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The authors have attempted to  list in this review most of the compounds 
chemically related to nicotinic acid and to  indicate the biological activity of 
each compound. The importance of the active compounds in animal and bac- 
terial metabolism is outlined. A summary is given of the chemical, physical 
biological, and microbiological methods available for the determination of nic- 
otinic acid, nicotinamide, and coenzymes I and 11. The application of these 
methods in nutritional and biological studies is discussed briefly. 

Ten years ago little attention was given to the chemistry or biochemistry of 
nicotinic acid and related compounds. In 1934 nicotinamide \vas characterized 
as one of the hydrolysis products from coenzymes I and 11, and in 1937 both the 
acid and the amide were shown to be active in the cure and prevention of canine 
blacktongue and human pellagra. These discoveries naturally stimulated 
a great deal of interest in the structure and estimation of these compounds 
in living matter. Much of the information is now fairly extensive, although 
more work is needed before a complete picture can be presented. It is the pur- 
pose of this review to summarize the most important developments during the 
past six years. 

I. HISTORICAL 
The first chemical production of nicotinic acid is credited to Huber. In 1867 

he (58) obtained from nicotine, by oxidation with sulfuric acid and potassium 
dichromate, a compound which had the formula CaHbN02, but he did not recog- 
nize i t  as pyridinecarboxylic acid until 1870 (59). The term "nicotinic acid" was 
apparently used first by Weidel (158), who by the oxidation of nicotine with 
nitric acid produced a compound which he assumed to have the composition 
CloHsNzOs. Later Laiblin (86) showed that this compound was pyridinecar- 
boxylic acid and that i t  was identical with the compound made by Huber. In  
1879 Weidel (159) produced the same compound from p-picoline and thus demon- 
strated that nicotinic acid is P-pyridinecarboxylic acid. 

Almost fifty years elapsed before nicotinic acid was isolated from natural prod- 
ucts. Suzuki, Shimamura, and Odake (139) isolated the compound from rice 
polishings. Funk (47) isolated nicotinic acid from both yeast and rice polishings 
but found the acid itself to display no activity in curing pigeon beriberi. Vickery 
(144) isolated it from yeast without previous hydrolysis and suggested therefore 
that i t  was present in the free state. 

In 1934 Warburg and Christian (154) isolated nicotinamide from coenzyme I1 
and demonstrated its function as part of a hydrogen-transporting coenzyme 
(157). Shortly thereafter, Euler, Albers, and Schlenk (33) obtained nicotin- 
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amide from coenzyme I, and it was shown that both coenzymes were nicotin- 
amide-adenine-dinucleotides, but that coenzyme I1 contained three molecules of 
phosphoric acid while cozymase or coenzyme I contained two. Kuhn and 
Vetter (84) also prepared nicotinamide from heart muscle. 

These studies stimulated further interest in the possible nutritional significance 
of the acid and the amide. Williams (163) in 1917, impressed by the common 
occurrence of nicotinic acid and the antineuritic vitamin in several natural sub- 
stances, again tested nicotinic acid and trigonelline, as well as other pyridine 
derivatives, for antineuritic potency but found that none of them caused any 
permanent improvement in polyneuritic fowls. Szymanska and Funk (141) 
attributed an appetite-stimulating and weight-preserving action to nicotinic 
acid and the amide. Again in 1937, Funk and Funk (48) found a larger food 
intake and better growth in rats and pigeons on certain diets when given the acid 
and especially the amide. Frost and Elvehjem (46) also observed a growth 
stimulus from nicotinic acid when fed with adenylic acid to rats on purified diets. 

In  1936 Koehn and Elvehjem (72) prepared from liver a concentrate which 
was free of riboflavin and which was highly active in the cure of a chick derma- 
titis and canine blacktongue. Further purification gave concentrates which 
contained very small amounts of solid matter, and finally Elvehjem, Madden, 
Strong, and Woolley (31) demonstrated the activity of nicotinic acid in the cure 
of blacktongue and isolated nicotinamide from the concentrates. The activity 
of nicotinic acid in the treatment of blacktongue was soon verified by a number 
of workers (22, 126, 135). The first report of its successful use in human pel- 
lagra was made by Spies, Cooper, and Blankenhorn, and by Fouts in November 
1937 (see reviews by Elvehjem (30) and Smith (128)). It is estimated that 
400,000 pounds of nicotinic acid will be manufactured in 1943 for therapeutic 
use and for the fortification of foods. 

In 1937 Knight (69) found that nicotinic acid ww an essential growth factor 
for Staphylococcus aureus and that nicotinic acid was present in the active prepa- 
rations of the Staphylococcus growth factor. Mueller (99) showed that nicotinic 
acid is essential for diphtheria bacillus, Koser, Dorfman, and Saunders (78) for 
dysentery bacillus, and Fildes (44) for Proteus. These studies established the 
importance of nicotinic acid in bacterial metabolism. 

STRUCTURE AND PROPERTIES 

A. NICOTINIC ACID AND COMPOUNDS CLOSELY RELATED TO ITS METABOLISM 

1. Nicotinic acid: C ~ H ~ N O Z ;  molecular weight, 123; melting point, 236-237"C. 
Nicotinic acid occurs as white needle-like crystals or as a crystalline powder. 

It is soluble to the extent of 1 g. per 60 cc. of water or 80 cc. of alcohol a t  25°C. 
and is freely soluble in hot water and hot alcohol. It is a comparatively weak 
acid: pK, = 4.76. 

2.  Nicotinamide: C6H6N;20; molecular weight, 122; melting point, 129-131 "C. 
It is 

soluble a t  20°C. in two parts of water, four parts of 86 per cent alcohol, eight 

It is not destroyed by boiling acid or by alkali. 

Nicotinamide is a white crystalline powder with a slightly acid taste. 
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parts of glycerol, and twenty parts of acetone. It is slightly soluble in ether 
and insoluble in benzene. Its aqueous solution is slightly alkaline (pH 8.0). 
Nicotinamide is hydrolyzed to  nicotinic acid on heating with strong alkali or acid. 
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3. Coenzyme I:  C21H27N7014Pz; molecular weight, 663 

This coenzyme (diphosphopyridine nucleotide ; cozymase) is widely distributed 
in nature but it is generally prepared from yeast. Several different procedures 
have been used, and the details of these methods have been reviewed by Schlenk 
(119). About 0.5 g. of the pure compound is obtained from 10 kg. of yeast. 
The final product is not crystalline and probably not entirely pure. 

In pure form cozymase is colorless and readily soluble in water. It titrates 
as st monobasic acid. The isoelectric point is a t  pH 3.1. 

The following structure was proposed for cozymase by Schlenk and Euler (123) 
in 1936, and the final step in verifying this structure has recently been published 
by Schlenk (122). Adenine was demonstrated in the molecule by Euler and 

H 
I 

N-C-N 
I I I  
I I 1  
c=c-c 
Tu’ N NH2 

K+ 
I H 

H OH “F, HCOH H!l 
HIOH 7 HIOH 7 

HC 0 0 HC 
I II /I I 

I I 
CH2 O-P-0-P-0-CHz 

0- OH 
Coenzyme I ; cozymase 

Myrback (39), and later Warburg and Christian (155) and Euler, Albers, and 
Schlenk (34) showed cozymase to be a dinucleotide with one purine (adenine) 
and one pyridine (nicotinamide) nucleus. The carbohydrate appeared to be 
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pentose, since inosinic acid was obtained upon deamination. Schlenk (120) 
obtained 2 moles of pentosephosphoric acid per mole of cozymase and Euler, 
Karrer, and Becker (37) showed that the phosphoric acid is linked to the ribose 
in the 5-position. The existence of a pyrophosphate linkage in cozymase was 
established by the isolation of adenosinediphosphoric acid after alkali treatment. 

Another problem concerned the linkage between nicotinamide and the rest of 
the molecule. Warburg (155) showed that in the case of coenzyme I1 the nico- 
tinamide reacts with two atoms of hydrogen in the presence of a suitable substrate 
and an active enzyme to form a dihydro compound. This reaction can also be 
produced with hydrosulfite in slightly alkaline medium. The oxidized form of 
cozymase has a maximum absorption of 260 mp but after reduction the intensity 
at 260 mp is somewhat reduced and a new maximum appears a t  340 mp. Thus 
the center of the coenzyme activity resided in the nicotinamide nucleus. The 
type of linkage between nicotinamide and the rest of the molecule was estab- 
lished by Karrer and his coworkers (67). It was found that nicotinamide iodo- 
methylate showed the same light absorption, fluorescence, and color upon 
reduction and reoxidation as cozymase and coenzyme I1 showed. These results 
indicated that the nicotinamide is found as a quaternary pyridinium base. The 
free nicotinamide with tertiary nitrogen is not reduced by NazS204, in contrast 
to cozymase, the iodomethylate, and trigonelline, which is the methylbetaine 
of nicotinic acid. The preparation of nicotinamide derivatives containing carbo- 
hydrate radicals on the ring nitrogen gave compounds which showed properties 
more like those of the coenzyme (66). Tetraacetylglucosidonicotinamide bro- 
mide was prepared in pure form, but attempts to prepare the arabinose and 
xylose derivatives gave only oily products. The model nucleoside not only 
showed the same optical properties as the coenzyme but showed the same degree 
of stability to alkali. 

