half of the 20th century. Much remains to be done. The results described 
in this book will contribute to that development by summarizing current 
work in many areas. 

The metabolism of ascorbic acid has yet to be clarified. Only one 
of the major water-soluble urinary metabolites of ascorbic acid has been 
isolated and characterized; the others and the matabolic pathways in
volved are yet to be defined. When these pathways and their inter
mediates are understood, there will be good possibilities for significant 
nutritional and medical innovation. 

The physiological roles of ascorbic acid have not yet been described 
in a manner that is scientifically satisfactory. The presence of ascorbic 
acid in all eucaryote organisms suggests fundamental roles that are not 
understood. The absence of ascorbic acid in procaryote organisms sug
gests an unknown fundamental difference between these two classes of 
organisms in which ascorbic acid plays an essential role. 

Perhaps more than any other nutritional factor, ascorbic acid has 
been the focus of the questions, "How much ascorbic acid is required 
in humans for optimum health and well-being?,, and "What factors can 
change this requirement?" There seem to be no simple answers to these 
questions, but good progress has been made in fundamentals related to 
this problem, such as measurement of pool sizes and turnover in humans 
as a function of environmental variables. The lack of such physiological 
data for children, women, and pregnant women needs to be corrected. 

Ascorbic acid has been implicated in a great variety of biological 
phenomena, such as the immune reactions, the cytochrome P450 system, 

ix 
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cell division, neurological function, atherosclerosis, and free radical 
reactions in biological fluids. Unfortunately none of these different 
proposals have led to well defined and accepted uses of ascorbic acid. 
Even the demonstrated requirement for ascorbic acid in the formation 
of connective tissues is not sufficient to mandate post-operational supple
mentation of a diet with ascorbic acid. To prove beneficial effects from 
supplemental dietary ascorbic acid has been extremely difficult. 

Large quantities of ascorbic acid are used by the pharmaceutical and 
food industries. Ascorbic acid is added to food as a nutrient or as a 
processing acid in brewing, wine making, bread making, meat curing, 
and freezing of fruits. Losses of the vitamin in processing, storing and 
cooking of foods are substantial. There is still a need for a stable form 
of vitamin C to use in foods. 

Recently, C. F. Klopfenstein, E . Varriano-Marston and R. C. Hoseney 
(Nutrition Reports International 1981, 24: 1017-1028) found that a diet 
of 50% grain sorghum gave poor growth in guinea pigs receiving 2 mg 
of ascorbic acid/day. When the level of ascorbic acid was increased to 
40 mg/day, the pigs grew normally. Wheat, millet, and oats did not 
depress the growth of pigs. The impact of these findings in human nutri
tion is not clear. 

Much progress has been made in recent years in the chemistry of 
ascorbic acid. At least six new syntheses of L-ascorbic acid have been 
devised since 1971. One of those methods was used to prepare specifically 
labeled L-ascorbic acid to investigate its biosynthesis in plants. Proton 
magnetic resonance at 600.2 MHz has shown that the side chain of 
L-ascorbic acid and its sodium salt in aqueous solution adopt the same 
conformation as crystalline L-ascorbic acid. The conformation of crystal
line sodium L-ascorbate, on the other hand, is different. 

Assay methods for ascorbic acid have steadily improved. High 
performance liquid chromatography can now be used to separate and 
quantitate ascorbic, dehydroascorbic, and 2-ketogulonic acids. Improved 
analytical techniques are needed to identify and quantitate the oxidation 
products of ascorbic acid. 

New derivatives of L-ascorbic acid have been synthesized including 
saccharoascorbic acid, 5-ketoascorbic acid, 2-phosphoric-ascorbic acid, 
6-bromo-6-deoxyascorbic acid, 6-chloro-6-deoxyascorbic acid, the 5,6-
dehydro-5,6-dideoxy derivative, the 4,5-dehydro-5-deoxy derivative, the 
5,6-dideoxy derivative, and numerous nitrogen derivatives. 

Dehydroascorbic acid is now readily prepared in pure form by the 
Ohmori-Takagi method in which ascorbic acid is dissolved in ethanol 
and oxygenated in the presence of charcoal. The structure of dehydro-
L-ascorbic acid is solvent dependent. In water, dehydro-L-ascorbic acid 
exists almost exclusively in the bicyclic hydrated monomer in which 6-OH 
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bonds to C3 through a hemiketal linkage. In 2V,IV-dimethylformamide 
and acetonitrile, dehydroascorbic acid forms a mixture containing a 
symmetrical and asymmetrical dimer. Monodehydroascorbic acid is 
present in tissue as a relatively stable free radical. That radical anion 
has been postulated as an intermediate in the oxidation of ascorbic acid 
by metal ions. The stability of the radical anion and its disproportiona-
tion into dehydroascorbic acid and ascorbic acid helps explain the 
antioxidant role that ascorbate plays in biological systems and in foods. 

There continues to be a fascination in the challenge of the scientific 
problems related to ascorbic acid. The authors of the chapters in this 
book have probably felt an intellectual curiosity about this commonplace 
substance: Why is it so unique? What does it do? The excitement and 
challenge will lead us on and intrigue the next generation of scientists 
working in this field. 

It is our pleasure to thank Myron Brin, Frank Loewus, Dietrich 
Hornig, and Jack Bauernfeind for helpful discussions in planning the 
symposium and this book. We are grateful to the chairmen of the various 
sessions: Frank Loewus, Linus Pauling, and Benjamin Borenstein. The 
work of Suzanne B. Roethel and Robin Giroux of the ACS Books 
Department to assemble the manuscripts is gratefully acknowledged. 

PAUL A. SEIB 

Kansas State University 
Manhattan, KS 66506 
 
BERT M. TOLBERT 

University of Colorado 
Boulder, CO 80309 
 
June 28, 1982 
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1 

Synthesis of L-Ascorbic Acid 

T H O M A S C. CRAWFORD 

Central Research, Chemical Process Research, Pfizer Inc., Groton, CT 06340 

The methods by which L-ascorbic acid has been synthesized 
are readily divided into three major categories. The first 
involves coupling a C1 fragment and a C5 fragment, and the 
second involves coupling a C 2 fragment and a C4 fragment. 
The third involves the conversion of a C 6 chain into the 
correct oxidation state and stereochemical configuration. All 
of these approaches will be reviewed with special regard 
given to those syntheses that are suitable for the prepara
tion of analogues of L-ascorbic acid, the preparation of 
radiolabeled derivatives of L-ascorbic acid, and the current 
commercial synthesis of L-ascorbic acid. 

Following the isolation of crystalline "hexuronic acid" from the adrenal 
cortex of the ox and from orange juice in 1928 (1) and the determina

tion in 1933 (2) that the structure of this material was 1 (with other 
proton tautomers shown in Scheme 1), efforts were begun to synthesize 
this novel vitamin. In a very short time several syntheses were success
fully accomplished that confirmed that the structure of L-ascorbic acid 
or vitamin C was indeed that proposed (2). Complete details of the 
crystal structure of 1 have since been obtained by both x-ray (3,4) and 
neutron diffraction (5) analysis and are approximated by structure 1a. 

Efforts directed toward the synthesis of L-ascorbic acid have been 
governed by the following factors: 

1. The need to synthesize material to confirm the structure 
and provide larger quantities of material for further study. 

2. The desire to synthesize analogues of L-ascorbic acid. 
3. The desire to prepare radiolabeled material for use in the 

study of L-ascorbic acid metabolism in plants, fish, animals, 
and humans. 

4. The need to develop a commercially viable, low cost syn
thesis. This is illustrated by the fact that in 1934 1 kg of 
L-ascorbic acid sold for $7000 (6). 

0065-2393/82/0200-0001$10.00/0 
© 1982 American Chemical Society 
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A S C O R B I C A C I D 

L - A S C O R B I C A C I D 

6 

\\ 
C H 9 O H 

H C O H 

C H 9 0 H 

I 2 

H C O H 

O H 

Scheme 1. 
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1. C R A W F O R D Synthesis of ia-Ascorbic Acid 3 

T h e des ign of syntheses of L - a s c o r b i c a c i d must take into cons idera
t i o n the f o l l o w i n g po ints : 

1. T h e synthesis must be c h i r a l since on ly the L - e n a n t i o m e r is 
b i o l og i ca l l y act ive. 

2. T h e final step i n the synthesis must be carr i ed out under 
nonoxidat ive condit ions because of the very fac i le ox ida 
t i o n of L - a s c o r b i c a c i d to dehydro -L - a s corb i c a c i d f o l l o w e d 
b y further degradat ion . 

3. L - A s c o r b i c a c i d must be stable to the condit ions used to 
enerate i t (i .e., no v igorous a c i d or base treatment i n the 
n a l step because degradat ion of L - a s c o r b i c a c i d c a n 

r e s u l t ) . 
4. F o r c o m m e r c i a l use, the synthesis must be economical . 

T h i s chapter provides a n overv iew of the various ava i lab le syntheses 
of L - a s c o r b i c a c i d . T h e key synthetic discoveries that have resul ted i n 
the preparat i on of L - a s c o r b i c a c i d analogues, the preparat i on of r a d i o 
l abe l ed derivat ives of L - a s c o r b i c a c i d , a n d the p r o d u c t i o n of c o m m e r c i a l 
quantit ies of L - a s c o r b i c a c i d are h i g h l i g h t e d . F o r a comprehensive r ev i ew 
of a l l these approaches, see Reference 7. 
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4 A S C O R B I C A C I D 

A l l syntheses of L - a s c o r b i c a c i d are ac tua l ly p a r t i a l syntheses be
cause the c h i r a l i t y at C5 a n d C4 is ob ta ined v i a n a t u r a l l y d e r i v e d sugars 
a n d not b y to ta l synthesis. V a r i o u s methods b y w h i c h the six carbons of 
ascorbic a c i d have been assembled w i t h the appropr iate ox idat ion state 
a n d stereochemistry are s h o w n i n Scheme 2. 

O n e a p p r o a c h to the synthesis of L - a s c o r b i c a c i d is b y c o m b i n i n g a 
C 5 f ragment a n d a C i f ragment ( i n effect m a k i n g the c a r b o n - c a r b o n 
b o n d between C l a n d C2 i n l ) . Intermediates d e r i v e d f r o m L - x y l o s e 
a n d L - a r a b i n o s e have been used i n these syntheses. L - A s c o r b i c a c i d has 
been synthesized b y c o m b i n i n g a C 2 f ragment a n d a C 4 f ragment ( i n 
effect m a k i n g the c a r b o n - c a r b o n b o n d between C2 a n d C3 i n 1) s tart ing 
w i t h L - threose . N o syntheses of L - a s c o r b i c a c i d have been reported i n 
w h i c h the c a r b o n - c a r b o n b o n d between C3 a n d C4 or be tween C4 a n d 
C5 (see 1) has been f o r m e d ( i n effect a C 3 f ragment p lus a C 3 f ragment 
or a C 4 f ragment p lus a C 2 f ragment represent ing C5 a n d C6, respec
t i v e l y ) . M o s t methods for m a k i n g these c a r b o n - c a r b o n bonds w i l l result 
i n the format ion of a mixture of enantiomers a n d / o r diastereomers. 

M o s t syntheses of L - a s c o r b i c a c i d start w i t h pre f o rmed C 6 sugars, 
w h i c h b y m a n i p u l a t i o n of the ox idat ion state at C l , C2, C5, a n d / o r C6 

C-j + C5 ( x y l o s e , arabinose ) 

H C O H 

C2 + C4 ( threose) 

H O \ > H 

Scheme 2. 
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1. C R A W F O R D Synthesis of L-Ascorbic Acid 5 

a n d b y m a n i p u l a t i o n of the stereochemistry at C 2 or C 5 have been c o n 
verted into L - a s c o r b i c a c i d b y a var iety of react ion sequences. T h e most 
c o m m o n C 6 sugar start ing mater ia l is D -g lucose , w h i c h has been c o n 
verted into intermediates f o rmal ly der ived f r o m L - g u l o s e , L -ga lactose , 
L - i d o s e , or L - ta lose . 

A survey of the reported syntheses of L - a s c o r b i c a c i d reveals that 
derivatives re lated to 2-keto a c i d (2) (Scheme 3 ) are the most f re 
quent ly used intermediate to L - a s c o r b i c a c i d . 3 -Keto a c i d (3), keto -
lactone (4) ( i n protected f o r m ) , a n d 6 -a ldehydo -L -ascorb ic a c i d (5) 
are less f requent ly used. T h e use of each of these intermediates (2-5) 
w i l l be i l lustrated i n the f o l l o w i n g discussion of the different syntheses 
of L - a s c o r b i c a c id . 

Ascorbic Acid via Ct and C5 Fragments 

T h e first synthesis of L - a s c o r b i c a c i d ( l ) was reported i n 1933, 
before the correct structure h a d been determined . I n early 1933, M i c h e e l 
a n d K r a f t (8) suggested that carboxy l i c a c i d (6) was the structure for 
L - a s c o r b i c a c id . A short t ime later the synthesis of D - a s corb i c a c i d s h o w n 
i n Scheme 4 start ing w i t h D -xy losone was reported ( 9 - 1 2 ) . T h i s synthe
sis gave mater ia l i dent i ca l w i t h na tura l L - a s c o r b i c a c i d , except for the 
specific rotat ion, a n d was used ( 9 - 1 2 ) as evidence to support structure 6 
as the structure for L - a s c o r b i c a c id . Short ly after these i n i t i a l reports 
(9-12), the same sequence of reactions was reported (13-15) a n d , h a v 
i n g the advantage of k n o w i n g the correct structure of L - a s c o r b i c a c i d , 
the sequence of reactions l e a d i n g f r o m L - xy losone to L - a s c o r b i c a c i d was 
correct ly dep i c ted as that s h o w n i n Scheme 5; the synthesis proceeds v i a 
3-keto a c i d der ivat ive 3 a. I t is i ron i c that one of the more dif f icult a n d 
impor tant prob lems of those t imes—the synthesis of L - a s c o r b i c a c i d — 
was accompl i shed before the correct structure of 1 was k n o w n . 

T h i s C i homologat ion of osones p r o v e d to be va luab le i n the p r e p a r a 
t i o n of L - a s c o r b i c a c i d analogues (16) as w e l l as i n the preparat ion of 
rad io labe led L - a s c o r b i c a c i d (17-20). T h i s synthesis was greatly i m 
p r o v e d w h e n aldoses were discovered to be d i rec t ly o x i d i z e d to osones 
w i t h c u p r i c acetate ( E q u a t i o n 1) (21). Subsequent ly , the condit ions 
were modi f i ed so that D -xy lose c o u l d be o x i d i z e d to D -xy losone i n 5 0 -
5 5 % y i e l d w i t h c u p r i c acetate i n methano l . T h e intermediacy of the 
i m i n o ether was p r o v e d b y the iso lat ion of 7 w h e n D -g lucosone was 
treated w i t h potass ium cyanide (16). T h e i n i t i a l c y a n o h y d r i n a d d u c t 
(3a) easi ly undergoes cyc l i za t i on to the i m i n o ether intermediate ( aque 
ous so lut ion for 10 m i n at r o o m temperature , Scheme 5 ) . T h i s feature 
w i l l be c o m p a r e d w i t h the condit ions r e q u i r e d for the lac ton izat ion of 
other intermediates . 
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1. C R A W F O R D Synthesis of L-Ascorbic Acid 
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A S C O R B I C A C I D 

C H O 
I 
c=o 
I 

H C O H 
I 

H O C H 

I 
C H 2 O H 

K C N 

C N 
I 

C H O H 
I 
c=o 
I 

H C O H 
I 

H O C H 
I 
C H 2 O H 

3 a C H ? O H 

H C O H 

H C I 

Scheme 5. 

4 0 % overa l l 

C H O 
I 

H O C H 

I 
H C O H 

I 
H O C H 

I 
C H 2 O H 

C u ( O A c ) 2 

5 0 - 5 5 % 

C H O 
I 
c=o 
I 

H C O H 

I 
H O C H 

I 
C H 2 O H 

( D 
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1. C R A W F O R D Synthesis of L-Ascorbic Acid 9 

O H O H 

H C O H 

I 
H C O H 

I 
C H 2 O H 

7 
A second synthesis i n w h i c h a C i f ragment was c o u p l e d w i t h a C 5 

f ragment was reported i n w h i c h a c i d ch lor ide (8 ) was converted to the 
a c y l n i t r i l e (9) b y use of s i lver cyanide (23) (Scheme 6 ) . H y d r o l y s i s 
a n d esterification p r o d u c e d e thy l 3,4,5,6-tetra-0-acetyl-DL-o:t/Zo-2-hexulo-
sonate. T h e condit ions r e q u i r e d for the convers ion of this mater ia l to 
DL-ascorbic a c i d w i l l be discussed later. N o y ie lds were reported for this 
react ion sequence. T h i s synthesis has not been used for the preparat i on 
of analogues or rad io labe l ed derivatives of L-ascorbic a c i d as has the 
osone -cyanide synthesis first reported (9-12). I n contrast to the o s o n e -
cyanide synthesis (Scheme 5) i n w h i c h a 3-ketogulonic a c i d der ivat ive 
is p r o d u c e d , the a c i d c h l o r i d e - s i l v e r cyanide synthesis (Scheme 6) re 
sults i n the format ion of a 2-ketogulonic a c i d der ivat ive (2a) as an 
intermediate i n the ascorbic a c i d synthesis. 

A t h i r d synthesis u t i l i z i n g a C i a n d C 5 c o u p l i n g procedure to p r o 
duce L-ascorbic a c i d was recently reported (24) (Scheme 7 ) . L -Arab inose 
(10) was reduced to L - a r a b i n i t o l a n d protected w i t h f o rmaldehyde to 
prov ide l , 3 : 2 , 4 - d i - 0 - m e t h y l e n e - L - a r a b i n i t o l ( l l ) a l ong w i t h a n u m b e r of 
other products . C o m p o u n d 11 w i t h the free h y d r o x y l group at C 5 a n d 
a l l other h y d r o x y l groups protected is su i tab ly protected for convers ion 
into L-ascorbic a c i d b y ox idat ion to the a ldehyde , carbon-cha in extension 
w i t h potass ium cyanide , then conversion to L-ascorbic a c i d . T h i s synthe
sis uses L-arabinose as the source of ch i ra l i t y b y carbon-cha in invers ion . 
T h u s C 2 a n d C 3 i n arabinose, w h i c h have the same stereochemistry as 
C 4 a n d C 5 i n L-ascorbic a c i d , become C 4 a n d C 5 i n 1 b y r e d u c i n g C l 
of arabinose, selectively ( b u t ineff ic iently) protec t ing C 1 - C 4 , o x i d i z i n g , 
a n d extending the c h a i n at C 5 . 
Ascorbic Acid via C2 and Ck Fragments 

L - A s c o r b i c a c i d was prepared b y u s i n g L-threose as the c h i r a l C 4 

uni t a n d extending to the r e q u i r e d six carbons w i t h the correct ox idat ion 
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10 A S C O R B I C A C I D 
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1. CRAWFORD Synthesis of h-Ascorbic Acid 11 
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12 A S C O R B I C A C I D 

state b y condens ing L - threose (12) w i t h e thy l g lyoxylate i n the presence 
of s o d i u m cyanide (25,26) (Scheme 8 ) . T h e condensat ion proceeds v i a 
a n i o n 13. W h e n this synthesis is car r i ed out i n methano l us ing s o d i u m 
methoxide as the base (25) a n d 12a as the start ing L - threose der ivat ive , 
L - a s c o r b i c a c i d is p r o d u c e d i n 7 5 - 8 0 % y i e l d . 

I n a re lated synthesis (Scheme 9) d i e t h y l oxopropanedioate (15) is 
condensed w i t h the protected c y a n o h y d r i n of L - threose (14), p r o d u c i n g 
L - a s c o r b i c a c i d ( 2 7 ) . T h i s condensat ion presumab ly proceeds v i a the 
a d d i t i o n of an ion 16 to 15 f o l l o w e d b y hydro lys is a n d decarboxylat ion . 
B o t h of these synthetic approaches c o u l d be used i n the preparat ion of 
L - a s c o r b i c a c i d analogues. 

Ascorbic Acid via C6 Sugars 

T h e most impor tant sugar used as a start ing mater ia l for the syn
thesis of L - a s c o r b i c a c i d is D -g lucose (17), w h i c h contains the requis i te 
six carbon atoms, some or a l l of the appropr iate c h i r a l centers ( d e p e n d 
i n g on synthetic a p p r o a c h ) , a n d an attract ively l o w cost. D - G l u c o s e can 
be converted into L - a s c o r b i c a c i d b y t w o different procedures (Scheme 
10) . I n the first procedure , C l of glucose becomes C l of L - a s c o r b i c a c id . 
T h i s a p p r o a c h requires that C l a n d C 2 be ox id i zed a n d the stereochem
istry at C 5 be inverted . I n the second procedure , the carbon c h a i n of 
D - g lucose is inverted . I n this approach C l of glucose must be reduced , 
a n d C 5 a n d C 6 ox id i zed , w i t h the ch i ra l i t y at C 4 a n d C 5 of L - a s c o r b i c 
a c i d c o m i n g f r om that at C 3 a n d C 2 , respectively, i n D -g lucose . Studies 
on the biosynthesis of L - a s c o r b i c a c i d (28) have s h o w n that D - g lucose is 
converted into 1 b y t w o different pathways , one i n w h i c h C l of D -g lucose 
becomes C l of L - a s c o r b i c a c i d a n d one i n w h i c h C l of D -g lucose becomes 
C 6 of L - a s c o r b i c a c i d . Synthet ic approaches to L - a s c o r b i c a c i d that be l ong 
to the latter category ( carbon - cha in invers ion) w i l l be discussed first. 

Glucose to L-Ascorbic Acid . C A R B O N - C H A I N I N V E R S I O N . T h e most 
impor tant synthesis i n this class is the second synthesis deve loped b y 
Re i chs te in a n d Grussner (29) a n d reported i n 1934 (Scheme 11) . D - G l u -
cose was reduced to D - g l u c i t o l (18), w h i c h was fermentat ive ly o x i d i z e d 
to L - sorbose (19). O n treatment w i t h acetone a n d a c i d , a mixture of 
monoprotected (20) a n d d iprotec ted (21) der ivat ives of L - sorbose was 
f o r m e d a n d separated. 2 ,3 :4 ,6 -Di -0 - i sopropyl idene -L -x t /Zo -2 -hexulo fura-
nose (21) was then ox id i zed to the corresponding a c i d (22). W h e n 22 
was heated i n water , L -xt/Zo-2-hexulosonic a c i d (2 -ke to -L - gu lon i c a c i d , 
23) was obta ined ; on heat ing at 100°C 23 was converted i n 1 3 - 2 0 % 
y i e l d into L - a s c o r b i c a c i d . A l t e r n a t i v e l y , 23 was esterified to afford 
m e t h y l L-x*/Zo-2-hexulosonate (methy l -2 -keto -L -gu lonate , 24), w h i c h , after 
treatment w i t h s o d i u m methoxide i n methano l f o l l o w e d b y ac id i f i cat ion , 
p r o d u c e d L - a s c o r b i c a c i d i n 7 3 % y i e l d f r o m 22. T h i s first short, efficient 
synthesis of x -ascorb i c a c i d h a d a n overa l l y i e l d of 1 5 - 1 8 % . 
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1. C R A W F O R D Synthesis of L-Ascorbic Acid 13 
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14 A S C O R B I C A C I D 
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A c O C H C 0 2 E t M e O H , 

H C O R . C=0 
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R O C H C 0 2 E t 

C H 2 O R 

1 4 15 

16 

Scheme 9. 

I n succeeding years each step i n this synthesis was o p t i m i z e d so 
that each i n d i v i d u a l step c a n n o w be c a r r i e d out i n greater t h a n 9 0 % 
y i e l d p r o v i d i n g L -ascorb i c a c i d i n greater t h a n 5 0 % overa l l y i e l d f r o m 
glucose. A s a result of these process improvements this synthesis became, 
a n d remains , the i n d u s t r i a l m e t h o d for the p r o d u c t i o n of L -ascorb i c a c i d . 
A l l efforts to deve lop a less expensive synthesis of L - ascorb i c a c i d have 
been unsuccessful to date. 

T w o process improvements are w o r t h y of spec ia l comment . I n i t i a l l y 
w h e n L -sorbose was treated (29) w i t h acetone a n d su l fur i c a c i d , the 
monoacetonide (20) a n d the d iacetonide (21) were f o rmed . I n subse
quent w o r k researchers f o u n d that w h e n the temperature of the react ion 
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1. C R A W F O R D Synthesis of L-Ascorbic Acid 15 
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Scheme 10. 

was r e d u c e d f r o m r o o m temperature to — 8 - 0 ° C , the y i e l d of 21 i n 
creased to greater t h a n 8 5 % (30-32). A second major improvement 
resul ted w h e n workers f o u n d that 22, 23, or 24 c o u l d be converted to 
L -ascorb i c a c i d v i a a c i d catalysis u n d e r essentially nonaqueous condit ions 
i n greater t h a n 9 0 % y i e l d ( 3 3 - 3 5 ) . A l t h o u g h h i g h y ie lds c a n be ob 
ta ined , the condit ions r e q u i r e d for this convers ion are cons iderably more 
vigorous [toluene, 6 5 ° C , 5 h (34) or c h l o r o f o r m - e t h a n o l , 6 5 ° C , 4 5 - 5 0 h 
( 3 3 ) , b o t h w i t h concentrated h y d r o c h l o r i c ac id ] t h a n those r e q u i r e d for 
the convers ion of c y a n o h y d r i n a d d u c t (31) to L -ascorb i c a c i d (aqueous 
so lut ion at r o o m temperature for 10 m i n ) as no ted prev ious ly . 
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16 A S C O R B I C A C I D 
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1. C R A W F O R D Synthesis of i*-Ascorbic Acid 17 
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18 A S C O R B I C A C I D 

T h e R e i c h s t e i n - G r i i s s n e r synthesis has been used to prepare a n u m 
ber of l a b e l e d derivat ives of L - a s c o r b i c a c i d , s tart ing w i t h l abe l ed D - g l u 
cose (36-40). T h i s synthesis is not amenable to the preparat i on of 
analogues. 

A n alternat ive m e t h o d for pro tec t ing L - sorbose (19) was reported 
(41) a n d is s h o w n i n Scheme 12. N o y ie lds were reported a n d i t appears 
to offer no advantages over the R e i c h s t e i n - G r i i s s n e r synthesis. 

At tempts to e l iminate the pro tec t i on -depro tec t i on steps i n the R e i c h 
s t e i n - G r i i s s n e r synthesis b y c a r r y i n g out a h i g h - y i e l d c h e m i c a l or fer 
mentat ive ox idat ion step d i rec t ly o n g l u c i t o l (18) or L - sorbose (19) were 
unsuccessful (Scheme 13) . T h e best result reported is the p l a t i n u m (or 
re la ted metals ) ca ta lyzed a i r ox idat ion of 19 to 23 ( 6 2 % y i e l d ) (42). 

Scheme 12. 
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1. C H A W F O R D Synthesis of i*-Ascorbic Acid 19 
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20 A S C O R B I C A C I D 

A n alternative m e t h o d of p r e p a r i n g L - a s c o r b i c a c i d was reported b y 
B a k k e a n d T h e a n d e r (Scheme 14) (43). I n this synthesis D - g lucose was 
first o x i d i z e d at C 6 , then at C 5 , a n d then reduced at C l . T h i s contrasts 
w i t h the R e i c h s t e i n - G r i i s s n e r synthesis i n w h i c h glucose was first r educed 
at C l , then o x i d i z e d at C 5 , a n d then at C 6 to achieve the requisite 
inver ted carbon cha in . T h e key intermediate i n the B a k k e - T h e a n d e r 
synthesis, ketolactone (25) was prepared earl ier (44,45) but was not 
converted to 1. H y d r o l y s i s of 25 af forded 6 -a ldehydo -L -ascorb ic a c i d 
(26, aldehydo-L-£/ireo-hex-4-enurono-6,3-lactone) as an uniso lated inter 
mediate . C o m p o u n d 26 was not prev ious ly synthesized. T h e reduc t i on 
of 26 af forded 1. T h i s synthesis of 1 is used effectively i n the preparat ion 
of l abe led derivatives of 1 (46). I t is not use fu l for the preparat i on of 
analogues. 

A n o t h e r synthesis of L - a s c o r b i c a c i d became obvious once the B a k k e -
T h e a n d e r synthesis was reported (Scheme 15) (47). D - G l u c u r o n o l a c t o n e 
(27) is protected w i t h acetone to afford 28, w h i c h can be o x i d i z e d to 
ketolactone (25), the key intermediate i n the B a k k e - T h e a n d e r synthesis. 
T h e preparat ion of 25 was reported b y a n u m b e r of workers (44,45,48). 

A n o t h e r method for convert ing D - g lucurono lac tone (27 ) into L - a s c o r 
b i c a c i d is shown i n Scheme 16 (49). W h e n L - g u l o n o - l , 4 - l a c t o n e (29), 
w h i c h is read i ly ava i lab le b y the reduc t i on of 27, is treated w i t h benz -
a ldehyde , 3 ,5 -0 -benzy l idene -L - gu lono - l , 4 - lac tone (30) is f o rmed . 

L a c t o n e 30 on ox idat ion at C 2 gives ketolactone (31), w h i c h on 
hydro lys is i n acetic a c i d - w a t e r afforded L - a s c o r b i c a c i d (Scheme 16) . 
T h i s synthesis a n d the B a k k ^ - T h e a n d e r synthesis are a m o n g the f e w 
syntheses that do not have as the last step the lac ton izat ion of a n appro 
pr iate 2- or 3-keto sugar a c i d or der ivat ive . T h e a p p r o a c h s h o w n i n 
Scheme 16, the protect ion of either the C 2 or C 3 h y d r o x y l group i n a n 
appropr iate 1,4-lactone f o l l o w e d b y the ox idat ion of the unprotected 
h y d r o x y l to a ketone a n d then b y hydro lys is , can be general ly used to 
convert L - g u l o n o - , L - ga la c t ono , a n d L - t a l ono - l , 4 - l a c t one to L - a s c o r b i c a c i d 
( 5 0 ) . 

W h e n L - g u l o n o - l , 4 - l a c t o n e (29) was treated w i t h benza ldehyde d i 
e thy l acetal , e thy l 3 ,5 :4 ,6 -d i -0 -benzy l idene -L - gu lonate (32) was formed 
(49) i n greater t h a n 9 0 % y i e l d (Scheme 17) . T h i s der ivat ive c a n be 
converted efficiently into L - a s c o r b i c a c i d b y ox idat ion ( > 9 0 % ) f o l 
l o w e d b y hydro lys is of the resu l t ing p r o d u c t to e t h y l 2 -keto -L -gulonate 
(L -xt /Zo-hexulosonate) ( 8 6 % ) a n d lac ton izat ion b y either a c i d or base 
( 9 0 % ) to L - a s c o r b i c a c i d . 

E i t h e r this synthesis or that s h o w n i n Scheme 16 is suitable for the 
preparat i on of C 6 deuterated or t r i ta ted derivat ives of L - a s c o r b i c a c i d 
r e d u c i n g 27 w i t h d e u t e r i u m or t r i t i u m enr i ched gas or w i t h l a b e l e d 
s o d i u m borohydr ide (51). 
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1. C R A W F O R D Synthesis of L-Ascorbic Acid 
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22 A S C O R B I C A C I D 
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Scheme IS. 

T h e d irect c h e m i c a l ox idat ion of 29 to L -ascorb i c a c i d was reported 
b u t the y ie lds are poor ( < 1 0 % ) ( 5 2 ) . A more efficient b u t not yet 
p r a c t i c a l m e t h o d for the convers ion of 29 to 1 was deve loped . T h i s 
m e t h o d uses a n enzyme system iso lated f r o m a var ie ty of n a t u r a l sources, 
i n c l u d i n g germinat ing peas ( 4 0 % y i e l d ) ( 5 3 ) . 

F i n a l l y , L - g u l o n i c a c i d c a n be read i l y converted into L -xt / to-2-hexu-
losonate u s i n g a n u m b e r of microorganisms ( 5 4 , 5 5 ) , i n c l u d i n g Aceto-
bacter suboxydans a n d Xanthomonas translucens (Scheme 18 ) . 

A second synthesis that involves the ox idat ion of glucose at C 6 , 
r e d u c t i o n at C l , a n d then ox idat ion at C 5 (glucose n u m b e r i n g ) is s h o w n 
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1. CHAWFORD Synthesis of i.-Ascorbic Acid 23 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

00
1



24 A S C O R B I C A C I D 
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1. C R A W F O R D Synthesis of i,-Ascorbic Acid 25 
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Scheme 18. 

i n Scheme 19 (56-58). T h i s mult is tep synthesis involves the conversion 
of D - g l u c u r o n i c a c i d into 33 ( a der ivat ive of gulonic a c i d ) f o l l o w e d b y 
ox idat ion to 34 a n d hydro lys is to m e t h y l L-xt/Zo-2-hexulosonate ( 3 6 ) 
v i a 35. 

N o C A R B O N - C H A I N I N V E R S I O N . T h i s section w i l l discuss the methods 
b y w h i c h D -g lucose has been converted to L - a s c o r b i c a c i d w i t h o u t car 
bon - cha in invers ion. These syntheses of L - a s c o r b i c a c i d f r o m D - g lucose 
w i t h o u t carbon-cha in invers ion invo lve the ox idat ion of D -g lucose at C l 
a n d C 2 , a n d the invers ion of c h i r a l i t y at C 5 . 

T h e first synthesis reported i n this class is shown i n Scheme 20. D -
Glucose can be efficiently ( > 9 0 % ) ox id i zed fermentat ively to c a l c i u m 
D-xt/Zo-5-hexulosonate ( 3 7 ) us ing Acetobacter suboxydans (59). T h e 
reduct ion of 37 has been s tud ied b y several researchers. T h e best results 
were obta ined us ing p a l l a d i u m bor ide a n d h y d r o g e n a n d afforded a 
mixture of c a l c i u m idonate ( 3 8 ) a n d c a l c i u m gluconate ( 3 9 ) i n the rat io 
of 73:27 (60). O t h e r catalyt ic hydrogenat ion condit ions resulted i n a 
l ower y i e l d of 38, but reduct ion w i t h s o d i u m borohydr ide afforded a 1:1 
mixture of 38 a n d 39 (61). T h e mixture of 38 a n d 39 can be efficiently 
converted to pure L-xt/Zo-2-hexulosonic a c i d ( 2 3 ) b y fermentat ive ox ida 
t i on of 38 to 23 a n d fermentative destruct ion of 39 us ing various orga
nisms, i n c l u d i n g Pseudomonas fluorescens (62,63). T h e y i e l d of 23 
based on start ing idon i c a c i d is greater than 9 0 % . Based on D-xylo-5-
hexulosonic ac id , the y i e l d of 23 is 5 0 - 6 0 % . A c i d 23 can be converted 
to L - a s c o r b i c a c i d as prev ious ly descr ibed. T h u s i n this synthesis, C l is 
ox id i zed , the stereochemistry at C 5 is inver ted v i a ox idat ion to the 
ketone a n d reduct ion , a n d then C 2 is ox id ized . T h i s synthesis is not 
suitable for the preparat ion of analogues, b u t c o u l d be used for p r e p a r i n g 
C 5 - l a b e l e d derivatives of L - a s c o r b i c a c id . 
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26 A S C O R B I C A C I D 

C 0 2 H C 0 2 M e 
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Scheme 19. 
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28 A S C O R B I C A C I D 

A second synthesis in which the carbon chain of D-glucose (17) is 
not inverted was reported (64). In 1953, glucose (17) was converted to 
D-f/treo-2,5-hexodiulosonic acid (2,5-diketo-D-gluconic acid, 40) by fer
mentative oxidation with Acetobacter melanogenum (Equation 2 ) . Sub
sequently, more efficient fermentations of D-glucose to 40 using Pseudo-
monas albosesame (65,66), Acetobacter fragum (67), and A . cerines 
(68) were reported. The gross chemical structure of this material was 
proved by Katznelson et al. (64). It was not until the work of Andrews 
and coworkers that 40 was shown to exist in aqueous solution in the 
hydrated pyranose form (40a) ( 6 9 , 7 0 ) . 

D-£/ireo-2,5-Hexodiulosonic acid (40) is a pivotal intermediate in 
this ascorbic acid synthesis because the oxidation of glucose at C l and 
C 2 has already been accomplished and the inversion of stereochemistry 

H O 

H O C H 

H C O H 

H C O H 

H C O H 

I 
I 

A c e t o b a c t e r 
m e l a n o g e n u m 

c=o 
I 

H O C H 

I 
H C O H 

I 
c=o 

(2 ) 

C H 2 O H C H 2 O H 

4 0 

O H 

H O 

C 0 2 N a 

H O 
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1. C R A W F O R D Synthesis of L-Ascorbic Acid 29 

at C 5 is ha l f c omple ted b y ox idat ion of the C 5 h y d r o x y l group to a 
ketone. A l l that remains is the d e m a n d i n g regiospecif ic a n d stereospecific 
reduct ion of the C 5 ketone to the equator ia l h y d r o x y l group (Scheme 21) 
to afford L-xt/Zo-2-hexulosonic a c i d ( 2 3 ) , w h i c h can be converted to 
L - a s c o r b i c a c i d i n h i g h y i e l d . F o r a summary of the methods b y w h i c h 
this reduct ion was attempted, see Scheme 21. 

T h e fermentat ive reduct ion of 40 u s i n g several microorganisms was 
reported. M o s t organisms produce 23 i n l o w y i e l d and , i n some cases, as 
a mixture of C 5 h y d r o x y l epimers (71,72). T h e most p r o m i s i n g fer
mentat ive reduct ion reported uses a Corynebacterium species a n d p r o 
duces approx imate ly 5 0 % y i e l d of 23 f r o m 40 at 7.8% b r o t h concentra
t i on (Scheme 21) (73,74). 

T h e regioselective catalyt ic hydrogenat ion of 40 afforded a mixture 
of D -arafowo-2-hexulosonic a c i d ( 4 1 ) a n d L-xt/Zo-2-hexulosonic a c i d ( 2 3 ) 
w i t h 41 p r e d o m i n a t i n g (75,76). T h i s result is i n complete accord w i t h 
the proposed so lut ion structure for 40 ( 4 0 a ) because catalyt ic h y d r o 
genation of cyclohexanones affords p r e d o m i n a n t l y ax ia l h y d r o x y l groups. 

W i t h the cata lyt i c hydrogenat ion results i n h a n d a n d k n o w i n g the 
solut ion structure of 40 , A n d r e w s et a l . (76) correct ly p red i c t ed that the 
reduct i on of 40 w i t h s o d i u m borohydr ide w o u l d result i n the format ion 
of the desired L - i s o m e r ( 2 3 ) as the major product . A n 8 9 % y i e l d of a n 
86:14 mixture of 23 :41 was obta ined ; the development of an efficient 
L - a s c o r b i c a c i d synthesis (Scheme 22) f o l l owed . D - G l u c o s e is converted 
to 40 i n greater than 9 0 % y i e l d w i t h either Acetobacter fragum (66) or 
A. cerinus (67). R e d u c t i o n affords the above-ment ioned mixture of 23 
a n d 41 i n 8 9 % y i e l d . T h i s mixture can be converted to pure 23 b y the 
selective fermentat ive destruct ion of 41 (77) us ing Psuedomonas fluo-
rescens. S o d i u m L-xt/Zo-2-hexulosonate is then isolated a n d converted to 
m e t h y l L -xt/ fo-2-hexulosonate ( 2 4 ) w i t h methano l a n d a c i d , at the same 
t ime remov ing res idual bor ic a c id as t r imethy l borate (78). A s prev ious ly 
noted, 24 can be converted i n h i g h y i e l d to 1. T h e mixture of 23 a n d 41 
can also be converted to a mixture of m e t h y l ester that on crys ta l l i zat ion 
affords pure 24 ( 76). L - ( 5 - 2 H ) A s c o r b i c a c i d has been prepared u s i n g 
this procedure (76). T h e reduct i on of 40 can be carr i ed out more effi
c ient ly us ing d imethy lamineborane , w h i c h affords a 92 :8 mixture of 
23 :41 i n 9 5 % y i e l d ( 79 ) . 

I n a re lated synthesis m e t h y l D-0rafoino-2-hexulosonate ( 4 2 ) was 
converted, v i a a series of selectively protected intermediates, into 43 , a 
protected der ivat ive of D-£/ireo-2,5-hexodiulosonic a c i d (Scheme 2 3 ) . 
Stereoselective reduct i on of 43 w i t h s o d i u m borohydr ide afforded 44 , 
w h i c h was converted to L - a s c o r b i c a c id . T h e overa l l y i e l d was 3 6 % . 
T h i s synthesis was also used to prepare L - ( 5 - 2 H ) ascorbic a c id . 
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Scheme 23. 
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1. C R A W F O R D Synthesis of L-Ascorbic Acid 33 

Ascorbic Acid via C6 Sugars Other Than Glucose 

D u r i n g the w o r k d irec ted t o w a r d the synthesis of L - a s c o r b i c a c i d 
f rom D -g lucose , a number of C 6 sugar acids was synthesized, i n c l u d i n g 
L - i d o n i c a n d L - g u l o n i c acids i n part i cu lar . O n e other sugar a c id , L - g a l a c -
tonic a c i d , w h i c h is not r ead i l y der ived f r o m D -g lucose , was used to 
prepare L - a s c o r b i c a c i d (82, Scheme 24 ) . P e c t i n , w h i c h can be obta ined 
f r o m beet p u l p or orange or grapefrui t pee l , can be converted to D - g a l a c -
turonic a c i d (45) v i a enzymat i c hydro lys is . C a t a l y t i c reduct ion of 45 
over R a n e y n i c k e l afforded L - g a l a c t o n i c a c i d (46) i n 9 3 % y i e l d . A c i d 
46 was then o x i d i z e d to L-Zt/xo-2-hexulosonic a c i d (47) i n 2 5 - 3 0 % y i e l d . 
K e t o a c i d 47 was converted to 1 v i a esterification ( 9 0 % y i e l d ) a n d base-
ca ta lyzed cyc l i za t i on ( 7 1 % y i e l d ) . N o fermentat ive ox idat ion of L - g a l a c 
tonic a c i d to 47 was reported . A h i g h - y i e l d fermentat ive ox idat ion p r o b 
a b l y c o u l d be developed. ( N o t e a d d e d i n proof : A recent U . S . patent 
describes a n inefficient fermentat ion ox idat ion of L - g a l a c t o n i c a c i d to 47.) 

N o other C 6 sugar acids have p r o v e d important i n the synthesis of 
L - a s c o r b i c ac id . I n Scheme 25 the first m e t h o d b y w h i c h L - ( 4 - 3 H ) a s c o r -

P e c t i n 

C 0 9 H 

H O C H 
I 

H C O H 

I 
H C O H 
I 

H O C H 
I 

C H O 

9 3 % 

C 0 9 H 

I 2 

H O C H 

I 
H C O H 
I 

H C O H 
I 

H O C H 

2 5 - 3 0 % 

I 
C H 2 O H 

C H 2 O H 

C H 2 O H 

Scheme 24. 
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34 A S C O R B I C A C I D 

C H 9 0 H 

I 
H C O H 

K O H 

M e O H - H 2 0 

p l u s 3 H 2 0 

C H ^ O H 
I 2 

H C O H 

O H X>H O H 
H C O H 
I 

C H 2 O H 

Scheme 25. 

b i c a c i d was p r e p a r e d (83,84) is shown. A second m e t h o d for L - ( 4 - 3 H ) -
ascorbic a c i d synthesis was recently reported ( 8 5 ) . T h i s mater ia l was 
p r e p a r e d v i a the ascorbic a c i d synthesis s h o w n i n Scheme 14 ( the B a k k e -
T h e a n d e r synthesis ) , s tart ing w i t h D - ( 3 - 3 H ) g l u c o p y r a n o s e p r e p a r e d b y 
the cata lyt i c r educ t i on of l ,2 :5 ,6 -d i -0 - i sopropyl idene-a -D - r i foo -hex-3-ulo -
furanose us ing t r i t i u m gas. 
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Crystallography of the Ascorbates 

JAN HVOSLEF 

University of Oslo, Department of Chemistry, Blindern, Oslo 3, Norway 

A review of the various ascorbates is given in terms of 
the results from crystal structure determinations. The acid 
itself and the simple, monovalent salts consist of roughly 
planar γ-lactone rings with side-chains in a more or less 
staggered conformation. The acidity of the compound is 
associated with the proton at O3 because of the conjugated 
O1=C1—C2=C3—O3 system in the ring. By esterification 
the location of the ester group can be at either C2 or C3, 
but the C2 position is presumably the stabler site. By oxi
dation of the vitamin dehydroascorbic acid is produced in 
different isomeric forms, depending on the solvent, on the 
time, and on a possible substituent in the lactone ring. 
The usual crystalline compound is a dimer comprising five 
fused rings, whereas monomeric derivatives are bicyclic, 
except in cases where the substituents induce sp2 hybridi
zation at C3. 

In the mid 1930s x-ray crystallographers (1) attempted to assist chemists 
(2) in the elucidation of the chemistry of vitamin C. The trial was 

destined to be unsuccessful, but could nevertheless support the brilliant 
chemical works that eventually lead to a correct chemical formula and 
to the synthesis of the vitamin (3). This relatively small and simple 
molecule, comprising only 20 atoms, has intrinsic properties that diversify 
its chemical behavior and mask its constitution. Features such as acidity 
without a carboxyl group, an unusually stable γ-lactone ring, reducing 
power, and two chiral carbon atoms form a combination with enigmatic 
biological functions that still puzzle chemists and biologists in the 1980s. 

With the advent of modern methods in crystallography the detailed 
geometries of ascorbates became accessible, and to date a number of 
crystal structures are known (Table I). The motivation for these investi
gations was originally not any doubt about the gross structures of the 
ascorbates arrived at by chemical means; the x-ray results also generally 

0065-2393/82/0200-0037$06.25/0 
© 1982 American Chemical Society 
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38 A S C O R B I C A C I D 

Table I. Crystallographic Data on 

Compound Formula Reference 

L - A s c o r b i c ac id CQHLSOQ (6-8) 

S o d i u m L - as corbate N a + C 6 H 7 0 6 - (10) 

C a l c i u m L - as corbate d i h y d r a t e C a 2 + ( C 6 H 7 0 6 ) 2 " • 2 H 2 0 (12-W 

T h a l l i u m (I) -L - a s c o r b a t e T 1 + C 6 H 7 0 6 - (11) 

L - S e r i n e - L - a s c o r b i c ac id C 3 H 7 N 0 3 • C 6 H 8 0 6 (9) 

L - A r g i n i n e L - a s corbate C 6 H 5 N 4 0 2
+ • C 6 H 7 0 6 - (15) 

B a r i u m 2 - 0 - s u l f o n a t o - L -
ascorbate d ihydra te 

B a 2 + ( C 6 H 6 0 9 S ) 2 - • 2 H 2 0 (18) 

3 - 0 [ (bismorphol ino) phos-
p h i n y l ] - 5 , 6 - 0 - i s o p r o p y l i d e n e -
L - a s corbate 

C17H27N2O9P (21) 

Dehydroascorb i c ac id d imer C12H12O12 (4) 

p - B r o m o p h e n y l h y d r a z i n e of 
monomeric d e h y d r o -L - a s c o r b i c 
ac id 

C i a H n O s N ^ r (25) 

M e t h y l glycoside of 2 - C - b e n z y l -
3-keto -L - fa /xo-hexulosonic 
ac id lactone 

C u H i e O e m) 

D - Isoascorbic ac id CeHgOe (26) 

S o d i u m D - i soascorbate -mono-
hydrate 

N a + C 6 H 7 0 « - • H 2 0 (27) 

°The technique used is indicated by: F, film; D , diffractometer; or N , neutron 
diffraction spectrometer. 

conf i rmed the p r e d i c t e d c h e m i c a l f ormulae a n d b o n d i n g propert ies . 
Surprises came, however , w h e n the v i t a m i n s ox idat ion product , dehydro 
ascorbic ac id , was examined b y x-ray a n d N M R methods (4,5). V i r t u a l l y 
a l l textbooks are shown to be mis lead ing i n their assessment of the 
structure of this c ompound . T h i s should actual ly not be surpr is ing , for 
the f o r m u l a commonly used is unacceptable for various reasons. M a n y 
details of the ox idat ion are s t i l l left to be sorted out, but they present 
dif f icult tasks because of the compl i ca ted react ion mechanism. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

00
2



2. H V O S L E F Crystallography of the Ascorbates 39 

L-Ascorbic A c i d and Some Derivatives 

Average e.s.d. in Bond 
Space Lengths [Method 
Group Unit Cell Dimensions (A) and Angles (°)]* 

P 2 i a = 1 7 . 2 9 9 , b = 
0 = 102.18° 

= 6.353, c = 6.411 A ; 0.003 A 0.2° F , N 

a = 19.051, b = = 4.490, c = 8.516 A 0.006 0.4 F 

P 2 t a = 8.335, b = 
j8 = 107.48° 

15.787, c = 6.360 A ; 0.004 0.2 D 

P 2 1 2 i 2 1 a = 10.883, b = = 18.598, c = 8.066 A 0.040 — D 

P 2 1 2 1 2 1 a = 5.335, b = 8.769, c = 25.782 A 0.005 0.3 D 

P 2 i a = 5.060, b = 
0 = 97.5° 

9.977, c = 15.330, 0.006 0.4 D 

P I a = 5.201,6 = 
a= 99.54°, /? = 

6.951, c = 8.732 A 
= 93.92°, y = 109.12° 

0.004 0.2° D 

P 2 X a = 9.487, b = 13.570, c = 8.355 A — — D 

C 2 a = 15.728, b = 
y3 = 130.56° 

= 5.530, c = 9.453 A ; 0.006 0.5 F 

P 2 1 2 1 2 1 a = 18.020, b = = 12.859, c = 5.754 A 0.008 0.6 D 

P 2 1 2 1 2 1 a = 6.339, b = 9.739, c = 22.484 A 0.004 0.3 D 

P2x a = 5.165, b = 
0 = 99.50° 

14.504, c = 4.724 A ; 0.005 0.3 D 

P 2 1 2 1 2 1 a = 8.307, 6 = 9.049, c = 11.181 0.007 0.4 D 

X - r a y analyses have also p r o v e d use fu l i n u n r a v e l i n g other complex 
s tructura l prob lems i n this field, a n d w e sha l l r e v i e w some w o r k done 
o n ascorbates b y di f fract ion methods. 

Ascorbic Acid and Its Salts 

Ascorbic Acid . V i t a m i n C (L-ascorb ic a c i d ) was the first ascorbate 
to be s tud ied i n de ta i l b y di f fract ion methods (6,7,8). I t crystal l izes in 
the monoc l in i c space group P 2 i w i t h four molecules i n the u n i t c e l l as 
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40 A S C O R B I C A C I D 

s h o w n i n F i g u r e 1. T h e r e are t w o molecules , A a n d B, i n the asymmetr i c 
un i t , b u t they are re lated i n pairs b y pseudo screw axes a l ong [010] i n 
the positions (x — 1/4, z = 5 / 8 ) a n d (x — 3 /4 , z — 3 / 8 ) . I n the crys 
tals the independent molecules are s l ight ly different, m a i n l y because of a 
s m a l l difference i n the or ientat ion of the almost i d e n t i c a l s ide-chains. 
T h e d is t inc t ion is def ined b y a + / — 7 . 9 ° twis t about the C 4 - C 5 b o n d to 
each side of a n idea l l y staggered conformat ion where 0 5 is s i tuated 
above the r i n g a n d where 0 6 is + 8 . 3 ° f r o m anti to 0 5 . T h e interatomic 
distances a n d angles, however , are almost i dent i ca l i n the independent 
molecules , w h i c h have the average values shown i n F i g u r e 2. 

T h e C - C a n d C - O b o n d lengths show some interest ing var iat ions , 
a n d exp la in i n a s t r ik ing w a y the observed c h e m i c a l properties . T h e 
l o ca l i za t i on of the proto ly t i c pro ton to 0 3 was obvious f r o m the b o n d i n g 
propert ies of the conjugated 0 1 = C 1 — C 2 = C 3 — 0 3 — H system, a n d i t 
has later been conf irmed b y the structure of a n u m b e r of salts. W h e r e a s 
the e n e - d i o l i c group is ent ire ly p lanar , the lactone group shows m i n o r 
var iat ions f r o m p lanar i ty . These deviat ions are presumably caused b y 
p a c k i n g effects be ing different i n the two independent molecules. H o w 
ever, the w h o l e r i n g system can be adequate ly descr ibed as p l a n a r 
because the best planes t h r o u g h the lactone a n d the e n e - d i o l group i n 
each molecule are at only 0.6° to each other. 

Figure I . View of the structure of "L-ascorbic acid along [010] and the cone-
sponding three-dimensional electron density. (Reproduced, with permission, 

from Ref. 7.) 
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2. H V O S L E F Crystallography of the Ascorbates 41 

Figure 2. Average values of bonding distances and angles in L-ascorbic acid. 
(Reproduced, with permission, from Ref. 7.) 

A l l the oxygen atoms, except 0 4 , are engaged i n hydrogen bonds , 
a n d the interactions i n v o l v i n g the e n e - d i o l oxygen atoms are par t i cu lar ly 
strong a n d about 0.15 A shorter t h a n the u s u a l a l coho l i c interactions. 
T h e hydrogen b o n d system for each of the two independent molecules 
is s h o w n i n F i g u r e 3, a n d i t is noteworthy that the pat tern is s imi lar for 
A a n d B a l though the environments are different a n d the donor -acceptor 
sequence is reversed, except for 0 3 . 

T h e ascorbic a c i d molecule has also been s tudied i n the crystal l ine 
complex w i t h L - s e r i n e [ C H 2 ( O H ) C H ( N H 2 ) C O O H ] , recently reported 
b y Sudhakar , B h a t , a n d V i j a y a n ( 9 ) . T h e crystals are or thorhombic 
w i t h Z = 4, a n d the molecules are m a i n l y h e l d together b y h y d r o g e n 
bonds. T h e i n d i v i d u a l components are b o t h neutra l , a n d the mo lecu lar 
dimensions i n the ascorbic a c i d molecule are not s ignif icantly different 
f r o m those i n the pure a c i d . T h e s ide -chain conformat ion varies b y 
rotat ion of 0 6 about the C 5 - C 6 b o n d to a near gauche arrangement, 
thus b r i n g i n g i t close to the s i tuat ion i n s o d i u m ascorbate (10). T h e 
h y d r o g e n b o n d system is, of course, different, a n d i t is interest ing to note 
that the carboxy l group of L - s e r i n e is t i e d to the e n e - d i o l group of L - a s c o r 
b i c a c i d ( F i g u r e 4) t h r o u g h rather short h y d r o g e n bonds (2.542 a n d 
2.642 A ) . 

Salts of A s c o r b i c A c i d . I n salt f o rmat ion the i on iza t i on of L - a s c o r b i c 
a c i d is closely associated w i t h the behavior of the e n e - d i o l group a n d the 
conjugated 0 1 = C 1 — C 2 = C 3 — 0 3 system. A l l the salts w e k n o w so far 
are f o r m e d b y dissoc iat ion of the pro ton at 0 3 only , a n d are hence 
monovalent . B i v a l e n t anions pred i c t ed f r o m studies of solutions have 
not been iso lated a n d character ized . 

C o m m o n to the invest igated ascorbate anions are the signif icant 
l engthening of the double , shortening of the single bonds i n the con ju -
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42 A S C O R B I C A C I D 

Figure 3. Environment and hydrogen bonding for molecules A and B. Oxygen 
atoms in neighboring molecules are indicated by triple circles. (Reproduced, 

with permission, from Ref. 7.) 

gated system, a n d changes i n the angular d i s t r ibut i on , especial ly at C 2 
a n d C 3 . 

Selected values of b o n d lengths a n d angles i n the ascorbate a n i o n 
are g iven i n T a b l e I I a n d are c o m p a r e d w i t h those of the free a c id . 

T a k i n g the b o n d i n g properties of the lactone group into account also, 
the observations support the v i e w that the an ion m a y be thought of as a 
resonance h y b r i d of I, II, a n d III, b u t w i t h a d o m i n a t i n g cont r ibut i on 
f r o m I. 

( X I I ) 

0(16) 

Figure 4. The hydrogen-bonded interaction between the ene-diol group of 
ascorbic acid and the carboxylate group of serine. The primed atom belongs to 

a neighboring molecule. (Reproduced, with permission, from Ref. 9.) 
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44 A S C O R B I C A C I D 

T h e effect of a n i m p a i r e d sp2 h y b r i d i z a t i o n at C 2 a n d C 3 is con forma
t i o n a l l a b i l i t y i n the y-lactone r i n g . A s a result , the p r o x i m i t y of a 
meta l l i c cat ion causes this r i n g to deviate f r o m p l a n a r i t y ; i t also increases 
0 2 — C 2 = C 3 — 0 3 d i h e d r a l angles. T y p i c a l is the effect on salts l i k e 
N a ascorbate ( 1 0 ) , T l ( I ) - a s c o r b a t e (11) a n d C a ascorbate d ihydra te 
(13,14) where the angle be tween the m e a n planes def ined b y the lactone 
group ( 0 4 , C 4 , C 1 , 0 1 , C 2 ) a n d the e n e - d i o l group ( C 2 , 0 2 , C 3 , 0 3 ) occa
s ional ly is as h i g h as 8 ° . A somewhat smal ler angle ( 5 ° ) is observed i n 
L - a r g i n i n e ascorbate (15) where the influence of a meta l l i c cat ion is 
avo ided . 

Whereas the conformat iona l differences i n the r ings are moderate , 
the side-chains are f o u n d to be more susceptible to the influence of 
p a c k i n g , meta l coord inat ion , a n d h y d r o g e n b o n d i n g . I n most cases the 
ascorbate ions have 0 5 i n a rough ly staggered pos i t ion , b u t w i t h appre 
c iable tolerance. 0 6 has either a near anti or near gauche or ientat ion 
as i l lustrated i n F i g u r e 5. 

* V 

Figure 5. Dihedral angles (parentheses) U (gauche) and V (anti) for 05-C5-
C6-O6 in ascorbates. 

The gauche orientation occurs in: ascorbic acid in serine complex (66°), sodium ascor
bate (70°), thallium ascorbate A (71.7°), arginine ascorbate (56°), barium 2-O-sulfo-
nato-L-ascorbate dihydrate (73.3°). The anti orientation occurs in: ascorbic acid 
(8.3°), thallium ascorbate B (1°), p-bromophenylhydrazine of dehydroascorbic acid 

(1.2°). 
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2. H V O S L E F Crystallography of the Ascorbates 45 

I n certa in cases, exceptions to these rules are observed. I n one of 
the t w o independent anions (B) of C a ascorbate d ihydrate , 0 5 ( F i g u r e 
6 ) adopts a rare, unfavorab le ( p e r i ) in teract ion (16) w i t h 0 3 . I n a d d i 
t i o n , 0 6 is rotated about C 5 - C 6 to p e r m i t the three oxygen atoms 0 3 , 
0 5 a n d 0 6 to f o r m a n interest ing tr identate complex w i t h C a 2 + . M o l e -

Figure 6. Perspective drawing of the independent ascorbate anions A and B. 
Distances and angles for the nonhydrogen atoms are included in the drawing. 

(Reproduced, with permission, from Ref. 13.) 
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46 A S C O R B I C A C I D 

cu le A can be d e r i v e d f r o m B b y ro tat ing the s ide -chain b y —117° 
a r o u n d C 4 - C 5 , a n d the oc tahedra l coord inat ion a r o u n d C a 2 + is c o m 
p le ted b y 0 5 a n d 0 6 f r o m A , t w o water molecules , a n d O l f r o m a s y m 
metry equiva lent of B . 

T h e structure of C a ascorbate d ihydra te was s imultaneously deter
m i n e d b y t w o independent groups (12,13), a n d the i r da ta a n d results 
were subsequently c o m p a r e d a n d a n a l y z e d b y A b r a h a m s et a l . (14). 
Some general conclusions c o u l d b e d r a w n f r o m this invest igat ion w i t h 
respect to the g iven values of s tandard deviat ions, to the effect of a n o m a 
lous scattering o n atomic coordinates, a n d to the absolute conf igurat ion 
of the molecule i n quest ion. 

A m o n g the salts i n the ascorbate series is also B a 2-O-sul f o n a t o - L -
ascorbate d ihydrate that is d e r i v e d f r o m the ascorbic a c i d 2-sulfate ester. 
T h i s b i o l og i ca l l y impor tant c o m p o u n d (17) was m u c h debated because 
i t was diff icult to dec ide whether the sulfate group was at tached to C 2 
or C 3 . T h e s t ructura l analysis b y M c C l e l l a n d (18) p r o v e d the site to 
be at C 2 as s h o w n i n F i g u r e 7. T h e b o n d lengths, angles, a n d resonance 
forms are c lear ly s imi lar to those of the s imple ascorbate anions irrespec
t ive of the effect of the sulfate group attached to C 2 . 

A s imi lar a n d even more complex p r o b l e m arose for the phosphate 
ester of ascorbic a c i d , a n d aga in x-ray methods p r o v e d use fu l i n u n r a v e l 
i n g the d i l e m m a of where to assign the phosphate group. T h e pos i t i on 
assigned b y the o r ig ina l authors (19) was at C 3 , but L e e et a l . (20) 
a n d others contended that was at C 2 . I n a recent, interest ing paper b y 

Figure 7. Configuration, bond lengths (A), and bond angles (°) of the 2 - 0 -
sulfonato-L-ascorbate anion. (Reproduced, with permission, from Ref. IS.) 
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2. H V O S L E F Crystallography of the Ascorbates 47 

Jernow et a l . (21) a br ie f c rysta l lographic analysis demonstrates that a 
der ivat ive of this ester, the ( 3 - 0 - ( b i s m o r p h o l i n o ) p h o s p h i n y l ) 5,6-iso-
propy l idene -L -ascorbate , indeed has its phosphate group attached to C 3 . 
T h e molecu lar structure is shown i n F i g u r e 8, b u t unfortunate ly no de 
tails of the structure are g iven u n d e r the c ircumstances ; on ly the gross 
structure was requ i red . N o in format ion is therefore ava i lab le w i t h respect 
to the state of conjugat ion, b u t i t is expected to be different f r o m that i n 
the s imple salts a n d i n the 2-O-esters. U p o n a c i d hydro lys is of the c o m 
p o u n d , the authors c l a i m that a n unstable 3-O-phosphate is i n i t i a l l y 
f o rmed , b u t that i t r a p i d l y isomerizes to the stabler 2-O-phosphate . I t 
is c onc luded that the tris ( cyc lohexyl ) a m m o n i u m salt of the ascorbic a c i d 
phosphate, first prepared b y C u t o l o a n d L o r i z z a (19) a n d assigned the 
3-O-phosphate, is i n fact the 2-O-phosphate as proposed b y L e e et a l . (20). 

A l l the compounds ment ioned above have c o m m o n features w i t h 
respect to molecu lar a n d crysta l structures, a n d the results a r r i v e d at 
b y different authors are hearteningly unanimous . F o r the h y d r o g e n b o n d 
system, for example, i t is establ ished that the distances associated w i t h 
the e n e - d i o l i c hydroxy ls are signficantly shorter t h a n the others ( T a b l e 
I I I ) . A va lue w e l l b e l o w 2.6 A for a 0 2 — H • • • 0 3 interact ion is usua l , 
a n d i f 0 3 is a n acceptor even an a lcohol i c h y d r o x y l group produces a 
strong interact ion . T h i s atom has a n unusua l ly h i g h capac i ty for h y d r o 
gen b o n d i n g . 

T h e or ientat ion a n d conformations of the s ide -chain have on ly m i n o r 

Figure 8. Drawing showing the conformation of the ascorbate 3-O-phos-
phinate. (Refffj^^f^^^^^on, from Ref. 21.) 

Society Library 
1155 16th St. N. W. 

Washington, D. C. 20036 
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2. HVOSLEF Crystallography of the Ascorbates 49 

influence on the b o n d lengths i n the r i n g , b u t have some effect o n its 
p lanar i ty . T h i s is reflected i n the angular d i s t r i b u t i o n a r o u n d C 4 a n d 
C 5 , p a r t i c u l a r l y i n Ca-ascorbate d ihydrate where deviat ions u p to 7.2° 
are observed. 

Dehydroascorbic Acid and Derivatives 

O x i d a t i o n of L -ascorb i c a c i d produces a var ie ty of c h e m i c a l species 
d e p e n d i n g on the nature of the solvent, the t ime , a n d the strength of the 
ox idat ion agent. B y care ful , m i l d ox idat ion t w o h y d r o g e n atoms are 
g iven off i n successive steps. I n the first step, a n unstable r a d i c a l " s e m i -
dehydroascorb ic a c i d " is f o rmed . I n the second, the b i o l og i ca l l y act ive 
dehydroascorb ic a c i d results. 

T h e commerc ia l l y ava i lab le isomer of dehydroascorb ic a c i d is a 
crysta l l ine , symmetr i c d i m e r c o m p r i s i n g a system of five fused r ings (4, 
22), I V , a n d not the t r a d i t i o n a l "textbook c o m p o u n d " w i t h the f o r m u l a 
V . T h e latter has not been iso lated a n d character ized , a n d is p resumably 
not present i n significant amount w h e n the v i t a m i n is ox id ized . I f the 
ox idat ion of L -ascorb ic a c i d takes p lace i n inert solvents such as d i m e t h y l -
f o rmamide or d i m e t h y l sulfoxide, it has been shown b y Hvos l e f a n d 
Pedersen ( 5 ) , u s i n g N M R methods, that at l o w temperatures a d i m e r 
i d e n t i c a l to the crysta l l ine c o m p o u n d is f o rmed . W h e n the temperature 

IV 
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50 A S C O R B I C A C I D 

O H 

V I 

rises, this dimer gradually transforms to another dimer, V I , which is 
unsymmetrical, but closely related to the first. However, in water a 
hydrated bicyclic monomer is the prime result. This is unstable in water, 
and with time the furanose ring opens to give a monocyclic molecule 
with an open side-chain. 

The Dehydroascorbic A c i d Dimer. Of the possible versions of pure 
dehydroascorbic acid, only the symmetric dimer has been obtained in 
crystalline state and investigated by diffraction methods. However, 
derivatives of monomers are known and will be discussed below. 

Monoclinic crystals of the symmetric dimer can be precipitated by 
successive addition of formic acid and solid oxalic acid (23) to a d i -
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2. HVOSLEF Crystallography of the Ascorbates 51 

m e t h y l f o r m a m i d e so lut ion of the u s u a l mix ture of symmetr i c a n d a s y m 
metr i c d imers . T h e so lub i l i ty of the former is strongly decreased b y 
these reagents, b u t leaves the latter i n so lut ion . 

T h e space group C 2 imposes t w o f o l d symmetry o n the d i m e r i c 
molecule w i t h the dimensions s h o w n i n F i g u r e 9. T h e t w o halves are 
j o ined b y the 0 3 atoms or ig ina l l y associated b y the e n e - d i o l group , a n d 
establish a centra l d i oxan r i n g i n the twis ted boat conformat ion . T h e 
f our th valence at C 3 closes the s ide -chain to f o r m a n i r regu lar furanose 
moie ty w i t h C 6 0.55 A f r o m the best p lane t h r o u g h the other atoms. 
L o o k i n g at the lactone r i n g one observes that the lactone group ( C 4 , 0 4 , 
C 1 , 0 1 , C 2 ) is a lmost p lanar , b u t that C 3 deviates b y 0.192 A , w h i c h is 
moderate for furanose or f u r a n o i d lactone r ings . T h e geometry of this 
moderate ly strained r i n g system is n o r m a l for a c o m p o u n d w i t h covalent 
bonds. O n e may , however , not ice that the C 2 - 0 2 b o n d is very short 
(1.352 A ) a n d that the t w o C - O b o n d lengths i n the d i oxan r i n g are 
u n e q u a l . O n react ion w i t h water the d i oxan r i n g is sp l i t at the longer 
C 2 - 0 3 b o n d , a n d t w o b i c y c l i c , h y d r a t e d monomers are f o r m e d ( 5 ) . I t 
is not u n l i k e l y that the short C 2 - 0 2 b o n d is responsible for the a c i d i t y 
of the c o m p o u n d . 

T h e rea l ly interest ing aspect of this structure is that i t is d i m e r i c . 
T h i s fact obv ious ly has relevance to the c o m p l i c a t e d react ion m e c h a n i s m 
associated w i t h the ox idat ion of the v i t a m i n i n inert solvents. W h e t h e r 
the d i m e r is f o r m e d as a short - l ived intermediate b y ox idat ion i n water 
is s t i l l a n open quest ion. At tempts to determine the crysta l structure of 
the asymmetr i c d i m e r are n o w b e i n g made i n our laboratory . 

Figure 9. Bonding distances and angles in dehydroascorbic acid. (Reproduced, 
with permission, from Ref. 4) 
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52 ASCORBIC ACID 

D e r i v a t i v e s of Dehydroascorb i c Monomers . M o n o m e r i c d e h y d r o 
ascorbic a c i d p r e s u m a b l y is f o rmed on ly i n solvents that prevent the 
f o rmat ion of d imers , for example , w a t e r a n d alcohols . T h e unstable 
evasive nature of the c o m p o u n d impedes its c rys ta l l i zat ion , a n d in t rac 
table syrups are often the result . H o w e v e r , der ivat ives of the monomer 
c o u l d be ob ta ined w i t h satisfactory crysta l l ine q u a l i t y for a regular 
x-ray study. 

T h e quest ion of whether a b i - or monocyc l i c molecule is present i n 
these crystals was of major interest, b u t w e have also sought possible 
factors that w o u l d cause a n open s ide -chain i n the monomer . 

I n the m e t h y l g lycos ide of 2 -C-benzyl -3-keto -L -&/xo-hexulosonic a c i d 
lactone ( F i g u r e 10) a b i c y c l i c ascorbate isomer was f o u n d (24). T h e 
sugar moie ty bears great resemblance to the asymmetr i c u n i t of the 
crysta l l ine d i m e r i c dehydroascorb ic a c i d . B o t h five-membered r ings have 
i r regu lar envelope conformations w i t h the c o m m o n C 3 a t o m d e v i a t i n g 
f r o m the best planes t h r o u g h the four other atoms i n the r ings . T h e 
u n i q u e role of C 3 is p resumab ly caused b y repu ls ion be tween the b e n z y l 
a n d methoxy groups, w h e r e b y a n ec l ipsed conformat ion for 0 3 a n d C 8 
is a v o i d e d b y a + 3 8 . 8 ° tw i s t about the C 2 - C 3 b o n d . T h e free O H 
group at C 2 has the same or ientat ion re lat ive to the lactone r i n g as i t 
has i n the d imer , b u t the C - O b o n d is somewhat longer. Besides this , 
the b o n d lengths a n d angles are general ly s imi lar to those i n the d imer , 
except for the conformat iona l angles i n the furanose moiety . 

O n the other h a n d , a monocyc l i c der ivat ive was ob ta ined w h e n a 
so lut ion of dehydroascorb ic a c i d a n d p - b r o m o p h e n y l h y d r a z i n e i n d i -
methy lacetamide was a l l o w e d to s tand overnight at r o o m temperature 
(25). T h e c o m p o u n d was prec ip i ta ted w i t h water a n d recrysta l l i zed 
f r o m absolute a l coho l ; its mo lecu lar structure is s h o w n i n F i g u r e 11. 
T h e lactone r i n g is of the envelope type w i t h C 4 d e v i a t i n g b y 0.126 A 
f r o m the p lane def ined b y C l , O l , C 2 , a n d 0 4 . T h e s ide - cha in is very 
near ly staggered a n d w i t h 0 5 a n d C 6 anti. 

A signif icant feature of this c o m p o u n d is the proper ty of the C 7 -
N 2 - N 1 - C 2 - C 3 moiety w i t h its p lanar , extended c h a i n of atoms a n d its 
b o n d lengths a n d angles t y p i c a l of sp2 h y b r i d i z a t i o n . T h e resonance 
structures that c o u l d describe the ^-electron d e r e a l i z a t i o n are : 
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2. HVOSLEF Crystallography of the Ascorbates 55 

O b v i o u s l y these are pre ferred to a system w i t h a b i c y c l i c r i n g as i n d i 
cated b y 

T h e conc lus ion fo l lows that any substituent at C 2 that induces ^-electron 
d e r e a l i z a t i o n into the reg ion w i l l open the f u r a n o i d r i n g . T h e reason 
is s i m p l y that sp2 h y b r i d i z a t i o n at C 3 prec ludes the necessary f o u r t h 
valence for r i n g format ion . It has recent ly been s h o w n that solutions 
conta in t w o isomers i n e q u i l i b r i u m w i t h 180° difference i n or ientat ion of 
the h y d r a z i n e group. T h e N - H group hence can establ ish h y d r o g e n 
bonds to either O l or 0 3 ( 2 6 ) . 

Ascorbate Isomers 

O f substances closely re lated to v i t a m i n C are isomers w i t h inver ted 
substituents at C 4 a n d C 5 . T h e so c a l l e d D - isoascorbic a c i d is a stereo
isomer w i t h invers ion of the O H group at C 5 only . A n x-ray invest igat ion 
b y A z a r n i a , B e r m a n , a n d Rosenstein (27) revealed that i n this c o m p o u n d 
the distances a n d angles are qui te s imi lar to those f o u n d i n L -ascorb ic a c i d 
( T a b l e I I ) . T h e p lane re lat ionship is also congruous, b u t the propert ies 
of the s ide -chain are, of course, different as a result of the invers ion at 
C 5 . C 4 - C 5 - C 6 - 0 6 f o r m a rough ly p lanar z i g z a g c h a i n where C 6 adopts 
a pos i t i on approx imate ly corresponding to that of 0 5 i n L -ascorb ic a c i d . 
T h e d i h e d r a l C 3 - C 4 - C 5 - C 6 angle is + 7 8 ° vs. + 5 8 ° for the C 3 - C 4 - C 5 -
0 5 angle i n the v i t a m i n . Re la t ive to 0 5 , 0 6 is i n the gauche con format ion 
that takes i t farthest a w a y f r o m the r i n g ; 0 6 is t i e d to 0 2 i n a ne ighbor 
i n g molecu le b y a short h y d r o g e n b o n d (2.584 A ) . A l s o , the h y d r o g e n 
b o n d system dupl icates one of the schemes f o u n d i n the L -ascorb ic a c i d . 

Kanters , Roelofsen, a n d A l b l a s (28) have c o m p a r e d D - isoascorbic 
a c i d a n d L -ascorb ic a c i d w i t h respect to the ir behav ior o n i on izat i on . 
T h e y observed that almost the same changes i n b o n d lengths a n d angles 
occur i n the t w o compounds , exempl i f ied b y the ir s o d i u m salts ( T a b l e 
I I ) . E v e n the distortions i n the rings are s imi lar (Kanters et a l / s adver 
sary conc lus ion was based u p o n a mispr in t i n T a b l e I of Ref . 10 ) . T h i s 
is i l lus trated b y the almost i dent i ca l angles be tween the best planes 
through the lactone a n d e n e - d i o l groups (1.4° vs. 0 . 6 ° ) . T h e s ide -chain 
conformat ion is near ly reta ined f r o m the a c i d , b u t i t is more staggered 
(by + 3 1 ° ) b y a rotat ion about C 4 - C 5 . 
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56 ASCORBIC ACID 

Whereas most b o n d lengths a n d angles agree w e l l w i t h those of 
other ascorbate anions ( T a b l e I I ) , the h y d r o g e n b o n d interact ion asso
c ia ted w i t h 03 is u n i q u e : i t accepts no less t h a n four bonds r a n g i n g f r o m 
2.785 to 2.993 A . T w o of these are f r o m water molecules. T h i s unusua l l y 
large n u m b e r of bonds explains the fact that no short h y d r o g e n bonds , 
w h i c h are usua l ly encountered i n the e n e - d i o l group, are present i n these 
crystals. 

T h e fate of D - isoascorbic a c i d on ox idat ion has not yet been s tud ied 
b y di f fract ion methods, b u t N M R results (29) show that i n inert solvents 
an asymmetr i c d i m e r is pre ferent ia l ly f ormed . I n water , however , a 
mixture of t w o anomeric pyranose rings results, a n d the s imple , reversible 
D - isoascorbic a c id /dehydro i soascorb i c a c i d e q u i l i b r i u m is lost. T h i s 
may poss ib ly be one of the factors that reduces the b i o l o g i c a l ac t iv i ty 
of D - isoascorbic a c id . T h e latter has a n effect that is only 5% of that 
of v i t a m i n C (30). 
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3 
Recent Advances in the Derivatization of 

L-Ascorbic Acid 

GLENN C. ANDREWS and THOMAS CRAWFORD 

Central Research, Chemical Process Research, Pfizer Inc. 
Groton, CT 06340 

A survey of work since 1975 on the derivatization of ascorbic 
acid is reviewed from the perspective of the organic chem
istry of ascorbic acid. Recent advances in the control of 
regioselectivity of alkyhtive derivatization of ascorbic acid 
have been made possible by the utilization of di- and tri
-anions of ascorbic acid. Their use has allowed the facile 
synthesis of inorganic esters of ascorbic acid. New synthesis 
of acetal and ketal, side-chain oxidized, and deoxy deriva
tives are reviewed. The total synthesis of a new side-chain 
oxidized ascorbic acid denvative, 5-ketoascorbic acid, is 
reported. 

There has been a great deal of recent work on the chemistry of L-
ascorbic acid and ascorbic acid derivatives since the subject was last 

reviewed by Tolbert et al. in 1975 (1). Much of this work has been 
generated in three major areas of interest: the biosynthesis and catabolism 
of ascorbic acid; the commercial need for safe, food grade antioxidants; 
and investigations into the biological role of ascorbic acid in vivo. The 
recent literature has generated a wealth of new data on the chemistry 
of ascorbic acid and has given us a better understanding of how this 
functionally complex molecule can be modified and manipulated. Since 
the purpose of this chapter is to review the recent literature from the 
perspective of the organic chemistry of ascorbic acid, it is convenient to 
correlate the literature with respect to the reactivity of ascorbic acid to 
alkylation and acylation under basic and acidic conditions, its acetal and 
ketal derivatives, and finally with respect to the chemistry of its oxidation 
and reduction. 

0065-2393/82/0200-0059$06.25/0 
© 1982 American Chemical Society 
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60 ASCORBIC ACID 

The Alkylation and Acylation of L-Ascorbic Acid 
Under Basic Conditions 

T h e react iv i ty of ascorbic a c i d t o w a r d electrophiles u n d e r bas ic 
condit ions is a func t i on of the ac id i ty a n d steric environments of the four 
h y d r o x y l groups at the C 2 , C 3 , C 5 , a n d C 6 posit ions ( F i g u r e 1 ) . T h e 
first i on izat i on of the molecu le takes place at the C 3 h y d r o x y l ( p K a = 
4.25) ( 2 ) . W h i l e r ead i l y i o n i z e d , the extensive de loca l i zat ion of e lectron 
density into the enonolactone r i n g results i n l o w reac t iv i ty to a l l b u t 
react ive a l k y l a t i n g a n d acy la t ing agents such as d iazomethane ( 1 , 3 ) , 
b e n z y l ch lor ide (4), t r imethylchloros i lane ( 5 ) , a n d a c i d chlorides ( I ) . 
F u r t h e r m o r e , the unstable nature of the resu l t ing v i n y l ether or ester 
derivatives has resulted i n f e w reports of selective 0 3 der ivat i zat ion ( I ) . 
U n d e r more basic condit ions , the i on i za t i on of the C 2 h y d r o x y l occurs 
( p K 0 = 11.79) (2 ) w i t h the format ion of the d i -an ion , 3. N M R invest i 
gations of the mono - a n d di -anions of ascorbic a c i d suggest retent ion of 
the lactone r i n g a n d the f o rmulat i on of these species as 2 a n d 3, respec
t ive ly (6,7,8). T h e d i - a n i o n of ascorbic a c i d reacts w i t h electrophiles 
pre ferent ia l ly at the less stable 0 2 pos i t ion (1,9,10), a n d a l lows the 
selective funct iona l i zat ion of this pos i t ion i n the presence of free hydroxy ls 
at C 3 , C 5 , a n d C 6 . Selective 0 2 a lky la t i on has also been observed w i t h 
b i o l og i ca l m e t h y l a t i n g agents i n v ivo . C a t a b o l i s m of ascorbic a c i d i n the 
gu inea p i g forms 0 2 methylascorb ic a c i d as a m i n o r product ( I I ) . 

U n d e r h i g h l y basic condit ions, ascorbic a c i d m a y exhib i t chemistry 
der ived f r om i on i za t i on of the C 4 hydrogen , p resumab ly w i t h the f o r m a 
t i o n of a t r i -an ion , 4. Brenner et a l . (12) reported the ep imer izat ion a n d 
racemizat ion of ascorbic a c i d at h i g h p H a n d elevated temperature . 

6-sulfate, acyl, si lyl , boryl 
and methyl derivatives 

acyl, methyl , boryl and silyl 
derivatives 

proton exchange 

3-phosphate, si lyl, methyl , 
boryl and acyl derivatives 

5,6-O-Ketal and acetal derivatives 

C-2, C-3 reduction and 
oxidation 

2-sulfate, phosphate, si lyl, bory l , 

Derivatives OH methyl and acyl derivatives 

Figure 1. 
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3. ANDREWS AND CRAWFORD Derivatization of L-Ascorbic Acid 61 

B e l l et a l . ( 1 3 ) , u s ing s imi lar condit ions , p r e p a r e d L - ( 4 - 3 H ) ascorbic a c i d 
v i a t r i t i u m oxide exchange. 

I f a l eav ing group resides at the C 5 pos i t ion of ascorbic a c i d , e l i m i n a 
t i o n c a n occur v i a i on izat i on of the C 4 h y d r o g e n w i t h the f ormat ion of 
a 4 ,5 -dehydro der ivat ive . T h i s has been observed i n the case of ascorbic 
a c i d der ivat ive 5, w h i c h o n treatment w i t h 1 ,5 -diazabicyclo [4.3.0] n o n -
5-ene ( D B N ) or potass ium h y d r i d e affords the 5 -deoxy -4 ,5 -dehydro-
der ivat ive 6 as a mix ture of olefinic isomers (14). T h e f o rmat ion of 4,5-
dehydroascorb ic a c i d 2 -O-sul fate , 8, v i a the react ion of 6 - O - v a l e r o y l 
L -ascorb i c a c i d , 7, w i t h p y r i d i n e - S 0 3 was reported to afford a s ingle 
isomer ( 1 5 ) . Interst ingly , the C 5 h y d r o x y ep imer of c o m p o u n d 7, ( 6 - 0 -
valeroyl -D -erythorbic a c id ) was also reported to afford a s ingle 5,6 -de-
hydro der ivat ive isomeric w i t h c o m p o u n d 8, suggesting stereoselective 
e l iminat i on h a d occurred . Unfor tunate ly , the conf igurat ion of the result 
i n g olefins is u n k n o w n . 

I f bo th the C 2 a n d C 3 hydroxy groups are protected, a lky la t i on or 
acy lat ion occurs at the sterical ly most accessible C 6 h y d r o x y l ( I ) . A l k y l a 
t i o n at the C 5 pos i t ion occurs on ly after der ivat i zat ion of the other three 

r - O H r — O H r - O H r — O H 

> - N : H 3 

R- ° D B U or K H ^ ^ 

C H 3 CHfi D C H j 
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62 ASCORBIC ACID 

funct ions. N o 0 5 monosubst i tuted derivatives of ascorbic a c i d have 
been reported . 

These generalizations are i l lustrated b y the recent synthesis of L-
ascorbic a c i d glucosides 11 a n d 12 (16). T h e monosod ium salt of 
ascorbic a c i d i n N , N - d i m e t h y l f o r m a m i d e ( D M F ) affords exc lusively the 
0 3 monoa lky lated der ivat ive 9 on a lky la t i on w i t h 2,3,4,6-tetra-O-a-D-
g lucopyranosy l bromide . T o obta in the 0 2 glucosylated der ivat ive 10, 
under the same condit ions , r e q u i r e d the protect ion of the C 3 h y d r o x y l 
as a m e t h y l ether. Several workers have reported the biosynthesis of 
ascorbic a c i d glucosides i n bacter ia (17); however , the structure and 
pos i t ion of g lucosy lat ion i n these compounds has not been u n a m b i g u o u s l y 
determined . 

Carbon vs. Oxygen Alkylation of Ascorbic Acid 

T h e mono-anion of ascorbic a c i d is a n ambident an ion that c a n 
disp lay nuc leoph i l i c i ty at the C 2 as w e l l as 0 3 positions. T h i s ambident 
character was first observed b y Jackson a n d Jones (4) i n the synthesis of 
3-O-benzylascorbic a c id b y a lky la t i on of sod ium ascorbate w i t h b e n z y l 
ch lor ide . I n strongly cat ion so lvat ing solvents, such as d i m e t h y l sul foxide 
( D M S O ) , exclusive 0 3 a lky la t i on was observed. I n water , a mixture of the 
expected 0 3 a lky lated 13 a n d C 2 benzy lated produc t 14 was produced . 

M o r e recently , B r i m a c o m b e et a l . (18) have also s h o w n C 2 a l k y l a 
t i o n of a n ascorbic a c i d der ivat ive i n the ir a t tempted use of ascorbic 
a c i d as a synthon for the synthesis of spirodi lactones. D e a l k y l a t i o n of 
2 -0 - (E ) - c innamoy l -5 ,6 -0 - i sopropy l idene -3 -0 -methy lascorb i c ac id , 15, w i t h 
l i t h i u m i od ide i n D M S O afforded the C 2 a lky la ted isomer, 16. I t w o u l d 
appear that under condit ions of reversible dea lky la t i on at oxygen, C 2 
a lky la t i on acts as a sink for the e q u i l i b r a t i n g mixture . 

Inorganic Esters of Ascorbic Acid 

T h e observation of L -ascorb ic a c i d 2-O-sulfate , 18, i n a n u m b e r of 
a n i m a l species, i n c l u d i n g humans , has p r o v o k e d extensive research into 
the chemistry a n d b iochemistry of this inorganic ester of ascorbic a c i d (1, 
19,20). A s c o r b i c a c i d 2-O-sulfate has been i m p l i c a t e d as a b io l og i ca l 
su l fat ing agent a n d proposed as an anticholesteremic agent (21-24). 

W h i l e early workers suggested the 0 3 sulfate structure for 18 based 
o n c h e m i c a l react iv i ty ( I ) , x-ray analysis (26) a n d N M R data (6) have 
s h o w n the stable monosul fate to be the 0 2 structure. 

Several syntheses of ascorbic a c i d 2-O-sulfate have appeared that 
require the protect ion of the C 5 a n d C 6 h y d r o x y l groups a n d the O -
sul fat ion of this protected der ivat ive w i t h S 0 3 under basic condit ions 
(20,26-29). D e b l o c k i n g the 5,6-O-protected 2-sulfate, 17, w i t h a c i d 
a n d pur i f i cat ion u s i n g i o n exchange chromatography affords the des ired 
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64 ASCORBIC ACID 

H 2 0 

r — O H 

— O H 

u 
< " > 6 O H 

r — O H 

— O H 

W 
P h C H 2 6 O H 

13 

/ - O H 

H O 6 H 

14 

sulfate der ivat ive 18 i n moderate y ie lds . T h i s route has been used to 
prepare sul fur - labe led ascorbic a c i d 2 - O - s u l f a t e - ( 8 5 S ) ( 2 7 ) . 

O n e p r o b l e m w i t h the use of the k e t a l or acetal pro tec t ing group for 
0 5 , 6 protect ion is the r e m o v a l of the ke ta l or acetal w i t h o u t concomitant 
hydro lys is of the 2-sulfate. Su l fa t ion of free ascorbic a c i d has been 
reported to afford mixtures or sul fated products (23,26,30). Se ib et a l . 
(26) offered a ra t i ona l so lut ion to the p r o b l e m of regioselective su l fat ion 
of ascorbic a c i d w i t h his observat ion that the d i - a n i o n of ascorbic a c i d 
reacts exclusively at the 0 2 pos i t ion af fording 18 i n h i g h y i e l d . T h e 
format ion of 0 3 sul fated derivatives of ascorbic a c i d has not been 
observed, poss ib ly due to the l a b i l i t y of the 3-0-sulfates to intermolecular 
hydrolys is or rearrangement to the more stable 18 ( 2 ) . 

T h e phosphory lat ion of ascorbic a c i d u n d e r basic condit ions has been 
s tud ied extensively. T h e synthesis of ascorbic a c i d 2-phosphate, 22, has 
been reported b y Seib et a l . (9 ) v i a treatment of 5 ,6-O- isopropyl idene 
ascorbic a c i d , w i t h phosphorus oxych lor ide under h i g h l y basic condit ions 
( p H 12) . H y d r o l y s i s of the k e t a l pro tec t ing group of the 2-phosphate 
intermediate 20 affords the 2-O-phosphate 22, whose structure has been 
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3. ANDREWS AND CRAWFORD Derivatization of L-Ascorbic Acid 65 

conf irmed b y N M R spectroscopy (7,9) a n d b y spectroscopic a n d c h e m i 
c a l means ( 2 ) . Interest ingly , the site of phosphory la t i on is dependent o n 
the condit ions of the phosphory lat ion . Jernow et a l . (2 ) reported the 0 3 
phosphory la t i on of 5 ,6-O- isopropyl idene ascorbic a c i d us ing either t h a l 
l i u m hydrox ide or p y r i d i n e as base. T h e resul t ing 5 ,6-O- isopropyl idene 
3-O-phosphate der ivat ive , 21, was f o u n d to rearrange to the more stable 
2-O-phosphate 22 on hydro lys is of the protec t ing keta l . Seib et a l . ( 9 ) 
also s tudied the phosphory lat ion of ascorbic ac id under m i l d l y basic 
condit ions . A l k y l a t i o n w i t h phosphorus oxychlor ide i n p y r i d i n e / a c e t o n e 
was s h o w n to afford, after hydro lys is of the protect ing group, a mixture 
of four products i n c l u d i n g 22 a n d the b i s -2 -O-phosphory la ted d imer , 19. 
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3. ANDREWS AND CRAWFORD Derivatization of L-Ascorbic Acid 67 

Acid Catalyzed Derivatization of Ascorbic Acid: 
Acetal and Ketal Derivatives 

O n e of the most s tudied classes of ascorbic a c i d derivatives is that of 
5,6-O-ketals, 23 , a n d acetals, 24 (1). These compounds are significant 
not on ly f rom their use i n synthesis as protect ing groups for the 5,6-
h y d r o x y l functions, bu t also f rom their c ommerc ia l importance as l i p o -
p h i l i c i t y modifiers for ascorbic a c id . F o d o r a n d coworkers (31,32) have 
presented evidence that 2,3-O-acetals of ascorbic a c id , 25 , are also 
f o rmed w i t h reactive aldehydes under k ine t i c condit ions (32). G l y o x a l 
is reported to afford the nove l e n e - d i o l bis acetal 26 ( 3 3 ) . 

T h e observation of 2,3-O-acetals of ascorbic a c i d opens u p the 
poss ib i l i ty of d irect oxidat ive modi f i cat ion of the ascorbic a c i d s ide-chain. 

I n recent work , K a m o g a w a et a l . (34) reported the synthesis of 
5,6-acetals of ascorbic a c id w i t h v i n y l subst i tuted benza ldehyde d e r i v a 
tives that, after po lymer izat i on , afford po lymer i c antioxidants capable of 
releasing ascorbic a c i d under m i l d l y ac id i c condit ions. 

Acid Catalyzed Esterification of Ascorbic Acid 

T h e ac id cata lyzed esterification of ascorbic ac id is a thermodynamic 
process usual ly resul t ing i n the format ion of mixtures of products w i t h 
a preponderance of 0 6 subst itut ion. T h e r e is extensive patent l i terature 
on the format ion of 6-ester derivatives of ascorbic a c i d b o t h i n aprot ic 
(acetone, D M F , D M S O ) (1,34,35,36) a n d prot i c ( su l fur i c a c id , h y d r o 
gen f luoride) (37,38) solvents. T h e fatty ac id ester derivatives of 
ascorbic a c i d have c o m m e r c i a l importance due to the enhancement of 
l i p o p h i l i c i t y that der ivat i za t i on confers on ascorbic a c id . These ester 
derivatives are used as antioxidants i n ed ib le oils, emuls i f y ing agents, 
ant i sca l ing agents, inhib i tors of n i trosamine format ion , a n d i n b r e a d 
m a k i n g as d o u g h modifiers ( 3 9 ) . U n d e r more stringent condit ions , 5,6-
diester derivatives are f o r m e d (36). 

Cous ins et a l . (38) have reported the format ion of ascorbic a c i d 
6-O-sulfate, 27, f r o m the esterif ication of ascorbic a c i d w i t h sul fur t r i -
oxide i n sul fur ic a c id . T h e 6-sulfate derivatives have been proposed for 
use as anti-cholesteremics a n d as inhib i tors of n i trosamine format ion . 

A re lat ive ly unstud ied area of a c i d cata lyzed der ivat i zat ion is i n the 
format ion of b o r y l a n d boronate esters of ascorbic a c id . T h e react ion of 
ascorbic a c id w i t h tr iethylborane us ing organic a c id catalysis affords the 
2,3 ,5 ,6-tetra-O-diethylborylated der ivat ive (40). T h e b o r y l group is 
read i ly removed w i t h methano l or acetylacetone i n h i g h y ie lds . A borate 
der ivat ive of ascorbic a c i d a n d bor ic a c i d has been c l a i m e d b u t not 
character ized (41). 
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3. ANDREWS AND CRAWFORD Derivatization of la-Ascorbic Acid 69 

Oxidized Derivatives of Ascorbic Acid: Dehydroascorbic Acid 

O x i d a t i o n of the reductone funct iona l i ty of ascorbic a c i d is certa in ly 
its single most important react ion a n d results i n the format ion of its most 
b io log i ca l ly important der ivat ive , dehydroascorbic a c i d , 28. A s chemistry 
a n d b iochemistry of dehydroascorbic a c i d w i l l be covered i n a separate 
section of this vo lume , only a f ew of its reactions w i l l be covered here. 

A n i m p r o v e d synthesis of dehydroascorb ic a c i d has been reported 
(42). T h e ox idat ion of ascorbic a c i d i n absolute methano l w i t h oxygen 
over act ivated charcoa l catalyst is reported to afford 28 i n 9 5 % y i e l d . 
Dehydroascorb i c a c i d has been character ized i n so lut ion as the monomer , 
28 (43), a n d as the d i m e r (44,45) a n d its tetra acety l der ivat ive 29 (46). 
Several studies of mono- a n d d i -hydrazone (48-53) a n d osazone (54) 
derivatives of dehydroascorb ic a c i d have been reported . H y d r a z o n e 
derivatives of dehydroascorbic a c i d have been used i n the reduct ive 
synthesis of 2,3-diaza-2,3-dideoxy- a n d 2-aza-2-deoxyascorbic a c i d d e r i v a 
tives 30, 31, a n d 32 (55,56). Recent ly the react ion produc t of d e h y d r o -
L -ascorb ic a c id a n d L - pheny la lan ine i n aqueous so lut ion has been isolated 
a n d identi f ied as tr is(2-deoxy-2 -L -ascorbyl)amine, 33, based on spectral 
a n d c h e m i c a l data a n d its symmetry properties ( 5 7 ) . 

H 

28 29 R 
R 

H 
A c 

A r 

31 
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70 ASCORBIC ACID 

Side-Chain Oxidized Derivatives of Ascorbic Acid 

Der ivat ives of ascorbic a c i d i n w h i c h either or b o t h of the C 5 a n d 
C 6 positions are i n a h igher ox idat ion state have ach ieved some i m p o r t 
ance as possible b i o chemica l precursors or catabolites of ascorbic a c i d 
i n v ivo . 

Saccharoascorbic ac id , 35, has been proposed as a minor metabol i te 
of ascorbic a c i d i n animals ( 5 7 - 6 0 ) . T h e iso lat ion of ascorbic a c i d 
2-O-sulfate, 18, i n a var iety of a n i m a l species a n d the remarkable ox idat ive 
stabi l i ty of the 2-O-sulfate subst ituted enonolactone moiety have 
p r o m p t e d suggestions (60) that saccharoascorbic ac id 2-O-sulfate, 34, is 
a catabol ite of 18 i n v ivo . 

Stuber a n d To lber t (61) u t i l i z e d the oxidative stabi l i ty of the 2 -O-
sulfate i n a short synthesis of bo th saccharoascorbic a c i d and saccharo
ascorbic ac id 2-O-sulfate. O x i d a t i o n of ascorbic a c id 2-O-sulfate, 18, w i t h 
p l a t i n u m and oxygen afforded good yie lds of a c id 34 under condit ions i n 
w h i c h ascorbic a c id itself is ox id i zed to dehydroascorbic a c id . H y d r o l y s i s 
of the sulfate i n a c i d afforded saccharoascorbic a c id , 35, i n good y i e l d . 

S ide -chain ox id ized derivatives of ascorbic a c id are also i m p l i c a t e d i n 
the catabo l i sm of ascorbic a c i d i n plants . L o e w u s et a l . (62) have estab
l i shed the intermediacy of ascorbic a c id i n the biosynthesis of tartar ic 
a c i d i n the grape. L a b e l i n g studies have established a metabol i c p a t h w a y 
that must involve C 5 a n d C 6 ox idat ion of ascorbic a c id . 

H O 
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3. ANDREWS AND CRAWFORD Derivatization of j.-Ascorbic Acid 71 

Evidence from labeling studies (63, 64) has accumulated suggesting 
a dual pathway for ascorbic acid biosynthesis in plants involving not 
only the inversion of the glucose chain via glucuronic acid (65), but also 
via the inversion of stereochemistry at the C5 hydroxyl of glucose. Such 
an epimerization at the C5 position of glucose could occur through the 
stereoselective reduction of several possible biosynthetic intermediates 
including 5-ketogluconic, 2,5-diketogluconic, and 5-ketoascorbic acids 
(as well as by epimerization through 6-formyl and/or 4-keto derivatives). 

Of the possible side-chain oxidized derivatives of ascorbic acid, all 
but 5-keto-ascorbic acid and 5-keto-6-formylascorbic acid have been 
reported. Bakke and Theander (66) formed 6-aldehydoascorbic acid, 
37, as an unisolated intermediate in the reductive hydrolysis of 38 to 
ascorbic acid. Heyns and Linkies (67) synthesized 5-keto-saccharo-
ascorbic acid, 40, via the oxidation and subsequent hydrolysis of man-
narodilactone, 39. 5-Ketosaccharoascorbic acid appears to exist in solu
tion as its enol tautomer. 

As with previous 5,6-dehydro derivatives of ascorbic acid, configura
tion about the 5,6-olefin has not been established. 

During the course of work directed toward the synthesis of ascorbic 
acid (68) via the stereo- and regioselective reduction of D-threo-2,5-hexo-
dinlosonic acid, 41, we sought to synthesize 5-ketoascorbic acid directly 
by the lactonization of 41. Acid catalyzed lactonization of 41 and base 
catalyzed lactonization of the methyl ester of 41 both failed to produce 
the desired 5-ketoascorbic acid derivative. Lactonization of the 5,5-
dimethyl ketal methyl ester, 42 (69), with sodium bicarbonate in reflux-
ing methanol afforded the 5,5-dimethyl ketal of 5-keto-ascorbic acid, 43. 
Hydrolysis of the ketal protecting group with trifluoroacetic acid/water 
afforded 5-ketoascorbic acid, isolated as the hydrate 44. Compound 44 
was shown by 1 3 C N M R spectroscopy to exist primarily (95%) as its 
hydrated keto tautomer in aqueous solution. The enol tautomer was not 
observed by 1 3 C N M R or U V spectroscopy; however, silylation of 44 
with f-butyldimethylchlorosilane in D M F afforded the tetra-£-butyldi-
methylsilyl derivative 45 as a single isomer, shown by 1 3 C N M R and U V 
analysis to be the 4,5-dehydro structure. The facile loss of the C4 proton 
of 44 in deuterium oxide and at p H 7; its rapid racemization in water at 
ambient temperature (ty2 = 2h) argues strongly against the intermediacy 
of 5-ketoascorbic acid in the biosynthesis of ascorbic acid intermediates. 

Deoxy Derivatives of Ascorbic Acid 

The instability of ascorbic acid has limited its utility in a variety of 
applications and has been a major impetus for research into the 
chemistry of ascorbic acid. Goshima, Maezono, and Tokuyama (70) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

00
3



72 ASCORBIC ACID 
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i l lustrated one possible decomposi t ion p a t h w a y for ascorbic a c i d under 
ac id i c , anaerobic condit ions that i n v o l v e d the i n i t i a l M i c h a e l a d d i t i o n of 
the 6 -hydroxy l funct ion into the enonolactone. T h e epimeric lactones, 46 
a n d 47, isolated i n l o w y i e l d f rom the react ion of ascorbic a c i d i n 
methano l w i t h boron tr i f luor ide catalysis, have been proposed as inter 
mediates i n the further a c i d ca ta lyzed degradat ion of ascorbic a c i d to 
fur fura l a n d p o l y m e r i c materials . T h i s hypothesis has p r o m p t e d interest 
i n ascorbic a c i d derivatives i n w h i c h the C 6 h y d r o x y l group is absent or 
b l o c k e d so as to prevent the i n i t i a l M i c h a e l add i t i on . 

Recent ly the halogenat ion of ascorbic a c i d i n ac id i c m e d i a has been 
reported b y Kiss a n d B e r g (71) a n d independent ly b y Pedersen a n d 
coworkers ( 7 2 , 7 3 ) . T h e treatment of ascorbic a c i d w i t h ha logen acids 
i n acetic or f ormic acids as solvent affords 5-halo-5-acyloxy derivatives 
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3. ANDREWS AND CRAWFORD Derivatization of L-Ascorbic Acid 
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74 ASCORBIC ACID 

of ascorbic a c id , 48 , w h i c h are read i ly h y d r o l y z e d to 6-halo-6-deoxy-
ascorbic a c id derivatives 49c a n d 4 9 d . T h e 6-fluoro-, 6-bromo-, 6-chloro-, 
a n d 6- iodo-derivatives, 4 9 a - d , have recent ly been synthesized b y a n 
alternate approach (74) v i a m e t h y l 2 ,3-O- isopropyl idine -D -x i / fo - furano-
hexlosonate, 52, w h i c h is ava i lab le f r om the selective hydrolys is a n d 
esterification of 50, an early intermediate i n the Re i chs te in -Grussner 
synthesis of ascorbic a c i d ( 7 5 ) . Selective f o rmat ion of the 6-tosylate 
a l lows d isplacement w i t h i o d i d e or fluoride i o n p r o d u c i n g the 6-fluoro-
a n d 6-iodo-derivatives 54a a n d 54b, w h i c h f o r m the corresponding 
6-deox-6-halo-ascorbic acids o n a c i d ca ta lyzed lactonizat ion . These 
6-halogenated derivatives of ascorbic a c i d , 4 9 a - d , are c l a i m e d to exhib i t 
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3. ANDREWS AND CRAWFORD Derivatization of i,-Ascorbic Acid 75 
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enhanced t h e r m a l s tabi l i ty ( 7 1 ) . T h e 6-chloro-derivat ive has also s h o w n 
h i g h ant iscurvy ac t iv i ty (74). 

Pedersen further s tudied the react iv i ty of the intermediates 48 u n d e r 
d isso lv ing meta l condit ions a n d synthesized the 5,6-dehydro-5,6-dideoxy 
der ivat ive 55 w h i c h was cata ly t i ca l ly r e d u c e d to the 5,6-dideoxy c o m 
p o u n d 56. 
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3. Andrews and Crawford Derivatization of 1,-Ascorbic Acid 77 
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4 
Chemistry of Ascorbic Acid Radicals 

ΒΕΝΟΝ H. J. BIELSKI 

Department of Chemistry, Brookhaven National Laboratory, Upton NY 11973 

The chemistry of ascorbic acid free radicals is reviewed. 
Particular emphasis is placed on identification and charac
terization of ascorbate radicals by spectrophotometric and 
electron paramagnetic resonance techniques, the kinetics of 
formation and disappearance of ascorbate free radicals in 
enzymatic and nonenzymatic reactions, the effect of pH 
upon the spectral and kinetic properties of ascorbate anion 
radical, and chemical reactivity of ascorbate free radicals. 

The most outstanding chemical characteristics of the ascorbate system 
(ascorbic acid/ascorbate, ascorbate free radical, dehydroascorbic acid) 

are its redox properties. Ascorbic acid/ascorbate can undergo a reversible 
Michaelis (1) two-step oxidation-reduction process with a free radical 
intermediate: 

(1, -1) 

(2, -2) 

Ascorbate is a reactive reductant, but its free radical is relatively 
nonreactive (2) (see Table I) and decays by disproportionation to 
ascorbic acid/ascorbate and dehydroascorbic acid: 

(3, -3) 

(4, -4) 

(5, -5) 

0065-2393/82/0200-0081$06.00/0 
© 1982 American Chemical Society 
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82 ASCORBIC ACID 

Table I. Interaction of Ascorbate Radicals ( A r ) 
with Various Biochemical Compounds 

Rate Constant 
Reaction pH (M'1 s1) 

A* + A-- 8.7 2.8 X 10 5 

A * + dopamine 8.4 3.6 X 10 2 

A r -f- cytochrome c 7.4 6.6 X 10 3 

A ^ + 0 2 8.6 < 5 X 10 2 

A- - j - methanol 8.8 < 0 . 1 
A 1 - j - lactate 8.6 < 10 
A T - j - p y r u v a t e 8.6 < 10 
A T - j - fumarate 8.7 <io 
A T - j - L -a -ketog lutarate 9.7 <io 

Source: Reference 2. 

T h e unusua l b io log i ca l protect ive properties of ascorbate against free 
r a d i c a l damage are most l i k e l y due to the efficiency of ascorbate as a 
r a d i c a l scavenger a n d the stabi l i ty of its rad i ca l . T h e ascorbic a c id 
r a d i c a l reacts preferent ia l ly w i t h itself (React ions 3-5) thus t e rminat ing 
the propagat ion of free r a d i c a l reactions. T h i s concept is supported b y 
early rad iat ion studies ( 3 - 5 ) a n d more recent w o r k (6), w h i c h d e m o n 
strated that the ascorbate free r a d i c a l was the p r i m a r y product w h e n 
ascorbate reacted w i t h several redox systems. These experiments not 
only show that ascorbate is a good r e d u c i n g agent but also that its free 
r a d i c a l was the most stable r a d i c a l species i n each of the systems studied . 
Because of its nonreact iv i ty , the ascorbate r a d i c a l is one of the very 
f ew species observed by electron sp in resonance ( E S R ) i n tissue ( 7 - 1 3 ) . 
T h e stabi l i ty a n d nonreact iv i ty suggest that A - is a re lat ive ly nontoxic 
species, a state consistent w i t h the ant iox idant role ascorbate p lays i n 
b i o l o g i c a l systems. 

Research on ascorbate a n d dehydroascorbate can be per formed b y 
convent ional b i o chemica l methods, but study of the re lat ive ly short - l ived 
ascorbate free r a d i c a l requires methods such as flow techniques w i t h 
r a p i d m i x i n g or pulse radiolysis coup led w i t h po larography , E S R , or 
spectrophotometry. Ascorbate free radicals have been generated prefer
ent ia l ly b y ox idat ion of ascorbic a c i d [enzymatic (14-17), c h e m i c a l 
(18-20), rad iat ion chemica l (21-26), a n d photochemica l (27)] because 
ascorbic a c i d is easily avai lab le i n a h i g h p u r i t y grade but dehydro 
ascorbic ac id is not. 

T h e p r i m a r y objective of this chapter is to present an up-to-date 
rev iew of the basic chemistry of the ascorbate free r a d i c a l i n aqueous 
solutions. T h e discussion w i l l i n c l u d e such topics as spectral a n d k ine t i c 
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4. BIELSKI Ascorbic Acid Radicals 83 

properties , E S R studies, the role of ascorbate free radicals i n the auto -
ox idat ion of ascorbate, a n d selected ascorbate free r a d i c a l reactions. 

Spectral and Kinetic Properties of the Ascorbate Radical Anion 

T h e spectral a n d kinet i c properties of the ascorbate free r a d i c a l 
have been studied extensively b y opt i ca l pulse radiolysis experiments 
(21-24,26). W h e n d i lute aqueous solutions are exposed to i o n i z i n g 
rad iat ion , essentially a l l of the energy is absorbed b y the water y i e l d i n g 
(28): 

H a O ' V ' W O H (2.74), e a q "(2.76) , H (0.55) , H 2 0 2 (0.72) ,H 2 (0 .55 ) 
(6) 

T h e numer i ca l values i n parentheses are G values for h i g h energy electrons 
a n d g a m m a rays; they represent the n u m b e r of molecules f o rmed per 
100 e V of energy diss ipated i n the system. 

Ni t rous oxide added to neutra l or a lkal ine aqueous solutions converts 
the hydrated electron to O H radicals that react w i t h ascorbate at near 
di f fusion-control led rates (see T a b l e I I ) to g ive a mixture of ascorbate 
r a d i c a l an ion a n d O H - r a d i c a l adducts : 

N 2 0 + e a q " + H 2 0 - » N 2 + - O H + O H " (7) 

A H " + - O H -> A y + H 2 0 (8) 

A H " + - O H [ A H " ( O H ) - a d d u c t s ] A 7 + H 2 0 + products (9) 

E a r l y w o r k (21,22) on the absorption spectrum of the ascorbate 
r a d i c a l fa i l ed to take into account the complex nature of the react ion 
between ascorbate a n d the O H rad i ca l , w h i c h was later shown b y E S R 
studies (18,19) a n d by opt i ca l pulse radiolysis us ing very short pulses 
(23). 

T h e n u m b e r of different h y d r o x y l r a d i c a l adducts f o rmed a n d the 
rate w i t h w h i c h some of these species decompose to the ascorbate r a d i c a l 
r a d i c a l depends u p o n p H . T h e decomposi t ion rates for the O H - r a d i c a l 
adducts vary f rom 5 /*s to 1.5 ms (23). Def in i te structure assignment to 
the various O H - r a d i c a l adducts was obta ined b y E S R studies discussed 
i n the next section. 

T h e use of ha l ide an ion r a d i c a l complexes ( X 2 " ) (23) as o x i d i z i n g 
agents to min imizes the difficulties encountered w i t h the h y d r o x y l r a d i 
ca l . S u c h complexes are generated i n pulse radiolysis experiments b y 
a d d i t i o n of re lat ive ly large concentrations of ha l ide anions ( X " can be 
C l " , B r , I", or the pseudohal ide C N S ) to the solutions: 
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84 ASCORBIC ACID 

X " + - O H -> X - + 0 H " (10) 

x- + x- -> x 2 - (11) 

A H 2 + X 2 - -> adduct (12) 

adduct A H - + H B r + B r " (13) 

or 

A H - + X 2 " - » adduct (14) 

adduct - » A * + 2 B r + H + (15) 

T h e hahde an ion radicals apparently also a d d to the ascorbate 
r ing - carbon atoms to y i e l d a d d u c t ( s ) , but these adducts are m u c h shorter 
l i v e d transients ( f e w microseconds) a n d decompose to the ascorbate 
an ion r a d i c a l only (23,26). T h e react ion rates of the ha l ide an ion r a d i -
cs l w i t h ascorbic a c id /as corbate are moderate ly fast (see T a b l e I I I ) a n d 
are sensitive to i on i c strength. 

T h e current best resolved absorpt ion spectrum of the ascorbate 
an ion r a d i c a l ( F i g u r e 1) was de termined (26) i n a study of ascorbate 
ox idat ion b y ha l ide an ion radicals (par t i cu lar ly B r 2 " ) at p H 11. T h e 
spectrum shows a symmetr i ca l Gauss ian-type b a n d w i t h an absorpt ion 
peak at 360 n m a n d a w i d t h at h a l f - m a x i m u m of about 50 n m . T h e molar 
absorbance at 360 n m = 3300 M _ 1 c m _ 1 is l ower t h a n earl ier reported 
values (21,23). 

T h e ascorbate an ion r a d i c a l a n d the O H - r a d i c a l adducts have s imi lar 
absorpt ion spectra w i t h a m a x i m u m near 360 n m . T h e only significant 
spectral difference exists i n the 300-340 n m wave length reg ion , where 
the absorbance of A 1 is less t h a n that of the O H - r a d i c a l adducts , a n d 
at 560 n m , where one of the O H - r a d i c a l adducts has an add i t i ona l peak. 
T h i s spectral s imi lar i ty makes spectrophotometric resolution of the 
mixture into i n d i v i d u a l components diff icult. 

Table II. Rate Constants for Oxidation of Ascorbic Acid/Ascorbate 
( p K i = 4.3) by Hydroxyl Radicals 

pH Reference 

1.0 
1.5 
7.0 
7.0 

11.0 

7.2 X 10 9 

4.5 X 10 9 

7.0 X 10 9 

1.1 X i o 1 0 

4.1 X 10 9 

65 
23 
23 
66 
26 
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4. BIELSKI Ascorbic Acid Radicals 85 

Table III. Rate Constants for Oxidation of Ascorbic Acid/Ascorbate 
( p K i = 4.3) by Halide Anion Radicals 

Radical pH k (W1*'1) Reference 

Cl 2" 2 0.10 6.8 X 108 23 
2 0.01 6.0 X 108 66 

B r 2 " 2 0.10 1.1 x io8 23 
7 0.10 1.1 x io 9 23 

11 0.01 8.7 X 108 66 
11 0.00 4.8 X 108 26 

2 0.10 5.0 X 106 23 
7 0.10 1.4 X 108 23 

11 0.00 1.7 X 108 26 
(SCN)2- 2 0.10 1.0 x io 7 23 

7 0.10 6.0 X 108 23 
11 0.01 4.8 X 108 66 
11 0.00 3.1 X 108 26 

3000 

1 E 

*2 2000 

< 

1000 

300 350 400 450 

X , nm 

Figure 1. Absorption spectrum of the ascorbate radical anion at pH 11.0 
(26). 
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86 ASCORBIC ACID 

T h e spectrum of A * (measured 100 p.s after t e rminat i on of the 
electron pulse ) is constant i n the 1-10 p H range, suggesting a single 
species present over that p H range (23). T h i s finding was later corrobo
rated a n d expla ined i n w o r k (25) that demonstrated that the ascorbate 
r a d i c a l is present i n its an ion ic f o rm i n the 0 -13 p H range, b u t protonates 
at p H < 0 (React ions 16 , -16 ) , w i t h p K = —0.45. E a r l i e r repor ted p K 
values (22,23) were incorrect a n d arose f r o m mis interpretat ion of k ine t i c 
a n d spectral data. 

H ' 

c-
I! 

0 

. 0 , 

I: 
: C 

I! 
0 

+ H + 

_ H ' 

- H * c-
ii 
o 

s c=o 
I 

-c-
I 
O H 

(16, - 1 6 ) 

T h e ascorbate free r a d i c a l decays b y a str ict ly second-order dis -
proport ionat ion process to ascorbic a c i d a n d dehydroascorbic a c i d , 
independent of generation method . A product analysis (22) w i t h L -
a s c o r b a t e - l - 1 4 C showed dehydroascorbate to be the only n e w product 
i n a n i r rad ia ted solut ion. 

F i g u r e 2 shows the c o m b i n e d results of decay data for runs i n w h i c h 
the ascorbate r a d i c a l was generated b y the X 2 ~ m e t h o d (23) a n d those 
f r om Reference 22, n o w reevaluated w i t h an e — 3300 M " 1 c m " 1 (26) a n d 
assuming n o change i n m o l a r absorbance between p H 1 a n d 10. T h e 
earler reported (22) ext inct ion coefficient of the r a d i c a l changed w i t h 
p H , b u t this c h a n g i n g was a n error resu l t ing f r o m the f ormat ion of d i f 
ferent types of radicals f r om ox idat ion of ascorbate b y O H . T h e t w o sets 
of da ta are i n good agreement a n d show a strong p H dependence, w i t h a 
3000-fold change i n rates be tween the respective p la teau regions i n the 
a lka l ine a n d a c i d range. 

A n e w mechanism was proposed recently (29) for the second-order 
decay of A * as a func t i on of p H . T h i s mechan i sm is consistent w i t h a 
l o w p K A H . a n d the observed p H profi le i n F i g u r e 2: 

2 A ' (A*A T ) (17) 

( A ' A 1 ) -+ 2 A " (18) 

( A ' A T ) + H + - * A H " + A (19) 

( A ' A T ) + H 2 0 A H " + A + O H - (20) 
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4. BIELSKI Ascorbic Acid Radicals 8 7 

E — I 1 1 1 1 1 1 1 1 1 1—3 

in I——I——I—I I I I— I I I I I 
I 2 3 4 5 6 7 8 9 10 II 

PH 

Figure 2. Reaction rate, koh8, as a function of pH for the decay of ascor
bate radicals at ambient temperature. Key: O, data from Ref. 23 ; • , 

data from Ref. 22 ; and J , data from Ref. 14. 
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88 ASCORBIC ACID 

T h e complex A T A T exists i n a very l o w steady-state concentrat ion d u r i n g 
the react ion. T h e observed rate, 2 f c o b s ( A 7 ) 2 , is g iven for this mechanism 
b y the sum of the rates of Reactions 19 a n d 20; the steady-state approx i 
mat i on then y ie lds : 

T h e curve i n F i g u r e 2 is ca l cu lated f rom E q u a t i o n 21 w i t h kn = 
1.2 X U F A f - V 1 , fc10/*i8 = 2.0 X 10 4 , a n d k20/k18 = 3.92 X 10" 4 , a n d 
gives an excellent fit to the data obta ined i n three different laboratories. 

T h e effect of added salt on the decay rate ( ion ic strength effect) was 
determined at p H 3.3 a n d 9.0. A d d e d salt should increase the rate of 
react ion between two ions of the same s ign to a pred ic tab le degree ( R e 
act ion 19) , a n d shou ld have l i t t le or no effect on the rate of the first-order 
React ions 18 a n d 20. A t p H 9, where Reac t i on 19 does not occur 
apprec iably a n d the salt effect is governed b y React ion 17, salt increased 
the decay rate (22) i n quant i tat ive agreement w i t h expectation. A t p H 
3.3, where Reactions 17 a n d 19 affect the decay rate, no apprec iable salt 
effect was found , again as pred i c ted (29). 

Electron Spin Resonance Studies 

T h e first successful observation a n d character izat ion of the ascorbate 
free r a d i c a l was carr ied out w i t h E S R (14,15). A 1.7-G E S R doublet 
was reported a n d i t was correct ly c onc luded that the observed spectrum 
represented the anionic f o r m ( A 7 ) of the rad i ca l . These measurements 
(14,15) showed that the enzyme-generated r a d i c a l (horseradish perox i -
dase -hydrogen peroxide-ascorbate) was present as a free r a d i c a l a n d 
decayed by second-order kinetics (see F i g u r e 2 ) . Recent experiments 
(16,17) have shown that ascorbate oxidase a n d dopamine-monooxygenase 
also generate u n b o u n d ascorbate radicals . 

Studies (20) of the r a d i c a l i n oxygenated neutra l or a lka l ine 
ascorbate solutions ( p H 6.6-9.6) showed that the spectrum c o u l d be 
resolved into a doublet of triplets (1.7 a n d 0.17 G ) w i t h an intensity 
ratio close to 1:2:1. 

T h e early E S R studies l ed to controversy (14,15,18-20,30-33) over 
the exact structure of the rad i ca l , a s i tuat ion that became even more 
confusing w h e n the O H r a d i c a l was used as an o x i d i z i n g agent for 
ascorbate (18-25). T h e O H r a d i c a l can oxid ize ascorbate to A " either 
b y direct electron transfer or b y first f o r m i n g short - l ived O H - r a d i c a l 
adducts , some of w h i c h subsequently y i e l d A ' . T h a t ascorbate y ie lds a 
mixture of radicals u p o n react ion w i t h the O H r a d i c a l was first observed 

(21) 
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4. BIELSKI Ascorbic Acid Radicals 89 

i n studies w i t h F e n t o n reagents (18,19). A n ascorbate r a d i c a l mixture 
was also observed i n radicals generated b y pulse radiolysis (23). T o re 
solve the correct structure assignment, a very systematic E S R study of 
the ascorbate r a d i c a l ( s ) a n d radicals f o rmed f r o m a n u m b e r of ascorbate 
analogues was conducted (25,26,34-37). G o o d structure assignment for 
the - O H adducts was obta ined b y t ime-resolved E S R (37). 

U s i n g i n situ r a d i o l y s i s - E S R , the E S R spectrum shown i n F i g u r e 3 
was obta ined (25); the spectral parameters were reported as g factor, 
2.00518; a H 4 , 1.76 G ; a H s , 0.07 G ; a n d a H e , 0.19 G for the t w o protons on 
C 6 . These results showed that the r a d i c a l is i n its anionic f o r m w i t h the 
u n p a i r e d electron spread over a h i g h l y conjugated t r i carbo ly l system: 

T h e species carries a negative charge at p H 9.8 as h a d been shown 
earl ier (22) i n studies of the ion ic strength effect u p o n decay kinet ics . 
Plots of the g factor a n d / o r the C 4 proton c o u p l i n g constant of the A * 
r a d i c a l as a funct ion of p H showed (25) that the anionic f o rm is present 
f r o m p H 13 to about 10, be l ow w h i c h i t becomes protonated to f o r m the 
neutra l species A H - (see React ion 16, —16) . 

Structure assignments to the various O H - r a d i c a l adducts of ascorbate 
have been further e luc idated a n d / o r conf irmed us ing t ime-resolved E S R 
coup led w i t h pulse radiolysis (37). T h e complex i ty of the system 
becomes apparent w h e n one considers that O H can fo rm the ascorbate 
an ion r a d i c a l b y direct electron transfer or i t can a d d to either end of 
the double b o n d of either of the two tautomeric forms of ascorbate: 

H ^ 4 

C = 
I 

O H 

S C = 0 
I 
I 

O H 

H i 
c-

I I 
0 

- O . 
C - O H 

II 
-c 

I 
O H 

(23) 
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90 ASCORBIC ACID 

A B C 

Figure 3. Illustration of three stages of increasing resolution showing the 
1.76-G doublet due to the proton at position 4, the triplet due to the two 
protons at position 6, and the completely resolved spectrum with the 

doublet due to the remaining proton at position 5. 

I n basic solutions ascorbate is apparent ly ox id i zed preferent ia l ly b y 
the electron transfer process, w h i c h goes to comple t i on i n less t h a n 2 fxs 
after terminat ion of the electron pulse (see Structure I ) . I n ni trous-oxide-
saturated a c i d solutions ( p H 3.0-4.5) , A " a n d two other species w h i c h 
were shown to be O H - r a d i c a l adducts were observed ( 3 7 ) , thus conf i rm
i n g earl ier observations ( 1 8 , 1 9 , 2 3 , 25 ) . T h e ascorbate r a d i c a l an ion was 
identi f ied b y its doublet of tr iplets spectrum that maintains its l ine 
posi t ion f rom p H 13 to 1. O n e O H - r a d i c a l adduct (IV) shows a doublet , 
the lines of w h i c h start to shift be low p H 3.0; i t has a p K near 2.0, a 
decay per iod of about 100 /xs, and probab ly does not l ead to format ion 
of A " . T h e other O H - r a d i c a l adduct (II) is f o rmed b y a d d i t i o n of the 
O H rad i ca l to the C 2 pos i t ion ; its E S R parameters are a H = 24.4 ± 
0.0002 G and g = 2.0031 ± 0.0002. T i m e g r o w t h studies suggest that 
this r a d i c a l adduct converts to the ascorbate an ion r a d i c a l (III) w i t h r ~ 
15 /us, a n d accounts for 5 0 % of the A " s ignal intensity 40 after 
terminat ion of the electron pulse. T h e format ion of the three radicals 
can be summar ized as shown i n Scheme 1. 

The Role of Ascorbate Radical in the Autoxidation of Ascorbate 

Reactions that ascorbate a n d the ascorbate free r a d i c a l undergo w i t h 
molecu lar oxygen or its derivatives ( H 0 2 / 0 2 ~ , - O H , * 0 2 ) are b io log i ca l ly 
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4. BIELSKI Ascorbic Acid Radicals 91 

100 MS 

Product (?) 

Scheme 1. 

important because they m a y occur i n l i v i n g cells. Desp i te studies o n 
autoxidat ion of ascorbate the mechan i sm(s ) of e lectron transferral to 
oxygen or hydrogen peroxide remains obscure. E S R studies (14,15,20) 
have shown that a steady state concentrat ion of ascorbate radicals is 
f o rmed w h e n ascorbate reacts w i t h either hydrogen peroxide at p H 4.8 
or molecular oxygen i n the p H range 6.6-9.6; s imi lar evidence for f o rma
t ion of H 0 2 / 0 2 " i n such mixtures is not w e l l established. 

A u t o x i d a t i o n of ascorbate at p H 7.8 is i n h i b i t e d b y add i t i on of 
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92 ASCORBIC ACID 

superoxide dismutase ( 3 8 ) , the enzyme that catalyzes the dispropor
t i o n a t e of superoxide radicals ( 3 9 ) : 

0 2 " + ( V + 2 H + H 2 0 2 + 0 2 (24) 

S u c h i n h i b i t i o n suggests that superoxide rad i ca l may be generated as an 
intermediate d u r i n g autox idat ion : 

A H " + 0 2 -> A T + ( V + H + (25) 

Studies (40) on indo ly lamine 2,3-dioxygenase suggested molecu lar 
oxygen reduct ion to superoxide r a d i c a l b y ascorbate. Superoxide radicals 
have also been i m p l i c a t e d i n ascorbate-simulated oxygen uptake b y 
isolated chloroplasts (41,42). 

Absence of superoxide radicals i n oxygenated neutra l or a lkal ine 
solutions suggests that the oxidat ion mechanism involves a single t w o -
electron oxidat ion step as suggested earlier (14): 

A H " + 0 2 + H + -> A + H 2 0 2 (26) 

O n the other h a n d , react ion rates of ascorbate /ascorbic a c id w i t h molec 
u lar oxygen are l o w and p H dependent [10" 5 -5 M _ 1 s _ 1 at p H 4-10 (43, 
44)]; detect ion of 0 2 " m a y be difficult because of its l o w concentration. 
Ascorbate free radicals i n such solutions cou ld arise f r om a secondary 
react ion between dehydroascorbic a c id a n d ascorbate: 

A + A H " — 2 A - + H + (27, - 2 7 ) 

A n E S R study (30) showed that ascorbate free radicals are formed w h e n 
ascorbate a n d dehydroascorbic a c i d are m i x e d under anaerobic condit ions. 
T h e e q u i l i b r i u m constant K = [ A H - ] 2 / [ A H 2 ] [ A ] is 4.85 ± 0.38 X 10" 9 

at p H 6.4 a n d 25°C. U s i n g the n u m e r i c a l values f rom Reference 30 a n d 
E q u a t i o n 28, w h i c h describe the same e q u i l i b r i u m i n terms of concentra
tions of the ascorbate r a d i c a l anion , ascorbic ac id , a n d ascorbate i o n at 
any p H , the f o l l o w i n g va lue is obta ined : 

where K A H 2 is the first dissociat ion constant for ascorbic a c i d , a n d 
( A H 2 ) t o t a l = ( A H 2 ) + ( A H " ) . 

R a d i c a l - i n d u c e d ox idat ion of ascorbate b y molecu lar oxygen p r o b a b l y 
involves a short c h a i n (45). T h e overa l l mechanism or parts of i t have 
been s tudied p r i m a r i l y b y h i g h energy i o n i z i n g rad ia t i on (45,46) or 
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4. BIELSKI Ascorbic Acid Radicals 93 

photolysis of peroxide (27) c onta in ing ascorbate solutions. Because the 
mechan i sm has not been resolved, a n u m b e r of selected reactions that 
have been proven or are most l ike ly to occur i n this system w i l l be 
discussed next. 

Radio lys is of oxygenated water or photolysis of h y d r o g e n peroxide 
solutions yie lds two oxidative species, the - O H r a d i c a l a n d the p e r h y -
droxy l r a d i c a l ( H 0 2 ^± 0 2 " + H + ) . A s prev ious ly discussed, the final 
react ion produc t of h y d r o x y l radicals interact ion w i t h ascorbate above 
p H 6 is p redominant ly the ascorbate an ion r a d i c a l ( A 7 ) . T o account for 
the sto ichiometry of ascorbic a c i d consumpt ion i n a 6 0 C o g a m m a ray 
study of oxygenated ascorbic a c i d solutions, the ascorbic a c i d free r a d i c a l 
was thought (3 ) to react w i t h molecu lar oxygen to y i e l d a transient 
a d d u c t : 

A* + 0 2 -> A 7 0 2 (29) 

A s imi lar 6 0 C o g a m m a ray study (4) l e d to essentially the same conclus ion. 
U s i n g the flow-radiolysis technique , the rate of Reac t i on 29 was 

determined b y measur ing the disappearance of A 7 under pseudo first-
order condit ions at 360 n m ( 2 ) . A t p H 8.6, fc29 < 500 M ' V 1 . T h i s va lue 
is i n re lat ive ly close agreement w i t h fc29 ~ 600 M " 1 s " 1 , w h i c h was deter
m i n e d at p H 6.0-6.5 i n a 6 0 C o g a m m a ray study (45 ) . 

F o r m a t i o n of the B a r r - K i n g complex r a d i c a l ( A T 0 2 ) is reportedly 
(46) s l ow a n d has to compete w i t h other reactions, i n par t i cu lar Reac 
t i on 32. T h e ratios feoWJto = 0.23 M ' V 1 a n d fc29fc33/&3i — 6.9 X 
10" 2 M ' V 1 were de termined b y v a r y i n g the concentrations of ascorbic 
a c i d a n d oxygen as w e l l as the dose rate. T h e par t i cu lar rate constants 
represent the f o l l o w i n g equations : 

A H 2 + H 0 2 - » A T - f H + + H2O2 (30) 

H + 

A * + A " 0 2 -> 2 A + H 2 0 2 (31) 

H + 

A ' + H 0 2 -> A + H 2 0 2 (32) 

A ~ 0 2 + A H 2 -> A + A * + H 2 0 2 (33) 

H 0 2 + H 0 2 H2O2 + 0 2 (34) U s i n g k29 = 500 M ' V 1 (2) a n d k30 — 1.25 X 10 6 M V 1 ( 2 7 ) , one c a n 
calculate fc32 = 2.7 X 10 9 M " 1 s " 1 . Because this is a r a d i c a l - r a d i c a l reac
t i on , the order of magn i tude of k32 is not surpr i s ing a n d supports the 
suggestion that Reac t i on 32 effectively competes w i t h R e a c t i o n 29. A 
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94 ASCORBIC ACID 

s imi lar subst i tut ion into k2^k33/k31 shows that A " 0 2 reacts approx imate ly 
10 4 t imes faster w i t h A " (because i t is a r a d i c a l - r a d i c a l react ion) t h a n 
w i t h ascorbic a c id . T h i s difference i n react ion rates is i n agreement w i t h 
the observation that Reac t i on 33 was not effective unless the ascorb ic 
a c i d concentrat ion was re lat ive ly h i g h . 

T h e ox idat ion of ascorbic a c id /ascorbate b y H 0 2 / 0 2 " radicals w a s 
s tudied (27) i n the p H range 2.75-7.78. T h e H 0 2 / 0 2 " radicals w e r e 
generated b y flash photolysis of hydrogen peroxide i n presence of ascor
b i c a c id /as co rba te : 

H 2 0 2 + hv-> 2 0 H (35) 

O H + H 2 0 2 -> H 0 2 + H 2 0 (36) 

H 0 2 ^± 0 2 " + H + (37,-37) 

T h e p K H o 2 for E q u a t i o n 37 is 4.7 (see Ref . 47). Based u p o n an observed 
stoichiometery of 2 ( H 0 2 ) :1( A H 2 ) for the overa l l ox idat ion of ascorb ic 
a c i d b y superoxide radicals a n d k inet i c rate measurements carr i ed out 
under pseudo first-order kinet ics as a func t i on of p H , the f o l l o w i n g 
mechanism was proposed : 

H 0 2 + A H 2 -> A * + H 2 0 2 + H + (30) 

H 0 2 + A * + H + -> A + H 2 0 2 (32) 

T w o l i m i t i n g rate values, kso — 1.25 ± 0.25 X 10 6 M _ 1 s _ 1 a n d k38 = 
5.75 ± : 0.35 X 10 4 A T V 1 were reported (27). T h e latter value is for 
the react ion of superoxide radicals w i t h the ascorbate i o n : 

A H " + 0 2 " -> A T + H 0 2 - (38) 

T h i s va lue shou ld be compared w i t h earl ier reported values : k38 = 1-52 
=fc 0.1 X 10 5 M ' V 1 at p H 9.9 (2), k38 = 2.7 X 10 5 A f V 1 (48), a n d 
fc38 = 8 ± 2 X 10 7 M ' V 1 ( 4 9 ) . 

Selected Ascorbate Free Radical Reactions 

T h e invo lvement of the ascorbate free r a d i c a l i n b io l og i ca l reactions 
is so extensive that a thorough discussion of the subject is beyond the 
scope of this chapter. Because i n m a n y cases A T is i n v o k e d w i t h l i t t l e 
or no exper imental evidence, only a f e w selected systems w i l l be discussed 
to i l lustrate the types of reactions ascorbate free radicals undergo. 

The Catalysis of Ascorbate Autoxidation by Organic Compounds. 
W h i l e deve lop ing an i n v i t ro react ion system for f o l l o w i n g oxygen 
consumpt ion d u r i n g autox idat ion of 6 -hydroxydopamine ( 6 - O H D A ) , 
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4. BIELSKI Ascorbic Acid Radicals 95 

6-aminodopamine ( 6 - A D A ) , a n d d ia lur i c a c i d ( D A ) , researchers ( 5 0 -
54) d iscovered that these compounds were very efficient catalysts for 
autox idat ion of ascorbate. These studies d r e w attention to the poss ib i l i ty 
that organic free radicals p l a y a major role i n the overa l l autox idat ion 
mechanism. 

T h e mechanism of the catalysis of ascorbate autoxidat ion b y 6-
O H D A , 6 - A D A , D A , a n d other related compounds was studied i n great 
deta i l (6) i n double -mixer flow experiments c oup led w i t h E S R . These 
studies showed that the free radicals ( Q H •) generated b y ox idat ion of 
the catalyst, for example, 6 - O H D A i n mixer N o . 1 c o u l d be converted 
quant i tat ive ly to the ascorbate r a d i c a l i n the tandem mixer N o . 2 b y 
a d d i t i o n of excess ascorbate. A s impl i f ied version of this mechanism 
[see Ref . 6 for details] i n neutra l or a lkal ine solutions i s : 

Q H 2 + 0 2 - » Q H - + ( V + H + (39) 

Q H 2 + 0 2 " 5 > Q H - + H 2 0 2 (40) 

Q H - - f A H " Q H 2 + A - (41) 

Reac t i on 41 was p r o v e d independent ly under anaerobic condit ions b y 
ox id i z ing Q H 2 to Q H • w i t h ferr icyanide i n mixer N o . 1 a n d scavenging 
Q H - w i t h ascorbate i n mixer N o . 2. Ascorbate is a p o w e r f u l enough 
r e d u c i n g agent to reduce Q H • back to Q H 2 . 

Interaction Between Vitamin E - Radicals and Ascorbate. V i t a m i n 
E a n d ascorbate p robab ly act synergist ical ly (55) that is , v i t a m i n E acts 
as the p r i m a r y ant ioxidant (par t i cu lar ly i n b iomembranes ) a n d the 
resul t ing v i t a m i n E - r a d i c a l then reacts w i t h ascorbate to regenerate 
v i t a m i n E . T h a t such a react ion can occur was subsequently d e m o n 
strated ( 5 6 ) , a n d the react ion rate (fc 4 2 = 1.55 ± 0.2 X 10 6 M ' V 1 ) was 
measured i n a pulse radiolysis s tudy : 

v i t a m i n E - + A H " - » v i t a m i n E + A - (42) 

T h e A* r a d i c a l can disproport ionate to ascorbate a n d dehydroascorbic 
a c i d or be enzymat i ca l ly r educed back to A H " b y an N A D H - d e p e n d e n t 
system ( 5 7 ) , therefore the f o l l o w i n g repair mechanism was proposed 
(56) for potent ia l ly damag ing organic free rad ica ls : 

R - potent ia l - N . ^ - v i t a m i n E ^< ^ A ; N A D H 
damage ) ( ) ( ) ( (43) 

R H repaired J V * . v i t a m i n E V » A H " J ^ N A D * 
molecule 
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96 ASCORBIC ACID 

These observations (56) suggested that " the r e c y c l i n g of v i t a m i n E 
at the expense of v i t a m i n C m a y account i n part for the fact that c l i n i c a l l y 
overt v i t a m i n E deficiency has not been demonstrated i n m a n . " 

Ascorbate Potentiated Cytotoxicity of Nitroaromatic Compounds. 
Extens ive research a imed at finding chemicals or chemica l systems that 
w i l l sensitize hypox ic cells, w h i c h are o rd inar i ly very resistant to rad ia t i on 
or chemicals , is be ing conducted i n the field of radiobio logy . O f p a r t i c u 
lar interest are the investigations (58-61) of the catalyt ic effect of certa in 
carcinogens u p o n the ox idat ion of ascorbate. 4 -Ni t roqu ino l ine N - o x i d e 
( 4 - N Q O ) , w h i c h is one of m a n y compounds (52,62,63) that mediate 
the ascorbate-oxygen react ion, is used as an example. 

T h e overal l react ion is in i t ia ted b y an electron transfer f r om ascorbate 
to 4 - N Q O w i t h the p r o d u c t i o n of A 7 a n d 4 - N Q O " ( R e a c t i o n 46, l ) . 
T h e 4 - N Q O " r a d i c a l reacts r a p i d l y [reported values for s imi lar c o m 
pounds range f rom 10 7 to 10 9 M ' V 1 (62,63)] w i t h molecular oxygen 
to y i e l d superoxide ra d i ca l (Reac t i on 46, 2 ) , w h i c h dismutates to peroxide 
a n d oxygen (Reac t i on 46, 3) or reacts w i t h ascorbate (Reac t i on 46, 4 ) . 
Specific tests w i t h superoxide dismutase a n d catalase suggest that O H 
radicals are f ormed i n this system b y a H a b e r - W e i s s (64) a n d / o r F e n t o n 
(65) type react ion : 

H 0 2 + H 2 0 2 -> H 2 0 + 0 2 + O H (44) 

M 2 + + H 2 0 2 - » M 3 + + O H " + O H (45) 

H 2 0 2 ^ * A: 

X 
A H " ^ s~ 4 - N Q O O o : s~ ° 2 7 ^ - A H " 

O H - * ' ^ 0 2 

F r o m this i n v i tro study, the 4 - N Q O mediated oxidat ion of ascorbate 
i n presence of oxygen generates t w o radicals (- O H a n d 4-NQO 7 *) that 
are potent ia l ly mutagenic to m a m m a l i a n cells. T h e effect of this system 
i n v i v o is diff icult to predict . A l t h o u g h h y d r o x y l r a d i c a l p r o d u c t i o n may 
be prevented b y h i g h ce l lu lar concentrations of catalase a n d superoxide 
dismutase, the effect of A - N Q O ^ a n d its nitroso intermediate u p o n c e l l u 
lar components a n d macromolecules nevertheless c o u l d be significant. 
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4. BIELSKI Ascorbic Acid Radicals 97 

Miscellaneous Electron Transfer Processes. T h e electron transfer 
f rom ascorbate /ascorbic a c id to a number of organic free radicals has 
been studied b y the pulse radiolysis technique. T h e corresponding rate 
constants are summar ized i n T a b l e I V . 

T h e phenothiaz ine rad i ca l cations are par t i cu lar ly interest ing because 
they have been imp l i ca ted i n charge transfer reactions w i t h several 
neutra l transmitter molecules ( 6 8 ) : 

R R 

Name R X 

P r o m a z i n e ( P M Z ) - ( C H 2 ) 3 N ( C H 3 ) 2 H 
C h l o r p r o m a z i n e ( C 1 P M Z ) - ( C H 2 ) 3 N ( C H 3 ) 2 C l 
Promethaz ine ( P M T Z ) - C H 2 C H ( C H 3 ) N ( C H 3 ) 2 H 

Table IV. Rate Constants for the Oxidation of 
Ascorbate by Organic Radicals 

pH k (M-'s-1) Reference 

Alcohol/Carboxylic Acid Radicals 
C H 2 O H 11.0 10 6 26 
• C ( O H ) ( C H 3 ) 2 5.7 1.2 X 10 6 67 
• C H ( C 0 2 - ) 2 5.7 1.3 X 10 7 67 
co 3- 11.0 1.1 x io9 67 

Peroxy Radicals 
C 1 3 C 0 2 - 7.0 1.8 X 10 8 71 
C 1 2 C H 0 2 - 7.0 2.2 X 10 8 71 
C 1 C H 2 0 2 - 7.0 9.2 X 10 7 71 
•o2cci2co2- 7.0 9.0 X 10 7 71 
• 0 2 C H C 1 C 0 2 - 7.0 5.1 X 10 7 71 
C H 3 0 2 - 7.0 2.2 X 10 6 71 
( C H 3 ) 2 C ( O H ) C H 2 0 2 - 7.0 2.1 X 10 6 71 

Phenoxyl Radicals 
P h e n o x y l 11.0 6.9 X 10 8 26 
p - A m i n o p h e n o x y l 11.0 5.1 X 10 7 26 
p - B r o m o p h e n o x y l 11.0 8.3 X 10 8 26 
m - B r o m o p h e n o x y l 11.0 8.9 X 10 8 26 
o - B romophenoxy 1 11.0 7.7 X 10 8 26 
p - C a r b o x y p h e n o x y l 11.0 4.6 X 10 8 26 
o - C a r b o x y p h e n o x y l 11.0 8.3 X 10 7 26 

Continued on next page. 
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98 ASCORBIC ACID 

T a b l e I V 

p - C h l o r o p h e n o x y l 

ra-Chlorophenoxyl 

o - C h l o r o p h e n o x y l 

p - C y a n o p h e n o x y l 

o - C y a n o p h e n o x y l 

p - F l u o r o p h e n o x y l 

m - F l u o r o p h e n o x y l 

o - F l u o r o p h e n o x y l 

m - H y d r o x y p h e n o x y l 

p - I o d o p h e n o x y l 

Phenothiazine Cation Radicals 
P r o m a z i n e 

C h l o r p r o m a z i n e 

P r o m e t h a z i n e 

Semiquinones 

p - S e m i q u i n o n e 

o-Semiquinone 

( C o n t i n u e d ) 

pH k (M-hv Reference 

11.0 7.3 X 10 8 26 
11.0 1.25 X 10 9 26 
11.0 1.09 X 10 9 26 
11.0 2.0 X 10 9 26 
11.0 1.8 X 10 9 26 
11.0 4.6 X 10 8 26 
11.0 9.7 X 10 8 26 
11.0 9.5 X 10 8 26 
11.0 1.1 x io8 26 
11.0 1.06 X 10 9 26 

5.9 4.9 X 10 8 70 
5.9 1.4 X 10 9 70 
5.9 1.3 X 10 9 70 

11.0 < 5.0 X 10 6 26 
11.0 < 2.0 X 10 7 26 

Some researchers (68 ,69 ) favor the format ion of a charge transfer 
complex between ascorbate an ion ( A H " ) a n d the respective cat ion 
r a d i c a l (e.g., C 1 P M Z - * ) ; a pulse radiolysis study (70) conc luded that i f 
such a complex is f ormed, its l i fet ime is shorter than 70 ns. A t p H 
2.2-7.2 the r a d i c a l cations are reduced b y A H " ( 7 0 ) : 

C 1 P M Z - * + A H " — * 4 8 = u x 1 ° 5 M " l s ' 1 c i P M Z - f A - + H + 

/c_48 = 5.0 X 177 M - V " 1 

(48, - 4 8 ) 

I n strongly a c i d solutions (1 M H C 1 ) the reverse react ion occurs ( R e a c 
t i on —48) , that is, the ascorbic a c i d r a d i c a l ( A H - ) oxidizes N - a l k y l -
phenothiaz ine , for example, to the corresponding r a d i c a l cat ion. 
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5 
Dehydroascorbic Acid 

BERT M. TOLBERT and JONI B. WARD 
Department of Chemistry, University of Colorado, Boulder, CO 80309 

Dehydroascorbic acid (DHA) is the first stable oxidation 
product of L-ascorbic acid (AA). D H A can be easily and 
quantitatively prepared by air oxidation of AA over char
coal in ethanol. DHA is stable for days in aqueous solution 
of pH 2-4. 1H NMR and 13C NMR studies show that the 
principle species of DHA is the bicyclic hydrate, 3,6-an-
hydro-L-xylo-hexalono-l,4-lactone hydrate. This finding is 
confirmed by synthesis and spectral studies of related com
pounds. DHA contains equilibrium concentrations of vari
ous dehydrated and open side-chain forms, but these 
species are too small to detect using NMR spectroscopy. 
The DHA dimer is converted to the monomer when it is 
dissolved in water. The chemistry of D H A is reviewed, in
cluding the hydrolysis to diketogulonic acid and the reac
tions of the 2- and 3-oxo groups. DHA readily forms Schiff 
bases and undergoes a Strecker reaction with amino acids. 
The known enzymatic reactions of DHA are reviewed. 

The first chemically stable product in the oxidation of L-ascorbic acid 
(AA) is L-dehydroascorbic acid (DHA). It is normally prepared 

from AA using a variety of oxidizing agents such as the halogens (1-5), 
oxygen (6), quinones (7), and potassium iodate (8). D H A is present in 
biological tissue and is a part of the A A / D H A oxidizing/reducing 
couple. In addition, D H A or A A / D H A ratios may be related to cell 
division and, therefore, may have a critical role in growth regulation. 

The oxidized form of AA was first detected when Zilva (9) noticed 
that freshly oxidized solutions of AA retained their nutritional or physio
logical activity. At the same period Szent-Gyorgyi also recognized that 
the oxidized form of AA could be regenerated to AA (10). Further inves
tigations of these discoveries led to conclusion that AA could be reversibly 
oxidized to D H A (11) without loss of nutritional activity (12). On the 
basis of the structure of AA, the structure of DHA was postulated as a 
2,3-diketolactone with possibly one or more of the keto groups hydrated 
(2). 

0065-2393/82/0200-0101$06.75/0 
© 1982 American Chemical Society 
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102 ASCORBIC ACID 

D u r i n g the last 20 years a better unders tand ing of the structure 
a n d c h e m i c a l nature of D H A a n d the free r a d i c a l intermediate that m a y 
be f o rmed d u r i n g the ox idat ion of A A has developed. These deve lop 
ments were based on m o d e r n ins t rumenta l techniques i n c l u d i n g * H 
N M R a n d 1 3 C N M R spectroscopies a n d pu l sed rad ia t i on e lectron sp in 
resonance ( E S R ) spectroscopy. T h e chemistry a n d properties of mono -
dehydroascorb ic a c i d ( A A " ) , a free r a d i c a l intermediate that m a y be 
f o r med i n the ox idat ion of A A , is covered elsewhere i n this vo lume. T h i s 
chapter concerns D H A , its reactions, structure, a n d phys io l og i ca l 
chemistry . 

T h e fact that D H A possesses v i t a m i n C act iv i ty was recognized 
early i n studies of A A a n d was s tud ied b y several groups ( 1 3 , 1 4 ) . 
E n z y m e s that catalyze the reduct ion of D H A to A A have been d e m o n 
strated i n m a n y systems a n d are discussed later i n this chapter. D i m e r i c 
D H A , or b isdehydroascorb ic a c i d ( B D H A ) , a n d D H A b o t h are i m p o r 
tant i n n u t r i t i o n ; this importance has been taken for granted i n that the 
c o m m o n assay of ascorbic a c id , the d in i t r opheny lhydraz ine ( D N P H ) 
method , does not d i s t inguish between these forms. 

T h e nomenclature of the ox id i zed forms of A A is b a d l y i n need of 
revis ion . N o t only is dehydroascorbic a c i d a l ong a n d cumbersome name, 
but it is also confusing i n in fe r r ing that the c o m p o u n d is an ac id . A s is 
discussed later i n this chapter, the p r i n c i p l e structure is a b i c y c l i c 
c o m p o u n d conta in ing b o t h lactone a n d hemike ta l groups. N a m e s such 
as ascorbitone or dehydroascorbitone w o u l d be better t r i v i a l represen
tations. 

Preparation of DHA and BDHA 

D H A has been prepared f r om A A us ing a great var iety of o x i d i z i n g 
agents a n d condit ions. T h e oxidizers inc lude the halogens, C l 2 , B r 2 , a n d 
I 2 (1-5); the quinones ( 7 ) ; iodate ( 8 ) ; a n d oxygen (6 ) as w e l l as other 
reagents. Since A A is a good r e d u c i n g agent that read i ly reacts w i t h 
one-electron or two-electron o x i d i z i n g agents, the p r o b l e m i n the p r e p a 
rat ion of D H A is to find reagents that do not overoxidize A A a n d that 
give react ion products that are easily separated f rom D H A . D H A is on ly 
stable under certain condit ions i n water so lut ion a n d is also easily ox i 
d i z e d . I n general , equivalent amounts of A A a n d the halogens do not 
give quant i tat ive y ie lds of D H A because of p a r t i a l overox id izat ion , a n d 
a compl i ca ted pur i f i cat ion procedure is r equ i red to give pure D H A ( J ) . 
A l s o , the pur i f i cat ion procedures often l ead to more decompos i t ion t h a n 
pur i f i cat ion . 

O n e of the more extensive reports on the preparat ion of D H A is b y 
Pecherer ( I ) w h o w o r k e d out a large-scale preparat ion us ing i od ine 
ox idat ion . N e i t h e r i n this study, nor i n any other has D H A been ob
ta ined i n crystal l ine f o rm, a l though there does not seem to be any good 
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5. TOLBERT AND WARD Dehydroascorbic Acid 103 

reason to bel ieve i t impossible . D H A is usua l ly ob ta ined as a th i ck 
syrup or as a n amorphous or microcrysta l l ine so l id b y solvent p r e c i p i 
tat ion or lyophi l i za t i on . Because D H A is very easy to prepare f r om A A , 
i t is best prepared as needed us ing the f o l l o w i n g method . 

A par t i cu lar ly use fu l preparat ion of D H A , descr ibed b y O h m o r i a n d 
T a k a g i , uses oxygen ox idat ion over a charcoa l catalyst ( 6 ) . T h e use of 
oxygen a n d charcoa l to convert A A to D H A is a w e l l - k n o w n react ion that 
has been used i n A A assays for m a n y years. T h e ox idat ion can be m a d e 
i n ethanol , methanol , water , or various mixtures of these solvents. W e 
carry out this procedure as fo l l ows : 

T e n grams of ascorbic a c i d is d isso lved i n 300 m L of solvent, a n d 
15 g of act ivated charcoa l is added . O x y g e n or a ir is b u b b l e d t h r o u g h 
the so lut ion at a flow rate of 20 m L / m i n for 30 -60 m i n w h i l e the so lut ion 
is gent ly st irred w i t h a magnet ic stir bar . A t the comple t i on of the 
react ion the so lut ion is filtered, first t h r o u g h a W h a t m a n # 2 filter paper 
a n d then b y suct ion through a fine glass filter. T h e solvent is r emoved 
b y a rotary evaporator w i t h a b a t h temperature of 30 °C . T h e resu l t ing 
syrup is pure D H A w i t h traces of the organic solvent used i n the p r e p a 
rat ion . A d d i t i o n of a smal l amount of water a n d repeated l y o p h i l i z a t i o n 
w i l l remove the traces of organic solvent. 

Because the i n i t i a l rotary evaporat ion is faster w i t h the organic 
solvent, w e have usua l ly prepared D H A i n 9 5 % ethanol . I n methano l 
the react ion gives u p to 1 0 - 2 0 % of a methano l complex of D H A that is 
on ly par t ly reconverted to free D H A on repeated evaporations f r o m 
water . Extens ive rotary evaporat ion w i t h repeated addit ions of d i e t h y l 
ether, f o l l owed by l yoph i l i za t i on , y ie lds a more manageable , semisol id 
product . D H A i n the syrup or semiso l id f o r m is stable for m a n y weeks 
w h e n stored at —10° to —20°C. Analys i s of the products p repared as 
descr ibed above was done by 1 3 C N M R , one of the f e w ana ly t i ca l 
techniques that gives unambiguous results on the p u r i t y a n d ident i ty of 
this c o m p o u n d . 

C r y s t a l l i n e B D H A can be p r e p a r e d f r o m D H A b y the method of 
D i e t z ( 1 5 ) : 10 g of D H A syrup, prepared b y the m e t h o d descr ibed 
above, is dissolved i n 30 m L of nitromethane. A f t e r the syrup has d i s 
solved, 100 m L more of i ce -co ld n i tromethane is added . T h e so lut ion is 
heated to b o i l i n g . A whi te prec ip i tate of B D H A is f o r m e d a n d c a n be 
filtered off a n d dr i ed . Hvos l e f has prepared macrocrysta l l ine B D H A f r o m 
this mater ia l for x-ray crysta l lographic studies (16). 

T h e d imer is stable i n so l id d r y form. Several c o m m e r c i a l firms sel l 
"dehydroascorb ic a c i d " that may or m a y not be ident i f ied as B D H A . W e 
have ana lyzed several o l d commerc ia l a n d pr ivate ly prepared samples 
of B D H A us ing 1 3 C N M R , a n d have f o u n d large amounts of decompos i 
t i o n products i n a l l of them. H o w e v e r the p u r i t y of the o r i g ina l p r o d u c t 
a n d storage condit ions were not k n o w n . 
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104 ASCORBIC A d D 

Chemical Reactions of DHA 

T h e e n e - d i o l system of A A a n d its d iketo ox idat ion p r o d u c t are 
w e l l - k n o w n structures i n organic chemistry . T h e lactone group i n A A 
is qui te stable i n a c i d or a lka l ine so lut ion ; i n contrast, the lactone group 
i n D H A is r a p i d l y h y d r o l y z e d i n a lka l ine or a c i d so lut ion a n d is stable 
only i n a l i m i t e d p H range a r o u n d 2 -4 . 

