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PREFACE 

WE are pleased to present six reviews in the fifth volume of this series. The 
opening chapter on polypeptide antibiotics is complementary to a review of 
other medicinally important polypeptides which appeared in Volume 4; 
these two reviews together include references to over 1250 papers, and give 
an indication of the tremendous effort that has been concentrated in this 
field in recent years. Another very active subject-non-steroidal anti- 
inflammatory drugs-is reviewed in Chapter 2; although research in this 
field has recently yielded some useful drugs, several aspects of the mode of 
action and structure-activity relationships remain unsolved. 

The next two chapters emphasize the biochemical aspects of heparin 
and heparinoids, and of histidine decarboxylases. Chemical elucidation 
of the structure of heparin derived from different species is now in sight, 
and it is hoped that this advance will hasten progress into the true physio- 
logical function of this mucopolysaccharide ; further analyses of the charac- 
teristics of the two histidine decarboxylases may also soon indicate their 
physiological importance, especially in the control of the microcirculation. 
The chapter on psychotropic drugs and neurohumoral substances follows, 
and attempts to cover the advances in our knowledge of chemical transmission 
within the central nervous system so that psychotropic drugs can be used in 
the future against a more scientific background. 

Finally, the chemical, bacteriological and clinical aspects of the nitrofurans 
are reviewed in Chapter 6 with special emphasis on the significant Japanese 
contribution to this field. Research continues unabated in an effort to 
discover a drug which retains the very desirable antibacterial properties of 
the existing nitrofurans but which lacks some of the disadvantages that limit 
their clinical application. 

I t  is hoped that readers will appreciate the effort that our authors have 
made to cover as thoroughly as possible the ever-expanding literature of 
their respective subjects. We thank reviewers for their encouragement, the 
staff of Butterworths for their help, and authors, societies and publishers for 
permission to reproduce material. We apologize to Dr. P. S. J. Spencer for 
inadvertently omitting from the contents list of Volume 4 his qualifications 
(B.Pharm., Ph.D.) and his address (at the time: Allen & Hanburys Ltd., 
Ware, Herts). 

G. P. ELLIS 
G. €3. WEST 

V 
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POLYPEPTIDE ANTIBIOTICS OF MEDICINAL 
INTEREST 

R. 0. STUDER 

INTRODUCTION 

IN the 26 years since the discovery of tyrothricin-the first peptide antibiotic 
isolated-more than a hundred antibiotic substances containing one or more 
amino acids or moieties derived from amino acids have been described. 
However, despite considerable efforts, the structures of relatively few peptide 
antibiotics have been determined and ultimately proved by synthesis. There 
are several reasons for this. 

First, many of these antibiotics, after their discovery, characterization and 
evaluation, were not of sufficient practical importance and work on them 
was discontinued. Second, they have relatively complicated structures. 
Unlike the peptide hormones, which are composed of a limited number of 
natural amino acids found in proteins, many peptide aiitibiotics contain a 
large variety of components other than amino acids. Besides the frequently 
occurring amino acids not isolated from proteins (Table  1.1)) many other 
components, such as hydroxy acids, amino sugars, fatty acids, pyrimidine 
derivatives and so on, are present (Table  1.2). They also often contain 
unusual peptide linkages, unknown in proteins. Furthermore, most of the 
peptide antibiotics are of cyclic nature and for this reason are resistant to 
enzymatic attack, which makes their structural elucidation in many instances 
more complicated. 

A third reason for this lack of knowledge may be the present limited 
therapeutic importance of the peptide antibiotics, mainly as a result of their 
narrow antimicrobial spectrum and their relatively high toxicity. However, 
the recent increase in serious infections caused by gram-negative bacteria 
and their growing resistance to the broad spectrum antibiotics has turned 
interest to some of the peptide antibiotics, which are the most active inhibitors 
of these organisms. 

CLASSIFICATION OF PEPTIDES 
Peptides can be classified according to several principles. With regard to 
chemical characteristics, Bricas and Fromageotl have divided the peptides 
into two groups: the homoeomeric peptides, which are built up only of amino 
acids, and the heteromerie peptides, which contain other components beside 
amino acids. Most peptide hormones belong to the homoeomeric peptides, 
while the majority of the peptide antibiotics belong to the heteromeric pep- 
tides. This classification has been e ~ t e n d e d ~ ? ~  to the cyclopeptides by dividing 
them into the homodet and heterodet cyclic peptides. The former are peptides 
with rings formed only from amino acids in peptide linkages, whereas the 
rings of the latter contain other linkages also. A group of peptide-related 
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POLYPEPTIDE ANTIBIO?'ICS OF MEDICINAL INTEREST 

Table I.Z. Amino acids found in peptide antibiotics 

Amino acids found 
in antibiotics 
and proteins 

L-alanine 
L-arginine 
L-aspartic acid 
L-cysteine 
L-glutamic acid 
Glycine 

L-liistidine 
L-hydroxyproline 

L-isoleucine 
L-leucine 

L-lysine 
L-met hionine 
L-phenylalanine 

L-proline 
L-serine 
L-threonine 
L-tryptophan 
L-tyrosine 
L-valine 

Related amino acids found only in antibiotics 

- _ _  - -~ ~ _ _ _  

N-methyl-L-alanine, p-alanine, L-P-(2-thiazolyl)-P-alanine 

maspartic acid, r-B-methylaspartic acid 
D-cysteine, N,N'-dimethyl-L-cystine 
u-glutamic acid 
Sarcosine, L-a-phenylsarcosine, L-phenylglycine, cr-(Z-irninohexa- 
hydro-4-pyrimidyl)-glycine 

Allo-D-hydroxyproline, cis-3-hydroxy-~-proline, trans-3-hydroxy-~- 

o-isoleucine, allo-n-isoleucine, N-methyl-L-isoleucine 
N-methyl-L-leucine, ,8-N-dimethyl-L-leucine, L-B-hydroxyleucine, 

L-p-lysine 

D-phenylaianine, N-methyl-L-phenylalanine, N-methyl-L-fi-dimethyl- 

y-methyl-L-proline, B-methyl-L-proline 
D-serine 
Allo-L-threonine 
&tryptophan, B-methyl-L-tryptophan 

n-valine, N-methyl-L-valine, L-norvaline, L-y-formylmethylnorvaline 
L-ornitbine, D-ornithine, N-hydroxy-L-ornithine 
L-lanthionine, ,8-methyl-L-lanthionine 
L-a-aminobutyric acid, D-or-arninobutytic acid, L-a,y-diamino- 

L-a-amino-B-pbenylbutyric acid, a, ,!I-diaminobutyric acid 
L-cr, B-diaminopropionic acid, P-arninopropionic acid 
6-aminovaleric acid, 2-aminohexenoic acid, 6-diazo-5-0x0-amino- 

D-a-aminoadipic acid 
l-methyl-4-aminopyrrole-2-carboxylic acid, 1-methyl-5-amino- 

D-penicillamine, streptolidine, 3-aminosalicylic acid 
o-a-pipecolic acid, 4-oxopipecolic acid, 2-( 1 -amino-2-methylpropyI) 