When the pyridinium model compounds are reduced to the dihydro com- 
pounds, the ring nitrogen of the reaction products become trivalent and they 
do not contain the acid group. The phosphoric acid in the coenzyme corre- 
sponds to the acid group in the model compounds. Upon reduction an acid 
group is liberated, as follows: 
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Finally Schlenk was able to obtain nicotinamide nucleoside from cozymase. 
Since treatment of the coenzyme with either acid or alkali breaks the linkage 
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between nicotinamide and the pentose, it  was necessary to resort to the use of 
n specific phosphatase. The enzymatic hydrolysis gave the two nucleosides. 
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The nicotinamide nucleoside had properties very similar to those of the model 
compounds prepared by Karrer. Schlenk (122) and Euler, Karrer, and Usteri 
(38) have definitely proven that the carbohydrate group is ribose. Schlenk also 
confirmed the earlier investigations that showed that both of the ribosephosphoric 
acid molecules of cozymase have the phosphoric acid radical linked to carbon 
atom 5 of the pentoses. 

The structure as proposed in 1936 is therefore clearly established; however, 
the compound has not been synthesized. 

4. Coenzyme II: C21H28N7017P3; molecular weight, 74.3 

Although coenzyme I1 (triphosphopyridine nucleotide) is as widely distributed 
in nature as coenzyme I, it is present in much lower concentrations. It was 
first isolated from red blood cells by Warburg and Christian (157). The cen- 
trifuged cells are cytolyzed with water and after removal of the proteins with 
acetone, the coenzyme is precipitated as the barium salt. It is then dissolved 
in methanol-hydrochloric acid and precipitated with ethyl acetate. Coenzyme 
I1 may also be obtained from yeast by working up the mother liquor remaining 
after precipitation of cozymase as the cuprous salt. It has not been obtained 
in crystalline form and all preparations are readily soluble in water. 

In  contrast to enzyme I, this compound contains a third phosphoric acid 
residue. Warburg (156) proposed a partial structural formula for coenzyme I1 
in 1936, and Euler and Schlenk (41) suggested the following formula on the 
basis of what was known about cozymase. 
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TREATMENT 
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Since adenosinetriphosphoric acid has not been isolated as a breakdown product, 
the formula is not final. It is suggested that the third phosphoric acid group is 
linked to the adenylic acid part of the molecule in the same manner as is yeast 
adenylic acid. Since Adler and Elliot (7) have shown that coenzyme I can be 
converted to coenzyme 11, it appears that the location of the phosphoric acid 
is the only question which has not been settled. 

Table 1 shows that the stability of the two coenzymes is very similar. 

TABLE 1 
Stabi l i ty  of coenzymes I and II 

COENZYME I 

50 per cent destroyed 
after 8 min. (42) 

50 per cent destroyed 
after 17 min. (20°C.) 
(42) 

Activity disappears (42) 
immediately (106) 

Slight decrease after 10 
min. (8) 

Stable (8) 

COENZYME I1 

50 per cent destroyed 
after 7.3 min. (154) 

50 per cent destroyed 
after 12 min. (23°C.) 
(154) 

Activity disappears im- 
mediately (157) 

Stable (157) 

While the two enzymes have similar properties and almost identical structures 
they show great specificity in their functions. In most cases a dehydrogenase 
which requires coenzyme I for activity cannot function in the presence of co- 
enzyme 11. A list of dehydrogenases requiring coenzyme I and coenzyme I1 
is given by Schlenk (119). 
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5. Trigonelline: C7H7N02, molecular weight 137; melting point, 215-218OC. 

This compound was first isolated from plant material by Jahns (61) in 1885. 
In 1912 Ackermann (2) found that dogs given fairly large amounts of nicotinic 
acid excreted in the urine equal amounts of trigonelline and nicotinuric acid. 
It was isolated from starfish by Holtz, Kutscher, and Thielman (56) in 1924 
and from liver extract by Subbarow and Dann (137). 

6. Nicotinum’c acid (nicotinylglycine): CsHsNzOa, melting point 2~$0-242~C. 
This compound is a common constituent of urine but recent work by Sarett, 

Perlzweig, and Levy (117) indicates that in human urine the excretion of nico- 
tinuric acid is very small in comparison to the amount of trigonelline. Nicotin- 
uric acid is prepared by adding nicotinic acid chloride to a cold aqueous solution 
of glycine ethyl ester in slightly alkaline solution. The compound is crystallized 
from dilute hydrochloric acid solution. It is freely soluble in water and 
alcohol. 

B. OTHER PYRIDINE COMPOUNDS FOUND I N  NATURE 

The following summary is taken from Bandier (16) : 

COMPOUlVD 

N ”  
/ \  

CHI OH 
Methylpyridinium hydroxide 

8- Aminopyridine 

?-Picoline 

Homarin 

ISOLATED FRO3 
~~ 

Human urine 

Liver extract 

Horse urine 

Lobster muscle; 
certain shell star- 
fish 

POUND BY 

Kutscher and Lohmann 

Ackermann and Kut- 

Ackermann et al. (3, 4)  

(85) 

scher ( 5 )  

Subbarow, Dann, and 
Meilman (138) 

Achelis and Kutscher 
(1) 

Hoppe-Seyler (57) 
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COMPOUND 

OH 

Cynurenic acid 

a-Methylquinoline 

O C H a  

a-Picoline 

Q"". 
,%Picoline 

or-Methylethylpyridine 

(CvHoN) 
Lutidine 

H2(yCOOH 

CHa 
Arecaidine 

HOOC(JCOOH 

t 
Dinicotinic acid 

ISOLATED PBOM 
~ 

Dog urine 

Anal gland of the 
skunk 

Animal tar 

Animal ta r  

Animal tar 

Animal tar 

Naturally occurrinfi 
alkaloid 

Liver extract 

FOUND BY 

Liebig (89) and others 

Aldrich and Jones (9) 

Weidel (159) 

Weidel (159) 

Weidel and Pick (161) 

Weidel and Herzig (160) 

Jahns (62) 

Subbarow (61) 
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C. OTHER COMPOUNDS RELATED TO NICOTINIC ACID 

Other compounds related to nicotinic acid are listed below: 

COOH 

Isonicotinic acid Picolinic acid Quinolinic acid 
(m.p. 310-315°C.) (m.p. 137°C.) (m.p. 190°C.) 

c1 / \  
H 
Nipecotic acid p-Pyridinesulfonic Nicotinonitrile 
hydrochloride acid (decomposes) (m.p. 50°C.) 

(m.p. 237-239°C.) 

I Too= I /CONHCH8 8"""""" 
CH,(, c 

6-Methylnicotinic acid N-Methylnicotinamide N , N-Diethylnicotinamide 
(m.p. 206-207°C.) (m.p. 104-105°C.) (coramine) 

Nicotinamide methochloride Methyl nicotinate Ethyl nicotinate 
(m.p. 235°C.) (b.p. 86-88°C. a t  5 mm.) 

Propyl nicotinate Butyl nicotinate 
(b.p. 96-100°C. a t  5 mm.) (b.p. lll-117°C. a t  5 mm.) 

Since the activity of nicotinic acid was first demonstrated with the dog, i t  was 
natural that the studies on the biological activity of related compounds would 
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be made on this animal. In 1938 Woolley, Strong, Madden, and Elvehjem (164) 
tested about twenty different compounds on a semiquantitative basis. It was 
evident immediately that a rather specific structure is required for anti-black- 
tongue activity. The CY- and y-isomers of nicotinic acid (picolinic acid and iso- 
nicotinic acid) were found to be inactive. Hexahydronicotinic acid (nipecotic 
acid) was also inactive. All the compounds tested in which one of the ring 
hydrogens had been substituted by a methyl or a carboxyl group or in which a 
methyl group had been added to the ring were inactive. The replacement of 
the carboxyl group by a sulfonic acid group or by a cyano group or the removal 
of the carboxyl entirely (pyridine) led in each case to inactive compounds. All 

TABLE 2 
Compounds which have shown no biological activit, 

COMPOUND 

~~ 

Pyridine. . . . . . . . . . . . . . . . .  
,&Acetylpyridine hydro. 

chloride . . . . . . . . . . . . . . .  
6-Methylnicotinic acid. . .  
Nipecotic acid. . . . . . . . . . .  
Nicotinonitrile.. . . . . . . . . .  
Isonicotinic acid. . . . . . . . .  
,%Pyridinesulfonic acid.. . 
Picolinic acid.. . . . . . . . . . .  