A s an effective ketone, D H A reacts read i ly w i t h hydraz ines to f o r m 
a var iety of 2- a n d 2,3-hydrazones. These reactions are characterist ic of 
the 2,3-bisketobutyrolactone group. T h e s tandard assay of A A takes 
advantage of the react ion between D N P H a n d D H A to give a b i s h y d r a -
zone that exhibits a d ist inct ive absorpt ion b a n d at 516 n m i n d i lu te 
su l fur i c a c i d so lut ion ( 17 ) . T h i s react ion is not quant i tat ive ; a mixture of 
the hydrazone a n d decomposi t ion products is f ormed . W e have est i 
mated that the der ivat ive is f o rmed i n about 3 5 % y i e l d . T h e success of 
the D N P H react ion as a quant i tat ive assay for A A is dependent on the 
use of adequate controls, representing a signif icant weakness of the 
method . 

T h e bishydrazones of D H A a n d re lated compounds have been 
s tud ied a n d used to synthesize a n u m b e r of n i trogen derivatives of 
D H A (18-23). T h u s the b i spheny lhydrazone of D H A is r e d u c e d b y 
h y d r o g e n / p l a t i n u m to 2,3-diamino-2,3-dideoxyascorbic a c i d , w h i c h i n 
t u r n can be converted to a var iety of a c y l derivat ives . T h e structure of 
D H A phenylosazone is a hexenonelactone (24). 

U n d e r proper condit ions D H A reacts w i t h amines to f o r m Schiff 
bases. D a h n a n d M o l l describe this react ion between o-phenylene-
d i a m i n e a n d D H A as w e l l as w i t h other 2,3-diketobutyrolactones ( 2 5 ) . 
W i t h a l iphat i c amines a n d amino acids , the Schiff base is not favored 
i n aqueous solut ion. T h e extent of the reversible f o rmat ion of Schiff 
bases of D H A has not been extensively s tudied , a n d c lear ly needs more 
attention. D H A i n b i o l og i ca l fluids is p r o b a b l y i n reversible e q u i l i b r i u m 
w i t h amino groups of amino acids, proteins, a n d other amines. H o w 
ever, the extent of any such conjugat ion is u n k n o w n . I f such bases are 
formed , they p r o b a b l y invo lve der ivat i zat ion of the 2-posit ion of D H A . 

T h e b r o w n i n g react ion between carbohydrates a n d amino acids 
has attracted attention for m a n y years. I n the presence of amino acids , 
D H A undergoes a b r o w n i n g react ion that was descr ibed i n 1956 ( 26) 
a n d later extensively s tud ied (27-^33). A dist inct ive early p r o d u c t of 
this react ion is the f o rmat ion of a r e d chromophore , A m a x 515 n m , ( I ,31) , 
be l i eved to be the p r o d u c t of a Strecker react ion between the a m i n o 
a c i d a n d D H A . T h i s react ion produc t seems to be qui te specific for D H A . 
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5. TOLBERT AND WARD Dehydroascorbic Acid 105 

T h e react ion itself is analogous to the react ion of n i n h y d r i n w i t h amino 
ac ids : 

K u r a t a et a l . (32) have isolated this c o m p o u n d a n d obta ined a 1 H N M R 
spec trum w i t h shifts as fo l l ows : 3.74 p p m ( d o u b l e t ) , 4.19 p p m ( t r i p l e t ) , 
a n d 4.88 p p m ( d o u b l e t ) . W e have also examined a l o w p u r i t y sample 
of this r e d chromophore a n d obta ined a s imi lar * H N M R spectrum (33) 
as w e l l as a 1 3 C N M R spectrum. T h e results obta ined show that the 
chromophore has a n open s ide -chain a n d does not exist i n a h e m i k e t a l 
f o r m analogous to that observed i n D H A a n d B D H A . 

T h i s color react ion has not been used to any extent i n the assay of 
D H A . W e have used i t to ident i fy D H A i n th in - layer chromatography 
( T L C ) w i t h excel lent results. T h e plate is sprayed w i t h 1 M g lyc ine 
a n d heated i n a n oven at 9 0 - 1 0 0 ° C for 4r-5 m i n . A d is t inct ive p i n k spot 
develops, a n d s lowly turns b r o w n i n 1-2 d. Var i ous qual i tat ive studies 
w e r e done to improve the sensit ivity of this assay for D H A . A m i n e s 
d i d not g ive the chromophore . T h e r e was l i t t le difference between 
different amino acids. H e a t i n g D H A a n d g lyc ine i n either water or 
methano l solution gives the chromophore . A l t h o u g h a better y i e l d 
m a y be obta ined i n water , prob lems result i n water due to the ins ta 
b i l i t y of the chromophore i n this solvent. B D H A also gives this react ion 
i n solut ion, presumably because i t decomposes to D H A under the c o n d i 
tions of the react ion. T h e y i e l d of the chromophore is l o w , a n d thus 
on ly moderate sensitivities for D H A assays were achieved . I f the y i e l d 
i n this react ion c o u l d be substant ia l ly i m p r o v e d b y appropr iate choices 
of solvent a n d react ion condit ions , the react ion has the potent ia l for a 
good assay procedure . T h e react ion is specific a n d the p r o d u c t qu i te 
d is t inct ive a n d easy to quantitate b y spectroscopy. 

H C H O H C H 2 O H 

+ C 0 2 + R C H O 
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106 ASCORBIC ACID 

Assoc iated w i t h the b r o w n i n g react ion are a n u m b e r of f a i r l y stable 
free r a d i c a l compounds i n w h i c h the u n p a i r e d e lectron is often associated 
w i t h a n i trogen atom. A b l u e substance that d isplays a n E S R tr ip le t 
spectrum c a n be isolated b y T L C ; a r e d chromophore can also be isolated 
(34-39). M a n y of the r a d i c a l compounds either m a y be re lated to the 
r e d chromophore or are intermediates i n the synthesis of the chromo
phore (34-39). 

M a n y decompos i t ion products of D H A are p r o b a b l y the same as 
those observed i n the decompos i t ion of A A (40). F i f t e e n products f r o m 
D H A decompos i t ion i n aqueous so lut ion were reported (41). O f these 
fifteen, the five m a i n vo lat i le products were 3-hydroxy-2-pyrone, 2 - furan-
carboxy l i c a c i d , 2 - furaldehyde, acetic a c i d , a n d 2-acetyl furan. D H A also 
undergoes a b e n z i l i c a c i d rearrangement i n a lka l ine so lut ion (42). 

T h e reduc t i on of D H A to A A is accompl i shed b y a var iety of 
reagents. H y d r o g e n sulfide, cysteine, a n d other thiols w i l l reduce D H A . 
H y d r o g e n sulfide is f requent ly used since the excess reagent c a n be 
p u r g e d f r o m the react ion so lut ion a n d sulfur , the ox id i zed product , can 
be removed b y filtration. Because the react ion w i t h h y d r o g e n sulfide is 
disagreeable to use because of the toxic a n d odorous h y d r o g e n sulfide, 
this reduct i on has been used most often i n di f ferential assay procedures 
for D H A . S o d i u m di thionate r a p i d l y a n d qua l i ta t ive ly reduces D H A to 
A A . S o d i u m borohydr ide a n d l i t h i u m a l u m i n u m h y d r i d e give complex 
mixtures of products w i t h D H A . 

Structural Studies of DHA and BDHA 

T h e crystal l ine d i m e r of D H A was ana lyzed b y x-ray crysta l lography 
(17), a n d the structure proposed b y earl ier c h e m i c a l studies was con 
firmed (43). 

H O H 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

00
5



5. TOLBERT AND WARD Dehydroascorbic Acid 107 

T h e d i m e r is not read i l y soluble i n water , a l though D H A is very so luble 
i n water . T h u s some questions have arisen as to the exact nature of 
B D H A i n water . T h e d i m e r disassociates to a monomer i n d i m e t h y l 
f o rmamide , d imethy lacetamide , a n d p y r i d i n e (44) i n agreement w i t h 
earl ier studies (45-47). A series of studies of A A a n d B D H A have n o w 
clar i f ied m a n y aspects of this p r o b l e m . 1 3 C N M R studies of A A were 
p u b l i s h e d (48-51) that show the structure of A A i n so lut ion is essentially 
as proposed b y c lassical carbohydrate chemistry a n d is the same as the 
structure f o u n d i n crystal l ine ascorbic a c i d b y x-ray crysta l lographic 
studies. Recent 1 3 C N M R studies of B D H A i n d i m e t h y l su l f ox ide -d 6 

( D M S O - d 6 ) show that i n this solvent B D H A is a mixture of t w o forms, 
a symmetr i c a n d an asymmetr ic d i m e r ( 5 2 ) . T h e asymmetr ic f o r m is 
t h e r m o d y n a m i c a l l y favored . 

T h e best approach to the structure of monomer i c D H A was t h r o u g h 
* H N M R a n d 1 3 C N M R studies. O n the basis of * H N M R , D H A was 
proposed to exist i n aqueous so lut ion as a b i c y c l i c h y d r a t e d species, that 
is, 3,6-anhydro -L -xt /Zo-hexulono-l ,4-lactone hydrate (53). W e have made 
further studies on this structure us ing D H A prepared b y oxygen ox idat ion 
i n ethanol , or methano l or water us ing charcoa l as a catalyst. T h e m e t h o d 
is descr ibed earl ier i n this chapter. 

1 3 C N M R Studies. D H A was dissolved i n deuter ium oxide a n d the 
1 3 C N M R spectrum was obta ined f r o m a J O E L P F T - 1 0 0 spectrometer 
us ing an external dioxane reference. T h e spectrum of B D H A was ob
t a i n e d i n D M S O - d 6 instead of d e u t e r i u m oxide. 

Results on 1 3 C N M R shifts i n parts per m i l l i o n f r om M e 4 S i for D H A 
a n d B D H A are presented i n T a b l e I. F o r comparison, Hvos le f a n d 
Pederson's results (52) are g iven , i n c l u d i n g assignments of shifts to 
specific symmetr ic a n d ant isymmetr ic structures for B D H A . H v o s l e f s 
results are read i ly reproduced us ing the mater ia l prepared b y the O h m o r i 
ox idat ion and the D i e t z d imer i za t i on procedure . T h e spectra f rom the 
two laboratories show a consistent difference i n shifts, p robab ly ar is ing 
f rom differences i n reference standards. T h e difference i n shifts of C 4 
a n d C 5 is caused b y a difference i n assignment of these shifts, a n d is 
discussed later. 

T h e 1 3 C N M R shifts for D H A , presented i n T a b l e I , were s tud ied 
a n d carbon assignments made b y t w o methods : b y p r o t o n - c a r b o n 
d e c o u p l i n g experiments a n d b y compar ison of 1 3 C N M R spectra of 
various derivatives . 

* H N M R Decoupling Experiments. D H A was disso lved i n d e u 
t e r i u m oxide a n d the spectra were recorded f r om a N i c o l e t N T - 3 6 0 
spectrometer w i t h an interna l s o d i u m 2,2-dimethyl-2-si lapentane-5-sulfo-
nate ( D S S ) standard . T h e shifts for the protons of D H A were deter
m i n e d f r o m the * H N M R spectrum ( F i g u r e 1 ) : C 4 , singlet at 4.76; C 5 , 
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108 ASCORBIC ACID 

T a b l e I . I 3 C N M R D a t a f o r D H A a n d B D H A 

Sample Identification Cl C2 CS C4 C5 C6 

D H A (52) 174.2 92.0 106.3 73.5 88.6 76.2 
D H A prepared i n absolute 

m e t h a n o l " 173.6 91.4 105.7 87.6 73.0 76.2 
D H A prepared i n 9 5 % ethano l* 
D H A prepared i n H 2 0 * 

173.3 91.1 105.7 87.3 72.6 76.2 D H A prepared i n 9 5 % ethano l* 
D H A prepared i n H 2 0 * 173.5 91.3 105.6 87.4 72.8 76.1 
B D H A symmetr i c (52)h 169.1 91.6 105.6 73.0 90.3 76.3 
B D H A ant i symmetr i c (52)" 168.1 99.1 103.4 73.2 88.3 74.5 

168.7 104.2 113.9 73.4 89.1 76.7 
B D H A s y m m e t r i c ' 169.3 91.9 105.9 89.6 73.3 75.6 
B D H A ant i symmetr i c* 168.4 99.8 103.7 88.4 73.3 74.7 

168.8 104.0 114.1 89.4 73.8 76.6 

• Solvent, D2O; reference, external dioxane. 
* Solvent, DMSO-cfo; reference, internal Me4Si. 
'Solvent, DMSO-cfo; reference, external dioxane. 
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5. TOLBERT AND WARD Dehydroascorbic Acid 109 

singlet at 4.6; C 6 , m u l t i p l e t at 4.2. T h e interpretat ion of the * H N M R 
spec trum as a n A B C D pat tern suggests that the protons on C 6 are dif fer
ent f rom one another; these protons spl i t one another. T h e fact that these 
protons appear as different peaks i n the * H N M R suggests that there is 
not free rotat ion of C 6 . I n the p r o t o n - p r o t o n d e c o u p l i n g experiments 
( F i g u r e 2 ) , the sp l i t t ing of the pro ton on C 4 b y the pro ton on C5 is 
very smal l . T h i s observation suggests that the orbitals for these protons 
are separated b y a n angle of approx imate ly 90° , a n d therefore cannot 
interact w i t h each other to cause sp l i t t ing . 

Proton-Carbon Decoupling Experiments. H a v i n g obta ined correct 
values for the pro ton shifts, a series of p r o t o n - c a r b o n d e c o u p l i n g exper i 
ments were per f o rmed ( F i g u r e s 3-5). T h e experiments p e r f o r m e d 
i n v o l v e d c o m b i n i n g t w o types of d e c o u p l i n g : off-resonance a n d s ingle -
frequency. I n off-resonance d e c o u p l i n g experiments X H i r r a d i a t i o n is 
kept at h i g h p o w e r levels. T h e center of f requency is m o v e d 500-1000 
H z a w a y f r o m the protons to be i r rad ia ted , a n d the excitat ion b a n d 
w i d t h generator is sw i t ched off. Carbons h a v i n g zero, one, two , or three 

1 — • — 1 — • — | — 1 — ' — ' — i — ' — 1 — 1 — i — ' — « — 1 — | — 1 — ' — 1 — I — r 

5.0 4.8 4.6 4.4 4.2 4.0 PPM 

Figure 2. 1H NMR spectrum of DHA. The proton on C5 has been 
decoupled. 
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110 ASCORBIC ACID 

C-4 C-6 

C-5 

C-3 

C-1 
C-2 

C-1 ' 
EtOH 

C-2' 

EtOH 

- i 1 1 r — 

150 100 50 
T" 
0 

i i 

P P M 

Figure 3. 13C NMR spectrum of DHA dissolved in D20. The spectrum 
was recorded on a Nicolet NT-360 spectrometer with an internal DSS 

reference. 

protons b o n d e d n o w appear as singlets, doublets , tr iplets , a n d quartets, 
respect ively . C o u p l i n g in f o rmat i on is therefore re ta ined w i t h o u t m u c h 
loss of sensit ivity (54). 

T h e carbons of interest i n D H A are C 4 , C 5 , a n d C 6 . C a r b o n s - 1 , -2 , 
a n d -3 appear as singlets. Carbons -4 a n d -5 appear as doublets , a n d C 6 
appears as a t r ip let . Because C 4 a n d C 5 b o t h appear as doublets , 
ass igning c h e m i c a l shifts to these carbons w i t h o u t further in f o rmat i on 
w o u l d be diff icult . I t was important , therefore, to per f o rm a series of 
s ingle- frequency p r o t o n - c a r b o n d e c o u p l i n g experiments, w h i l e m a i n 
t a i n i n g the off-resonance decoup l ing . 

Single - frequency pro t o n decoup l ing , also k n o w n as selective de 
c o u p l i n g , depends u p o n p r o p e r assignment a n d ident i f i cat ion of the 
p ro ton resonances for a g iven molecule . O n c e the p ro ton resonances are 
ident i f i ed i n a n * H N M R spectrum, i t is possible to i r rad iate specific 
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5. TOLBERT AND WARD Dehydroascorbic Acid 111 

protons at l o w radio frequency power . T h e result as seen i n the 1 3 C N M R 
spectrum is the col lapse to a singlet of the m u l t i p l e t associated w i t h the 
carbon attached to that proton . T h e other protonated carbons re ta in 
some C - H c o u p l i n g (54). 

I n these experiments, each pro ton resonance was i r rad ia ted , a n d 
the resu l t ing 1 3 C N M R spectrum was observed to see w h i c h m u l t i p l e t 
co l lapsed to a singlet. Proper assignment of the c h e m i c a l shifts c a n be 
made for C 4 , C 5 , a n d C 6 ( F i g u r e s 4 a n d 5 ) . 

T h e assignment of pro ton c h e m i c a l shifts is also supported b y 
carbon-13 c h e m i c a l shifts obta ined for the 5,6- isopropylidene derivat ives 
of D H A , D-erythro-DHA a n d 6 - b r o m o - 6 - d e o x y - L - D H A . A l l the d e h y d r o 
compounds were prepared b y ox idat ion u s i n g oxygen over charcoa l i n 
9 5 % ethanol . T h e preparat ion of the i sopropy l idene derivatives fo l lows. 

L-5,6-0-Isopropylidene A A . I n a 5 - L react ion flask equ ipped w i t h 
a n efficient p a d d l e stirrer a n d a water -coo led condenser w i t h a d r y i n g 
tube, a n d heated b y a steam bath , was p l a c e d 250 g of L - A A (1.4 m o l ) , 

i — 1 — ' — 1 — • — r 
100 90 —1—r~ 

80 

n — 1 — r ~ 
70 P P M 

Figure 4. 13C NMR spectrum of DHA obtained when the proton on C4 
was selectively decoupled. 
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112 A S C O R B I C A C I D 

— i — > -

100 
i i I i i i 

80 70 P P M 
T 
90 

Figure 5. 13C NMR spectrum of DHA obtained when the proton on CS 
was selectively decoupled. 

437 g of 2 ,2 -dimethoxypropane (4.2 m o l ) , 880 m L of p-dioxane, a n d 
6 m L of tr i f luoroacetic a c i d ( T F A ) . T h e react ion is s t i rred a n d heated 
to reflux. A f t e r 15 m i n , the w h i t e vo luminous p r o d u c t begins to p r e 
c ip i tate . H e a t i n g a n d s t i r r ing are cont inued for another 45 m i n , at 
w h i c h t ime the react ion has so l id i f ied into a copious w h i t e mass. T h e 
react ion mixture is cooled, s lurr i ed i n several l iters of pe t ro l eum ether, 
a n d filtered. T h e p r o d u c t is d r i e d i n a v a c u u m desiccator. T h e p r o d u c t 
is obta ined as a w h i t e s o l i d i n 9 5 - 1 0 0 % y i e l d . 

D-5,6-0-Isopropylidene IsoAA. T h e propor t i on of reactants a n d the 
react ion condit ions are the same for p r e p a r i n g this isomer as for p re 
p a r i n g A A . H o w e v e r , the react ion takes 2 - 3 h to complete . T h e r>iso-
propy l idene i s o A A does not prec ip i tate f r o m the react ion mixture , even 
on coo l ing to r o o m temperature . T h e solvents are r emoved b y rotary 
evaporat ion (water aspirat ion , b a t h temperature of 35 °C) « a n d the 
resu l t ing r e d - b r o w n o i l is p o u r e d into four t imes its v o l u m e of efficiently 
s t i rred pe t ro l eum ether to prec ip i tate the produc t as a t a n powder . T h e 
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5. TOLBERT AND WARD Dehydroascorbic Acid 113 

p o w d e r must be filtered a n d q u i c k l y d r i e d under v a c u u m to prevent 
reconversion into a n o i l . T h e D - i sopropyl idene i s o A A can be obta ined 
as w h i t e flakes b y prec ip i ta t ing w i t h pe t ro l eum ether f r o m a c h l o r o f o r m -
acetone solut ion. 

Discussion of Structural Studies. C o l l e c t e d data f r o m the 1 3 C 
N M R spectra are s h o w n i n T a b l e I I . L - D H A a n d D - i s o D H A have s imi lar 
c h e m i c a l shifts, suggesting a s imi lar structure. T h e y b o t h show a n 
assigned shift for C 6 that is further downf i e ld t h a n for the C 6 of the 
respective start ing materials . O n e w o u l d expect the C 6 to be shi f ted 
downf i e ld i f the c o m p o u n d is i n the hemike ta l f orm. T h i s fact, w i t h the 
in format ion f r om the preced ing pro ton experiments, supports a proposed 
hemiketa l structure. 

T h e assigned shift for C 2 of L - D H A a n d D - i s o D H A is further up f i e ld 
than w o u l d be expected i f C 2 were a keto group, i n d i c a t i n g h y d r a t i o n 
at this carbon. 

F o r L - i s o p r o p y l i d e n e - D H A , D - i sopropyl idene i s o D H A , a n d 6-bromo-
6 - d e o x y - L - D H A , the assigned shifts for C 2 a n d C 3 are upf ie ld f r o m 
values expected for keto groups. T h i s observation indicates that these 
carbons are hydra ted . I n these compounds the C 6 h y d r o x y group has 
either been der iva t i zed or rep laced , p revent ing the format ion of the 
hemiketa l . These compounds read i ly f o r m a n open-chain f o r m of D H A , 
suggesting a reasonable s tabi l i ty for the h y d r a t e d d iketo structure. 

D - I s o D H A , w h i c h read i ly forms the hemiketa l , has a n endo-5 -hydroxy l 
group, b u t L - D H A is an exo-5-hydroxyl c o m p o u n d . T h e endo -hydroxy l 
does not cause sufficient steric h indrance to prevent the format ion of the 
hemiketa l r i n g . 

T h e most impor tant inference to be d r a w n f r o m the data is that 
D H A can exist as a mixture of various structures. A n e q u i l i b r i u m of 
major a n d m i n o r forms of D H A i n aqueous so lut ion u n d o u b t e d l y exists, 
w i t h the h y d r a t e d h e m i k e t a l b e i n g the favored f o r m (Scheme 1, A ) . 
M o s t of these forms have been postulated for m a n y years ( 2 ) . T h e on ly 
f o r m detected b y 1 3 C N M R spectroscopy i n aqueous so lut ion is the 
h y d r a t e d hemike ta l f o r m (Scheme 1, A ) . A s s u m i n g that 9 9 % of the 
D H A is the h y d r a t e d h e m i k e t a l f o rm, this f o rm is ca l cu lated to be 
favored b y 2.5 k c a l / m o l . W h e n the s ide -chain is der ivat i zed as i n 
L - i s o p r o p y l i d e n e - D H A , D - i sopropyl idene i s o D H A , or 6-bromo-6-deoxy-
L - D H A , the open-chain d ihydrate is seen. T h i s finding suggests a 
reasonable s tabi l i ty for the h y d r a t e d h e m i k e t a l f o r m a n d is evidence for 
a n open s ide -chain c o m p o u n d i n the e q u i l i b r i u m mixture of D H A 
(Scheme 1, C ) . T h i s c o m p o u n d has been suggested as a major p roduc t 
i n aged solutions of D H A ( 5 2 ) . A l t h o u g h s m a l l concentrations ( < 1% ) 
m a y exist i n so lut ion, the p r i n c i p l e c o m p o u n d f o rmed i n aged solutions 
of D H A has 1 3 C N M R shifts that correspond to diketogulonate ( D K G ) . 
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TOLBERT AND WARD Dehydroascorbic Acid 

Scheme 1. Equilibrium mixture of the various forms of DHA. 
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116 ASCORBIC ACID 

T h e evidence for the other forms of D H A s h o w n i n Scheme 1 is 
based on theory of react ion mechanisms. T h e fact that D H A reacts w i t h 
D N P H to f o r m a hydrazone is support ive evidence for the existence of a 
2- or 3-monoketo c o m p o u n d . A 3-monoketo c o m p o u n d is r e q u i r e d b y 
any reasonable mechan ism for the f o rmat ion of the h y d r a t e d h e m i k e t a l 
f o rm. T h e 2,3-diketo c o m p o u n d w o u l d be very unstable due to the h i g h 
pos i t ive charge associated w i t h the c a r b o n y l carbons. These carbons 
w o u l d be very susceptible to nuc l eoph i l i c attack. H o w e v e r , a sma l l 
concentrat ion of the 2,3-diketo f o r m shou ld exist i n e q u i l i b r i u m mixtures . 
D i r e c t ox idat ion of A A shou ld give the 2,3-diketo f o rm. 

A proposed mechanism for the ac id -cata lyzed f ormat ion of the 
h y d r a t e d hemiketa l is shown i n Scheme 2. O n the basis of analogy 
w i t h hemiketa l r i n g format ion a n d mutarotat ion i n sugars, open ing a n d 
c los ing of the hemiketa l r i n g is expected to be fast c ompared w i t h other 
reactions of D H A , such as hydro ly t i c cleavage to D K G . H y d r a t i o n of 
the carbony l groups should also be r a p i d . It thus appears that there is a 
r a p i d e q u i l i b r i u m of a l l the postulated forms of D H A i n aqueous so lu 
t i on . W h i c h of these forms are active i n b i o l og i ca l reactions is u n k n o w n . 

T h e faci le format ion of the hydrated a n d hemiketa l forms of D H A , 
as w e l l as the a lcohol complexes, opens the c r i t i c a l quest ion of whether 
D H A i n b io log i ca l fluids is to any great extent conjugated w i t h other 
compounds such as amino acids a n d proteins. A t p H 7, D H A is r a p i d l y 
converted to D K G , but there is no evidence that D H A i n b io log i ca l 
fluids is r a p i d l y h y d r o l y z e d . It is therefore appropriate to quest ion 
whether D H A , as such, exists i n any significant concentrat ion i n b io log i ca l 
fluids. F u r t h e r studies of D H A i n tissue are needed to c lar i fy the nature 
of this c o m p o u n d i n b io log i ca l systems. 

T h e U V spectra of the D H A used i n the experiments descr ibed 
shows a weak broad transit ion at 225 n m lead ing into a strong absorbance 
be low 200 n m . T h e transit ion at 225 n m can be used i n l i q u i d c h r o m a 
tography of D H A i f the sample is fa i r ly pure. Unfor tunate ly , m a n y 
compounds absorb i n this region, so d irect spectrophotometric assay of 
D H A by U V w i t h h i g h pressure l i q u i d chromatography ( H P L C ) p rob 
ab ly is not possible i n most experiments. 

Stability o f D H A and B D H A . B D H A is not stable i n aqueous 
solution (33,44). I n the so l id form d r y B D H A is qui te stable, a l though 
it appears to decompose s lowly to a complex mixture of products . 
Because B D H A dissociates to the monomer i n water , a n d D H A has 
8 0 - 1 0 0 % of the v i t a m i n C act iv i ty of A A , B D H A is an interest ing f orm 
of this v i t a m i n w i t h properties of l o w so lubi l i ty i n water a n d good resist
ance to air ox idat ion. 

D H A is h y d r o l y z e d i n aqueous solutions to y i e l d D K G . T h e react ion 
ve loc i ty is p H dependent, subject to bo th ac id a n d base catalysis. T h e 
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5. TOLBERT AND WARD Dehydroascorbic Acid 117 

Scheme 2. Acid-catalyzed formation of the hydrated hemiketal form of 
DHA. 
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118 ASCORBIC ACID 

kinet ics were reported to be first order w i t h respect to H + (55,56) w i t h 
a K v e i of 7.6 X 10" 4 at p H = 7.2. T h e specific rate constant for this 
react ion was reported as 2.08 X 10" 5 s"1 at 30°C. 

I n neutra l a n d a lkal ine aqueous solutions, D H A is very r a p i d l y 
h y d r o l y z e d to D K G . If D H A is adjusted to p H 7.0 i n buffered solut ion 
a n d immediate ly assayed b y T L C or 1 3 C N M R , only D K G is observed. 
I n unbuffered solut ion the conversion is s low because hydrolys is of D H A 
produces an ac id , l o w e r i n g the p H to approx imate ly 2.5. M a n y of the 
1 3 C N M R spectra of D H A descr ibed i n this chapter w e r e r u n on samples 
at 30°C over 12-24 h , a n d these spectra c o u l d be repeated 3 d later i f 
the samples were stored at 4 ° C . 

H v o s l e f suggests that the hemiketa l f o rm of D H A is converted 
s lowly to the open s ide-chain f o rm i n water . W a r d (33) shows that the 
presumed open s ide-chain f o rm is actual ly D K G , w h i c h has 1 3 C N M R 
shifts as shown i n T a b l e I I I . I n the N M R spectra of D K G the shifts of 
C 2 a n d C 3 are characterist ic of gera-diols a n d thus the p r i n c i p a l f o rm 
of D K G i n aqueous solut ion is w i t h f u l l y h y d r a t e d carbonyls on C 2 
a n d C 3 . 

A s s a y o f D H A . There is no complete ly satisfactory assay of D H A 
avai lable at this t ime. T h e t w o most c ommonly used procedures are the 
D N P H react ion, done under condit ions i n w h i c h the ox idat ion of A A 
to D H A is m i n i m i z e d (58 ,59 ) a n d the di f ferential d i ch loro indopheno l 
method (60,61). B o t h methods are subject to interference a n d rather 
large r a n d o m errors. 

D H A can be separated f r om A A a n d most i on ic compounds b y i on 
exchange columns. S u c h columns do not separate D H A f r o m other A A 
metabolites a n d neutra l carbohydrates. D H A can be separated f rom 
these compounds b y reverse phase H P L C us ing water or water -ace to -
n i t r i l e eluants. G o o d separations of D H A f rom b io log i ca l samples can 
be expected to be achieved b y H P L C . D e t e c t i o n is a p r o b l e m since U V 
absorpt ion is inadequate . T h e r e d chromophore w i t h amino acids is not 
very sensitive. Perhaps D H A c o u l d be reduced to A A after separation 
a n d detected b y the strong 263-nm absorpt ion of A A or b y a n electro
c h e m i c a l detector. D H A levels a n d D H A / A A ratios are p r o b a b l y qu i te 
impor tant i n b io logy a n d medic ine , a n d good procedures for these assays 
are of considerable interest. 

T a b l e I I I . 1 3 C N M R Shi f ts o f D i k e t o g u l o n i c A c i d 

Cl C2,C3a C4 C5 C6 

p H 7 . 0 174.5 94.7,94.4 74.6 68.6 
p H 2 . 0 171.2 94.5,96.1 74.3 68.0 
tt Shifts for C2 and C3 are too similar to assign to specific carbons. 

62.5 
62.4 
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5. TOLBERT AND WARD Dehydroascorbic Acid 119 

Biochemistry of DHA 

A n u m b e r of enzymes have been character ized that catalyze reactions 
i n v o l v i n g D H A . I n add i t i on , other aspects of D H A biochemistry c a n 
be deduced f r om metabo l i c studies of ascorbic a c id . Exper iments 
demonstrat ing the b io log i ca l ox idat ion of A A a n d reduc t i on of D H A 
were first made i n 1928 (JO) a n d d u r i n g the next decade several groups 
studied these reactions. B y 1941 C r o o k (62) was able to separate the 
ascorbic ac id oxidase a n d D H A reductase activit ies a n d to show that 
glutathione was used i n the reductase react ion. 

T h e best character ized of the enzymes i n v o l v i n g D H A is ascorbic 
a c id oxidase (L -ascorbate : 0 2 oxidoreductase, E C 1.10.3.3). T h i s p lant 
enzyme catalyzes the react ion of A A a n d oxygen to give D H A a n d 
1 m o l of water ( 63 ) . 

H 2 C O H 

Ascorbate oxidase is a d imer conta in ing t w o ident i ca l subunits , a n d 
appears to be accompanied b y smaller amounts of o l igomeric forms 
(64-66). T h i s c o m p o u n d contains 8-10 atoms of copper a n d is b lue 
colored. T h e copper m a y be removed to g ive a n inact ive apoenzyme. 
Ascorbate oxidase contains C u 2 + i n three different environments (63, 
67,68). T h e enzyme also cata lyzed the ox idat ion of o-catechols, a l though 
the Km is less favorable than that for A A : Km, ( + ) - catechin , 3.08 m M ; 
Km, L - A A , 0.24 m M (69). T h e role of ascorbate oxidase i n plants is 
not k n o w n . 

T w o other copper enzymes possess ascorbate oxidase act iv i ty , h u m a n 
ceruloplasm a n d Polyporus laccase (70,71). C e r u l o p l a s m m a y funct i on 
as an A A oxidase i n v ivo . B o t h cerulop lasm a n d laccase are 10 4 t imes 
less act ive t o w a r d A A ox idat ion than is ascorbate oxidase. H o w e v e r , 
the react ion is definitely enzymic , a n d water is produced . 

I n recent years D H A reductase has been pur i f i ed f r o m several 
sources a n d character ized. D H A reductase ( E C 1.8.5.1) pur i f i ed f r o m 
carp hepatopancreas was specific for glutathione as a r e d u c i n g agent 
(72). Km values were 5.7 X 10" 4 M for D H A a n d 1.5 X IO" 3 M for 
glutathione. T h e enzyme was not affected b y meta l i o n che lat ing agents. 
D H A reductase f r om sp inach leaves has a MW of about 25,000 daltons 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

00
5



120 ASCORBIC ACID 

a n d a p H o p t i m u m of 7.5. Km values were 4.4 m M for glutathione a n d 
0.34 m M for D H A (73 ) . D H A reductase appears to be w i d e l y d i s t r ib 
u ted i n p lant a n d a n i m a l tissue, a n d to consistently use glutathione as 
the r e d u c i n g agent (74, 75 ) . 

A D H A lactonase has been descr ibed (76, 77) i n the ox, rabbi t , rat , 
a n d guinea p i g . I n the ox the lactonase is present i n several tissues but 
is most abundant i n the l iver . T h e enzyme appears to be absent i n 
h u m a n and monkey tissue. T h i s result is consistent w i t h the observation 
that primates a n d fishes do not catabol ize labe led ascorbic a c i d to carbon 
d iox ide . A A a n d D H A appear to be metabo l i zed into a series of water 
soluble products that are excreted i n the ur ine , but 2 , 3 - D K G is decar-
boxylated a n d otherwise degraded to intermediates that enter the C 5 

a n d C 4 carbohydrate pools (78). 
D H A a n d A A can react to f orm the free r a d i c a l intermediate , mono-

dehydroascorbate i on ( A A " ) , also ca l l ed semidehydroascorbate. E n z y m e s 
that reduce A A " were demonstrated i n animals (79,80), p lants (81), 
a n d microorganisms (82). 

Other than the three enzymes ( A A oxidase, D H A reductase, a n d 
D H A lactonase) no other enzymes have been demonstrated that d i rec t ly 
invo lve D H A . D H A may be p r o d u c e d by a n u m b e r of oxygenases that 
use A A as a cofactor, a n d it seems reasonable that m u c h of the D H A 
formed i n v ivo is p r o d u c e d by these reactions. 

Intravenous inject ion of D H A i n rats at 40 -60 m g / k g produces 
excitation, sal ivat ion, lacr imat ion , a n d elevated b l ood pressure (83-85). 
M o s t of the responses or ig inated w i t h the central nervous system. A t 
higher doses, respiratory arrest occurs (86). T h e L D 5 0 appears to be 
about 300 m g / k g . W h e n repeated injections of D H A are g iven to rats 
at about 20 m g / k g , m a r k e d hyperg lycemia is observed i n m a n y of the 
rats after 3 weeks (87). T h i s diabetogenic effect was conf irmed (88) 
a n d seems to be associated w i t h abnormalit ies of the beta cells of the 
islets of Langerhans of the pancreas. U n l i k e a l loxan diabetes, necrosis 
of the beta cells is not seen. A l l o x a n and D H A are structural analogues 
i n that both have a potent ia l 1,2,3-triketo structure. T h e doses of D H A 
requ i red to produce these phys io log i ca l effects are so large that the 
toxic i ty of D H A does not have any noticeable significance i n the n u t r i 
t i ona l use of A A . D H A is a minor by -product of storage a n d is a n o r m a l 
component of bo th foods a n d tissue. N o r m a l b lood levels of D H A are 
probab ly around 0.2 m g / 1 0 0 m L , a n d tissue levels may be comparable . 

D H A is r a p i d l y transported across ce l l membranes . A u t o r a d i o g r a p h i c 
studies us ing labe led D H A show that D H A is more r a p i d l y absorbed 
b y guinea pigs than is A A (89). Injected D H A is not r a p i d l y absorbed 
f r om the b lood (90-92) a n d the observations suggest that D H A is not 
favored as a phys io log i ca l transport f orm. O n l y i n the b r a i n a n d bone 
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5. TOLBERT AND WARD Dehydroascorbic Acid 121 

m a r r o w are D H A taken u p more r a p i d l y t h a n A A . B o t h leucocytes a n d 
erythrocytes are read i ly permeable to D H A as w e l l as A A (93,94). A f t e r 
uptake of D H A b y leucocytes, on ly A A is f o u n d , showing a n active D H A 
reductase system. T h e reduc t i on of D H A i n r e d b l ood cells is less r a p i d 
a n d incomplete , suggesting that a D H A reductase system is either absent 
or of l o w act iv i ty . 

A general belief , supported b y a l i m i t e d amount of exper imental 
evidence, is that D H A levels or alternat ively , D H A / A A ratios, are 
sensitive indicat ions of ce l l phys io logy , i n c l u d i n g pathogenic states a n d 
mitot i c index (95-98). Because glutathione ( G S H ) is the r e d u c i n g 
agent for D H A reductase, the D H A / A A ratio m a y reflect the G S S G / G S H 
ratio , a n d this ratio was re lated to the N A D P H / N A D P rat io . A s s u m i n g 
the D H A / A A ratio reflects the oxidat ion state of the metabo l i sm of the 
ce l l , i n c l u d i n g the N A D P H / N A D P rat io , the correlat ion appears to have 
merit . C e r t a i n l y more exper imental studies are important i n this area. 
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6 

N M R Spectroscopy of Ascorbic Acid and Its 

Derivatives 
J. V. PAUKSTELIS—Department of Chemistry, Kansas State University, 
Manhattan, KS 66506 

D. D. MUELLER—Department of Biochemistry, Kansas State University, 
Manhattan, KS 66506 

P. A. SEIB and D. W. LILLARD, JR.1—Department of Grain Science, 
Kansas State University, Manhattan, KS 66506 

13C resonances of L-ascorbic acid (I) at 25.2 MHz were iden
tified from proton-coupled spectra, spin-lattice relaxation 
times, changes in chemical shifts with ionization, and 4-D 
isotopic substitution. 13C NMR spectroscopy was used to 
differentiate 2-O- from 3-O-, and 5-O- from 6-O-substituted 
derivatives of I. The 1H NMR spectra of I, 4-D-L-ascorbic 
acid, 5-D-L-ascorbic acid, D-isoascorbic acid, and 5-D-D-iso-
ascorbic acid were recorded at 600.2 MHz. The proton
-proton vicinal coupling constants showed the conforma
tion of the side-chain of I in water to be the same as that in 
its crystalline state. Unlike the solid state, however, the con
formation did not change when I ionized at OH3. In the 
proton-coupled 13C NMR spectrum of I at 25.2 MHz, virtual 
coupling occurred between H6, H6', and C4. To resolve 
3JC4H6', spectra must be measured at a field strength 
exceeding 2.3 T. 

' T h e detailed structure of L-ascorbic acid is important in understanding 
its biological and chemical properties. The formula of L-ascorbic acid 

(I) was first deduced in 1933 by Herbert et al. (1), and was later 
confirmed using x-ray crystallography (2). Hvoslef (3), who also exam
ined the structure of sodium l-ascorbate (II), concluded, as others had 
previously proposed (4,5,6), that the monoanion of I is formed by 
ionization of OH3, and that the predominant resonance form of the 
monoanion is the 2,3-enolate form. Data from 1 3 C NMR studies (7) on II 
also were in accord with those conclusions. 

1Current address: Spring and Durum Wheat Quality Research Laboratory, SEA, 
U.S. Department of Agriculture, North Dakota State University, Fargo, ND 58105. 

0065-2393/82/0200-0125$07.75/0 
© 1982 American Chemical Society 
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126 ASCORBIC ACID 

C H 2 O H C H o O H 
I 

H — C — O H 
I 

H — C — O H 

0 

O N a C 

0 

H O O H O H 

I II 

F r o m the crysta l structure data the r i n g i n the free a c i d (I) 
was f o u n d to be near ly p l a n a r a n d conta in a s l ight d is tort ion of the lac 
tone atoms out of the e n e - d i o l p lane . I n the s ingly charged a n i o n (II), 
the s i tuat ion was reversed, a n d the e n e - d i o l atoms were puckered , 
whereas the lactone group was v i r t u a l l y p lanar . Some d e r e a l i z a t i o n of 
e lectron density over the r i n g was ev idenced i n II b y changes i n b o n d 
lengths a n d angles w h e n I i on i zed . I n a d d i t i o n , the p r i m a r y a l coho l group 
( O H 6 ) i n II rotated more t h a n 100° f r o m its pos i t i on i n I. T h u s , the 
conformat ion about the C 5 - C 6 b o n d changed f r o m that i n I where 0 5 
a n d 0 6 are nearly ant ipara l le l to a gauche or ientat ion i n the anion (II). 
C o n f o r m a t i o n a l change may reflect preferential interactions i n the crysta l 
that are not necessarily ava i lab le to the molecule i n solut ion. N o i n t r a 
molecu lar h y d r o g e n bonds were f o u n d i n the crystals of I or II (2, S). 

T h e objectives of this w o r k were to ver i fy the assignments of 
carbon-13 resonances i n L -ascorb ic a c i d (I), to use the carbon-13 c h e m i 
c a l shifts to assign positions of subst i tut ion i n derivatives of I, a n d to 
determine the conformat ional preference of I a n d its s o d i u m salt (II) i n 
aqueous solut ion. 

13C NMR Studies of L-Ascorbic Acid (I) 

Commensurate w i t h the b i o l og i ca l a n d c h e m i c a l importance of I, 
investigators have s tud ied the N M R properties of this molecule a n d sev
era l of its derivatives (7-10). T h e investigators general ly have agreed to 
the assignments o r ig ina l ly p u t f o r th (7,8). H o w e v e r , no complete 
proof of assignments has been reported. 

T h e { J H} 1 3 C N M R spectrum of L -ascorb ic a c i d is s h o w n i n F i g u r e 
1A. T h e most up f ie ld resonance arose f r o m the p r i m a r y a l coho l group at 
C 6 because of its t r ip le t pat tern i n pro ton - coup led spectra, a n d because 
the c h e m i c a l shift of 63.1 p p m is t y p i c a l of p r i m a r y alcohols i n carbo
hydrates (11). O f the r e m a i n i n g t w o protonated carbons, w h i c h are 
doubles w h e n pro ton coup led , C 4 w o u l d be expected to occur at l ower 
field than C 5 because of the e n e - d i o l group i n a ^ -pos i t i on . T h i s hypothe -

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

00
6



CH
90H

 
HC

OH
 

C3
 

C2
 

Cl
 

C5
 

C4
 

HO
 

OH
 

C6
 

J.
 

—
I 

I—
 

18
0 

16
0 

14
0 

120
 

8,
 p

.p.
m

. 
10

0 
80

 
60

 

Fi
gu

re
 1

A
. 

P
ro

to
n-

de
co

up
le

d 1
3C

 
N

M
R

 s
pe

ct
ru

m
 o

f 
L-

as
co

rb
ic

 a
ci

d 
in

 H
20

, 
pH

 2
.0

, 
33

°C
. 

Sh
or

t-
ra

ng
e 

m
ul

ti
pl

ic
it

ie
s 

ar
is

in
g 

fr
om

 p
ro

to
n 

co
up

li
ng

 a
re

 C
l 

(S
), 

C
2 

(S
), 

C
3 

(S
), 

C
4 

(D
), 

C
5 

(D
), 

an
d 

C
6 

(T
), 

w
h

er
e 

S,
 D

, 
an

d 
T

 r
ef

er
 t

o 
si

ng
le

t, 
do

ub
le

t, 
an

d 
tr

ip
le

t, 
re

sp
ec

ti
ve

ly
. 

T
he

 d
ir

ec
t 

an
d 

lo
ng

-r
an

ge
 

1 H
-13

C
 

co
up

li
ng

 c
on

st
an

ts
 a

re
 s

um
m

ar
iz

ed
 in

 T
ab

le
 V

II
. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

00
6



128 A S C O R B I C A C I D 

sis was conf irmed b y preparat i on of the 4-deutero c o m p o u n d ( F i g u r e 
I B ) , w h i c h showed on ly a weak tr ip le t centered at 76.7 p p m . These 
assignments agree w i t h those g iven b y earl ier workers ( 7 , 8 ) . 

T h e assignments for the three nonprotonated carbons i n the downf i e ld 
p o r t i o n were not as easily deduced . T h e long-range c o u p l i n g patterns of 
those resonances were complex a n d p r o b a b l y ambiguous ( v i d a i n f r a ) . 
Nevertheless , the resonance at 156.4 p p m ( F i g u r e 1) h a d the largest 
pro ton c o u p l i n g constant ( ~ 6 H z ) a n d reasonably c o u l d be assigned 
to C 3 . F u r t h e r m o r e , c a r b o n y l carbons are t y p i c a l l y the most downf i e ld 
resonances i n compounds l ike L -ascorb ic a c id , a n d lactone c a r b o n y l 
carbons i n par t i cu lar are k n o w n to f a l l i n the 170-180-ppm range ( I I ) . 
Therefore , the resonance at 174.0 p p m was assumed i n i t i a l l y to corre
spond to C l . T h e peak at 118.8 p p m c o u l d be assigned to C 2 b y 
difference. 

T o he lp conf irm the proposed assignments, the p H dependence of 
the c h e m i c a l shifts was s tudied . A p H dependence study of I was 
reported ( 9 ) , bu t the solutions apparent ly were not p u r g e d to remove 
atmospheric oxygen, a n d under a lka l ine condit ions the solutions m a y 
have changed p H d u r i n g the recordings of the spectra. W e repeated 
the experiment under a n inert atmosphere to a v o i d oxidat ive degra 
dat ion of L -ascorb ic a c id . O u r data ( F i g u r e 2 ) a n d that of Berger (9 ) 
are i n excellent agreement between p H 2 a n d 7, but i n less t h a n satis
factory agreement between p H 7 a n d 11. T h e earl ier data show 
cons iderably smal ler shifts over the h igher p H range. 

T h e s ignal at 156.4 p p m undergoes a 19.3-ppm downf i e ld shift 
between p H 2 a n d 6 ( F i g u r e 2 A ) , corresponding to the range over w h i c h 
O H 3 ionizes ( 1 2 ) . A l t h o u g h such a shift is m u c h larger t h a n the 4 - 5 - p p m 
downf i e ld shift n o r m a l l y observed for i on iza t i on of carboxy l i c acids (11), 
i t a lmost certa in ly arose f r o m C 3 . O v e r the same p H range, C l was de-
sh ie lded b y 3.9 p p m , w h i c h was enough to prevent C 3 f r o m m o v i n g 
downf i e ld of C l ( F i g u r e 2 A ) . S i m i l a r l y , C 4 was shi f ted downf i e ld b y 
2.1 p p m ( F i g u r e 2 B ) . O n the other h a n d , C 2 m o v e d upf ie ld b y 4.6 p p m , 
a n d the s ide -chain carbons C 5 a n d C 6 were deshie lded b y 0.55 a n d 0.46 
p p m , respectively. Consequent ly , i on i za t i on of L -ascorb ic a c i d at C 3 also 
shifts the signals of the other r i n g carbons more than is observed for 
adjacent carbons i n s imple carboxy l i c acids. T h i s is caused b y the 
l engthen ing of the C 2 - C 3 , C 3 - C 4 , C l - O l , a n d C 2 - 0 2 bonds i n the 
monoanion (II) c o m p a r e d w i t h I, as w e l l as the shortening of the C 1 - C 2 
a n d C 3 - 0 3 bonds ( 2 , 3 ) . F u r t h e r m o r e , d e r e a l i z a t i o n of e lectron d e n 
sity throughout the e n e - d i o l a n d c a r b o n y l groups p r o b a b l y is m a i n l y 
responsible for the a b n o r m a l l y large downf i e ld shift of C 3 u p o n 
i on iza t i on . 
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6. PAUKSTELIS E T A L . NMR Spectroscopy of Ascorbic Acid 131 

B e t w e e n p H 6 a n d 9 no substantial shifts i n the carbon resonances 
of II were noted. A b o v e p H 10, O H 2 began to ionize a n d the C 2 reso
nance m o v e d downf i e ld r a p i d l y w i t h increas ing p H , w h i l e the C 3 a n d C 4 
peaks shi f ted upf ie ld , w h i c h reversed the t rend seen between p H 2 a n d 7. 
Carbons C l , C 5 , a n d C 6 cont inued to show increased deshie ld ing at p H 
values above 10. Perhaps the tendency t o w a r d increased d e r e a l i z a 
t i on seen w i t h the first i on iza t i on was reversed somewhat w h e n C 2 i o n 
i zed . T h e cont inued downf ie ld shift of C l , however , w o u l d not fit that 
explanat ion. 

F u r t h e r conf irmation of the assignments of the nonprotonated car
bons was obta ined f r o m measurement of spin- latt ice re laxat ion t imes 
( T i ) . Re laxat ion times for the carbons of I de termined i n d e u t e r i u m 
oxide so lut ion at 3 3 ° C a n d p H 1.6 are s u m m a r i z e d i n T a b l e I. T h e 
re laxat ion times of C 4 , C 5 , a n d C 6 are t y p i c a l of protonated carbon 
atoms i n an isotropica l ly t u m b l i n g molecule of this size, b u t the re laxa
t i o n t imes of nonprotonated carbons are unusua l ly l ong . H o w e v e r , the 
t rend a m o n g the re laxat ion times of the nonprotonated carbons was of 
increas ing t ime w i t h increas ing distance f r o m H 4 . T h i s t r e n d w o u l d be 
expected i f the assignments were correct a n d H 4 made the major 
contr ibut i on to the d ipo lar re laxat ion of the r i n g carbons. T h e u n 
usual ly inefficient relaxations of the nonprotonated carbon atoms i n I 
w i l l be discussed elsewhere ( 1 3 ) . A g a i n the assignments for n o n 
protonated carbons agree w i t h those reported earl ier (7,8). 

NMR Studies of Derivatives of L-Ascorbic Acid. 

Researchers have used 1 3 C N M R spectroscopy to assign structure 
to several ester a n d ether derivatives of I. T h a t method is par t i cu lar ly 
use fu l to differentiate 2 - 0 - a n d 3-O-subst i tuted derivatives of I because 
ion izat ion of the O H 3 induces the large downf ie ld shift of C 3 , as p r e v i 
ously discussed. T h u s , 2 -O-methyl -L -ascorb ic ac id , but not 3 -O-methy l -L -
ascorbic ac id , showed a 16-ppm change i n the chemica l shift of C 3 w h e n 
the p H values of their solutions were changed f rom 2 to 7 ( T a b l e II). 
A t p H 7, the chemica l shifts of the C 3 carbons i n L -ascorbate (II) a n d i n 
its 2-sulfate a n d 2-phosphate esters were s imi lar i n magni tude ( T a b l e II). 

Table I. Spin-Lattice Relaxation Times for the Carbon 
Atoms of L-Ascorbic Acid 

Carbon Atom 1 2 3 4 5 6 

NT^sec)0 132 98 38 1.60 1.44 2.02 

N o t e : I n D2O under N2, p H 1.6 (meter reading i n D2O us ing a glass electrode), 
33°C. 

a N, number of direct ly bonded protons, if not zero. 
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132 ASCORBIC ACID 

Table I I . Chemical Shifts 0 for Carbons in 
L - A s c o r b i c A c i d a n d Severa l D e r i v a t i v e s 

Derivative of Carbon Atom 
L-Ascorbic Acid 1 2 3 4 5 6 

pH 2.0-2.1" 

Unsubs i tuted 
(this work) 

174.0 118.8 156.4 77.1 69.9 63.1 

2 - 0 - M e t h y l * 
04) 

173.7 
( - 0 . 3 ) " 

122.5 
(3.7) 

162.1 
(5.7) (• 

77.0 
- 0 . 1 ) 

69.7 
( - 0 . 2 ) (• 

62.8 
- 0 . 3 ) 

3 - 0 - M e t h y l * 
(14, 10) 

174.1 
(0.1) 

119.2 
(0.4) 

155.9 
( - 0 . 5 ) (• 

76.9 
- 0 . 2 ) 

69.8 
( - 0 . 1 ) ( 

62.8 
- 0 . 3 ) 

pH 6.5-7.0" 

Unsubs i tuted 
(this work ) 

178.0 114.1 176.2 79.2 70.6 63.6 

2 - O - M e t h y l " 
U4) 

179.4 
(1.4)" 

119.3 
(5.2) 

178.1 
(2.1) 

79.3 
(0.1) 

70.4 
( - 0 . 2 ) ( 

63.3 
- 0 . 3 ) 

3 - O - M e t h y l * 
(14,10) 

174.8 
( - 3 . 2 ) 

120.4 
(6.3) 

155.0 
( - 2 1 . 2 ) ( 

76.8 
- 2 . 4 ) 

70.0 
( - 0 . 6 ) ( 

63.0 
- 0 . 6 ) 

2 -Sul fate 
(10,15) 

181.1 
(3.1) 

111.6 
( - 2 . 5 ) 

176.7 
(0.5) 

79.9 
0.7) 

70.7 
(0.1) 

63.5 
(0.1) 

2 -Phosphate 
(10,15) 

177.4 
( - 0 . 6 ) 

113.2 ' 
( - 0 . 9 ) 

177.0 
(0.8) ( 

78.7 
- 0 . 5 ) 

70.1 
( - 0 . 5 ) ( 

62.9 
- 0 . 7 ) 

° C h e m i c a l shifts (5 f rom M e 4 S i ) . 
h p H meter reading i n D2O using a glass electrode. 
e S ignal of O M e at 612 and 61.6 p p m , p H 2 and 7, respectively. 
d Difference between chemical shift of parent compound ( I or I I ) and der ivat ive . 
e Signal of O M e at 605 and 60.1 p p m at p H 2 and 7, respectively. 
' D o u b l e t w i t h spl i t t ing 7.3 H z ( 1 3 C - 3 1 P coupl ing) . 

T h e monoanion ( I I ) involves O H 3 ( 3 ) ; therefore, 2-substitution of the 
phosphate a n d sulfate groups is ind i cated . 

T h e 1 3 C N M R spectrum of 3 -O-methyl -L -ascorb ic a c i d a n d that of its 
parent c o m p o u n d ( I ) were almost i dent i ca l at p H 2 ( T a b l e I I ) . T h e 
3-methyl der ivat ive is a v i n y l ether, a n d i t c o u l d have been h y d r o l y z e d 
at p H 2 d u r i n g record ing of the spectrum. H o w e v e r , hydro lys is d i d not 
occur since the m e t h y l s ignal was observed at 60.2 p p m a n d no methano l 
s ignal was f o u n d at 48 p p m . 

Because the s ignal of H 4 moves up f i e ld b y approx imate ly 0.5 p p m 
w h e n O H 3 ionizes, * H N M R spectroscopy also c a n be used to differ
entiate between 2 - 0 - a n d 3-O-subst i tuted derivatives of I . T h e up f i e ld 
shifts for H 4 i n several 2 -O-subst i tuted derivatives of I are g iven i n T a b l e 
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6. PAUKSTELIS E T A L . NMR Spectroscopy of Ascorbic Acid 133 

Table III. Proton Magnetic Resonances of 
L-Ascorbic Acid and Several Derivatives 

Derivative of Chemical Shift0 (h) 
L-Ascorbic Acid pH H4 AH4* H5 H6, H6' 

Free ac id (16) 2 4.97 4.09 3.76 
7 4.50 0.47 4.02 3.74 

3 - 0 - M e t h y l c (14) 2 4.91 4.02 3.71 
7 4.90 0.01 4.01 3.71 

2 - O - M e t h y l " (14) 2 4.90 — 4.01 3.76 
7 4.49 0.41 4.00 3.71 

2-Sul fate (16) 1 5.02 4.20 3.76 
7 4.57 0.45 4.05 3.73 

2-Phosphate (16) 1 5.00 4.16 3.74 
7 4.60 0.40 4.05 3.70 

2 ,2 ' -Phosphoric 1 5.00 4.15 3.78 
diester (16) 12 4.50 0.50 4.02 3.68 

° D e t e r m i n e d i n D2O at 60 or 100 M H z . C h e m i c a l shifts i n p p m from internal 
D S S . C h e m i c a l shifts of H 5 and H 6 are reported as the center of the recorded peaks. 

6 A H 4 is the upfield shift of H 4 o n changing the p H of the m e d i u m . 
c S ignal of O M e was 4.18 p p m at p H 2 and 7. A t p H 10, the spectrum showed 

degradation of the 3-methyl ether. 
d S ignal of O M e was 3.69 p p m at p H 2 and 3.62 p p m at p H 7. 

I I I . T h e H 4 s ignal of the 3 -methyl ether f a i l e d to shift to h igher field 
at p H 7. 

D a t a f r o m U V spectroscopy are h e l p f u l i n d i s t ingu i sh ing 2- a n d 
3-derivatives of L -ascorb ic a c id . T h e i on iza t i on of O H 3 is a c c o m p a n i e d 
b y a bathochromic shift of approx imate ly 20 n m ( T a b l e I V ) . 

W o r k e r s have used 1 3 C N M R spectroscopy to assign structures to 
the 5- a n d 6-sulfate esters of L -ascorb ic a c i d a n d to the 4 Z a n d 4 E 
isomers of 2-sulfo-2,3,4,6-tetrahydroxyhexa-2,4-dienoate-8-lactone ( T a b l e 
V ) . Sul fonat ion at C 6 (C5) of L -ascorbic ac id shifted the s ignal of C 6 (C5) 
downf ie ld b y 7 -8 p p m ; the s igna l ( s ) of the adjacent carbon ( s ) m o v e d 
s l ight ly upf ie ld ( 1 8 ) . Those shifts were noted prev ious ly b y others (19) 
i n sugar sulfates. W h e n I was disso lved i n concentrated sul fur ic a c i d - d 2 , 
1 3 C N M R shows approximate ly 9 0 % monosul fonat ion at C 6 (18). 

T h e 2-sulfate ester of 4Z-2,3,4,6-tetrahydroxyhexa-2,4-dienoate-8-lac-
tone (4,5-dehydroascorbate 2-sulfate) was character ized large ly b y 1 3 C 
N M R a n d X H N M R . T h e data i n T a b l e V show that the signals of C 4 a n d 
C 5 were shi f ted downf ie ld 70 a n d 38 p p m , respect ively , c ompared to the i r 
posit ions i n the spectrum of L -ascorbate at p H 7. I n add i t i on , the reso
nances of C l a n d C 3 m o v e d upf ie ld approx imate ly 5 p p m u p o n i n t r o d u c 
t i o n of the 4,5-double b o n d . 
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134 ASCORBIC ACID 

Table IV. U V Spectral Properties of L-Ascorbic 
Acid and Several Derivatives 

Acid Neutral Base 
Derivative of 

L-Ascorbic Acid 
(pH, 2.0) (pH 7.0) (pH 10.0) Derivative of 

L-Ascorbic Acid 
hmax *mM (•mM 

Free ac id (17) 243 10 265 16.5 — 
2 - 0 - M e t h y l (U) 239 8.5 260 12.3 — 
3 - 0 - M e t h y l (17) 244 9 244 9 — 
2 - 0 - ( P h e n y l p h o s p h o n o ) a 233 9.6 257 14.5 258 15 

3 - 0 - ( P h e n y l p h o s p h o n o ) a 237 8 238 8 263 8 

2 -Sul fate (16) 232 11 255 16.3 255 16.3 

2-Phosphate (16) 238 9 258 11.5 264 16.0 

2 ,2 ' -Phosphoric diester 236 17.3 258 21.6 259 30.2 
(16) 

B 5,6-Isopropylidene acetal; data from Bond et al. (17). 

Tentat ive ly , the Z-conf igurat ion was assigned to the 4,5-ene b o n d 
i n the der ivat ive p r e p a r e d f r o m L -ascorb ic a c id . T h i s assignment was 
based on the stereochemical argument that i n the transi t ion state of the 
e l iminat i on react ion, H 4 a n d 0 5 assume a n ant ipara l l e l or ientat ion. 
U s i n g the same argument the E-conf igurat ion was assigned to the isomer 
p r e p a r e d f r o m D - isoascorbic a c i d (III). T h e 1 3 C data i n T a b l e V show 
that b o t h isomers have been isolated. T h e scheme used to prepare the 

C H 2 O H 

H O — C — H 

III 

4,5-dehydro derivatives is s h o w n i n Scheme 1. O t h e r 4,5-dehydro d e r i v a 
tives of I are k n o w n ( 2 0 ) . 

T h e structure of the 4,5-dehydro compounds was ver i f ied us ing X H 
N M R spectroscopy; the spec t rum of the Z- i somer at p H 6.2 is s h o w n i n 
F i g u r e 3. T h e s igna l of H 5 was a t r ip le t centered at 5.59 p p m w i t h J H 5 , H 6 

= 7.3 H z , a n d H 6 was a double t at 4.34 p p m . F o r the E - i somer at p H 
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6. PAUKSTELIS E T A L . NMR Spectroscopy of Ascorbic Acid 137 

Figure 3. 100-MHz 2 H NMR spectrum of 4Z-2-sulfo-2,3,4,6-tetrahy-
droxyhexa-2,4-dieonate-$-lactone (4,5-dehydroascorbate 2-sulfate) in D20, 

pH (meter reading) 6.2, 33°C. Shifts are from internal MehSi. 

5.9, H 5 was a t r ip le t at 5.80 p p m w i t h / H 5 , H 6 = 6.6 H z , a n d H 6 was a 
double t at 4.59 p p m . 

A s ment ioned prev ious ly , i on i za t i on of O H 3 i n L -ascorb ic a c i d is 
a c compan ied b y a shift i n A m a x to longer wavelengths . H o w e v e r , the 
opposite is true i n the case of the 4,5-dehydro-2-sulfate derivatives 
( T a b l e V ) . A t p H 0.5-1.0 those derivatives gave A m a x of 260-262 n m , b u t 
at p H 7 A m a x was 244-247 n m . A p p a r e n t l y most of the charge i n the an ion 
is on O l (Scheme 2 ) , whereas most of the charge on the ascorbate mono
an ion ( I I ) is on 0 3 ( 3 ) . 

Scheme 2. Ionization of 4,5-dehydroascorbate-2-sulfate. 
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138 ASCORBIC A C I D 

T o l b e r t a n d W a r d have r e v i e w e d the 1 3 C N M R data o n dehydro -
L-ascorbic a c i d i n chapter 5 i n this book. 

1H NMR Spectroscopy and the Conformations of L-Ascorbic Acid 
and D-isoascorbic Acid in Aqueous Solution 

I n 1977 1 3 C N M R spectroscopy was used to assign a conformat ion 
to the s ide -chain of L -ascorb ic a c i d ( I ) i n water (21). T h a t report 
s t imulated us to measure the 6 0 0 - M H z * H N M R spectra of I a n d D - iso
ascorbic a c i d ( i n ) a n d their 4- a n d 5-deutero derivat ives . T h e 6 0 0 - M H z 
* H N M R spectra were ana lyzed , a n d the v i c i n a l c o u p l i n g constants were 
used to pred i c t pre ferred conformations. 

T h e * H N M R spectrum of L -ascorb ic a c i d at l o w fields has been 
observed b y m a n y groups a n d was p u b l i s h e d (22). T h e results at 
100 M H z gave 3 / H 4 , H 5 of 1.8 H z , b u t the c o u p l i n g constants between H 5 , 
H 6 , a n d H 6 ' c o u l d not be obta ined b y inspect ion because they were 
strongly coup led . H o w e v e r , the 1 0 0 - M H z spectrum of I c a n be s imula ted 
b y machine computat i on w i t h a h i g h degree of corre lat ion w h e n 3 / H 5 , H 6 

a n d 3 / H 5 , H G ' are assumed to be 6.6 H z , w h i c h is a t y p i c a l va lue i n ethane 
derivatives (23). B u t i f H 6 a n d H 6 ' have different c h e m i c a l shifts a n d 
different c o u p l i n g constants, that is, 3 / H 5 , H 6 does not e q u a l 3 / H 5 , H 6 ' , the 
computer s imulat i on w i t h the assumed equivalent c o u p l i n g constants 
w o u l d s t i l l arr ive at an apparent ly correct so lut ion because at 100 M H z 
i t is very diff icult to exper imental ly measure a l l the spectral l ines. T o 
detect the difference between the t w o c o u p l i n g constants i n quest ion, the 
spectrometer w o u l d have to record spectral l ines that are 0 . 1 % of the 
most intense lines. T h a t sensit ivity w o u l d require a signal-to-noise rat io 
i n excess of 2000:1, w h i c h is not read i ly obtainable at 100 M H z . N o 
h igh- f i e ld spectra of L -ascorb ic a c i d have been p u b l i s h e d , a l t h o u g h 
some p r e l i m i n a r y spectra at 360 M H z were made ava i lab le to us (24). 

W e have examined L -ascorbic a c id a n d its 4 - D a n d 5 -D derivatives 
at 600.2 M H z at the C a r n e g i e - M e l l o n N M R F a c i l i t y for B i o m e d i c a l 
Studies. W e also obta ined data on D - isoascorbic a c id and its 5 -D der iva 
t ive . T h e s imulated a n d observed spectra for H 5 , H 6 , a n d H 6 ' of I are 
shown at p H 2 a n d 7 i n F i g u r e s 4 a n d 5. T a b l e V I presents the c o u p l i n g 
constants obta ined f r om computer s imula t i on of the sp in system us ing a 
s tandard i terative fitting p r o g r a m [ p r o v i d e d b y N i c o l e t C o r p o r a t i o n 
( 2 5 ) ] . T h e N M R data were recorded us ing corre lat ion spectroscopy, 
w h i c h gave a po int resolut ion of about 0.1 H z . T h e least-squares fits gave 
differences between observed a n d c o m p u t e d l ine positions that averaged 
0.04 H z . Consequent ly , the J values are accurate to at least ± 0 . 1 H z . 
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6. P A U K S T E L I S E T A L . NMR Spectroscopy of Ascorbic Acid 139 

I 
pH 2.0 

(SIMULATED) 

A 

pH 2.0 

1 1 1 I I I I 1 I 1 1 1 
440 -540 -640 

Hz, upfield from HOD 
Figure 4. A. Observed 600.2-MHz *H NMR spectrum for H5, H6, and 
H6' of L-ascorbic acid in DxO, pH (meter reading) 2.1. B. Computer 
simulated spectrum giving the calculated 1H-1H coupling constants listed 

in Table VI. 
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140 ASCORBIC A C I D 

pH 7.25 
(SIMULATED) 

I I I I I I I • 1 1 

-460 -560 -660 
Hz, upfield from HOD 

Figure 5. A . Observed 600.2-MHz *H NMR spectrum for H5 and 
H69H6' of L-ascorbic acid in D20, pH (meter reading) 7.25. B. Computer 
simulated spectrum giving the calculated 1H-1H coupling constants listed 

in Table VI. 
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6. PAUKSTELIS E T A L . NMR Spectroscopy of Ascorbic Acid 141 

Table V I . Proton—Proton Coupling Constants and A8e,6' 
for L-Ascorbic and D-Isoascorbic Acids 

Compound pH 3 J 2 J 6,«' 

L - A s c o r b i c 2 . 0 6 ' 1.83 5.81 7.34 - 1 1 . 5 5 " 6.48 
7.25 1.93 5.65 7.63 - 1 1 . 6 0 14.77 

4 - D - L - A s c o r b i c 2.04 5.76 7.36 - 1 1 . 5 5 6.29 
7.09 5.74 7.65 - 1 1 . 7 3 14.42 

5 - D - L - A s c o r b i c 2.35 - 1 1 . 6 1 6.37 
7.20 — — - 1 1 . 5 8 14.63 

D -Isoascorbic N R * N R N R N R N R N R 
7.09 2.96 3.24 7.93 - 1 1 . 9 9 6.19 

5 -Z) -D - Isoascorbic 2.45 - 1 1 . 8 5 12.62 
7.76 — — — - 1 1 . 9 5 6.25 

Note: Data computed from spectra obtained at 6002 MHz in D2O. Probable 
error in J ~ 0.10 Hz. 

0 pH meter readings in D2O using a glass electrode. 
6 Assumed to be negative in the simulation, and all vicinal coupling constants 

assumed to be positive. 
0 Not recorded. 

T h e in format ion i n T a b l e V I m a y be s u m m a r i z e d as f o l l ows : 3 J H S , H 6 

d i d not e q u a l 3 / H 5 , H 6 ' for either isomer; no changes i n g e m i n a l or v i c i n a l 
c o u p l i n g constants occurred be tween p H 2 a n d 7 for L -ascorb ic a c i d , 
except for a s l ight change i n 3 / H 5 , H 6 ' , w h i c h was bare ly outside the error 
l i m i t s ; at p H 2 the difference i n c h e m i c a l shifts be tween H 6 a n d H 6 ' for 
L -ascorb ic a c i d was 6.4 H z b u t at p H 7 i t was 14.6 H z ; a n d the dif fer
ence i n c h e m i c a l shifts between H 6 a n d H 6 ' was reversed for D- isoascor
b i c , that is, the difference was 12.6 H z at p H 2 a n d 6.2 H z at p H 7. 

T h e fact that 3 J 5 H , H 6 d i d not equa l 3 / H 5 , H 6 ' i n d i c a t e d that i t m i g h t 
be possible to determine the conformat ion of the s ide -chain i n L -ascor 
b i c a c i d . F u r t h e r m o r e , the N M R data gave no evidence of conformat ion 
change between p H 2 a n d 7, i n contrast w i t h x-ray data ( 3 ) . T h e c o n 
format ion prev ious ly assigned (21) to the C 5 - C 6 b o n d of I i n water is 
not consistent w i t h the 6 0 0 - M H z J H N M R data . 

T h e values of 3 / H 5 , H 6 a n d 3 / H 5 , H 6 ' observed for I , w h i c h were 5.7 a n d 
7.5 H z , respect ively , d i d not appear at first glance to be consistent w i t h 
the theoret ica l values of approx imate ly 3 H z a n d 10 H z n o r m a l l y ob 
served for gauche a n d ant ipara l l e l conformations of v i c i n a l protons. 
H o w e v e r , electronegative substituents m o d i f y the magn i tude of v i c i n a l 
c o u p l i n g constants ( 2 6 ) . I n cyc l i c compounds , such as steroids (27) or 
4- f -butylcyclohexanols ( 2 8 ) , c o u p l i n g values of 5.5 ± 1 H z vs. 2.5-3.2 H z 
are possible for protons separated b y i d e n t i c a l d i h e d r a l angles of 60 ° . 
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142 ASCORBIC ACID 

T h e difference i n magni tude is a t t r ibuted to the or ientat ion of a c o u p l e d 
pro ton w i t h respect to a n adjacent O H group. T h e or ientat ion effect was 
s h o w n b y B o o t h (29) to be m a x i m a l (smallest / ) w h e n a n electronega
t ive substituent is ant ipara l l e l to each of the c o u p l e d protons. 

I f the e lectronegativity effect is taken into account, the observed 
c o u p l i n g constant of 1.83 H z for 3 / H 4 , H 5 i n I may be assigned to rotamer 
A ( F i g u r e 6) where H 4 is ant ipara l le l to 0 5 a n d H 5 is ant ipara l le l to 
0 4 . R a p i d rotat ion (averag ing ) a r o u n d the C 4 - C 5 b o n d i n I w o u l d be 
expected to make 3 / H 5 , H 4 larger , not smaller , than the observed va lue . 
T h u s , the va lue of 1.83 H z is qui te reasonable for the conformat ion s h o w n 
i n F i g u r e 6 A , w h i c h is i dent i ca l w i t h the o r i g ina l assignment of the 
s ide-chain i n L -ascorbic a c id ( 2 1 ) . 

T h e increased magni tude of 3 / H 4 , H 5 (2.94 H z ) for D - isoascorbic a c i d 
( H I ) c o m p a r e d to 1.8 H z i n I provides support for rotamer 9 A i n 
L -ascorbic ac id . T h e value of 2.94 H z for 3 / H 4 , H 5 also suggests a gauche 
or ientat ion of H 4 a n d H 5 i n I I I (rotamers B a n d C , F i g u r e 7 ) . Those 
rotamers conta in only one pro ton ant ipara l l e l to an oxygen, a n d 3 / H 4 , H S 
w o u l d be expected to be greater i n magni tude i n I I I t h a n i t is i n I . 

T h e three staggered rotamers a r o u n d the C 5 - C 6 b o n d of L -ascorb i c 
a c i d are shown i n F i g u r e 8. C o m p o u n d I at p H 2 ( T a b l e V I ) gave the 
c o u p l i n g constants 3 / H 5 , H 6 , 3 / H 5 , H 6 ' , a n d 2 J H 6 , H 6 ' equa l to 5.81, 7.34, a n d 
—11.55 H z , respectively. Ro tamer 9 C can be r u l e d out since the 
c o u p l i n g constants are u n e q u a l for H 5 - H 6 a n d H 5 - H 6 ' . Ro tamer 9 B 
appears to fit the N M R data better t h a n rotamer 9 A . B o t h rotamers have 
a p a i r of ant ipara l l e l protons that can be assigned to the c o u p l i n g con 
stant 7.34 H z , b u t the other c o u p l i n g constant of 5.81 H z is better 
assigned to the gauche c o u p l i n g i n rotamer 9 B , where neither of the pro 
tons is ant ipara l l e l to an adjacent oxygen. T h e observed va lue of 5.81 H z 
is just s l ight ly greater t h a n the range (4 .5-5 .5 H z ) proposed (29) for this 
type of c oup l ing . 

A p p l i c a t i o n of the same arguments to the C 6 - C 5 b o n d I I I ( F i g u r e 
9) shows rotamer 10A to be the most probable . T h e ca l cu lated c o u p l i n g 
constants for I I I at p H 7.09 were 3.24, 7.93, a n d - 1 1 . 9 9 H z for 3 / H 5 , H 6 , 

3 / H 5 / H 6 % a n d 3 / H 6 , H 6 ' , respectively. T h e c o u p l i n g constants for H 5 - H 6 ' 
a n d H 6 - H 6 ' were almost i dent i ca l to those observed for I . T h e on ly 
va lue that di f fered substant ia l ly was 3 / H 5 , H 6 , w h i c h was 3.24 H z . B a s e d 
on these values, rotamer 10B can be e l iminated immediate ly . O f the 
r e m a i n i n g two rotamers, 10A is pre ferred over 10C because 10A shou ld 
have a smal ler va lue of 3 / H 5 , HG t h a n rotamer 10C. F u r t h e r m o r e , rotamer 
10C contains no oxygens ant ipara l l e l to either H 5 or H 6 . 

Di f ferent c o u p l i n g constants be tween H 5 - H 6 a n d H 5 - H 6 ' c a n occur 
on ly i f there is a pre ferred conformat ion for L -ascorb ic a c i d a r o u n d the 
C 5 - C 6 b o n d . T h e C 4 - C 5 b o n d of I also exists i n a pre ferred con forma-
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6. P A U K S T E L i s E T A L . NMR Spectroscopy of Ascorbic Acid 147 

t i o n i n so lut ion, as ev idenced b y the s m a l l va lue for 3 / H 4 , H 5 of 1.83 H z . 
T h i s va lue is too l o w to result f r o m t ime-averag ing , a n d therefore re 
quires a pre ferred conformat ion . T h e pre ferred rotamer 7 A a r o u n d 
C 4 - C 5 a n d rotamer 9 B a r o u n d the C 5 - C 6 b o n d are essentially the same 
conformations f o u n d b y H v o s l e f (2) i n crystal l ine L -ascorb i c a c id . Since 
no intramolecu lar hydrogen bonds occur i n the crysta l ( 2 ) , none w o u l d 
be expected w h e n I is d isso lved i n a hydrogen -bond ing solvent such as 
water . T h u s , our result is not surpr is ing . W h a t is surpr i s ing is that no 
change i n the conformat ion of the s ide-chain is apparent w h e n a solut ion 
of I is changed f r o m p H 2 to 7. O n e m i g h t expect a conformat ional 
change corresponding to that observed i n the crystal l ine state ( 3 ) . V i c i n a l 
c o u p l i n g constants however , i n Ή N M R data do not ind icate any 
apprec iab le change i n s ide -chain conformat ion u p o n i on i za t i on at O H 3 . 

13C NMR Spectroscopy and the Conformation of L-Ascorbic Acid 

T h e paper of O g a w a et a l . (21) p r o m p t e d us to examine the use of 
1 3 C N M R spectroscopy to ver i fy the conformat ion of I de termined b y Ή 
N M R . Those workers (21) reported that 3 / C 4 , H 6 a n d 3 Λ Μ , Η 6 ' e q u a l 2.4 
H z , w h i c h w o u l d fix the conformat ion a r o u n d the C 5 - C 6 b o n d of I as 
s h o w n i n rotamer 9 A . T h e y also c o n c l u d e d that rotamer 7 A was re 
q u i r e d to exp la in the observed c o u p l i n g constants. Spoormaker a n d 
de B i e (30) suggested that no conformat ion was pre ferred a r o u n d 
the C 5 - C 6 b o n d , but instead that e q u a l rotamer populat ions exp la ined 
the observed data . 

W e recently recorded the pro ton - coup led 1 3 C N M R spectrum of I. 
O u r Ή - 1 3 0 c o u p l i n g constants a n d the l i terature values are presented 
i n T a b l e V I I . T h e Ή N M R data at 600 M H z aff irmed that rotamer 9 B 
is the pre ferred conformat ion at the C 5 - C 6 b o n d . T h e Ή - 1 3 0 c o u p l i n g 
data have l e d to a different conformat ional assignment t h a n the Ή - Ή 
c o u p l i n g data because v i r t u a l c o u p l i n g is i n v o l v e d i n the A B X sp in system 
f o rmed b y H 6 , H 6 ' , a n d C 4 . T h e v i r t u a l c o u p l i n g y ie lds a decept ive ly 
s imple spectrum at 25.2 M H z ; this spectrum shows too f e w l ines a n d 
yie lds (31) an average va lue of 3 / c 4 , H e a n d 3 / C 4 , H « ' . T h e condit ions for 
v i r t u a l c o u p l i n g i n v o l v i n g H 6 a n d H 6 ' are present i n L -ascorb i c a c id . T h e 
H 6 a n d H 6 ' n u c l e i are near ly isochronous yet are not magnet i ca l ly 
equivalent , as s h o w n i n the 600 M H z spectra. T h e c h e m i c a l shift d i f 
ference between H 6 a n d H 6 ' at 2.3 Τ field is about 1.1 H z w i t h a 
c o u p l i n g constant of about 11 H z . T h u s Δ δ / J equals approx imate ly 0.1 
a n d the c o u p l i n g constants cannot be de termined b y inspect ion (32). T o 
determine i f v i r t u a l c o u p l i n g is the cause of the d iscrepancy, c o u p l e d 1 3 C 
N M R spectra need to be obta ined at the highest possible field. A t 9.4 T , 
Δδ /J = 0.4 a n d i f a n exper iment ^ e r e r i u n ^ t j c f c v a t e d p H , such as 7, the 
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148 ASCORBIC A C I D 

Table VII. Carbon-Proton Coupling Constants for L-Ascorbic Acid 
13Q 

Proton Cl cz cs C4 C5 C6 

H 4 1.8T 
(2.0)' 

1.96 
(2.0) 

5.70 
(5.9) 

153.1 
(152.8) 

0.2 1.4 
(1.0) 

H 5 <0.5* <0.5* 1.20' 
(1.5) 

1.85 
(2.0) 

145.6 5.40 
(5.4) 

H 6 — — — 2.55 
(2.0-2.4) 

144.3 
(145.0) 

H 6 ' — — — 2.55 
(2.0-2.4) 

— 144.3 
(145.0) 

Note: Data given as Hz; pH 2.31 (pH meter reading in D2O with a glass elec
trode). 

0 Probable error of J = 0.1 Hz. 
* Data taken from Ref. 21; reported precision ± 024 Hz. 
0 From 4-D-L-ascorbic acid. 

value of A S / / would be greater than 1. Under those circumstances 
8 / c 4 , H 6 and 3 / c 4 , H 6 ' without ambiguity might be determined. Such an 
experiment is in progress. 

Experimental 

N M R . Most 1 3 C NMR and *H NMR spectra of L-ascorbic acid and its 
derivatives were recorded from aqueous solutions using a Varian Model X L -
100-15 spectrometer interfaced to a Nicolet 1180 digital computer and to a 
Nicolet 1093B pulse Fourier transform system with quadrature phase detection. 
Some *H NMR spectra were also obtained at 600.2 MHz in deuterium oxide on 
the Carnegie-Mellon instrument. All 1 3 C NMR samples were in 12-mm, and 
all *H NMR in 5-mm, sample tubes. In most cases dioxane was used as an 
internal reference for 1 3 C NMR spectroscopy and the shifts were calculated as 
follows: 8 M e 4 S i = 8dl0Xane + 67.40 ppm. For *H NMR spectroscopy, and in a 
few instances for 1 3 C NMR, sodium 2,2-dimethyl-2-silapentan-5-sulfonate (DSS) 
was used as the internal reference and its shift was assumed to equal that of 
tetramethylsilane. All shifts are reported relative to tetramethylsilane. Full-
range 1 3 C NMR spectra normally were acquired using 16K time domain data 
points with 40-50 degree pulse widths and 3-5 s delays between pulses. Some 
partial-range proton-coupled spectra were collected under higher point resolu
tion (2-4 points/Hz) to give more accurate coupling constants. The *H NMR 
spectra were acquired routinely at 4 spectral points/Hz resolution on the 
XL-100. 

The pH dependence of the 1 3 C NMR chemical shifts was determined on 
0.5-M samples of L-ascorbic acid in water using a 5-mm concentric capillary 
tube containing deuterium oxide and DSS to provide the lock and reference 
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6. PAUKSTELIS E T A L . NMR Spectroscopy of Ascorbic Acid 149 

signals, respectively. The p H of an initially acidic solution was adjusted upward 
with 1 M sodium hydroxide directly in the N M R tube while purging with nitro
gen. The p H was measured with a Beckman Centry-SS meter equipped with a 
3-mm diameter Ingold combination electrode (Wi lmad Glass Co. , Inc.) . A l l 
p H values were obtained following data acquisition. The values d id not vary by 
more than 0.15 units, however, from the initial readings. The shifts reported 
were corrected for the 1.75-ppm difference between external D S S in deuterium 
oxide and internal D S S in water with the external signal occurring more upfield. 

Spin-lattice relaxation times for the carbon atoms of L-ascorbic acid treated 
with Chelex-100 (Bio-Rad Laboratories) were determined on 0.25 M solutions 
i n deuterium oxide purged with nitrogen. The inversion-recovery method 
(33-35) with alternating phases and 8-10 T values was used for the protonated 
carbons, and the homo-spoil technique with 6-8 T values was used for the non
protonated atoms. The spin-lattice relaxation times ( T x ) were calculated from 
the data using the appropriate Nicolet (25) digital computer programs. The 
^ -va lues for the nonprotonated carbon atoms were repeated using the inver
sion recovery method and were virtually identical to those reported in Table 1. 

Bar ium 4Z- and 4E-2-Sulfo-2,3,4,6-tetrahydroxyhexa-2,4-dienoate-8-lac-
tone. The procedure of Cousins et al . (36) was used to prepare L-ascorbyl 
6-valerate (mp 89 -92°C) . The valerate ester (15 g, 57.6 mmol) was dissolved 
in pyridine (250 m L ) at 25°C and pyridine-sulfur trioxide complex (25 g, 2.5 
equivalents) was added. After stirring 18 h at room temperature, water (500 
m L ) was added, and the mixture was placed in a water bath at 70°C. The p H 
of the mixture was maintained at 9-9.5 by periodic addition of saturated barium 
hydroxide solution. The elimination reaction at 65 °C was complete in 4-6 h , 
as evidenced by the constancy of the reaction p H . The reaction mixture was 
adjusted to p H 10 by addition of saturated barium hydroxide, and at that point 
the total volume of the mixture was 1.5 L . Pyridine was removed by evapora
tion under vacuum to 300 m L , and the evaporation step repeated twice after 
addition of water (250 m L ) . The mixture was adjusted to p H 2 by addition of 
sulfuric acid (1 M ) , and barium sulfate was removed by filtration. The filtrate 
was extracted with ethyl ether (3 X 500 m L ) to remove valeric acid, and the 
aqueous layer (~ 300 m L ) was adjusted to p H 7 by addition of barium hydrox
ide. After evaporation to 50 m L , barium sulfate was removed, and an equal 
volume of acetonitrile was added to the filtrate. The desired compound crys
tallized in the cold to give 12.0 g ( 55% ) of crude material w i th m p 215-225°C. 
The crystals were dissolved in water (30 m L ) and were decolorized with char
coal; after addition of acetonitrile, analytically pure crystals were obtained 
[yield, 5 g with mp 220-225°C (decomposed)]. 

Analysis. Calculated for C 6 H 4 0 8 S B a • % H 2 0 : C , 18.85; H , 1.31. Found: 
C, 18.95; H , 1.29. U V data: p H 0.5-1.0, A m a x 260 nm; p H 6.5 A m a x 244; c m y , 
14.6. The ionization of O H 3 had a p K a of 2.0, determined from the change i n 
A m a x between p H 0.5 and 7.0. 

The E-isomer was prepared in the same manner starting from D-isoascorbic 
acid (III, 26 g ) . The 6-valerate ester of I II was a syrup, and the yields of 
crude and pure crystals of the E-isomer were 8.1 g and 2.3 g, respectively. The 
mp of the pure material was 235-240°C (decomposed). 

Analysis. Calculated for C 6 H 4 0 8 S B a : C , 19.30; H , 1.08; S, 8.58; and B a , 
36.77. Found : C , 19.40; H , 1.25; S, 8.58; and B a , 37.01. U V data: p H 7, 
A m a x 248; e m J f , 11.6. 
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7 
Chelates of Ascorbic Acid 

Formation and Catalytic Properties 

ARTHUR E. MARTELL 

Department of Chemistry, Texas A&M University, College Station, TX 77843 

Ascorbic acid, H2L, is a relatively weak bidentate ligand, 
which coordinates metal ions, Mn+, to form chelates, 
MHL+n-1 at low and intermediate pH values, and unpro-
tonated chelates, ML+n-2 at high pH. Metal ions capable of 
undergoing redox reactions catalyze the autoxidation of 
ascorbic acid through the formation of intermediate metal
-ascorbate-dioxygen complexes. Catalysis of autoxidation by 
metal chelates seems to occur through the formation of 
ternary ascorbate complexes of the metal chelates. Ascorbic 
acid is assigned a significant catalytic role in Udenfriend's 
system through the formation of an initial ascorbate-
Fe(III)-dioxygen complex in which electron transfer to 
dioxygen results in oxygen activation and oxygen atom 
insertion. 

Ascorbic acid, 1, is a dibasic acid with a bifunctional ene-diol group 
built into a heterocyclic lactone ring (1). Although the dissociation 

constants of the ene-diol hydroxyls are increased somewhat over normal 
values by the electron-withdrawing oxygen atoms on the adjacent 1- and 
4-positions, the acidity of ascorbic acid is due mainly to resonance 
stabilization of the monoanion (2), which distributes the negative 
charge between the oxygens at the 1- and 3-positions, as indicated by 2a 
and 2a'. Such stabilization is not possible when the 3-hydroxyl is not 
ionized. Formula 2b therefore represents a higher energy form that does 
not contribute appreciably to the structure of the monoanion. The 
undissociated hydroxyl group of the monoanion may be hydrogen bonded 
to either of the adjacent negatively charged oxygens at the 1- and 3-posi
tions, as indicated by 2a and 2a'. The high acidity of the 3-hydroxyl 
group can be readily understood by analogy with carbonic acid mono 
esters, with which it has a vinylogous relationship. The nature of the 
monoanion has been well-characterized by x-ray crystallographic studies 

0065-2393/82/0200-0153$06.00/0 
© 1982 American Chemical Society 
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154 ASCORBIC ACID 

of its salts (2,4) a n d its m e t a l complexes (3,5) as w e l l as b y I R (6) 
a n d N M R (7 ) studies of the l i g a n d a n d its m e t a l complexes. 

T h e second p K corresponding to the conversion of 2a to 3 is r e l a 
t i ve ly h i g h ( ~ 11.3) because of the negat ive charge o n 2a, a n d hydrogen 
b o n d i n g to the negative oxygens at the 1- a n d 3-positions. B o t h effects 
t end to increase the stabi l i ty of the monoanion re lat ive to the com
plete ly dissociated f o rm. 

T h e b inegat ive e n e - d i o l an ion of ascorbic a c i d , L 2 " , is a b identate 
l i g a n d a n d is capable of react ing w i t h m e t a l ions M n * of coord inat ion 
n u m b e r 4 or 6 to f o r m a series of complexes M L * " " 2 , M L 2

+ " " 4 ; or M L * " " 2 , 
M L 2 * n ~ 4 , a n d M L 3 * n " 6 ; respectively. C o m p a r i s o n w i t h analogous l igands 
h a v i n g s imi lar p K ' s indicates that the stabil it ies of the 1:1 ascorbate 
chelates of d ivalent transi t ion metals should be i n the range of 105-1010. 
T h e stabi l i ty constant data avai lable for ascorbic a c i d , l i s ted i n T a b l e I , 
ind icate that on ly re lat ive ly very weak chelates have been reported . F o r 
the " n o r m a l , " fu l l y deprotonated chelates, the stabil it ies of on ly the 1:1 
chelates of C a ( I I ) , F e ( I I ) , C d ( I I ) , a n d A g ( I ) are ind i ca ted . T h e 
format ion constants l i s ted are i n the range of 10M to 103-6, orders of 
magni tude be low w h a t w o u l d be expected for complexes of the type 
ind i ca ted b y formula 5. 

Table I. Stabilities of Metal Chelates of L-Ascorbic Acid ( H 2 L ) 

Metal Log Formation Constant 
Ion Equilibrium Quotient (p. = 0.10M;t = 25oC) 

H + 

C a 2 * C a H I / ] / [ C a 2 1 [ H I / ] 
C a L ] / [ C a 2 * ] [ L 2 - ] 

H L - ] / [ H * ] [ L 2 ] 
H 2 L ] / [ H 1 [ H L " ] 

11.34 
4.03 
0.2a 

1.4' 
S r 2 * 
M n 2 t 

F e 2 * 

S r H L * ] / [ S r 2 * ] [ H L " ] 
M n H I / ] / [ M n 2 * ] [ H L - ] 
F e H I / J / t F e 2 * ] [ H L ~ ] 
F e L ] / [ F e 2 + ] [ L 2 " ] 

0. 3a 

1. r 
0.21' 

2.0' 
N P 
C u 2 t 

Z n 2 t 

C d 2 * 
P b 2 * 
A P 

N i H L + ] / [ N i 2 + ] [ H L - ] 
: C u H L + ] / [ C u 2 t ] [ H L " ] 
Z n H I / ] / [ Z n 2 * ] [ H L - ] 

: C d H I / ] / [ C d 2 t ] [ H L - ] 
P b H I / ] / [ P b 2 t ] [ H I / ] 

: A l H L 2 t ] / [ A P ] [ H L " ] 
A 1 ( H L ) 2 * ] [ A P ] [ H L - ] 2 

; A g L - ] / [ A g * ] [ L 2 - ] 

i . r 
1.6 
1.0° 
0.42' 
1.8 
1.9 
3.6 
3.66 
2.35 
3.32 

U 0 2 H I / ] / [ U 0 2
2 + ] [ H L - ] 

U 0 2 ( H L ) 2 ] / [ U 0 2
2 t ] [ H L - ] 2 

•25°C, /B = 0.16 M. 
» 2 5 ° C , / t = 3 . 0 M . 
• 2 5 O C ( / u ~ 0 . 
Source: Reference 1. 
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156 ASCORBIC A C I D 

M o s t of the meta l chelates for w h i c h stabi l i ty constants have been 
reported are the 1:1 monoprotonated chelates corresponding to f o r m u l a 
4. These are qu i te weak , w i t h l og K values r a n g i n g f r o m 0.2-2.35, 
because of the l o w negative charge o n the l i g a n d an ion a n d the fact 
that one of the two donor oxygens is protonated. O f the possible l i g a n d 
donor group arrangements ind i ca ted b y formulas 4 a a n d 4b , 4 a is 
general ly accepted a n d agrees w i t h the x-ray data thus far obta ined for 
this type of chelate c ompound . T h e b o n d i n g arrangement i n 4b , h o w 
ever, is s t i l l a reasonable poss ib i l i ty because of the d e r e a l i z a t i o n of 
negative charge between the oxygens at the 1- a n d 3-positions. 

A l t h o u g h the meta l chelates of the complete ly deprotonated l i g a n d 
are general ly w r i t t e n as ind i ca ted b y 5 a, there is also a poss ib i l i ty of the 
format ion of coordinate b o n d i n g modes of the type i l lustrated b y 5 b, 
aga in because of the d e r e a l i z a t i o n of negative charge between the 
oxygens b o u n d to the 1- a n d 3-carbon atoms. T h e lack of data i n the 
l i terature on the " n o r m a l " meta l chelates i n w h i c h the l i g a n d is f u l l y 
deprotonated is p robab ly due to the fact that for most meta l ions such 
chelates are f ormed only i n a lkal ine solut ion. Interest ing redox reactions 
of ascorbic a c id , its salts, a n d its meta l chelates take p lace i n ac id 
solut ion a n d m a y be convenient ly s tudied at moderate ly l o w to l o w p H . 
I n a lkal ine solut ion the rate of autoxidat ion of ascorbic a c i d a n d the effect 
of trace impur i t ies that catalyze such ox idat ion reactions increase m a n y 
f o ld , a n d the precautions necessary to carry out studies i n a lka l ine 
solut ion are somewhat inconvenient . T h e r e seems to be no fundamenta l 
reason, however , w h y chelate format ion b y ascorbic a c i d w i t h n o n -
o x i d i z i n g meta l ions c o u l d not be s tudied at moderate ly to h i g h p H 
under such condit ions that the meta l ions do not h ydro lyze extensively 
or prec ipitate . 

Oxidation by Metal Ions and Metal Chelates 

Ascorb i c a c i d is a strong two-electron r e d u c i n g agent that is r ead i ly 
ox id i zed i n one-electron steps by meta l ions a n d meta l complexes i n their 
h igher valence states. A n inner sphere mechanism for the stoichiometric 
ox idat ion of ascorbic a c id b y ferr ic i on i n a c i d so lut ion is i l lustrated b y 
Scheme 1 ( 8 ) . T h e first step i n the react ion is the format ion of a mono
protonated F e ( I I I ) complex s imi lar to the monoprotonated ascorbate 
complexes l i s ted i n T a b l e I . T h e intermediate monoprotonated F e ( I I I ) 
complex is short - l ived a n d r a p i d l y undergoes an intramolecular one-
electron transfer to give a deprotonated F e ( I I ) complex of the ascorbate 
r a d i c a l anion, ind i ca ted b y 7. T h i s complex dissociates to the free r a d i c a l 
an ion , w h i c h m a y then combine w i t h a second ferr ic i on to f o rm the 
complex 9. C o m p l e x 9 i n turn undergoes a second intramolecu lar electron 
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7. M A R T E L L Chelates of Ascorbic Acid 157 

6 7 

Scheme 1. Direct oxidation of ascorbic acid by ferric ion. 

transfer to give the final product , dehydroascorbic a c id , f o r m u l a 10. T h e 
monoprotonated complex 6 has been ident i f ied as the start ing mater ia l 
for b o t h C u ( I I ) - a n d F e ( I I I ) - c a t a l y z e d ox idat ion of ascorbic a c i d on 
the basis of the p H dependence of the react ion rate for ox idat ion w i t h 
b o t h meta l ions, a n d b y r a p i d e q u i l i b r i u m measurements of chelate 
f ormat ion w i t h C u ( I I ) i on . T h e postulat ion i n Scheme 1 that ascorbate 
r a d i c a l an ion 8, a n d its F e ( I I ) chelate 7, as w e l l as its F e ( I I I ) chelate 9, 
are complete ly deprotonated, is based on C h a p t e r 4 i n this vo lume . 

T h e ox idat ion of ascorbic a c i d b y C u ( I I ) i o n is somewhat less r a p i d 
t h a n the rate of ox idat ion b y F e ( I I I ) , but is considered to proceed b y the 
same type of mechanism. A s m a y be seen f r o m that da ta i n T a b l e I , the 
monoprotonated meta l chelates of ascorbic a c i d are general ly qui te w e a k 
a n d tend to be extensively dissociated i n so lut ion. Moreover , as electrons 
are w i t h d r a w n f r o m the l i g a n d to give first the r a d i c a l an ion a n d finally 
the neutra l dehydroascorbic a c i d , the affinities of these ox id i zed forms 
for meta l ions are further decreased w i t h each ox idat ion step. Therefore , 
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158 ASCORBIC ACID 

w i t h the possible exception of 6, the meta l complexes i l lustrated i n 
Scheme 1 m a y represent rather mino r species i n the react ion mixture . 

T h e mechanism of ox idat ion of ascorbic a c id b y various meta l che
lates such as those of F e ( I I I ) a n d C u ( I I ) is s imi lar to the mechanism of 
oxidat ion b y the meta l i on , except that the rates are very m u c h lower 
( 9 ) . These reactions are also first order i n the ascorbate monoanion 
a n d first order i n meta l chelate. T h e rates decrease r a p i d l y as the 
stabilities of the meta l chelates increase but do not correlate w i t h the 
rates that w o u l d be pred i c ted through a mechanism i n v o l v i n g the 
e q u i l i b r i u m dissociat ion of the meta l chelate to the free ( aquo ) meta l i on . 
Therefore , the reactions are be l ieved to occur through the format ion of 
a m i x e d l i g a n d chelate i n v o l v i n g ascorbate anion as a secondary l i g a n d , 
and the rate -determining electron transfer w o u l d be dependent not only 
on the stabi l i ty (i.e., the ox idat ion potent ia l ) of the meta l chelate itself 
but also on steric factors re lated to the or ientat ion a n d dimensions of the 
l i g a n d donor groups. 

T h e stoichiometric redox reactions of ascorbic a c i d w i t h o x i d i z i n g 
meta l ions and meta l chelates, of the type i l lustrated i n Scheme 1, are 
also invo lved i n the mechanisms of ox idat ion of ascorbic ac id b y various 
oxidants since they funct ion as very efficient catalysts for such reactions. 
F u r t h e r details concerning electron transfer processes i n the meta l che
lates of ascorbic a c id w i l l be presented i n the f o l l o w i n g discussion of the 
role of s imple meta l ascorbate chelates a n d of m i x e d l i g a n d ascorbate 
chelates i n the oxidat ion of ascorbic a c id b y molecu lar oxygen. 

Catalysis of the Autoxidation of Ascorbic Acid 
by Metal Ions and Metal Chelates 

T h e systems descr ibed above b y w h i c h meta l ions a n d meta l chelates 
accompl ish two-electron ox idat ion of ascorbic ac id , m a y be employed i n 
catalyt ic systems i n w h i c h the meta l i on or chelate is only a minor con
stituent. A n y ox id i z ing agent capable of r eox id i z ing the meta l i o n or 
chelate f rom its l ower valent state to its h igher valent state m a y be 
employed . W h i l e i n the f o l l o w i n g treatment the oxidant is molecular 
oxygen, it should be possible to set u p analogous react ion systems w i t h 
other oxidants such as hydrogen peroxide, halogens, ni tr i te i on , a n d m a n y 
others. 

Metal-Ion-Catalyzed Autoxidation. F i g u r e 1 i l lustrates the v a r i a 
t i on of the first-order rate constants for the autoxidat ion of ascorbic a c i d 
b y molecular oxygen w i t h the concentrat ion of the C u ( I I ) i on , w h i c h is 
present i n catalyt ic (i .e. l o w ) concentrations ( 8 ) . T h e l inear re lat ionship 
indicates second-order behav ior [first order i n ascorbic a c i d a n d first 
order i n C u ( I I ) ] . T h e cata lyt i c effect of C u ( I I ) is also seen to decrease 
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7. M A R T E L L Chelates of Ascorbic Acid 159 

in 
O 
«— 
X 

2 4 6 8 10 12 

[Cu(ll)] X 105 

Figure 1. Rate constants for the Cu(H)-ion-catalyzed autoxidation of 
ascorbic acid as a function of Cu(H) concentration at —log [H+] values 
of: A , 1.50; B, 2.00; C , 2.25; D, 2.50; E, 2.85; and F , 3.45; t = 25°C; 

fi = 0.10M (KN03). 

r a p i d l y as hydrogen i o n concentrat ion is increased. T h i s var ia t ion of the 
second-order rate constant w i t h p H m a y be e l iminated i f the concentra
t i o n of the substrate is rep laced b y that of the monoanion , i n d i c a t i n g that 
the latter, or the corresponding monoprotonated C u ( I I ) chelate, is the 
reactive species i n the ox idat ion react ion. 
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160 ASCORBIC A C I D 

A s imi lar catalyt ic effect (8 ) of F e ( I I I ) o n the ox idat ion of ascorbic 
a c i d is i l lustrated i n F i g u r e 2. I n this case the observed rates are con
s iderably h igher than those i l lustrated i n F i g u r e 1 for C u ( I I ) catalysis. 
T h e pseudo first-order rate constants for the ox idat ion of ascorbic a c i d 
i l lustrated i n F i g u r e 2 are seen to vary i n a l inear fashion w i t h the 
concentrat ion of F e ( I I I ) , w h i c h is present i n cata lyt i c amounts. T h e 
rates ind i ca ted i n F i g u r e 2 are also seen to increase w i t h hydrogen i o n 
concentrat ion, a n d here again the p H var ia t i on i n the rate indicates that 
the monoanion , or its monoprotonated i r on chelate, is f o rmed i n a pre -
e q u i l i b r i u m step pr i o r to the rate -determining electron transfer react ion. 
F r o m the data i l lustrated i n F i g u r e 2, second-order rate constants for 
the F e ( I I I ) - c a t a l y z e d ox idat ion of the ascorbic a c i d monoanion may 
be calculated. 

T h e second-order rate constants for the autoxidat ion of ascorbic a c i d 
determined f rom data of the type i l lustrated i n F igures 1 a n d 2 were 
f ou n d to be propor t iona l to the d ioxygen concentration. A t l o w oxygen 
concentrations this dependence on oxygen concentrat ion was f o u n d to 
leve l off ind i ca t ing a change i n react ion mechanism. A l s o the rates i n the 
presence of oxygen were f ound to be m u c h more r a p i d than the direct 
stoichiometric rates of ox idat ion by the C u ( I I ) a n d F e ( I I I ) ions i n the 
absence of molecular oxygen. F i g u r e 3 il lustrates the dependence on 
oxygen concentration of the specific rate constants (i.e., rate constants 
based on concentrat ion of the monoprotonated anion) for the autoxidat ion 
of ascorbic a c i d i n the presence of catalyt ic amounts of F e ( I I I ) . S imi lar 
relationships were obta ined for C u ( I I ) catalysis. T h e data therefore 
indicate th i rd -order behavior for C u ( I I ) a n d F e ( I I I ) catalysis of the 
autox idat ion of ascorbic ac id—f irs t order i n substrate, first order i n meta l 
i on , a n d over a l i m i t e d range of concentration, first order i n d ioxygen 
concentrat ion. T h i s behavior , together w i t h the fact that the observed 
react ion is m u c h more r a p i d i n the presence of d ioxygen than i n its 
absence, provides evidence for the format ion of an intermediate ascor-
b a t e - c o p p e r - d i o x y g e n complex i n w h i c h the rate -determining electron 
transfer takes place . T h e exper imental observation that the meta l -
cata lyzed ox idat ion by molecu lar oxygen is m u c h more r a p i d than the 
stoichiometric ox idat ion of ascorbic a c i d b y the meta l i o n or chelate i n 
the absence of molecular oxygen, was noted some t ime ago b y D e k k e r 
a n d D i c k i n s o n (10) but this observation was interpreted i n terms of the 
react iv i ty of the ascorbate r a d i c a l an ion , a n d its invo lvement i n a free 
r a d i c a l cha in react ion. 

A react ion mechanism for the metal - ion-cata lyzed autoxidat ion of 
ascorbic ac id , i n v o l v i n g the format ion of an intermediate ternary ascor-
b a t e - m e t a l i o n - d i o x y g e n complex , is i l lustrated i n Scheme 2. A l t h o u g h 
the b o n d i n g between the meta l i o n a n d the d ioxygen i n the intermediate 
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M A R T E L L Chelates of Ascorbic Acid 161 

I I I I I I I— 
0 2 4 6 8 10 12 

[Fe (III)] x 105 

Figure 2. Rate constants for the Fe(III)'ion~catalyzed autoxidation of 
ascorbic acid as a function of Fe(III) concentration at —log [H*] values 
of: A , 1.50; B, 2.00; C , 2.42; D, 2.94; E, 3.44; t = 2S°C; p. = 0 . I 0 M 

(KNOs). 
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162 ASCORBIC A C I D 

3.0 

0 

[ 0 2 ] X 1(H 

Figure 3. Variation of second-order rate constants for the Fe(HI) cata
lyzed autoxidation of ascorbic acid as a function of oxygen concentration 
at -log [H+] values of: A, 3.85; B, 3.45; C, 3.00; t = 25°C; /x = 0.10M 

(KNOs). 
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164 ASCORBIC A C I D 

dioxygen complex w o u l d seem to be extremely weak, i t m a y be s tab i l i zed 
b y resonance of the type ind i ca ted b y 11a a n d l i b (Scheme 2 ) as 
suggested b y H a m i l t o n ( I I ) . T h e rate -determining electron transfer step 
i l lustrated i n Scheme 2 is ind i ca ted as o c curr ing t h r o u g h an ionic shift 
of t w o electrons i n accordance w i t h the suggestion of H a m i l t o n ( I I ) to 
give d i rec t ly a C u ( I I ) complex conta in ing w e a k l y coordinated dehydro 
ascorbic a c i d a n d a more strongly coordinated hydroperox ide donor, as 
i n d i c a t e d b y f o rmula 12. T h i s complex r a p i d l y dissociates to the free 
m e t a l i on , hydrogen peroxide , a n d the ox idat ion product . W h i l e the 
redox react ion i n v o l v i n g transfer of two electrons is i l lustrated i n the 
mechanism i n Scheme 2 as o c curr ing i n a single step, i t w o u l d also be 
qui te reasonable to i l lustrate the redox react ion as o c curr ing i n two 
successive one-electron transfers w i t h the format ion of an intermediate 
complex i n w h i c h C u ( I I ) is b o u n d to a deprotonated ascorbate r a d i c a l 
an ion a n d a superperoxide anion . W i t h k inet i c data presently avai lab le 
i t is impossible to d i s t inguish between these alternative react ion m e c h 
anisms. 

T h e w o r k descr ibed here on the C u ( I I ) - a n d F e ( I I I ) - c a t a l y z e d 
autoxidat ion of ascorbic a c i d has been extended to catalyt ic systems 
i n v o l v i n g v a n a d y l (12) a n d u r a n y l (13 ) ions. O n the basis of the results 
descr ibed above i t w o u l d seem that there are potent ia l ly m a n y other 
meta l ions that are capable of undergo ing redox reactions w i t h the 
ascorbate i on , a n d that may funct ion as catalysts i n the autoxidat ion of 
ascorbic ac id . Analogous mechanisms m a y also a p p l y to systems i n v o l v i n g 
meta l - ion catalysis of ascorbate ox idat ion i n w h i c h the p r i m a r y oxidant 
is a reagent other than molecu lar oxygen. 

Metal-Chelate-Catalyzed Autoxidation of Ascorbic Acid . K i n e t i c 
data for react ion systems i n w h i c h meta l chelates rather than meta l ions 
serve as catalysts for the autoxidat ion of ascorbic a c i d are i l lustrated i n 
F i g u r e s 4, 5, a n d 6 ( 9 ) . T h e rate constants are independent of molecu lar 
oxygen concentrat ion a n d are m u c h l ower than those observed for 
autoxidat ion of ascorbic a c i d i n the presence of free ( aquo ) meta l ions. 
T h e metal -chelate-catalyzed reactions are therefore expected to proceed 
through single electron transfer steps, w i t h the first e lectron transfer 
f o l l o w e d b y meta l i o n dissoc iat ion a n d recombinat ion of the deprotonated 
ascorbate r a d i c a l anion w i t h the h igher valence f o rm of the meta l chelate. 
T h u s the react ion mechanism is s imi lar to the sto ichiometr ic react ion 
scheme i l lustrated i n Scheme 1 w i t h a meta l chelate rep lac ing the free 
meta l i on . I n a catalyt ic system i n the presence of excess molecu lar 
oxygen a n d only a re lat ive ly smal l amount of meta l chelate the generat ion 
of the lower valence f o rm of the meta l chelate b y ox idat ion of ascorbic 
a c i d is counter -balanced b y r a p i d reoxidat ion of the meta l chelate to the 
h igher valence f o r m b y molecu lar oxygen, resu l t ing a cyc l i c catalyt ic 
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7. M A R T E L L Chelates of Ascorbic Acid 165 

1 2 3 4 5 6 

MOLARITY OF CATALYST X 10* 
Figure 4. Variation of rate constants for the autoxidation of ascorbic 
acid as a function of concentration of Cu(II) chelates at 25°C and —log 
[H+] of 3.45: EDTA = ethylenediaminetetraacetic acid; HEDTA = hy-
droxyethylethylenediaminetetraacetic acid; NTA = nitrilotriacetic acid; 
HIMDA = hydroxyethyliminodiacetic acid; IMDA = iminodiacetic acid. 

process of the type i l lustrated i n Scheme 3. T h e pseudo first-order rate 
constants p lo t ted i n F igures 4 a n d 5 show l inear dependence of the rate 
constants on copper chelate a n d on i r o n chelate concentrations, respec
t ive ly , thus i n d i c a t i n g the format ion of a m i x e d l i g a n d complex w i t h 
ascorbate as the reactive intermediate i n w h i c h the s low rate -determining 
electron transfer occurs. T h e react ion rates are also seen to decrease 
r a p i d l y w i t h an increase i n the stabil it ies of the copper a n d i r o n chelates 
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H I M D A 

5 10 15 20 25 30 

MOLARITY OF CATALYST X 106 

Figure 5. Variation of rate constants for the autoxidation of ascorbic 
acid as a function of concentration of Fe(HI) chelates at 25° C and —log 
[H*] of 2.45; DTPA = diethylenetriaminepentaacetic acid; CDTA = 
trans-1,2-diaminocyclohexanetetraacetic acid; other terms as in caption of 

Figure 4. 

invo lved . T h i s effect may be interpreted i n one of two w a y s : ( i ) that 
the react ion occurs through a dissociative mechanism releasing a smal l 
amount of the free meta l i on , w h i c h then acts as a catalyst for ascorbic 
a c i d ox idat ion , i n the manner i l lus t rated i n Scheme 2; or ( i i ) that the 
redox potent ia l of the copper i o n i n the m i x e d l i g a n d - a s c o r b a t e - c a r r i e r 
l i g a n d complex stabil izes the h igher valent f o r m of the meta l i on to a 
greater extent w h e n a more h i g h l y stable meta l chelate is i n v o l v e d as 
the catalyst. 
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Figure 6. Dependence of second-order rate constants for Fe(III)-chelate-
catalyzed autoxidation of ascorbic acid on hydrogen ion concentration at 

25°C. Abbreviations are those given in Figures 4 and 5. 
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7. M A R T E L L Chelates of Ascorbic Acid 169 

T h e poss ib i l i ty that the decreased catalyt ic act iv i ty w i t h increase i n 
meta l chelate stabi l i ty represents a dissociative mechanism i n w h i c h the 
free meta l i on is actual ly the catalyst was explored b y c o m p a r i n g the 
observed rates w i t h the concentrations of free meta l i o n i n e q u i l i b r i u m 
w i t h the various chelates invest igated. Since the rate constants for free-
meta l - i on catalysis are k n o w n it was possible to calculate a n d pred i c t the 
observed catalyt ic rate constants, since the e q u i l i b r i u m constants for 
dissociat ion of the meta l chelates are also k n o w n . T h e values ca lcu lated 
i n this manner d i d not correlate w i t h the observed rates, i n d i c a t i n g that 
the observed catalysis probab ly proceeds b y electron transfer f rom the 
reductant to the meta l i o n i n the m i x e d l i g a n d chelates of the type 
i l lustrated i n Scheme 3. I n such a mechanism the meta l chelates are 
v i sua l i zed as r e m a i n i n g intact i n bo th the ox id i zed a n d reduced forms 
through the entire catalyt ic cycle . T h u s the deprotonated ascorbate 
r ad i ca l anion a n d the carr ier - l igand are v i sua l i zed i n f o rmula 15 as 
r e m a i n i n g s imultaneously b o u n d to the reduced meta l i on and remain 
c o m b i n e d w i t h the meta l i o n w h e n it is reox id ized to the h igher valence 
state [i.e., f rom C u ( I ) to C u ( I I ) ] . A f t e r the second electron transfer, 
however , as ind i ca ted i n 16, the dehydroascorbic a c i d finally f o rmed is 
such a weak l i g a n d that i t r ead i ly dissociates a n d the s imple meta l 
chelate i n w h i c h the meta l i o n is aga in i n its l ower valence state a n d is 
reox id ized by molecular oxygen to regenerate the catalyst 13. 

I n the first m i x e d l i g a n d complex f o rmed i n the react ion mixture , 14, 
the coordinated ascorbate i o n is ind i ca ted i n its monoprotonated f o rm. 
E x p e r i m e n t a l evidence for the degree of protonat ion of this species was 
obta ined f rom the var iat ion of the ca l cu lated second-order rate constants 
w i t h hydrogen i o n concentrat ion i n the l o w p H range i n w h i c h these 
reactions were carr ied out. T h e substrate was p r i m a r i l y i n its neutra l 
d iprotonated f o rm a n d the e q u i l i b r i u m i n v o l v i n g m i x e d l i g a n d complex 
formation results i n displacement of one of the two protons present on 
the e n e - d i o l groups. T h u s the concentrat ion of intermediate 14 w i l l 
increase as the hydrogen i on concentration decreases. T h i s effect is 
c learly observed i n the plots of the second-order rate constants as a 
funct ion of p H i n F i g u r e 6. S i m i l a r effects were obta ined for b o t h i r o n -
a n d copper-chelate-catalyzed oxidat ion reactions. Since the tendency of 
a meta l i on i n a meta l chelate c o m p o u n d to exist i n its h igher valence 
state increases w i t h the stabi l i ty of the meta l chelate c ompound , a n d i n 
fact its redox potent ia l can be ca lculated f rom the stabi l i ty constant of 
the meta l chelate itself, it w o u l d be expected that increas ing the stabi l i ty 
of the meta l chelate w o u l d decrease its catalyt ic act iv i ty for the autox ida
t ion of ascorbic a c i d , as is seen i n F igures 4 a n d 5. W h i l e i t is clear that 
this t rend exists, there is no l inear correlat ion between chelate stabi l i ty 
a n d catalyt ic ac t iv i ty because, i f such a correlat ion existed, it w o u l d not 
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170 ASCORBIC A C I D 

have been possible to e l iminate the dissociative mechanism i n v o l v i n g a n 
alternate catalyt ic route i n v o l v i n g the free aquo meta l i o n i n its h igher 
valence state. It is obvious that the more stable meta l chelates w i l l 
have a larger n u m b e r of donor groups coordinated to the meta l i o n a n d 
w i l l have coordinate bonds that are more difficult to break, a process that 
w o u l d be necessary for the complexes w i t h mult identate l igands i n w h i c h 
the meta l i on is nearly or f u l l y coordinated. T h i s type of d isplacement 
is ind i ca ted schematica l ly b y formulas 13 a n d 13a i n Scheme 3 i n w h i c h 
the meta l ions [ C u ( I I ) ] are represented as be ing tetra-coordinated. T h e 
format ion of a m i x e d l i g a n d complex requ i red for an inner-sphere 
electron transfer of the type i n d i c a t e d i n formulas 14, 15, a n d 16 w o u l d 
invo lve d isplacement of one or more of the coordinated donor groups 
of the carrier l i gand . It is expected that considerable steric effects w o u l d 
be associated w i t h such displacement processes a n d that these effects 
w o u l d vary i n a very complex w a y w i t h the nature of the l i g a n d i n the 
catalyt ic meta l chelate. 

F i n a l l y it should be po inted out that there is an alternate mechan ism 
for the two successive electron transfer processes ind i ca ted b y the 
sequence 14—» 15 - » 16 - » 13 a. I t is qui te possible that the ascorbate 
r a d i c a l anion dissociates f rom the m i x e d l i g a n d complex 15, p r i o r to 
reoxidat ion of the C u ( I ) i on , a n d recombines w i t h another C u ( I I ) 
chelate pr ior to the final electron transfer step ind i ca ted b y 16 —> 17 + 
10. T h i s represents a sl ight modi f i cat ion of the mechanisms i n Scheme 3, 
a n d involves an alternate b r a n c h for react ion sequence 15 - » 1 6 - * 17. 

T h e m a i n difference between the F e ( I I I ) a n d C u ( I I ) ion-cata lyzed 
autoxidat ion of ascorbic a c id o n one h a n d , and the F e ( I I I ) a n d C u ( I I ) 
chelate-catalyzed ox idat ion reactions is the lack of dependence of the 
latter systems on the concentrat ion of molecular oxygen, a n d the absence 
of a ternary meta l substrate -carr ier l i g a n d - d i o x y g e n complex as an inter 
mediate i n the proposed react ion mechanism. T h e absence of such a n 
intermediate may be considered to be due at least i n part to the occupa
t ion of a l l or nearly a l l the coordinat ion positions of the meta l i on b y the 
carrier l i g a n d , thus c r o w d i n g out the d ioxygen, w h i c h is at best a 
re lat ive ly weak monodentate l i g a n d . It should also be noted that the 
proposed mechanism i n Scheme 3 involves two successive electron trans
fers rather than a single i on ic type two-electron shift of the type i n d i c a t e d 
i n Scheme 2. It is not in tended at this stage to favor one mechanism 
over the other; bo th should be considered alternatives. A factor i n 
ascorbate autoxidat ion that m a y not a p p l y to m a n y other substrates is 
the resonance stabi l izat ion of the one-electron ox idat ion intermediate , 
the ascorbate r a d i c a l anion . I n cases where one-electron reduct i on of 
ox idat ion products are s tab i l i zed b y resonance or other const i tut ional 
factors, the one-electron transfer process may be favored over t w o -
electron redox reactions. 
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7. M A R T E L L Chelates of Ascorbic Acid 171 

Ascorbic Acid Oxidase 

A s c o r b i c a c i d oxidase is act ivated b y C u ( I I ) i o n a n d is be l i eved to 
funct ion i n a manner s imi lar to the mechanism ind i ca ted i n Scheme 3 
i n v o l v i n g a series of two successive one-electron transfer steps i n w h i c h 
the ascorbic a c i d is ox id i zed to an intermediate free r a d i c a l an ion 
coordinated at the active site i n a manner s imi lar to that ind i ca ted b y 
f o rmula 15. I n the enzymic system i t seems l i k e l y that the intermediate 
ascorbate free r a d i c a l w o u l d r e m a i n coordinated to the meta l i on i n bo th 
C u ( I ) a n d C u ( I I ) forms, rather than undergo successive dissociat ion 
a n d reassociation steps that w o u l d t end to greatly s low d o w n the 
enzymic react ion process. I n this respect the enzymic mechan ism m a y 
differ f rom that suggested i n Scheme 3 for meta l chelate catalysis of the 
autoxidat ion of ascorbic ac id , since there is no evidence i n the latter case 
that the weak C u ( I ) intermediate complex w o u l d h o l d together l o n g 
enough for the reox idat ion step to occur (see d iscussion l a t e r ) . Since 
the meta l i on w o u l d remain b o u n d to the active site of the enzyme, its 
reoxidat ion b y molecular oxygen m a y very w e l l occur through the 
format ion of a d ioxygen complex, thus p r o v i d i n g an add i t i ona l react ion 
intermediate . A s ment ioned before, the free r a d i c a l ascorbate a n ion is 
resonance-stabi l ized a n d its f ormat ion i n these systems i n apprec iable 
quantit ies therefore seems reasonable. A n o t h e r probab le difference be
tween the enzymic mechanism a n d the mechanism suggested i n Scheme 
3 for m e t a l chelate catalysis is the d isplacement of some of the l i g a n d 
donor groups f rom the coordinat ion sphere of the meta l i o n that w o u l d 
be r e q u i r e d for the format ion of the m i x e d l i g a n d complexes i n w h i c h 
the electron transfer process takes place . S u c h displacement reactions 
w o u l d greatly s low d o w n a n d i n h i b i t the react ion rate a n d i t is be l i eved 
that the enzyme certainly w o u l d e l iminate such react ion barriers b y the 
design of a coordinat ion sphere that w o u l d make avai lable at least two 
lab i l e coordinat ion sites of C u ( I I ) for combinat i on w i t h the substrate. 

Rate Laws for Metal-Ion- and Metal-Chelate-Catalyzed 
Autoxidation of Ascorbic Acid 

O n the basis of k inet i c data of the type i l lustrated i n F igures 1, 2, 
a n d 3 the rate l a w of autoxidat ion of ascorbic a c i d is represented b y 
E q u a t i o n 1, i n v o l v i n g a th ird -order rate constant a n d a react ion rate 
that is first order i n substrate monoanion , meta l i o n , a n d molecu lar 
oxygen. Since the rate -determining step involves electron transfer i n a 
ternary complex, th ird-order behavior involves two p r e - e q u i l i b r i a , E q u a 
tions 2 a n d 3, for the format ion of the ternary complex, a n d a f inal s low 
step, E q u a t i o n 4, i n w h i c h the coordinated oxygen undergoes a t w o -
electron reduct ion to hydrogen peroxide. A s po in ted out b y T a q u i K h a n 
a n d M a r t e l l ( 9 ) , the hydrogen peroxide r a p i d l y disappears a n d is not 
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172 ASCORBIC A C I D 

detected i n the final react ion mixture . T h e hydrogen peroxide f o r m e d 
m a y be reconverted to oxygen a n d water t h r o u g h the catalase-l ike act ion 
of the cupr i c i o n or of some of its complexes. 

" = fc[HL~nCu2m] (i) 

C u 2 + + H A " ^± C u H A + (2) 

C u H A + + 0 2 ^ C u H A 0 2
+ (3) 

slow 
C u H A C V + H + > C u 2 + + A + H 2 0 2 (4) 

T h e metal -chelate-catalyzed autoxidat ion of ascorbic a c id is not 
dependent on the concentrat ion of molecular oxygen. O n the basis of 
the data i l lustrated i n F igures 4, 5, a n d 6 the rate expression suggested 
for this type of react ion is g iven b y E q u a t i o n 5, w h i c h indicates that the 
disappearance of the monoanion of the substrate is first order i n b o t h 
meta l chelate a n d the ascorbate monoanion . T h u s the react ion sequences 
ind i ca ted by E q u a t i o n s 6, 7, a n d 8 consist of a p r e - e q u i l i b r i u m i n v o l v i n g 
the f ormat ion of a m i x e d l i g a n d m e t a l - c a r r i e r l i gand -subs t ra te mono
anion complex. F o l l o w i n g the rate -determining electron transfer react ion 
w i t h i n the m i x e d l i g a n d complex ( E q u a t i o n 7 ) , the lower valence f o rm 
of the meta l complex is r a p i d l y reox id ized i n so lut ion b y molecu lar 
oxygen, thus regenerat ing the catalyst. H n A represents a mult identate 
l i gand , a n d H 2 L is ascorbic ac id . 

- d [ ^ L " ] = fc[HL"] [ C u A ( 2 " n ) + ] (5) 

C u i i A ( 2 - n ) + + H L " — C u n ( A ) ( H L ) a " n ) + (6) 

slow 

C u n ( A ) ( H L ) ( 1 - » ) + > C u W 1 " " ' * + L " + H + (7) 

fast 
Free radica ls > A + H 2 0 2 (8) 

C u A < 2 - n > + , 0 2 

Recent ly Jameson a n d B l a c k b u r n (14,15,16) have suggested a n 
alternate mechanism for the copper-catalyzed autoxidat ion of ascorbic 
a c id , i n v o l v i n g the format ion of a b inuc lear C u ( I I ) complex (17) of 
the ascorbate anion , a n d the subsequent format ion of an intermediate 
peroxo type C u ( I I ) - d i o x y g e n - a s c o r b a t e complex (18). T h e i r k ine t i c 
data suggested a var iety of rate behavior depend ing on the nature of 
the support ing electrolyte. F o r m u l a 17, w h i c h was postulated for nitrate 
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7. M A R T E L L Chelates of Ascorbic Acid 173 

0 H C H O H C H 2 O H 

I n i t i a l b inuclear complex, ( C u H L ) 2
2 + , 17 

Intermediate dioxygen complex, C u H L 0 2 C u H L , 18 

m e d i a , seems to suggest the rate ind i ca ted b y E q u a t i o n 9. T h u s the 
react ion sequence suggested consists of two pre - equ i l i b r ia , E q u a t i o n s 10 
a n d 11, w h i c h result i n the format ion of the d inuc lear peroxo type 
d ioxygen complex, 18. T h i s is f o l l owed b y a rate -determining electron 
transfer ( E q u a t i o n 12 ) , w h i c h results i n the format ion of two free 
radicals that are converted to final products i n subsequent steps that seem 
to be par t ia l l y rate determining . I n ch lor ide m e d i a [and p r o b a b l y i n the 

^ 2 J = fc'[Cu2+][HL-][02]1/2 (9) 

2 C u H L + — ( C u H L ) 2
2 + (10) 

( C u H L ) 2
2 + + 0 2 ^± C u H L 0 2 C u H L 2 + (11) 

slow 

C u H L 0 2 C u H L 2 + > L C u 0 2 H - + C u 2 + + L - (12) 

free radica ls - » products (13) 

presence of other anions that coordinate C u ( I I ) ] the ch lor ide i o n seems 
to part i c ipate i n b inuc lear complex format ion , a n d further complicates 
the kinet ics . 
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174 ASCORBIC ACID 

T h e hal f -order dependence of the rate of autoxidat ion of ascorbic 
ac id on molecular oxygen that was found b y B l a c k b u r n a n d Jameson a n d 
that was the basis for their suggestion of b inuc lear intermediates 17 a n d 
18, is qu i te interest ing, especial ly i n v i e w of the fact that peroxo b r i d g e d 
d ioxygen complexes analogous to 18 have also been observed for cobalt 
d ioxygen complex systems (17). A s noted above, the first-order d ioxygen 
dependence observed by T a q u i K h a n a n d M a r t e l l (9 ) undergoes a t rans i 
t i on at l o w oxygen concentrations to l ower order dependence a n d finally 
zero-order dependence as ind i ca ted i n F i g u r e 3. T h u s it m a y very w e l l 
be that at l o w oxygen concentrations b inuc lear complexes of the k i n d 
observed by B l a c k b u r n a n d Jameson become the react ion intermediates 
for autoxidat ion of ascorbic ac id , resul t ing i n the observed hal f -order 
dependence of the react ion rates on oxygen concentration. O n the other 
h a n d , b inuc lear complexes of the type i l lustrated , 17 a n d 18, t end to 
f o rm on ly i n solutions i n w h i c h the meta l i on concentrat ion is at least 
moderately h i g h . Therefore i n solutions i n w h i c h the catalyt ic species, 
either the C u ( I I ) or F e ( I I I ) ions, or their meta l chelates, are present at 
very l o w concentrations the format ion of b inuc lear complex intermediates 
is not very l ike ly . U n d e r such condit ions, catalysis b y mononuclear 
complexes of the types ind i ca ted i n Schemes 2 a n d 3 w o u l d seem to be 
favored. 

It is interest ing to note that the + 3 oxidat ion state of copper has 
been i n v o k e d b y Jameson a n d B l a c k b u r n (15,16) i n the f ormat ion of 
d ioxygen complexes. A l t h o u g h this is an attractive idea i n v i e w of recent 
investigations reported b y M a r g e r u m et a l . (18), the f ormat ion of stable 
C u ( I I I ) complexes i n aqueous solut ion w o u l d require coordinat ion w i t h 
l igands h a v i n g very special properties. H e r e again i t seems somewhat 
u n l i k e l y that apprec iable concentrations of C u ( I I I ) complexes are f o rmed 
i n these react ion systems. O n the other h a n d , C u ( I I I ) m a y be invoked 
for exp la in ing the stabilities of C u ( I I ) - d i o x y g e n complexes of the type 
i l lustrated i n Scheme 2, a n d 18. T h u s the d ioxygen complex intermediates 
f o rmed i n trace amounts i n these react ion systems m a y be considered 
to invo lve ox idat ion of copper to an intermediate ox idat ion state between 
C u ( I I ) and C u ( I I I ) . 

Role of Ascorbic Acid in a Mono-oxygenase Model (U den friend's System) 

Recent ly ascorbic ac id has been assigned a significant funct ion i n the 
reactions i n v o l v i n g oxygen insert ion b y m o d e l oxygenase a n d peroxidase 
systems i n w h i c h ferr ic i on or a ferr ic chelate is considered to be the 
catalyst. A l t h o u g h react ion mechanisms suggested b y earl ier workers 
invo lved ascorbic a c id mere ly as a reductant to convert F e ( I I I ) to 
F e ( I I ) , w h i c h w o u l d then i n t u r n interact w i t h the oxidant, H a m i l t o n 
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7. M A R T E L L Chelates of Ascorbic Acid 175 

(11) suggested that ascorbate or s imi lar reductants such as catechol are 
i n v o l v e d i n the format ion of a ternary complex i n w h i c h the meta l i o n is 
coordinated s imultaneously to the reductant a n d the oxidant. 

T h e react ion sequences or ig ina l ly suggested for oxygen insert ion i n 
a substrate such as sal icyc l ic a c i d i n Udenfr iend ' s System (19-22) i n 
w h i c h molecular oxygen is the oxidant a n d an i r o n chelate such as 
F e ( I I ) - E D T A is the catalyst a n d ascorbic a c i d is the reductant , is i n d i 
cated b y E q u a t i o n s 14-18. I n this react ion sequence oxygen insert ion 
is considered to occur b y direct react ion of the aromatic c o m p o u n d w i t h 
H 0 2 - a n d O H - free radicals , a n d the ascorbate reductant merely serves 
the purpose of regenerat ing the F e ( I I ) chelate as ind i ca ted b y E q u a t i o n s 
16 a n d 17. 

F e n - E D T A + 0 2 + H 2 0 -> F e m - E D T A + O H " + H 0 2 - (14) 

COO COO" COO" COO" 

( + H 2 0 2 ) ( + O H - ) 

F e m - E D T A + H 2 A + O H " - » F e n - E D T A + H A - + H 2 0 (16) 

F e m - E D T A + H A - - f O H " -> F e n - E D T A + A + H 2 0 (17) 

F e n - E D T A + H 2 0 2 -> F e m - E D T A + O H - + O H " (18) 

O n the basis of the facts that oxygen insert ion occurs pre ferent ia l ly 
at the ortho a n d para positions relat ive to the ac t ivat ing h y d r o x y l group 
on the aromatic r i n g , a n d that the react ion d i d not seem to invo lve free 
radicals , H a m i l t o n (11) suggested an i on i c mechan ism i n v o l v i n g a ternary 
ascorbate meta l d ioxygen complex of the type i l lustrated b y 19 i n Scheme 
4. I n the proposed mechanism a concerted shift of e lectron pairs results 
i n the insert ion of an oxygen a tom into the substrate a n d a concomitant 
two-e lectron reduct ion of ascorbate to dehydroascorbic a c id . A n alternate 
electron transfer sequence is, of course, possible i n v o l v i n g two single 
electron transfer steps a n d the format ion of a n intermediate complex i n 
w h i c h the ascorbate anion r a d i c a l is coordinated to the meta l i on . T h e 
mechan ism proposed i n Scheme 4 is somewhat more sat is fying t h a n the 
prev ious ly recommended free r a d i c a l mechan ism ( E q u a t i o n 14-18) be-
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176 ASCORBIC A C I D 

| 20 
C H . O H C H 2 O H 

Scheme 4. Proposed mechanism for Fe(II)-catalyzed oxygen insertion 
(UdenfrieruTs system). 

cause i t assigns a more important role to the meta l i o n that is an essential 
catalyst i n these enzyme m o d e l systems. 

A s imi lar mechanism i l lustrated i n Scheme 5 has been suggested 
b y H a m i l t o n ( I I ) for peroxidase m o d e l systems (22) i n w h i c h the 
oxidant is hydrogen peroxide , the reductant is ascorbic a c i d or an analo 
gous reagent such as catechol , a n d the catalyt ic meta l i on is F e ( I I I ) . 
I n this system the intermediate ternary complex undergoes an intramolec 
u lar electron transfer i n v o l v i n g fission of the oxygen-oxygen b o n d of the 
peroxide l i g a n d to give water a n d an intermediate complex that essentially 
involves coordinat ion of atomic oxygen w i t h F e ( I I I ) . T h i s intermediate 
is somewhat s tab i l i zed b y several resonance forms (21a-c) i n w h i c h some 
negative charge is seen to reside on the oxygen atom, thus account ing for 
its ab i l i t y to r e m a i n brief ly coordinated w i t h the meta l i on . Insert ion of 
atomic oxygen into an appropr iate substrate results i n regeneration of 
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7. M A R T E L L Chelates of Ascorbic Acid 177 

Scheme 5. Proposed mechanism for a model peroxidase system. 

the F e ( I I I ) complex 6 of the r e d u c i n g l i g a n d . R e d u c t i o n of F e ( I I I ) 
b y the ascorbate l i g a n d is prevented b y the oxidant , hydrogen peroxide , 
to regenerate the or ig ina l reactive ternary complex , 21. Hami l t on ' s 
mechanism for these peroxidase m o d e l reactions is of interest because of 
its s imi lar i ty to the reactions o c curr ing i n catalase a n d peroxidase 
enzymic systems i n w h i c h resonance forms of the i r o n p o r p h y r i n r i n g 
system stabi l ize a two-electron oxidant intermediate be l ieved to invo lve a 
coordinated oxygen atom. 
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8 
Nitrogen Derivatives of L-Ascorbic Acid 

EL SAYED H. EL ASHRY 

Chemistry Department, Faculty of Science, Alexandria University, 
Alexandria, Egypt 

The nitrogen derivatives of L-ascorbic acid or its dehydro 
derivative, and the rationale for interest in these derivatives, 
are reviewed. In particular, the reactions of dehydro-L
-ascorbic acid (DHA) with o-phenylenediamine or its substi
tuted derivatives are surveyed as well as the reactions of 
D H A with hydrazines, which yield monohydrazones or 
bishydrazones. Further conversion of these initial deriva
tives into a variety of nitrogen heterocyclic compounds is 
evaluated. The reactions of L-ascorbic acid with amino 
acids are also examined. 

The role of L-ascorbic acid as a vitamin probably involves its partici-
pation in oxidation-reduction reactions. In those reactions dehydro-

L-ascorbic acid (DHA) is the first stable oxidation product; D H A is 
often the first product in the degradation of L-ascorbic acid. Because of 
its three adjacent carbonyl groups, D H A would be expected to undergo 
nucleophilic reactions with a number of functional groups, including 
amines. Nitrogen compounds arise in biological systems either from 
naturally occurring amino acids and proteins or from added chemo-
therapeutic agents such as sulfa drugs, isoniazide, and hydralazine; 
therefore, the study of the products of amine reactions with D H A is 
important. Moreover, L-ascorbic acid in foods is converted to DHA 
when it acts as an antioxidant. Thus, the survival of vitamin C during 
food processing depends in part on its involvement, and the involvement 
of DHA, in reactions with amines in foods, giving products mostly 
incapable of regenerating the vitamin. 

Nitrogen derivatives of L-ascorbic acid are important because they 
have been used extensively for the vitamin's determination (1) in the 
form of the bis(2,4-dinitrophenylhydrazone) of dehydro-L-ascorbic acid 
(1). In addition, because of the commercial availability of L-ascorbic 
acid with a relatively low price as well as the widespread use of hetero-

0065-2393/82/0200-0179$06.00/0 
© 1982 American Chemical Society 
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180 ASCORBIC A C I D 

cycles, L -ascorb ic a c i d c o u l d be used as a precursor i n the synthesis of a 
var iety of heterocyc l ic compounds w i t h or w i t h o u t carbohydrate sub-
stituents. 

Reaction of DHA with o-Phenylene diamine 

I n its o x i d i z e d f o rm, L -ascorb ic a c i d is more reactive t h a n are a ldo -
2-uloses (osones) ; this greater reac i tv i ty is caused b y the carboxy l i c 
group adjacent to the d i c a r b o n y l groups. Because of these three adjacent 
funct iona l groups, D H A reacts w i t h amines or o -phenylenediamine to 
y i e l d a var iety of products ; the product is de termined b y the molecu lar 
proport ions of the reactant (2-7). T h e produc t resul t ing f r o m the con 
densation of one molar equivalent of o -phenylenediamine w i t h the C l 
a n d C 2 carbons reacted (5 ) w i t h p h e n y l h y d r a z i n e to give 2 ,2 ' -anhydro-
[ 2 -hydroxy-3- ( 1 -pheny lhydrazono - L - f / i reo -2 ,3 ,4 - tr ihydroxybutyl ) qu inoxa -
l ine] (2) i n its h y d r a t e d f o rm. T h e structure of 2 was based on the 
format ion of its diacetate (3) u p o n acetylat ion. M o r e recently , the 
structure of 2 was revised ( 8 - 1 0 ) to the acyc l i c f o r m 3 - [ ( l - p h e n y l -

h y d r a z o n o ) - L - fT i reo -2 ,3 ,4 - t r ihydroxybuty l ] -2 -qu inoxa l inone ( 4 , where 
R = P h ) . Those reactions have been extended us ing a var iety of a r y l -
hydraz ines a n d aroy lhydraz ines (9,11) as w e l l as semicarbaz ide a n d t h i o -
semicarbaz ide (12) instead of pheny lhydraz ine . T h e structure of 4 was 
based on spectroscopic studies (mass a n d I R spectra) as w e l l as per iodate 
ox idat ion studies (10,13). Per iodate ox idat ion afforded the correspond
i n g aldehydes whose structures were conf irmed to be 3 - ( l - s u b s t i t u t e d 
hydrazono )g lyoxa l - l - y l ] - 2 -qu inoxa l inones (6) rather than 5, as was ex
pected f r om the cyc l i c structures. These aldehydes prov ide a s imple 
route to g lyoxa ly lqu inoxa l inone derivatives (6), w h i c h are potent ia l 
precursors to other heterocyc l ic compounds such as 7-12. C o m p o u n d s 
7-12 are monosubst i tuted g lyoxa l monohydrazones , w h i c h w o u l d be 
diff icult to ob ta in i f w e started w i t h the possible , b u t u n k n o w n , p re -

3 R ' = A c 
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8. E L ASHRY Nitrogen Derivatives of L-Ascorbic Acid 181 

H 

cursor, 3 - ( g lyoxa l - l - y l ) - 2 -qu inoxa l inone , a n d a l l o w e d i t to react w i t h 
hydraz ines . T h e only possible monohydrazone u p o n such direct con
densat ion is the hydrazone on the C 2 carbony l . Reac t i on of 6 w i t h 
carboethoxymethyl idene t r iphenylphosphorane gave 13, w h i c h was suc
cessfully c y c l i z e d to 14. T h i s react ion (6 to 14) was a p p l i e d to other 
monohydrazones of 1 ,2-dicarbonyl compounds , i n d i c a t i n g its use as a 
general m e t h o d for pyr idaz inones synthesis. 
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182 ASCORBIC A C I D 

T h e format ion of 1-phenylflavazole f r o m r e d u c i n g sugars not sub
st i tuted on 0 2 a n d 0 3 is a general react ion (14-18), w h i c h proceeds 
t h r o u g h the format ion of an ary lhydrazono group on C 3 of a sugar 
moiety attached to a quinoxal ine . T h i s prerequis i te intermediate i n 
flavazole synthesis c o u l d be 4, w h i c h on treatment w i t h a l k a l i gave 
3 - ( L - t h r e o - g l y c e r o l - 1 - y l ) - 1 - a r y l f l a v a z o l e (15) ( 5 , 9 ) . T h e rearrange
ment proceeds i n 1 h i n b o i l i n g , d i lute , aqueous s o d i u m hydrox ide , b u t 
fission of the p o l y h y d r o x y a l k y l c h a i n occurs i n more concentrated a l k a 
l ine solut ion. O n the other h a n d , d isso lut ion of 4 i n a l k a l i , f o l l o w e d 
immed ia te ly b y ac id i f i cat ion, regenerates the start ing mater ia l . F o r m a 
t i on of flavazoles f r o m L -ascorb ic a c i d is a n inexpensive a n d s imple route 
to flavazoles otherwise obta ined f r o m L -galactose or L - talose. React ions 
of these flavazoles were s tud ied ( 9 ) ; derivatives such as 16-18 c a n be 
prepared . 

N H R ' 
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8. E L ASHRY Nitrogen Derivatives of L-Ascorbic Acid 183 

A f t e r the acyc l i c structure of 4 h a d been assigned, the behav ior of 
s imi lar compounds , w h i c h are presumably incapab le of exist ing i n a 
cyc l i c f o r m [such as 19, w h i c h was prepared b y the methy la t i on (19) 
of 4], was studied . Per iodate ox idat ion of 19 gave the corresponding 
a ldehyde that c o u l d be converted into various other derivatives . 

D u r i n g acety lat ion w i t h b o i l i n g acetic anhydr ide ( 8 , 9 ) , the a l d i t o l 
port ions i n the molecules 4 a n d 19 dehydrate w i t h s imultaneous r i n g 
closure to give pyrazoles 23 a n d 21, respectively. Deace ty la t i on of 23 
afforded 20, w h i c h c o u l d also be obta ined f r o m 4 u s ing h y d r o x y l a m i n e 
hydroch lor ide . T h e structures of the products were conf irmed b y I R , 
N M R , a n d mass spectra, a n d a mechan ism for the f ormat ion of such 
pyrazoles was also suggested ( 9 ) . A n extension of this w o r k us ing sub
st i tuted o-phenylenediamines such as those w i t h chloro , m e t h y l , or 
d i m e t h y l groups has also been comple ted (8,20). 

T h e react ion of 2 m o l of o -phenylenediamine w i t h D H A was re
por ted (2 ) to give 26, w h i c h p r o d u c e d colorless crystals f r o m water a n d 
y e l l o w crystals f r o m ethanol . Treatment of 26 w i t h c o l d m i n e r a l a c i d 
gave the monoquinoxa l ine der ivat ive 24, w h i c h u p o n acety lat ion gave 
the diacetate 25 a n d u p o n react ion w i t h o -phenylenediamine gave 26 
again . Treatment of 24 w i t h a l k a l i gave the s o d i u m salt 27, w h i c h o n 
ac id i f i cat ion gave the y- a n d 8-lactones (24 a n d 29), respectively, i n d i 
cat ing that the two n i trogen atoms are present on C 2 a n d C 3 . O n the 
other h a n d , Hasse lqu is t (21) assigned the structures 28 a n d 30 to the 
colorless a n d y e l l o w crystals, respectively, one of w h i c h was converted 
into the d i - N - a c e t y l der ivat ive (31). L a t e r , the structure of the react ion 
produc t was reported to be 32 (22). C o m p o u n d 32 gave the m o n o - N -
acety l der ivat ive (33) and , u p o n treatment w i t h hydroch lo r i c a c id , gave 
24. F u r t h e r studies to c lar i fy these structures are n o w u n d e r w a y i n our 
laboratory . 
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30 R r= H 
31 R = Ac 
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8. E L ASHRY Nitrogen Derivatives of L-Ascorbic Acid 185 

DHA Monobydrazones 

L -£ f treo-2 ,3-Hexodiulosono- l ,4 - lactone 2 - ( p h e n y l h y d r a z o n e ) (38, 
R = P h ) , was first p repared (23) b y react ing 34 w i t h the s o d i u m d e r i v a 
t ive of d i e t h y l malonate to give 35. H y d r o l y s i s of the adduc t 35 gave 36, 
w h i c h u p o n treatment w i t h a l coho l i c a l k a l i af forded 37. Reac t i on of 37 
w i t h benzene d i a z o n i u m ch lor ide gave 38 ( R = P h ) , w h i c h was con 
venient ly p r e p a r e d (24) b y react ion of D H A w i t h N - a c e t y l - N - p h e n y l -
h y d r a z i n e i n the presence of iodine . C o n t r o l l e d react ion (25,26) of 
subst i tuted p h e n y l h y d r a z i n e w i t h D H A gave the corresponding mono -
hydrazones (38), a l though the p h e n y l der ivat ive was not iso lated b y 
this method . X - r a y crysta l lography conf irmed the structure (37) of the 
corresponding p -bromo der ivat ive . 

C O C 1 

— O A c 

X 

C O O E t 

I 
C H — C O O E t 

C = 0 

34 - O A c C O O E t 

36 

35 

38 R ' = H 
3 7 3 9 R ' = C O R 

A c e t y l a t i o n a n d benzoy la t i on of 38 caused a simultaneous d e h y d r a 
t i o n w i t h the format ion of a n opt i ca l ly inact ive olefinic c o m p o u n d (40), 
p r o b a b l y t h r o u g h the format ion of the d iacy la ted der ivat ive (39); the 
structures were conf irmed (24) b y spectroscopic methods. C o m p o u n d 
40 can also be prepared f r o m the corresponding D -analogue (28,29). 

T h e react ion of 38 w i t h various hydraz ines gave the corresponding 
m i x e d b ishydrazones (42), w h i c h c o u l d be rearranged into other 
heterocycles ( 2 5 , 2 6 ) . T h e bishydrazones c o u l d not be iso lated w i t h 
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186 ASCORBIC A C I D 

^ = 0 

N — N H R 

— O H 
— O H 

R ' O H 2 C 

0 

40 R ' H N — N N — N H R 

41 R = R ' 
42 R ^ R ' 

methy lhydraz ine , a n d a pyrazo le der ivat ive (43) was d i rec t ly ob ta ined 
(30,31). T h e react ion of 40 w i t h m e t h y l h y d r a z i n e was more c o m p l i 
cated, af fording a produc t whose e lemental analysis a n d spectral data 
indicate that 2 m o l of m e t h y l h y d r a z i n e was consumed i n the react ion 
to give 45 (Scheme 1 ) . T h e structure 45 a n d not 44 was assigned o n 
the basis of x-ray crysta l lography (32). Spectroscopic methods agreed 
w i t h b o t h structures. 

DHA Bishydrazones 

Treatment of D H A or 38 w i t h the corresponding a r y l h y d r a z i n e 
afforded the b i s ( a r y l h y d r a z o n e ) (41) (33-40). S i m i l a r l y , a r o y l h y d r a -
zines a n d semicarbazide condensed read i ly w i t h D H A to give the corre
spond ing b ishydrazone (41,42) a n d b i s ( semicarbazone ) (43,44). A 
series of derivatives re lated to sul fa drugs (45) was prepared b y the 
react ion of D H A w i t h hydraz ines h a v i n g such moieties. 

T h e bishydrazones are n o w k n o w n to be i n the 1,4-lactone f o r m , 
s h o w i n g that no opening of the lactone r i n g i n D H A occurred d u r i n g 
the react ion. H o w e v e r , at one t ime (38) the 1,5-lactone was the p r e 
ferred f o rm, since the I R spectra of the bishydrazones showed a car
b o n y l lactone b a n d at a frequency l o w e r t h a n that expected for a 
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0 

C H 2 O A c n 

c= 

H } ^ H 

M e H N — N \ 
A r 

C H 2 O A c 

N - N H A r 

0 

N — N H A r 

A c O 

C O O H 

M e H N — N N — N H A r 

I 

A c O 

N — N H M c 

C — C 
C O O H 

M e H N — N N — N H A r 

I 
M e 

I 

N 

Scheme 1. 
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188 ASCORBIC A C I D 

1,4-lactone. T h e observed l o w frequency is p r o b a b l y caused b y h y d r o g e n 
b o n d i n g of the lactone c a r b o n y l w i t h the i m i n o pro ton of the hydrazone 
residue on C 2 , as shown b y N M R spectroscopy. T h e same l o w frequency 
b a n d also appeared i n the spectra of the b i s ( a r y l h y d r a z o n e s ) of other 
analogues (42,46) such as the p h e n y l analogue of D H A [4 -phenyl -
butano- l ,4 - lactone 2 , 3 - b i s ( p h e n y l h y d r a z o n e ) ] , w h i c h cannot f o r m a 1,5-
lactone. F i n a l l y , the lactone r i n g size was also deduced f r o m its c h e m i c a l 
reactions (24). 

A n o t h e r controvers ia l aspect of the b ishydrazone structure con 
cerns the hydrazone residues. T h e b ishydrazone was proposed to have 
the structure 46, w h i c h mutarotates i n so lut ion to 47 (47). M o r e re
cently, on the basis of a comparat ive study of the spectroscopic proper 
ties of the b i s ( p h e n y l h y d r a z o n e ) w i t h some re lated compounds , the 
b i shydrazone was assigned the structure 2 ,3 -d ideoxy -3 -phenylazo -2 -
phenylhydraz ino -L - f / i reo -hex -2 -enone- l ,4 - lactone ( 4 8 ) (48). H o w e v e r , 
this latter structure was inconsistent w i t h its 1 3 C N M R spectra (49). 
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8. E L ASHRY Nitrogen Derivatives of L-Ascorbic Acid 189 

Reactions of the Bishydrazones 

Rearrangement into Pyrazolediones. L -threo - 2,3 - Hexod iu losono -
1,4-lactone 2,3-bis(phenylhydrazone) rearranged to l - pheny l -4 -pheny lazo -
3- (L - f / i r eo -g ly ce ro l - l - y l ) - pyrazo l ine -5 - one (49) w h e n its so lut ion i n a l k a l i 
was ac id i f ied w i t h acetic a c i d ( 5 0 ) . T h e react ion was further extended 
to other bis (ary lhydrazones ) ( 5 1 ) . T h e structure of the p h e n y l analogue 
(49) was establ ished b y ox idat ion to the k n o w n 3 - carboxy - l -phenyl -4 -
phenylazopyrazo l in -5 -one (50). L a t e r , on the basis of N M R data ( 3 9 ) , 
the structure of this group of compounds was f o rmulated as the h y d r a -
zones (51). A c y l a t i o n of 51 af forded the t r i - O - a c y l a t e d derivatives ( 5 1 ) , 
w h i l e per iodate ox idat ion of 51 gave 3 - formyl - l -ary l -4 ,5 -pyrazo led ione-
4- ( a r y l h y d r a z o n e ) (54), w h i c h c o u l d be transformed into a var iety of 
der ivat ives ( 29 ,51 ) u p o n react ion w i t h amines, hydraz ines , semicarba-
z ide , or th iosemicarbaz ide . T h e thiosemicarbazones were c y c l i z e d to the 
thiadiazo les , w h i c h are of chemitherapeut i c interest ( 5 2 ) . 

P h - N = N < 

C O O H 

50 

H P h 

/ 
P h — N 

N 

51 52 53 

55 

54 R = C H O 

R = C H = N — N H R ' 
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190 ASCORBIC A C I D 

R e d u c t i o n of the p h e n y l analogue 51 w i t h z inc i n acetic a c i d i n etha-
no l i c so lut ion afforded subst i tuted rub iazon i c a c i d (56), whose structure 
was conf irmed b y I R a n d N M R spectroscopy (53 ) . U p o n react ion of 51 
w i t h hydrogen b r o m i d e i n acetic a c id , the major product was iso lated 
a n d its structure was conf irmed (54) to be that of 53. T h e monobromo-
deoxy der ivat ive (52) was prepared f r o m the bromodeoxy -L -ascorb ic 
a c id . 

Treatment of L-£hreo-2,3-hexodiulosono-l,4-lactone 2,3-bis ( semicar -
bazone) w i t h d i lute s od ium hydrox ide so lut ion afforded the sod ium salt 
of L - f7ireo-2,3-hexodiulosonic a c i d 2 ,3-bis (semicarbazone) (43, 44), w h i c h 
u p o n heat ing y i e l d e d 57. T h e bis ( semicarbazone) afforded the pyrazo le 
(59) on d isso lut ion i n l i q u i d a m m o n i a a n d ac id i f i cat ion w i t h d i lute 
sul fur ic a c i d to p H 4, whereas ac id i f i cat ion to p H 2 afforded 58. 

O H 0 

56 

58 R = H 
59 R = C O N H o 

57 
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8. E L ASHRY Nitrogen Derivatives of L-Ascorbic Acid 191 

Conversion into Pyrazine Derivatives. P y r a z i n e derivatives are 
examples of 1,2-diazines i n the carbohydrate series (24). T h e der ivat ive 
was prepared b y p a r t i a l tosylat ion of 41 to give the mono-p-to luene-
su l f ony l der ivat ive (60), w h i c h u p o n treatment w i t h s o d i u m i od ide i n 
acetone gave the b i c y c l i c d iaz ine der ivat ive (62). H o w e v e r , the d i - p -
to luenesul fonyl der ivat ive (61) afforded, under condit ions s imi lar to 
those specified, the 6-deoxy-6-iodo 63. T h e 6-bromodeoxy 64 was pre 
pared (54) b y react ing p h e n y l h y d r a z i n e w i t h 6-bromo-6-deoxy -L -ascorbic 
a c i d . 