Thiostreptoic acid, thiostreptine 

proline 

D-leucine 

aminophenylalanine, 3-nitro-4-hydroxy-~-phenylalanine 

butyric acid 

hexanoic acid 

pyrrole-2-carboxylic acid 

thiazole-4-carboxylic acid 

Table 1.2. Components other than amino acids found in polypeptide antibiotics 

Amines 
Ethanolamine 
Cadaverine 
1 -amino-5-hydroxylaminopentane 

Formic acid 
Propionic acid 
D-a-hydroxyisovaleric acid 
a-n-hexyl-B,y-dihydroxypentanoic acid 
6-diazo-5-oxohexanoic acid 
6-methylheptanoic acid 
(+)-6-methyloctanoic acid 
3-hydroxydecanoic acid 
p-hydroxytridecanoic acid 
(+) -12-methyltetradecanoic acid 

Sugars 
D-gulosamine 
Glucose, xylose 
Unidentified sugars 

Other components 
3-methyluracil, p-picoline, Fe 

Acids 
13-methyltetradecanoic acid 
Lactic acid 
Guanidino-acetic acid 
Succinic acid 
3-hydroxypicolinic acid 
2-propionylthiazole-4-carboxylic acid 
Quinoxaline-2-carboxylic acid 
Actinocinin 
Viomycidine 
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antibiotics, which are built up of hydroxy and amino acid residues joined 
by amide and ester bonds, are known as deps~$eptides~-~. The antibiotics with 
known structures are listed and classified in this way in Table 1.3. 

For this review another classification is used. As the majority of peptide 
antibiotics are of unknown structure and cannot therefore be classified 
chemically, they are grouped according to the organism which produces 
them. At the beginning of every section, the peptide antibiotics are listed in 
a table which gives the known characteristics and the literature. Only the 
clinically useful members are described in detail. Furthermore, only those 
peptide antibiotics which consist mainly of amino acids in peptide linkages 
are fully considered. The important actinomycin~~, pen ic i l l i n~~~-~3  and 
cephalo~porins~~, which have been reviewed several times in recent years, 
are not included here. Amino acids and amino acid residue sequences are 
denoted in accordance with the suggestions of the committee on nomencla- 
ture which reported at  the Fifth European Peptide Symposium15. When 
necessary the direction of the -CO . NH- bond is indicated by an arrow (+). 

Every effort has been made to cover the work published up to the end of 
1964. 

TECHNIQUES OF PEPTIDE CHEMISTRY 

Methods o f  Structural Elucidation 

The methods employed to deduce the structures of peptides have been re- 
viewed by several authors16-19 and are not commented on here. These 
methods, when applied to peptides of animal origin with their limited 
number of amino acids, can be used with a minimum amount of peptide 
and the released amino acids or their reaction products can usually be 
identified unequivocally by chromatographic procedures. In  the case of 
peptide antibiotics with their many uncommon constituents, the characteri- 
zation of these components is an additional task. Even the amino acids them- 
selves need a careful investigation. They may be derivatives of common 
amino acids, they may be secondary degradation products from unusual 
components, or they may have D-configuration. Therefore the components 
have usually to be isolated in amounts which allow a careful chemical and 
physicochemical characterization, and often direct comparison with syn- 
thetic compounds is necessary. 

Another difficulty often encountered in the field of peptide antibiotics is 
the proof of homogeneity. Most of these antibiotics are produced as a group 
of closely related compounds, which are difficult to separate. Here, extensive 
countercurrent distribution20 and the method of multiple dialysis21 are very 
valuable. 

The determination of the molecular weight has also often led to difficulties. 
Freezing-point depression, diffusion and sedimentation in the ultracentrifuge 
have sometimes led to discrepancies owing to association or solvents of 
crystallization. The partial substitution method of Battersby and Craig22, 
the thermoelectric method of Simon and Tomlinson23, mass-spectrometric 
measurements and x-ray analysis have been used recently to overcome such 
difficulties. 

Final evidence for the accuracy of the proposed structure is usually 
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R. 0. STUDER 

obtained by synthesis and careful chemical, physicochemical and biological 
comparison with the natural product. However, synthesis in the field of 
peptide antibiotics is a rather laborious task and has been achieved only in 
a few cases. Other methods have therefore been used to provide information 
about the correctness of a proposed structure. The nuclear magnetic reson- 
ance spectra in deuterio-acetic a~id~~925, mass-spectrometric s t ~ d i e s ~ ~ y ~ ~ ,  and 
optical rotatory dispersion of metal complexesza have proved helpful. 

Methods of Synthesis 
The methods of peptide synthesis have been reviewed by several authors 
within the last few  year^^^-^^. Special methods of peptide synthesis have been 
discussed annually since 1958 at the European Peptide Symposium and are 
published in the proceedings of these meet ing~l~73~-~~.  It is therefore not 
intended to give a survey here. 

The methods for the synthesis of cyclopeptides have been reviewed by 
Schwyzer43 and by R ~ t h e ~ ~ .  For the synthesis of a homodet cyclic peptide, 
a corresponding suitably protected linear peptide is usually prepared first. 
Three procedures are then available for the cyclization of these key peptides. 
In a first method both the N-terminal and the C-terminal protecting groups 
are removed and the resulting free peptide is treated with ~arbodi - imide~~ 
in high dilution. In  a second procedure an active peptide is prepared by 
transforming the carboxyl group into an activated e ~ t e r ~ " , ~ ~  or an a ~ i d e ~ ~ ,  
which after removal of the N-terminal protecting group is submitted to 
cyclization in high dilution. Peptide azides may also be prepared directly from 
the free peptide hydra~ides~~748. A third procedure, the activation of the 
amino group of a free ~ e p t i d e ~ ~ ,  has rarely been used. 

For the synthesis of the heterodet cyclic depsipeptides, the acid chloride 
which had been prepared after the removal of the N-protecting g r o ~ p s ~ ~ t ~ l  
was most used. Recently, a mixture of acetylchloride and acetylimidazole 
has been used for the cyclization of actinomycin C, acid to actinomycin 
C151a. Heterocyclic peptides containing disulphide rings have been cyclized 
by oxidation of the corresponding disulphydryl corn pound^^^. 

Doubling reactions59@, in which two molecules of the activated peptide 
condense prior to cyclization, have hceri observed on several occasions, and 
have been used for the synthesis of gramicidin S53. Because of these side- 
reactions, the careful characterization of the end-products, especially the 
determination of the molecular weights, is of paramount importance. 

POLYPEPTIDE ANTIBIOTICS PRODUCED BY B. Breuis 
General Considerations 

Brevin, Brevolin and Edein, three peptide antibiotics with structures yet 
unknown, are not in clinical use ( Table 1.4). Tyrothricin consists of a whole 
group of chemically and biologically closely related individuals, a feature 
known for the polymyxins, the bacitracins and other peptide-type anti- 
biotics. The tyrothricin group is interesting not only because of its clinical 
application, but also from a historical viewpoint. Tyrothricin was the second 
antibiotic found, 10 years after the discovery of penicillin, in a direct search 
for antibiotic substances. As the first antibiotic of strictly peptide nature, it 
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POLYPEPTIDE ANTIBIOTICS OF MEDICINAL INTEREST 

is closely linked to the development of the modern techniques of peptide 
chemistry. Paper-chromatography, ionophoresis, countercurrent distribution, 
partial hydrolysis, end-group analysis by Sanger, molecular weight deter- 
mination and even synthesis of cyclopeptides were tried on these compounds 
and proved their usefulness. 