Trigonelline. . . . .  

fi-Aminopyridine 

Nicotinamide methochlo. 
, ride. .  . . . . . . . . . . . . . . . . .  

DOG 

- (164)* 

- (164) - (164) 
- (164) 
- (164) 
- (164) 
- (164) 
- (164) 

- (164) 

- (136, 
137, 
164) 

- (164) 

DYSEN- 
TERY 

BACILLI 

Staphylococcus 
aureus 

- (70) - (70, 88) 

- (70, 88) 

- (70, 88) 

MAN 

- (132, 

- (131, 
148) 

132, 
148) 

132, 
148) 

- (131, 

Laclo- 
bacillus 

srabinosus 
Proteus 

- (108) 

- (108) 

* Literature references are given in parentheses. 

these inactive compounds are listed in table 2, together with the organism on 
which tests have been made. 

The studies with the dog indicated further that, in addition to nicotinic acid 
and its amide, only those compounds possess anti-blacktongue potency which 
are capable of oxidative or hydrolytic conversion to those substances in the body. 
Alkyl-substituted amides and the ethyl ester proved to be active. p-Picoline, 
which might be expected to be oxidized to nicotinic acid in the body, showed a 
fair degree of activity. Subbarow, Dann, and Meilman (138) reported that 
8-aminopyridine was highly active in the dog, but Strong, Madden, and Elveh- 
jem (136) were unable to demonstrate any activity, and in a later note Subbarow 
and Dann (137) also reported the compound to be inactive. Later work has 
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shown it  to be inactive in man (132, 148) and in bacteria (28). Woolley, Strong, 
Madden, and Elvehjem (164) reported that nicotinuric acid was active, but re- 
cently Dann and Handler (23) have presented results which lead them to believe 
that nicotinuric acid is not a blacktongue preventative but may be able partially 
to replace nicotinic acid in the diet of the dog. Sarett (115) also found that dogs 
maintained on a low intake of nicotinic acid are unable to hydrolyze nicotinuric 
acid, but excrete it completely without metabolic change. Sarett, Huff, and 
Perlzweig (116) found almost 100 per cent of the nicotinuric acid in the urine of 
humans after intravenous injection of 100-mg. doses. Dorfman (28) found 
nicotinuric acid to be active for dysentery bacilli. If bacteria can hydrolyze 
nicotinuric acid, i t  should be active upon oral administration in animals; how- 
ever, the positive results may have been due to impurities of free nicotinic acid. 

Many of the compounds found active in the dog were soon tested on humans. 
Spies, Bean, and Stone (131) found nicotinic acid, nicotinamide and sodium 
nicotinate active, N , N-diethylnicotinamide (coramine) somewhat active, and 
trigonelline inactive. Spies, Grant, and Huff (132) found picolinic acid, a-pico- 
line, and P-aminopyridine somewhat toxic, but obtained some improvement with 
6-picoline, 2,6-dimethylpyridine-3 , 5-dicarboxylic acid, and dinicotinic acid. 

There seems to be some question about quinolinic acid. Woolley, Strong, 
Madden, and Elvehjem reported i t  to be inactive in the dog, but Vilter and 
Spies (145) concluded that i t  cured pellagra in humans. Dann, Kohn, and 
Handler (25) studied the action of quinolinic acid in dogs more carefully and 
found that complete protection was obtained only when this compound was 
given at a level one hundred times that needed when nicotinic acid was used. 
Waisman, Mickelson, McKibbin, and Elvehjem (153) found quinolinic acid 
inactive when injected into blacktongue dogs a t  a level ten times the effective 
dose of nicotinic acid. Dorfman, Koser, Reames, Swingle, and Saunders (28) 
found it  weakly active for dysentery bacilli. In 1939 Bills, McDonald, and 
Spies (18) reported that pyrazinemonocarboxylic acid and 2 , 3-pyrazinedicar- 
boxylic acid promptly cured the glossitis of pellagra in humans. However, 
Dann, Kohn, and Handler (25) and Waisman, Mickelson, McKibbin, and 
Elvehjem (153) mere unable to demonstrate any appreciable activity of these 
compounds in dogs. Smith (128) has recently concluded that the only com- 
pounds in addition to nicotinic acid which justify their use on patients with 
pellagra are nicotinamide and coramine. 

Briggs et al. (19) found that the growing chick requires a dietary source of 
nicotinic acid for optimal growth and for prevention of chick “blacktongue” 
when purified rations are used. The minimal level required was found to be 
approximately 1.8 mg. per 100 g. of ration. Only a few compounds have been 
tested on the chick, but the results with the nicotinic acid esters are most in- 
teresting. Ethyl nicotinate is only one-half as active as the free acid, while 
the propyl and butyl esters shorn correspondingly greater potency. Apparently 
the esters of the higher alcohols are more easilyhydrolyzed in the digestive tract 
of chicks. The dog seems to be able to utilize the ethyl ester as readily as the 
free acid. A summary of the results with animals is given in table 3. 
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In a recent review on the B vitamin requirements of different microorganisms, 
Peterson (110) reports that molds and yeasts do not require nicotinic acid but 
that thirteen different species of bacteria are dependent upon a supply of this 
growth factor. Koser and Wright (79) have reported very recently that a yeast 
(Torula cremoris) needs nicotinamide or the acid for prompt and abundant 
growth. The most extensive studies have been made with the dysentery bacilli. 
Dorfman, Koser, Reames, Swingle, and Saunders (28) tested twenty-four dif- 
four different compounds on three strains of Shigella paradysenteriae. In gen- 
eral the results agree very well with those obtained on animals. They found 
the methyl, ethyl, propyl, and butyl esters active; in fact, the methyl ester was 
more active than the free acid. The results were also very similar to those 
obtained by Knight (70) and Landy (88), who used Staphylococcus aureus. 
There was some discrepancy in the case of coramine, since Dorfman et al. found 
it to be active, while Knight and Landy reported no activity for this compound. 
Most of the bacteria used the amide more readily than the acid. Dorfman found 
the amide ten times as potent as the acid when the development of the organisms 
was compared 24 hr. after inoculation, while Knight found the amide five times 
more active for the staphylococci. Mueller (loo), however, found the amide 
only one-tenth as effective as the acid for diphtheria bacilli. (See tables 3 and 4.) 

While most organisms requiring nicotinic acid can use either the acid or the 
amide, the Haemophilus parainjluenzae is a well-known exception. Lwoff and 
Lwoff (90) had been working on a growth factor (V factor) for this orgaDism, 
and in 1937 they (91) showed that the V factor could be replaced by either 
coenzyme I or coenzyme 11. 

The requirement of the influenza organisms for the preformed cozymase, the 
well-known function of the cozymase molecule in isolated enzyme systems, and 
the occurrence of cozymase in living material have led to the belief that nicotinic 
acid or its amide are merely building blocks for the coenzymes. Experimental 
evidence indicates that this may not be true for all organisms. One might 
explain Mueller’s (100) finding that nicotinic acid is more potent than the amide 
in the nutrition of the diphtheria organism in either of two ways: ( I )  owing to 
a peculiarity in the converting mechanism, the acid might be more readily con- 
verted to cozymase than the amide; (2) the cells may be more permeable to the 
acid than to the amide. But the report by Dorfman, Stewart, Horwitt, Berk- 
man, and Saunders (29) that nicotinamide is more potent than coenzyme I or 
coenzyme I1 in promoting growth of the dysentery organism is a little more 
difficult to explain. Apparently the amide is performing a function per se or 
is being converted to a compound other than the coenzymes. However, dif- 
ferences in cell permeability may account for the different activities. 

Schlenk and Gingrich (124) have recently reported the nicotinamide-ribose 
nucleoside to be active for the influenza organism. This organism’s synthetic 
power apparently falls down in the conversion of nicotinamide to the nucleoside. 
Koser, Berkman, and Dorfman (77) report that certain Pasteurellae are able 
to synthesize cozymase from nicotinamide but not from nicotinic acid, while 
Bacterium coli is an example of those organisms which can synthesize the entire 
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Nicotinic acid. .  . . . . .  
Nicotinamide. . . . . . . .  

Methyl nicotinate.. . .  

Ethyl nicotinate.. . . .  

Propyl nicotinate.. . .  

Butyl nicotinate.. ... 

Quinolinic acid 

@-Picoline 

Nicotinuric acid 

N-methy hicotin- 
amide. . . . . . . . . . . . . .  

N ,  N-Diethylnicotin- 
amide.. . . . . . . . . . . . .  

coenzyme molecule. Fildes (44) has proved that Proteus is able to synthesize 
V factor from nicotinic acid, and we are perhaps safe in assuming that other 
organisms which grow on nicotinic acid are able to synthesize the coenzymes, if 
nicotinic acid is furnished. 