[ - O R 

P h H N — N N — N H P h 

63 R = I , R ' = T s 
64 R = Br, R' = H 

Oxidation of Bishydrazones. M i l d ox idat ion of the b ishydrazones 
(41) w i t h cupr i c ch lor ide y i e l d e d y e l l o w b i c y c l i c compounds (66) a n d 
not the ant i c ipated triazoles (72). T h e structures were conf i rmed b y 
b o t h degradat ive a n d spectroscopic (55-60) methods. T h u s , u p o n treat
ment w i t h a l k a l i a n d ac id i f i cat ion of the p h e n y l analogue of 66, the 
m o n o p h e n y l h y d r a z i d e of mesoxal ic a c i d (68) was obta ined . T h i s c o m 
p o u n d gave 69 u p o n acetylat ion ( 5 7 ) . A c e t y l a t i o n of 66 afforded a 
mono -O-ace ty l der ivat ive whose N M R spectrum showed on ly one i m i n o 
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192 ASCORBIC A C I D 

proton instead of t w o i n its precursor . T h e structure has been conf irmed 
b y deta i led mass spectroscopy, a n d 1 3 C N M R a n d 1 5 N N M R spectroscopy. 
T h e structure was quest ioned w h e n electron impac t mass spectroscopy 
detected a mo lecu lar i o n peak two mass units h igher t h a n expected. 
C a r e f u l experiments at l o w temperature revealed that the molecu lar i o n 
disproport ionates w h e n heated, g i v i n g a n i o n of 65 ( 5 8 , 5 9 ) . 

M i x e d b ishydrazones (25,26,61) of type 42 were s imi lar ly trans
f o rmed into 67 u p o n treatment w i t h cupr i c ch lor ide ( 3 0 ) . T h e b i s ( o -
ch lo ropheny l ) analogue of 41 gave the corresponding o-chloro der ivat ive 
of 66 w i t h o u t loss of chlor ine atoms (40), as was ant i c ipated f r o m p r e v i 
ous studies i n the carbohydrate series. B r o m i n a t i o n of the b i s ( p h e n y l -
hydrazone ) (41) afforded the p -bromopheny l analogue (66) (62). 

T o synthesize the tr iazole (71), another approach (63) was used, 
where dehydrat i on of the m i x e d hydrazone oxime (70) (61) w i t h acetic 
a n h y d r i d e afforded the tr iazole (71). 

Reduction of Bishydrazones. C a t a l y t i c hydrogenat ion (64) of the 
b i s ( p h e n y l h y d r a z o n e ) (41) gave the d i a m i n o der ivat ive (73). D e 
r ivat ives of the latter were prepared b y react ing it w i t h different a lde
hydes to give i m i d a z o l i n e derivatives (74) (65). R e d u c t i o n of 41 w i t h 
l i t h i u m a l u m i n u m h y d r i d e afforded a produc t tentat ively f o rmula ted 
as 75 (53). 
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8. E L ASHRY Nitrogen Derivatives of L-Ascorbic Acid 193 

75 

Reaction of DHA with Amino Acids 

A m i n o acids are q u i c k l y deaminated b y L -ascorb ic a c i d , l e a d i n g to 
b r o w n i n g reactions (66). I n the presence of oxygen, i r on , a n d ascorbic 
a c i d or D H A , the amino acids gave a m m o n i a , carbon diox ide , a n d a n 
a ldehyde w i t h one carbon less than the or ig ina l a c i d (67,68). T h e 
aldehydes are isolated as d imedone derivatives a n d are useful for i d e n t i 
fication of the amino acids. I n the presence of copper a n d U V l ight , the 
deaminat ion is increased. T h e red color (69-73) f o rmed u p o n react ion 
of D H A w i t h amino acids was used for the ir detection. Recent studies 
(74-78) of the react ion of D H A w i t h amino acids l e d to the iso lat ion of 
a product that changes read i ly to a nove l , stable, free r a d i c a l species 
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194 ASCORBIC A C I D 

ident i f ied as t r i (2 -deoxy -2 -L -ascorby l ) amine (76). C h e m i c a l studies 
u s i n g acetone derivatives a n d analogous compounds (79) conf irmed the 
structure of 76; the structure of the free r a d i c a l , ob ta ined u p o n its ox ida 
t i on , reta ined the symmetr i ca l structure. E l e c t r o c h e m i c a l studies (80) 
show that 76 is ox id i zed i n aqueous so lut ion i n two reversible , one-elec
t ron transfer steps on mercury or p l a t i n u m electrodes. T h e first step 
occurs through the d i a n i o n a n d its produc t is a n unusua l ly stable b l u e 
a n i o n r a d i c a l , w h i c h gives a characterist ic e lectron sp in resonance s ignal . 
T h e produc t of the second step of ox idat ion is lab i l e a n d is s l owly con 
verted into a r e d p igment , whose structure is f o rmulated as the o x i d i z e d 
f o r m of bis (2 -deoxy-2 -L -ascorbyl ) amine ( 8 1 ) , presumably b y hydro lys is 
w i t h sp l i t t ing of L -ascorb ic a c id . 

D H A reacted w i t h p -aminobenzo i c a c i d i n the presence of h y d r o 
ch lor i c a c i d af fording 6 - c a r b o x y - 2 - h y d r o x y - 4 - h y d r o x y m e t h y l q u i n o l i n e 
(77) ( 8 2 ) . 

Bound Form of L-Ascorbic Acid 

A f t e r the character izat ion of v i t a m i n C as ascorbic a c id , i t was ob 
served that the content of ascorbic a c i d i n some vegetables (83,84) 
increases w h e n b o i l e d or cooked. T h e increase is be l i eved to be caused 
b y l iberat i on of b o u n d ascorbic a c i d (85,86,87). T h e name ascorbigen 
(87) was g iven to that substance that was later separated (88) a n d 
synthesized (89,90,91). A s c o r b i g e n was synthesized either f r o m 3-
h y d r o x y indo le a n d ascorbic a c i d or f r o m indole , f o rmaldehyde , a n d 
ascorbic a c i d . 
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9 
Determination of Ascorbic Acid and 

Dehydroascorbic Acid 

HOWERDE E. SAUBERLICH, MARTIN D. GREEN, 
and STANLEY T. OMAYE1 

U.S. Department of Agr i cu l ture -SEA Western Human Nutrit ion Research 
Center and Letterman A r m y Institute of Research, Presidio of 
San Francisco, CA 94129 

Advantages and limitations of commonly used and recently 
developed methods for the analysis of ascorbic acid and 
dehydroascorbic acid in foods and biological samples have 
been reviewed. Various procedures based on titrimetric, 
spectrophotometric, or fluorometric principles have been 
used for this purpose. Depending upon the procedure 
selected, dehydroascorbic acid, hydroascorbic acid, or total 
ascorbic acid levels may be measured. Although often quite 
accurate, these techniques can be laborious and time-con
suming. Recently, the usefulness of high performance 
liquid chromatography (HPLC) in the measurement of 
ascorbic acid in multivitamin products has been extended 
to foods and biological materials, including plasma, and 
liver, brain, and adrenal glands. Advantages of the tech-
nique include fast analysis times, high sensitivity, and 
minimum sample preparation. 

There are many methods for determining the α-ketolactone, L-ascorbic 
acid (1-threo-2,4,5,6-pentohexane-2-carboxylic acid lactone), activity 

in animal tissue extracts and fluids (1,2) and food extracts (3,4). With 
the exception of outdated bioassays, most of the analytical procedures 
used for the measurement of ascorbic acid fall into two categories: (i) 
the determination of the reduced form of ascorbic acid, usually based 
upon the oxidation-reduction properties of the vitamin; or (ii) the 
determination of total ascorbic acid based upon the oxidation of ascorbic 

1Current address: U.S. Department of Agriculture-SEA Western Regional Re
search Center, Berkeley, CA 94710. 

This chapter not subject to U.S. copyright. 
Published 1982 American Chemical Society. 
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200 ASCORBIC A C I D 

ac id f o l l owed b y the format ion of a hydrazone or fluorophor ( 5 ) . T h e 
s ituation regard ing chemica l analyses for the v i t a m i n remains d y n a m i c , 
very m u c h l ike the search for the b io chemica l mechanism of act ion of 
ascorbic ac id . T h e complex b io log i ca l re lat ionship between the c om
p o u n d ^ ) possessing v i t a m i n C act iv i ty , as w e l l as the chemica l s imi lar i ty 
of these compounds to others that are inact ive , has made the existence 
of a single, s imple , a n d specific method close to impossible . T h i s has 
led to a pro l i ferat ion of method papers that has cont inued to the present. 

Recent ly , due to the advancements i n h i g h performance l i q u i d 
chromatography ( H P L C ) , quant i tat ive measurements of unmodi f i ed 
L -ascorbic ac id a n d its metabolites have become possible. Soon the 
measurement of L -ascorbic a c id a n d L -dehydroascorb ic a c i d a n d other 
ascorbate metabolites s imultaneously should be for thcoming . These 
methods w i l l be of par t i cu lar interest i n research, since recent findings 
suggest a b i o l og i ca l significance for dehydroascorbic a c i d and other 
ascorbate metabolites ( 6 , 7 , 8 , 9 ) . I n the f o l l ow ing paragraphs various 
techniques often used to measure ascorbic a c i d content w i l l be brief ly 
rev iewed a n d some of the more recent developments i n h i g h performance 
l i q u i d chromatographic techniques used i n ascorbic ac id analysis w i l l 
be explored. 

Bioassays 

Bioassays have the d ist inct advantage of measur ing the summat ion 
of chemica l entities that possess only v i t a m i n C act iv i ty a n d exclude 
mater ia l devo id of v i t a m i n C act iv i ty . A t the present t ime, bioassays are 
used only on occasion i n comparat ive studies to establish the b io log i ca l 
specificity of chemicals a n d i n the determinat ion of the ant iscorbutic 
act iv i ty of i n d i v i d u a l products . H o w e v e r , bioassays are t ime-consuming , 
expensive, a n d lack prec is ion ; therefore, their app l i cab i l i t y is l i m i t e d . 
Rats cannot be used as test animals because of their ab i l i ty to synthesize 
the v i t a m i n ; however , guinea pigs w i t h their h i g h requirement for v i t a m i n 
C have been p r o v e d satisfactory. Unfor tunate ly , there are no mic rob i o 
l og i ca l organisms that have an absolute requirement for ascorbic ac id 
that can be used as the basis for a bioassay. 

O n e of the first bioassay methods used defined the amount of test 
mater ia l just sufficient to prevent scurvy i n the gu inea p i g as equivalent 
to one Sherman un i t or 0.5-0.6 m g ascorbic ac id (10 ) . Test animals are 
fed a basal diet conta in ing a l l k n o w n nutrients except ascorbic a c i d and 
supplemented w i t h graded amounts of the test sample. A t the end of 
6-10 weeks, the degree of protect ion against scurvy is determined b y 
autopsy findings a n d surv iva l rates ( 11 ) . Several bioassays have used 
denta l histology as an end po in t (4,12,13). A f t e r 2 weeks on a g iven 
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9. SAUBERLICH E T A L . Determination of Ascorbic Acid 201 

basal diet , supplemented w i t h graded levels of the test substance or 
ascorbic ac id , the guinea pigs are k i l l e d , the lower jaws removed a n d 
sections made of the decalci f ied incisors. T h e degree of protect ion is 
assessed by microscopic examinat ion for histologic changes such as 
disorganizat ion of the odontoblasts, the w i d t h of i r regular i ty , a n d the 
structure of the dentine a n d the degree of calci f ication of the predentine . 
T h e r e is also a s imple curat ive method based on w e i g h t changes i n 
guinea pigs d u r i n g scurvy (14). A quant i tat ive bioassay based u p o n 
serum levels of a lkal ine phosphatase has been w o r k e d out for ascorbate 
act iv i ty (15). I n this method , the leve l of serum alkal ine phosphatase 
i n the test a n i m a l is first reduced 1-5 units b y ascorbate deplet ion, a n d 
then the test sample is adminis tered at v a r y i n g ascorbic a c id levels. T h e 
details a n d the numerous precautions that one should take i n bioassays 
have been rev iewed elsewhere (4). I n 1931, the u n i t of v i t a m i n C 
adopted was the act iv i ty i n 0.1 m L of freshly squeezed l emon juice. 
Subsequently , one Internat ional U n i t ( I . U . ) or one U . S . P . X I V uni t of 
v i t a m i n C was adopted as the ant iscorbut ic act iv i ty of 0.05 m g of ascorbic 
ac id , the approximate amount i n 1 m L of l emon juice. Therefore , 1 g 
of ascorbic ac id is equivalent to 20,000 I . U . 

Chemical and Physical Methods of Analysis 

Optical Absorbance and Spectrophotometry Methods. D i r e c t spec-
trophotometr ic methods i n v o l v i n g l i ght absorpt ion have some l i m i t e d 
va lue for very h i g h potency mater ia l . T h e absorbance spectrum of 
ascorbic a c id i n neutra l aqueous solutions has a peak va lue at 265 n m 
w i t h E between 7500 a n d 16,650 as reported i n the l i terature. T h e 
differences are due to nonanaerobic condit ions (16,17). T h e m a x i m u m 
is shifted towards 245 n m i n ac id ic solutions. Dehydroascorb i c a c id is 
transparent i n the region of 230 n m to 280 n m , but has a weak absorption, 
Emax = 720 at 300 n m (18). A basic d r a w b a c k to the successful a p p l i 
cat ion of spectrophotometric methods to the estimation of ascorbic a c id 
is that the wel l -de f ined absorption b a n d i n the U V reg ion of the spectrum 
is subject to interference f rom m a n y substances, w h i c h w o u l d present a 
p r o b l e m w h e n app l i ed to food a n d tissue extracts. 

Colorimetric Methods. T h e most f requent ly used co lor imetr ic 
methods have been recently r ev i ewed b y O m a y e et a l . ( 5 ) . Several 
methods of analyses are based u p o n the fact that ascorbic a c i d a n d 
dehydroascorbic a c i d possess certain c h e m i c a l properties characterist ic 
of sugars such as format ion of osazones a n d conversion to fur fura l . 
C o l o r i m e t r i c determinat ion of fur fura l , an ani l ine der ivat ive , has been 
used to a l i m i t e d extent for the est imation of ascorbic a c i d i n certain 
materials . These methods have general ly been f o u n d to be unsatisfactory 
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202 ASCORBIC A C I D 

for the measurement of ascorbic a c i d i n food. F o r some t ime, methods 
for the determinat ion of ascorbic a c i d based on the reduct i on of 2,6-
d i ch loropheno l indopheno l or the format ion of a co lored d i n i t r o p h e n y l -
hydraz ine der ivat ive by the v i t a m i n , were the most satisfactory. A l t h o u g h 
in t roduced i n 1927 ( 1 9 , 2 0 ) , d i ch loropheno l indopheno l has remained 
useful because ascorbate is essentially the on ly substance i n a c i d extracts 
that reduces the indopheno l at p H 1 to 4 to the colorless leuco form. F o r 
h i g h sensit ivity a n d specificity the d in i t ropheny lhydraz ine method , where 
the 2- and 3-carbon keto group of d iketogulonic a c i d forms a bis-2,4-
d in i t ropheny lhydrazone , was often used. T h e osazone rearranges i n ac id 
to f o r m a stable r e d product . Thiosu l fa te ; certain meta l ions, for example , 
copper a n d i r o n ; a n d reductones may interfere. D e p e n d i n g u p o n the 
analyt i ca l condit ions used, fructose, glucose, a n d g lucuronic a c i d m a y also 
interfere i n the d in i t ropheny lhydraz ine method to y i e l d h i g h values (21). 
T h e d i ch loropheno l indopheno l method measures only reduced ascorbate, 
w h i l e the d in i t ropheny lhydraz ine method w i l l measure dehydroascorbic 
a c id a n d total ascorbic a c id , w i t h the difference ref lecting the reduced 
ascorbic ac id (22,23). Dehydroascorb i c a c id can be reduced to ascorbic 
a c i d b y agents such as 2 ,3-dimercaptopropanol ( B A L ) p e r m i t t i n g the 
measurement of total ascorbic a c i d w i t h d i ch loropheno l indopheno l ( 2 4 ) . 
Because of technica l reasons, the procedure appears to have l i m i t e d use. 
Several automated procedures for the measurement of ascorbic a c i d i n 
serum have been descr ibed (25,26,27,28). 

T h e co lor imetr ic methods often prov ide measures to stabi l ize the 
lactone r i n g of ascorbic a c id f rom hydrolys is b y decreasing the p H . 
A l t h o u g h the dry pure crystals of ascorbic a c id are stable on the exposure 
to air a n d l ight at room temperature for l ong periods of t ime, aqueous 
solutions of the v i t a m i n are ox id i zed on exposure to air , a l k a l i , a n d cer ta in 
traces of metals (1). B e l o w p H 4.0, ascorbic ac id a n d its b io log i ca l ly 
o c curr ing oxidative product , dehydroascorbic ac id , are stable. O n c e 
dehydroascorbic a c id has been ox id i zed to d iketogulonic a c i d a n d other 
compounds , its va lue as an ant iscorbut ic agent has been lost. I n v ivo , 
dehydroascorbic a c id is reduced to ascorbic a c i d ; however , further ox ida 
t ion is irreversible . 

T h e use of metaphosphor ic a c i d solutions for the extract ion of 
ascorbic ac id f rom p lant a n d a n i m a l tissues was first proposed i n 1935 
(29). M e t a p h o s p h o r i c a c id , a long w i t h tr ichloroacet ic a c id , r e m a i n as 
the reagents of choice. Besides the decreased tendency for hydrolys is of 
the lactone r i n g , metaphosphor ic a c i d inhib i ts the catalyt ic ox idat ion of 
ascorbic a c id b y metal catalysts, such as copper a n d i ron ions, a n d i t 
inactivates the enzymes that ox id ize ascorbic ac id . O x i d a t i o n of ascorbic 
ac id , w h i c h apparent ly is the result of the act ion of oxyhemoglob in , m a y 
occur w h e n a n i m a l tissues are g r o u n d w i t h metaphosphor ic a c id . T h i s 
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9. SAUBERLICH E T A L . Determination of Ascorbic Acid 203 

oxidat ion is propor t iona l to the b l ood content of the tissue, bu t is not a 
serious object ion except i n the case of who le b lood or isolated r e d b l o o d 
cells. T o a certain extent, the p r o b l e m of ox idat ion by oxyhemoglob in 
can be reduced b y pr ior treatment of b l ood samples w i t h carbon m o n 
oxide (30 ) . 

O t h e r co lor imetr ic methods inc lude the official method of the U n i t e d 
States Pharmacope ia , w h i c h is an iodometr ic determinat ion (31). Var i ous 
t i t r imetr i c procedures have been descr ibed (32). Recent ly , a sensitive 
rate assay method for the determinat ion of ascorbic a c i d was descr ibed 
that used a stopped-f low apparatus (33). Several methods based u p o n 
c o u p l i n g ascorbic a c i d to d i a z o n i u m compounds have been proposed 
(34,35). T h e deep b lue der ivat ive is determined co lor imetr ica l ly . A 
quant i tat ive react ion between selenious a c id (1 m o l ) a n d ascorbic a c id 
(2 m o l ) to f orm selenium has been reported (36). Stable selenious 
col loids can be formed w h e n food extracts conta in ing ascorbic a c id are 
treated w i t h selenious ac id , a n d the result ing turb id i ty is proport iona l 
to the ascorbic ac id content. There is also a chemica l test for the 
determinat ion of ascorbic a c i d that depends u p o n the reduct ion of ferr ic 
i on to ferrous i on b y ascorbic a c id f o l l owed b y the determinat ion of the 
ferrous i o n as the red orange a - a ' - d i p y r i d y l complex. I n the presence of 
orthophosphor ic a c i d at p H 1—2, other r e d u c i n g or inter fer ing materials 
are i n h i b i t e d . T h i s s imple method is fast a n d has ga ined considerable 
usage (5,37,38). 

Attempts have been made to adapt the centr i fugal analyzer to 
prov ide an automated method for de termin ing ascorbic a c id i n serum a n d 
ur ine (39 ) . T h e method is based on the reduct ion of ferr ic i r on b y 
ascorbic ac id , p r o d u c i n g dehydroascorbic ac id , a n d the format ion of a 
color between the result ing ferrous i on a n d the chromogenic reagent, 
ferrozine [3 - (2 -pyr idy l ) -5 ,6 -b i s - (4 -pheny lsu l fon i c a c id ) - l , 2 , 4 - t r iaz ine d i -
s o d i u m salt] (40). A l t h o u g h the method was reported to be h i g h l y 
precise a n d specific, add i t i ona l va l ida t i on appears necessary. 

E n z y m e methods us ing ascorbic a c id oxidase have not been w i d e l y 
used but several versions of reagents based o n d iazot i zed nitroani l ines 
have been reported (41). T h e react ion is compl i cated a n d the ascorbic 
a c i d molecule is par t ly destroyed i n f o r m i n g the co lored product . A 
chromatographic separation stage must precede the color development 
react ion (42). T h e procedure is t ime-consuming and there is no prov is ion 
for r educ ing any dehydroascorbic a c id i n the sample extract to ascorbic 
ac id . 

Fluorometric Methods. O n e of the most specific methods for the 
determinat ion of ascorbic a c i d a n d its b io log i ca l ly active ox idat ion 
product , dehydroascorbic a c id , is the fluorometric method in troduced b y 
D e u t s c h a n d W e e k s (43), w h i c h is a n official A O A C method (44). It is 
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based o n the oxidat ion of ascorbic a c i d to dehydroascorbic a c i d a n d the 
condensat ion of dehydroascorb ic a c i d w i t h orrTio-phenylenediamine to 
f o rm the fluorophor, quinoxal ine . D e u t s c h a n d W e e k s (43) r igorously 
examined the sensit ivity a n d specif icity of the method a n d conc luded 
that the procedure was suitable for samples conta in ing large amounts of 
r e d u c i n g substances or h i g h l y co lored materials . F o r the i n i t i a l ox idat ion 
of ascorbic a c i d to dehydroascorbic ac id , various chemica l oxidants, such 
as iodine , ferr icyanide , ch loramine -T , 2 ,6 -dichloro indophenol , methylene 
b lue , N - b r o m o s u c c i n i m i d e , and charcoal ( N o r i t ) have been reported i n 
the l i terature. Several problems have been encountered w h e n charcoal 
was used to oxidize ascorbic a c id present i n the extracts f rom meats, 
da i ry products , a n d other complex mixtures of foods ( 45 ) . T h e analyt i ca l 
results were affected b y the grades of the charcoal used a n d b y the 
method of act ivat ion. T h i s is understandable , since the catalyt ic per f o rm
ance of the charcoal i n m a n y redox reactions depends u p o n the presence 
of unsaturated sites on the carbon surfaces, w h i c h can vary f rom source 
to source. IV-Bromosucc in imide has been reported to serve as a replace
ment for N o r i t i n the smooth oxidat ion of ascorbic ac id to dehydroascorbic 
a c i d i n an automated fluorometric assay of total v i t a m i n C i n food 
products ( 45 ) . It appears to serve as an o x i d i z i n g agent that is selective 
(46, 47). T h e reagent is i m m u n e to reductones a n d reduct i c acids, w h i c h 
are general ly present i n fruits a n d vegetables. 

Several adaptations of the basic fluorometric method are n o w a v a i l 
able for specific app l i cat ion to p lasma (48), a n d to food extracts (49,50). 
A spectrophotofluorometric assay procedure also has been devised u s i n g 
D E A - S e p h a d e x c o l u m n to separate erythorbic ( isoascorbic ac id ) a n d 
ascorbic a c id ( 51 ) . T h i s is of par t i cu lar importance since erythorbic a c id , 
a very c ommon food addi t ive , has been suggested to be an antagonist of 
ascorbic a c id (52,53,54). I n general , the spectrofluorometric assay pro 
cedures invo lve measurements of fluorescence on solvent extracts of the 
acidi f ied samples at 365-348 n m a n d 435-450 n m , as the wavelengths of 
m a x i m u m excitation a n d emission, respectively (48,50,51). 

Chromatographic Methods. T h e methods ment ioned for ascorbic 
a c id analysis suffer f rom lack of specificity to v a r y i n g degrees. Several 
attempts have been made to correct this b y the add i t i on of m a s k i n g 
agents or the use of c o l u m n a n d / o r t h i n layer chromatography. A l t h o u g h 
c o m b i n i n g chromatographic separations w i t h the ana lyt i ca l methods 
descr ibed above complicates the analyses considerably , this is c o m 
pensated for by the increased specificity. I n m a n y cases, par t i cu lar ly 
natura l products , where interference is h i g h , the use of a chromatographic 
separation is unavo idable . T h e selection of the specific method or 
combinat i on of methods to be used depends u p o n a variety of factors 
i n c l u d i n g the in format ion desired a n d the nature of the sample. 
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9. SAUBERLICH E T A L . Determination of Ascorbic Acid 205 

M a n y publ i cat ions have dealt w i t h modif ications of the w o r k of 
M a p s o n and Partr idge (55) as a p p l i e d to the qual i tat ive a n d quant i tat ive 
determinat ion of ascorbic a c i d a n d various b r e a k d o w n products (8 ) b y 
paper chromatography. T h e locat ion of ascorbic a c id on the chromato-
grams can be revealed b y several development agents i n c l u d i n g 2,6-
d ich loropheno l indopheno l , ammoniaca l s i lver nitrate te t razo l ium salts, 
iodine vapor , a m m o n i u m molybdate , a n d molybdophosphor i c ac id . O t h e r 
chromatographic methods, such as c o l u m n a n d t h i n layer chromatography 
have been tr ied out i n ascorbic a c id studies (56,57,58). S u c h chromato
graphic procedures have been very va luable i n special investigations such 
as the occurrence of b r e a k d o w n products or metabolites of the v i t a m i n 
(9,59). Chromatograph i c procedures are also useful to p r o v i d e con
firmatory evidence w h e n testing food for w h i c h the specificity of the 
method is not k n o w n . A s ment ioned before, the isomer of ascorbic a c i d , 
erythorbic a c i d ( isoascorbic a c i d ) , is par t i cu lar ly diff icult to ident i fy 
w h e n present i n foods. Interference by isoascorbic a c id i n ascorbic a c i d 
analyses has been corrected b y chromatographic means (60). 

Several investigators have reported that ascorbic a c i d can be ana lyzed 
b y g a s - l i q u i d chromatography f o l l o w i n g conversion of the parent c o m 
p o u n d to its t r imethy l s i l y l ether (61-66). T h e procedures have been 
f ound to be re l iab le and to produce results comparable w i t h those 
obta ined by co lor imetr i c procedures. I n most cases, however , measure
ment of only the reduced f orm of the v i t a m i n is possible (67). O n e 
method is suitable for mic roana ly t i ca l w o r k a n d has the advantage that 
several other carbohydrates a n d carbohydrate derivatives can be meas
u r e d s imultaneously i n the same extract (67). 

T h e recent development of c ommerc ia l H P L C systems has p r o v i d e d 
a p o w e r f u l instrumentat ion for the separation, character izat ion, ident i f i 
cat ion, a n d quant i tat ion of m i n u t e amounts of essential d ietary c o m p o n 
ents (68,69). Deve lopments i n hardware a n d packings for H P L C have 
overcome the problems of nonreproduc ib le behavior a n d l o w efficiency 
separations prev ious ly associated w i t h c o l u m n chromatography (70). 
H P L C has already been a p p l i e d to the quant i tat ive analysis of analgesics, 
pesticides, a n d fat-soluble v i tamins w i t h prec is ion a n d accuracy a n d a 
m i n i m u m of sample c lean-up. S u c h instrumentat ion provides a r a p i d , 
accurate, and sensitive technique for the separation a n d analysis of 
subnanomole quantit ies of a w i d e range of complex h igh-molecu lar -
weight , nonvolat i le , thermal ly lab i le , compounds that are v i t a l for meta 
bo l i c a n d nutr i t i ona l studies. 

Several reports have descr ibed the use of H P L C i n the analyses of 
ascorbic a c id i n foods and v i t a m i n products (71, 72, 73, 74) a n d i n tissue 
samples (75). Procedures vary i n the type of c o l u m n , mobi le -phase , 
detect ion systems a n d means of s tabi l izat ion of extracts. Reversed-phased, 
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B o n d a p a k C co lumns ( W a t e r Associates, M i l f o r d , Massachusetts ) w i t h 
fixed wave length detector (254 n m ) a n d the sample or standards sta
b i l i z e d i n 0 .8% metaphosphor ic a c i d have been used w i t h u r i n e samples 
( 7 6 ) . I n that study 0 .8% metaphosphor ic a c i d served as the mob i l e 
phase. O t h e r mob i l e phases, such as methano l -water (50:50) or a m m o 
n i u m salts i n methano l -water , were t r i e d but resulted i n ascorbic a c i d 
values that were too h i g h w h e n compared w i t h t i t r imetr i c measurements 
(76 ) . A s imi lar procedure , subst i tut ing an i o n exchange co lumn, has been 
used for m u l t i v i t a m i n product analyses ( 77 ) . W i t h the a d d i t i o n of elec
t rochemica l detect ion, l i q u i d chromatography analysis of ascorbic ac id 
becomes quite specific a n d sensitive (77,78,79). These c o u p le d detector 
systems ( l i q u i d chromatography e lectrochemical detector, L C E C ) have 
been a p p l i e d w i t h excellent success to the analyses of ascorbic a c id 
content i n food a n d a n i m a l tissues (78,79). F i g u r e 1 represents a 
chromatogram for h u m a n ur ine obta ined w i t h the use of H P L C a n d an 
amperometr ic e lectrochemical detector (72). T h e ascorbic a c id peak 
represents 19 ng . F i g u r e 2 represents the analysis of ascorbic a c i d i n a 
mouse b r a i n tissue extract also e m p l o y i n g H P L C a n d an electrochemical 
detector ( 75 ) . T h e ascorbic a c i d peak corresponds to approx imate ly 15 
ng. A l t h o u g h the above procedures for the analysis of ascorbic a c id 
content by H P L C have been very useful for de termin ing the reduced 

URIC 
ACID 

ASCORBIC 

ACID 

Figure 1. Analysis of ascorbic acid 
in urine employing HPLC and an 
amperometric electrochemical de
tector (72): column, Zipax SAX, 2.1 
mm X 50 cm glass; mobile phase, 
0.05M acetate buffer, pH 4.75; flow 
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rate, 0.33 mL/min. 
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2,5-DIHYDROXYBENZOIC ACID 

I I I I L 

0 2 4 6 8 

ELUTION TIME (Minutes) 

Figure 2. Analysis of ascorbic acid in a mouse brain tissue extract em
ploying HPLC and an electrochemical detector. (Reproduced, with per

mission, from Ref. 75. Copyright 1975, Pergamon Press, Inc.) 

f o rm of the v i t a m i n , they were not useful for de te rmin ing other forms of 
ascorbate. Recent ly , condit ions were descr ibed for the h i g h performance 
l i q u i d chromatographic separation of ascorbic ac id f r om dehydroascorbic 
a c i d w h e n i n pure solutions (SO). Dehydroascorb i c a c i d was moni tored 
at 228 n m a n d ascorbic a c id at 268 n m ( F i g u r e 3 ) . Unfor tunate ly , the 
m i n i m u m detect ion l imits were 500 n g per inject ion for dehydroascorbic 
a c id compared w i t h 10 n g per in ject ion for ascorbic a c id . F i n l e y a n d 
D u a n g (81) have also descr ibed recently a h i g h performance l i q u i d 
chromatographic method that w i l l separate a n d estimate ascorbic a c i d , 
dehydroascorbic a c id , a n d 2,3-diketogulonic a c i d i n f ru i t a n d vegetable 
extracts. Subsequent methods for measur ing the three forms of ascorbate 
i n a n i m a l tissue extracts should be soon for thcoming . 

Other Chemical and Physical Methods. Po larography has been 
t r i e d i n special investigations, such as studies of the b o u n d f o r m of 
ascorbic ac id . B u t because of l i m i t e d specif icity, the procedure has not 
seen w i d e app l i ca t i on (82,83). A s c o r b i c a c i d is ox id i zed at the d r o p p i n g 
mercury electrode, the basis of the po larographic determinat ion . D e h y 
droascorbic a c id is not measured, however , since it is not reduc ib le at the 
d r o p p i n g mercury electrode. M a s o n et a l . (84) have deve loped a m e t h o d 
for the determinat ion of ascorbic a c i d based o n e lectrochemical ox idat ion 
at the tubu lar carbon electrode that has been modi f ied to measure water -
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208 ASCORBIC A C I D 

Figure 3. Simultaneous analysis for 
ascorbic acid and dehydroascorbic 
acid with the use of a gradient anal
ysis HPLC method. The minimum 
detectable quantities were 10 ng/ 
injection for ascorbic acid and 500 
ng/injection for dehydroascorbic acid 
(80): column, LiChrosorb NH2, 10 
ixm; mobile phase, 0.005M KH2PO4, 
pH 3.5 and CH3CN; detection, as
corbic acid, 268 nm and dehydro
ascorbic acid, 228 nm. (Reproduced, 
with permission, from Hewlett-Pack

ard.) 

soluble v i tamins ( t h i a m i n , r ibo f lav in , pyr idox ine , n i co t inamide , a n d 
ascorbic a c i d ) i n pharmaceut i ca l preparations. 

O t h e r methods for the determinat ion of ascorbic a c id inc lude a 
qual i tat ive spot test (85) a n d h i g h voltage electrophoresis ( 86 ) . 

Applications 

Blood and Animal Tissues. T h e most c ommonly used a n d prac t i ca l 
procedure for evaluat ing v i t a m i n C nutr i t i ona l status is the measurement 
of serum (p lasma) levels of ascorbic a c i d (87 ) . L o w p lasma levels of 
ascorbic a c i d do not necessarily indicate scurvy, a l though scorbutic 
patients i n v a r i a b l y have l o w or no p lasma ascorbic a c id , but cont inued 
l o w levels of p lasma ascorbate of less than 0.10 m g / 1 0 0 m L w o u l d 
eventual ly l ead to signs a n d symptoms of scurvy. I n general , serum 
ascorbic a c id concentrations are usual ly more reflective of recent intakes 
rather than of total body stores (88 ) . 

W h o l e b lood ascorbic a c id values m a y be a less sensitive ind icator of 
v i t a m i n C nutr i ture than serum or p lasma levels of the v i t a m i n because 
the v i t a m i n C content i n erythrocytes never falls to the l o w levels f o u n d 
i n serum or p lasma (89,90). A l s o there are no wel l -establ ished classif i 
cations avai lable re lat ing b l o o d v i t a m i n C values to the nutr i t i ona l status 
of this v i t a m i n i n a popu la t i on (88 ) . 

L e u k o c y t e ascorbic a c i d concentrations are general ly considered to 
prov ide a better reflection of tissue stores than other b l ood components. 
Suppor t ing evidence for this bel ief inc ludes observations such as: ( i ) 
leukocyte ascorbate levels drop s l owly d u r i n g ascorbic a c i d deficiency, 

1 1 1 
0 2 4 

ELUTION TIME (Minutes) 
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9. S A U B E R L I C H E T A L . Determination of Ascorbic Acid 209 

reach ing zero just before the onset of c l i n i c a l symptoms of scurvy ( 9 1 ) ; 
( i i ) leukocyte ascorbate levels correlate w e l l w i t h ascorbic a c i d retention 
on diets w i t h a fixed, inadequate leve l of ascorbic a c id ( 9 2 ) ; ( i i i ) studies 
corre lat ing p lasma ascorbate levels w i t h leukocyte ascorbate levels sug
gest that the leukocyte levels reflect the amount of ascorbic a c i d for 
storage w h i l e p lasma levels reflect its metabol i c turnover rate ( 9 3 , 9 4 ) ; 
a n d ( i v ) d irect evidence indicates that leukocyte ascorbate levels reflect 
total body ascorbate p o o l better than any other b lood component (95 ) . 

P r o m p t stabi l izat ion of ascorbic a c id is especial ly important i n the 
case of p lasma or serum samples. Metaphosphor i c a c i d is often used for 
this purpose because it also serves as a pro te in prec ip i tant . S u c h proper 
ties are desirable i n the inact ivat ion of oxidase a n d the catalyt ic effect of 
copper. O x a l i c a c id is an attractive stabi l izer for ascorbic a c i d analysis 
because of its lower cost and greater stabi l i ty ; however , i t is not a prote in 
prec ip i tant , therefore, it has a l i m i t e d use for the extraction of a n i m a l 
tissues. T h e use of ethylenediaminetetraacet ic a c i d ( E D T A ) i n add i t i on 
to the metaphosphor ic a c i d has been recommended ( 9 6 ) . E D T A w o u l d 
chelate d ivalent cations, a n d a study has shown i t w i l l stabi l ize ascorbic 
ac id i n the presence of copper for several days (96). Perch lor i c a c i d has 
been used also but because of its inherent dangerous properties its use 
is general ly avo ided . Tr i ch loroacet i c a c id a n d E D T A also seem appro 
priate extractants for ascorbate i n p lant materials ( 97 ) . 

A s noted earlier, p lasma f rom b lood samples must be p r o m p t l y 
s tabi l i zed and , i f necessary, the ac idi f ied samples may be stored frozen 
at — 65°C. Because of the existence of oxyhemoglob in i n who le b lood 
or r e d ce l l suspensions, some considerat ion must be g iven to inact ivate 
oxyhemoglob in or use an assay for total ascorbic a c i d content. W i t h 
respect to tissue analysis, some discret ion must be considered as to the 
degree of b lood contaminat ion . 

Foods. T h e d i s t r ibut ion of ascorbic a c i d w i t h i n one i n d i v i d u a l f ru i t 
or vegetable or between various foods is often extremely var iable . 
Signif icant difference can be f o u n d i n the sk in as compared w i t h the 
p u l p of fruit . Seed-containing tissues show s tr ik ing changes i n concen
trat ion of ascorbic a c i d d u r i n g maturat ion , but i n storage organs such as 
potatoes a n d leaves, the average leve l remains re lat ive ly constant through
out the g r o w t h per iod . Post-harvest storage w i l l affect the v i t a m i n content 
of the r a w fruit or vegetable commensurate w i t h the t ime and temperature 
of storage, extent of ce l lu lar tissue damaged , a n d the presence of ascorbic 
a c i d oxidase. Temperature changes, s l i c ing , cutt ing , or b ru i s ing of fruits 
a n d vegetables, such as is l i k e l y to occur i n processing, can a l l contr ibute 
to ascorbate loss. Signif icant losses also occur w i t h cooking because of 
the temporar i ly accelerated act ion of enzymes. I n these instances, extrac
t ion takes p lace a n d the concentrat ion of v i t a m i n i n the l i q u o r approx i -
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210 ASCORBIC A C I D 

mates that of the tissues. H o w e v e r , w h e n f ru i t is b o i l e d w i t h sugar, as 
i n the m a k i n g of jam, the v i t a m i n C content is r emarkab ly stable. 
F r e e z i n g is a good method of preserv ing fruits a n d vegetables only after 
proper precautions have been taken to b l a n c h a n d remove enzymes that 
might oxidize ascorbic ac id . A l so t h a w i n g of the food before cook ing 
m a y result i n progressive loss of the v i t a m i n , especial ly i f enzymes are 
present. 

F o r ascorbic a c id analysis, metaphosphor ic a c i d is very useful i n the 
inact ivat ion of the catalyt ic effect of ascorbic a c i d oxidase as w e l l as 
other catalyt ic ox id i z ing agents discussed previously . Foods such as fruits 
a n d vegetables also have a tendency to have a larger propor t ion of 
dehydroascorbic a c id than a n i m a l tissues; consequently , methods that 
assay for on ly the reduced f o rm of ascorbate m a y prov ide mis l ead ing 
l o w values. 

Pharmaceuticals. I n commerce , ascorbic a c i d is p r o d u c e d exc lu 
sively by synthesis (98 ) . Because of its rather pure nature a n d h i g h 
concentrations i n v i t a m i n - m u l t i v i t a m i n tablets, analysis b y convent ional 
or sophisticated procedures can be per formed easily. T h e U S P provides 
a reference standard of L -ascorbic a c i d for assay purposes. T h e methods 
used can be chosen f rom the many discussed above. T h e method officially 
approved b y the Assoc iat ion of Of f i c ia l A n a l y t i c a l Chemists is the m i c r o -
fluorometric procedure deve loped b y D e u t s c h a n d W e e k s (44). 

A Method for the Determination of Ascorbic Acid 
in Biological Tissues by HPLC 

Introduction. A s noted earl ier , several investigators have reported 
methods for the determinat ion of ascorbic a c id i n various substances 
us ing H P L C (71-75). Di f ferent groups of investigators have employed 
a var iety of co lumns a n d e lut ion condit ions to achieve the separation of 
ascorbic f r o m inter fer ing substances. B o t h reversed-phase a n d i o n 
exchange columns have been used to achieve an H P L C assay. T h e 
samples used i n these ascorbic a c id assays have represented m a i n l y 
n o n m a m m a l i a n materials . I n some instances, the samples have r e q u i r e d 
various pre - co lumn treatments. A m o n g the desirable characteristics of a n 
H P L C analyt i ca l assay are m i n i m a l sample h a n d l i n g a n d modi f i cat ion 
par t i cu lar ly w i t h regard to complex b i o l og i ca l tissues. A s imple assay 
used to determine the ascorbic a c i d content of serum, l iver , b r a i n , a n d 
adrenal g land of the guinea p i g is descr ibed i n the f o l l o w i n g section. 

Methods. A l l tissues w e r e col lected a n d s tab i l i zed b y the add i t i on 
of 3 % metaphosphor ic a c i d i n the rat io of 1 par t tissue to 3 parts 
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9. SAUBERLICH E T A L . Determination of Ascorbic Acid 211 

metaphosphor ic a c i d ( w / v ) . Samples were then centr i fuged at 3 X 10 3 

g to remove prec ip i tated proteins. Samples were then transferred to c lean 
tubes, frozen, a n d stored at — 65°C u n t i l assayed. Samples were ana lyzed 
on commerc ia l ly avai lable H P L C co lumns a n d equ ipment (Waters 
Assoc iates) . Samples were injected d i rec t ly into the c o l u m n i n 1 fxh 
aliquots us ing an auto-injector (Waters Assoc iates) . N o deteriorat ion 
i n c o l u m n per formance was observed over a 6-month in terva l . F l o w rate 
was mainta ined at 1 m L / m i n under a l l condit ions throughout the assays. 
Ascorb i c ac id was measured i n U V absorbance units at 254 n m a n d 
quant i tated by measur ing peak heights. S tandard curves were prepared 
b y the add i t i on of k n o w n amounts of ascorbic a c i d to solutions of 3 % 
metaphosphor ic a c id . I n the deve lopment of this assay, the use of 
perch lor i c a c id was avo ided w h i l e tr ichloroacet ic a c id was f ound to be 
unsuitable as a stabi l izer because of its U V characteristics. S tandard 
curves were prepared for each assay. T h e final assay as adapted used 
0 .125% citrate made f r o m the t r i s o d i u m salt at p H 7.3 as the eluant. 

Results. I n the development of this assay, several reverse-phase 
co lumns as w e l l as the /JPorasil c o l u m n were examined for the ir separatory 
ab i l i ty . F r o m among the f o l l o w i n g columns the Poras i l c o l u m n was 
judged as g i v i n g the best e lut ion pattern w i t h p l a s m a : jaBondapak C N , 
/xBondapak p h e n y l , /xBondapak C i 8 . A l t h o u g h retent ion times for b o t h 
metaphosphor ic a c i d a n d ascorbic a c i d r e m a i n e d approx imate ly the same 
( T a b l e I ) , the qua l i ty of the chromatogram was judged superior for the 
/xPorasil c o lumn. T h i s decis ion was based on overa l l peak shape a n d 
symmetry as w e l l as baseline stabi l i ty . 

Table I. Effect of Column Types on the H P L C Retention Time 
of Ascorbic Acid Dissolved in 3% Metaphosphoric Acid 

Retention Time (min)a 

Column Type Ascorbic Acid Metaphosphoric Acid 

/xBondapak C N 2.67 2.09 
/xBondapak p h e n y l 2.68 2.15 
^ B o n d a p a k C i s 2.36 1.84 
/xPorasi l 2.31 1.84 

° E l u t i o n buffer was 0.125% citrate, t r i s o d i u m salt, p H 7.3. A l l other condit ions 
used are stated i n text. Values are the average of three trials. 

Subsequent to the selection of an appropr iate c o l u m n various charac
teristics of the buffer were examined. B o t h p H a n d buffer strength were 
v a r i e d a n d retention t ime was measured. T h e results are presented i n 
T a b l e I I . Genera l l y i t was f o u n d that a decrease i n buffer strength or a n 
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212 ASCORBIC A C I D 

Table II. Effect of Various Concentrations of Citrate Buffer and 
p H on H P L C Retention Time and Chromatographic Pattern 

for Ascorbic Acid and Metaphosphoric Acid 

Buffer 
Concentration 

Retention Time (min)' 

(% Citrate) pH Ascorbic Acid Metaphosphoric 

1.000 7.3 2.73 2.47,2.52 (2) 
0.500 7.3 2.68 2.20,2.36 (2) 
0.125 7.3 2.20 1.78 (1) 
0.062 7.3 1.94 1.68 (1) 

1.000 5.5 3.10 2.68 (1) 
0.500 5.5 2.83 2.57, 2.73 (2) 
0.125 5.5 2.47 1.99,2.15 (2) 
0.062 5.5 2.26 1.78,1.89 (2) 

1.000 3.0 3.10 2.78 (1) 
0.500 3.0 3.10 2.73 (1) 
0.125 3.0 2.83 2.26, 2.41 (2) 
0.062 3.0 3.10 2.20 (2) 

°A11 values are the average of three trials. Values i n parentheses indicate the 
number of peaks observed for metaphosphoric acid. A n a l y t i c a l condit ions e m p l o y e d : 
/xPorasil c o l u m n ; flow rate, 1.0 m L / m i n ; sample size, 1 fiL. 

increase i n p H decreased the retention t ime. F u r t h e r , the n u m b e r of 
peaks observed for metaphosphor ic a c i d v a r i e d f r o m 2 to 1 w i t h changes 
i n buffer strength or p H . A t p H 3.0, any changes i n buffer strength 
caused a shift i n baseline. 

T o determine the stabi l i ty of ascorbic a c i d u n d e r the various con
centrations of c itrate buffer a n d p H , the f o l l o w i n g experiment was 
per formed w i t h the use of a double wave length , double beam, spectro
photometer ( P e r k i n - E l m e r 557) . 

V a r i o u s concentrations of ascorbic a c i d (0.2, 2.0, a n d 20 pM) were 
incubated i n a cuvette w i t h the various buffers l i s ted i n T a b l e I I a n d 
moni tored at 254 n m . T h e concentrat ion of ascorbic a c i d was selected 
to approximate the sample ascorbic a c id c o m i n g into contact w i t h a buffer 
vo lume determined b y its t ime i n transit through the co lumn. N o detect
able losses were observed over the 5 -min incubat i on t ime for any 
concentrat ion of ascorbic a c i d under any concentrat ion of c itrate buffer 
or p H . 

T o quantitate the ascorbic content of various tissues, a s tandard 
curve (3 .0 -50 / x g / m L ascorbic a c i d ) was p r e p a r e d i n 3 % metaphosphor ic 
for each ana lyt i ca l r u n . A t y p i c a l s tandard curve is shown i n F i g u r e 4. 
C o r r e l a t i o n coefficients of 0.998 or better were consistently obta ined for 
the s tandard curve. P o o l e d serum samples were used to measure day-to 
d a y a n d w i t h i n - r u n prec is ion . T h e coefficient of var ia t i on for w i t h i n - r u n 
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Figure 4. HPLC standard calibration curve obtained for ascorbic acid 
dissolved in 3% metaphosphoric acid; see text for conditions used; for 

ascorbic acid: y = 0.3547x + 0.620, r = 0.9983. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

00
9



214 ASCORBIC A C I D 

determinations was 0 .78% a n d for day-to-day determinations was 4 . 6 % . 
Prec i s i on data are presented i n T a b l e I I I . Ascorb i c a c i d a d d e d to serum 
samples was recovered i n the range of 9 0 - 9 3 % . 

T h e ascorbic a c i d contents of serum, l iver , adrenal g land , a n d b r a i n 
were determined i n two groups of guinea pigs. O n e group of guinea pigs 
was fed an ascorbic ac id adequate guinea p i g c h o w diet (Ra l s ton P u r i n a 
N o . 5022) , w h i l e the second group was fed the R e i d - B r i g g s (99) v i t a m i n 
C deficient diet. A f t e r an 18-day feed ing per iod , the animals were sacr i 
ficed by decapi tat ion a n d trunk b l ood was col lected, c h i l l e d , a n d 
centr i fuged. T h e serum fract ion was then stabi l i zed b y the a dd i t i on of 
3 parts ( v / v ) 3 % metaphosphor ic a c i d , centr i fuged at 4 ° C to remove 
the prec ip i tate , transferred, a n d stored at — 65°C u n t i l assayed. A l l 
tissues were homogen ized i n 3 % metaphosphor ic a c i d to achieve a 
f our fo ld d i l u t i o n ( w / v ) , centr i fuged at 4 ° C , transferred, a n d stored at 
— 65°C u n t i l assayed. T h e results are presented i n T a b l e I V . A l l guinea 
pigs fed the ascorbate deficient R e i d - B r i g g s diet conta ined signif icantly 
less ascorbic a c id i n each tissue examined w h e n compared to animals f ed 
the ascorbate adequate c h o w diet. T h e greatest percentage decrease i n 
ascorbic ac id content was f ound i n the adrenal g land ( 9 2 . 4 % ) f o l l owed 
b y b r a i n ( 6 6 . 9 % ) , l i ver ( 5 6 . 9 % ) , a n d serum ( 4 3 . 5 % ) . F i g u r e s 5 -8 
dep ic t t y p i c a l H P L C chromatograms of ascorbic a c i d extracts of serum, 
l iver , adrena l g land , a n d b r a i n , respectively. 

Discussion. T h e m e t h o d presented provides a fast a n d repro 
duc ib l e means of de termin ing the ascorbic a c id content of various tissues. 
I n add i t i on to a h i g h rate of sample h a n d l i n g (12 s a m p l e s / h for complex 
tissues such as l iver , b r a i n , a n d adrenal g land a n d 15 s a m p l e s / h for 
p l a s m a ) , the method requires a m i n i m u m of sample preparat ion a n d is 
p rac t i ca l for rout ine analysis of b i o l og i ca l samples. F u r t h e r m o r e , the 
method ut i l izes equ ipment avai lable to each laboratory w i t h a r u d i 
mentary H P L C system. 

Table III. Precision Data for H P L C Determination 
of Ascorbic Acid 

Parameter Ascorbic Acid (mg/dL)a 

W i t h i n R u n (n = 10) 
M e a n ± s.d. 8.5 ± 0.067 
C . V . , % 0.78 

D a y - t o - D a y (n = 10) 
M e a n ± s.d. 13.8 db 0.63 
C . V . , % 4.6 

° P o o l e d guinea p i g serum samples were employed. A n a l y t i c a l conditions e m 
p l o y e d : co lumn, /xPorasil; eluant, 0.125% citrate t r i sodium salt, p H 7.3; flow rate, 
1.0 m L / m i n ; sample size, 1 /xL. 
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Figure 5. Chromatograms of serum extract stabilized in 3% metaphos
phoric acid(vjv): column, fiPorasil; eluent, 0.125% citrate trisodium salt; 
pH 7.3; flow rate, 1.0 mL/min; sample volume, 1 fiL. Ascorbic acid and 

metaphosphoric acid identified at arrows. 
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Figure 6. Chromatogram of liver extract; conditions as in Figure 5. 

Summary 

T h e determinat ion of ascorbic a c i d i n b io log i ca l materials , i n c l u d i n g 
foods a n d feeds, is beset w i t h numerous technica l problems. H e n c e , the 
methods used shou ld be selected a n d conducted w i t h extreme care w i t h 
respect to re l iab i l i ty , specif icity, sensit ivity, a n d reproduc ib i l i t y . D e p e n d 
i n g u p o n the procedure selected, dehydroascorbic a c i d , hydroascorb ic 
a c i d , or tota l ascorbic a c i d levels m a y be measured. A t present, co lor i -

m - P H O S P H O R I C 
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Figure 7. Chromatogram of adrenal gland extract; conditions as in Fig
ure 5. 

metr ic methods, us ing 2 ,6 -d ichloro indophenol or d in i t ropheny lhydraz ine 
as the reactant, a n d fluorometric procedures have been the methods of 
choice. W i t h further development , H P L C should prov ide a suitable , 
specific alternative. A need exists for a s imple , sensitive, d irect m e t h o d 
for the measurement of erythorbic a c id ( isoascorbic a c i d ) i n foods a n d 
other b io log i ca l materials . 
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Table IV. Ascorbic Acid Content of Various Tissues from Guinea 
Pigs Fed T w o Different Diets (mg/100 g or per 

100 m L of Tissue) as Determined by H P L C 

Type of Diet Fed* 

Tissue Chow-Fedb Reid-Briggs0 

S e r u m 1.71 ± 00.25 0.967 ± 0.05 
L i v e r 20.50 ± 05.0 8.840 ± 2.48 
A d r e n a l g land 101.80 ± 20.2 7.720 ± 2.08 
B r a i n 16.00 ± 04.81 5.300 ± 2.42 

° M e a n and standard dev ia t ion for results o n 10 animals per group. See T a b l e 
I I I for analyt ica l conditions employed. 

6 R a l s t o n P u r i n a complete guinea pig chow diet N o . 5025. 
e R e i d - B r i g g s ascorbic acid deficient diet (99). 
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Figure 8. Chromatogram of brain extract; conditions as in Figure 5. 
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10 
Ascorbate Oxidase: Molecular Properties and 

Catalytic Activity 

PETER M. H. KRONECK, FRASER A. ARMSTRONG1, 
HELLMUT MERKLE, and AUGUSTO MARCHESINI2 

Universität Konstanz, Fakultät für Biologie, D-7750 Konstanz, 
Federal Republic of Germany 

Ascorbate oxidase (E.C. 1.10.3.3) of the squash C. pepo 
medullosa was investigated by electron paramagnetic 
resonance (EPR); redox titrations of the different copper 
sites were carried out anaerobically by following the absorb-
ance at 610 and 330 nm, or the fluorescence at 335 nm. The 
kinetics of ascorbate oxidase reduction by L-ascorbate were 
studied by stopped-flow and rapid-freeze techniques. The 
enzyme contains eight copper atoms/Mr, four detectable by 
EPR (three type 1, one type 2), and four that are EPR silent 
(type 3). Potentiometric titrations showed equivalence 
among the three type 1 copper atoms (average midpoint 
potential 350 mV, 25°C); the midpoint potential of type 3 
copper was slightly higher than that of type 1. At 10°C, 
increased differences between the two copper types were 
observed. On reduction, a free L-ascorbate radical, which 
was not bound to a paramagnetic copper, was formed. 
Type 1 and type 3 copper were reduced at similar rates, 
whereas the type 2 copper reacted more slowly. 

The copper enzyme ascorbate oxidase (L-ascorbate:O2 oxidoreductase, 
E.C. 1.10.3.3) was originally discovered (1) in cabbage leaves and 

named "hexoxidase," and has been the subject of numerous chemical and 
biological investigations. The literature published prior to 1963 has been 

1Current address: Inorganic Chemistry Laboratory, University of Oxford, South 
Parks Road, Oxford OX 13QR, England. 

2Current address: Istituto Sperimentale Per La Nutrizione Délie Pian te, Sezione 
Periferica Operativa Di Torino, Via Ormea 47, 10125 Torino, Italy. 

0065-2393/82 /0200-0223$07.50/0 
© 1982 American Chemical Society 
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224 ASCORBIC A C I D 

rev i ewed ( 2 ) . M o r e recent results concern ing s tructura l a n d catalyt ic 
properties of the meta l loenzyme have been s u m m a r i z e d ( 3 , 4 ) , a n d 
rev i ewed i n connect ion w i t h copper proteins (5-8). I n add i t i on , L e e 
a n d D a w s o n (9) have recent ly p u b l i s h e d an artic le s u m m a r i z i n g the 
copper content a n d act iv i ty data of 137 puri f ied samples of ascorbate 
oxidase p r e p a r e d i n Dawson 's laboratory d u r i n g 1951-1977. 

Ascorbate oxidase belongs to the class of b lue oxidases that also 
inc ludes the laccases and ceru lop lasmin ( 5 ) . A l l three proteins conta in 
at least four copper atoms a n d are capable of ca ta lyz ing the four-electron 
reduct ion of d ioxygen, y i e l d i n g two molecules of water . A s its name 
impl ies , L -ascorbate : 0 2 oxidoreductase displays its greatest specif icity 
towards L -ascorb ic ac id ( v i t a m i n C ) . T h e substrate is ox id i zed to 
L -dehydroascorbate w i t h the produc t i on of 1 m o l of w a t e r / m o l of L -ascor 
bate ox id ized . A s w i l l be discussed later i n this chapter, m a n y other 
reductants m a y serve as electron donors to ascorbate oxidase, m a k i n g 
this enzyme not only a va luab le diagnostic agent for the determinat ion 
of v i t a m i n C i n medic ine a n d food chemistry (10), bu t also a p o w e r f u l 
c h e m i c a l reagent, per f o rming redox reactions w i t h structural ly c o m p l i 
cated organic molecules (11,12). 

Ascorbate oxidase, w h i c h has been f o u n d only i n p lant tissues, is 
general ly isolated f rom green or y e l l o w squash. Cons iderab le caut ion 
must be used w h e n evaluat ing the ascorbate act iv i ty of p lant extracts 
(2). M a n y meta l - conta in ing proteins, or free C u 2 + ions i n solut ion, can 
undergo ox idoreduct ion i n the presence of ascorbate, general ly p r o d u c i n g 
hydrogen peroxide instead of water . There are also reports ment i on ing 
a funga l enzyme f rom Myrothecium verrucaria (13) that is t e rmed an 
" a t y p i c a l ascorbate oxidase" because i t is unaffected b y inhib i tors of 
heavy meta l catalysis, i n contrast to the copper enzymes f rom h igher 
plants. W e have repeated the pur i f i cat ion procedure of W h i t e a n d K r u p k a 
(13) a n d subjected the y e l l o w - b r o w n mater ia l , co l lected after d i e t h y l -
aminoethy l cel lulose chromatography, to spectrophotometry a n d electron 
paramagnet ic resonance ( E P R ) spectroscopy. N e i t h e r a t y p i c a l absorb
ance i n the 35O-1000-nm reg ion nor a characteristic E P R s ignal c o u l d 
be detected under o x i d i z i n g a n d r e d u c i n g condit ions; on ly a very weak 
E P R s ignal at a g of approx imate ly 4, ind icat ive of nonspeci f ical ly b o u n d 
i r on f r om a denatured prote in , was detected. 

Ascorbate oxidase is most ly f o u n d i n the per iphera l part of the p lant , 
as shown i n F i g u r e 1 for caul i f lower a n d apple that h a d been cut through 
the m i d d l e a n d pressed on a piece of paper coated w i t h a solut ion of 
L -ascorbate a n d the redox dye d i ch lo ro indopheno l (14). T h e close 
association w i t h the c e l l - w a l l mater ia l gives some support to the theory 
that the enzyme m i g h t be impor tant for p lant g r o w t h a n d r ipen ing of 
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10. KRONECK E T A L . Ascorbate Oxidase 225 

Figure 1. Peripheral location of ascorbate oxidase in cauliflower (left) and 
apple (right). The fruit was cut through the middle and pressed onto a piece 
of filter paper soaked with a mixture of L-ascorbate and dichloroindophenol, 

phosphate buffer (pH 6.0). 

the f ru i t (2). Because of the h i g h react iv i ty of reduced ascorbate oxidase 
towards d ioxygen, the enzyme has also been l i n k e d to p lant respirat ion 
b y analogy w i t h cytochrome oxidase i n m a m m a l i a n tissues. 

I n contrast to tree a n d funga l laccase, whose molecular parameters 
a n d mechanisms of act ion have been thoroughly invest igated ( 8 ) , f ew 
such studies have been reported for ascorbate oxidase. T h i s is m a i n l y 
because of the re lat ive ly diff icult isolat ion a n d pur i f i cat ion procedure of 
ascorbate oxidase i n compar ison w i t h laccase. Fur thermore , this enzyme 
appears to be more sensitive to env ironmenta l factors such as ionic 
strength of the buffer m e d i u m , its p H , or the presence of extraneous 
meta l ions. Consequent ly , m a n y samples isolated over a l o n g per i od were 
f o u n d to be homogeneous f rom the standpoint of the pro te in b iochemist 
but appeared inhomogeneous w i t h respect to the cata lyt i ca l ly act ive 
copper sites ( 9 ) . 

T h i s chapter summarizes some recent developments i n the pur i f i ca 
t i on of ascorbate oxidase, the n u m b e r of copper atoms per active mole 
cule , a n d the stoichiometry of the different copper sites w i t h reference 
to the classif ication in t roduced b y M a l k i n a n d M a l m s t r o m ( 5 ) . F u r t h e r 
more, p h y s i c a l properties of the meta l centers are discussed i n re lat ion 
to other s imple copper proteins that have been character ized i n recent 
years. F i n a l l y , k inet i c investigations of ascorbate oxidase reduct i on 
are presented as s tudied b y anaerobic stopped-f low a n d rapid- freeze 
techniques. 
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226 ASCORBIC A C I D 

Purification of the Enzyme and Copper Content 

A homogeneous sample of ascorbate oxidase was first prepared i n 
1951. Since then, the specific act iv i ty a n d the copper content of h o m o g 
eneous preparations greatly increased (9 ) f rom 740 uni ts / /xg of copper 
a n d six copper a t o m s / M r to 1000 units a n d ten to twe lve copper atoms. 
T h e chronolog ica l corre lat ion of the specific act iv i ty of the enzyme as 
a funct ion of copper content documents impress ive ly the difficulties 
associated w i t h the preparat ion of " p u r e " ascorbate oxidase. A l t h o u g h 
drast ic changes of these ac t iv i ty values per copper a tom have been 
observed b y D a w s o n a n d coworkers ( 2 , 3 , 9 ) , other cr i ter ia , such as 
molecu lar we ight (Mr) or homogeneity ana lyzed b y u l t racentr i fugat ion , 
or amino a c i d composi t ion , have r e m a i n e d re lat ive ly constant. T h i s 
exper imental fact is hypothes ized to result f r om v a r y i n g degrees of 
prosthetic copper loss o c curr ing d u r i n g the pur i f i cat ion steps ( 9 ) . 

A procedure was developed (15) that y i e l d e d a 1 4 % recovery of 
the total enzymat ic ac t iv i ty present i n the crude juice extract f rom green 
squash. T h e o p t i m u m specific ac t iv i ty was i n the range of 4025 ± 50 
u n i t s / m g pro te in i n a preparat ion conta in ing 0 .46-0 .52% copper (10 -12 
C u atoms/140,000 M r ) . 

Three other pur i f i cat ion methods have been descr ibed i n the l i t e ra 
ture—for cucumber (16) a n d for the enzyme f rom green squash (17,18). 
T a b l e I summarizes the salient molecu lar properties of ascorbate oxidase 
pur i f i ed accord ing to the different procedures ment ioned above. A 
deta i led pur i f i cat ion table is presented i n References 15 a n d 18, a n d 
inc ludes the enzyme y i e l d ca lcu lated on the basis of total prote in present 
i n the crude juice. T h e y i e l d is 1 4 % for the method of L e e a n d D a w s o n 

Table I. Physical and Chemical Properties 

Specific 
Activity Cu 

Ref- (Units/mg EPR/MT 

Source erence M r of Protein) Cu/Mr (%) A 3 3 o / A , 

Y e l l o w squash 48 140,000 3600 8 — > 1 
C u c u m b e r 16 132,000 3500 8 — 0.79 
Green squash 17 140,000 — 8 45 1.9 
Green squash 15 140,000 3800-4250 8-10 — 1.8 

Green squash 28 140,000 3609 8 47 ± 3 0.68 

Green squash 17 — 5.4-6.5 59 0.87 Green squash 
7.5-8.0 48 

G r e e n squash 18 140,000 3930 8 48 ± 2 0.65 

° g values (gz, gv, gx) obtained from computer simulations. 
Source: Reprinted, with permission, from Ref. 18. Copyright 1979, Springer. 
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10. KRONECK E T A L . Ascorbate Oxidase 227 

(9 ) vs. 3 4 % for the method of M a r c h e s i n i a n d K r o n e c k (18). N a k a m u r a 
et a l . (16) recover 0.093 g of pure enzyme f rom 15 k g of fresh cucumber 
vs. 0.015 g f rom fresh squash b y A v i g l i a n o et a l . (17). T h e preparations 
of L e e a n d D a w s o n (9 ) a n d of A v i g l i a n o et a l . (17) exhib i t re lat ive ly 
h i g h variat ions i n c o p p e r / M r ( T a b l e I ) , r a n g i n g f r o m 5.4 to 10 C u 
atoms/140,000 M r . A constant va lue of 7.95 ± 0.1 C u atoms/140,000 M r 

can be ach ieved b y the m e t h o d of M a r c h e s i n i a n d K r o n e c k (18). 

A m o n g the b lue oxidases only laccase appears to exhibi t reproduc ib le 
values for the c o p p e r / M r ratio . T h u s , i t is general ly agreed that laccase 
contains four copper atoms per enzyme molecule ( 5 ) , whereas i n cerulo -
p l a s m i n (19) a n d ascorbate oxidase the meta l is m u c h more lab i le a n d 
sensitive towards various agents a n d environmenta l factors. T h i s sensi
t i v i t y towards extraneous agents is also evident f rom the data reported 
by A v i g l i a n o et a l . ( 20 ) , w h o removed v a r y i n g amounts of type 2 a n d 
type 3 copper (5 ) by treatment w i t h ethylenediaminetetraacet ic a c i d 
( E D T A ) or a combinat ion of E D T A a n d d imethy lg lyox ime ( D M G ) . 
A c c o r d i n g to these authors, ascorbate oxidase contains only five to six 
prosthetic copper a t o m s / M r , whereas two to three of the eight copper 
atoms or ig ina l ly present are extremely labi le . Unfor tunate ly , no precise 
ac t iv i ty values are specified for the several enzyme preparations con 
t a i n i n g eight, six to seven (after E D T A ) , a n d five (after E D T A plus 
D M G ) copper atoms per enzyme molecule . 

I n investigations on the so-cal led "react ion inac t ivat i on" of ascorbate 
oxidase b y hydrogen peroxide (21,22), essentially no prosthetic copper 
became b o u n d to the resin d u r i n g 64-copper exchange experiments on an 
A m b e r l i t e IR-100 co lum n, at p H 5.6. 

of Ascorbate Oxidase from Different Sources 

Type 1 Copper Type 2 Copper 

Cu/ A ( M ' 1 A„ Cu/ An 
M r (nm) cm'1) g,, g j L (mT) M r g„ g x (mT) 

— 608 10,400 — — — — — — — 
— 607 9,680 2.22 2.06 5.0 — — — — 
2 610 10,700 2.22 2.05 5.4 2 2.22 2.05 19.5 

— 610 9,600 2.24 2.07 6.0 — — — — 

3 610 9,680 2.227a 5.6 1 2.242° 2.053 19.0 

3 610 11,000 2.229 — 5.8 1 2.248 — 18.8 

3 610 9,700 2.227a 5.6 1 2.242° 2.053 19.0 
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228 ASCORBIC A C I D 

T h e copper content a n d enzyme act iv i ty is also m a r k e d l y dependent 
on the p H of the solution. Extens ive studies (23,24) show a r a p i d loss 
of the meta l be l ow p H 4.6; this loss is temperature dependent a n d 
accompanied b y an irreversible un fo ld ing of the pro te in moiety . A t p H 
11, dissociation of a subunit (Mr ~ 65,000) is observed b y ultraf i l trat ion. 
T h i s process is not ac companied b y loss of copper, a n d res idua l ac t iv i ty 
( - 2 5 % ) is detectable. 

A p a r t f rom prosthetic copper loss due to env ironmenta l factors, 
coord inat ion site s tructural changes that are detectable b y spectroscopic 
techniques can occur. These changes are discussed later i n the section 
on spectroscopic properties. 

Molecular Properties of the Protein 

T h e most extensive studies on the molecu lar properties of ascorbate 
oxidase have been carr ied out i n Dawson 's laboratory. Sedimentat ion 
e q u i l i b r i u m experiments have conf irmed a molecu lar we ight of 140,000; 
a va lue of 137,000 was determined for the apoprote in . T h e enzyme 
isolated a n d puri f ied accord ing to the different methods ( T a b l e I ) is 
homogeneous b y electrophoretic methods a n d u l tracentr i fugat ion (s2o,w 
= 7.52) i n the p H range 5.2-10. A b o v e p H 11 dissociat ion occurs as 
reported earl ier (23, 24). W h e n exposed to s od ium d o d e c y l sulfate (SDS) 
or g u a n i d i n i u m chlor ide , the enzyme dissociates into two equivalent sub-
units of 65,000 Mr accompanied b y the loss of prosthetic copper. I n the 
presence of a strong r e d u c i n g agent, such as 2-mercaptoethylamine (or 
its corresponding ethanol d e r i v a t i v e ) , a n d S D S , two other subunits are 
f ound . These subunits are termed cha in a (Mr 38,000) a n d c h a i n /? 
(Mr 28,000). O n the basis of these results ascorbate oxidase is proposed 
to be a tetramer composed of two a a n d t w o ft chains , where each «/? 
p a i r is covalently connected by disulf ide bonds (25 ) . A quaternary 
structure s imi lar to that of the native enzyme is be l i eved to exist for the 
copper-free apoprote in , w h i c h is obta ined b y exhaustive dialysis against 
cyanide (26). Re incorporat ion of the meta l into the apoprote in causes 
the prote in molecule to d imer ize , because w i t h gel filtration techniques 
a Mr of 285,000 (s 2o ,w° = 9-79) was obtained. Unfor tunate ly neither 
opt i ca l nor E P R spectra of the different prote in species ( w h i c h m i g h t 
have g iven some structural in format ion about the reconstituted copper 
sites, par t i cu lar ly w i t h respect to the ratio of type 1 to type 2 copper ) 
were presented. 

A quaternary structure consist ing of two ident i ca l , laccase-l ike, act ive 
sites per molecule , each conta in ing four copper atoms, was suggested 
for the nat ive enzyme (27). I n the enzyme the subunits a a n d p are 
arranged i n a symmetr i ca l w a y , aft/Pa, whereas i n the apoenzyme an 
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10. KRONECK E T A L . Ascorbate Oxidase 229 

asymmetr i ca l geometry, aa/fift, is assumed. T h i s interpretat ion of the 
quaternary structure of nat ive ascorbate oxidase a n d its apoprote in is 
somewhat contradictory to reported results (18,28). E v i d e n c e was 
p r o v i d e d for an "asymmetr i c " stoichiometry of the three different copper 
classes ( 5 ) , that is, only one type 2 copper out of e ight copper atoms, 
a n d not two as pred i c ted for two laccase-l ike subunits. 

L i k e laccase a n d ceru lop lasmin , ascorbate oxidase is a n ac id i c p r o 
te in , w i t h aspartic a c i d a n d g lutamic a c i d i n excess over h is t id ine , lys ine , 
a n d arginine. F o r the amino a c i d composi t ion see the detai led data i n 
References 3 a n d 18. U n l i k e laccase, ascorbate oxidase has a re lat ive ly 
l o w carbohydrate content, 2 .4% vs. approximate ly 4 5 % (29). 

A special interest has been d irected towards the n u m b e r a n d accessi
b i l i t y of cysteine ( R S H ) sulfur a n d cystine ( R S S R ) sul fur groups, w h i c h 
have been proposed as b i n d i n g sites for the b lue type 1 copper, a n d as 
potent ia l electron accept ing sites (30-34). F o r ascorbate oxidase f rom 
y e l l o w squash, ten to twelve cysteine residues plus six to eight cystine 
residues were f o u n d ; none of the S H groups was accessible to mercur ia ls 
( 35 ) . These results are i n good agreement w i t h the data reported (18) 
for the enzyme f rom green squash. O n l y three to four hal f - cyst ine 
residues were determined for the laccases (36). 

Spectroscopic Properties and Stoichiometry of the Copper Types 

Optical Spectra. T h e absorpt ion spectrum of the pure enzyme i n 
phosphate buffer ( p H 7.0) exhibits the t y p i c a l b lue m a x i m u m at 610 
n m , assigned to the b lue or type-1 copper, a n d the shoulder at 330 n m , 
assigned to the E P R - n o n d e t e c t a b l e type 3 copper (5 ) ( F i g u r e 2, T a b l e 
I ) . T a b l e I also includes molecular parameters f rom previous prepara 
tions b y L e e a n d D a w s o n ( 1 5 ) , and other authors. A notable feature 
is the absence of a dist inct absorpt ion m a x i m u m around 800 n m , 
reported by L e e a n d D a w s o n for their purest preparat ion . A c c o r d i n g 
to our standards (18) pure ascorbate oxidase is character ized b y the 
opt i ca l indices A 2 8 o / A 6 i 0 = 25 =b 0.5, A33O/AQ10 = 0.65 db 0.05, a n d 
A 6 i o / A 5 o o = 7.00 d= 0.25. Dev iat ions f r om these values indicate the 
loss of the type 1 copper, as is also supported b y the corresponding E P R 
spectra. A n increase of the absorbance at 500 n m is associated w i t h a 
denaturat ion of the prote in , as observed at the e n d of t itrations w i t h 
hydrogen peroxide (18). U p o n add i t i on of a reductant , for example , 
L -ascorbate or reductate, the b lue chromophore a n d the absorbance at 
330 n m are bo th bleached. N e a r l y ident i ca l electronic spectra have been 
reported for the two other mul t i copper oxidases, ceru lop lasmin a n d 
laccase (5-8). I n the latter case the opt i ca l properties have been e luc i 
dated i n m u c h greater deta i l us ing low-temperature spectroscopy (37, 
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230 ASCORBIC A C I D 
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Figure 2. Absorption spectra of pure ascorbate oxidase. Enzyme 48 fxM in 
0.1 M phosphate buffer (pH 7.0), 20°C, 1.0-cm cell. Key: 1, oxidized enzyme; 
2, reduced enzyme, slight excess of L-ascorbate. (Reproduced, with permis

sion, from Ref. 18. Copyright 1979, Springer.) 

38). F u r t h e r m o r e , based on earl ier calculat ions (39) for the type 1 
copper pro te in p lastocyanin , l igand- f ie ld parameters for the b lue copper 
i n laccase have been der ived . These reports (37,38) also i n c l u d e a 
s tructura l representation of the type 1 center composed of a flattened 
tetrahedron ( D 2 ( j s ymmetry ) w i t h t w o i m i d a z o l e side-chains, a cysteine 
sul fur , a n d a f o u r t h l i g a n d ( w h i c h p r o b a b l y is methionine s u l f u r ) , 
b o u n d to the meta l i on . A l t h o u g h no such low-temperature experiments 
have been per fo rmed w i t h ascorbate oxidase, one m i g h t ant ic ipate s imi lar 
s tructural features for the b l u e type 1 centers. 

R e m o v a l of the type 2 copper accord ing to a reported procedure 
(20) leads to significant decreases of the absorbance at 330 a n d 750 n m . 
These decreases ind i ca te that type 2 copper contributes to the absorb
ance i n these regions. F o r f u n g a l a n d tree laccase, structures based o n 
tetragonal six, five, o r square-planar four coord inat ion , as f o u n d i n several 
l ow-molecu lar -we ight copper complexes, were proposed (37 ) . 

F luorescence spectra of ox id i zed , par t ia l l y reduced , a n d f u l l y r educed 
ascorbate oxidase are shown i n F i g u r e 3. A t p H 7.0 (phosphate bu f f er ) , 
the pure enzyme gives an excitat ion m a x i m u m at 295 n m , a n d an emission 
m a x i m u m at 330 n m . E a r l i e r reported values (15,28) di f fer s l ight ly 
f r om our figures, that is, 325 a n d 335 n m are quoted for the emission 
m a x i m u m . Recent ly , a va lue of 328 n m for ascorbate oxidase f r o m green 
squash was measured (40). T h i s va lue , i n contrast to a l l other values 
ment ioned above, was obta ined on a corrected fluorometer. F r o m the 
op t i ca l data the A 3 3 o / A 6 i o index was est imated to be greater t h a n 1.0; 
furthermore , the absorpt ion m a x i m u m was located at 605 n m . F o r our 
preparat ions the emission m a x i m u m was a lways at 330 n m , independent 
of whether w e used the purest f ract ion , enzyme w i t h a l ower copper 
content, or enzyme that h a d been treated w i t h C h e l e x 100 or subjected 
to l y o p h i l i z a t i o n (18). O b v i o u s l y , despite signif icant differences w i t h i n 
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232 ASCORBIC A C I D 

the opt i ca l or E P R properties of the i n d i v i d u a l preparations of ascorbate 
oxidase, the fluorescence emission m a x i m u m retains its 330-nm value . 

U p o n stepwise a d d i t i o n of stoichiometric amounts of r e d u c i n g 
substrates under the rigorous exclusion of d ioxygen ( for technica l details , 
see Ref . 18), the intr ins ic fluorescence emission at 330 n m increases b y 
1.5-1.75 ( F i g u r e 3) w i t h o u t changes i n peak shape or pos i t ion . I n 
comparison w i t h tree laccase or funga l laccase (41,42), ascorbate oxidase 
reacts r a p i d l y w i t h L -ascorbate, even after the acceptance of five to six 
electrons per molecule . F o r the ident i ca l experiment, a fluorescence 
enhancement factor of t w o for a sample of ascorbate oxidase prepared 
accord ing to Reference 17 was observed (40). F u r t h e r m o r e , at inter 
mediate reduct ion stages a t ime-dependent fluorescence decrease a n d 
increase para l l e l to changes i n absorbance at 330 a n d 605 n m was 
detected, and was at tr ibuted to an intramolecu lar electron transfer 
between the type 1 and the type 3 copper sites. 

A s imi lar re lat ionship between the intr ins ic fluorescence a n d the 
redox state of the copper atoms i n lacquer tree laccase was reported (43). 

E P R Spectra and Stoichiometry of the Copper Classes. A m o n g the 
phys i ca l methods that have contr ibuted to our knowledge about structural 
a n d mechanist ic aspects of copper enzymes a n d proteins, E P R spectros
copy has p l a y e d a dominant role over the past two decades (5,6). A t 
p H 7.0 (phosphate buf fer ) , pure ascorbate oxidase gives the E P R s ignal 
( recorded at X - b a n d , ~ 9.3 G H z ) i l lustrated i n F i g u r e 4. T h e s ignal 
demonstrates the presence of the type 1 a n d type 2 copper, shown b y 
the different hyperf ine spl itt ings i n the g M reg ion ( T a b l e I ) . T h e spec
t r u m shown i n F i g u r e 4 is near ly ident i ca l w i t h the spectra p u b l i s h e d 
earl ier for the enzyme f r o m cucumber (16), a n d for ascorbate oxidase 
iso lated f r om green squash, cucumber , or m a r r o w squash (28,44). 

D o u b l e integrat ion of the area under the first der ivat ive reveals that 
48 ± 2% of the chemica l ly determined copper (18) is E P R detectable 
i n frozen solution. T a b l e I summarizes the exper imental g a n d A values 
measured f rom the recorded spectra. A best fit of the E P R spectrum of 
ox id i zed ascorbate oxidase is obta ined b y computer s imulat ion , us ing 
the h igh- frequency measurements at 35 G H z (28). T h e ratio of type 1 
to type 2 copper is estimated by double integrat ion of the first low- f ie ld 
l ine , w h i c h arises f rom the t y p e 2 copper, at approx imate ly 0.270 T (18). 
R o u g h l y 2 5 % of the E P R - d e t e c t a b l e copper i n ascorbate oxidase is type 
2, whereas 7 5 % is b lue type 1 copper. T h i s ratio is conf irmed by 
computer analysis (18) a n d agrees w i t h earl ier results (28) ( F i g u r e 4 ) . 

A d d i t i o n of r e d u c i n g equivalents causes complete loss of the E P R 
signal ( F i g u r e 2 ) , w h i c h reappears r a p i d l y a n d complete ly u p o n reox ida
t i o n w i t h d ioxygen or ferr i cyanide . S t ruc tura l changes of the type 1 
a n d type 2 copper sites can be convenient ly moni tored b y the E P R 
technique . T h u s , after l y o p h i l i z a t i o n of the pure enzyme i n phosphate 
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10. KRONECK E T A L . Ascorbate Oxidase 233 

buffer ( p H 7.0) a second peak close to the m = — 3 / 2 l ine of the type 2 
center appears i n the E P R s ignal ( F i g u r e 4 ) . F u r t h e r m o r e , the type 1 
to type 2 copper rat io becomes 1.5:1 or even 1:1, as shown b y the 
changes i n the p u r i t y index A 3 3 o / A 6 i o f r om 0.65 to 0.9 a n d greater. 
Recent ly , s imi lar observations w e r e made f o l l o w i n g dialysis (aerobic or 
anaerobic ) against acetate buffer ( p H 5.0 or 4.5) ( 45 ) . T h e amount of 
type 1 copper decreases signif icantly, y i e l d i n g a n e w E P R spectrum 
w i t h larger nuc lear hyperf ine spl itt ings Aj| ( F i g u r e 4; for further detai ls , 
see Ref . IS). 

© / 

© A 

5A 
® A A 

y w 

i i i 
i 1 1 , i , i i i 

2 6 0 2 9 0 3 2 0 350 
Magnetic flux density (mT) 

Figure 4A. Experimental X-band EPR spectra of ascorbate oxidase. 

Enzyme 0.228 mM in 0.1 M phosphate buffer (pH 7.0), temperature 105 K, 100 kHz 
modulation frequency, 1.0 mT modulation amplitude, ~ 2 mW power (20 dB), 0.2 s 
time constant, 0.10 mT/s scan rate, 9.39148 GHz microwave frequency. Key: 
1, oxidized enzyme; V as 1, but 5 X instrument sensitivity; 2, reduced enzyme, sensi
tivity as in 1'; 3, oxidized enzyme, lyophilized at 0°C, redissolved, AWA*w = 1.1; 
4, oxidized enzyme, after treatment with Chelex 100, AWA«i* = 1.0, sensitivity in 
3 and 4 as in 1'. (Reproduced, with permission, from Ref. 18. Copyright 1979, 

Springer.) 
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234 ASCORBIC A C I D 

2 6 5 2 8 5 3 0 5 325 
Magnetic flux density (mT) 

3 4 5 

Figure 4B. Simulated X-band EPR spectra of ascorbate oxidase. 

Spectra were simulated with the parameters of Table 111. Lorentzian lineshape (18). 
Key: 1, 3 type 1 Cu, 1 type 2 Cu; 2, 2 type 1 Cu, 2 type 2 Cu. (Reproduced, with 

permission, from Ref. 18. Copyright 1979, Springer.) 

T h e presence of a s ingle type 2 center i n ascorbate oxidase is not 
consistent w i t h the proposed concept of a quaternary structure composed 
of two ident i ca l subunits afS (25). O n the other h a n d , a l l the mul t i copper 
oxidases descr ibed i n the l i terature (5-^5) have only one type 2 center 
per active molecule . A d d i t i o n a l copper w i t h type 2 characteristics can 
be b o u n d b y the macromolecule d u r i n g isolat ion a n d puri f i cat ion (19). 
A close examinat ion of the E P R spectra presented b y L e e a n d D a w s o n 
(9) indicates the presence of so-called nonspecific copper w i t h large 
hyperf ine spl itt ings at g|,. A s expected, the rat io A 3 S O / A Q 1 0 is a ppr ox i 
mate ly 1.5-2 for these preparations (est imated f r om F i g u r e 2 i n Ref . 9 ) . 
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10. KRONECK E T A L . Ascorbate Oxidase 235 

Anaerobic Reduction of Ascorbate Oxidase—Number of Redox 
Equivalents and Midpoint Potentials of the Copper Sites 

R e d u c t i o n a n d reoxidat ion of the copper i n ascorbate oxidase can 
be easily f o l l owed by spectrophotometry at 330 a n d 610 n m , fluorescence 
emission at 330 n m (descr ibed i n the previous sect ion) , a n d E P R 
spectroscopy ( F i g u r e 4 ) . U s i n g the anaerobic t i t rat ion techniques de
scr ibed i n Reference 18, complete reduct ion of the enzyme is achieved 
by four equivalents of L -ascorbate or reductate. W i t h to ta l reduct ion , 
the absorbance at 610 n m complete ly disappears, whereas some res idua l 
absorbance i n the 330-nm reg ion remains, caused by the absorbance of 
reduced pro te in a n d ox id i zed substrate. Potent iometr ic t itrations of the 
type 1 copper w i t h ferr i cyanide as a mediator ( e q u a l amounts or a 
tenfo ld excess /enzyme give a Nernst factor, n 6 i o , of 1.1 a n d a m i d p o i n t 
potent ia l , E ' O f 6 i 0 , of 344 m V [vs. s tandard hydrogen electrode ( S H E ) , 
25°C, phosphate buffer ( p H 7.0) w i t h I — 0.1 M ] ( F i g u r e 5 ) . F o r 
m a n y titrations a re lat ive ly l o n g l a g phase of u p to three electrons was 
observed before any decrease i n absorbance at either 610 or 330 n m was 

Ed 6 1 0 vs . S H E [ m V ] 

Figure 5A. Anaerobic potentiometric titration of the type-1 Cu centers in 
ascorbate oxidase using ferricyanide as mediator, phosphate buffer (pH 7.0), 

I = 0.10 M, 25.0°C, K3Fe(CN)6 210 fiM, enzyme 21 fiM. 
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236 A S C O R B I C A C I D 

log ( A / (Ao -A) ) [X=610nm] 

Figure 5B. Double Nernst plot of the reduction by L-ascorbate at 610 and 
330 nm, phosphate buffer (pH 7.0), I = 0.20 M , 10.0°C, enzyme 28 fiM. 

Potentials are reported in mV vs. SHE. 

detected. T h i s effect p robab ly arises f r om traces of d ioxygen left i n the 
rest ing enzyme even after rigorous deoxygenation ( 1 8 ) . 

T h e results of a simultaneous spectrophotometric t i t ra t ion at 330 
a n d 610 n m are dep ic ted i n a double Nerns t p lo t i n F i g u r e 5, g i v i n g an 
£'0,330 va lue for the type 3 center that is near ly i d e n t i c a l to E 'o .eio of the 
type 1 copper. H o w e v e r , at l ower temperatures (e.g., 1 0 ° C ) a va lue of 
30 ± 10 m V was measured for the difference E'0,330 ~~ JE'ceio* A s imi lar 
redox s i tuat ion is f o u n d for tree laccase (E'Q for the type 1 copper , 394 
m V ; E ' 0 for the type 3 copper, 434 m V ) . H o w e v e r , at 2 5 ° C , where the 
difference £'0,330 ~ £'0,610 is cons iderably d i m i n i s h e d i n ascorbate oxidase 
( i n the presence of the redox mediator f e r r i c y a n i d e ) ; thermodynamic 
contro l for the occupancy of the i n d i v i d u a l copper sites is less pronounced . 

Interest ingly , i n the case of b o t h the three type 1 centers a n d the 
four type 3 centers, a l inear Nernst re lat ionship exists i n the 10 -25°C 
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10. KRONECK E T A L . Ascorbate Oxidase 237 

temperature range, phosphate buffer ( p H 7.0), i n d i c a t i n g equivalence 
a m o n g the single members of the two copper classes. T h e Nernst 
coefficient ratio n 3 3 o / n 6 i o ( F i g u r e 5 ) , w h i c h here does not approach the 
expected n u m b e r of 2, raises some controversial points regard ing the 
m o d e of electron transfer between the two chromophores. Based largely 
on potent iometr ic evidence, a n d the complete lack of a n E P R s ignal i n 
either the f u l l y ox id i zed or f u l l y reduced state (8,46), the type 3 copper 
p a i r p r o b a b l y functions as a cooperative two-electron acceptor ( 7 ) . 
H o w e v e r , this is open to quest ion; u n c o u p l i n g of the type 3 copper p a i r 
was proposed to occur i n the majority of cases (47). D o u b l e Nerns t 
plots for spectrophotometric t itrations of tree laccase ( such as F i g u r e 5) 
produced slopes of 1.0-2.0, depend ing o n the t i trant used. T i trants such 
as hydroqu inone or ferrocyanide gave slopes of 2.0, whereas R u ( N H 3 ) 6

2 + 

gave a slope of 1.0. A c c o r d i n g to some reports strong r e d u c i n g agents 
are capable of u n c o u p l i n g the type 3 copper uni t , t u r n i n g i t into a 
successive one-electron acceptor. A n alternative interpretat ion is the 
existence of pseudocooperat iv i ty between the type 1 copper a n d the 
opt i ca l ly almost inv i s ib l e type 2 center h a n d l i n g two-e lectron packages 
to the type 3 d imer . Because the type 2 copper i n tree laccase has the 
lowest potent ia l , its ab i l i ty to become invo lved i n a pseudocooperative 
electron-transfer mechan ism w o u l d increase w i t h the r e d u c i n g p o w e r 
of the t i trant , i n agreement w i t h exper imental findings (47). 

Mechanism of Action of Ascorbate Oxidase—Kinetics of the 
Anaerobic Reduction by Ascorbate and Reductate 

F a c e d w i t h the p r o b l e m of e luc idat ing the i n d i v i d u a l roles of the 
different copper centers i n the b lue oxidases, the researcher has n a t u 
r a l l y focused i n recent years on the laccases ( 9 ) . B e i n g easier to 
isolate, better character ized , a n d conta in ing fewer copper atoms t h a n 
ceru lop lasmin or ascorbate oxidase, the laccases f r o m the Japanese 
lacquer tree Rhus vernicifera a n d the fungus Polyporus versicolor have 
been the subject of several transient k inet i c studies i n the mi l l i s e cond 
range, that is, studies us ing stopped-flow spectrophotometry a n d r a p i d -
freeze E P R spectroscopy (9,49,50). 

Laccase , b y analogy w i t h ascorbate oxidase, catalyzes the ox idat ion 
of o- or p -ary ld iamines a n d diphenols by d ioxygen to produce water a n d 
the corresponding quinones. Steady state kinet ics have established that 
a " p i n g - p o n g " mechan ism is operative (51). T h i s finding implies that the 
reduct i on of d ioxygen a n d the ox idat ion of the organic substrate are 
separate events, r e q u i r i n g the enzyme to funct ion as a mult ie lec tron 
mediator . D u r i n g the catalyt ic cyc le the organic substrate undergoes a 
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238 ASCORBIC A C I D 

r a p i d one-electron ox idat ion to a free r a d i c a l , w h i c h probab ly decays 
b y nonenzymat ic d i smutat ion ( 5 2 ) , as f o u n d i n various enzyme-cata lyzed 
ox idat ion reactions (53 ) . K i n e t i c experiments under anaerobic condit ions 
have l e d to the conclusion that the type 1 copper is the entry site of 
electrons into the enzyme (49,54). T h e type 3 copper pa i r is reduced 
i n a process dependent u p o n the intramolecu lar transfer of one electron 
f r om the type 1 copper. Fur thermore , the rate of electron transfer 
between the type 1 a n d the type 3 centers is contro l led b y the p H of 
the m e d i u m , poss ib ly v i a a tr igger mechanism i n v o l v i n g the type 2 
copper (49). 

A complex mechanism for the four-electron reduct ion of d ioxygen 
to water must complete the catalyt ic cycle . A n y mechanism i n v o l v i n g 
four consecutive single-electron transfers is u n l i k e l y ( 55 ) . F o r laccase 
some exper imental evidence indicates that at least two single electrons 
are exchanged, because d u r i n g d ioxygen reduct ion a paramagnet ic inter 
mediate , w h i c h decays s lowly by the react ion w i t h the reduced type 2 
center, is f o rmed (56,57). T h i s paramagnet ic species, most l i k e l y the 
r a d i c a l O t , is t rapped d u r i n g s imple ox idat ion reactions. U s i n g oxygen-
17 - isotope-enriched d ioxygen, only one product water molecule is r a p i d l y 
released into the solution, whereas the second one remains coordinated 
to the type 2 copper site a n d exchanges s lowly i n comparison to the first 
(56,57). F r o m these results i t appears that the type 2 copper plays an 
important role i n bo th the reduct ive a n d oxidative func t i on ing of the 
enzyme. ( F o r further details , see Refs . 9 a n d 49). 

A n o t h e r interest ing aspect of the reduct ion of d ioxygen b y laccase 
arises f rom the observation that the enzyme forms a stable intermediate 
w i t h hydrogen peroxide (58,59,60). T h i s peroxy c o m p o u n d of laccase 
is obta ined either by ox idat ion of the reduced enzyme w i t h hydrogen 
peroxide or b y direct t i t rat ion of the ox id ized enzyme w i t h hydrogen 
peroxide. P r i m a r i l y o n the basis of absorpt ion a n d c i r cu lar d i chro i sm 
spectra i t was proposed that the peroxide b inds to the type 3 copper pa ir . 
M e a n w h i l e , these investigations were extended to magnet ic suscept ib i l i ty 
measurements (60), w h i c h give further support for a peroxide-coordinated 
type 3 copper couple . 

Some of these experiments have been repeated w i t h ascorbate oxidase 
( two type 3 copper p a i r s ) , conf i rming the spectrophotometric data of 
Reference 58. T w o equivalents of hydrogen peroxide, that is, 1 m o l / 
type 3 copper p a i r (18), where specif ically b o u n d to ascorbate oxidase, 
p r o d u c e d an increase i n the absorbance around 330 n m . These exper i 
menta l results, a l though of rather p r e l i m i n a r y nature, suggest that there 
m i g h t be some similarit ies between the laccases and ascorbate oxidase, 
w i t h respect to the d ioxygen-reduc ing sites of the enzyme. 
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10. KRONECK E T A L . Ascorbate Oxidase 239 

T h e k inet i c results of the anaerobic reduct ion of ascorbate oxidase 
b y L -ascorbate or reductate presented i n this chapter have been obta ined 
b y anaerobic stopped-flow spectrophotometry a n d rapid- freeze E P R 
spectroscopy. I n v i e w of the d ioxygen sensit ivity of the reduced enzyme, 
extreme care must be exercised to obta in reproduc ib le a n d statist ical ly 
mean ing fu l data. F o r the anaerobic i ty of the instrument , bo th the m i x i n g 
a n d the observation chamber i n c l u d i n g the syringe system were e m 
b e d d e d into a thermostated, water c i r cu la t ing b a t h (normal ly mainta ined 
at 1 0 - 1 5 ° C ) , w h i c h was kept under a constant pressure of pur i f ied argon 
( 1 8 ) , as descr ibed i n Reference 61. A s imi lar system was constructed 
for the rapid-freeze apparatus, a l l o w i n g anaerobic m i x i n g of the re -
actants pr ior to freeze-quenching of the react ion mixture i n an isopentane 
coo l ing bath at approximately — 1 4 5 ° C (62). 

Stopped-Flow Spectrophotometry. T h e reduct ion of the type 1 
copper [observed at 610 n m , phosphate buffer ( p H 7 .0 ) , 7 = 0.20 M , 
2 5 ° C ] was very r a p i d and complex, by bo th L -ascorbate a n d reductate. 
Fur thermore , trace amounts of d ioxygen (less than 1 fiM) p r o d u c e d 
significant p lateau regions i n the reduct ion profile. A d d i t i o n of smal l 
amounts of reductant resulted first i n the reduct ion of this p lateau phase 
to zero a n d then i n the par t ia l reduct ion of the enzyme, judg ing f rom 
the total absorbance at 610 n m . T o decrease the reduct ion rate, the 
temperature was l owered to 1 0 ° C w i t h s imi lar but slower opt i ca l changes. 

S imi lar observations were made for the change i n absorbance at 
3 3 0 n m ( F i g u r e 6 ) . 

R E D U C T I O N KINETICS O F T H E T Y P E - 1 C O P P E R . There is an i n i t i a l 

r a p i d phase d u r i n g w h i c h plots of l og (At — A x ) vs. t ime are l inear , 
y i e l d i n g first-order rate constants, fcinit610. A l inear dependence of 
& i n i t 6 1 0 on reductate concentration is f ound w i t h i n the l i m i t of 5.2 m M 
reductate. T h e ampl i tude of the i n i t i a l phase increases w i t h reductate 
concentration, l eve l ing off to approach a l i m i t of approximately 5 0 % of 
the total absorbance at 610 n m . 

A t 2 5 ° C , the i n i t i a l react ion is m u c h faster, i n d i c a t i n g a considerable 
act ivat ion enthalpy, a n d the concentration range is l i m i t e d to a va lue 
equa l to or less than 1.35 m M for the t ime scale of our stopped-flow 
spectrophotometer. A g a i n the rate is first order w i t h respect to b o t h 
enzyme a n d substrate. T h e ampl i tude of the i n i t i a l phase at this h igher 
temperature also increases w i t h reductate concentrat ion, but i n a more 
pronounced manner. A t the highest concentration used, this i n i t i a l r a p i d 
phase represents 8 0 % of the total react ion ampl i tude . 

I n the absence of d ioxygen, the i n i t i a l r a p i d step is f o l l owed d irec t ly 
by a slower react ion. T h i s second rate, fc2

610, is again first order i n 
enzyme concentration. F r o m a plot w h i c h is l inear, of l / f c 2

6 1 0 vs. the 
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240 ASCORBIC A C I D 

rec iproca l concentrat ion of reductate, a l i m i t i n g rate of approximate ly 
80 s"1 can be estimated. T h e above-mentioned features were r emarkab ly 
reproduc ib le us ing separate ascorbate oxidase samples prepared a n d 
stored i n l i q u i d ni trogen over a 3-year p e r i o d (18). 

There is a very s low final stage, account ing for approx imate ly 4 - 5 % 
of the total react ion ampl i tude at 610 n m . T h e l o w ampl i tude makes 
quant i tat ive evaluat ion of this stage very difficult, a n d the r eproduc ib i l i t y 
was not very satisfactory. H o w e v e r , the rate is p r o b a b l y independent of 
the reductate concentrat ion w i t h a rate constant, k3

610, of less t h a n 1.0 s"1. 
I n the presence of d ioxygen, the i n i t i a l r a p i d phase a n d the slower 

second phase are separated by a p la teau on the stopped-f low trace, as 
also measured for the decay of the absorbance at 330 n m ( F i g u r e 7 ) . 
T h e extent of the i n i t i a l r a p i d phase decreases signif icantly w i t h increas ing 
d ioxygen concentrat ion. T h e effects of d ioxygen remova l b y i n d u c e d 
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10. K R O N E C K E T A L . Ascorbate Oxidase 241 

enzyme turnover , a n d of p a r t i a l prereduct ion of the enzyme, are s h o w n 
i n F i g u r e 7. 

V a r i a t i o n of p H from 7.0 to 6.1 resulted i n l i t t le change qual i tat ive ly , 
a l though measured fcinit610 values were s l ight ly higher . A single r u n at 
p H 7.8 conf irmed this t rend ( T a b l e I I ) . 

R E D U C T I O N KINETICS O F T H E T Y P E 3 C O P P E R . Quant i ta t ive assess

ment of the complex k inet i c behavior at 330 n m is difficult. T h i s 
dif f iculty p robab ly is par t ia l l y caused b y the smal l a n d v a r i e d c o n t r i b u 
t i on f r o m the produc t i on a n d decay of the substrate r a d i c a l species ( 6 3 ) , 
a feature that is revealed w h e n runs at at various wavelengths are 
compared . T h e decay rate of the r a d i c a l , presumably decay b y non -
enzymat ic d ismutat ion , has a magni tude s imi lar to the reduct ion rate 
of the type 3 copper. I n the experiments w i t h ascorbate as substrate, 

0.100 

E 
c 
o 
CO 
CO 

CD 
g 0.010 
a 

o (/) 
< 

0.001 
0.001 0.01 0.1 1 10 

React ion Time [ s ] 

Figure 7. Anaerobic reduction of the type 3 Cu of ascorbate oxidase by re
ductate. Conditions as in Figure 6. Curves 1-4 show the effect of stepwise 
addition of reductate to the enzyme prior to kinetic stopped-flow runs. Curve 1 
represents ~ 6 JAM dioxygen, curves 2-4 demonstrate the successive removal of 

dioxygen and partial reduction of the enzyme. 
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242 ASCORBIC A C I D 

Table II. Variation with p H of Second-Order Rate 
Constants, A i n i t

6 1 0 and k2
e10 

6.1 2.23 X 1 0 4 1.2 X 1 0 4 

7.0 1.69 X 10 4 1.0 X 1 0 4 

7.8 1.43 X 10 4 0.8 X 1 0 4 

N o t e : D a t a presented as M'1 s" 1, 10.0°C, reductate. R a t e constants were ob
tained by p lot t ing the observed rate constant, k0bs, against substrate concentration. 
/c2 6 1 0 values were taken from the l inear part of these plots, i.e., at low nonsaturating 
concentrations. 

T 1 1 r 

1 l i i I 
300 400 500 600 700 

A [ nm ] 

Figure 8. Transient spectra obtained during the anaerobic reduction of ascor
bate oxidase by L-ascorbate. Conditions as in Figure 6, except: enzyme 13 / A M , 
substrate 0.97 m M . Key: , spectrum of ascorbate oxidase prior to reaction; 

, transient observed after 5 ms, • • *, difference spectrum. 

the enzyme reduct ion was so r a p i d (most of the type 1 copper was 
reduced w i t h i n the dead-t ime of the instrument, i.e., w i t h i n ^ 3.5 ms ) 
that there was in i t ia l l y a very r a p i d a n d strong increase of the absorbance 
around 330 n m , w i t h a true absorpt ion m a x i m u m at 3 6 0 n m ( F i g u r e 8 ) , 
corresponding to the generation of the ascorbate free r a d i c a l (63). 
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10. KRONECK E T A L . Ascorbate Oxidase 243 

I n the studies carr ied out w i t h reductate as substrate ( p H 7.0, 
10 .0 °C) , mult iphas ic behavior that is unaffected by v a r y i n g amounts of 
E D T A [added to complex free C u ( I I ) ions i n solution, or to remove 
nonspeci f ical ly b o u n d C u ( I I ) ] is observed. A g a i n , as for the type 1 
copper, a very s low phase of reduct ion is a lways present, corresponding 
to 1 0 - 3 0 % of the total absorbance change at 330 n m . Corre la t i on w i t h 
rapid- freeze E P R experiments shows that this process cannot be associated 
w i t h the free rad i ca l since the react ion is too slow. Fur thermore , the 
effects of traces of d ioxygen can be observed. A s w i t h the reduct ion of 
the type 1 copper at 610 n m , a lag phase that disappears after r emova l 
of d ioxygen b y p r i o r add i t i on of smal l amounts of reductant is seen 
( F i g u r e 7 ) . Subtract ion of the s low phase ( F i g u r e 6) b y extrapolat ion 
of p r i m a r y semilogar i thmic plots to zero t ime , a n d then p l o t t ing l o g 
(At — A x ) vs. t ime leads to semi logar i thmic plots corresponding to the 
fast stages of the reduct ion at 330 n m ( F i g u r e 6 ) . T h e plots so obta ined 
vary i n l ineari ty . I n many cases there is no definite l inear i ty , i n d i c a t i n g 
that the absorbance change reflects a single first-order process. A s s u m i n g 
a general ly l inear, semilogar i thmic re lat ionship for this r a p i d first stage 
of reduct ion of the 330-nm chromophore , the dependence of this rate 
constant, kinit

330, on the concentrat ion of reductant can be der ived . A 
p lo t of fcinit330 vs. concentrat ion of reductate results i n a c u r v e d l ine , 
i n d i c a t i n g that a l i m i t is be ing approached ; this l imi t is estimated to be 
approx imate ly 100 s"1. 

W h e n reductate is replaced b y L-ascorbate, the i n i t i a l rate of 
reduct ion of the type 1 copper increases dramat i ca l ly a n d is accompanied 
by the format ion of the ascorbate ra d i ca l ( F i g u r e 8 ) . Therefore , some 
problems arise i n evaluat ing the k inet i c data at 330 n m for the reduc t i on 
of the type 3 copper. H o w e v e r , as w i t h reductate, a final s low react ion 
w i t h s imi lar absorbance changes a n d rate occurred at bo th 330 a n d 
610 n m . 

Rapid-Freeze E P R Spectroscopy. E P R analysis of the rapid-freeze— 
quenched react ion w i t h both L-ascorbate a n d reductate reveals a very 
r a p i d decrease i n the s ignal intensity, due to the reduct ion of the type 1 
copper ( F i g u r e 4 ) . T h i s observation is consistent w i t h the independent 
observation f r om stopped-f low spectrophotometry that most of the 610-nm 
chromophore is reduced w i t h i n the dead-t ime of the spectrophotometer. 
R e d u c t i o n of the type 2 copper is m u c h slower under the condit ions 
used for the r a p i d m i x i n g i n the f r e e z e - q u e n c h apparatus ( p H 7.0, I = 
0.20 M , 5 ° C ) . A dominant feature of the E P R spectrum i n the earliest 
stages of measurement ( ~ 5 ms) is a s ignal at g = 2.005, ar i s ing f r o m the 
substrate rad i ca l , that is, the L-ascorbate or reductate r a d i c a l . A s imi lar 
s ignal is observed i n m a n y other b io log i ca l oxidoreductions at both r oom 
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244 ASCORBIC A C I D 

temperature a n d 77 K (64,65). N o hyperf ine sp l i t t ing is d i sp layed i n the 
E P R spectrum of the L -ascorbate r a d i c a l at 77 K , but at least four l ines 
c a n be resolved for the reductate r a d i c a l ( F i g u r e 9 ) . 

Discussion and Possible Mode of Electron Transfer. I n v i e w of the 
excellent r e p r o d u c i b i l i t y of the k inet i c measurements, par t i cu lar ly regard 
i n g the reduct ion of the type 1 copper, w e assigned certa in sequences 
of redox events a n d electron movements w i t h i n the mul t i c opper enzyme 
to our observations. 

T h e reduct ion of the b lue chromophore is mul t iphas i c , b u t not 
because of the effects associated w i t h the possible k inet i c behavior of 
three different type 1 copper sites. I n i t i a l rate constants, fcinit330, for the 
reduc t i on b y reductate show first-order dependence w i t h respect to 

T 1 I 

2.005 

330 3 3 2 33U 336 338 

Magnet ic F l u x D e n s i t y [ m T ] 

Figure 9. EPR spectrum of the substrate radical formed during the rapid 
initial phase of the anaerobic reduction of ascorbate oxidase by reductate. Con
ditions as in Figure 6. The spectrum was recorded at 77 K, ~ 9.4 GHz, 100 

kHz modulation frequency, 0.05 mT modulation amplitude. 
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10. KRONECK E T A L . Ascorbate Oxidase 245 

reductate over a w i d e concentrat ion range at p H 7.0 a n d 6.1. T h i s 
behav ior is consistent w i t h a one-electron transfer f r o m reduced substrate 
to the type 1 c o p p e r ( I I ) p r o d u c i n g type 1 c o p p e r ( I ) a n d the substrate 
r a d i c a l ( F i g u r e 9 ) . 

I n studies on the anaerobic reduct ion of tree laccase b y hydroqu inone 
a n d ascorbate ( 4 9 ) , the existence of a p la teau phase at l o w substrate 
concentrat ion was reported for the react ion of the type 1 copper. T h i s 
observation was expla ined i n terms of an intramolecu lar reoxidat ion b y 
the type 3 copper pa ir . A s imi lar p la teau phase is a dominant feature of 
the reduct ion of b o t h chromophores of ascorbate oxidase b y reductate 
( F i g u r e 7 ) . H o w e v e r , the p la teau phase is on ly observed i n the presence 
of " c o n t a m i n a t i n g " d ioxygen ; r igorous r emova l of these d ioxygen traces 
removes the p la teau phase at a l l wavelengths. T h e react ion of r educed 
ascorbate oxidase w i t h d ioxygen is very r a p i d , k = 5 X 10 6 M V 1 , at p H 
5.8, 1.7°C (66). I f e lectron transfer f r o m type 1 to type 3 copper couples 
the t w o halves of the enzyme cycle , as proposed for laccase, then this 
intramolecu lar redox react ion must be extremely r a p i d to account for 
the effects of trace d ioxygen on the reduct ion of the type 1 copper. C o n 
sequently, despite the fact that an ambiguous assignment of a type 1 to 
type 3 transfer is not possible i n this example, fac i le intramolecu lar 
electron transfer processes p r o b a b l y ensure a r a p i d d i s t r ibut i on of elec
trons a m o n g the type 1 a n d type 3 copper centers, at least i n some of the 
enzyme molecules. T h e e q u i l i b r i u m d i s t r ibut i on , a n d qui te conce ivably 
the re lat ive rates of approach to this state, shou ld be inf luenced b y the 
o x i d a t i o n - r e d u c t i o n potentials , w h i c h , as descr ibed earl ier i n this chapter 
( F i g u r e 5 ) , favor electron occupancy of the type 3 copper pairs at 
10.0°C. 

F o r the subsequent s lower reductions of b o t h the 610- a n d 330-nm 
chromophores , s imi lar m a x i m u m rate constants were obtained. T h i s 
result indicates that at h i g h substrate concentrations the reduct ion of 
bo th copper types m a y be l i m i t e d b y a c o m m o n rate -determining step. 

T h e r a p i d i n i t i a l r educt ion of the type 1 copper is very s imi lar to 
that reported for tree laccase (49). T h e a m p l i t u d e of this reduct i on 
increases w i t h substrate concentrat ion to a m a x i m u m va lue of a p p r o x i 
mate ly 5 0 % of tota l absorbance change at 10°C. I n laccase this effect 
is exp la ined b y the existence of t w o forms of the enzyme i n a n a c i d - b a s e 
e q u i l i b r i u m . T h e act ive f o r m al lows r a p i d type 1 to type 3 e lectron 
transfer, whereas i n the inact ive f o r m this process is i n h i b i t e d . A t h igher 
substrate concentrations, the reduct ion of the type 1 copper is faster 
t h a n the interconvers ion of inact ive enzyme into its act ive f o rm, l e a d i n g 
to an increase i n i n i t i a l phase a m p l i t u d e . T u r n o v e r - i n d u c e d act ivat ion of 
ascorbate oxidase (67) c o u l d also be exp la ined i n terms of d isp lacement 
of this i n a c t i v e - a c t i v e e q u i l i b r i u m . 
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246 ASCORBIC A C I D 

T h e opt i ca l spectrum of the ascorbate r a d i c a l extrapolated f r o m the 
stopped-f low traces is i n good agreement w i t h a spectrum i n the l i t e ra 
ture (68) w i t h a n absorpt ion m a x i m u m at 360 n m (3700 M ^ c m " 1 ) . A n 
alysis of the stopped-f low data reveals that l i t t le or no reduct i on of the 
type 3 copper has occurred d u r i n g the i n i t i a l r a p i d absorbance loss at 
610 n m . T h i s observation is consistent w i t h the assumption that entry 
of electrons into the enzyme occurs at or near the type 1 copper atoms. 

T h e finding f r om r a p i d - f r e e z e - q u e n c h E P R experiments, that the 
reduct ion of the type 2 copper is s low compared w i t h that of the type 1 
copper, is analogous to the behav ior noted for tree laccase at h igher p H 
values (50). I n this enzyme the s low reduct ion of the type 2 center is 
l i n k e d to the i n h i b i t i o n of the type 3 reduct ion . I n ascorbate oxidase, 
however , reduct ion of the type 3 copper pairs proceeds despite the s low 
reduct ion of the type 2 copper, suggesting that the two electrons neces
sary for the proposed intramolecu lar reduct ion of the t w o type 3 copper 
pairs can be transferred f r o m two of the three type 1 copper centers, 
w i t h o u t i n v o l v i n g the type 2 center i n any redox process. 
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11 
Metabolism of L-Ascorbic Acid in Plants 

FRANK A. LOEWUS and JOHANNES P. F. G. HELSPER 

Institute of Biological Chemistry, Washington State University, 
Pullman, WA 99164 

A detailed study of the catabolism of L-ascorbic acid in 
tartrate-accumulating and oxalate-accumulating plants has 
revealed a precursor-product relationship which, in the case 
of tartrate accumulators, involves two mutually exclusive 
pathways. In the Vitaceae, the carbon chain of ascorbic 
acid is cleaved at the C4-C5 bond to furnish a C4 fragment 
that is converted to L-(+)-tartaric acid and a C2 fragment 
that is recycled into products of hexose phosphate metabo
lism. In the Geraniaceae, cleavage occurs at the C2-C3 
bond to produce oxalic acid from the C 2 fragment and 
L-(+)-tartaric acid from the C4 fragment. Other oxalate 
accumulators that fail to accumulate tartaric acid also cleave 
ascorbic acid at the C2-C3 bond. The nature of the prod
uct(s) obtained from the C4 fragment must still be deter
mined. Conversion of D-glucose to ascorbic acid and its 
catabolic products has been studied in both types of plants 
with the aid of specifically labeled D-glucose. Results sup
port a biosynthetic route that involves oxidation of C1 of 
D-glucose, epimerization at C5, and conservation of the 
hydroxymethyl function at C6. 

Knowledge of metabolic events encompassing the formation and de-
composition of ascorbic acid in plants is meager although L-ascorbic 

acid is a common constituent in actively growing tissues of higher plants. 
Despite a plethora of information on chemical, biomedical, and nutritional 
aspects of ascorbic acid, progress on plant-related processes has lagged. 
In part, the reason for this may lie in the generally accepted view that 
ascorbic acid is a secondary product of plant metabolism, a sugar acid 
outside the mainstream of carbohydrate inter conversions. Again, it may 
rest in a paucity of well-established roles for ascorbic acid in plant 

0065-2393/82/0200-0249$06.00/0 
© 1982 American Chemical Society 
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250 ASCORBIC A C I D 

metabo l i sm. F o r whatever reasons are b e h i n d this neglect, r enewed 
efforts to discover the b i o chemica l events that govern par t i c ipat i on of 
ascorbic a c i d i n ce l lu lar processes are i n order. 

Conversion of Ascorbate to Tartrate in the Grape 

A n important discovery i n 1969 (1 ) l i n k e d the catabol ism of L -ascor 
b i c a c i d to tartar ic a c id biosynthesis. W h e n immature grape berries were 
f ed L - [ 1 - 1 4 C ] ascorbic a c i d over a 24-h p e r i o d , 7 2 % of the a c i d extractable 
1 4 C appeared i n tartaric a c i d , v i r t u a l l y a l l of i t i n carboxy l carbon. W h e n 
the metabol i c p e r i o d was extended another 24 h , on ly 4 8 % of the 1 4 C 
r e m a i n e d i n tartar ic a c i d , a n ind i ca t i on that catabol ic processes w e r e 
r e m o v i n g a part of the labe led tartaric a c i d (2,3,4). Saito a n d K a s a i (1) 
suggested that C l t h r o u g h C 4 of L -ascorbic a c i d was converted d i rec t ly 
into tartar ic a c i d ( F i g u r e 1 ) . Ind i rec t support of this was the fa i lure of 
L - [ 6 - 1 4 C ] a s c o r b i c a c i d to produce labe led tartar ic a c i d (5). Subsequent ly , 
W a g n e r a n d L o e w u s (6) conf irmed the observations of Saito a n d 
K a s a i (1). 

W i l l i a m s a n d L o e w u s ( 7 ) p r e p a r e d L - [ 4 - 1 4 C ] a s c o r b i c a c i d b y the 
method of B a k k e a n d T h e a n d e r (8) a n d showed that this f o r m of spe
c i f i cal ly labe led ascorbic a c i d , l i ke L - [ 1 - 1 4 C ] ascorbic a c i d , was an effective 
precursor of tartar ic a c i d i n grape berries a n d grape leaves ( T a b l e I ) (9). 
O v e r 9 8 % of the 1 4 C was located i n the carboxy l groups of labe led tartar ic 
a c i d f r o m L - [ 1 - 1 4 C ] - or L - [ 4 - 1 4 C ] a s c o r b i c a c i d l abe l ed leaves or berries . 
O n l y L - ( + ) - tartar ic a c i d was f o r m e d (10). T h e C 2 f ragment of this 
c leavage, as j u d g e d b y studies w i t h L - [ 6 - 1 4 C ] a s c o r b i c a c i d , was recyc l ed 
into products of hexose phosphate metabo l i sm (5,6,11,12). 

Convers i on of L -ascorbic a c i d to tartar ic a c i d i n the grape was l i m i t e d 
to certa in stages of development (Tab les I a n d I I ) . Leaves detached 
f r o m the t ip of the v ine or the pos i t ion opposite the flower c luster p r i o r 
to anthesis ( or at anthesis) r ead i l y u t i l i z e d ascorbic a c i d for tartar ic a c i d 

COOH 

H O - t - H 
CHgOH 

L-Ascorbic acid 

L-(+)-Tartaric acid 

[i] 
Hexose phosphate 

pool 

Figure 1. Cleavage of ̂ ascorbic add in plants of the Vitaceae. 
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11. LOEWUS AND HELSPER Plant Metabolism of L-Ascorbic Acid 2 5 1 

Table I. Conversion of L-Ascorbic A c i d to Tartaric Acid in 
the Grape (Metabolic Period, 25 h) 

[1-14C] [4-14C] [6-14C] 

Conditions Percent of Acid Extractable 14C 

B e r r y {6,9) l i g h t 69 2 
d a r k 67 
l i g h t 66 60 — 

L e a f (5,9) anthesis 81 81 < 1 
+ 14 days " — 57 
+ 4 8 to 5 7 d a y s " 0.1 3 < 1 

tf Days after anthesis. 

Table II. L-Ascorbic Acid Catabolism in Grape Leaves 
(Metabolic Period, 24 h) 

Days Before (—) or After (-\-) Anthesis 

^ 2 8 - 1 4 + 1 5 

Position of Label in Ascorbic Acid 

[ 1 - 1 4 C ] [ 6 - 1 4 C ] [ 1 - 1 4 C ] [ 6 - 1 4 C ] [ 1 - 1 4 C ] [ 6 - 1 4 C ] 

Compound Percent of Administered 14C 

co2 
2 8 2 4 4 2 

Sugars < 1 9 < 1 18 5 9 
Dehydroascorb i c 

ac id 2 4 4 10 26 32 
T a r t a r i c ac id 71 < 1 71 < 1 4 < 1 
Other solubles 8 25 14 32 58 5 4 
Res idue 17 52 8 3 5 3 3 

biosynthesis. Leaves removed f r om the s t i l l e longat ing t ip of the v ine 
or the pos i t ion opposite the flower cluster after anthesis ( d u r i n g berry 
format ion) s lowly lost that capac i ty ; 7 - 8 weeks later none of the 1 4 C 
f r o m L - [ 1 - 1 4 C ] - or L - [ 4 - 1 4 C ] a s c o r b i c a c i d was recovered i n tartaric a c i d 
w h e n leaves f r om the t ip reg ion were so labe led ( 9 ) . Leaves located 
d i rec t ly opposite to the deve lop ing berry cluster lost this qua l i ty w i t h i n 
2 weeks after anthesis ( 1 2 ) , but grape berries cont inued to f o rm some 
tartar ic a c i d u n t i l 9 weeks after anthesis ( 1 3 ) . 

T a r t a r i c a c id p r o d u c t i o n was accompanied b y a process i n v o l v i n g 
r e c y c l i n g of C 6 of ascorbic a c i d into sugars a n d polysaccharides. W h e n 
leaves were labe led w i t h L - [ 6 - 1 4 C ] a s c o r b i c a c i d before anthesis, about 
7 0 % of the 1 4 C appeared i n soluble (sugar) or res idual (po lysacchar ide ) 
fractions ( T a b l e I I ) , a quant i ty comparable to that f o u n d i n tartar ic a c i d 
w h e n the source of l abe l was L - [ 1 - 1 4 C ] ascorbic a c id . T h e b u l k of the 
l a b e l i n the so lut ion fract ion was sucrose, glucose, a n d fructose w h i l e 
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252 ASCORBIC A C I D 

that i n the res idua l f ract ion was starch a n d ce l l w a l l glycans ( 1 2 ) . M i n o r 
differences i n d i s t r ibut ion of 1 4 C among these metabol i c products f r o m 
leaves taken 28 or 14 days before anthesis p r o b a b l y reflect changes i n 
the u t i l i z a t i o n of labe led hexose as i t was w i t h d r a w n f r o m the hexose 
phosphate poo l . Short ly after anthesis, c leavage of L -ascorbic a c i d 
d i m i n i s h e d , eventual ly ceasing entirely , a n d the on ly labe led products of 
consequence were dehydroascorb ic a c i d a n d a n unident i f i ed Ce sugar a c i d 
( i n c l u d e d i n T a b l e I I w i t h "other so lubles" ) . 

O u r results have l e d us to suggest a role for L -ascorbic a c i d i n p h l o e m 
transport (9 ) i n w h i c h ascorbic a c id is translocated f rom its b iosynthet ic 
site i n the leaf to a catabol ic site i n the f ru i t cluster w h e r e C 4 r - C 5 
cleavage of the carbon c h a i n produces tartaric a c i d a n d a putat ive C 2 

precursor of carbohydrate biosynthesis. T h e sugar / o rgan i c a c i d balance 
that influences grape q u a l i t y i n w i n e m a k i n g m a y w e l l be determined b y 
the role of ascorbic a c id as the precursor of tartar ic a c id . 

Conversion of Ascorbate to Tartrate in Virginia Creeper 

T h e grape is a seasonal p lant . Moreover , conversion of ascorbate to 
tartrate, as noted above, is l i m i t e d to certain stages of g r o w t h a n d 
development. Efforts to find a n alternative species of V i taceae more 
amenable to research l ed us to V i r g i n i a Creeper (Parthenocissus quinque-
folia). I n a contro l led environment , this p lant retains its leaves a n d 
continues to lengthen its vines indef initely , an idea l system for study of 
Vi taceae- type ascorbic a c i d metabol ism on a year -around basis. 

V i r g i n i a C r e e p e r leaves were f e d L -ascorb ic a c i d w i t h 1 4 C i n C l , 
C 4 , C 5 , or C 6 or 3 H on C 6 (14). I n each experiment, three c o m p o u n d 
leaves f rom the fifth pos i t ion b e h i n d the t i p of the v ine were used. A f t e r 
a 24-h metabol i c per i od , the d i s t r ibut ion of radioisotope was determined 
( T a b l e I I I ) . A s i n the grape, L - [ 1 - 1 4 C ] - a n d L - [ 4 - 1 4 C ] a s c o r b i c a c i d p r o 
d u c e d carboxy l labe led tartaric ac id . V i r u t a l l y no radioisotope appeared 
i n tartaric a c id f rom the other L - [ 5 - 1 4 C ] - , L - [ 6 - 1 4 C ] - , or L - [ 6 - 3 H ] a s c o r b i c 
ac id . T h e larger amount of 1 4 C 0 2 released by L - [ l - 1 4 C ] a s c o r b i c a c i d 
labe led leaves has been conf irmed i n subsequent studies. 

W i t h i n exper imental l imi ts , leaves labe led w i t h L - [ 5 - 1 4 C ] - or L - [ 6 -
1 4 C ] a s c o r b i c a c i d gave comparable results ( T a b l e I I I ) . A d d i t i v e l y , the 
1 4 C i n C 0 2 , sugars, a n d m a l i c a c id accounted to 6 2 - 6 3 % of that present 
i n the leaves. Another 7 % appeared i n the residue as glycans. T h e 
total amount of 1 4 C f ound i n hexose or products of hexose metabo l i sm of 
L - [ 5 - 1 4 C ] - or L - [ 6 - 1 4 C ] a s c o r b i c a c i d labe led leaves was s imi lar to that 
f o u n d i n tartrate ( a n d C 0 2 ) after l a b e l i n g w i t h L - [ 1 - 1 4 C ] - or L - [ 4 - 1 4 C ] -
ascorbic ac id . C leavage of the carbon cha in of ascorbic a c i d at the C 4 - C 5 
b o n d accounts for these observations. 
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11. LOEWUS AND HELSPER Plant Metabolism of L-Ascorbic Acid 253 

Table III. L-Ascorbic Acid Catabolism in Virginia Creeper 
(Metabolic Period, 24 h) 

Position of Label in Ascorbic Acid 

[ l - 1 4 C ] [ 4 - 1 4 C ] [ 5 - 1 4 C ] [ 6 - 1 4 C ] [ 6 - 3 H ] 

Date of Experiment 

8 /79 10/79 11 /79 9 /79 2 / 8 0 

Compound Percent of Administered Label 

C 0 2 22 1 14 18 — 
Sugars < 1 < 1 34 27 8 
Dehydroascorb i c ac id 6 10 7 5 19 
T a r t a r i c ac id 54 69 2 2 < 1 
Other solubles 14 18 36 41 29 
Residue 4 1 7 7 2 
H 2 0 — — — — 40 

T h e ident i ty of the C 2 fragment released d u r i n g cleavage of L -ascor
b i c a c id by grape or V i r g i n i a Creeper was in i t i a l l y thought to be g lyco l i c 
a c id (12) since this c o m p o u n d cou ld be recyc led into hexose by the 
g lyco l i c a c i d p a t h w a y (15 ) . A recent study i n w h i c h 5 m M 2 - p y r i d y l -
hydroxymethanesul fonate , a g lyco l i c p a t h w a y inh ib i tor , was g iven to 
leaves of V i r g i n i a Creeper a long w i t h L - [ 6 - 1 4 C ] ascorbic ac id h a d no 
inh ib i t o r effect on incorporat ion of 1 4 C into sugars (14). 

I n a study of h i g h L - (-f-) -tartrate excret ing mutants of Gluconobac-
ter suboxydans, K o t e r a et a l . (16,17,18) proposed a scheme i n w h i c h 
5-keto -D -gluconic a c i d was c leaved between C 4 a n d C 5 to y i e l d g lyco -
a ldehyde as a C 2 intermediate . I n their scheme, this C 2 f ragment was 
ox id i zed to g lyco l i c a c id , w h i c h was recovered f rom the g r o w t h m e d i u m . 
W e have explored the possible produc t i on of labe led g lyco la ldehyde after 
l a b e l i n g V i r g i n i a Creeper leaves w i t h L - [ 5 - 1 4 C ] - 1 or -[ 6- 1 4 C ] ascorbic a c i d 
(14). W h e n a smal l amount of g lyco la ldehyde was s u p p l i e d to the leaves 
a long w i t h the labe led ascorbic a c id , a n e w radioact ive , l o w molecu lar 
we ight c o m p o u n d was recovered b y h i g h per formance l i q u i d c h r o m a 
tography f rom the neutra l f ract ion. It h a d the same retention t ime as 
g lyco la ldehyde . At tempts to characterize it as g lyco la ldehyde b y t h i n 
layer chromatography (19) were unsuccessful . H o w e v e r , recent exper i 
ments i n v o l v i n g compar ison of specific rad ioac t iv i ty of d i m e d o n f o r m a l 
dehyde of the periodate-treated C 2 f ragment a n d its s od ium b o r o h y d r i d e -
reduced product indicate that g lyco la ldehyde is the C 2 fragment. Its 
entry into hexose metabo l i sm may proceed through the carbon reduc t i on 
cycle b y condensing w i t h ribose 5-phosphate to f o rm sedoheptulose 
7-phosphate a n d / o r w i t h erythrose 4-phosphate to f o r m fructose 6-phos-
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254 ASCORBIC A C I D 

phate . I n b o t h reactions, the carbon f r o m g lyco la ldehyde is swept 
r a p i d l y into products of hexose phosphate metabo l i sm ( 2 0 ) . 

Conversion of Ascorbate to Oxalate and Tartrate in Geranium 

Tartrate is f o u n d i n p l a n t famil ies besides the Vi taceae (21,22). 
Its quant i tat ive occurrence has been reported for 52 species of G e r -
aniaceae ( 2 3 ) . U s i n g this l ist , Pelargonium crispum ( l e m o n geran ium) 
was chosen to examine a possible re lat ionship between L -ascorb ic a c i d 
metabo l i sm a n d tartar ic a c i d biosynthesis i n a p lant f a m i l y other t h a n 
V i t a c e a e ( 2 4 ) . L - [ 6 - 1 4 C ] A s c o r b i c a c i d a n d its precursor , L - [ 6 - 1 4 C ] g a l a c -
tono- l ,4 - lactone ( 2 5 ) , were converted to carboxy l l abe led L - ( - f - ) - tartar ic 
a c i d (JO) b y leaves f r o m the l emon g e r a n i u m ( T a b l e I V ) . W h e n 
L - [ 1 - 1 4 C ] ascorbic a c i d was the source of l abe l , none of the 1 4 C appeared 
i n tartar ic a c i d b u t 1 5 % was recovered i n oxalic a c id . L - [ U - 1 4 C ] G a l a c -
tono- l ,4 - lac tone- fed leaves p r o d u c e d l abe l ed ascorbic , tartar ic , a n d oxal ic 
acids (24). T h e best exp lanat ion for these results was a process i n v o l v 
i n g C 2 - C 3 c leavage of L -ascorb ic a c i d to produce a C 2 f ragment dest ined 
to become oxal ic a c i d a n d a C 4 f ragment to become tartar ic a c i d ( F i g u r e 
2 ) . S ince g e r a n i u m leaves metabo l ize oxal ic a c i d to C 0 2 , the amount of 
1 4 C recovered i n oxal ic a c i d re lat ive to that i n tartar ic a c i d was l o w as 
i l lus t rated b y a t ime course study of L - [ U - 1 4 C ] ascorbic a c i d metabo l i sm 
i n geran ium ( F i g u r e 3 ) (11). 

F u r t h e r evidence that the tartar ic a c i d arose f r o m a C 4 f ragment 
of L -ascorb ic a c i d corresponding to C 3 t h r o u g h C 6 was obta ined f r o m 
studies w i t h L - [ 4 - 1 4 C ] - a n d L - [ 6 - 1 4 C ] a s c o r b i c a c i d ( T a b l e I V ) ( 9 ) . T h e 
former was converted to carboxy l - labe led tartrate i n grape a n d V i r g i n i a 

Table IV. L-Ascorbic Acid Catabolism in Geranium 
(Metabolic Period, 72 h) 

Position of 14C in Ascorbic Acid 

[1-14C] [4-14C] [6-14C] 

Percent of Acid Extractable 14C Compound 

Oxal i c ac id 
T a r t a r i c a c i d * 
Other acids 
Other compounds 

* L o c a t i o n of 1 4 C i n 
tar tar i c a c id 

C 1 + C 4 
C 2 + C 3 

15 
< 1 

1 
45 
47 

7 

1 
51 
3 6 
12 

Percent of Total 14C in Tartrate 

2 
98 

99 
1 
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11. L O E W U S A N D H E L S P E R Plant Metabolism of L-Ascorbic Acid 255 

HO-C I 
II 0 

H - C — 1 

HO-C-H 

CH2OH 

L - Ascorbic acid 

it] 

COOH 

COOH 

Oxalic acid 

H-

COOH 

•C-OH 

HO-C-H 

COOH 

L -(+)-Tartaric acid 

Figure 2. Cleavage of L-ascorbic acid in plants of the Geraniaceae. Oxalate 
accumulating plants also cleave L-ascorbic acid between C2 and C3 but the Ck 

fragment does not accumulate as tartrate. 

24 36 48 60 
Metabolism (hours) 

Figure 3. Time course of L-[U-14C]ascorbic acid catabolism in the lemon 
geranium. 

Creeper . T h e latter, w h i c h f a i l e d to produce l abe l ed tartar ic a c i d i n 
grape or V i r g i n i a Creeper , p r o d u c e d carboxy l l abe l ed tartar ic a c i d i n 
geran ium. 

I n geran ium, the C 2 - C 3 cleavage of L -ascorb ic a c i d is enant iomer i -
c a l l y specific ( U ) . W h e n L - [ 6 - 1 4 C ] a s c o r b i c a c i d was rep laced b y D-
[ 6 - 1 4 C ] ascorbic a c i d , l abe l ed tartar ic a c i d was not f o u n d i n the a c i d 
extractable f ract ion ( T a b l e V ) . T h e r e was considerable decompos i t ion 
of D -ascorbic a c i d . O n l y 1 7 % of the D -ascorbic a c i d r e m a i n e d i n the 
tissues at the e n d of the metabo l i c p e r i o d . Some metabo l i sm of these 
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256 ASCORBIC A C I D 

Table V . Dual Labeled Ascorbic Acid Catabolism in Geranium 
(Metabolic Period, 72 h) 

L-/"4- 3H]Ascorbic Acid l-[4~3H]Ascorbic Acid 
+ + 

L-/6- 1 4 C]Ascorbic Acid d-[6-14C]Ascorbic Acid 

Percent of Incorporated Label 

Compound 3H uC >H 14C 

C 0 2 4 16 
H 2 0 28 25 
O x a l i c ac id 0 3 0 2 
T a r t a r i c ac id 48 4 9 53 5 
Other acids 19 22 15 48 
Other compounds 5 2 2 7 29 

b r e a k d o w n products p r o b a b l y occurred since 1 6 % of the r a d i o l a b e l 
appeared as 1 4 C 0 2 . I n these experiments leaves were d u a l l abe led w i t h 
L - [ 4 - 3 H ] a s c o r b i c a c i d to f o l l ow tartaric a c i d biosynthesis . A s the data 
indicate ( T a b l e V ) , hydrogen attached to C 4 of L -ascorb ic a c i d was 
reta ined d u r i n g tartar ic a c i d biosynthesis. I n a s imi lar exper iment 
i n v o l v i n g grape leaves d u a l labe led w i t h L - [ 4 - 3 H ] - a n d L - [ U - 1 4 C ] a s c o r b i c 
a c id , the 3 H exchanged w i t h the m e d i u m to exactly the same amount as 
1 4 C appeared i n tartar ic a c i d ( 1 1 ) . 

T h e enzymat i c process responsible for C 2 - C 3 cleavage of L -ascorb ic 
a c i d is undetermined . O n e poss ib i l i ty , ox idat ion to dehydro -L -ascorb ic 
a c i d f o l l o w e d b y cleavage, has its c h e m i c a l counterpart ( 2 6 ) . O t h e r 
processes, i n c l u d i n g cleavage of L -ascorb ic a c i d , are not exc luded . 

Oxalate Formation from Ascorbate in Oxalate Accumulating Plants 

A l t h o u g h oxal ic a c i d is a we l l - recogn ized produc t of the c h e m i c a l 
or b i o c h e m i c a l decompos i t ion of ascorbic a c i d i n a n i m a l tissues ( 2 7 ) , its 
f o rmat ion f r o m ascorbic a c i d i n geran ium leaves appears to be the first 
t ime that a metabo l i c re lat ionship between these t w o compounds has 
been descr ibed i n plants ( 2 4 ) . O x a l i c a c i d a n d its salts are w i d e l y 
d i s t r ibuted a m o n g p lant species i n b o t h soluble a n d inso luble forms, 
the latter often o c curr ing as c a l c i u m oxalate i n discrete m o r p h o l o g i c a l 
structures that are f o rmed f r o m single crystals ( s ty l o ids ) , or f r o m bundles 
a n d clusters of crystals (druses a n d r a p h i d e s ) . Some plants accumulate 
large amounts of oxalate, a notable example b e i n g Halogeton glomeratus 
w i t h u p to 3 5 % of its d r y w e i g h t as s o d i u m oxalate ( 2 8 ) . O t h e r more 
f a m i l i a r oxalate accumulators i n c l u d e d i n our study are Spinacia oleracea 
( s p i n a c h ) , Beta vulgaris ( sugar b e e t ) , Begonia evansiana ( b e g o n i a ) , 
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11. LOEWUS AND HELSPER Plant Metabolism of L-Ascorbic Acid 257 

Oxalis stricta a n d O. oregana (woodsor re l ) , Rheum rhabarbarum ( r h u 
b a r b ) , a n d numerous c o m m o n weeds such as Rumex crispus ( c u r l y 
d o c k ) , Chenopodium album ( lamb 's -quarters ) , a n d Amaranthus retro-
flexus ( r e d root p i g w e e d ) . 

S. oleracea u t i l i z e d L -ascorb ic a c i d a n d dehydro -L -ascorb i c a c i d ( b u t 
not d iketo -L -gu lonate ) for oxal ic a c i d biosynthesis ( T a b l e V I ) ( 2 9 ) . I n 
these experiments, L - [ 1 - 1 4 C ] ascorbic a c i d was converted to l abe led oxal ic 
a c id . T h e fate of the C 4 f ragment f r o m L -ascorb ic a c i d or dehydro -L -
ascorbic a c i d was not determined . S i m i l a r results ( T a b l e V I ) were 
obta ined w i t h O. stricta a n d O. oregana. C o n v e r s i o n to l abe led oxalate 
proceeded i n the dark as w e l l as i n the l i ght w h e n detached leaves were 
g iven L - [ 1 - 1 4 C ] a s c o r b i c a c id . Hordeum vulgare ( b a r l e y ) , a n o n a c c u m u -
lator of oxalate, converted only 2 % of the 1 4 C i n L - [ 1 - 1 4 C ] ascorbic a c i d 
to oxal ic a c i d under condit ions ident i ca l to those used i n studies w i t h 
Oxalis species. 

A s noted earl ier , ge ran ium apices w i t h n e w l y u n f o l d e d leaves respire 
a substantial por t i on of L - [ 1 - 1 4 C ] ascorbic a c i d as [ 1 4 C ] C 0 2 . O l d e r leaves 
f r o m O. oregana a n d other oxalate formers (29,30) p r o d u c e d less 1 4 C 0 2 

f r o m L - [ 1 - 1 4 C ] ascorbic a c i d a l though convers ion to [ 1 4 C ] oxalate was as 
great as 5 5 % of the adminis tered labe l . E v i d e n c e to suggest that ascor-
bate -produced oxalate was further metabo l i zed to C 0 2 was obta ined w i t h 
seedlings f r o m H. glomeratus a n d R. crispus ( T a b l e V I I ) . If these 
seedlings were g iven [ 1 4 C ] oxal ic a c i d d irect ly , 5 0 - 6 0 % of the l a b e l 
appeared i n C 0 2 i n 24 h (30). C l e a r l y , r a p i d l y resp i r ing tissues of 

Table VI . Formation of Oxalic Acid from L - [ l - 1 4 C ] Ascorbic 
Acid and D e h y d r o - L - [ l - 1 4 C ] Ascorbic Acid in Oxalis 

Species and Spinacia oleracea 

Oxalic 
Metabolic Acid C02 

Period Formed Respired 

Oxal i s Percent of 
Species Substrate Hours Administered 14C 

0. stricta ascorbic ac id 48 37 12 
dehydroascorbic a c id 24 18 2 

0. oregana ascorbic ac id 48 36 8 
dehydroascorbic ac id 24 26 3 

0. oregana ascorbic ac id , d a r k 48 44 12 

S. oleracea ascorbic ac id 28 29 24 
dehydroascorbic ac id 24 25 14 
diketo L -gulonate 24 2 19 
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258 ASCORBIC ACID 

Table VII. L - [ l - 1 4 C ] Ascorbic Acid Catabolism in Seedlings of 
Plants Recognized as High Oxalate Accumulators 

(Metabolic Period, 24 h) 

Plant 

Halogeton 

Rumex crispus 

Period of 
Germination 

Days 

3 
4 

4, d a r k 

5 

7 

Oxalic Acid 
Formed 

C02 

Respired 

Percent of Administered 14C 

shoot 
roots 

15 
17 
16 

23 
5 

15 

55 
38 
28 

26 

34 

oxalate a c c u m u l a t i n g plants possess an enzymat i c mechan ism for d i s 
pos ing of ascorbate-produced oxalate as C 0 2 w h i l e o lder tissues a c c u m u 
late oxalate i n a var iety of ways i n leaves a n d other organs. 

T o establ ish the c o m m o n o r ig in of oxalate as a C 2 f ragment f r o m 
C l plus C 2 of ascorbate, p a i r e d experiments were per f o rmed w i t h several 
oxalate a c c u m u l a t i n g plants a n d a n o m i n a l oxalate former (30) u s i n g 
L - [ 1 - 1 4 C ] - or L - [ U - 1 4 C ] ascorbic a c i d as the source of l abe l . Theore t i ca l ly , 
the former w i l l furn i sh three times as m u c h 1 4 C to oxal ic a c i d as the 
latter i f C l p lus C 2 of ascorbic a c i d corresponds to the C 2 donor. A l l 
seven oxalate a c c u m u l a t i n g plants tested h a d t w o to three times more 
1 4 C i n oxalate w h e n L - [ 1 - 1 4 C ] a s c o r b i c a c i d rather t h a n L - [ U - 1 4 C ] a s c o r b i c 
a c i d was fed ( T a b l e V I I I ) . A n o m i n a l oxalate former, tomato, p r o d u c e d 
very l i t t le [ 1 4 C ] oxalate f r o m either source. 

Ascorbic Acid Biosynthesis in Plants 

C o n v e r s i o n of D-glucose to L -ascorb ic a c i d i n h igher plants , a process 
qu i te u n l i k e that f o u n d i n ascorbate -produc ing animals , involves ox ida 
t i on of C l , a second ox idat ion interna l to the carbon c h a i n , p r e s u m a b l y 
at C 2 , a n d ep imer izat ion of C 5 . T h e h y d r o x y m e t h y l group at C 6 is 
conserved ( 3 1 ) . T h i s process was s tud ied i n geran ium w i t h D - [ 1 - 1 4 C ] -
a n d D - [ 6 - 1 4 C]g lucose (32 ) . T h e catabol ic products of ascorbic a c i d 
b r e a k d o w n , oxalate a n d tartrate, were recovered a l ong w i t h ascorbic a c i d . 
A s c o r b i c a c i d f r o m [6 - 1 4 C]g lucose - t reated leaves h a d 8 6 % of its 1 4 C i n 
C 6 . N i n e times more 1 4 C appeared i n oxalate f r o m [ 1 - 1 4 C ] glucose-treated 
leaves. T h e l a b e l i n g pattern i n tartrate also supported the v i e w that 
ascorbic a c i d was f o rmed b y a process i n v o l v i n g ox idat ion of C l of 
glucose. 

Recent ly a s tudy of the D -glucose to L -ascorb ic a c i d convers ion i n 
V i r g i n i a C r e e p e r was comple ted i n w h i c h C l , C 6 , H I , or H 6 l a b e l e d 
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11. LOEWUS AND HELSPER Plant Metabolism of L-Ascorbic Acid 2 5 9 

Table VIII. Comparative Production of Oxalic Acid from L - [ l - 1 4 C ] -
and L - [ U - 1 4 C ] A s c o r b i c Acid (Asa) in Oxalate Accumulating 

Plants (Metabolic Period, 24 h) 

[1 -14C ]Asa [U-14C ]Asa Ratio 

Plant Percent of Administered 14C [ 1 ]/[UL] 

C. album 
( lamb's quarters) 5 5 22 2.5 

H. glomeratus 
(halogeton) 31 10 3.1 

B. vulgaris 
(sugar beet) 32 13 2.5 

A. retroflexus 
(pigweed) 18 8 2.2 

R. rhabarbarum 
( rhubarb) 21 7 3.0 

R. crispus 
( cur lydock) 

cu t t ing 
seedling 

36 
22 

12 
7 

3.0 
3.1 

L. esculentum 
(tomato) 3 2 _ 

D-glucose was used as tracer. Sucrose, as w e l l as ascorbate a n d tartrate, 
was iso lated f r o m the labe led leaves to recover a source of D -glucose 
f r o m the metabol i c p o o l that c o u l d be used to measure red i s t r ibut ion of 
l a b e l ( 1 4 ) . D u r i n g the 6-h metabo l i c per i od , about 5 0 t imes more l a b e l 
was incorporated into tartrate f r o m D - [ 1 - 1 4 C ] glucose-treated leaves t h a n 
f rom D - [ 6 - 1 4 C ] glucose-treated ones ( T a b l e I X ) . T h e d i s t r ibut i on of 
1 4 C i n ascorbic a c i d ( T a b l e X ) was consistent w i t h a process i n v o l v i n g 
ox idat ion of C l of hexose as f o u n d i n earl ier studies (81,33-36). A s c o r 
bate f r o m D - [ 6 - 3 H ] glucose-treated leaves conta ined 8.5 t imes more 3 H 
t h a n that f r o m D - [ 1 - 3 H ] glucose-treated leaves. I n b o t h cases, a l l of the 
3 H appeared on C 6 . T h e presence of 3 H on C 6 of ascorbic a c i d after 
l a b e l i n g w i t h D - [ 1 - 3 H ] glucose is not surpr i s ing since triose phosphate 
metabo l i sm shifts some 3 H f r o m C l to C 6 of hexose a n d this w i l l 
eventual ly appear i n C 6 of ascorbic a c id . N o 3 H f r om either source was 
f o u n d i n tartrate. 

A l t h o u g h these tracer studies prov ide neither in fo rmat ion on the 
nature of intermediates between D-glucose a n d L -ascorb ic ac id , nor the 
ident i ty of the catalyt ic steps i n v o l v e d , w e do see, once again , this t ime 
i n a p lant of the Vi taceae , the same overa l l pattern i n w h i c h ox idat ion 
of hexose at C l determines the carboxy l func t i on of L -ascorb ic a c i d . 
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260 ASCORBIC A C I D 

Table IX. Metabolism of D-Glucose in Virginia Creeper 
(Metabolic Period, 6 h) 

Position of Label in D-glucose 

[1-14C] [6-14C] [1-SH] [6-3H] 

Compound Percent of Administered Label 

C02 4 3 
H 2 0 — — 36 24 
Sugars 63 63 55 69 
Ascorb i c ac id 1.7 2.0 0.2 1.7 
T a r t a r i c ac id 1.0 0.02 — — 
Other compounds 30 32 9 5 

Table X . Labeling Patterns in D-Glucose and L-Ascorbic Acid 
after Glucose Metabolism in Virginia Creeper 

D-[1-14C ] Glucose D-[6-14C ] Glucose 

glucose f rom ascorbic glucose f r o m ascorbic 
sucrose ac id sucrose ac id 

Carbon Percent of Total 14C in Molecule 

C l 89 80 10 11 
C 6 10 12 90 83 

Efforts must n o w be d i rec ted t o w a r d e luc idat i on of intermediates on 
this p a t h w a y a n d the enzymology i n v o l v e d therein . 
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12 
Ascorbic Acid and the Illuminated Chloroplast 

BARRY HALLIWELL 

Department of Biochemistry, University of London King's College, 
Strand, London WC2R 2LS, England 

The chloroplasts in the leaves of higher plants produce 
several damaging oxygen-derived species in the light, 
namely, hydrogen peroxide, singlet oxygen, lipid peroxides, 
superoxide, and the hydroxyl radical. The high concentra
tion of ascorbic acid often present in the chloroplast helps 
to protect them against these species. 

Toxic Effects of Oxygen on Illuminated Cbloroplasts 

Oxygen is, by definition, essential for the life of all aerobic organisms, 
including higher plants, but oxygen has long been known to be toxic 
to aerobic organisms at concentrations greater than those in normal air. 
High oxygen concentrations inhibit chloroplast development, decrease 
seed viability and root growth, damage the membranes of leaves and 
roots, stimulate leaf abscission, and increase the incidence of growth 
abnormalities ( 1-3 ). Exposure to oxygen at a pressure of 6 atm is lethal 
to a wide variety of plants (4). 

Oxygen toxicity is seen not only in whole plants but also in cell 
cultures and even in isolated organelles. For example, high oxygen con
centrations inhibit carbon dioxide fixation by isolated, intact chloroplast 
fractions (the so-called "Warburg effect"). Chloroplasts are especially 
prone to oxygen-toxicity effects because their internal oxygen concen
tration during photosynthesis is probably somewhat greater than that in 
the air surrounding the leaf (5). The effects of elevated oxygen concen
trations on chloroplasts are attributable to a number of factors (6), two 
of which are considered in the next sections. 

Generation of Superoxide Radicals and Hydrogen Peroxide in 
Chloroplasts. Isolated, illuminated chloroplast thylakoids slowly take 
up oxygen in the absence of added electron acceptors. This phenomenon 
was first observed by Mehler (7) and is often known as the "Mehler 
reaction." The reaction appears to result from the reduction of O2 to the 

0065-2393/82/0200-0263$06.00/0 
© 1982 American Chemical Society 
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264 ASCORBIC A C I D 

superoxide free r a d i c a l , 0 2 % b y electron acceptors associated w i t h photo -
system I (8-12). A d d i t i o n of ferredoxin increases the amount of oxygen 
uptake because ferredoxin is reduced b y photosystem I m u c h qu i cker 
t h a n is oxygen a n d reduced ferredoxin r a p i d l y reacts w i t h oxygen (13). 

f e r r e d o x i n r e d + O2 - » f e r r e d o x i n o x + 02~* (1) 

A l l e n (14) suggested that r educed ferredoxin can also convert 0 2 ~ into 
hydrogen peroxide ( E q u a t i o n 2) but this react ion has not yet been r igor 
ously p r o v e d to occur. 

f e r r e d o x i n r e d + 0 2 - + 2 H + - » H 2 0 2 + f e r r e d o x i n o x (2) 

I n v ivo , most electrons f r om reduced ferredoxin are passed onto 
n i c o t i n a m i d e adenine d inuc leot ide phosphate cat ion ( N A D P + ) , v i a 
f e r r e d o x i n - N A D P + reductase, to generate the N A D P H needed to dr ive 
carbon d iox ide fixation b y the C a l v i n cycle . T h u s electrons f r om photo -
system I can pass t h r o u g h at least three routes ( F i g u r e 1 ) , of w h i c h 
route C is pre ferred (11). H o w e v e r , i f the supp ly of N A D P + were 
l i m i t e d , for example, because of a poor supp ly of carbon d iox ide caus ing 
a s low turnover of the C a l v i n cycle , the electron f low rate a long p a t h w a y 
C w o u l d be expected to be decreased a n d more 0 2 " shou ld be made b y 
route B and , to a lesser extent, b y route A (15-17). Some oxygen reduc
t i on takes p lace even w h e n carbon dioxide is present i n ample amounts 
(18). 

T h e superoxide free r a d i c a l i n aqueous so lut ion can act either as a 
r e d u c i n g agent, g i v i n g u p its extra electron, or as a weak o x i d i z i n g agent, 
be coming reduced to hydrogen peroxide. F o r example, 0 2 ~ reduces 
cytochrome f a n d plastocyanin , w h i c h are components of the chloroplast 
electron transport cha in , a n d oxidizes a - tocopherol a n d t h i o l compounds 
such as glutathione, a l though the rates of these latter reactions are s low 
(19-21). T h e protonated f o r m of 0 2 ~, H 0 2 •, is a m u c h more p o w e r f u l 
oxidant than is 0 2

; ( 2 2 ) , but because the p K a of the dissociat ion react ion 

H 0 2 - ^ ± H + + ( V (3) 

is 4.88 a n d the stromal p H of the i l l u m i n a t e d chloroplast is greater t h a n 
7.0 (6) there is l i t t le H 0 2 • present i n v ivo . 

Superoxide ions i n aqueous solut ion can undergo a react ion k n o w n 
as "d i smutat i on . " T h e overa l l process may be represented b y the equat ion 

( V + ( V + 2 H + H 2 0 2 + 0 2 (4) 
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12. H A L L I W E L L Ascorbic Acid 6- the Illuminated Chloroplast 265 

0 2 FERREDOXIN 

0 2 * REDUCED FERREDOXIN 

Figure 1. Possible pathways of electron flow from reduced photosystem I. 
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266 ASCORBIC A C I D 

but the direct react ion of t w o 0 2
5 radicals is very s low, p r o b a b l y because 

of electrostatic repuls ion (k < 0.2 M _ 1 s _ 1 ) . D i s m u t a t i o n can occur b y the 
format ion of H 0 2 - f o l l o w e d b y the reactions shown b e l o w (22,23): 

H 0 2 • + 0 2
5 + H + -> H 2 0 2 + 0 2 fc — 8.10 7 M - V 1 (5) 

H 0 2 - + H 0 2 - - » H 2 0 2 + 0 2 fc = 8.10 5 M ' V 1 (6) 

Spontaneous d i smutat i on is thus most r a p i d at the ac id i c p H values 
needed to protonate 0 2 % but the rate at neutra l or a lka l ine p H values is 
greatly accelerated by the presence i n chloroplasts of a superoxide d is 
mutase enzyme, w h i c h catalyzes Reac t i on 4. Superoxide dismutase i n 
the f o rm of a c o p p e r - z i n c enzyme is f o u n d b o t h free i n the stroma a n d 
b o u n d to the outside of the chloroplast thy lakoids (24-29). 

T h e superoxide free r a d i c a l is not a par t i cu lar ly reactive r a d i c a l i n 
aqueous solut ion, b u t the hydrogen peroxide p r o d u c e d b y Reac t i on 4 
has devastat ing effects on chloroplast metabo l i sm. C a r b o n d iox ide fixa
t i on b y isolated, i l l u m i n a t e d chloroplasts is i n h i b i t e d b y 5 0 % on a d d i t i o n 
of hydrogen peroxide i n concentrations as l o w as 10" 5 M (30,31). T h e 
i n h i b i t i o n sites p r o b a b l y are the fructose a n d sedoheptulose d i p h o s p h a -
tase enzymes of the C a l v i n cyc le (32,33). These enzymes are o x i d i z e d 
b y hydrogen peroxide to forms that are v i r t u a l l y inact ive under phys io 
l og i ca l condit ions (34,35). M a n y workers have f o u n d that carbon d iox ide 
fixation b y iso lated i l l u m i n a t e d chloroplasts does not proceed at m a x i m a l 
rates unless catalase is a d d e d to the react ion mixture (18,36), whereas 
others have been unable to detect hydrogen peroxide p r o d u c t i o n b y intact 
chloroplasts i n v i t ro (37-^39). I n v i e w of the p o w e r f u l inh ib i t o ry effects 
of hydrogen peroxide on the C a l v i n cycle , one w o u l d expect the chloro 
plast to possess some protect ive mechanisms against i t . I f these m e c h a 
nisms were of var iab le efficiency i n the chloroplast preparat ions used b y 
different workers , this c o u l d exp la in the different results obta ined . I n 
a n i m a l tissues hydrogen peroxide can be removed b y catalase a n d g lu ta 
thione peroxidase activit ies (23,40), bu t these enzymes are not present 
i n chloroplasts (41-43). V a r i a b l e amounts of catalase ac t iv i ty can be 
detected i n isolated chloroplast fractions (41,44), bu t this var ia t i on is 
caused b y cytoplasmic contaminat ion (41) or b y the feeble, nonspecif ic 
hydrogen-perox ide -degrading act iv i ty of other heme proteins i n the p r e p a 
rat i on ( 45 ) . 