From the biogenetic viewpoint, the tyrothricins are interesting because 
they contain, unlike the other antibiotic families, two different types of 
peptides: on the one hand the cyclic tyrocidines, and on the other the linear 
gramicidins A, B, C and U, which are also protected on the amino end by 
the unusual formyl group and by an ethanolamine residue on the carboxyl 
end. The latter are the only non-cyclic antibiotics known to the present day 
(Tab le  1.4). 

Gramicidin S is closely related to the tyrocidines since it contains one of 
the pentapeptide sequences of tyrocidine repeated twice in its cyclic mole- 
cule. 

Tyrothricin 

Discovery and nomenclature 

In 1939 Dubos reported the isolation of the antibiotic tyrothricin from 
culture filtrates of strains of Bacillus breuis58*59*90> He and his c o - w ~ r k e r s ~ ~ ~ ~ ~  
soon succeeded in separating tyrothricin with organic solvents into two 
crystalline compounds, the neutral gramicidin and the basic tyrocidine 
(formerly called graminic acid and gramidinic acid). Tyrothricin is thus 
a term for the partially purified antibiotic obtained from the culture fluids 
of Bacillus brevis. I t  contains on the average a mixture of 20 per cent grami- 
cidin and 80 per cent tyrocidine. Besides these, at least three further poly- 
peptides have been found by countercurrent distribution of tyrothricin. 

Chemistry 
The  tyrocidines-The peptide nature of tyrocidine soon became apparent 

and several components were identified6O9 933 y4. This early period has been 
reviewed by Hotchkisseo and by SyngeG1. A big step toward the elucidation 
of the structure was made in 1949, when American  worker^^^.^^ were able to 
demonstrate that the crystalline tyrocidine hydrochloride was not a homo- 
genous compound. I t  was fractionated by countercurrent distribution into 
three major crystalline components, called tyrocidine A, B and Q2, thus 
confirming an earlier indication of hcter0geneity9~. On hydrolysis, all three 
gave distinct spots on paper-chromatograms corresponding to phenylalanine, 
leucine, tyrosine, valine, proline, ornithine, glutamic acid and aspartic acid. 
In  addition, B and C contained tryptophan. 

The molecular weight of tyrocidine A was found to be about 1,27OW. 
Total hydrolysis and quantitative amino acid analysis revealed the exact 
composition62. Partial hydrolysis, fractionation of the resulting peptide 
mixture by countercurrent distribution, ion-exchange chromatography and 
paper-chromatography, followed by sequential analysis, led Paladini and 
Craig to the structure of tyrocidine Ae3 (see Table 1.6). 

The structure of the crystalline tyrocidine B was elucidated shortly after- 
wards in a series of analogous experiments by King and Craie5. The only 
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Table 1.4. Polypeptide antibiotics produced by B. Brevis 

Phe 

Phe 

Name 

Asp(lUH,), Glu(NH,), Leu, Om, 

Asp(NH,), Glu(NH,), Leu, Om, 
Phe, Pro, Val, Tyr 

Brevin 
Brevolin 
Edein 
Tyrothricins 

Tyrocidine A 

Tyrocidine B 

Tyrocidine C 

Tyrocidine D 

Gramicidin A 

Gramicidin B 
Gramicidin C 
Gramicidin D 

-3 

Gramicidin S (J1, Je) 

Antibiotic sfiectrum 

Gram-pos., bacteria 
Gram-pos., gram-neg. 
Gram-pos., gram-neg. 
Gram-pos., gram-neg. 
Gram-pos., gram-neg. 

Gram-pos., gram-neg. 

Gram-pos., gram-neg. 

Gram-pos., gram-neg. 

Gram-pos. bacteria 

Mol. wt. 

-1,270 

-1,310 

-1,350 

-1,390 

1,882 

Gram-pos. bacteria -2,000 
Gram-pos. bacteria -2,000 
P-rim-nnr harteria I 1 897 

Gram-pos. bacteria ~ l , i + O  
I 

Amino acids* 

D I  L 

Asp, Gly, Ser, Tyr 
Arg, Leu, Tyr, I’al, several unknown 
Arg, Glu, Gly, Tyr, two unknown 

I 

Phe, Try! Asp(I\jH,): Gl;(hH,), Leu, Om, 

Asp(NH,), GIu(KH2), Leu, Om, 

Try Leu, Val I Ala, Gly, Try, Val 

Pro, Tyr, Val 

Pro, Tyr, Val 

Ala, Gly,!Leu, Phe, Try, Val 
Ala, Gly, Leu, Try, Tyr, Val 
Leu, Val 1 Ala, Gly, Ile, Try: Val 

Phe ~ Leu, Om, Pro, Val 

Other components 

Unknown base 

Ethanolamine, formic 

Ethanolamine 
Ethanolamine 
Ethanolamine, formic 

acid 

acid 

* \$‘henever the confiquration of the constituent amino acids has been determined, the D- and L-forms are separated by a vertical line. 

References 

55 
56 
57 
5 8 4 1  
62-64 

62, 64, 65 

62, 64, 66 

66 

61, 64, 67-73 

61, 64, 67, 68 
61, 64, 67, 68 
70, 72, 73 

74-89 



POLYPEPTIDE ANTIBIOTICS OF MEDICINAL INTEREST 

remaining uncertainty concerned the asparagine- and glutamine-residues 
because there was no direct evidence that iso-asparagine and isoglutamine 
were not involvedG5. 

Only recently have structures been proposedsG for tyrocidine C and for the 
newly isolated tyrocidine D. 

The grurnicidins-Soon after the isolation of the crystalline gramicidin, 
H o t c h k i ~ s ~ ~  presented evidence of its peptide nature and identified several 
components after total hydrolysis. He found neither a free amino nor 
carboxyl group. Gordon, Martin, and Synge determined the amino acid 
compo~i t ion~~ and identified 2-aminoethano198 as an additional constituent. 
These early experiments for the characterization of gramicidin have been 
reviewed by Syngeo1TG7. Recry~tallization~~, diffusionloo and adsorptionQs 
studies did not reveal any heterogeneity in gramicidin. Craig, Gregory and 
BarryG4,68 were able to demonstrate, by the newly developed method of 
countercurrent distribution, that graniicidin is a mixture of at least three 
closely related substances. They thus introduced a new criteiion of purity, 
which was also of prime importance for the characterization of this group of 
substances. The three components, in order of increasing partition coefficient, 
were called gramicidin B, A and C. Besides these, there was indication of a t  
least one more component. The three gramicidins, isolated in crystalline 
form, were found to differ iii their amino acid content, both qualitatively and 
q u a n t i t a t i ~ e l y ~ ~ , ~ ~ .  

More than 10 years later, indication was obtained69 that gramicidin A 
in itself is heterogenous. When gramicidin A was submitted to counter- 
current distribution over 2,000 transfers70, a small peak, called gramicidin 
D, separated from the main peak, still designated as gramicidin A. Even 
after this extensive purification the main component gramicidin A may still 
be ~ontaminated'~. By total hydrolysis and quantitative analysis the compo- 
sition of the different gramicidins was determined (Tab le  1.5), showing 
clearly their close relati~nship'~. 