Thus, it is evident that organisms vary greatly in their ability to synthesize 
the coenzymes and it appears that in the case of some organisms a t  least, co- 
zymase may not be the most active compound. 

TABLE 3 
Comparative biological activity of nicotinic acid and related compounds 

+++ +++ 
(131)* 

+ (145) 
- (25) 

+ 
(132,148) 

++ 
(131) 
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+ 
+ 
++ 

DYSENTEPY 
BACILLI (28) 

+++ 
k++++ 

++++ 
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+ 

+ (low) 

- 

+++ 

++ 

+ 

Slaphylo- 
occus a u r w  

Ladobacillus 
orobinosus 

+++ +++ 
(80, 130, 
142) 

- 
(80) 

(80) + 
(80) 

- 

+++ 
(130) 

* Literature references are given in parentheses. 

Studies involving sulfa drugs have been made both to obtain some clue to  the 
mode of action of the drugs and to  get a better understanding of nicotinic acid 
metabolism. McIlwain (94) has studied the bacteriostatic effects of sulfonic 
acid derivatives of nicotinic acid on Staphylococcus a w e u s  and their counter- 
action by nicotinic acid, nicotinamide, and cozymase, and has found a definite 
competitive effect. West and Coburn (162) found that cozymase, but not 
nicotinic acid, reversed the bacteriostatic effect of sulfapyridine on this same 
organism. Straus, Dingle, and Finland (134) were unable to confirm these 
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Influenza organism (124). . . . . . . . . . . . . . . . . . . . . . . . .  
Pasteurellae (77). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Dysentery bacilli* (28, 29) .  . . . . . . . . . . . . . . . . . . . . . .  
Staphylococcus aureus t  (88,100,133) .  . . . . . . . . . . . . .  
Proteus (44). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Lactobacillus arahinosus (142) . . . . . . . . . . . . . . . . . . . .  
Diphtheria organism (100) . . . . . . . . . . . . . . . . . . . . . . .  
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- 
- 
+ + + 
+ ++ 

results, but Spink, Vivino, and Mickelson (133) report cozymase to have coun- 
teracting effects under certain conditions. Two recent reports strengthen the 
belief that sulfapyridine interferes with nicotinamide-enzyme systems. Dorf- 
man and Koser (27) have found that nicotinamide or cozymase reverses the 
depression of respiration in the dysentery organism caused by sulfapyridine. 
p-Aminobenzoic acid is unable to reverse this effect. Furthermore, the addition 
of nicotinamide to the medium decreases the amount of p-aminobenzoic acid 
necessary for counteraction of bacteriostatic effects. Teply, Axelrod and Elveh- 
jem (143) have found nicotinamide, nicotinamide-ribose nucleoside, and co- 
zymase to have almost equal activity in partially counteracting the bacterio- 

Staphylococcus aureus (growth) (133, 162). . . . . . . . .  
Lactobacillus arahinosus (growth) (143). . . . . . . . . . .  
Dysentery bacilli (respiration) (27).  . . . . . . . . . . . . .  

TABLE 4 
Comparative act iv i ty  of nicot inic  acid,  nicot inamide,  nicotinamide-ribose nucleoside, and 

cozymase 

NICOTIN- 
NICOTINIC NICOTIN- AMIDE- COZYMASE 

~ ACID 1 AMIDE I RIBOSE ~ 

ORGANISM 

NUCLEOSIDE 

- 
- 3 

Bacterial growth promotion 

- 
+ ++ ++ + + + 

++ + + ++ + + 
Sulfapyridine counteraction 

+ + 
* No direct comparison of nicotinic acid and cozymase is reported. 
t No direct comparison of nicotinamide and cozymase is reported. 
$ Slight activity found was probably due to  contamination with p-aminobenzoic acid. 

static effect of sulfapyridine on L. arabinosus. Nicotinic acid was of such low 
potency that its effect might well be due to contamination with the highly active 
p-aminobenzoic acid. Further work involving more drugs and more organisms 
is necessary to clarify the picture, but there is little doubt that sulfa drugs can 
interfere with nicotinic acid metabolism. 

The data summarized so far are important from a qualitative point of view, 
but in order to use these compounds successfully in nutrition and to understand 
the related metabolic processes more accurate quantitative methods must be 
used. Available methods for measuring the nicotinic acid content of natural 
materials include biological, physical, chemical, and microbiological procedures. 

In the early studies the dog was the only animal that could be used for exten- 



N A T U U L  PRODUCTS FUNCTIONALLY RELATED TO NICOTINIC ACID 199 

sive assays. At first a modified Goldberger diet was used (153) but more recently 
synthetic diets have been employed (118). In  either case, the method is expen- 
sive and requires considerable time because a standard response must be estab- 
lished with pure nicotinic acid before the material to be assayed can be fed. 
The dog assay cannot be used for foods very low in the vitamin because sufficient 
food to give a typical response cannot be fed a t  one time; however, it still pro- 
vides a means of checking the simpler methods. Liver seems to show a higher 
potency by the animal assay than by any of the other methods, a fact which 
may be due to the presence of so many other growth factors in liver. The chick 
has recently been used with considerable success in the assay of certain foods (19). 
The hamster has been suggested as a useful assay animal (113), but recent work 
indicates that this animal does not need nicotinic acid preformed in the diet (21). 
Biological assays measure total nicotinic acid activity and, as shown in table 3, 
different species may utilize different nicotinic acid derivatives with varying 
efficiency. It is thus difficult to decide which animal will give the best results 
in terms of human nutrition. It is unfortunate that so little quantitative work 
has been done with the monkey. 

Methods involving the growth response of moth larvae (114), isolated tobacco 
roots (26), and pea roots (6) have been found to be of no practical value. 

Spectrographic determination of nicotinic acid has been used by Holiday (55), 
and Karrer and Benz (64) developed a spectrophotometric procedure for nico- 
tinamide. 

Colorimetric methods for the estimation of nicotinic acid have been intensively 
investigated during the past six years. In 1899 Vongerichten (151) found 
that the addition of 2,4-dinitrochlorobenzene and alkali to pyridine produces a 
yellow color. Karrer and Keller (65) showed that nicotinic acid and the amide 
gave a similar reaction. Vilter, Spies, and AIathews (150) studied the reaction 
with a number of related compounds and concluded that pyridine, nicotinic acid, 
nicotinamide, N ,  N-diethylnicotinamide, a-picoline, and nicotine gave a color 
reaction, while trigonelline and picolinic acid yielded no color. 

Konig (73) in 1904 showed that pyridine reacts with cyanogen bromide and 
a primary or secondary amine to give a color varying from yellow to violet. 
This reaction has been used most extensively for the chemical estimation of 
nicotinic acid and related compounds but a variety of amines have been used 
in the conjugation. Several workers (82, 95, 107, 127, 140) have used aniline. 
Bandier and Hald (17) found most consistent results with p-methylaminophenol 
and Harris and Raymond (53), Kodicek (71), and Arnold, Schreffler and Lip- 
sius (11) based their procedures on the use of p-aminoacetophenone. Studies 
on the details of the reaction have been reviewed by Waisman and Elvehjem 
(152) and by Bandier (16). Bandier also includes extensive studies on the 
specificity of the color reaction. He found, using p-methylaminophenol, that 
pyridine yielded a yellow color which in equimolar amounts was more intense 
than the color with nicotinic acid. In the presence of potassium dihydrogen 
phosphate the color with pyridine was much less. Fortunately there is very 
little, if any, pyridine in most biological materials. Pyridine derivatives which 
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are substituted in the a- or y-position do not give a color reaction. This fact 
probably explains why vitamin Bg or pyridoxine gives no reaction. Kuhn and 
Low (83) and Kringstad and Naess (82) had found that vitamin Be gave no 
color with cyanogen bromide and aniline. Pyridinium compounds also failed 
to give a color, and since the nitrogen atom in the coenzymes is pentavalent they 
do not show any activity until hydrolyzed. For equimolar quantities of pyridine 
derivatives substituted in the &position the intensity of the color varied as 
follows: nicotinic acid 100, nicotinamide 142, nicotinuric acid 42, P-aminopyridine 
15, nicotine 8, and N ,  N-diethylnicotinamide 6. ,&Picoline yielded a very pale 
color. From these results it would appear that relatively little difficulty would 
be encountered from interfering substances in biological material except in the 
case of blood and urine from smokers. 

The chemical procedure did give rather consistent results for animal tissues: 
for example, the following values were obtained for beef muscle in four different 
laboratories: Bandier (15) 4.9, Kringstad and Naess (82) 4.9, Kodicek (71) 4.3, 
and Waisman and Elvehjem (152) 4.8. The occurrence of interfering colors in 
natural materials such as bile pigments, riboff avin, carotenoids, etc., has proved 
a definite handicap in reading the color which is developed. Therefore, i t  is 
necessary either to remove the nicotinic acid from the pigments or to remove 
the pigments from the nicotinic acid before the color development. Melnick 
and Field (95) attempted to adsorb the pigments in an acid alcohol solution with 
a special charcoal. Dann and Handler (24) maintain that it is essential to 
remove all, or virtually all, of the color from the extract and have used Lloyd’s 
reagent and lead hydroxide. They also showed that charcoal removes only 
part of the color and in addition removes nicotinic acid from the acid alcohol 
solution. 