H y d r o g e n peroxide has a second deleterious effect on the chloro 
p l a s t — i t s l owly inactivates chloroplast superoxide dismutase (46). I f 
this enzyme becomes incapab le of r a p i d l y r e m o v i n g 0 2 « , then the re
m a i n i n g 0 2 " can react w i t h h y d r o g e n peroxide to f o r m the h y d r o x y l 
r a d i c a l , - O H (23,40). H y d r o x y l radicals are the most reactive species 
k n o w n to chemistry : they w i l l attack a n d damage almost every molecu le 
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12. H A L L I W E L L Ascorbic Acid ir the Illuminated Chloroplast 267 

f o u n d i n l i v i n g cells (23,40,47). I n par t i cu lar , they c a n tr igger the 
perox idat ion a n d destruct ion of chloroplast membrane l i p ids ( F i g u r e 2 ) . 
P u r e hydrogen peroxide a n d 0 2 * w i l l not react together at signif icant 
rates i n v i t ro unless traces of i r o n salts are added , w h e n the f o l l o w i n g 
reactions apparent ly occur, p r o d u c i n g - O H : 

F e 3 + + 0 2
8 F e 2 + + 0 2 (0 2 ~ act ing as a reductant) (7) 

F e 2 + + H 2 0 2 - » - O H + F e 3 + + O H " (Fenton reaction) (8) 

F e salt 

N e t H 2 0 2 + 0 2 " -> 0 2 + - O H + O H " (9) 
catalyst 

T h e overa l l react ion is sometimes ca l l ed the i ron-cata lyzed H a b e r - W e i s s 
react ion (23,40,48). O f course, i r o n salts are abundant i n extracts of 
p lant tissues (49), so these reactions can read i ly occur i n v ivo . T h e i r o n 
component of r educed ferredoxin m a y be able to b r i n g about R e a c t i o n 
8 as w e l l ( 50 ) . 

I t is therefore imperat ive that the chloroplast has some mechan ism 
for d ispos ing of excess hydrogen peroxide. 

Singlet Oxygen Formation, Lipid Peroxidation, and Chlorophyll 
Photobleaching. A b s o r p t i o n of l i ght energy b y c h l o r o p h y l l molecules 
results i n the f o rmat ion of h igher electronic exc i tat ion states. T h e energy 
of these excited states is m a i n l y used to dr ive the movement of electrons 
i n the chloroplast e lectron transport c h a i n ( for deta i l ed reviews see 
Refs. 6,51-53). A n y excited states not so d iss ipated can lose energy b y 
fluorescence or, a l ternat ively , they can pass energy onto adjacent 0 2 

molecules to f o rm singlet 0 2 *Ag. T h i s h i g h l y reactive f o r m of oxygen c a n 
attack the c h l o r o p h y l l molecule , caus ing loss of the characterist ic green 
color ( b l e a c h i n g ) . Singlet oxygen w i l l also react w i t h po lyunsaturated 
fatty acids to produce l i p i d peroxides, w h i c h can degrade to give a lde 
hydes a n d other reactive products ( F i g u r e 2) (54-56). T h e fatty acids 
i n chloropast l i p ids are h i g h l y unsaturated (51) a n d therefore are very 
prone to such attack: f o rmat ion of l i p i d peroxides causes increased l e a k i -
ness of the membranes a n d a n eventual loss of membrane integr i ty . 
P r o d u c t i o n of singlet oxygen b y the i l l u m i n a t e d chloroplast m i g h t be 
expected whenever there is excess excitat ion of the c h l o r o p h y l l molecules , 
that is, w h e n operat ion of the electron transport c h a i n is restricted as, for 
example, w h e n carbon d iox ide is present i n l i m i t i n g amounts. A d d i t i o n 
of inhib i tors of e lectron transport , such as the herbic ides c h l o r o p h e n y l -
d i m e t h y l u r e a or d i c h l o r o p h e n y l d i m e t h y l u r e a to i l l u m i n a t e d chloroplasts 
or cotyledons causes r a p i d c h l o r o p h y l l b l e a c h i n g a n d l i p i d perox idat ion 
( 5 4 , 5 5 , 5 7 , 5 8 ) . 
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1-
/ A=AA^ © 

FRAGMENTATION PRODUCTS INCLUDING 
ALDEHYDES 

(ESPECIALLY MALONDIALDEHYDE) 

Figure 2. Mechanism of peroxidation of polyunsaturated fatty acids. 
A, Hydrogen abstraction by a previously formed peroxide radical or by a 
species such as OH' generated from Ot~; B, rearrangement; C, conjugated diene 
that can he detected by absorbance at 233 nm; D, peroxide radical that ab

stracts H- from another chain causing chain reaction; E, hydroperoxide. 
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12. H A L L I W E L L Ascorbic Acid ir the Illuminated Chloroplast 269 

There is a l i t t le evidence to suggest that part of the oxygen f o r med 
d u r i n g reactions undergone b y 0 2 * radicals is singlet 0 2 *Ag. I t is not 
c lear whether singlet oxygen arises d u r i n g React ion 4 or 7. E x p e r i m e n t a l 
results are confusing, large ly because of the lack of specif icity of m a n y 
of the compounds used as scavengers of s inglet oxygen (40). I l l u m i n a t e d 
c h l o r o p h y l l was also reported to d i rec t ly generate h y d r o x y l radicals as 
w e l l as singlet oxygen (59 ) . 

Therefore , i l l u m i n a t e d chloroplasts must be protected against h y d r o 
gen peroxide a n d singlet oxygen. Ascorb i c a c i d plays a key role i n such 
protect ion, as s u m m a r i z e d i n the next section. 

Ascorbic Acid in the Illuminated Chloroplast: 
A Key Protective Mechanism 

Ascorb i c a c i d is present i n the chloroplast stroma at concentrations u p 
to 50 X 10" 3 M9 a l though the concentrat ion varies w i d e l y depend ing on 
the age a n d phys io log i ca l state of the leaf (60, 61). T h e reasons for the 
h i g h concentrat ion of ascorbate i n v ivo have been unclear u n t i l recently ; 
the concentrat ion has usual ly been at t r ibuted to the need for "correct 
redox po i se ing" of intermediates of the electron transport cha in . A s c o r b i c 
a c i d is a cofactor for v i o laxanth in de-epoxidase (62 ) , an enzyme i n v o l v e d 
i n x a n t h o p h y l l metabo l i sm i n chloroplasts , b u t the phys io log i ca l func t i on 
of this enzyme is u n k n o w n (51,63). H o w e v e r , the p r i n c i p a l role of 
ascorbic a c i d m a y be that of protect ing the chloroplast against toxic 
oxygen-der ived species. 

Ascorbic Acid as a Scavenger of Superoxide, Hydroxyl Radical and 
Singlet Oxygen. T h e superoxide free r a d i c a l reacts w i t h ascorbic a c i d 
accord ing to the equat ion : 

2 0 2 - - + 2 H + + ascorbate -> dehydroascorbate + 2 H 2 0 2 (10) 

w i t h a rate constant of 2.7 X 10 5 M _ 1 s _ 1 at p H 7.4 (64). A l t h o u g h this rate 
constant is m u c h smal ler t h a n that for the enzyme-cata lyzed d i smutat i on 
of 0 2

T ( 2 X 10 9 M V 1 ) , ascorbic a c i d is usua l ly present i n the ch loro 
plast at m u c h h igher molar concentrations than is the superoxide d i s m u 
tase enzyme. Therefore , ascorbic a c i d intercepts m u c h of the 0 2

7 gener
ated i n v ivo . Ascorbate 's a b i l i t y to react w i t h 0 2

7 generated b y i l l u m i 
nated chloroplasts i n v i t ro was demonstrated ( 2 6 , 6 5 ) . 

A s c o r b i c a c i d quenches singlet oxygen r a p i d l y (66) a n d also reacts 
w i t h h y d r o x y l radicals (67) at a fast rate (k = 7 X 10 9 M _ 1 s _ 1 ) . A s c o r b i c 
a c i d can therefore protect against these species i n v ivo . H o w e v e r , the 
p r i n c i p a l scavengers of singlet oxygen i n i l l u m i n a t e d chloroplasts are the 
carotenoids (51, 68) a n d ^-tocopherol , w h i c h is present i n large amounts . 
a -Tocophero l also helps protect against l i p i d perox idat ion ( F i g u r e 2 ) , 
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270 ASCORBIC A C I D 

react ing w i t h l i p i d peroxide radicals to f o r m re lat ive ly unreact ive tocoph-
e r y l radicals ( E q u a t i o n 11) thus in ter rupt ing the c h a i n react ion of l i p i d 
perox idat ion (48,51). 

l i p i d - ( V + « T H -> l i p i d - O O H + « - T - (11) 

T h e l i p o p h i l i c nature of a - tocopherol enables i t to react r a p i d l y w i t h 
singlet oxygen a n d l i p i d peroxide radicals generated w i t h i n the t h y l a k o i d 
membranes . a -Tocopherol ' s r a d i c a l f o rm, « T - i n E q u a t i o n 11, can be 
reduced to a - tocopherol b y ascorbic a c i d (69). A n o t h e r func t i on of 
ascorbic a c i d i n v i v o c o u l d therefore be that of interact ing w i t h tocoph-
ery l radicals at the surface of the t h y l a k o i d membrane , regenerat ing 
a - tocopherol for further use i n prevent ing l i p i d perox idat ion . 

Ascorbic A c i d for Removing Hydrogen Peroxide in Chloroplasts. 
I n 1976, it was suggested (70) that h y d r o g e n peroxide c o u l d be removed 
i n i l l u m i n a t e d chloroplasts i n v ivo b y a nonenzymic react ion w i t h ascorbic 
a c i d : 

ascorbate + H 2 0 2 - » 2 H 2 0 + dehydroascorbate (12) 

T h i s nonenzymat i c react ion occurs at a signif icant rate i n crude ch loro 
plast or p lant ce l l extracts (71, 72). A t p H 8, the p H of the stroma i n the 
i l l u m i n a t e d chloroplast , dehydroascorbate is r educed to ascorbate b y 
g lutathione ( G S H ) , w h i c h is present i n the stroma of sp inach ch loro 
plasts at m i l l i m o l a r concentrations (70). A l t h o u g h nonenzymat ic , the 
react ion is extremely swift at this p H (73). 

dehydroascorbate + 2 G S H ascorbate + G S S G (13) 

S p i n a c h leaves conta in a dehydroascorbate reductase enzyme that cata 
lyzes Reac t i on 13 at ac id i c a n d neutra l p H values, but the enzyme is not, 
located w i t h i n the chloroplast (73-76). G S S G p r o d u c e d b y Reac t i on 13 
can be re-converted to G S H b y glutathione reductase, an enzyme located 
i n the chloroplast (77). 

G S S G + N A D P H + H + -> 2 G S H + N A D P + (14) 

H e n c e a cycle of reactions was postulated (70) ( F i g u r e 3 ) , i n w h i c h 
h y d r o g e n peroxide a n d / o r 0 2 * are disposed of v i a ascorbate a n d g l u t a 
thione at the eventual expense of o x i d i z i n g N A D P H f r o m the electron 
transport cha in . 

T h i s postulated react ion cyc le was greatly strengthened b y the d i s 
covery of h i g h activit ies of a n ascorbate peroxidase enzyme i n sp inach 
chloroplasts (71), w h i c h catalyzes Reac t i on 12. E a r l i e r attempts (78, 79) 
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12. H A L L I W E L L Ascorbic Acid 6- the Illuminated Chloroplast 271 

Figure 3. An ascorbate-glutathione cycle for removal of H202 in illumi
nated chloroplasts. 

Enzymes involved: 1, ascorbate peroxidase; and 2, glutathione reductase. Reac
tions 3 and 4 are nonenzymatic. Reaction 3 proceeds rapidly at pH 8, the pH 

of the stroma in illuminated chloroplasts. 

to detect this enzyme fa i l ed , p resumably because its ac t iv i ty is l o w i n 
chloroplasts at certain times of the year ( 7 1 ) . S u c h variat ions i n the 
ascorbate peroxidase act iv i ty , the ascorbate content, a n d poss ib ly the 
g lutathione content (80) of chloroplasts w i t h leaf age, t ime of year, a n d 
p r o b a b l y other factors as w e l l c o u l d account for some of the reported 
discrepancies i n the exper imental results of hydrogen peroxide generation 
b y i l l u m i n a t e d chloroplasts (see the section ent i t led , "Genera t i on of 
Superoxide Rad i ca l s a n d H y d r o g e n Perox ide i n C h l o r o p l a s t s . " ) . I n 
chloroplasts w i t h l o w ascorbate peroxidase, ascorbate, a n d / o r g l u t a 
thione contents, the react ion cycle shown i n F i g u r e 3 w o u l d be i m p a i r e d . 
H y d r o g e n peroxide c o u l d accumulate d u r i n g photosynthesis a n d catalase 
w o u l d have to be a d d e d to the react ion mixture to achieve m a x i m u m rates 
of carbon d iox ide fixation. If the cycle works w e l l , h y d r o g e n peroxide is 
r a p i d l y removed a n d catalase a d d i t i o n is not necessary. Indeed , a d d i t i o n 
of ascorbate can replace catalase i n s t imula t ing carbon d iox ide fixation 
b y certa in chloroplast preparations (18,81). L e a f tissues conta in a 
soluble ascorbate peroxidase enzyme i n a d d i t i o n to the chloroplast en 
z y m e (82). T h e green alga Euglena, w h i c h contains no catalase ac t iv i ty , 
has a l l the enzymes needed to operate the ascorbate /g lutath ione cyc le 
(83, 84). Euglena ascorbate peroxidase is capable of r e d u c i n g art i f i c ia l 
organic hydroperoxides as w e l l as hydrogen peroxide. Therefore , that 
enzyme might be able to metabol ize l i p i d peroxides i n v ivo , a po int that 
requires further invest igat ion. 

Note Added in Proof 

Af ter this paper was submit ted , further evidence for the operat ion 
of an ascorbate -g lutathione cycle i n sp inach (85) a n d pea (86) ch loro 
plasts was reported. T h e o r ig ina l fa i lure to detect this cycle i n pea 
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272 ASCORBIC A C I D 

chloroplasts (79) has been retracted (86) a l though i n this p l a n t there 
m a y be some dehydroascorbate reductase ac t iv i ty present w i t h i n the 
chloroplast , i n contrast to sp inach . E x p o s u r e of cotton leaves to e levated 
oxygen concentrations increases the ir g lutathione reductase ac t iv i ty ( 8 7 ) . 
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13 
Ascorbic Acid and the Growth and 

Development of Insects 

KARL J. KRAMER 
U.S. Grain Marketing Research Laboratory, Agricultural Research, 
Science and Education Administration, U.S. Department of Agriculture, 
Manhattan, KS 66502 and Department of Biochemistry, 
Kansas State University, Manhattan, KS 66506 

PAUL A. SEIB 

Department of Grain Science, Kansas State University, Manhattan, KS 66506 

The structural requirements for vitamin C activity in insects 
were comparable to those observed in guinea pigs. A 
dietary level of 0.5 mM L-ascorbic acid was necessary 
for normal development of the tobacco hornworm (Man-
duca sexta); magnesium 2-O-phosphono-L-ascorbate, so
dium 6-O-myristoyl-L-ascorbate, and L-dehydroascorbic acid 
were equally potent. D-Ascorbic acid, 6-bromo-6-deoxy-L
-ascorbic acid, and D-isoascorbic acid were approximately 
one-half, one-fifth, and one-tenth as effective, respectively. 
Tissues from M. sexta lacked L-gulono-γ-lactone oxidase, 
the biosynthetic enzyme usually absent from ascorbate
-dependent species. Vitamin C was found in eggs, larval 
labial gland, hemolymph, gut, muscle, cuticle, adult nervous 
tissue, and gonads at concentrations ranging from < 10-170 
mg/100 g of wet tissue. No ascorbate was detected in larval 
fat body, Malpighian tubules, or adult salivary gland. In
sects reared on an L-ascorbate-deficient diet contained no 
detectable L-ascorbic acid. Some possible physiological 
actions of the vitamin in insects are discussed. 

Considerable data are available on the insect's requirement for L-
ascorbic acid. Dietary vitamin C is needed for normal growth, 

molting, and fertility of many insects, and vitamin C, or another com
pound with similar biological properties, is probably an essential growth 

0065-2393/82/0200-0275$06.00/ 0 
© 1982 American Chemical Society 
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276 ASCORBIC A C I D 

factor for this class of animals . A l t h o u g h most insects subsist ing on green 
plants need L -ascorbate to develop f u l l y (1-6), i t was proposed that some 
species m a y dispense w i t h the v i t a m i n or m a y synthesize i t either de novo 
or re ly on symbiot i c organisms (7-10). H o w e v e r , the ab i l i t y of certain 
insects (or the ir symbionts ) to synthesize ascorbic a c i d has not been 
adequately demonstrated. T h i s chapter reviews some of the previous w o r k 
on the role of ascorbic a c i d in insects a n d inc ludes results of efforts to 
develop a bioassay for v i t a m i n C us ing an insect, measure the g r o w t h -
p r o m o t i n g act iv i ty of compounds structural ly re lated to L -ascorbic a c id , 
determine diet a n d tissue levels of L -ascorbate i n insects, a n d ascertain 
whether specific tissues in insects are capable of convert ing a putat ive 
precursor, L -gulono-y- lactone, into v i t a m i n C. 

Experimental 

Animals. Manduca sexta larvae were reared on an agar-based diet (11) 
at 28 °C and 60% relative humidity with a 16-h photophase. The Indian meal 
moth, Plodia interpunctella Hubner, and American cockroach, Periplaneta 
americana L . , were taken from laboratory cultures. Dissection was performed 
under anesthesia by cooling to 5°C (12). 

Biological Assay. Prior to bioassay, the hot diet was cooled to 60° C, 
L-ascorbic acid or a related compound was added, and the mixture was thor
oughly blended. Labile derivatives were applied to the surface of the gelled 
diet at room temperature. Neonate larvae were used in all tests and the growth 
of larvae on the control diet was compared with that of larvae on test diets. 
At 1-4-d intervals, up to 40 d, the mean weight of ten to twenty animals was 
determined. Fecal matter was removed at each observation. Test compounds 
were obtained or prepared as described previously (5). 

Paper Chromatography. One-tenth of a gram of tissue was homogenized 
in 0.25 mL of 2% (w/v) metaphosphoric acid at 4°C. Descending paper 
chromatography was done on Whatman #1 paper using ethyl acetate:acetic 
acid: water (6:3:2) as developing solvent. Ascorbic acid was detected by 
dipping the chromatogram sequentially in 0.10 mL of saturated silver nitrate 
mixed with 20 mL of acetone containing 0.1 mL of concentrated ammonium 
hydroxide, 1 M NaOH in 95% ethanol, 0.2 M aqueous sodium thiosulfate, 
and water (13). The detection limit was 2 /xg after chromatography. 

High Performance Liquid Chromatography. Tissue extracts were ana
lyzed with a Varian model 5020 liquid chromatograph equipped with a Rheo-
dyne model 7120 loop injector valve, a Tracor 970 variable wavelength detector 
set at 257 nm, an automated Hewlett-Packard 3385A printer-plotter system for 
determining retention times and peak areas, and a Waters n Bondapak column 
(3.9 mm i.d. X 300 mm) for carbohydrate analysis. The buffer was eluted 
isocratically at 1 mL/min with a 1:4 (v/v) mixture of 0.01 M monobasic 
sodium phosphate (pH 4.46) and methanol. The minimum amount detectable 
was 10 ng. 

L-Gulonolactone Oxidase Assay. Tissues were assayed for L-gulonolac-
tone oxidase by the method of Azaz et al. (14). Weighed portions of tissue 
(50-200 mg) were homogenized in 2 mL of 50 mM sodium phosphate (pH 
7.4) containing 0.2% sodium deoxycholate. Homogenates were centrifuged at 
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13. KRAMER AND SEIB Ascorbic Acid ir Insect Development 277 

5000 g for 10 min at 4°C, and 1-mL aliquots of the supernatant were incubated 
with 2 m M L-gulono-y-lactone (Sigma Chemical Company) for 60 min at 35°C. 
Ascorbate was measured by the 2,4-dinitrophenylhydrazine method of Roe and 
Kuether (15) as modified by Geshwind et al . (16) . Chicken kidney was 
assayed as a control tissue rich in L-gulonolactone oxidase. 

Results 

Bioassay. T h e effect of L -ascorbic a c id on the development rate of 
M . sexta is shown i n F i g u r e 1 ( 5 ) . A l l neonate larvae developed into 
adults on the art i f ic ia l diet that contained 0.5 m M L -ascorbic ac id . A l s o , 
larvae raised on that diet exhib i ted a n o r m a l g r o w t h curve , a n d were 
robust a n d br ight b lue-green i n color. N o r m a l development occurred i n 
35 d w i t h l a r v a l - p u p a l ecdysis o c curr ing at day 15 a n d p u p a l - a d u l t 
ecdysis at day 35. H i g h e r levels of L -ascorbic a c id were not more effec
t ive , but lower ones were inadequate for the h o r n w o r m . A s the amount 
of L -ascorbic a c i d was decreased i n the diet , patho log i ca l effects appeared 
after a feeding per i od that depended on the v i t a m i n concentrat ion. 
A n i m a l s reared on an ascorbate-deficient diet were reduced i n size a n d 
co lored a d u l l ye l lowish-green. Abnormal i t i e s i n cut ic le soon became 
apparent. Extremit ies such as m o u t h parts a n d tarsi exhib i ted premature 
d a r k e n i n g of cut i c le . N a v o n (6) observed s imi lar effects i n the cotton 
l ea fworm, Spodoptera littoralis. I n a l l tests, larvae appeared n o r m a l to the 
second instar, p robab ly because of an amount of L -ascorbic a c id der ived 
f r o m parent insects. I n larvae on diets l a c k i n g i n L -ascorbic ac id , patho
l og i ca l consequences occurred at the t h i r d instar. A t the beg inn ing of 
the t h i r d m o l t i n g per iod , the insects began to shr ive l a n d 1 d later became 
m o r i b u n d . L a r v a e fed m e d i u m conta in ing 0.05 m M L -ascorbic a c i d were 
s imi lar ly affected, but at one s tad ium later. F i f t y percent of the larvae 
f ed diet supplemented w i t h 0.25 m M v i t a m i n C d i e d i n the p r e p u p a l 
stage; the other hal f underwent p u p a l a n d adul t eclosion 3-6 d later t h a n 
the contro l group. 

W e have used the g r o w t h effects a n d pathologies associated w i t h 
L -ascorbic a c i d deficiency as a basis for the determinat ion of the b io 
l og i ca l potency of re lated compounds ( T a b l e I ) . A t a d ietary concentra
t i o n of 0.5 m M , L -ascorb i c a c id a n d dehydroascorbic a c i d were f u l l y 
act ive, as w e l l as some ester derivatives i n c l u d i n g the 6-myristate a n d 
2-phosphate compounds. T h e insect may be metabo l i ca l ly l ike the guinea 
p i g because bo th were able to u t i l i ze those esters (17). Carboxylesterases 
a n d phosphatases probab ly converted those derivatives to the free v i t a m i n 
(18). T h e 6-bromo c o m p o u n d was less act ive a n d apparent ly cannot be 
metabo l i zed to L -ascorbic a c i d or only poor ly so. 

O n e of the least active compounds i n the insect bioassay was the 
2-sulfate ester of L -ascorbic a c id . T o develop normal ly the h o r n w o r m 
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13. KRAMER AND SEIB Ascorbic Acid ir Insect Development 279 

Table I. Effect of L-Ascorbic Acid and Related Compounds 
on Growth of M . sexta and Cavia cobaya 

Relative Activity0 

Compound Hornworm Guinea Pig 

L-£/ireo-Hex-2-enonic ac id y - lactone 
(L -ascorbic acid) 100 100 

Sod ium 6 - 0 - m y r i s t o y l - L - a s c o r b a t e 100 100 
M a g n e s i u m 2-0 -phosphono -L -ascorbate 100 100 
D-£/ireo-Hex-2-enonic ac id y - lactone 

(D-ascorbic acid) 40 ± 10 0 
6 -Eromo-6 -deoxy -L - ascorb i c ac id 20 ± 10 not ava i lab le 
D-en/£/iro-Hex-2-enonic ac id y - lactone 

(D-isoascorbic acid) 10 ± 10 5 
P o t a s s i u m 2-O-sul fo -L -ascorbate 5 0 
L-en/£/iro-Hex-2-enonic ac id y - lactone 

(L - isoascorbic acid) 0 0 
L-£/ireo-Hex-2,3-diulosic ac id y - lactone 

(L -dehydroascorbic acid) 100 100 

"Insect growth a c t i v i t y is expressed as the amount of compound relative to 
L-ascorbic acid (0.50 m M ) required for > 8 0 % of the test animals to at ta in a weight 
of 1 g i n 10 d (5). 

r e q u i r e d a twenty times greater concentrat ion of this conjugate (10 m M ) . 
A p p a r e n t l y , M . sexta does not metabol ize the sulfate ester back to L -
ascorbic ac id because it p robab ly lacks a sulfohydrolase enzyme. P r e 
l i m i n a r y results ind i cated that the 2-sulfate der ivat ive was about hal f as 
active as L -ascorbic a c i d i n the southwestern corn borer, Diatraea gran-
diosella D y a r (19 ) . T h a t species requ i red a dietary supplement of 21 
m M L -ascorbic a c id for op t ima l g rowth ( 2 0 ) , approximate ly forty t imes 
higher than the l eve l r equ i red by M . sexta. These differences may express 
the metabol i c needs of i n d i v i d u a l species. 

Three stereoisomers of L -ascorbic ac id were also bioassayed us ing 
the tobacco h o r n w o r m ( T a b l e I ) . Conf igurat iona l changes at C 4 a n d 
C 5 affected act iv i ty a n d ind i cated that the geometry of C 5 was more 
c r i t i ca l for act iv i ty than that of C 4 . T h e enantiomer, D-ascorbic ac id , h a d 
approximate ly 4 0 % act iv i ty , w h i l e the C 5 epimer, D-isoascorbic a c i d , 
h a d 1 0 % act iv i ty . T h e relat ive potency of those isomers is reversed i n 
vertebrate a n d invertebrate animals . W i t h D-isoascorbic, 2 - 1 0 % act iv i ty 
i n other insects was reported (20-22), but this c o m p o u n d d i d not promote 
development of the cotton leaf w o r m (23). L - Isoascorbic ac id h a d no 
act iv i ty i n the h o r n w o r m or guinea p i g . 

L -Dehydroascorb i c ac id , a der ivat ive w i t h potent v i t a m i n act iv i ty i n 
vertebrates, was inact ive i n our bioassay w h e n i t was m i x e d w i t h hot 
diet p r i o r to gelation. H o w e v e r , w h e n w e repeated the bioassay b y 
a p p l y i n g dehydroascorbic a c id to the surface of the ge l led diet , the 
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280 ASCORBIC A C I D 

ox id i zed f o rm p r o v e d to be as effective as L -ascorbic a c i d i n promot ing 
insect growth . A p p a r e n t l y , dehydroascorbic a c id was destroyed at the 
elevated temperature {24). 

T h e poss ib i l i ty that L -ascorbic a c id was exert ing its g rowth -promot ing 
effect on the h o r n w o r m as a nonspecific r e d u c i n g agent was tested. 
O r g a n i c a n d inorganic agents such as reductones, tocopherol , h y d r o -
quinone , pyrocatechol , thiols, ferrous sulfate, a n d sod ium d i th ion i te 
exhib i ted no act iv i ty . T h e carbon r i n g analog , reduct i c a c id , was also 
inact ive . O b v i o u s l y , the tobacco h o r n w o r m d i sp layed stereoselectivity 
for L -ascorbic a c i d a n d is a good m o d e l for the study of s t r u c t u r e -
act iv i ty relationships. 

Ascorbate Levels in Tissues. Several tissues were dissected f r o m 
M . sexta a n d ana lyzed for L -ascorbic a c id b y h i g h per formance l i q u i d 
chromatography ( H P L C ) ( F i g u r e 2 ) , paper chromatography, or the 
d in i t ropheny lhydraz ine method ( 5 ) . A s ant i c ipated , L -ascorbic a c i d was 

0 5 10 0 5 10 0 5 10 

RETENTION TIME, MIN. 

Figure 2. HPLC of L-ascorbic acid from insect tissues (65). A, L-ascor
bic acid, 1.7 fxg; B, M. sexta hemolymph (0.01 mL) extract; C, M . sexta 

labial gland extract, 1.4 mg wet weight. 
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13. KRAMER AND SEIB Ascorbic Acid b- Insect Development 281 

present i n nearly a l l tissues ( T a b l e I I ) , a l though it was most abundant 
i n l a r v a l l a b i a l g land a n d h e m o l y m p h , rang ing f rom 1 to 10 m M . 
L - A s c o r b i c ac id was also present at v a r y i n g levels i n eggs, l a r v a l gut, 
muscle , cut ic le , adult nervous tissue, a n d gonads. F o r compar ison , L -
ascorbic ac id was assayed i n diet and fecal matter at 24 a n d 5 m g / 1 0 0 
g, respectively. T h i s result ind i ca ted that approximately 8 0 % of the 
v i t a m i n was absorbed a n d / o r metabo l i zed b y tissues. N o ascorbate was 
detected i n l a r v a l fat body , M a l p h i g i a n tubule , or adu l t sal ivary g land . 
T h u s , insects appear to be different f rom vertebrates, where the highest 
levels of L -ascorbic a c id occur i n the adrenals a n d nervous tissue (25 ) . 

L - A s c o r b i c a c i d was also analyzed i n tissues f rom hornworms fed a 
v i tamin-def ic ient diet . W i t h o u t L -ascorbic ac id neonate larvae grew into 
the t h i r d instar, but d i ed before the next molt . These larvae retained 
l i t t le or no v i t a m i n i n tissues ( T a b l e I I ) . A s imi lar result was character
istic of fifth instar larvae reared on an ascorbate-deficient diet beg inn ing 
at the m i d fourth instar. These larvae f a i l e d to complete pupat i on . 
A p p a r e n t l y , the diet was the sole source of L -ascorbic a c i d a n d w h e n 
tissues became depleted, major patho log ica l consequences ensued. 

Table II. L-Ascorbic Acid Content of Tissues from M . sexta 

i,-Ascorbate 
Tissue Stage' Content" 

L a b i a l g land L 5 86 ± 84 (24) 
L 3 69 ± 10 (4) 

H e m o l y m p h L 5 48 ± 40 (24) 
B r a i n and nerve cord A 41 ± 30 (4) 
G o n a d A 63 ± 8 (2) 

A 60 ± 14 (2) 
E g g — 43 ± 3 (4) 
G u t L 5 39 ± 8 (6) 
M u s c l e L 5 27 ± 11 (4) 
C u t i c l e L 5 22 ± 15 (4) 
M o u t h exudate L 5 15 ± 4 (2) 
F a t body L 5 < 1 (4) 
M a l p h i g i a n tubule L 5 < 1 (3) 
S a l i v a r y g land A < 1 (2) 

L -ascorbate deficient diet 
L a b i a l g land L 5 e < 1 (6) 

L 3 " < 1 (6) 
H e m o l y m p h L 5 < 1 (4) 

° K e y : L , larva; A , adult; 3, third instar; and 5, fifth instar. 
h Units are mg of L-ascorbic acid/100 g of wet tissue or 100 mL hemolymph ± sd. 

Amounts of tissue or hemolymph analyzed were 20-300 mg or 0.3-0.5 mL, respec
tively. Number of determinations listed in parentheses. 

c Hornworm reared on ascorbate deficient diet from middle of fourth larval instar. 
d Hornworm reared on ascorbate deficient diet from neonate stage. 
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282 ASCORBIC A C I D 

T h e titer of L -ascorbic a c i d i n tissues was examined d u r i n g develop
ment. D u r i n g the fifth instar, L -ascorbate increased about e ighty fo ld i n 
the l a b i a l g land a n d ten- fo ld i n the h e m o l y m p h , where m i l l i m o l a r levels 
were measured ( F i g u r e 3 ) . Regression analysis of the tissue kinet ics 
revealed that the l a b i a l g l a n d accumulated L -ascorbic a c i d about twice 
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Figure 3. Changes in the content of L-ascorbic acid in hemolymph and 
labial gland during larval development of M . sexta (65). A , Hemolymph: 
regression analysis yielded line defined as larval weight = 6.5 [ascorbic 
acid] at a = 0.01 level and R 2 = 0.83; B, labial gland: regression analysis 
yielded line defined as larval weight = 12.7 [ascorbic acid] at a = 0.01 

level and R2 = 0.87. 
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13. KRAMER AND SEIB Ascorbic Acid b- Insect Development 283 

as fast as d i d h e m o l y m p h . L a b i a l glands removed f rom a t h i r d instar 
larva also contained a h i g h titer of L-ascorbate. V i t a m i n C m a y be 
depleted d u r i n g the intermolt per i od , after w h i c h feeding recommenced 
a n d tissue accumulat ion occurred. Three other phytophagus species, 
S. littoralis (6); the s i l k w o r m , B o m b y x m o r i ( 8 ) ; and the locust, Schisto-
cerca gregaria (16) showed h i g h ascorbic a c id titers i n various tissues 
d u r i n g the instar a n d l ow titers at the m o l t i n g stage. 

Absence of L-Gulono-y-lactone Oxidase in Insect Tissues. T h e r e is 
no conclusive evidence that any species of insect can synthesize L -ascorbic 
ac id . A s a first test to determine whether M . sexta c o u l d synthesize the 
v i t a m i n , L -gulono-y-lactone, a w e l l - k n o w n precursor i n animals , was tested 
i n the bioassay (27 ) . A t 0.5 m M L -ascorbic a c id i n the diet or w h e n 
injected into the hemocoel of larvae, no act iv i ty was observed. W e also 
surveyed insect tissues for L -gulono-y-lactone oxidase, the enzyme cata lyz 
i n g the final step i n a n i m a l biosynthesis of L -ascorbic ac id f rom glucose. 
C h i c k e n k idney and l iver were contro l tissues; the former synthesized 
10 /xg L - a s c o r b a t e / m g / h , w h i l e the latter was inact ive (28 ) . W i t h i n the 
l imits of the assay, no evidence for L -gulono-y-lactone oxidase was 
detected i n tissue homogenates f rom M . sexta, P. interpunctella, a n d 
P. americana. T h e latter two species were cu l tured on L -ascorbic -ac id-
deficient med ia . A p p a r e n t l y , cer ta in insects may not require L -ascorbic 
a c id for growth , may synthesize the v i t a m i n or a s imi lar factor at a rate 
too s low to measure, may use a synthetic pa thway that the assay proce
dure ( w h i c h was developed for vertebrate tissue) fa i l ed to detect, or 
m a y re ly on a symbiot ic organism to produce L -ascorbic ac id . M o r e w o r k 
concerning biosynthesis needs to be done. 

Discussion 

Review of Literature. A n obvious quest ion is w h y use insects 
instead of vertebrate animals to study ascorbic a c id b iochemistry . 
P r i m a r i l y , it is more convenient. Insects are re lat ive ly smal l a n d have a 
r a p i d generation t ime. L a r g e numbers c a n be used to get v a l i d statistical 
data. B i o l o g i c a l effects can be ana lyzed us ing a synchronous popu la t i on 
where stages of development can be t i m e d w i t h accuracy (29 ) . S m a l l 
amounts of test mater ia l ( m g ) can be used i n most cases. 

A l t h o u g h m a n y insects nutr i t i ona l ly require ascorbic ac id , numerous 
species have apparent ly been reared on art i f ic ia l or synthetic diets w i t h o u t 
ascorbic ac id or re lated nutrients. These inc lude D i p t e r a a n d assorted 
roaches, crickets, beetles, a n d moths, whose n o r m a l food comprises 
detritus, seeds, carr ion , a n d d r y stored products that are deficient i n 
ascorbate for certain vertebrate animals . T h e general p resumpt ion has 
been that the diets lack v i t a m i n C a n d that certain insects can b iosyn-
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284 ASCORBIC A C I D 

thesize it ( T a b l e I I I ) . W h e t h e r these diets are deficient for invertebrate 
animals is u n k n o w n . T h u s , one must be careful about w h i c h insect is 
chosen as the exper imental an imal . 

Insects a n d ascorbic a c id have been studied for a re lat ive ly l ong 
t ime. A l i s t ing of such studies is presented i n T a b l e I I I . T h e earliest 
paper was that G i r o n d et a l . (30) w h o , over 40 years ago, detected 
L -ascorbic a c id i n the gonads a n d endocrine glands of a predaceous d i v i n g 
beetle, Dytiscus marginalis. A novel report concerned a patent obta ined 
i n J a p a n for p r e p a r i n g ascorbic ac id f rom s i l k w o r m p u p a e (31). D a d d 
(32) first d iscovered a dietary requirement for v i t a m i n C i n insects us ing 
a grasshopper, Locusta migratoria. O v e r a l l , approximate ly seventy papers 
have been p u b l i s h e d concern ing dietary requirements , tissue levels, b i o 
synthesis, phys io log i ca l effects, a n d s tructure -ac t iv i ty relationships invo lv 
i n g one or more of fifty different species. I n nearly a l l cases, L -ascorbic 
a c i d i n the diet h a d a posit ive effect on growth a n d development. I n 
two species, the ambrosia beetle, Xyleborus ferrugineus (33), a n d the 
sawtoothed gra in beetle, Oryzaephilus surinamensis (34), L -ascorbic a c i d 
decreased the rate of development, surv iva l , or progeny produc t i on . 
L -Ascorb i c a c i d was proposed to cause b r o w n i n g of d ietary pro te in that , 
i n t u r n , l e d to amino a c i d deficiencies (33). A n o t h e r study us ing O. suri
namensis reported that L -ascorbic a c i d was benef ic ial i n l a r v a l develop
ment (35). Since v i t a m i n C is essentially nontoxic to other animals , i t is 
most l i k e l y innocuous to insects as w e l l . 

Physiological Function. T h e mechanism b y w h i c h L -ascorbic a c i d 
benefits an insect is u n k n o w n . T h e v i t a m i n is f ound i n m a n y tissues w h e r e 
it p robab ly plays a var iety of roles re lated to its redox potent ia l . Besides 
the possible general funct ion of detox i fy ing superoxide a n d hydrogen 
peroxide , L -ascorbic a c id m a y be invo lved i n metabol i c processes such as 
tyrosine metabol i sm, co l lagen formation, steroid synthesis, detoxif ication 
reactions, phagost imulat ion , or neuromodulat ion . A t this t ime one can 
only speculate about the funct ion of v i t a m i n C i n some specific tissues. 

Table III. Ascorbic Acid and Its Effects in Insects 

Species 

Alabama argillacea levels i n tissues decreased d u r i n g 

Comments 

Anthonomus grandis 

Apis indica 

Apis mellifera 

Argyrotaenia velutinana 

development 
d ie tary requirement 
no biosynthesis detected 
tissue levels at 5-600 fig/g 
no d ie tary requirement 

43 

U 
45 
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13. K R A M E R AND SEIB Ascorbic Acid i? Insect Development 285 

T a b l e III. ( C o n t i n u e d ) 

Species Comments References 

Auripennis lepel no biosynthesis detected 43 

Bombyx mori dietary requirement 46-43 
synthesis detected in pupal fat 

body from D-mannose 
8 

detected in eggs 49 
patent for isolation from pupae 49 

phagostimulant 50 

D-isoascorbic acid slightly active, 
dehydroascorbic acid fully 
active 

21,22 

no biosynthesis detected 48 

Chorthippus sp. phagostimulant 51 

Corcyra cephalonica biosynthesis (?) 52,53 

no biosynthesis 43 

Culex molestus beneficial in diet 54 
Cutelia sedilotti whole body levels at 1 mg /100 g 38 

Dasycolletes hirtipes whole body levels at 2 mg /100 g 88 

Diatraea grandiosella dietary requirement 
D-isoascorbic acid slightly active 

55 

20 
Dichomeris marginalis no vitamin detected in whole body 56 

Dytiscus marginalis ~ 500 /xg/g in gonads and endo
crine glands 

30,57,58 

Ectomyelois ceratoniae no dietary requirement 59 

Ephestia (Caudra) 
cautella 

beneficial effect due to prevention 
of oxidative rancidity in diet 

60 

Estigmene acrea dietary requirement, vitamin 
accumulated in tissues during 
development 

41,42 

Eurygoster integriceps dietary requirement (0.4%) 61 

Graphosoma lineatum detrimental effect in diet 61 

Heliothis zea dietary requirement, vitamin 
accumulated in tissues during 
growth 

41 

Heliothis virescens dietary requirement 62 

Laspeyresia pomonella dietary requirement 63 
Leptinotarsa decemlimeata dietary requirement 64 

Continued on next page. 
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286 ASCORBIC A C I D 

T a b l e I I I . ( C o n t i n u e d ) 

Species Comments References 

Leucophaea maderae synthesis b y fat body and b y 9 
symbionts 

Locusta migratoria v i t a m i n detected i n tissues b y 7 
histochemical s ta in ing 

d ie tary requirement, v i t a m i n 26,32 
accumulated i n h e m o l y m p h 
dur ing development 

Lucilia sp. v i t a m i n detected i n tissues b y 7 
histochemical s ta in ing 

Manduca sexta d ie tary requirement (0.5 m M ) ; 5 
dehydroascorbic ac id , M g 2-0-
phosphonoascorbate, N a 6-0-
myris toy lascorbate f u l l y ac 
t i v e ; D -ascorbic ac id 50% 
ac t ive ; 6 -bromoascorbic ac id 
20% a c t ive ; D - isoascorbic ac id 
10% a c t ive ; K 2 -O-sul foascor-
bate, L-isoascorbic ac id , L - g u -
lonic ac id y - lactone inact ive 

v i t a m i n accumulated in hemo
l y m p h and l a r v a l l a b i a l g land 
(also present in eggs, gut, 
muscle, cutic le , nervous tissue 
and gonads) , no L -gu lono lac -
tone oxidase detected 

65 

Melampsalata cingulata whole body levels at 1 mg /100 g 38 

Melanoplus biovittatus dietary requirement 66 

Musca domestica whole body contained 1.5 m g / 
100 g, synthesis f rom hexose 

38 

Myzus persicae dietary requirement, D - isoascorbic 
ac id f u l l y act ive 

67 

Neomyzus circumflexus die tary requirement 68 

Neotermes sp. dietary requirement 69 

Oryzaephilus surinamensis detr imental effect i n diet 34 

v i t a m i n C replaced p a n t o t h e n i c 
ac id requirement i n diet 

35 

Ostrinia nubilalis dietary requirement 70 

Pectinophora gossypiella no d ie tary requirement 71 

synthesized and accumulated 41 
v i t a m i n C d u r i n g development 
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13. KRAMER AND SEIB Ascorbic Acid b- Insect Development 287 

Species 

Periplaneta americana 

Plebliogrylus guttiventri 

Polistes herbraeus 

Rhycacionia buoliana 

Schistocerca gregaria 

Sphingomorpha chlorae 

Spodoptera littoralis 

Tenebrio molitor 

Trichoplusia ni 

Tryporyza incertulas 

Xyleborus jerrugineus 

T a b l e I I I . ( C o n t i n u e d ) 

C omments R eferences 

whole body at 10 m g / g , synthesis 72 
present i n M a l p i g h i a n tubules at 73 

0.6-1.0 m g / g 
biosynthesis f rom hexose? 74 

synthesized by symbionts i n fat 75 
body 

synthesized i n gut (by s y m - 10 
bionts?) 

no biosynthesis f rom hexose, g l u - 43 
curonate, L -gulono -y - lactone, 
L -galactono -y - lactone 

no biosynthesis 43 

no biosynthesis 43 

die tary requirement 76 

h e m o l y m p h t i ter at 100-500 fig/ 26, 32 
m L , h e m o l y m p h t i ter increased 
dur ing growth 

no biosynthesis 43 
die tary requirement ( 0 . 5 % ) ; D- 77 

araboaseorbic ac id , D - g l u c u -
rono -y - lactone , L -g lu lono -y -
lactone inac t ive 

D -glucoascorbic ac id (0.05-0.3%) 78 
i n diet produced deformed 
spermatophores 

v i t a m i n C present i n h e m o l y m p h 6 
and mo l t ing f luid 

N a ascorbate, C a ascorbate, L - 23 
dehydroascorbic ac id act ive , 
D - isoascorbic ac id inact ive 

none detected i n whole body 56 

die tary requirement, N a L -ascor - 79 
bate and C a L -ascorbate act ive 

d ie tary requirement 80 

no synthesis 43 
L -ascorbic ac id , D - isoascorbic 33 

ac id , and L -dehydroascorbic 
ac id inh ib i t ed progeny b y p r o 
duc ing diet n u t r i t i o n a l l y def i 
cient i n prote in (browning) 
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288 ASCORBIC A C I D 

Ascorb i c a c id m a y be invo lved i n m o l t i n g because the t iter decreased 
i n the h e m o l y m p h a n d increased i n the m o l t i n g fluid d u r i n g apolysis (6, 
26). T h e o l d exoskeleton is digested b y proteases a n d chitinases w h i l e 
the n e w exoskeleton is f o rmed b y tann ing enzymes, c h i t i n synthase, a n d 
prote in synthase. T h e earliest pathology i n v i tamin-def ic ient insects was 
observed i n the cut ic le , w h i c h tanned abnormal ly a n d exhib i ted lesions 
(5,6). I n certain insects the absence of L -ascorbic a c i d may a l l ow cut ic le 
t a n n i n g reactions such as tyrosine hydroxy la t i on a n d ox idat ion to occur 
premature ly . Reductants such as ascorbic a c i d have been i m p l i c a t e d i n 
enzymat ic hydroxy la t i on reactions (36,37). H o w e v e r , evidence for this 
invo lvement is ambiguous. N a v o n (6) observed that catecholamine 
ox idat ion was i n h i b i t e d i n the cotton leaf w o r m , w h i l e Br iggs (38) re 
ported that tyrosine ox idat ion i n flies was st imulated b y L -ascorbic a c id . 
There may be a species dependence where ox idat ion of phenols is ac t i 
vated i n D i p t e r a a n d i n h i b i t e d i n L e p i d o p t e r a . 

A n o t h e r possible funct ion of L -ascorbic a c id i n the cut ic le is to 
promote co l lagen formation. N o evidence for this has been obta ined us ing 
insects, but L -ascorbic a c id deficiency disease i n penae id shr imp , t e rmed 
"b lack death , " was related to co l lagen hypohydroxy la t i on (39,40). 
M e l a n i z e d lesions of loose connective tissue occurred i n endocut ic le at 
intersegmental spaces. Perhaps insects also underhydroxy late co l lagen 
w h e n deficient i n ascorbic ac id . 

L - A s c o r b i c a c i d is p l e n t i f u l i n the l a r v a l l a b i a l g land of the tobacco 
h o r n w o r m . Whereas m a n y lepidopterans use the g l a n d for the p r o d u c t i o n 
of si lk fibroin, the h o r n w o r m uses the g l a n d contents for "body w e t t i n g " 
(29). P r i o r to p u p a l apolysis, the larva wets itself a l l over w i t h a p r o -
teinaceous fluid. T h i s secretion may be used as an external lubr i cant 
for b u r r o w i n g behavior or i t m a y be invo lved i n cut ic le degradat ion . 
W h a t role ascorbic ac id plays i n the l a b i a l g land is u n k n o w n . 

T h e last tissue to be discussed is the h e m o l y m p h . Perhaps L -ascorb ic 
a c i d has no par t i cu lar funct ion there, except to m a i n t a i n a h i g h l y r e d u c i n g 
environment that serves as a reservoir of L -ascorbic a c i d for other tissues. 

Research Needs. O v e r the years L -ascorb ic a c i d has been s h o w n to 
be an essential nutr ient for m a n y insects i n c l u d i n g species of L e p i d o p t e r a , 
Orthoptera , Coleoptera , a n d D i p t e r a . Others such as cockroaches, house-
flies, a n d mealworms are reared on s imple diets w i t h o u t a d d e d ascorbic 
ac id . Perhaps those insects require very l o w levels of v i t a m i n C i n the ir 
diets. A sensitive ana ly t i ca l method is needed to measure levels of 
L -ascorbic a c id a n d dehydroascorbic a c id i n insect tissue a n d food. S u c h 
a method , w h i c h is l i k e l y to be deve loped us ing H P L C w i t h electro
c h e m i c a l detection, c o u l d be used to moni tor v i t a m i n C levels i n feed 
ingredients as w e l l as i n tissues d u r i n g a n insect's l i fe cycle . T h i s 
in format ion is needed to determine whether ascorbic a c id is used to 
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13. KRAMER AND SEIB Ascorbic Acid it Insect Development 289 

regulate the act iv i ty of enzymes, such as those invo lved i n mo l t ing . 
V i t a m i n C appears to have a var i ed a n d almost ub iqui tous role i n insects. 
M u c h more research is requ i red to determine whether ascorbic a c i d is 
a n essential nutr ient for a l l insects a n d to define its mechanism of act ion 
i n insect development. 
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14 
Kinetic Behavior of Ascorbic Acid in 

Guinea Pigs 

DIETRICH HORNIG and DIETER HARTMANN 

Department of Vitamin and Nutrition Research and Section for Mathematical 
Statistics, F. Hoffmann-La Roche & Company, Limited, CH-4002, 
Basle, Switzerland 

The course of carbon-14-radioactivity derived from oral 
(1-14C)ascorbic acid in plasma and several tissues was 
studied in male guinea pigs up to 320 h after intake. The 
excretion of label was followed in respiratory carbon diox
ide, urine, and feces. The evaluation by pharmacokinetic 
principles yielded an overall half-life of 61 h and a body 
pool of 21 mg with a total turnover of about 10 mg/d. 
The total turnover of ascorbate is lower than the daily 
intake (16 mg/d), indicating incomplete absorption. Ascor
bic acid seemed to be bound in several tissues (adrenals, 
testes) to a higher percentage than in plasma. The maxi
mum rate of excretion as carbon dioxide occurred at 0.5 h, 
whereas peak concentration of radioactivity in plasma was 
reached at 1.5 h. Therefore, presystemic metabolism must 
be considered. 

In guinea pigs respiratory exhalation of carbon- 14-labeled carbon diox-
A ide after administration of (1- 1 4C) ascorbic acid is the major route of 
catabolism, whereas urinary and fecal excretion of unchanged ascorbic 
acid and labeled metabolites contribute only to a minor part (1). From 
experiments in guinea pigs receiving (1-1 4C) ascorbic acid by intraperi
toneal injection together with 5 mg ascorbic acid, the half-lives of the 
label in liver, heart, kidneys, adrenals, and spleen compared very well 
(2-3 d); in the brain this time period was about 5 d (2). This observa
tion confirmed earlier findings on the overall biological half-life of 
ascorbic acid to be about 4 d in guinea pigs (3). 

Many reports demonstrating the distribution of ascorbic acid in 
tissues of guinea pigs have appeared. Because this species is not able to 

0065-2393/82/0200-0293$06.75/0 
© 1982 American Chemical Society 
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294 ASCORBIC A C I D 

synthesize ascorbic a c i d , the concentrat ion of ascorbic a c i d is dependent 
on intake. T h e highest concentrations were de termined i n the adrena l 
a n d p i tu i tary g lands ; l iver , b r a i n , a n d spleen showed comparab le levels. 
Less ascorbic a c i d was f o u n d i n heart a n d skeletal muscles, bone m a r 
row, a n d testes ( 4 ) . 

T h e d i s t r ibut i on of l abe led mater ia l f o l l o w i n g a single ora l or i n t r a 
per i toneal admin is t ra t i on of (1 - 1 4 C) ascorbic a c i d has been s tud ied i n 
rats (5,6), mice (6), a n d guinea pigs (7-10) e m p l o y i n g either a tissue 
dissection method or who le b o d y autoradiography. These investigations 
suggested that the various tissues m i g h t be classified into three groups 
accord ing to uptake a n d retention of l abe led m a t e r i a l : a ) tissues w i t h a 
l o w retention capaci ty such as l iver , lungs, k idneys , spleen, bone m a r r o w , 
a n d l a c r i m a l a n d p a r o t i d g lands ; b ) tissues exh ib i t ing a h i g h retent ion 
capac i ty a n d also a comparab le h i g h a n d r a p i d a c cumula t i on of rad io 
act iv i ty such as adrena l a n d p i tu i tary glands, s u b m a n d i b u l a r glands, a n d 
pancreas; a n d c ) tissues h a v i n g a very strong retention capac i ty b u t w i t h 
a long- last ing , c on t inu ing uptake of l abe led mater ia l . T o the last group 
be long cerebrum, cerebe l lum, bu lbus ol factorius, a n d testes (7,9,10). 

T o achieve a more precise knowledge of the fate of ascorbic a c i d 
w e have invest igated i n guinea pigs the k inet i c behavior of the car-
bon-14- label d e r i v e d f r om (1 - 1 4 C) ascorbic a c i d g iven as a single ora l 
dose. I n part i cu lar , the d i s t r ibut i on of rad ioact iv i ty i n various tissues 
(tissue b i n d i n g a n d turnover ) a n d of e l iminat i on ( respirat ion , u r i n a r y 
a n d fecal excretion) was a i m e d at. T h e obta ined data were evaluated 
us ing pharmacok inet i c pr inc ip les . 

Materials and Methods 

Animals. Male guinea pigs (Himalayan spotted) were maintained prior 
to the experiment on a vitamin-C-free diet (Nutritional Biochemical Corpora
tion) supplemented with 0.5 g of ascorbic acid/kg of diet and fortified with all 
other vitamins (II). The initial weight was 309 ± 22 (g ± sd), at the time of 
sacrifice of the animals 327 ± 37 (g ± sd). During the experiment the animals 
had free access to water and diet. Altogether twenty-eight animals were taken 
into the experiment. At each time point one animal was killed. 

Radioacitvity and Dosage. L-( 1-14C)Ascorbic acid (New England Nu
clear, NEC-146, spec. act. 8.44 mCi/mmol, purity at least 98.0% ) was dissolved 
in water and given orally to each animal (50 / /Ci ; 250 fxL; 1.04 mg). 

Respiratory Carbon Dioxide; Urine and Feces. After dosage of the 
labeled ascorbic acid, the animal was immediately placed in a closed, tight 
metabolic chamber equipped with a trap for the collection of urine and feces. 
The incoming air passed with a flow of 280 L / h through the metabolic chamber 
(volume ~ 22 L) by suction from an electric pump. The respiratory carbon 
dioxide was absorbed by ethanol amine (Merck) contained in two flasks (50 
mL) that were connected to the chamber by tubes. To determine the absorbed 
carbon dioxide, the two flasks could be removed after the outcoming airstream 
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14. HORNIG AND H A R T M A N N Kinetic Behavior of Ascorbic Acid 295 

had been turned around into the new flasks. The samples were taken at pre
determined time intervals. W i t h this system, it was possible to change the 
flasks at any time without stopping the flow longer than a few seconds. From 
each withdrawn flask, an aliquot of 500 /xL was added to a mixture of 10 m L 
of ethanol and 10 m L of scintillator solution [0.8% butyl-1,3,4-phenylbiphenyl-
yloxadiazole (Ciba) in toluene]. 

Dur ing the experiment, urine and feces were collected every 24 h. 
Dissection of Tissues. Guinea pigs were anaesthetized with Penthrane 

(Abbott Laboratories, Incorporated) at predetermined time intervals (15, 30, 
45, and 90 min ; 2, 4, 6, 8, and 12 h ; 1, 1.5, 2, 2.5, 3, 4, 5, 7, 9, 10, 11, 12, and 
13d). The abdomen was opened and the animals were sacrificed by bleeding 
caused by a cut through the vena cava. The blood was collected for determina
tion of radioactivity. After centrifugation radioactivity and ascorbic acid con
centration in plasma were determined. The tissues were dissected rapidly and 
kept frozen until processing for determination of radioactivity and ascorbic acid 
concentration. 

Determination of Radioactivity. A l l samples were counted in a Nuclear 
Chicago Isocap 300 l iquid scintillation counter equipped with a Teletype com
puterized for direct calculation of disintegrations per minute. F i f ty microliters 
of blood were directly counted for radioactivity after solubilization (1 m L of 
1 N N a O H ) . After incubation at room temperature for 15 min the sample was 
decolorized by adding 200 / i L of hydrogen peroxide and incubating at 80° C 
for 30 min. The processed samples were mixed with 100 / / L of 8 0 % acetic 
acid and 15 m L of Insta-gel (Packard), and were counted. Approximately 
60-100 mg of tissue were solubilized following the same method as for blood. 
From the collected urine an aliquot (2 m L ) was counted directly with 15 m L 
Insta-gel. The feces were dried overnight at room temperature, and a 60-100-
mg aliquot was combusted (12) and counted for radioactivity. 

Determination of Ascorbic A c i d . A 500-/xL aliquot of plasma was mixed 
with 4.5 m L of 5% metaphosphoric acid followed by analysis in an auto-
analyzer using a modified fluorometric method (13). Ascorbic acid content in 
tissues was determined according to a published method (14) . 

Results 

Animals. F r o m the food i n t a k e / 2 4 h a n d an assumed 1 0 0 % b i o 
ava i lab i l i t y of the ascorbic a c i d present i n the diet , a turnover of 16 ± 
3 m g ascorbic a c i d / d was ca l cu lated . 

R a d i o a c t i v i t y . T h e specific ac t iv i ty i n p lasma, def ined as 10 6 d p m 
of 1 4 C - r a d i o a c t i v i t y / m g of u n l a b e l e d ascorbic a c id , is p l o t ted against 
dissection t ime i n F i g u r e 1. T h e t ime courses of 1 4 C - r a d i o a c t i v i t y for 
various tissues are presented i n F i g u r e s 2—4. 

T h e cumulat ive 1 4 C - r a d i o a c t i v i t y excreted w i t h respiratory carbon 
dioxide u p to 220 h is shown i n F i g u r e 5. I n F i g u r e 6 the rate of excre
t i on ( 1 0 6 d p m / h ) for the t i m e p e r i o d u p to 30 h is presented; the 
peak appears after about 0.5 h . 

T h e cumulat ive amount of rad ioac t iv i ty ( 1 0 6 d p m ) excreted w i t h 
ur ine is p lo t ted i n F i g u r e 7; w h i c h also presents a p lo t of the a c c u m u l a t e d 
rad ioac t iv i ty ( 1 0 6 d p m ) excreted w i t h the feces as a funct ion of t ime . 
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Kidneys 

3 0 0 
Time (h) 

Figure 2. Time course of total radioactivity (dpm X 106) derived from 
(l-14C)ascorbic acid in liver and kidneys. Continued on next page. 
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298 ASCORBIC A C I D 

3-1 

Time (h) 

Figure 2 continued. Time course of total radioactivity (dpm X 106) de
rived from (l-14C)ascorbic acid in lungs and heart muscle. 
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Figure 3. Time course of total radioactivity (dpm X 106) derived from 
(l-14C)ascorbic acid in adrenal glands. 
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Figure 3 continued. Time course of total radioactivity (dpm X 106) de
rived from (l-14C)ascorbic acid in putuitary glands. Continued on next 

page. 
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1 0 n 

o 
X 
E 
a 

"O 

Time (h) 

Figure 3 continued. Time course of total radioactivity (dpm X 106) de
rived from (l-14C)ascorbic acid in testes. 
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Figure 4. Time course of total radioactivity (dpm X 106) derived from 
(l-14C)ascorbic acid in cerebrum. 
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0.3 -| 

o 

Time (h) 

Figure 4 continued. Time course of total radioactivity (dmp X 106) de
rived from (l-14C)ascorbic acid in cerebellum. 

0 . 5 n 

0 100 2 0 0 3 0 0 
Time (h) 

Figure 4 continued. Time course of total radioactivity (dmp X 106) de
rived from (l-14C)ascorbic acid in eyes. 
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14. H O R N I G A N D H A R T M A N N Kinetic Behavior of Ascorbic Acid 303 

T h e percentage of adminis tered 1 4 C - r a d i o a c t i v i t y excreted as respiratory 
carbon dioxide , w i t h ur ine a n d feces, a n d the total percentage excreted 
are g iven i n T a b l e I . 

T h e mean values (=b sd) of the steady state concentrat ion ( C s s ) of 
ascorbic a c i d i n p l a s m a a n d various organs are s u m m a r i z e d i n T a b l e I I . 

Table I. Percentage of Administered Carbon-14-Radioactivity 
Excreted with Respiratory Carbon Dioxide, with Urine and 

Feces, with Respect to Time after Oral Administration 
of 50 /xCi (1 - 1 4 C) Ascorbic Acid to Guinea Pigs 

Time (h) CO, Urine Feces Total 

1 9.9 0.2 
2 16.5 1.2 
6 25.7 1.6 0.3 27.6 

12 30.3 2.6 0.8 33.7 
24 36.9 2.8 1.3 41.0 
48 47.2 4.7 2.0 53.9 
96 58.7 6.5 2.5 67.7 

144 60.8 6.4 2.7 69.9 
192 62.5 6.6 2.8 71.9 
216 63.3 6.8 2.8 72.9 
264 6.8 2.8 
312 6.7 2.6 

Table II. Mean ± sd of Organ Weight and Steady State 
Concentration (C s s ) of Ascorbic Acid ( A A ) in Tissues 

and Mean Content ( X T ) of Ascorbic Acid in Tissues 

Organ CSs 
Weight (mg AA/g 

Organ (g) of Tissue) XT (mg) 

L i v e r 12.30 ± 3.2 0.33 ± 0.07 4.1 
Spleen 0.42 ± 0.1 0.45 ± 0.06 0.2 
Testes 0.84 ± 0.3 0.47 ± 0.06 0.4 
C e r e b r u m 2.43 ± 0.2 0.28 ± 0.06 0.7 
L u n g s 2.08 ± 0.3 0.28 ± 0.07 0.6 
A d r e n a l glands 0.11 ± 0.02 1.46 ± 0.27 0.2 
P a r o t i d g land 0.56 ± 0.1 0.48 ± 0.02 0.3 
S u b m a n d i b u l a r glands 0.50 ± 0.1 0.56 ± 0.13 0.3 
K i d n e y s 2.57 ± 0.2 0.13 ± 0.04 0.3 
Cerebe l lum 0.41 ± 0.05 
H e a r t muscle 0.93 ± 0.1 
E y e s 0.77 ± 0.05 
P i t u i t a r y g land 0.01 ± 0.002 
Sub l ingua l glands 0.08 ± 0.03 
P l a s m a 0.0095 ± 0.004° 

" E x p r e s s e d i n m g of ascorbate/mL. 
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304 A S C O R B I C A C I D 

A l s o g iven are the m e a n values ( ± sd ) of the organ weights as w e l l as 
the content [ X T ( m g ) ] of ascorbic a c i d i n the organs, w h i c h have been 
est imated b y m u l t i p l y i n g the mean steady state concentrat ion b y the 
mean organ weight . 

Evaluation of Kinetic Parameters 

Specific A c t i v i t y . T h e t ime course of the specific act iv i ty of ascor
b i c a c i d i n p l a s m a has been fitted b y an analog computer to a s u m of 
four exponentials : 

T h e exper imenta l data a n d the ca l cu la ted curve are p lo t ted i n F i g u r e 1. 
T h e type of E q u a t i o n 1 impl ies a three-compartment system w i t h first-
order absorpt ion , that is, at least three k ine t i ca l l y d is t inguishable pools 
for ascorbic a c i d are reflected i n the p lasma. F r o m the data ava i lab le i t 

S i = 76.l£T0-65< + 1.93e-°- 0 3 2 ' + 2 .75<r 0 0 1 1 4 ' - 80.&T 0- 1 (1) 

20 

0 
0 5 10 15 20 25 30 

Time (h) 

Figure 6. Excretion rate (106 dpm/h) of 14C-radioactivity as COt. 
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14. HORNIG AND H A R T M A N N Kinetic Behavior of Ascorbic Acid 305 

cannot be dec ided unambiguous ly w h i c h exponentia l i n E q u a t i o n 1 
ac tua l ly describes the absorpt ion. I n this case the exponential w i t h the 
largest rate constant is assumed to be the absorpt ion term. 

Desp i te the large scattering of the ratios of the specific ac t iv i ty i n 
p lasma to the specific ac t iv i ty i n several organs (values not g i v e n ) , i t 
appears that even after attainment of the pseudo steady state ( d i s t r i b u 
t i o n e q u i l i b r i u m ) those ratios are h igher t h a n uni ty . T h i s suggests the 
specific ac t iv i ty i n p lasma to be h igher t h a n i n tissues. 

Binding of Ascorbic Acid in Tissues. F o l l o w i n g E q u a t i o n 1, the 
apparent vo lume of d i s t r ibut i on ( V i ) of the r a p i d l y accessible par t of 
the b o d y ( centra l compartment ) was d e r i v e d to be 0.47 L . F u r t h e r m o r e , 
a n apparent vo lume of d i s t r ibut i on (VS8) of 2.2 L has been est imated 
( 1 5 ) . V M relates the amount of ascorbic a c i d i n the b o d y i n the steady 
state to the concentrat ion i n p lasma. T h e va lue of V i a n d V88 are c a l c u 
la ted assuming 1 0 0 % absorpt ion of the adminis tered labe led ascorbic 
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306 ASCORBIC A C I D 

ac id . T h e V i of the centra l compartment m a y be represented (16,17) b y 
E q u a t i o n 2. Analogous ly , the V88 i n the steady state w i l l be descr ibed b y 
E q u a t i o n 3. 

Vx - VP + ^ VE (2) 

CLE 
VSS = V1 + ^VB = VP + ^VB + ^ V B (3) 

OLR OLE OLE 

T h e mean ing of the symbols i n E q u a t i o n s 2 a n d 3 are as f o l l ows : 
VP real p lasma vo lume 
VE real extravascular vo lume i n w h i c h ascorbic ac id d i s t r i b 

utes r a p i d l y (even dur ing the absorpt ion phase) 
VB vo lume of t o ta l body water VB — (VP + VE) 
aP unbound fract ion i n p l a s m a 
aE unbound fract ion i n vo lume VE 

aR unbound f ract ion i n vo lume VR 

VB VP + VE - f VR = vo lume of t o ta l body water 

T h e u n b o u n d fractions are averaged values i n the respective volumes. 
Because the apparent volumes of d i s t r ibut ion , V i a n d Vss, are m u c h 
larger t h a n the rea l phys io l og i ca l vo lumes, the ratios (aP/aE) a n d (aP/aR) 
must be larger than uni ty , that is, an apprec iab ly h igher b i n d i n g of 
ascorbic a c i d to structures i n the extravascular space c o m p a r e d w i t h 
b i n d i n g to p lasma proteins is der ived . 

Equat i ons 2 a n d 3 are v a l i d i f there are no active transport a n d / o r 
other compl i ca ted transfer processes. N e g l e c t i n g par t i t i on ing due to p H 
differences i n various tissues, the concentrat ion of u n b o u n d ascorbic a c i d 
is assumed to be equa l i n a l l vo lumes into w h i c h the c o m p o u n d is d i s 
t r ibuted . A p p l y i n g this pr inc ip le to a single tissue, E q u a t i o n 4 can be 
der ived easi ly : 

OP_=CT_ (4) 

OLT t̂  p 

w i t h the f o l l o w i n g notat ions: 
aP unbound f ract ion i n p lasma 
aT unbound f ract ion i n tissues 
CP ascorbic ac id concentration ( m g / m L plasma) 
CT ascorbic ac id concentration ( m g / g tissue « m g / m L 

tissue) 

A c c o r d i n g to E q u a t i o n 4 this rat io represents a measure for the u n 
b o u n d f ract ion of ascorbate i n tissues w i t h respect to the u n b o u n d 
f ract ion i n p lasma. I n c a l c u l a t i n g the rat io of concentrat ion ( m g / g ) of 
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14. H O R N I G A N D H A R T M A N N Kinetic Behavior of Ascorbic Acid 307 

u n l a b e l e d ascorbic a c i d i n tissues to concentrat ion ( m g / m L ) i n p la sma , 
the f ract ion of u n b o u n d ascorbic a c i d i n p l a s m a is about 10-60 times 
larger than i n tissues. A n extremely h i g h relat ive b i n d i n g i n the adrenals 
is recognized . L i t t l e is k n o w n about the b i n d i n g of ascorbic a c i d to 
p lasma proteins of guinea pigs ( 18 ) . 

T u r n o v e r of A s c o r b i c A c i d . T h e t ime course of labe led ascorbic 
a c i d i n organs is represented b y the di f ferential equat ion : 

r\ YT* 
Z^-^TuSi-KnXT* (5) 

w i t h the f o l l o w i n g notations: 

S i specific a c t i v i t y (10 6 d p m / m g ) of ascorbic ac id i n p l a s m a 
X T * amount (10 6 dpm) of 1 4 C - r a d i o a c t i v i t y i n the organ 
T1T turnover rate (mg /h ) of ascorbic ac id f rom p lasma into 

the organ 
KT1 rate constant ( L / h ) of excretion f rom the organ 

E q u a t i o n 5 is based on the premise that each tissue is d i rec t ly 
c ou p l ed w i t h the p lasma ( m a m m i l l a r y system) . U s i n g Si f r o m E q u a t i o n 
1, the di f ferential E q u a t i o n 5 has been fitted us ing an analog computer 
to the t ime course of rad ioac t iv i ty i n several organs. T h e resu l t ing 
parameters, T1T a n d KT1, are s u m m a r i z e d i n T a b l e I I I . T h e ca l cu lated 
curves are shown i n F igures 2 -4 . C u r v e fitting b y an analog computer is 
a subjective method . T h i s is p a r t i c u l a r l y true i f the rather large scatter
i n g of the exper imental data is taken into account. Therefore , the 
d e r i v e d values for T1T a n d KTi shou ld be regarded as approximat ions 
only . 

T h e turnover rate (afflux) of ascorbic a c i d into the organ is de
scr ibed b y T1T. T h e parameter KT1 is a f ract ional rate constant a n d 
can be transformed into the turnover rate, TT1 (efflux) of a n organ b y 
m u l t i p l y i n g i t b y the ascorbic a c i d content ( X T ) of that organ : 

TT1 — KT1 XT (6) 

U n d e r steady state condit ions the efflux TT1 of an organ must be 
e q u a l to the afflux T1T. A s can be seen f r om T a b l e I I I , however , the for
m a l l y ca l cu lated efflux T n is general ly larger than the afflux T1T. In t ro 
d u c i n g the specific act iv i ty , ST = XT*/XT, of the tissue into E q u a t i o n 5 
y ie lds , after s imple rearrangements : 

diSr/Si) TIT jr ST 

— S i '-xt~KTIX (7) 
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I n the pseudo steady state (d i s t r ibut i on e q u i l i b r i u m ) , the rat io of 
the specific activit ies ( S T i / S i ) is independent w i t h t ime , w h i c h leads to 
E q u a t i o n 8. 

S\ Tri ^gj 

ST TIT 
T h i s result suggests that the observed rat io of specific activit ies a n d the 
rat io of turnover rates ( T a b l e I I I ) p a r a l l e l each other a c co rd ing to 
E q u a t i o n 8. 

T h e tota l turnover of ascorbic a c i d (Ttot) i n the b o d y equals the 
intake of ascorbic a c i d ( m g / d ) under steady state condit ions a n d assum
i n g 1 0 0 % b ioava i lab i l i t y . Ttot can also be ca l cu la ted b y the occupancy 
p r i n i c i p l e (19) us ing the t ime course of rad ioac t iv i ty i n organs: 

„ dose • XT dose 
1 u 

/
GO f* CO 

XT* dt J ST dt 

(9) 

w i t h the f o l l o w i n g notat ions: 

Ttot t o ta l turnover rate (mg of ascorbate /d ) i n the body 
dose administered 1 4 C - r a d i o a c t i v i t y (10 6 dpm) 
XT amount (mg) of ascorbate i n the respective organ i n 

steady state 
XT* amount (10 6 dpm) of 1 4 C - r a d i o a c t i v i t y i n the organ 
ST specific a c t i v i t y (10 6 d p m / m g of ascorbate) i n tissues 

Consequent ly the total turnover i n p l a s m a can be obta ined b y in t ro 
d u c i n g the p lasma specific ac t iv i ty (Si, E q u a t i o n 1) into E q u a t i o n 9. 
T h e T t o t values ca l cu lated us ing E q u a t i o n 9 are l i s ted i n T a b l e I I I . These 
values m a y be c ompared w i t h the da i l y intake of ascorbic a c i d present 
i n the diet , w h i c h was determined to be 16 ± 3 m g . 

T h e specific ac t iv i ty i n p lasma was f o u n d to be h igher than that i n 
tissues, therefore the total turnover der ived f r o m p l a s m a is l ower t h a n 
the turnover der ived f r o m rad ioact iv i ty i n tissues. 

Re levant k inet i c parameters (ha l f - l i f e , b o d y poo l , a n d mean transit 
t ime i n organs) can be ca lcu lated . A c c o r d i n g to E q u a t i o n 1 the specific 
ac t iv i ty i n p lasma shows a t r iphas i c decay w i t h hal f - l ives of t± = 1.1 h , 
t2 = 22 h , a n d ts = 61 h . T h e hal f - l ives * i a n d t2 essentially describe the 
d i s t r ibut i on of the c o m p o u n d into the system. T h e t h i r d ha l f - l i f e of 61 h 
(2.5 d ) is v a l i d for a l l tissues after attainment of the d i s t r ibut ion e q u i 
l i b r i u m a n d represents the overa l l ha l f - l i f e of e l iminat i on f r o m the b o d y 
u n d e r the special condit ions of the study (ascorbate status of the animals ) . 
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310 ASCORBIC A C I D 

T h e amount of ascorbic a c i d i n the b o d y ( b o d y p o o l ) can be ob
ta ined b y m u l t i p l y i n g the vo lume of d i s t r ibut i on (Vss) b y the averaged 
steady state concentrat ion [Css ( T a b l e I I ) ] of ascorbic a c i d i n p lasma . 
T h i s ca l cu la t i on y ie lds a body p o o l of 21 m g . Unfor tunate ly , the esti 
m a t e d b o d y p o o l cannot be c ompared w i t h an exper imental va lue since 
the tota l p o o l was not accessible exper imental ly . 

T h e mean transit t ime ( t m e a n ) of 1 4 C - r a d i o a c t i v i t y i n organs has 
f o rmal ly been evaluated us ing E q u a t i o n 10 w i t h X T * as the 1 4 C - r a d i o -
act iv i ty i n the organs: 

/

CO 

t • XT* dt 

m̂ean = = ~ (10) 

J XT* dt 

T h e resul t ing parameters are g iven i n T a b l e I I I . 
T h e resul t ing mean transit t ime m a y be used as a measure of the 

residence t ime of a molecule i n a n organ compared w i t h a second organ, 
regardless of possible rec i rcu lat ion . 

R a n k i n g the organs corresponding to these mean transit times ( T a b l e 
I I I ) three groups m a y be d i s t ingu ished : group 1 inc ludes l iver , k idney , 
lungs, a n d heart muscle w i t h mean transit t imes of 71 -75 ; group 2 i n 
cludes spleen, p i tu i ta ry g land , eyes, a n d adrena l glands w i t h mean transit 
t imes of 81 -84 h ; a n d group 3 inc ludes s u b m a n d i b u l a r g land , testes, 
cerebrum, a n d cerebe l lum w i t h mean transit times of 99 -142 h . T h e 
classif ication agrees fa i r ly w e l l w i t h the results of autoradiographic 
studies (7,9,10). 

Excretion of 1 4 C-Radioactivity. T h e m a x i m u m rate of excretion 
(10 6 d p m / h ) of 1 4 C - r a d i o a c t i v i t y as carbon d iox ide is reached at about 
0.5 h ( F i g u r e 6 ) . H o w e v e r , the peak i n act iv i ty vs. t ime curves of p lasma 
a n d of the r a p i d l y perfused organs l ike l iver , lungs, k i d n e y is at about 1.5 
h ( F i g u r e 2 ) . T h e excretion of 1 4 C - r a d i o a c t i v i t y as labe led c a r b o n d iox ide 
is not d irect ly related to p lasma i n the first t ime per iod after admin is t ra 
t ion of the label . A n intermediate compartment X 3 must be assumed. 

I n the second t ime p e r i o d after admin is t rat i on i t was not possible to 
describe the dependency of excreted rad ioact iv i ty on t ime b y re la t ing i t 
to the t ime course of specific ac t iv i ty i n p lasma or b y re la t ing i t to the 
t ime course of rad ioac t iv i ty i n organs. Therefore , a second intermediate 
compartment X 2 must be in troduced . T h e compl i ca ted excretion pat tern 
was finally represented b y an e m p i r i c a l m o d e l ( F i g u r e 8 ) . 
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312 ASCORBIC A C I D 

T h e adminis tered dose is s u b d i v i d e d into three parts. D l denotes 
the fract ion of the excretion that is l i n k e d to the t ime course of specific 
ac t iv i ty (Si) i n p lasma. T h e amounts D 2 a n d D 3 are fractions appear ing 
i n the intermediate compartments X 2 a n d X 3 , respectively. 

T h e parameters of this e m p i r i c a l m o d e l have been evaluated b y 
fitting the exper imental data b y us ing an analog computer . T h e m o d e l 
has been veri f ied a n d the parameter estimates refined b y s imulat ions 
( p r o g r a m C S M P ) on a d i g i t a l computer . T h e resul t ing parameters are 
s u m m a r i z e d i n F i g u r e 8. T h e ca l cu lated curves are compared w i t h the 
exper imental data i n F i g u r e s 5 a n d 6. Because of the complex i ty of the 
system, the parameter set, a n d even the m o d e l itself, m i g h t not be 
u n i q u e ; another m o d e l descr ib ing the data equal ly w e l l might exist. 

T h e excretion of 1 4 C - r a d i o a c t i v i t y w i t h ur ine is also represented b y 
the e m p i r i c a l m o d e l ( F i g u r e 8 ) . T h e ca lculated curve of the cumulat ive 
1 4 C - r a d i o a c t i v i t y i n ur ine is shown i n F i g u r e 7 together w i t h the exper i 
menta l data. 

A c c o r d i n g to the e m p i r i c a l m o d e l ( F i g u r e 8) the ca l cu lated curve 
of the cumulat ive 1 3 C - r a d i o a c t i v i t y i n feces is p lo t ted together w i t h 
the data points i n F i g u r e 7 ( l o w e r c u r v e ) . A fract ion , w h i c h m i g h t be 
due to the large s a m p l i n g intervals i n the first p e r i o d after intake of the 
labe l , was excreted f r om the intermediate compartment X 3 b u t c o u l d not 
be detected. 

Discussion 

T h e fate of ascorbic a c i d admin is tered ora l ly as ( 1 - 1 4 C ) ascorbic a c i d 
has been f o l l owed i n the guinea p i g . T h e data on the overa l l excret ion 
of l abe led mater ia l ( T a b l e I ) conf irm earl ier reports demonstrat ing the 
respiratory p a t h w a y to be the major route of catabo l i sm i n the guinea p i g 
(3,20,21). A s c o r b i c a c i d is r a p i d l y a n d w i d e l y d i s t r ibuted throughout 
the b o d y (4). W e have at tempted to determine the remain ing par t of 
the l abe l i n the tissues to obta in a balance u s i n g the tota l excreted rad io 
act iv i ty . It was not possible exper imental ly to determine the r e m a i n i n g 
labe l i n stomach, intestine, a n d bone. I n add i t i on , only estimations of 
rad ioact iv i ty i n fat, skeletal muscle , a n d sk in were possible , because the 
tota l mass was not avai lab le . Therefore , the total b o d y p o o l of ascorbic 
a c i d i n our invest igat ion cannot be assessed a n d compared w i t h the 
ca l cu lated value of 21 m g . H o w e v e r , figures f r om the l i terature suggest 
that, w i t h d a i l y intakes of 500 m g of ascorbic a c i d / k g of diet , a b o d y 
p o o l of this size is ach ieved (22-24). 

T h e ratio of the specific activit ies i n p lasma a n d tissues were larger 
t h a n u n i t y even after atta inment of the steady state; this finding c o u l d be 
caused b y tissue ascorbate not exchanging w i t h the in t roduced , l abe l ed 
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14. H O R N I G A N D H A R T M A N N Kinetic Behavior of Ascorbic Acid 313 

ascorbic a c i d w i t h i n the t ime p e r i o d of the experiment. T h e fa i lure to 
exchange suggests the existence of structures i n tissues f r o m w h i c h 
ascorbic a c i d is s l owly released. I f this suppos i t ion is v a l i d the ca l cu la ted 
va lue of the to ta l b o d y p o o l w o u l d be underest imated. 

T h e f ract ion of u n b o u n d ascorbic a c i d i n p lasma was f o u n d i n our 
study to be u p to sixty t imes larger t h a n that i n tissues. T h e adrenals 
exhib i t a n extraordinar i ly h i g h relat ive b i n d i n g (170 times larger t h a n 
p l a s m a ) , w h i c h confirms the observation that several pro te in fractions 
can be iso lated f r o m adrenals b y Sephadex chromatography ; ascorbic 
a c i d was f o u n d to be b o u n d to these fractions (25 ) . T h e l ower relat ive 
b i n d i n g i n cerebrum a n d lungs supports nonspecif ic b i n d i n g of ascorbic 
a c i d to guinea p i g b r a i n homogenates (26) a n d to rat l u n g homogenates 
( 2 7 ) . T h e re lat ive b i n d i n g of ascorbic a c i d was also l o w i n l iver , i n 
accordance w i t h data reported earl ier ( 2 8 ) . H o w e v e r , a rather w i d e 
controversy exists on the b i n d i n g of ascorbic a c i d to prote in . Several 
authors have suggested that ascorbic a c i d is b o u n d to pro te in i n adrenals 
a n d i n l i ver tissue (25, 29) whereas others f o u n d no evidence for any 
such b i n d i n g ( 2 8 ) . A l s o , no evidence for p ro te in -bound ascorbic a c i d 
c o u l d be f o u n d i n other tissues ( b r a i n , l u n g ) (26,27). 

Dif ferent concentrations i n compartments that can exchange ascorbic 
a c i d m a y also be ach ieved b y nonl inear transfers such as act ive transport 
processes. N o n l i n e a r i t y , however , cannot be determined b y exper imental 
designs us ing only one steady state level . T h e b r a i n , adrenals , p i t u i t a r y 
g land , a n d eyes take u p ascorbic a c i d b y an energy-dependent act ive 
transport mechanism (30, 31). 

O u r exper imental design a l l o w e d the est imation of ascorbic a c i d 
turnover i n various tissues ( F i g u r e s 2 - 4 ) . T h e amount of ascorbic a c i d 
per un i t t ime ( turnover ) reach ing the tissues was highest i n the l i ver 
( T i r = 4.5 m g / d / g of tissue, corresponding to a to ta l turnover of 55 
m g / d ) f o l l o w e d b y adrenals , testes, a n d p i tu i tary g l a n d ( T a b l e I I I ) . 
T h e rather h i g h turnover i n the l iver exceeding the tota l turnover m a y 
be caused b y a m u l t i p l e rec i r cu lat ion of ascorbic a c i d to this organ. 

T h e turnover rates of ascorbic a c id f rom tissues (afflux TTi) were 
larger than the afflux (see T a b l e I I I , c o l u m n headed < T ^ 1 / T 1 ^

, , ) , suggest
i n g either that the d i s t r ibut i on e q u i l i b r i u m between labe l ed ascorbic a c i d 
a n d ava i lab le tissue ascorbic a c i d has not been reached, or that part of 
the compartmenta l p o o l of ascorbic a c i d cannot be exchanged. T h e r e 
fore, f o r m a l ca l cu la t i on of the tota l turnover of ascorbic a c i d us ing tissue 
data results i n a turnover somewhat larger than that ca lcu lated us ing 
p l a s m a data ( m e a n value 12.5-8 m g / d ) . W h e n ca l cu lated f r o m the food 
intake, the turnover is 16 ± 3 m g / d ; therefore, one must assume that 
the b i o a v a i l a b i l i t y of ascorbic a c i d present i n the diet is not 1 0 0 % . 
Studies on the absorpt ion of ascorbic a c i d i n humans have demonstrated 
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314 ASCORBIC A C I D 

ascorbic a c id absorpt ion of 8 0 - 9 0 % , even w i t h phys io log i ca l doses u p to 
180 m g (32). T h e mechanisms for uptake i n humans a n d guinea pigs 
are comparable (33,34); therefore, ascorbic ac id may not be absorbed 
complete ly b y the guinea p i g intestine. 

T a b l e I I I also lists the mean transit times for ascorbic a c i d i n various 
tissues. Theoret i ca l ly , this parameter may be used as a measure of the 
passage of a c o m p o u n d i n tissues. T h e m e a n transit t ime m i g h t be used 
to classify the tissues w i t h respect to retention capab i l i ty for ascorbic 
a c id . T h e finding that l iver , k idneys , lungs, a n d heart muscle have the 
shortest transit t imes is phys io log i ca l ly important i n case of exist ing b o d y 
p o o l deplet ion , w h e n these tissues pre ferent ia l ly lose their stores of 
ascorbic a c id . O n the other h a n d , b r a i n s u b m a n d i b u l a r glands a n d 
testes retain ascorbic a c i d i n case of a deplet ion of this v i t a m i n for a 
longer p e r i o d of t ime. A n enhanced retention capab i l i t y for ascorbic 
a c i d was earl ier reported for guinea p i g eye lens a n d b r a i n (2,35). A l s o , 
autoradiographic studies w i t h ( 1 - 1 4 C ) ascorbic a c i d showed that b r a i n , 
p i tu i tary a n d adrenal glands, testes, a n d eye lens have a h igher retent ion 
capab i l i t y for ascorbic a c i d t h a n do l iver , lungs, a n d kidneys (7,9,10). 
N o specific proteins for ascorbic a c i d b i n d i n g i n the b r a i n are k n o w n 
(26); ascorbic a c i d is suggested to be reta ined i n these tissues b y b i n d i n g 
to subce l lu lar structures. 

U n d e r the exper imental condit ions , the overa l l ha l f - l i f e ( b i o l o g i c a l 
ha l f - l i f e ) of ascorbic a c i d e l iminat i on f r o m the b o d y was ca l cu la ted at 
about 61 h (2.5 d ) . T h i s va lue has been evaluated f r o m the slope of the 
log l inear phase (/3-phase), i n d i c a t i n g e q u i l i b r a t i o n of the labe led ascor
b i c a c i d w i t h the exchangeable b o d y poo l . T h e observed ha l f - l i f e c o m 
pares w e l l w i t h data obta ined i n earlier s tud ies—main ly ca lcu lated f r o m 
the t ime dependence of the l o g a r i t h m of rad ioac t iv i ty r e m a i n i n g i n the 
body , a n d w i t h the assumption that metabolites of ascorbic a c i d are 
r a p i d l y e l iminated . T h u s , b i o l og i ca l hal f - l ives for ascorbic a c i d of 6 0 -
140 h ( 3 ) , 85-115 h (36), 48 -72 h (2), or 127 h (22) are reported. I n 
one study (22) the hal f - l i f e was determined f r o m the p l a s m a specific 
ac t iv i ty to be only 39 h . 

T h e k inet i c eva luat ion of our data revealed that i n the guinea p i g 
the t ime course of p l a s m a rad ioact iv i ty shows a r a p i d i n i t i a l d i s t r i b u t i o n 
i n at least t w o d is t inguishable phases f o l l o w e d b y a l o g l inear phase. 
D i s t r i b u t i o n e q u i l i b r i u m was atta ined after 40 h ( F i g u r e 1 ) . I n one 
report (22) the kinet ics of ascorbic a c i d were a n a l y z e d i n guinea pigs 
f o l l o w i n g intraper i toneal admin is t ra t i on of ( 1 - 1 4 C ) ascorbic a c id . T h e 
hal f - l i f e of the i n i t i a l r a p i d phase was ca l cu la ted to be 5.9 h ( f r o m semi 
l ogar i thmic p lo t of dose r e m a i n i n g vs. t i m e ) a n d 2.2 h ( f r o m p l a s m a 
ascorbate specific a c t i v i t y ) . These values compare w e l l w i t h the ha l f - l i f e 
of 1.1 for the very early d i s t r ibut i on phase obta ined f r o m our data . T h e r e 
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14. H O R N I G A N D H A R T M A N N Kinetic Behavior of Ascorbic Acid 315 

are no data avai lab le i n the l i terature for the second phase of d i s t r ibut i on 
( ~ 2 2 h ) . 

I n guinea pigs there is considerable conversion of ascorbic a c i d to 
respiratory carbon d iox ide ( 3 , 3 7 ) . F u r t h e r , the entire carbon c h a i n of 
ascorbic a c i d is subjected to extensive ox idat ion to carbon d iox ide (3,21). 
F o l l o w i n g inject ion of ( 1 - 1 4 C) a s c o r b i c a c i d , 6 6 % of the l a b e l was re 
covered as ( 1 4 C ) c a r b o n d iox ide d u r i n g 10 d ; u p to 3 0 - 4 0 % of the dose 
was catabo l i zed to carbon d iox ide d u r i n g the first 24 h ( 2 0 ) . O u r data 
indicate that i n a t ime p e r i o d of 216 h about 6 5 % of the ora l dose of 
( 1 - 1 4 C ) a s c o r b i c a c i d is exhaled as labe led carbon d iox ide ( T a b l e I ) . 
T h e m a x i m u m rate of excretion occurred at 0.5 h ( F i g u r e 6 ) , a n d w e 
d e r i v e d f rom this r a d i o a c t i v i t y - t i m e curve that w i t h i n the first 12 h about 
3 0 % of the labe l was exhaled ( 3 6 % after 24 h ) . 

I n c o m p a r i n g the peak (at 1.5 h , F i g u r e 1) i n rad ioac t iv i ty i n p l a s m a 
a n d i n the strongly per fused tissues ( l iver , lungs, k idneys ) w i t h the peak 
i n carbon d iox ide excretion (0.5 h , F i g u r e 6) one has to consider metabo
l i s m of ascorbic a c i d before i t reaches the systemic c i r cu la t i on . I n the 
guinea p i g the contents move r a p i d l y t h r o u g h the stomach a n d s m a l l 
intestine. W i t h i n a p e r i o d of 2 h these organs are prac t i ca l l y e m p t i e d 
(38). A b r e a k d o w n of the carbon c h a i n i n the a c i d environment of the 
stomach is un l ike ly . I t is more l i k e l y that ascorbic a c i d is metabo l i zed 
on the first passage through the intest inal w a l l , suggesting the presence of 
structures i n the intest inal w a l l capable of efficiently metabo l i z ing ascorbic 
a c i d to carbon dioxide . 

T h e phys io log i ca l mean ing of the intermediate compartment X 2 , 
w h i c h h a d to be in t roduced to describe the exper imental data for carbon 
d iox ide exhalat ion, is presently not understood. T h e transport of ( 1 4 C ) -
carbon d iox ide b y the erythrocytes might be connected w i t h this c o m 
partment . 

D u r i n g the experiment (220 h ) only 8 % of the l a b e l was recovered 
f r o m ur ine . T h i s amount agrees satisfactori ly w i t h data p u b l i s h e d earl ier 
(3 , 20, 39) a n d confirms that the e l iminat ion w i t h ur ine is not an impor tant 
route for the e l iminat i on of ascorbic a c i d a n d its metabolites . A l s o , the 
fecal appearance of the labe l ( T a b l e I ) was very l i m i t e d (about 3 % of 
the dose) . 
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The functions and fate of L-ascorbic acid in humans and 
other primates are reviewed in this chapter. Topics included 
are use of subhuman primates for research in nutrition; 
evolution and subsequent loss of ascorbic acid biosynthesis; 
absorption, tissue transport, and distribution of ascorbic 
acid; and catabolism, functions, and requirements of ascor
bic acid. In retrospect, the insight provided by this chapter 
suggests new work areas of emphasis for developing better 
understanding of the vitamin's role in human health. 

Use of Subbuman Primates for Research in Nutrition 

The concept that studies of subhuman primates might provide an 
insight into the mechanisms of human health and disease led to the 
initiation of a wide range of investigations. Tremendous advances have 
occurred through studies of subhuman primates in the fields of infectious 
and degenerative disorders, toxicology, neurophysiology, space biology, 
organ transplantations, and behavioral sciences. However, studies of 
subhuman primates can often be influenced by the same genetic, health, 
and age-related considerations that made humans unsatisfactory candi
dates for certain types of investigations. Therefore the value of data 
from studies of subhuman primates varied with the ability of the re
searcher to define the health and condition of his experimental animal. 
In this regard, all investigations that utilize subhuman primates, whether 
biological or behavioral, must consider the nutritional status of the experi-

This chapter not subject to U.S. copyright. 
Published 1982 American Chemical Society. 
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318 ASCORBIC A C I D 

menta l a n i m a l p r i o r to eva luat ion of any resu l t ing data . N u t r i t i o n is w e l l 
recognized as affecting the rates of g r o w t h a n d maturat ion , the course of 
infectious disorders, a n d the efficiency of hea l ing a n d repa ir m e c h a 
nisms. 

Rev iews are avai lab le that consider the taxonomy of s u b h u m a n 
primates , the diet of selected species i n the ir na tura l habitats , a n d some 
aspects of various nutr ient requirements of the monkey (1,2). Since the 
1940s m a n y reports have appeared i n w h i c h monkeys were f ed s e m i p u r i -
fied diets deficient i n i n d i v i d u a l v i tamins . S u c h reports have greatly 
c lar i f ied the pathophys io logy a n d sequelae of v i tamin-def i c iency states i n 
humans. H o w e v e r , most of the work associated w i t h the search for essen
t i a l g r o w t h factors was done w i t h other a n i m a l species a n d w i t h o u t the 
use of s u b h u m a n primates . C e r t a i n l y , re lat ive ly f ew studies have been 
done on the effects of different levels of various nutrients on any species 
of s u b h u m a n primates . There are reasons to suspect that the o p t i m u m 
diets a n d requirements of the various primates m a y differ substant ia l ly 
(3). Types of n a t u r a l food eaten, size range, a n d gut morpho logy e m p h a 
size the divers i ty of pr imate order. A serious l i m i t a t i o n to the establ ish
ment of nutr ient requirements i n primates is the lack of adequate data 
on g r o w t h a n d development , w i t h the Rhesus monkey a n d the c h i m 
panzee be ing the exceptions. 

A n important p r o b l e m i n de te rmin ing nutr ient requirements a n d 
o p t i m u m diet is the def init ion of the cr i ter ia of hea l th that must be met. 
O f t e n re lat ive ly short -term assays of requirements based on we ight ga in , 
morb id i ty , a n d morta l i ty , or the incidences of morpho log i ca l or b i o 
chemica l lesions are used as indices to establ ish o p t i m u m nutr i t i on . 
H o w e v e r , i f the s u b h u m a n primates are to be used effectively as a m o d e l 
for h u m a n n u t r i t i o n , then w e shou ld consider studies into o p t i m u m n u t r i 
t i on for a l ong a n d vigorous l i fe . 

T h i s chapter considers one such nutr ient , ascorbic a c i d ; h o w that 
nutr ient is necessary to the s u b h u m a n pr imate ; a n d h o w experiments of 
v i t a m i n C n u t r i t i o n i n the s u b h u m a n pr imate can be extrapolated to 
humans. W e in tend to summarize the in format ion avai lab le on v i t a m i n 
C nutr i t i on i n the s u b h u m a n pr imate so that n o w i n retrospect w e can 
establ ish where w o r k shou ld be emphas ized i n the future. 

Evolution and Subsequent Loss of Ascorbic Acid Biosynthesis 

Ascorb i c a c i d is b iosynthes ized f r o m carbohydrate precursors i n 
c l u d i n g glucose a n d galactose b y a w i d e var iety of p lant a n d a n i m a l 
species. A f t e r scurvy was recognized as a nutr i t i ona l deficiency disease, 
humans , other pr imates , a n d guinea pigs were thought to be the only 
animals that are subject to scurvy. I t is n o w recognized that the a b i l i t y 
to synthesize ascorbic a c i d is absent i n insects, invertebrates, fishes, a n d 
certa in bats a n d birds (4-6). A p p a r e n t l y the biosynthet ic capac i ty 
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15. O M A Y E E T A L . Metabolism of L-Ascorbic Acid 319 

started i n the k i d n e y of amphib ians a n d repti les , was transferred to the 
l i ver of mammals , a n d was then lost i n gu inea pigs , flying mammals , a n d 
primates ( 5 ) . Chatter jee et a l . (5 ) suggested that the early amphib ians 
started ascorbic a c i d synthesis i n the k i d n e y because the v i t a m i n c o u l d 
be p r o d u c e d at h i g h rates. T h e transi t ion of ascorbic a c i d synthesis f r o m 
the k i d n e y of reptiles to the l iver of mammals corresponds to w h e n the 
vertebrates were evo lv ing temperature regulatory mechanisms; the n e w 
site w o u l d accommodate the problems of l i fe o n dry l a n d a n d the necessi
ties of i o n regulat ion ( 5 , 6 ) . T w o other explanations that have been 
offered for the transi t ion of ascorbic a c i d synthesis to the l i ver are that 
the re lat ive ly smal l k idneys became too c r o w d e d w i t h other demands ( 7 ) , 
or that mammals needed more ascorbic a c i d on a total b o d y we ight basis 
t h a n d i d the reptiles (8) for the detoxif ication of histamine. 

A s imi lar t rans i t ion i n the biosynthet ic ab i l i t y of ascorbic a c i d was 
speculated for the evo lut ion of b i rds (5,6,9). B i r d s are be l i eved to have 
evo lved f r om a quite different l ine of reptiles (10). P r i m i t i v e b i rds 
reta ined the biosynthet ic capac i ty i n the k idney , b u t w i t h the progress 
of evo lut ion , synthetic capac i ty is f o u n d i n the l i ver of passeri form b i rds 
(4,11). H i g h l y evo lved Passeres b i rds are incapable of p r o d u c i n g the 
v i t a m i n (4). 

N o requirement for ascorbic a c i d is k n o w n for microbes . 
F a i l u r e to synthesize ascorbic a c i d is caused b y a c o m m o n defect, 

namely the absence of the enzyme L -gulono oxidase ( E C 1.1.3.8) (12). 
T h i s microsomal enzyme is necessary for the t e r m i n a l step i n the con 
vers ion of glucose to ascorbic a c i d (Scheme 1 ) . T h e absence of the 
enzyme is caused b y a mutat i on that resulted i n the loss of the gene 
responsible for synthes iz ing the enzyme. F o r t u n a t e l y this mutat i on was 
not l e tha l because ascorbic a c i d was present i n food of the affected 
species. 

Researchers have quest ioned whether the one-enzyme-defic iency 
theory appl ies to scurvy-prone animals (13). Studies showed no evidence 
for more than a one enzyme defect i n scurvy-prone animals (14). B a s e d 
on i m m u n o l o g i c evidence of pur i f i ed L -gulono -A - lactone oxidase, s curvy-
prone animals do not conta in i m m u n o l o g i c a l l y cross-reacting mater ia l to 
gulono-A-lactone oxidase (15,16). 

A f ew pros imians appear able to synthesize v i t a m i n C f r o m L-1,4-
gulonolactone because the ir need for exogenous ascorbic a c i d has not 
been identi f ied (17). 

Absorption, Tissue Transport, and Distribution 

A b s o r p t i o n of ascorbic a c i d i n the gut is a passive process for the 
rat (18), w h i l e scurvy-prone animals requ i re a n active transport system 
w i t h a Na + -dependent , grad ient - coupled carr ier mechan i sm that is 
i n h i b i t e d b y ouaba in (19,20). A transport m o d e l is favored that fea -
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D -G lucose , 

D -Glucuronolactone^. 

P E N T O S E | > ^ ^ V 
P H O S P H A T E P A T H W A Y D -G lucuron i c A c i d 

L -Gulono lac tone 

D - X y l u l o s e - 5 - P 
n 

D - X y l u l o s e 

L - G u l o n i c A c i d 

2 -Keto -L -gu lono lactone 

3 -Keto -L - gu lon i c A c i d 

L -Ascorb i c A c i d 

X y l i t o l * L - X y l u l o s e 

Scheme 1. Pathway for ascorbic acid biosynthesis in animals 

tures a carr ier -mediated mechan i sm for simultaneous entry of ascorbic 
a c i d a n d N a + across the b r u s h border , s imi lar to the N a + - g r a d i e n t mecha 
n i s m postulated to effect sugar a n d amino a c i d transport i n m a m m a l i a n 
mucosa (21). T h i s seems reasonable because ascorbate resembles sugar 
compounds i n structure. S imple sugars are read i ly absorbed b y act ive 
transport a n d dif fusion i n the d u o d e n u m , je junum, a n d i l e u m d e p e n d i n g 
u p o n their structure, the amounts of N a + a n d K + present, a n d the presence 
of other sugars a n d amino acids. H o w e v e r , despite contrary ev idence 
(22,23) the proposed m i n i m u m requirements for sugars act ive ly trans
ported across the gut w a l l seem to exclude ascorbic ac id . A n alternate 
m o d e l of ascorbic a c i d transport b y dif fusion w o u l d be that ascorbic 
a c i d i n excess of tissue saturation w o u l d not be read i ly absorbed. S u c h a 
m o d e l is i n l ine w i t h the general hypothesis (24,25) that ascorbic a c i d 
is read i ly absorbed w h e n smal l quantit ies are ingested; however , there is 
a l i m i t e d intest inal absorpt ion w h e n excess amounts of the v i t a m i n are 
ingested. T h e r e is l i t t le in fo rmat ion regard ing the b i o a v a i l a b i l i t y of 
ascorbic a c id f rom foods. T h e w i d e occurrence of the v i t a m i n w o u l d 
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suggest i t w o u l d be a nutr ient w i t h l i t t le b i o a v a i l a b i l i t y p r o b l e m ; h o w 
ever, a recent study showed that diets h i g h i n hemice l lu lose enhanced 
the u r i n a r y excretion of ascorbic a c i d , a n d diets h i g h i n pec t in decreased 
u r i n a r y excretion of ascorbic a c i d i n humans ( 2 6 ) . Increased u r i n a r y 
excretion of ascorbic a c i d at constant levels of intake is ind i cat ive of 
either enhanced absorpt ion or decreased need. 

T h e oxidat ive produc t of ascorbic a c i d , dehydroascorb ic a c id , is the 
pre ferred f o rm of the v i t a m i n for uptake b y neutrophi ls , erythrocytes, 
a n d lymphocytes ( 2 7 ) . O n c e w i t h i n the erythrocyte , dehydroascorb ic 
a c i d is reduced to ascorbic a c id b y a glutathione-dependent , dehydro -
ascorb ic -ac id -reduc ing enzyme (20 ,28 ) . H o w e v e r , the reduced f o r m of 
ascorbic a c i d is f o u n d i n most other tissues, that is, l i ver , lungs, k idneys , 
sk in , a n d p i t u i t a r y a n d adrena l glands (20,29). F r o m these studies, 
ascorbic a c i d is taken u p b y several tissues b y an energy-dependent a n d 
Na + - sens i t ive process, b u t the transport of the ox id i zed v i t a m i n f o rm 
fo l lows the pr inc ip les of di f fusion. 

Adverse reactions m i g h t occur because of antagonism between 
sugars a n d ascorbate for transport mechanisms. H y p e r g l y c e m i a c o u l d 
i m p a i r the intrace l lu lar ava i l ab i l i t y of v i t a m i n C ; therefore, diabetics 
c o u l d suffer v i t a m i n C deficiency w i t h adequate v i t a m i n intake (30-33). 
A l s o , ascorbic a c i d m a y i n h i b i t glucose uptake b y tissues, resul t ing i n 
h y p e r g l y c e m i a a n d symptoms of diabetes f o l l o w i n g the ingest ion of 
large doses of ascorbate. R e l a t e d to this antagonism between sugars a n d 
ascorbate are the findings that diabetics often have elevated serum levels 
of dehydroascorb ic a c i d (4) a n d that dehydroascorb ic a c i d has an i n h i b i 
tory effect on i n s u l i n secretion f r om mouse pancreat ic islets (34). T h e 
i m p l i c a t i o n f r om these studies is that the problems associated w i t h 
diabetics may be re lated to an i n a b i l i t y of the b o d y to use dehydro 
ascorbic a c i d or that excess dehydroascorbic a c i d may i n h i b i t the release 
of insu l in . 

Ascorb i c a c i d is w i d e l y d i s t r ibuted throughout the tissues of the 
body , b o t h i n animals i n w h i c h synthesis occurs a n d i n animals of the 
scurvy-prone groups p r o v i d e d an adequate amount of the v i t a m i n i n the 
diet. T h e largest concentrat ion of the v i t a m i n is i n the adrenals a n d 
other g landular tissues (35 ) . H i g h levels are also f o u n d i n the l iver , 
spleen, a n d b r a i n . M u s c l e content of ascorbate is re lat ive ly l o w w i t h 
other tissues intermediate (29). D a t a on the ascorbic a c i d content of 
rodent organs are abundant , but very l i t t le data on the v i t a m i n content of 
h u m a n or s u b h u m a n pr imate organs is reported . Recent c o m p i l e d tables 
of ascorbic a c i d content of h u m a n organs (29) i nd i ca ted that the con 
centrat ion of the v i t a m i n i n b r a i n a n d l i ver is l o w compared w i t h glands 
a n d secretory organs, bu t the ir total c o m b i n e d organ content of ascorbic 
a c i d accounts for the major amount of the total b o d y ascorbic a c id . 
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Therefore , the b r a i n a n d the l i ver appear to act as storehouses that the 
b o d y c o u l d c a l l u p o n i n deficiency states. 

Stress a n d various hormones m a r k e d l y influence p lasma a n d tissue 
levels of ascorbic ac id . A decrease of ascorbic a c i d concentrat ion i n the 
adrenal g land , spleen, a n d b r a i n of guinea pigs was demonstrated after 
subject ing the animals to p h y s i c a l stress caused b y s w i m m i n g ( 3 6 ) . 
Cigaret te smoke caused a signif icant reduct i on of ascorbic a c i d i n gu inea 
p i g adrenal glands (37) a n d h u m a n b l o o d ( 38 ) . Changes i n the ascorbic 
a c i d concentrations i n rat tissues were also observed f o l l o w i n g h y p o -
physectomy or t h y r o i d treatment (20). T h e h i g h concentrat ion of ascor
b i c a c i d i n adrena l glands was reduced b y fat igue a n d stress-related 
changes. Injections of the p i tu i tary hormone, adrenocort icotropin 
( A C T H ) , also deplete the adrena l cortex of ascorbic a c i d , w h i c h sug
gests that the v i t a m i n plays a role i n the synthesis of adrena l hormones 
as a response to stress. H o w e v e r , research indicates that ascorbate is 
not necessary for either the synthesis of adrena l hormones, or the m o b i l i 
zat ion of g lucocort ico ids or mineral -cort ico ids (39). Re lat ionships be 
tween stress a n d ascorbate requirements or ascorbate metabo l i sm are 
discussed elsewhere i n this chapter. 

M o r e w o r k is needed i n this area w i t h increased emphasis p l a c e d 
on the s u b h u m a n pr imate . L i t t l e in format ion is ava i lab le on the uptake , 
transport , a n d d i s t r ibut i on of ascorbic a c i d i n s u b h u m a n primates . 

Turnover—Catabolism 

I n humans the ur inary tract is the p r i n c i p a l route for the e l iminat i on 
of metabol i c products of ascorbic a c id . Ascorb i c a c i d is converted to 
oxalate f rom the C l and C 2 carbons; some of the v i t a m i n is excreted 
unchanged . A s i d e f rom ascorbate-2-sulfate, l i t t le is k n o w n about the 
ur inary ascorbic a c i d metabolites (40). Recent ly , authors r e v i e w i n g 
ascorbic a c i d metabo l i sm general ized that the catabo l i sm of ascorbic 
a c i d to carbon d iox ide occurs i n the rat, gu inea p i g , a n d monkey , b u t not 
i n humans (6,20,41). S u c h generalizations seem paradox i ca l because 
the guinea p i g a n d the monkey , l ike humans , require ascorbic a c i d , b u t 
the rat does not. T h e current bel ie f is that the guinea p i g catabolizes 
ascorbic a c i d extensively to respiratory carbon d iox ide . Others have 
s h o w n that the ox idat ion of ascorbate to respiratory carbon d iox ide is 
dependent on the dietary intake (42,43) a n d stress (43). A s c o r b i c a c i d 
is first ox id i zed to dehydroascorb ic a c i d b y a var iety of nonspecif ic 
enzymic a n d nonenzymic reactions. Dehydroascorb i c a c i d is de lac ton ized 
enzymat i ca l ly to 2 3-diketogulonate, w h i c h is subsequently decarboxy l -
ated b y a specific decarboxylase or nonenzymat i ca l l y to carbon d iox ide 
a n d pentonic a c i d (Scheme 2 ) . T h e first react ion is reversible b u t the 
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other reactions are irrevers ible . H o w e v e r , this p a t h w a y of ascorbate 
catabol ism i n the guinea p i g seems to be inf luenced b y other factors. 

W h e n ( 1 - 1 4 C ) -ascorbic a c i d is g iven ora l ly to the monkey , 2 0 - 9 0 % 
of the l a b e l is excreted as respiratory labe led carbon d iox ide (20, 44, 4 5 ) . 
Therefore , the monkey was thought to catabol ize ascorbic a c i d to carbon 
d iox ide i n a manner s imi lar to the guinea p i g a n d that only humans h a d 
an alternate pa thway . W h e n the labe l is g iven to the monkey b y i v injec
t i on , less t h a n 1% is excreted as respiratory labe led carbon d iox ide (20, 
44,45), suggesting that w h e n the v i t a m i n is not subjected to intest ina l 
ox idat ion , either b y the gut or b y gut flora, there is l i t t le degradat ion to 
carbon d iox ide . T h e results of these studies contrasted w i t h an ear ly 
report where labe led carbon d iox ide c o u l d be detected after the p a r e n 
tera l ( i n t r a m u s c u l a r ) admin is t ra t i on of l abe led ascorbic a c i d to m o n k e y 
(46). 

O n e study showed that ox idat ion of ascorbate to carbon d iox ide was 
to less than 3 % w h e n 20 m g or less of the v i t a m i n was fed ora l ly to the 
" t r a i n e d " monkey ( 4 7 ) . T r a i n e d was defined as, " f a m i l i a r i z a t i o n of the 
monkey to a l l condit ions , exper imental rout ine , a n d personnel pr i o r to 
the ac tua l exper imental p e r i o d . " T h e purpose of this t r a i n i n g was to 
m i n i m i z e any stress-related changes that the monkey m i g h t undergo 
because of sudden changes i n the animal 's environment . I n general , 
stress-related changes result i n decreased p l a s m a a n d tissue concen
trations of ascorbic a c i d a n d appear to increase the requirement for the 
v i t a m i n (48-52). T h e monkey does not synthesize ascorbic a c i d ; there
fore, i t is l og i ca l to presume the stress-related changes i n ascorbic a c i d 
concentrations are caused at least i n part b y modi f i cat ion i n the catabo
l i s m of the v i t a m i n . T h e reduct ion of ascorbic degradat ion to c a r b o n 
d iox ide i n the t ra ined monkey suggests that ascorbic a c id catabol ism is 
inf luenced b y the adrena l hypophys is axis. A m o n g i n d i v i d u a l organs, 
ascorbic a c i d is f o u n d i n the highest concentrat ion i n the adrena l cortex. 
B o d i l y in jury or other stress results i n a deplet ion of adrena l ascorbic a c i d 
i n response to an increased secretion of A C T H b y the p i tu i tary g land . 
T h e mechan ism remains to be defined, b u t m a y be exp la ined b y a 
spontaneous, r a p i d , h y d r o l y t i c decompos i t ion of dehydroascorb ic a c i d to 
2,3-diketogulonate f o l l o w e d b y r a p i d catabo l i sm to carbon d iox ide . 
Therefore , the stress-related changes m a y influence endogenous free 
dehydroascorb ic a c i d tissue levels or r e d u c i n g mechanisms (g lutath ione 
poo ls ) that m a y be i n v o l v e d i n the maintenance of reduced ascorbic a c i d 
levels. A s imi lar re lat ionship m a y also exist i n the catabo l i sm of ascorbic 
a c i d b y the guinea p i g (43). 

Several investigators have suggested that the ident i f i cat ion a n d 
quant i ta t i on of ascorbic a c i d metabolites w i l l a i d i n our unders tand ing 
the metabo l i c role of ascorbic a c i d (47,53,54). A s c o r b i c a c i d p r o b a b l y 
funct ions i n more ways t h a n as a h y d r o x y l a t i o n cofactor a n d as a redox 
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agent. In format ion f r o m the vi tamin 's metabolites w i l l enable us to 
unders tand w h a t those functions m i g h t be. I n humans , guinea pigs , a n d 
monkeys the ascorbic a c i d metabolites ident i f ied i n the ur ine are de
hydroascorb ic a c i d ( 4 8 , 5 5 , 5 6 ) , d iketogulon ic a c i d ( 5 5 , 5 6 ) , ascorbate 
sulfate (40,54), oxalate (55<56), m e t h y l ascorbate ( 5 7 ) , a n d 2-keto-
ascorbi to l ( 58 ) . T w e n t y to forty percent of the compounds der ived f r o m 
ascorbic a c i d i n ur ine have not been ident i f ied ( 54 ) . Qua l i ta t i ve a n d 
quant i tat ive reported differences i n the amounts of metabolites i n ur ine 
are l i k e l y caused b y different preparatory a n d storage procedures, d i f 
ferent d ietary intake of ascorbate, and , perhaps, stress-related changes i n 
the animals b e i n g studied . 

T h e u r i n a r y ascorbic a c i d metabolites of primates were separated 
b y i o n exchange resins ( 5 3 , 5 9 ) . U r i n e co l lected f r om monkeys f ed or 
injected w i t h labe led ascorbic a c i d resulted i n five to six fractions con 
t a i n i n g carbon-14 on d i e thy laminoe thy l cel lulose ( 60 ) . A s c o r b i c a c i d , 
ascorbate sulfate, a n d oxalate were identi f ied. T h e percentage of u r i n a r y 
carbon-14 recovered f r o m chromatography was not reported. There was 
considerable var ia t i on i n quant i ta t i on of the carbon-14 i n the different 
fractions d u r i n g the 48-h co l lect ion per iod . Others have f o u n d that 
7 0 - 8 0 % of the u r i n a r y carbon-14 was recovered i n four chromatographic 
fractions ( 59 ) . Extens ive steps were taken to m i n i m i z e the degradat ion 
of ascorbic a c i d a n d ascorbate metabolites d u r i n g ur ine co l lect ion a n d 
analysis. O n l y s l ight variat ions were f o u n d i n the percentages of carbon-
14 measured i n the four chromatographic fractions d u r i n g the 30 d 
f o l l o w i n g the admin is t rat i on of the labe l . W h e n 1 m g or less of ascorbic 
a c i d was f ed to monkeys, ascorbate ( 1 7 % ) a n d oxalate ( 4 0 % ) were 
ident i f ied as the major carbon-14 u r i n a r y metabolites . W h e n 10 m g or 
more of ascorbic a c i d was f ed to monkeys , ascorbate ( 7 5 % ) was i d e n t i 
fied as the major carbon-14 u r i n a r y metabol i te . Ascorbate 2-sulfate was 
not f o u n d as a metabol i te us ing that procedure . 

A signif icant role for ascorbate 2-sulfate seems questionable . A s c o r 
bate 2-sulfate has been f ound i n the ur ine a n d tissues of humans , rats, 
trout , b r ine shr imp cysts, a n d others. T h e sulfate can replace ascorbic 
a c i d i n fish ( 6 1 ) , b u t is not ant iscorbut igenic i n guinea pigs (62) or 
monkeys ( 63 ) . Ascorbate 2-sulfate is f o u n d i n h i g h concentrations i n 
br ine shr imp cysts a n d certa in tissues of fish, suggestive of some storage 
funct ion , because i n this f o rm, ascorbate shou ld be stable to ox idat ion . 
I n other species ascorbate 2-sulfate is r a p i d l y e l iminated after parentera l 
admin is t rat i on a n d is poor ly absorbed after o ra l ingest ion. Ascorbate 
2-sulfate does not appear to be a sul fat ing agent* a n d a b i o l og i ca l role 
for the c o m p o u n d is not k n o w n . 

2 - O - M e t h y l a s c o r b i c a c i d is present i n the ur ine of rats a n d is l i k e l y 
a m i n o r metabol i te , f o rmed b y act ion of the enzyme ca techo l -O -methy l 
transferase ( 5 7 , 6 4 ) . 
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Functions—Biochemistry 

Cholesterol and Triglyceride Metabolism. Hypercho les tero lemia 
a n d hyper t r i g ly cer idemia i n guinea pigs f ed an ascorbate-free diet is w e l l 
documented ( 6 5 - 6 7 ) . I n spite of s u b h u m a n pr imate studies, h o w the 
in format ion can be extrapolated to humans is uncerta in . G i n t e r et a l . (68) 
conc luded that the hypercholestero lemia effect was correlated to the 
durat i on of v i t a m i n C deficiency, to the fat component of the diet, to the 
amount of cholesterol i n the diet, a n d to various exper imental parameters 
(66, 61). T o reduce cholesterol values, an increased cholesterol intake 
must be accompanied by an elevated v i t a m i n C intake ( 69 ) , because 
exogenous cholesterol intake w i l l s t imulate ascorbate catabo l i sm i n the 
guinea p i g (70). V i t a m i n C also affects cholesterol metabo l i sm i n 
monkeys (71,72). T h e i n i t i a l stress of capt iv i ty increased serum choles
terol i n baboons (71); however , ora l adminis trat ion of v i t a m i n C tended 
to l ower serum cholesterol ( 52 ) . These same investigators demonstrated 
that v i t a m i n C repressed the produc t i on rate of cholesterol i n v ivo a n d 
increased the turnover rate of the fast misc ib le poo l , bu t decreased the 
remova l rate f rom the s low misc ib le poo l (71). W i t h d r a w a l of a l l d ietary 
v i t a m i n C d i d not result i n a concurrent increase i n serum cholesterol . 
G i n t e r suggested that the less than dramat i c effect of ascorbic on cho-
lesterolemia is less pronounced i n the monkey than i n guinea pigs , 
because the lower rate of cholesterol catabo l i sm is compensated i n 
ascorbate-deficient baboons b y a m a r k e d decrease i n endogenous cho
lesterol synthesis ( 73 ) . A n inverse re lat ionship between ascorbic a c i d 
a n d copper values i n guinea pigs and monkeys was reported (74,75). 
F u r t h e r investigations w i t h monkeys showed that the pro longed con
sumpt ion of h i g h levels of dietary ascorbic ac id w i t h m a r g i n a l d ietary 
copper p r o d u c e d smal l reductions i n serum copper and serum cerulo
p lasmin , a copper-containing prote in . A d d i t i o n a l deplet ion of copper 
resulted i n a gradua l but significant (p < 0.001) increase i n serum choles
terol . T h e leve l of ascorbic ac id supplementat ion h a d no effect d u r i n g this 
phase. W h e n copper was added to the diet, serum cholesterol levels 
leveled off or dec l ined i n the monkeys rece iv ing the l o w dose of ascorbic 
ac id , and cont inued to increase i n the monkeys rece iv ing the h igher 
ascorbic ac id supplements. T h e data indicate that h i g h levels of ascorbic 
a c id supplementat ion m a y make dietary copper unavai lab le for regulat ing 
cholesterol metabol ism. S u c h results support the observations of K l e v a y 
and suggest that h i g h intakes of ascorbate m a y result i n undesirable 
side effects ( 76 ) . 

H i g h consumpt ion of ascorbic a c i d causes the b l o o d t r ig lycer ide 
levels to f a l l i n w e a n l i n g rats (77), cholesterol - fed rabbits a n d rats (78), 
hamsters, monkeys (63<72,79), a n d guinea pigs (67,80). T h i s h y p o t r i -
g lycer idemic effect of ascorbic a c i d m a y be associated w i t h a n increase 
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i n l ipoprote in l ipase act iv i ty i n b lood adipose tissues (78,81,82). I n 
v i t ro , ascorbic a c i d at phys io l og i ca l concentrations strongly inhib i ts heart 
a n d adipose l ipoprote in l ipase activities (83,74). A l s o , a large dose of 
ascorbate inhib i ts i n v ivo l ipoprote in l ipase (85) i n the hearts of baboons 
a n d i n the l ivers of guinea pigs (80,82). H o w e v e r , baboons f ed large 
amounts of v i t a m i n C , w h e n compared to ascorbate-deficient animals , 
h a d a h igher p l a s m a l ipopro te in l ipase ac t iv i ty response f o l l o w i n g the 
admin is t rat i on of hepar in (83). A s s u m i n g that l ipase is act ivated b y 
adenosine 3 ' ,5 ' -cycl ic monophosphate ( c A M P ) (86), then it is of interest 
that ascorbic a c i d raises the c A M P levels a n d reduces the guanosine cyc l i c 
monophosphate ( c G M P ) concentrations i n baboon p l a s m a (87), offering 
a possible mechanism of ascorbic a c i d par t i c ipa t i on i n the regulat ion of 
p l a s m a tr ig lycer ides i n monkeys. 

Electron Transport and Microsomal D r u g Metabolism. A s c o r b i c 
a c i d has been i m p l i c a t e d i n the contro l of ox ido -reduct ion states of l i v i n g 
cells (88-90). N u m e r o u s reports indicate that ascorbic a c i d deficiency 
decreases the i n v i t ro act iv i ty of various drug -metabo l i z ing enzymes i n 
guinea pigs (91-94); however , the exact mechan ism has not yet been 
detected. T h e assumption that ascorbate partic ipates i n the synthesis of the 
heme part of cytochrome P 4 5 0 (95, 96) is not very feasible because v i t a 
m i n C deficiency does not affect the activit ies of the key enzymes i n 
v o l v e d i n heme synthesis (97,98), a n d the o r i g ina l studies (95 ' 96) c o u l d 
not be conf irmed b y others (98,100). Ascorbate deficiency was suggested 
to influence heme catabo l i sm (101); however , the evidence seems con 
trary (100,102,103). T h e poss ib i l i ty remains that v i t a m i n C deficiency 
interferes w i t h the synthesis or catabo l i sm of cytochrome P 4 5 0 apoprote in 
(100,104). S imi la r to h u m a n studies (105) , the ascorbic a c i d status does 
not seem to influence the turnover rate of drugs i n v ivo i n monkeys (106); 
however, ascorbate deficiency i n monkeys a n d some u n k n o w n dietary 
factor i m p a i r the induc t i on of o-demethylase a n d the st imulat ion of 
g lucuron ic a c i d system by d i ch lorod iphenyl t r i ch loroethane i n v i t ro (107). 

Collagen Metabolism. T h e par t i c ipat i on of ascorbic ac id i n the 
hydroxy la t i on of pep t ide -bound co l lagen pro l ine is perhaps the most 
c lear ly understood funct ion of v i t a m i n C (108,109). T h e w o r k has been 
extensively s tud ied i n guinea pigs a n d awaits conf irmation i n pr imate 
studies. A d d i t i o n of ascorbic a c i d to the granu loma tissue m e d i u m p r i o r 
to incubat i on w i t h labe led pro l ine stimulates the incorporat ion of rad io 
act iv i ty into co l lagen hydroxypro l ine (110). S u c h incorporat ion does not 
occur w h e n the m e d i u m lacks ascorbic a c i d (111). W i t h pur i f i ed p r e p a 
rations of the enzyme pro ly lhydroxy lase , molecular oxygen, F e 2 + , « -keto-
glutarate, a n d a r e d u c i n g agent such as ascorbate were f o u n d for the 
hydroxy la t i on of pep t ide -bound pro l ine (112,113). A s c o r b i c a c i d is also 
necessary for the act ivat ion of pro ly lhydroxy lase , med ia ted t h r o u g h 
conformat ional changes of inact ive subunits of the enzyme (114). C o l l a -
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gen extracts p repared f r o m g i n g i v a l a n d granulat ion tissues have a 
reduced hydroxypro l ine content i n scorbut ic G r e e n monkeys (115 ) . 
H y d r o x y p r o l i n e synthesis was almost tota l ly i m p a i r e d i n the g r a n u l a 
t i o n tissue. 

M a n y other b i o c h e m i c a l changes that are re lated to ascorbate status 
have been observed i n the guinea p i g a n d other smal l animals . S u c h 
relat ionships are discussed elsewhere i n this vo lume. H o w e v e r , these 
changes have not been considered i n s u b h u m a n pr imate experiments. 

Requirements 

T h e prevent ion of scurvy has been accepted b y m a n y as the appro 
pr iate guide l ine a n d cr i ter ion for est imat ing the m i n i m a l v i t a m i n C 
requirements (116). Others suggest that the v i t a m i n C requirement 
shou ld be an intake that provides o p t i m a l hea l th i n an organism (116). 
Since the precise b i o chemica l functions of the v i t a m i n r e m a i n obscure, 
the def init ion of o p t i m a l hea l th remains, for the most part , subjective. 
Therefore , reported estimates of the ascorbic a c i d requirements for the 
monkey vary considerably . I n early investigations, we ight loss a n d the 
detect ion of c l i n i c a l signs of scurvy (hemorrhages of the gums, loose 
teeth, exophthalmos, muscu lar tenderness, swe l l ing a n d effusions) were 
used as indices to establ ish the ascorbic a c i d requirements i n monkeys 
as w e l l as humans a n d guinea pigs. D a y (117) c onc luded that 1^3 m g 
of ascorbic a c i d / d was r e q u i r e d by a 4-kg monkey, or 0.5-0.7 m g of 
ascorbic a c i d / k g of b o d y weight , to prevent scurvy. Others proposed 
that the monkey requ i red 0.5-0.9 m g of a s c o r b a t e / d (118), or 1 m g of 
ascorbic a c i d / k g of body w e i g h t / d . C h r o n i c ascorbic a c i d deficiency i n 
monkeys was mainta ined w i t h 0.25 m g of as corbate /d a n d the symptoms 
of scurvy were reversed w i t h 7.5 m g of a s c o r b a t e / k g of b o d y w e i g h t 
(119). 

Recent ly , workers us ing serum ascorbic a c i d values as the reference 
of their est imation of ascorbic a c i d requirements i n monkeys a n d baboons 
f o u n d that capt iv i ty a n d h a n d l i n g increased the ascorbic a c i d require 
ments (51,52). T h e y conc luded that capt ive monkeys r e q u i r e d 20 m g of 
ascorbic a c i d / d i n a d d i t i o n to fruit supplements. N o differences were 
measured i n the response of serum ascorbic a c i d after supplementat ions 
of 5 or 10 m g of ascorbic a c i d / k g of b o d y w e i g h t / d i n the baboon. 

O t h e r investigators have f o u n d larger amounts of ascorbic a c i d 
were necessary to m a i n t a i n n o r m a l concentrations of the v i t a m i n i n 
blood . F o r monkeys, 10 (63) a n d 25 (35) m g of ascorbic a c i d / k g of 
b o d y we ight were proposed as the m i n i m u m r e q u i r e d amounts. Recent 
experiments showed that the t ra ined monkey r e q u i r e d only 3 - 6 m g of 
a s c o r b a t e / k g of b o d y w e i g h t (120). Y o u n g monkeys (sexual ly i m m a -
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ture ) r e q u i r e d t w i c e the amount of d ietary ascorbate t h a n d i d o lder 
monkeys to m a i n t a i n s imi lar p l a s m a ascorbate levels. T h i s study (120) 
i m p l i e d that u n t r a i n e d animals m a y metabol ize more of the ascorbate 
to a n alternate p a t h w a y under stress condit ions . 

C a u t i o n must be exercised i n the use of b l o o d ascorbic a c i d as a n 
index to ascorbate status because of the we l l -documented influence of 
stress-related changes i n ascorbic a c i d content of tissues especial ly p l a s m a 
a n d serum (48,51,52). Genera l l y , estimates of v i t a m i n C status are 
obta ined b y measur ing concentrations of the v i t a m i n i n serum, w h o l e 
b l ood , leukocytes, or ur ine (121). These measurements are assumed to 
reflect the tissue levels a n d b o d y p o o l size of the v i t a m i n . C e r t a i n 
l imitat ions are encountered i n the use of each of these fluid parameters. 
S e r u m or p lasma ascorbic a c i d concentrations are usual ly more reflective 
of recent intakes t h a n of tota l b o d y stores (120,121) a n d c o u l d reflect 
the results of ascorbic a c i d red i s t r ibut ion after stress-related influences. 
W h o l e b l o o d ascorbic a c i d concentrations reflect loss of b o d y stores only 
u n t i l a certain degree of deficiency is reached. T h i s was demonstrated 
b y the work of B a k e r et a l . (122), w h i c h showed that the re lat ionship 
between who le b l o o d levels of ascorbic a c i d a n d ascorbate b o d y p o o l size 
exists on ly w h e n the b o d y p o o l was i n excess of 300 m g (about 2 0 % 
saturat ion) . T h e use of ur inary levels of ascorbic a c i d has l i m i t e d va lue , 
a n d reflects the results of ascorbate degradat ion (59,123). U r i n a r y 
ascorbate values reflect recent d ietary intakes of the v i t a m i n . L e u k o c y t e 
ascorbic a c i d levels are used rather in frequent ly because obta in ing these 
values is more technica l ly diff icult a n d t ime-consuming than the other 
methods. H o w e v e r , i t is general ly considered that leukocyte ascorbic 
a c i d concentrations prov ide a better reflection of tissue stores than do 
other techniques. T h i s bel ie f is based largely on observations that l euko 
cyte ascorbate levels drop s lowly d u r i n g ascorbate deficiency, r each ing 
zero just before the onset of c l i n i c a l symptoms of scurvy (124); that 
leukocyte ascorbate levels correlate w e l l w i t h ascorbic a c i d retention on 
diets w i t h a fixed inadequate leve l of ascorbic a c i d (125); a n d that 
studies corre lat ing p lasma ascorbic a c i d levels w i t h leukocyte ascorbate 
levels reflect the metabol i c turnover rate of the v i t a m i n (126-128). 
C o n c l u s i v e evidence was obta ined i n the female Rhesus monkey that 
demonstrated a h i g h corre lat ion of leukocyte ascorbic a c i d levels w i t h 
l i ver ascorbic a c i d levels a n d w i t h the tota l b o d y p o o l of ascorbic a c i d , 
especial ly at l o w p lasma values of ascorbate (129). 

T h e effectiveness of pharmaco l og i ca l levels of ascorbic a c i d remains 
controversial . T h e proponents base their argument on levels of ascorbate 
consumed i n the w i l d b y monkeys a n d the rate of ascorbate synthesized 
b y n o n r e q u i r i n g species. P a u l i n g po in ted out that greenstuffs eaten b y 
the gor i l l a p rov ide about 4.5 g of ascorbic a c i d / d (130,131). H e 
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extrapolates that i f a rat synthesizes ascorbic a c i d at a rate of 26 -58 
m g / k g of b o d y w e i g h t / d , this w o u l d correspond to 1.8-4.1 g / d for a 
70-kg h u m a n . Arguments against the usefulness of h i g h intakes of 
ascorbic a c i d po int out the f o l l ow ing . 

1. I n humans there is a Na + - dependent active transport sys
tem w i t h a Km of about 1 m M . A b s o r p t i o n is very efficient 
at l o w intakes of ascorbic a c i d a n d becomes poor as 
stomach levels of ascorbic a c i d increase. T h e upper l eve l 
of ascorbic a c i d i n the b l o o d is l i m i t e d b y k i d n e y clearance 
w i t h Tm of 1.5 m g / 1 0 0 m L . W h e r e intest inal absorpt ion 
is excessive the efficiency of the k i d n e y clearance i m 
proves. Transfer of ascorbic a c i d into the centra l nervous 
system a n d other tissues is a fac i l i ta ted saturable process. 
Therefore , contro l at a l l levels appears to sharply l i m i t 
m a x i m u m levels of ascorbate i n tissues. 

2. T h e direct extrapolations f r om animals that synthesize 
ascorbic a c i d to a 70-kg h u m a n ignores the observations 
that i n large animals the synthesis of ascorbic a c i d only 
accounts for a smal l f ract ion of the L -gulonate ox id i zed 
(132) . A l so , extrapolat ion to 70 k g of b o d y we ight shou ld 
first correct for differences i n metabol i c b o d y size; the 
correct ion shou ld inc lude ( w t k g

3 / 4 ) , w h i c h is appropr iate 
i n m a n y instances (133) . 

W h e n these two points were considered (134), values of 50-300 m g of 
ascorbic a c i d / d were ca l cu lated for a 70-kg h u m a n , but never were 
there ca l cu lated values exceeding 1 g of a s c o r b a t e / d / 7 0 k g . 

Comments 

M a n y benef ic ial c laims have been made for ascorbic ac id , especial ly 
for the intake of ascorbic a c i d far i n excess of that r e q u i r e d to prevent 
scurvy. W h e t h e r v i t a m i n C w i l l increase resistance to disease, promote 
better hea l th , or even cure certain diseases remains to be determined . 
T h e prac t i ca l d ietary advice offered depends u p o n h o w w e l l the mode of 
ac t ion of this v i t a m i n is understood, a n d unders tanding this mode of 
act ion i n t u r n depends on h o w s imi lar the m o d e l system used is to humans . 

A major dif f iculty has been the selection of appropr iate exper imental 
models . A l l animals (species) do not respond i n the same manner a n d 
i n most instances doubt exists as to w h i c h species is the most a p p r o p r i 
ate. L o n g - t e r m studies w i t h nut r i t i ona l modif ications are next to impos 
sible i n humans , a n d ep idemio log i c conclusions w i l l a lways be confused 
because there is no w a y to d isregard the influence of modif ications i n 
l i festyle on the study of various d ietary factors. Therefore , unless more 
attention is p a i d to the exper imental a n i m a l used, the des ired answers 
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w i l l be imposs ib le to obta in . Questions about the etiology of diseases 
at the biochemical—physio logical l eve l a n d their prevent ion need 
answers. T h e s u b h u m a n pr imate phys io logy is different f r o m h u m a n 
phys io logy ; therefore, some comparat ive phys io logy a n d n u t r i t i o n must 
be done to define the funct iona l differences. A t least then, the exper i 
menter w i l l be aware of the l imitat ions of his exper imental mode l . 
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16 
Kinetics of Ascorbic Acid in Humans 

A. KALLNER, D. HARTMANN,1 and D. HORNIG2 

Karolinska Institutet, Department of Cl inical Chemistry, 
S-104 01 Stockholm, Sweden 

Kinetic parameters were estimated in nonsmokers and 
smokers to help elucidate the quantitative ascorbate me
tabolism in humans. This approach allows calculation of 
turnover rates at different levels of steady state intakes of 
ascorbate. Metabolic and renal turnovers were calculated 
separately. At plasma levels above about 0.7 mg/100 mL 
the renal elimination increased sharply and the metabolic 
turnover showed a saturation at a plasma level correspond
ing to a total turnover of about 60 mg/d. At the tested 
levels of intake of ascorbic acid the calculated total pool 
size increased to a level reached at a steady state plasma 
concentration achieved at an intake of about 90 mg/d. At 
intakes of this magnitude the absorption is substantially 
less than 100%. A daily intake of 100 mg of ascorbate for 
larger populations should be attained. Similar experiments 
with smokers showed an increase in the metabolic turnover 
corresponding to a demand of 140 mg/d to reach a similar 
stage. 

Scurvy is the ultimate result of ascorbic acid deficiency. Untreated, 
this disease leads to a painful death with a multitude of symptoms, 

such as weakness, profuse bleeding from mucous membranes and infec
tions, loss of teeth, and symptoms from joints and ligaments. In modern 
communities this condition should not be seen and even mild scurvy 
should be extremely rare. During recent years it has been questioned if 
ascorbate in very high doses might be beneficial to humans. Today, it is 

1Current address: Biological Pharmaceutical Research Department, F. Hoff
mann-La Roche & Co., Ltd, CH-4002, Basle, Switzerland. 

2Current address: Department of Vitamin & Nutrition Research, F. Hoffmann-
La Roche Co., Ltd, CH-4002, Basle, Switzerland. 

0065-2293 /82/0200-0335$06.00/ 0 
© 1982 American Chemical Society 
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relevant to discuss o p t i m a l instead of m i n i m a l intakes. T h e apparent 
nontoxic i ty of ascorbate makes i t e th ica l ly a n d phys io log i ca l ly acceptable 
to argue for megadose intakes of this c o m p o u n d , a l though the benefits 
thereof m a y not yet be finally settled. 

F o r several years the re commended dietary a l lowance ( R D A ) of 
v i t a m i n C has v a r i e d f r om country to country . I t was recently increased 
f r o m 45 to 60 m g / d i n the U n i t e d States ( J ) . P r o b a b l y , hea l thy people 
i n their act ive ages n o r m a l l y ingest this a n d even larger amounts t h r o u g h 
their d ietary habits , whereas e lder ly people , diseased people , or people 
under spec ia l c ircumstances l ike alcohol ics m a y be at an ac tua l risk a n d 
need supplementat ion to meet the basal needs for the v i t a m i n . 

Trans fer r ing results of studies of the metabo l i c role a n d fate of ascor
bate i n a n i m a l experiments to humans is l i m i t e d because most animals 
are able to synthesize their need of ascorbate endogenously a n d i n those 
animals where ascorbate is a v i t a m i n (e.g., the gu inea p i g ) , the metabo
l i s m of ascorbate differs f r o m that i n humans . E s t i m a t i o n of h u m a n 
needs w i l l therefore have to be der ived f r o m experiments w i t h humans . 

Early Accounts of Scurvy 

A large documentat ion on scurvy has been a c c u m u l a t e d d u r i n g the 
centuries. Some relevant reports, w h i c h conta in k ine t i c in fo rmat ion o n 
the deve lopment of ascorbate deficiency, w i l l be r e v i e w e d brief ly . T h e 
first w e l l - k n o w n , deta i led , a n d comprehensive report on this disease, 
"Treat ise on Scurvy , " was p u b l i s h e d i n 1757 b y the Scott ish n a v a l p h y s i 
c ian James L i n d ( 2 ) . Some case reports are c i t ed here. T h u s , d u r i n g 
the journey of H . M . S . Salisbury f r o m A u g u s t 10 to Oc tober 28, 1746 (i .e. , 
75 d ) , on ly one sailor was reported i l l w i t h the disease. I n a report of 
four ships b o u n d for the E a s t Indies , 105 out of 424 sailors were reported 
d e a d f r om scurvy w i t h i n 4 months. O t h e r f ragmentary notes are official 
reports b y the D a n i s h a n d D u t c h E a s t I n d i a C o m p a n i e s of regular out
breaks of the disease after 5 -6 months at sea. T h i s was i n the seventeenth 
century. 

A n o t h e r interest ing source of in f o rmat i on is the famous report f r o m 
the D a n i s h dicoverer Jens M u n k w h o h a d to stay the w i n t e r i n H u d s o n 
B a y i n the 1620s. I n 9 months a l l b u t 3 out of about 400 sailors d i e d , 
m a i n l y f r o m scurvy. E v e r y case was reported b y the capta in ( w h o was 
a m o n g those surv iv ing ) a n d the first case appeared a r o u n d C h r i s t m a s 
or about 3 months after the ships h a d been caught b y the ice. 

T h i s in format ion indicates that dep le t i on of the ascorbate pools to a 
l eve l caus ing scurvy takes 2 - 4 months , b u t some people m a y surv ive 
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16. K A L L N E R E T A L . Kinetics of Ascorbic Acid 337 

longer. I n retrospect one m a y assume that the survivors h a d access to 
a d d i t i o n a l d ietary sources. 

Ascorbic Acid Kinetics in Humans 

E x p e r i m e n t a l approaches to h u m a n requirements of ascorbate can 
be made us ing k inet i c methods; the most obvious m e t h o d is to per f o rm 
deple t ion a n d replet ion studies. E x p e r i m e n t a t i o n w i t h deplet ion of a 
nutr ient i n h u m a n beings is diff icult, bu t our fundamenta l knowledge 
about ascorbate kinet ics i n humans has been ach ieved t h r o u g h such 
studies. 

I n the late 1960s a n d early 1970s B a k e r a n d coworkers ( 3 - 5 ) f o u n d 
that an almost complete dep le t ion of the ascorbate pools of the ir six 
par t i c ipat ing subjects occurred i n 100-130 d. A t this t ime, signs a n d 
symptoms of scurvy also occurred . T h e decrease of ascorbate pools 
f o l l owed an exponent ia l p a t h a n d showed a relat ive decrease of about 
3 % / d , corresponding to a ha l f - l i f e of about 60 d. T h e signs a n d s y m p 
toms of scurvy occurred at a b o d y p o o l of about 300 m g of ascorbate. 
O n replet ion, ingested ascorbate was excreted i n ur ine w h e n the p o o l 
h a d reached about 1500 m g . B a k e r a n d his group stated that a d a i l y 
intake of 45 m g ( 3 % of 1500 m g ) w o u l d m a i n t a i n this p o o l size. T h i s 
amount also became the official R D A i n the U n i t e d States for several 
years. Retrospect ive ly , the calculat ions were made on observations d u r 
i n g a depleted stage, therefore the relat ive decrease of the ascorbate p o o l 
i n compar ison w i t h a n o r m a l ascorbate status may have been underest i 
mated . I n agreement w i t h this underest imat ion , the ha l f - l i f e w o u l d have 
been overest imated a n d the m i n i m u m dosage to reta in balance conse
quent ly w o u l d have been underest imated. 

A l t e rnat ive ly , studies based on steady state kinet ics of phys i o l og i ca l 
intakes can be per formed. S u c h studies require that the subject be 
e q u i l i b r a t e d on a certain l eve l of intake of the c o m p o u n d to be s tudied . 
A f t e r equ i l ib ra t i on , a radioact ive tracer dose of the c o m p o u n d under 
considerat ion is g iven . T h e d i s t r ibut i on of the labe led c o m p o u n d i n the 
b o d y is s tud ied as w e l l as its e l iminat i on . 

T h u s volunteers can be subjected to intakes of various magnitudes , 
a n d i n our study (6 ) healthy, male , nonsmok ing volunteers were e q u i l i 
b rated on four different levels of intakes of ascorbate. T h e levels s tud ied 
were 30, 60, 90, a n d 180 m g / d . These amounts are be low, at, a n d above 
the presently r e commended dosages, but a l l m a y be regarded as phys i o 
l og i ca l i n the sense that the m a i n part of the p o p u l a t i o n p r o b a b l y has 
intakes of these magnitudes . T h e experiments were ended 2 weeks after 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

01
6



338 ASCORBIC A C I D 

adminis trat ion of the 1 4 C - l a b e l e d ascorbate b y g i v i n g large doses (2 -4 X 
500 m g ) of ascorbate to " w a s h out" the labe l . T h i s washout prevents an 
unnecessary exposure to rad ioact iv i ty a n d improves the accuracy of the 
estimation of the absorbed amount of radioact iv i ty . 

T h e k inet i c approach requires choosing a mathemat i ca l m o d e l that 
can be fitted to the exper imental data. A proper ly chosen m o d e l w i l l 
a l l o w ca l cu lat ion of turnover of metabol i c a n d excret ional pools. F u r 
ther, one can calculate the various p o o l sizes. H o w e v e r , the m o d e l is 
no th ing but a m o d e l a n d does not necessarily have any resemblance to 
phys io log i ca l or m e d i c a l c ircumstances. 

T h e decay pattern of p lasma rad ioact iv i ty ( F i g u r e 1) ind i ca ted that 
a three-compartment m o d e l c o u l d be chosen for ca l cu la t i on of the k inet i c 
data. T h e chosen m o d e l consists of a centra l compartment ( F i g u r e 2 ) 
into w h i c h d ietary ascorbate is absorbed a n d f rom w h i c h it is e l iminated 
unchanged . T w o other compartments are equ i l i b ra ted w i t h the centra l 
compartment . I n compartment 2 the metabo l i sm is assumed to take place 
a n d f r om this compartment metabolites are e l iminated . C o m p a r t m e n t 3 
is a deep p o o l that acts as a storage compartment . 

D u r i n g the experiment the part ic ipants l i m i t e d their d ietary intake 
of ascorbate, par t i cu lar ly by avo id ing fresh vegetables, canned food, and 
other nutrients k n o w n to have a h i g h ascorbate content (e.g., potatoes) . 
T h e part i c ipants were admin is tered spec ia l ly p repared capsules of 
ascorbate several times d u r i n g the day to achieve an even a d m i n i s 
trat ion of doses. T h e recommended diet u n d o u b t e d l y l imits the intake, 
but par t i cu lar ly at the l ower dosages, re lat ive ly substant ia l amounts of 
ascorbate may be ingested. T h e n o m i n a l intakes (30, 60, 90, a n d 180 
m g / d ) therefore may not be the actual intakes; accord ingly w e have 
made a l l correlations to a tota l turnover est imated f r o m the p lasma 
decay curves rather than to the adminis tered amounts. T h e re lat ionship 
of to ta l turnover to p lasma leve l is shown i n F i g u r e 3. I n this d i a g r a m 
w e have also p lo t ted l i terature data where p lasma concentrations have 
been measured at we l l - contro l l ed intakes. T h e r e is good agreement be
tween the data of our study a n d that of the l i terature . I n this range, the 
p l a s m a leve l of ascorbate can be considered a good ind icator of the 
to ta l turnover . 

T h e m o d e l used al lows the ca l cu lat ion of the to ta l b o d y poo l . A s 
s h o w n i n T a b l e I , the tota l b o d y p o o l varies w i t h ascorbate intake a n d 
ranges between about 10 a n d 20 m g / k g b o d y weight . 

T h e ascorbate is assumed to be filtered i n the g l o m e r u l i a n d reab
sorbed i n the renal t u b u l i . T h e rena l turnover suddenly increases at a 
certa in p l a s m a leve l ( F i g u r e 4 ) , i n d i c a t i n g a thresho ld va lue at w h i c h 
the t u b u l a r absorpt ion is exceeded b y the g lomerular filtration. T h e rena l 
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^ K 1 3 

1 
K12 ^ 

3 1 • 2 
K 3 1 

1 
K 2 1 

Figure 2. A schematic of the model (6). (Reproduced, with permission, 
from Ref. 6. Copyright 1979, American Journal of Clinical Nutrition.) 

Table I. Concentration of Plasma Ascorbate, Calculated Total 
Pool, and Half-Lives in the Groups Given Different 

Amounts of Ascorbate 

Dosage Plasma Ascorbate Total Pool 
( mg/d) (mg/100 mL) (mg/kg body weight) (d) 

1 X 3 0 0.24 11.4 40.1 
1 X 3 0 0.52 — 16.5 
1 X 3 0 0.41 13.7 28.9 
1 X 3 0 0.72 19.6 26.5 
2 X 30 0.78 20.7 27.0 
2 X 30 0.73 17.0 23.1 
2 X 30 0.79 15.2 25.8 
2 X 4 5 0.83 14.7 9.1 
2 X 4 5 0.80 16.4 12.6 
2 X 4 5 0.98 12.6 17.0 
4 X 45 1.12 21.6 12.8 
4 X 45 1.15 — 12.7 
4 X 45 0.95 19.3 7.9 
4 X 4 5 1.16 20.0 10.5 
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Figure 3. Relationship between plasma level of ascorbate and intake 
turnover (bold symbols), and plasma level of ascorbate and total turnover 

(fine symbols). Data on intakes are literature data (6). 
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T R E N ( m g / d ) 
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Figure 4. Renal turnover in relation to plasma concentration of ascor
bate (6). (Reproduced, with permission, from Ref. 6. Copyright 1979, 

American Journal of Clinical Nutrition.) 
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16. K A L L N E R E T A L . Kinetics of Ascorbic Acid 343 

thresho ld occurs a r o u n d a p lasma concentrat ion of about 0.7-0.8 m g / 1 0 0 
m L or a to ta l turnover of about 60 m g / d . H o w e v e r , i n subjects w i t h l o w 
ascorbate intake (1 X 30 m g / d ) , a certain amount of unchanged ascor
bate is a lready excreted i n the ur ine ( T a b l e I I ) . 

Table II. Unchanged Ascorbate Recovered from Urine, in 
Relation to Total Amount of Radioactivity in the 

Urine, at Various Levels of Oral Intake 

Dosage 14C-Ascorbate 
(mg/d) n (%) SEM 

1 X 30 4 6.6 1.1 
2 X 30 4 20.3 7.2 
2 X 45 3 34.1 6.3 
4 X 45 4 61.7 2.5 
4 X 250 4 82.4 1.8 
4 X 500 3 87.9 3.8 
2 X 1000 8 87.0 2.1 

T h e total turnover is the s u m of the rena l turnover a n d the metabo l i c 
turnover . T h e metabo l i c turnover shows a saturat ion at about 40 -50 
m g / d ( F i g u r e 5 ) , a n d this saturation occurs at a to ta l turnover of about 
60 m g / d . These values i m p l y that u p to this tota l turnover the metabo l i c 
rate of ascorbate increases; the asymptot ic va lue c o u l d reflect the m a x i 
m u m phys io l og i ca l need for ascorbate. 

T h e m a i n metabolites of ascorbate i n the h u m a n b o d y are oxalate, 
dehydroascorb ic a c id , 2 ,3-diketogulonic a c i d , a n d ascorbic a c i d 2-sulfate. 
O f these, oxalate has attracted the most attent ion because of the po tent ia l 
h a z a r d for rena l compl icat ions b y prec ip i ta t i on of oxalate stones. T h e 
above-mentioned metabol i c turnover for ascorbate, w h i c h appears satu
rable , indicates that i n n o r m a l humans the amount of oxalate that can be 
f o r m e d is l i m i t e d . Therefore , the overa l l r isk of i n d u c i n g oxalate p r e c i p i 
tat ion b y increas ing the intake of ascorbate p r o b a b l y is minute . 

T h e k inet i c m o d e l also a l lows the ca l cu la t i on of hal f - l ives at var ious 
regimens of ascorbate intake. T h e hal f - l ives range f r o m 8 to 40 d ( T a b l e 
I ) . T h e hal f - l ives i n the l i terature or ca l cu la ted f r om avai lab le i n f o r m a 
t ion correspond to subjects on a comparat ive ly l o w to ta l turnover , 2 0 - 4 0 
m g / d , consistent w i t h the status of the subjects a n d the d ietary regimens 
that c o u l d be assumed or were def ined i n the exper imental set u p . T h e 
range of hal f - l ives also indicates that the k inet i c behavior of ascorbate 
is very compl i ca ted a n d is re lated to the n u t r i t i o n a l status; for example , 
the ca lculated hal f - l ives are general ly longer on l o w intakes than o n 
h igher ( T a b l e I ) . A l t h o u g h B a k e r a n d his group ( 3 - 5 ) reported that 
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Figure 5. Metabolic turnover in relation to total turnover (6). (Repro
duced, with permission, from Ref. 6. Copyright 1979, American Journal 

of Clinical Nutrition.) 

the pools decreased exponential ly , the course of the e l iminat i on seems to 
be re lated to the total p o o l a n d thus the e l iminat ion is not a s imple first-
order one. 

Gastrointestinal Absorption of Ascorbate 

T h e gastrointest inal absorpt ion of ascorbate shou ld be cons idered 
before s u m m a r i z i n g this study. I n no case d i d w e achieve a complete 
recovery of the admin is tered rad ioac t ive ly l abe led ascorbic a c i d . I n a 
separate set of experiments ( 7 ) , the subjects were e q u i l i b r a t e d on a 
l i m i t e d intake of ascorbate a n d g iven a s m a l l o ra l dose of 1 4 C labe led 
ascorbate together w i t h about 30 m g of carr ier ascorbate ( 7 ) . A f t e r 
a f e w hours this intake was f o l l owed b y large intakes of un labe l ed 
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16. K A L L N E R E T A L . Kinetics of Ascorbic Acid 345 

ascorbate a n d a l l ur ine was co l lected a n d ana lyzed u n t i l no l a b e l was 
f o u n d i n the ur ine , usua l ly d u r i n g a 10-d p e r i o d ( F i g u r e 6 ) . T h e subjects 
absorbed between 80 a n d 9 0 % of the admin is tered labe l . T h e recovery 
i n the k ine t i c experiments was general ly lower , poss ib ly because i n the 
absorpt ion study the d i s t r ibut i on of the absorbed l a b e l was incomplete , 
w h i c h leads to a more efficient washout of the l a b e l w i t h i n the p e r i o d 
of the experiment. T h u s a better est imation of the absorbed amount 
w o u l d be ach ieved b y measur ing recovery of l a b e l f r o m the ur ine w i t h 
this exper imental des ign t h a n i n the k inet i c experiment. H o w e v e r , i n a l l 
cases the absorpt ion is incomplete at l o w a n d phys io l og i ca l levels. 

High Risk Groups 

W i t h reference to the l i terature , decreased p lasma levels of ascorbate 
are f o u n d i n some groups of people . O n e such group is the smokers, i n 
w h i c h cons iderably l ower p lasma levels have been observed a n d d o c u 
mented i n numerous publ i cat ions since the 1940s. T h i s p r o m p t e d us to 
select smokers as a risk group on w h i c h a s imi lar k ine t i c experiment 
shou ld be per formed a n d tested ( 8 ) . 

T h e same parameters as i n the study on nonsmokers were measured 
a n d ca lculated . T h u s , i n the l ower region, smokers require a h igher to ta l 
turnover ( in take ) to reach the same p l a s m a concentrat ion as the n o n 
smok ing group. T h e smokers ' r ena l h a n d l i n g of ascorbate was s imi lar to 
that of the nonsmokers a n d the rate of gastrointestinal absorpt ion was i n 
the same order of magni tude , or about 7 5 % . H o w e v e r , the smokers 
f o r m e d a group of the ir o w n w h e n the metabo l i c turnover was re lated to 
the p lasma steady state concentrat ion ( F i g u r e 7 ) , i n d i c a t i n g an increased 
metabo l i c turnover at comparab le steady state concentrations. N o d i f 
ferences i n the two groups were f o u n d i n the re lat ionship between the 
ha l f - l i f e a n d tota l turnover . T h u s , the s m o k i n g habits seem to influence 
just one of the l inks i n the c h a i n of events f r o m absorpt ion to excret ion 
of ascorbate a n d this l ink is the metabo l i sm. T h e k inet i c m o d e l does not 
a l l o w any conclusions on the nature of the changed metabo l i sm. T h u s 
w e cannot differentiate between a changed metabo l i sm a n d an increase 
i n the metabol i c rate above that of the nonsmoker. H o w e v e r , the find
ings m a y indicate that ascorbate has functions i n the b o d y that have been 
dif f icult to prove , for example, i n the protect ion against or detoxif ication 
of noxious substances. 