~ ~ _ _  

Gramicidin A 0.70 Gly,Ala,Val,I.eu,Try, Ethanolamine, 
Formic acid 

_______ 

Gramicidin I3 0.32 

__~_ ___ 

Gly,.41a2Val,ieu,PhelTry,.., 

8 

Gramicidin C 

- 

I 

I 

Ethanolamine, i 1.41 Gly,Ala,VaI,Leu,T yr,Try, 

Gramicidin D 1 0.59 
~ 

~ 

Gly,AIa,Val,Ile, Leu,Try, Ethanolamine, 
Formic acid 
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Recently it has been found that the former gramicidin A (mixture of A 
and D) contains a formyl group, which blocks the N-terminal amino 
g r o ~ p ~ l 9 ~ ~ .  This protecting formyl group can be removed by treatment with 
1 *5N anhydrous hydrogen chloride in absolute methanol. By subsequent 
N-terminal amino acid analysis according to the method of Sanger, they 
found valine and isoleucine, thus confirming the heterogeneity of the former 
crystalline gramicidin A. These results, obtained by Edman degradation, in 
combination with earlier f i n d i n g ~ ~ ~ ~ l ~ l ~ l o ~  led to the structure (Table 1.6) for 
gramicidin A (valine-gramicidin A) and for gramicidin D (isoleucine- 
gramicidine A)72. These two formulae best express all published observations 
up to now and also resolve the doubts about the molecular weight of grami- 
cidin A67. They establish a molecular weight of 1,882 for gramicidin A 
(valine-gramicidin A), a value now confirmed by ultracentrifuge studies72. 

Gramicidin A is not attacked by enzymes such as nagarse, pronase, 
chymotrypsin and pepsin7l. 

Gramicidin S-Another member of the tyrothricin group is gramicidin S 
('Soviet gramicidin'), isolated in 1944 in crystalline form from an organism 
similar to B. bre~is~41~~. It was immediately apparent that this antibiotic 
differed from the gramicidin of Dubos in its biological and chemical aspects7&. 
The antibiotic was characterized as a polypeptide by the Russian authors, 
who also identified proline, ornithine and leucine after total hydroly~is~~.  
S ~ n g e ~ ~  suggested in 1945 that gramicidin S is probably a cyclodecapeptide 
having a stoichiometric minimum unit formed from one residue each of 
L-ornithine, L-proline, L-valine, L-leucine and D-phenylalanine. These data 
made it clear that gramicidin S is closely related to tyrocidine. The presence 
of two free amino groups contributed by the S-amino group of the ornithine 
residue and the absence of any free carboxyl group supported the proposed 
cyclic nature77. Consden and his co-workers7@.79 fractionated the products of 
partial hydrolysis by the use of two-dimensional paper-chromatograms and 
ionophoresis. They proposed the sequence L-valyl-L-ornithyl-L-leucyl-D- 
phenylalanyl-L-prolyl, which occurs once or repeatedly in a cyclopeptide. 
Diffusionloo and cryoscopic75 measurements, countercurrent distribution of 
the 2,4-dinitrophenyl derivatives80 and x-ray examination of a series of 
derivatives of gramicidin S81-84 favoured a molecular weight consistent 
with a decapeptide consisting of two pentapeptides of the established 
sequence (Table 1.6). 

In  1959, Japanese w0rkers8~J'~ reported the isolation and structure of a 
new gramicidin, designated gramicidin J1, and in the same year Nodas? 
isolated and determined the structure of gramicidin Jz. The total synthesis 
of gramicidin J2 was publisheds7, but recently these findings were revised 
and the identity of gramicidin J1 and gramicidin Jz  with gramicidin S was 
firmly establisheds8. 

Synthesis 

The only member of the tyrothricin group synthesized to date is grami- 
cidin S. Harris and Worklo3 had prepared several pentapeptide derivatives. 
Later, syntheses of protected pentapeptides104J05 and decapeptideslo5 were 
published, but the final synthesis, marking the first synthesis of a naturally 
occurring cyclic peptide, was accomplished by Schwyzer and SiebeF.  

9 
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Tuble 2.6. The structures of the members of the tyrothricin group 

I I 
IVH2 NH, 

Gramicidin S 
X Y Z  

Tyrocidine A D-Phe L-Phe D-Phe 
Tyrocidine B D-Phe I,-Try D-Phe 
Tyrocidine C D-Try L-Try D-Phe 
Tyrocidine D D-Try L-Try D-Try 

H CO-X-Gly-L-Ala-D-Leu-t-Ala-n-Val-L-val-D-val-L-T~-D-Leu-L-Try-D-Leu-L-Try-D-Leu-L-~ry-~HCH~CH~oH 

Gramicidin A (valine-gramicidin A) 
Gramicidin D (isoleucine-gramicidin A) 

X = L-Val 
X = L-Ile 
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First the repeating pentapeptide unit (Figure 1.1) was built up. Removal of 
either the N-terminal trityl group or the C-terminal methyl group and 
connection of the two resulting pentapeptides by means of carbodi-imide 
yielded the protected linear decapeptide. This was converted to the corres- 
ponding p-nitrophenyl ester by saponification of the methyl ester and reac- 
tion with di-(p-nitropheny1)sulphite. After removal of the N-terminal 
trityl group the cyclization was achieved by reaction in hot pyridine. Finally 
the tosyl groups which protected the d-amino groups of ornithine throughout 
the synthesis were removed and the product was purified by countercurrent 
distribution. It proved to be identical with natural gramicidin S in all 
respects. 

In a later attempt to prepare the cyclic pentapeptide by cyclization of the 
p-nitrophenyl ester of the pentapeptide sequence, Schwyzer and SieberlOe 
isolated the cyclized decapeptide. Two pentapeptide derivatives had con- 
densed and cyclized, a doubling reaction later observed with other cyclic 
prptides. 

Swiss workers have reported the syntheses of a protected pentapeptide 
sequencelo7 and of a protected decapeptide sequence108 of tyrocidine A. The 
final cyclization has yet to be achieved. 

Antimicrobial activity 

T y r o t h r i ~ i n ~ O , ~ ~ ~  is bacteriostatic in concentrations of 0.01 pg/ml. and 
less for gram-positive cocci such as pneumococci, streptococci and staphy- 
lococci. At concentrations greater than 1 pglml. it is bactericidal and some 
species of organisms, e.g. pneumococcus and staphylococcus are lysed. Gram- 
negative bacteria are much less sensitive. Many penicillin-resistant strains 
of cocci are sensitive to tyrothricin ( Table 1.7). 

Grarnicidine0Jo9 is bacteriostatic and to some degree bactericidal in 
concentrations of 0.01 to 1 pg/ml. for gram-positive cocci. Even at  very high 
doses there is no lysis of any organism. I t  has no activity towards gram- 
negative organisms. 

T y r o ~ i d i n e ~ ~ , ' ~ ~  has about one-tenth to one-fifteenth of the activity of 
gramicidin against gram-positive cocci, but it is somewhat more active 
against gram-negative cocci and bacilli. I t  is responsible for the activity 
which tyrothricin shows against the gram-negative intestinal bacilli, whereas 
gramicidin is responsible for the high activity of tyrothricin against the gram- 
positive organisms. At bactericidal concentrations tyrocidine produces lysis 
in some species of organisms. Tyrocidine as well as gramicidin is haemo- 
lyticllo. Tyrocidine is inactivated by peptone, blood serum, and body fluids 
and therefore gramicidin, which is not affected in its activity, is for all prac- 
tical purposes the active principle when these are present. 