The chemical method has been used by several workers for the estimation of 
nicotinic acid in blood. Pearson (107) found the method described by Swami- 
nathan (140) the most satisfactory for blood. Klein, Perlzweig, and Handler 
(68) have discussed the various methods proposed for blood and have outlined 
a procedure for the analysis of the blood cells and the plasma. 

The estimation of nicotinic acid and related compounds in urine is important 
in order to carry out balance studies, but this determination is difficult not only 
because of the presence of interfering substances but because much of the 
ingested nicotinic acid is excreted as trigonelline. Rosenblum and Jolliffe (112) 
found the method of Bandier and Hald to be a simple and specific procedure for 
the estimation of nicotinic acid and amide in urine. More recent work has taken 
into account the presence of nicotinuric acid and trigonelline, and improved 
methods have been described by Melnick, Robinson, and Field (98) and by 
Perlzweig, Levy, and Sarett (109). The free nicotinic acid, the amide, and 
nicotinuric acid are determined after acid hydrolysis. This treatment does not 
affect the trigonelline, which is determined after alkaline hydrolysis. Measure- 
ments on trigonelline excretion are complicated by the fact that the compound 
is present in appreciable amounts in coffee and legumes and finds its way into 
the urine as well as that formed from ingested nicotinic acid. Sarett, Huff, and 
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Perlzweig (1 16) found the normal daily excretion of acid-hydrolyzable nicotinic 
acid derivatives in normal humans to be 0.7 to 2.2 mg. The daily excretion 
of trigonelline when the subjects were on a controlled diet was 9 to 13 mg. 
When high amounts of nicotinic acid are ingested, all of the vitamin cannot be 
accounted for in the urine. In this connection it is interesting to refer to the 
work of Najjar and Wood (104). They found in human urine a small amount 
of a substance soluble in butyl alcohol which gave a bluish fluorescence with 
ultraviolet light (substance F2). When a dose of 50 mg. of nicotinic acid was 
given, an increased amount of the substance was excreted. An increase in the 
urine could be detected within an hour and persisted for 4 to 6 hr. They com- 
pared the fluorescence of the compound with that of twenty-seven different 
pyridine derivatives but concluded that none of the compounds tested could be 
identified with the unknown compound. Huff and Perlzweig (60) have recently 
concluded that F2 appears to be N-methylnicotinamide or a labile precursor 
which yields the compound in the course of isolation. 

/ 
CHa c1- 

Najjar, Scott, and Holt (103) have commented on this conclusion as follows: 
Fz appears to be a pyridine compound. The original compound does not give 
a cyanogen bromide reaction but after alkaline hydrolysis a positive cyanogen 
bromide test is obtained. It is biologically active. Results indicate that one 
of the N-methyldihydronicotinamides is indistinguishable from Fz by its adsorp- 
tion properties, solubility in eleven organic solvents, and its reactions with 
alkali, potassium ferricyanide, nitrous acid, acetone, and sulfanilic acid. They 
do not feel justified in identifying Fz as an N-methyldihydronicotinamide for 
three reasons: (1) because one of the N-ethyl isomers likewise possesses these 
identical properties; (2) because acetylation of Fz and of N-methyl- and N-ethyl- 
dihydronicotinamides gives compounds with different fluorescent properties and 
solubilities; and (3) because the absorption of Fz shows characteristic differences. 
It is obvious that we need to know more about these compounds before com- 
pletely quantitative measurements can be made on urine. 

No11 and Jensen (105) have discussed some of the difficulties encountered in 
applying the chemical methods to milk and milk products. 

When the cyanogen bromide method was applied to plant materials (71, 152), 
values for nicotinic acid were obtained which were not reconcilable with the 
known fact that many cereals are low in the anti-pellagra factor. The direct 
extraction of cereals with alkali or acid results in the extraction of chromogens 
which give an exceptionally high final value. Kodicek (71), Waisman and 
Elvehjem (152), and Alehick, Oser, and Siege1 (97) have obtained values more 
in accord with accepted nicotinic acid potency when an aqueous extract is made 
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first and then treated with acid or alkali. Hale, Davis, and Baldwin (49) have 
used the chemical procedure on a large variety of plant products and have 
compared the results with those obtained by microbiological assay. They con- 
clude that plant materials may be divided into tn-o classes on the basis of their 
response to various extraction and hydrolytic treatments. Alkaline hydrolysis 
of an aqueous extract gives the most satisfactory results for the non-chlorophyll- 
containing seed and roots, while acid hydrolysis of the chlorophyll- 
containing part of the plant gives the lowest and most accepted values. In 
general, there was excellent agreement between the chemical and microbiological 
results except in the case of certain forage material. They suggest that the 
chemical method must be used with caution, if a t  all, for the forage part of 
the plant. 

It is also interesting to point out that Lamb (87) and Melnick and Oser (96) 
have used the chemical method for the quantitative estimation of nicotinic acid 
and nicotinamide when they occur together. This method is applicable largely 
to vitamin mixtures. When cyanogen bromide and aniline are used, the rela- 
tionship between the maximum extinction coefficients and the time for their 
development is characteristic for the acid and the amide. 

A number of microbiological methods have been proposed for the estimation 
of nicotinic acid. In 1938, Lwoff and Querido (92) described the use of Proteus 
and, in the same year, Fraser, Topping, and Sebrell (45) developed an assay 
based on Shigella paradysenteriae (Sonne) and Koser, Dorfman, and Saunders (78) 
used the dysentery bacillus. However, it was not until 1941 that a satisfactory 
procedure for assaying all types of materials was developed. Snell and Wright 
(130) used L. arabinosus as the test organism and developed a medium which 
has been highly successful. Krehl, Strong, and Elvehjem (81) have recently 
made slight modifications in the procedure. A great variety of biological mate- 
rials have been analyzed by this method and at  present there is no reason to 
doubt the accuracy of any of the results. 

Best results are probably obtained with food materials if all the nicotinic acid- 
containing compounds are hydrolyzed to the free acid before the bacterial assay 
is carried out. However, the nicotinamide, the nucleoside, and coenzyme I 
all give equivalent activity with L. arabinosus. There may be some question 
about nicotinuric acid. Snell and Wright (130) concluded that it was active, 
but since it apparently is difficult to prepare nicotinuric acid free from nicotinic 
acid a final decision may have to be made later. Certain natural materials 
contain a compound which show no activity in the L. arabinosus assay until it 
is hydrolyzed. Andrew, Boyd, and Gortner (lo), working with cereals and 
cereal products, found that mater and dilute acid extraction gave lower values 
for nicotinic acid than stronger acids and alkali. They concluded that this 
discrepancy could be attributed either to the formation of growth-stimulating 
substances or to the liberation of active nicotinic acid compounds by hydrolysis 
of a less active or inactive precursor. Evidence was presented which indicated 
that the second possibility mas the correct explanation. Cheldelin and Wil- 
liams (20) also found that acid or alkaline extraction of cereals gave higher 
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values than enzymatic digestion alone. The increase in both the acid and 
alkaline extractions was attributed to substances convertible to nicotinic acid, 
and i t  was suggested that trigonelline might be responsible for part of the increase 
in the alkaline treatment. They concluded that the substance formed by hy- 
drolysis was actually nicotinic acid because of the similar results with both 
microbiological and chemical methods. Extensive work in the authors’ labora- 
tory also strongly suggests that the precursor not only yields nicotinic acid but 
that it is biologically active a t  least in the dog before hydrolysis. 

One mould expect that the quantitative estimation of coenzymes I and 11 
would be more difficult because the molecular structure is more complicated and 
the molecule itself is easily disrupted. In spite of these difficulties, some rather 
accurate determinations have been made. Again, biological, physical, chemical, 
and microbiological methods have been used. 

Harden (52) measured cozymase activity by using a press extract of yeast 
as a source of the enzyme systems and a boiled yeast extract as a source of the 
coenzyme. The method of the determination of coenzyme I as developed by 
Euler (32) and Myrback (101) is based on the principle that the addition of 
varying amounts of the coenzyme to a washed yeast preparation will produce 
rates of fermentation which are proportional, within certain limits, to the amount 
of coenzyme I added. The use of this yeast fermentation method has been 
described in detail by Axelrod and Elvehjem (12). Schlenk and Vowles (125) 
have also described improvements in the yeast fermentation method. Jandorf, 
Klemperer, and Hastings (63) have made use of the activity of coenzyme I in a 
glycolysis system rather than in fermentation. The amount of phosphoglyceric 
acid produced in a given time in the presence of bicarbonate buffer is measured 
monometrically in a Warburg apparatus. Very few measurements have been 
made in the case of coenzyme 11, but the original system described by Warburg 
(157) may be used. If the coenzyme is the limiting factor in this system, the 
rate of oxygen uptake is a measure of its concentration. 