A n u m e r i c a l treatment of the k ine t i c data obta ined i n the smokers 
s tudy indicates that to compensate for the increased metabo l i c turnover , 
smokers have to increase the ir d a i l y intake b e y o n d that of nonsmokers. 
B a s e d on the same assumptions as i n the nonsmokers group, a n intake 
value of about 140 m g / d seems appropr iate . 
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348 ASCORBIC ACID 

O t h e r r isk groups are various stress groups since ascorbate fulf i l ls 
a func t i on i n the biosynthesis of corticosteroids a n d other hormones. 
S u c h studies are p l a n n e d b u t because of the nature of the exper imenta l 
setup, they are not easily car r i ed out. O t h e r groups of po tent ia l interest 
are alcohol ics , obese people , a n d certa in diseased or in jured patients 
w h e r e the metabo l i c h a n d l i n g of ascorbate m a y be w i d e l y different f r o m 
that of n o r m a l humans . 

Conclusion 

I n conc lus ion : 
• T h e b i o a v a i l a b i l i t y of ingested ascorbate i n heal thy n o n 

s m o k i n g males is substantial ly less than 100% 
• T h e e l iminat i on of unchanged ascorbic a c i d v i a the k idneys 

has a threshold va lue corresponding to a tota l turnover of 
about 60 m g / d 

• T h e metabol i c turnover levels at a total turnover of about 
60 m g / d 

• T h e total body p o o l can be increased, reach ing about 20 
mg/kg b o d y w e i g h t at a steady state concentrat ion i n 
p lasma of 0.90 mg/100 mL, corresponding to a to ta l t u r n 
over of about 90 mg/d . 

T a k i n g a l l these observations into account, a to ta l intake of about 70-80 
m g / d should be the goal for nonsmoking healthy males. T h e statistical 
var ia t ion observed indicates that a da i l y intake of about 100 m g should 
be appropriate to cover the needs of 95% of the populat ion . F o r smokers 
the da i ly ascorbate intake should be increased to 140 m g / d . 
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17 
Biochemical Functions of Ascorbic Acid in 
Drug Metabolism 

V. G. ZANNONI, E. J. HOLSZTYNSKA, and S. S. LAU 

Department of Pharmacology, University of Michigan Medica l School, 
A n n Arbor, MI 48109 

Ascorbic acid participates in the detoxification of a variety 
of pharmacological agents. The quantity of cytochrome 
P450 and drug-metabolizing activities are significantly re
duced under deficiency. Studies indicate that de novo pro
tein synthesis is operable and key enzymes involved in 
heme synthesis are not significantly reduced. In addition, 
no significant change in affinity for drug substrates in 
normal and ascorbic acid deficient animals was found. 
Also, there is no increase in microsomal lipid peroxidation 
or decrease in the quantity of phosphatidyl choline. In 
contrast, there is a marked decrease in the quantity of par
ticular forms of cytochrome P450 in deficient guinea pigs; 
that is, polypeptides with molecular weight of 44,000, 
52,000, and 57,000 daltons. These results indicate that 
ascorbic acid deficiency may have its effect on the apopro
tein moiety of cytochrome P450. 

T he metabolism of pharmacological agents can be markedly influenced 
by a variety of environmental and genetic factors. Some of these 

factors include age, sex, strain and species, stress, hormones, drugs, envi
ronmental chemicals, and the nutritional status of the animal (1-3). 
Our knowledge of the complicated hepatic microsomal electron transport 
system involved in the metabolism of xenobiotics and environmental 
chemicals is shown in Scheme 1. With regard to vitamin C, the effect 
of ascorbic acid in maintaining drug metabolism and steroid metabolism 
was established by several laboratories and is of current interest (4-9). 

In 1941 pentobarbital sleeping time was shown to be prolonged in 
scorbutic guinea pigs compared with normal controls; this effect could 
be reversed by the administration of vitamin C (10). In 1954 a signifi
cant increase in the plasma half-life of acetanilide, aniline, and antipyrine 

0065-2393/82/0200-0349$06.00/0 
© 1982 American Chemical Society 
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350 ASCORBIC A C I D 

Nitrobenzene •Aniline 

N02-reductase 

Scheme 1. Hepatic microsomal electron transport for drug oxidation and 
reduction. 

i n gu inea pigs dep le ted of ascorbic a c i d was demonstrated (11). I n the 
v i t a m i n C deficient animals the hal f - l i f e of acetani l ide was increased 
about threefo ld a n d u p o n rep let ion of the animals w i t h ascorbic a c i d the 
ha l f - l i f e of the d r u g re turned to normal . 

I n 1961 v i t a m i n C deficient guinea pigs w i t h no obvious signs of 
scurvy were reported to be sensitive to the muscle relaxant, zoxazo lamine , 
a n d the increased dura t i on of this d r u g i n v i v o corre lated w i t h a decrease 
i n its l i ver microsomal ox idat ion i n v i t ro ( 1 2 ) . I n 1965 the p - h y d r o x y l a -
t i o n of acetani l ide was s h o w n to be depressed u p to 9 0 % a n d the hydrox 
y l a t i o n of c o u m a r i n also decreased i n v i t a m i n C deficient animals ( 8 ) . 
I n a d d i t i o n the decreased h y d r o x y l a t i o n of c o u m a r i n c o u l d be reversed 
b y the i n v i v o admin is t ra t i on of ascorbic a c i d ( 9 ) . I n 1969 l i ver m i c r o 
somes f r o m scorbut ic animals showed significant decreases i n the de-
methy la t i on of aminopyr ine , h y d r o x y l a t i o n of acetani l ide , a n d quant i ty of 
cytochrome P450 (13). I n add i t i on , p h e n o b a r b i t a l a n d 3 -methylcho lan-
threne caused a n increase i n the m i x e d func t i on oxygenase i n the scor
b u t i c a n i m a l , a n d the effect of these d r u g enzyme inducers c o u l d be 
b l o c k e d b y the p r i o r admin is t ra t i on of ethionine. 

T h e metabo l i sm of a var ie ty of compounds such as an i l ine , hexo-
b a r b i t a l , zoxazo lamine , aminopyr ine , d i p h e n h y d r a m i n e , meper id ine , 
p -n i t robenzo ic a c i d , a n d p -d imethy laminoazobenzene i n microsomes 
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17. Z A N N O N I E T A L . Ascorbic Acid in Drug Metabolism 351 

iso lated f r om adul t guinea pigs m a i n t a i n e d on a v i t a m i n C free d iet for 
on ly 12 d was s tud ied (14). I n contrast to some of the earl ier studies, 
these investigations showed that a l though the metabo l i sm of an i l ine , 
hexobarb i ta l , a n d zoxazo lamine decreased, the metabo l i sm of the other 
drugs was unchanged . These researchers c onc luded that the effect of 
v i t a m i n C deficiency is rather specific on hydroxy la t i on reactions a n d 
i n v o l v e d the " t e r m i n a l oxidase" component of the e lectron transport 
system. T h e previous studies have s h o w n decreased hepat i c metabo l i sm 
of a var iety of drugs as w e l l as steroids (4-7). H o w e v e r , the u n d e r l y i n g 
b i o c h e m i c a l mechan ism for the act ion of the v i t a m i n i n d r u g metabo l i sm 
needs to be e luc idated . 

Liver Microsomal Activity in Neonatal Guinea Pigs 

A c t i v i t y vs . A s c o r b i c A c i d C o n c e n t r a t i o n . Studies i n our l abora 
tory w i t h l iver microsomes prepared f r o m v i t a m i n C deficient gu inea 
pigs m a i n t a i n e d on a v i t a m i n C free diet for 21 d showed m a r k e d de
creases i n electron transport components such as cytochrome P450 a n d 
N A D P H cytochrome P 4 5 0 reductase. I n a d d i t i o n , overa l l d r u g oxidat ive 
reactions such as an i l ine hydroxy la t i on , aminopyr ine N - d e m e t h y l a t i o n , 
a n d p-nitroanisole O-demethy la t i on were s ignif icantly decreased ( T a b l e 
I ) . These studies were done m a i n l y w i t h mature gu inea pigs ( 3 - 4 
months o ld , 250-400 g ) ; it was important to determine i f d r u g - o x i d i z i n g 
systems i n younger animals w o u l d be more dependent on ascorbic a c i d 
a n d i f the l iver mic rosomal system i n these animals w o u l d be affected 
before the scorbutic state was approached . F u r t h e r m o r e , i t was also 
important to establ ish w h a t effect an increase i n d ietary ascorbic a c i d 
w o u l d have on drug -metabo l i z ing systems. F o r these studies neonata l 
gu inea pigs ( 1 - 2 weeks o ld , 90 -100 g ) were used. N e o n a t a l guinea pigs 
were p l a c e d on an ascorbic a c i d deficient diet supplemented b y amounts 
of ascorbic a c i d v a r y i n g f rom 2 to 500 m g / d for 8 d . O t h e r groups were 
m a i n t a i n e d on a v i t a m i n C deficient diet for 8 -15 d w i t h o u t supp lemen
tary ascorbic a c id . 

F i g u r e 1 shows a significant increase i n the N A D P H - d e p e n d e n t 
cytochrome P 4 5 0 reductase ac t iv i ty i n the neonata l gu inea pigs w i t h 
increas ing l i ver ascorbic a c i d concentrations. T h e first po int—3.2 / m i o l 
of cytochrome P 4 5 0 r e d u c e d / h / 1 0 0 m g of mi c rosomal p r o t e i n — i s the 
ac t iv i ty i n 15-d ascorbic a c i d deficient animals ( l i ve r ascorbic a c i d less 
than 1.0 m g % ) . T h e second po in t—5.7 / m i o l of cytochrome P450 r e 
d u c e d — i s the ac t iv i ty i n 8-d ascorbic a c i d deficient gu inea pigs ( l i v e r 
ascorbic a c i d : 2.7 m g % ) , a n d is a n 8 0 % increase over the ac t iv i ty i n 
15-d deficient animals . T h e last po in t represents the ac t iv i ty of 10.3 /uno l 
of cytochrome P450 r e d u c e d / 1 0 0 m g of mi c rosomal p ro te in a n d is the 
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352 ASCORBIC A C I D 

Table I. Effect of Deficiency on Electron Transport Components 
and D r u g Enzymes in Guinea Pig Liver Microsomes 

Activity 

Vitamin C 
Deficient Decrease 

Component Normal (21 days) (%) 

Cytochrome P 4 5 0 0 0.05 0.01 0.03 ± 0.003 40 
p < 0.01 

N A D P H cytochrome 
P450 reductase 6 

0.80 0.2 < 0 . 1 85 N A D P H cytochrome 
P450 reductase 6 

< 0 . 1 

N A D P H cytochrome c 
reductase 6 

124 21 83 db 11 33 N A D P H cytochrome c 
reductase 6 p < 0.05 

Cytochrome b 5 ° 0.03 0.004 0.02 ± 0.006 33 
p < 0.05 

A n i l i n e hydroxy lase " 1.6 ± 0.2 0.8 ± 0.2 50 
p < 0.001 

A m i n o p y r i n e N - d e m e t h y l a s e " 3.9 0.1 1.7 ± 0.3 56 
p < 0.001 

p - N i t r o a n i s o l e 3.2 ± 0.4 1.1 ± 0.2 66 
O-demethy lase 0 p < 0.001 

L i v e r ascorbic ac id 
supernatant f ract ion 194 29 25 ± 15 
15,000 X g 

(/xg /g wet weight) 
microsomal f ract ion 11 3.8 3.5 ± 2.0 

(/xg /g wet weight) 

Note: Data given as mean ± se of 10 animals/group. 
0 Specific content equals /-imol/100 mg microsomal protein. 
6 Specific activity equals /unol reduced/h/100 mg of microsomal protein at 27°C. 
"Specific activity equals mol of product formed/h/100 mg of microsomal protein 

at 27°C. 
Source: Reference 15. 

amount f o u n d i n animals w i t h l iver ascorbic a c i d levels of 27 m g % . T h i s 
ac t iv i ty is more t h a n 2 0 0 % higher than the act iv i ty i n 15-d deficient 
animals . 

T h e data i n F i g u r e 2 show a n increase i n the fiver mi c rosomal 
ac t iv i ty of p-nitroanisole O -demethy la t i on i n neonatal gu inea pigs w i t h 
increas ing concentrations of l i ver ascorbic a c id . O - D e m e t h y l a t i o n i n 
creases s ignif icantly w i t h increas ing concentrations of l i ver ascorbic a c i d . 
W h e n the l iver ascorbic a c i d reached 27 m g % , O-demethylase ac t iv i ty 
was 3 0 0 % higher than the l eve l i n the 15-d deficient animals a n d 7 0 % 
higher than that of the 8-d deficient animals . L i v e r microsomal a m i n o 
p y r i n e N-demethy lase ac t iv i ty i n neonatal gu inea pigs also increased w i t h 
increas ing l i ver ascorbic a c i d concentrat ion, a l though less t h a n was f o u n d 
for O-demethy la t i on . T h e ac t iv i ty i n neonatal gu inea p i g microsomes 
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17. Z A N N O N I E T A L . Ascorbic Acid in Drug Metabolism 353 

w i t h 21.0 m g % l i ve r ascorbic a c i d was at least 5 0 % h igher t h a n i n 15-d 
deficient animals . 

T h e corre lat ion between the concentrat ion of l i ver ascorbic a c i d a n d 
the quant i ty of cytochrome P 4 5 0 is i l lus trated i n F i g u r e 3. G u i n e a pigs 
f ed a n o r m a l c h o w diet supplemented w i t h 1 m g / m L of ascorbic a c i d i n 
the ir d r i n k i n g water were d i v i d e d into groups accord ing to the quant i ty 
of the ir l i ver ascorbic a c i d a n d c o m p a r e d w i t h guinea pigs f ed c h o w diet 
alone or w i t h animals f ed a n ascorbic a c i d deficient diet for 20 d. T h e 
group w i t h the highest quant i ty of cytochrome P450 (24 n m o l / 1 0 0 m g of 
supernatant pro te in ) h a d 2.5 times more of the heme pro te in t h a n d i d 
the ascorbic a c i d deficient group (9.6 n m o l ) a n d 1.7 t imes more t h a n 
d i d the group on c h o w diet alone (14 n m o l ) . 

A d d i t i o n a l studies w i t h feta l guinea p i g l ivers i n d i c a t e d a m a r k e d 
var ia t i on i n cytochrome P 4 5 0 a n d O-demethylase ac t iv i ty i n i n d i v i d u a l 
fe ta l l ivers ; these findings corre lated w e l l w i t h the concentrat ion of l i ve r 

ascorbic acid m g % 

Figure 1. NADPH cytochrome P\50 reductase activity in weanling 
guinea pigs given varying amounts of ascorbic acid (39). 

Specific activity equals fimol of cytochrome Pw reducedlh1100 mg of micro
somal protein at 27°C. The number of animals in each group is given in the 
figure. The diets of the various groups contained less than 1.0 mg ascorbic 
acid 1100 g of liver, ascorbic acid deficient diet for 15 d (point 1), 2.3 mg of 
ascorbic acid 1100 g of liver, ascorbic acid deficient diet for 8 d (point 2), 
7.4 mg of ascorbic acid 1100 g of liver, 25 mg of ascorbic acid/d for 3 d 
(point 3), 13.5 mg of ascorbic acid 1100 g of liver, 75 mg of ascorbic acid Id 
for 8 d (point 4), 27.0 mg of ascorbic acid 1100 g of liver, chow guinea pig 

diet plus greens for 8 d (point 5). 
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354 ASCORBIC A C I D 

ascorbic a c i d ( T a b l e I I ) . F e t a l l ivers w i t h a n ascorbic a c i d concentrat ion 
of b e l o w 5.0 m g / 1 0 0 g of l i ver h a d no detectable cytochrome P450 or 
O-demethylase act iv i ty , b u t feta l l ivers w i t h h i g h ascorbic a c i d levels 
( > 17.0 m g / 1 0 0 g of l i v e r ) h a d m u c h h igher d r u g metabo l i sm ac t iv i ty 
( cytochrome P 4 5 0 concentrat ion, 8 4 % of the dams' ; a n d O-demethylase 
ac t iv i ty , 5 1 % of the d a m s ' ) . 

Speci f ic ity studies i n d i c a t e d that other r e d u c i n g agents such as 
reduced 2 ,6 -d ich lorophenol indophenol dye, reduced glutathione, ascorby l 
pa lmitate , a n d D - isoascorbic a c i d , w h e n g iven to v i t a m i n C deficient 
animals , were not as effective as the v i t a m i n i n m a i n t a i n i n g drug-metabo
l i s m act iv i ty . R e d u c e d 2 ,6 -d ichlorophenol indophenol dye d i d not s ig 
ni f i cant ly affect the l iver microsomal levels of cytochrome P450 a n d 
N A D P H cytochrome P 4 5 0 reductase or the overa l l mic rosomal d r u g -
ox idat ion react ion, p-nitroanisole O-demethy la t i on . H o w e v e r , a m i n o 
p y r i n e N - d e m e t h y l a t i o n was somewhat increased compared w i t h the 
deficient groups. R e d u c e d g lutathione d i d not s ignif icantly alter either 

I — 

0 3 9 15 21 27 

ascorbic acid m g % 

Figure 2. p-Nitroanisole O-demethylase activity in weanling guinea pigs 
given varying amounts of ascorbic acid (39). 

Specific activity given in fimol of -p-nitrophenol formed/h/100 mg of micro
somal protein at 27° C. The number of animals in each group is shown in the 
figure. The diets of the various groups contained < 1.0 mg of ascorbic acid 1100 
g of liver, ascorbic acid deficient diet for 15 d (point 1), 2.7 mg of ascorbic 
acid 1100 g of liver, ascorbic acid deficient diet for 8 d (point 2), 13.5 mg of 
ascorbic acid/100 g of liver, 75 mg of ascorbic acid/d for 8 d (point 3), 27.0 
mg of ascorbic acid/100 g of liver, chow guinea pigs diet plus greens for 8 d 

(point 4). 
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17. Z A N N O N I E T A L . Ascorbic Acid in Drug Metabolism 355 

(5) 

LIVER ASCORBATE ; / J moles /100 mg protein (15,000 x gSupt.) 

Figure 3. Correlation of hepatic cytochrome P 4 5 < ? and ascorbic acid 
concentration (32). 

Cytochrome Pi50 and ascorbic acid were determined in the liver 15,000 X g 
supernatant fraction from guinea pigs (200-250 g) maintained on an ascorbic 
acid deficient diet for 20 d (open bar), normal chow diet (cross-hatched bar), 
or chow diet plus 1.0 mg/mL of ascorbic acid in the drinking water Id (solid 
bars). Animals were divided into groups according to their liver concentration 
of ascorbic acid; 1 /xmol of ascorbic acid 1100 mg of protein equals 19 mg/100 g 

wet weight of liver. Number in parentheses represents number of animals. 

l i ve r mic rosomal cytochrome P 4 5 0 concentrat ion or p-nitroanisole O-de 
methylase ac t iv i ty f r o m those values i n 8-d ascorbic a c i d deficient 
animals . H o w e v e r , aminopyr ine IV-demethylase ac t iv i ty a n d N A D P H 
cytochrome P450 reductase ac t iv i ty increased ( 5 9 % ) over the activit ies 
i n 8-d deficient animals . D -Isoascorbic a c i d was not effective i n increasing 
either drug -metabo l i sm activit ies or e lectron transport components. I n 
compar ison , ascorby l pa lmitate increased the levels of e lectron transport 
components a n d overa l l drug -ox idat i on reactions. F o r example , the 
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356 ASCORBIC A C I D 

Table II. Cytochrome P4505 O-Demethylase Activity, and Quantity 
of Ascorbic Acid in Fetal Guinea Pig Livers 

Ascorbic Cytochrome O-Demethylase 
Source Acid* Pk50

h Activity" 

F e t a l ( 2 ) d 4.5 < 0.001 < 0.01 
F e t a l ( 3 ) d 11.2 0.004 0.11 
F e t a l ( 4 ) d 17.5 0.011 0.78 
D a m ( 3 ) d 21.7 0.013 1.73 

0 mg/100 g of liver. 
b /xmol/100 mg of microsomal protein. 
0 Mmol of 7>-nitrophenol formed/h/100 mg of microsomal protein at 27°C. 
d Number in parentheses equals number of animals (64-66 d of gestation) indi

vidual values in groups did not differ by more than 12%. 
Source: Reference 6. 

admin is t ra t i on of 50 m g / d (0.12 m M ) l e d to a l i ver ascorbic a c i d con 
centrat ion of 10.8 m g % ; admin is t rat i on of 0.31 m M of ascorbic a c i d was 
r e q u i r e d to obta in a comparable l iver ascorbic a c i d concentrat ion, that 
is, 13.5 m g % . T h e concentrat ion of cytochrome P450 was as h i g h as that 
f o u n d i n the group of animals on a n o r m a l c h o w diet. 

K i n e t i c studies on possible alterations i n the affinities of d r u g 
enzymes for their substrates were carr i ed out w i t h microsomes p r e p a r e d 
f r o m v i t a m i n C deficient guinea pigs a n d animals g iven extra supplements 
of the v i t a m i n . T a b l e I I I gives the Km of l i ver mic rosomal a m i n o p y r i n e 
N-demethy lase for 8- a n d 15-d ascorbic a c i d deficient animals , a n d for 
animals g iven the n o r m a l diet. I n contrast to the differences i n a m i n o 
p y r i n e N-demethylase activit ies f o u n d i n these groups, the M i c h a e l i s -
M e n t e n affinity constants were not s ignif icantly altered. I n a d d i t i o n , 
T a b l e I I I lists the Km of l i ver microsomal aminopyr ine N-demethy lase 
for w e a n l i n g guinea pigs g iven 50 a n d 500 m g of ascorbic a c i d / d for 8 d , 
a n d for animals m a i n t a i n e d on a n o r m a l c h o w diet. There was no s igni f i 
cant difference i n these values. S i m i l a r results were obta ined i n k ine t i c 
studies w i t h O-demethylase i n that there was no signif icant a l terat ion 
i n the Km constants for this enzyme system i n any of the groups. 

I n contrast to the Km studies, a consistent a l terat ion i n the usua l 
T y p e I I a n i l i n e - c y t o c h r o m e P 4 5 0 b i n d i n g spectrum was seen for v i t a m i n C 
deficient guinea p i g microsomes. T h e a n i l i n e - c y t o c h r o m e P450 b i n d i n g 
spectrum was a typ i ca l i n that the t rough of the spectrum appeared at 
405 n m instead of at 390 n m , a n d the peak occurred at 440 n m instead of 
at 430 n m . A m a r k e d decrease i n absorpt ion intensity was also observed 
at these wavelengths ( 1 5 ) . These findings cannot be exp la ined b y a 
concomitant decrease i n the quant i ty of cytochrome P 4 5 0 i n the v i t a m i n C 
deficient gu inea p i g microsomes because d i l u t i o n of microsomes f r o m 
n o r m a l gu inea pigs to equivalent cytochrome P450 concentrations of 
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17. Z A N N O N I E T A L . Ascorbic Acid in Drug Metabolism 357 

v i t a m i n C deficient guinea pigs s t i l l gave the usua l a n i l i n e - c y t o c h r o m e 
P 4 5 o b i n d i n g spectra. T h e a t y p i c a l b i n d i n g spectrum observed i n v i t a 
m i n C deficient gu inea p i g microsomes m a y reflect a n a l terat ion i n the 
integr i ty of the microsomal p h o s p h o l i p i d membrane associated w i t h 
cytochrome P450, a n d ascorbic a c i d m a y be r e q u i r e d for membrane 
maintenance . I n v i t ro experiments i n w h i c h ascorbic a c i d was a d d e d to 
v i t a m i n C deficient l i ver microsomes d i d not restore drug -ox idat ion 
activit ies or substrate cytochrome P 4 5 0 b i n d i n g . O t h e r r e d u c i n g agents 
subst i tuted for ascorbic a c i d , such as g lutathione a n d reduced 2,6-di 
ch loropheno l indopheno l dye, were also ineffective. H o w e v e r , ascorby l 
pa lmitate (2.3 X 10" 3 M ) , a more l i p o p h i l i c analogue of ascorbic a c i d , 
restored a t y p i c a l a n i l i n e - c y t o c h r o m e P 4 5 0 b i n d i n g spectra to the usua l 
type i n that the t r ough a n d peak of the spectrum were at 390 a n d 430 n m , 
respectively . T h e absorpt ion intensity at these wavelengths was s t i l l 
depressed as was the drug -ox idat ion act iv i ty , w h i c h c o u l d reflect the 
l ower quant i ty of cytochrome P 4 5 o that was not restored b y ascorby l 
pa lmitate . 

Effect of Ascorbic Acid Replenishment. Reversa l of decreased 
drug -metabo l i sm activit ies i n v i t a m i n C deficient animals b y the i n v i v o 
admin is t ra t i on of ascorbic a c i d ind i ca ted that the quant i ty of l i ver 
ascorbic a c i d was restored to n o r m a l levels w i t h i n 3 d but most of the 
d r u g enzyme activit ies such as N-demethy lase , O-demethylase , a n d cyto 
chrome P450 a n d P 4 5 0 reductase r e q u i r e d 6 - 1 0 d of v i t a m i n a d m i n i s t r a 
t i o n to re turn to n o r m a l ( F i g u r e s 4 a n d 5 ) . I n d u c t i o n studies w i t h 
phenobarb i ta l i n d i c a t e d that overa l l d r u g ox idat ion activit ies ( a n i l i n e 
hydroxylase , aminopyr ine N-demethylase , a n d p-nitroanisole O - d e m e t h 
ylase) a n d microsomal electron transport components increased i n v i t a 
m i n C deficient gu inea pigs comparab le w i t h those f o u n d i n n o r m a l 
animals . A n i l i n e hydroxylase increased t w o f o l d i n the v i t a m i n C de -

Table III. Apparent Michaelis-Menten Affinity Constants of 
Aminopyrine N-Demethylation in Guinea Pig Microsomes 

under Varying Intakes of Ascorbic Acid 

Diet 

Liver 
Ascorbic Acid 

(mg/100 g 
of liver) 

K m 

(10s M) 

C h o w diet 
C h o w diet + 50 m g / d of ascorbic ac id (8 d) 
C h o w diet - j - 500 m g / d of ascorbic ac id (8 d) 
Ascorb i c ac id deficient diet (8 d) 
Ascorb i c ac id deficient diet (15 d) 

27 
9.9 

23.3 
2 

< 1 

1.67 
1.57 
1.85 
1.67 
1.82 

Source: Reference 6. 
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358 A S C O R B I C A C I D 

ficient a n i m a l a n d p-nitroanisole O-demethylase increased s ix fo ld . T h e 
difference be tween the l eve l of ac t iv i ty after p h e n o b a r b i t a l treatment 
a n d basa l l eve l (no treatment) i n v i t a m i n C deficient a n d n o r m a l gu inea 
pigs was i n the same order of magn i tude for each enzyme act iv i ty . T h e 
i n d i v i d u a l e lectron transport components were also i n d u c e d i n v i t a m i n C 
deficient guinea pigs a n d the increase was equivalent to, or i n some cases 
better t h a n that i n the n o r m a l gu inea pigs . These studies ind icate that 
pro te in synthesis i n v o l v e d i n the microsomal transport system is not 
c o m p r o m i s e d i n the v i t a m i n C deficient a n i m a l ( 1 5 ) . 

Mechanism of Reduced Metabolic Activity 

M i c r o s o m a l Phosphol ipids . It was of interest to determine i f ascor
b i c a c i d , t h r o u g h its ant iox idant property , protected d r u g enzyme 
activit ies b y i n h i b i t i n g l i p i d perox idat ion . L i p i d perox idat ion was f o u n d 
to be on the order of 3 0 % higher i n microsomes iso lated f r o m n o r m a l 
gu inea pigs c ompared w i t h microsomes iso lated f r o m guinea pigs o n the 
ascorbic a c i d deficient diet for 15 d ( T a b l e I V ) . T h e quant i ty of the 
p h o s p h o l i p i d was s l ight ly l ower i n the 15-d ascorbic a c i d deficient group 

Aniline Aminopyrine p - Nitroonisole 

0 3 6 10 0 3 6 10 0 3 6 10 

DAYS OF ASCORBIC ACID ADMINISTRATION 

Figure 4. Reversal of decreased aniline hydroxylase, aminopyrine N -
demethylase and p-nitroanisole O-demethylase activities in vitamin C 

deficient guinea pigs with ascorbic acid (15). 
Groups of normal and vitamin C deficient guinea pigs (21 d) were given 50 mg 
of ascorbic acid in their drinking water for 3, 6, and 10 d. Enzyme activity 
measured as fimol of product formed/h/100 mg of liver microsomal protein at 
27° C. Key: activity in normal animals, cross-hatched bar; activity in vitamin C 
deficient animals, open bar; vitamin C deficient animals given supplements of 

ascorbic acid for days indicated, solid bar. 
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17. Z A N N O N I E T A L . Ascorbic Acid in Drug Metabolism 359 

Cyt. P - 4 5 0 Cyt. bc 

< 
a 

i i i 

1.5 

1.0 

0.5 -

NADPH P - 4 5 0 
reductase 

I I 
0 3 6 10 0 3 6 10 0 3 6 10 

DAYS O F A S C O R B I C ACID A D M I N I S T R A T I O N 

Figure 5. Reversal of decreased electron transport components in vita
min C deficient guinea pigs with ascorbic acid (15). 

Groups of normal and vitamin C deficient guinea pigs (21 d) were given 50 mg 
of ascorbic acid in their drinking water for 3, 6, and 10 days. The quantity of 
cytochrome b, measured as fimol/100 mg of liver microsomal protein. NADPH 
cytochrome reductase measured as fimol of cytochrome PiS0 reduced/h/ 
100 mg of liver microsomal protein at 27°C. Key: activity in normal animals, 
cross-hatched bar; activity in vitamin C deficient animals, open bar; vitamin C 
deficient animals given supplements of ascorbic acid for days indicated, solid 

bar. 

Table IV. Lipid Peroxidation in Normal and Ascorbic 
Acid Deficient Microsomes 

Activity 

Oxygen Malonaldehyde NADPH 
Microsomes Uptake0 Formed^ Disappearance0 

N o r m a l d 160 0.33 10.3 
Ascorb i c ac id def ic ient 9 118 (74%) 1 0.23 (70%) 7.9 (77%) 

Note: Lipid peroxidation was determined in microsomes from normal guinea 
pigs (23.7 mg of ascorbic acid/100 g of liver) and 15-d ascorbic acid deficient guinea 
pigs (4.3 mg of ascorbic acid/100 g of liver). 

° ^mol of oxygen consumed/h/100 mg of microsomal protein at 27°C. 
b /xmol of malonaldehyde formed/h/100 mg of microsomal protein at 27°C. 
0 fimol of N A D P H disappeared/h/100 mg microsomal protein at 27°C. 
d Phosphatidyl choline quantity, 27.2 /xmol/100 mg of microsomal protein. 
e Phosphatidyl choline quantity, 22.4 /xmol/100 mg of microsomal protein. 
1 Number in parentheses is % of normal microsomes. 
Source: Reference 6. 
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360 A S C O R B I C A C I D 

c o m p a r e d w i t h the n o r m a l group ( 1 8 % ) . T h i s decrease is most l i k e l y 
not sufficient to i m p a i r d r u g metabo l i sm because 3-d-starved, ascorbic 
ac id - f ed guinea pigs , w h i c h have increased d r u g metabo l i sm activit ies 
( 1 5 ) , have an even greater decrease i n the quant i ty of p h o s p h a t i d y l 
cho l ine than do the 15-d ascorbic a c i d deficient group (19.2 j u n o l / l O O m g 
of microsomal pro te in c o m p a r e d w i t h 22.4 / u n o l / m g ) . T h e starved a n i 
mals lost 2 2 % of their b o d y w e i g h t a n d h a d 42.6 m g of ascorbic a c i d / 
100 g of l iver . 

M i c r o s o m a l C y t o c h r o m e P 4 5 0 . T h e properties of hepat i c m i c r o 
somal cytochrome P 4 5 0 p repared f r o m n o r m a l a n d 15-d ascorbic a c i d 
deficient animals d i d not differ w i t h respect to storage at 5 ° C , treatment 
w i t h s od ium cholate, treatment w i t h g lycero l , or mic rosomal prote in 
concentrat ion. T h e quant i ty of microsomal cytochrome P 4 2 o> the inact ive 
f o r m of cytochrome P 4 5 0 , generated b y these procedures was not s ig 
ni f icant ly different for the t w o groups of animals . H o w e v e r , some p h y s i 
ca l chemica l differences between n o r m a l a n d ascorbic a c i d deficient 
microsomes can be observed f o l l o w i n g sonicat ion a n d f o l l o w i n g dialys is . 
F o r example, w i t h sonicat ion the t ime r e q u i r e d to inact ivate 5 0 % of 
cytochrome P 4 5 o p repared f r o m n o r m a l animals was 180 s compared 
w i t h 78 s for the 15-d ascorbic a c i d deficient guinea pigs . 

D e t e r m i n a t i o n of the concentrat ion of l iver ascorbic a c i d a n d cyto
chrome P 4 5 0 i nd i ca ted that a re lat ive ly consistent quant i tat ive re lat ionship 
of ascorbic a c i d to cytochrome P 4 5 0 existed i n microsomal preparat ions . 
T h e rat io of l i ver ascorbic a c i d to cytochrome P 4 5 0 was 2.2 i n the ascorbic 
a c i d deficient group a n d 2.3 i n the n o r m a l group, a n d 1.7 a n d 1.6, respec
t ive ly , w h e n cytochrome P 4 2 o was i n c l u d e d . I n adrena l tissue the rat io of 
microsomal ascorbic a c i d to cytochrome P 4 5 0 was on the order of 3:1, a n d 
2:1 w h e n cytochrome P 4 2 o was i n c l u d e d . H o w e v e r , i n the k idney , the 
rat io of microsomal ascorbic a c i d to cytochrome P 4 5 0 was larger , on the 
order of 5:1 w h e n cytochrome P 4 2 o was i n c l u d e d , cons iderably h igher 
than i n the l iver a n d adrena l g land . T h i s h igher ratio may be caused, i n 
part , b y the capac i ty of the k i d n e y to reabsorb the v i t a m i n . T h e heme 
prote in was p a r t i a l l y pur i f i ed f rom n o r m a l a n d ascorbic a c i d deficient 
guinea p i g l ivers w i t h a m m o n i u m sulfate f ract ionat ion, c a l c i u m phosphate 
gel adsorpt ion, a n d e lut ion ; the quant i ty of ascorbic a c i d was de termined 
i n various fractions. T h e v i t a m i n remained w i t h cytochrome P 4 5 o 
throughout the fract ionat ion procedure ; the rat io of the concentrat ion 
of ascorbic a c i d to tota l carbon monoxide b i n d i n g heme pro te in ( cyto 
chrome P 4 5 0 p lus P 4 2 o ) i n the various fractions ranged f r o m 1.3 to 3.7 
i n n o r m a l microsomes a n d f r om 1.2 to 3.0 i n ascorbic a c i d deficient 
microsomes ( 1 6 ) . 

T h e corre lat ion between the concentrations of l i ver ascorbic a c i d a n d 
cytochrome P 4 5 0 i n microsomes prepared f r o m n o r m a l a n d ascorbic a c i d 
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17. Z A N N O N I E T A L . Ascorbic Acid in Drug Metabolism 361 

deficient guinea pigs , after dialysis a n d p a r t i a l pur i f i cat ion of cytochrome 
P 4 5 0 , suggested that ascorbic a c i d m a y be d i rec t ly associated w i t h the 
heme prote in . V a r i o u s meta l chelators were used to investigate the poss i 
b i l i t y that ascorbic a c i d was i n v o l v e d w i t h the reduced f o r m of i r on 
associated w i t h cytochrome P 4 5 0 , that is, ferrous i ron . a , c / - D i p y r i d y l , a 
ferrous i r on chelator, inhib i ts the carbon monoxide b i n d i n g spectrum 
of cytochrome P 4 5 0 resul t ing i n a decrease i n the cytochrome P 4 5 0 - c a r b o n 
monoxide absorpt ion spectrum at 450 n m . T h e cytochrome P 4 5 0 - c a r b o n 
monoxide b i n d i n g decreased b y approx imate ly 5 0 % i n the presence of 
12.8 m M a , a ' - d i p y r i d y l . Impor tant ly , the decrease of the cytochrome 
P 4 5 0 - c a r b o n monoxide spectrum b y the chelator c o u l d be prevented 
by 22.7 m M ascorbic a c id . o -Phenanthrol ine , another inh ib i t o r w i t h a 
h i g h affinity for ferrous i ron , i n h i b i t e d the cytochrome P 4 5 0 - c a r b o n 
monoxide b i n d i n g spectrum to the same extent as was f o u n d w i t h 
d i p y r i d y l , a n d o-phenanthrol ine 's act ion was also prevented b y the v i t a 
m i n . T h e decreased format ion of the cytochrome P 4 5 0 - c a r b o n monoxide 
spectrum b y a , c / - d i p y r i d y l a n d o-phenanthrol ine can be accounted for 
because these meta l chelators can b i n d to the reduced ferrous i r o n of 
cytochrome P 4 5 0 , resu l t ing i n a spectrum that has an absorpt ion m a x i m u m 
at the same wave length as the absorpt ion m a x i m u m of the carbon 
monoxide l i g a n d , that is, at 450 n m (16 ) . O f the chelators tested only 
ferrous i ron chelators such as a , a ' - d i p y r i d y l a n d o-phenanthrol ine s igni f i 
cant ly i n h i b i t e d the cytochrome P 4 5 0 - c a r b o n monoxide spectrum ( 5 5 % 
i n h i b i t i o n ) . O n the other h a n d , s tructural ly re lated chelators w i t h h i g h 
affinity for copper, 8 -hydroxyquino l ine sulfonate, bathocupro ine , a n d 
d ie thy ld i th iocarbamate were not s ignif icantly inh ib i t o ry (less than 5 % ). 
T h e meta l chelators, i n general , showed only sl ight i n h i b i t i o n of the 
microsomal heme pro te in cytochrome b 5 ( 8 - 2 0 % ). T h e apparent affinity 
constants of <*,a ' -dipyridyl for cytochrome P 4 5 0 are 2.99 X 10~4 M for 
n o r m a l microsomes a n d 3.14 X 10~4 M for ascorbic a c i d deficient m i c r o 
somes. T h e apparent affinity constants for protect ion b y ascorbic a c i d are 
4.98 X 10" 4 M for n o r m a l microsomes a n d 4.83 X 10" 4 M for ascorbic 
a c i d deficient microsomes (16 ) . 

T h e adminis t rat ion of a precursor of heme, d -amino levu l in i c a c i d 
( A L A ) , to v i t a m i n C deficient guinea pigs caused a n increase i n the 
quant i ty of cytochrome P 4 5 0 , suggesting that ascorbic a c i d m a y be 
i n v o l v e d i n the f ormat ion of this essential metabol i te of heme synthesis 
( 17 ) . A general route for the synthesis of heme is g iven i n Scheme 2. 
I n v i e w of these findings, i t was important to determine i f v i t a m i n C 
deficiency affected the act iv i ty of A L A synthetase, the ra te - l imi t ing 
enzyme i n heme synthesis, or other important enzymes i n heme synthesis 
such as A L A dehydratase a n d ferrochelatase. A l t h o u g h cytochrome P 4 5 0 

is m a r k e d l y reduced i n v i t a m i n C deficient microsomes, there is no s ig -
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362 A S C O R B I C A C I D 

Glycine + Succinyl-CoA 

Pyridoxal-PC> 4 j A LA-synthetase 

H O O C - C H 2 - C H 2 - C O - C H 2 - N H 2 (ALA) 

A LA-dehydratase 

H O O C - H 2 C 

H . N - H 9 C -

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

H 
(PBG) 

I 

Protophorphyrin IX 

F e + + ^ Ferrochelatase 
H E M E 

Scheme 2. Pathway for the synthesis of heme from glycine and succinyl 
coenzyme A. 

nif icant decrease i n any of the key enzymes i n v o l v e d i n heme synthesis 
( T a b l e V ) . S i m i l a r results were recently obta ined ( 1 8 ) . I n a d d i t i o n , 
recent evidence showed that the decrease i n cytochrome P 4 5 0 i n ascorbic 
a c i d deficiency is not caused b y increased heme catabol ism, at least not 
b y i n d u c t i o n of microsomal heme oxygenase act iv i ty (19-21). H o w e v e r , 
the poss ib i l i ty that the v i t a m i n is i n v o l v e d i n the synthesis of the apopro 
te in of cytochrome P 4 5 0 shou ld be considered. 

T h e effect of ascorbic a c i d deficiency on different forms of cyto
chrome P 4 5 0 was invest igated i n v i e w of previous findings of substantial 
dep le t ion of the heme pro te in (15,16,22,23) a n d substantial i n v i t ro 
i n h i b i t i o n b y meta l chelators, w h i c h is prevented b y ascorbic a c i d (16). 
Reports have descr ibed m u l t i p l e forms of cytochrome P450 i n rabb i t , rat, 
a n d mouse microsomes (24-29); these forms can be separated b y ge l 
electrophoresis i n the presence of S D S . O u r studies indicate that m i c r o 
somes f r o m guinea pigs conta in m u l t i p l e forms of cytochrome P450 as 
ev idenced b y heme-sta in ing electrophoretic bands i n the 40,000-60,000-
molecu lar -we ight region. G u i n e a pigs have n ine d is t inct po lypept ide 
bands c o m p a r e d w i t h e ight for rabbits (30) a n d five for rats (27,28,31). 
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17. ZANNONI E T A L . Ascorbic Acid in Drug Metabolism 363 

I n d u c t i o n w i t h p he no barb i t a l a n d 3-methylcholanthrene a n d pur i f i cat ion 
of the cytochromes indicate that eight of the guinea p i g po lypept ide 
bands w i t h molecu lar weights f r o m 44,000 to 60,000 conta in cytochrome 
P 4 5 o , a n d the changes observed i n the re lat ive s ta in ing intensity of the 
bands m a y reflect changes i n the quant i ty of different forms of cyto 
chrome P450. Microsomes f r o m ascorbic a c i d deficient gu inea pigs con 
sistently demonstrated decreases i n three of the po lypept ide bands 
(mo lecu lar weights 44,000, 52,000, a n d 57,000) a n d increases i n t w o 
(54,000 a n d 55,000) ( F i g u r e 6 ) . Impor tant ly , these differences were 
m a i n t a i n e d i n p a r t i a l l y pur i f i ed fractions f r o m n o r m a l a n d ascorbic a c i d 
deficient guinea pigs ( 3 2 ) . 

Exper iments to ident i fy the various po lypept ides i n n o r m a l a n d 
ascorbic a c i d deficient microsomes as heme proteins were carr i ed out. 
I n crude microsomes at least seven heme-sta in ing bands were f o u n d i n 
the 40,000-60,000-dalton reg ion a n d the intensity of the heme stain 
corresponded to the amount of cytochrome P 4 5 0 present. I n a d d i t i o n , spe
cific heme-sta ining po lypept ides were ident i f ied us ing p a r t i a l l y pur i f i ed 
fractions of cytochrome P 4 5 0 . Microsomes f r o m untreated guinea pigs 
conta ined five po lypept ide bands that corre lated w i t h heme-sta in ing 
bands ; the ir molecu lar weights were 44,000, 52,000, 55,000, 56,000, a n d 
60,000. A l s o , a heme-sta in ing po lypept ide w i t h a molecu lar w e i g h t of 
46,500 was evident i n microsomes f r o m phenobarbi ta l - t reated gu inea 
pigs ( 3 2 ) . 

F u r t h e r ident i f i cat ion of the guinea p i g po lypept ide bands was 
obta ined w i t h k n o w n inducers of microsomal cytochrome P450. T h e 
i n d u c t i o n of a 46,500-dalton po lypept ide w i t h phenobarb i ta l is s imi lar to 
the i n d u c t i o n f o u n d i n rat (26,28), r a b b i t (33,34), a n d mouse (35) 
microsomes. T h e phenobarb i ta l - induc ib l e po lypept ide was present i n 
neg l ig ib le amounts i n u n i n d u c e d microsomes a n d no difference was 
discernib le between n o r m a l a n d ascorbic a c i d deficient microsomes. 

Table V . Cytochrome P450 and Heme Synthesis in Normal 
and Ascorbic Acid Deficient Guinea Pigs 

Enzyme Normal0 Deficient0 

Cytochrome P 4 5 o (nmol /100 m g of protein) 19.2 ± 1 . 1 9.5 ± 0.7 
A L A synthetase (nmol A L A / h / 1 0 0 mg) 16.5 ± 2.3 18.1 ± 1.9 
A L A dehydratase (nmol P G B / h / 1 0 0 mg) 1056 ± 53 922 ± 33 
Ferrochelatase (nmol 5 9 F e / h / 1 0 0 mg) 536 ± 33 589 ± 58 

"Normal guinea pigs: 1 mg of ascorbic acid/mL in drinking water/d. Liver 
ascorbic acid was 1740 nmol/100 mg of protein. 

0 Ascorbic acid deficient guinea pigs: on ascorbic acid free diet for 20 d. Liver 
ascorbic acid was 99 nmol/100 mg of protein. 

Source: Reference 38. 
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364 ASCORBIC A C I D 

B A N D N O . N-GP (MW) D-GP 

Figure 6. Representation of SDS electrophoresis of liver microsomes 
prepared from normal and ascorbic acid deficient guinea pigs (32). 

A d m i n i s t r a t i o n of 3-methylcholanthrene, 40 h before sacrifice, y i e l d e d 
essentially no i n d u c t i o n i n guinea pigs , bu t a substant ia l increase i n a 
f o r m of cytochrome P 4 5 0 w i t h a molecu lar we ight of 53,000-55,000 
occurred i n other species ( 2 5 - 2 7 , 3 3 , 3 5 ) . O n the other h a n d , treatment 
w i t h 3-methylcholanthrene for 7 d resulted i n i n d u c t i o n i n guinea p igs ; 
the i n d u c e d electrophoretic bands h a d molecular weights of 44,000, 
48,000, 57,000, a n d 60,000. T w o of these (mo lecu lar weights , 44,000 a n d 
57,000) are po lypept ide bands that are decreased i n ascorbic a c i d 
deficient microsomes. N o differences were noted between n o r m a l a n d 
ascorbic a c i d deficient guinea pigs i n the po lypept ide bands i n d u c i b l e 
b y phenobarb i ta l , 3 -methylcholanthrene, or /3-naphthoflavone. T h i s find
i n g is consistent w i t h previous reports i n w h i c h the degree of i n d u c t i o n 
of cytochrome P 4 5 0 i n ascorbic a c i d deficient guinea pigs was e q u a l to or 
greater than that i n n o r m a l gu inea pigs (9,14,15). 

T h e results presented are i n k e e p i n g w i t h a selective act ion of 
ascorbic a c i d on specific forms of P 4 5 0 apocytochromes. T h i s select ivity 
is consistent w i t h the overa l l effect of ascorbic a c i d deficiency on this 
important heme prote in , w h i c h never decreases b e l o w 4 0 - 6 0 % of nor 
m a l - e v e n i n a severely deficient state (23,36,37). A s c o r b i c a c i d de
ficiency m a y selectively affect certa in forms of cytochrome P 4 5 0 ; this 
poss ib ly is impor tant especial ly i n l i ght of the findings that b e n z o [ a ] -
pyrene hydroxylase ac t iv i ty was unal tered i n l ivers f r o m deficient gu inea 
pigs b u t 7-ethoxycoumarin dealkylase ac t iv i ty was less t h a n 5 0 % of 
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17. Z A N N O N I E T A L . Ascorbic Acid in Drug Metabolism 365 

n o r m a l (23). T h e correlat ion of decreases i n the metabo l i sm of various 
prototype d r u g substrates a n d env i ronmenta l chemicals i n various tissues 
w i t h decreases i n specific forms of cytochrome P 4 5 0 w i l l be important . 
W e have recently f o u n d that ascorbic a c i d deficiency m a r k e d l y affects 
par t i cu lar M F O pathways of such env ironmenta l chemicals as bromo-
benzene a n d b i p h e n y l . These compounds were interest ing to study i n 
that b o t h of t h e m are metabo l i zed b y specific forms of cytochrome P 4 5 0 

(31). F o r example, bromobenzene is metabo l i zed to o -bromophenol v i a 
2,3-epoxidation a n d to p -bromopheno l v i a 3,4-epoxidation. B i p h e n y l is 
metabo l i zed to either a 2 -hydroxylated product or to a 4 -hydroxylated 
product . T h e 2-hydroxy p a t h w a y is equivalent to o -hydroxylat ion a n d 
the 4-hydroxy p a t h w a y is equivalent to p -hydroxy la t i on of b r o m o b e n 
zene. T h e p -bromopheno l p a t h w a y of bromobenzene a n d 4-hydroxy 
p a t h w a y of b i p h e n y l are m a r k e d l y decreased i n ascorbic a c i d deficiency, 
a n d the o -bromophenol a n d 2-hydroxylated b i p h e n y l pathways are not 
stat ist ical ly a l tered (see T a b l e V I ) . These data are consistent w i t h the 
hypothesis a n d the evidence that m u l t i p l e forms of cytochrome P 4 5 0 , 
some of w h i c h are depleted i n ascorbic a c i d deficiency w h i l e others are 
not affected, exist a n d that specific forms of cytochrome P 4 5 0 are respon
sible for the metabo l i sm of a var iety of xenobiotics a n d env i ronmenta l 
chemicals . 

Because heme synthesis is not al tered i n ascorbic a c i d deficiency, 
the determinat ion of whether ascorbic a c i d is i n v o l v e d i n the degradat ion 
of the cytochrome w i l l be important (32,38). A s c o r b i c a c i d i n the M F O 
system does not affect the degradat ion of this heme pro te in (19-21). 
N o difference i n heme oxygenase act iv i ty , degradat ion of cytochrome 
P 4 5 0 heme, or synthesis of cytochrome P 4 5 0 heme was f o u n d i n ascorbic 
a c i d deficient gu inea pigs c ompared w i t h n o r m a l animals (19-21). 

Table VI . Bromobenzene and Biphenyl Hydroxylation via 
the Hepatic M F O System in Normal and Ascorbic 

Acid Deficient Guinea Pigs 

Bromobenzenec Biphenyl0 

Cytochrome o-Bromo- p-Bromo- 2-OH 4-OH 
Guinea Pigs* P4500 phenol phenol biphenyl biphenyl 

N o r m a l ( 1 5 ) d 0.19 ± 0.01 9.3* ± 0.9 122 ± 8 22 ± 1.0 164 ± 8 
Def i c i ent ( 1 1 ) f 0.07 ± 0.01 6.3* ± 0.5 5 3 ' ± 9 19 ± 2.0 86 ± 2 

0 N u m b e r s i n parentheses equal number of animals. 
b n m o l / m g of 15,000 X g supernatant protein. 
0 n m o l product/min/100 mg of microsomal prote in . 
d 40 m g of ascorbic acid/100 g of l iver . 
6 Difference not significant. 
f 2 m g of ascorbic acid/100 g of l iver . 
' Significant difference f r o m n o r m a l , p < 0.01. 
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366 ASCORBIC A C I D 

I t is w e l l establ ished that the M F O system metabol izes drugs to 
more h y d r o p h i l i c products ; i n d o i n g so, m a n y drugs a n d environmenta l 
chemicals proceed v i a reactive epoxide intermediates , w h i c h i n t u r n may 
b i n d covalent ly to tissue macromolecules resul t ing i n necrosis, m u t a 
genesis, or carcinogenesis. A l t e rnat ive ly , the organism has at its disposal 
enzymat i c systems such as g lutathione transferase or epoxide hydrase that 
d ivert the reactive intermediates into nontoxic metabolites or products 
(see Scheme 3 ) . W e have invest igated the act iv i ty of these important 
enzymes i n ascorbic a c i d deficient as w e l l as n o r m a l guinea p i g l ivers . 
M i c r o s o m a l epoxide hydrase is not s ignif icantly l ower i n ascorbic a c i d 
deficiency (see T a b l e V I I ) . I n a d d i t i o n to this , cy top lasmic epoxide 
hydrase was not s ignif icantly a l tered ; also, cytop lasmic g lutathione 
transferase was not s ignif icantly changed ( T a b l e V I I ) . T h e de termina
t ion of mic rosomal g lutathione transferase i n these animals w i l l be inter
esting. T h e guinea pigs used i n this study w e i g h e d a r o u n d 250 g a n d 
were on ascorbic a c i d deficient diet for 19 d. These animals t rad i t i ona l ly 

L I P O P H I L I C D R U G 

E N V I R O N M E N T A L C H E M I C A L S 

M F O T I S S U E 
450 

N E C R O S I S 

' R E A C T I V E " 
I N T E R M E D I A T E S C O V A L E N T B I N D I N G 

E P O X I D E S 

E L E C T R O P H I L E S 
C H E M I C A L 

C A R C I N O G E N E S I S 

G S H T R A N S F E R A S E 

D E T O X I F I C A T I O N E P O X I D E H Y D R A S E 

S P O N T A N E O U S 

I N A C T I V E M E T A B O L I T E S 

Scheme 3. The metabolism and detoxification of drugs and environmen
tal chemicals via the mixed function oxygenase, glutathione transferase, 

and epoxide hydrase pathways. 
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17. z A N N O N i E T A L . Ascorbic Acid in Drug Metabolism 367 

Table VII. Hepatic Epoxide Hydrase and Glutathione 
Transferase in Normal and Ascorbate 

Deficient Guinea Pigs 

Microsomal Epoxide Hydrase" Cytoplasmic 
Glutathione 

Guinea pigs without THF with THF Transferaseb 

N o r m a l 0 1527 (18)d 6215 (6) 38,400 (14) 
Def i c i ent " 1460 (13) 5930 (6) 42,000 (8) 

Note : Ascorbate deficient diet, 19 d, guinea pig ; 250 g. 
"Act ivity in nmol of product/min/100 mg of protein, 37°C; T H F , tetrahydro-

furan (0.825 M) ; substrate, 3 H styrene oxide. 
b Activity in nmol of product/min/100 mg of protein; 27°C; 15,000 X g super

natant fraction; substrate, p-nitrobenzyl chloride. 
c 40 mg of ascorbate/100 g of liver. 
d Numbers in parentheses equal number of animals. 
e 2 mg of ascorbate/100 g of liver. 

have shown the most signif icant decrease i n cytochrome P 4 5 0 under 
v i t a m i n C deficiency. I n contrast to these results, w h e n older animals 
w e i g h i n g 800 g were used, no significant difference i n the cytochrome 
P 4 5 o a n d epoxide hydrase ac t iv i ty was noted. These findings are i n 
agreement w i t h those reported earl ier (23). 
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18 
Nutritional and Health Aspects of 

Ascorbic Acid 

MYRON BRIN 

Department of Clinical Nutrition, Hoffmann-La Roche Incorporated, 
Nutley, NJ 07110 

Ascorbic acid (AA) is not synthesized by humans, making it 
an essential dietary vitamin for this species. Although clini
cal deficiency (scurvy) is rare, marginal inadequacy results in 
behavioral changes, reduced drug metabolism, and reduced 
immunocompetence, thereby affecting social and work 
functions. AA is important in increasing iron absorption, 
in collagen synthesis, and as a biological blocking agent 
against nitrosamine formation; AA has also been used 
experimentally to reduce incidence of bladder tumors in 
mice. Heavy smoking increases the risk group fourfold. 
Blood levels are reduced in myocardial infarction and other 
conditions involving physical, infective, or traumatic insult. 
Scurvy still persists in certain parts of the world. The 
appropriate intake levels of vitamin C for each of its physio
logical functions have not yet been fully defined. 

Humans require ascorbic acid as a vitamin. A recent report (1) estab-
lished that the genetic basis of this need is a lack of L-gulonolactone 

dehydrogenase, the last enzyme in the synthetic sequence. This vitamin's 
function in, for example, preventing scurvy, and facilitating tyrosine and 
proline metabolism, is well documented and accepted. Virtually all 
other aspects of the health applications of vitamin C are controversial, 
including establishing a definitive daily requirement, which has varied 
over the years both within and between countries. 

Perhaps it is more than happenstance that vitamin C is separated by 
name from the other water soluble "B" vitamins. Historically, this sepa
ration was the result of the normal procedure of labeling unknown dietary 
factors, as C was differentiated from B—which later was shown to be a 
complex group rather than an individual, water-soluble vitamin. It was 

0065-2393/82/0200-0369$06.00/0 
© 1982 American Chemical Society 
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370 ASCORBIC ACID 

discovered that the B - v i t a m i n group compr ised a series of compounds , 
for w h i c h each i n d i v i d u a l c o m p o u n d c o u l d be assigned a h i g h l y specific 
v i t a m i n - c o e n z y m e structure, a n d w h i c h fac i l i ta ted very specific enzyme 
reactions. S u c h was not the case for water-so luble v i t a m i n C , for w h i c h 
a coenzyme structure has not yet been identi f ied. T h e ident i f i cat ion of 
the coenzyme forms of the B v i tamins has lent c r ed ib i l i t y to their essen
t ia l i ty i n h u m a n nutr i t i on . So, water -so luble v i t a m i n C must be evaluated 
at another level . T h a t l eve l is phys io l og i ca l funct ion , rather than b y 
specific reactions. 

O n e c o u l d more read i ly exp la in the c l i n i c a l signs of scurvy on the 
basis of the funct ion of v i t a m i n C i n co l lagen format ion , than one c o u l d 
exp la in the deve lopment of wet b e r i b e r i for th iamine , or of cheilosis for 
r ibo f lav in funct ion . F o r instance, w h y shouldn ' t r ibo f lav in cause ber iber i , 
a n d th iamine cause che i los is—rather than the reverse? W e cannot exp la in 
this . T h e s i tuat ion exemplifies that w e often cannot exp la in the c l i n i c a l 
findings on the basis of w h a t is k n o w n about the b i o c h e m i c a l func t i on 
of the v i t a m i n . There is s t i l l m u c h more to be l earned about v i t a m i n 
nutr i t i on , a n d this is exempl i f ied b y v i t a m i n C . 

Bioactivity 

T h e relative b iopotency of synthetic vs. natura l v i t a m i n C is open to 
conjecture. B y admin is ter ing orange juice vs. synthetic v i t a m i n C to 
adu l t males, a n d measur ing levels of the v i t a m i n i n serum, leucocytes, 
a n d ur ine , the synthetic v i t a m i n was but s l ight ly more b ioava i lab le ( 2 ) . 
U s i n g an i n t r a l u m i n a l in fus ion technique of y o u n g male adults no d i f 
ferences i n b i o a v a i l a b i l i t y were f ound ( 3 ) . Presumably , the synthetic 
L -ascorbic a c i d is equa l ly b ioava i lab le to that f ound i n nature. 

Immunocompetence 

V e r y provocat ive i m m u n o l o g i c a l w o r k has been done w i t h v i t a m i n C 
d u r i n g the last decade. W h i t e b l o o d ce l l levels of v i t a m i n C have been 
measured to evaluate nut r i t i ona l status for this nutr ient for almost forty 
years; therefore, i t is not surpr i s ing that relationships to i m m u n o c o m p e 
tence have emerged. I n c u b a t i o n of leucocytes w i t h ascorbic a c i d at 
phys io log i ca l p H augments the random migrat i on a n d chemotaxis f rom 
onefo ld to threefo ld w i t h o u t affecting phagocyt i c capac i ty (4). T h i s , as 
w e l l as s t imulat ion of hexose monophosphate shunt act iv i ty , was dose 
re lated, a n d c o u l d be reversed b y w a s h i n g the cells. T h e effect occurred 
at phys io log i ca l concentrations of the v i t a m i n . G l u t a t h i o n e also s t i m u 
la ted the shunt a n d the migrat i on . T h i s finding was considered s igni f i 
cant because i n po lymorphonuc lear lymphocytes ( P M N ) , phagocytosis 
is a c companied b y increased oxygen consumpt ion , hexose monophosphate 
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shunt act iv i ty , a n d hydrogen peroxide produc t i on ( 5 ) . V i t a m i n C de
ficient guinea pigs y i e l d e d fewer macrophages ( f r om peritoneal exudate) , 
w i t h reduced migrat ion , but d i d not affect phagocytosis (6). T h e i n 
v i t ro a d d i t i o n of v i t a m i n C par t ia l l y reversed the reduced migrat ion . I n 
the guinea p i g , ascorbic a c i d deplet ion resulted i n depressed i m m u n o 
log i ca l response ( 7 ) , a n d h i g h v i t a m i n dosage supported elevated mitot ic 
ac t iv i ty ( 8 ) . P M N contain h i g h levels of ascorbate ( 9 ) ; these levels are 
m a r k e d l y reduced f o l l o w i n g v i r a l in fect ion (10,11), a n d revert t o w a r d 
n o r m a l after recovery ( I I ) . Leve l s are also reduced i n other leukemic 
a n d hemato log ica l condit ions (12). A l s o , us ing the p laque inh ib i t i on 
method u t i l i z i n g ves icular stomatitis v irus , increased serum interferon 
f o l l o w i n g the subcutaneous inject ion of either ascorbic ac id , sod ium 
sal icylate , or caffeine i n mice was demonstrated (13). S i m i l a r findings 
of increased interferon i n d u c t i o n were observed f o l l o w i n g exposure of 
h u m a n embryo sk in i n the presence of ascorbic a c i d to either Newcast le 
v irus or po ly I / p o l y C (14). A l s o , a threefo ld interferon increase i n 
mouse cultures f o l l owing poly I / p o l y C a d d i t i o n to mouse ce l l cultures 
conta in ing v i t a m i n C , and also i n mice i n v ivo g iven 250 m g % ascorbic 
a c i d i n d r i n k i n g water , w h e n exposed to m u r i n e l e u k e m i a v irus was 
observed (13). A d o u b l i n g of D N A synthesis b y T- lymphocytes was 
remarked i n spleens of mice on a h i g h ascorbate diet f o l l ow ing concona-
v a l i n A ( con A ) (15 ) . I n humans, the consumpt ion of 1 g of ascorbic 
a c i d / d for 75 d resulted i n increased serum levels of I g A , I g M , a n d C - 3 1 

complement (16). Increasing the week ly intake by h u m a n volunteers to 
2 and 3 g / d enhanced neutroph i l mot i l i ty a n d lymphocyte transformation 
to phytohemagg lut in in and con A (17,18). I n one study, however , hexose 
monophosphate shunt act iv i ty a n d serum levels of I g A , I g G , I g M , C ' 3 , a n d 
C '4 , 1 a n d total complement act iv i ty were not affected (18). A l s o , the 
numbers of l eukemic cells i n cul ture were reduced b y 0.3 m M ascorbic 
a c i d (19). N o r m a l m y e l o i d cells were unaffected, a n d glutathione was 
ineffective. I n summary , ascorbic a c i d p r o b a b l y influences various p a 
rameters of immunocompetence , a n d attention shou ld be d irec ted to 
s tudy ing effects of supplementat ion on these phenomena i n the e lder ly , 
subjects on immunosuppress ive drugs, pregnant w o m e n (20), a n d other 
risk groups. 

Cancer 

T h e re lat ionship between ascorbic a c i d a n d cancer is of general 
interest. O n e of the first studies i n this d i rec t ion (21) demonstrated that 
v i t a m i n C g iven to mice prevented the carc inogenic i ty i n ur inary b ladders 
of i m p l a n t e d 3 -hydroxyanthrani l i c a c id . A f ew years later the ab i l i t y of 

1 These factors are body proteins associated with immunocompetence. 
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ascorbate to b lock ni trosamine f ormat ion was demonstrated (22) us ing 
rat hepatotoxic i ty as a m o d e l . T h e ascorbate -n i trosamine re lat ionship 
has been addressed i n chapter 24 i n this book. M o r e recently, P a u l i n g 
a n d coworkers have s tudied the usefulness of ascorbic a c i d i n i m p r o v i n g 
the qua l i ty of a n d lengthening the l i fe of cancer patients ( 2 3 ) , a n d i n 
ob ta in ing remission of r e t i c u l u m ce l l sarcoma ( 2 4 ) . At tempts to conf i rm 
these findings b y others (25) have been unsuccessful , a l though different 
exper imental designs, such as p r i o r suppression of the i m m u n e system, 
were used ( 26 ) . C u r r e n t i n v i t ro studies i n conjunct ion w i t h chemo
therapy i n neuroblastoma (27) a n d i n mal ignant m e l a n o m a (28) d e m 
onstrated ce l l reversion to n o r m a l b y v i t a m i n C . T h e mechanism of 
act ion may be mediated t h r o u g h the enhanced p r o d u c t i o n of h y d r o g e n 
peroxide i n t u m o r cells l o w i n catalase a n d / o r peroxidase. T h i s m e c h 
an i sm m a y also a p p l y to the enhancement b y ascorbic a c i d of the tox ic i ty 
of misonidazadole as a radiosensi t iz ing chemotherapeut ic agent i n the 
presence of rad ia t i on therapy i n v i t ro ( 2 9 ) . 

Red Blood Cell 

A s c o r b i c a c i d appears to be toxic to certa in tumor tissues; however , 
i t m a y increase the b i o l og i ca l effectiveness of r e d b l o o d cells b y increas
i n g the leve l of 2 ,3-diphosphoglycerate (30,31). 2 ,3 -Diphosphoglycerate 
is essential to m a i n t a i n i n g the n o r m a l oxygen dissociat ion curve of hemo
g lob in . T h i s increase has been shown i n v i t ro (30) a n d i n v ivo , i n h u m a n 
subjects (31). 

Micronutrient Interactions 

C e r t a i n interactions of v i t a m i n C w i t h other v i tamins a n d minerals 
are of interest. There was l i t t le effect on encephalomalac ia i n chickens , 
b u t v i t a m i n C reduced the inc idence of exudative diathesis (32) p r o b 
ab ly because of an increased absorpt ion of se lenium. A l s o , i t was sug
gested that ascorbic a c i d m a y regenerate reduced tocophero l f r o m the 
o x i d i z e d phenoxy r a d i c a l ( 3 3 ) . Scorbut ic megaloblast ic anemia is asso
c iated w i t h the excretion of 10- formylfol ic a c i d , a n d f o l l ow ing v i t a m i n C 
adminis t rat ion , the major metabol i te was 5-methyltetrahydrofo l i c a c i d 
(34). T h e al legat ion that v i t a m i n B i 2 is destroyed i n meals consumed 
w i t h ascorbic a c i d (35) appears to have been o v e r w h e l m i n g l y contra 
d i c t ed (36,37). A n o t h e r major interact ion is that of ascorbic a c i d w i t h 
i ron . Excess ive body i ron , such as i n hemosiderosis , results i n accelerated, 
a n d somewhat modi f i ed ox idat ion of dehydroascorb ic a c i d to carbon 
d iox ide w i t h a reduct i on of oxalate i n ur ine ( 38 ) . O n the other h a n d , 
a l though i t has been k n o w n for m a n y years that i r o n absorpt ion is 
enhanced b y ascorbic a c id , i t is n o w recognized that greater enhancement 
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is ach ieved i f the ascorbic a c i d a n d i r on are present i n the gastrointest inal 
tract s imultaneously . F u r t h e r m o r e , the t w o f o l d to ten fo ld increase i n 
i ron absorpt ion at doses of 10-1000 m g of ascorbic a c i d was somewhat 
h igher t h a n ant i c ipated ( 3 9 ) . T h i s unexpected increase was one of the 
factors that s t imulated the F o o d a n d N u t r i t i o n B o a r d to increase the 
re commended d a i l y a l l owance ( R D A ) for v i t a m i n C f r o m 45 to 60 m g , 
i n the 1980 ed i t i on ( 4 0 ) . 

Some Health Situations 

T h e usefulness of v i t a m i n C i n prevent ing colds or amel iorat ing the 
symptoms remains controversial . A n d e r s o n , w h o i n i t i a l l y f o u n d r e d u c e d 
w inter il lness as a result of supplementat ion ( 4 1 ) , believes " that the 
we ight of the evidence is i n favor of there b e i n g some effect (at least 
on severity a n d durat i on ) f r o m supplementary v i t a m i n C , b u t the m a g 
n i tude of this effect has v a r i e d w i d e l y a m o n g the different studies ." 
C h a l m e r s also r ev i ewed the " c o l d " l i terature a n d stated that "the data 
suggest that ascorbic a c i d does have some effect on the severity of c o l d 
symptoms, but the effects are quant i tat ive ly so smal l , a n d the poss ib i l i ty 
of suggestion as the p r i m a r y mechanism so large, that i t h a r d l y seems 
w o r t h w h i l e for anyone to take a l l these p i l l s for such a l ong time9 ( 4 2 ) . 
I n b o t h of these studies, the amel i o rat ing effects were a c k n o w l e d g e d as 
statist ical ly significant, w i t h the judgment that they were not b i o l og i ca l l y 
important . Yet certa in reports were very support ive of the usefulness of 
v i t a m i n C i n colds ( 4 3 ) , just as others were less so ( 4 4 ) . T h e usefulness 
of v i t a m i n C i n colds was re lated to an ant ih is tamine effect of the v i t a m i n 
(45) i n guinea pigs , and , i n h u m a n subjects b l o o d h istamine levels are 
e levated exponential ly w h e n p lasma ascorbic a c id falls be low 1.0 m g % , 
a n d becomes h i g h l y significant at levels b e l o w 0.7 m g % ( 4 6 ) . T h e 
scorbutic state is associated w i t h levels b e l o w 0.2 m g % . O f course, the 
personal testimonials of usefulness of v i t a m i n C i n colds are m a n i f o l d . 
T h i s is a complex s i tuat ion a n d requires further study. 

T h e h u m a n need for ascorbic a c i d bo th i n w o u n d hea l ing a n d i n the 
postsurgical maintenance of strong scar tissue is w e l l documented ( 4 7 ) . 
These needs were restudied more recently i n sixty-three surg ica l patients 
( 48 ) . There was a 4 2 % reduct ion i n c i r cu la t ing leucocyte v i t a m i n C 
levels on the t h i r d postoperative day , regardless of the extent of surg i ca l 
t rauma, suggesting a n increased need for the v i t a m i n d u r i n g surgery 
a n d the postoperative per i od . 

M o r e recently, some attention was exper imental ly d i rec ted to m a i n 
t a i n i n g the integr i ty of the eye f o l l o w i n g i n d u c e d a l k a l i burns i n rabbits . 
Ascorbate levels i n rabb i t aqueous h u m o r r e m a i n depressed for 4 weeks 
f o l l o w i n g an a l k a l i b u r n (49,50). T h e inc idence of corneal u l cerat ion 
resu l t ing f r om this t r a u m a can be reduced f r o m 6 0 % i n sal ine-treated 
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controls to 2 2 % b y ascorbate in ject ion (49) or f r o m 4 7 % to 6 % b y 
t op i ca l admin is t ra t i on ( 5 0 ) . A l s o , ascorbate prevents l i g h t - i n d u c e d d a m 
age to the ocular lens cat ion p u m p i n rat eyes, i n v i t ro ( 5 1 ) . 

Because of current interest i n atherosclerosis, w e w i l l ment ion some 
of the relat ionships between ascorbic a c i d a n d some of the associated 
phenomena. V i t a m i n C deficient guinea pigs have e levated cholesterol 
levels ( 52 ) . M o r e recently, a reduced rate of cholesterol catabo l i sm was 
demonstrated i n chron i ca l ly deficient guinea pigs (53, 54 ) . S i m i l a r obser
vations were made i n h u m a n subjects ( 55 ) . A n o t h e r factor of interest i n 
atherosclerosis is platelet aggregation. I n one report, p latelet v i t a m i n C 
levels were s ignif icantly l ower i n diabetics than i n n o r m a l humans , a n d 
the a d d i t i o n of the v i t a m i n i n n o r m a l concentrations to p late le t - r i ch 
p lasma consistently reduced aggregation, as d i d the ingest ion of 2 g of 
v i t a m i n C / d for 7 d i n v ivo (56 ) . C o u p l i n g these observations w i t h 
those of decreased cholesterol catabol ism suggests that v i t a m i n C is a 
basic factor i n atherogenesis. 

I n another m e d i c a l s i tuat ion, osteogenesis imperfecta , supp lementa 
t i on w i t h v i t a m i n C at a l eve l of 1-2 g / d ( to subjects w i t h ascorbic a c i d 
levels i n the n o r m a l range) resulted i n increased p h y s i c a l ac t iv i ty a n d 
stamina, a n d i n reduced fracture inc idence (57 ) . These findings r e m a i n 
to be conf irmed. 

Supplementat ion w i t h v i t a m i n C , 500-1000 m g / d , to forty- four pairs 
of monozygot i c twins for 5 months resulted i n shorter a n d less severe 
illness episodes i n gir ls , a n d resulted i n g r o w t h of an average of 1.3 c m 
more than untreated controls ( 5 8 ) . T h e investigators are re invest igat ing 
these findings. 

A n o t h e r observation i n a double b l i n d crossover t r i a l on l eg ulcers 
i n i n d i v i d u a l s w i t h /^-thalassemia, showed a h igher rate of either c o m 
plete or p a r t i a l hea l ing w i t h 3 g of ascorbic a c i d / d over an 8-week 
p e r i o d (59 ) . 

T h e effects of stress on the depression of serum/ leucocyte levels of 
v i t a m i n C were recently summar ized (60 ) . I n c l u d e d were m y o c a r d i a l 
in farct ion , and other condit ions i n v o l v i n g phys i ca l , infect ive , or t raumat i c 
insult , i n c l u d i n g co ld virus infect ion, a n d intravenous tetracosactrin. Asso 
c iated w i t h the reduced ascorbate l eve l i n m y o c a r d i a l in farc t ion was an 
increased Cortisol l eve l over a p e r i o d of 56 d. T h e authors recommended 
1 g of ascorbic a c i d / d for 1 m o n t h f o l l o w i n g the t raumat ic event, w i t h a 
comment concerning the need for add i t i ona l study (60). P lasma ascorbate 
was also depressed f o l l o w i n g i v adminis trat ion of adrenal in ; this depres
sion was prevented by pr i o r adminis trat ion of proprano lo l , a /^-blocker 
(61 ) . S m o k i n g not only reduces b lood levels of v i t a m i n C (62,63), but 
increases the propor t i on of the p o p u l a t i o n i n the scorbutic range of b l o o d 
values f our fo ld (64). These effects are p r o b a b l y caused b y increased 
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rates of ascorbate metabo l i sm, as discussed i n chapter 16 of this book. 
A l s o , v i t a m i n C or cysteine, w h e n a d d e d to hamster l u n g cultures, p r o 
tects against or reverses a b n o r m a l g r o w t h or mal ignant transformation 
after repeated exposure to smoke f r o m tobacco or mar i juana (65 ) . 

A s of 1972, scurvy was s t i l l a ped iatr i c p r o b l e m i n A u s t r a l i a ( 6 6 ) , 
a n d i n arct ic a n d subarct ic C a n a d a ( 6 7 ) , a n d of lesser, b u t cont inued 
concern i n the Quebec area ( 6 8 ) . I n A u s t r a l i a the patients were p r i m a r i l y 
of M e d i t e r r a n e a n or ig in , the ir symptoms appeared i n the second 6 
months of l i fe , a n d they showed i r r i t a b i l i t y a n d p a i n f u l mob i l e legs (66). 
I n the C a n a d i a n subarct ic , scurvy was associated w i t h hypertyros inemia . 
I n pregnant w o m e n , b l o o d levels of less t h a n 0.2 m g % were twenty 
times as c o m m o n i n the arct ic as i n F r e n c h C a n a d a (67 ) . A t the other 
e n d of the age spectrum, b l o o d levels of v i t a m i n C are l ower i n the 
e lder ly , i n w i n t e r than summer, i n smokers, a n d i n males ( 69 ) . T h e 
e lder ly w i t h l o w v i t a m i n C levels h a d a s ignif icantly h igher mor ta l i ty 
w i t h i n 4 weeks of admiss ion to a ger iatr ic u n i t than d i d those w i t h h i g h 
levels (69). A later report suggested that the morta l i ty of females w i t h 
l o w v i t a m i n C levels at 4 weeks after admiss ion was not changed b y 
200 m g of v i t a m i n C / d supplementat ion . T h e e lder ly females w h o re
sponded w i t h h igher b l o o d levels of v i t a m i n C h a d a l ower morta l i ty , 
b u t leucocyte a n d p lasma levels m a y not be the most re l iab le i n d i c a t i o n 
of v i t a m i n C status (70). I n a study i n W a l e s , supplementat ion w i t h 
150 m g of v i t a m i n C / d for 12 weeks f o l l o w e d b y 50 m g / d for 2 years 
showed no advantage of supplementat ion except the h igher morta l i ty 
a m o n g those w i t h l ower leucocyte v i t a m i n levels (71). T h e possible 
need for h igher dosage was discussed. H o w e v e r , the possible s imultane
ous inadequacy of other v i tamins a n d / o r minerals was neither deter
m i n e d nor contemplated . Measurab le behav iora l changes, such as a d 
verse M i n n e s o t a M u l t i p h a s i c Personal i ty Index ( M M P I ) scores of the 
neurot ic t r i a d (hypochondr ias is , depression, a n d hys te r ia ) , result f r o m 
v i t a m i n C dep le t ion before the onset of c l i n i c a l signs (72). 

Scurvy has v i r t u a l l y d i sappeared i n the U n i t e d States, except for i n 
occasional severe alcohol ics a n d / o r neglected persons, as shown b y t w o 
surveys (73,74). Ye t certa in po pu la t i o n groups appear "at r i s k " for 
v i t a m i n C deficiency as shown b y the t w o aforementioned surveys as 
w e l l as a t h i r d survey (75 ) . T h i s means that these groups are dep le ted 
for v i t a m i n C , as ind i ca ted b y l o w intake l eve l a n d / o r l o w b l o o d levels, 
i n the absence of specific c l i n i c a l signs for scurvy. W e define this c o n d i 
t ion as " m a r g i n a l def ic iency," w h i c h comprises the first three of the five 
sequent ia l stages shown i n T a b l e I (76). Stage three is the c r i t i c a l one 
because the dep le t ion has progressed to the po in t that there are signs 
a n d symptoms of a b n o r m a l phys io logy , a l though the indicat ions are 
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Table I. Five Stages in Development of Vitamin Deficiency 

Deficiency Stage Symptoms 
1. P r e l i m i n a r y D e p l e t i o n of tissue stores (because of diet, m a l a b 

sorpt ion, abnormal metabo l i sm, etc.) . U r i n a r y 
excretion depressed. 

2. B i o c h e m i c a l E n z y m e a c t i v i t y reduced. U r i n a r y excretion 
negligible. 

3. P h y s i o l o g i c a l and Loss of appetite w i t h reduced body weight, i n s o m -
behaviora l n i a or somnolence, irr i tableness , adverse changes 

i n M M P I scores. Reduced immunocompetence, 
i m p a i r e d drug metabol i sm. 

4. C l i n i c a l Exacerbated nonspecific symptoms plus appear 
ance of specific deficiency syndrome. 

5. A n a t o m i c a l C l e a r specific syndromes w i t h tissue pathology. 
D e a t h ensues unless treated. 

nonspecif ic for v i t a m i n C , per se. F o r instance, aberrant behav iora l 
changes were observed a n d measured at the U n i v e r s i t y of I o w a , i n a 
h u m a n deplet ion study i n conjunct ion w i t h the U . S . A r m y M e d i c a l N u t r i 
t i on L a b o r a t o r y (72 ) . W o r k on d r u g metabo l i sm is descr ibed i n chapter 
17 i n this book. T h e effects on immunocompetence w e r e descr ibed earl ier 
i n this chapter. These adverse effects of changes i n behavior , d r u g metab
o l i sm, a n d immunocompetence were not so dramat ic that a marg ina l l y 
deficient person w o u l d be recognized to have a v i t a m i n prob l em. Rather , 
the effects are s u b l i m i n a l or p rec l in i ca l , a n d probab ly i m p a i r the person's 
funct ion i n society. T h e latter is diff icult to describe i n cost /benef i t 
numbers , but may affect other values such as self-esteem, social re lat ion
ships, p roduc t iv i ty on the job or at school , or the poss ib i l i ty of increased 
frequency of i l lness. H o w e v e r , after restoration of tissue levels, the R D A 
should theoret ical ly m a i n t a i n hea l th i n otherwise healthy persons (40 ) . 

I n add i t i on , R D A levels h igher than those reported m a y be appro 
pr iate for some h u m a n condit ions . Some such condit ions are descr ibed 
i n the R D A m a n u a l (40): "Infect ions, even m i l d ones, increase metabo l i c 
losses of n i trogen a n d of a n u m b e r of v i tamins a n d minera ls . " A l s o , " the 
p e r i o d of recuperat ion f o l l o w i n g i l lness, t rauma, burns , a n d surg i ca l 
procedures, d u r i n g w h i c h b o d y stores are b e i n g rep len ished a n d tissues 
restored, is p r o b a b l y comparab le to a p e r i o d of g r o w t h . " 

O t h e r condit ions prev ious ly ment ioned i n this chapter , such as can 
cer, immunocompetence a n d interferon produc t i on , ant ih is tamine effects 
i n colds, increased i r on absorpt ion , effects on cholesterol metabo l i sm, 
a n d ni trosamine b l o c k i n g , were s tud ied at h igher t h a n R D A dosage 
levels. These m a n y situations require a d d i t i o n a l research study to deter
mine w h a t the m i n i m u m levels are to at ta in the o p t i m a l hea l th cond i t i on . 
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T h r e e cases that demonstrate the value of a d d i t i o n a l research are the 
effects of smoking on the rate of ascorbic a c i d metabo l i sm, as descr ibed 
i n chapter 16 i n this book; the increase i n the R D A for v i t a m i n C i n 1980 
over that i n 1974 on the basis of the significant improvement i n i r o n 
absorpt ion (40); a n d the b l o c k i n g of nitrosamine p r o d u c t i o n as descr ibed 
i n chapter 24 i n this book. 

Conclusions 

W e tend to conceive of v i t a m i n funct ion i n the context of its b i o 
c h e m i c a l functions, w i t h o u t g i v i n g sufficient attention to the c o n t r i b u 
tions to the who le body . I t is clear n o w that v i t a m i n C has functions 
beyond folacins, pro l ine , a n d tyrosine metabo l i sm; for example, v i t a m i n 
C levels influence personal i ty a n d immunocompetence—very distant f r o m 
the enzyme leve l . T h e vi tamin 's r e d u c i n g - a n t i o x i d i z i n g functions i n 
humans may be the basis for m a n y of its nonenzymat ic , less specific, 
a l though phys io log i ca l ly essential, effects. Perhaps , too, w e should change 
our concept of v i t a m i n C to one of a c h e m i c a l c ond i t i on ing v i t a m i n — t o 
a i d the inner b o d y environment w a r d off adverse external attacks such 
as b y smoking p o l l u t i o n ( l u n g d i f ferent iat ion) , b y drugs a n d env i ron 
menta l chemicals ( m i x e d func t i on oxidases) , i n cancer tissue cu l ture 
( c e l l n o r m a l i z a t i o n ) , a n d so on. T h i s concept shou ld be defined not i n 
terms of a therapeut ic cure, but rather i n terms of a n u t r i t i o n a l supple 
ment that w h e n consumed i n appropr iate quantit ies w i l l contr ibute to 
m a i n t a i n i n g heal th . W e do not feel that the appropr iate quantit ies of 
v i t a m i n C have been fu l l y def ined for a l l functions as yet, a n d w e bel ieve , 
therefore, that there is m u c h research to be done. 
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19 
Role of L-Ascorbic Acid in Lipid Metabolism 

E. GINTER, P. BOBEK, and M. JURCOVICOVA 

Institute of Human Nutrition Research, Bratislava, Czechoslovakia 

The activity of the microsomal system containing cyto
chrome P 4 5 0  that catalyzes 7α-hydroxylation of cholesterol 
is depressed in the livers of guinea pigs with marginal 
vitamin C deficiency. Slowing of the rate-limiting reaction 
of cholesterol transformation to bile acids causes cholesterol 
accumulation in the liver, plasma, and arteries; increase of 
plasma cholesterol half-life; decrease in the bile-acid body 
pool; atherosclerotic changes in coronary arteries; and 
cholesterol gallstone formation. In an ascorbate-deficient 
animal the plasma triglyceride level rises; the post-heparin 
plasma lipolytic activity decreases, and the half-life of 
plasma triglycerides increases, causing triglyceride accumu
lation in the liver and arteries. In hypercholesterolemic 
humans with low vitamin C status, "L-ascorbic acid adminis
tration (500-1000 mg/d) lowers plasma cholesterol concen
tration. This effect may be reinforced through the simul
taneous administration of agents that sequester bile acids. 

T h e relationships among L-ascorbic acid, lipid metabolism, and athero-
sclerosis were first studied at extreme L-ascorbate levels, which are 

unlike the intake levels prevailing in human nutrition. Those investiga
tions were done on animals that either biosynthesize ascorbate, such as 
rabbits or rats (1,2), or on acutely scorbutic guinea pigs (3,4). Ascor
bate levels in the tissues of animals synthesizing L-ascorbic acid are 
saturated, and they are only slightly influenced by exogenous vitamin C. 
Therefore the effect of ascorbate on cholesterol metabolism in such 
animals is small (5). Disorders of lipid metabolism in scorbutic animals 
are, for the most part, nonspecific, because such animals refuse food and 
lose body weight rapidly. 

A more suitable model for our biochemical research is a guinea pig 
eating a diet marginally deficient in vitamin C (6). Guinea pigs are 

0065-2393/82/0200-0381$06.00/0 
© 1982 American Chemical Society 
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382 ASCORBIC A C I D 

g iven a v i t a m i n - C - f r e e diet for t w o weeks, w h i c h results i n a r a p i d 
dec l ine of their ascorbate b o d y poo l , a l though v i t a m i n C deficiency does 
not appear outward ly . T h e n a maintenance dose of L -ascorbic a c i d 
(0 .5-1 .0 m g / 2 4 h / a n i m a l ) is in i t ia ted w i t h the otherwise unal tered diet . 
F o o d consumpt ion a n d we ight curves of the deficient animals are s imi lar 
to those of the controls, w h i c h receive the same diet b u t w i t h a sub
stant ia l ly h igher intake of L -ascorbic a c id . V i t a m i n - C - d e f i c i e n t animals 
appear to be i n good hea l th , bu t the ascorbate levels i n their tissues are 
permanent ly very low. 

G u i n e a pigs can be m a i n t a i n e d i n a state of m a r g i n a l v i t a m i n C 
deficiency for protracted periods, for example, for a who le year. T h i s 
longevi ty is suitable for f o l l o w i n g u p metabol i c disorders of compounds 
w i t h l ong b i o l og i ca l hal f - l ives a n d also for p u r s u i n g pathophys io log i ca l 
studies, such as research on atherogenesis. Moreover , the m o d e l of a 
m a r g i n a l v i t a m i n C deficiency comes close to the p r e v a i l i n g s i tuat ion i n 
m a n y popu la t i on groups, because the consumpt ion of v i t a m i n C i n v a r i 
ous parts of the w o r l d l ikewise reaches m a r g i n a l l imi ts , especial ly d u r i n g 
the w i n t e r a n d spr ing . 

"L-Ascorbic Acid and Cholesterol Metabolism 

I f guinea pigs are kept i n a state of m a r g i n a l v i t a m i n C deficiency 
for a protracted per iod , cholesterol accumulates i n their l ivers a n d b l o o d 
p lasma, resul t ing i n an elevated rat io of to ta l c h o l e s t e r o l / h i g h density 
l ipoprote in ( H D L ) cholesterol ( T a b l e I ) . These data have been con
firmed i n v i tamin-C-de f i c i ent guinea pigs (7-14). A different cholesterol 
turnover was f o u n d i n v i tamin -C-de f i c i ent baboons, b u t the p l a s m a cho
lesterol l eve l increased only w i t h a concomitant stress ( 15 ) . T h e effect 
of acute v i t a m i n C deficiency on h u m a n p lasma cholesterol is s m a l l (16). 
T h e r e are no data ava i lab le on the effect of a chron i ca l l y m a r g i n a l 
v i t a m i n C deficiency on p l a s m a l ip ids i n humans. H o w e v e r , hypercho 
lesterolemia is more frequent i n humans w i t h a l o w v i t a m i n C intake 
t h a n i n those adequate ly s u p p l i e d w i t h ascorbate (17-19). E v e n r a i n 
b o w trout w i t h chronic v i t a m i n C deficiency are reported to develop a 
m a r k e d hypercholestero lemia ( 2 0 ) . 

Research on the mechanism of the onset of hypercholestero lemia 
d u r i n g a state of m a r g i n a l v i t a m i n C deficiency (6,21,22) has l e d to the 
finding that ascorbate is necessary for cholesterol t ransformation to b i l e 
acids (23) at the ra te - l imi t ing react ion of b i l e - a c i d biosynthesis. T h a t 
l i m i t i n g step is the 7a-hydroxylat ion of cholesterol (6,24-26). T h e act ion 
of ascorbate on 7«-hydroxylation is not a direct one because i n v i t ro 
a d d e d L -ascorbic a c i d has no effect (24,27). T h e effect is m e d i a t e d b y 
the intervent ion of ascorbate i n the metabo l i sm of cytochrome P 4 5 0 i n 
the endoplasmatic r e t i c u l u m of the hepata l c e l l (6,24). T h r o u g h a 
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19. G I N T E R E T A L . L-Ascorbic Acid in Lipid Metabolism 383 

Table I. Effect of a Chronic Marginal Vitamin C Deficiency 
(19 Weeks on a Diet with 15% Predominantly Saturated 

Fat and 0.03% Cholesterol) on Blood Serum Lipids 
in Sated Male Guinea Pigs 

Statistical 
Signifi
cance 

(student's 
t-test) Parameter 

B o d y weight (g) 

V i t a m i n C i n the l i ver 
( m m o l / k g of fresh tissue) 

T o t a l serum cholesterol 
( m m o l / L ) 

H D L cholesterol i n s e r u m 0 

R a t i o -
to ta l 

H D L 
-cholesterol 

Serum tr iglyceridesz 
( m m o l / L ) 

Vitamin C 
Control Deficiency 
Group (0.5 mg of 
(0.5% L-ascorbic 

L-ascorbic acid/24 h/ 
acid in diet) animal) 

700 ± 14 681 ± 20 
(27) (27) 

1.86 ± 0.10 0.22 ± 0.03 
(27) (27) 

1.78 ± 0.11 3.34 ± 0.19 
(27) (27) 

0.52 ± 0.04 0.44 ± 0.03 
(15) (20) 

4.2 ± 0.5 9.0 ± 0.8 
(15) (20) 

1.76 ± 0.27 4.90 ± 0.43 

N S 

P < 0.001 

P < 0.001 

N S 

P < 0.001 

P < 0.001 

Note: Data presented as mean ± se. Figures in parentheses indicate numbers of 
animals analyzed. NS = not significant. 

a HDL cholesterol was determined by the dextran sulfate precipitation method. 

s imi lar mechanism, ascorbate also affects the h y d r o x y l a t i o n of xeno-
biot ics (28). T h e exact mechan i sm of L -ascorb ic a c i d on cytochrome 
P450, i n spite of intensive research (28-31), is as yet u n k n o w n . T h e 
hypocholestero lemic effect of L -ascorbate 2-sulfate (10) has been ascr ibed 
to its capac i ty to transform cholesterol to the more water -so luble cho
lesterol sulfate (32). H o w e v e r , f rom a quant i tat ive aspect, this process 
is of m i n o r significance i n tota l cholesterol turnover (33,34). 

I n guinea pigs w i t h a m a r g i n a l v i t a m i n C deficiency, the decreased 
transformation of cholesterol to b i l e acids provokes a series of patho 
l og i ca l changes: hypercholestero lemia a n d cholesterol a c c u m u l a t i o n i n 
the l iver , w h i c h has a lready been discussed; increase of p l a s m a choles
tero l ha l f - l i f e (6); increase i n cholesterol concentrat ion i n ga l lb ladder 
b i l e ( 3 5 ) ; decrease i n the b i l e - a c i d b o d y p o o l a n d l o w e r e d excretion of 
b i l e acids i n the stool (26,36); decrease of b i l e - a c i d concentrat ion i n 
ga l l b ladder b i l e w i t h the resul t ing f o rmat ion of cholesterol gallstones 
( 5 , 3 5 ) ; cholesterol a c cumulat i on i n the aorta ; a n d atherosclerosis (7,9, 
37-41). O p t i m u m prevent ion of these disorders m a y be ach ieved b y 
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384 ASCORBIC A C I D 

doses of L - a s c o r b i c a c i d that are capable of ensur ing a m a x i m u m steady 
state l eve l ( saturat ion) of ascorbate i n the tissues (42). 

L-Ascorbic Acid and Triglyceride Metabolism 

M a r k e d hyper t r i g ly ce r idemia occurs i n ascorbate-deficient guinea 
pigs ( T a b l e I ) w i t h tr ig lycer ides a c c u m u l a t i n g i n the l iver a n d the aorta 
(7,8,39,42,43). F r o m a k inet i c po int of v i ew , the reason for h y p e r t r i 
g ly cer idemia may be either an increased i n p u t or a decreased output of 
tr ig lycer ides f r om the p lasma poo l . A study of the secretion rate of 
endogenous tr ig lycer ides f o l l o w i n g a b lockade of l ipopro te in l ipase w i t h 
T r i t o n W R 1339 has shown that the tr ig lycer ide input i n guinea pigs w i t h 
m a r g i n a l v i t a m i n C deficiency is l owered b y 2 5 % (44). S imultaneously , 
however , the rate of t r ig lycer ide output f rom the p lasma poo l , determined 
b y a dec l ine of rad ioact iv i ty of endogenously labe led 3 H - t r i g l y c e r i d e s , is 
even more substantial ly r educed ( F i g u r e 1 ) . 

T h e rate of t r ig lycer ide output f r o m the p lasma is m a i n l y contro l led 
b y the l ipopro te in l ipase act iv i ty of p e r i p h e r a l tissues. Post -hepar in 
p lasma l i p o l y t i c ac t iv i ty i n v i tamin-C-de f i c i ent gu inea pigs decreases 
considerably . I n add i t i on , i n some of the animals the response of the 
p l a s m a l i p o l y t i c ac t iv i ty to intravenously adminis tered h e p a r i n is also 
pro longed ( 45 ) . S i m i l a r results have been reported i n v i t a m i n - C - d e f i 
c ient baboons (46). 

L i p o p r o t e i n l ipase ac t iv i ty de termined i n acetone powders f r o m 
guinea p i g tissues w i t h a m a r g i n a l v i t a m i n C deficiency was not greatly 
a l tered (47). O n the other h a n d , l ipopro te in l ipase act iv i ty i n e p i d i d y m a l 
fat, f o l l o w i n g incubat i on of the tissue w i t h hepar in , d r o p p e d a b r u p t l y 
i n v i tamin-C-de f i c i ent guinea pigs , a n d this decrease was i n good agree
ment w i t h the enhanced t r ig lycer ide concentrat ion i n b l o o d serum ( F i g 
ure 2 ) . H e n c e , v i t a m i n C deficiency may affect l i popro te in l ipase release 
f r o m capi l lar ies b y inf luenc ing the h e p a r i n - l i p o p r o t e i n l ipase interact ion. 
T h i s assumption w o u l d agree w i t h the fact that h i g h doses of L - a s c o r b i c 
a c i d depress hyper t r i g ly ce r idemia i n various a n i m a l species, the h y p o t r i -
g lycer idemic effect b e i n g associated w i t h a s t imulat ion of l i p o l y t i c 
systems (2,7,43,45). H o w e v e r the inh ib i t o ry effect i n v i tro added 
L - a s c o r b i c a c i d on l ipoprote in l ipase i n the heart (46) a n d on hormone-
sensitive l ipase i n the adipose tissue (48) is unexp la ined . 

L-Ascorbic Acid and Hypercholesterolemia in Humans 

I n contrast to the unequ ivoca l results obta ined i n guinea pigs , data 
on the effect of L - a s c o r b i c a c i d on cholesterolemia i n humans differ con
s iderably (5,22,49). Some authors (2,6,11,50-53) f o u n d a hypocho -
lesterolemic effect, w h i l e others refute i t (54-60). Those contradict ions 
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19. G I N T E R E T A L . L-Ascorbic Acid in Lipid Metabolism 387 

have p a r t i a l l y been e luc idated b y the finding that the hypocholestero lemic 
effect of L - a s c o r b i c a c i d depends on the i n i t i a l l eve l of cholesterol i n 
b l o o d serum (61) (see T a b l e I I a n d F i g u r e 3 ) . L - A s c o r b i c a c i d a d m i n i s 
t rat ion to humans w i t h n o r m a l levels of cholesterol has no effect, b u t 
w i t h e levated levels of cholesterol i n serum, the hypocholestero lemic 
effect of ascorbate becomes evident. I n l i g h t of this finding, reports of 
the inefficiency of v i t a m i n C i n depressing cholesterolemia i n hea l thy 
humans w i t h l o w cholesterolemia are irrelevant . I f hypercholestero lemia 
occurs i n humans w i t h a permanent ly h i g h v i t a m i n C intake , its cause 
lies elsewhere t h a n i n v i t a m i n C deficiency a n d therapy w i t h L - a s c o r b i c 
a c i d w i l l be ineffective (58,60). G e n e t i c a l l y cond i t i oned hypercholes -
terolemiae are caused b y disorders i n the receptors for p l a s m a low-dens i ty 
l ipoprote ins ( L D L ) a n d i t appears i m p r o b a b l e that L - a s c o r b i c a c i d c o u l d 
remedy this defect. 

T h e hypocholestero lemic effect of L - a s c o r b i c a c i d is most prevalent 
i n humans w i t h l o w levels of tissue ascorbate a n d i n w h o m hypercho 
lesterolemia results f r o m a chronic imba lance between a n enhanced 
i n p u t of exogenous or endogenous cholesterol a n d a r educed output i n 
the f o r m of b i l e acids. T h e most s t r ik ing hypocholestero lemic effect of 
ascorbate has been observed i n e lder ly hypercholestero lemic humans 

Table II. Experimental Conditions for Determining 
Hypocholesterolemic Effect of L-Ascorbic Acid 

Number Dose 
Group of Subjects (mg/d) Duration 

1. matur i ty - onse t diabetics 35 500 1 year 
2. pensioners w i t h i n i t i a l choles

tero lemia > 230 m g % 19 1000 3 months 
3. hea l thy people w i t h m i l d h y p e r 

cholesterolemia 24 300 7 weeks 
4. pensioners w i t h i n i t i a l choles

tero lemia > 200 m g % 46 1000 3 months 
5. chronic inpat ients 39 900 3 weeks 
6. alcoholic inpat ients 14 900 3 weeks 
7. students 20 100 8 weeks 
8. students 20 200 8 weeks 
9. students 20 500 8 weeks 

10. students 20 2000 8 weeks 
11. pensioners w i t h i n i t i a l choles

tero lemia < 200 m g % 36 1000 3 months 
12. hyper l ipemic outpatients 11 450° 6 weeks 
13. hea l thy people w i t h m i l d h y p e r 

cholesterolemia 21 450° 6 weeks 
Note: Regression line is obtained for mean values from the thirteen groups. 
a Plus 15 g of citrus pectin/d. 
Source: Reproduced with permission, from Ref. 61. 
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388 ASCORBIC A C I D 

• 2 0 

Figure 3. Mean change in total serum cholesterol concentration after 
L-ascorbic acid treatment vs. initial serum cholesterol levels. Experimental 

conditions are given in Table II. 

w i t h a m a r g i n a l v i t a m i n C deficiency a n d i n hypercholestero lemic d i a 
betics w i t h very l o w v i t a m i n C status ( 3 8 ) . T h e dec l ine of to ta l choles
tero l concentrat ion after ascorbate treatment is caused b y a dec l ine of 
L D L cholesterol , for the amount of the protect ive H D L does not change 
or m a y even rise w i t h an increased intake of v i t a m i n C (53, 62, 63). 
H o w e v e r , the ascorbate-st imulated cholesterol t ransformation to b i l e 
acids leads to a n increased b i l e - a c i d p o o l ( 2 6 , 3 6 ) , a n d the increased 
quantit ies of b i l e acids re turn ing v i a the enterohepatal rec i r cu la t ion back 
to the l i ver may s low d o w n the 7«-hydroxylation of cholesterol . Conse 
quent ly this feedback effect must be e l iminated i f hypercholestero lemia 
is to be l owered . 

Synergism Between L-Ascorbic Acid and Substances 
Capable of Binding Bile Acids 

O n e possible m e t h o d to interrupt the feedback effect of b i l e acids 
i n the l i ver is to administer , a long w i t h v i t a m i n C , cholestyramine 
( Q u e s t r a n ) , a synthetic res in that b inds b i l e acids i n the gastrointestinal 
tract. I f a moderate hypercholestero lemia is p r o v o k e d i n gu inea pigs 
t h r o u g h a m a r g i n a l v i t a m i n C deficiency a n d then 1.5% of Questran 
(i.e., 0 .66% of cho lestyramine) is a d d e d to their diet , the l eve l of cho
lesterol i n b l o o d serum remains unaffected. T h e s imultaneous admin is -
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19. G I N T E R E T A L . L-Ascorbic Acid in Lipid Metabolism 389 

trat ion of 1.5% Questran w i t h 0 . 5 % L -ascorb ic a c i d i n the diet , however , 
provokes a dec l ine of cholesterolemia ( T a b l e I I I ) . I f the a d d i t i o n of 
cholestyramine to the diet is increased to 1.0% ( 2 . 3 % Q u e s t r a n ) , its 
hypocholestero lemic effect becomes evident even i n gu inea pigs w i t h a 
m a r g i n a l intake of v i t a m i n C , a n d aga in the s imultaneous a d d i t i o n of 
0 . 5 % L -ascorb ic a c i d br ings about a more substantial dec l ine i n choles
tero lemia ( T a b l e I V ) . A synergetic effect is i n v o l v e d because the dec l ine 
i n cholesterolemia exceeds the sum of the hypocholestero lemic effect of 
cholestyramine a n d of L -ascorb ic a c i d w h e n admin is tered separately. 
T h e ascorbate l eve l i n the tissues of these animals shows that cholestyra
mine does not affect ascorbate absorpt ion f r o m the gastrointestinal tract 
( T a b l e I V ) . 

E v i d e n c e has ac cumula ted over the past f e w years that cer ta in 
components of d ietary fiber, for example, pec t in , also have the ab i l i t y to 
b i n d b i l e acids i n the gastrointestinal tract (64). A n a d d i t i o n of 5% 
citrus pec t in a n d 0 .5% L -ascorb ic a c i d to a h igh- fat d iet prevented 
cholesterol accumulat ion i n the b lood serum a n d l iver of guinea pigs 
(65). A significant dec l ine of total cholesterol l eve l i n the serum of a 
group of heal thy subjects w i t h m i l d hypercholestero lemia, a n d also i n a 
group of h y p e r l i p e m i c outpatients, was ach ieved t h r o u g h the a d m i n i s 
trat ion of a granulated preparat ion conta in ing 15 g of c itrus pec t in a n d 
450 m g of L -ascorb ic a c i d g iven d a i l y for 6 weeks (65) (see G r o u p s 12 
a n d 13 i n T a b l e I I ) . Since the H D L cholesterol l eve l d i d not change, 
the dec l ine noted was caused b y the dec l ine i n the r i sk -const i tut ing 
L D L cholesterol . 

Table III. Effect of L-Ascorbic Acid and Questran on Total 
Cholesterol Concentration in Blood Serum of 

Male Guinea Pigs 
Statistical 

Intake of L-Ascorbic Acid Signifi-
cance 

Weeks Type of Diet 

0 S t a r t i n g values 
(cereal + vegetables) 

9 Scorbutogenic diet 

13 Scorbutogenic diet + 
1.5% Questran 

Scorbutogenic diet + 
1.5% Questran 

Low High --• -
(0.5 mg/24 h) (0.5% in diet) (*t»dent s 

t-test) 
1.58 ± 0.13 a 

(10) 

2.07 ± 0.13 
(10) 

2.10 ± 0.10 
(»> 

2.02 ± 0.13 
(9) 

1.55 ± 0.13 
(10) 

1.04 ± 0.08 
(10) 

1.04 ± 0.05 
(10) 

P < 0.02 

P < 0.001 

P < 0.001 

Note: Data presented as mean ± se (mmol/L) . Figures in parentheses indicate 
numbers of animals analyzed. 
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T h e probab le mechanism of the synergetic effect of L -ascorbic a c i d 
a n d substances capable of b i n d i n g b i le acids i n the gastrointest inal tract 
is shown i n Scheme 1. A n increased intake of L -ascorbic a c i d accelerates 
the format ion of 7«-hydroxycholesterol a n d thereby also accelerates the 
overa l l rate of cholesterol t ransformation into b i l e acids. B i l e acids 
excreted f r om the l i ver into the gastrointestinal tract become b o u n d a n d 
thus are prevented f r o m affecting 7«-hydroxylation of cholesterol t h r o u g h 
a feedback mechanism. I n this way , a permanent d i s e q u i l i b r i u m occurs 
between cholesterol a n d b i le acids w i t h increased cholesterol transforma
t ion to b i l e acids a n d enhanced irrevers ible output of the products of 
this react ion, w h i c h results i n a decl ine of cholesterol levels i n the b l o o d 
a n d tissues. 

Conclusions 

T h e results obta ined under l ine the significance of vegetables a n d 
f r u i t — t h e most important sources of v i t a m i n C a n d p e c t i n — i n h u m a n 
nutr i t i on . I t has been repeatedly demonstrated that p o p u l a t i o n groups 
w i t h a h i g h consumpt ion of these foodstuffs suffer less f r o m hypercho 
lesterolemia a n d have lower coronary morta l i ty than is the case w i t h the 
average popu la t i on (66-^68). A n analysis of W o r l d H e a l t h O r g a n i z a t i o n / 
F o o d a n d A g r i c u l t u r e O r g a n i z a t i o n data f r o m th ir ty countries has shown 
a negative correlat ion between morta l i ty rate due to i schemic heart disease 
a n d the consumpt ion of vegetables a n d frui t (69). A significant dec l ine 
i n coronary morta l i ty observed i n the U n i t e d States over the past decade 
was accompanied b y an increase i n the consumpt ion of vegetables, f ruits , 
a n d , par t i cu lar ly , synthetic L -ascorbic a c i d (70). 

L-ascorbic acid 

cholesterol 7a -hydroxycholesterol bi le acids l i ver 

Substances capable of 
b i n d i n g bi le acids 
(cholestyramine, colestipol, 
pectin, and other sources 
of dietary fiber) 

bi le acids intestine 

increased output of 
bi le acids i n the stool 

Scheme 1. 
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392 ASCORBIC A C I D 

T h e data rev i ewed i n this chapter m a y prov ide a p r o m i s i n g po int 
of departure l ead ing t o w a r d the preparat ion of a na tura l hypocholes 
tero lemic agent that, i n contrast to synthetic h y p o l i p e m i c drugs, w i l l 
enable phys io log i ca l contro l of certain types of hypercholestero lemia. 
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20 
Ascorbic Acid Technology in Agricultural, 

Pharmaceutical, Food, and Industrial 

Applications 

J. CHRISTOPHER BAUERNFEIND 

Gainesville, FL 32605 

Ascorbic acid, as well as its salts and esters, has many useful 
applications. In plants L-ascorbic acid has been reported 
to promote germination of seeds, growth of plants, and 
growth of roots on cuttings. Spraying of plants such as 
lettuce, celery, spinach, petunias, and roses with ascorbic 
acid or sodium ascorbate solutions enabled those plants to 
better withstand damage from ozone and smog exposure. 
Spraying tree or bush fruits with ascorbic acid solution syn
chronizes maturation and causes fruit to fall more easily in 
mechanical harvesting. In some instances ascorbic acid 
application has been cited to improve the defense mech-
nism of plants to attack by disease agents. Fish require 
a dietary source of vitamin C, without which they grow 
poorly and develop fracture dislocations of the spine, 
distortions of cartilage, and other deficiency signs. In 
some instances, ruminants and monogastric animals appear 
to benefit from administration of L-ascorbic acid under 
stress. Animals with viral disease, such as canine or feline 
distemper, have responded to treatment with high levels of 
ascorbic acid. Solid and liquid forms constitute a substan
tial pharmaceutical market for manufactured ascorbic acid. 
Tableting techniques have been devised to prepare a wide 
array of swallowable or chewable tablets with an assured 
vitamin C content after manufacture and prolonged storage. 
L-Ascorbic acid may be added to foods or food ingredients 
as a nutrient to fortify natural or fabricated foods having 
little or no vitamin C, to restore losses, and to standardize a 
given class of food products with a preselected quantity of 

0065-2393/82/0200-0395$26.75/0 
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396 ASCORBIC A C I D 

the vitamin. Factors that must be considered with appro
priate technology before adding ascorbic acid are the fol
lowing: (i) cost of the specific food; (ii) convenience of use; 
(iii) relationship of the food in question to normal food 
selection or to replacement or supplemental food products; 
(iv) stability of the vitamin in the food during slielf life and 
home preparation; (v) public health considerations; and 
(vi) special food needs, such as infant, geriatric, and mili
tary. In addition to serving as an added nutrient in food, 
L-ascorbic acid is often used as a processing aid or as a 
preservative in certain foods or food ingredients. Examples 
include preventing enzymatic browning of cut fruit, scav
enging oxygen in beer, fruit, or vegetable products, inhibit
ing oxidative rancidity in frozen fish, stabilizing the color 
and flavor in cured meats, maturing of wheat flour and 
improving of dough, and acting as a reducing agent in wine. 
An extensive list of patents and scientific papers exists on 
proposed industrial uses of ascorbic acid. The greatest 
interest appears to be in the synthetic polymer industry, in 
photoprocessing, and in metal technology. Miscellaneous 
uses have been proposed in cosmetics, tobacco, fibers, pres
ervation of blood, preservation of cut plants, cleaning 
agents, and in assay reagents. 

pprox imate ly 50 years ago L-ascorbic a c i d h a d its b e g i n n i n g as a 
1 x pure c h e m i c a l c o m p o u n d . I n the 1928-1931 p e r i o d S z e n t - G y o r g y i 
( 1 , 2 ) extracted f r o m adrena l glands, cabbage, oranges, a n d p a p r i k a , a 
substance he n a m e d hexuronic ac id . I n 1932 W a u g h a n d K i n g (3,4) 
reported hexuronic a c i d was ident i ca l w i t h v i t a m i n C that they iso lated 
f r o m lemons a n d oranges. Subsequent ly Sv i rbe ly a n d S z e n t - G y o r g y i 
( 5 - 8 ) i n 1932-1933 demonstrated antiscorbutic act iv i ty for the substance. 
T h e s tructura l f o r m u l a ( F i g u r e 1) was de termined i n 1933 b y several 
investigators ( 9 - 1 2 ) . 

Figure I . Structural formulas of L-ascorbic acid (reductant) (right) and 
L-denydroascorbic acid (oxidant) (left). 

C H 2 O H C H 2 O H 
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20. B A U E R N F E I N D Ascorbic Acid Technology 397 

L - A s c o r b i c a c i d was synthesized i n 1933 b y Re ichste in a n d coworkers 
(13) i n S w i t z e r l a n d a n d also independent ly b y A u l t et a l . (14) i n 
E n g l a n d . Indus t r ia l synthesis large ly fo l lows the L-sorbose process ( F i g 
ure 2) of Re ichste in . Cont inuous improvements i n the various steps 
start ing w i t h D-glucose have m a d e this approach the commerc ia l l y 
feasible process. C o m m e r c i a l p r o d u c t i o n has been cont inuous since 1933 
a n d is current ly prac t i c ed i n several countries. I n one large factory about 
30 tons of pure L - a s c o r b i c a c i d is p r o d u c e d da i l y , an amount equivalent 
to that contained i n 1 /2 b i l l i o n (500,000,000) large oranges. T o d a y , an 
increas ing tonnage of this versati le substance is p r o d u c e d annua l l y a n d 
a very w i d e range of appl icat ions has been f o u n d for i t i n the f ood 
industry . It occupies an establ ished pos i t ion as an essential nutr ient a n d 
as a p h a r m a c e u t i c a l agent i n h u m a n nutr i t i on (915) a n d medic ine . Its 
use as a n add i t ive to a n i m a l feeds is g r o w i n g . App l i ca t i ons on plants 
a n d crops as w e l l as i n various industries have been ind i ca ted . 

L - A s c o r b i c a c i d , a s ix-carbon, water-so luble , wh i te , crystal l ine c o m 
p o u n d is v i t a m i n C (the ant iscorbut ic v i t a m i n ) a n d has also been c a l l e d 
L-xyZo-ascorbic a c id , hexuronic a c id , or cev i tamic ac id . L - A s c o r b i c a c i d 
( C 6 H 8 0 6 ) resembles the sugars i n structure a n d reacts l i ke sugars under 
some chemica l condit ions . T h e unusua l properties of the molecule ( m o l . 
wt . 176.13) are due to the e n e - d i o l g roup ing . O t h e r properties are : me l t 
i n g po int of 1 9 0 ° - 1 9 2 ° C w i t h decomposi t ion ; [ « ] D

2 0 + 23° i n water ; a 
p K i of 4.17 a n d a p K 2 of 11.57. I t is a moderate ly strong r e d u c i n g agent 
a n d is sufficiently ac id i c to f o rm neutra l salts w i t h bases. L - A s c o r b i c a c i d 
(1 g ) dissolves i n about 3 m L of water , or 50 m L of absolute ethanol , 
or 100 m L of g lycero l . T h e p H of a 1 0 % aqueous so lut ion is 2 .1-2.5; 
for a 1 0 % aqueous so lut ion of s od ium ascorbate i t is 7.4—7.9. 

D e s c r i p t i o n , ident i f i cat ion, specifications, a n d tests of L - a s c o r b i c a c i d 
a n d s o d i u m L-ascorbate are g iven i n the U . S . Pharmacopoe ia (15) a n d 
the F o o d C h e m i c a l s C o d e x (16). S i m i l a r in format ion on p a l m i t o y l 
L - a s c o r b i c a c i d (ascorby l pa lmi ta te ) is conta ined i n the Codex . S o d i u m 
ascorbate is tw i ce as soluble i n water as ascorbic a c id . A s c o r b y l p a l m i 
tate is soluble i n ethanol ( 2 5 ° C ) at 1 2 . 5 % , i n hot ( 8 0 ° C ) g lycer in , 
propy lene g lyco l , or decaglycero l octaoleate to 1 0 % , i n vegetable oils 
( 2 5 ° C ) at 0 . 0 1 - 0 . 1 % a n d i n water ( 7 0 ° C ) at 0 . 2 % . 

C r y s t a l structures of L - a s c o r b i c a c i d v a r y i n g f r o m coarse to ultraf ine 
p o w d e r constitute the major c o m m e r c i a l p roduc t forms of the c o m p o u n d , 
f o l l o w e d b y spec ia l coated a n d granulated forms. S o d i u m L-ascorbate is 
also p r o d u c e d i n granular a n d p o w d e r forms. L i m i t e d p r o d u c t i o n of 
other forms such as c a l c i u m ascorbate a n d ascorbyl pa lmitate depend 
on d e m a n d of these products i n specialty use appl icat ions . 

H u n d r e d s of derivatives of L - a s c o r b i c a c i d have been reported i n 
the l i terature , some of w h i c h are as f o l l ows : meta l complexes or salts of 
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398 ASCORBIC A C I D 
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Figure 2. The L-sorhose synthesis of L.-ascorbic acid. 
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20. BAUERNFEIND Ascorbic Acid Technology 399 

a l u m i n u m , copper, i r on , a n d magnes ium, inorganic esters, such as sulfates 
a n d phosphates, other esters, such as the acetate, diacetate, benzoate, 
dodecanoate, hexadecanoate, dihexadecanoate, octadecanoate, laurate , 
oleate, a n d stearate. O t h e r structures inc lude sul famerazine ascorbate, 
sul fathiazole ascorbate, n e o m y c i n ascorbate, procaine ascorbate, erythro 
m y c i n ascorbate, q u i n i n e ascorbate, tocophery l ascorbate, n i co t inamide 
ascorbate, pyr idox ine ascorbic a c i d fatty a c i d esters, a n d th iamine bis 
ascorbate palmitate . I n m a n y reports synthesis only is c i ted for the 
c o m p o u n d ; other reports inc lude synthesis a n d indicate some dec lared 
mer i t for use of the der ivat ive . 

Plant Applications 

T h e ub iqui tous appearance of L -ascorb ic a c i d i n the p lant w o r l d 
w o u l d i m p l y that i t must have some funct i ona l role or roles i n the p h y s i 
o logy of p lant l i fe of major value . E v e n leaves, stems, roots, a n d berries 
of nat ive plants (17) of the E a s t e r n A r c t i c have substant ia l levels of 
ascorbic a c i d ( T a b l e I ) . T h e occurrence a n d funct ion of ascorbic a c i d 
i n plants have been rev iewed (see Reference 18 ) . Several b iosynthet ic 
pathways have been envisaged i n plants for the biosynthesis of L -ascorb ic 
a c id . G e n e r a l factors contro l l ing ascorbic synthesis i n plants i n c l u d e 
l i g h t a n d the q u a l i t y of i l l u m i n a t i o n , the presence of oxygen a n d trace 
minerals a n d favorable ranges of temperature a n d p H . F o o d p r o d u c t i o n 
c lear ly involves aspects re la t ing to preharvest a n d postharvest preserva
t i on , seed germinat ion , b u d a n d root g rowth , respirat ion, dormancy a n d 
its release, f ru i t r i p e n i n g a n d its contro l , a n d storage performance. These 
l i fe processes a n d others greatly influence the vo lume a n d qua l i ty of food 
p r o d u c e d . P l a n t g r o w t h regulators a n d / o r harvest ing aids, usua l ly as 
organic compounds , a d d e d to the crop or food i t e m i n appropr iate 
amounts, t imes, a n d manner , can he lp improve the y i e l d , qua l i ty char 
acteristics of the food, or economics of p roduc t i on . L - A s c o r b i c a c i d 
appl icat ions to p lant foods have ind i ca ted some potent ia l for meritor ious 
use i n the p r o d u c t i o n of p lant food ; however , the economics of its use 
have not a lways permi t ted w i d e field usage of the deve loped app l i ca t i on 
or technology at the present t ime. Some areas of p lant use are de ta i l ed 
i n the sections w h i c h fo l l ow. 

G e r m i n a t i n g , G r o w t h , R o o t i n g . Improvements of seed germinat ion 
b y treatment w i t h ascorbic a c i d solutions alone or as synergist to other 
chemicals have been reported (19—23). S i n g h et a l . (24) f o u n d soaking 
the seeds of Datura innoxia i n a n ascorbic a c i d so lut ion ( 0 . 5 - 1 . 0 % ) to 
increase germinat ion percentage a n d the rate of germinat ion . L i k e w i s e , 
ascorbic a c i d so lut ion ( 0 . 0 2 % ) treatment of V . bipinnatifida seed i n 
creased germinat ion (25) a n d acted synergist ical ly w h e n c o m b i n e d w i t h 
th iourea . H a r d e n i n g of sweet pepper seeds was exh ib i ted w i t h subse-
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400 ASCORBIC A C I D 

Table I. Ascorbic A c i d and /^-Carotene in 

Latin Name 

F l o w e r i n g p lants 
Arctostaphylos alpina (L . ) Spreng. 
Arenaria peploides L . v a r . diffusa H o r n e m . 
Cochlearia officianalis L . 

Draba glabella P u r s h . 
Elymus mollis T r i n . ssp. mollis 

Empetrum nigrum L . v a r . hermaphroditum 
(Lange) Sor. 

Epilobium angustifolium L . ssp. angustifolium 

Epilobium latifolium L . 
Hedysarum alpinum L . v a r . americanum 

M i c h x . 
Oxyria digyna (L . ) H i l l 

Oxytropis campestris (L . ) D . C . v a r . terrae-
novae (Fern.) B a r n a b y 

Polygonum viviparum L . 
Rubus arcticus L . var . acaulis ( M i c h x . ) 

B o i v i n 
Rubus chamaemorus L . 
Salix arctophila C o c k e r e l l 

Common Name 

alpine bearberry 
seabeach-sandwort 
s curvy grass 

l y m e grass 

cur lewberry 

fireweed 

dwar f fireweed 
l icorice root 

mounta in sorrel 

b istort 
dwar f raspberry 

baked appleberry 
creeping w i l l o w 

Salix ? planifolia P u r s h w i l l o w 

Saxifraga tricuspidata R o t t b . 

Sedum rosea (L . ) Scop. 

Taraxacum sp. 
Vaccinium uliginosum L . 
Vaccinium vitis-idaea L . v a r . minus L o d d . 

Seaweed 
Porphyra laciniata (L ight foot ) A g a r d h . 
Rhodymenia palmata (L. ) G r e v i l l e 

Source: Reproduced, with permission, from Ref. 17. Copyright 1967, National 
Research Council of Canada. 

p r i c k l y saxifrage 

roseroot 

dandel ion 
b i lber ry 
m o u n t a i n cranberry 

seaweed, laver 
seaweed, dulse 
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20. B A U E R N F E I N D Ascorbic Acid Technology 401 

Native Plants of the Eastern Artie 

, ^ f / ' Ascorbic Acid 3-Carotene 
lection — 
Num- Plant Part Date of mg/ Date of 

ber Analyzed Analysis 100 g Analysis fig/g 

berries 1 5 / 9 / 6 4 52.5 2 3 / 9 / 6 4 1.80 
8 leaves 6 / 8 / 6 5 42.5 6 / 8 / 6 5 34.52 
7 seedpods and 6 / 8 / 6 5 111.0 6 / 8 / 6 5 27.28 

stems 
10 leaves 6 / 8 / 6 5 180.3 6 / 8 / 6 5 47.69 
18 stems 2 0 / 8 / 6 5 41.0 

2 0 / 8 / 6 5 44.5 
berries 1 5 / 9 / 6 4 24.0 2 3 / 9 / 6 4 1.12 

2 0 / 8 / 6 5 36.3 
16 leaves 1 1 / 8 / 6 5 220.0 1 1 / 8 / 6 5 112.25 

1 9 / 8 / 6 5 212.0 1 9 / 8 / 6 5 112.00 
6 leaves 6 / 8 / 6 5 152.5 6 / 8 / 6 5 102.00 

13 roots 3 0 / 7 / 6 5 28.2 3 0 / 7 / 6 5 ni l 
3 0 / 7 / 6 5 30.4 3 0 / 7 / 6 5 ni l 

19 leaves and 6 / 8 / 6 5 40.0 6 / 8 / 6 5 53.40 
stems 

12 roots 6 / 8 / 6 5 12.0 6 / 8 / 6 5 n i l 

9 leaves 6 / 8 / 6 5 158.8 
berries 3 1 / 8 / 6 5 38.8 3 1 / 8 / 6 5 0.68 

berries 2 3 / 8 / 6 5 47.5 1 7 / 9 / 6 5 1.41 
leaves 4 / 8 / 6 4 308.8 3 0 / 7 / 6 4 104.34 

2 6 / 7 / 6 5 349.0 2 6 / 7 / 6 5 106.14 
2 9 / 7 / 6 5 340.0 2 9 / 7 / 6 5 110.88 

leaves 4 / 8 / 6 4 465.0 3 0 / 7 / 6 4 130.64 
2 6 / 7 / 6 5 415.0 2 6 / 7 / 6 5 143.84 
2 9 / 7 / 6 5 410.0 2 9 / 7 / 6 5 148.20 

4 flowers and 6 / 8 / 6 5 135.5 
stems 

11 leaves 2 3 / 7 / 6 4 68.0 6 / 8 / 6 5 24.64 
6 / 8 / 6 5 45.3 

leaves 2 3 / 8 / 6 5 66.0 2 3 / 9 / 6 4 1.21 
berries 
berries 1 5 / 9 / 6 4 22.5 2 3 / 9 / 6 4 0.79 

fronds 9 / 8 / 6 5 ni l 9 / 8 / 6 5 28.00 
fronds 9 / 8 / 6 5 10.0 9 / 8 / 6 5 33.75 
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402 ASCORBIC A C I D 

quent i m p r o v e d germinat ion (26) w h e n treated w i t h a n ascorbic a c i d 
so lut ion ( 0 . 0 1 % ) . 

S p r a y i n g the p lant , Cucumis sativus, w i t h ascorbic a c i d so lut ion 
(0 .18% ) 2 -10 times d u r i n g expanded g r o w t h of the first leaves increased 
produc t i on of male flower a n d at times the m a l e / f e m a l e flower rat io 
accord ing to Sever i a n d L a u d i ( 27 ) . W h e n trees of the b ienn ia l -bear ing 
mango (c.v. Langra) were sprayed (0 .18% ) twice , i n A u g u s t a n d Sep
tember, increased flowering was observed b y M a i t y et a l . ( 2 8 ) . Invo lve 
ment of ascorbic a c i d i n the contro l of pet io le - longevity of t w o mango 
varieties has also been reported ( 29 ) . A p p l i c a t i o n of ascorbic a c i d in f lu 
ences g r o w t h and , at t imes, other properties of a var iety of plants such 
as the cowpea ( 3 0 ) , the onion ( 3 1 ) , wheat ( 3 2 ) , soybean ( 3 3 ) , sugar 
cane cult ivars ( 34 ) , a n d Cucumis sativus ( 35 ) . Ascorb i c a c id treatment 
was observed to retard leaf senescence of leaf discs of Solatium melongena 
( 36 ) . In combinat i on w i t h other chemicals , ascorbic a c i d treatment has 
been observed for g r o w t h or flowering influence on the soybean ( 3 7 ) , 
cotton ( 3 8 ) , a n d peas (39,40). T r e a t i n g cuttings of bearberry w i t h a 
mixture of heteroauxin (0 .015% ) a n d ascorbic a c i d ( 0 . 1 5 % ) s t imulated 
early root ing (41). A s c o r b i c a c i d treatment has been a p p l i e d to grape
v ine cuttings (42) a n d grafts (43) pr i o r to p l a n t i n g a n d for i m p r o v e d 
root ing of g ram ( 4 4 ) , Phaseolus aureus R o x b ( 4 5 ) , a n d Caesalpinia 
bonducella seeds (46). 

Ozone Protection. A i r po l lu t i on has become an increasing p r o b l e m 
of indus t r ia l i z ed a n d u r b a n centers, caus ing smog, a combinat i on of 
n i trogen oxides, peroxides, sul fur d iox ide , ozone, a n d other c ontami 
nants. In the L o s Angeles atmosphere there has been evidence that 
ozone exists i n sufficient concentrat ion to damage plants (47). M i d d l e -
ton et a l . (48) f o u n d that ozone at concentrations as l o w as 20 p p m 
produces v is ib le leaf damage to p into beans after a 2-h exposure. S m a l l 
concentrations of ozone affect the respirat ion of p lant cells ( 4 9 ) . I n 
laboratory tr ials , w h e n ascorbic a c i d was a d d e d to ozone-treated p lant 
m i t o c h o n d r i a l suspensions reversal of the ozone i n h i b i t i o n was observed 
(47). T h u s , a prophy lac t i c or therapeutic role is suggested. 

F r e e b a i r n a n d coworkers (50-54) were the early workers to a p p l y 
ascorbic a c i d sprays ( 0 .18 -0 .9% ) to intact plants, such as lettuce, celery, 
p into beans, sp inach, endive, petunias, a n d roses to prevent the b u r n i n g , 
b r o n z i n g , a n d stunt ing of leaves caused b y airborne oxidants. F u r t h e r 
more, the treatment increased the ascorbic content (53,54) of the p lant 
over contro l plants ( T a b l e I I ) . T w o to eight pounds per acre (2 .25-9 
k g / h a ) were used w i t h single or m u l t i p l e appl icat ions . T o o m u c h ascor
b i c a c i d w i l l b u r n the p lant ; hence salts of ascorbic a c i d or neutra l i zed 
ascorbic a c i d have been favored for spray preparat ions h a v i n g a more 
favorable p H range. A smal l scale t r i a l on romaine lettuce as reported 
b y F r e e b a i r n a n d T a y l o r (54) showed fo l iar a p p l i c a t i o n of ascorbic a c i d 
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20. B A U E R N F E I N D Ascorbic Acid Technology 403 

Table II. The Increase in Ascorbic Acid Content of Pinto 
Bean Leaves Following Spray Treatment 

Increase (%) in 
Molar Ascorbic Acid Content 

Treatment Concentration by Spray Treatment0 

W a t e r — 3 6 6 

C a l c i u m ascorbate 0.02 56 
0.05 46 

P o t a s s i u m ascorbate 0.02 54 
0.05 6 0 0 

A m m o n i u m ascorbate 0.02 34 
0.05 65° 

° Reduced ascorbic acid (average of that originally present) inside leaves; aver
age of 12 determinations. 

b Normal increase irrespective of treatment. 
e Statistically different from the water spray at the 0.01 probability level. 
Source: Reproduced, with permission, from Ref. 53. Copyright 1960, Air Pollu

tion Control Association. 

to be effective against a ir p o l l u t i o n in jury ( T a b l e I I I ) . W e a v e r et a l . 
(55) conf irmed that ascorbic a c i d treatment protects w h i t e bean plants 
f r o m onset of b r o n z i n g associated w i t h ozone exposure b u t quest ioned the 
prac t i ca l i ty of the treatment as a field procedure . T h e tolerance of 
pe tun ia plants to ozone exposure depend ing on the n a t u r a l L -ascorb ic 
a c i d content of the leaves was conf irmed b y H a n s o n et a l . ( 56 ) . C a t h e y 
a n d Hegges tad (57) also f o u n d that the degree of damage b y ozone 
exposure was re lated to ascorbic a c i d app l i ca t i on to the plants . F o l i a r 
app l i ca t i on of s o d i u m ascorbate p a r t i a l l y decreased ozone leaf damage 
i n tobacco plants i n studies i n J a p a n (58 ) . O r d i n et a l . (59) a p p l i e d 
ascorbate dusts to plants as an alternate to aqueous sprays as a techno
l og i ca l approach for protect ion against a ir po l lutants . 

Harvesting A i d . L - A s c o r b i c a c i d a p p l i e d to the f ru i t or the p lant 
has served as a harvest ing a i d or as a means of q u a l i t y improvement . 
S p r a y i n g potato plants w i t h ascorbic a c i d has inf luenced g r o w t h y i e l d 
a n d y i e l d components ( 60 ) . Increased on ion b u l b size a n d y i e l d have 
been reported b y S a i m b h i et a l . (61) w i t h ascorbic a c i d treatment ( 0 . 0 1 -
0 . 0 4 % ) . Semir ipe strawberries d i p p e d i n ascorbic a c i d so lut ion ( 2 % ) 
a n d stored at 0 ° C i n sealed p last ic bags kept w e l l for 13 days ( 6 2 ) . 
F r i c t i o n discolorat ion ( sk in b r o w n i n g ) o c curr ing i n d 'An jou pears d u r i n g 
shipment was r educed b y p r i o r spray ing w i t h ascorbic a c i d so lut ion 
( 5 % ) accord ing to W a n g a n d M e l l e n t h i n (63). T h e a p p l i c a t i o n of a n 
ascorbic a c i d spray ( 1 - 2 % ) at the color break stage to f ru i t on the tree 
was effective as a degreening agent for harvested tangerine f ru i t (64, 
65). G r a p e v i n e panic les at the p r e b l o o m stage d i p p e d i n a so lut ion of 
ascorbic a c i d (0 .005% ) a n d sucrose ( 1 0 % ) enhanced b u n c h w e i g h t of 
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404 ASCORBIC A C I D 

Table III. Prevention of A i r Pollution Injury to Romaine 

Treatment 
Molar 

Concentration Number of Plants 

W a t e r 
P o t a s s i u m ascorbate 
P o t a s s i u m ascorbate 

0.01 
0.10 

17 
14 
17 

• Mg/g fresh water. 
b Statistically different from the water control at the 0.01 probability level. 

f ru i t a n d r e d u c e d underdeve loped f ru i t (66). C h e m i c a l treatment of 
crops for i m p r o v e d per formance has been r e v i e w e d b y S c h i l l i n g (67). 

A major p r o b l e m i n the mechan i ca l harvest ing of tree or b u s h f ru i t 
is the ease of f ru i t f a l l at the proper r i p e n i n g stage. M u c h effort has 
been p u t for th i n the technology of i n d u c e d f ru i t abscission. C o o p e r a n d 
H e n r y (68,69) f o u n d that the app l i ca t i on of ascorbic a c i d so lut ion 
(2-5% ) to the treed f ru i t effectively i n d u c e d abscission i n b o t h V a l e n c i a 
a n d P i n e a p p l e oranges. A s a benef ic ial side effect, the app l i ca t i on i n 
creased the L -ascorb ic a c i d content of the oranges b y 4r-8%. T h e ascorbic 
a c i d treatment can leave s m a l l r edd i sh pits i n the r i n d near the stem 
e n d i f the residue is not w a s h e d off 3 d after the ascorbic a c i d a p p l i 
cat ion. U s e of the s o d i u m salt of ascorbic a c i d el iminates most of 
this p r o b l e m . I n other tr ials , ascorbic a c i d treatment a i d e d m e c h a n i c a l 
harvest ing of H a m l i n , P ineapp le , Jaffa, a n d V a l e n c i a oranges on a c o m 
m e r c i a l scale (70). W i l s o n a n d coworkers (71, 72, 73) reported ascorbic 
a c i d app l i ca t i on ( 1 . 5 % ) r educed the p u l l force of oranges f r o m 14.5 to 
7.0 l b a n d the percent p lugs ( a defect) f r o m 90 to 5 % w i t h i n 6 d of 
app l i ca t i on . A b o u t 1 l b of ascorbic a c i d is r e q u i r e d per tree for H a m l i n 
a n d P i n e a p p l e oranges under F l o r i d a condit ions , m a k i n g i t a costly 
treatment. O t h e r researchers (74-77) have s tud ied the mode of 
act ion of ascorbic a c i d treatment i n r e d u c i n g selective abscission of 
citrus f ru i t . C i t r u s f ru i t treatments w i t h ascorbic a c i d alone or w i t h 
F e E D T A or C u E D T A were c ompared (78), a n d ascorbic a c i d ( 1 % ) 
p lus C u E D T A ( 0 . 1 % ) spray was f o u n d to be the most effective abscis
sion treatment for c a l a m o n d i n f ru i t (79, 80). E d g e r t o n (81, 84) observed 
ascorbic a c i d sprays to promote abscission on apple cul t ivars , b u t s ig 
nif icant reductions i n f ru i t r emova l force were usua l ly associated w i t h 
some leaf or f ru i t phototoxic i ty a n d / o r leaf drops. T r i a l s w i t h ascorbic 
a c i d as an abscission agent have been r u n on mango (82), ol ives (83), 
cherries (84), a n d raspberries ( 85 ) . O n e different use (86-89) of 
ascorbic a c i d spray i n abscission appl icat ions is i n the remova l of leaves 
of the cotton p lant so the cotton can be more easily p i c k e d mechani ca l l y . 
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20. B A U E R N F E I N D Ascorbic Acid Technology 405 

Lettuce Plants by the Foliar Application of Potassium Ascorbate 

Total Number Number Percent Average Ascorbic 
of Mature of Leaves of Leaves Acid Content9 

Leaves Damaged Damaged of Washed Leaves 

131 60 46 0.60 
126 0* 0* 0.72 
147 5 6 3 6 1.03 

Source: Reproduced, with permission, from Ref. 54. Copyright 1960, American 
Society for Horticultural Science. 

T o date, use of L -ascorbic a c i d as an abscission agent on any crop is not 
carr i ed out on a c o m m e r c i a l scale on a regular basis. 

Disease Resistance. Some var i ed reported uses of ascorbic a c i d 
appl icat ions inc lude t h i n n i n g of f ru i t trees ( 9 0 ) , chemotherapy for con
t r o l of y o u n g tree dec l ine i n F l o r i d a citrus (91), change i n the v e r n a l i z a 
t i on rate i n plants (92, 93 ) , a n d rel ief of w i l t i n g of severed tomato plants 
( 9 4 ) . P l a n t resistance has been ind i ca ted to invo lve ascorbic a c id . T h e 
role of L -ascorbic a c i d i n the defense mechan ism of plants to nematode 
attack has been s tud ied b y A r r i g o n i et a l . (95,96), i n c l u d i n g the r e l a 
t ionship between ascorbic ac id a n d resistance i n tomato plants to Melo-
idogyne incognita (97), potato field resistance to phytophthorosis (98), 
resistance to bac ter ia l b lack spot i n mango ( 9 9 ) , rust resistances of roses 
(100,101), a n d i n h i b i t i o n of c h e m i c a l tumorigenesis i n Nicotiana h y b r i d 
(102). 

Growth Regulator. Intermediate compounds i n the chemica l s y n 
thesis of L -ascorbic a c i d such as sod ium 2 ,3 :4 ,6 -d i -0 - i sopropy l id iene -a -
L-xt/Zo-2-hexulofuranosonate, or c o m m o n l y designated d ikegu lac - sod ium, 
have p lant g r o w t h regulatory ac t iv i ty (103). A series of monosaccharide 
derivat ives , salts, a n d esters were examined ; the finding was that the 
salts were general ly more act ive t h a n the esters. G r o w t h retardat ion was 
observed i n a w i d e range of p lants , cereals, w e e d grasses, a n d w o o d y 
plants . I n d u c e d abscission a n d s t imulated r i p e n i n g are other act ivit ies 
observed i n some p l a n t l i fe . D i k e g u l a c - s o d i u m (trade name, Atrinal) 
a p p l i e d as a n aqueous spray is used for the post-shearing or c h e m i c a l 
p i n c h i n g of azaleas (104-110), also, of rhododendrons (111) a n d certa in 
pot plants to promote latera l b r a n c h i n g a n d compac t ing of the plants 
w i t h abundant blooms. W o r l e y (112) observed d ikegu lac - sod ium, w h e n 
a p p l i e d i n the f a l l of a dry year, to promote increased n u m b e r of n e w 
shoots on y o u n g pecan trees the next spr ing ( T a b l e I V ) . I t works on 
field-grown w o o d y ornamenta l or landscape plants (113,114,115), re 
d u c i n g the need of t r i m m i n g . A p p l i e d w i t h proper t i m i n g , i t can be 
used to e l iminate b l o o m or f ru i t set. 
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406 ASCORBIC A C I D 

Table IV. Number of New Living Shoots per Terminal > 2.5 cm 
in May 1979 from Young Pecan Trees Treated with Dikegulac 

on October 4, 1978 in Three Georgia Orchards 

New Living Shoots/Terminal Shoota 

Law Rigdon Garrison 
Dosage Orchard* Orchard Orchard 

(g Active/L) (Tifton) (Tifton) (Ray City) 

C o n t r o l 5.3 a 3.8 a 5.8 a 
(no spray) 

1.07 6.4 a 5.3 b 8.4 b 
1.60 5.6 a 6.1c 8.9 b 
2.14 6.8 a 6.0 be 9.5 b 

a M e a n separation b y Duncan's m u l t i p l e range test, 5% level . 
6 C u l t i v a r s i n the L a w orchard were " C h e r o k e e " and " C h i c k a s a w " . T h e R i g d o n 

orchard was " D e s i r a b l e " and the G a r r i s o n orchard was "Stuart" . 
Source: Reproduced, w i t h permission, f r o m Ref . 112. C o p y r i g h t 1980, A m e r i c a n 

Society for H o r t i c u l t u r a l Science. 

Animal Applications 

A s stated b y Chatter jee et a l . (116,918), the a b i l i t y to synthesize 
L -ascorb ic a c i d is absent i n insects, invertebrates, a n d fish. T h e b i o syn 
thet ic capac i ty started phy logenet i ca l ly i n the k i d n e y of amphib ians , 
r emained i n that of repti les, became transferred to the l i ver of mammals , 
a n d finally d isappeared f r om the guinea p i g , some flying mammals , the 
monkey , a n d humans . T h e overa l l pattern of ascorbic a c i d synthesis b y 
different species of animals is corre lated to their phy logeny ( F i g u r e 3 ) . 
T r a d i t i o n a l l y , f a r m animals do not require ascorbic a c i d i n the ir diets 
since this v i t a m i n is p r o d u c e d w i t h i n the ir bodies. H o w e v e r , i t has l o n g 
been thought that the capac i ty of the enzyme system i n v o l v e d c o u l d be 
overtaxed or i m p a i r e d under stress condit ions such as h i g h temperature 
a n d disease. It is also conceivable that i n breed ing animals for h i g h 
planes of p roduc t iv i ty , the rate of synthesis c o u l d be inadequate . D e 
p e n d i n g u p o n circumstances a n d species, supplementary L -ascorbic a c i d 
i n the diet of some animals has h a d a benef ic ial effect. 

Fish. F i s h f a r m i n g or aquacul ture , as i t is more l i k e l y to be c a l l e d 
today, has been a t ime-honored pract ice go ing back over a thousand 
years. U n t i l more recently, fish f a r m i n g was prac t i ced on a s m a l l scale 
basis as more or less a complement to other agr i cu l tura l or mar ine p u r 
suits. L i t t l e or no technology was i n v o l v e d ; b reed ing stock was in t ro 
d u c e d into a suitable p o n d or fenced off estuary, a n d nature per f o rmed 
the rest. H a r v e s t i n g was done b y hook ing , nett ing , or d r a i n i n g . W i t h i n 
the past two decades a n e w a p p r o a c h was in t roduced , namely the large-
scale, env i ronmenta l ly contro l led , research-guided aquacul ture w i t h a n 
expectancy of large v o l u m e p r o d u c t i o n of h u m a n food. G r o w i n g fish 
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20. B A U E R N F E I N D Ascorbic Acid Technology 407 

B I R D S 
H I G H E R OROffft) 

Figure 3. Schematic of ascorbic acid synthesizing abilities of various 
species of animals in relation to their phytogeny. (Reproduced, with per
mission, from Ref. 918. Copyright 1973, American Association for the 

Advancement of Science.) 
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408 ASCORBIC A C I D 

conf ined i n tanks w i t h water temperature , ac id i ty , a n d sa l in i ty contro l l ed , 
f e d art i f i c ia l ly f o rmula ted diets, a n d treated w i t h p rophy lac t i c drugs 
a n d pesticides brought f o r th prob lems absent i n the o l d style pract ices . 

A s early as 1933, M c C a y a n d T u n i s o n (117) h a d noted that brook 
trout f ed formal in -preserved meat deve loped lordosis a n d scoliosis ( F i g 
ure 4 ) , but the causative agent was u n k n o w n u n t i l the mid-sixt ies w h e n 
K i t a m u r a et a l . ( 118 ) , N a k a g a w a (119), a n d Poston (120) demonstrated 
that these distortions of the ver tebra l c o l u m n were the symptoms of a 
d ietary deficiency of L -ascorb ic a c i d ( v i t a m i n C ) . O t h e r deficiency s y m p 
toms are fracture d is locat ion of the spine, b i zarre d istort ion of cart i lage , 
i m p a i r e d co l lagen format ion , dep igmented areas, poor growth , a n d 
morta l i ty . T h e deficiency is c o m m o n l y re ferred to as the "broken b a c k " 
syndrome. A s c o r b i c a c i d deficient trout have a l o w hematocr i t a n d h i g h 
p l a s m a levels of tr ig lycer ides a n d cholesterol (121). B y 1972 i t w a s 
k n o w n (122) that sa lmon, trout , char, carp , a q u a r i u m fish, a n d p r o b a b l y 
m a n y more k inds of fish develop specific avitaminosis C symptoms 
( F i g u r e 4 ) w h e n den ied d ietary sources of ascorbic a c i d . H i l t o n (123) 
reported that the r a i n b o w trout has v i r t u a l l y no a b i l i t y to synthesize 
ascorbic a c id . W h i l e c l i n i c a l aspects are dramat i c , the subc l in i ca l m a n i 
festations of the defic iency m a y p l a y a n even more important ro le i n 
resistance to bac ter ia l or v i r a l infections a n d the repair of tissue d a m a g e d 

Figure 4. Ascorbic acid deficiency in fish. Coho salmon fed diet 
devoid of ascorbic acid and showing spinal curvatures typical of scoliosis 
(upper). Normal coho fed complete test diet containing 100 mg vitamin 
C/100 g dry ration (middle). Coho on same diet as upper fish and show
ing spinal curvature typical of lordosis (bottom). (Reproduced, with per
mission, from Ref. 130. Copyright 1969, American Fisheries Society.) 
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20. B A U E R N F E I N D Ascorbic Acid Technology 409 

b y paras i t i c invas ion or b y p h y s i c a l means. B l a c k death is regarded as 
a n ascorbic a c i d deficiency disease i n penae id shr imp (124) . I n large-
scale a q u a c u l t u r a l field pract ice , v i t a m i n C deficiency was one of the 
unapprec ia ted d ietary aspects d u r i n g the late sixties a n d the seventies. 

C h a n n e l catfish f r om intensive cultures ra ised b y l o ca l fish farmers 
a n d s h o w i n g skeletal deformities s t imulated L o v e l l (125) i n 1973 to 
demonstrate exper imental ly that these symptoms were the result of a 
def ic iency of L -ascorb ic a c id . I n a d d i t i o n to the p h y s i c a l deformities , 
w e i g h t gains of the g r o w i n g fish a n d feed conversion were adversely 
inf luenced. W i l s o n a n d Poe (126) i n the same year i n d u c e d the scorbutic 
c ond i t i on i n channe l catfish reared i n floating cages. T h e L -ascorb ic a c i d 
requirement was de termined to be about 50 m g / k g of diet (127,128). 
W h i l e i n the past catfish apparent ly were able to obta in a signif icant 
amount of ascorbic a c i d f r om organisms such as insects, larvae, a n d algae 
w h e n ra ised i n earthen ponds, L o v e l l a n d L i m (129) i n 1978 showed 
that a d d i t i o n a l ascorbic a c i d was benefic ial . A s c o r b i c a c i d supplemented 
diets are needed for trout (118-121, 130,131,132), sa lmon (119,130, 
132), carp (133), a n d eels (134). 

Attempts have been made to develop more stable forms of v i t a m i n C 
for fish feeds. Ascorbate-2-sulfate has been proposed as a stable f o r m 
(135) of v i t a m i n C . A s a d ietary component i t has been reported to cure 
scorbut ic signs i n sa lmono id fish (136), to prevent scurvy i n catfish 
(137) b u t not to possess ant iscorbut ic ac t iv i ty for either the guinea p i g 
(138) or the rhesus monkey (139). 

A n interest ing pes t i c ide -ascorb i c a c i d interact ion i n fish has been 
s tud ied b y M a y e r a n d coworkers (140-143). Several species of fish were 
cont inuous ly exposed to toxaphene on diets w i t h a n d w i t h o u t ascorbic 
a c i d . T h e toxaphene reduced the ascorbic a c i d content of the vertebrae 
b u t not of the l iver , l ead ing the investigators to bel ieve that this r educ t i on 
un favorab ly affects co l lagen format ion . D ie t s conta in ing the h igher levels 
of L -ascorb ic a c i d reduced toxaphene residues a n d increased the to ler 
ance to the chronic effect of toxaphene on growth , bone development , 
a n d sk in lesions. 

P o u l t r y . M o r e than 100 papers have been p u b l i s h e d on the va lue 
of supp lement ing diets of f a r m animals w i t h L -ascorb ic a c id . T h e overa l l 
results are at times controversial . E n h a n c e m e n t of p o u l t r y g r o w t h has 
been reported b y several workers us ing pur i f i ed (144,145) a n d p r a c t i c a l 
(146,147,148) rations a n d not b y others (149), the general interpreta 
t i o n b e i n g that the ascorbic a c i d does not funct ion d i rec t ly but i n d i 
rect ly , i n v o l v i n g a protect ive act ion or i m p r o v e d u t i l i z a t i o n of other 
nutrients . A d d e d dietary ascorbic a c i d has been reported to st imulate 
synthesis or l i bera t i on of fo l i c a c i d b y intest inal bacter ia , to a i d i n its 
convers ion to f o lac in (146,150,151,152), to reinforce antibiot ics i n h i g h 
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410 ASCORBIC A C I D 

energy feeds a n d to improve i r o n absorpt ion. H i g h env i ronmenta l t e m 
peratures reduce the thickness (153) of eggshells of hens, thus l o w e r i n g 
the b r e a k i n g strength of the eggs (154) as w e l l as lower ing , egg p r o d u c 
t ion . H i g h concentrations of ascorbic a c i d are f o u n d n o r m a l l y i n the 
bird 's tissues, especial ly i n the k idneys a n d adrenals, gonads, a n d i n the 
bursa (155) . N e a r significant corre lat ion has been f o u n d between the 
ascorbic a c i d content of the adrena l g l a n d a n d egg p r o d u c t i o n i n the 
duck (156). T h o r t o n a n d D e e b (157) noted that w h i l e ascorbic a c i d 
synthesis i n the k idneys of l a y i n g hens was sufficient for phys io l og i ca l 
needs at n o r m a l env ironmenta l temperatures, i t was not w h e n tempera 
tures were increased f r om 21° to 31 ° C as b l o o d ascorbic a c i d levels 
decreased. Nestor et a l . (158) demonstrated that ascorbic a c i d (330 
m g / k g ) added to the rat ion prevented a decl ine i n b lood ascorbic a c id 
levels that occurred i n turkeys consuming the unsupplemented ra t i on 
d u r i n g w a r m weather ( 3 0 ° C ) . I n a t r i a l d u r i n g hot weather ( 3 5 - 4 0 ° C ) , 
Perek a n d K e n d l e r (159) obta ined significant improvement ( T a b l e V ) 
i n egg p r o d u c t i o n a n d eggshel l we ight w h e n ascorbic a c i d ( 25 -400 
m g / k g ) was a d d e d to the rat ion of L e g h o r n l a y i n g hens. A subsequent 
report on ascorbic a c i d app l i ca t i on (25 -400 m g / k g ) b y the same workers 
(160) conf irmed increases i n egg p r o d u c t i o n ( 1 1 - 2 4 % ), bu t egg w e i g h t 
differences were equivoca l . Supplementat ion of diets w i t h ascorbic a c i d 
counteract ing h i g h env i ronmenta l temperatures for pou l t ry were c l a i m e d 
b y A h m a d et a l . (161) a n d P a s u a l et a l . (162). U n d e r prac t i ca l c o n d i 
tions of t h e r m a l stress (22 .8 -36 .9 °C) a n d h u m i d i t y some benefit i n egg 
p r o d u c t i o n has been noted f o l l o w i n g the feeding of asp i r in a n d ascorbic 
a c i d (163). 

Since there is an abnormal i ty of c a l c i u m metabo l i sm i n scurvy, i t has 
been reasoned that supplementary ascorbic a c i d i n the hen rat ion m i g h t 
he lp to resolve the p r o b l e m of t h i n eggshel l d u r i n g summer heat. Some 
reports show i m p r o v e d shel l soundness d u r i n g h i g h env ironmenta l t e m 
peratures; others do not. A c c o r d i n g to T h o r t o n (164,165) a n d T h o r t o n 

T a b l e V . Effect of Feeding L - A s c o r b i c A c i d to Hens 

Ascorbic Acid in Feed (mg/kg) 

Criteria 0 25 75 400 
C u l l i n g and m o r t a l i t y (% of groups) 31.5 7.4 20.3 12.9 
E g g product ion (total eggs/hen) 80.0 102.7 90.6 103.5 
Feed efficiency (average g/egg) 232.2 210.4 206.7 202.8 
E g g weights (average g/egg) 60.1 60.9 61.3 62.7 
Eggshe l l weight (average % of 9.05 9.87 9.25 9.47 

whole egg) 

Source: Reproduced, with permission, from Ref. 159. Copyright 1962, Poultry 
Science Association. 
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20. B A U E R N F E I N D Ascorbic Acid Technology 411 

a n d M o r e n g (166), ascorbic a c i d (22 m g / k g ) a d d e d to the feed was of 
va lue d u r i n g the hot summer months ( 2 9 ° C ) for the maintenance of 
eggshel l strength a n d thickness. I t was be l i eved that the a d d e d ascorbic 
a c i d i n the feed increased feed consumpt ion a n d oxygen consumpt ion i n 
hens d u r i n g hot weather a n d that ascorbic a c i d counters the n o r m a l 
dec l ine i n t h y r o i d act iv i ty d u r i n g the hot summer months (167). A n o t h e r 
explanat ion offered for the h i g h temperature effect is a possible de forma
t i o n i n the structure of the inner layers of the shel l u p o n w h i c h c a l c i u m 
is deposi ted d u r i n g the egg l a y i n g process as w e l l as the microstructure 
of the outer shel l (168,169). A s noted b y L y l e a n d M o r e n g (153), u n d e r 
increased temperatures, the a d d i t i o n of ascorbic a c i d (44 m g / k g ) to the 
diet prevented the b o d y temperature increase a n d the associated decrease 
i n eggshel l thickness. S u l l i v a n a n d coworkers (170,171) a n d E l - B o u s h y 
a n d coworkers (168,172,173) p u b l i s h e d conf irmatory results i n d i c a t i n g 
signif icant improvement i n egg qua l i ty under h i g h env i ronmenta l t e m 
peratures. F o r example (168), the shel l percentage of the egg was 
signif icantly i m p r o v e d w h e n ascorbic a c i d (50 m g / k g ) was incorporated 
into the diet under a hot env i ronmenta l temperature ( F i g u r e 5 ) . I n 
this report , the ascorbic a c i d a d d e d to the feed was shown to be present. 