Gramicidin S is less selective than tyrothricin in its antibacterial action. 
It is not only highly active towards gram-positive organisms, but also pre- 
vents growth and kills many varieties of gram-negative bacteria a t  25 to 
50 pg/ml. ; among these are Proteus vulgaris and Escherichia c o l P .  

For the determination of potency of tyrothricin the turbidimetric assay 
method, with Streptococcur faeculis (group D) strain M 19 (ATCC 10 541) as 
test organism, is used. The reference standard is a mixture of 20 per cent 
crystalline gramicidin and 80 per cent crystalline tyrocidine hydrochloride1". 
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Table 1.7. Antimicrobial activity of the peptide antibiotics against some representative organisms (in pg/ml) * 

0.25 
2.5 

Organism 

0.1-0.2 
0.1-0.3 

0.05-2 

Gram-positive 
Clostridium tetani 
Corynebacterium diphteriae 
Diplococcus pneumoniae 
Mycobacterium tuberculosis 
Staphylococcus aureus 
Streptoccocus pyogenes 

0.14 
> 50 

100 
11 

Gram-negative 
Aerobacter aerogenes 
Brucella 
Escherichia coli 
Haemophilus 
Klebsiella pneumoniae 
Neisseria meningitis 
Proteus vulgaris 
Pseudomonas aeruginosa 
Salmonella @phi 
Shigella 

10-25 

2.5-12 
50 

>80 ' 
P 

4mphomyrin Bacitracin 1 -  

>50 

> 100 

> 100 

>loo 
>loo 
>loo 
>loo 

> 100 

>I00 
13 

>loo 
0.14 

>I00 
>loo 
>loo 
>50 

;: 1 0.01-2 

3 
0.1-1 
0.02 
0.25-10 

25 
>50 

10-100 
12-50 

0.2 
10-50 

3 
0.03 

0.5-200 
2 

0.02 
>lo0 
> 100 

0.024 
0.02 
0.02 

>20 
>50 

0.1-20 
20-50 
> 100 
1-50 

1 &20 
2.5-25 
>100 
>loo 
10-25 

100 

> 100 

>300 

> 300 

0.5-10 

> 300 
>loo 1 >300 

Tyrocidine 

2-10 

2.5 

8 
3-10 

> 300 

> 300 

40 

800 

yramicidin 2 

7 

10 

-10 

25 

100 

50 
50 

Colistin 

>I00 
0.4 
>50 

100 
33 

0'3-1'2 
0.1-1 
0.0 1 
0.25- 10 
0.02 

3-33 
> 100 

0.14  
0.01 
0.01 

Polymyxin B Viomycin 

1 1 

* Owing to differences in assay techniques the values reported in the literature differ from each other. Average values from the literature mentioned in the text have been compiled 
mainly as an indication ofstrain specificity. 



POLYPEPTIDE ANTIBIOTICS OF MEDICINAL INTEREST 

Structure-activity relationship 

For the gramicidins, whose structures have been elucidated only recently, 
practically nothing can be said with regard to structure-activity relation- 
ship. Removal of the N-protecting formyl group reduces the antimicrobial 
activity to 60 per cent of that of g r a m i ~ i d i n ~ ~ .  The antimicrobial activitirs 
reported for the different tyrocidines seem to indicate that phenylalanine 
may be replaced by tryptophan without greatly affecting the activitylla. 

A great variety of analogues and derivatives of gramicidin S (gramicidin 
J1 and J2)l13-11’ has been reported, but in most instances with little informa- 
tion concerning their activity and, especially, their toxicity. 

Open-chain penta-lo3 and d e c a p e p t i d e ~ ~ ~ ~ , ~ ~ ~ - ~ ~ ~  and some of their 
analogues11s-120 possess some antimicrobial activity. Their mechanism of 
action, however, is different from that of gramicidin Po. Activity has also 
been reported for co-polymers of the amino acids occurring in gramicidin S 
and related amino acidslZ1. The exchange of ornithine for lysinelo7 or 
argininelZ2 in gramicidin S leaves the activity practically unaltered. Prepar- 
ation of alkyll23 and peptidelz4 derivatives under retention of the basic 
properties yielded substances with activities comparable to gramicidin S, 
whereas a~ylationl2~, carboxyrnethylatior~~~~ or replacement of the Nv-amino 
groups by hydroxyl groupslZ3 resulted in great loss of activity. The exchange 
of proline for glycinelZ6 enhances the activity, while replacement of both 
proline and valine by glycinelZ7 results in drastically reduced activity. A 
cyclohexapeptide, cyclo- (L-Val-L-Om-L-Leu-D-Phe-L-Pro-Gly-) lZ6 has no 
activity a t  all. Introduction of D-aminophenylaIaninelZs instead of D-phenyl- 
alanine leads to a nearly inactive substance. 

One might tentatively conclude from these results that the whole charac- 
ter of the molecule is responsible for the action and that any alteration of the 
ratio between hydrophobic and hydrophilic groups affects the antimicrobial 
activity. Several ~ 0 r k e r ~ ~ ~ , ~ ~ ~ J ~ 0  have proposed molecular models for grami- 
cidin S. Although they differ in details, they clearly show that the hydro- 
phobic side-chains of valine, leucine and phenylalanine are aggregated on 
one side of the molecule, whereas the hydrophilic NY-amino groups of 
ornithine are situated on the other side. Such a conformation may explain 
the mechanism of action of gramicidin S as a surface active agent. 

Clinical use 
Tyrothricin as well as gramicidin, the mixture of the gramicidins A, B, C 

and D isolated from the tyrothricin complex, have been used for many years 
clinically in similar types of infections. Owing to their high toxicity (Table  
1.8) their application is limited, and systemic (i.e. parenteral) use is never 
recommended. Like the other polypeptide antibiotics they are, however, 
non-toxic when administered orally or topically. Both are in use either alone 
or in combination with other an t ib i0 t i~s l~ l - l~~  in a great variety of ointments 
and solutions for the topical treatment of superficial ulcers, abscesses of the 
skin, mastoiditis, tonsillitis, dermatoses, wounds and burns, and infections 
of the eye and conjunctiva, where the predominating organisms are gram- 
positive. They usually exert no effect if they are not in direct contact with the 
organisms. As long as there is no direct contact with the blood stream, 
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Table 1.8. Comparative LD,, values of the peptide antibiotics for mice (mg/kg) 

.4rnphornycin 

I 

Intravenous In/, aperztoiieal I Subcutaneous i Oral References 
- -__ - ! I  ~ I - ~~ _ _ _  

I 
178 ~ ~ I >500 ! 137 

I 
Bacitracin ~ 210 1 300-700 ~ 1,200-3,300 >3,000 1 138, 139 

Colistin 6 1 2 0 ’  50 j 700 140, 141 

-~ i 
I 

i ____ ~~ 

2.5 I 
i 40 i Gramicidin (LD1,,(,) 

_..______ I 

17 ~ 

I 
Gramicidin S (rats) 1 

! 

l 
Polymyxin B 

Tyrocidine l ~~ >l ,OOO 60 

HOOC 

o=c 

0 
\ \  

.N H 

Asp ‘C? 
\ 
N H  

Ser 

OH 

Figure 1.2. Proposed structure of mycobacillin 
15 



Name 

Bacillomycins 
Bacillomycin 
Bacillomycin A (Fungocin) 

Bacillomycin B 
Bacillomycin C 
Bacillomycin R 
Eumycin 
Toximycin 
Aspergillus factor 
Unnamed 

Bacilysin 
Bacitracins 

Bacitracin A 

Bacitracin F 

Table 1.9. Peptide antibiotics produced by B .  subtilis and B.  l icheni fmis  P 4 

Organism : 
B. subt. 
B. lich. 