Physical methods depend upon the spectrophotometric determination of the 
corresponding dihydro compounds. In this case the solutions containing the 
coenzymes must be free from impurities that absorb in the ultraviolet region in 
which the dihydro coenzymes exhibit their characteristic absorption. The 
details of these methods have been summarized by Hogness and Potter (54). 
This procedure has been used mostly in studies on the related enzyme systems 
rather than in studies on the distribution of the coenzymes in tissues. 

A chemical estimation of the two pyridine nucleotides may be made by deter- 
mining the amount of nicotinamide present in a tissue before and after hydroly- 
sis. The increase in the amount of the amide can then be used to calculate the 
amount of coenzyme originally present. Euler and coworkers (43) used this 
method in their early studies on the distribution of coenzymes in dog and rat 
tissues. 

The microbiological methods are based on the fact that Hemophilus injluenzae 
and Hemophilus parainjluenzae require the preformed coenzymes. 

In 1938 Kohn (74) developed the so called V factor technique for the estima- 
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tion of total coenzyme I and 11, using H. parainjluenzae as the test organism. 
Vilter, Vilter, and Spies (146) developed a method very similar in nature but 
used H .  injluenzae as the organism. Further details of this method have been 
published by Vilter, Koch, and Spies (149). It is important to remember that 
these methods do not distinguish between the two coenzymes and also that 
Schlenk and Gingrich (124) have shown that the nicotinamide nucleoside is also 
measured if present. 

Regardless of how the actual estimations are made, two difficulties are always 
encountered which affect the accuracy of the final values. Since cozymase has 
not been obtained in absolutely pure form, it is difficult to secure a standard 
for use in the various methods. Some of the values in the literature are probably 
high because the standard cozymase used had an activity considerably below 
100 per cent. Recent studies by Handler and Dann (50) indicate that some 
of the preparations that have been used have a maximum absolute purity of 
76 per cent. 

The other problem involves the prevention of destruction of the coenzyme 
during the preparation of the sample for analysis. Euler and coworkers (35, 
36, 40) observed very early that the coenzyme content of tissues decreases very 
rapidly after the death of the animal, especially when the cell structure is de- 
stroyed. Mann and Quastel (93) found that brain suspensions rapidly destroyed 
cozymase and suggested the presence of a nucleotidase. Liver and kidney were 
less active and skeletal and heart muscles contained little if any of the enzyme. 
They found that nicotinamide reduced the rate of destruction and postulated 
that the nicotinamide and cozymase compete for the active center of the nucleo- 
tidase. Handler and Klein (51) have studied the inactivation of the pyridine 
nucleotides by a number of different animal tissues and found that in each case 
nicotinamide is liberated from the rest of the molecule. Nicotinamide was 
found to be quite specific in preventing the decomposition. In quantitative 
methods, this destruction can be prevented by freezing the tissues as soon as 
they are removed from the animal (12). 

In spite of the difficulties which have been discussed, rather definite values 
are available for the distribution of cozymase in a variety of biological materials. 
The cozymase content of liver falls between 400 and 800 y per gram of fresh 
tissue. The amount probably varies with the level of nicotinic acid in the 
ration. Briggs et al. (19) found much more cozymase in the breast muscle of 
chicks when the diet contained 10 mg. per 100 g. than when the amount in 
the diet was less than 2 mg. per 100 g. but adequate to give normal growth. 
Axelrod and Elvehjem (13), as well as Kohn, Klein, and Dann (76), have shown 
a decrease in the coaymase content of liver and muscle, but little change in the 
brain or kidney during nicotinic acid deficiency in dogs and pigs. A definite 
decrease was found in the muscle from human cases of pellagra (14). The 
coenzyme concentration in the red blood cells of pellagrous and normal indi- 
viduals has been studied by Kohn (75, 76), Spies (147) and Elvehjem (14). 
All agree that the coenzyme content may be increased by ingestion of nicotinic 
acid and that the decrease during nicotinic acid deficiency is only slight. It has 
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been concluded that there is no diagnostic value to be obtained from determina- 
tions of coenzyme I in borderline cases of deficiency diseases. 

Pitman and Fraser (111) measured the coenzyme (V factor) content of urine 
from normal and deficient dogs but found no difference in the amount excreted. 

The evolution of our knowledge of the biochemistry of nicotinic acid has 
followed much the same course as that for other biologically active substances. 
When the importance of nicotinic acid was first recognized the picture appeared 
to be very simple: namely, all living tissues contain coenzymes I and I1 and 
nicotinic acid is needed for the construction of these molecules. Certain species 
can manufacture the nicotinic acid needed for these compounds, while others 
must rely upon an outside source. In the case of humans, nicotinic acid must 
be supplied preformed in the diet and the syndrome resulting from an inadequate 
intake has come to be known as pellagra. As the studies continue it is still 
evident that living cells require highly specific structures but these structures 
are found in a variety of natural compounds, some of which are biologically active 
and others inactive. All these related compounds must be considered, whether 
we are measuring dietary intake, metabolism, or excretion, and the complete 
picture cannot be finished until they have been recognized and methods for 
their quantitative estimation established. 

REFERENCES 
ACRELIS, W., AND KUTSCHER, F.: Z. physiol. Chem. 62, 91 (1907). 
ACBERMANN, D.: Z. Biol. 66, 17 (1912). 
ACKERMANN, D.: Z. Biol. 74, 67 (1922). 
ACKERMANN, D., HOLTZ, F., AND REINWEIN, H . :  Z. Biol. 80, 131 (1924). 
ACKERMAN, D., AND KUTSCHER, F.: Z. Untersuch. Nahr. Genussm. 14, 687 (1907). 
ADDICOTT, F. T., AND BONNER, J.: Science 88,577 (1938). 
ADLER, E., ELLIOT, S., AND ELLIOT, L.: Enzymologia 8, 80 (1940). 
ADLER, E., HELLSTROM, H., AND EULER, H. v . :  Z. physiol. Chem. 242, 225 (1936). 
ALDRICH, J. B., AND JONES, W.:  J. Exptl. Med. 2, 439 (1897). 
ANDREWS, J. S., BOYD, H. M., AND GORTNER, W. A,: Ind. Eng. Chem., Anal. Ed. 

ARNOLD, A., SCRREFFLER, C. B., AND LIPSIUS, S. T.: Ind. Eng. Chem., Anal. Ed. 

AXELROD, A. E., AND ELVEHJEM, C. A.: J. Biol. Chem. 131, 77 (1939). 
AXELROD, A. E., MADDEN, R.  J., AND ELVEHJEM, C. A.: J. Biol. Chem. 131,84 (1939). 
AXELROD, A. E., SPIES, T. D., AND ELVEHJEM, C. A.: J. Biol. Chem. 138, 667 (1941). 
BANDIER, E. :  Biochem. J. 33, 1130 (1939). 
BANDIER, E. : O n  Nicotinic Ac id ,  Especially Methods for i t s  Quantitative Estimation 

BANDIER, E., AND HALD, J.: Biochem. J. 33, 264 (1939). 
BILLS, C. E., MCDONALD, F. G., AND SPIES, T. D.  : Southern Med. J. 32,793 (1939). 
BRIGGS, G. M., JR., MILLS, R. C., ELVEHJEM, C. A., AND HART, E .  B.: Proc. SOC. 

BRIGGS, G. M., JR., LUCKEY, T. D. ,  TEPLY, L. J., ELVEHJEM, C. A. ,  AND HART, E.  B.: 

CHELDELIN, V. H., AND WILLIAMS, R.  R . :  Ind. Eng. Chem., Anal. Ed. 14,671 (1942). 
COOPERMAN, J. M., WAISMAN, H. A., AND ELVEHJEM, C. A.: Proc. SOC. Exptl. Biol. 

DANN, W. J.: Science 86, 616 (1937). 

14, 663 (1942). 

13, 62 (1941). 

in Organic Materials. E. Munksgaard, Copenhagen (1940). 

Exptl. Biol. Med. 61, 59 (1942). 

J. Biol. Chem. 148, 517 (1943). 

Med. 62, 250 (1943). 



206 C. A. ELVEHJEM AND L. J. TEPLY 

(23) DASN, W. J., AND HANDLER, P.: Proc. SOC. Exptl. Biol. Med. 48,355 (1941). 
(24) DANN, W. J., AND HANDLER, P . :  J. Biol. Chem. 140, 201 (1941). 
(25) DANN, W. J., KOHN, H. I., AND HANDLER, P.: J. Nutrition 20, 477 (1940). 
(26) DAWSOX, R. F.: Science 87, 257 (1938). 
(27) DORFMAN, A., AND KOSER, S. A.: J. Infectious Diseases 71, 241 (1942). 
(28) DORFMAN, A., KOSER, S. B . ,  REAMES, H. R., SWINGLE, K. F., AND SAUNDERS, F.: J. 