Changes in shell percentage 

1 2 3 4 5 6 7 Months 
cont ro l acclima. acclima. transition stress vitamin C vitaminC 

tization 1 tization 2 addition 1 addition 2 
Experimental periods 

Figure 5. Changes in eggshell percentage during the course of environ
mental temperature changes and vitamin C additions. Key: con
trol, cold; O , treated, cold; A , control, hot; •, treated, hot; , vitamin 
C addition. (Reproduced, with permission, from Ref. 168. Copyright 

1966, H. Veenman ir Zonen NV.) 
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412 ASCORBIC A C I D 

K i v i m a e (174) obta ined improvement i n the qua l i ty of the eggshel l w i t h 
supplementary d ietary ascorbic a c i d (100 m g / k g ) . O t h e r workers (160, 
175-185) have not been able to show improvement i n shel l thickness 
of eggs p r o d u c e d under the stress of h i g h temperature environments . 
Some crit ics contend that past exper imental studies d i d not invo lve 
current ly used, h i g h - p r o d u c i n g genetic strains of pou l t ry a n d the better 
f o rmula ted rations current ly i n c o m m e r c i a l use. A general c r i t i c i s m 
leve led at m a n y of the studies on ascorbic a c i d a d d i t i o n to the diet is 
that s tabi l i ty data are not reported a n d , due to the w e l l - k n o w n l a b i l i t y 
of the c o m p o u n d , it may not have been a lways present i n the feed at the 
t ime of consumpt ion as dec lared . 

A n o t h e r index of egg qua l i ty , namely the thickness or viscosity of 
the a l b u m e n surround ing the yo lk , measured i n H a u g h units , was f o u n d 
to be superior b y Moster t (186), H e r r i c k a n d Nocke ls (187), a n d C h e n 
a n d Nocke ls (188) w i t h ascorbic a c i d supplementat ion of the hen's d iet , 
but R a u c h (189) reported no effect. S t imula ted spermatogenesis i n cock
erels was ind i ca ted b y the early observations of W a w r z y n i a k (190) a n d 
Z a n e l l i (191). These observations were conf irmed b y the studies of 
Perek a n d Snap i r (192) . W h e n ascorbic a c i d (100-200 m g / k g ) was 
fed i n the diet over some months, the data showed a significant increase 
of spermatozoan p r o d u c t i o n for the treated groups over the contro l group . 
A n o t h e r type of stress, " l a y i n g cage fat igue , " w h e r e i n the l a y i n g hen has 
dif f iculty i n s tanding on the w i r e floor, has responded to admin i s t ra t i on 
of ascorbic a c i d b y injections (100 m g ) accord ing to Polster (193). T h e 
role of v i t a m i n C i n the phys io logy a n d n u t r i t i o n of pou l t ry has been 
rev i ewed b y T a g w e r k e r (194). 

Swine . It is general ly accepted that pigs do not need a supp lemen
tary supp ly of L -ascorb ic a c i d i n their ra t ion under field or p e n confine
ment management practices. Some feed ing trials where a d d e d ascorbic 
a c i d was tested resulted i n negative repor t ing such as those of B a r b e r 
et a l . (195) , B o w l a n d (196), a n d T r a v n i c e k et a l . (197). I n others such 
as C r o m w e l l et a l . (198) a var iab le g r o w t h response was reported a n d 
D v o r a k (199) reported equ ivoca l data. B r o w n et a l . (200) f ed g r o w i n g 
pigs supplementary ascorbic a c i d (0 -1000 m g per h e a d d a i l y ) i n feed 
w i t h different levels of energy (140-340 k c a l X k g W ° 7 5 per h e a d d a i l y ) . 
Increases i n g r o w t h observed were i n an increasing order w i t h increas
i n g ascorbic a c i d intake a n d a decreasing increment w i t h the r i s i n g 
energy intake. B u r n s i d e (201) reported some ga in i n feed efficiency w i t h 
ascorbic a c i d (100 m g / k g ) , a n d V a l d m a u i s (202) a n d A n d r e s e n (203) 
demonstrated increased v i a b i l i t y i n b a b y pigs . Others suggested L -ascor 
b i c a c i d as a supplement for p ig le t feeds (204) or as protect ion against 
stress condit ions (205). T h e state of ascorbic a c i d adequacy influences 
i r o n a v a i l a b i l i t y : D v o r a k (206) reported i r o n defic iency anemic p igs 
to have l o w e r e d p l a s m a levels of ascorbic a c i d , a n d G i p p et a l . (207) 
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20. B A U E R N F E I N D Ascorbic Acid Technology 413 

observed increased p lasma values of i r o n w h e n ascorbic a c i d ( 0 . 5 % ) 
was a d d e d to feed of the piglets . 

Ruminants. Treatment of ruminants w i t h L -ascorbic a c i d has mer i t 
i n unusua l c ircumstances rather than any type of rout ine pract ice since 
these species synthesize their requirements i n their n o r m a l l i fe cyc le 
pattern . T h e digestive system of the y o u n g cal f or l a m b functions s i m i 
l a r l y to that of monogastr ic animals for the early weeks of l i fe u n t i l the 
r u m i n a t i n g process is in i t ia ted . 

P h i l l i p s a n d coworkers (208,209,210) of the U n i v e r s i t y of W i s c o n 
sin r e commended L -ascorbic a c i d (250 m g ) , v i t a m i n A (5000 I U ) , a n d 
n i a c i n (50 m g ) as a da i l y supplement for the first 10-21 days of l i fe for 
the calf as prophylax is a n d contro l of early ca l fhood diseases. Subsequent 
reports b y N o r t o n et a l . (211) a n d Nev ins et a l . (212) d i d not conf irm 
the dec lared benefits of supplementary v i t a m i n feedings. I n 1944 a 
strange eczemato id disease of calves w i t h concomitant very l o w p l a s m a 
ascorbic a c i d values occurr ing on da i ry farms i n M i c h i g a n was reported 
b y C o l e et a l . (213). T h e cond i t i on responded to ascorbic a c i d therapy. 
Be tween 1951 a n d 1961 about 4 % of the y o u n g calves i n a Scott ish large 
h e r d of F r i e s i a n cattle were noted w i t h an inher i ted dermato log i ca l con 
d i t i o n a n d other disorders w i t h l o w l iver , b l o o d a n d ur ine ascorbic a c i d 
values. Ca lves treated w i t h ascorbic a c i d p r o d u c e d a spectacular re 
sponse (214) a n d re lapsed after therapy ceased. 

O l s o n a n d T a m m e u s (215) reported a syndrome of subperiosteal 
hemorrhages, progressive stiffness, a n d eventual i m m o b i l i t y i n a h e r d of 
H e r e f o r d cattle that responded to L -ascorbic a c i d treatment but re lapsed 
w h e n treatment ceased. M i c h i g a n workers (216) also observed a scurvy
l ike condi t ion , a dermatit is , l o w hemog lob in a n d ascorbic a c i d b l o o d 
values, a n d death (35 animals ) i n a h e r d of Shorthorn cattle. 

Some decades ago i t h a d been f o u n d that ascorbic a c i d injections 
i m p r o v e d a large percentage of sterile or par t ia l l y sterile bul l s (217). 
I n very h i g h p r o d u c i n g m i l k cows, w h i c h have dif f iculty b e c o m i n g preg 
nant, certain breeders have f ound , b y prac t i ca l experience, that ascorbic 
a c i d injected intravenously (2 g) a n d in t ramuscu lar ly (2 g ) before breed 
i n g w i t h the b u l l on the same day or the f o l l o w i n g day improves con
cept ion, even though , i n large herds, i t is a burdensome procedure . 
P h i l l i p s et a l . (218), as early as 1941, i n observations a n d trials w i t h 
" h a r d to settle" cows, ind i ca ted that certa in cases ( T a b l e V I ) were 
amenable to ascorbic a c i d therapy (0.5 g intravenously a n d 2 g subcu -
taneous ly ) . T h e v i t a m i n A adequacy of these animals is not reported 
and , hence, c o u l d be an inf luenc ing factor as i n v i t a m i n A deficiency, 
synthesis of v i t a m i n C is decreased (219). 

Disease Therapy. Inact ivat ion of viruses b y L -ascorbic a c id was 
reported i n 1935 to occur rather q u i c k l y under i n v i t ro condit ions (220) 
a n d somewhat later b y Jungeb lut (221) w i t h l i m i t e d conf irmation in v i vo . 
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414 ASCORBIC A C I D 

T a b l e V I . D a t a S h o w i n g the Effect of A s c o r b i c 

Before 
Treatment 
(Number of 

Cow Times Bred) Type of Case 

427 4 regular e s t r u m — f a i l e d to settle 

455 7 skips 1 or 2 periods after service 

437 6 skips 1 or 2 periods after service 

17 8 regular e s t rum—fa i l ed to settle 

16 9 regular e s t r u m — f a i l e d to settle 

29 4 skips 1 or 2 periods after service 

33 5 skips 1 or 2 periods after service 

1 W 6 regular e s t rum—fa i l ed to settle 

9 W 5 regular e s t rum—fa i l ed to settle 

4 W 4 regular e s t rum—fa i l ed to settle 

1450 m a n y uterus—no tone 

1479 m a n y uterus—no tone 

B 4 

65 m a n y cyst ic o v a r y 

404 m a n y cyst ic o v a r y 

662 7 cyst ic o v a r y 

D m a n y regular e s t rum—fa i l ed to settle 

Source: Reproduced, with permission, from Ref. 218. Copyright 1941, American 
Dairy Science Association. 

I n the ch i cken , the presence of increased ascorbic a c i d intake has been 
reported to l ower the response to a T - independent ant igen, Brucella 
abortus, a n d to raise the response i n adults (222 ) , a n d to i n h i b i t r e p l i c a 
t i o n a n d ineffect ivity of the a v i a n R N A tumor v i rus (223 ) . Subsequent 
reports b y others (224r-230) showed encouraging results for ascorbic 
a c i d treatment i n the inac t ivat i on or a l l ev ia t i on of certa in v i r a l a n d bac 
t e r i a l diseases. Nungester a n d A m e s (231) noted that ac t iv i ty of phago 
cytes was signi f icantly increased w i t h h igher ascorbic a c i d concentra
tions i n the ambient m e d i u m . I n 1971 a b i o c h e m i c a l mechan i sm of 
ac t i on i n phagocytosis was offered b y D e C h a t e l e t et a l . (232,919) i n 
v o l v i n g L -ascorb ic a c i d . 
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20. B A U E R N F E I N D Ascorbic Acid Technology 

A c i d T h e r a p y u p o n H a r d to Settle C o w s 

415 

After Treatment 

Services Result 

1 

m a n y 

m a n y 

3 

m a n y 

m a n y 

several 

pregnancy 

pregnancy 

pregnancy 

pregnancy 

pregnancy 

pregnancy 

pregnancy 

pregnancy 

pregnancy 

pregnancy 

no help 

no help 

? 

no help 

no help 

no help 

Method of Treating 

injections 8 weeks before breeding—weekly , 
subcutaneous 

6 injections over 5 weeks, beginning w i t h breeding 

6 injections over 30 days pr i o r to breeding 

intravenous and subcutaneous in ject ion at t ime of 
heat 

4 doses over 10 days after breeding 

4 doses over 10 days after breeding 

4 doses over 10 days after breeding 

3 doses over 12 days before breeding 

3 doses over 12 days before breeding 

3 doses over 12 days before breeding 

subcutaneous and intravenous 

subcutaneous and intravenous 

subcutaneous 

subcutaneous 

subcutaneous 

subcutaneous 

subcutaneous and intravenous 
dosage too low 

I n 1967 Be l f i e ld (233) in t roduced a therapeut ic p r o g r a m u s i n g 
L -ascorb ic a c i d i n the treatment against d istemper of canines ( 2 0 0 0 m g 
intravenously d a i l y ) a n d of felines (cats a n d toy breeds of dogs, 1000 
m g ) w i t h support ive therapy w i t h a resultant h i g h degree of success. 
Con f i rmat i on of the treatment was reported b y E d w a r d s (234) i n the 
treatment of cats w i t h fel ine rhinotracheit is a n d b y B r a n d t (235) i n the 
treatment of fe l ine distemper a n d pneumoni t i s i n cats. B r a n d t was less 
successful w i t h dogs. L e v e q u e (236) t reated dogs (67 an imals ) over a 
22 -month p e r i o d w i t h canine d istemper w i t h ascorbic a c i d a n d ra ised 
his recovery rate of animals to 7 2 % ( T a b l e V I I ) f r o m 5 - 1 0 % prev ious ly 
experienced. W a r d (237) i nd i ca ted that he h a d success i n ascorbic a c i d 
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416 ASCORBIC A C I D 

Table VII. Recovery Rates Among Dogs Treated with 
Ascorbic Acid for Canine Distemper Complex 

Number Number Recovery 
Patient Group Treated Recovered Rate (%) 

A l l dogs treated 67 48 71.6 

Cases showing C N S disturbance 16 7 43.8 

A t y p i c a l cases w i t h C N S disturbance 
but no convulsions 4 3 75.0 

T y p i c a l cases w i t h convulsions 12 4 33.3 

Cases w i thout C N S disturbance 51 41 80.4 

T y p i c a l cases w i t h convulsions and 
given 3 or fewer doses of ascorbic ac id 7 1 14.3 

T y p i c a l cases w i t h convulsions and 
given more t h a n 3 doses of ascorbic 
ac id 5 3 60.0 

T y p i c a l cases w i thout convulsions and 
given more than 3 doses of ascorbic 
ac id 14 11 78.6 

Source: Reproduced, with permission, from Ref. 236. Copyright 1969, Veterinary 
Medicine Publishing Company. 

treatment of canine a n d fel ine distemper over a p e r i o d of years. O t h e r 
v i r a l diseases such as v i r a l encephal it is (238 ) , for w h i c h there is a lack 
of effective therapy, may respond to treatment w i t h h i g h levels of ascorbic 
a c id . 

Administration Methods. I n admin is ter ing L -ascorb ic a c i d to a n i 
mals , there are several feasible routes, depend ing on the size of the 
a n i m a l a n d its characteristics. F o r s m a l l animals such as chickens, i t is 
possible to a d d the L -ascorb ic a c i d to the automatic water supply , p r o 
v i d i n g d isso lved trace minerals such as copper a n d i r o n can be a v o i d e d 
or m i n i m i z e d , for example b y incorporat ion of a che lat ing agent w i t h 
the ascorbic a c id . T h i s route w o u l d only be considered for a short p e r i o d 
or as an emergency measure since stabi l i ty of aqueous solutions exposed 
to a ir is poor. F o r large animals , parentera l admin is t rat i on is the most 
r a p i d a n d effective route for short periods of need. F o r longer t e r m 
admin is t ra t i on the feed route is preferred , assuming adequate s tabi l i ty 
exists for the t ime p e r i o d of in tended use. 

H i g h moisture content i n feeds or exposure of feed to h i g h h u m i d i t y , 
h i g h temperature storage is de t r imenta l to a d d e d ascorbic a c id . P e l l e t i n g 
of feed, w h i c h inc ludes exposure to steam or hot water a n d subsequent 
storage, also destroys ( 3 0 - 6 0 % ) ascorbic a c id . At tempts to overcome 
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20. B A U E R N F E I N D Ascorbic Acid Technology All 

this destructive ac t ion inc lude the use of coated ascorbic a c i d p roduc t 
forms a n d the app l i ca t i on of ascorbic a c i d to the pel let feed f o l l o w i n g 
the pe l l e t i z ing process. L - A s c o r b i c a c i d coated w i t h e t h y l cel lulose ( 4 % ) 
a n d finely p o w d e r e d ascorbic a c i d u n i f o r m l y b l e n d e d into a w a r m edib le 
hydrogenated fat ( 5 0 % ) a n d immed ia te ly sprayed i n c h i l l e d a ir into 
s m a l l beadlet f o r m are t w o methods that have i m p r o v e d stabi l i ty i n 
a n i m a l feeds ( T a b l e V I I I ) . E v e n w i t h these products , a n excess over 
c l a i m values must be added . 

If so l id fat is a n ingredient of the feed as an energy source, one 
p r a c t i c a l w a y of a d d i n g ascorbic a c i d is to u n i f o r m l y suspend the finely 
p o w d e r e d product into the l iqu i f i ed hydrogenated fat a n d spray the 
suspension onto the coo led pe l l e ted feed i n a tumbler or on a m o v i n g 
be l t conveyor. A n d r e w s a n d D a v i s (239) reported this method to be 
feasible for pe l l e ted fish feed. H e a t - e x p a n d e d c o m m e r c i a l catfish feed 
( 3 2 % prote in ) was sprayed w i t h a w a r m fat suspension of ascorbic a c i d 
to 2, 5, a n d 1 0 % fat coat ing on the feed. A f t e r d r y i n g , the water s tabi l i ty 
(water l each ing of ascorbic a c i d ) of the produc t was evaluated ( T a b l e 
I X ) as fish feed is n o r m a l l y cast on water for fish consumpt ion . 

A p r o b l e m arose as h o w to a d d L -ascorb ic a c i d to b a k e d monkey 
biscuits since b a k i n g is qui te destructive to ascorbic a c id . A f t e r some 
t r i a l w o r k i t was d iscovered that ascorbic a c i d ( 1 0 - 2 0 % ) i n concentrated 

Table VIII. Ascorbic Acid Stability in Unpelleted Feed 

Storage Condition 

Type Product 

Ascorb i c ac id , c rys ta l l ine 
E t h o c e l coated, A A 
F a t (50%) beadlets, A A 

3 Weeks/45°C 
100% Humidity 

6 Weeks/45°C 
Room Humidity 

(% Retention Ascorbic Acid) 

0 
0 

78-84 

40 -80 
84-87 
91 -99 

Table IX. Retention of Ascorbic Acid° in Fabricated Fish Feeds 

Ascorbic Acid (%) Remaining in Feed Particles 
A i ' A ' J T 7 Alter Water Exposure Ascorbic Acid Level 

mg/kg Diet 1 Minute 5 Minutes 10 Minutes 

90 96 74 50 
197 86 67 42 
379 83 67 36 

° Ascorbic acid in a warm fat suspension sprayed on feed after pelleting. 
Source: Reproduced, with permission, from Ref. 239. Copyright 1979, Mil ler 

Publishing Company. 
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418 ASCORBIC A C I D 

sucrose syrup ( 5 0 - 6 0 % ) c o u l d be brushed , sprayed , or d r o p p e d on to 
the biscuits after b a k i n g w i t h f a i r l y good stabi l i ty per formance . A s c o r b i c 
a c i d is qui te stable i n h i g h sugar compos i t ion such as candy , a d d e d at 
the last stage of processing because of the dense nature of the h i g h 
sucrose products a n d relat ive f reedom f r o m oxygen. 

Miscellaneous. I n miscellaneous a n i m a l appl icat ions re la t ing to the 
use of ascorbic a c i d , interactions w i t h toxic levels of minerals have been 
observed. H i l l (240) f o u n d increased dietary ascorbic a c i d i n chickens 
was specific i n counteract ing meta l tox ic i ty i n cases of se len ium a n d 
v a n a d i u m . T h i s was also noted b y B e r g et a l . (241). C a d m i u m tox ic i ty 
i n the rat (242) a n d i n Japanese q u a i l (243,244) has been reversed or 
counteracted. A s c o r b i c a c i d (500 m g / k g ) g iven intraper i toneal ly before 
or s imultaneously w i t h a n ora l dose of paraquat a l tered the ac t iv i ty of 
paraquat i n d i c a t i n g ascorbic a c i d to be an effective detox i fy ing agent 
(245). Kal l i s tratos a n d Fasske (246) noted i n h i b i t i o n of benzo [a ]pyrene 
carcinogenesis i n rats w i t h ascorbic a c i d treatment. T h e r e is a decreased 
l eve l of ascorbic a c i d i n l u n g tissue of mice f o l l o w i n g exposure to ozone, 
a n d K r a t z i n g a n d W i l l i s (247) propose that one func t i on of tissue ascor
b i c a c i d may be an extracel lular ant iox idant i n the lungs. U s e of ascor
b i c a c id a n d m i n e r a l supplements i n the detoxif ication of narcot ic addicts 
(248,920) has been discussed. W h i l e not a prac t i ca l approach , the 
inject ion of y o u n g chickens w i t h sod ium ascorbate has been reported to 
hea l bruises at a faster rate t h a n i n nontreated animals (249). 

Pharmaceutical Applications 

L - A s c o r b i c a c i d ( v i t a m i n C ) is a n active ingredient i n a var ie ty of 
pharmaceut i ca l dosage forms such as: h igh-potency m u l t i v i t a m i n supple 
ment ; h igh-potency m u l t i v i t a m i n supplement w i t h i r o n ; h igh-potency 
m u l t i v i t a m i n supplement w i t h minera ls ; v i t a m i n B complex ; v i t a m i n B 
complex w i t h v i t a m i n E ; ped ia t r i c drops ; tablets of a range of potencies ; 
injectables; a n d syrups a n d el ixirs . A n alternative l ist of p h a r m a c e u t i c a l 
dosage forms conta in ing ascorbic a c i d w o u l d be : tablets w i t h a w i d e 
range of potencies, drops (espec ia l ly for ped iatr i c use ) , injectables, syrups 
a n d el ixirs , effervescent tablets, a n d m u l t i v i t a m i n preparations. 

M a n y v i tamins are qui te stable under n o r m a l processing c o n d i 
tions a n d present l i t t le or no stabi l i ty problems i n finished p h a r m a 
ceut i ca l products . These i n c l u d e b i o t in , n iac in , n iac inamide , pyr idox ine , 
r ibo f lav in , a n d a-tocopheryl acetate. Others that can present prob lems 
are ascorbic a c i d , ca lc i fero l , c a l c i u m pantothenate, cyanocoba lamin , f o la -
c i n , a n d r e t i n y l esters. Overages above l a b e l c l a i m are customar i ly 
a d d e d to v i t a m i n formulat ions as a means of m a i n t a i n i n g the c l a i m e d 
l eve l of each v i t a m i n for the expected shelf l i fe of the products . T h e 
percent overage for a p a r t i c u l a r v i t a m i n such as L -ascorb ic a c i d w i l l v a r y 
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20. B A U E R N F E I N D Ascorbic Acid Technology 419 

accord ing to its performance pattern. I n general , problems of ins tab i l i ty 
of v i tamins are m u c h more acute i n m u l t i v i t a m i n l i qu ids t h a n i n single 
v i t a m i n formulat ions or i n so l id dosage forms. 

Solid Dosage Forms. L - A s c o r b i c a c i d tablets constitute one of the 
major uses i n pharmaceut i ca l appl icat ions . Tablets m a y be of the coated 
or uncoated type, i n various potencies a n d sizes, a n d also swa l l owab le or 
chewable . These so l id dosage forms are prepared either b y doub le 
compression or s lugging , b y wet granulat ion , or b y direct compression. 
In the usua l process of tablet preparat ion ascorbic a c i d i n p o w d e r or 
fine granular f o r m together w i t h suitable di luents of lactose, sucrose, or 
starch w i t h lubr i cant is s lugged a n d reduced to granules, then recom-
pressed into tablets of the des ired size. A n alternate m e t h o d consists of 
m a k i n g a moist paste of lactose, starch, a n d sucrose, w h i c h is screened, 
d r i e d , a n d reduced to granules, then m i x e d w i t h ascorbic a c i d i n coarse 
crystal l ine f o r m a n d lubr i cant a n d compressed into tablets. Spec ia l 
L -ascorb ic a c i d app l i ca t i on forms are avai lab le that permi t d irect c o m 
pression into tablet form. C h e w a b l e tablets conta in sod ium ascorbate i n 
a d d i t i o n to ascorbic a c i d a n d flavoring agents to prov ide a more pleasant 
taste. A n o t h e r spec ia l type of so l id dosage f o r m is the effervescent tablet , 
usua l ly of h igher potency (0 .5-2.0 g) that is consumed w h e n a d d e d 
water converts the tablet to a l i q u i d preparat ion . There are a n u m b e r 
of scientific papers a n d patents de ta i l ing the f o rmulat i on a n d m a n u 
facture (250-257) of so l id ascorbic a c i d dosage forms, the ir s tab i l i ty 
(258-266), i n v i t ro release of nutrients (267,268,269), a n d b i o a v a i l a 
b i l i t y (270-275). D a t a ( T a b l e X ) co l lected on c o m m e r c i a l ascorbic 
a c i d tablets stored at room temperature ( 2 5 ° C ) demonstrate f u l l l a b e l 
potency over a shelf l i fe p e r i o d of m a n y years. U n d e r n o r m a l storage 
condit ions , c ommerc ia l type ascorbic a c i d tablets are stable for over 5 
years ( > 9 5 % potency re tent ion) . T h e amount of three b r e a k d o w n 
products (dehydroascorb ic a c id , d iketogulon ic ac id , a n d oxalic a c i d ) 
f o rmed under various storage condit ions constitutes a s m a l l percentage 
of the ascorbic a c i d content a n d poses no dietary h a z a r d (276). I n the 
a p p l i c a t i o n of sugar coat ing to m u l t i v i t a m i n tablets, care fu l technique is 
r e q u i r e d to prevent excessive penetrat ion of moisture into the tablet core, 
w h i c h can lead to h i g h losses of v i tamins sensitive to moisture a n d p H 
influences. 

L i q u i d Dosage Forms. I n dry form a n d at very l o w moisture con 
tent, L -ascorb ic a c i d is very stable, but i n so lut ion exposed to a i r or 
oxygen i t is subject to ox idat ion accelerated b y disso lved trace minerals 
( copper a n d i ron ) a n d l ight exposure. L - A s c o r b i c a c i d is a r e d u c i n g 
agent a n d is subject to oxidat ive decompos i t ion i n solut ion. T h i s p r o 
ceeds first to dehydroascorbic a c id , w h i c h has f u l l v i t a m i n C act iv i ty , b u t 
continues to d iketogulon ic a c i d a n d various other b r e a k d o w n products . 
T h e degradat ion reactions are complex a n d vary w i t h aerobic or anaerobic 
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420 ASCORBIC A C I D 

T a b l e X . S t a b i l i t y of 

Analysis of Ascorbic Acid, 100-mg Tablets, 
After Long-Term Storage at 25°C 

Storage Time Assay Initial Assay 
Lot Number (months) (% of claim)' of claim) 

V - 4 1 8 103 99 103 
K R K - 2 0 2 - 6 6 I 103 104 107 
K R K - 2 0 2 - 6 5 - I I I 103 106 110 
K R K - 2 0 2 - 6 5 - I V 103 106 110 
K R K - 2 0 2 - 6 6 - I I 103 105 111 
D M S - 2 8 9 - I I 90 104 102 
L o t 2082 120 111 — 
L o t 2964B 240 101 — 
L o t 002 -0B097A 96 98 — 
* Assay by iodoraetric and 2,6-dichloroindophenol titrations. 

situations, the nature of the f o rmulat i on , a n d the type of stress to w h i c h 
p h a r m a c e u t i c a l solutions are subjected. A s c o r b i c a c i d degradat ion is also 
p H dependent . U n d e r aerobic condit ions , the rate of ox idat ion shows 
m a x i m a at p H 5, corresponding to react ion w i t h 1 equivalent of base, 
a n d at p H 11.5, corresponding to react ion w i t h 2 equivalents of base. 
A p H - l o g rate profi le ( p H range of 3.5-7.2) for rate of aerobic ox idat ion 
of aqueous ascorbic a c i d solutions ( 6 7 ° C ) was de termined b y B l a u g 
a n d H a j r a t w a l a (277) . A first-order degradat ion was observed. Rogers 
a n d Y a c o m e n i (278) also s tud ied the effect of p H on ascorbic a c i d 
solutions ( 2 5 ° C ) . 

U n d e r anaerobic condit ions , the dependency of the s tabi l i ty of 
ascorbic a c i d i n aqueous solutions on p H is re lat ive ly l o w , b u t there is a 
m a x i m u m rate of degradat ion , w h i c h is equa l to the p K ^ i of ascorbic 
a c i d , at a p H of about 4.1. Stab i l i ty of ascorbic a c i d i n m u l t i v i t a m i n 
drops has been s tudied at various p H levels. M a x i m u m losses occur i n 
the p H range of 3.3 to 4.5 a n d smaller losses are f o u n d at h igher p H 
( u p to 5.5). F i g u r e 6 shows stabi l i ty data for ascorbic a c i d i n m u l t i v i t a 
m i n e l ix i r preparations for teaspoon dosage for storage at 4 5 °C . T h e p H 
of such solutions has a more pronounced effect t h a n i n m u l t i v i t a m i n 
drops. Losses at p H 3.5 are as h i g h as 4 0 % i n 6 weeks at 4 5 °C . Rate 
studies on the anaerobic degradat ion of ascorbic a c i d as inf luenced b y 
meta l ions, F i n h o l t et a l . (279,280), have ind i ca ted the invo lvement of 
s a l t - a c i d a n d meta l complex formations. 

D u r i n g the past two decades ascorbic a c i d free radicals have become 
recognized a n d the ir k inet ics s tud ied (281-287) i n the ox idat ion of 
ascorbic a c id . Interactions between certa in of the v i tamins or ingredients 
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20. B A U E R N F E I N D Ascorbic Acid Technology 421 

Vitamin C Tablets 

Analysis of Ascorbic Acid, 100-mg Tablets, 
After Long-Term Storage at 25°C 

Diketogulonic Oxalic Acid Dehydroascorbic 
Acid (%) Acid (%) (%) 

4 
3 
4 
4 
6 

1.0 0.5 
2.0 0.5 
1.0 0.5 
1.0 0.5 
2.0 1.0 
0.5 0.5 

0.2 
0.4 

0.5 
0.2 
0.2 
0.4 
2.4 
0.3 
0.4 
2.3 
1.3 

Source: Reproduced, w i t h permission, from Ref . 276. C o p y r i g h t 1976, A m e r i c a n 
Pharmaceut ica l Associat ion. 

are of great interest to the pharmaceut i ca l chemist b o t h f r o m the theo
re t i ca l a n d the p r a c t i c a l v iewpoints . 

1. H a n d , G u t h r i e , a n d Sharp (288) reported that r ibo f lav in 
catalyzes the photochemica l ox idat ion of ascorbic a c i d that 
occurs i n the presence of oxygen on exposure to l ight . 
Converse ly , ascorbic a c i d exerts a r e d u c i n g effect on r i b o 
flavin, w h i c h is very l i k e l y i n v o l v e d i n the f ormat ion of 
ch loro f lav in i n B-complex solutions conta in ing ascorbic 
ac id . 

2. A y e l l o w complex of 1 molecule of n iac inamide w i t h 1 
molecule of ascorbic a c i d also forms read i ly i n so lut ion b y 
w h a t appears to be a charge-transfer react ion. T h e c o m 
plex has been prepared i n so l id f orm. It has been c l a i m e d 
that the pre f o rming of this complex presents difficulties 
w i t h t h i c k e n i n g a n d h a r d e n i n g of mixtures e m p l o y e d i n 
soft ge lat in capsules. G u t t m a n a n d Brooke (289) f o u n d 
the extent of association between n iac inamide a n d ascorbic 
a c i d to be p H dependent w i t h m a x i m u m adsorbance at 

3. I n a c i d m e d i u m the fo l i c a c i d molecule is c leaved b y 
r e d u c i n g agents such as ascorbic a c id . T h i s react ion occurs 
i n two stages: ( i ) cleavage to the pter id ine moiety p lus 
p -aminobenzoy lg lu tamic ac id , a n d ( i i ) destruct ion of the 
free amino group of the p -aminobenzoy lg lu tamic a c id . T h e 
decompos i t ion of fo l ic a c i d is more r a p i d at p H 3 than 
at p H 6.5. 

4. S tab i l i za t i on of v i t a m i n B i 2 solutions i n the presence of 
th iamine , n iac inamide , a n d ascorbic a c i d has been the sub
ject of a n u m b e r of patents. N e w m a r k (290) has descr ibed 

p H 3.8. 
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20. BAUERNFEIND Ascorbic Acid Technology 423 

the effective s tab i l i zat ion of B i 2 i n such solutions b y v a r i 
ous i r on compounds a n d salts. 

5. Ascorb i c a c i d w i l l destroy m a n y of the F D & C azo colors 
i n so lut ion, so stable colorants must be chosen. 

6. T h e decomposi t ion of ascorbic a c i d is cata lyzed b y trace 
meta l ions i n solut ion, hence the a d d i t i o n of sequestering 
agents such as E D T A a n d its salts has been shown to 
enhance the stabi l i ty of ascorbic a c i d (291,292,293). 

A rev iew of such interactions was p u b l i s h e d b y S c h e i n d l i n (294) i n 
1958. P o r i k h a n d L o f g r e n (295) demonstrated increased stabi l i ty of 

ascorbic ac id , conf irmed b y K a t o (296), w h e n g lycer in a n d / o r propy lene 
g ly co l type products were subst i tuted for part of the water i n a n ora l 
m u l t i v i t a m i n l i q u i d . B a u d e l i n a n d Tuschhoff (297) reported s imi lar 
findings on ascorbic a c i d and , i n add i t i on , f o u n d that ethanol or sugars 
such as sucrose, c o rn syrup, a n d dextrose also prov ide a s tab i l i z ing effect 
on ascorbic ac id . Paust a n d C o l i a z z i (298) a n d F a b r i z i et a l . (299) f o u n d 
that the first-order rate constants for oxidat ive decomposi t ion of ascorbic 
a c i d decrease as a funct ion of polysorbate 80 concentrat ion u p to 3 0 % 
at 30 °C . S i m i l a r findings were observed b y N i x o n a n d C h a w l a (300) 
w i t h polysorbate 20. O t h e r reports (301-309) dea l w i t h factors inf luenc
i n g f o rmula t i on a n d stabi l i ty of l i q u i d dosage forms of ascorbic a c i d . 

Steri le aqueous solutions prepared w i t h h i g h p u r i t y ascorbic a c i d 
a n d pyrogen-free d i s t i l l ed water i n glass- l ined equipment under absolute 
sanitary operations a n d filled into ampules are necessary for injectable 
solutions for parentera l use i n humans a n d animals . F o r a l l injectable 
products , i t is important to select container, stopper, preservative, a n d 
other ingredients that are compat ib le . 

T h e formulator of l i q u i d m u l t i v i t a m i n pharmaceut i ca l products such 
as b a b y drops, syrups, el ixirs , a n d injectables encounters numerous p r o b 
lems i n at tempt ing to develop products h a v i n g adequate p h y s i c a l a n d 
c h e m i c a l s tabi l i ty as w e l l as suitable taste, odor, color, a n d f reedom f r o m 
bac ter ia l contaminat ion . M a n y of these prob lems arise f r o m the di f fer ing 
so lub i l i ty a n d stabi l i ty characteristics of the i n d i v i d u a l v i tamins , p a r t i c u 
la r l y as these relate to the p H of the solutions a n d potent ia l interactions. 
Desp i te these numerous problems, various ways have been devised for 
p r o d u c i n g m u l t i v i t a m i n combinat ions i n l i q u i d f o rm conta in ing L -ascorb ic 
a c i d that have acceptable s tabi l i ty characteristics. Successful deve lop 
ment of such products requires a knowledge of: ( i ) the f u n d a m e n t a l 
aspects of the p h y s i c a l a n d c h e m i c a l propert ies of the v i t a m i n forms 
ava i lab le ; ( i i ) the use of adequate techniques of manufacture ; a n d ( h i ) 
the employment of suitable overages based on c r i t i c a l s tabi l i ty studies. 
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424 ASCORBIC A C I D 

Food Applications 
L - A s c o r b i c a c i d m a y be a d d e d to foods or f ood ingredients as a 

nutr ient to fort i fy n a t u r a l foods h a v i n g l i t t le or no v i t a m i n C , to restore 
losses, to s tandardize a g iven class of f ood products to h a v i n g a pre 
selected quant i ty , a n d to endow or enr i ch synthetic foods w i t h n u t r i t i o n a l 
va lue . T h e t e rm nutr i f i cat ion is used to cover a l l the above situations 
for a d d i n g a nutr ient to a f ood product . T o nutr i fy a f ood or to m a k e 
it a nutr i f i ed food impl ies a n act to make the f ood more nutr i t ious . 
A d d i n g micronutr ients such as v i tamins , minerals , amino acids, a n d 
v i t a m i n A act ive carotenoid colorants to a f ood at l o w cost for n u t r i t i o n a l 
improvement is not a n e w concept. Iod ine was a d d e d to salt i n the 19th 
century i n South A m e r i c a . Nutr i f i ca t i on is a most r a p i d , most economical , 
most f lexible, a n d most soc ial ly acceptable m e t h o d of chang ing the 
nutr ient intake of a g iven p o p u l a t i o n (310). 

N e w technolog ica l advances enable the food processing industry to 
market m a n y more food products than decades past. Factors that must 
be considered i n conjunct ion w i t h appropr iate technology before a d d e d 
ascorbic a c i d is considered are : cost of the specific food ; convenience of 
use; re lat ionship of the nutr ient to the usua l f ood selection pattern or 
other replacement or supplementa l food products ; s tabi l i ty of the n u t r i 
ent i n the food d u r i n g market shelf l i fe a n d home preparat i on ; spec ia l 
food needs, for example, infant , ger iatr ic , or m i l i t a r y ; p u b l i c h e a l t h 
considerations. 

L - A s c o r b i c a c i d is also a d d e d to food i n essentially a non-nutr ient 
capac i ty such as a preservative or oxygen acceptor, as an ac idulant , as 
a s tabi l izer of c u r e d meat color, or as a flour improver . Because of the 
e n e - d i o l group, i t has a m a r k e d i n h i b i t o r y influence on the o x i d a t i o n -
reduct ion reactions responsible for undes irable color, flavor, a n d odor 
development . Its mechan ism of act ion is dependent u p o n the character
istics of the food or f ood ingredient , the associated environments , the 
processing technology, a n d the storage expectancy of the product . 

T h e food processing industry can obta in L -ascorb ic a c i d a n d s o d i u m 
ascorbate commerc ia l l y i n a var iety of mesh sizes to meet the requ ire 
ments of various k inds of food products . These crystal l ine compounds 
are stable for years w h e n stored under cool , d r y condit ions i n c losed 
containers. Esters of ascorbic a c i d such as ascorby l pa lmitate are also 
avai lab le . 

A d d i t i o n Methods . T h e four basic technologies deve loped for a d d 
i n g ascorbic a c i d to foods are : 

1. Tablets or wafers. Compressed soluble discs conta in ing 
inert , ed ib le carriers a n d sufficient ascorbic a c i d to meet 
the ascorbic a c i d regulatory a n d ( o r ) processing requ i re 
ments of a g iven quant i ty of food. T h e tablet a d d e d to 
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20. B A U E R N F E I N D Ascorbic Acid Technology 425 

the container p r i o r to filling a n d seal ing of l i q u i d foods 
dissolves immediate ly , or may be disso lved a n d a d d e d to 
semiso l id foods or d r y foods at a late stage of food 
preparat ion . 

2. Dry premixes. A u n i f o r m mixture of a k n o w n amount of 
ascorbic a c i d a n d a d r y carrier , usua l ly a constituent of the 
food. T h e premix b l e n d e d w i t h a prescr ibed quant i ty of 
d r y food product gives a greater assurance of produc t 
un i f o rmi ty since the quant i ty of the pure v i t a m i n may be 
smal l . 

3. Liquid sprays. Sprays of ascorbic a c i d solutions or suspen
sions that may be considered l i q u i d premixes. T h e sprays 
are d i rec ted onto the surface of a f ood or injected into 
l i q u i d f ood products to c i r cumvent diff icult or continuous 
processing condit ions. F o r example, toasted ready-to-eat 
cereals are forti f ied b y spray ing a so lut ion onto flakes s t i l l 
w a r m f rom the toast ing process. 

4. Pure compound. C r y s t a l l i n e ascorbic ac id , s o d i u m ascor
bate or spec ia l coated product forms are w i d e l y a d d e d 
d irec t ly to food or predetermined quantit ies often i n the 
fo rm of prewe ighed packets for convenience. A d d i t i o n is 
accompanied b y m i x i n g to ensure un i formi ty . 

H u n d r e d s , i f not thousands, of reports have been p u b l i s h e d on the 
app l i ca t i on of ascorbic a c i d to food products for either n u t r i t i o n a l objec
tives or improvement i n food qua l i ty . B a u e r n f e i n d r e v i e w e d the use of 
ascorbic a c i d (311,312) i n processing food i n 1953 (406 references) a n d 
aga in i n 1970 (520 references) ; other reviews (313-332) on food a p p l i 
cations of ascorbic a c i d have appeared pr i o r to a n d f o l l o w i n g these dates. 

T h e stabi l i ty of ascorbic a c i d is inf luenced b y atmospheric oxygen, 
water act iv i ty , oxidat ive enzymes, pasteur izat ion methods, meta l con
taminat i on , a n d sul fur d iox ide content. 

T h e degradat ion of ascorbic a c i d i n foods has been w i d e l y s tudied . 
I t is complex i n nature a n d depends on specific condit ions a n d the 
presence of other substances. W h i l e degradat ion is not a topic of this 
r ev iew a few food re lated references are i n c l u d e d as an in t roduc t i on to 
the l i terature on this subject. A s c o r b i c a c i d has the a b i l i t y to scavenge 
superoxide a n d h y d r o x y l radicals as w e l l as singlet oxygen (333). I n a 
1975 report on the destruct ion of ascorbic a c i d as a funct ion of water 
act iv i ty b y L e e a n d L a b u z a (334) , the ha l f - l i f e of ascorbic a c i d ( F i g u r e 
7) is w e l l i l lustrated as a funct ion of moisture content. D e g r a d a t i o n 
compounds f o rmed b y heat ing ascorbic a c i d i n so lut ion were ident i f ied 
b y T a t u m et a l . (335) a n d K a m i y a (336). T h o m p s o n a n d F e n n e m a 
(337) observed differences i n the effect of f reez ing on the rate of ox i 
dat ion of ascorbic a c i d i n foods as compared w i t h d i lute s imple solutions. 
T i m b e r l a k e (338) f o u n d the ox idat ion of ascorbic a c i d i n the presence 
of metals was significant a n d c o u l d be inf luenced b y meta l che lat ing 
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426 ASCORBIC ACID 

MOISTURE CONTENT (g H 20/IOOg SOLIDS) 

Figure 7. Half-life for ascorbic acid as a function of moisture content. 
Key: %, DM; O, DH. (Reproduced, with permission, from Ref. 334. 

Copyright 1975, Institute of Food Technologists.) 

agents i n b lack currant juice. I n the last decade more attention has been 
g iven to kinet ics of qua l i ty degradat ion i n c l u d i n g ascorbic a c i d ox idat ion 
i n f ood products or m o d e l systems. E x a m p l e s are moisture-sensit ive 
products (339), ascorbic a c i d ox idat ion i n infant f o r m u l a d u r i n g storage 
(340), ascorbic a c i d s tabi l i ty of tomato juice as functions of temperature , 
p H , a n d meta l catalyst (341), the degradat ion of ascorbic a c i d i n a 
dehydrated food system (342), a n d the oxygen effect on the degradat ion 
of ascorbic a c i d i n a dehydrated food system (343) . 

T h e po int i n the food m a n u f a c t u r i n g process at w h i c h ascorbic a c i d 
is in t roduced is important . Ideal ly , i t is a d d e d as close to the t e r m i n a l 
process stage as possible , w h e n condit ions a l l ow . T o m a x i m i z e the sta
b i l i t y a n d efficacy of ascorbic a c i d a d d e d to foodstuffs, the f o l l o w i n g 
precautions are re commended for prac t i ca l success accord ing to K l a e u i 
(317): 

1. D i r e c t contact of the food produc t or its ingredients w i t h 
brass, bronze , mone l , steel, a n d i r o n must be avo ided . 
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20. B A U E R N F E I N D Ascorbic Acid Technology 427 

2. T h e equ ipment used shou ld be of stainless steel, a l u m i 
n u m , enamel , glass, ch ina , or a p p r o v e d plast ic . 

3. W h e r e v e r possible , deaerat ion shou ld precede processing, 
w h i c h shou ld be carr i ed out under inert gas or i n a 
v a c u u m . 

4. D u r i n g m i x i n g , emulsi f icat ion, homogenizat ion , a n d the 
l ike , oxygen or a i r shou ld not be in t roduced into the 
product . 

5. W h e r e possible, f ood produc t shou ld be protected f r o m 
l ight a n d other rad iant energy. 

6. Conta iners shou ld be filled to m a x i m u m capaci ty , that is , 
the headspace shou ld be kept as smal l as possible. 

7. A f ter heat processing of sealed containers, r a p i d coo l ing 
shou ld f o l l o w a n d the products shou ld be stored at coo l 
temperatures. 

8. If pract i cable , sequestering agents such as phosphates, 
citrates, E D T A , or cysteine may be added . 

9. A l l autox id izab le ingredients , such as flavoring oils, a d d e d 
to the food product shou ld have a l o w peroxide value . 

10. W h e n e v e r feasible, a short-t ime heat treatment of fresh 
food products should be employed to inact ivate enzymes 
before a d d i n g ascorbic a c id . 

11. W h e r e feasible, microorganisms may be removed b y fil
t rat ion or inact ivated b y heat treatment and , i f possible , 
processing m a y be cont inued under aseptic condit ions. 

12. Pre ferably , some ascorbic a c i d shou ld be present p r i o r to 
bo t t l ing or cann ing (1 m L of res idua l a i r reacts, theo
ret i ca l ly , w i t h 3.3 m g of ascorbic a c i d ) . 

L - A s c o r b i c ac id is f ound i n a l l l i v i n g tissues, bo th a n i m a l a n d p lant 
matter, a n d as such has been consumed b y humans for thousands of 
years, thus g i v i n g encouragement that the c o m p o u n d is phys io l og i ca l ly 
acceptable a n d safe. F u r t h e r m o r e , extensive test ing of L -ascorb ic a c i d 
prepared b y c h e m i c a l synthesis confirms its re lat ive safety. Large-sca le 
manufacture , c oup led w i t h h i g h standards of p u r i t y a n d re lat ive ly l o w 
cost, makes app l i ca t i on to f ood products economica l ly feasible. 

Use as a Nutrient. Process ing never makes a f ood product more 
complete than the o r i g ina l fresh produc t nor can i t compensate for 
nature's idiosyncrasies i n content of o r i g i n a l nutrients . H o w e v e r , the 
preservat ion, processing, a n d storage of f ood are necessary to p r o v i d e 
pa la tab i l i t y , safety to heal th , var iety of selection, a n d prov i s i on for future 
use. I n the produc t i on , h a n d l i n g , preserv ing , processing, a n d storage of 
food, some nutrients are lost or s ignif icantly l owered . N o t only does the 
nutr ient content vary i n the na tura l who le -p lant food—because of var iety , 
c l imate , harvest ing methods, s torage—but processing (because of expo
sure to heat, oxygen, metals, a n d so forth , a n d food- fract ionat ion proc 
esses ) modifies the nutr ient content. O n e nutr ient especial ly sensitive to 
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428 A S C O R B I C A C I D 

some of the factors ment ioned is L - a s c o r b i c a c id . F u r t h e r m o r e , not on ly 
are the t rad i t i ona l na tura l a n d processed or ref ined foods so ld today, 
b u t also n e w "convenience , " "semblance , " " fabr i ca ted , " " n o v e l , " a n d 
"d ietet ic or l ow-ca lo r i e " foods. Some of these products s imulate k n o w n 
foods. Others have no past counterpart a n d m a y have l o w levels of 
micronutr ients such as L - a s c o r b i c a c id , w h i c h can be corrected b y n u t r i 
fication. M a n y countries ( 3 4 4 ) have establ ished a re commended d a i l y 
a l l owance or intake of ascorbic a c i d for humans ( T a b l e X I ) . 

F R U I T B E V E R A G E P R O D U C T S . L - A s c o r b i c a c i d has been associated w i t h 
f ru i t a n d f ru i t juices since 1753 w h e n C a p t a i n James L i n d , p h y s i c i a n to 
the B r i t i s h F lee t , demonstrated the successful treatment of scurvy b y 
incorporat ing c i trus juices i n the diet . T h e pattern of f ru i t products 
consumpt ion has undergone a g r a d u a l change over the years. T h e 
dec l ine of w h o l e fresh f ru i t a n d vegetable consumpt ion is corre lated 
w i t h increased use of f rozen or canned fruits , vegetables, a n d juices a n d , 
more recently , reconst i tuted fruit - f lavored beverages. F r u i t a n d vege
table products are the p r i m a r y sources of L - a s c o r b i c a c i d i n this diet . 
A p p l e , grape, p ineapple , prune , a n d cranberry juices a n d peach a n d 
apr icot nectars conta in l i t t le or no ascorbic a c i d unless nutr i f ied . O t h e r 
juices m a y be var iab le sources. F r u i t juices l o w i n ascorbic a c i d are 
used interchangeably w i t h those of h i g h ascorbic a c i d content. It is the 

Table XI . International Dietary Allowances for Vitamin C 

Country Adult Male Pregnancy Lactation 

A u s t r a l i a 30 60 60 
C a n a d a 30 40 50 
C o l u m b i a 50 65 65 
F i n l a n d 30 50 90 
E a s t G e r m a n y 70 100 100 
W e s t G e r m a n y 75 100 120 
I N C A P 55 ( 5 0 ) ' 60 60 
I n d i a 50 50 80 
Indonesia 60 90 90 
J a p a n 60 (50)• 60 90 
M a l a y s i a 30 60 60 
Nether lands 50 75 75 
P h i l i p p i n e s 75 ( 7 0 ) ' 100 150 
T h a i l a n d 30 50 50 
T u r k e y 50 70 80 
U n i t e d K i n g d o m 
U n i t e d States* 

30 60 60 U n i t e d K i n g d o m 
U n i t e d States* 60 80 100 

Note: Values are given in milligrams per day. 
° Female. 
* NRC-1980 allowance. 
Source. Reproduced, with permission, from Ref. 844- Copyright 1975, Common 

Agricultural Bureaux. 
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20. B A U E R N F E I N D Ascorbic Acid Technology 429 

content ion of some groups that i t is desirable to nut r i f y those juices to 
make t h e m more comparab le w i t h the latter f r o m a standpoint of n u t r i 
t ive va lue , hence, l eav ing choice of selection based on flavor preferences. 

A s c o r b i c a c i d levels of 3 0 - 6 0 m g / 1 0 0 - 2 0 0 m L are m e a n i n g f u l con 
centrations. F o r example , D e l M o n t e (345) began a d d i n g L -ascorb ic 
a c i d to tomato juice (60 m g / 1 8 0 m L ) on a c o m m e r c i a l basis i n 1974. 
T h i s conforms to U . S . F D A regulations. T h e effect of processing variables 
a n d produc t storage i n ascorbic nutr i f ied tomato juice has been s tud ied 
b y F l i n n (346) a n d b y Pope a n d G o u l d (347 ) . I n a d d i t i o n to the straight 
f ru i t juices, different beverage-based products have been s tudied as 
ascorbic a c i d nutr i f i ed foods; such products inc lude a chocolate-f lavored 
p o w d e r (348) , a w h e y - s o y d r i n k mix (349 ) , m a l t lemonades (350) , a n d 
fru i t juice carbonated beverages (351,352). L - A s c o r b i c a c i d stabi l i ty , its 
influence on q u a l i t y d u r i n g storage, a n d its influence on processing f ru i t 
juices a n d beverages r emain a subject of act ive study (353-359). 

T h e ac id - type f ru i t a n d vegetable juices are good carriers of ascorbic 
a c i d , thus p r o v i d i n g a re lat ive ly stable environment . G r e s s w e l l (322) 
a n d others i n the past (311, 312,318) have r ev i ewed the use of L -ascorb ic 
a c i d i n beverages a n d frui t juices. I n a d d i n g ascorbic a c i d to juices a n d 
beverages, a dec is ion must be made about the nutr ient l eve l to be 
c l a i m e d for the produc t i n the market p lace p lus that expected to be 
destroyed i n processing a n d d u r i n g shelf l i fe . It must be recognized that 
ox idat ive enzymes (ascorbic a c i d oxidase, peroxidases) exist i n f ru i t a n d 
need to be heat inact ivated . R e m o v a l of oxygen or a i r b y v a c u u m 
deaerat ion a n d replacement b y ni trogen or carbon d iox ide or flushing 
headspace w i t h inert gas w i l l reduce ascorbic a c i d destruct ion. I n some 
instances the a d d i t i o n of glucose oxidase a n d catalase is useful i n remov
i n g d isso lved a n d headspace oxygen, w h i c h min imizes r e q u i r e d ascorbic 
a c i d add i t i on . U s e of m i n i m u m amounts of sul fur d iox ide ( insufficient 
to cause flavor changes) can be h e l p f u l i n some products for better 
ascorbic a c i d retent ion values. 

E x p o s u r e of ascorbic a c i d nutr i f ied juices a n d beverages to d irect 
sunl ight , depend ing on the l i q u i d f o rmulat ion , can accelerate destruct ion 
of ascorbic a c i d a n d b r i n g about flavor changes. If the produc t w i l l be 
exposed, choice of p a c k a g i n g m a y m i n i m i z e l i ght influences. O x y g e n 
permeab i l i t y of p a c k a g i n g mater ia l shou ld not be over looked. I n any 
n e w produc t to be nutr i f ied , p i lot -s ize p r o d u c t i o n batches ( T a b l e X I I ) 
shou ld be r u n w i t h the best selected variants a n d storage data obta ined 
before c o m m e r c i a l p r o d u c t i o n is commenced . A d d e d L -ascorb ic a c i d i n 
dry , f rui t - f lavored p o w d e r e d products to be reconst i tuted is qui te stable 
i f moisture levels are kept l o w a n d i f they are p a c k e d i n laminated , 
moisture-resistant packets. 

I t has been recognized that the e lder ly (360) do not a lways consume 
sufficient L -ascorb ic a c i d due , i n part , to lack of selection of appropr iate 
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430 ASCORBIC A C I D 

T a b l e X I I . S t a b i l i t y of A d d e d 

After Processing 

Ascor Vita
bic min 

Product Packaging Goal Acid Ca 

A p p l e juice glass, 1 q t 30 m g / 4 fl oz 40 44 
A p p l e juice glass, 1 q t 30 m g / 4 fl oz 38 41 
A p p l e juice glass, 1 q t 30 m g / 1 0 fl oz 38 49 
A p p l e juice glass, 1 q t 30 m g / 4 fl oz 38 43 
A p p l e juice glass, 24 oz 30 m g / 8 fl oz 35 47 
A p p l e juice c a n , 2 0 oz 35 m g / 1 0 0 m L 35 41 
A p p l e juice can ,18 oz 30 m g / 4 fl oz 38 45 
A p p l e juice glass, 1 qt 30 m g / 4 fl oz 42 49 
A p p l e cherry glass, 1 qt 30 m g / 4 fl oz 53 54 
A p p l e orange glass, 4 oz 30 m g / 4 fl oz 66 — 
A p p l e orange glass, amber 40 m g / 1 0 0 m L 62 63 
A p p l e orange can 40 m g / 1 0 0 m L 61 62 
Applesauce can, 1 lb 30 m g / 1 0 0 g 69 74 
A p r i c o t nectar c a n , 4 oz 30 m g / 4 fl oz 57 59 
A p r i c o t nectar can ,18 oz 30 m g / 4 fl oz 35 40 
A p r i c o t nectar — 30 m g / 4 fl oz 39 — 
A p r i c o t pineapple can, 4 oz 30 m g / 4 fl oz 69 70 
A p r i c o t d r i n k can, 6 oz 30 m g / 6 fl oz 47 48 
A p r i c o t d r i n k c a n , 1 2 oz 30 m g / 4 fl oz 49 53 
A p r i c o t orange c a n , 1 2 oz 30 m g / 4 fl oz 47 49 
Cereals , d r y box, l iner 10 m g / o z 10.3 — 
Cereals , d r y box, l iner 10 m g / o z 11.4 — 
Cereals , d r y box, l iner 10 m g / o z 10.5 — 
Cocoa powders envelope 25 m g / 1 0 0 g 34 48 
Cocoa powders fo i l bags 120 m g / l b 180 214 
Cocoa powders box, 1 lb 75 m g / 2 0 g 78 80 
Cocoa powders can, 0.5 lb 15 mg /0 .75 oz 14.1 — 
Cocoa powders package 15 m g / o z 18 — 
C r a n b e r r y juice glass, 16 oz 30 m g / 4 fl oz 39 39 
C r a n b e r r y juice glass, 16 oz 30 m g / 4 fl oz 60 61 
C r a n b e r r y juice glass, 16 oz 30 m g / 4 fl oz 42 49 
C r a n b e r r y juice glass, 16 oz 30 m g / 6 fl oz 38 41 
C r a n b e r r y orange glass, 1 qt 30 m g / 6 fl oz 59 61 
C r a n b e r r y apr icot glass, 1 qt 30 m g / 6 fl oz 38 49 
F r u i t punch can ,46 oz 30 m g / 8 fl oz 44 48 
F r u i t punch glass, 0.5 gal 30 m g / 1 0 fl oz 67 68 

F r u i t carbonated beverages 
grape can ,12 oz 30 m g / 1 2 fl oz 42 46 
orange c a n , 1 2 oz 30 m g / 1 2 fl oz 44 46 
root beer c a n , 1 2 oz 30 m g / 1 2 fl oz 40 50 

F r u i t powder mixes 
orange package, 3 oz 30 m g / 3 oz 82 87 
orange envelope 30 m g / 4 fl oz 78 79 
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20. B A U E R N F E I N D Ascorbic Acid Technology 431 

A s c o r b i c A c i d i n Food P r o d u c t s 

Storage, 70-75°F (23°C) 

6 Months 12 Months 

Ascorbic Acid Vitamin C Ascorbic Acid Vitamin C 

31 40 ( 8 0 ) 6 — — 29 33 (80) — — 
— — 25 37 (76) 
29 33 (77) — — 31 34 (72) 28 32 (68) 
35 — 26 31 (76) 
31 33 (73) 26 26 (58) 
28 30 (61) 25 31 (63) 
35 44 (81) 31 34 (63) 
56 (85) — 54 (82) — 46 48 (76) 37 40 (64) 
49 53 (85) 39 48 (77) 
59 62 (84) 56 56 (76) 
61 62 (100) 45 50 (84) 
31 46 (100) 29 32 (80) 
37 (95) — 32 (82) — 53 56 (80) 52 59 (84) 
40 46 (95) 29 40 (83) 
48 49 (92) 37 41 (77) 
43 43 (88) — — 8.3 (80) 9.7 7.2 (70) 9.9 

— 12.5 9.9 (87) 10.3 
8.0 (76) 10.7 7.0 (67) 9.1 

34 45 (94) 28 39 (81) 
166 194 (90) 137 171 (80) 

76 87 (100) 77 82 (100) 
13.0 (92) 14.0 11.4 (81) 12.9 
15.8 (88) — 16.5 (91) — 30 35 (90) — — 
51 57 (94) — — - 7 39 (80) 32 38 (78) 
33 35 (86) 32 34 (83) 
47 53 (87) — — 35 40 (82) 38 40 (82) 
31 35 (73) — — 54 58 (85) — — 
30 35 (76) 26 28 (61) 
30 35 (76) 22 25 (54) 
31 41 (82) 28 32 (64) 

75 80 (92) 73 79 (91) 
71 77 (97) 68 76 (96) 

Continued on next page. 
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432 ASCORBIC A C I D 

Table XII . 

After Processing 

Ascor Vita
bic min 

Product Packaging Goal Acid Ca 

F r u i t powder mixes 
orange glass, 7 oz 136 m g / o z 136 — 
orange c a n , 4 oz 75 m g / 4 fl oz 144 122 
lemon glass, 7 oz 60 m g / 2 5 g 75 — 
f ru i t ge lat in can ,24 oz 15 m g / 3 oz 17.5 18.2 
f ru i t ge lat in can ,24 oz 15 m g / 4 oz 63 68 

F r u i t lo l l ipops 
lemon 30 m g / p o p 29 — 
pineapple 30 m g / p o p 30 — 

G r a p e juice C ' can, 6 oz 15 m g / 1 oz 1 3 d 14* 
G r a p e d r i n k can 30 m g / 8 fl oz 31 33 
G r a p e d r i n k can, 12 oz 30 m g / 6 fl oz 44 48 
G r a p e d r i n k can, 46 oz. 30 m g / 6 fl oz 43 46 
G r a p e d r i n k c a n , 1 qt 30 m g / 6 fl oz 36 40 
G r a p e d r i n k glass, 0.5 gal 30 m g / 8 fl oz 26 35 
G r a p e d r i n k glass, 0.5 gal 30 m g / 8 fl oz 30 41 
G r a p e f r u i t juice glass, 17 oz 30 m g / 4 fl oz 68 71 
G r a p e f r u i t juice can ,18 oz 30 m g / 4 fl oz 56 58 
G r a p e f r u i t juice can, 18 oz 30 m g / 4 fl oz 63 69 
G r a p e f r u i t juice c a n , 1 8 oz 30 m g / 4 fl oz 57 57 
G r a p e f r u i t juice can, 6 oz 30 m g / 4 fl oz 74 76 
G r a p e f r u i t juice C° can, 6 oz 30 m g / 4 fl oz 44* 4 7 d 

Lemonade d r i n k c a n , 4 6 oz 30 m g / 8 fl oz 76 78 
L o w - c a l o r i e d r i n k powders 

v a n i l l a c a n , 8 oz 100 m g / q t 148 188 
chocolate c a n , 8 oz 100 m g / q t 140 180 

M i l k products 
l i q u i d f o rmula can, 13 oz 50 m g / c a n 54 56 
l i q u i d f o rmula c a n , 1 3 oz 50 m g / c a n 99 — 
evaporated m i l k can, 13 oz 94 — 
d r y f o rmula c a n / g gas 60 m g / 1 1 2 g 57 63 
d r y f o rmula c a n / g v a c u u m 60 m g / 1 1 2 g 63 79 
d r y m i l k , whole can, a i r 100 m g / l b 136 200 
d r y m i l k , whole can, a ir 100 m g / l b 157 188 
dry m i l k , whole can, gas 100 m g / l b 184 200 

Orange d r i n k can ,46 oz 30 m g / 8 fl oz 47 50 
Orange d r i n k c a n , 1 2 oz 30 m g / 6 fl oz 33 39 
Orange d r i n k c a n , 1 2 oz 60 m g / 1 2 fl oz 67 88 
Orange d r i n k glass, 1 qt 15 m g / 4 fl oz 28 28 
Orange d r i n k glass, 1 qt 30 m g / 8 fl oz 53 56 
Orange d r i n k glass, 1 q t 30 m g / 8 fl oz 40 44 
Orange d r i n k can, 46 oz 30 m g / 8 fl oz 37 44 
Orange d r i n k glass, 0.5 ga l 30 m g / 1 0 fl oz 79 82 
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20. B A U E R N F E I N D Ascorbic Acid Technology 433 

C o n t i n u e d 

Storage, 70-75°F (23°C) 

6 Months 12 Months 
Ascorbic Acid Vitamin C Ascorbic Acid Vitamin C 

139 (100) — 166 (85) — 
144 121 (99) 106 119 (97) 

71 (95) — 71 (95) — 
16.8 17.9 (98) 15.5 16.6 (91) 
62 68 (100) 61 66 (97) 

— — 30 (100) — 
— — 30 (100) — 
12" 14" (100) 11" 12" (86) 
31 34 (100) 18 31 (94) 
33 39 (81) — — 
37 39 (85) 26 32 (70) 
35 41 (100) 24 26 (65) 
23 27 (80) — — 
28 31 (76) — — 
_ — 51 52 (73) 
48 51 (88) 46 48 (83) 
56 61 (90) 53 57 (83) 
50 (88) — 49 49 (86) 
68 69 (90) 60 63 (83) 
4 3 " 48" (100) — — 
69 77 (99) 60 67 (86) 

141 168 (90) 100 121 (64) 
136 160 (90) 129 143 (80) 

27 34 (60) — — 
49 (50) — 4 9 ( 5 0 ) — 
62 (64) — — — 
— — 58 61 (97) 
— — 63 76 (96) 

147 195 (98) 138 168 (84) 
115 158 (84) 133 122 (65) 
184 189 (95) 188 186 (93) 

37 41 (82) — — 
27 30 (77) — — 
62 81 (92) — — 
25 27 (99) 16 23 (82) 
50 54 (96) 32 46 (82) 
36 40 (91) 31 33 (75) 
31 37 (84) 27 34 (77) 
71 73 (89) 66 68 (83) 

Continued on next page. 
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434 A S C O R B I C A C I D 

Table XII. 

After Processing 

Ascor Vita
bic min 

Product Packaging Goal Acid Ca 

Orange drink C° can, 6 oz 30 mg /4 fl oz 53 d 57* 
Orange drink C c can, 6 oz 30 mg /4 fl oz 6 8 d 7 1 d 

Orange drink C 0 can, 6 oz 30 mg / 8 fl oz 3 9 d 5 1 d 

Pineapple juice can, 11 oz 30 mg /4 fl oz 47 48 
Pineapple juice can, 18 oz 30 mg / 4 fl oz 44 44 
Pineapple juice can, 46 oz 30 mg /4 fl oz 43 47 
Pineapple juice can, 46 oz 30 mg /4 fl oz 39 39 
Pineapple juice 30 mg /4 fl oz 69 — 
Pineapple juice C c can, 6 oz 30 mg /4 fl oz 7 9 ' 8 8 d 

Pineapple grapefruit can, 12 oz 30 mg / 6 fl oz 40 42 
Pineapple grapefruit can, 46 oz 30 mg /6 fl oz 59 60 
Pineapple grapefruit can, 46 oz 30 mg / 8 fl oz 39 40 
Pineapple orange can, 46 oz 30 mg /8 fl oz 36 37 
Pineapple orange can, 46 oz 30 mg / 6 fl oz 43 45 
Pineapple orange can, 12 oz 30 mg / 6 fl oz 42 49 
Potato flakes can 60 mg / 3 oz 48 59 
Potato flakes can, air 60 mg /100 g 51 65 
Potato flakes can, gas 60 mg /100 g 70 79 

Soybean products 
liquid formula can, 13 oz 50 mg/can 45 — 
dry powder can, l i b 60 mg /4 oz 62 62 

Tomato juice can, 18 oz 30 mg /100 m L 52 54 
Tomato juice can, 46 oz 30 mg /100 m L 39 — 
Tomato juice can, 18 oz 30 mg /4 fl oz 40 41 
Tomato juice can, 46 oz 30 mg /4 fl oz 41 44 
Tomato juice glass jar 30 mg / 6 fl oz 55 59 
Tomato juice can, 46 oz 30 mg / 6 fl oz 72 75 
Vegetable juice can, 46 oz 30 mg / 6 fl oz 53 58 
Vegetable juice can 6 oz 30 mg /4 fl oz 36 42 
Vegetable juice glass jar 30 mg /4 fl oz 45 — 

° Vitamin C equals ascorbic acid plus dehydroascorbic acid. 
b Values in parentheses are percent retention during storage. 
c Concentrate. 
d 0°F. 
Source: Reproduced, with permission, from Ref. 312. Copyright 1970, Academic 

Press, Incorporated. 
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20. B A U E R N F E I N D Ascorbic Acid Technology 435 

C o n t i n u e d 

Storage, 70-75°F (23°C) 

6 Months 12 Months 

Ascorbic Acid 

55" 
62" 
40" 
43 
38 
42 
36 
63 (91) 
78" 
35 
50 
36 
32 
38 
36 
30 
40 
68 

Vitamin C 

57" (100 ) 
66" (94) 
4 7 " ( 9 2 ) 
43 (90) 
45 (100) 
42 (89) 
36 (92) 

8 2 " ( 9 3 ) 
39 (93) 
54 (90) 
38 (95) 
32 (82) 
41 (91) 
41 (84) 
43 (73) 
60 (92) 
71 (90) 

Ascorbic Acid 

6 1 " 
4 1 " 
38 (81) 
35 
35 

55 (80) 

38 

Vitamin C 

65" (91 ) 
46" (90) 

36 (82) 
35 (74) 

46 (92) 

47 (100) 
49 
45 
35 (90) 
37 (93) 
41 
51 
57 
40 
32 
42 (93) 

60 (97) 
45 (83) 

50 (100) 
56 (95) 
63 (84) 
43 (74) 
34 (81) 

43 (95) 
48 
44 
27 (70) 
34 
32 
39 
45 
32 
29 
41 (91) 

61 (98) 
44 (81) 
30 
37 (93) 
35 (80) 
47 (80) 
48 (64) 
38 (66) 
29 (69) 
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436 A S C O R B I C A C I D 

foods because of dent i t i on problems. F r u i t purees such as app le sauce 
(361) have been over looked products . L i k e d b y the e lder ly as a break
fast f ru i t , as a d inner dessert, as a t o p p i n g for ice cream, these w o u l d be 
one w a y of gett ing more ascorbic a c i d to the e lder ly i f they were n u t r i 
fied. Ascorb i c a c i d ( T a b l e X I I ) can feasibly a n d economica l ly be a d d e d 
to apple sauce. C a n c e l et a l . (362) reported favorable retent ion of 
L - a s c o r b i c a c i d a d d e d to c i t ron slices p a c k e d i n syrup a n d to c i t ron bars. 

A C I D - F E R M E N T E D P R O D U C T S . A c i d fermentat ion is a very ancient art 
of preserv ing a n d stor ing foods such as cabbage a n d pickles w h i l e 
re ta in ing the ir nutr i t ive value . A l t h o u g h cabbage has been k n o w n for 
centuries as a va luab le ant iscorbut ic vegetable, sauerkraut manufac tur 
i n g , packag ing , a n d storage can affect ascorbic a c i d levels. D u r i n g act ive 
a c i d fermentat ion, there is l i t t le loss, bu t i n tank storage a n d the c a n n i n g 
process losses of v i t a m i n C can occur. I n a study of 217 samples of 
canned kraut , variat ions of 1-25 m g / 1 0 0 g were f ound . T h e canned 
produc t c o u l d be modi f i ed to conta in a g iven amount of a d d e d ascorbic 
a c id , p r o d u c i n g a more u n i f o r m produc t (363) . 

P O T A T O P R O D U C T S . I n some countries, potatoes contr ibute an appre 
c iab le propor t i on of the d a i l y L - a s c o r b i c a c i d needs. D u r i n g the last 
decade a n d foreshadowing the t rend i n the decade ahead, more of the 
a n n u a l potato crop is b e i n g converted to processed potato products , 
p a r t i c u l a r l y i n the deve loped countries. A v e r a g e ascorbic a c i d values for 
varieties of potatoes that are commerc ia l l y important range f r o m about 
10 to 33 m g per 100 g of the freshly d u g tubers, w i t h an overa l l va lue of 
26 m g . Losses d u r i n g storage approx imate one- fourth of the ascorbic 
a c i d content after 1 m o n t h , one-half after 3 months a n d three-fourths 
after 9 months (364). A further degradat ion of about 4 0 % occurs d u r i n g 
w a s h i n g a n d cooking , a loss that may increase i f the cooked produc t is 
h e l d on steamtables before serving. F o r f rench fries, a loss of 6 5 % 
ascorbic a c i d has been observed (365). A n ever- increasing percentage 
of the potato crop is processed into products such as dehydrated potato 
flakes, granules, chips or crisps, a n d frozen sticks. D e h y d r a t i o n of 
potatoes to flakes, granules, or slices induces losses of 3 0 - 8 9 % of the 
n a t u r a l ascorbic a c i d content (365-373). Interest continues i n the 
L - a s c o r b i c a c i d content of the potato a n d potato products (365-377) 
w i t h attention g iven to assay methods that specif ical ly measure ascorbic 
a c i d i n processed potato products (365). 

C o n c e r n has been shown for the restoration of L - a s c o r b i c a c i d losses 
i n potato products or its a d d i t i o n for produc t improvement (317,366, 
367,371,372,373,378). Restorat ion m a y not be a s imple process, de
p e n d i n g on the specific product . M e c h a n i c a l m i x i n g of the potato p r o d 
uct , granules, or flakes w i t h crystal l ine L - a s c o r b i c a c i d w i l l not y i e l d a 
u n i f o r m product , a n d mechan i ca l m i x i n g breaks d o w n the potato par t i c l e . 
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20. B A U E R N F E I N D Ascorbic Acid Technology 437 

P o w d e r e d ascorbic a c i d suspended i n a n ant ioxidant- treated, saturated 
vegetable o i l m a y be sprayed on the d r i e d flakes, i f the p h y s i c a l appear 
ance of the nutr i f i ed produc t is not inf luenced. W i t h potato chips , 
ascorbic a c i d can be a d d e d i n a salt premix . A d d i t i o n of ascorbic a c i d 
to the l i q u i d potato mash m a y be prac t i ca l i f s ignif icant r e cyc l ing of the 
heated produc t t h r o u g h the d r y i n g process is not excessive. I n one s tudy 
(367 ) , ascorbic a c i d has been a d d e d to cooked potato mash , w h i c h was 
then d r u m - d r i e d into flakes, packaged into cans, a n d sealed i n a i r or 
n i t rogen gas. Storage retent ion values i n the p r o d u c t after 7 months at 
70 ° F approx imated 7 5 % for a i r -packed containers a n d 9 0 % for the 
n i trogen-packed . I n another study (372 ) , extrusion variables i n the 
m a n u f a c t u r i n g of potato flakes were noted to s igni f icantly alter the 
ascorbic a c i d l eve l of the extruded produc t ( T a b l e X I I I ) . 

K l a e u i (317) indicates some success has been at ta ined i f sul fur 
d iox ide at levels w i t h i n lega l l imits a n d a s m a l l amount of s o d i u m p y r o 
phosphate ac t ing as a sequestrant are a d d e d w i t h ascorbic a c i d to potato 

Table XIII. Percent Vitamin C Retention in Potato Flakes as 
Influenced by Extrusion Variables in Their Production 

Extrusion J / t S ( r e w g / 1 g c r e w 

lempera-
ture Small Large Small Large 

(°C) RPM Die Die Die Die 

135 40 94.3 96.5 90.2 91.5 
80 90.1 95.1 84.7 90.2 

120 85.2 91.9 80.5 85.8 
160 81.9 86.8 80.1 82.8 
200 80.7 82.9 76.1 79.4 

149 40 90.4 92.4 87.2 90.5 
80 82.5 91.0 80.1 86.2 

120 80.6 87.3 75.2 83.3 
160 77.1 82.5 70.7 74.0 
200 76.5 80.6 64.2 70.1 

163 40 88.9 91.1 83.1 87.2 
80 83.5 88.2 80.8 83.3 

120 77.6 80.3 75.2 76.2 
160 70.2 75.6 68.3 72.4 
200 63.5 72.1 60.2 67.9 

177 40 87.2 90.2 83.0 85.0 
80 81.5 89.4 77.2 80.8 

120 67.4 73.2 65.1 68.9 
160 50.7 60.0 48.3 52.4 
200 46.2 53.7 42.6 44.5 

Source: Reproduced, with permission, from Ref. 872. Copyright, 1978, Forster-
Verlag AG. 
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438 ASCORBIC A C I D 

mash, to a i d i n good ascorbic a c i d retent ion a n d u n i f o r m i t y of color. 
U s i n g sod ium ascorbate (400 fig/g) a n d ascorby l pa lmi tate (300 /*g/g) 
i n p lace of ascorbic a c i d p r o v i d e d ant iox idant va lue a n d i m p r o v e d texture 
d u r i n g the reconst i tut ion of the d r y produc t i n a d d i t i o n to i m p r o v e d 
v i t a m i n value . I f n i t rogen p a c k i n g is not used to de lay deter iorat ion i n 
d r y potato products d u r i n g p a c k a g i n g a n d storage, antioxidants m a y be 
incorporated to re tard oxidat ive ranc id i ty . M o i s t u r e content of the 
produc t shou ld be kept as l o w as is technica l ly feasible (pre ferab ly less 
t h a n 6 - 8 % ) . 

C E R E A L - G R A I N P R O D U C T S . C e r e a l g r a i n products contr ibute i m 
measurably to the h u m a n dietary state (379, 380) a r o u n d the w o r l d . H o w 
ever, b a k e d goods such as bread , buns, a n d rolls are not good carriers 
for a d d e d ascorbic a c i d w h e n the expectancy of a specific n u t r i t i o n a l 
c l a i m is to be made. A s c o r b i c a c i d functions as a wheat flour improver , 
decompos ing to a large extent i n its i m p r o v i n g act ion d u r i n g the b a k i n g 
process; therefore l i t t le remains to meet a c l a i m e d ascorbic a c i d va lue i n 
the b a k e d product . I f situations develop w h e r e b y i t is desirable to have 
ascorbic a c i d i n a b a k e d i t em, i t shou ld be a produc t of the fast heat 
type such as donuts (381) or a cake or cookie f o rmulat i on where a d d e d 
ascorbic a c i d is p u t i n a c ream filling or i n an i c i n g (382). Stable d e r i v a 
tives (383 , 384) of ascorbic a c i d that w i l l survive the b a k i n g process are 
k n o w n but have not been demonstrated as b io l og i ca l ly ava i lab le to 
humans . 

A b l e n d of corn , soy, a n d m i l k i n a d r y m e a l nutr i f i ed w i t h m i n e r a l 
a n d v i tamins , t e rmed C S M , has been des igned as a nutr i t ious f ood for 
h u m a n consumpt ion . O n e of the a d d e d v i tamins is L - a s c o r b i c a c i d . 
V o j n o v i c h a n d Pfe i fer ( 3 8 5 ) c onducted some trials w i t h ascorbic a c i d 
nutr i f i ed C S M a n d precooked d ry infant cereals. Stab i l i ty data revealed 
that destruct ion of the a d d e d ascorbic a c i d was a first-order react ion a n d 
that moisture content was a c r i t i c a l issue i n ascorbic a c i d retent ion 
( F i g u r e 8 ) . N o t more t h a n 9 % moisture was shown to prov ide good 
storage retention values. E t h y l cel lulose coated ascorbic a c i d was pre 
ferred over regular crystal l ine ascorbic a c i d i n this cereal p roduc t a p p l i 
cat ion. L i n k o (386) noted stabi l i ty of ascorbic a c i d a d d e d to F i n n i s h 
d r y r o l l ed oats was excellent d u r i n g storage ( 8 8 - 9 6 % ) a n d d u r i n g 
cook ing ( 9 2 % , 5 m i n b o i l i n w a t e r ) . I n the U . S . , v i tamins have been 
a d d e d to d ry breakfast cereals (387,388,389) for some t ime, a n d tech 
nologies for a d d i n g them have been developed. T h e effects of process ing 
a n d storage of cereals w i t h a d d e d micronutr ients , i n c l u d i n g L - a s c o r b i c 
a c id , were invest igated b y A n d e r s o n et a l . (390), a n d a s l ight loss at 
4 0 ° C was experienced for ascorbic a c i d i n some cereals b u t not i n others. 
T h e l o w moisture content of this class of products a n d use of moisture 
resistant p a c k a g i n g make t h e m a good carrier . K l a e u i (314) c onducted 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

02
0



20. B A U E R N F E I N D Ascorbic Acid Technology 439 

— 26f C , 8.0% H20 

^ ^ C C ^ T I — 37°C , 8 0% H20 
H20 

4 5 ° C . 8.0% H20 

^26 C . 11.8% H20 

^37C. 10.4% H20 

2 3 4 5 
Stotage. Months 

Figure 8. Storage of CSM containing brand a: effect of moisture content 
and temperature on retention of ascorbic acid. (Reproduced, with per
mission, from Ref. 385. Copyright 1970, American Association of Cereal 

Chemists, Incorporated.) 

a s tudy i n c l u d i n g ascorbic a c i d , s o d i u m ascorbate, a n d ascorby l pa lmi ta te 
i n various mixtures that i l lustrates the signif icant influence of the type of 
carr ier o n stabi l i ty performances ( T a b l e X I V ) . G a g e (391) has exam
i n e d snack foods i n c l u d i n g those that m a y be suitable for nutr i f i cat ion 
w i t h ascorbic a c i d . 

I R O N U T I L I Z A T I O N . I r o n deficiency, a major cause of anemia i n 
humans , is a w o r l d - w i d e p r o b l e m (392,893,394) a n d the search for 
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440 A S C O R B I C A C I D 

Table X I V . Stability of Various Vitamin C Forms in Some Edible 
Carriers (After 1 Year Storage in Closed Bottles) 

Vitamin C-Retention in Percent of Initial Value 

Skimmed Glucose Glucose 
Vitamin Tem Wheat Wheat Milk Mono- Anhy
Added perature Starch Flour Powder hydrate drous 

Ascorb ic R T 97.8 71.2 70.7 76.8 97.2 
ac id 4 5 ° C 83.7 68.5 70.2 74.2 75.8 

S o d i u m R T 97.5 70.4 81.3 84.5 94.8 
ascorbate 4 5 ° C 81.4 70.2 72.1 74.5 74.2 

A s c o r b y l R T 95.8 69.3 86.0 90.1 85.9 
pa lmi ta te 4 5 ° C 85.4 43.4 81.8 55.3 80.4 

W a t e r content of 
carr ier mater ia l 1 2 . 0 % 1 2 . 5 % 3 . 5 % 9 . 1 % 0 . 1 % 

Source: Reproduced, with permission, from Ref. 31^. Copyright 1 9 7 4 , Applied 
Science Publishers Limited. 

effective supplements (392,394) is a never e n d i n g one. O n e p r e v a i l i n g 
a p p r o a c h g a i n i n g m o m e n t u m ( 3 9 2 ) is to improve the b i o l og i ca l a v a i l a 
b i l i t y of exist ing dietary i r o n supplies or a d d e d i ron b y also incorpora t ing 
some fac i l i ta t ing substance i n the diet such as L -ascorbic a c i d (395-404). 
C e r e a l g ra in meals ( 3 9 5 , 3 9 8 ) , soy bean m e a l ( 3 9 5 ) , salt (396,397), 
sugar (399,407,408), M S G , coffee, tea, a n d m i l k (401-404) are some 
potent ia l f ood carriers. I n instances, b o t h a n i r o n source a n d ascorbic 
a c i d are added . Some investigators be l ieve that i n h i g h cereal diets 
ascorbic a c i d may be needed. T h e enhanc ing b y ascorbic a c i d is dose-
dependent. A s l i t t le as 2 5 m g , as a m e a l intake, m a y be significant (400), 
but intakes of 100 m g or more d a i l y m a y be the goa l sought. Coffee has 
been proposed as a n i r on carr ier (405,406) a n d L e e (409) raises the 
prospect of instant coffee as a carr ier for L -ascorbic a c id . T h e use of 
sod ium ascorbate w o u l d prevent c u r d l i n g of a d d e d c ream or coffee 
whitener . Beverages nutr i f ied w i t h a d d e d ascorbic a c i d a n d conta in ing 
i r o n are c l a i m e d to be s tab i l i zed b y the a d d i t i o n of cysteine a c c o r d i n g 
to M o r s e a n d H a m m e s ( 4 1 0 ) . 

I N F A N T M I L K S . T h e effect of preparat ion , technology, a n d storage 
condit ions of ascorbic a c i d nutr i f i ed evaporated m i l k in fant formulat ions 
has been s tudied b y several investigators (411,412,413) a n d i n the past 
has been rev iewed b y others. It is economica l ly a n d nutr i t i ona l l y sound 
to nutr i fy evaporated m i l k w i t h 5 0 - 1 0 0 m g of ascorbic a c i d per 13 fl oz 
(384 .5 m L ) , for future reconst i tut ion to a quart or l i ter , i n vacuum-sea led 
containers ac cord ing to Pennsy lvan ia State U n i v e r s i t y researchers. T h e 
sod ium salt is pre ferred to a v o i d a potent ia l destab i l i zat ion effect o n the 
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20. B A U E R N F E I N D Ascorbic Acid Technology 441 

m i l k proteins d u r i n g the s ter i l i zat ion process. W h e n 50 a n d 100 m g was 
a d d e d , 35 a n d 71 m g of ascorbic a c i d per l i ter , respectively, were present 
on a reconst i tuted basis after processing a n d 12 months ' storage at r o o m 
temperature ( 2 5 ° C ) . I n the U . S . evaporated mi lk -base in fant foods are 
marketed conta in ing 50 m g of a d d e d ascorbic a c i d per 13-fl-oz can, w h i c h 
is d i l u t e d to a quart before consumpt ion . Some dry - f o rmula ted in fant 
foods are l ikewise forti f ied w i t h ascorbic a c id . D r y , l ow-ca lor ie d iet foods 
in tended for the o lder adu l t market also conta in a d d e d ascorbic a c i d ; 
these products are to be reconst ituted i n water or m i l k before use. M a n y 
cereals a n d m i l k powders for infants are rout ine ly nutr i f ied w i t h one of 
the various acceptable forms of i r on . T h e b i o a v a i l a b i l i t y of such i r o n is 
s t r ik ing ly i m p r o v e d w h e n ascorbic a c i d is also present (414) . A rat io b y 
w e i g h t of at least 1:5 i r on to ascorbic a c i d is recommended . 

H e a d a n d H a n s e n (415) a d d e d L - a s c o r b i c a c i d (42.3 m g / L ) to 
who le , chocolate, a n d l o w fat ( 1 % ) fluid mi lks to increase the ascorbic 
a c i d intake of school ch i ld ren . Three m i l k treatments were examined 
( C ) pasteur ized m i l k , ( E ) pasteur izat ion ( 7 4 ° C for 16 s) after ascorbic 
a c i d add i t i on , a n d ( F ) ascorbic a c i d a d d i t i o n after pasteur izat ion . Stor
age ( 4 ° C ) retention of ascorbic a c i d ( F i g u r e 9) was good, a n d the taste 
reactions of c h i l d r e n were favorable . Prev ious ly W e i n s t e i n et a l . (416) 
a n d A n d e r s o n et a l . (417) h a d reported on ascorbic a c i d nutr i f i ed f l u i d 
m i l k to w h i c h ascorbic a c i d was a d d e d at 50 a n d 200 m g / L , respectively. 
In fant mi lks nutr i f ied w i t h ascorbic a c i d were invest igated b y C a m e r o n 
(418) d u r i n g the preparatory procedures p r i o r to in fant feeding. 

Use as a Processing A i d . I n add i t i on to serv ing as an a d d e d n u t r i 
ent i n food, L - a s c o r b i c a c i d has the u n u s u a l property , because of its 
structure a n d c h e m i c a l nature, to act as a processing a i d for certa in foods 
or food ingredients . I n this role i t is a d d e d for an in tended purpose , 
usua l ly foregoing nut r i t i ona l considerations since m u c h of the a d d e d 
ascorbic a c i d undergoes degradat ion to protect the qua l i ty of the food 
product . O n l y smal l amounts i n some appl icat ions m a y r e m a i n of u n -
reacted ascorbic a c id . E x a m p l e s of its i m p r o v i n g agent role are : a n 
oxygen scavenging agent i n bot t led a n d canned food products ; a n i n h i b i 
tor of oxidat ive ranc id i ty i n frozen fish; a stabi l izer of color a n d flavor i n 
c u r e d meats; a m a t u r i n g agent for flour; an oxygen acceptor i n beer 
p r o d u c t i o n ; a n d a r e d u c i n g agent i n w i n e . 

F R U I T A N D V E G E T A B L E S . F r u i t s can be d i v i d e d into t w o classes: 
those that show disco lorat ion on cu t t ing or in jury , such as the apple , 
apricot , banana , cherry , nectarine, peach , a n d pear ; a n d others that do 
not, such as citrus frui t . F o r this type of d isco lorat ion or b r o w n i n g to 
occur i n cut f ru i t , three components—substrate , oxygen, a n d e n z y m e s — 
are brought together. I f one of the three is r emoved or prevented f r o m 
react ing , b r o w n i n g does not take place . H e a t i n g w o u l d destroy the 
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442 ASCORBIC A C I D 
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DAYS OF STORAGE 

Figure 9. Ascorbic acid changes during storage of whole milk ( ), 
chocolate-flavored whole milk (•---), and 1% fat milk (' ' ') with three 
treatments ( A , C , O , E; F). (Reproduced, with permission, from Ref. 

415. Copyright 1979, American Dairy Science Association.) 

enzyme but w o u l d result i n a cooked f ru i t flavor a n d a texture change. 
F r u i t tissues that d isco lor have a combinat i on of l o w concentrat ion of 
ascorbic a c i d a n d h i g h l y act ive phenolases, ac t ing on orthophenol i c sub
strates to f o r m the co lored or the quinone compounds . L - A s c o r b i c a c i d 
inh ib i t s the phenolase act ion or the enzymat i c b r o w n i n g sequence b y 
r e d u c i n g orthoquinone products of the enzyme react ion back to the 
respective orthophenols . I f the ascorbic a c i d content becomes exhausted, 
b r o w n i n g aga in commences. U s e of ascorbic a c i d i n this app l i ca t i on has 
been prev ious ly r e v i e w e d (311,312,321,323,332, 419). 

Selected graded f ru i t is pee led a n d s l i ced or d i c e d , a n d sugar i s 
a d d e d either as sugar syrup conta in ing ascorbic a c i d or d r y sugar p r e v i 
ously b l e n d e d w i t h crysta l l ine ascorbic a c i d , after w h i c h the f ru i t is 
compact ly packaged , q u i c k l y f rozen, a n d h e l d i n a f rozen state u n t i l 
t h a w e d b y the consumer. T h e a d d i t i o n of 300-500 m g of L - a s c o r b i c a c i d 
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20. B A U E R N F E I N D Ascorbic Acid Technology 443 

per k g of f ru i t sugar pack is adequate for the protect ion of the pack 
d u r i n g processing, storage, a n d t h a w i n g . W h i l e a h i g h percentage of 
ascorbic a c i d is converted to the reversible ox idat ion product , dehydro 
ascorbic a c i d (420 ) , d u r i n g the t h a w i n g of the f ru i t ( T a b l e X V ) , the 
latter is f u l l y b i o l og i ca l l y act ive (915) a n d is also cons idered as v i t a m i n 
C . Since fresh apple tissue contains extracel lular oxygen, slices must be 
cut t h i n l y (6 m m ) or a v a c u u m syrup step must be used on convent ional 
slices to get ascorbic a c i d penetrat ion (421). C e r t a i n addit ives w i t h 
ascorbic a c i d such as N a C l (421), cysteine (422), sul fur d iox ide (423), 
a n d c i t r i c a c i d (424) have been dec lared to have some meri t . I n a study 
of s l i ced apple treatment before freezing, P o n t i n g a n d Jackson (425) 
favored soaking slices i n a 2 0 - 3 0 % sugar so lut ion conta in ing 0 . 2 - 1 % 
ascorbic a c id , 0 . 2 - 4 % c a l c i u m , a n d 0 .02% sul fur d iox ide , f o l l o w i n g b y 
r a p i d freezing. 

T h e ascorbic a c i d treatment process has been used for h o l d i n g cut 
f ru i t at refr igerated temperatures (426, 427,428, 432, 434), for f ru i t to be 
frozen (426, 429, 430), a n d i n some instances to reverse i n i t i a l b r o w n i n g 
of cut f ru i t (431). H e a t o n et a l . (427) reported s l i ced peaches treated 
w i t h ascorbic a c i d ( 0 . 1 5 % ) a n d s o d i u m benzoate (0 .066% for m i c r o b i a l 
contro l ) to h o l d u p w e l l stored for 12 months at 0 ° C . E i d a n d H o l f e l d e r 
(432) immersed (20 s) peeled , cored apples i n ascorbic a c i d solutions 
( 5 - 1 5 % ) a n d stored (9 d ) t h e m at coo l temperatures ( 4 - 6 ° C ) packaged 
i n po lyethylene bags, w i t h some var ia t i on i n performance based on app le 
variety . T h e ascorbic a c i d d i p p i n g approach has also been used (433) 
p r i o r to d r y i n g apple slices. O t h e r reports dea l ing w i t h ascorbic a c i d 
a p p l i c a t i o n invo lve p ineapples (434 ) , avocado puree (435), pears (436), 
strawberries (437), a n d apricot juice (438). 

Table X V . Vitamin C Content of Thawed Frozen Sliced 
Peaches Packed with Sugar Syrup 0 

Assayed After Hold-
Assayed Immediately ing 24 Hours at 22°C 

After Thawing (72°F) Thawed 

Added Ascorbic Total Ascorbic Total 
Ascorbic Acid Vitamin C Acid Vitamin C 

Acid Content Content Content Content 

1 65 0 9 11 2 9 
2 65 150 140 146 76 154 
3 65 200 178 188 88 190 
4 35 0 4 7 1 11 
5 35 150 36 141 79 156 
° Hale Haven, yellow-fleshed, freestone sliced peaches (3 parts) packed in sugar 

syrup (1 part by weight). 
Source: Reproduced, with permission, from Ref. J$0. Copyright 1946, A V I Pub

lishing Company. 

Percent 
Pack Sugar 
Num- in 

ber Syrup 
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444 ASCORBIC A C I D 

I n heat processing, the oxidases (ascorbic a c i d oxidase, p o l y p h e n o l 
oxidase, peroxidase) n a t u r a l l y present i n the p r o d u c t are destroyed, 
e ither d u r i n g the b l a n c h i n g stage or finally d u r i n g ster i l i zat ion of the 
sealed containers. C o l o r a n d flavor changes of fruits a n d vegetables 
d u r i n g heat processing a n d storage, i n part , result f r o m ox idat ion b y 
oxygen w i t h i n the produc t a n d headspace. T h e a d d i t i o n of ascorbic a c i d 
helps to protect aromat ic components a n d pheno l i c substrates f r o m 
u n d e r g o i n g flavor a n d color changes. C o m b i n e d w i t h deaerat ing, filling, 
a n d sca l ing techniques, ascorbic a c i d a d d i t i o n efficiently helps to create 
a n d m a i n t a i n an anaerobic atmosphere w i t h i n the container. I n the past 
this general subject has been r e v i e w e d (311,319,323,419,439) as i t 
involves heat processed fruits a n d vegetables. A s an example of one of 
the earl ier trials (440), a d d e d ascorbic a c i d apprec iab ly i m p r o v e d the 
appearance a n d flavor of home-canned s l i ced appl ies ( T a b l e X V I ) . I n a 
subsequent study b y H o p e (441) the a d d i t i o n of ascorbic a c i d (500 -600 
m g / k g of f r u i t ) to apple halves ( canne d w i t h o u t deaeration, the h e a d -
space conta in ing 10 -12 volumes percent oxygen) contro l l ed b r o w n i n g , 
r educed headspace oxygen, protected the container f r o m corrosion, p r o 
tected flavor, a n d increased the res idual ascorbic a c i d content. 

A l i ght co lored pear juice was p r e p a r e d b y the use of ascorbic a c i d 
to re tard b r o w n i n g w h i l e the p u l p or juice was heated to inact ivate the 
p o l y p h e n o l oxidase (442). B i r c h et a l . (319) have examined flavor 
changes d u r i n g f ru i t juice processing b o t h f r o m a mechan i sm concept 
a n d f r o m prac t i ca l finding. T h e y conc lude that ascorbic a c i d a d d i t i o n 
a n d deoxygenation p r i o r to pasteur izat ion helps to reduce "processed 
flavor." T h e amount of ascorbic a c i d r e q u i r e d to e l iminate flavor change 

Table X V I . Effect of Added Ascorbic Acid on 
Canned Sliced Apples 0 

After 6 Months' Storage at 
After Canning 21>°C (75°F) 

Pack Added Ascor Total Ascor Total 
Num Ascorbic bic Vita bic Vita Appearance 

ber Acid* Acid min C Acid min C of Pack 

mg/pt Jar 

1 0 0.1 3 5 d a r k throughout 
2 67 15 18 5 15 s l i ght ly d a r k 
3 135 57 59 22 33 n o r m a l 
4 200 118 118 74 82 n o r m a l 
° Mcintosh apples peeled and sliced, cooked 3 to 4 min to soften, hot-packed with 

50% syrup in Ball Ideal pint jars, 5/16-in. headspace, processed 10 min in boiling 
water. 

b Ascorbic acid added in aqueous solution before sealing jar. 
Source: Reproduced, with permission, from Ref. 440. Copyright 1947, Ogden 

Publishing Company. 
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20. B A U E R N F E I N D Ascorbic Acid Technology 445 

is p ropor t i ona l to the glucose concentrat ion. These workers find that 
grapefruit , l emon , a n d orange juice appear to conta in sufficient ascorbic 
a c i d to exert the necessary protect ive effect. A p p l e , p ineapple , a n d 
tomato juice m a y require ascorbic a c i d a d d i t i o n . A d d e d ascorbic a c i d 
may also improve juice color, bu t this depends on the product a n d 
processing methods s tudied (443-448). B a s e d u p o n prac t i ca l experience 
a n d supported b y theory, a sufficient l eve l of ascorbic a c i d must be 
present, i f the produc t is subject to oxidat ive deter iorat ion, to survive 
processing, storage, a n d home preparat ion for consumpt ion as an a i d to 
maintenance of product characteristics. E v e n w i t h oxygen exhaustion, 
subsequent loss of ascorbic a c i d m a y occur due to anaerobic decompo
sit ion (449). Ascorb i c a c i d w i l l not prevent the non-oxidat ive type 
b r o w n i n g (sugars a n d nitrogeneous compounds ) a n d may even promote 
this type of react ion. I n any n e w c o m m e r c i a l p r o d u c t i o n venture, p i l o t -
scale studies ( T a b l e X I I ) are advisable to determine results based on the 
specific project de ta i l to be encountered. A s i n f ru i t juices a n d canned 
fruit , s imi lar benef ic ial effects can result w h e n ascorbic a c i d is used as a 
processing a i d for certa in vegetables, for example, olives i n br ine (450 ) , 
sauerkraut i n br ine (311), p i c k l e d caul i f lower (456), canned (457) or 
glass-packed (451) a n d freeze d r i e d (452) carrots, mushrooms (453, 
454,455), horseradish p o w d e r (458), a n d coles law (459). 

F I S H . F i s h fillets, steaks, a n d some shellfish h a v i n g a fatty c o m 
ponent undergo ing oxidat ive ranc id i ty i n frozen storage m a y benefit 
f r om ascorbic a c i d app l i ca t i on (311,312). T a r r a n d coworkers (460, 
461) were the early invest igative team that researched this subject. 
A s c o r b i c a c i d ( 0 . 5 - 3 . 0 % ) m a y be a p p l i e d b y either a d i p p i n g or a 
spray ing technique. T o ensure an even a n d a sufficiently th ick coat ing , 
t h i c k e n i n g agents m a y be a d d e d to the solut ion. T h e frozen storage 
shelf l i fe of the fish may be extended several months b y the ascorbic a c i d 
treatment. As an example, n e w l y caught h e r r i n g were filleted, d i p p e d i n 
a so lut ion of ascorbic a c i d ( 0 . 5 % ) w i t h a th i cken ing agent, p a c k e d i n a 
w a x e d c a r d b o a r d box, f rozen ( — 4 0 ° C ) , a n d stored ( — 2 0 ° C ) . Samples 
were t h a w e d m o n t h l y a n d evaluated (462). U n t r e a t e d samples became 
r a n c i d after 2 months of storage, whereas treated samples r e m a i n e d 
palatable for 11 months judged b y taste p a n e l ( F i g u r e 10) a n d T B A 
values ( F i g u r e 11) . 

Jadhav a n d M a g a r (463) a p p l i e d an ascorbic a c i d glaze, w h i c h 
de layed the y e l l o w disco lorat ion a n d a l l i e d organolept ic changes, to 
frozen w h i t e pomfret , surmai , a n d mackere l fish. U s e of phosphates i n 
combinat i on w i t h ascorbate esters has been dec lared to improve the co lor 
a n d flavor of fish products (464). Shell f ish (465,466,467) i n c l u d i n g 
prawns a n d breaded shr imp, have been ascorbic a c i d treated, the latter 
i n c ombinat i on w i t h c i t r i c a c id . F o r m a t i o n of d imethy ln i t rosamine i n 
A l a s k a n po l lack roe (468) was i n h i b i t e d w h e n ascorbic a c i d was i n -
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446 ASCORBIC A C I D 

Taste 
score 

Storage time-months 

Figure 10. Results from organoleptic evaluation of untreated herring 
samples (M) and samples treated with ascorbic acid (O) after different 
times of storage. (Reproduced, with permission, from Ref. 462. Copy

right 1961, Institute of Food Technolgists.) 

e luded w i t h a n i tr i te treatment. A l a s k a n po l lack muscle treated w i t h 
ascorbic a c i d was invest igated b y Yoshnaka et a l . (469). M o l e d i n a et a l . 
(470), w o r k i n g w i t h mechanica l ly deboned flounder meat, observed an 
improvement i n color a n d flavor ( F i g u r e 12) w h e n treated w i t h a c o m 
b i n a t i o n of ascorbic a c i d ( 0 . 5 % ) , c i t r i c a c i d ( 0 . 5 % ) , N a 2 E D T A ( 0 . 2 % ) 
a n d phosphates ( K E N A , 0 . 2 % ) . A n u m b e r of papers (468-A74) have 
recently discussed the processing of mul le t i n c l u d i n g ascorbic a c i d a p p l i 
cat ion. T h e treatment appears more effective for fish i n the r o u n d a n d 
i n fillets then i n m i n c e d tissue. 

M E A T . F o r preservation purposes, meat has been cured w i t h a d d e d 
salt ( N a C l ) a n d nitrates (saltpeter) since ancient t imes. W i t h the recog
n i t i o n that nitrate was r e d u c e d b y m i c r o b i a l act ion, about 60 years ago, 
a d d e d ni tr i te began to replace nitrate. T h e t y p i c a l r e d color of c u r e d 
meat results f r o m the react ion of n i t r i c oxide w i t h m y o g l o b i n to f o r m 
ni trogen monoxide m y o g l o b i n , more f requent ly re ferred to as n i t r o -
somyoglob in , a n d w i t h heat, n i trosomyochrome. 

F o r near ly 30 years (327,475,478) i t has been k n o w n that color 
fixation, flavor, a n d odor were greatly i m p r o v e d w h e n ascorbic a c i d was 
i n c l u d e d i n the f o rmula t i on of cooked, n i t r i t ed , g r o u n d pork products 
a n d that frankfurters conta in ing ascorbate h a d a more desirable a n d 
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TBA 

O 1 1 1 1 1 1 i m 
O 2 < 6 a 10 12 

Storage time-month* 

Figure 11. TBA value as a function of time of storage in frozen herring, 
in untreated samples (M) and in the samples treated with ascorbic acid 
(O). (Reproduced, with permission, from Ref. 462. Copyright 1961, 

Institute of Food Technologists.) 

u n i f o r m interna l co lor a n d less tendency to fade under exposure to l i g h t 
t h a n frankfurters w i t h o u t ascorbate. I t was soon s h o w n that ascorbate 
treatment hastens color deve lopment a n d , where desirable , lowers the 
amount of n i tr i te needed. M o r e recently , greater interest i n use of 
ascorbate, either alone or i n c o m b i n a t i o n w i t h a-tocopherol , i n meat 
c u r i n g has been exh ib i ted as a ni trosat ion prevent ive . R e v i e w s i n v o l v i n g 
the ascorbic a c i d treatment of meat have appeared over a p e r i o d of 
t i m e (311,312,321,324,326,^4^8^^ 

Society Library 
1155 16th St. N. W. 

Washington, D. C. 20036 
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448 ASCORBIC A C I D 

QQI , , l , I • i • « « i 

0 2 4 6 8 10 12 14 

WEEKS OF STORAGE AT -25C 

Figure 12. Effect of ascorbic and citric acid concentration (added post-
deboning) and frozen storage on TBA values of MDFM (Series III). 
Key: • , control; •, dip treatment only, no postaeboning additions (dip 
consists of 0.5% ascorbic acid, 0.5% citric acid, 0.2% KENA, 0.05% 
Na2EDTA); • , 0.1%) ascorbic acid, 0.1% citric acid + others; O, 0.3% 
ascorbic acid, 0.3% citric acid + others; A , 0.5% ascorbic acid, 0.5% 
citric acid + others; (§), Freez-Gard. (Reproduced, with permission, from 

Ref. 470. Copyright 1977, Institute of Food Technologists.) 

I n the preparat ion of cooked, cured , c o m m i n u t e d meat food p r o d 
ucts p r e p a r e d f r o m fresh meat a n d fat, 0.25 (7.1 g) to 0.33 oz (9.5 g ) of 
n i tr i te is a d d e d per 100 pounds (45.5 k g ) of meat. L e g a l l y i n the U . S . 
either a m a x i m u m of 0.75 oz (21.3 g) of ascorbic a c i d or 0.88 oz (24.8 g ) 
of s od ium ascorbate per 100 pounds of meat can be used. D i s s o l v e d i n 
c o l d water (25 m L w a t e r ) , i t is a d d e d s l owly near the e n d of the chop . 
T h e n the meat is stuffed, l i n k e d , a n d pasteur ized i n the smoke house. 
H a m s a n d bacon are c u r e d w i t h a m a x i m u m leve l of 87.5 oz (2.48 k g ) 
s o d i u m ascorbate per 100 U . S . gallons (378.5 L ) of p i c k l i n g so lut ion , 
p u m p i n g to a l eve l of 1 0 % meat w e i g h t p r i o r to smoking . Ni t r i t es a n d 
ascorbic a c i d o rd inar i l y react qui te v igorous ly w i t h each other a n d s h o u l d 
not be m i x e d together i n water : e ither (a) in troduce the c u r i n g salts early 
i n the meat chop a n d a d d ascorbic a c i d alone or as par t of the spice m i x 
late i n the meat chop, or (b) in troduce the c u r i n g salts w i t h s o d i u m 
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20. B A U E R N F E I N D Ascorbic Acid Technology 449 

ascorbate d r y or as a freshly prepared coo l so lut ion. S o d i u m ascorbate 
reacts m u c h more s l owly w i t h nitrites than does ascorbic a c id . T h e 
s o d i u m salt is a lways used w i t h nitrites i n the c u r i n g p i c k l e for p u m p i n g , 
in ject ing , or cover ing . C u r i n g p i c k l e conta in ing s o d i u m ascorbate a n d 
nitrites shows a h igher rate of react ion at p H 5.2 as against 7.0. S o d i u m 
nitr i te a n d s o d i u m ascorbate c u r i n g salt mixtures ( l o w moisture ) are 
reasonably stable d u r i n g dry , coo l storage i n moisture-resistant l iners i n 
c losed drums. 

Advantages c i t ed i n more recent reports w i t h the ascorbate treat
ment inc lude reduced c u r i n g t ime (480, 483, 485, 487, 488) better, more 
stable, a n d more u n i f o r m color (480,482,483,485,489-495), less n i t r i te 
r e q u i r e d or l ower ni tr i te levels (480, 482, 496-500), better flavor, a n d less 
ranc id i ty . T o emphasize the importance of the ascorbic a c i d a p p l i c a t i o n 
i n l o w e r i n g the res idua l n i tr i te levels i n c u r e d meat, the data of B r o w n 
et a l . (497) may be examined ( T a b l e X V I I ) . O t h e r addit ives to accom
p a n y the ascorbic a c i d treatment of meat have been suggested. B o r e n -
stein a n d S m i t h (501, 502) reported the use of ethylenediaminetetraacet ic 
a c i d ( E D T A ) or its salt (pre ferab ly F e ) i n combinat i on w i t h ascorbate 
a n d w i t h ni tr i te or n i t r i c oxide to accelerate the format ion of c u r e d meat 
color. O t h e r addit ives (503-506) c i ted w i t h ascorbic a c i d were cysteine 
(505), g lutamate (504), h i s t id ine (506), n i a c i n , n ia c inamide (504,505, 
506), phosphates (503), a n d succinate (504). 

Since one attr ibute of the use of ni tr i te i n c u r e d meats is its i n h i b i t i o n 
of the C . botulinum microorganism, concern deve loped whether a d d e d 
ascorbate w o u l d alter this act ion. F r o m the various studies conducted 
(484, 507-511) i t appears that a d d e d ascorbic a c i d ( u p to 1000 m g / k g ) 
does not influence the a n t i m i c r o b i a l act ion of ni tr i te against C. botulinum 

Table XVII . Residual Nitrite Levels in the Semimembranous 
Muscle of Cured H a m as Influenced by Ascorbate 

and Days of Refrigerated Storage 

Residual Nitrite (ppm) for Ascorbate Levels 
(Hams Pumped to 182 ppm Nitrite) 

Days of 0 ppm 227 ppm 455 ppm 568 ppm 
Storage Ascorbate Ascorbate Ascorbate Ascorbate 

0 49 .7 b 43.0 d 18.0* 14.0*'' 
2 49.7 & 45 .6 c 1 9 . 7 ' * 18.0* 
5 58 .7 a 30.0 e 21.0" 19.0* 
8 32 .0 6 24.7 ' 15.7* 8.0* 

16 12.3 ' 12.0' 8.3* 8.7 f c 

a-*>c>d-e>t>o>Ki,i,ic Means within the same row or column bearing different super
scripts are different (P < 0.05). 

Source: Reproduced, with permission, from Ref. 497. Copyright 1974, Institute 
of Food Technologists. 
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450 ASCORBIC A C I D 

(Table X V I I I ) . Baldini et al. (512) reported that the inhibitory power 
of nitrite against C. sporogenes was increased by the addition of ascorbic 
acid and salt. 

The addition of ascorbic acid (200-2000 mg/kg) to fresh meat may 
improve the color of fresh meat (324, 475,515, 517) as it aids in keeping 
myoglobin in the oxymyoglobin state while refrigerated, unwrapped or 
wrapped in oxygen-permeable transparent film. It also aids (475,513, 
514) in retarding rancidity. It does not significantly extend the shelf life 
of refrigerated fresh meat products (324, 514,519). Harbers et al. (516) 
reported that bovine muscle dipped in ascorbic acid solutions (0.5-5.0% ) 
then exposed to radiant energy retarded pigment and l ip id oxidation 
and protected meat color. Improved flavor was found with ascorbate 
and polyphosphate treatment of fresh pork (518). Preslaughter intra
venous injection of sodium ascorbate (520-523) has been observed to 
inhibit metmyoglobin formation and to extend color appearances in the 
meat. A few studies have been conducted on stability improvement on 
poultry meat (524,525). A study by Kilgore et al. (526) indicates that 
it is technically feasible to nutrify hamburger with added calcium, 
vitamin A, and L-ascorbic acid. 

Nitrosated compounds have become of high interest since the den> 
onstration of hepatoxicity of dimethylnitrosamine (527). Recognition of 
nitrosamines, a class of compounds (528-535) that might be associated 
with cured meat products, smoked fish products, tobacco products, cer-

Table XVIII . Effect of L-Ascorbic Acid on Clostridium 
botulinum in Vacuum Packed Bacon 

Number of Days* 

Curea Additive U 28 

0 mg/kg ascorbic acid 
0 mg/kg N a N 0 2 9 C 9 
0 mg/kg ascorbic acid 
100 mg/kg N a N 0 2 0 l d 

1000 mg/kg ascorbic acid 
100 mg/kg N a N 0 2 0 0 
0 mg/kg ascorbic acid 
200 mg/kg N a N 0 2 0 0 
1000 mg/kg ascorbic acid 
200 mg/kg N a N 0 2 V 0 

° Bacon contained an average of 4.4% salt on water phase (range 3.0-5.8%) and 
an initial level of 500 mg/kg sodium nitrate (pH of bacon 5.6-5.8). 

b Stored at 25°C. 
c Number of toxic packs out of 10 tested (5 inoculated with proteolytic and 5 

with nonproteolytic strains of C. botulinum). 
d Contained type B toxin (nonproteolytic inoculum). 
Source: Reproduced, with permission, from Ref. 507. Copyright 1974, Centre for 

Agricultural Publishing and Documentation. 
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20. B A U E R N F E I N D Ascorbic Acid Technology 451 

t a i n drugs a n d cosmetics, a l cohol i c beverages, a n d pesticides as carc ino 
gens at l o w levels of intake i n animals has accelerated scientific studies 
to l earn of the ir significance i n humans (536-540) a n d h o w they m a y be 
a v o i d e d b y further technology. A n ever w i d e n i n g examinat ion is b e i n g 
made i n the environment , industry , home products , a n d water suppl ies 
for the presence of nitrosamines to determine w h a t is the degree of expo
sure to humans b y ingest ion, inha la t i on , d e r m a l contact, a n d b y i n v i v o 
format ion . A rev iew of amines i n foods has been made b y M a g a (541) 
a n d of nitrosamines i n foods b y Scanlan (542) . I n a d d i t i o n to p r o 
pr ie tary a n d eth ica l d r u g products (543,544), cosmetics (545,546,547) 
are b e i n g examined to determine whether possible amine or amide 
ingredients represent a hazard . 

Since nitrosamines, once formed , are qui te stable compounds , the 
approach is not to consider therapeut ic or treatment measures b u t to 
prevent their f ormat ion whenever possible. N i t rosa ted compounds result 
f r o m c h e m i c a l modi f i cat ion of amines (usua l ly secondary a n d tert iary , 
but sometimes p r i m a r y amines) or certain amides b y contact w i t h nitr ites , 
nitrous a c id , a n d possibly other n i trogen compounds . T h e ni trosat ing 
species is N 2 0 3 , w h i c h is f o rmed b y 2 H N 0 2 - » H 2 0 + N 2 0 3 . T o prevent 
the f ormat ion of the nitrosated c o m p o u n d a technology must be deve l 
oped whereby the act ion of the ni trosat ing agent can be b l o c k e d b y a 
more q u i c k l y react ing c o m p o u n d . 

T w o effective b l o c k i n g agents are L -ascorbic a c i d (548—553) a n d 
a - tocopherol (554), b o t h used s ingular ly or c o m b i n e d (555, 556) i n p l a n t 
a n d a n i m a l tissues. B o t h possess b i o l og i ca l ac t iv i ty as v i t a m i n C a n d 
v i t a m i n E , respectively, a n d bo th are p r o d u c e d i n pure f o r m b y c h e m i c a l 
synthesis i n almost u n l i m i t e d quantit ies a n d hence can be a d d e d to 
products as a prophy lac t i c technology. Johnson (557) has recently 
r e v i e w e d the b i o l og i ca l significance of these two ant iox idant v i tamins 
a n d a close interre lat ionship has been po in ted u p b y Packer et a l . (558 ) . 
A s c o r b i c ac id , w h i l e h a v i n g no act ion on nitrosamines once formed, reacts 
strongly a n d preferent ia l ly w i t h the ni trosat ing agents such as n i tr i te i n 
aqueous solut ion, n u l l i f y i n g n i trosat ing act ion. I t inhib i ts n i trosat ion b y 
react ion w i t h H N 0 2 to f o rm N O , thus i n h i b i t i n g N 2 0 3 p r o d u c t i o n (548). 
I n 1975 K a m m et a l . (554) demonstrated ^-tocopherol to be a use fu l 
agent for i n v ivo protect ion f r o m nitrosamine f ormat ion a n d subsequent 
effects. a -Tocophero l i n an emuls ion f o r m r a p i d l y deactivates the n i t ro 
sat ing agent i n l i p o p h y l i c a n d h y d r o p h o b i c environments. U n d e r the 
latter condit ions a combinat i on prophy lac t i c approach us ing a - tocopherol 
w i t h either ascorbic a c i d or s o d i u m ascorbate may be, a pre ferred a p 
proach (326,546, 559). T h e prophy lac t i c compounds must be present i n 
the food or i n the m e a l before a n d d u r i n g the in t roduc t i on of the t roub le 
some amine or amide c o m p o u n d , not after the fact. Rev iews on reactions 
(560) a n d technology (561) of nitrites i n meat are avai lab le . 
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452 ASCORBIC A C I D 

B a c o n , a n i tr i te c u r e d pork p r o d u c t h i g h l y pre ferred b y the A m e r i 
c a n p u b l i c , has rece ived more concern about its ni trosated c o m p o u n d 
content t h a n other n i t r i te c u r e d meats. Several workers (562,563,564) 
have t r i e d ascorbic a c i d a p p l i c a t i o n i n the processing of bacon to deter
m i n e whether nitrosated compounds , typ i f i ed b y n i t rosopyrro l id ine , c o u l d 
be e l i m i n a t e d or r e d u c e d i n concentrat ion. Ascorbate levels of 0-2000 
m g / k g have been t r i ed , a n d n i t rosopyrro l id ine f o rmat ion was i n h i b i t e d 
or very s ignif icantly reduced at 1000 or more m g / k g i n the f r i e d bacon . 
G r e e n b e r g (565) describes a large c o m m e r c i a l scale bacon processing 
test (20,000 l b test lots) us ing four bacon p i c k l i n g formulat ions , the 
variables b e i n g t w o levels of s od ium ascorbate (300 a n d 1000 m g / k g ) 
w i t h a n d w i t h o u t s o d i u m tr ipo lyphosphate ( 0 . 4 % ) f o l l o w e d b y smok ing 
a n d p a c k i n g . R e d u c e d n i t rosopyrro l id ine f ormat ion was f o u n d at the 
h igher l eve l of ascorbate treatment ( T a b l e X I X ) . O t h e r reports ( 5 6 6 -
569,917) attest to the effectiveness of a d d e d ascorbate i n b a c o n or 
s imulated m o d e l systems i n i n h i b i t i n g f o rmat ion of nitrosated compounds 
a n d to its merits i n associated produc t improvement . 

Several ascorbic a c i d derivatives w e r e examined b y Pensabene 
et a l . (570) for their ab i l i t y to i n h i b i t nitrosat ion of pyrro l id ine i n a 
m o d e l system deve loped to s imulate the l i p i d - a q u e o u s - p r o t e i n compos i 
t i o n of bacon . W h i l e s o d i u m ascorbate was quite effective i n the aqueous 
phase, a c ombinat i on of an ascorbyl ester w i t h s o d i u m ascorbate gave a 
better effect i n the l i p i d phase ( T a b l e X X ) . T h e use of ascorbates a n d 
tocophero l as inhib i tors of n i trosamine format ion a n d ox idat ion i n foods 
of the aqueous a n d l i p i d type has been r e v i e w e d b y N e w m a r k a n d 
Mergens (326). These compounds i n c o m b i n a t i o n c o u l d be m a r k e d l y 
useful i n prevent ing food contaminat ion w i t h nitrosamines a n d / o r n i tros -
amides i n c u r e d meats such as bacon. 

Since n i trosamine f o rmat ion can poss ib ly occur i n v i v o after eat ing 
bacon c u r e d w i t h n i tr i te , as w e l l as i n v i t ro before consumpt ion , i t is 

Table X I X . U.S. Commercial Plant Bacon Study 0 

NPPb (in fxg/kg) Assays of Fried Bacon 
(170 mg/kg N02) 

With 04% TPPe Without TPP 

Added Ascorbate 

330 m g / k g 
1000 m g / k g 

Fried by 
Packer 

4 
3 

Fried by 
ARS 

11 
0 

Fried by 
Packer 

15 
3 

Fried by 
ARS 

3 
0 

• Analyses by U S D A - A R S . 
h Nitrosopyrrolidine precursors. 
e Sodium tripolyphosphate. 
Source: Reproduced, with permission, from Ref. 565. Copyright 1974, Centre for 

Agricultural Publishing and Documentation. 
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20. B A U E R N F E I N D Ascorbic Acid Technology 453 

Table X X . Ascorbyl Monoesters as Inhibitors of the Nitrosation 
of Pyrrolidine in a Model System (570) 

Nitrosopyrrolidinee'd 

Ascor-
Aqueous Lipid 

bylb Percent Percent 
Ester Reduc Reduc

Compound0 (ppm) ppb tion ppb tion 

N o n e 167 10.5 
N a A s c (1000 ppm) — 24.2 85.5 11.4 (+8 .6) 
N a A s c (500 ppm) — 95.2 43.0 14.8 (+41.0) 
N a A s c (500 ppm) + 

A s c pa lmi ta te 1046 63.5 62.0 5.4 48.6 
Asc laurate 905 72.6 56.5 6.3 40.0 
A s c oleate 1110 62.4 62.6 6.6 37.2 
E r y pa lmi tate 1046 56.3 66.3 6.8 35.2 
E r y laurate 905 123 26.3 7.7 26.7 
K 2 Asc -2 - su l fa te 880 50.4 69.8 5.8 44.8 
M g Asc -2 -phosphate 731 82.4 50.7 9.5 9.5 

° Plus pyrrolidine and N a N 0 2 . 
h Equimolar with NaAsc, 2.52 X IO"4 mole. 
c Confirmed by M S . 
d A l l values are the average of three experiments. 

desirable to have an adequate l eve l of ascorbate present i n the bacon as 
eaten to prevent the react ion of n i tr i te w i t h pro l ine i n the intest inal tract . 
I t was important to determine the stabi l i ty (571) of s o d i u m ascorbate 
a d d e d (0 -2000 m g / k g ) i n bacon t h r o u g h the entire cyc le of processing, 
storage, a n d preparat ion for eat ing (571) . Retent ion of ascorbate i n 
processing averaged 5 8 % , 7 1 % , 6 6 % , a n d 8 3 % , respectively, at the four 
levels of a d d i t i o n ( overa l l average of 7 0 % ). Stab i l i ty of ascorbate d u r i n g 
storage i n the freezer was good, w i t h l i t t le or no difference between the 
intact v a c u u m packages a n d the opened packages. R e s i d u a l s od ium ascor
bate levels after f r y i n g of the test bacons were de termined after the v a r i 
ous storage tests. T h e comparat ive ly smal l losses of ascorbate d u r i n g 
f r y i n g averaged 2 6 % ( T a b l e X X I ) . O v e r a l l retentions after storage i n 
the freezer for as l o n g as 24 weeks f o l l o w e d b y f r y i n g were about 3 0 % of 
the 500 m g / k g leve l a n d increased w i t h increas ing levels of s o d i u m 
ascorbate a d d e d to almost 5 0 % of the 2 0 0 0 - m g / k g leve l . T h e stabi l i ty 
of a d d e d a - tocopherol (0 -1000 m g / k g ) was also examined (572) i n 
bacon processed w i t h ni tr i te (125 m g / k g ) a n d s o d i u m ascorbate (550 
m g / k g ) . A f ter processing the average tocophero l recovery is 8 5 % . A f t e r 
f r y i n g the overal l recovery is edible por t ion ( 2 8 % ) a n d dr ipp ings ( 4 0 % ) 
approx imated 7 0 % . Refr igerator storage losses averaged 3 % per week. 

I n h i b i t i o n of nitrosated products b y ascorbates has also been reported 
i n frankfurters . F i d d l e r et a l . (573) observed that frankfurters f o r m u -
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454 A S C O R B I C A C I D 

Table X X I . Retention of Sodium Ascorbate in 
Bacon After Frying 

Added Level of Sodium Percent Retention After Frying 
Ascorbate (fig/g) (mean =t standard error) 

500 67 ± 3.6 
1000 73 ± 2.8 
1500 81 ± 3.3 
2000 75 ± 2.4 

Source: Reproduced, with permission, from Ref. 571. Copyright 1974, Institute 
of Food Technologists. 

l a ted w i t h 550 or 5500 m g of ascorbate per k g d i d not develop n i t ro 
samines as measured b y d imethy ln i t rosamine format ion , whereas as the 
contro l frankfurters d i d , w h e n b o t h were prepared w i t h moderate t h e r m a l 
processing. O t h e r investigators (574, 575, 576) have also reported o n the 
effectiveness of ascorbates i n r e d u c i n g format ion of nitrosamines i n c u r e d 
meat products . W a l t e r s (577) r ev i ewed the role of ascorbic a c i d i n n i t ro 
samine format ion i n 1974. 

F L O U R A N D D O U G H I M P R O V E M E N T . T h e w l i s (325) , i n his r ev iew of 
L - a s c o r b i c a c i d i n b r e a d m a k i n g , h is tor i ca l ly mentions that since the d is 
covery b y Jorgensen (578) i n 1935 of the flour i m p r o v i n g properties of 
L - a s c o r b i c a c i d , i t has become w i d e l y accepted as a flour add i t ive i n the 
E E C countries where i n most cases, i t is the only improver permi t ted . 
I n the U n i t e d K i n g d o m i t is c ommonly used i n conjunct ion w i t h potas
s i u m bromate . I n the U . S . G r a i n M a r k e t i n g Research Center , M a n h a t t a n , 
Kansas , (579) where n e w flour samples are regu lar ly moni tored , the 
b r e a d f o rmula t i on inc ludes ascorbic a c i d (80 m g / k g ) a n d bromate (10 
m g / k g ) even t h o u g h ascorbic a c i d is current ly used to a l i m i t e d extent 
i n A m e r i c a n breads. A s of 1979, ascorbic a c i d is the only p e r m i t t e d flour 
i m p r o v e r i n A u s t r i a , B e l g i u m , B r a z i l , D e n m a r k , F i n l a n d , F r a n c e , G e r 
many , Italy , N o r w a y , P o r t u g a l , Spa in , a n d S w i t z e r l a n d . 

F l o u r i m p r o v i n g agents, w i t h the exception of ascorbic a c i d , are 
o x i d i z i n g agents. L - A s c o r b i c a c i d is the only one that is a component of 
n a t u r a l f ood a n d that is also a d ietary nutr ient r e q u i r e d b y humans . I n 
the most recent studies of E l k a s s a b a n y et a l . (580) , p rac t i ca l l y a l l of the 
a d d e d ascorbic a c i d was converted to dehydroascorb ic a c i d i n o p t i m a l l y 
m i x e d flour-yeast-water b lends d u r i n g the d o u g h m i x i n g operat ion. 
Dehydroascorb i c ac id was observed to be re lat ive ly stable i n flour-water 
doughs a n d extremely stable i n flour-yeast-water doughs ( F i g u r e 13) . 
M a n y investigators bel ieve that the ox idat ion of ascorbic a c i d to dehydro 
ascorbic a c i d or the rate of react ion does not solely determine the ac t iv i ty 
of ascorbic a c i d as an effective b r e a d improver . 

T h e precise mode of ac t ion of ascorbic a c i d as a d o u g h i m p r o v e r 
continues to chal lenge cereal chemists. T h e early postu lat ion of M a l t h a 
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20. B A U E R N F E I N D Ascorbic Acid Technology 455 

0 15 30 45 60 

REST TIME, min. 

Figure 13. Effects of mixing (1 min) and rest time on ascorbic acid oxi
dation in yeasted doughs. Key: O, total; dehydro-L-ascorbic acid; 
A , ascorbic acid. (Reproduced, with permission, from Ref. 580. Copy

right 1980, American Association of Cereal Chemists, Incorporated.) 

(581) proposed that ascorbic a c i d is converted, i n the dough , i n t w o 
consecutive steps. F i r s t , the ascorbic a c id is s lowly changed i n the pres
ences of oxygen or hydrogen acceptors into dehydroascorb ic a c id . I n the 
second phase, the dehydroascorb ic a c i d reacts r a p i d l y w i t h g lutathione 
i n its s u l f h y d r y l state to f o r m glutathione disulf ide a n d ascorbic a c id . 
T h e presence of g lutathione i n wheat f lour a n d d o u g h has been inves t i 
gated b y G r o s c h et a l . (582) . F l o u r s f r o m 11 varieties of wheat conta ined 
0.27-0.72 / xmol /g g lutathione a n d 0.19-0.38 / u n o l / g o x i d i z e d g lutathione. 
I n dough , k n e a d i n g for 5 m i n decreased the glutathione to the nondetect-
able range a n d ox id ized glutathione increased. A d d i t i o n of ascorbic a c i d 
accelerated the ox idat ion of g lutathione. G l u t a t h i o n e dehydrogenase, 
present i n wheat , is specific for g lutathione as a h y d r o g e n donor a n d 
reduces L - d e h y d r o a s c o r b i c a c i d (583) . I n a 1979 study (584), G S H was 
r a p i d l y ox id i zed to the sulfide d u r i n g d o u g h m i x i n g , w i t h o u t a change i n 
tota l g lutathione content. T h e flour improvers , K B r 0 3 and ascorbic a c i d , 
enhanced G S H oxidat ion . G S H oxidat ion b y improvers m a y compete 
w i t h an S H - S S interchange react ion of G S H w i t h the g luten proteins. 
T h e extent a n d ve loc i ty of the S H - S S interchange depends on the flour 
variety. T h u s M a i r a n d G r o s c h (584) be l ieve that the compet i t ion of the 
S H - S S interchange w i t h the ox idat ion of G S H to G S S G is a v a l i d exp lana
t i o n for ascorbic a c i d act ion ( F i g u r e 14) . 

L i l l a r d et a l . (585) do not find data on d o u g h that suggest pre feren
t i a l ox idat ion of dehydroascorbic a c i d of g lutathione or a l l c o m b i n e d 
s u l f h y d r y l compounds to be very conv inc ing . U s i n g a spread-ratio test 
L - a s c o r b i c a c i d re tarded the flow of a nonyeasted d o u g h soon after m i x i n g 
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456 ASCORBIC A C I D 

A c t i o n of Ascorbic Ac id 

Prot - SS - Prot 2 GSH DHAA H 2 0 

2 P r o t - S H 

Figure 14. Reactions of glutathione in dough in the presence of ascorbic 
acid. GSH-DH, glutathione dehydrogenase; Prot, protein. (Reproduced, 
with permission, from Ref. 584. Copyright 1979, Blackwell Scientific 

Publications Limited.) 

a n d even more after a 60 -min h o l d i n g per i od . O t h e r re lated c h e m i c a l 
structures, not possessing good improver characterist ics , increased d o u g h 
flow out of the mixer a n d no retardat ion w i t h t ime. T h u s L -ascorb ic acid 's 
c ont r ibut i on to the first stage act ion is be l i eved to be due to ox idat ion of 
t h i o l compounds i n the water -so luble f ract ion of wheat flour. A suggested 
second stage act ion to exp la in h o w dehydroascorb ic a c i d stops flow a n d 
makes the d o u g h stronger needs further study. A s c o r b i c a c i d a d d i t i o n has 
been reported to have an insigni f icant effect (586) on the ox idat ion of 
l ino le i c a c i d i n d o u g h a n d i n another report a short t e rm protect ion effect 
(587) on the ox idat ion of unsaturated free fatty acids. 

W h e n ascorbic a c i d is the sole i m p r o v i n g agent a d d e d to flour, i t has 
no tendency to overoxidize or overtreat the flour proteins, w h i c h c a n be 
de tr imenta l to loaf vo lume a n d texture. T h e leve l of a d d e d ascorbic a c i d 
necessarily depends on the flour qua l i ty a n d the type of b r e a d m a k i n g 
process. A range of 20 -80 m g / k g is used i n the b u l k fermentat ion process, 
a n d 50-200 m g / k g i n the continuous d o u g h process. O n e has to c lear ly 
d is t inguish between continuous b r e a d m a k i n g processes a n d related proc 
esses where oxygen is m a i n l y exc luded a n d where a d d e d ascorbic acts as 
a r e d u c i n g agent versus processes where oxygen is present as i n the u s u a l 
b a t c h process where , i n some fashion, a d d e d ascorbic a c i d functions as 
an o x i d i z i n g agent. 

T h e prac t i ca l advantages of a d d e d L -ascorb ic a c i d i n b r e a d m a k i n g 
are as f o l l ows : (a) enhanced b r e a d texture a n d loaf vo lume ; (b) greater 
elast ic ity a n d gas retention to the d o u g h ; (c) i m p r o v e d water absorpt ion ; 
(d) no danger of over improvement or overtreatment; (e) r educed power , 
or m i n i m a l t ime, or l owered consistency i n continuous d o u g h m a k i n g ; a n d 
(/) storage p e r i o d of u n i m p r o v e d flour e l iminated (593) . F r e s h l y m i l l e d 
flour p lus ascorbic a c i d can be used i n p lace of t i m e - m a t u r e d flour ( n o 
i m p r o v e r a d d e d ) ; hence, storage space is reduced . T h e u l t imate fate of 
L -ascorb ic a c i d (325) appears to be a mixture of carbon d iox ide , 
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20. B A U E R N F E I N D Ascorbic Acid Technology 457 

L - t h r e o n i c a c id , a n d 2 ,3 -d iketo -L -gu lon ic a c id . N o oxal ic a c i d can be 
detected i n bread . 

L -Ascorb i c a c i d as a flour improver has been r e v i e w e d ( 3 2 J , 325, 
588, 589, 590) i n the past. Papers i n v o l v i n g discussions or studies of flour 
improvers , i n c l u d i n g ascorbic a c i d , are re lat ive ly numerous (591-604). 
O t h e r publ i cat ions (584, 590, 605-611) dea l w i t h mechanism of act ion. 
Some investigations dea l w i t h ascorbic a c i d i n combinat i on w i t h other 
addit ives such as cysteine (590, 611-617) a n d bromate (584, 613, 614, 
618-625). T h e combinat i on of ascorbic a c i d a n d bromate or ascorbic 
a c i d a n d cysteine or ascorbic a c i d , bromate , a n d cysteine are favored b y 
some researchers as each component is dec lared to funct ion i n a different 
manner or phase of the b r e a d m a k i n g cycle , g i v i n g a better overal l result 
than each used s ingular ly as flour improvers . H i g h interest continues i n 
the short-t ime or no-t ime b r e a d m a k i n g processes i n w h i c h ascorbic a c i d 
w i t h or w i t h o u t other addit ives has a func t i ona l role (589, 590, 606, 612, 
613,614,618,621,625-634). T h e various short-t ime processes are based 
either on mechan i ca l d o u g h development , such as the C h o r l e y w o o d , 
w i t h h i g h input of energy a n d the use of an o x i d i z i n g agent or on c h e m i 
ca l d o u g h development , such as the D e l q u i k , w i t h l o w i n p u t of energy 
a n d the c o m b i n e d use of o x i d i z i n g agent a n d r e d u c i n g agent. T h e 
C h o r l e y w o o d continuous b r e a d m a k i n g process, deve loped about 1961 
a n d one of the first to specify ascorbic a c i d as an improver at a h igher 
leve l than usual , has been a successful process a n d was a significant 
advance i n b r e a d m a k i n g technology. It has been used successfully i n 
E n g l a n d a n d other parts of E u r o p e . O t h e r short-t ime bread processes 
are the B r i m e c process, the f o rmulat i on i n c l u d i n g ascorbic a c i d a n d 
potass ium bromate , a n d the D e l q u i k process i n v o l v i n g ascorbic a c i d 
a n d cysteine (590). 

Hoseney et a l . (635) s tud ied the salts of 6-acyl esters of L - a s c o r b i c 
a c i d i n the p r o d u c t i o n of yeast- leavened b a k e d products a n d noted t h e m 
to have pronounced d o u g h cond i t i on ing effects, namely doughs made u p 
easier a n d ant is ta l ing a n d c r u m b softening properties were present. 
A s c o r b y l pa lmitate can serve as a shortening replacer, a d o u g h strength
ened a n d a c r u m b softener i n commerc ia l l y p r o d u c e d buns (636). 

A b r o l et a l . (637), r epor t ing on the d a r k e n i n g of w h o l e wheat mea l , 
due to the act ion of tyrosinase i n bran , f o u n d a d d e d ascorbic a c i d ( 0 . 5 -
2.0 m g / k g ) to re tard the d a r k e n i n g effect. I n another context, d u r u m 
a n d other wheat granular flours ( semol ina) require retent ion of the ir 
n a t u r a l y e l l o w carotenoid content for the manufacture of pasta products 
w h i c h D a h l e (638) a n d W a l s h et a l . (639) observed were s tab i l i zed b y 
a d d e d L - a s c o r b i c a c id . 

F A T S A N D O I L S . Foods are complex structures of proteins, carbo
hydrates , fats, enzymes, v i tamins a n d minerals . F a t t y components or 
l ip ids are responsible i n m a n y foods for deteriorative changes d u r i n g 
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458 ASCORBIC A C I D 

storage. These inc lude phospho l ip ids , l ipoprote ins , fatty acids, esters, 
fatty alcohols, a n d sterols. F a t t y components occur i n most f ood products 
i n various amounts. E v e n m i n u t e amounts, i f a l tered, m a y influence 
flavor q u a l i t y d u r i n g food storage. Deter iorat ive changes of fatty c o m 
ponents m a y be caused b y enzyme act ion , m i c r o b i a l g rowth , a n d / o r 
oxygen, l e a d i n g to oxidat ive a n d h y d r o l y t i c c h e m i c a l act ion. If this 
act ion is not prevented or i n h i b i t e d , va luab le food products can become 
unpalatab le to the consumer, caus ing serious economic loss to the pro 
ducer . Ant iox idants a n d synergists, substances that i n minute quantit ies 
a d d e d to ox id izab le foods, i n h i b i t or suppress undes irable ac t ion of 
oxygen, exist i n nature, a n d have been p r o d u c e d b y c h e m i c a l synthesis. 
Rev iews (312,316,321,329,640) on the u t i l i t y of ascorbic a c i d a n d 
ascorbic a c i d derivatives as antioxidants reveal the longt ime recognit ion 
of the ir p rac t i ca l va lue a n d the interest i n an unders tand ing of the ir 
mechanism of act ion. F o r a fatty type food to be successfully s tab i l i zed , 
the ant iox idant ( a n d synergist) shou ld be a d d e d before the in i t i a t i on of 
ox idat ion . C o m p o u n d s ac t ing as antioxidants a n d also possessing some 
v i t a m i n va lue (557) are a - tocopherol , y - tocophero l , L -ascorbic a c i d , 
s o d i u m ascorbate, a n d L -ascorbyl pa lmitate . 

F o r ant iox idant f o rmula t i on for fats a n d o i l products , the n u m b e r 
of addit ives a n d the rat io of the addit ives depends i n a large part on 
the f ood produc t to be treated. F o r example, one can examine the 
results of Pongracz (641) w h e r e i n ascorby l pa lmitate a n d a - tocophero l 
were a d d e d s ingular ly a n d c o m b i n e d to six different fats a n d oils , a n d 
the differences i n response were noted. T h e combinat i on ant iox idant was 
most effective i n a n i m a l fats, butter fat, a n d l a r d , a n d ascorbyl ascorbate 
was quite effective alone i n vegetable a n d peanut oils, soybean, p a l m 
o i l , a n d sunflower o i l ( T a b l e X X I I ) . T h e procedure for a d d i n g ascorby l 
pa lmitate t o an o i l p roduc t is as fo l l ows : ascorbyl pa lmitate ( 2 0 - 5 0 g ) 
is d isso lved i n heated ( 1 0 0 ° C ) o i l or fat ( 5 k g ) , a n d the resul t ing w a r m 

Table X X I I . Stability o f Various 

Peroxide Value 

Peanut Oil Soybean Oil 
Antioxidants Added (fxg/g) (4 days) (4 days) 

C o n t r o l 
500 A P a 

200 a - T L b 

500 A P + 100 a - T L 
500 A P + 200 y - T L 

58.1 > 400 
31.2 26.1 
61.4 > 400 
24.8 20.6 
17.3 16.7 

a Ascorbyl palmitate. 
b Tocopherol. 
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20. B A U E R N F E I N D Ascorbic Acid Technology 459 

l i q u i d premix is then immedia te ly a d d e d to the b a t c h of o i l or m e l t e d 
fat (95 k g ) to be treated. Pongracz reported on a combinat i on of ascorby l 
pa lmitate , a - t ocophero l (or y - to cophero l ) , a n d l e c i th in as combinat i on 
formulas w i t h good ant ioxidant properties a n d as composit ions w i d e l y 
a p p r o v e d for h u m a n consumpt ion . C o r t (642) has s tud ied the a n t i 
oxidant ac t iv i ty of L -ascorbic a c i d , L - a s corby l pa lmitate , a n d the toco
pherols i n some deta i l . U s i n g the t h i n layer exposure technique she 
measured days to reach a l eve l of peroxide format ion . T o c o p h e r o l -
ascorby l pa lmitate combinat ions were very effective ( T a b l e X X I I I ) 
w h e n a p p l i e d to beef, ch i cken , a n d pork fat, g i v i n g results better t h a n 
B H A a n d B H T . I n another t r i a l , C o r t c o m p a r e d antioxidants i n soybean 
o i l a n d conf irmed act iv i ty of ascorby l palmitates w h e n a d d e d to vege
table o i l ( T a b l e X X I V ) . N o t on ly is i t effective alone, b u t offers extra 
s tab i l i z ing va lue w h e n a d d e d to c o m m o n l y considered antioxidants . A n 
ant iox idant combinat i on of tocophero l , p a r t i a l l y h y d r o l y z e d gelat in , a n d 
ascorbic a c i d was reported b y K a w a s h i m a et a l . (643). C o m b i n a t i o n s 
of ascorby l stearate a n d a - t ocophero l have also been t r i e d as an a n t i 
oxidant c ombinat i on (644). 

W h e n there is an apprec iab le aqueous phase i n the food produc t 
i t is advisable to consider ascorbic a c i d or sod ium ascorbate a n d a - or 
y - tocophero l i n an emuls ion form. T h e remova l of traces of peroxide 
f r o m food has been suggested (645) b y the a d d i t i o n of ascorbic a c i d or 
sod ium ascorbate d u r i n g the cook ing process. There are situations where 
p o w d e r e d or fine crystal l ine ascorbic a c i d i n a salt p remix w i t h an a n t i 
oxidant such as tocophero l or B H A may be a p p l i e d to o i l cooked potato 
chips (646) as a m e t h o d of m a i n t a i n i n g freshness. 

M I L K P R O D U C T S . " C a r d b o a r d y " or " m e t a l l i c " or " t a l l o w y " flavors 
resul t ing f r om oxidat ive changes i n the cream fract ion of cows ' m i l k are 
distasteful i n fluid m i l k a n d da i ry products . These flavors develop more 
intensely i n certain lots of fluid m i l k w h e n the cows are f ed d r y rations. 

Oils and Fats at 80°C 

Peroxide Value 

Palm Oil Sunflower Oil 
(2 days) 

Butterfat 
(S days) 

Lard 
(4 days) (7 days) 

38.1 
21.5 
47.2 
26.3 
26.6 

140 
70.8 

200 
83.3 
71.5 

265 
74.0 

9.9 
2.8 
1.8 

> 400 
> 400 

28.5 
4.3 
2.4 

Source: Reproduced, with permission, from Ref. 641. Copyright 1973, Verlag 
Hans Huber. 
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460 ASCORBIC A C I D 

Table XXIII . Comparative Antioxidant Activity " 

Days to Reach 
20meq/kg PVb 

Concentration Chicken Pork Beef 
Antioxidant (%) Fat Fat Fat 

N o n e 8 3 10 
DL-a -Tocophero l 0.02 13 15 24 
DL-a -Tocophero l 0.05 13 15 — 
DL-a -Tocophero l 0.2 10 15 — 
DL-a -Tocophero l 0.02 13 15 — 
DL-a -Tocophero l 0.05 13 15 — 
DL-a -Tocophero l 0.2 11 15 — 
D L - y -Tocophero l 0.02 29 37 40 
D L - y -Tocophero l 0.05 40 58 — 
D L - y -Tocophero l 0.2 46 61 — 
B u t y l a t e d hydroxyaniso le 0.02 20 28 36 
DL-a -Tocophero l 
A s c o r b y l pa lmi ta te 0.02 each 28 28 38 
D L - y -Tocophero l 
A s c o r b y l pa lmi ta te 0.02 each 53 67 70 
A s c o r b y l pa lmi ta te 0.02 10 9 12 

° Schaal oven, thin layer, 45°C. 
* Peroxide value. 
Source: Reproduced, with permission, from Ref. 6J+2. Copyright 1974, American 

Oil Chemists Society. 

T h e deve lopment is inf luenced, a m o n g other things , b y oxygen content 
of the m i l k , ox idat ive enzyme act iv i ty , o x i d a t i o n - r e d u c t i o n potent ia l , 
exposure of the m i l k to l ight , presence of d isso lved copper, tocophero l 
content, a n d ascorbic a c i d content of the m i l k . W h e n m i l k is taken f r o m 
the c o w it contains l i t t le or no oxygen; however , w h e n i t comes i n con
tact w i t h the a ir i t absorbs more oxygen. F r e s h l y d r a w n cows' m i l k m a y 
conta in as m u c h as 30 m g of ascorbic a c i d i n the r educed f o r m per l i t er 
or per quart . C u s t o m a r y h a n d l i n g methods, pasteur izat ion , a n d the l o n g 
t ime in terva l necessary for shipment , storage, a n d de l ivery between m i l k 
i n g a n d consumpt ion can destroy 7 0 - 8 0 % of the n a t u r a l ascorbic a c i d 
o r ig ina l l y present. K e e p i n g m i l k deaerated a n d f r o m l i ght exposure 
delays flavor changes. 

T h e prac t i ca l use of a d d e d ascorbic a c i d has p r o v e d to be of benefit 
to the da i ry industry (311, 321). T h e amounts of ascorbic a c i d or s o d i u m 
ascorbate used vary between twenty a n d several h u n d r e d mi l l i g rams per 
l i ter , 30 -50 m g usual ly b e i n g sufficient for fresh fluid m i l k . Discrepanc ies 
i n the results of some workers a t tempt ing to e luc idate the va lue of 
ascorbic a c i d i n the deve lopment of off-flavor m a y be due to the ir e x a m i 
nat ion of a n incomplete system of ox idat ive reactions. I t has been d e m -
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20. B A U E R N F E I N D Ascorbic Acid Technology 461 

T a b l e X X I V . O x i d a t i o n of Soybean O i l 

Days to Reach 
Antioxidant 72 meq/kg PV 

N o n e 7 
0 .01% A P 16 
0 .02% A P 19 
0 .05% A P 21 
0 .2% A P 25 
0 .02% B H A 9 
0 .02% B H T 10 
0 .02% T D P A 15 
0 .01% P G 20 
0 .02% P G 20 
0 .02% N D G A 21 
0.02% T B H Q 26 
0 .02% Ascorb ic A c i d 12 
0 .2% Ascorb ic A c i d 17 
0 .01% A P + 0 .01% P G 27 
0.01 % A P + 0.01 % T D P A 21 
0.01 % A P + 0.01 % B H A 18 
0 .01% A P + 0 .01% B H T 17 
0.01 % A P + 0.01 % N D G A 28 
0 .01% A P + 0 .01% Tocophero l 16 
A P at 0 .05%, P G , T D P A at 0 .01% 42 
A P at 0 .05%, B H A , T D P A at 0 .01% 30 
A P at 0 .05%, B H A , P G at 0 .01% 31 
A P at 0 .05%, B H T , T D P A at 0 .01% 31 

"Heated at 45°C. 
b A P = ascorbyl palmitate, B H A = butylated hydroxyanisole, B H T = butylated 

hydroxytoluene, T D P A = thiodipropionic acid, P G = propyl gallate, N D G A = nor-
dihydroguaiaretic acid, T B H Q = 2-ter£-butylhydroquinone. 

Source: Reproduced, with permission, from Ref. 642. Copyright 1974, American 
Oil Chemists Society. 

onstrated that the tocophero l content of m i l k also p lays a role i n the 
oxidat ive processes. Reports c l a i m a synergistic effect of tocophero l a n d 
ascorbic a c i d to be benef ic ial i n prevent ing oxidat ive off-flavor i n d a i r y 
products . T h e a - tocopherol content of cows m i l k , as recently r e v i e w e d 
(647 ) , varies w i t h season a n d feed ing practices , rang ing f r o m 4 -30 ju,g/g 
fat. T o c o p h e r o l is i n the fat a n d remova l of fat f r o m m i l k obv ious ly 
removes the tocopherol . H e n c e , b o t h tocophero l a n d ascorbic a c i d 
shou ld be considered equal ly important i n m i l k a n d da i ry produc t flavor 
s tab i l i zat ion . These observations conf irm the data on butter reported i n 
any earl ier section. 

L i t e r a t u r e reports since the 1970 rev i ew (312) cont inue to show 
interest i n s tab i l i zat ion of d a i r y products such as use of ascorbic a c i d 
a n d tocophero l i n cont ro l l ing ox id i zed flavor i n s ter i l i zed c ream (648 ) . 
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462 ASCORBIC A C I D 

U s e of a d d e d ascorbic a c i d de layed flavor deve lopment i n packaged m i l k 
concentrates (649 ) , i n m i l k fat (650) , i n goat m i l k c u r d (651 ) , i n butter 
f r o m buffalo m i l k (652 ) , i n y - i r r a d i a t e d s k i m - m i l k p o w d e r (653 ) , i n 
low- fat da i ry spreads (654 ) , a n d i n k h o a products (655) . Exper i ence i n 
yogurt , cheese, a n d ice c ream has been prev ious ly r ev i ewed (311,312). 

B E E R . F o r near ly 30 years added ascorbic a c id has been recognized 
(312,656,657,658) i n beer processing as an oxygen scavenger, thus 
prevent ing changes i n flavor a n d color, r e d u c i n g c h i l l a n d ox idat ion haze, 
a n d , thereby, extending shelf l i fe . T o achieve o p t i m u m stabi l i ty i n beer, 
d isso lved a n d container headspace a ir shou ld be kept as l o w as possible , 
a n d levels of trace metals shou ld be kept as l o w as possible. I t has been 
observed that the amount of ascorbic ac id r equ i red to take u p 1 m L of 
oxygen f r o m bot t l ed beer varies between 8 a n d 15 m g . T h e amount of 
added ascorbic ac id f o u n d to be effective under most prac t i ca l condit ions 
is 2 0 - 4 0 m g / L , 2 - 4 g / h L , 2.4-4.8 g / b a r r e l , or 0.54-1.08 l b / 1 0 0 barrels . 
M o r e may be h e l p f u l on ly w h e n there is poor a ir control . W h e r e brews 
have been prev ious ly treated w i t h sulfites that have contr ibuted to a 
spec ia l taste character, i t is not necessary to remove a l l the sulfite w h e n 
ascorbates are a d d e d since ascorbates are compat ib le w i t h sulfite. Ascor 
b i c a c i d may be a d d e d as a freshly prepared so lut ion at any b r e w i n g 
stage after fermentat ion i n room temperature water or beer [100 g per 
1 (or more ) L ] . A propor t i on ing device can be used to introduce the 
ascorbic a c i d so lut ion w h i l e the beer is transferred d u r i n g processing 
for u n i f o r m d i s t r ibut i on w i t h o u t incorporat ion of air . 

Reports cont inue i n the 1970s on the ascorbic a c i d treatment of beer 
(658-669). U s e of ascorbic a c i d w i t h sulfites shows favorable results on 
beer qua l i ty as descr ibed b y Scr iban a n d Stienne (662) a n d M a s t o r et a l . 
(669). Analyses of i m p o r t e d beer indicate a d d i t i o n of ascorbates even 
i f not so labe led (665) . K o r m o r n i c k a (667) reported 3 g / h L a d d i t i o n 
of ascorbic a c i d extended beer qua l i ty 89 days; 5 g / h L , 108 days. Baets le 
(666), on an i n d u s t r i a l scale, f o u n d 2 g / h L preserved color a n d flavor 
of beer d u r i n g storage for 66 days. 

W I N E . I n 1948 F r a n z y (670) p u b l i s h e d his observations, i n process
i n g of grapes into sweet wines , on a d d e d L - a s c o r b i c a c i d (100 m g / L ) 
as a replacement c o m p o u n d for sulfurous a c i d i n protect ing the color 
of w i n e f r o m oxidat ive changes a n d p r o m o t i n g fresh aroma. A b o u t a 
decade later ascorbic a c i d became quite w i d e l y understood to be a 
va luab le processing a i d i n w i n e p r o d u c t i o n : (a) to preserve taste a n d 
flavor; (b) to promote c lar i ty b y prevent ing ferric phosphate prec ip i ta t i on 
or b y c l a r i f y i n g t u r b i d wines ; (c) to remove excess sul fur d ioxides ; a n d 
(d) to reduce the amount of r e q u i r e d sulfurous a c i d w h e n ascorbic 
sulfurous a c i d app l i ca t i on is chosen i n w i n e treatment. T o d a y the use of 
ascorbic a c i d alone or c o m b i n e d w i t h sulfurous a c i d treatment is l ega l ly 
p e r m i t t e d or to lerated i n m a n y countries. Rev iews , w h e r e i n ascorbic 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

02
0



20. B A U E R N F E I N D Ascorbic Acid Technology 463 

a c i d app l i ca t i on to w i n e are discussed, can be consulted for past p u b l i 
cations on this subject (312,321,671,672, 673, 921). 

T h e quant i ty of L - a s c o r b i c a c i d natura l ly present i n grapes is r e l a 
t ive ly l o w a n d is most ly destroyed d u r i n g fermentat ion. M o r e f requent ly 
than not ascorbic a c i d a n d sulfurous a c i d ( su l fur d i ox ide ) are used 
together (671,674,675-678) since b o t h compounds contr ibute u n i q u e 
advantages. Sul fur d iox ide has antiseptic , f u n g i c i d a l , antidiastase, a n d 
ant iox idant properties . A s c o r b i c a c i d is a stronger r e d u c i n g agent a n d 
potentiates the l o w r e d u c i n g capac i ty of sul fur d iox ide a n d , thereby, 
makes i t possible to m i n i m i z e the concentrat ion of this necessary b u t 
headache-re lated sul fur add i t ive (673,674). A l o w value of the redox 
potent ia l i n w i n e is more favorable for f u l l flavor development , a n d i t 
w o u l d take a pro l onged t ime to achieve this w i t h o u t ascorbic a c i d (672). 
I n Swiss pract ice , i t has been f o u n d that 50 -100 m g / L of ascorbic a c i d 
i n w i n e conta in ing 15-20 m g S O ^ / L , w h e n a d d e d at the stage w h e n the 
w i n e was ready for bo t t l ing , general ly resul ted i n a f ru i t ier bouquet a n d 
l ighter co lor (673). P e y n a u d (679), i n repor t ing on 3 years use of 
ascorbic a c i d i n w i n e , suggests a d d i t i o n be made immed ia te ly before or 
after aerat ion or, best, just before bot t l ing . M a x i m u m a d d i t i o n a l l o w e d 
i n F r a n c e is 10 g / 1 0 0 L ; i n I ta ly , 12 g /100 L . 

M o r e recent studies conf irm the va lue of a d d e d ascorbic a c i d i n 
w i n e for improvement of qua l i ty (680-683), i n champagne p r o d u c t i o n 
(684), i n convert ing ord inary w i n e into sherry w i n e (685), i n e l i m i n a t i n g 
the need for heat s ter i l i zat ion of sul fur d iox ide (686), a n d i n the p r o 
d u c t i o n of hot bo t t l ed Mose l l e w i n e (687). Reports on c o m b i n e d use of 
ascorbic a c i d a n d sul fur d iox ide indicate its cont inued p r a c t i c a l s igni f i 
cance (688-691). 