B .  subt. 
B .  subt. 

B. subt. 
B.  subt. 
B .  subt. 
B .  subt. 
B .  subt. 
B. subt. 
B .  subt. 

B. subt. 

B .  lich. 
B. subt. 
B .  lich. 
B .  subt. 

Antibiotic 
spectrum 

Fungi, yeasts 
Fungi, yeasts 
Fungi, yeasts 

Fungi, yeasts 
Fungi, yeasts 
Fungi, yeasts 
Fungi, yeasts 
Fungi, yeasts 
Fungi, yeasts 
Fungi, yeasts 

Gram-neg. 

Gram-pos. 
Gram-pos. 
Inactive 

Molecular 
weight 

-960 

1,400 

1,400 

Amino Acids* 

D 1 I 

Asp, Glu, Ser, Thr, Tyr 
Asp, Glu, Ser, Thr, Tyr (Ala, 

Leu. Phe. Val) 
Asp, Glu, Leu, Pro, Tyr 
Asp, Glu, Leu, Val, Tyr 
Asp, Glu, Ala, Leu, Phe, Ser, Val 

Unknown 
Unknown 
Unknown 

Asp, Glu, Ala, Nval, Ser, Thr, 

Ala, Leu, Phe, ' rr 
Tyr, Phe, 2 unknown 

Ile, Leu, Cys, 
His, Lys, Asp 
Ile, Leu, His 
LYS, ASP 

Other Components 

2-Isovalerylthia- 
zole-4-carboxylic 

acid 

d 
M 

References 2 
E 
3 
5 
i z 

144, 146, 148 0 
144-147 

148, 149 2 
148. 150 6 
148; 151 
148, 152 

x 148, 153 
148, 154 M 
155 E! 
156 G z 
166, 171, 172 3 
157-170 r 



Bacitracins A, B, C, D, E, 
F,, F.2, Fa, G 

Fluvomvcin (Efsiomvcin. 
Vivic& R&mycin( ' 

Fungistatin 

Licheniformins 
Licheniformin .4, B, C 

Mycobacillin 

Mycosub tilin 
Rhizobacidin 
Subtenolin 

Subtilins 
Subtilin A, B, C 

B.  lich. 
B.  subt. 

B. subt. 

B. subt. 

B. lich. 

B.  subt. 

B. subt. 
B. subt. 
B. subt. 

B. subt. 

Gram-pos. 
Gram-pos. 
Gram-neg., 
fungi, yeasts 

Fungi, yeasts 

Gram-pos., 
acid fast bact. 

Fungi, yeasts 

Fungi 
Gram-pos. 
Gram-pos., 
gram-neg. 

Gram-pos. 

2,400 

3,800- 
4,800 

-1,800 

3,420- 
7,000 

Cys, Orn, Asp, Glu, Lys, His, 

unknown 
I 

Leu/Ile, Phe, Val? Gly? 
I 

Asp, Lys, Ser,' Thr, Pro, Ala 
Ile, Val, Try, Tyr 

Arg, Asp, Gly, Lys, Phe, Pro, 

Asp, Glu Ala, Asp, Leu I Pro, Ser, Tyr 
Asp, Tyr, Pro 

Unknown 
Unknown 

Ser, Val 

Gly, Ala, Val, Lys, Leu, Glu, Pro, 
Tle, Phe, Try, P-Methyllan- 
thionine, Lanthionine 

Unidentified acid 

172, 173 

174, 175 

176-1 78 

179-181 

182, 183 

184 
185 
186-188 

189-192 

* Whenever the configuration of the constitueiit amino acids has been determined, the D- and L-forms are separated by a vertical line. 



POLYPEPTIDE ANTIBIOTICS OF MEDICINAL INTERESI 

tyrothricin may be used with caution in body cavities. Tyrothricin has been 
used in irrigating paranasal sinus cavities, but there is the risk of chemical 
meningitis. Dermatological sensitization is rarely observed in topical applica- 
tion. Gramicidin S has the same application. I t  was effectively used in 
Russia during World War I1 in the treatment of infected ~ o u n d s ~ ~ ~ ~ ~ ~ .  
Anosmia and parosmia may result from intranasal use. The incidence of 
dermatological sensitization following topical application is relatively low. 

PEPTIDE ANTIBIOTICS PRODUCED BY B. Subtilis AND 
B. Licheniformis 

General Considerations 

This group of peptide antibiotics (Table 1.9) acts mainly against fungi, 
yeast and gram-positive bacteria. Only fluvomycin is stated to be active 
also against gram-negative bacteria. Most of these antibiotics, although 
isolated many years ago, are known only in their qualitative composition. 
They seem to contain only common amino acids in the D- and L-form, except 
the subtilins, in which the amino acids lanthionine and /3-methyllanthionine 
have been found. Intensive attempts have been made to elucidate the struc- 
tures of bacitracin A, bacitracin F and mycobacillin (Figure 1.2). 

The original bacitracin-producing organism was identified as a strain of 
B. subtilis, but subsequently it was more accurately classified as a variant of 
B. lichenformis. Recently, however, a bacitracin-producing strain of B. 
rubtilis was reported, and both organisms are therefore mentioned in 
Table 1.9. 

The only clinically used members of this group are the bacitracins. Baci- 
tracin is further used in veterinary medicine and as a supplement to the 
diets of animals, particularly farm animalsl43. The subtilins are used in the 
food industry as preservatives. 

Bacitracin 

Discovery and nomenclature 

In 1945, a new antibiotic was reportedl57; it was produced by a gram- 
positive sporulating bacillus of the B. subtilis group and isolated from cultures 
of contaminated tissue removed from a fracture of the tibia. This strain was 
named after the patient ‘Tracey I’ and the active principle in the cell-free 
filtrates of broth cultures was therefore called ‘Bacitracin’. The antibiotic 
was first produced in surface c u l t ~ r e s ~ ~ ~ J ~ *  and later by submerged cultures 
in synthetic medialg3Jg4. Later the organism was classified as a strain of 
B. l icheni j i~rmis~~~.  In 1949 another antibiotic from a strain of 13. licheniformis, 
originally called A-5, was described under the name a y f i ~ i n l ~ ~ J ~ ~ .  It soon 
became apparent that bacitracin and ayfivin were closely related in their 
physical, chemical and biological propertie~l~l-’~~. The name ayfivin was 
therefore abandoned in favour of ba~ i t r ac in l~~ .  