(29) DORFYAN, A., STEWART, A. K , ,  HORWITT, M. K., BERKMAN, S., AND SAUNDERS, F.: 

(30) ELVEHJEM, C. A.: Physiol. Rev. 20, 549 (1940). 
(31) ELVEHJEM, C. A., MADDEN, R. J., STRONG, F. M., AND WOOLLEY, D. W. : J.  Am. Chem. 

(32) EULER, H. v.:  Ergeb. Physiol. exptl. Pharmakol. 38, 1 (1936). 
(33) EULER, H. v., ALBERS, H., AND SCHLENK, F. : Z. physiol. Chem. 240,113 (1936). 
(34) EULER, H. v. ,  ALBERS, H.,  AND SCHLENK, F . :  Biochem. Z. 286, 140 (1936). 
(35) EULER, H. v., AND GUNTHER, G . :  Z. physiol. Chem. 243, 1 (1936). 
(36) EULER, H. v., HEIWINKEL, H., AND SCHLENK, F.:  Z. physiol. Chem. 247, IV (1937). 
(37) EULER, H. v., KARRER, P., AND BECKER, B. : Helv. Chim. Acta 19, 1060 (1936). 
(38) EULER, H. v., KARRER, P., AND USTERI, E. : Helv. Chim. Acta 29,323 (1942). 
(39) EULER, H. v., AND MYRBACK, K.:  2. physiol. Chem. 177, 237 (1928). 
(40) EULER, H. v., MYRBACK, K.,  AND BRUNIUS, E.:  Z. physiol. Chem. 177,237 (1929). 
(41) EULER, H. v., AND SCHLEKK, F.:  Z. physiol. Chem. 246, 64 (1936). 
(42) ECLER, H. v., SCHLENK, F., HEIWIKKEL, H., AND H ~ G B E R G ,  B.: Z .  physiol. Chem. 

(43) EULER, H. v., SCRLENK, F., MELZER, L., AND H ~ G B E R G ,  B.: Z. physiol. Chem. 268, 

(44) FILDES, P.:  Brit. J. Exptl. Path. 19, 239 (1938). 
(45) FRASER, H. F., TOPPING, N. H., AND SEBRELL, W. H.: Pub. Health Repts. 63, 1836 

(46) FROST, D. V., AND ELVEHJEM, C. A. : J. Biol. Chem. 121, 255 (1937). 
(47) FUNK, C.: J. Physiol. 46, 173 (1913); Brit. Med. J. 1, 814 (1913). 
(48) FUNK, C., AND FUNK, I. C.: J. Biol. Chem. 119, XXXV (1937). 
(49) HALE, E .  B., DAVIS, G. K. ,  AND BALDWIN, H. R.:  J. Biol. Chem. 146,553 (1942). 
(50) HANDLER, P., AND DANN, W. J.: J. Biol. Chem. 140,739 (1941). 
(51) HANDLER, P., AND KLEIN, J. R.: J. Biol. Chem. 143, 49 (1942). 
(52) HARDEN, A., AND YOUNG, W. J . :  Proc. Roy. Soc. (London) B77.405 (1906). 
(53) HARRIS, L. J., AND RAYMOND, W. D. : Biochem. J. 33,2037 (1939). 
(54) HOGNESS, T. R., AND POTTER, V. R. : Ann. Rev. Biochem. 10, 509 (1941). 
(55) HOLIDAY, E. R.: Biochem. J. 31, 1299 (1937). 
(56) HOLTZ, P., KUTSCHER, F., AND THIELMAN, F.: Z. Biol. 81,57 (1924). 
(57) HOPPE-SEYLER, F .  A,: Z. physiol. Chem. 222, 105 (1933). 
(58) HUBER, C.: Ann. Chem. Pharm. 141, 271 (1867). 
(59) HUBER, C.: Ber. 3, 849 (1870). 
(60) HUFF, J. W., AND PERLZWEIG, W. A, :  Science 97, 538 (1943). 
(61) JAHNS, E.: Ber. 18, 2518 (1885). 
(62) JAHNS, E.: Ber. 21, 3404 (1888). 
(63) JANDORF, B. J., KLEMPERER, F. W., AND HASTINGS, A. B.: J. Biol. Chem. 138, 311 

(64) KARRER, P., AND BENZ, F . :  Helv. Chim. Bcta 19, 1028 (1936). 
(65) KARRER, P., AND KELLER, H.: Helv. Chim. Acta 21, 463 (1938). 
(66) KARRER, P., RINIGER, B. H., B ~ C H I ,  J., FRITZSCHE, H. ,  AND SOLMSSEN, U.: Helv. 

(67) KARRER, P., SCHWARZENBACH, G., BENZ, F., AND SOLMSSEN, U.: Helv. Chim. Acta 

Infectious Diseases 66, 163 (1939). 

Proc. SOC. Exptl. Biol. Med. 43, 434 (1940). 

SOC. 68, 1767 (1937); J. Biol. Chem. 123, 137 (1938). 

266, 208 (1938). 

212 (1939). 

(1938). 

(1940). 

Chim. Acta 20, 55 (1937). 

19, 811 (1936). 
(68) KLEIN, J. R., PERLZWEIG, W. A,, AND HANDLER, P.: J. Biol. Chem. 146, 27 (1942). 



NATURAL PRODUCTS FUNCTIONALLY RELATED TO NICOTINIC ACID 207 

(69) KSIGHT, B. C. J. G. :  Biochem. J. 31, 731 (1937). 
(70) KNIGHT, B. C. J .  G.:  Biochem. J. 32, 1241 (1938). 
(71) KODICEK, E . :  Biochem. J. 34, 712 (1940). 
(72) KOEHN, C. J., JR., AND ELVEHJEM, C. A . :  J. Nutrition 11, 67 (1936). 
(73) K ~ N I G ,  W.: J. prakt. Chem. 69, 105 (1904). 
(74) KOHN, H. : Biochem. J. 32,2075 (1938). 
(75) KOHN, H. I., AND KLEIN, J. R.: J. Biol. Chem. 130, 1 (1939). 
(76) KOHN, H.  I., KLEIN, J. R.,  AND DANN, W. J . :  Biochem. J. 33, 1432 (1939). 
(77) KOSER, S. A., BERKMAN, S., AND DORFMAN, A , :  Proc. Soc. Exptl. Biol. Med. 47, 504 

(78) KOSER, S. A. ,  DORFMAN, A . ,  AND SAUNDERS, F . :  Proc. SOC. Exptl. Biol. Med. 38, 311 

(79) KOSER, S. A. ,  AND WRIGHT, M. H.: Proc. SOC. Exptl. Biol. Med. 63, 249 (1943). 
(80) KREHL, W. A.: Unpublished data. 
(81) KREHL, W. R.,  STROSG, F. M., AND ELVEHJEM, C. A.: Ind. Eng. Chem., Anal. Ed. 

(82) KRINGSTAD, H.,  AND NAESS, T.: Z. physiol. Chem. 260,108 (1939). 
(83) KCHN, R. ,  AND Low, J . :  Ber. 72, 1453 (1939). 
(84) KUHX, R.,  AND VETTER, H.:  Ber. 68, 2374 (1935). 

(86) LAIBLIN, R. :  Ber. 10, 2136 (1877). 
(87) LAMB, F. W.: Ind. Eng. Chem., Anal. Ed. 16,352 (1943). 
(88) LANDY, M. :  Proc. Soc. Exptl. Biol. Med. 38, 504 (1938). 
(89) LIEBIG, J . :  -4nn. Chem. Pharm. 86, 125 (1853). 
(90) LWOFF, A. ,  AND LWOFF, hf.: Compt. rend. 203, 520 (1936). 
(91) LWOFF, A . ,  AND LWOFF, M.: Proc. Roy. SOC. (London) B122,352 (1937). 
(92) LWOFF, A. ,  AND QUERIDO, A , :  Compt. rend. SOC. biol. 129, 1039 (1938). 
(93) RIA", P.  J. G., AND QUASTEL, J. H.: Biochem. J. 36,502 (1941). 
(94) MCILWAIN, H.: Brit. J. Exptl. Path. 21, 136 (1940). 
(95) RIELNICK, D.,  AND FIELD, H.,  JR.:  J. Biol. Chem. 134, 1 (1940); 136, 53 (1940). 
(96) MELNICK, D. ,  AND OSER, B. L.: Ind. Eng. Chem., Anal. Ed. 16, 355 (1943). 
(97) MELNICK, D., OSER, B. L., AND SIEGEL, L. : Ind. Eng. Chem., Anal. Ed. 13,879 (1941). 
(98) MELNICK, D., ROBINSON, W. D., AND FIELD, H.,  JR.: J. Biol. Chem. 136, 145 (1940). 
(99) MUELLER, J. H.: J. Biol. Chem. 120, 219 (1937). 