C O L O R S . T h e major i ty of the F D A certif ied f ood colors d i sp lay 
instab i l i ty (692) w h e n brought into contact w i t h reduc ing agents, hence 
these azo a n d tr ipheny lmethane colorants m a y fade or become colorless 
b y the r e d u c i n g act ion of ascorbic a c i d (692-695). D e c o l o r i z a t i o n of 
these coa l tar dyes can occur i n carbonated a n d s t i l l beverages i n the 
presence of ascorbic a c i d (696) depend ing o n : (a) the specific color's 
react ion to r e d u c i n g agents; (b) the amount of ascorbic a c i d a d d e d ; 
(c) the oxygen a n d disso lved meta l content; a n d (d) the exposure of the 
bot t l ed beverages to sunl ight . Some contro l over this aspect can be exer
c ised b y r e d u c i n g meta l content w i t h the use of E T D A a n d l i m i t e d expo
sure of bot t led products to l ight , such as w i t h the use of cans or opaque 
containers (692) . A n o t h e r poss ib i l i ty to a v o i d color f a d i n g is the use of 
nonabsorbable , p o l y m e r i c coa l tar dyes as co lor addit ives since these 
are reported to be more stable to r e d u c i n g agents (697) than the 
u n b o u n d dye. 

Anthocyan ins (698,699,700) are somewhat more stable to ascorbic 
a c i d , b u t beverages natura l l y co lored w i t h anthocyanins or w i t h a d d e d 
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464 A S C O R B I C A C I D 

anthocyanins shou ld s t i l l be deaerated to b r i n g oxygen levels to a m i n i 
m u m (701). Starr a n d F r a n c i s have invest igated the in f luenc ing factors, 
oxygen (702) a n d trace minerals (703 ) , on the anthocyan in -ascorb i c a c i d 
interre lat ionship . T h e effect of heat, l ight , a n d storage condit ions w e r e 
observed b y Segal a n d D i m a (704) on five f ru i t juices w i t h a d d e d 
ascorbic a c id . I k a w a (705 ) , i n his invest igat ion of the natura l colors a n d 
the influence of antioxidants , reported that ascorbic a c i d (50 -100 m g / 
100 g ) s tab i l i zed betanine, a n d h a d no effect on canthaxanthin , coch inea l , 
laccaic , a n d p a p r i k a . O t h e r reports conf irm the betanine observat ion 
(706,707,708). 

T h e natura l l y o c curr ing carotenoids, some of w h i c h are c o m m e r 
c i a l l y ava i lab le i n pure f o rm, are not only resistant to color f a d i n g b u t 
are s tab i l i zed b y ascorbic a c i d (709,710,711). T h e a d d e d caroteno id 
food colors are stable w h e n retorted w i t h pro te in mater ia l a n d are stable 
w h e n combined w i t h r e d u c i n g agents. A d d e d ^-carotene emulsions p r o 
v ide the orange juice color hue ; /?-apocarotenal, the deep orange co lor 
hue associated w i t h orange beverages. B y p r e l i m i n a r y tr ials , the bever 
age manufacturer can choose a n a d d e d color source, a m o n g the colors 
discussed a n d associated condit ions , that w i l l a l l o w proper color h u e 
a n d s tabi l i ty of L - a s c o r b i c a c i d i n the l i q u i d product . 

M I S C E L L A N E O U S . D r i e d coffee extracts are s tab i l i zed i f added ascor
b i c a c i d is incorporated d u r i n g the ir processing (712,713). A s c o r b i c 
a c i d has also been s tud ied i n the tea fermentat ion process (714). C o n -
fectionaries (715-721) can be a good vehic le for ascorbic a c i d , p a r t i c u 
lar ly , h a r d candy (311) because of the presence of f ru i t acids a n d l o w 
oxygen permeab i l i ty . A l s o , ascorbic a c i d has been a d d e d successfully to 
caramels (312,721), chocolates (312), m a r r o n glaces (715), a n d i ce 
candies (716). A synthetic cav iar has been deve loped a n d patented , the 
f o rmula t i on of w h i c h calls for a d d e d ascorbic a c i d (722). 

Patents have also been obta ined on ascorbic a c i d as the act ive 
p r i n c i p l e for the remova l of ch lor ine f r o m water , m a k i n g the w a t e r 
pa latab le for d r i n k i n g (723,724,725). T h e a d d i t i o n of ascorbic a c i d 
(1 g ) a n d s o d i u m bicarbonate (0.5 g ) to ch lor inated water (15 L ) w i l l 
result i n a pa latab le water accord ing to a U . S . patent (723). C i t y t ap 
water treated w i t h c h l o r i n e - a m m o n i a (726) was observed to cause 
hemoly t i c a n e m i a i n patients i n dialysis units of a hosp i ta l . C o n f i r m a t i o n 
of this c ond i t i on was obta ined i n i n v i t ro tests i n w h i c h the suspected 
water damaged r e d b lood cells. Ascorb i c a c id add i t i on to the treated 
water reduced the anemia p r o b l e m i n the patients i n subsequent t ime 
periods . 

L - A s c o r b i c a c i d is not n o r m a l l y cons idered a bacteriostat, yet i n 
aqueous so lut ion at the h igher concentrations used i n the aqueous phase 
of ascorbic a c i d treated foods, i t appears that i t c a n confer some l i m i t e d 
a n t i m i c r o b i a l ac t iv i ty . A r a f a a n d C h e n (727), increased re fr igerated 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

02
0



20. B A U E R N F E I N D Ascorbic Acid Technology 465 

shelf l i fe of cut -up bro i ler parts prev ious ly d i p p e d i n ascorbic a c i d 
so lut ion over water d i p p e d controls w i t h o u t adverse effects i n the con 
sumed product . Svorcova (728 ) , invest igat ing ascorbic a c id , potass ium 
sorbate, a n d p H levels i n carbonated beverages, noted some influence of 
ascorbic a c i d for contro l of nonspore - forming bacter ia . O t h e r instances 
have been c i ted for l i m i t e d a n t i m i c r o b i a l ac t iv i ty (729-732) of ascorbic 
a c i d . 

L e g a l Aspects . T h e use of ascrobic a c i d as a nutr ient or as a f ood 
process ing a i d is subject to government regulat ion i n m a n y countries. 
T h e status of ascorbic a c i d a d d i t i o n i n each instance of des ired use 
s h o u l d be determined b y consul t ing the pert inent regulations or p e r t i 
nent governmenta l agency of the country . 

T H E U N I T E D S T A T E S . A s c o r b i c a c i d is "general ly regarded as safe," 
G R A S , for use i n food as a nutr ient or f ood processing a i d p r o v i d e d that 
a s tandard has not been establ ished b y the F o o d a n d D r u g A d m i n i s t r a 
t i o n for the food w h e r e i n the use of ascorbic a c i d is exc luded or per 
m i t t e d w i t h i n the l imitat ions specif ied b y the standard. 

U n d e r G R A S condit ions , the quant i ty a d d e d "does not exceed the 
amount reasonably r e q u i r e d to ac compl i sh its in tended phys i ca l , n u t r i 
t i ona l , or other t echnica l effect on food, " a n d the quant i ty of ascorbic 
a c i d "becomes a component of food as a result of its use i n the m a n u 
fac tur ing , processing, or p a c k a g i n g of food, a n d w h i c h is not in tended 
to a c compl i sh any p h y s i c a l or other t echnica l effect on the food itself, 
sha l l be reduced to the extent reasonably possible" ; a n d the ascorbic a c i d 
" is of appropr iate f ood grade a n d is p r e p a r e d a n d h a n d l e d as a f ood 
ingred ient " ; a n d the inc lus ion of ascorbic a c i d " i n the l ist of nutrients 
does not constitute a finding on the part of the D e p a r t m e n t that 'ascorbic 
acid* is useful as a supplement to the diet for humans . " 

W h e n a s tandard for a f ood produc t has been establ ished w h e r e i n 
the use of ascorbic a c i d is permi t ted , the s tandard shou ld be consulted 
to ensure that the l a b e l i n g of the food produc t conforms w i t h the l a b e l i n g 
specifications of the standard. 

I n a d d i t i o n to the regulations establ ished b y the F o o d a n d D r u g 
A d m i n i s t r a t i o n , the U n i t e d States D e p a r t m e n t of A g r i c u l t u r e has p r o 
m u l g a t e d regulations p e r t a i n i n g to the use of ascorbic a c i d i n meat 
process ing a n d the A l c o h o l a n d Tobacco T a x D i v i s i o n of the U n i t e d 
States D e p a r t m e n t of the Treasury has establ ished a regulat ion p e r t a i n 
i n g to the use of ascorbic a c i d i n w ine . T h e standards establ ished b y 
these regulatory agencies as they exist are descr ibed i n Tables X X V , 
X X V I , a n d X X V I I . There are also F e d e r a l a n d M i l i t a r y Specifications 
i n the U n i t e d States for f ood p r o c u r e d b y F e d e r a l agencies ( T a b l e 
X X V I I I ) . Regulat ions change a n d must be moni tored frequently . 

O T H E R C O U N T R I E S . M a n y countries have regulations concerning the 
a d d i t i o n of L - a s c o r b i c a c i d to foods, some of w h i c h are general a n d others 
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466 ASCORBIC A C I D 

Table X X V . U.S. Standards or Regulations of Foods to 
Which Ascorbic A c i d May Be A d d e d 0 

Purpose of 
Ascorbic Acid Food 

A r t i f i c i a l l y sweetened 
f ru i t j e l l y 

A r t i f i c i a l l y sweetened 
f ru i t preserves and jams 

C a n n e d applesauce 

C a n n e d apricots 

C a n n e d art ichokes 
(packed i n glass) 

C a n n e d f ru i t c o ck ta i l 

C a n n e d f ru i t nectars 

C a n n e d mushrooms 

C a n n e d peaches 

C a n n e d pineapple juice 

C a n n e d pineapple grape
f r u i t juice d r i n k 

C a n n e d prune juice 

preservat ive 

preservat ive 

preservat ive , 
nutr i ent 

preservat ive 

preservat ive 

preservative 

preservat ive , 
nutr ient 

preservat ive 

preservative 

nutr ient 

nutr ient 

nutr ient 

C r a n b e r r y juice co ckta i l nutr i ent 

F l o u r (white, whole wheat , 
p la in ) 

dough 
condit ioner 

F r o z e n raw breaded shr imp preservat ive 

Quantity Permitted 

not more t h a n 0 . 1 % b y 
weight of f inished food 

not more t h a n 0 . 1 % b y 
weight of f inished food 

not more t h a n 150 p p m , an 
amount to provide 
60 m g / 4 oz (113 g) 

an amount no greater t h a n 
necessary to preserve color 

not more t h a n 32 m g / 1 0 0 
g of f inished food 

amount no greater t h a n 
necessary to preserve color 

not more than 150 p p m , 
amounts to provide not 
less t h a n 30 m g or more 
t h a n 60 m g / 4 fl oz 

not more t h a n 37.5 m g / o z 
of dra ined weight of 
mushrooms 

amount not greater t h a n 
necessary to preserve color 

amounts to prov ide not less 
t h a n 30 m g or more t h a n 
60 m g / 4 fl oz 

amounts to prov ide not less 
t h a n 30 m g or more t h a n 
60 m g / 4 fl oz 

amounts to provide not less 
t h a n 30 m g or more t h a n 
60 m g / 4 fl oz 

amounts to provide not less 
t h a n 30 m g or more t h a n 
60 m g / 4 fl oz 

not to exceed 200 p p m 

sufficient to re tard develop
ment of d a r k spots 
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20. B A U E R N F E I N D Ascorbic Acid Technology 467 

T a b l e X X V . C o n t i n u e d 

Food 
Purpose of 

Ascorbic Acid Quantity Permitted 

Ice cream (the f ru i t 
therein) 

a c idu lant such q u a n t i t y as seasons the 
finished product and meets 
the standards for ice cream 

M a r g a r i n e preservative ascorbyl pa lmi ta te a n d / o r 
ascorbyl stearate 0 .02% 

N o n f r u i t water ices ac idu lant such q u a n t i t y as seasons the 
finished product 

T o m a t o juice nutr ient amount to prov ide 10 m g / f l 
oz ( total v i t a m i n C ) 

W a t e r ices (the f ru i t 
therein) 

ac idu lant such q u a n t i t y as seasons the 
finished product 

Foods for w h i c h standards are established and i n w h i c h nonspecified 
preservatives m a y be opt ional ingredients are : 

d r y whole m i l k 

d r y cream 

breads, ro l ls , buns dough conditioners not referred to i n s tandard i f 
the t o t a l quant i t ies are not more t h a n 0.5 p a r t 
for each 100 parts b y weight of flour used 

frozen raw breaded ant iox idant p r e s e r v a t i v e — m a y be used to re tard 
shr imp development of r a n c i d i t y of the fat content 

° Compiled by D. M . Pinkert. Consult regulations for current status and inter
pretation. 

very specific. It w o u l d take a n u m b e r of pages to de ta i l such in format ion 
for each food produc t for each country h a v i n g regulations. F o r example , 
i n cons ider ing ascorbic a c i d as a flour improver , the l eve l of permiss ib le 
a d d i t i o n ranges f r o m 50 m g to 10 g / k g of flour ( T a b l e X X I X ) . C e r t a i n 
countries such as A u s t r a l i a , C a n a d a , C h i l e , H o l l a n d , Japan , K e n y a , N e w 
Zea land , Sweden , U n i t e d States, U r u g u a y , a n d Z a m b i a permi t b o t h 
L - a s c o r b i c a c i d a n d bromate as flour improver w h i l e a n u m b e r of other 
countries only a l l o w L - a s c o r b i c a c id . I n the E C C countries permiss ib le 
L - a s c o r b i c a c i d levels for t e chnica l a p p l i c a t i o n to f ood v a r y f r o m 100 
m g / k g to 2 g / k g of f ood product . 

T H E J O I N T F A O / W H O C O D E X A L I M E N T A R I U S C O M M I S S I O N . T h e 
Jo int F A O / W H O C o d e x A l i m e n t a r i u s C o m m i s s i o n ( the C o m m i s s i o n ) 
was established to implement the Jo int F A O / W H O F o o d Standards 
P r o g r a m . M e m b e r s h i p of the C o m m i s s i o n comprises those M e m b e r 
Nat ions a n d Associate M e m b e r s of F A O a n d / o r W H O that have not i f ied 
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468 A S C O R B I C A C I D 

Table X X V I . U.S. Regulations on Ascorbic Acid Addition to Meat 

Food Purpose Quantity Permitted 

Ascorb i c ac id i n : 
cured pork and 
beef cuts, cured 
comminuted meat 
food product 

S o d i u m ascorbate 
i n : cured pork and 
beef cuts, cured 
comminuted meat 
food product 

to accelerate 70 oz per 100 gal p i c k l e at 1 0 % 
color f ix ing p u m p l e v e l ; 0.75 oz per 100 lb 

meat or meat b y p r o d u c t ; 1 0 % 
solut ion to surfaces of cured cuts 
pr i o r to packag ing (the use of 
such solut ion sha l l not result i n 
the add i t i on of a s igni f icant 
amount of moisture to the 
product) 

to accelerate 87.5 oz per 100 gal p i ck l e at 1 0 % 
color f ix ing pump l e v e l ; 0.88 oz per 100 lb 

meat or meat b y p r o d u c t ; 1 0 % 
solution to surfaces of cured cuts 
pr ior to packag ing (the use of 
such solut ion sha l l not result i n 
the add i t i on of a s ignif icant 
amount of moisture to the 
product) 

Table X X V I I . U.S. Regulations on Ascorbic Acid 
Addition to Alcoholic Beverages 

Alcohol and Tobacco Tax Div., U.S. Dept. of Treasury Regulations 

Food Purpose of Ascorbic Acid 

W i n e to prevent d a r k e n i n g of 
color and deter iorat ion 
of f lavor, and over-
ox idat ion 

Beer ant iox idant and b i o 
logical s tab i l i za t i on 

Quantity Permitted 

w i t h i n l imi ta t i ons w h i c h do not alter 
the class or type of the w ine (use 
need not be declared on the label) 

to be used on ly by agreement between 
U . S . D e p t . of T r e a s u r y and the 
brewer 

the Organizat ions of the ir w i s h to be considered as M e m b e r s . B y F e b r u 
ary 1979, 117 countries h a d become M e m b e r s of the C o m m i s s i o n . O t h e r 
countries p a r t i c i p a t i n g i n the w o r k of the C o m m i s s i o n or its subs id iary 
bodies i n an observer capac i ty are expected to become M e m b e r s i n the 
near future. 

T h e purpose of the Jo int F A O / W H O F o o d Standards P r o g r a m is to 
elaborate internat ional standards for foods a i m e d at protec t ing the h e a l t h 
of the consumer, to ensure fa i r practices i n the food trade, a n d to f a c i l i 
tate internat ional trade. I n a d d i t i o n to compos i t i ona l c r i ter ia a n d l a b e l 
i n g , f ood standards incorporate provis ions i n respect to f ood hyg iene , 
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20. B A U E R N F E I N D Ascorbic Acid Technology 469 

Table XXVIII . Armed Forces Regulations on 
Ascorbic Acid Addition to Food a 

Food 

Purpose of 
Ascorbic 

Acid Quantity Permitted 

Beverage base powders pre 
pared f rom dehydrated 
f ru i t juices ( T y p e I I ) 

nutr i ent 20 -30 m g / 1 2 fl oz of recon
st i tuted powder 

Cocoa beverage powder nutr ient N o t less t h a n 25 m g / o z b y 
weight 

Coffee, instant , T y p e I nutr ient N o t less t h a n 15 m g / 2 . 5 g 

D e h y d r a t e d white potatoes nutr i ent N o t less t h a n 50 m g / o z of 
dehydrated product 

M i l k , non- fa t d r y (Type 
I I , S ty le B ) 

nutr ient 20 m g / o z 

P e a n u t butter , v i t a m i n nutr ient 37.5 m g / 1 . 5 oz of product 
fort i f ied 

8 Compiled by N. E . Harris. 

f ood addit ives , pest ic ide residues, other contaminants , a n d methods of 
analysis a n d sampl ing . 

L - A s c o r b i c a c i d a n d certa in derivatives ( T a b l e X X X ) have been 
des ignated tox ico log ica l ly as category A (1 ) i n the release designated 
C A C / F A L 5-1979. Category A (1 ) addit ives are those that have been 
f u l l y c leared b y the Joint F A O / W H O E x p e r t C o m m i t t e e on F o o d A d d i 
tives a n d either have been g iven an "acceptable da i l y in take " ( A D I ) or 
have not been l i m i t e d toxico logical ly . A p p r o v e d uses of L -ascorb ic a c i d 
have been ind i cated , m a x i m u m levels ( M L ) have been shown, a n d good 
m a n u f a c t u r i n g pract ice ( G M P ) has been establ ished. A D I is expressed 
as mi l l i g rams per k i l o g r a m b o d y we ight ; M L is expressed as we ight per 
k i l o g r a m of product . G M P refers to the l i m i t a t i o n of f ood add i t ive i n 
specif ied foods. It means that the add i t ive i n quest ion is se l f - l imi t ing i n 
food for technolog ica l , organoleptic , or other reasons a n d that, therefore, 
the add i t ive need not be subject to l ega l m a x i m u m l imits . I t also means 
that the food add i t i ve must be used accord ing to good m a n u f a c t u r i n g 
pract ice , a n d i n accordance w i t h the G e n e r a l Pr inc ip les for the U s e of 
F o o d A d d i t i v e s . 

Industrial Applications 

A n extensive l ist of patents a n d scientific papers exists on proposed 
uses of ascorbic a c i d i n various industr ies ; however , the amount of c o m -
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470 ASCORBIC ACED 

Table X X I X . Legal Status of L-Ascorbic 
Acid as a Flour Improver 

Country Maximum Level Permitted 

A u s t r a l i a G M P a 

A u s t r i a 200 m g / k g 
B e l g i u m 50 m g / k g 
B r a z i l 2 g / k g 
C a n a d a 200 m g / k g 
C h i l e 20 -50 m g / k g 
C y p r u s 75 m g / k g 
D e n m a r k 200 m g / k g 
E n g l a n d G M P a 

F i n l a n d 200 m g / k g 
F r a n c e 500 m g / k g b 

G e r m a n y G M P ° 
Greece G M P ° 
H o l l a n d 50 m g / k g 
I t a l y 200 m g / k g 
J a p a n G M P a 

K e n y a 200 m g / k g 
N e w Zea land G M P ° 
N o r w a y G M P a 

P o r t u g a l 8 -10 g / k g 
South A f r i c a 200 m g / k g 
S p a i n 200 m g / k g 
Sweden G M P ° 
Swi tzer land G M P a 

U r u g u a y 20 m g / k g 
U n i t e d States 200 m g / k g 
Z a m b i a 200 m g / k g 

° GMP = Good Manufacturing Practice. 
b May only be added by the baker. 

p o u n d used i n the i n d u s t r i a l appl icat ions is sma l l re lat ive to p h a r m a 
ceut i ca l a n d f ood appl icat ions . W h i l e ascorbic a c i d m a y be dec lared 
to be func t i ona l w i t h meritor ious advantages, there is a strong preference 
to f ind a n d use more economica l c h e m i c a l aids, even though they m a y not 
be qui te as effective. T h e greatest ac t iv i ty i n p u r s u i n g uses appears to 
be for p o l y m e r i z a t i o n reactions i n the plastics industry , for uses i n p r i n t 
i n g inks , i n photoprocessing, i n meta l technology, a n d i n miscel laneous 
areas, i n c l u d i n g cosmetics, tobacco, fibers, ana ly t i ca l assays, preservat ion 
of b l ood , preservat ion of cut p lants , a n d c l ean ing agents. 

Polymerization Reactions. P o l y m e r i z a t i o n reactions take p lace 
under h i g h a n d l o w temperatures. W h e r e a n aqueous phase exists such 
as i n emulsions, or i f a po la r solvent is i n v o l v e d , ascorbic a c i d is so lu -
b i l i z e d a n d m a y have meri t , because of its r e d u c i n g power , i n f a c i l i t a t ing 
the p o l y m e r i z a t i o n w i t h a temperature advantage, a rate of react ion , 
better contro l , or a superior e n d product . 
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20. B A U E R N F E I N D Ascorbic Acid Technology 471 

Table X X X . Antioxidants and Antioxidant Synergists 

Num
ber List 

.230 A ( l ) 

.231 A ( l ) 

.232 A ( l ) 

Additive Evaluation and Maximum Limit 

ascorbic ac id A D I : 0 -15 m g / k g body weight , sum of 
( S y n : L - ascorbic ac id and ascorbates f r om a l l 
ascorbic sources (Ref . : T o x . 29, 30, 32 ; Spec. 47 
acid) T e c h n . EfT. 28) Codex Spec i f i cat ion : 

A L I N O R M 76 /41 

ascorbate, A D I : 0 -15 m g / k g body weight, sum of 
potass ium ascorbic ac id and ascorbates f r om a l l 

sources (Ref . : T o x . 29, 30, 32 ; Spec. 1; 
T e c h n . EfT. 28) 

ascorbate, A D I : 0 -15 m g / k g body weight, sum of 
sod ium ascorbic ac id and ascorbates f rom a l l 

sources (Ref . : T o x . 29, 30, 32 ; Spec. 47 
T e c h n . Ef f . 28) Codex Spec i f i cat ion : 
A L I N O R M 76 /41 

Approved Uses of .230 in: 
C a n n e d t rop i ca l f ru i t sa lad 
C a n n e d peaches 
C a n n e d applesauce 
E d i b l e fungi and fungus products 
A p r i c o t , peach and pear nec tars 0 

A p p l e j u i c e 0 

Q u i c k frozen strawberries 
C a n n e d mushrooms 
C a n n e d asparagus 
Concentrated apple j u i c e 0 

T a b l e ol ives 
Q u i c k frozen peaches 
C a n n e d f ru i t c o ckta i l 
J a m s and jell ies 
B l a c k currant j a m 
C i t r u s marmalade 
G r a p e j u i c e 0 

Concentrated grape j u i c e 0 

Sweetened concentrated L a b r u s c a 
type grape j u i c e 0 

Q u i c k frozen shr imps and prawns 

Approved Uses of .230 and .232 in: 
C a n n e d corned beef 
L u n c h e o n meat I 
C o o k e d cured chopped meat / 
C o o k e d cured pork shoulder \ 
C o o k e d cured h a m / 
C a n n e d baby foods 
Cerea l -based processed foods for 

infants and ch i ldren 

Evaluation and Maximum Limit 
M L : 700 m g / k g 
M L : 550 m g / k g 
M L : 150 m g / k g 
M L : l i m i t e d by G M P 
M L : l i m i t e d b y G M P 
M L : l i m i t e d by G M P 
M L : l i m i t e d b y G M P 
M L : l i m i t e d by G M P 
M L : l i m i t e d by G M P 
M L : l i m i t e d b y G M P 
M L : 200 m g / k g 
M L : 750 m g / k g 
M L : l i m i t e d by G M P 
M L : 500 m g / k g 
M L : 750 m g / k g 
M L : 500 m g / k g 
M L : 400 m g / k g 
M L : 400 m g / k g 

M L : 400 m g / k g 
M L : l i m i t e d b y G M P 

M L : 500 m g / k g , expressed as the a c id 
M L : 500 m g / k g , s ing ly or i n c o m b i 

nat i on w i t h isoascorbic ac id , i so -
ascorbate, expressed as ascorbic 
ac id 

M L : l i m i t e d b y G M P 

M L : l i m i t e d b y G M P 
Continued on next page. 
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472 ASCORBIC A C I D 

T a b l e X X X . C o n t i n u e d 

Approved uses of .231 and .232 in: 
Q u i c k frozen lobsters 
Q u i c k frozen fillets of ocean perch 
Q u i c k frozen fil lets of cod a n d 

haddock 
Q u i c k frozen fil lets of flat fish 
Q u i c k frozen fillets of hake 

M L : 1 g / k g , expressed as the ac id 
M L : 1 g / k g , expressed as the ac id 

M L : 1 g / k g , expressed as the ac id 
M L : 1 g / k g , expressed as the ac id 
M L : 1 g / k g , expressed as the ac id 

Num
ber List Additive Evaluation and Maximum Limit 

.236 A ( l ) 

.237 A ( l ) 

ascorbyl \ A D I : 0-1.25 m g / k g body weight, s ing ly 
pa lmi ta te I or i n combinat ion (Ref . : T o x . 2 9 , 3 0 ; 

, , ) Spec. 47 ; T e c h n . EfT. 28) Codex Spec i f i -
ascorby l I c a t i o n . A L I N O R M 76 /41 

stearate 

Approved Uses of .236 in: 
In fant f o r m u l a 
C a n n e d baby foods 
Cereal -based processed foods for 

infants and ch i ldren 

Approved Uses of .236 and .237 in: 
E d i b l e fats and oils 

M a r g a r i n e 

M L : l i m i t e d by G M P 
M L : l i m i t e d by G M P 
M L : l i m i t e d by G M P 

M L : 200 m g / k g , s ingly or i n c o m b i 
nat i on 

M L : 200 m g / k g , s ing ly or i n c o m b i 
nat i on 

° Preserved exclusively by physical means. 
b In products intended for vending machines only. 

I n v i n y l c o m p o u n d p o l y m e r i z a t i o n of v i n y l acetate, a l coho l , b r o m i d e , 
ch lor ide , or carbonate, ascorbic a c i d can be a component of the p o l y m 
er izat ion mixture (733-749). Act ivators for the p o l y m e r i z a t i o n have 
been acri f lavine (734 ) , other photosensit ive dye compounds (737,738), 
h y d r o g e n peroxides (740,741,742), potass ium peroxydisul fate (743), 
ferrous sulfate, a n d a c y l su l f ony l peroxides (747). N a g a b h o o s h a n a m 
a n d Santappa (748) reported on dye sensit ized photopo lymer i za t i on of 
v i n y l monomers i n the presence of ascorbic a c i d - s o d i u m h y d r o g e n ortho-
phosphate complex. A n o t h e r c ombinat i on is v i n y l ch lor ide w i t h cyc lo -
hexanesul fonyl acety l peroxide w i t h ascorbic ac id , i r o n sulfate, a n d a n 
a l coho l (749) . U s e of l o w temperature condit ions i n emuls ion p o l y m e r i 
zat ion , w i t h ascorbic a c i d , is ment ioned (750,751). C l a r i t y of co lor is 
impor tant a n d impact-resistant , clear, mo ldab le p o l y v i n y l ch lor ide c a n 
be prepared w i t h ascorbic a c i d as a n a c i d catalyst (752) i n the f o r m u 
lat ion . 
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20. B A U E R N F E I N D Ascorbic Acid Technology 473 

S i m i l a r reports have appeared i n the technology of p o l y m e r i z i n g 
acry l i c monomers such as acry lon i t r i l e (753-759) or acry lamide (760-
763). K o r o l e v et a l . (764) have used ascorbic a c i d as a r e d u c i n g agent 
i n the mixture to increase the p o l y m e r i z a t i o n rate. T h e kinetics of 
p o l y m e r i z a t i o n i n the presence of oxygen has been s tud ied i n systems 
conta in ing ascorbic a c i d (765). Recent patents (766,767) have been 
issued w i t h ascorbic a c i d i n the dispers ion of acry l i c aqueous resins. 

A t h i r d type of po lymers is p o l y m e r i z e d m e t h y l methacrylate or 
methacry lamide (768-773). S t r u b e l l (768) has carr i ed out p o l y m e r i z a 
t i o n of m e t h y l methacrylate w i t h an ascorbic a c i d - b e n z o y l peroxide 
system. I n a n aqueous p o l y m e r i z a t i o n of m e t h y l methacrylate , M i s r a 
a n d G u p t a (770) used the redox system of potass ium peroxydisul fate a n d 
ascorbic ac id . A s imi lar system was reported b y Pat tna ik et a l . ( 773 ) . 

A s c o r b i c a c i d is dec lared to funct ion as an ant iox idant for p o l y 
ethylene (774), for l ight-sensit ive po lymer mass (775) , for clear thermo
plastics (776), a n d for colorless synthetic rubber (777). I t is l i s ted as 
a n accelerator for c u r i n g anaerobic resins (778) a n d for h a r d e n i n g proc 
esses of unsaturated polyester resins (779—783). A s c o r b i c a c i d is a n 
add i t i ve w i t h synergist ic effect u p o n other compounds i n s tab i l i zed pre 
mixes for po lyurethane f oam (784) a n d as a stabi l izer for polyesters to 
be used as an lubr i cant addit ives or plast ic izers (785). A s c o r b i c a c i d 
triggers p o l y m e r i z i n g res in - forming materials used i n w e l l bore holes 
as d r i l l i n g fluids (786) a n d i n fire-resistant p o l y m e r composit ions (787). 
Ferrocene - conta in ing po lymers a n d their pho toox ida t i on - reduc t i on reac
t i o n (788,789), a n d synthesis a n d reactions of p o r p h y r i n a n d meta l lo -
p o r p h y r i n po lymers (790) are other systems for u t i l i t y of ascorbic a c id . 

I n plastics a n d p o l y m e r i z a t i o n reactions there appears to be m u c h 
art w i t h i n the systems—what m a y w o r k i n one case or w h a t m a y be a 
p lus feature i n one m a y be undesirable i n another. T r i a l s must be r u n 
to substantiate where a n d h o w m u c h of the more expensive ascorbic 
a c i d has mer i t over economica l inorganic a n d organic substitutes. Ascor 
b i c a c i d may have a better oppor tuni ty where color, odor, or safety are 
impor tant i n the e n d product . 

Photographic Developing and Printing. T h e association of ascor
b i c a c i d a n d derivatives w i t h the photographic industry is not a n e w 
re lat ionship ; i t goes back over 45 years w h e n ascorbic a c i d was first 
p r o d u c e d commerc ia l l y b y c h e m i c a l synthesis. D u r i n g this four-decade 
p e r i o d m a n y patents have been issued a r o u n d the w o r l d . Some w i l l be 
ment ioned i n this rev iew. Bas i ca l l y , i n the technology of photographic 
mater ia l development , ascorbic a c i d has been considered a component 
of film emulsions a n d i n film developers b o t h i n color a n d b lack a n d 
w h i t e photography . I t has been s tud ied as a n invest igat ional mater ia l , 
a n d w h i l e mer i t m a y be s h o w n for its image q u a l i t y or for func t i ona l 
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474 ASCORBIC A C I D 

qual i t ies i n the deve lop ing so lut ion, its instab i l i ty , r a p i d i t y of exhaustion 
i n act ion, or h igher cost are disadvantageous considerations that keep 
its usage i n this i n d u s t r i a l app l i ca t i on at a l ower l eve l than its potent ia l . 

A s c o r b i c a c i d has been dec lared as a useful opt i ona l ingredient i n 
developer composit ions (791-799). A s c o r b i c a c i d can be used w i t h o u t 
sulfite a d d i t i o n a n d i t has no solvent effect on s i lver hal ides (793 ) . Its 
a d d i t i o n increases the ac t iv i ty of certa in developer components (800) 
a n d m a y stabi l ize the image (801-804) or intensify i t (805 ) . I n a B e l g i a n 
patent (806) bo th L -ascorb ic a c i d a n d a 2 ,3-diphenyl -L -ascorbic a c i d are 
c i t ed as addit ives . F o r developers func t i on ing at a n a lka l ine p H , ascorbic 
a c i d borate (807) was dec lared to be stable w h i l e ac t ing as a r e d u c i n g 
agent. A s c o r b i c a c i d is useful i n b l each ing processes (808,809,810): i n 
the b l each ing of photographs obta ined b y the si lver salt di f fusion process 
(808), i n b leach - f i x b a t h des i lver ing (809), a n d as a color photography 
b l e a c h i n g agent (810). T h e kinet ics of deve lopment a n d si lver f o rmat ion 
have been invest igated b y W i l l i s et a l . (811) a n d Pont ius et a l . (812). 

App l i ca t i ons for ascorbic a c i d have been considered i n color p h o 
tography where it may be a component of the developer for spec ia l 
purpose such as to reduce f ro th (813,814), or i n image s tab i l i zat ion i n 
color photographic mater ia l (815,816). A s c o r b i c a c i d may be i n v o l v e d 
i n image transfer processes (817,818), d irect posi t ive photographic 
emulsions (819), one-step di f fusion processes (820) i n a photographic 
product incorporat ing a developer y i e l d i n g images b y s imple treatment 
w i t h water (821), or as a b i n d e r for photographic materials (822). 

I n the preparat ion of l i thographi c materials a n d i n the l i thograph i c 
process, ascorbic a c i d may be useful . T h e p r o d u c t i o n of l i thograph i c 
masters is i m p r o v e d b y inc lus i on of ascorbic a c i d i n the hardener a n d 
rece iv ing sheet (823) a n d , i n general , i n processing si lver ha l ide l i t h o 
graphic materials (824). A s c o r b i c a c i d has been considered i n several 
investigations (825-828) as a component of the developers used i n 
l i thography . In offset p r i n t i n g plates b y c o l l o i d transfer (829), ascorbic 
a c i d a n d l - p h e n y l - 3 - p y r a z o l i d i n o n e are used as nonharden ing agents. 
Ink w i t h h i g h p o w e r to absorb l i ght (830) is benefited b y ascorbic a c i d 
a d d i t i o n . O t h e r appl icat ions invo lve l ight-sensit ive copy mater ia l (831), 
heat-developable i m a g i n g systems (832,833), powderless e tch ing (834), 
a n d various record ing a n d pr int -out papers (835-838). 

There is a meta l aspect of photography where ascorbic a c i d m a y 
be invo lved . Several patents c l a i m ascorbic a c i d use fu l as a sequestering 
or che lat ing agent (839,840), or, to prevent i r o n spott ing of photo 
graphi c mater ia l (841,842). I t is i n c l u d e d i n a two-stage copper deve l 
opment of a s i lver latent image i n semiconductor photographic layers 
(843), a n d i n a study of si lver-free p h y s i c a l deve lopment process b y 
e lectrochemical methods, ascorbic a c i d acts as a p h y s i c a l developer i n 
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20. BAUERNFEIND Ascorbic Acid Technology 475 

the f o r m of cupr iascorb ic a c i d (844) . C h r o m a t e dermatit is ( h a n d 
lesions) is an occupat ional hea l th p r o b l e m i n the p r i n t i n g a n d l i t h o 
graphic industries . A prevent ive reg imen (845) i n v o l v i n g use of a 1 0 % 
ascorbic a c i d so lut ion is benef ic ial i n prevent ing or contro l l ing the 
occurrence. 

Metal Technology. T h e patent a n d scientific l i terature reveals some 
potent ia l uses for ascorbic a c i d i n meta l l i c reductions, coat ing compos i 
tions, e lectroplat ing processes, a n d ox idat ion control . M e t a l i o n a n d 
meta l complex ca ta lyzed reactions (846) a n d the structure of ascorbate 
complexes of metals (847) have been invest igated. T h e kinet ics a n d 
mechanism of the reduct i on of p l a t i n u m (848 ) , v a n a d i u m (849) , c e r i u m 
(850 ) , m o l y b d e n u m (851) , g o l d (852) , a n d si lver (853,854) b y ascorbic 
a c i d have been examined. O t h e r topics of ascorbic a c i d invo lvement are 
p r o v i d i n g resistance to meta l surfaces (855, 856) , m e t a l l i z i n g nonmeta l l i c 
substrates (857), oxidation-resistant coat ing for copper a n d copper al loys 
(858), copper p l a t i n g (859), n i c k e l p l a t i n g (860,861), e lectrodeposit ion 
of n i c k e l a l loy films (862-865), of z i n c al loys (866,867), of t i n al loys 
(868), e lectrodeposit ion of a l u m i n u m (869,870), a n d act ivat ion of z i n c 
phosphate composit ions for steel (871). Rust remover compos i t ion (872) 
for steels, rust i n h i b i t i n g uses (873,874), a n d rustproof ing agents (875) 
for ferrous a n d nonferrous metals a n d alloys are other c i t ed appl icat ions . 

Miscellaneous Applications 

A s c o r b i c a c i d a n d derivatives are c i ted as potent ia l ingredients i n 
cosmetic formulat ions (876-879). Specific uses invo lve cosmetic c ompo 
sitions for t h e r m a l d ispens ing (880), dent i fr ice tablets (881), b a t h 
preparations (882), deodorants a n d mouthwashes (883-886), sk in p r e p a 
rations such as sk in l i ghten ing preparations (887) or protect ive creams 
(888-890). T h e more active areas have been h a i r a n d scalp preparations 
(891,892), ha i r setting composit ions (893), ha i r b l e a c h i n g programs 
(894, 895), a n d ha i r d y e i n g preparations (896, 897, 898). 

A s c o r b i c a c i d has been dec lared useful i n in t ravag ina l contracep
tives i n r e d u c i n g sperm mot i l i ty (899,900). T h e preservat ion of h u m a n 
b l o o d b y the a d d i t i o n of s o d i u m ascorbate (901) has been f o u n d to have 
some merit . T h e usefulness of ascorbic a c i d i n the treatment of i n d u s t r i a l 
c h e m i c a l toxic i ty (902,903), i n the preservat ion of cut-blooms i n water 
(904,905), i n water treatment of the ferruginous type (906), i n i n h i b i t i n g 
corrosion (907), i n treatment for the p r o d u c t i o n of durab le creases i n 
c l o th (908), a n d i n br ightened yarns w i t h h i g h l i ght fastness (909) is 
ment ioned . A d h e s i v e composit ions (910) a n d spec ia l cleansers (911, 
912) are other potent ia l appl icat ions . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

02
0



476 ASCORBIC A C I D 

T h e p u r g i n g of n i trogen oxides f r o m exhaust gases (913) a n d treat
ment of smok ing materials (914) w i t h ascorbates are of interest, p a r t i c u 
l a r l y the latter, w h e r e i n a l ower p r o d u c t i o n of potent ia l ly carc inogenic 
nitrosated compounds m a y result i f the a p p l i c a t i o n were to be p u t into 
effect. 

A n extensive l i terature exists on the use of ascorbic a c i d i n c h e m i c a l 
ana ly t i ca l assays. 
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21 
Harvesting, Processing, and Cooking Influences 

on V i t a m i n C i n Foods 

JOHN W. ERDMAN, JR. 

Department of Food Science, University of Illinois, Urbana, IL 61801 

BARBARA P. KLEIN 

Department of Foods and Nutrition, Bevier H a l l , University of Illinois, 
Urbana, IL 61801 

Vitamin C is considered the most labile of the vitamins in 
our food supply. Reduced ascorbic acid (RAA), which is the 
predominant form found in foods of plant origin, can be 
reversibly oxidized to dehydroascorbic acid (DHA). Fur
ther irreversible oxidation of RAA or DHA to diketo
gulonic acid or other products results in loss of biological 
activity. Oxidation can occur in the presence of metal 
catalysts, or plant oxidase enzymes, particularly following 
cell damage, or as a result of heat during food processing. 
Vitamin C is easily leached from foods during processing 
and is discarded with washing, soaking, or cooking water. 
Ascorbic acid losses begin with harvesting and continue 
through handling, industrial or home preparation, cooking, 
and storage of plant foods. 

V i t a m i n C is w i d e l y d i s t r ibuted i n the p lant k i n g d o m , p a r t i c u l a r l y i n 
fruits such as c i trus , guava, tomatoes, strawberries , a n d b lack currants 

a n d i n most vegetables, especial ly the green leafy vegetables. F o r a l i s t ing 
of the v i t a m i n C contents of some selected fresh fruits a n d vegetables, 
see T a b l e I . 

T h e v i t a m i n C act iv i ty of L -ascorbic a c i d or reduced ascorbic a c i d 
( R A A ) a n d its o x i d i z e d f o rm, dehydroascorb ic a c i d ( D H A ) is essen
t ia l ly the same, w h i l e D -ascorbic a c i d ( isoascorbic a c id or erythroascorbic 
ac id ) has l i tt le of the vitamin 's b io log i ca l potency ( I ) . T h e readiness 
w i t h w h i c h R A A is revers ib ly o x i d i z e d to D H A is the basis of its 
phys io log i ca l act iv i ty , a n d of its use as an ant ioxidant i n food systems. 

0065-2393/82/0200-0499$09.50/0 
© 1982 American Chemical Society 
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500 A S C O R B I C A C I D 

T h e aerobic ox idat ion of R A A ( F i g u r e 1) occurs r a p i d l y w h e n meta l 
catalysts, par t i cu lar ly copper or i ron , or enzymes such as ascorbic a c i d 
oxidase, p o l y p h e n o l oxidase, peroxidase, a n d cytochrome oxidase are 
present. T h e anaerobic destruct ion of ascorbic a c i d m a y proceed b y a 
var iety of mechanisms that have been postulated ( 2 , 3 ) but not veri f ied. 

D H A can be reduced to R A A b y c h e m i c a l agents, such as h y d r o g e n 
sulfide or enzymat i ca l ly , b y dehydroascorbic a c i d reductase. T h e conver
s ion of D H A to d iketogulon ic a c i d ( D K G ) is i rrevers ib le a n d occurs 
b o t h aerobica l ly a n d anaerobical ly , par t i cu lar ly d u r i n g heat ing. T h i s 
react ion results i n loss of b io log i ca l act iv i ty . T h e tota l ox idat ion of R A A 
m a y result i n the format ion of fur fura l b y decarboxylat ion a n d d e h y d r a 
t ion . W i t h subsequent po lymer i za t i on , the format ion of dark-co lored 
p igments results. These compounds affect the color a n d flavor of cer ta in 
foods, such as citrus juices, a n d decrease nutr i t ive va lue . 

Because v i t a m i n C is the most lab i le v i t a m i n i n our food supply , i t 
is important to define those condit ions that are par t i cu lar ly detr imenta l 
to m a i n t a i n i n g o p t i m a l ascorbic a c id content i n foods. I n this chapter w e 
rev i ew the effects of genetic var iat ion , env ironmenta l factors d u r i n g 
growth , as w e l l as harvest ing, preparat ion , cooking , a n d storage practices 
u p o n the retent ion of v i t a m i n C i n foods "as c o n s u m e d / ' E m p h a s i s w i l l 
be p l a c e d on those practices that adversely affect ascorbic a c i d retention 
i n foods. N o effort w i l l be made to complete ly r ev i ew the l i terature on 
the subject. H o w e v e r , r ev i ew articles w i l l be c i ted a long w i t h selected 
research papers. Sections are also i n c l u d e d on assay methodology a n d 
kinetics of destruct ion of the v i t a m i n . 

Table I. Concentration of Ascorbic Acid in Selected 
Fresh Vegetables and Fruits 

Ascorbic Ascorbic 
Fruit or Acid Fruit or Acid 

Vegetable (mg/100 g) Vegetable (mg/100 g) 

K a l e 186 K o h l r a b i 66 
C o l l a r d 152 S t rawberry 59 
T u r n i p green 139 Sp inach 51 
Green pepper 128 Orange 50 
B r o c c o l i 113 Cabbage 47 
Brusse l sprout 109 R u t a b a g a 43 
M u s t a r d green 97 A p r i c o t , peach, p l u m , 10 or less 
Watercress 79 grape, apple, pear, 
Caul i f l ower 78 banana , carrot , 

lettuce, celery 

Source: C o m p i l e d b y Salunkhe et a l . (97) f r o m various n u t r i t i o n handbooks. 
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Figure 1. Degradation of ascorbic acid. 

Methodology for Determining Ascorbic Acid 

T h e determinat ion of ascorbic a c i d i n foods is based, i n part , o n its 
ab i l i t y to be ox id i zed or to act as a r e d u c i n g agent. T h e most c o m m o n 
method for determinat ion of v i t a m i n C i n foods is the v i sua l t i t rat ion of 
the reduced f o rm w i t h 2 ,6-dichloroindophenol ( D C I P ) ( 4 - 7 ) . Var ia t i ons 
i n this procedure inc lude the use of a potent iometr ic t i t rat ion ( 6 ) , or a 
photometr ic adaptat ion (8 ) to reduce the diff iculty of v i sua l ly de te rmin 
i n g the endpoint i n a co lored extract. T h e major cr it ic isms of this 
technique are that on ly the reduced v i t a m i n , a n d not the total v i t a m i n 
C content of the food, is measured, a n d that there can be interference 
f r o m other r e d u c i n g agents, such as s u l f h y d r y l compounds , reductones, 
a n d reduced metals ( F e , Sn , C u ) , often present i n foods. T h e D C I P 
assay can be modi f ied to m i n i m i z e the effects of the inter fer ing basic 
substances, but the measurement is st i l l only of the reduced form. E g b e r g 
et a l . (9 ) adapted the photometr ic D C I P assay to an automated proce 
dure for continuous analysis of v i t a m i n C i n food extracts. 
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502 ASCORBIC A C I D 

I n most p l a n t foods, the predominant f o rm of ascorbic a c i d present 
is the reduced compound . T h u s , the error in t roduced b y the use of D C I P 
assay is considered neg l ig ib le b y some investigators ( 1 0 ) . H o w e v e r , 
others have reported that d u r i n g heat processing or storage, the amount 
of D H A increases substant ia l ly as percent of to ta l ascorbic a c i d ( T A A ) , 
a n d these workers suggest that D H A shou ld not be neglected (11,12). 
B r e c h t et a l . (13) reported that r ipe tomatoes conta ined neg l ig ib le 
quantit ies of D H A , b u t green mature tomatoes h a d h igher amounts . 
These factors should be considered i n selection of assay method . 

D e t e r m i n a t i o n of T A A can be per formed b y several methods. T h e 
official Assoc iat ion of Of f ic ia l A n a l y t i c a l Chemists ( A O A C ) method (7 ) 
is the mic ro f luorometry assay developed b y D e u t s c h a n d W e e k s (14). 
I n this procedure , R A A is o x i d i z e d to D H A us ing act ivated charcoa l 
( N o r i t ) . T h e ox id i zed ascorbic a c id is reacted w i t h o -phenylenediamine 
( O P D A ) f o r m i n g a condensation product that fluoresces at 430 n m , 
f o l l o w i n g excitation at 350 n m . O n e of the disadvantages of the O P D A 
method is the development of fluorescing compounds f rom O P D A i n the 
presence of l ight . Therefore , the procedure must be per formed under 
reduced l ight condit ions. A n o t h e r compl i ca t i on m a y be the interference 
f rom D K G formed i n the food pr i o r to the assay as a result of processing 
a n d storage (15). 

Several modif ications of the O P D A procedure have been reported 
for automated analysis. K i r k a n d T i n g (16) descr ibed a continuous flow 
analysis i n w h i c h D C I P was substituted for N o r i t i n the ox idat ion step. 
T A A a n d D H A can be de termined d i rec t ly ; R A A is ca l cu la ted as the 
difference between T A A a n d D H A . G o o d agreement between the 
m a n u a l a n d automated procedures was achieved , w i t h a considerable 
decrease i n ana ly t i ca l t ime for the automated assay. K i r k a n d coworkers 
(17-19) have used the continuous flow analysis for studies of the kinet ics 
of ascorbic a c i d degradat ion i n m o d e l systems. 

R o y et a l . (20) deve loped an automated procedure for fluorometric 
de terminat ion of T A A , D H A , a n d R A A i n w h i c h N - b r o m o s u c c i n i m i d e 
was used for the oxidat ion step. T h i s m i l d o x i d i z i n g agent selectively 
oxidizes R A A before other inter fer ing r e d u c i n g compounds . A l s o , 
N - b r o m o s u c c i n i m i d e does not react w i t h reductones present i n fruits 
a n d vegetables. 

E g b e r g et a l . (21) used N o r i t as the oxidant i n a semiautomated 
total v i t a m i n C determinat ion , u s i n g a simultaneous ox idat ion a n d 
extract ion step. D H A c o u l d be de termined b y o m i t t i n g N o r i t i n the 
extraction. T h e procedure was successfully used o n a var iety of foods; 
corre lat ion w i t h m a n u a l procedures was excellent. 

T h e automated procedures, w h i c h enable the the operator to ana lyze 
m a n y samples accurately , prec ise ly , a n d r a p i d l y , are p a r t i c u l a r l y i m p o r t a n t 
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i n laboratories responsible for obta in ing data for nutr i t i ona l l abe l ing . 
D u n m i r e et a l . (22) compared the methods of E g b e r g et a l . (21) a n d 
R o y et a l . (20) w i t h the m a n u a l A O A C v i sua l t i t rat ion a n d microf luoro-
metr ic techniques. F o r t y products , i n c l u d i n g cereals, fruits , vegetables, 
baby foods, juices, a n d pet foods, were i n c l u d e d i n the study. F o r those 
samples exh ib i t ing color interference, the t i t rat ion method was not used. 
T h e results of this study ind i ca ted that for laboratories d o i n g automated 
analysis of a w i d e spectrum of products , the procedure descr ibed b y 
E g b e r g et a l . (21) is the most w i d e l y appl i cab le . 

I n the method of Roe a n d K u e t h e r (23) suggested for total v i t a m i n 
C determinat ion ( 6 ) , ascorbic a c id is ox id i zed a n d reacted w i t h 2 ,4-di -
n i t ropheny lhydraz ine ( D N P H ) . T h e osazone formed is extracted i n 
sul fur ic a c id y i e l d i n g a r e d solut ion whose intensity is propor t i ona l to 
the ascorbic a c id concentration. Reductones a n d D K G m a y also f o rm 
osazones, thus caus ing spuriously h i g h v i t a m i n C values ( 2 4 , 2 5 ) . T h e 
presence of D K G is be l ieved to interfere to some extent w i t h the O P D A 
method as w e l l ( 2 5 ) , a l though E g b e r g et a l . (21) d i d not observe this . 
I n add i t i on Roe (24) noted that h i g h concentrations of sugar can 
interfere w i t h this analysis, but the sugar osazones decompose i n the 
sul fur ic a c i d i f the preparat ion is a l l o w e d to stand. T h e interference b y 
sugar can be compensated for b y the a d d i t i o n of constant amounts of 
fructose and glucose to the standards ( I I ) . Pel let ier a n d Brassard ( I I ) 
suggested the use of a modi f ied m a n u a l or automated D N P H procedure , 
based on a method designed for b io log i ca l materials ( 2 6 ) . A l t h o u g h the 
proposed automated assay is less tedious than Roe's m a n u a l assay (24) 
a n d as accurate, the l ong react ion times needed s t i l l make the D N P H 
procedure more t ime-consuming than the t i t rat ion or f luorometric analysis. 

A different m e t h o d for determinat ion of R A A , D H A , a n d D K G , 
based on the w o r k of Roe et a l . ( 2 7 ) , has been used b y some investigators 
(12,13,28). T o t a l A A is determined b y the D N P H method prev ious ly 
descr ibed , where the R A A is ox id i zed w i t h N o r i t or b romine to D H A . 
D H A a n d D K G react w i t h the D N P H to f o r m the r e d osazones. T o 
determine D H A a n d D K G , the extract is not ox id i zed , b u t is reacted 
d i rec t ly w i t h the D N P H . T h e R A A is determined b y difference. T o t a l 
D K G is measured b y r e d u c i n g the D H A i n the extract to R A A , p r i o r 
to osazone format ion . I n cases where i t is suspected that a re lat ive ly 
large propor t i on of the R A A has been ox id i zed , either to D H A or D K G , 
as i n the case of f rozen fruits a n d vegetables (12,29), the di f ferential 
assay m a y be of use. H o w e v e r , for rout ine assays, the D C I P or m i c r o -
fluorometric assays, or a combinat ion of the two w i l l y i e l d adequate 
in format ion . 

T h e use of h i g h performance l i q u i d chromatography ( H P L C ) has 
been proposed (30-32) b u t not w i d e l y app l i ed . T h e interference of 
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504 ASCORBIC A C I D 

reductones, nonenzymatic browning compounds, and condensation prod
ucts formed during processing and cooking of foods would be eliminated 
by an analytical technique, such as H P L C , specific for the various forms 
of ascorbic acid. 

At this time, the selection of the method for determining ascorbic 
acid content requires some knowledge of the forms of vitamin C likely 
to be present in a given food product, the number of assays to be 
performed, and the spectrum of foods being assayed. In addition, the 
presence of interfering substances must be assessed. 

Genetic and Environmental Factors 

The ascorbic acid content of fruits and vegetables is markedly 
affected by variety, and to a lesser degree by maturity and climate. 
Increased exposure to sunlight and ripening on the plant generally en
hances the vitamin C content of the edible portion. Ascorbic acid 
concentration within a fruit or vegetable often varies largely from part 
to part. 

The variability of the naturally occurring nutrients, such as ascorbic 
acid, in fruits and vegetables has been a genuine concern to fruit and 
vegetable processors who have elected to participate in voluntary nutri
tional labeling programs (33). The large variation of vitamin C content 
due to genetic and environmental factors makes it necessary to reduce 
label claims to avoid over labeling. 

Genetic Variation. The concentration of many individual nutrients 
in foods of plant origin is under genetic control. Baker (34) reviewed 
some examples of genetic manipulation that improved the quantity of 
/^-carotene in tomatoes, methionine in beans, and lysine in corn. Varia
tions of ascorbic acid content of different varieties of raw vegetables and 
fruits is notoriously high (35). Twofold variation in vitamin C concentra
tion in different strains of a vegetable or a fruit is common and a fivefold 
variation can be found. Differences in ascorbic acid contents (35- to 
300-fold) of different strains of a fruit were reported prior to 1950 (36). 
These reports have not been substantiated. 

Stage of Maturity. In general, ascorbic acid concentration, but 
not necessarily total vitamin C content, decreases with maturity. Imma
ture cabbage (37), citrus fruit (38), tomatoes (39,40), and potatoes 
(41,42) were reported to contain higher concentrations (mg/100 g of 
tissue) of ascorbic acid than when mature. However, there may be 
some varietal variation. For example, the H-1783 variety of tomatoes 
had higher vitamin C content when fully ripe than when green (Table 
II) (43). Although concentration decreased during ripening, the total 
content of vitamin C per citrus fruit tended to increase because of 
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21. ERDMAN AND K L E I N Vitamin C in Foods 505 

Table II. Environmental Factors Affecting the Vitamin C 
Content of the H-1783 Variety of Tomatoes 

Total 
Ascorbic Acid 
Concentration 

Environmental Factor (mg/100 g) 

F u l l y r ipe, l i ght foliage 23 
N o t f u l l y ripe°, l i ght foliage 17 
F u l l y r ipe , heavy foliage 18 
F u l l y r ipe , heavy foliage, h igh nitrogen f e r t i l i z a t i o n 6 10 

Source: Reference 43. 
• One week prior to fully ripe. 
6 Twice the amount for other treatments: 100 lbs/acre. 

increased vo lume of juice a n d size of f ru i t ( 3 8 ) . H o w e v e r , to ta l v i t a m i n 
C content of Russet B u r b a n k potatoes gradual ly decreased after early 
harvest ( ~ 110 d ) (41,44). 

Brecht et a l . (13) harvested eight cult ivars of mature-green a n d 
table -r ipe tomatoes on the same day a n d f o u n d no differences i n 
T A A concentrations. H o w e v e r , table r ipe fruits were cons iderably h igher 
i n R A A t h a n the mature-green fruits . N e g l i g i b l e quantit ies of D H A were 
f o u n d i n r ipe fruits . 

W a t a d a et a l . (45) reported that R A A content was not signif icantly 
different i n r i p e or mature-green tomatoes. Ethy lene - t reated tomatoes 
were h igher i n ascorbic a c id than untreated f ru i t bu t the differences 
c o u l d not be d irec t ly at tr ibuted to ethylene. T h e differences between 
cult ivars were greater than those between matur i ty stages. 

Betancourt et a l . (46) f o und that i n two varieties of tomatoes, p lant -
r i p e n e d f ru i t accumulated more ( 2 2 % ) R A A than d i d f ru i t r ipened off 
the p lant . Unfor tunate ly , these researchers d i d not measure the to ta l 
ascorbic a c i d content of tomatoes i n their study. Pantos a n d M a r k a k i s 
(47) f ound that two cult ivars of tomatoes contained 2 5 - 3 3 % more to ta l 
v i t a m i n C w h e n they were r i p e n e d on the v ine rather t h a n art i f ic ia l ly . 
Converse ly , M a t t h e w s et a l . (48) reported that R A A of W a l t e r tomatoes 
harvested at the green-mature stage a n d r ipened off the p lant was 
essentially the same as i n those r ipened o n the plant . T h u s , there m a y be 
var ie ta l differences i n this regard . 

M o s t commerc ia l ly g r o w n fresh market tomatoes are harvested at 
the mature-green or par t ia l l y r i p e ( "breaker" ) stages a n d are r ipened off 
the p lant . F u r t h e r research should c lar i fy the effect of stage of ripeness 
at p i c k i n g on v i t a m i n C content. N e a r l y a l l canned tomato products are 
p r e p a r e d f rom field-ripened tomatoes so var ie ta l var ia t i on , b u t not stage 
of ripeness, determines the v i t a m i n C i n processed products . 
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506 ASCORBIC A C I D 

C l i m a t e . C l i m a t i c factors, p r i n c i p a l l y temperature a n d amount of 
sunl ight , have a strong influence o n the composit ion of fruits a n d vege
tables, especial ly ascorbic ac id . T u r n i p greens, tomatoes ( T a b l e I I ) , 
a n d strawberries (36) a l l h a d increased v i t a m i n C concentrat ion w h e n 
g r o w n w i t h greater l ight exposure. Tests w i t h n ine varieties of apples 
showed that the side exposed to the sun was h igher i n ascorbic a c i d than 
the more shaded side ( 49 ) . Sites a n d R e i t z (50) removed a l l the 
oranges f r om a single V a l e n c i a tree a n d d i v i d e d a n d assayed port ions 
of each orange on the basis of the ir re lat ion to the d irect ion of sunl ight 
exposure and the amount of l ight or shade (outside, canopy, ins ide ) that 
was received. T h e authors f o u n d that ascorbic a c i d concentrat ion was 
d irec t ly related to exposure of that por t i on of the f ru i t to sunl ight . 

Sunl ight is not necessary for the synthesis of ascorbic a c id i n plants 
but is needed to produce opt imal v i t a m i n C concentrations. Photosyn
thesis produces the precursor hexoses needed for ascorbic a c id synthesis 
(38,51). 

T h e temperature o p t i m u m for the most r a p i d rate of g r o w t h of a 
species of edible p lant is not usual ly op t ima l for the synthesis a n d storage 
of nutrients i n its tissue. I n fact, the op t ima l temperature necessary to 
produce and store one nutr ient w i l l often be different for greatest storage 
of another nutr ient (36). 

A l t h o u g h more research needs to be conducted , i t appears that c i trus 
f ru i t g r o w n i n t rop i ca l or desert c l imates accumulated less ascorbic a c i d 
than fruits g r o w n i n a more moderate c l imate (38). A u g u s t i n et a l . (44) 
c o u l d find no statistical effect of locat ion (i.e., C a l i f o r n i a vs. M a i n e ) , per 
se, u p o n ascorbic a c i d content of potatoes. B u r g e et a l . (43) reported 
that tomatoes of the same variety , g r o w n i n different areas of the U n i t e d 
States, may have v i t a m i n C concentrations that deviate as m u c h as 1 7 % 
from the average va lue for that variety . H o w e v e r , some varieties h a d 
higher values g r o w n i n C a l i f o r n i a , w h i l e others were h igher i n other 
areas. 

Soi l F e r t i l i t y . I n general , the p r i n c i p a l effect of improvement of 
soils is to increase the y i e l d rather than to enhance the concentrat ion of 
nutrients i n plants g r o w n on these soils (36,52). Increased n i trogen 
fer t i l i zat ion has been reported to decrease v i t a m i n C concentrat ion i n 
potatoes (42), grapefruit ( 5 3 ) , a n d several other citrus fruits (38). 
H a r r i s (36) noted that some early researchers reported that increased 
ni trogen fer t i l i zat ion resulted i n increased ascorbic a c i d i n cabbage, 
co l lards , sp inach, a n d Swiss chard . M o r e recently , B u r g e et a l . (43) 
showed that appl i cat ion of 100 lbs of n i t rogen /ac re p r o d u c e d tomato 
plants w i t h heavy fol iage a n d tomatoes w i t h l o w v i t a m i n C ( T a b l e I I ) . 
F e r t i l i z a t i o n w i t h 50 l b s / a c r e increased v i t a m i n C i n tomato f ru i t b y 
8 0 % . Shekhar et a l . (42) also f o und that h i g h n i trogen fer t i l i za t ion 
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21. ERDMAN AND KLEIN Vitamin C in Foods 507 

resulted i n l owered ascorbic a c id content i n potato tubers. T h e effects of 
phosphorus a n d potassium fert i l i zat ion on v i t a m i n C are inconclusive . 

O n c e m i n i m a l m i n e r a l content of soi l for o p t i m a l g rowth of a 
par t i cu lar crop is achieved, no increased concentrat ion of v i t a m i n C is 
f o u n d w i t h more fer t i l i zat ion . I n the case of nitrogen, increased f e r t i l i z a 
t i o n m a y decrease ascorbic a c id concentrat ion. 

Variation Among Vegetable or Fruit Parts. F r u i t juices are w i d e l y 
recognized for their h i g h concentrations of ascorbic a c id . O t h e r port ions 
of citrus fruits are often h igher i n concentrat ion of the v i t a m i n . N a g y 
( 3 8 ) , i n his rev iew of ascorbic a c i d i n citrus products , po in ted out that 
on ly about 2 5 % of the v i t a m i n C content of citrus f ru i t is f ound i n the 
juice ( T a b l e I I I ) . F o r four varieties of orange, the pee l contained 5 2 % , 
w h i l e the p u l p a n d r a g contained 2 1 % , of the total v i t a m i n C i n the 
oranges (54 ) . 

Table III. Vitamin C Contents of Component Parts of Citrus Fruit 

Peel 

Fruit Flavedo Albedo Pulp Rag Juice 

Orange, pineapple 377 206 — 68 68 
G r a p e f r u i t 239 148 — 47 36 
L e m o n 144 — 49 — 34 

Source: Compiled by Nagy (38). 
Note: Data presented as milligrams of vitamin C per 1 0 0 g of fresh weight. 

T h e ap i ca l port ions of potato tubers are h igher i n ascorbic a c i d t h a n 
the basal portions (42 ) . T h e locular (soft, ge lat in- l ike a n d seed-contain
i n g inner mater ia l ) tissues of four varieties of tomatoes averaged about 
2 5 % h igher i n ascorbic a c i d concentrations than the per i carp (outer w a l l 
tissues) (13) a l though w i t h greater amounts of sunl ight , w a l l tissue m a y 
be e q u a l or greater than p lacenta l ( inner core) tissue i n r e d u c e d 
ascorbic a c i d ( 55 ) . 

Ascorb i c a c i d concentrat ion i n peaches a n d apples is highest just 
under the sk in ( 36 ) . T h e outer green leaves of cabbage, w h i c h are 
general ly t r i m m e d off, a n d the inner core are h igher i n ascorbic a c i d 
t h a n the ed ib le por t i on ( 3 7 ) . T h i s is consistent w i t h the not ion that 
w h e n t r i m m i n g foods of p lant o r ig in , the nutr ient losses general ly exceed 
the w e i g h t losses, because nutr ient concentrat ion is usual ly h igher i n the 
outer layers of vegetables, seeds, tubers, a n d fruits ( 5 6 , 5 7 ) . 

Effect of Season. T h e observat ion that nutr ient composit ions of 
ed ib le portions of plants p r o d u c e d f rom the same var iety are different 
f r o m one season to another p r o b a b l y results f rom differences i n t empera -
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508 ASCORBIC A C I D 

ture , l ength of day , l ight intensity , a n d l i ght spectrum, as w e l l as f r o m 
other m i n or factors ( 3 6 ) . T h e l i terature shows inconsistent fluctuation i n 
ascorbic a c i d content of vegetables a n d fruits p r o d u c e d over the four 
seasons. 

Effect of Harvesting and Storage of Fresh Fruits and Vegetables 

T h e procedures u t i l i z e d d u r i n g harvest ing a n d the ensuing h a n d l i n g 
a n d storage p e r i o d pr i o r to commerc ia l or at-home processing c a n 
d r a m a t i c a l l y affect b o t h n u t r i t i o n a l va lue a n d sensory q u a l i t y of fruits 
a n d vegetables. A s c o r b i c a c i d is p a r t i c u l a r l y sensitive to b o t h enzymat i c 
a n d nonenzymat i c ox idat ion d u r i n g this per i od . 

Harvesting. M e c h a n i c a l harvest ing of some vegetable a n d f ru i t 
crops has increased m a r k e d l y i n the last decade. O v e r 9 5 % of the 
C a l i f o r n i a tomato crop is mach ine harvested ( 4 3 ) . T h e m e c h a n i c a l 
shaker harvester used for some tree fruits c a n cause severe b r u i s i n g of 
the fruit . In jury can be reduced by harvest ing i n the coo l hours of the 
night , q u i c k app l i ca t i on of precoo l ing , r a p i d a n d careful transportat ion, 
a n d immedia te processing ( 5 8 ) . Genera l ly , fruits a n d vegetables w i l l 
r each the food processor w i t h i n hours but take m u c h longer to get f r om 
the field to the re ta i l fresh market . F o r this reason the m e c h a n i c a l 
harvest ing method has not been satisfactory for the fresh f ru i t market 
for oranges, pears, p l u m s , apples, or apricots ( 5 8 , 5 9 ) . 

N e w varieties are b e i n g deve loped to w i ths tand better mechan i ca l 
harvest ing . B u r g e et a l . (43) reported that the ascorbic a c i d content of 
tomato varieties deve loped for this purpose conta in as m u c h ascorbic 
a c id as do convent ional varieties. 

Intact p lant tissue ascorbic a c i d is protected f rom ox idat ion b y 
ce l lu lar compartmentat ion . H o w e v e r , w h e n tissues are d i srupted after 
b r u i s i n g , w i l t i n g , ro t t ing , o r d u r i n g advanced stages of senescence, o x i d a 
t i on of the v i t a m i n c a n easily take place . I n plants at least four e n z y m e s — 
ascorbic a c id oxidase, po lypheno l oxidase, cytochrome oxidase, a n d 
peroxidase—are thought to ox id ize v i t a m i n C i n d a m a g e d or overr ipe 
tissue (35,58,60). I t has also been suggested that p lant tissues conta in 
reductase systems that can regenerate ascorbic a c i d w h e n i t is o x i d i z e d 
i n s itu. W h e n the ce l lu lar integr i ty is damaged (e.g., after b r u i s i n g ) , 
these reductase systems are inact ivated a n d ascorbic a c i d ox idat ion 
continues w i thout contro l ( 3 5 ) . 

T h e m a x i m u m act iv i ty of ascorbic a c i d oxidase is at 40°C , b u t i t is 
almost complete ly inact ivated at 65°C. Therefore , b l a n c h i n g of vegetables 
or fruits p r i o r to further processing ( f reez ing or cann ing ) is i d e a l for 
protect ion of v i t a m i n C f rom enzymat i c ox idat ion , a l though some regen
erat ion of heat - inact ivated peroxidases m a y occur after b l a n c h i n g ( 3 5 ) . 
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21. ERDMAN AND KLEIN Vitamin C in Foods 509 

Storage of N e w l y H a r v e s t e d C r o p s . E n z y m a t i c destruct ion of 
ascorbic a c i d can beg in as soon as a crop is harvested. K a l e c a n lose 
1.5% of its v i t a m i n C per ho ur a n d about one - th ird i n 24 h . Storage i n 
coo l condit ions a n d increased h u m i d i t y , factors that reduce w i l t i n g , reduce 
losses of ascorbic a c i d d u r i n g storage. W i l t i n g (moisture loss) is p a r 
t i cu lar ly prevalent w i t h the fresh, green, leafy vegetables w i t h large 
surface areas. E z e l l and W i l c o x (61) observed that ascorbic a c i d 
destruct ion i n kale was accelerated by room temperature storage, p a r 
t i cu lar ly i f the h u m i d i t y was l ow. F r e s h r a w sp inach stored overnight 
at 4 ° C i n a w a l k - i n cooler lost as m u c h as 4 0 % of its i n i t i a l ascorbic a c id . 
T h e degree of loss depended on the condi t i on of the leaves at the t ime 
of storage (62 ) . C o n t r o l of temperature a n d h u m i d i t y is essential for 
preservat ion of v i t a m i n C i n these products . 

G r e e n beans, w h i c h have less surface area than the leafy vegetables, 
stored at 10 °C for 24 h , lost only 1 0 % of the ir ascorbic a c i d concentra
tions, but w h e n stored at room temperature for the same t ime, lost 2 4 % 
of the ir ascorbic a c i d concentrat ion (35,63). O n l y m i n o r losses of 
ascorbic a c id are f ound after 1 or 2 months storage of fresh citrus f ru i t , 
w h i c h have very l o w surface areas a n d a protect ive pee l , i f they are 
stored i n cool temperatures (3 .3 -5 .6 °C) (38). 

E h e a r t (64) f ound that the ascorbic a c i d content of brocco l i h e l d 
at 3 ° C increased d u r i n g storage. I n a fo l l ow-up study, E h e a r t a n d 
O d l a n d (65) f ound no significant losses of ascorbic a c i d d u r i n g a 1-week 
storage per iod , a n d i n fact, a 3 6 % increase was noted for one var iety . 
T h i s was at tr ibuted to ascorbic a c id synthesis f rom monosaccharides 
d u r i n g the storage per iod . G r e e n beans, on the other h a n d , lost s igni f i 
cant amounts of ascorbic a c i d ( u p to 8 8 % ) after 1 week at the same 
temperature , a l though decreases were smal l i n the first 48 h . 

Refr igerat ion ( 0 - 1 0 ° C ) of fresh fruits a n d vegetables is c o m m o n l y 
used to retard deteriorat ion i n eating qual i t ies ( f lavor, texture, appear 
ance, a n d color) a n d nutr i t ive value. R e d u c t i o n of temperature slows 
respiratory act iv i ty i n p lant products , reduces moisture loss, a n d decreases 
the rate of decay due to microorganisms. I n the home, fresh produce is 
general ly stored refr igerated for a re lat ively short p e r i o d of t ime. O n c e 
f ru i t is r ipened , it should be refr igerated p r o m p t l y to prevent undesirable 
softening a n d subsequent bru i s ing , w h i c h increases losses of ascorbic 
a c i d due to enzymat ic act ion a n d oxidat ion. Vegetables , par t i cu lar ly 
leafy ones, should be stored i n plast ic bags or i n a vegetable crisper, to 
m i n i m i z e moisture loss that accelerates ascorbic a c id degradat ion (61,66). 

Some vegetables are subject to c h i l l i n g in jury at refr igerat ion t e m 
peratures. T h i s includes fa i lure to r ipen normal ly (mature-green t oma
toes, immature bananas, a n d eggplants ) , suscept ib i l i ty to decay (sweet 
potatoes) , undes irable increases i n sugars (potatoes) , as w e l l as an 
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510 ASCORBIC A C I D 

increase i n lesions ( p i t t i n g , in terna l a n d external d i sco lorat ion) . M e m 
brane damage d u r i n g c h i l l i n g increases the poss ib i l i ty of enzyme release 
i n the p l a n t tissue, resu l t ing i n further softening a n d oxidat ive reactions. 
These effects decrease the eat ing qua l i ty a n d acceptabi l i ty of the produce , 
r e d u c i n g its consumption . T h e nutr i t ive value of ch i l l - in jured foods has 
not rece ived m u c h attention, because the v is ib le deteriorat ion is more 
impor tant economical ly . I n general , c h i l l i n g has l i t t le effect on the 
ascorbic a c id content of fresh fruits a n d vegetables under reasonable 
condit ions of d i s t r ibut ion , storage, a n d m a r k e t i n g (58 ) . T h e effect of 
contro l led atmosphere storage on ascorbic a c id content of fruits a n d 
vegetables stored under those condit ions has not been w e l l investigated. 

Temperature of storage is important i n m a i n t a i n i n g the ascorbic a c id 
content of potatoes. I n general , potatoes are stored at re lat ive ly h i g h 
temperatures ( 4 0 - 5 0 ° F ) , w h i c h results i n better ascorbic a c id retent ion 
as w e l l as better qua l i ty (67 ) . 

A major factor contr ibut ing to the var iab i l i t y i n v i t a m i n C content 
of potatoes is the storage t ime. A u g u s t i n et a l . (44) reported a sharp 
decrease i n the v i t a m i n d u r i n g the first 4 months of storage of potatoes 
at about 7 ° C a n d 9 5 % relat ive h u m i d i t y . O v e r the next 4 months there 
was either a complete l eve l ing out or a less pronounced decrease. A f t e r 
8-months storage a l l varieties appeared to conta in about the same c o n 
centrat ion of v i t a m i n C ( 4 0 - 5 0 m g / 1 0 0 g D W B ) . 

Kinetics of Ascorbic Acid Destruction During 
Processing and Storage 

A n interest i n quant i tat ive approaches to changes i n food q u a l i t y 
has been st imulated i n part b y government regulat ion of n u t r i t i o n a l 
l abe l ing (68). T h e relat ive instabi l i ty of ascorbic a c id under usua l c o n d i 
tions of food storage a n d processing is w e l l documented (69, 70 ) . H o w 
ever, the pred i c t i on of v i t a m i n C losses is compl i cated b y lack of in f o r 
mat i on about the mechanisms of degradat ion a n d the factors that i n f l u 
ence them. T h e loss of ascorbic a c i d is dependent o n the presence or 
absence of oxygen, the rate of oxygen transfer, p H , a n d water content 
a n d act iv i ty of the food (17, 71-74). 

T o pred i c t nutr ient deter iorat ion, knowledge of the react ion rate as 
a funct ion of temperature of storage or processing is needed. T h e kinet ics 
of ascorbic a c i d destruct ion have been examined most extensively i n 
m o d e l systems, w i t h par t i cu lar attention b e i n g g iven to in termediate 
moisture foods (17, 71 ,78 , 79 ) . M o s t o f the data avai lable for v i t a m i n C 

losses i n ac tua l food systems are insufficient to calculate the k i n e t i c 
parameters needed to pred i c t losses d u r i n g heat treatment or storage. 
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21. E R D M A N A N D K L E I N Vitamin C in Foods 511 

L u n d (80) a n d L a b u z a (71,76) have reexamined the data i n the l i t e r a 
ture to derive some of the values. H o w e v e r , i n m a n y cases, the i n f o r m a 
t ion presented i n the rev i ewed studies is inadequate to establish the 
condit ions that were used for processing or storage. T h e interpretat ion 
of data was sometimes based on erroneous assumption of react ion orders, 
l ead ing to inaccurate predict ions of nutr ient losses (76). 

A c c o r d i n g to L e n z and L u n d ( 7 2 ) , k inet i c models for destruct ion 
of food components are needed to improve products b y m i n i m i z i n g 
q u a l i t y changes for n e w produc t deve lopment a n d to pred i c t shelf l i f e 
d u r i n g storage. N u m e r o u s reports a n d reviews of the kinet ics of ascorbic 
a c i d destruct ion can be f ound i n the l i terature (68-88). A br ie f overv iew 
is presented here to indicate the need for further research i n this area. 

N u t r i e n t destruct ion is usua l ly descr ibed i n terms of t ime a n d 
temperature effects us ing the react ion rate a n d the dependence of the 
react ion rate on temperature. T h e parameters most f requent ly used b y 
phys i ca l chemists a n d i n engineer ing appl icat ions are the react ion rate 
constant (k), at a g iven temperature ( T ) , a n d the A r r h e n i u s act ivat ion 
energy (Ea). I n the food industry , the t ime to reduce the concentrat ion 
of a component to 1 0 % of the i n i t i a l va lue ( D ) , at a g iven temperature 
(usua l ly 1 2 1 ° C ) , a n d the change i n degrees Fahrenhe i t r equ i red for a 
ten- fo ld change i n D (z), are used to describe the react ion rates. T h e 
Q10 va lue , w h i c h is the ratio of the react ion rate (k) at T ( ° C ) + 10, to 
the react ion rate at T , is often used i n b io log i ca l descriptions of kinet ics . 

F o r ascorbic ac id , losses are general ly considered to f o l l ow first-order 
kinet ics as descr ibed b y : 

where C = the concentrat ion of the nutr ient , t = t ime, a n d k = the rate 
constant ( t i m e ' 1 ) . I f C = C 0 at t ime zero, integrat ion of E q u a t i o n 1 
y ie lds : 

F o r the first-order react ion, a p lo t of l og C vs. t w i l l y i e l d a straight l ine , 
a n d the rate constant (k), can be der ived f r om the slope. It is possible 
to p lo t the l o g of the ratios of concentrations at t w o times, or the l o g of 
the percent nutr ient r emain ing , vs. t ime to obta in the rate constant at 
a par t i cu lar temperature (71,77). T h e hal f - l i f e ( t i m e r e q u i r e d for 
destruct ion of 5 0 % of the i n i t i a l v i t a m i n present) at a g iven temperature 
can also be used to calculate k since the hal f - l i f e is independent of the 
i n i t i a l concentration. 

-dC 
dt 

= fcC (1) 

C = C 0 e x p (-kt) (2) 
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512 ASCORBIC A C I D 

I f the destruct ion of a component is presumed to be zero-order, a 
p lo t of C vs. t should give a straight l ine . C e r t a i n losses of v i t a m i n C , 
par t i cu lar ly i n frozen foods, are presumed to f o l l ow first-order k inet ics 
(89 ) . L a b u z a (76) observed that zero-order react ion rates for q u a l i t y 
losses may be assumed i n some fluctuating temperature studies, b u t this 
may lead to a misca lcu lat ion of pred i c ted changes. Therefore , f rom a 
theoret ical standpoint , i t is important that the proper order be used for 
predict ions . I n general , ascorbic a c id destruct ion is assumed to be first-
order, or pseudo first-order (17,27) except under specific condit ions of 
heat a n d moisture (79 ) . 

T h e temperature dependence of the react ion is usual ly descr ibed b y 
the A r r h e n i u s equat ion : 

k = fc0exp (-Ea/RT) (3) 

where k = the first-order rate constant, k0 = pre -exponent ia l constant or 
frequency factor or Arrhen ius constant ( t i m e - 1 ) , R — gas constant (1.987 
c a l / K - m o l ) , a n d T = absolute temperature ( K ) . T h e act ivat ion energy 
(Ea) is equivalent to —2.303R times the slope of a p lo t of l o g k vs. 1 / T . 

T h e energy of act ivat ion for most v i tamins is considered to be 20 -30 
k c a l / m o l ( 6 9 ) , but the va lue can be affected b y a number of factors. 
T h e Eas for destruct ion of enzymes or microorganisms used as indicators 
of adequacy of thermal processing are general ly m u c h higher . Because 
a n increase i n temperature has a greater effect on the react ion rate w h e n 
the Ea is h igher , i f k0s are comparable , more r a p i d destruct ion of enzymes 
a n d microorganisms than v i tamins may result at the elevated temperatures 
used for thermal processing. Therefore , i t has been assumed that v i tamins 
are more stable than other food components. H o w e v e r , re lat ive ly l i t t l e 
data are avai lable to support this. 

Some in format ion regard ing the Ea for ascorbic a c i d i n food systems 
c a n be f ound i n the l i terature. K i r k et a l . (17) de termined that the 
v i t a m i n C destruct ion i n a m o d e l dehydrated food system c o u l d be 
descr ibed b y the first-order funct ion . Rates of destruct ion were i n f l u 
enced b y aw, moisture, a n d temperature of storage. A c t i v a t i o n energies 
for T A A destruct ion at aws above 0.24 were approx imate ly 18 k c a l / m o l , 
s imi lar to those reported for R A A by L e e a n d L a b u z a ( 7 8 ) . L o w e r Eas 
were reported at aws less than 0.24, suggesting a different mechanism 
for ascorbic a c i d destruct ion, perhaps b y an anaerobic pathway . Rate 
constants were also inf luenced b y the p a c k a g i n g used for the m o d e l food 
system, w h i c h m a y be at tr ibuted to the amount of d issolved oxygen 
present. 

L e e et a l . (81) reported that the Ea for the anaerobic destruct ion of 
a d d e d ascorbic a c i d i n tomato juice at p H 4.0 d u r i n g storage was 3.3 
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21. ERDMAN AND K L E I N Vitamin C in Foods 513 

k c a l / m o l , w h i c h is l ower than the values for ascorbic a c i d destruct ion i n 
buffered solutions reported b y B l a u g a n d H a j r a t w a l a ( 8 2 ) . T h e anaerobic 
destruct ion of ascorbic a c i d is general ly be l ieved to proceed at a s lower 
rate than aerobic degradat ion. I n canned foods, the absence of oxygen 
alters the mechanism of destruct ion, a n d thus the react ion rate ( 7 2 , 7 5 ) . 

L a t h r o p a n d L e u n g (75) reported that the Ea for ascorbic a c i d 
degradat ion i n canned peas d u r i n g processing at 110-132°C was 41 
k c a l / m o l . T h i s was higher than the Eas reported for other nutrients , 
a l though i n a s imi lar range (83,84). C o n t r a r y to other studies, these 
investigators suggested that ascorbic a c i d destruct ion i n canned peas was 
m u c h more heat sensitive than that i n m o d e l systems. Rao et a l . (90), 
i n a s imi lar invest igat ion w i t h canned peas, reported an Ea of 13.1 
k c a l / m o l , s ignif icantly l ower than that f o u n d b y L a t h r o p a n d L e u n g 
(75 ) . Differences i n the destruct ion mechanism (aerobic vs. anaerob i c ) , 
oxygen concentrat ion, a n d actual temperature i n the center of the food 
might account for some of the var iat ion . 

N a g y (38) reported that for stored citrus juices, the loss of v i t a m i n 
C was not necessarily a first-order react ion. F o r grapefruit juice, the Ea 

was 18.2 k c a l / m o l , a n d the react ion was first-order. F o r orange juice, 
two Eas were de termined : 12.8 k c a l / m o l i n the temperature range 4 -28°C , 
a n d 24.5 k c a l / m o l i n the range 28 -50°C. T h e change i n react ion kinet ics 
was at tr ibuted to different destruct ion mechanisms, a l though no expla 
nat ion was offered. 

T h e lack of data for ac tua l food systems, a n d the discrepancies c i ted 
above, indicate the diff iculty i n p r e d i c t i n g ascorbic ac id losses that m i g h t 
occur d u r i n g processing a n d storage of foods. W i t h the advent of n u t r i 
t i ona l labe l ing , the processor must be able to prov ide foods conta in ing 
at least the amount of a nutr ient l is ted at the t ime of purchase. T h e r e 
fore, the determinat ion of losses as out l ined b y L a b u z a et a l . (85) or 
L e n z a n d L u n d (72) shou ld be part of the qua l i ty contro l p r o g r a m i n 
a food company. T h e development of computer s imulat ion models for 
pred i c t i on of q u a l i t y losses, i n c l u d i n g nutrients , w i l l become increas ingly 
impor tant (85-88). 

Ascorbic Acid Losses During Industrial Processing 

Because of v i t a m i n C s l a b i l i t y to heat - induced ox idat ion a n d its 
h i g h so lub i l i ty i n water , major losses o f the v i t a m i n can occur d u r i n g 
food processing techniques that u t i l i ze l o n g heat treatments or that 
invo lve large quantit ies of soaking, r ins ing , or cook ing water (35,91,92). 
T h i s section reviews the effects of different food preservat ion processes 
o n the retention of v i t a m i n C i n commerc ia l f ood products . 
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514 ASCORBIC A C I D 

Blanching. H o t water , mic rowave , or steam b l a n c h i n g is used p r i o r 
to f reez ing, canning , or d r y i n g operations p r i m a r i l y to inact ivate enzymes 
that cause deter iorat ion d u r i n g storage of f rozen foods. B l a n c h i n g is 
also used to c lean a n d reduce the m i c r o b i a l popu la t i on o n the vegetable 
or f rui t , to soften b u l k y vegetables a n d reduce vo lume p r i o r to packag ing , 
to expel gasses that can create excessive pressure i n the can , a n d to 
m a i n t a i n or " f ix" color ( 35 ) . 

H o t water b l a n c h a n d subsequent water - coo l ing is undesirable 
because of l each ing of various water -so luble nutrients , especial ly ascorbic 
ac id . Losses of ascorbic a c i d are especial ly h i g h w h e n the surface area 
per mass of the food is large ( smal l p ieces ) , w h e n there is a large water 
to f ood ratio , w h e n the contact t ime is l ong , a n d w h e n the produc t is 
extensively st irred i n water . W h e n b l a n c h condit ions are favorable , loss 
of ascorbic a c id can be less than 1 0 % , but the loss can be 5 0 % or more 
under severe condit ions. T h e w i d e range of ascorbic a c i d retent ion i n 
canned fruits a n d vegetables m a y reflect the v a r y i n g condit ions of b l a n c h 
i n g , a l though i n some cases h i g h losses result f r o m the use of copper 
salts as color stabil izers (93 ) . 

L a t h r o p a n d L e u n g (94) co l lected pea samples at various points 
a long a commerc ia l canning l ine i n W a s h i n g t o n State ( T a b l e I V ) . T h e y 
f ound a total 8 % loss of ascorbic a c i d concentrat ion d u r i n g soaking, 
c leaning , a n d s i z ing operations due to l each ing (no heat a p p l i e d ) . H o t 
water b l a n c h i n g (3 m i n at 8 2 - 8 8 ° C ) caused a further 1 9 % reduct ion 

Table IV. Vitamin C Losses Due to Specific Operations in 
Commercial Thermal Pea Processing 

Vitamin C 

Loss After 
Each Cumulative 

Process 
Content0 

(mg/100 g of Peas) 
Operation 

(%) 
R e c e i v i n g 
S o a k i n g 
W a s h i n g and s i z ing 
B l a n c h i n g 
H o t filling 

s t i l l 

24.9 ± 0.9 
24.3 ± 1.5 
22.9 ± 2.9 
18.5 ± 1.1 

10.4 ± 0.1 
10.3 ± 1.4 

43.8 
44.3 

0 
2.4 
5.8 

19.2 

58.2 
58.6 

0 
2.4 
8.0 

25.7 

continuous 
T h e r m a l processing 

s t i l l 
continuous 

8.2 ± 1.1 
8.0 ± 0.9 

21.2 
22.3 

67.1 
67.9 

Source: Lathrop and Leung (94). 
° Mean ± sd for five or more samples. 
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21. E R D M A N AND K L E I N Vitamin C in Foods 515 

i n v i t a m i n C . T h e same authors further s tudied the effect of b l a n c h 
t ime o n the ascorbic a c id content of 20-40-g quantit ies of peas b l a n c h e d 
i n a pi lot -scale steam blancher at 100°C or i n d is t i l l ed water ( 4 : 1 , 
water :peas ) at 85°C. A f t e r 3 m i n the retention was 7 8 . 5 % after steam 
a n d 7 1 . 9 % after water b lanch ing . A b o u t one- th ird or one-half of the 
v i t a m i n C lost f rom hot -water -b lanched peas was leached into the b l a n c h 
water . 

Se lman, i n his rev iew of v i t a m i n C losses d u r i n g processing of peas 
( 9 5 ) , observed that there was a large var ia t ion among varieties for bo th 
the v i t a m i n C content a n d retention d u r i n g processing steps such as 
b lanch ing . T h e losses were not re lated to the i n i t i a l ascorbic a c i d content 
of the variety . T h e w o r k of M o r r i s o n (96) shows a threefo ld var ia t i on 
of v i t a m i n C loss f rom six cult ivars of peas b lanched i n water for 1 
m i n at 97°C. 

I n general , steam b l a n c h i n g appears to result i n l ower loss of ascorbic 
ac id a l though some studies have shown no difference between steam 
a n d hot water . L e a c h i n g loss is less w i t h steam but increased ox idat ion 
may occur because of longer b l a n c h times (35 ) . M i c r o w a v e b l a n c h i n g 
has been shown i n some cases to be superior to steam b l a n c h i n g for 
v i t a m i n C retention (80,97) p robab ly because of less l each ing loss. T h e 
hot gas a n d superheated steam b l a n c h i n g procedures have yet to be 
adequate ly tested for their effects on ascorbic a c i d retention i n a var iety 
of products . 

Pasteurization and Commercial Sterilization (Canning). A l o n g 
w i t h b lanch ing , pasteurizat ion a n d ster i l izat ion are the c o m m o n t h e r m a l 
preservat ion procedures i n indus t r ia l processing. T h e objective of pas
teur izat ion is to inact ivate vegetative cells of pathogenic or spoi lage 
organisms. O t h e r than m i l k , most pasteur ized products have a l o w p H 
to reduce the rate of m i c r o b i a l growth . M a n y orange a n d other f ru i t 
juices a n d dr inks are pasteurized. Pasteur izat ion is usual ly f o l l owed b y 
other spec ia l treatments such as refr igerat ion or fermentation. 

T h e commerc ia l ster i l izat ion procedure uses sufficient heat to i n a c t i 
vate spores of pathogenic or spoilage organisms. Ster i l i zat ion usual ly is 
used i n conjunct ion w i t h anaerobic storage condit ions (68,80). 

Pasteur izat ion requires considerably less t h e r m a l i n p u t than does 
ster i l izat ion . Therefore , the t h e r m a l losses d u r i n g pasteurizat ion process
i n g are quite l ow. H o w e v e r , ox idat ive losses can be h i g h i f care is not 
taken to deaerate a n d i f h igh- temperature -short - t ime ( H T S T ) condit ions 
are not used ( 8 0 ) . 

T h o m p s o n (98) invest igated the loss of nutrients f rom m i l k after 
pasteurizat ion a n d ster i l izat ion. A por t ion of his results are f o u n d i n 
T a b l e V . H T S T ( 7 2 ° C for 15 s) pasteur izat ion of the fluid m i l k p r i o r 
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516 ASCORBIC A C I D 

Table V . Loss of Nutrients in Milk During Processing 

Pasteurized Sterilized 

HTST Holder UHT In Bottle 

Nutrient (%) (%) (%) (%) 

T h i a m i n e 10 10 10 35 
V i t a m i n C 10 20 10 50 
F o l i c a c id 0 0 10 50 
V i t a m i n B 1 2 0 10 20 30 

Source: Thompson (98) as noted by Lund (80). 

to bo t t l i n g is superior to pasteurizat ion of the prev ious ly bott led m i l k . 
U l t r a h i g h temperature (144°C for a f e w seconds) is far superior to 
s ter i l i z ing i n the bottle for retention of four measured v i tamins . 

C o m m e r c i a l s ter i l izat ion of peas i n a retort resulted i n a 3 3 % 
retent ion of the i n i t i a l ascorbic a c id i n one study ( T a b l e V ) (94) a n d 
3 8 - 6 0 % retent ion i n another study ( 9 9 ) . T h e latter study reported 
considerably l ower v i t a m i n C loss d u r i n g the b l a n c h i n g operat ion a n d 
thus h igher total retention. F i n a l retention of v i t a m i n C i n other vege
tables after c a n n i n g was 4 0 % for corn a n d 2 3 % for beets ( 9 9 ) . T h e 
l o w total retention of v i t a m i n C for beets was largely because of b l a n c h i n g 
a n d pee l ing operations. L a r g e b l a n c h i n g losses for w a x beans a n d green 
beans were also reported ( 9 9 ) . 

Moisture Removal (Drying) . A s c o r b i c a c i d is the most diff icult of 
the v i tamins to preserve d u r i n g the dehydrat ion of foods. Losses of 2 0 % 
have been reported i n spray-dr ied m i l k a n d 3 0 % i n ro l l e r -dr i ed m i l k 
( 9 3 ) . Those d r y i n g procedures that require shorter d r y i n g times w i l l 
improve v i t a m i n C retention (35 ) . Retent ion can also be i m p r o v e d b y 
app l i ca t i on of v a c u u m or b y use of n i trogen atmosphere d u r i n g d r y i n g 
( 9 7 ) , or b y the a d d i t i o n of sul fur d iox ide to fruits a n d vegetables p r i o r 
to d r y i n g (93 ) . Su l fur d iox ide must be used w i t h caut ion , however , as 
i t destroys th iamine . 

T h e rate of ascorbic a c i d destruct ion a n d the act ivat ion energy are 
very sensitive to water act iv i ty . T h e react ion rate constant varies over 
three orders of magni tude for the entire water act iv i ty range (100). A t 
h i g h water act ivit ies , ascorbic a c id is r a p i d l y destroyed, but i t is q u i t e 
stable at l o w water act iv i ty . T h e sensit ivity of ascorbic a c i d to t empera 
ture at h i g h water act iv i ty suggests that v i t a m i n C retention is dependent 
on the wet b u l b temperature at the b e g i n n i n g of d r y i n g a n d on the 
temperature of evaporat ion. C o n t r o l of d r y i n g rate a n d condit ions is 
essential for retent ion of v i t a m i n C , a n d is par t i cu lar ly important for 
d r y i n g of f ru i t slices or halves. 
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21. ERDMAN AND K L E I N Vitamin C in Foods 517 

Concentrat i on of frui t juices should not result i n m a r k e d loss of 
ascorbic a c id i f the pressed juice is deaerated a n d and evaporated at l o w 
temperatures (100). A s c o r b i c a c i d retentions i n excess of 9 0 % have been 
reported for concentrat ion a n d freez ing processes (38,101) a n d can be 
expected for freeze concentrat ion processes (100). 

Gee (102) d r i e d slices of carrots a n d tomatoes a n d who le sp inach 
leaves at 47 °C for 16-24 h i n a forced-draft oven to a water act iv i ty of 
0.33. N o pre -b lanch chemica l treatment was used. D u r i n g dehydrat ion 
no loss i n total ascorbic a c id was detected for carrots a n d less than 2 0 % 
loss was noted for tomatoes. A s c o r b i c a c i d loss for sp inach was 6 2 % . 
Ascorb i c a c i d content remained rather stable i n carrots a n d tomatoes 
for about 1 m o n t h stored i n air , but losses accelerated r a p i d l y thereafter. 
N o benefit of n i trogen or v a c u u m packag ing on v i t a m i n C retent ion 
d u r i n g storage was noted. These are surpr is ing results. T h e h i g h 
retention of v i t a m i n C under d r y i n g condit ions should be veri f ied. 

D e h y d r a t i o n of potatoes can result i n h i g h l y var iab le ascorbic 
a c i d retention depending u p o n the process techniques used. Jadhav 
et a l . (103) f ound a m a x i m u m loss of 7 8 % of R A A i n an a d d back, 
a i r - d r y i n g process a n d a m a x i m u m loss of only 3 0 % i n a f reeze - thaw 
process for p r o d u c i n g dehydrated mashed potatoes. M a g a a n d Sizer 
(104) s tudied v i t a m i n C a n d t h i a m i n retent ion i n extrusion processed 
potato snack- l ike flakes. A t h i g h extrusion temperatures, the best ascorbic 
a c i d retention occurred i n the l o w moisture potato m e a l ( 2 5 % w a t e r ) . 
H o w e v e r , th iamine retention at h i g h extrusion temperatures was general ly 
best f rom high-moisture mea l ( 5 9 % water ) a n d poor f r o m low-moisture 
meal . 

Low Temperature Treatment. M a n y c o m m e r c i a l f rozen food p r o d 
ucts are h i g h i n ascorbic ac id . Refr igerat ion is used for various fresh 
frui t juices a n d for h o l d i n g m a n y fruits a n d vegetables pr i o r to re ta i l 
sale or further processing. 

F r e e z i n g , i f proper ly conducted , is considered the best long-term 
food preservat ion technique for b o t h o p t i m a l sensory qua l i ty a n d 
nutr ient retention (35,57,105,106). T h e average retent ion of r e d u c e d 
ascorbic a c i d i n different vegetables that were b l a n c h e d , frozen, or 
stored for 6-12 months at - 1 8 ° C and t h a w e d was about 5 0 % (106). 
Losses d u r i n g the entire process are largely at tr ibuted to b l a n c h i n g a n d 
to the pro longed frozen storage. Losses differ marked ly among products 
a n d w i t h i n varieties of a cul t ivar . 

U n d e r proper processing condit ions , fruits lose less than 3 0 % of 
their o r ig ina l v i t a m i n C content through the entire f reez ing a n d frozen 
storage per i od (106). F r o z e n concentrated fruit juices can retain over 
9 0 % of their ascorbic a c id (38,106). P a c k i n g i n syrup is general ly 
protect ive of ascorbic ac id . 
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518 ASCORBIC A C I D 

T h e temperature of f rozen storage is c r i t i ca l for o p t i m a l nutr ient 
retention. T h e Internat ional Institute of Refr igerat ion (107) recommends 
that for good retention of nutrients a n d qua l i ty of foods the m a x i m u m 
freez ing storage temperature should be — 18°C ( 0 ° F ) . A t this tempera
ture there is a s low but acceptable deteriorat ion of food qua l i ty ( 35 ) . 

Ascorb i c a c i d loss i n frozen foods is h i g h l y temperature dependent. 
F o r example, w h e n peaches, boysenberries, or strawberries are stored at 
— 7 ° C instead of — 18°C, the rate of ascorbic a c id degradat ion increases 
b y a factor of 30-70 (105,106). 

K r a m e r et a l . (108) measured ascorbic a c i d retent ion at constant 
( ± 1 ° C ) a n d fluctuating (db5°C each 20 m i n ) temperatures i n Salisbury 
steaks stored for 3 or 6 months ( T a b l e V I ) . T h e y f ound good retention 
of v i t a m i n C stored at constant — 20°C or l ower for 3 months. A t h igher 
temperatures, or at fluctuating temperatures, there was substantial reduc 
t ion of v i t a m i n C w i t h i n 3-months storage. N o other studies of v i t a m i n 
C retention under both constant a n d fluctuating temperature w e r e f ound . 

Proper storage of canned a n d bot t led single-strength f ru i t juices is 
essential for m a x i m a l v i t a m i n C retention. N a g y , i n his r ev i ew of the 
l i terature ( 3 8 ) , concludes that storage at 21 ° C (the temperature that m a y 
be close to the average year - round nonrefr igerated commerc ia l storage 
condit ions) for upwards of a year results i n v i t a m i n C retentions of 
greater than 7 5 % . H o w e v e r , storage temperatures i n excess of 28 °C 
cause m a r k e d ascorbic a c id destruct ion, a n d at 38 ° C l i t t le v i t a m i n C was 
retained. Refr igerat ion storage ( 4 - 1 0 ° C ) resulted i n excellent ( 9 0 % 
or more ) retent ion of the v i t a m i n , after 1 year. 

Table VI . Effect of Constant and Fluctuating Temperatures Upon 
the Ascorbic Acid and Thiamine Contents of Salisbury Steak 

Ascorbic Acid Content Thiamine Content 

Storage Constant Fluctuating Constant Fluctuating 
Conditions Temperature Temperature Temperature Temperature 

I n i t i a l 3.6 3.0 
3 M o n t h s 

- 1 0 ° C 1.8 1.0 2.8 1.8 
- 2 0 ° C 2.8 2.0 2.9 2.1 
- 3 0 ° C 2.8 2.5 3.2 2.6 

6 M o n t h s 
- 1 0 ° C 1.2 1.1 1.9 1.8 
- 2 0 ° C 1.6 1.1 2.7 1.7 
- 3 0 ° C 1.3 1.1 2.7 2.6 

Source: Reference 108. 
Note: Data presented as milligram of vitamin specified per 100 g. 
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21. ERDMAN AND K L E I N Vitamin C in Foods 519 

Squires a n d H a n n a (109) col lected samples of seventeen brands of 
c o m m e r c i a l reconst i tuted orange juices i n plast ic -coated c a r d b o a r d 
containers a n d stored them under refr igerat ion at 4 ° C . T h e y reported 
that the average reduct ion i n R A A was about 2 % / d . 

Fermentation. Selective fermentat ion of foodstuffs for preservat ion, 
enhancement of nutr i t ive value , improvement of flavor, or preparat ion 
of a lcohol ic beverages has been prac t i ced probab ly since prehistor ic 
times b y peoples of near ly every c i v i l i z a t i o n (110). D u r i n g fermentat ion 
of foods, one often can f ind a net increase i n content of certa in B v i tamins , 
such as r ibo f lav in a n d n i a c i n , because of m i c r o b i a l synthesis. H o w e v e r , 
d e p e n d i n g u p o n other processing steps, the fermented f ood m a y or m a y 
not reta in the n e w l y synthesized nutrients . 

Separat ion of m i l k into the c u r d a n d w h e y fractions p r i o r to cheese 
manufacture causes a par t i t i on of water-so luble substances ( w h e y ) f r o m 
the c u r d . M o r e t h a n 8 0 % of the v i t a m i n C a n d t h i a m i n e is r e m o v e d 
w i t h the w h e y fract ion (111). D e s a l t i n g of the br ine d u r i n g p i c k l e 
manufacture results i n a 1 0 0 % v i t a m i n C loss. W h e n desalt ing is not 
pract i ced , losses of ascorbic ac id are about 4 0 - 5 0 % (110). 

It was reported i n 1939 (112) that d u r i n g the active fermentat ion 
p e r i o d of sauerkraut produc t i on , the v i t a m i n C content was equa l to 
that of the o r i g ina l cabbage. T h e n , d u r i n g vat storage, a s low, progres
sive loss of v i t a m i n C occurred . F u r t h e r destruct ion ( 2 5 - 3 5 % ) occurred 
d u r i n g preheat ing a n d cann ing operations. M a r k e d loss of v i t a m i n C 
was f o u n d i n canned kraut stored at elevated temperatures (113). I n a 
recent report R o et a l . (114) invest igated the v i t a m i n B12 a n d ascorbic 
a c i d content of K i m c h i , a Chinese cabbage fermented w i t h Propionibac-
terium freundenreichii ss. shermanii. A l t h o u g h v i t a m i n B i 2 content i n 
creased, v i t a m i n C content decreased ( w h e n compared w i t h fresh 
unfermented K i m c h i ) d u r i n g the first 5 weeks of fermentation. 

F r o m these a n d other studies one must conc lude that most f ermented 
foods are not good sources of v i t a m i n C . Except ions w o u l d be fresh 
cabbage a n d other fermented vegetables that have not been desalted. 

Irradiation. I o n i z i n g rad ia t i on for use i n food systems can come 
f rom electrons, x-rays, or g a m m a rays f r om cobalt-60 or cesium-137. 
T h e r e is l i t t le rise i n the temperature w i t h i n the foodstuff, so heat 
destruct ion of nutrients is m i n i m i z e d . H o w e v e r , free radicals and 
peroxides are f o rmed w i t h i n the food. I n the U n i t e d States, i r r a d i a t i o n 
is classified as a food add i t ive a n d its use i n the food industry has been 
severely restr icted to such areas as prevent ion of potato sprout ing and 
wheat infestation. 

A s is noted i n C h a p t e r 3 i n this book, ascorbic a c i d reacts v e r y 
r a p i d l y w i t h free radicals f o rmed f rom water . T h e end products of this 
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520 ASCORBIC A C I D 

react ion c o u l d be D H A or other nonb io l og i ca l l y act ive forms of the 
v i t a m i n . V i t a m i n C i n i r rad ia ted food systems can be considered to act 
as a free r a d i c a l scavenger, but as such its overa l l content i n i r rad ia ted 
food w o u l d be reduced . 

Josephson et a l . (115) conc lude f rom their r e v i e w of the effects of 
i o n i z i n g rad ia t i on treatment of foods that nutr ient destruct ion, such as 
to v i t a m i n C , i n i r rad iated foods is no greater than that o c curr ing w h e n 
food is preserved b y more convent ional means. I n add i t i on , i f i r r a d i a t i o n 
is per formed on frozen foods, the losses of v i t a m i n C are reduced . 

Storage of Preserved Foods. P roper storage condit ions for pre 
served foods w i l l extend their shelf l i fe . E x t e n d e d storage at h i g h t e m 
peratures, or at h i g h h u m i d i t y w i t h inadequate p a c k a g i n g w i l l l e a d to 
deter iorat ion of the food products ' sensory q u a l i t y a n d nutr ient content. 
A n example of the effects of poor p a c k a g i n g a n d poor storage condi t ions 
for c ranberry sauce is i l lus t rated i n T a b l e V I I . 

Table VII. Effects of Packaging Upon Quality of Cranberry Sauce 
( P H - 2 .7 ) 

After Storage for 5 Weeks at 37° C at 
80% RH in Packages Made of: 

Test 

M o i s t u r e (Jo) 
A c c e p t a b i l i t y 

(hedonic scale) 
Ascorb i c ac id 

(mg /100 g) 

Source: Reference 149, 

Prior No. 2 Aluminum Polyester Polyester 
to Lined Laminated Film Film 

Storage Tin Can Film (2 layers) (1 layer) 

56.1 55.9 56.0 54.5 53.5 
7.3 6.7 7.2 6.3 5.3 

89.2 73.4 71.7 0.4 0.0 

Ascorbic Acid Losses During Food Preparation 

It has been suggested that, d u r i n g preparat ion of f ood for the tab le 
either i n or out of the home, losses of nutrients occur that surpass those 
i n c u r r e d d u r i n g processing (116). A n extensive r ev i ew of the l i terature 
done i n 1960 (117), w h i c h was updated i n 1975 ( 9 2 ) , revealed that f e w 
n e w data have been reported i n the in terven ing years. E r d m a n (57) 
suggested that more in format ion , par t i cu lar ly on the effects of c o o k i n g 
procedures on nutr ient retent ion, was necessary. 

W e do not i n t e n d to prov ide comprehensive coverage of the early 
w o r k on ascorbic a c id retent ion i n home prepared foods i n this section, 
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21. ERDMAN AND KLEIN Vitamin C in Foods 521 

but to indicate the c r i t i ca l points where losses may occur. T h e increased 
consumpt ion of food away f rom home, i n a food service fac i l i ty , such as 
school a n d business cafeterias, restaurants, a n d fast food stands, w i l l 
influence the nutrients avai lable to the consumer. N u t r i e n t data co l lected 
i n the 1940s have become less useful because of changes i n r a w materials , 
food processing, technology, a n d equ ipment (118). Therefore , one must 
v i e w the in format ion avai lable about the influence of various processes 
a n d procedures on v i t a m i n C content of foods as ind icat ive , rather t h a n 
absolute. 

I n most studies of v i t a m i n C content of prepared food, the var iety 
of f ru i t or vegetable is rarely reported or k n o w n . T h e consumer, unless 
s h e / h e is the gardener as w e l l , has l i t t le contro l over the var iety of f ru i t 
or vegetable purchased or avai lable . I n commerc ia l re ta i l ing of fruits 
a n d vegetables, the decisions regard ing var iety are inf luenced b y season, 
g r o w i n g area, a n d qua l i ty characteristics of the produc t other t h a n 
nutr i t ive value. 

Preparation for Cooking. D u r i n g preparat ion for cooking , most 
p lant materials require some pee l ing and t r i m m i n g . I n add i t i on , s u b d i v i 
sion of large who le vegetables is often done to speed cook ing times a n d 
to p rov ide more u n i f o r m size pieces. T r i m m i n g losses vary considerably 
d e p e n d i n g on the type of food, its condi t ion a n d freshness, a n d the 
method of cook ing to be used. A handbook of food y ie lds (119) provides 
extensive in format ion about losses a n d gains i n we ight of food d u r i n g 
different stages of preparat ion . 

T h e extent of t r i m m i n g for most fruits a n d vegetables w i l l inf luence 
the total i n i t i a l nutr ient content. Since ascorbic ac id is usual ly concen
trated i n the outer leaves or layers of the f ru i t or vegetables, r emova l of 
these portions m a y result i n a considerable loss (37,67,120,121). 

Losses i n ascorbic a c id content o w i n g to advance preparat ion ( cut 
t i n g a n d shredd ing ) do occur (122-125), b u t the amount is unpred i c tab le 
a n d inconsistent. T h e losses are inf luenced b y the degree of subdiv is ion , 
soaking i n water , mater ia l of the cut t ing instrument , t ime of standing, a n d 
temperature of storage d u r i n g standing. Des t ruc t i on of ascorbic a c i d 
i n cut cabbage has been reported to be as l o w as 3 % (121) a n d as h i g h 
as 4 0 % (122). A c c o r d i n g to V a n D u y n e et a l . (122) retent ion of reduced 
ascorbic a c i d i n cabbage that was shredded a n d a l l owed to stand for 1 h 
i n air , 1 h i n water , or 3 h i n water was over 8 7 % i n a l l cases. S i m i l a r l y , 
pee led potatoes, quartered or who le , d i d not lose significant amounts of 
ascorbic a c i d d u r i n g a 1-3-h soaking p e r i o d (126). Based o n the sparse 
data , i t appears that the soaking of vegetables i n water for short periods 
of t ime pr i o r to cook ing results i n smal l losses of ascorbic a c id . I f a vege
table is shredded or cut, the losses w i l l be increased. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

02
1



522 ASCORBIC ACID 

C o o k i n g of Vegetables . I n the 1940s, m a n y of the studies of ascor
b i c a c id retent ion were concerned w i t h processes of b l a n c h i n g a n d 
freez ing ; i n the next decade, studies of cook ing methods i n c l u d i n g 
pressure cooking, "waterless" cooking , a n d steaming were more common. 
T h e development of electronic cook ing also s t imulated research i n the 
early 1960s. Since that t ime, there have been re lat ive ly f ew n e w reports 
on v i t a m i n retention i n cooked foods. 

I n assessing the cooking studies, caut ion must be used i n interpret ing 
results. C l e a r l y , the amount of water a n d the t ime of heat ing must be 
specified. Di f f i cu l ty i n de termin ing the degree of "doneness" m a y in f lu 
ence the observations. T h e amount of subdiv is ion of the vegetables must 
also be considered. It should be po inted out that i n almost a l l of the 
investigations c i ted only one cooking t ime, a n " o p t i m u m " , was used. 
A l t h o u g h there are recommendations for cook ing times a n d amounts of 
water to be used i n home cooking , i t is l ike ly that the average food 
preparer deviates substantial ly f rom the recommendations because of 
personal preferences, inexperience, or other factors. It w o u l d be interest
i n g to determine w h a t cook ing methods are actual ly used, a n d to 
determine the effects of a range of heat ing times a n d temperatures on 
ascorbic a c id retention i n vegetables. 

B A K I N G , S T E A M I N G , A N D PRESSURE C O O K I N G . T h e most c o m m o n 
method of cook ing vegetables is by b o i l i n g i n water . T h e proport ion of 
water to vegetable used can vary greatly f rom a 0:1 (waterless cook ing) 
to a 5:1 ratio (water to c o v e r ) . U s u a l recommendations for vegetable 
cookery are to use a " m i n i m u m amount" of water , w h i c h can range f r om 
a ratio of 0.25:1 to 1:1 depend ing on the food. I n m a k i n g recommenda
tions for the amount of water to be used, pa la tab i l i ty as w e l l as nutr ient 
retention are considered. 

E x a m p l e s of the effects of different ratios of water to vegetable 
used i n various cook ing methods on ascorbic a c id retent ion are shown 
i n T a b l e V I I I . T h e water to vegetable ratio used i n the cook ing procedure 
is important because losses of ascorbic a c id are p r i m a r i l y caused b y 
leach ing of the v i t a m i n . C o o k i n g methods that reduce exposure to large 
quantit ies of water , such as pressure cooking , steaming, a n d microwave 
cooking , w o u l d be expected to result i n h igher total ascorbic a c i d reten
t ion (10,127-132). W h e n the same or s imi lar ratio of water to vegetable 
is used i n any of the cook ing methods, ascorbic a c i d losses are approx i 
mate ly the same, i f c ook ing times are comparable (131-135). I n almost 
a l l vegetables cooked i n a m i n i m u m amount of water , ascorbic ac id 
retention i n the vegetables was over 7 0 % , regardless of the cook ing 
method used. E h e a r t a n d Got t (136) noted that w h e n no water or very 
smal l amounts were used, ascorbic a c i d retention was about the same. 
H o w e v e r , i f large quantit ies of water (5 :1 rat io ) were used for b o i l i n g 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

02
1



21. E R D M A N AND KLEIN Vitamin C in Foods 523 

Table VIII. Effects of Some Common Cooking Methods on 
Ascorbic A c i d Retention in Vegetables 

Water: 
Vegetable and Vegetable 

Cooking Method Ratio 

B r o c c o l i 
microwave 2 :1 
saucepan (boil ing) 2 :1 
microwave 0.4:1 
saucepan (boil ing) 5.5:1 
saucepan 0.5:1 
waterless cooking 0.2:1 

Cabbage 
0:1 microwave 0:1 

microwave 3.5:1 
saucepan (boil ing) 4:1 
pressure cooker 1.25:1 
microwave 0.25:1 
saucepan (boiling) 5:1 
microwave 0.5:1 
saucepan (boil ing) 0.5:1 

Sp inach 
microwave 0:1 
saucepan 0:1 
microwave 0.25:1 
saucepan 0.25:1 

Cooking 
Time Percent 

(min) Retention References 

3 72 150 
10 59 150 

5 87 130 
6.5 45 ISO 

10 88 132 
8 82 132 

5 93 150 
4 85 150 

25 20 150 
3 50 150 
4 80 ISO 
6.5 38 ISO 

12 72 134 
14 69 134 

7 56 134 
7 61 134 
6.5 47 135 
7 50 135 

vegetables, as was done b y G o r d o n a n d N o b l e (130 ) , ascorbic a c i d 
retention was m u c h lower i n convent ional ly cooked than i n mic rowave 
cooked vegetables, even though cooking times were s imi lar . 

Studies i n w h i c h the ascorbic ac id retention a n d content of the 
cook ing l i q u i d were determined (130,133,134) showed that total ascorbic 
ac id retention was general ly about 9 0 % after cooking . Sweeney et a l . 
(137) reported that total percent retent ion i n brocco l i solids plus cook ing 
l i q u i d d i d not decrease greatly w i t h t ime . Therefore , ascorbic a c i d 
appeared to be re lat ive ly heat stable a l though it was easily leached into 
the cook ing water . W h e n larger proport ions of water were used (130 ) , 
a h igher percentage of ascorbic a c id was f ound i n the cook ing l i q u i d , 
w h i c h emphasizes the importance of us ing m i n i m u m amounts of water 
i n vegetable cookery. 

It is f requent ly stated that steaming vegetables is most benefic ial i n 
re ta in ing ascorbic a c i d i n the food. A n examinat ion of the sparse data 
(56) i n the l i terature does not support this theory, however . I n m a n y 
cases, the lengthened cooking t ime necessary to soften the vegetables 
can result i n destruct ion of v i t a m i n C b y heat a n d oxidat ion. I f vegetables 
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are extensively s u b d i v i d e d pr i o r to cook ing (e.g., shredded or t h i n l y 
s l i c e d ) , then steaming methods are satisfactory for palatable , nutr i t ious 
vegetables. F o r larger pieces or w h o l e vegetables, the use of smal l 
amounts of water a n d convent ional or microwave cook ing methods w i l l 
be qu i cker a n d more effective i n re ta in ing ascorbic a c id . It should be 
po in ted out that the data for steamed a n d bo i l ed vegetables f r o m the 
same sources are not read i ly avai lable . T h u s , the recommendations 
regard ing steaming are in ferred rather than k n o w n . 

M I C R O W A V E C O O K I N G . W h e n sales of m i c r o w a v e ovens increased i n 
the 1970s, the nutr i t i ona l benefits were advert ised. Recent studies have 
conf irmed the early findings (134,136) that microwave cook ing results 
i n good retention of ascorbic ac id , presumably because of the l o w water 
to vegetable ratios and short cooking times used. I n a rev iew of m i c r o 
wave effects on nutr ient retention, K l e i n (138) po in ted out that the 
amount of water used i n cooking , and to a lesser extent, the cooking t ime , 
affect ascorbic a c id losses more than the source of energy or the type 
of cooking. I f short cooking times a n d smal l amounts of water are used, 
more ascorbic a c id w i l l be reta ined i n any cooking method . 

M a b e s a a n d B a l d w i n (139) f o und that frozen peas, cooked w i t h or 
w i t h o u t water i n mic rowave ovens or conventional ly , v a r i e d i n ascorbic 
a c id content. W h e n the same ratio of water to vegetable (1 :4 ) was 
used i n the mic rowave a n d convent ional methods, ascorbic a c i d retentions 
were s imi lar ( 7 0 % ) , but lower than w h e n no water was used i n the 
microwave oven (retention > 9 6 % ). 

I n a study of ascorbic a c id retention i n frozen caul i f lower ( T a b l e 
I X ) (140) , the ascorbic a c id content a n d retention i n the vegetables 
cooked w i t h no water was signif icantly higher ( p < 0 . 0 5 ) than those 
cooked w i t h increasing proport ions of water (0.25:1, 0.5:1, 1:1). H o w 
ever, the caul i f lower cooked wi thout water was not as palatable . 

Table IX. Ascorbic Acid Retention in Frozen Cauliflower Cooked 
with Various Ratios of Water to Vegetable 

Uncooked caulif lower 
C o o k e d caulif lower 

Water: 
Vegetable 

Ratio 

0:1 
0.25:1 

0.5:1 
1:1 

Cooking 
Time 
( min) 

5.5 
5.5 
5 
5 

Ascorbic 
Acid* 

(mg/100 g) 

51.4 ± 3.9 
52.2 ± 8.1 
45.5 ± 2.5 
43.1 ± 1.5 
42.3 ± 0.7 

Percent 
Retention0 

100 
99.8 ± 7.7 
88.0 ± 4.9 
82.9 ± 2.8 
81.1 ± 1.6 

° Mean ± sd for four samples. 
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21. ERDMAN AND KLEIN Vitamin C in Foods 525 

K l e i n et a l . (135) f ound that approximate ly one-half of the i n i t i a l 
ascorbic a c i d i n fresh r a w sp inach was reta ined i n the cooked vegetable. 
T h e amount of water a n d vegetable (1 :4 ) used i n each method was 
constant, and cook ing times were s imi lar . N o significant differences i n 
ascorbic ac id content between convent ional ly and microwave cooked 
sp inach were found . 

I n most frozen vegetables, sufficient ice cl ings to the product to 
prov ide adequate moisture for cook ing i n the microwave oven. W h e n 
fresh vegetables are prepared by this method , some water is general ly 
a d d e d to prevent scorching or undes irable pa latab i l i ty characteristics. 
T h e mic rowave m e t h o d can be considered essentially a waterless method , 
since i t is unnecessary to a d d large quantit ies of water to the vegetable. 

F R Y I N G . T h e deep fat f r y i n g technique is used for re lat ive ly f e w 
vegetables w i t h the notable exception of potatoes. D o m a s et a l . (141) 
reported that retention of ascorbic a c id was over 7 5 % i n f r i e d potatoes, 
w h i l e Pel let ier et a l . (142) noted about 6 0 % retention. A u g u s t i n et a l . 
(143) observed that w i t h deep fat f r i ed potato products , ascorbic a c i d 
retentions were unreal is t i ca l ly h igh . These investigators suggested that 
this result was caused by interference w i t h the commonly used assay 
methods b y b r o w n i n g compounds formed d u r i n g cooking. T h u s , no 
conclusions can be d r a w n f rom the avai lable studies. A u g u s t i n et a l . (32) 
suggested that the h i g h performance l i q u i d chromatographic method of 
de termin ing ascorbic ac id should be of use i n separating the b r o w n i n g 
compounds a n d ascorbic ac id . 

There has been some interest i n the or iental method of s t i r - f ry ing 
because this is essentially a waterless method of cooking , usual ly w i t h 
very short cooking times. Theoret i ca l ly , this w o u l d prov ide m a x i m u m 
v i t a m i n C retention. E h e a r t a n d Got t (136) f ound that w h e n brocco l i 
was cooked b y a s t i r - f ry ing method , ascorbic ac id retention was h igher 
than w h e n it was cooked b y microwaves or i n large amounts of water . 
U s i n g a l o w ratio of water to vegetable (0.5:1) i n convent ional cook ing 
resulted i n less loss of ascorbic a c id than d i d the m i c r o w a v e cook ing 
method used (0 .9 :1 ) . I n green beans, convent ional cook ing i n the lowest 
water to vegetable ratio (0.5:1) resulted i n h igher ascorbic a c id retent ion 
than microwave or s t i r - f ry ing . 

B o w m a n et a l . (144) s tudied the effect of s t i r - f ry ing on ascorbic a c i d 
retent ion i n green peppers a n d spinach. C o o k i n g times for the st ir - f r ied 
vegetables were considerably shorter than those used for convent ional 
cook ing methods, a n d ascorbic a c i d retention was higher . These invest i 
gators noted that ascorbic a c id retention was s l ight ly h igher i n mic rowave 
t h a n convent ional ly bo i l ed vegetables, but the differences were significant 
i n only three of the sixteen vegetables tested. 
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C h a p m a n (145) c ompared ascorbic a c id content a n d retent ion i n 
three vegetables (brocco l i , cabbage, a n d caul i f lower ) cooked b y stir-
f r y i n g , mi c rowave cook ing , a n d convent ional cooking . W i t h the t imes 
a n d methods used ( T a b l e X ) ascorbic a c i d retention was highest i n 
convent ional ly cooked vegetables, f o l l owed b y microwave a n d st ir - fr ied . 
A t least two factors c o u l d be responsible for l o w values associated w i t h 
s t i r - f ry ing ; size of pieces, l ength a n d temperature of cooking . T o ensure 
more un i f o rm heat ing of st ir - fr ied vegetables, the food was cut i n smaller 
pieces, a n d the t ime was increased to prov ide a produc t w i t h texture 
comparable w i t h convent ional a n d m i c r o w a v e cooked products . T h e 
higher heat used i n s t i r - f ry ing together w i t h l ong exposure c o u l d result 
i n l o w ascorbic a c i d retention. 

Table X . Percent Retention of Ascorbic Acid in Vegetables 
Cooked by Three Methods 

Method of 
Preparation 

Water: 
Vegetable 

Ratio 

Cooking 
Time 

Percent Retention Method of 
Preparation 

Water: 
Vegetable 

Ratio (min) Vegetables Liquid Total 

B r o c c o l i 
convent ional 0.9:1 11 81 12 93 
microwave 0.9:1 11 76 14 90 
s t i r - f r y no water 15 72 — 72 

Cabbage 
convent ional 0.5:1 6 83 10 93 
microwave 0.5:1 8 78 8 86 
s t i r - f r y no water 6 81 — 81 

Caul i f l ower 
convent ional 0.5:1 8 84 6 90 
mic rowave 0.5:1 8 84 5 88 
s t i r - f r y no water 14 79 — 79 

Source: Reference 1J+5. 

B A K I N G . Potatoes are a m o n g the most c ommonly b a k e d vegetables 
M o s t of the studies indicate that there is good retent ion of ascorbic a c i d 
i n b a k e d potatoes (143,146). Pe l le t ier et a l . (142) reported that p o t a 
toes baked i n the sk in reta ined 7 8 % of the ascorbic ac id , as c o m p a r e d 
w i t h bo i l ed i n the sk in , 8 1 % ; pee led a n d bo i l ed , 7 3 % ; a n d f r i ed 7 2 % . 
A u g u s t i n et a l . (143) reported 9 1 % retention i n b a k e d potatoes. 

Holding and Reheating of Cooked Foods. Recent w o r k b y A u g u s t i n 
et a l . (44,143) on home a n d inst i tut ional preparat ion of potatoes e m p h a 
sizes the points at w h i c h ascorbic a c i d losses c a n occur. T h e increased 
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21. ERDMAN AND K L E I N Vitamin C in Foods 527 

use of precooked foods i n households a n d institutions suggests the need 
for further invest igat ion. V e r y f e w studies of the effects of cooking , 
ho ld ing , a n d reheat ing procedures appear i n the l i terature. 

C r o s b y et a l . (147) r e v i e w e d the effects of ins t i tut iona l f ood service 
methods o n ascorbic a c i d losses i n vegetables h e l d hot, a n d showed that 
considerable losses of v i t a m i n C can be expected d u r i n g ho ld ing . I n 
1975, A n g et a l . (148) ind i ca ted that ascorbic ac id i n mashed potatoes 
prepared a n d reheated a n d h e l d b y convent ional food service methods 
was extremely unstable , w i t h losses of over 7 5 % reported i n some cases. 

A u g u s t i n et a l . (143) reported that the ascorbic a c i d content of 
cooked, ch i l l ed , a n d reheated baked potatoes decreased d u r i n g re fr igera
t i on a n d microwave reheating, resul t ing i n a net loss of approximate ly 
3 0 % of the ascorbic a c id ( d r y we ight bas is ) . S i m i l a r results were noted 
for ascorbic a c i d forti f ied, rehydrated mashed potatoes, such as those 
commonly used i n school l u n c h programs, a l though the losses were not 
as h i g h as w i t h b a k e d potatoes. 

A study done b y Char les a n d V a n D u y n e (132) is w i d e l y c i ted as 
evidence of losses of ascorbic a c i d d u r i n g home refrigerator storage a n d 
reheat ing of cooked vegetables. I n seven of the nine vegetables examined, 
the concentrations of ascorbic a c i d were signif icantly reduced by h o l d i n g 
i n the refrigerator for 1 d ( T a b l e X I ) . A f t e r 1 d of re fr igerat ion a n d 
reheat ing, the losses were significant i n a l l products a n d ranged f r om 
34 to 6 8 % . F u r t h e r h o l d i n g for 2 or 3 d p r i o r to reheat ing resulted i n 
further significant decreases i n ascorbic a c i d content. Therefore , the 
pract i ce of re fr igerat ing a n d w a r m i n g leftover vegetables is not r e com
m e n d e d f rom the standpoint of ascorbic a c i d retention. 

Table XI . Effect of Holding and Reheating Cooked 
Vegetables on Ascorbic Acid Retention 

Ascorbic Acid Retention 

Freshly Refrigerated Refrigerated 
Vegetable Cooked Id 1 d, Reheated 

Asparagus 86 82 6 6 ' 
B r o c c o l i 88 68° 60" 
Cabbage , shredded 73 4 4 b 3 3 ' 
Peas 88 5 2 b 4 3 ' 
Snap beans 83 41° 2 9 ' 
Sp inach 52 48 32" 

Source: Reference 182 
° Significantly lower (p > 0.05) than corresponding mean for freshly cooked 

sample. 
^Significantly lower (p > 0.01). 
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528 ASCORBIC A C I D 

Conclusions 

Ascorb i c a c i d stabi l i ty d u r i n g harvest ing , h a n d l i n g , storage, or proc 
essing of foods is often qui te poor unless steps are taken to prevent 
v i t a m i n C destruct ion. T h e major routes of v i t a m i n C loss f r om foods 
are through thermal destruct ion, water l eaching and enzymat ic ox idat ion . 
O n e can m i n i m i z e enzymat ic destruct ion b y avo id ing b r u i s i n g of f ru i t 
a n d vegetables a n d through proper storage condit ions. W a t e r l each ing 
can also be reduced d u r i n g soaking, wash ing , b lanch ing , a n d cook ing b y 
use of m i n i m a l water , a n d i n the case of b l a n c h i n g a n d cooking , the use 
of steam or microwave processing. 

Some thermal destruct ion of the v i t a m i n is inev i table i n b lanch ing , 
d r y i n g , canning , a n d cook ing operations. H o w e v e r , some types of thermal 
processing, such as h i g h temperature , short-t ime cook ing , w i l l u s u a l l y 
result i n o p t i m a l amounts of v i t a m i n C i n the food "as consumed" . 

L u n d (69) has p u b l i s h e d a table conta in ing the D m values for 
destruct ion of constituents i n foods. F r o m T a b l e X I I i t is evident that 
v i tamins are more thermal ly resistant than are vegetative cells, spores, 
or destructive enzymes. I n fact, most v i tamins are more thermal ly 
resistant than are the organolept ic qual it ies of color, flavor, a n d texture. 
A s a general ru le , one can process a food for o p t i m a l sensory q u a l i t y 
a n d be re lat ive ly sure of o p t i m a l thermal stabi l i ty of the v i tamins con 
ta ined i n the foods. 

Table XII. Thermal Resistance of Constituents in Foods 

Source: Reference 69. 
° Time at 121° C to decrease concentration by 90%. 

Unfor tunate ly , the thermal resistance of ascorbic a c i d falls i n the l o w 
end of the scale ( a r o u n d 100, depending on aw, p H , a n d other factors) i n 
T a b l e X I I . Therefore , a final food produc t c o u l d d isp lay acceptable 
sensory qual i t ies b u t s t i l l have lost a signif icant amount of v i t a m i n C . 
I f one is concerned w i t h the v i t a m i n C retention i n foods, then great 
care must be taken i n a l l facets of h a n d l i n g , storage, a n d processing 
of that food. 

Constituents T>121
a (min) 

V i t a m i n s 
C o l o r , texture, flavor 
E n z y m e s 
Spores 
Vegetat ive cells 

100-1,000 
5-500 
1-10 

0.1-5.0 
0.002-0.02 
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22 
Antioxidant Properties of Ascorbic 

A c i d i n Foods 

WINIFRED M. CORT 

Hoffmann-LaRoche, Inc., Kingsland Road, Nutley, NJ 07110 

Ascorbic acid and its esters function as antioxidants with 
some substrates by protecting double bonds and scavenging 
oxygen. Activity of ascorbates has been shown on vegetable 
oils, animal fats, vitamin A, carotenoids, citrus oils, and in 
fat-containing foods such as fish, margarine, and milk. As
corbates also scavenge oxygen out of aqueous solutions and 
out of certain oxygen-containing compounds. This oxygen 
scavenging ability has resulted in ascorbic acid addition to 
beer, wine, meat, and bread. Ascorbic acid also lowers the 
oxidation state of many metals and valence may thus affect 
oxidation catalysis. The efficiency of ascorbates as antioxi
dants is dependent upon the substrate and the compounds 
to be protected. Because the 2- and 3-positions of ascorbic 
acid must be unsubstituted, the two free radicals formed at 
these positions may be intermediates in scavenging oxygen 
and inhibiting radical formation at double bonds. 

Antioxidants are l i s ted i n the C o d e of F e d e r a l Regulat ions ( C F R ) 
• under food a n d chemica l preservatives (1,2). T h e l i s t ing inc ludes 

phenol ics such as buty la ted hydroxyaniso le ( B H A ) indexed i n C h e m i c a l 
Abstracts as [phenol , ( l , l -d imethy le thy l ) -4 -methoxy-25013-16 -5 ] a n d 
buty la ted hydroxyto luene ( B H T ) [phenol , 2 , 6 - b i s ( l , l - d i m e t h y l e t h y l ) - 4 -
m e t h y l 128-37-0] as w e l l as tetrabutylated hydroxyqu inone ( T B H Q ) 
[ (1 ,4-benzenedio l , 2 - ( l , l - d i m e t h y l e t h y l 1948-33-0)] , the th iod iprop io -
nates, tocopherols, bisulfites, a n d ascorbates. O n l y the latter two scavenge 
oxygen out of solut ion. T h e rest of the antioxidants have been used 
predominant ly i n fats and oils, a n d i n most cases, w i t h the exception of 
tocopherols a n d ascorbyl pa lmitate ( A P ) ( I ) [ l -ascorb i c ester 6-hexa-
decanoate 137-66-6], at the lega l l i m i t of 0 .02% of the fat. P r o p y l gallate 

0065-2393/82/0200-0533$06.00/0 
© 1982 American Chemical Society 
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534 ASCORBIC A C I D 

( P G ) [benzoic a c id , 3 ,4 ,5 - tr ihydroxypropyl ester 121-79-9], a l though 
l is ted w i t h the other antioxidants i n 1973, is n o w l i s ted i n 184.1660 as an 
antioxidant w i t h a m a x i m u m leve l of 0 .015% i n food. E t h o x y q u i n ( E M Q ) 
[quinol ine , 6 -ethoxy- l ,2 -d ihydro-2 ,2 ,4 - tr imethyl 91-53-2] has been used 
i n a n i m a l feeds a n d the carry-over i n animals is l i m i t e d to 5 p p m . E M Q 
is a l l owed i n p a p r i k a a n d c h i l i p o w d e r at 100 p p m . Nord ihydrogua iare t i c 
a c i d ( N D G A ) , a l l o w e d p r i o r to 1968, is n o w i l l e g a l a n d foods conta in ing 
it are deemed adulterated. 

T h e use of ascorbic a c id ( I I ) , as w i t h other antioxidants, involves 
the specific substrate into w h i c h they are incorporated . I n certa in 
c ircumstances, addit ives that are present i n foods a n d beverages i n a c t i 
vated a g iven ant ioxidant w h e n used i n the same formulat ion . I n other 
cases, Certain antioxidants reacted chemica l ly w i t h the materials they 
were intended to stabi l ize . 

L-ascorbyl palmitate 
HO O H 

H O - C H 

C H 2 O C ( C H 2 ) , 4 C H 3 

L-ascorbic acid 

HO OH 

I I 

A s c o r b i c a c i d was s tudied i n fats m a n y years ago a n d rev i ewed b y 
C h i p a u l t (3 ) w h o reported some act iv i ty , alone a n d w i t h other a n t i 
oxidants, i n l a r d , cottonseed o i l , meats, fish, mayonnaise , vegetable fats, 
b a k e d a n d f r i ed foods, m i l k powders , a n d i r rad iated foods. I n these 
systems he reports that ascorbic a c id doubles the stabi l i ty of l a r d i n the 
presence of either tocopherol or N D G A . 

A s c o r b i c a c id was used to prevent the ox idat ion of o l ive o i l , m i l k , 
arachis nut o i l , l a r d , e thy l ester of l a r d , cottonseed o i l , pork, a n d beef 
fat ( 4 ) ; data showing act iv i ty alone a n d as a synergist are rev iewed . 
A s c o r b y l laurate, myristate , pa lmitate , a n d stearate were s imi lar ly act ive, 
a l though only A P is l i s ted as a preservative i n C F R . Ascorb i c a c i d 
synergy w i t h tocopherol was also rev iewed . 

T a p p e l (5 ) showed that ascorbic a c i d acts synergist ical ly w i t h food 
antioxidants a n d because of the great increase i n effectiveness resu l t ing 
f r o m a smal l amount of ascorbic ac id , he suggested mixtures w o u l d be 
effective i n prevent ing oxidat ive ranc id i ty i n meats, pou l t ry , a n d fish. 
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22. CORT Antioxidant Properties of Ascorbic Acid 535 

I n g o l d (6 ) d i d not r ev iew ascorbic a c i d per se, but d i d present a 
chapter on meta l catalysis i n c l u d i n g the meta l content of vegetable oils 
a n d the effect of valence state of the metals o n oxidat ion of fats a n d oils. 
H e reports cobalt , manganese, copper, i r o n , a n d z inc at the h igher valences 
ac ted cata lyt i ca l ly to ox id ize m a n y substrates. T h e author discussed the 
antioxidant act iv i ty of ascorbic a c i d i n rad ia t i on - induced free radica ls , 
fats i n emulsions, fluid m i l k , a n d frozen fish. H e also discussed the 
quandary of meta l reactions vs. valence state. 

U r i (7) has previously noted that F e 2 + reacts w i t h peroxides : 

F e 2 + + R O O H -> F e 3 + + O H " + R O • 

thus, the organic peroxides such as l ino le ic hydroperoxides are decom
posed to cha in - in i t ia t ing alkoxy radicals . W h e n ferrous phthalocyanine 
is added to a saturated solution of quercet in i n e thy l benzoate treated 
w i t h m e t h y l l inoleate hydroperoxide , a deep red color forms that is 
a t tr ibuted to the format ion of an o-quinone at the 3' -f- 4 ' -posit ion of the 
flavone. A l so , b leach ing of /^-carotene i n e thy l benzoate b y m e t h y l 
l inoleate hydroperox ide does not take p lace u n t i l ferrous ions are a d d e d 
a n d then this b l each ing is completed w i t h i n 10 m i n . T h e format ion of 
the alkoxy rad i ca l i n this react ion is the basis of the o x i d i z i n g power , 
w h i c h U r i refers to as " reduct ive act ivat ion . " I n his out l ine of ac t iv i ty 
of different meta l catalysts he lists C o 2 + , M n 2 + , a n d C e 3 + as most act ive. 
H o w e v e r , he shows react ion of a l l the lower ox idat ion states of the metals 
w i t h peroxide. O n the other h a n d , a l l the metals i n the l ower ox idat ion 
state, that is, C o 2 + , F e 2 + , V 2 + , C r 2 * C u + , M n 2 + , reacted w i t h oxygen to f o r m 
the higher valence state. 

I n certain systems ascorbic ac id was so effective i n l ower ing the 
valence state of metals that it was used i n analyt i ca l chemistry ( 8 ) . 
Ascorb i c a c i d was used w i t h go ld , l ead , b i smuth , t e l l u r i u m , copper, 
phosphorus, u r a n i u m , halogens, mercury , a n d cobalt . 

I n add i t i on to the reports on the ascorbic a c id effect on fats a n d 
metals, there are numerous reports that i n certa in m e d i a ascorbic a c i d 
m a y remove oxygen f rom solut ion; pheno l i c antioxidants are not effective 
i n scavenging. 

Experimental 

Studies reported here use standard assay methods for antioxidants such 
as thin layer tests (Schaal oven) and the active oxygen method ( A O M ) (9) 
assayed by measuring peroxide formed, and an emulsion system using hemo
globin peroxidation of safflower oil measuring removal of oxygen from solution 
(10) . Experiments on oxygen scavenging were performed in all glass equip
ment and in glass bottles with metal closures with a measured volume of head-
space air. Experiments on additional substances, vitamin A , carotenoids, and 
citrus oil also were performed in thin layer tests measuring the loss of vitamin A 
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536 ASCORBIC ACID 

at 325 nm and apocarotenal at 460 nm. Experiments with water solutions and 
sodium nitrite were also included. Ascorbic acid derivatives including ascorbic 
acid 2-sulfate ( I I I ) , ascorbyl palmitate and laurate, sodium ascorbate, 2,3-di-O-
methylascorbic acid ( I V ) , benzoylascorbic acid, isopropylideneascorbic acid 
( V ) , and 3-0-[(dimorpholino)phosphinate]-5,6-0-isopropylidene L-ascorbate 
(VI ) were also studied in the test systems. A l l figures reported here were 
collected in duplicate and were within a 1 0 % variation. 

L-ascorbic acid-2-sulfate 
(potassium salt) 

HQ OS03K 

2 ,3 -d i -O-methylascorbate 

H 3co P C H 3 

CH2OH 

I I I I V 

5,6-isopropylidene 
L-ascorbic acid 

C H 3 \ /0—CH 
CH3/%4V 

3 - 0 - [ (dimorpholino) phosphinate]-5,6-0-
isopropylidene-L-ascorbate 

0 n 

r~\ / \ / 
0 N /3 2\ 
\_/ U 0 

H 3 C \ /0 
H , C 0—CHC 

V I 

Results 

A series of ant iox idant experiments i l lus t ra t ing comparat ive a n t i 
oxidant act iv i ty i n the specific systems tested is presented i n Tables I - I X . 
Because m a n y of the food-grade antioxidants except ascorbates a n d 
tocopherols are l i m i t e d i n the U n i t e d States to 0 .02% of the fat or o i l , 
T a b l e I compares the act iv i ty i n soybean o i l at that leve l . A l t h o u g h 
ascorbic a c i d a n d A P are more active than B H T a n d B H A , they are not 
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22. CORT Antioxidant Properties of Ascorbic Acid 537 

as active as P G a n d T B H Q . T a b l e I I compares the act iv i ty of various 
ascorbates. Subst i tut ion i n the 2- or 3-posit ion of ascorbic a c id makes 
i t no longer act ive as an antioxidant , whereas compounds substituted i n 
the 6- or 5,6-positions are active antioxidants. I n T a b l e I I I , ant ioxidant 
activit ies of ascorbic a c i d a n d A P are greater than B H T a n d B H A i n 
safflower, sunflower, peanut , a n d corn o i l . O n pork a n d ch i cken fat, 
w h i c h are l o w i n tocopherols, the ascorbates are less effective t h a n B H T 
a n d B H A ( T a b l e I V ) ; ascorbates are synergistic w i t h tocopherols ( I I ) . 

W h e a t germ o i l was studied i n s imi lar experiments, a n d i t r a p i d l y 
forms peroxides ( T a b l e V ) . Ascorb i c a c i d a n d A P were more efficient 
antioxidants here than was B H T . T o investigate the effect on wheat , 
w h o l e berries were added to water a n d m i x e d w i t h 0.1 g of ant i ox idants / 
100 g of berries a n d then d r i e d at 60°C overnight . T h e d r i e d mass was 
p u l v e r i z e d i n a W a r i n g b lender a n d 10 g was a d d e d to p e t r i dishes a n d 
t i trated da i ly for peroxide after extraction into ch loro form-acet i c ac id . 

Table I. Comparative Antioxidant Activity in Soybean O i l 

Antioxidant (0.02%) Days to Reach PV* 70 

N o n e 5 
B H T 8 
B H A 7 
P G 15 
T B H Q 25 
Ascorb i c ac id 10 
A P 14 

Note: a-Tocopherol content 10 mg %, total tocopherols 95%, thin layers, 45°C. 
° P V is peroxide value (milliequivalents per kilogram). 

Table II. Comparative Antioxidant Activity of Ascorbic A c i d 
Derivatives in Soybean Oi l 

Antioxidant (0.05%) Days to Reach PV 70 

N o n e 5 
L -Ascorb i c ac id 17 
D-Isoascorbic ac id (erythorbic) 17 
L - A s c o r b y l pa lmi tate 21 
L - A s c o r b y l laurate 21 
D -Isoascorbyl laurate 21 
L -Ascorb i c ac id 2-sulfate 5 
2 , 3 - D i - O - m e t h y l - l - a s c o r b i c ac id 5 
3 -Benzoy l -L -ascorb i c ac id 5 
5 ,6-Isopropyl idene -L -ascorbic ac id 23 
2 ,3 :4 ,6 -Di -0 - i sopropy l idene -2 -ke to -L - gu lonate 5 
3 - 0 - [ (D imorpho l ino ) phosphinate] - 5 , 6 - O - i s o p r o p y l i - 5 

dene-L-ascorbate 

Note: Thin layers, 45°C. 
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538 ASCORBIC A C I D 

Table III. Comparative Antioxidant Activity in Vegetable Oi l 

Substrate Oil 

Antioxidant Safflower Sunflower Peanut Corn 

N o n e 6 6 15 12 
B H T (0.02%) 10 9 15 13 
B H A (0.02%) 8 8 15 15 
A P (0.01%) 11 10 26 21 
Ascorb i c ac id (0.02%) 10 10 N R " N R " 

Note: Thin layers, 45°C. Data given as days to reach P V 70. 
° N R = not run. 

Table IV. Comparative Antioxidant Activity in Animal Fats 

Antioxidant (0.02%) Pork Lard Chicken Fat 

N o n e 3 5 
B H T 18 15 
B H A 26 20 
Ascorb i c ac id 8 10 
A P 9 10 
a -Tocophero l 15 13 
a -Tocophero l a n d A P 28 28 

Note: Thin layers, 45°C. Data given as days to reach P V 20. 

Table V . Comparative Antioxidant Activity in Wheat Germ Oi l 

Day 

Antioxidant 1 2 3 4 11 

N o n e 10 35 86 102 N R * 
B H T (0.02%) 8 29 76 110 N R * 
A P (0.2%) 0 18 50 98 N R " 
A P (0.06%) 0 0 N R ' 0 70 
Ascorb i c ac id (0.06%) 0 0 N R ' 0 12 
B H T (0.06%) 0 0 N R " 70 N R " 

Note: Thin layers, 45°C, data given as peroxide values. 
° N R = not run. 

U n t r e a t e d controls reached peroxide va lue ( P V ) 70 i n 11 d ; those w i t h 
B H T treatment lasted 20 d , w i t h T B H Q 24 d , a n d w i t h A P 31 d. 

Results on comparat ive ant ioxidant efficiency o n crude p a l m o i l 
( T a b l e V I ) aga in show ascorbic a c i d to be very active. 

Studies made o n h u m a n fat w e r e per formed s imply because of 
curios i ty ( T a b l e V I I ) . O x i d a t i o n was not very r a p i d , but the fat con 
t a i n e d 14 m g % tocopherols (8.5 m g % g a m m a a n d 5.5 m g % a l p h a ) . 
A P h a d act iv i ty o n this fat that m a y or m a y not be caused b y synergism 
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22. CORT Antioxidant Properties of Ascorbic Acid 539 

Table VI . Comparative Antioxidant Activity in Crude Palm Oi l 

Antioxidants Days to Reach 70 PV 

N o n e 33 
B H T (0.02%) 44 
B H A (0.02%) 45 
P G (0.02%) 60 
T B H Q (0.02%) 45 
Ascorb i c ac id (0.02%) 60 
Ascorb i c ac id (0.1%) 100 

Note: Thin layers, 45°C. 

Table VII. Compartive Antioxidant Activity in Human Fat 

PV on Days Shown ^ , 

Antioxidant 7 16 21 89 64 Reach 20 

N o n e 5 19 24 52 425 21 
B H T (0.02%) 0 0 0 12 42 45 
B H A (0.02%) 2 18 23 55 270 21 
P G (0.02%) 0 0 0 4 18 78 
T B H Q (0.02%) 0 0 0 0 0 N D * 
a -Tocophero l (0.02%) 3 19 26 60 426 21 
A P (0.02%) 0 0 13 43 317 28 
A P (0.1%) 0 0 0 0 63 64 
A P (1.0%) 0 0 0 0 0 N D " 

Note: Thin layers, 45°C, human fat obtained from new cadaver rendered in auto
clave. Fat filtered through cheesecloth and Whatman No. 2 paper. 

° N D = not detected in 64 d. 

of the tocopherols, a phenomenon to be discussed later. T h e u n u s u a l 
result is the dramat ic effects of T B H Q . 

T h e A O M test, i n w h i c h air is b u b b l e d at a constant rate at 98°C, 
shows ascorbic a c i d a n d A P to be act ive ( T a b l e V I I I ) . T h e unexpected 
result here is the very large act iv i ty of ascorbic ac id . H o w e v e r , B e r n e r 
et a l . (12) reported an A O M value of 8.3 for B H A , w h i c h on the a dd i t i on 
of ascorbic a c i d at 0 .03% became 44.2; this va lue was the ir highest A O M 
value . I n a recent rev iew, Porter (13) not i ced this anomaly a n d i n c l u d e d 
i t i n his theory of l i p o p h i l i c , a m p h i p h i l i c classification of antioxidants. 

T o determine q u i c k l y i f a c o m p o u n d h a d any ac t iv i ty as a n a n t i 
oxidant , a hemog lob in - ca ta lyzed emuls ion test (10) was deve loped a n d 
at the same t ime a s imi lar test was deve loped b y Berner et a l . ( 1 2 ) . I n 
the system (10) the antioxidants were a d d e d at 100 /xg a n d c o m p a r e d to 
B H T at the same concentrat ion. A s c o r b i c a c i d a n d A P are weak i n this 
system b u t they exhib i t some act iv i ty , whereas ascorbates subst i tuted 
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540 ASCORBIC A C I D 

Table VIII. Comparative Antioxidant Activity 

Antioxidant Soybean Oil Crude Palm Oil 

N o n e 5 11 
B H T (0.02%) 11 31 
B H A (0.02%) 9 30 
P G (0.02%) 14 50 
A P (0.02%) 13 N R " 
T B H Q (0.02%) 26 17 
Ascorb ic ac id (0.02%) 43 N R ' 
C i t r i c a c id (0.1%) N R " 51 
Ascorb i c ac id (0.1%) 150 95 

Note: A O M , 98°C, data given as hours to reach P V 70. 
a N R = not run. 

Table IX. Antioxidant Activity 

Activity PV Formed 
Antioxidant" (%BHT)° in 10 min 

N o n e 0 30 
B H T 100 28 
B H A 200 10 
P G 108 22 
T B H Q 100 25 
A P 64 14 
Ascorb i c ac id 5 14 
2 , 3 - D i - O - m e t h y l a s c o r b i c ac id 0 30 
Ascorb i c ac id 2-sulfate 0 30 

Note: Emulsion test, hemoglobin peroxidation. 
a 100 Atg added to 20 mL 10% stripped sarBower oil emulsion. 

i n the 2- a n d 3-positions have no act iv i ty . T h e data presented here 
corroborate Porter 's theory because the o i l -so luble antioxidants are 
more active i n the emuls ion system a n d the more water -so luble c o m 
pounds , such as ascorbic a c i d a n d c i t r i c a c i d , are more active i n the a l l 
o i l systems. 

T o c o p h e r o l was effective a n d ascorbic a c i d ineffective i n the protec
t ion of c itrus oils evaluated b y aroma ( 1 3 ) . I n a t y p i c a l study, 5 g of 
orange o i l was ox id i zed i n 7 5 - m L open b r o w n bottles at 45 ° C a n d was 
evaluated b y a pane l after 6 d, at w h i c h t ime i t was ranked as off-odor, 
" terpeney." T h e peroxide va lue of the i n i t i a l o i l was zero ; the ox id i zed 
mater ia l h a d a P V of 100. A s a result, days to reach 100 P V was used as 
an endpoint . C o m p a r a t i v e ant iox idant effects on a n u m b e r of c itrus 
oils a n d on D - l imonene [cyclohexene, l -methy l -4 - ( l - m e t h y l e t h e n y l ) - ( R ) -
5989-27-5] are presented i n T a b l e X . B H A is the most act ive w h i l e A P has 
no ac t iv i ty alone but does synergize w i t h tocopherol . 
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22. CORT Antioxidant Properties of Ascorbic Acid 541 

V i t a m i n A w i t h its five conjugated double bonds oxidizes to 5,8-
epoxides (15) w i t h subsequent loss of U V absorpt ion at 325 n m . T h u s , 
v i t a m i n A was s tud ied w i t h the a d d i t i o n of various antioxidants ( T a b l e 
X I ) i n open bottles i n t h i n layers. A l t h o u g h E M Q was the best, i t is 
l i m i t e d to use i n v i t a m i n A for a n i m a l feeds. A P act iv i ty was not great, 
b u t w h e n a d d e d to a mixture of tocopherol , B H T , a n d d ie thano lamide , 
A P gave excellent protect ion. K l a u i (16) has shown stabi l i ty of v i t a m i n A 
pa lmitate w i t h tocopherol , A P , a n d a n amine equa l to 1300 h , c ompared 
to a contro l equa l to 100 h . H o w e v e r , the antioxidants i n the d r y market 
f o r m (beadlets ) protect the v i t a m i n A i n the beadlets as w e l l as the e n d 
use of the product . F o r example , spray -dr ied v i t a m i n A can b e p r o -

Table X . Citrus Oils Antioxidant Activity 

Orange Orange Grape v-Limo-
Antioxidants* (Fla.) (Calif.) Lemon fruit Lime nene 

N o n e 6 4 9 3 9 5 
B H T 35 32 24 27 9 > 56 
B H A 44 49 91 34 15 > 56 
P G 18 36 17 20 9 > 56 
eH-a-Tocopherol 15 10 9 7 15 15 
A P 6 4 9 3 9 5 
Tocophero l and A P 21 16 19 7 15 30 

Note: Data given as days to reach 100 P V , 45°C. 
a Antioxidants at 0.02% ; sample size, 5 g in 75-mL open bottles. 

Table XI . Comparative Activity on Antioxidants on 
Crystalline Vitamin A Acetate 

Days 

Antioxidant' 2 5 8 12 15 

N o n e 62 27 15 10 7 
B H T 89 79 73 59 52 
B H A 57 30 19 12 9 
P G 57 28 15 10 7 
T B H Q 88 82 80 71 70 
d i -a -Tocophero l 89 70 57 42 33 
A P 70 40 23 18 10 
E M Q 98 91 89 84 75 
B H T (at 1.2 g) 87 81 74 59 56 
B H T , Tocophero l , A P , d ie thanolamine 
T o c o l m i x " 

98 93 88 85 75 B H T , Tocophero l , A P , d ie thanolamine 
T o c o l m i x " 95 89 81 81 79 
B H T and either ethanolamine d i e thano la 

mine Tween 60 or 80 100 89 85 67 60 
Note: Sample size, 5 g in 100-mL open brown bottles, 45°C. Data given as 

percent retention. 
a At 100 mg/bottle unless noted. 
6 M i x = a-tocopherol 230, diethanolamine 460, Tween 80,1151 mg. 
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542 ASCORBIC A C I D 

d u c e d w i t h only tocophero l for protect ion, a n d the v i t a m i n is stable for 
several years. H o w e v e r , i f the v i t a m i n is m i x e d i n flour w i t h the 
moisture encountered at the mi l l s ( 1 2 - 1 3 % ) , i t must have B H T to sur
v i v e ( 1 7 ) . 