Chemistry 

Commercial bacitracin was resolved by countercurrent distribution into 
a main component, called bacitracin A, and several other components 
designated as bacitracin B, D, E and F172. Later, another sample of crude 
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bacitracin was fractionated by the same method into at least 10 polypeptides, 
characterized as bacitracin A, A', €3, C, D, E, F,, F,, F, and GI73. These 
different components all contain cysteine, ornithine, lysine, histidine, aspartic 
acid, glutamic acid, leucine and/or isoleucine and phenylalanine. They differ, 
however, in the additional components found after acid hydrolysis and in 
their ultra-violet spectra173. 

Best known are the major component bacitracin A, and bacitracin F, 
an inactivation product of bacitracin A, through the work of Craig and 
his co-workers, Abraham and Newton and, to a lesser degree, Porath. The 
molecular weight of bacitracin A was shown by different methods to be 
about 1 ,5001g6-1g8. Total and partial hydrolysis gave evidence of the presence 
of three L-isoleucine molecules and one each of L-leucine, L-cysteine, I.- 

histidine, L-lysine, L-aspartic acid, D-phenylalanine, D-ornithine, D-aspartic 
acid, D-glutamic acid and ammonia in the molecule. 

After partial hydrolysis of bacitracin A19g--"02 and dinitrophenylated 
bacitracin A,203 followed by fractionation of the resulting peptide mixtures by 
countercurrent distribution, paper-chromatography, electrophoresis and 
ultimate sequential studies, part of the structure was proposed (Figure 1.3). 

,o-Orn--~ -1le 

\ t-Asp--~-His 

/ 
ju-Phe 

I -1le ---L-Cys-i-Leu-D-Glu--t--Ile-t-Lys 

I 
o--Asp 

Figure 1.3. Amino acid sequence of bacitracin A 

This structure, although consistent with many facts, did riot explain the 
peculiar properties of the N-terminal isoleucine and the negative test for 
-SH groups. Further experiments led to the conclusion that a thiazoline ring 
is formed between isoleucine and cysteine; this was later proved to be correct. 
All these results led to the formula for bacitracin A which is now generally 
accepted16s-168 (Figure 1.4). 

Figzrie 1.4. Structure of bacitracin A 

Several observations indicate that the amino group of the N-terminal 
isoleucine is not entirely free and the dotted line marks a bond not yet 
clearly interpreted. One of the most characteristic features of the bacitracins 
is the limited pH range within which these antibiotics retain their activity. 
The slow inactivation of bacitracin at  or above neutral pH was observed 
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very early and several proposals have been made for the structure of the 
resulting inactive bacitracin F. Konigsberg and Craig171 were able to 
demonstrate that bacitracin F is derived from A by oxidation of the N- 
terminal amino group of the isoleucine to form a ketone, and of the thiazo- 
line ring to a thiazole (Figure 1.5). 

,S-CH 0 
_. - EtCH--C-C, i /  1 1  

,S-C% 0 
FtCH---CH--C, 1 / /  

I I ‘ -N-cH-c--R 1 ( 1  ‘N--C- C-R 
Me NH, Me 0 

Figure 1.5. Oxidation of bacitracin A 

Bacitracin B has been purified by countercurrent distribution, but it 
seems that this substance also is slowly transformed. Molecular weight 
determination and hydrolysis have given a value for a peptide containing 
13 amino acids, consisting of all the amino acids of bacitracin A and an 
additional valine. Although some partial sequences are known, the final 
structure has yet to be determinedzo2. Whether the other members of the 
bacitracin group are real entities or transformation products remains to be 
seen. 

Synthetic approaches 

Some cysteine-peptides, similar to the N-terminal part of bacitracin A, 
have been ~ynthesizedl~o. This has been done mainly to confirm certain parts 
of the proposed structures by synthesis. 

Antimicrobial actiuity 

Bacitracin is mainly bactericidal in uitro against gram-positive b a ~ t e r i a l ~ ~ ~ l ~ ~ ,  
including haemolytic and non-haemolytic streptococci, staphylococci, 
pneumococci, corynebacteria and spiro~hetes20~-~~~.  Although bacitracin has 
no significant effect on the majority of gram-negative bacilli, Evanszo7 found 
that strains of H. injlzienzae, type b, from cases of meningitis were completely 
inhibited by bacitracin at concentrations of 0.06 to 0 6  pglml. 

Pure bacitracin has been assigned a potency of 64.5 units/mgZo8, but this 
rapidly declines to a level of 40-45 pglmg. Susceptible organisms are gener- 
ally inhibited by 0.05 to 2 pglml. ( T a b l e  1.7). 

Bacitracin was found to he synergistic in combination with penicillin, 
streptomycin, or neomycin, and could, in certain limited circumstances, be 
antagonized by tetracycline or chloramphenico1209-212. 

Resistance to bacitracin does not emerge rapidly in originally susceptible 
strains212. The thermal and storage stability of bacitracin is enhanced by the 
presence of an equimolar concentration of Zn2+ and the antibacterial action 
is potentiated by an excess213 of Zn2+. I t  has been suggested that Zn2+ is also 
associated with the mechanism of antibacterial action214. No chemical assay 
methods are yet available for bacitracin. For the determination of potency 
the cylinder plate method with Micrococcus Jauus (ATCC 10 240) as test 
organism is usedlll. 

Clinical use 

Bacitracin has been used effectively in combination with other antibiotics 
for serious staphylococcic infections against which a single agent has not 
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been effective. Like the other polypeptide antibiotics, bacitracin has nephro- 
toxic properties, which limit its application. Although this effect is transitory 
in the majority of cases, systemic use of bacitracin is only recommended for 
treating infections due to organisms resisting safer antibiotics or chemo- 
therapeutic agents ( Table 1.8). 

The recommended dose is 10,000 to 20,000 units given intramuscularly 
every 6 hours and accompanied by careful studies of the renal f u n c t i ~ n ~ ~ ~ - ~ ~ ~ .  
In this way bacitracin is absorbed readily from the site of injection although 
pain and some injury may be observed there. I t  has been used in the treat- 
ment of staphylococcal bacteremias, osteomyelitis, bacterial endocarditis, 
and in the control of urinary tract infections either alone or in combination 
with other drugsz19~z20. Local injection into circumscribed areas, such as 
furuncles and abscesses, has also been successful. Orally, bacitracin has been 
used either alone or in combination with other antibiotics as an intestinal 
antiseptic2z1, for example in the pre-operative sterilization of the bowel. 
Because of the poor absorption from the gastro-intestinal tract, no special 
precautions are necessary. 

Bacitracin is mainly used for topical application. A great variety of oint- 
ments, solutions, troches and tablets are available for local application. 
For broadening of the antimicrobial spectrum it is very often combined with 
other antibiotics such as neomycin, penicillin, tyrothricin and polymixin. 
Topical administration is used against infections of the skin, eye, ear and 
throat, with little incidence of sensitization. Good results have been obtained 
in the prophylactic and active treatment of infected b ~ r n s ~ ~ ~ , ~ ~ 3 .  Inhalation 
has been reported for susceptible respiratory tract infections. Bacitracin 
appears to have some antihelminthic activityzz4. 