(1941). 

(1938). 

$ 

16, 471 (1943). 

(85) KUTSCHER, F., AND LOHYANN, A.:  z. physiol. Chem. 49, 81 (1906). 

(100) MUELLER, J. H.:  J. Bact. 34, 429 (1937). 
(101) MYRBACK, K.:  Ergeb. Enzymforsch. 2, 139 (1933). 
(102) NAJJAR, V. A., AND HOLT, L. E., JR.: Science 93, 20 (1941). 
(103) NAJJAR, V. A., SCOTT, D. B. hl.,  AND HOLT, L. E., JR.: Science 97,537 (1943). 
(104) NAJJAR, V. A, ,  AND WOOD, R. W.: Proc. SOC. Exptl. Biol. Med. 44,386 (1940). 
(105) NOLL, C. I., AND JENSEN, 0. G.:  J. Biol. Chem. 140, 755 (1941). 
(106) OHLMEYER, P . :  Biochem. Z. 297, 66 (1938). 
(107) PEARSON, P . :  J. Biol. Chem. 129, 491 (1939). 
(108) PELCZAR, M. M., AND PORTER, J. R.: J. Bact. 39, 429 (1940). 
(109) PERLZWEIG, W. A.,  LEVY, E .  D., AND SARETT, H. P.: J. Biol. Chem. 136, 729 (1940). 
(110) PETERSON, W. H.:  In Biological Symposia, Vol. 6. The Jaques Cettell Press, Lm- 

(111) PITMAN, M., AND FRASER, H.  J.: Pub. Health Repts. 66, 915 (1940). 
(112) ROSENBLUM, L. A., AND JOLLIFFE, N.:  J. Biol. Chem. 134,137 (1940). 
(113) ROUTH, J. J., AND HOUCHIN, 0. B.:  Federation Proc. 1, 191 (1942). 
(114) RUBINSTEIN, D., AND SHEKUN, L.: Nature 143, 1064 (1939). 
(115) SARETT, H.  P. : J. Nutrition 23, 35 (1942). 
(116) SARETT, H. P., HUFF, J. W., AND PERLZWEIG, W. A . :  J. Nutrition 23,23 (1942). 
(117) SARETT, H. P., PERLZWEIG, W. A. ,  AND LEVY, E. D.: J. Biol. Chem. 136,483 (1940). 
(118) SCHAEFER, A. E., MCKIBBIN, J. hI., AND ELVEHJEM, C. A.: J. Biol. Chem. 144, 679 

caster, Pa. (1941). 

(1942). 



208 C. A. ELVEHJEM AND L. J. TEPLY 

(119) SCHLENK, F.: A Symposium on Respiratory Enzymes (edited by Perry Wilson). The 

(120) SCHLENK, F. : Arkiv Kemi, Mineral. Geol. l2B, No. 17 (1936). 
(121) SCHLENK, F.: Naturwissenschaften 28, 46 (1940); Arkiv Kemi, Mineral. Geol. 14A, 

(1%) SCHLENK, F . :  J. Biol. Chem. 146, 619 (1942). 
(123) SCHLENK, F., AND EULER, H. v. : Naturwissenschaften 24, 794 (1936). 
(124) SCHLENK, F., AND GINGRICH, W.: J. Biol. Chem. 143, 295 (1942). 
(125) SCHLENK, F., AND VOWLES, R. B.: Arkiv Kemi, Mineral. Geol. 13B. No. 1 9 , l  (1940). 
(126) SEBRELL, W. H., ONSTATT, R.  H., FRASER, H. F., AND DAFT, F. S.: J. Nutrition 16, 

(127) SHAW, G. E., AND MCDONALD, 0. A.: Quart. J. Pharm. Pharmacol. 11, 380 (1938). 
(128) SMITH, D. T.: The ~ o l o g i c a l  Action of the Vitamins (edited by E .  A. Evans, Jr.), 

(129) SMITH, D.  T., MARGOLIS, G., AND MARGOLIS, L. H. : J. Pharmacol. 68, 458 (1940). 
(130) SNELL, E. E., AND WRIGHT, L. D.:  J. Biol. Chem. 139, 675 (1941). 
(131) SPIES, T. D., BEAN, W. B., AND STONE, R.  E.: J. Am. Med. Assoc. 111,584 (1938). 
(132) SPIES, T. D., GRANT, H.  M., AND HUFF, N. E .  : Southern Med. J. 31,901 (1938). 
(133) SPINK, W. W., VIVINO, J. J., AND MICKELSON, 0.:  Proc. SOC. Exptl. Biol. Med. 60, 

(134) STRAUS, E., DINGLE, J. H., AND FINLAND, M.: J. Immunol. 42, 331 (1941). 
(135) STREET, H. R.,  AND COWGILL, G. R.  : Proc. Soc. Exptl. Biol. Med. 37,547 (1937). 
(136) STRONG, F. M., MADDEN, R. J., AND ELYEHJEM, C. A.: J. Am. Chem. SOC. 60, 2564 

(137) SUBBAROW, Y., AND DANN, W. J.: J. Am. Chem. Soc. 60,2565 (1938). 
(138) SUBBAROW, Y., DANN, W. J., AND MEILMAN, E.: J. Am. Chem. SOC. 60,1510 (1938). 
(139) SUZUKI, U., SHIMAMURA, T., AND ODAKE, S.: Biochem. Z. 43, 89 (1912). 
(140) SWAMINATHAN, M.: Indian J. Med. Research 26, 427 (1938). 
(141) SZYMANSKA, R. M., AND FUNK, C.: Chem. Zelle Gewebe 13, 44 (1926). 
(142) TEPLY, L. J.: Unpublished data. 
(143) TEPLY, L. J., AXELROD, A. E., AND ELVEHJEM, C. A.: J. Pharmacol. 77,207 (1943). 
(144) VICKERY, H. B.: J. Biol. Chem. 68, 585 (1926). 
(145) VILTER, R. W., AND SPIES, T. D.: Lancet 2,423 (1939). 
(146) VILTER, R.  W., VILTER, S. P., AND SPIES, T. D. :  Am. J. Med. Sei. 197, 322 (1939). 
(147) VILTER, R. W., VILTER, S. P., AND SPIES, T. D.: J. Am. Med. Assoc. 112, 420 (1939). 
(148) VILTER, S. P., BEAN, W. B., AND SPIES, T. D.: Southern Med. J. 31,1163 (1938). 
(149) VILTER, S. P., KOCH, M. B., AND SPIES, T. D.: J. Lab. Clin. Med. 26,31 (1940). 
(150) VILTER, S. P., SPIES, T. D., AND MATHEWS, A. P.: J. Biol. Chem. 126, 85 (1938). 
(151) VONGERICHTEN, E.: Ber. 32, 2571 (1899). 
(152) WAISMAN, H. A., AND ELVEHJEM, C. A.: Ind. Eng. Chem., Anal. Ed. 13, 221 (1941). 
(153) WAISMAN, H. A,, MICKELSON, O., MCKIBBIN, J. M., AND ELVEHJEM, C. A.: J. Nutri- 

(154) WARBURG, O., AND CHRISTIAN, W.: Biochem. Z. 274, 112 (1934); 276,464 (1935). 
(155) WARBURG, O., AND CHRISTIAN, W.: Biochem. Z. 287, 291 (1936). 
(156) WARBURG, O., AND CHRISTIAN, W.: Helv. Chim. Acta 19, 79 (1936). 
(157) WARBURG, O., CHRISTIAN, W., AND GRIESE, W. : Biochem. Z. 282, 147 (1935). 
(158) WEIDEL, H.: Ann. Chem. Pharm. 166, 328 (1873). 
(159) WEIDEL, H.: Ber. 12,  1989 (1879). 
(160) WEIDEL, H., AND HERZIG, J.: Monatsh. 1.1 (1880). 
(161) WEIDEL, H., AND PICK, B.: Monatsh. 6, 656 (1884). 
(162) WEST, R., AND COBURN, A. F.: J. Exptl. Med. 72, 91 (1940). 
(163) WILLIAMS, R. R.:  J. Biol. Chem. 29, 495 (1917). 
(164) WOOLLEY, D. W., STRONG, F. M., MADDEN, R. J., AND ELYEHJEM, C. A.: J. Biol. 

University of Wisconsin Press, Madison, Wisconsin (1942). 

13 (1941). 

355 (1938). 

The University of Chicago Press, Chicago (1942). 

32 (1942). 

(1938). 

tion 19, 483 (1940). 

Chem. 124, 715 (1938). 