Caroteno ids such as /?-apo-8'-carotenal w i t h its n ine conjugated 
doub le bonds also f o r m epoxides a n d lose a l l their color on ox idat ion . 
T h u s , experiments us ing color loss at 460 n m were per fo rmed to study 
ant iox idant act iv i ty . T a b l e X I I shows that y - tocophero l f o l l o w e d b y 
B H A a n d a - tocopherol are the best antioxidants for apocarotenal , a n d i f 
A P is added , b o t h tocopherols are the very best. A s c o r b i c a c i d a n d A P 
b o t h have some ant iox idant act iv i ty for apocarotenal w i t h o u t tocopherol . 

O x y g e n scavenging experiments were per f o rmed on compounds 
d isso lved i n oxygenated d i s t i l l ed water i n b r o w n bottles w i t h 2 c m 3 of 
headspace, test ing a l l the compounds at 20 m g / b o t t l e . T h e bottles were 
shaken i n a rotary shaker at 150 r p m for 19 h at room temperature . 
I m m e d i a t e l y after opening , oxygen i n solut ion was read on the O r i o n 
E l e c t r o d e ( O r i o n Research) ( T a b l e X I I I ) . A d d i t i o n a l experiments, 
read w i t h i n 5 m i n , showed that the inorganics reacted immedia te ly ; h o w 
ever, after b u b b l i n g i n a ir for 5 m i n , on ly the s o d i u m sulfite c ont inued 
to keep oxygen i n so lut ion at zero. Ascorb i c a c i d a n d cysteine took 

Table XII. Comparative Activity of Antioxidants 
on Apo-8'-carotenal 

Day 
(room 

tempera-
Day (Jt5°C) ture) 

Antioxidant* 4 6 8 12 16 20 28 28 

N o n e 72 59 40 16 6 2 > 1 80 
B H T 100 92 88 70 40 25 7 91 
B H A 100 100 98 88 72 59 40 95 
P G 95 95 92 85 65 52 36 93 
Ascorb i c ac id 80 78 52 29 7 3 1 87 
A P 96 88 78 46 16 5 1 91 
d i - a -Tocophero l 100 100 95 92 72 48 28 95 
dZ -a -Tocopherol and A P 100 100 98 92 75 65 42 100 
dZ -a -Tocopherol and 

ascorbic ac id 100 100 100 95 78 62 43 96 
d l - y - T o c o p h e r o l 100 100 100 100 82 72 48 96 
dJ -y -Tocophero l and A P 100 100 100 92 78 72 56 96 
dJ -y -Tocophero l and 

ascorbic ac id 100 100 100 92 75 70 55 96 
Note: 200 jig/g in coconut oil. Data given as percent ret ention. 3.3 g Petri 

plate 150 X 15 mm. 
° Antioxidants at 200 fig/g. 
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22. CORT Antioxidant Properties of Ascorbic Acid 543 

Table XIII. Oxygen Scavenging Experiment Effect of 
Compounds on Residual Oxygen in Solution 

Oxygen 
Compounds Added" (ppm) Odor 

N o n e 8 O K 
N a 2 S 2 0 4 0 - 1 S 0 2 - l i k e 
N a 2 S 2 0 5 0 - 1 S 0 2 - l i k e 
N a 2 S 0 3 0 O K 
L -Ascorb i c ac id 0 O K 
Sodium -L -ascorbate 0 O K 
2 , 3 - D i - O - m e t h y l a s c o r b i c ac id 8 O K 
3 - B e n z o y l ascorbate 8 O K 
5,6-Isopropyl idene -L -ascorbic ac id 0 O K 
3 - 0 - [ (D imorpho l ino ) phosphinate ] -5 ,6 -O- i sopropy l i - 8 O K 

dene -L -ascorbate 
Potass ium -L -ascorbate 2-sulfate 8 O K 
Cyste ine H C l 5 + odor 
C y s t e i n e free base 0 - j - odor 
D -Isoascorbic ac id 0 O K 
D e h y d r o - L - a s c o r b i c ac id 8 O K 

Note: 50-mL brown bottles, closed metal lids, 2 cm 3 of headspace air, shaken 
150 rpm for 19 h, room temperature. 

a 20 mg/bottle. 

17-24 h of shaking i n c losed bottles to come to complet ion . A s p r e v i 
ously shown, i n fat ox idat ion the 2- a n d 3-positions of ascorbic a c i d have 
to be unsubst i tuted to a l l ow oxygen scavenging. Measurement of U V 
absorpt ion showed an opt i ca l density at 290 n m of 1.0 a n d at 260 n m of 1.4 
for the sod ium ascorbate; these readings m i g h t indicate f o rmat ion of 
the free r a d i c a l i n the 2-position, w h i c h reportedly absorbs at 290 n m 
(18). 

A s c o r b y l pa lmitate , laurate , a n d stearate were tested i n this sys
tem. H o w e v e r , the ir water solubi l i t ies were so l o w that they d i d not func 
t i o n as oxygen scavengers u n t i l the p H was adjusted to 9 to so lubi l i ze a l l 
three esters. Subsequent ly they removed a l l of the oxygen f r om so lut ion 
at 20 m g / b o t t l e w i t h 2 c m 3 of headspace air . 

Theoret i ca l ly 3.3 m g of ascorbic a c i d w i l l consume the oxygen i n 
1 c m 3 of headspace a i r (19 ) . A d d i t i o n a l experiments were per f o rmed 
w i t h measured amount of headspace a i r a n d ascorbic a c i d ( T a b l e X I V ) . 
These experiments were per formed i n 3 7 - m L bottles w i t h meta l l ids i n 
a shaker at 150 r p m for 19 h . Six mi l l i g rams of ascorbic a c i d r emoved 
oxygen i n the bottles w i t h 1 c m 3 of headspace a n d reduced the oxygen 
i n the bottles w i t h 2 c m 3 of headspace. A s c o r b i c a c i d assays measured 
b y absorpt ion at 260 n m indicate a lack of mater ia l balance . Therefore , 
a d d i t i o n a l studies were per formed i n a l l glass bottles ( T a b l e X V ) . I n 
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544 ASCORBIC A C I D 

this experiment 3.4-3.6 m g of ascorbic a c i d was r e q u i r e d for each c u b i c 
centimeter of headspace, w h i c h is close to the theoret ical va lue . I n a d d i 
t i ona l experiments not i n c l u d e d i n this table , meta l caps were inserted 
into the a l l glass equ ipment ; less t ime was r e q u i r e d to remove the oxygen 
f r o m the solutions a n d more ascorbic a c i d per cub i c centimeter of h e a d -
space was requ i red . 

W a t e r solutions of ascorbic a c i d measured i n the U V r e q u i r e d 
gassing w i t h n i trogen to s low d o w n the destruct ion of ascorbic a c id . 
Nitrogen-gassed ascorbic a c i d solutions at 10 ju,g/mL were scanned 
spectrophotometr ical ly at 360-200 n m for 24 h w i t h no change i n 
opt i ca l density (peak, 260 n m ) . B y compar ison , 10- jug /mL solutions 
of ascorbic a c id , conta in ing 8 p p m oxygen i n a l l glass equ ipment w i t h 
10 c m 3 of headspace air , were scanned h o u r l y also. W i t h i n 6 h the U V 
peak was reduced , no n e w peaks were f ormed , a n d more t h a n 9 0 % 
of the ascorbic a c i d was gone. 

A n a e r o b i c degradat ion of ascorbic a c i d i n grapefrui t juice is a zero-
order react ion ( 2 0 ) , but degradat ion of fish is either first or zero order 
depend ing on the type of fish (21). A s c o r b i c a c i d degradat ion i n peas is 

Table X I V . Residual Oxygen in Solution 

Ascorbic Acid Content (mg) 

Headspace (cc) 3 6 9 

0 0.0 0.0 0.0 
1 1.2 0.0 0.0 
2 2.2 0.2 0.0 
3 3.6 2.8 0.3 
5 4.7 5.1 1.4 
7 7.0 6.0 5.0 

10 8.0 7.0 6.0 

Note: Closed bottles, metal lids, shaken 19 h at room temperature. Data given 
as parts per million. 

Table X V . Oxygen Scavenging by Ascorbic Acid with 
Reduced Metal Contamination 

Residue Ascorbic Acid 
Ascorbic Acid Consumed 

Ascorbic Acid Oxygen (ppm) (mg) (mg) 

none 8.0 0.0 0.0 
3 m g 0.4 1.3 1.7 
6 m g 0.0 4.2 1.8 
9 m g 0.0 7.2 1.8 

Note: 0.5 cm 3 of headspace, glass flasks and stopper; shaken 24 h at room tem
perature. 
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22. CORT Antioxidant Properties of Ascorbic Acid 545 

a first-order degradat ion (22,23). F i r s t - o rder degradat ion of ascorbic 
a c i d was shown i n l i m i t e d oxygen, b u t oxygen h a d a p r o f o u n d effect on 
the rate ( 2 4 ) ; these findings agree w i t h our data. Studies on ascorbic 
a c i d i n re lat ion to water ac t iv i ty indicate that the lack of water i n the 
A O M probab ly prevents ascorbic a c i d f r o m b r e a k i n g d o w n , a l l o w i n g i t 
to r e m a i n active. 

F u r t h e r studies on the a b i l i t y of ascorbic a c i d to scavenge oxygen b y 
react ing w i t h n i trogen have been of interest. Ascorb i c a c i d a d d e d to 
s od ium nitr i te solutions immedia te ly produces bubbles , w i t h the release 
of n i t r i c oxide. Mergens (26) s tud ied the a d d i t i o n of a l l of the pre 
cursors of ascorbic a c i d synthesis as w e l l as the 6- a n d 5,6-derivatives d is 
cussed here. H i s system is s imi lar to that reported prev ious ly (27). T h e 
loss of n i tr i te was measured w i t h i n 1 m i n f r om a 7 m M solut ion of so
d i u m nitr i te . A s c o r b i c derivatives i n the 6- a n d 5,6-positions were act ive, 
a n d a l l precursors were inact ive , i n n i t r i te decomposit ion . M o r e re
cent ly Mergens f o u n d that III a n d VI are inact ive . T h u s , react ion w i t h 
n i tr i te paral le ls the requirement for oxygen scavenging a n d ant iox idant 
i n fats, namely that the 2- a n d 3-positions of ascorbic a c i d must be 
unsubst i tuted a n d r e m a i n as the enedio l or enedio l an ion to be active. 

Table X V I Oxygen Scavenging 

Active 

L -Ascorb i c ac id 

A P 

5,6-Isopropyl idene -L -ascorbic ac id 

d-Isoascorbic ac id (erythorbic) 

om Nitrogen Dioxide by Ascorbates 

Inactive 

Ascorb ic ac id precursors 
glucose, sorbose, 2-ketogulonic , 
etc. 

L -Ascorb ic ac id 2-sulfate 

3 - 0 - [ (D imorpho l ino ) phosphinate ] -
5 ,6-O-isopropyl ideneascorbic ac id 

Discussion 

Metal Effects and Prooxidant Action. Ascorb i c a c i d is proox idant 
i n some situations. K a n n e r et a l . (28) showed that C u 2 + increased the 
ox idat ion of l inoleate us ing loss of ^-carotene as an indicator . H o w e v e r , 
w h e n sufficient ascorbic a c i d was a d d e d to his system, copper catalysis 
was reversed. F u r t h e r m o r e , w h e n F e 3 + was added , the a d d i t i o n of ascor
b i c a c i d increased the proox idant effect. Previous publ i cat ions (29) 
have discussed the deact ivat ion of copper catalysis b y ascorbic a c i d , b u t 
i n i ron -cata lyzed ox idat ion , F e 2 + init iates ox idat ion of l i p i d ( 2 ) . F e 2 + is 
f o r m e d f rom F e 3 + b y ascorbic a c id . M a n y foods conta in metals, a n d the 
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546 ASCORBIC A C I D 

a d d i t i o n of ascorbic a c i d w i l l l ower the ir valence. These l o w e r va lence 
metals may cause problems. 

T h e role of ascorbic a c i d i n enzyme systems has been k n o w n for a 
l o n g t ime. T h e ascorbic a c i d requirement was r e v i e w e d a long w i t h 
a -ketoglutar ic a c i d , oxygen, a n d F e 2 + i n p r o p y l a n d l y s y l hydroxylases 
a n d the poss ib i l i ty that ascorbic acid's funct ion is to keep to i r o n as F e 2 + 

( 30 ) . M o r e recently researchers c l a i m that ascorbic a c i d does not p a r 
t i c ipate i n the hydroxy la t i on react ion b u t is specif ical ly r e q u i r e d to keep 
the enzyme F e 2 + i n the reduced f o rm (31). T h e pept ide -bound p r o l i n e 
is t ransformed to hydroxypro l ine a n d a -ketoglutarate to succinate a n d 
carbon d iox ide . A s c o r b i c a c i d as a cofactor functions to keep i r o n as F e 2 + 

i n not only p r o p y l hydroxylase but also l y sy l hydroxylase , p -hydroxy -
p h e n y l pyruvate hydroxylase , indoleamine-2,3-dioxygenase, a n d a -keto -
glutarate a n d 5 -hydroxymethy lurac i l dioxygenases. 

O n e of the most interest ing papers on ascorbic a c i d - C u 2 + reactions 
showed that ascorbic a c i d - C u 2 + catalyzes the f ormat ion of ethylene f r o m 
several precursors. T h e interest i n ethylene was as a n abscission agent i n 
plants . A l l alcohols, a ldehydes, acids, ethers, a n d epoxides f o r m e d 
ethylene w h e n m i x e d w i t h C u 2 + a n d ascorbic a c i d i n 5 - m L closed bottles 
at 30 ° C for 1 h . M e t h i o n a l was the most active, f o l l o w e d b y p r o p a n a l , 
p ropano l , p r o p y l ether, e thy l ether, a n d ethanol . T h i s react ion m a y be 
part of the oxygen scavenging system because C u 2 + increases ascorbic 
acid's ab i l i t y to scavenge oxygen. T h e authors c l a i m this react ion 
cannot be a t t r ibuted to copper i n its l ower valence state. 

E i t h e r F e n t o n reagent or a mixture of ascorbic a c id , F e 3 + , a n d e t h y l -
enediaminetetraacet ic a c i d ca ta lyzed the p r o d u c t i o n of acety ldehyde 
f r o m ethanol , ethylene f r om meth iona l der ivat ive , a n d methane f r o m 
d i m e t h y l sulfoxide (34 ) . T h e authors c l a i m e d that b o t h hydroxy radica ls 
a n d singlet oxygen were f o u n d as intermediates , a n d , indeed , ascorbic 
a c i d scavenged b o t h h y d r o x y l r a d i c a l a n d singlet oxygen. 

Ascorbic Acid and Tocopherol. I n certain foods a n d beverages 
ascorbic a c i d a n d A P synerg ized other antioxidants a n d tocopherols, 
a n d some of this data was r ev i ewed ( 5 , 3 5 ) . B o t h a - a n d y - tocophero l , 
s imi lar to ascorbic ac id , react w i t h C u 2 + a n d F e 3 + , a n d as a result ascorbic 
a c i d m a y sacri f ic ial ly stabi l ize tocopherols (36). H o w e v e r , ascorbic a c i d 
transforms «-tocopheroxide to a - tocophero l a n d the d i m e r i c keto ether to 
"b i - a - t o cophery l , " thus regenerat ing the two ant iox idant species f r o m 
ox id i zed tocopherols (37). Packer et a l . (38) m i x e d t r i ch loromethy lper -
oxy r a d i c a l w i t h ^-tocopherol under pulse radiolysis to f o r m tocophero l 
r a d i c a l (absorbs at 425 n m ) . W h e n ascorbic a c i d was added , ascorbic 
r a d i c a l f o rmed , absorb ing at 360 n m ; the 425-nm absorpt ion was lost. 
T h e r a p i d interact ion m a y recycle tocophero l at the expense of ascorbic 
a c id . 
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Biological Systems. I n b i o l og i ca l systems, ox idat ion m a y proceed 
t h r o u g h superoxide r a d i c a l 0 2 ~, w h i c h forms f r o m molecu lar oxygen b y 
a d d i t i o n of a single electron ( 3 9 ) . Superoxide dismutase ( S O D ) acts on 
0 2 ~ to y i e l d hydrogen peroxide a n d oxygen, w h i c h reacts w i t h another 
0 2 " to produce hydroxy rad i ca l . T h i s latter react ion is ca ta lyzed b y F e 3 + ; 
the hydroxy radicals are considered most toxic. Superoxide r a d i c a l is 
p r o d u c e d b y respirat ion a n d a n u m b e r of enzymes, i n c l u d i n g xanthine 
oxidase, a ldehyde oxidase, d ihydro -orot i c a c i d dehydrogenase, galactose 
oxidase, indo leamine a n d 2-nitropropane dioxygenases, d iamine oxidase, 
a n d r ibu lose - l ,5 -d iphosphate carboxylase. O x i d a t i o n of m a n y c o m 
pounds , i n c l u d i n g hydroqu inone , flavins, thio ls , catecholamines, d i a l u r i c 
a c i d , herbic ides , paraquat , a n d carbon tetrachlor ide , produce 0 2 " . P o l 
l u t e d a ir f r o m b u r n i n g gasoline, paper , a n d tobacco a n d ozone-contami
nated a ir contains 0 2 ~. 

A s c o r b i c a c i d reacts w i t h 0 2 " generated f r o m the xanthine oxidase 
system a n d m a y p l a y a role against 0 2 " m e d i a t e d toxic i ty . A s c o r b i c a c i d 
quenches the h y d r o x y l r a d i c a l ( 4 0 ) . A s c o r b i c a c i d m a y protect against 
free radicals i n the l u n g because ascorbic a c i d is f o u n d i n the fluid ( 3 9 ) . 
T h e toxic i ty of ozone a n d oxygen m a y also be reduced b y ascorbic a c i d 
( 3 9 ) . C a r b o n tetrachlor ide morta l i ty i n rats is l o w e r e d b y ascorbic a c id . 
A u t o x i d a t i o n of ascorbic a c i d d i d not generate 0 2 " . R e d u c e d g lu ta 
th ione reacts w i t h dehydroascorb ic a c i d ( V I I ) a n d recycles ascorbic a c id . 

dehydroascorbic ac id 

HO-CH 
I 

C H 0 OH 
6 * 

V I I 

Review of Ascorbic Acid Mechanisms of Action. A s c o r b i c a c i d a n d 
A P have ant iox idant ac t iv i ty i n fats, oi ls , v i t a m i n A , a n d carotenoids. I n 
these systems A P is a better ant iox idant t h a n are the pheno l i c ant i ox i 
dants B H T a n d B H A , b o t h f r o m these data a n d others ( 2 9 , 3 5 ) . A s c o r b i c 
a c i d protects against ox idat ion of flavor compounds i n w i n e , beer, f ruits , 
art ichokes, a n d caul i f lower (29) presumably b y oxygen scavenging. T h e 
w e l l - k n o w n format ion of n i t r i c oxide f r o m nitrites b y ascorbic a c i d is 
used not only for i n h i b i t i o n of ni trosamine format ion , b u t also to promote 
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548 ASCORBIC A C I D 

the f o rmat ion of n i t rosometmyog lob in a n d n i t rosomyog lob in to keep 
meat red . 

A s c o r b i c a c id , ac t ing as a n ant iox idant i n certa in systems, scavenges 
oxygen out of so lut ion at a rat io of 3.4r-3.6 m g / c m 3 of headspace a ir , 
w h i c h is close to the theoret ica l value . 

I n a l l of the ascorbic a c i d reactions subst i tut ion i n the 5- a n d 5,6-
positions does not interfere w i t h its act iv i ty . Subst i tut ion i n e i ther the 2-
or 3 -position or b o t h makes ascorbic a c i d no longer act ive as a n oxygen 
scavenger or as an antioxidant . 

O l co t t a n d L i n (41) a t tempted to l earn the mechan ism of ac t ion of 
certa in antioxidants b y s tudy ing stable free r a d i c a l nitroxides . T h e y 
measured the electron paramagnet i c resonance ( E P R ) s ignal a n d as l o n g 
as the n i trox ide s ignal was obta ined , ox idat ion was i n h i b i t e d . W h e n that 
s ignal was no longer detected, ox idat ion proceeded. L a t e r (42) E M Q 
ni trox ide prevented the ox idat ion of squalene a n d w h e n the E P R ni trox 
ide s ignal was no longer detected, ox idat ion proceeded. T h e y contended 
that the free r a d i c a l of the ant iox idant keeps the the a l k y l free r a d i c a l i n 
the l i p i d f r om f o r m i n g ; therefore, peroxides cannot f o rm. T h i s explana
t i o n is not universa l ly acceptable, a l though the f ormat ion of a r a d i c a l 
p r i o r to peroxide format ion of fats a n d oils has been accepted for m a n y 
years. 

O r r (43) used d i m e t h y l sulfoxide as a free r a d i c a l sink to i n h i b i t the 
effect of C u 2 + a n d ascorbic a c i d on catalase a n d ^-g lucuronidase as w e l l 
as the degradat ion of h ya lu r on i c a c id . T h e f ormat ion of a r a d i c a l f r o m 
ascorbic a c i d a n d C u 2 + i n water was detected b y E P R (44). B a s e d on 
an E P R spectroscopic study of ascorbic a c i d d u r i n g ox idat ion of m e t h y l -
arachidonate -enr iched l iposomes, ascorbic a c i d m a y be impor tant i n 
prevent ing free r a d i c a l damage i n the centra l nervous system (45). 

F o r m a t i o n of the free r a d i c a l of ascorbic a c i d (measured at 360 n m ) 
ac companied reduct ion of tocophero l free radicals (38). B i e l s k i et a l . 
(18,46) showed that the ascorbic a c i d free r a d i c a l i n the 3 -position 
absorbs at 360 n m a n d that i n the 2 -position absorbs at 290 n m ; also, 
ascorbic a c i d reacts w i t h superoxide. 

I n certain systems ascorbic a c i d free r a d i c a l on the 2- a n d 3-positions 
m a y be an intermediate i n the ant iox idant funct ion , b u t i t is a short - l ived 
intermediate (18). A n electron sp in resonance flow system was used to 
s tudy scavenging of a n i trosat ing agent b y ascorbic a c i d , a n d a to ta l s p i n 
free rad i ca l , w h i c h is the same as that p r o d u c e d b y rad io ly t i c ox idat ion 
(48), was de termined (47). 

T h e evidence i n this chapter is that the 2- a n d 3-positions of ascorbic 
a c i d must be unsubst i tuted a n d avai lab le for ascorbic a c i d to act as an 
oxygen scavenger or an ant ioxidant . 
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23 
Biological Interaction of Ascorbic Acid and 

Mineral Nutrients 

NOEL W. SOLOMONS 
Department of Nutrition and Food Science, Massachusetts Institute of 
Technology, Cambridge, MA 02139, and Division of Human Nutrition and 
Biology, Institute of Nutrition of Central America and Panama, 
Guatemala City, Guatemala, Central America, Apartado 11-88 

FERNANDO E. VITERI1 

Division of Human Nutrition and Biology, Institute of Nutrition of Central 
America and Panama, Guatemala City, Guatemala, Central America, 
Apartado 11-88 

In the diet and at the tissue level, ascorbic acid can interact 
with mineral nutrients. In the intestine, ascorbic acid 
enhances the absorption of dietary iron and selenium; 
reduces the absorption of copper, nickel, and manganese; 
but apparently has little effect on zinc or cobalt. Ascorbic 
acid fails to affect the intestinal absorption of two toxic 
minerals studied, cadmium and mercury. At the tissue level, 
iron overload enhances the oxidative catabolism of ascorbic 
acid. Thus, the level of dietary vitamin C can have im
portant nutritional consequences through a wide range of 
inhibitory and enhancing interactions with mineral nutrients. 

The n u t r i t i o n a l sciences have recently m o v e d f r o m a predominant 
concern w i t h the ident i f i cat ion a n d character izat ion of defic iency 

manifestations for i n d i v i d u a l nutrients to a considerat ion of interactions 
between a n d a m o n g nutrients . A s c o r b i c a c i d represents a v i t a m i n that 
undergoes numerous interactions w i t h other nutrients , speci f ical ly m i n 
erals; therefore, i t is important a n d appropr iate to r e v i e w a n d update 
this topic . T h e present state of knowledge on the interact ion of ascorbic 
a c i d a n d minerals of n u t r i t i o n a l importance is the subject of this chapter . 

1 Current address: Division of Disease Prevention and Control, Pan American 
Health Organization, Washington, DC 20037. 

0065-2393/82/0200-0551$06.00/0 
© 1982 American Chemical Society 
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552 ASCORBIC ACID 

Minerals of Nutritional Importance 

A p p r o x i m a t e l y fifteen minerals are considered nutrients (calcium, 
chromium, cobalt, copper, iron, magnesium, manganese, molybdenum, 
n i c k e l , phosphorus, selenium, s i l i con , t i n , v a n a d i u m , a n d zinc); of these 
minerals , those i n ital ics are essential to m a m m a l i a n nutr i t i on . M i n e r a l s , 
w h i c h are important for good nutr i t i on , are s u p p l i e d i n an organism's 
diet . H o w e v e r , w e have recently rea l i zed that the b i o l og i ca l a v a i l a b i l i t y 
of the minerals f r om their f ood sources is also important i n nut r i t i on ( J ) . 
In terna l metabo l i sm, d i s t r ibut i on , a n d retent ion are less important factors 
i n m i n e r a l nutr i t i on . 

Nature and Scope of Ascorbic Acid—Mineral Interaction 

T h e p r i m a r y interact ion of ascorbic a c i d w i t h minerals occurs i n the 
gastrointestinal tract. Signi f icant effects on i n h i b i t i n g a n d enhanc ing the 
uptake of minerals into the mucosa or into the b o d y have been d o c u 
mented . V a r i o u s investigators have postulated a n u m b e r of mechanisms 
that alone, or i n combinat ion , w o u l d be responsible for the specific inter 
act ion of ascorbic a c i d w i t h a g iven m i n e r a l i n the gut (i .e. , b y affecting 
the p H of the intest inal environment , h a v i n g an a n t i o x i d a n t / r e d u c i n g 
effect, affecting i n t r a l u m i n a l so lub i l i ty , caus ing i n t r a l u m i n a l complex 
format ion , or affecting transmucosal t ranspor t ) . T h e effect of ascorbic 
a c i d on intra intest inal p H , p r o v i d i n g a more ac id i c environment , has been 
ment ioned ; this w o u l d be most important i n the absence of n o r m a l gastric 
a c i d product i on . Ascorb i c acid's ant ioxidant or r e d u c i n g effect m a y p r e 
serve or promote the reduced ox idat ion state for a g iven meta l l i c i o n . 
D e p e n d i n g u p o n the specif icity of the mucosa l absorpt ion m e c h a n i s m , 
this r e d u c i n g effect can either reduce or augment uptake . A s c o r b i c a c i d , 
through its effects on p H a n d oxidat ion state, or b y f o r m i n g complexes, 
m a y promote i n t r a l u m i n a l so lub i l i ty of a m i n e r a l , p revent ing its o la t ion , 
po lymer i za t i on , prec ip i ta t ion , or compet i t ive b i n d i n g i n the intestine. 
A s c o r b i c a c i d m a y also f o r m complexes w i t h minerals a n d be taken u p 
into the mucosa l ce l l as part of an ascorbic a c i d - m i n e r a l chelate. F i n a l l y , 
ascorbic a c id may influence some of the transport proteins i n in t race l lu lar 
b i n d i n g systems for minerals i n intest inal cells. 

W i t h i n the body , ascorbic a c i d a n d minerals have t w o a d d i t i o n a l 
levels of impor tant interact ion : i n the tissue storage a n d turnover of 
ascorbic a c i d ; a n d i n the synthesis of tissues a n d organs. T h e apparent 
decrease i n the hal f - l i f e of ascorbic a c i d i n the presence of excess i r o n 
is an example of the former interact ion , whereas the s imultaneous p a r t i c i 
p a t i o n of v i t a m i n C , c a l c i u m , a n d phosphorus i n the f ormat ion of g r o w i n g 
bone is an example of the latter. 
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Ascorbic Acid—Iron Interaction 

T h e poss ib i l i ty of an important interact ion of ascorbic a c i d a n d i r o n 
i n the h u m a n intestine was first suggested i n 1940 ( 2 ) . Since then , 
research w i t h exper imental animals a n d h u m a n subjects has extended 
a n d e luc idated the b io logy of the interact ion. 

Animal Studies. Studies w i t h exper imental animals have d e m o n 
strated enhancement of i r on absorpt ion i n the presence of ascorbic a c id . 
B r o w n a n d Rother (3 ) f a i l ed to observe an enhancement of i r on uptake 
after 30 m i n w h e n 20 fxg of i ron-59- labeled ferrous sulfate a n d 100 m g of 
ascorbic a c i d were injected b y stomach tube into 200-g rats, b u t V a n 
C a m p e n (4 ) f o u n d that 17.6 m g of ascorbic a c i d p r o m o t e d the absorp
t i o n of a 100-/*g dose of i ron-59- labeled ferric ch lor ide g iven b y s tomach 
tube to 6-week-old rats. 

U s i n g an isolated loop technique , a t w o f o l d increase i n iron-59 
uptake i n rat intestine i n the presence of ascorbic a c i d was demonstrated 
( 5 ) , a n d a s imi lar effect was noted i n isolated, perfused gut segments of 
mice (6 ) . U s i n g an everted intest inal sac technique, equiva lent enhance
ment of mucosa l uptake of b o t h ferr ic a n d ferrous ions i n the presence of 
8 X 10" 4 m M ascorbate concentrat ion i n the buffer was shown (7). T h e 
uptake of iron-59 b y everted sacs of rat intestine was l inear t h r o u g h a 
0.5-3.0 m M concentrat ion of ascorbic a c i d ; experiments on isolated intes
t i n a l loops of rats also have demonstrated a dose-dependent enhancement 
of i r on absorpt ion b y ascorbic a c i d t h r o u g h an ascorbic a c i d : i r o n mo lar 
rat io of 1:1 to 4:1 ( 8 , 9 ) . 

Ascorbic Acid and Therapeutic Doses of Iron in Humans. T h e 
potent ia l pharmaceut i ca l importance of an enhancement of i r on absorp
t i on i n the presence of ascorbic a c i d s t imulated extensive research on the 
effect of ascorbic a c i d on therapeut ic doses of i ron . T w o basic tech 
niques for assessing i ron absorpt ion have been used : the change i n 
c i r c u l a t i n g i r o n concentrat ion after an ora l dose of i r o n ( f e r remia 
method ) (10-12); a n d the incorporat ion of rad io i ron into r e d cells 2 
weeks f o l l o w i n g ora l admin is t rat i on of i ron-55 or iron-59 ( r a d i o i r o n 
method ) ( 1 3 , 1 5 ) . A summary of data f r o m various studies is s h o w n i n 
Tab les I a n d II. A d d e d ascorbic a c id , i n excess of 150 m g , s igni f icantly 
increased the absorpt ion of i r on over the contro l so lut ion. T h e major 
d issent ing observation is that of G r e b e et a l . (14) w h o showed that w h e n 
tracer i r o n was ferr ic ch lor ide , ascorbic a c i d enhanced absorpt ion b u t 
w h e n the tracer was ferrous sulfate, no enhancement was seen. T h e 
authors quest ioned the v a l i d i t y of us ing rad io labe led ferr ic ch lor ide w i t h 
u n l a b e l e d ferrous sulfate. Extens ive subsequent experience has v a l i d a t e d 
this approach , however , so that other explanat ion for the nonenhance-
ment of i r o n absorpt ion w i t h the ferrous tracer must be sought. 
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U s i n g a r a d i o i r o n technique ( 1 5 ) , 105 m g of i r o n as ferrous sul fate 
e m b e d d e d i n res in to f o r m a tablet was better absorbed w h e n 500 m g 
of ascorbic a c i d was incorporated in to the preparat ion as c o m p a r e d w i t h 
res in -embedded ferrous sulfate or a n aqueous so lut ion of ferrous sulfate. 
I n the treatment of i r o n defic iency anemia , a more r a p i d rep le t ion of 
h e m o g l o b i n was f o u n d w h e n 500-750 m g of supplementary v i t a m i n C 
was g iven p r i o r to an ora l dose of therapeut ic meta l l i c i r o n ( 1 6 ) . 

Table I. Effects of Ascorbic Acid on Absorption of Therapeutic 
Doses of Iron in Humans Using the Radioiron Method 

Ratio of 
Absorption 

Iron Dose" Dose of with Ascorbic 
(mg of ferrous Ascorbic Acid/Without 

sulfate) Acid (mg) Ascorbic Acid" Reference 

30 50 0.91 (18) 
30 100 1.09 (18) 
30 200 1.33 (13) 
30 300 1.43 (13) 
30 500 1.48 (13) 
60 600 1.60 (W 
60" 600 0.93 (14) 
15 200 1.78 (15) 
15 500 1.87 (15) 
30 200 1.24 (15) 
30 500 1.35 (15) 
60 200 1.48 (15) 
60 500 2.51 (15) 

120° 200 1.00 (15) 
120° 500 1.64 (15) 

° 5 9 F e C l 3 tracer. 
' Contains 10 me of ascorbic acid. 
c 59FeS04 tracer. 

Table II. Effects of Ascorbic Acid on Absorption of Therapeutic 
Doses of Iron in Humans Using the Ferremia Method 

Ratio of 
Absorption 

Iron Dose Dose of With Ascorbic 
(mg of ferrous Ascorbic Acid/Without 

sulfate) Acid (mg) Ascorbic Acid Reference 

300 250 1.66 (10) 
200 50 1.00 (11) 
200 1000 1.41 (11) 

4° 500 1.44 (12) 

• In children, mg/kg. 
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In Achlorhydria and Postgastrectomy. T h e quest ion of whether 
ascorbic a c i d w o u l d influence i r o n absorpt ion i n subjects whose n o r m a l 
a c i d secretory capac i ty h a d been severely compromised b y a c h l o r h y d r i a 
or gastrectomy has been addressed. I n an exper imental a n i m a l m o d e l 
( 1 7 ) , a d d i t i o n of 10 m g of ascorbic a c i d to the rad i o i r on dose increased 
i r o n absorpt ion i n anemic gastrectomized rats b u t not i n i ron- loaded 
gastrectomized animals . H u m a n patients w h o h a d undergone p a r t i a l 
gastrectomy a n d w h o were anemic at the t ime of s tudy absorbed less 
r a d i o i r o n f r om a m e a l than comparab ly anemic i n d i v i d u a l s w i t h n o r m a l 
a c i d secretion ( 1 8 ) . A d d i t i o n of oranges ( c onta in ing ascorbic a c i d ) to 
the m e a l increased i r o n absort ion. S i m i l a r l y , iron-def ic ient patients w i t h 
n o r m a l gastrointestinal tracts absorbed iron-59 f r om b r e a d meals better 
t h a n d i d either postgastrectomy patients or spontaneously a ch l o rhydr i c 
patients ( 19 ) . A d d i t i o n of 1 g of ascorbic a c i d increased i r o n absorpt ion 
i n a l l groups i n this study, but the a d d e d ascorbic a c i d h a d its greatest 
effect i n the patients w i t h apparent ly n o r m a l a c i d secretion. I n studies 
w i t h 105-mg doses of ferrous sulfate or slow-release i r o n capsules, on 
the other h a n d , add i t i o n of 500 m g of ascorbic a c i d potent iated i r o n 
absorpt ion to a greater extent i n anemic post-gastrectomy patients t h a n 
i n patients w h o were s imp ly anemic ( 2 0 ) . T h e n u m b e r of observations 
are l i m i t e d a n d the findings somewhat inconsistent. T h u s , no s imple 
statement about the role of a c i d secretion or the role of ascorbic a c i d 
as a n a c i d i f y i n g agent can be made on the basis of these studies o n 
a c h l o r h y d r i a a n d gastrectomy. 

Ascorbic Acid and Dietary Iron Absorption in Humans. I t is w e l l 
k n o w n that i r o n occurs i n t w o forms i n the d ie t : as part of the heme 
moiety of m y o g l o b i n a n d h e m o g l o b i n i n r e d meats a n d b l o o d (heme 
i r o n ) ; a n d i n a n " inorgan i c " f o r m i n f e r r i t in a n d i n a l l forms of p l a n t -
d e r i v e d foods (nonheme i r o n ) . Phytates , oxalates, carbonates, a n d inor 
ganic phosphates are among the d ietary constituents that reduce the 
b i o l o g i c a l ava i l ab i l i t y of nonheme i r on (21,22). A s c o r b i c a c i d has no 
impor tant effect on the intraintest inal metabo l i sm of heme i ron , b u t a 
w i d e var iety of investigations have demonstrated enhancement of the 
absorpt ion of nonheme i r o n f r o m dietary sources. U s i n g in t r ins i ca l ly 
rad io i ron - labe led eggs, mustard greens, a n d sp inach , the absorpt ion of 
i r o n was increased b y s imultaneous consumpt ion of 85 m g of ascorbic 
a c i d , e ither as 200 m L of orange juice or as crystal l ine ascorbate ( 2 3 ) . 
I r o n balance studies conducted on eight I n d i a n subjects consuming the ir 
customary diets showed a n increased apparent absorpt ion of i r on after 
the ir d iet was supplemented w i t h 100 m g of ascorbic a c i d (24). I n 
studies i n v o l v i n g extrinsic l a b e l i n g of various diets w i t h rad io i ron , doses 
of ascorbic a c i d r a n g i n g f r om 50 to 1000 m g have increased i r o n absorp
t i o n f r o m m i x e d diets ( 2 5 ) , b r e a d (26), eggs (27), wheat (28), soy ( 2 8 ) , 
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556 ASCORBIC A C I D 

a n d maize porr idge (28,29). T h e i n h i b i t o r y effects of the tannins i n tea 
c a n be p a r t i a l l y overcome b y a d d i n g large amounts of ascorbic a c i d 
(250-500 m g ) to meals (30,31). T h e absorpt ion of fort i f icat ion i r o n as 
ferrous sulfate or as ferr ic phosphate , p r o v i d e d i n a table salt vehic le , is 
increased b y about threefo ld w i t h the a d d i t i o n of 50 m g of ascorbic a c i d 
(32,33). W i t h a ferrous-sul fate-containing table salt m i x e d into a m e a l 
of cooked r ice , 60 m g of ascorbic a c i d a d d e d d u r i n g cook ing p r o d u c e d a 
s imi lar threefo ld increase i n i r o n a v a i l a b i l i t y (34). 

T h e uptake of i r on b y the h u m a n intestine is governed not on ly b y 
its d ietary f o r m a n d compan ion consituents, bu t also b y the i r on c o n d i 
t ion of the i n d i v i d u a l . I ron-depleted subjects absorb a l l forms of i r o n 
w i t h greater a v i d i t y than do iron-replete i n d i v i d u a l s . I n h u m a n dietetics, 
therefore, the ascorbic content of a diet can be i n c l u d e d i n the equat ion 
for descr ib ing the b i o a v a i l a b i l i t y of i r on f r o m a m i x e d diet ( 3 5 ) . T h e 
interact ion of i r on nutr i t i on a n d graded intakes of ascorbic a c i d ( < 25 
m g ; > 25 but < 75 m g ; a n d > 75 m g ) as a pred i c t i on of i r o n a v a i l a b i l i t y 
f r om a m i x e d N o r t h A m e r i c a n diet is p lo t ted i n F i g u r e 1. 

Mechanistic Aspects of the Ascorbic Acid—Iron Interaction in the 
Intestine. Studies of the mechan ism of the interact ion of ascorbic a c i d 
a n d i r on at the molecular a n d ce l lu lar levels have y i e l d e d a var iety of 
theories. A n ac id i c p H i n the l u m e n of the intestine favors the absorpt ion 

^ low medium high 

A V A I L A B I L I T Y OF NONHEME IRON 

Figure 1. The percent absorption of nonheme iron by individuals with 
iron body stores of 0 (---), 250 ( • ), 500 (— ), and 1000 
( ) mg is shown as influenced by the availability of nonheme iron in a 
given metal (35). Low availability represents < 25 mg of ascorbic acid, 
medium availability represents 25-75 mg of ascorbic acid, and high avail

ability represents > 75 mg of ascorbic acid. 
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23. SOLOMONS AND v i T E R i Ascorbic Acid ir Mineral Nutrients 557 

of i r on . W h e n the secretion of gastric a c i d is intact , the contr ibut i on of 
ingested ascorbic a c i d to l u m i n a l p H is p r o b a b l y minor . I n the absence 
of gastric a c id , the contr ibut i on of ascorbic a c i d to intest inal p H m i g h t 
be greater, but the data f r om the experiments i n h y p o c h l o r h y d r i c a n d 
ach lo rhydr i c animals a n d subjects, descr ibed above, do not a l l o w any 
firm conclusions regard ing p H effects of ascorbic a c id . T h e r e d u c i n g 
potent ia l of ascorbic a c i d is important . T h e necessity that i r o n be i n the 
d iva lent ferrous state has been re lated either to F e 2 + b e i n g the pre ferred 
f o rm for t ransmucosal uptake or to its b e i n g less l i k e l y to po lymer ize or 
b i n d to other substances t h a n the tr ivalent , ferr ic ( F e 3 + ) f o rm. A s c o r b i c 
a c i d reduces ferr ic i r o n i n foods such as egg yo lk to ferrous i ron ( 3 6 ) . 
T h e i r on i n egg yo lk is present as ferr ic hydrox ide . I n i n v i t ro dialysis 
experiments w i t h in tr ins i ca l ly labe led egg yo lk (36) or i n h e m o g l o b i n 
rep let ion studies i n g r o w i n g rats f ed on egg yo lk ( 3 7 ) , only those reduc 
i n g agents that also h a d a complex ing potent ia l c o u l d effectively reduce 
ferr ic i r on i n egg yo lk or enhance its i r on absorpt ion into the rat. T h u s , 
o -phenanthrol ine , an i ron complex ing agent w i t h o u t r e d u c i n g potent ia l , 
a n d s o d i u m sulfite, a - tocopherol , or hydroqu inone , r e d u c i n g agents w i t h 
out c omplex ing potent ia l , showed no effect i n these egg-yolk-re lated 
experiments. A s c o r b i c a c i d has b o t h r e d u c i n g a n d complex ing potent ia l . 

I n v i t ro experiments (38) showed that i r on c o u l d f o r m soluble 
chelates w i t h ascorbic a c id at the p H of the n o r m a l intest inal l u m e n . 
So luble ascorbic acid—iron chelates f o rmed at an ac id i c p H remained i n 
so lut ion even after the a lka l in i za t i on of the m e d i u m ( 3 9 ) . Intra intest inal 
insta l lat ion of the p H - a d j u s t e d chelates into the rat enhanced the absorp
t i on of i ron . T h e authors also suggest that the ascorbic a c i d n o r m a l l y 
present i n m a m m a l i a n b i le has a phys io log i ca l ly important role i n the 
absorpt ion of nonheme i ron f r om the diet. W h e t h e r the who le ascorbic 
a c i d - i r o n chelate is taken u p intact into the mucosa l c e l l under these 
condit ions has not been establ ished. I r o n is, at the same t ime, more 
soluble , reduced , a n d more absorbable at intest inal p H i n the presence 
of ascorbic a c i d ; those factors, w i t h or w i t h o u t direct mucosa l uptake of 
ascorbic acid—iron complexes, exp la in the contr ibut ion of ascorbic a c i d 
to the enhancement of i r on ava i lab i l i t y . 

Effects of Excess Tissue Iron on Ascorbic Acid Metabolism. E p i 
demio l og i ca l observations a m o n g the B a n t u of South A f r i c a showed a n 
apparent association of c l i n i c a l scurvy i n adu l t males w i t h hemosiderosis 
c o m m o n to this group. B o t h p lasma clearance of ascorbic a c i d a n d 
u r i n a r y excretion of ascorbic a c i d were a l tered i n severe i r o n over load ; 
p lasma clearance was increased a n d ur inary excretion was decreased i n 
s iderotic subjects (40,41). T h e evidence was interpreted as a d e m o n 
stration of enhanced oxidat ive catabo l i sm of ascorbic a c i d i n the presence 
of excess tissue i r on . 
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Ascorbic Acid—Cobalt Interaction 

C o b a l t has no conf irmed n u t r i t i o n a l role i n m a m m a l i a n organisms 
aside f r o m its par t i c ipa t i on i n the c o r r i n r i n g structure of cobalamins 
( v i t a m i n B i 2 ) . Nonetheless , inorganic cobalt is absorbed b y the intes
t ine. T h a t this absorpt ion p a t h w a y was shared w i t h i r o n was first sug
gested b y the observat ion of a m i n e r a l - m i n e r a l compet i t i on (42). T h e 
use of radioisotopes of i r o n i n diagnost ic tests of absorpt ion for charac 
t e r i z i n g i r on n u t r i t i o n i n h u m a n subjects has been advanced (43-45). 
A n excellent corre lat ion between absorpt ion of rad io i ron a n d radiocobal t 
has been reported (43-45). 

I n a series of studies conducted on h u m a n volunteers i n the D i v i s i o n 
of H u m a n N u t r i t i o n a n d B i o l o g y at the Institute of N u t r i t i o n of C e n t r a l 
A m e r i c a a n d P a n a m a , w e e m p l o y e d the radiocobal t absorpt ion test i n 
the context of i r on absorpt ion tests. W e used a modi f i cat ion of a 6-h 
cobalt excretion test to estimate absorpt ion (44). A p p r o x i m a t e l y 2.5 /xCi 
of cobalt -60 m i x e d w i t h 4.74 m g (20 /xmol) of cobalt ch lor ide hexahy-
drate was g iven i n 100 m L of water after an overnight fast. T h e subjects 
r e m a i n e d fast ing for 2 h post ingestion a n d then consumed a s tandard 
breakfast. A l i ter or more of water was consumed d u r i n g the final 4 h of 
the study. A l l ur ine p r o d u c e d d u r i n g the 6 h was co l lected ; the excreted 
rad ioac t iv i ty was measured i n a we l l - type y-counter . 

I n a group of ten u r b a n , nonanemic adults a n d i n nineteen r u r a l a g r i 
c u l t u r a l workers w i t h v a r y i n g degrees of i r on deficiency, a p a i r of cobal t 
absorpt ion tests was per formed . O n one occasion, the cobalt-60 dose 
was g iven alone; on the other occasion, 1000 m g of ascorbic a c i d was 
a d d e d to the cobalt-60 dose. T a b l e I I I shows the data on the ten n o r m a l 

Table III. Comparison of the 6-h Excretion of Cobalt-60 When 
Administered Alone or with 1000 mg of Ascorbic 

Acid in Normal Subjects 
Percent of Oral Dose Excreted in the Urine 

Without Ascorbic Acid With Ascorbic Acid A 
18.9 17.8 
11.5 12.5 
22.2 24.7 

7.6 9.9 
15.0 11.0 
18.9 14.8 
19.0 13.2 

7.5 13.6 
22.6 27.6 

8.7 14.3 

1.1 
•1.0 
2.5 
2.3 
4.0 
4.1 
5.8 
6.1 
5.0 
5.6 

mean 
se 

13.2 15.9 
± 6 . 5 ± 5.8 
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subjects. N o differences of statist ical significance were noted b y p a i r e d 
Student f-test analysis , as was true w h e n data f r o m a l l twenty-nine sub
jects were grouped . T h e excretion of radio isotopic cobalt i n 6 h as a 
percentage of the adminis tered dose was 26.5 ± 13 .0% w i t h cobalt alone 
a n d 23.8 ± 12 .7% w i t h cobalt p lus ascorbic a c i d ( m e a n ± s d ) . L i n e a r 
regression of the p a i r e d data revealed a corre lat ion coefficient of r = 
0.768 ( p < 0.001). A p p a r e n t l y , i n aqueous solut ion, ascorbic a c i d has no 
e f f e c t—inhib i t ing or e n h a n c i n g — o n the absorpt ion of radiocobalt . T h i s 
is i n contrast to the experience of workers us ing ferrous i r on i n so lut ion, 
discussed earl ier. W e also have demonstrated a twe lve fo ld decrease i n 
cobalt excretion w h e n the dose was m i x e d into a m e a l (46), b u t whether 
or not s imultaneous adminis t rat ion of ascorbic a c i d w o u l d alter cobalt 
absorpt ion i n the presence of food has not been examined. 

Ascorbic Acid—Copper Interaction 

I n h i b i t i o n of intest inal copper absorpt ion b y ascorbic a c i d was 
observed i n exper imental animals . A d d i n g 5 g of ascorbic a c i d / k g of 
p o u l t r y rat ion conta in ing 8 m g of copper exacerbated copper def i 
c iency signs i n c l u d i n g g r o w t h retardat ion , anemia , a n d morta l i ty f r o m 
aort ic rupture i n chicks (47). A o r t i c rupture was caused b y defective 
elast in format ion , a copper-dependent funct ion . T h e t ime to appearance 
of aort ic rupture was also decreased b y the 0 . 5 % ascorbic -ac id -contain
i n g diet. E v e n w i t h a copper content of 24 m g / k g , 0 . 5 % ascorbic a c i d 
p r o d u c e d anemia . G r o w t h reduct i on a n d anemia was observed (47) i n 
D u t c h rabbits on a diet conta in ing 3 p p m of copper b y a d d i n g 1.0% 
ascorbic a c id , a l though no signs of copper deficiency were evident w i t h 
the 3 -ppm copper rat ion alone (48) ( T a b l e I V ) . A d d i t i o n of 0 . 1 % 
ascorbic a c i d to a copper-defic ient diet f e d to chicks decreased g rowth , 
increased morta l i ty , a n d reduced aort ic e last in content ( 4 9 ) . Essent ia l ly 
i d e n t i c a l results were obta ined w i t h turkey poults ( 5 0 ) . I n guinea pigs 

Table IV. Effects of Ascorbic Acid on Symptoms of Copper 
Deficiency in Dutch Rabbits Fed Low-Copper Diets 

Weight (%) Hemoglobin (%) 

6wk 12 wk 18 wk 6 wk 12 wk 18 wk 
C u ( 2 p p m ) , A A (0%) 68 47 39 75 59 71 
C u ( 3 p p m ) , A A (0%) 96 94 — 107 93 — 
C u (3 p p m ) , A A (1%) 81 62 61 66 73 88 

Note: Data are expressed as a percentage of value for animals consuming a con
trol diet containing 6 ppm Cu. A A = ascorbic acid. 

Source: Reference 48. 
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f ed a rat ion conta in ing 21 p p m of copper, ad just ing the d ietary ascorbic 
a c i d content to 1.0% caused a 3 9 % reduct i on i n who le b l o o d copper 
concentrat ion a n d a 5 2 % reduct i on i n l i ver copper content as c o m p a r e d 
w i t h animals rece iv ing a s tandard diet w i t h 0 . 1 % ascorbic a c i d ( 5 1 ) . 
A d d i t i o n of 2 . 5 % ascorbic a c i d to the diets of min ip igs consuming a n 
adequate copper intake p r o d u c e d only s l ight retardat ion i n w e i g h t ga in 
( 5 2 ) ; w h e n the animals were p l a c e d on a copper-def ic ient diet , ascorbic 
a c i d p r o v o k e d a sharper f a l l i n we ight a n d earl ier death. H e p a t i c a n d 
serum copper levels were l ower i n the ascorb ic -ac id -supplemented a n i 
mals ( 52 ) . 

I n y o u n g swine , a d d i t i o n of 0 .5% ascorbic a c i d to a diet conta in ing 
a toxic amount of copper, 250 m g / k g of diet , r educed the anemia that 
was the toxic manifestat ion of copper excess, a n d reduced hepat i c a c cu 
m u l a t i o n of copper (53 ) . 

A b s o r p t i o n of a tracer dose of copper-64 f r om i n s i tu l i gated seg
ments of rat intestine i n 250 L-350-g animals was reduced b y the s i m u l 
taneous adminis t rat ion of 2.5 m g of ascorbic a c i d (54). R a d i o c o p p e r 
absorpt ion was also reduced i n chicks rece iv ing a 0 . 1 % ascorbic a c i d 
rat ion (55 ) . 

T h e mechanism of this effect is not k n o w n . H i l l a n d Starcher (49) 
postulated that reduct i on of copper f r om its d iva lent ( c u p r i c ) state to 
its monovalent ( cuprous ) state accounted for the i m p a i r e d absorpt ion 
of copper i n the presence of ascorbic a c i d ; they p r o d u c e d the same effect 
w i t h another r e d u c i n g agent, d imercaptopropano l ( B A L ) . T h i s exp lana
t i on has been accepted b y others ( 5 6 ) , a l though the ox idat ion state of 
copper for m a x i m u m intest inal absorpt ion has not been establ ished. A n 
intramucosa l compet i t i on of ascorbic a c i d for s u l f h y d r y l sites on meta l lo -
thioneins was demonstrated (57 ) . I f this l i g a n d has any regulatory ro le 
i n copper uptake , this a l ternat ive mechan ism of ascorbic a c i d - c o p p e r 
interact ion c o u l d exp la in the mechanism. E x p e r i m e n t a l conf irmation of 
an ascorb i c -ac id - induced i n h i b i t i o n of copper absorpt ion i n the h u m a n 
intestine has not been presented. 

Ascorbic Acid—Zinc Interaction 

G i v e n the effects of ascorbic a c i d on the absorpt ion of i r o n a n d 
copper, investigators have been interested i n poss ib ly signif icant inter 
actions w i t h z inc . T h e absorpt ion of z inc a n d other d iva lent m i n e r a l 
ions was s tud ied us ing a n isolated, filled duodena l loop i n s i tu i n the 
rat ( 5 8 ) . A 1 0 " 4 - M z inc so lut ion was in fused i n the presence or absence 
of 10" 2 M ascorbate or dehydroascorbate . A two- th irds r educ t i on i n the 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

02
3



23. SOLOMONS AND VITERI Ascorbic Acid ir Mineral Nutrients 561 

net absorpt ion of z inc f rom the l u m e n was observed d u r i n g a 5-h exper i 
ment. O v e r 9 0 % of the z inc taken u p i n the aqueous so lut ion alone 
remained i n the mucosa l cel ls ; however , over 5 0 % of the z inc absorbed 
i n the presence of a 100-fold mo lar excess of ascorbic a c i d or dehydro 
ascorbic a c i d was transferred to the body . T h u s , the net amount of z inc 
reach ing the in terna l organs of the rat i n 5 h was four to six times greater 
w i t h ascorbate or dehydroascorbate. 

W e have conducted i n v ivo experiments on the interact ion of z i n c 
a n d ascorbic a c i d i n the h u m a n intestine (56 ) . T o assess absorpt ion w e 
moni tored the p lasma z inc concentrat ion after an ora l dose of 25 m g of 
e lemental z inc as z i n c sulfate i n 100 m L of water taken i n the fast ing 
state. T h e p lasma z inc leve l was measured p r i o r to z i n c admin is t rat i on 
a n d at hour ly intervals thereafter for 4 h . T h e a d d i t i o n of graded doses 
of 0.5, 1.0, a n d 2.0 g of ascorbic ac id , const i tut ing Z n : A A molar ratios of 
0.134, 0.067, a n d 0.034, respectively, to the 25-mg so lut ion of z i n c h a d 
no effect on the ve loc i ty of z inc absorpt ion ( F i g u r e 2 ) . H o w e v e r , be 
cause the effect of ascorbic a c i d i n i m p r o v i n g nonheme i r on absorpt ion 
was most dramat i ca l l y seen i n the presence of food or beverages, further 
studies were conducted i n w h i c h the change i n p lasma z inc f o l l o w i n g 
the ingest ion of 108 m g of z inc as z inc sulfate m i x e d w i t h 120 g of b lack 
bean grue l , a k n o w n inh ib i t o r of z inc absorpt ion (59, 60) was measured. 
Studies were conducted b o t h i n the presence a n d absence of 2 g of 
ascorbic a c i d ( F i g u r e 3 ) . O n c e again , no effect of a d d e d ascorbic a c i d 
was detected. A t least for humans , there appears to be neither an i n h i b i 
t i n g nor an enhanc ing influence of ascorbic a c i d on the b i o l og i ca l a v a i l a 
b i l i t y of ora l ly ingested z inc . 

Zinc and Ascorbic Acid Metabolism and Excretion. I ron has an 
o x i d i z i n g effect on ascorbic a c id , r e d u c i n g its ur inary excretion; there
fore, K e l t z et a l . (61) quest ioned whether z i n c w o u l d show a s imi lar 
effect. H u m a n subjects were f ed a diet conta in ing either 11.5 or 19.5 m g 
of z i n c / d for 7-d balance periods. D a i l y ascorbic a c i d intake was 100 m g . 
Consistent w i t h the findings f r o m i ron- loaded Afr i cans , the h igher z i n c 
intake caused a signif icant 3 0 % decrease i n ur inary ascorbate excretion. 
N o explanat ion for the z inc -re lated reduct ion i n ascorbic a c i d b e y o n d the 
analogy w i t h the i ron - loaded ind iv idua l s is read i ly avai lab le . 

I n a study w i t h exper imental animals ( 6 2 ) , b o t h ascorbic a c i d 
(2.5 m M / k g dose) a n d z inc as z inc sulfate (1.4 m M / k g dose) increased 
ethanol c learance f r o m the b l o o d of intoxicated , 250-g rats w h e n sterile 
solutions of the respective compounds were injected intraper i toneal ly . 
T h e effects appeared to be independent , because neither add i t ive nor 
synergist ic effects o n clearance were noted w h e n the t w o agents were 
in jected s imultaneously . 
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Ascorbic Acid—Nickel Interaction 

T h e essentiality of n i c k e l i n various h igher forms of m a m m a l s , 
i n c l u d i n g rats, goats, sheep, a n d pigs , has been demonstrated (63-66). 
N i c k e l is also homeostat ica l ly regulated i n humans (66). Ba lance studies 
suggested that the absorpt ion of n i c k e l f r o m n o r m a l A m e r i c a n meals is 
on the order of 1 0 % (68). V i r t u a l l y n o t h i n g is k n o w n , however , about 
the factors affecting the b i o a v a i l a b i l i t y of n i c k e l i n humans . 

A detectable rise i n p l a s m a n i c k e l concentrat ion after the ora l a d m i n 
istrat ion of 22.4 m g of n i c k e l sulfate was reported (69). I n co l laborat ive 
studies , 2 w e have examined the interact ion of n i c k e l a n d ascorbic a c i d 
i n the h u m a n intestine. H e a l t h y volunteers rece ived 5 m g of e lemental 
n i c k e l as 22.4 m g of n i c k e l sulfate, as i n the previous report. T h e to ta l 
vo lume was 100 m L . T h i s was ingested either alone or w i t h 1 g of 
ascorbic a c id . T h i s const i tuted a N i : A A mo lar rat io of 0.015. A s igni f i 
cant depression i n the rise of p lasma n i c k e l was observed w h e n ascorbic 
a c i d was present as c ompared w i t h the s i tuat ion of aqueous n i c k e l alone 
(see T a b l e V ) . O u r N i : A A ratio of 0.015 compares w i t h a mo lar rat io 

Table V . Effect of Ascorbic Acid (1 g) on the Absorption of 
Nickel (5 mg) as Nickel Sulfate in Human Subjects 

Change in Plasma Nickel Above 
Fasting Levels (fig/mL) 

N i c k e l alone 

N i c k e l w i t h A A 

Signif icance 

Note: Data are expressed as mean ± se. 

1 h 2h Sh 4h 

48.8 73.0 80.0 53.3 
± 1 2 . 6 ± 1 1 . 1 ± 1 1 . 3 ± 1 6 . 3 

29.9 38.6 52.8 42.3 
± 1 0 . 3 ± 4 . 8 ± 4 . 5 ± 6 . 3 

N . S . p < 0.05 p < 0.05 N . S . 

of 0.002 that m i g h t occur i n a t y p i c a l mea l , assuming that the U n i t e d 
States mean n i c k e l intake is 165 fig (55 /xg i n a single mea l ) a n d that a 
2 0 0 - m L glass of orange juice contains 100 m g of ascorbic a c id . 

I n the same series of investigations, w e also demonstrated a p r o f o u n d 
i n h i b i t i o n of n i c k e l uptake i n the presence of m i x e d meals (70). T h u s , 

'Collaborative studies with F. Nielsen and T. Shuler of the Human Nutrition 
Research Laboratory of the U.S. Department of Agriculture at Grand Forks, North 
Dakota. 
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23. SOLOMONS AND VITERI Ascorbic Acid ir Mineral Nutrients 565 

i n the context of a m i x e d diet , the n u t r i t i o n a l impl i cat ions of the i n h i b i 
tory influence of ascorbic a c i d on n i c k e l uptake r e m a i n to be interpreted . 

Ascorbic Acid—Selenium Interaction 

Selenide, the reduced f o r m of se lenium, appears to be the most 
usable f o rm of the m i n e r a l (71). Moreover , v i t a m i n E a n d other reduc 
i n g agents t end to m a i n t a i n se lenium i n its selenide f o rm. I n homoge-
nated i n v i tro tissue, ascorbic a c i d is capable of r e d u c i n g selenate to 
selenite a n d selenide (72). P r e l i m i n a r y experience w i t h chicks suggested 
that ascorbic a c id , a c t ing as an antioxidant , increased the u t i l i z a t i o n of 
d ietary se lenium (73). T h i s was conf irmed (74) b y the enhancement of 
se len ium uptake f r o m l igated duodena l loops of chicks or f r o m dietary 
sources i n the presence of graded doses of ascorbic a c i d i n studies con 
d u c t e d w i t h pou l t ry . 

Interaction of Ascorbic Acid and Other Mineral Nutrients 

V i r t u a l l y no data are ava i lab le concerning the interact ion of ascorbic 
a c i d a n d m o l y b d e n u m , magnes ium, v a n a d i u m , or s i l i con . A l i m i t e d 
n u m b e r of experiments have suggested that other minerals of n u t r i t i o n a l 
importance , namely c a l c i u m a n d manganese, may show a phys io l og i ca l 
interact ion w i t h ascorbate. Some observations on a n ascorbic a c i d - c a l 
c i u m interact ion have been p u b l i s h e d . A s c o r b i c a c i d is essential to the 
format ion of bone matr ix i n g r o w i n g bone, b u t its role i n skeletal m i n e r 
a l i za t i on was also examined. A l o w v i t a m i n C intake i n rhesus monkeys 
increased the exchangeable p o o l of ca l c ium-45 a n d the accret ion rate of 
c a l c i u m i n the presence of s o d i u m fluoride (75,76). A d d i t i o n of 0 . 3 % 
ascorbic a c i d to turkey rations reduced the minera l i za t i on of pou l t femurs 
8 weeks after h a t c h i n g (77), but a 0 .65% ascorbic a c i d content i n the 
diet d i d not reduce t i b i a l minera l i za t i on i n g r o w i n g chicks a n d Japanese 
quai ls (78). H i g h doses of intraper i toneal ascorbic a c i d m o b i l i z e c a l 
c ium-45 prev ious ly incorporated into skeletal bone (79-81); the same 
effect of ascorbic a c i d was shown i n 5-d cultures of ch ick t ibias l abe l ed 
i n o v u m w i t h ca l c ium-45 (82). T h e v a r i a b i l i t y i n the i n v i v o experience 
a n d the pharmaco log i ca l nature of the doses (79-82) makes any con 
clusions regard ing a b i o l og i ca l role of excess v i t a m i n C intake i n r e d u c i n g 
skeletal minera l i za t i on somewhat premature . 

Exper iments i n isolated segments of rat intestine (58) showed a 
reduct i on i n net absorpt ion of manganese f r o m a 1 0 " 4 - M so lut ion i n the 
presence of a 1 0 " 2 - M solut ion of ascorbate. Dehydroascorbate h a d no 
effect on net manganese absorpt ion , bu t i t increased transfer of the 
manganese to the carcass. 
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566 ASCORBIC A C I D 

Interaction of Ascorbic Acid with Toxic Minerals 

T h e r e is evidence for a n interact ion between ascorbic a c i d a n d some 
trace minerals toxic to the vertebrate organism, a l though the data are not 
extensive. D u r i n g a 5-h per fus ion of intest inal segments of rats, 10" 2 M 
ascorbate or dehydroascorbate d i d not alter the net r emova l f r o m the 
l u m e n of c a d m i u m i n a 1 0 " 4 - M solut ion ( 5 8 ) . T h e rat io of c a d m i u m 
transported to the carcass to the total c a d m i u m removed f r om the l u m e n 
was 0.14 for the c a d m i u m alone; however , the corresponding ratios of 
0.828 a n d 0.772 were f o u n d w i t h 10~ 2 -M addit ions of ascorbate a n d de
hydroascorbate , respectively. A d d i t i o n of ascorbic a c i d as 10 g / k g to the 
ra t i on prevented the excess morta l i ty , we ight reduct ion , a n d anemia 
i n d u c e d b y a d d i n g 75 m g of c a d m i u m / k g of diet ( 8 3 ) . T h i s dose of 
ascorbic a c i d d i d not reduce c a d m i u m concentrat ion i n tissues, a n d i t 
was presumed that the mechan ism was not an i n h i b i t i o n of c a d m i u m 
absorpt ion b u t rather some other interact ion at the l eve l of tissue 
metabo l i sm. E v a n s et a l . (57) demonstrated decreased b i n d i n g of c a d 
m i u m to bov ine hepat ic meta l lo th ione in i n v i t ro i n the presence of 
ascorbic a c id . T h i s type of ascorbic a c i d - c a d m i u m interact ion m a y 
exp la in the findings of F o x a n d F r y (83 ) . 

N e i t h e r the uptake nor the transfer of mercury f r o m a 1 0 " 4 - M so lu 
t i on ins t i l l ed into an isolated loop of rat intestine was signif icantly a l tered 
b y the presence of a 1 0 " 2 - M solut ion of dehydroascorbate (58 ) . T h u s , 
w i t h 100-fold molar excesses of ascorbic a c i d the intest inal absorpt ion of 
either c a d m i u m or mercury was not affected, b u t at some in terna l l o ca 
t i on , ascorbic a c i d apparent ly counteracts the toxic ac t iv i ty of c a d m i u m . 

Conclusions 

Studies i n basic a n d a p p l i e d phys io logy , p r i m a r i l y i n exper imenta l 
animals , but also i n h u m a n subjects, a n d some research i n fundamenta l 
b iochemistry , are the basis of our unders tand ing of the interact ion of 
ascorbic a c i d w i t h various minerals important to h u m a n n u t r i t i o n a n d 
heal th . M u c h remains to be learned. T h e experiences r ev i ewed i n this 
chapter suggest that the l eve l of d ietary ascorbic a c i d intake can have 
important nutr i t i ona l consequences for m a m m a l i a n species, a n d poss ib ly 
for humans , t h r o u g h a w i d e range of i n h i b i t i n g a n d enhanc ing interact ions 
w i t h trace minerals at the levels of intest inal absorpt ion. T h e importance 
of this interact ion i n the case of nonheme i ron i n the h u m a n diet is w e l l 
establ ished a n d provides the basis for some p u b l i c hea l th strategies to 
a l leviate i r on deficiency i n some parts of the w o r l d . T h e p u b l i c h e a l t h 
importance of the interact ion of ascorbic a c i d w i t h other m i n e r a l nutrients 
remains to be establ ished. A t the l eve l of in terna l metabo l i sm, ascorbic 
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23. SOLOMONS A N D V I T E R I Ascorbic Acid 6- Mineral Nutrients 567 

a c i d also interacts w i t h certa in minerals w i t h significant b i o l og i ca l conse
quences b o t h for the respective minerals (as i n the case of c a l c i u m ) a n d 
for ascorbic a c i d (as i n the case of i r o n a n d z i n c ) . T h e excit ing con 
temporary t rend i n n u t r i t i o n a l research is to consider n u t r i e n t - n u t r i e n t 
interactions (84), a n d new a n d far -reaching insights into the interact ion 
of ascorbic a c i d a n d m i n e r a l nutrients m a y be for thcoming i n the near 
future . 
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24 
Effects of Ascorbic Acid on the 

Nitrosation of Dialkyl Amines 

YOUNG-KYUNG KIM, STEVEN R. TANNENBAUM, 
and JOHN S. WISHNOK 

Department of Nutrition and Food Science, Massachusetts Institute of 
Technology, Cambridge, MA 02139 

Ascorbic acid is known to inhibit the nitrosation of 
secondary amines. A computer model has been developed 
to predict the amount of nitrosamine formed under condi
tions that are experimentally inaccessible. The computer
-calculated rates for N-nitrosomorpholine formation using 
rate and equilibrium constants from the literature agree well 
with experimental values in the absence of and presence of 
ascorbic acid under anaerobic conditions. In the aerobic 
system the inhibitory efficiency of ascorbic acid is lower, 
and the nature of the interactions among the various com
ponents of the mixtures is less well understood. The use of 
ascorbic acid for inhibition of N-nitroso compound forma
tion both in vitro and in vivo is briefly reviewed. 

A scorbic a c id , i n add i t i on to its k n o w n a n d potent ia l b i o l og i ca l proper -
ties, is an active a n d interest ing organic chemica l i n its o w n r ight . 

Its strong r e d u c i n g abi l i t ies ( 1 ) , i n part i cu lar , have s t imulated interest i n 
the possible use of ascorbic a c id as an inh ib i t o r of nitrosat ion reactions 
and , consequently, as a means of r e d u c i n g h u m a n exposure to carc ino 
genic N-ni troso compounds. 

M o s t substances conta in ing the Ν — N O funct ional i ty are carc ino
genic i n at least one a n i m a l species (2,3) a n d these compounds are, 
therefore, p robab ly h u m a n carcinogens as w e l l . 

N - N i t r o s o compounds are not often f ound i n nature , a l though they 
are occasionally detected i n some industr ia l environments (4,5). H o w 
ever, several N-nitrosoamines have been regular ly detected i n a w i d e 
var iety of foods (6) a n d an extensive research effort has consequently 
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572 ASCORBIC A C I D 

been d irected t ow ar d the detect ion a n d ident i f i cat ion of these substances, 
the e luc idat ion of the routes of the ir f ormat ion , a n d the evaluat ion of 
the h u m a n heal th hazards posed b y nitrosamine exposure. 

O n e result of these investigations has been a rea l i zat ion that N-
nitroso compounds can f o r m under a w i d e var iety of condit ions f rom 
react ion of nitrosatable nitrogens w i t h any of several ni trosat ing species 
(7-13). A s w i l l be detailed later, complex e q u i l i b r i a among several 
n i trosat ing agents can arise f rom ni tr i te i on , N 0 2 ~ , w h i c h is read i ly 
f o rmed i n v ivo b y bacter ia l reduct ion of nitrate, N 0 3 " (14). Ni trosatable 
amines, i n add i t i on , are w i d e l y d i s t r ibuted i n foods (15 ) . T h e r e is, there
fore, an increasing interest i n the quest ion of h u m a n exposure to endoge-
nously f ormed N-nitroso compounds . 

If it is f o und that ep idemio log i ca l ly significant nitrosat ion m a y occur 
i n v i v o f r o m reactions of compounds n o r m a l l y present i n the diet or as 
metabolites, then it becomes important to develop nontoxic methods for 
prevent ing these transformations. 

Ascorb i c a c id is k n o w n to react r a p i d l y w i t h n i tr i te as w e l l as w i t h 
other nitrosat ing agents (16). T h i s , a long w i t h its l o w toxic i ty a n d k n o w n 
nutr i t i ona l importance , has natura l ly l e d to an evaluat ion of its usefulness 
as an inh ib i t o r of nitrosation reactions (17). W e have begun bo th 
exper imental and theoret ical studies of the interactions of ascorbic a c id 
w i t h amines, amides, a n d nitrosat ing agents. O u r approaches a n d results 
are descr ibed i n the f o l l o w i n g sections. 

Amine Nitrosation 

T h e nitrosation reactions of a g iven amine i n the presence of ascorbic 
a c id can be conceptual ly considered as an interact ing set of several 
separate systems, that is, ( i ) a set of e q u i l i b r i a a m o n g various ni trogen 
oxides, ( i i ) reactions of nitrosatable n i trogen w i t h each of the various 
ni trosat ing agents, ( i i i ) react ion of ascorbic a c id w i t h oxygen, a n d ( i v ) 
react ion of ascorbic a c i d w i t h the ni trosat ing agents. 

T h e e q u i l i b r i a ar is ing f r om aqueous ni tr i te are shown i n Scheme 1, 
w i t h ni trosat ing species i ta l i c i zed (18). 

N 0 2 + H + ^ ± H N 0 2 

H N 0 2 + H + *± H2N02
+ z± H 2 0 + NO+ 

2 H N 0 2 *± N2Os + H 2 0 

H N 0 2 + H X # NOX + H 2 0 

Scheme 1. 
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24. K I M E T A L . Ascorbic Acid ir Nitrosation of Dialkyl Amines 573 

T h e relat ive importance of the various n i trosat ing agents is strongly 
dependent on the p H a n d , i n the case of N O X , on the concentrat ion of 
the halogen (e.g., C l " , B r " ) or pseudohalogen, (e.g., S C N " ) , X . A t y p i c a l 
p H profi le for the nitrosat ion of amines has an in i t ia l - rate m a x i m u m 
near p H 3.4. T h i s behavior is the net result of a n increase i n the 
concentration of n i trosat ing species vs. a decrease i n the concentrat ion 
of nitrosatable free amine (19) as the p H is l owered . A l t h o u g h the 
m a x i m u m i n i t i a l rate usual ly occurs near p H 3.4, measurable nitrosat ion 
w i l l nonetheless occur over a w i d e p H range. I n the presence of catalysts, 
for example, X = S C N " , the p H m a x i m u m is shi fted, a n d the i n i t i a l rates 
f a l l off more s lowly as the p H decreases ( F i g u r e 1 ) . F o r s imple ni trosa
t ion reactions, then, the rate of nitrosation depends o n the concentrations 
of the various ni trosat ing species a n d on the concentrat ion of free amine , 
both of w h i c h are affected b y p H . 

Ascorbic Acid Oxidation 

I n anaerobic systems, ascorbic ac id /ascorbate reacts w i t h a l l of the 
nitrosat ing agents shown i n Scheme 1. These reactions are general ly 
faster than the reactions between amines or amides a n d the respective 
n i trosat ing agents, a n d ascorbic a c i d has been shown to be a n effective 
i n v i tro inh ib i tor of amine nitrosat ion v i a compet i t ion for these agents 
( 1 7 , 2 4 ) . These results have been extended to more prac t i ca l areas such 
as the prevent ion of nitrosamine format ion i n foods a n d i n v ivo (20, 
2 1 , 2 2 ) . 

I n p r inc ip l e , then, ascorbic a c id appears to have considerable i m p o r 
tance as an inh ib i t o r of i n v ivo nitrosat ion of ingested or b iosynthesized 
amines v i a endogenous nitr i te . H o w e v e r , this potent ia l is far f r o m 
rea l ized . T h e react ion condit ions actual ly encountered i n l i v i n g organisms 
are complex a n d v a r i e d and—perhaps more i m p o r t a n t l y — t h e i n v i t ro 
interactions among ascorbic a c id , nitr i te , a n d amines are not straight
f o rward . 

T h e e q u i l i b r i a shown i n Scheme 1, for example , give rise to b o t h 
po lar ( H 2 N 0 2 \ N O + ) and nonpolar ( N 2 0 3 ) n i trosat ing agents. T h e 
N 2 0 3 can be intercepted b y ascorbic a c i d to f orm non-nitrosat ing N O . 
I n the presence of oxygen, however , N 2 0 3 a n d N 2 0 4 can be regenerated 
v i a N O a n d N 0 2 , as shown i n Scheme 2 (23,24). 

I n h i b i t i o n of nitrosation i n this system, then, w i l l be effective at best 
only u n t i l the ascorbate has been converted to dehydroascorbate. 

T h e a m i n e - n i t r i t e reactions i n phys io log i ca l systems m a y be further 
obscured b y c a r b o n y l (25) or pseudohalogen (19) catalysts, b y c o n 
stituents of gastric juice or intest inal fluids, or b y mul t iphas i c interactions 
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574 ASCORBIC A C I D 

i n l i p i d - c o n t a i n i n g micel les such as those f o u n d i n the s m a l l intestine 
(26). Nitrosat ions of amines w i t h l o n g a l k y l chains ( n > 6 ) are enhanced 
b y mice l le f o rmat ion (27). T h e mechanisms of these reactions are not 
k n o w n but , d e p e n d i n g on whether the nitrosat ion occurs on the surface 
or i n the inter ior of the micel les , po lar a n d / o r nonpo lar n i trosat ing agents 
m a y be invo lved . 

2.0 
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24. K I M E T A L . Ascorbic Acid &• Nitrosation of Dialkyl Amines 575 

dehydroascorbate -f- N O 

t h 
ascorbate N 0 2 

| N O ^ ^ | N 0 2 

H N 0 2 - > N 2 0 3 * ^ N 2 0 4 

amine 
A . 

nitrosamine 

Scheme 2. 

I n ad d i t i on to these aspects of the amine nitrosat ion react ion, the 
reactions of ascorbic a c i d w i t h various components of the n i t r i te e q u i l i b r i a 
invo lve transformations that are also affected b y the presence or absence 
of oxygen (1,23). Some of these are shown schematical ly i n Scheme 3. 
I f attention is then focussed on the reactions of ascorbic ac id /ascorbate 
rather than on the nitrosat ion of amines, i t c a n be seen that the amount 
of ascorbic a c i d or ascorbate avai lable for i n h i b i t i o n of nitrosation can 
be d i m i n i s h e d b y the presence of oxygen. 

T h e exper imental destruct ion of ascorbate b y various combinations 
of n i tr i te , a ir , a n d ni trogen is shown i n F i g u r e 2 (24,28). I t is apparent 
f r om these experiments not only that ascorbate is sensitive to the presence 
of either a ir or n i tr i te but that the combinat ion of these two reactants 
can complete ly exhaust the avai lable ascorbate as opposed to the stoichio
metr i c deplet ion observed w i t h n i t r i te alone. 

Var iat ions i n p H , i n add i t i on to affecting the e q u i l i b r i a among the 
nitrosat ing agents a n d the concentrations of free a n d protonated amines, 
also affect the re lat ive concentrations of i o n i z e d (ascorbate) a n d n o n i o n -
i z e d forms of ascorbic ac id . T h e reactions of ascorbic ac id /ascorbate 
w i t h each of the ni trosat ing reagents are therefore also p H - d e p e n d e n t , 
as i l lustrated i n F i g u r e 3 (16). 

Computer Modeling 

T h e observations above, taken together, suggest that the reactions 
a m o n g amines, n i tr i te , a n d ascorbic a c i d under phys io log i ca l condit ions 
w o u l d be expected to be extremely complex a n d that k inet i c studies 
m i g h t be exper imental ly intract ib le even i n v i tro . A summary of the 
e q u i l i b r i a a n d reactions that m i g h t occur i n a n anaerobic m o d e l system 
is s h o w n i n Scheme 4. T h e quest ion " H o w does ascorbic a c i d affect 
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576 ASCORBIC A C I D 

2-ni trosylascorbic ac id 

O H O N O 

C H O H 
I 

C H 2 O H 

ascorbic ac id 

H 2 0 2 

0 ' 

semiquinone 

Scheme 3. 

dehydroascorbic ac id 

the rate of amine or amide nitrosat ion?" does not have a c lear ly s imple 
answer. 

O u r current approach to the complex i ty of this p r o b l e m has been to 
develop a computer m o d e l that can, i n p r inc ip l e , p rov ide guidel ines for 
exper imental designs a n d ins ight into properties of the system that may 
be exper imental ly i m p r a c t i c a l or inaccessible (29 ) . 

T h e rate equat ion for the format ion of a nitrosamine f rom a g iven 
amine is set u p as i n E q u a t i o n 1. M a k i n g steady state assumptions for 

d [ R 2 N N O ] 
dt 

— fc4 [ R 2 N H ] [ N 2 0 3 ] + fc7 [ B * N H ] [ N O + ] (1) 

nitrous anhydr ide a n d n i t rosonium i o n al lows the expression of the above 
equat ion i n terms of the concentrations of various reagents a n d the rate 
a n d e q u i l i b r i u m constants i n Scheme 4. T h e rate constants or e q u i l i b r i u m 
constants for most of the i n d i v i d u a l steps i n Scheme 4 are avai lable f r o m 
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24. K I M E T A L . Ascorbic Acid ir "Nitrosation of Dialkyl Amines 577 

Scheme 4. Reaction scheme for nitrosation in the presence of ascorbic acid. 
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578 ASCORBIC A C I D 

PH 
Figure 3. Effect of pH on the reactions of ascorbic acid and ascorbate 
anion with various nitrosating species. (Reproduced, with permission, 

from Ref. 16.) 

the l i terature (1,16,18,30-34). A r b i t r a r y i n i t i a l concentrations of the 
various reagents c a n then be entered into the computer a n d i n i t i a l rates 
under that set of condit ions w i l l be ca l cu lated a n d p r i n t e d out. Since a l l 
of the interactions a m o n g the components are considered, any p e r t u r b a 
t i on of one b y the other w i l l automat ica l ly be i n c l u d e d . I f the p H is 
changed , for example, then the a m i n e / a m m o n i u m - i o n a n d ascorbic a c i d / 
ascorbate concentrations w i l l be appropr ia te ly adjusted. 

F o r s imple nitrosat ion reactions (i.e., [ascorbic ac id] = 0 ) there is 
good quant i tat ive agreement between ca l cu la ted a n d observed i n i t i a l 
rates as shown for morpho l ine - » N-n i t rosomorpho l ine i n F i g u r e 4. 

W h e n ascorbic ac id /ascorbate is a d d e d to the system, the general 
behavior of the ca l cu lated i n i t i a l rates is consistent w i t h that in tu i t i ve ly 
expected, that is, the i n i t i a l rates are r e d u c e d w i t h increas ing ascorbic 
a c i d , a n d the effect is p H dependent as shown i n T a b l e I . T h e versat i l i ty 
of the computer c a n also be seen i n F i g u r e 5 i n w h i c h ca l cu la ted p H 
profiles are p l o t t e d for different i n i t i a l concentrations of ascorbic a c i d / 
ascorbate. A s expected, the greater the ascorbic a c id /as co rba te concen-

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

02
4



24. K I M E T A L . Ascorbic Acid ir Nitrosation of Dialkyl Amines 579 

Figure 5. Initial rate profiles for the nitrosation of morpholine in the 
presence of various concentrations of ascorbic acid, 10 m M morpholine, 
10 mM nitrite, 0°C: a, [Asc] = 0; b, [Asc] = 0.01 m M ; c, [Asc] = 

0.1 mM. 
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580 ASCORBIC A C I D 

Table I. The Amount of Ascorbic Acid Required for 99% 
Reduction in Initial Rate* 

pH [Asc]/[Nitrite] 

2 2.9 
3 0.33 
4 0.05 
5 0.02 

8 System: lOmM morpholine, lOmAf nitrite, 0°C. 

t rat ion , the l ower the i n i t i a l rate of nitrosat ion. A d d i t i o n a l l y , however , 
the m a x i m u m i n i t i a l rate shifts concurrent ly to l ower p H s . T h i s behavior , 
prev ious ly unreported , p r o b a b l y represents the decreasing concentrat ion 
of ascorbate an ion re lat ive to the less act ive ascorbic a c id . 

Quant i ta t ive agreement between l i terature values (24) for nitrosation 
rates of morpho l ine i n the presence of ascorbic a c id , a n d those ca lcu lated 
b y the computer mode l , are poor. T h e ca lcu lated i n i t i a l rates are l ower 
than the l i terature i n i t i a l rates, even for a presumably degassed system 
( F i g u r e 6 ) . Recent experiments i n our laboratories show that nitrosations 
i n the presence of ascorbic a c id are indeed (Schemes 2, 3, a n d 4 ) 
sensitive to oxygen; that is, the discrepancies beween the earl ier observa
tions (24) a n d the ca lcu lated i n i t i a l rates m a y be because of incomplete 
degassing of the react ion mixtures. W h e n morpho l ine is nitrosated at 
p H 4 w i t h added ascorbic a c id , the produc t i on of N-ni trosomorphol ine 
over a 2-h per i od is dramat i ca l ly altered b y the amount of oxygen present 
( F i g u r e 7 ) . W h e n oxygen is r igorously exc luded, the observed and 
ca lculated i n i t i a l rates are i n good agreement as shown i n T a b l e I I . 

I n summary , the general concept, that ascorbic a c i d c a n i n h i b i t or 
prevent the nitrosat ion of amines, is essentially true. T h e specific effects, 
however , w h i c h can be expected i n a g iven system, depend on a complex 
set of interactions among p H , the nature of the amine , the amount of 

Table II. Initial Reaction Rate of iV-Nitrosomorpholine Formation 
in the Presence of Ascorbic Acid at p H 4 

Initial Reaction Rate (M/s) 

[Asc] Measured11 Calculated* 

0 1.3 X IO" 8 — 
2.0 X 1 0 1 1 2.4 X 10" 1 1 

3 m M 3.0 X 10" 1 1 ( 1 .4 -5 .5 ) e X 10" 1 1 

aSystem: lOmM morpholine, lOmM NaN0 2 in pH at 0°C, kept under N 2 

throughout the reaction. 
6 &4 measured in this work was used for the calculation. 
0 95% confidence interval. 
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24. K I M E T A L . Ascorbic Acid 6- Nitrosation of Dialkyl Amines 581 

0.2 0.4 0.6 0.8 1.0 
[Asc] / [Nitrite] 

Figure 6. Effect of oxygen on the initial rates of nitrosation of morpho
line in the presence of ascorbic acid, 10 m M morpholine, 10 m M nitrite, 
pH 4: a, air, 25°C; b, N2 bubbling, 25°C; c, calculated anaerobic, 0°C. 

(Reproduced, with permission, from Ref. 24.) 

oxygen present, a n d the presence or absence of catalysts. A l t h o u g h there 
has been bo th exper imental a n d theoret ica l progress i n this area, there 
is s t i l l an incomplete unders tanding of w h a t m i g h t actual ly be ant i c ipated 
for the effects of ascorbic a c i d on h u m a n i n v i v o ni trosat ion reactions. 

Applications of Ascorbic Acid 

Ascorb i c a c id has been shown to i n h i b i t the format ion of IV-nitroso 
compounds both i n v i tro a n d i n v ivo . A l t h o u g h a deta i l ed l i terature 
survey i n this area is beyond the scope of this chapter , w e have c o m p i l e d 
a set of br ief descriptions of a group of representative publ i cat ions . 
Some of these have been rev iewed i n earlier articles ( 3 5 , 5 0 ) . 

F o r convenience w e have d i v i d e d the studies into those that evaluate 
quant i tat ive effects, that is, i n v i tro ( T a b l e I I I ) , a n d those i n w h i c h 
i n h i b i t i o n of nitrosation is in ferred f rom the absence of an expected toxic 
effect i n intact animals ( T a b l e I V ) . It is remarkable that ascorbic a c i d 
is effective i n systems as different as bacon fat a n d gastric juice. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
20

0.
ch

02
4



582 ASCORBIC A C I D 

Table III. Inhibition of Nitrosation by 
Ascorbic Acid In Vitro 

Amine or Amide Effect Refer en 

— kinet i cs of react ion of n i t r i t e w i t h 
ascorbate (16) 

Secondary amines, 
methy lurea 

b l o c k i n g of N - m e t h y l a n i l i n e not 
v e r y effective compared w i t h 
stronger bases and methy lurea (17) 

M o r p h o l i n e b l o ck ing effective i n model system (36) 

D i m e t h y l a m i n e both ascorbate and erythorbate were 
effective i n f rankfurters (22) 

D i m e t h y l a m i n e b l o c k i n g effective i n food and model 
systems (S7) 

Piperaz ine b l o ck ing effective i n gastric juice (88) 

M o r p h o l i n e mechanism of b l o ck ing i n presence 
of oxygen (24) 

D i m e t h y l a m i n e b l o c k i n g effective i n model food sys 
tems, b l o ck ing effective i n cur ing 
brines and meat slices (39,40 

M e t h y l u r e a b l o ck ing effective on ly w i t h large 
excess of ascorbate i n homogenized 
potato (4D 

P r o l i n e f o rmat ion of n i t rosopyrro l id ine i n 
bacon inh ib i t ed , ascorbyl pa lmi ta te 
more effective t h a n ascorbate (42) 

P i p e r a z i n e , 
aminophenazone 

b l o c k i n g n i trosat ion i n h u m a n gastric 
juice (48) 

P y r r o l i d i n e b l o ck ing i n commerc ia l bacon (44) 

P y r r o l i d i n e b l o ck ing i n protein-based model 
system (4B) 

D i m e t h y l a m i n e b l o ck ing i n seafood (46) 

M e t h a p y r i l e n e b l o c k i n g n i t rosat ion under s imulated 
gastric condit ions (47) 

— mechanism (48) 

— i n h i b i t i n g f ormat ion of a mutagen 
i n nitrosated fish (49) 

— review (50) 

— review (35) 
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24. K I M E T A L . Ascorbic Acid i? Nitrosation of Dialkyl Amines 583 

20 40 60 80 100 120 
time, min 

Figure 7. Time course of nitrosomorpholine formation. The reaction 
system was kept under N2 unless stated otherwise, 10 m M morpholine, 
10 m M nitrite, pH 4, 0°C, varying oxygen: a, without ascorbic acid; b, 
[Asc] = 1 m M ; c,d, [Asc] = 3 m M , degassing of the solution was done by 
bubbling N2 through pasteur pipet for 5 min; d,f, exposed to air 30 min 
after the reaction started; e,f, [Asc] = 3 m M , degassing of the solution 

was done by bubbling N2 through gas dispersion tube for 1 h. 

Table IV. Inhibition of Nitrosation by 
Ascorbic Acid In Vivo 

Amine or Amide 

A m i n o p y r i n e 

A m i n o p y r i n e 

D i m e t h y l a m i n e 

E t h y l u r e a 

M o r p h o l i n e , 
p iperazine , 
methy lurea 

A m i n o p y r i n e 

M o r p h o l i n e 

Effect 

inh ib i t s hepatotoxic i ty 

inh ib i t s hepatotoxic i ty 

inh ib i t s hepatotoxic i ty 

inh ib i t s t ransplacenta l carcinogenesis 

ascorbate inh ib i t s lung adenoma f o r m a 
t i o n b y b l o ck ing n i t rosat ion , some 
paradox i ca l effects when ascorbate 
given w i t h preformed carcinogen 

inh ib i t s carcinogenesis 

inh ib i t s ni trosomorphol ine f o rmat ion 
and l i ve r tumors , enhances fore-
stomach carcinogenesis 

References 

{21) 

{20,51) 

{52) 

{53) 

{54) 

{55) 

Chlord iazepox ide inh ib i t s n i t rosat ion 

(56) 

{57) 
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584 ASCORBIC ACID 
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I N D E X 

A 
Abscission, induced 404 
Absorption 

gastrointestional, of 
ascorbate 344-345 

intestinal, of vitamin C 320 
mucosal 552 

Absorption of 
ascorbic acid 319-322 
dietary iron in humans 555-556 
iron in animals 533 
manganese 565 
of nickel sulfate in humans . . . . 564* 
of nonheme iron 556/ 
of radiocopper 560 

Absorption spectrum of 
ascorbate radical anion 85/ 
ascorbate oxidase 230 

Absorption test, radiocobalt . . . 558-559 
Accelerator for curing 

anaerobic resins 473 
Acetal derivatives of ascorbic acid 67 
Acetal protecting group for 

05,6 protection 64 
Acetanilide 

p-hydroxylation 350 
plasma half-life 349-350 

Acetate, vitamin A, 
antioxidant activity 54If 

Achlorhydria 555 
Acid catalyst, ascorbic acid 472 
Acid chloride—silver cyanide syn

thesis of ascorbic acid 9, 10/ 
Acid-fermented products 436 
Acrylic polymerization 473 
Acylation of ascorbic acid 60-62 
Addition of ascorbic acid 

to foods 424-427 
Adrenal ascorbic acid 299/, 324 

chromatogram 217/ 
and cytochrome P450 360 

Agriculture and ascorbic acid . .395-497 
Air pollution injury prevention 

to romaine lettuce 404* 
Albumen viscosity 412 
Alcoholics and vitamin C 375 
6-Aldehydo-L-ascorbic acid 20 
Alkali burns, eye, and 

ascorbic acid 373-374 
Alkylation of ascorbic acid 60-62 
American cockroach—See 

Periplaneta americana L. 

Amine, bis (2-deoxy-2-L-ascorbyl) . 194 
Amine, tri (2-deoxy-2-L-ascorbyl) . 194 
Amine nitrosation 572-573 
Amine reactions with D H A 179 
Amino acid and D H A 193-194 
6-Aminodopamine 94-95 
<i-Aminolevulinic acid 361 
Aminopyrine 

N-demethlase activity 
352,354-355, 356 

Af-demethylation, Michaelis-
Menten affinity constants . . 357* 

Anemia, scorbutic megaloblastic . . 372 
Anemia, treatment 554 
2,2'-Anhydro[2-hydroxy-3-( 1-

phenylhydrazono-L-*/ireo-2,3, 
4-trihydroxybuty 1) quinoxaline] 180 

3,6-Anhydro- 1-xt/Zo-hexulono-1,4-
lactone hydrate 107 

Aniline-cytochrome P450 binding 356-357 
Animal, iron absorption 553 
Animal application of 

ascorbic acid 406-418 
Animal fat, antioxidant activity . . . 538* 
Animals, ascorbic acid biosynthesis 320/ 
Animals, ascorbic acid metabolism 323/ 
Anthocyanins 463-464 
Antioxidant 471*-472* 

activity . . . .460*, 537*-542*, 548-549 
ascorbic acid 533-550 
formulation for fats and oils .458-459 

Antioxidant synergists 471*-472* 
Antiscorbutic agent 202 
Aortic rupture 559 
Apo-8'-carotenal, antioxidant 

activity 542* 
Apocytochromes, P450 364-365 
Apolysis, pupal 288 
Apple, ascorbate oxidase 225/ 
Apple, canned, added ascorbic acid 444* 
L-Arabinose to ascorbic acid 4 
L-Arabinose-formaldehyde syn

thesis of ascorbic acid 9, 11/ 
Arctic plant, ascorbic acid and 

^-carotene 400*-401* 
Arrhenius equation 512 
p-Aryldiame, oxidation 237 

disproportionation 81 
gastrointestinal absorption . . . 344-345 

Ascorbate 
catabolism in guinea pig . . . . 322-324 
deficiency 336 
disproportionation 81 

589 
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590 ASCORBIC A C I D 

Ascorbate (continued) 
electron transfer processes 97-98 
isomers 55-56 
levels in insect tissues 280-283 

Ascorbate anions, bond distances 
and angles 43*, 45/ 

Ascorbate autoxidation 90-94 
organic catalysis 94-95 

Ascorbate to oxalate in plants . .256-258 
Ascorbate to oxalate and tartrate 

in geranium 254-256 
Ascorbate oxidase 119,200-248 

absorption spectrum 230 
anaerobic potentiometric titration 

of type 1 copper 235-237 
anaerobic reduction 

230, 231/, 235-237, 240/ 
anaerobic reduction kinetics .237-239 
anaerobic reduction of type 

3 copper 241/ 
in apple 225/ 
in cauliflower 225/ 
derivation 224 
EPR spectrum 233/ 
EPR studies 232-234 
properties and sources 227* 
rapid-freeze EPR 

spectroscopy 243-244 
reduction, electron transfer . . 244-246 
transient spectrum of anaerobic 

reduction 242/ 
Ascorbate oxidation in monkey . . . 324 
Ascorbate peroxidase enzyme in 

spinach chloroplasts 270-271 
Ascorbate 3-O-phosphinate 47/ 
Ascorbate potentiated cytotoxicity 

of nitroaromatic compounds . 96 
Ascorbate radical 

biochemical reactions 82* 
decay 86-88 
ESR studies 88-90 
formation 92 

Ascorbate radical anion . . . 157, 169, 170 
absorption spectrum 85/ 
spectral and kinetic properties .83-88 

Ascorbate 2-sulfate 325,409 
L-Ascorbate 2-sulfate 383 
Ascorbate to tartrate 

in grapes 250-252 
in Virginia Creeper 252-254 

Ascorbate tautomers 89 
Ascorbate turnover 338,341/ 
Ascorbate and vitamin E radicals .95-96 
Ascorbate, 1 4C-labeled, recovery . . 346/ 
Ascorbate, gastrointestinal 

absorption 344-345 
Ascorbate, human requirements . . 337 
Ascorbate, plasma 340* 
Ascorbate-glutathione cycle for hy

drogen peroxide removal . . . . 271/ 
Ascorbates, crystallography 37-57 
Ascorbates, dihedral angles 44/ 

Ascorbates, hydrogen bond 
distances 48* 

Ascorbic acid 126/, 396/, 534/ 
See also Vitamin C 

Ascorbigen 194 
Ascorbyl palmitate 

334/, 355-357, 457-459 
Assay 

ascorbic acid 501-504 
L-gulonolactone oxidase 276-277 
H P L C , for tissue ascorbic 

acid 210-215 
spectrophotofluorometric, for 

ascorbic acid 204 
Assay of D H A 118 
Assays—See also Bioassays 
Atherosclerosis 374, 383-384 
Autoxidation 

ascorbate, organic catalysis . . . . 94-95 
catalyzed, kinetics 160 
cupric ion catalyzed, rate 

constants 159 
Fe(III) ion catalyzed, rate 

constants 161/, 162/ 
metal chelate catalyzed 164-171 
metal ion catalyzed 158-164 
p H dependence of rate constants 167/ 
rate laws 171-174 

Autoxidation of ascorbate 90-94 
Autoxidation and chelate concen

tration, rate constants . . . 165/, 166/ 
Autoxidation rate constant and 

oxygen concentration 162/ 
Azo colorants 463 

B 

Bacon, Clostridium botulinum . . . . 450* 
Bacon processing 452-453 
Bacteriostat 464-465 
Baking potatoes 526 
Baking vegetables 522-524 
Barium 4Z- and 4E-2-sulfo-2,3,4,6-

tetrahydroxyhexa-2,4-dienoate-
c-lactone 149 

Barley (Hordeum vulgare) 257 
Beer processing 462 
2-C-Benzyl-3-keto-L-Zt/xo-hexulo-

sonic acid lactone, methyl 
glycoside 52, 53/ 

Beverage product, fruit . . .428-430,436 
Bile acid, cholesterol 382-383 
Binding, aniline-cytochrome 

P 4 5 o 356-357 
Binding, cytochrome P 4 5 0 - C O . . . 361 
Binding, pectin-bile acid 389 
Bioactivity of ascorbic acid 370 
Bioassays for ascorbic acid .200-201, 276 
Bioavailability of dietary rion . . . . 440 
Biochemical reactions of ascorbate 

radical 82* 
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I N D E X 591 

Biochemistry of ascorbic 
acid 316-328,349-368 

Biochemistry of D H A 119-121 
Biological systems, D H A 116 
Biosynthesis, bile-acid 382 
Biosynthesis, tartaric acid, and cata

bolism of ascorbic acid . . . 250-252 
Biosynthesis of ascorbic acid . . .318-319 
Biosynthesis of ascorbic acid 

in plants 71,258-260 
Biphenyl metabolism 365 
Bis(arylhydrazone) 186 
Bis( 2,4-dinitrophenylhydrazone) 

179, 202 
Bisdehydroascorbic acid 50,51 

preparation 103 
stability 116,118 
structural studies 106-118 

Bis(2-deoxy-2-L-ascorbyl) amine . 194 
Bishydrazone 

oxidation 191-192 
reactions 189-192 
reduction 192 
structure 186-188 

Bishydrazones of D H A 104, 186-188 
Bis (phenylhydrazone) 192 
Black death 409 
Blanching and ascorbic 

acid content 474,514-515 
Blocking agent, nitrosamine 451 
Blood ascorbic acid 328-329 
Blood ascorbic acid—See also 

Plasma ascorbic acid, Serum 
ascorbic acid 

Blood histamine levels 373 
Blood serum cholesterol and 

cholestyramine 389* 
Blood serum lipid and marginal 

vitamin C deficiency 383* 
Blood triglyceride and 

ascorbic acid 326-327 
Blue oxidases 224,237 
Body pool, ascorbate 340 
Body pool, ascorbic acid 310 
Body pool, bile-acid 383 
Bond, C5-C4, Newman projection 143/ 
Bond, C6-C5 , of D-isoascorbic acid, 

Newman projection 146/ 
Bond, C6 -C5 , Newman projection 145/ 
Bond distances and angles in 

ascorbate anions 43*, 45/ 
ascorbic acid 41/ 
dehydroascorbic acid 51/ 

Bone matrix formation 565 
Boryl and boronate esters of 

ascorbic acid 67 
Bound ascorbic acid 194 
Brain ascorbic acid, 

chromatogram 207/, 218/ 
Breadmaking and flour 

ascorbic acid 456-457 
Broccoli 509,523,526* 

Bromobenzene metabolism 365 
p-Bromophenylhydrazone of 

dehydroascorbic acid 52, 54/ 
N-Bromosuccinimide 502 
N-Bromosuccinimide oxidation . . . 204 
Browning in fruits 441-442 
Browning reaction, D H A 104-106 
Browning reactions 193, 500 
Buffer concentration and ascorbic 

acid stability 213 

C3 chemical shifts 128,131 
C4,C5 chemical shifts 

110-111,126,128,133 
C6 chemical shifts 126 
C5-C4 bond, Newman projection . 143/ 
C6 -C5 bond, Newman projection . 145/ 
C6 -C5 bond of D-isoascorbic acid, 

Newman projection 146/ 
C2-C3 cleavage 254-256 
C l + C5 synthesis of ascorbic acid 5-9 
C2 + C4 synthesis of ascorbic acid 9-12 
Cabbage 523*, 526* 
Cadmium toxicity 418 
Cadmium uptake 566 
Calcium-ascorbic acid 

concentration 565 
Calcium metabolism in scurvy . .410-412 
Calcium oxalate in plants 256 
Calves, enczematoid disease 413 
Calvia cobaya growth and 

ascorbic acid 279* 
Cancer and ascorbic acid 371-372 
Canning and ascorbic acid . . . . 515-516 
Carbohydrate precursors 318 
Carbon-chain inversion in ascorbic 

acid synthesis 12-32 
Carbon-13 NMR—See N M R , 1 3 C 
Carbon dioxide, labeled, 

excretion 303,304/ 
Carbon dioxide, respiratory, 

collection and analysis . . . . 294-295 
Carbon dioxide fixation by 

chloroplasts 266 
Carbon-proton coupling constants. 148* 
3-Carboxyl-1 -phenyl-4-phenyl-

azopyrazolin-5-one 189 
Carotenoids 542 
Carotenoids stabilization 464 
Carriers of ascorbic acid 429 
Catabolism, heme 327 
Catabolism of 

ascorbate, in guinea pig 322-324 
ascorbic acid in 322-325 

geranium 254*, 255/, 256* 
grape leaves 251* 
seedlings 258* 
Virginia creeper 253* 
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592 ASCORBIC A C I D 

Catabolism of (continued) 
ascorbic acid and tartaric acid 

biosynthesis 250-252 
cholesterol 374 

Catalase, dismutase 96 
Catalysis, organic, of ascorbate 

autoxidation 94-95 
Catalyst, acid, ascorbic acid 472 
Catecholamine oxidation 288 
Cauliflower 524, 526* 

ascorbate oxidase 225/ 
Cereal-grain products 438-439 
Cerebellum ascorbic acid 301/ 
Cerebrum ascorbic acid 300/ 
Ceruloplasm, human 119 
Cevitamic acid 397 
Charcoal, oxygen oxidation 103 
Charge transfer complex 98 
Chelate stability and catalytic 

activity 169-170 
Chelates, iron 557 
Chelates of ascorbic acid 153-178 
Chemical shifts 

C3 128,131 
C4, C5 110-111,126,128,133 
C6 126 

Chemical shifts, D H A 113 
Chemical shifts, D-isodehydro-

ascorbic acid 113 
Chemical shifts, p H 

dependence 128-131,148-149 
Chemical shifts and ascorbic acid 

ionization 128, 131, 137 
Chemical shifts for carbons 132* 
Chirality, C5, C4 4, 9, 12 
Chlorophyll photobleaching 267-269 
Chloroplast, hydrogen peroxide 

removal from 270-271 
Chloroplast, illuminated, ascorbic 

acid 263-274 
Cholesterol, 7-a-hydroxylation . . . . 382, 

388, 391 
Cholesterol, serum, and ascorbic 

acid 387*, 388/ 
Cholesterol catabolism 374 
Cholesterol metabolism 326-327 

and ascorbic acid 382-384 
Cholesterolmia 326, 387 
Cholestyramine synergism with 

ascorbic acid 388-390 
Chorleywood, breadmaking process 457 
Chromate dermatitis 475 
Chromatogram, calibration, of 

ascorbic acid 213/ 
Chromatogram of 

adrenal ascorbic acid 217/ 
L-ascorbic acid from insect 

tissues 280/ 
brain ascorbic acid 207/, 218/ 
liver ascorbic acid 216/ 
serum ascorbic acid 215/ 
urine ascorbic acid 206/ 

Chromatography—See specific 
chromatographies 

Chromophore, blue 244-245 
Chromophore, red 104-106 
Citric acid and T B A values 448/ 
Citrus fruit components, 

vitamin C 507* 
Citrus fruit harvesting and 

ascorbic acid 404 
Citrus oils antioxidant activity 541* 
Cleavage of ascorbic acid in 

Vitaceae 250/ 
Climate and ascorbic acid in fruits 

and vegetables 506 
Clostridium botulinum 

in bacon 450* 
inhibition 449-450 

Cobalt-ascorbic acid interaction 558-559 
Coffee extract stabilization 464 
Colds and vitamin C 373 
Collagen formation 288 
Collagen metabolism 327-328 
Colorimetry for ascorbic acid . . 201-203 
Column chromatography 205 
Columns, H P L C 211 
Commercial food products, vitamin 

C retention 513-520 
Computer modeling of 

nitrosation 575-581 
Conconavalin A 371 
Conformation, side-chain . . . .41, 44-49, 

52,141 
Conformation of 

ascorbate oxidase 228-229 
ascorbic acid 40 
L-ascorbic acid 138-148 
D-isoascorbic acid 138-147 

Conformation and electronegativity 142 
Cooking and ascorbic acid in 

foods 499-532 
Cooking preparation and ascorbic 

acid content 521 
Cooking studies, vegetable . . . . 522-526 
Copper 

type 1 230,232-245 
type 2 230,232,234,237,238 
type 3 237, 238,241/, 245 

Copper-ascorbic acid 
interaction 559-560 

Copper 
centers, electron distribution . . . 245 
classes 232-234 
content of ascorbate oxidase .226-228 
deficiency and ascorbic acid . . . . 559* 
depletion and cholesterol 

metabolism 326 
Copper (II) +-ascorbic acid reactions 546 
Corn borer (Diatraea grandio-

sella) 279 
Cosmetics and ascorbic acid 475 
Coumarin, hydroxylation 350 
Coupling constants 138, 142 
Coupling constants, carbon-

proton 141*, 148* 
Cows, hard to settle, and 

ascorbic acid 413-415 
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I N D E X 593 

Cranberry sauce, packaging and 
quality 520* 

Crude palm oil, antioxidant 
activity 539* 

Crystal structures of ascorbic acid . 397 
Crystalline addition of ascorbic 

acid 425 
Crystallographic data 38* 
Crystallography of ascorbates . . . . 37-57 
C S M , ascorbic nutrified 438,439/ 
Cucumis sativus 402 
Cupriascorbic acid 474-475 
Cupric ion catalyzed oxidation of 

ascorbic acid 157-160, 163/ 
Curly dock (Rumex crispus) . . . 257-258 
Cytochrome f reduction 264 
Cytochrome P45 0 351 

and ascorbic acid deficiency .362-367 
O-demethylase activity 456* 
and heme synthesis in guinea 

pigs 363* 
hepatic, and ascorbic acid 355/ 
and liver ascorbic acid 353-354, 

360-361 
metabolism 382-383 
microsomal 360-367 
reductase 351-354 

Cytochrome P 4 5 0 - C O binding . . . . 361 
Cytotoxicity of nitroaromatic 

compounds 96 

D 

Datura innoxia 399 
Dealkylation, reversible 62 
Deamination 193 
Decomposition 

of ascorbic acid 423 
of nitrite 545 
pathway for ascorbic acid 72 
products of D H A 106 

Decoupling experiments, 
N M R 107-112,129/ 

Deficiency 
ascorbate 336 
L-ascorbic acid 277 
ascorbic acid, and cytochrome 

P 4 5 0 362-367 
vitamin C, and blood lipids . . . . 383* 

Deficiency stages of vitamin C . . . 376* 
Deficiency symptoms in fish . . . . 408-409 
Degradation, anaerobic, of 

ascorbic acid 544-545 
Degradation, processing 424-469 
Degradation of ascorbic acid . .425-426, 

500, 501/ 
4,5-Dehydroascorbate 2-sulfate 

m N M R spectrum 137/ 
Dehydroascorbic acid ( D H A ) . . .38, 69, 

101-123, 157, 169, 202, 
279-280, 454, 499 

amine reactions 179 
and amino acids 193-194 

Dehydroascorbic acid (continued) 
assay 118 
biochemistry 119-121 
in biological systems 116 
bishydrazones 186-188 
bond distances 51/ 
browning reaction 104-106 
13C N M R data 114* 
chemical shifts 113 
decomposition products 106 
and derivatives 49-55 
determination 199-221 
dimer—See Bishydroascorbic 

acid 
equilibrium mixture 115/ 
i H N M R spectrum 108/, 109/ 
hydrated hemiketal 112,116,117/ 
and hydrazines 104 
and insulin secretion 321 
i.v., effect in rats 120 
monohydrazones 185-186 
and o-phenylenediamine 180-183 
preparation 102-103 
Schiff bases 104 
stability 116,118 
structural studies 106-118 
thin-layer chromatography 105 
uptake 321 

L-Dehydroascorbic acid 396/ 
Dehydroascorbic monomers, 

derivatives 52-55 
Derealization of electron 

density 128,156 
Derivatives 

dimedone 193 
flavazole 182/ 
glyoxalyquinoxalinone 180 
imidazoline 192 
pyrazine 191 
pyrazole 183,186 
di-p-toluenesulfonyl 191 

Derivatives of ascorbic acid . 39, 397-399 
deoxy 71-75 
labeled 18 
N M R studies 125-151 
side-chain oxidized 70-71 

Derivatization of ascorbic acid . . . . 59-79 
Dermatitis, chromate 475 
Deshielding effects 128, 131 
Destruction 

of ascorbic acid, anaerobic . . 512-513 
during processing and storage 510-513 
and water activity 516-517 

Deterioration, oxidative 445 
Deterioration of fatty components . 458 
Determination of ascorbic acid . 199-221, 

501-504 
Detoxification of drugs and 

environmental chemicals 266/ 
Developing and printing, and 

ascorbic acid 473-475 
Development agents 205 
Dialkyl amines and ascorbic acid, 

nitrosation 571-583 
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594 ASCORBIC A C I D 

Dialuric acid 94-95 
Diary products, stabilization . . . .460-462 
Diatraea grandiosella 279 
l,5-Diazabicyclo-[4.3.0.]-non-

5-ene 61 
Dichloroindophenol 202, 501-502 
2,3-Dideoxy-3-phenylazo-2-phenyl-

hydrazino-L-*7ireo-hexen-2-
one-l,4-lactone 188 

Dietary 
allowance, international, for 

vitamin C 428* 
iron, bioavailability 440 
iron absorption in humans . . . 555-556 
vitamin C and insect 

development 277 
vitamin C and serum 

cholesterol 326 
vitamin C and tissue ascorbic 

acid 214,218* 
Diffraction of ascorbic acid 39^1 
Dihedral angles in ascorbates . . . . 44/ 
Dihedral angles in isoascorbic acid 55 
Dikogulac-sodium 405-406* 
Diketogulonate ( D K G ) 113,116, 

118, 322 
Diketogulonic acid 202,500 
Dimedone derivatives 193 
2.3- Dimercaptopropanol 202 
Dimeric dehydroascorbic acid— 

See Bisdehydroascorbic acid 
Dimethylnitrosamine formation .445-446 
2.4- Dinitrophenylhydrazine 503 
Dinuclear peroxo dioxygen 

complex 173-174 
Dioxygen, catalytic . . .237-241,243,245 
2,3-Diphenyl-L-ascorbic acid 474 
2,3-Diphosphoglycerate 372 
Dipolar relaxation of ring carbons . 131 
a,<*'-Dipyridyl 361 
Disease of calves, enczematoid . . . 413 
Disease resistance, plant 405 
Disease therapy, animal 413-416 
Dismutase, superoxide 91-92,96, 

266, 269, 547 
Disproportionation of ascorbate . . . 81 
Distemper and ascorbic acid . . .415-416 
Distribution of 

ascorbic acid 319-322 
oral ascorbic acid in guinea 

pig 312-315 
superoxide ions 264,266,269 

Dough and flour improvement . . 454-457 
Drug metabolism, microsomal, 

and electron transfer 327 
Drug metabolism and ascorbic 

acid 349-368 
Drying and ascorbic acid 

content 516-517 

£ 
E-configuration 134 
Ecdysis, larval-pupal 277 

Ecdysis, pupal-adult 277 
Eggshell and ascorbic acid 411/ 
Egg yolk, ferric iron 557 
Elderly people and vitamin C . . . . 375 
Electron density, derealization 128, 156 
Electron density of ascorbic acid . . 40/ 
Electron distribution copper 

centers 245 
Electron flow from reduced 

photosystem I 265/ 
Electron paramagnetic resonance (EPR) 

studies of ascorbate oxidase . .232-234 
spectroscopy, rapid-freeze, of 

ascorbate oxidase 243-244 
spectrum of ascorbate oxidase . . 233/ 
spectrum of substrate radical . . . 244/ 

Electron spin resonance (ESR) 
studies of ascorbate radical . . . 88-90 

Electron transfer 
in ascorbate oxidase 

reduction 244-246 
inner-sphere 170 
intramolecular 176, 238 
and microsomal drug 

metabolism 327 
processes, ascorbate 97-98 

Electron transport, decreased, 
reversal 359/ 

Electron transport system, hepatic 
microsomal 349, 350/ 

Electronegativity and conformation 142 
Electrophoresis of liver 

microsomes 364/ 
Enczematoid disease of calves . . . . 413 
Ene-diol anion of ascorbic acid . . . 154 
Ene-diol-carboxylate interaction . . 42 
Ene-diol group 40-41,47,126 
Enzyme, fungal, from Myrothecium 

verrucaria 224 
Enzyme, oxidative 429 

lyophylization 232-233 
specific activity and copper 

content 226-228 
systems 546 

Enzyme 
Enzyme, drug 

affinities 356 
and ascorbic acid 352* 
deactivation 358/ 

Epoxide hydrase, hepatic 367* 
Equilibrium mixture of D H A . . . . 115/ 
Erythorbic acid (D-ascorbic 

acid) 204,205 
Esterification of ascorbic acid . . . . 67 
Esters, inorganic, ascorbic acid . . .62-65 
Ethylenediaminetetraacetic acid 

stabilizer 209 
Evolution and ascorbic acid 

biosynthesis 318-319 
Excretion, zinc, and ascorbic acid 

metabolism 561 
Excretion of 1 4C-radioactivity . . . . 310 
Excretion rate of labeled C 0 2 304/ 
Extraction, phosphoric acid . . . . 202-203 
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INDEX 595 

Eye alkali burns and ascorbic 
acid 373-374 

Eye ascorbic acid 301/ 

F 
F A O / W H O Food Standards 

Program 467-469 
Fats, animal, antioxidant activity . . 538* 
Fats, human, antioxidant activity . 539* 
Fats and oils processing 457-459 
Fatty acid, polyunsaturated, 

peroxidation 265 
Feces, 1 4C-radioactivity 305/ 
Feed, unpelleted, ascorbic acid 

stability 417* 
Fenton reaction 267 
Fermentation, tea 464 
Fermentation and ascorbic acid 

content 519 
Ferredoxin and oxygen uptake . . . . 264 
Ferremia method 553, 554* 
Ferric ion oxidation of ascorbic 

acid 156-158 
Ferric iron in egg yolk 557 
Film emulsions and developers .473-474 
Fish processing 445-446 
Fish and vitamin C 406-409 
Flour ascorbic acid and 

breadmaking 456-457 
Flour and dough improvement .454-457 
Flour improver, legal status of 

ascorbic acid as 470* 
Flow radiolysis 93 
Fluorometry for ascorbic acid . . 203-204 
Foliar application of 

ascorbic acid 402-404 
potassium ascorbate 404*-405* 

Folic acid cleavage 421 
Food Standards Program, 

F A O / W H O 467-469 
3-Formyl-1 -aryl-4,5-pyrazoledione-

4- (arylhydrazone) 189 
Frankfurters, nitrosation 

inhibitor 453-454 
Free radical nitroxides 548 
Free radicals in lung 547 
Freezing and ascorbic acid 

content 517-519 
Freezing and ascorbic acid 

stability 442-443 
Frozen storage shelf life of fish . . . 445 
Fruit 

abscission, induced 404 
beverage products 428-430,436 
juices, vitamin C retention 518 
processing and vitamin C 

content 209-210 
Fruit, ascorbic acid distribution . . . 209 
Fruit, fresh, and ascorbic acid . . . . 500* 
Fruit and vegetable 

harvesting and storage 508-510 
processing 441-445 

Frying, vegetables 525 

G 
D-Galacturonic acid to ascorbic acid 33 
Gallstones, cholesterol 383-384 
Gas-liquid chromatography of 

ascorbic acid 205 
Gastrointestinal absorption of 

ascorbate 344-345 
Genetics and plant ascorbic acid . . 504 
Geranium, ascorbate to oxalate 

and tartrate 254-256 
Germination, seed, and ascorbic 

acid 399,402 
Glucose to L-ascorbic acid 12-32 
D-Glucose to ascorbic acid . 4, 5, 258-259 
D-Glucose in Virginia creeper, 

metabolism 260* 
D-Glucuronolactone intermediate . . 20 
Glutathione 119-120, 370, 455 

reactions 456/ 
transferase, hepatic 367* 

3- (L-*hreo-Glycerol-l-yl) -1-aryl 
flavazole 182 

Glycoaldehyde intermediate 253 
Glyoxalylquinoxalinone 

derivatives 180 
Grape, ascorbate to tartrate 250-252 
Grape, ascorbic acid 463 
Grape leaves, ascorbic acid 

catabolism 251* 
Green beans 509 
Green peppers 525 
Growth curve of M. sexta 278 
Growth regulator, plant 405 
Guinea pig 

ascorbate catabolism 322-324 
1 4C-radioactivity excretion 311/ 
distribution of oral ascorbic 

acid 312-315 
kinetics of ascorbic acid . . . .293-316 
liver microsomal activity . . . . 351-358 
phenobarbital-treated 363 
polypeptide band 362-363 

H 

*H NMR—See N M R , proton 
Haber-Weiss reaction 267 
Half-life, biological, of ascorbic 

acid in guinea pigs 293 
Half-life for ascorbic acid and 

moisture content 426 
Halide anions and ascorbate 

radicals 83-84 
Halogenation of ascorbic acid . . . . 72-75 
Halogeton glomeratus 256-258 
Harvesting, mechanical 508 
Harvesting and ascorbic acid in 

foods 403-405,499-532 
Harvesting of fresh fruits and 

vegetables 508-510 
Health aspects and ascorbic 

acid 369-379 
Heart muscle ascorbic acid 298/ 
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596 ASCORBIC A C I D 

Heme 
catabolism 327 
synthesis 361-367 
synthesis in guinea pig, 

cytochrome P 4 5 0 363* 
Hemiketal D H A , hydrated 112,116, 117/ 
Hemiketal ring formation 113 
Hemosierosis 557 
Hens and feed ascorbic acid 410 
Hepatic microsomal electron 

transport system 349, 350/ 
Herring, frozen, T B A value 447/ 
Herring, organoleptic evaluation . . 446/ 
D-*/ireo-2,5-Hexodiulosonic acid . . 71 

to ascorbic acid 28-29,31 
L-*hreo-2,3-Hexodiulosono-l,4-

lactone 2-(phenylhydrazone) . 185 
Hexose, C l oxidation 259-260 
Hexose monophosphate shunt 

activity 370 
L-xyZo-2-Hexulosonic acid . . . . 25, 29, 30 
Hexuronic acid 1, 396 
High performance liquid chroma

tography ( H P L C ) 200,276 
for ascorbic acid 205-207 
for tissue ascorbic acid 210-215 

High risk groups 344-348 
Histamine levels, blood 373 
Histology, dental 200-201 
Holding of cooked foods 526-527 
Homologation, C l , of osones 5 
Hordeum vulgare 257 
Human 

ceru plasm 119 
dietary iron absorption 555-556 
fat, antioxidant activity 539* 
hypercholesterolemic and ascorbic 

acid 384-388 
kinetics of ascorbic acid . . . . 335-348 
metabolites of ascorbate 343 
nickel sulfate absorption 564* 
requirements of ascorbate 337 
therapeutic iron 553-554 

Humidity and ascorbic acid . . . .416-417 
Hydrazine and D H A 104 
Hydrazone oxime 192 
Hydrogen bond distances in 

ascorbates 48* 
Hydrogen bonding 40-42, 47, 55, 

56, 153-154,188 
Hydrogen peroxide 

in chloroplasts 263-267 
photolysis 93 
removal from chloroplasts . . .270-271 

Hydrogen radical reactivity . . . . 266-267 
Hydrogen sulfide reduction 106 
Hydrolysis of D H A 116,118 
Hydroxyanisole, butylated 533-550 
6-Hydroxydopamine 94-95 
Hydroxyquinone, tetrabutylated 533-550 
Hydroxytoluene, butylated . . . . 533-550 
Hydroxyl ascorbate adducts 83 

Hydroxyl radical 
oxidation 88-89 
adducts 89-90 
production 96 
scavenger 269-270 

Hydroxylation of bromobenzene 
and biphenyl 365* 

Hydroxylation of coumarin 350 
7-a-Hydroxylation of 

cholesterol 382,388,391 
p-Hydroxylation of acetanilide . . . . 350 
Hypercholesterolemia 326, 382 
Hypercholesterolemia and ascorbic 

acid 384-388 
Hyperglycemia 321 
Hyperglyceridemia 384 

I 

Imidazoline derivatives 192 
Immunocompetence of ascorbic 

acid 370-371,376 
Indian meal moth (Plodia 

interpunctella) 276 
Indolylamine 2,3-dioxygenase . . . . 92 
Indophenol 202 
Industrial applications of ascorbic 

acid 469-475 
Industrial processing and ascorbic 

acid losses 513-520 
Industry and ascorbic acid 395-497 
Infant milk 440-441 
Insect, vitamin-deficient, pathology 288 
Insect development and ascorbic 

acid 275-291 
Insects and ascorbic acid 284*-285t 
Insulin secretion and D H A 321 
Interferon, serum 371 
Intermediates 

ascorbic acid, lactonization 5 
biosynthetic 71 
paramagnetic 238 

International Unit (I.U.) of 
vitamin C 201 

Intestinal absorption of vitamin C . 320 
Intestine, ascorbic acid-iron 

interaction 556-557 
Intestine, human, iron uptake 556 
Intraperitoneal ascorbic acid 565 
Iodometric determination 203 
Ionic strength effect 88 
Ionization of ascorbic acid 41,60 

and chemical shifts 128,131, 137 
Ionization of 4,5-dehydroascorbate 

2-sulfate 137/ 
Iron-ascorbic acid interaction . . 553-557 
Iron 

dietary, absorption in humans . 555-556 
dietary, bioavailability 440 
heme and nonheme 555 
therapeutic, in humans 553-554 

Iron utilization 439-440 
Iron (II) catalyzed oxygen insertion 176/ 
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I N D E X 597 

Iron (III) catalyzed autoxidation 
rate constants 161/, 162/ 

Irradiation and ascorbic acid 
content 519-520 

Isoascorbic acid (D-ascorbic 
acid) 55,499 

conformation 138-147 
m N M R studies 138-147 
Newman projection of C6 -C5 

bond 146/ 
proton-proton coupling constants 14 It 

D-Isodehydroscorbic acid, chemical 
shifts 113 

L-5,6-0-Isopropylidine ascorbic 
acid 65,111-112,536/ 

D-5,6-0-Isopropylidine isoascorbic 
acid 112-113 

2,3-O-Isopropylidine-D-xt/Zo-
furanohextosonate 74 

J 
J values for ascorbic acid 138-140 

K 
Ketal derivatives of ascorbic acid . . 67 
Ketal protecting group 64, 65, 71 
2-Keto acid 5. 6/ 
5-Ketosaccharoascorbic acid 71 
Kidney ascorbic acid 297/ 
Kidney ascorbic acid and 

cytochrome PdKn 360 
Kinetic properties of ascorbate 

radical anion 83-88 
Kinetics 

ascorbic acid free radical . . . . 420-422 
autoxidation 164-165,171-174 
reduction of type 1 copper . . .239-141 
reduction of type 3 copper . . .241-243 
steady state, of psysiological 

intakes 337-344 
Kinetics of 

anaerobic reduction of ascorbate 
oxidase 237-239 

ascorbic acid destruction . . . .510-513 
ascorbic acid in guinea pigs . .293-316 
ascorbic acid in humans 335-348 
catalyzed autoxidation 160 

L 
Label distribution in metabolic 

products 260* 
Labeled ascorbic acid as metabolic 

tracer 249-261,293-316 
Laccase, Polyporus 119 
Laccases from Polyporus versicolor 237 
Laccases from Rhus vernicifera . . . 237 
Lactonase, D H A 120 
Lactone 186-188 
7-Lactone ring, conformational 

lability 44 

Lactonization of ascorbic acid 
intermediates 5 

Larval development and ascorbic 
acid 282/ 

Leaves, pinto bean, ascorbic acid 
content 403* 

Legal status of ascorbic acid as 
flour improver 470* 

Legality of ascorbic acid addition 
to foods 465-469 

Lemon geranium (Pelagonium 
crispum) 254 

Leukocyte ascorbic acid . . .208-209, 329 
Lipase, lipoprotein 384, 386/ 
Lipid metabolism and ascorbic 

acid 381-393 
Lipid peroxidation . . .267-269, 358, 359* 
Lipoprotein lipase 327,384,386/ 
Liquid dosage form of ascorbic 

acid 419-423 
Liquid spray addition of ascorbic 

acid 425 
Lithography and ascorbic acid . . . . 474 
Liver ascorbic acid 297/, 352 

and cytochrome P 4 5 0 353-354, 360-361 
chromatogram 216/ 

Liver microsomal activity in 
guinea pigs 351-358 

Liver microsomes, electrophoresis . 364/ 
Lordosis, fish 408 
Lung, free radicals 547 
Lung ascorbic acid 298/ 
T-Lymphocytes 371 
Lymphocytes, polymorphonuclear, 

phagocytosis 370-371 
Lyophilization, enzyme 232-233 

M 

Manduca sexta 276 
ascorbic acid distribution . . .281-283 
growth and ascorbic acid 279* 
growth curve 278 

Manganese absorption 565 
Mannarodilactone 71 
Manufacturing process and ascorbic 

acid addition 426-427 
Maturity and ascorbic acid in fruits 

and vegetables 504-505 
Meat, U.S. regulation on ascorbic 

addition to 468* 
Meat processing 446-454 
Mehler reaction 263-264 
Melanoma, malignant 372 
Mercury uptake 566 
Mesoxalic acid, monophenyl-

hydrazide 191 
Metal-ascorbic acid complexes . 153-178 
Metabolic product, label 

distribution 260* 
Metabolic turnover and total 

turnover 344/ 
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598 ASCORBIC A C I D 

Metabolism 
biphenyl 365 
bromobenzene 365 
calcium, in scruvy 410-412 
cholesterol, and ascorbic acid . 382-384 
cholesterol, and copper depletion 326 
collagen 327-328 
cytochrome P4™ 382-383 
reduced 358-367 
xanthophyll 269 

Metabolism of 
ascorbic acid in monkey 317-334 
D-glucose in Virginia creeper . . . 260* 

Metabolism, ascorbic acid 
in animals 323/ 
and excess tissue iron 557 
excretion 561 
and smoking 345, 347/ 

Metabolism, drug, and ascorbic 
acid 340-368 

Metabolism, lipid, and ascorbic 
acid 381-393 

Metabolism, plant, of ascorbic 
acid 249-261 

Metabolism, triglyceride, and 
ascorbic acid 384,385/ 

Metabolite, ascorbic acid 324-325 
Metabolites of ascorbate, human . . 343 
Metal-chelate-catalyzed 

autoxidation 164-171 
Metal chelators 361 
Metal content of vegetable oils . . . 535 
Metal ions and chelates, 

oxidation by 156-158 
Metal technology and ascorbic acid 475 
Metal valences, and ascorbic acid . 535 
Metal, oxygen scavenging by 

ascorbic acid with 544* 
Methyl-D-araZ?mo-2-hexulosonate 

to ascorbic acid 29, 32 
Methyl glycoside of 2-C-benzyl-3-

keto-L-/t/xo-hexulosonic acid 
lactone 52,53/ 

Methyl methacrylate polymeri
zation 473 

2- O-Methylascorbic acid 325 
2,3-di-O-Methylascorbic acid 536/ 
3- Methylcholanthrene 364 
Michael addition 72 
Michaelis—Menten affinity consants 

of aminopyrine N-demethyla-
tion 357* 

Michaelis oxidation-reduction . . . . 81 
Micronutrient interactions with 

ascorbic acid 372 
Microwave cooking, vegetable . .524-525 
Milk product processing 459-462 
Milk storage, ascorbic acid changes 

with 442/ 
Milk, infant 440-441 
Milk, nutrient loss, during 

processing 516* 
Mineral-ascorbic acid interaction . . 552 
Mineral nutrient and ascorbic 

acid 551-569 

Mobile phase, H P L C 206 
Moisture content, half-life for 

ascorbic acid 426/ 
Molecular properties of 

ascorbate oxidase 228-229 
ascorbic acid 397 

Monkey 
ascorbic acid metabolism . . . .317-334 
ascorbate oxidation 324 

Monohydrazones 180—186 
Monophenylhydrazide of mesoxalic 

acid 191 
Mono-oxygenase model, ascorbic 

acid 174-177 
Morpholine nitrosation and 

ascorbic acid 578-581 
Morpholine nitrosation and 

thiocyanate 574/, 579/ 
Mucosal absorption 552 
Multivitamin supplement 418 
Myrothecium verrucaria, fungal 

enzyme from 224 

N 

Neuroblastoma 372 
Nickel-ascorbic acid interaction . 564-565 
Nickel sulfate absorption in humans 564* 
Nicotinamide adenine dinucleotide 

phosphate 264 
Ninhydrin reaction 105 
Nitrite and air, ascorbic acid 

reaction 577/ 
Nitrite decomposition 545 
Nitrites and ascorbic acid 448-449 
p-Nitroanisole O-demethylase . .357-358 
p-Nitroanisole O-demethylase 

activity 354/ 
p-Nitroanisole O-demethylation . . . 352 
Nitroaromatic compounds, ascorbate 

potentiated cytotoxicity 96 
Nitrogen derivatives of ascorbic 

acid 179-197 
Nitrogen fertilization 506-507 
4-Nitroquinoline-N-oxide 96 
Nitrosamine formation 452 
Nitrosamines 450-451 
Nitrosating agents 572-573 
Nitrocation of dialkyl amines and 

ascorbic acid 571-583 
Nitrosation inhibition 453* 

by ascorbic acid 582-583 
N-Nitroso compounds 572 
N-Nitrosomorpholine formation 580t, 583f 
Nitrosomyoglobin 446 
Nitrosopyrrolidine formation 452 
Nitroxide, free radical 548 
N M R spectroscopic conditions . . . . 148 
N M R studies of ascorbic acid 

and derivatives 125-151 
N M R , 1 3 C 

data for ascorbic acid 114* 
data for D H A 114* 
data for monosulfate esters . . 133, 135* 
shifts for D K G 118 
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I N D E X 599 

N M R , 1 3 C (continued) 
spectrum of ascorbic acid . . 127/, 129/ 
studies of ascorbic 

acid 126-138,147-148 
studies of ascorbic acid 

derivatives 131-138 
studies of D H A . . 107,108*, 110-112/ 

N M R , proton 
decoupling in D H A 107-108 
spectrum of ascorbic acid . . 139/, 140/ 
spectrum of 4,5-dehydroascorbate 

2-sulfate 137/ 
spectrum of D H A 108/, 109/ 
studies of ascorbic acid 138-147 
studies of D-isoascorbic acid . 138-147 

Norit 502-503 
Nutrient deterioration 510-512 
Nutrient loss, in milk during 

processing 516* 
Nutrient, ascorbic acid 427-441 
Nutrient, mineral, and ascorbic 

acid 551-569 
Nutrition and ascorbic acid . . . . 369-379 
Nutrition research, and primates 317-318 

O 

02 alkylation 61 
0 3 phosphorylation of 5,6-O-

isopropylidene ascorbic acid . . 65 
05,6 protection, acetal protecting 

group 64 
Oil 

citrus, antioxidant activity 541* 
crude palm, antioxidant activity . 539* 
soybean, antioxidant activity . . . 537* 
vegetable, antitoxidant activity . 538* 
vegetable, metal content 535 
wheat germ, antioxidant 

activity 537,538* 
Oils and fats processing 457-459 
Optical pulse radiolysis 83 
Optical spectroscopy of ascorbate 

oxidase 229-232 
Organ weight and ascorbic acid . . 303* 
Organoleptic evaluation of herring . 446/ 
Organs, mean transit time .308*, 310, 314 
Osazones 503 
Osone-cyanide synthesis of ascorbic 

acid 5,8/ 
Osones, C l homologation 5 
Ouabain 319 
Oxalate accumulating plants . . . 256-257 
Oxalate from ascorbate in plants 254-258 
Oxalate stones . . , 343 
Oxalic acid from ascorbic acid and 

dehydroascorbic acid . . . . 257*, 259* 
Oxalic acid stabilizer 209 
Oxalis stricta and oregana 257 
Oxidase assay, L-gulonolactone .276-277 
Oxidase 

ascorbate 119,200-248 
ascorbic acid 119,171 
ascorbic acid, and temperature 508, 509 
blue 224,237 

Oxidase (continued) 
L-gulono-y-lactone 283 
xanthine 547 

Oxidation 
aerobic, of aqueous ascorbic acid 420 
ascorbate, in monkey 324 
ascorbic acid 573-575 
ascorbic acid, in yeasted doughs 455/ 
C l , of hexose 259-260 
catecholamine 288 
Cu(II) ion catalyzed, of 

ascorbic acid 163/ 
fermentative 25 
photochemical, of ascorbic acid . 421 
radical-induced, of ascorbate . . . 92-93 
tyrosine 288 

Oxidation of 
p-aryldiamine 237 
ascorbic acid-ascorbate 94 
ascorbic acid 204 
bishydrazones 191-192 
soybean oil 461* 

Oxidation by metal ions and 
chelates 156-158 

Oxidation rate constants of 
ascorbate 97*-98* 

Oxidation rate constants of 
ascorbic acid-ascorbate . . . . 84*, 85* 

Oxidation-reduction, Michaelis . . . 81 
Oxidative 

deterioration 445 
enzymes 429 
rancidity 445 

Oxidizing agents 102 
Oxygen 

residual, effect 543* 
residual, in solution 544* 
singlet, scavenger 269-270 
singlet, formation 267-269 

Oxygen insertion 175 
Oxygen insertion, Fe(II) catalyzed 176/ 
Oxygen and morpholine nitrosation 581/ 
Oxygen oxidation over charcoal . . . 103 
Oxygen scavenging 542-545 

by ascorbic acid with metals . . . 544* 
prooxidant action 545-546 

Oxygen toxicity in illuminated 
chloroplasts 263-269 

Oxyhemoglobin 202-203,209 
Ozone protection for plants . . . . 402-403 

P 

P450 apocytochromes 364-365 
Packaging and quality of 

cranberry sauce 520* 
Palmitate, ascorbyl . . 355-356, 357,534/ 
Paper chromatography of ascorbic 

acid 205,276 
Pasteurization and commercial 

sterilization 515 
Pathology in vitamin-deficient 

insects 288 
Pea processing, thermal, vitamin 

C losses 514* 
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600 ASCORBIC A C I D 

Peas 524 
Pectin 33 
Pectin-bile acid binding 389 
Pelargonium crispum 254 
l-*ftreo-2,4,5,6-Pentohexane-2 car

boxylic acid lactone—See 
Ascorbic acid 

Periplaneta americana L 276 
Peroxidase system, model 177/ 
Peroxidation of polyunsaturated 

fatty acids 265 
Peroxidation, lipid 267-269 
Peroxide value 538 
Peroxide-copper binding 238 
Pesticide-ascorbic acid interaction 

in fish 409 
p H , intraintestinal, and ascorbic 

acid 552 
p H , stromal, of illuminated 

chloroplast 264 
p H dependence of 

chemical shifts 128-131,148-149 
nitrosation 578/ 
oxidation rate 157 
rate constants for autoxidation . 167/ 
reduction rate constants 242* 

Phagocytosis of polymorphonuclear 
lymphocytes 370-371 

Pharmaceutical ascorbic acid 210 
Pharmaceuticals and ascorbic 

acid 395-397 
Pharmacological ascorbic acid .329-330 
o-Phenanthroline 361 
Phenobarbital-treated 

guinea pigs 363 
Phenothiazine radical cations 97 
0- Phenylenediamine 204, 502 

and D H A 180-183 
1- Phenylflavazole 182 
l-Phenyl-3-pyrazolidione 474 
Phosphatase, serum alkaline 201 
Phosphate ester of ascorbic acid . . 46-47 
Phospholipid, microsomal 357-360 
Phosphoric acid for extraction . . 202-203 
m-Phosphoric acid stabilizer . . .209,210 
Phosphorylation of ascorbic acid . . 65 
Phosphorylation, 03 , of 5,6-O-

isopropylidene ascorbic acid . . 65 
Photobleaching, chlorophyll 267-269 
Photochemical oxidation of 

ascorbic acid 421 
Photographic developing and 

printing 473-475 
Photolysis of hydrogen peroxide . . . 93 
Photosynthesis and ascorbic acid . . 506 
Photosystem I, reduced, 

electron flow 265/ 
Physiological function of ascorbic 

acid 284,388 
Physiological intakes, steady 

state kinetics 337-344 
Piglet feed 412 
Pinto bean leaves, ascorbic 

acid content 403* 

Pituitary gland ascorbic acid 299/ 
Plant ascorbic acid 399-406 

and genetics 504 
Plant biosynthesis of ascorbic 

acid 258-260 
Plant metabolism of ascorbic 

acid 249-261 
Plant respiration 225 
Plant, arctic, ascorbic acid and 

^-carotene 400*-401* 
Plasma 

ascorbate 340* 
cholesterol 382, 383 
half-life of acetanilide 349-350 
lipid 382 
nickel concentration 564 
radioactivity, decay 338, 339/ 
zinc concentration 561-563 

Plasma ascorbic acid 
three-compartment system 

for 304-307 
specific activity 296/, 304-305 

Plastocyanin reduction 264 
Plodia interpuctella 276 
Polarogram for ascorbic acid 207 
Polyethylene antioxidant 473 
Polymerization reactions and 

ascorbic acid 470-473 
Polypeptide, band, guinea pig .362-363 
Polyporus laccase 119 
Polyporus versicolor, laccases 237 
Polysaccharides from ascorbic 

acid 251-252 
Postgastrectomy 555 
Potassium ascorbate, foliar 

application 404*-405* 
Potato flakes, vitamin C retention . 437* 
Potato products 436-438 
Potatoes 

baked 526 
dehydration 517 
vitamin C content 510 

Poultry and vitamin C 409-413 
Precursors, carbohydrate 318 
Premix addition of ascorbic acid . . 425 
Pressure cooking vegetables . . . . 522-524 
Primates and nutrition 

research 317-318 
Processing and ascorbic acid ..441-465, 

499-532 
Processing degradation 424-469 
Production of ascorbic acid 397 
Proline, peptide-bound 327 
Prooxidant action, oxygen 

scavenging 545-546 
Protective mechanism, 

chloroplast 269-271 
Protein, gluten 455 
Proton-carbon decoupling 

in D H A 109-111 
Proton-proton coupling constants 

for L-ascorbic and D-iso
ascorbic acids 141* 

Proton-proton decoupling 109 
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I N D E X 601 

Pull force of oranges 404 
Pupal apolysis 288 
Purification of ascorbate 

oxidase 225-228 
Pyrazine derivatives 191 
Pyrazole derivatives 183,186 
Pyrazolediones 189-190 

Q 
Q10 values 511 
Quarternary structure of ascorbate 

oxidase 228-229 
Quinoxaline 204 
Quinoxaline], 2,2'anhydro[2-

hydroxy-3-( 1-phenylhydra-
zono-L-*lireo-2,3,4-trihydroxy-
butyl) 180 

R 

Radicals, ascorbic acid 81-100 
Radioactivity, 1 3 C 

excretion 310 
time course in tissues . . . 295, 298-300 

Radioactivity determination in 
tissues 295 

Radioactivity, plasma, decay . . 338, 339/ 
Radiocobalt absorption test . . . .558-559 
Radiocopper absorption 560 
Radioiron method 553, 554* 
Radiolysis of oxygenated water . . . 93 
Radiolysis, flow 93 
Radiolysis, optical pulse 83 
Rancidity, oxidative 445 
Rate constant, autoxidation, and 

oxygen concentration 162/ 
R D A of vitamin C 336,373 
Red blood cells and ascorbic acid . 372 
Reducing agent, ascorbic acid as . . 473 
Reductase 

cytochrome P4 50 351-354 
D H A 119-121 

Reduction of 
ascorbate oxidase, electron 

transfer 244-246 
bishydrazones 192 
copper 239-243 
cytochrome f 264 
plastocyanin 264 

Reduction, anaerobic of ascorbate 
oxidase 235-237, 240/, 241/ 

by L-ascorbate 230,231/ 
kinetics 237-239 
transient spectrum 242/ 

Reduction, fermentative 29 
Reduction rate constant, p H 

dependence 242* 
Regulation, Armed Forces, on 

ascorbic acid addition to 
food 469* 

Regulation, U.S., of ascorbic acid 
addition 466-468 

Reheating of cooked foods . . . . 526-527 
Reichstein-Grussner synthesis . . . . 18 
Relaxation times, spin-lattice . . . 131, 149 
Relaxation, dipolar, of ring 

carbons 131 
Renal turnover ascorbate . 338, 342/, 343 
Replenishment, ascorbic acid, and 

drug metabolism 357-358 
Requirement, vitamin C 328-330 
Residual oxygen effect 543* 
Residual oxygen in solution 544* 
Resins, anaerobic, accelerator 

for curing 473 
Resistance, thermal, of food 

constituents 528* 
Resonance 

hybrid 42/ 
stabilization 153, 176 
structures 52 

Respiration of geranium leaves . 254, 257 
Respiration, plant 225 
Respiratory carbon dioxide 

collection and analysis . . . . 294-295 
Retention, ascorbic acid, in 

green vegetables 509 
Reticulum cell sarcoma 372 
Rhus vernicifera laccases 237 
Ring carbons, dipolar relaxation . . 131 
Ring geometry 51,52,55 
Rotamers, ascorbic acid 142-147 
Rubiazonic acid 190 
Rumex crispus 257-258 
Ruminants and vitamin C 413 

Saccharoascorbic acid 70 
Sarcoma, reticulum cell 372 
Schiff bases of D H A 104 
Scoliosis, fish 408 
Scurvy 208, 209, 318, 335, 375 

and calcium metabolism 410-412 
clinical signs 328 
early accounts 336-337 
prevention 200-201 

Seed germination and ascorbic 
acid 399,402 

Seedling, catabolism of ascorbic 
acid 258* 

Selenious acid 203 
Selenium-ascorbic acid 

interaction 565 
Semidehydroascorbate 120 
L-Serine-ascorbic acid, crystalline .41, 42/ 
Serum 

alkaline phosphatase 201 
ascorbic acid 203,208-209,328 
ascorbic acid, chromatogram . . . 215/ 
cholesterol and ascorbic 

acid 387*, 388/ 
cholesterol, and dietary 

vitamin C 326 
interferon 371 

Shelf life of fish, frozen storage . . . 445 
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602 ASCORBIC A C I D 

Side-chain 
conformation 41, 44-49, 52 
conformation, ascorbic acid . . . . 141 
properties 55 

Side-chain oxidized derivatives 
of ascorbic acid 70-71 

Singlet oxygen formation 267-269 
Singlet oxygen scavenger 269-270 
Smoking and ascorbic acid 

metabolism 345,347/ 
Smoking and vitamin C 374-375 
Sodium ascorbate 448-449, 452 
Sodium ascorbate in bacon 454* 
Sodium L-ascorbate 397 
Sodium L-ascorbate, foliar 

application 403 
Soil fertility and ascorbic acid 

in fruits and vegetables . . . 505-506 
Solid dosage forms of ascorbic 

acid 419 
L-Sorbose synthesis of ascorbic 

acid 398/ 
Soybean oil, antioxidant activity . . 537* 
Soybean oil, oxidation 461* 
Specific activity in plasma . . . 296/, 304-

305, 309 
Specific activity, enzyme, and 

copper content 226-228 
Spectral properties of ascorbate 

radical anion 83-88 
Spectrophotofluorometric assay for 

ascorbic acid 204 
Spectrophotometry for ascorbic 

acid 201 
Spectrophotometry, anaerobic . . . . 239 
Spectrophotometry, stopped-flow 239-243 
Spectroscopy—See specific 

spectroscopies 
Spin-lattice relaxation times . . . 131, 149 
Spinach (Spinacia oleracea) . . 256-257, 

509, 523*, 525 
Spinach chloroplast, ascorbate 

peroxidase enzyme 270-271 
Stability of ascorbic acid 419-423, 

440*, 442-443 
added to food products 430* 
in beer 462 
and buffer concentration 213 
metal chelates 154*, 156 
temperature dependence . . . . 443-444 
in unpelleted feed 417* 

Stability of bisdehydroascorbic 
acid 116,118 

Stability of D H A 116, 118 
Stability of oils and fats 458*-459* 
Stabilization of 

coffee extract 464 
diary products 460-462 
vitamin B12 421 

Stabilization, resonance 153 
Stabilizer of fatty foods 458 
Stabilizers for serum ascorbic food . 209 
Steady state ascorbate radicals . . . . 91 

Steam blanching 515 
Steaming vegetables 522-524 
Stereoisomers of L-ascorbic acid . . 279 
Stir-frying and ascorbic acid 

retention 525-526 
Storage of fresh fruits and 

vegetables 508-510 
Storage of preserved foods 520 
Storage, high temperature, and 

ascorbic acid 416-417 
Stress and ascorbic acid . . 322-324, 374 
Stroma, chloroplast 270 
Substrate radical, electron para

magnetic resonance 
spectrum 244/ 

Sugar osazones 503 
Sugars from ascorbic acid 251-252 
Sugars, C6, to ascorbic 

acid 4,12,33-34 
Sulfites in beer and ascorbic acid . 462 
2-O-Sulfonato-L-ascorbate anion . . 46/ 
Sulfur dioxide in urine 462-463 
Superoxide dismutase 91-92,266, 

269, 547 
and catalase 96 

Superoxide ion distribution .264, 266, 269 
Superoxide radical scavenger . . .269-270 
Superoxide radicals 92-94 
Superoxide radicals in 

chloroplasts 263-267 
Supplement, multivitamin 418 
Swine and vitamin C 412-413 
Symmetry in D H A dimer 51 
Synergy, tocopherol and ascorbic 

acid 540,546 
Synthesis of ascorbic acid 1-36 
Synthesis, heme 361-367 
Synthesis, L-sorbose, of ascorbic 

acid 398/ 

T 

Tablet addition of ascorbic 
acid 424-425 

Tablets, vitamin C 419 
Tartrate from ascorbate 

in geranium 254—256 
in grapes 250-252 
in Virginia creeper 252 

Tautomers, ascorbate 89 
T B A value in frozen herring 447/ 
T B A value, ascorbic and citric 

acid 448/ 
Tea fermentation 464 
Temperature and ascorbic acid 

oxidase 508,509 
Temperature dependence of 

ascorbic acid stability 443-444 
nutrients in Salisbury steak . . . . 518 

Testes ascorbic acid 299/ 
/3-Thalassemia 374 
Thin-layer chromatography of 

ascorbic acid 205 
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I N D E X 603 

Thiocyanate and morpholine 
nitrosation 574/, 579/ 

Thiosemicarbazones 189 
Three-compartment system for 

ascorbic acid in plasma . . . 304-307 
L-Threose to ascorbic acid . . 4, 9,12,13/ 
Time courses of 1 4C-radioactivity 

in tissues 295,298-300/ 
Tissue ascorbic acid 303/, 321-322 
Tissue ascorbic acid, H P L C . . .210-215 
Tissue iron, excess, and ascorbic 

acid metabolism 557 
Tissue transport of ascorbic 

acid 319-322 
Tissues and ascorbic acid 

binding 305-307 
Tissues, insect, ascorbate levels .280-283 
Titration with 2,6-dichloro-

indophenol 501-502 
Titration of type 1 copper in 

ascorbate oxidase 235-237 
Tobacco hornworm—See Manduca 

sexta 
Tocopherol radical 546 
Tocopherol synergy with ascorbic 

acid 540,546 
Tocopherol—See also Vitamin E 
a-Tocopherol . . . .269-270,451, 458-459 

in milk 461 
di-p-Toluenesulfonyl derivative . . . 191 
Tomato juice, ascorbic nutrified . . 429 
Toxaphene 409 
Toxic minerals and ascorbic acid . . 566 
Toxicity, oxygen, in illuminated 

chloroplasts 263-269 
Transient spectrum of ascorbate 

oxidase reduction 242/ 
Transit time, mean, in 

organs 308*, 310, 314 
Triazole 191 
Triglyceride metabolism 326-327 

and ascorbic acid 384, 385/ 
Triphenylmethane colorants 463 
Tris (2-deoxy-2-L-ascorbyl) 

amine 69 
Turnover, metabolic, and total 

turnover 344/ 
Turnover, renal, ascorbate .338, 342/, 343 
Turnover of 

ascorbate 338,341/ 
ascorbic acid 295,307-310, 

313-314, 322-325 
cholesterol 382 

Turnover rates of ascorbic acid in 
organs 307,308* 

Type 1 copper 232,233,238,245 
in ascorbate oxidase 235-237 
reduction 239-243 

Type 2 copper 232,234,237,238 
reduction 243 

Type 3 copper 237,238,245 
in ascorbate oxidase 241/ 

Tyrosine oxidation 288 

U 

Udenfriend's system, ascorbic 
acid 174-177 

Uptake, D H A 321 
Uptake, iron, by human intestine . 556 
Urinary ascorbate 343 
Urinary ascorbic acid metabolite, 

separation 325 
Urine ascorbic acid 203 

chromatogram 206/ 
Urine, 1 4C-radioactivity 305/ 
U.S. regulation on ascorbic acid 

addition 466-468 
U.S.P. XIV unit of vitamin C 201 
U V data for monosulfate esters . 133,135* 
U V spectral properties of 

ascorbic acid 133, 134* 

V 

Vegetable oil 
antioxidant activity 538* 
metal content 535 

Vegetable processing and vitamin 
C content 209-210 

Vegetables 
ascorbic acid distribution 209 
cooked, holding and reheating . 572* 
cooking and ascorbic acid . . . 522-526 
fresh, and ascorbic acid 500* 
green, ascorbic acid retention . . 509 

Vegetables and fruits 
harvesting and storage 508-510 
processing 441-445 

Vinyl polymerization 472 
Violaxanthin de-epoxidase 269 
Virginia creeper 

ascorbate to tartrate 252-254 
metabolism of D-glucose 260* 

Vitaceae, cleavage of ascorbic acid 250/ 
Vitamin A 541-542 
Vitamin B12 372 

stabilization 421 
Vitamin C 369 

and alcoholics 375 
blood values 208 
and colds 373 
content of potatoes 510 
content, and fruit processing .209-210 
content, and vegetable 

processing 209-210 
deficiency, marginal, and blood 

serum lipids 383* 
deficiency, stages of 376* 
and elderly people 375 
and fish 406-409 
intestinal absorption 320 
loses in thermal pea processing . 514* 
pharmaceutical 418-423 
R D A 336,373 
requirement 328-330 
requirement in animals 406-418 
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604 ASCORBIC A C I D 

Vitamin C (continued) 
retention in commercial food 

products 513-520 
retention in fruit juices 518 
retention in potato flakes 437t 
and smoking 374-375 
stability 440* 
in tomatoes 505i 
See also Ascorbic acid 

Vitamin C, dietary 
and insect development 277 
and serum cholesterol 326 
and tissue ascorbic acid . . . .214, 218t 

Vitamin C, international dietary 
allowances 428£ 

Vitamin E radicals and ascorbate .95-96 
Vitamin E—See also Tocopherol 
Vitamin-deficient insects, pathology 288 

W 

Water activity and ascorbic acid 
destruction 516-517 

Water treatment 464 
Water, oxygenated, radiolysis . . . . 93 
Wheat germ oil, antioxidant 

activity 537, 538t 

Wilting 509 
Wine processing 462-463 
Woodsorrel (Oxalis stricta and 

organa) 257 
Wound healing and ascorbic acid . 373 

X 

Xanthine oxidase 547 
Xanthophyll metabolism 269 
L-Xyloascorbic acid 397 
L-Xylose to ascorbic acid 4 
L-Xylosome to ascorbic acid . . . . 5, 7/, 8/ 

Y 

Yeasted dough, ascorbic acid 
oxidation 455/ 

Z 

Z-configuration 133-134 
Zinc-ascorbic acid interaction . .560-563 
Zinc excretion 561 
Zoxazolamine 350 
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