POLYPEPTIDE ANTIBIOTICS PRODUCED BY OTHER STRAINS 
OF BACILLI 

General Considerations 

In this section the polypeptide antibiotics produced by strains of bacilli other 
than B. subtilis, B. brevis and B. lichenifrmis are discussed (Table  1.10). 
Whereas alvein has been characterized by its components, the antibiotics 

C Hr ’ CH, . CO . OH 
1 

CH,. CO ’ NH . C H . C O 

1 1 
NH 
I 1 L D 

L I 1 I 
C H . 0 ‘ CO . CH,.CH ’ CO . NH CH . CO . NH. CH . CO- NH.CH. CO + OH 

CHMe2 CH2.CHMe2 CH2.CHMez 
I 

(c H2)gMe 

Fi,qtire 1.6. Proposed structure of esperin 

cerein, the laterosporins, pumilin, tetain and toxymycin are only thought to 
be peptides, although nothing is known about their composition. For esperin, 
an acidic peptide isolated from B. mesentel-icus, a structure has been proposecl 
by Ito and Ogawa (Figure 1.6) in 1959. The structure of micrococcin I’ 
is complicated and contains a number of unusual components; despite con- 
siderable effort to determine it, the correct structure is not yet known. 
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Table 1.10. Peptide antibiotics produced by other species of bacilli 

Name 
I 

1 Organism I Antibiotic spectrum 

Alvein 

Cerein 

Circulins 
Circulin A 
Circulin B 

Colistin A (= Polymyxin El) 
Colistin B (= Polymyxin E,) 
Colktin C 

Esperin 
La terosporins 

Laterosporin A, B 
Micrococcin P (Micrococcin) 

Po 1 ym yx i n s 

Colistins 

Polymyxin A 

Polymyxin B, 
Polymyxin B, 

Polymyxin C 

Polymyxin D 
Polymyxin E, (= Colistin A) 

Polymyxin E, (= Colistin B) 

Polymyxin M 
Polypeptin 

Pumilin 
Tetain 

Toxymycin 

B. alvei 

6. cereus 

B. circulans 
B. circulans 

B .  colislinus 
B .  colistinur 
B .  colislinw 
B .  mesenterirus 

B .  laterosponu 
B. pumilur 

B. polymyxa 

B. polymyxa 
B .  polymyxa 

B .  polyrnyxa 

B. polymyxa 
B. polymyxa 

B .  polymyxa 

B .  polymyxa 
B. krzernimiewski 

B .  pumilw 
B. pumilus 

Bacillus sp. 

Gram-pos. bacteria 
Gram-neg. (less) 
Gram-pos. bacteria 
Gram-neg. bacteria 

Gram-neg. bacteria 
Gram-neg. bacteria 

Gram-neg. bacteria 
Gram-neg. bacteria 
Gram-neg. bacteria 

Gram-pos., gram-neg. 
Gram-pos. 

Gram-neg. bacteria 

Gram-neg. bacteria 
Gram-neg. bacteria 

Gram-neg. bacteria 

Gram-neg. bacteria 
Gram-neg. bacteria 

Gram-neg. bacteria 

Gram-neg. bacteria 
Gram-neg. bacteria 

Gram-pos. bacteria 
Gram-pos., gram- 

Fungi 
neg. 

Amino acids* 
Mol. w1. 

I D 1  L 

___ 

N 1,200 
N 1,200 

-1,200 - 1,200 - 1,200 
781 

2,720 
2,17lL 

1,200 

1,200 
1,200 

1,200 

1.200 
1,200 

1,200 

1 200 
1:145 

- 

Ala, Arg, Cys, Leu, Lys, Ser, Thr, Val 

UI.1 

Leu 
Leu 

Leu 
Leu 

Leu 

Unl 
2-( I-amin 

thiazole 

Leu 
D i b ?  

Phe 
Phe 

Phe?, 
Dab ? 

Leu, Ser 
Leu 

Leu 

Leu 
Phe, Val 

town 

Dab, Ile, Thr 
Dab, Ile, Thr 

Dab, Leu, Thr 
Dab, Leu, Thr 

Asp, Glu, Leu, Val 

own 
2-isobutyl) 
-carboxylic acid, Thr 

Dab, Thr 

Dab, Leu, Thr 
Dab, Leu, Thr 

Dab, Thr 

Dab, Thr 
Dab, Leu, Thr 

Dab, Leu, Thr 

Dab, Thr 
Dab, Ile, Leu, Tbr 

Unknown 
Unknown 

Unknown 

Other components 

(+)-6-methyloctanoic acid 
( +)-6-methyloctanoic acid 

(+)-6-methyloctanoic acid 
6methylheptanoic acid 

&hydroxytridecanoic acid 

Propionic acid, 2-propionyl- 
tbiazole-4-carboxylic acid 

(+)-6-methyloctanoic acid 

(+)-6-methyloctanoic acid 
6-methylheptanoic acid 

(+)-6-methyloctanoic acid 

( +)-6-metbyloctanoic acid 
(+)-6-methyloctanoic acid 

6-methylheptanoic acid 

: +)-6-methyloctanoic acid 

Unknown 
Unknown 

Unknown 

References 

___.. 

225 

226 

2 2 7-236 
227-236 

237-254 
237-254 

255 

256,257 
258-261 

262-266 

267-278 
270, 271, 

279 
280 

263 
252-254, 

280 
252-254, 

280 
281-283 

287 

289-291 

292 

229,284- 

288 

* Whenever the configuration of the constituent amino acids has been determined, the n- and L-forms are separated by a vertical line. 
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The important and clinically used antibiotics of this class are the colistins 
and the polymyxins, which form a group of closely related substances. 
Isolated more than 15 years ago and clinically used for the last 10 years, 
their structures have been revealed only recently. They are characterized by 
a high and specific activity towards gram-negative bacteria, by their basic 
nature and by a fatty acid component. Because of their close chemical and 
biological relationship they may now be considered as members of the poly- 
myxins. Although they are the most active inhibitors of the growth of gram- 
negative bacteria, they have so far been considered as ‘minor antibiotics’ 
and their toxicity has limited their application. However, the increase of 
serious infections with gram-negative bacteria and the growing resistance to 
broad spectrum antibiotics have recently attracted more and more interest 
to this group of antibiotics. 

Several comprehensive reviews have appeared293-295 and the ones by 
Jawetz2g4 in 1956 and SchwartzZg5 in 1964 give valuable information about 
their clinical application. The main emphasis here will therefore be on the 
chemistry of these compounds. The recent structural elucidations and the 
syntheses have cleared much of the confusion existing in this group of anti- 
biotics. 

The Polymyxin Group 

Discovery and nomenclature 

The polymyxins-The discovery of antibiotic substances from various 
strains of Bacillus polymyxa was announced within four months in 1947 by 
three independent groups. Benedict and LanglykkeZg6 noted the antibacterial 
activity of B. polymyxa on agar and described a medium for obtaining culture 
filtrates active against Brucella bronchiseptica. Stansly, Shepard and Whitez9? 
reported on the production, isolation and purification of an antibiotic 
substance from B. polymyxa, which was called ‘polymyxin’. In this and 
following papers298-301 they described some physical, chemical and biological 
properties which distinguished polymyxin from certain known antibiotics. 
Finally Ainsworth, Brown and Brownlee262 published a communication 
about an antibiotic principle isolated from Bacillus aerosporus Greer under the 
name of aerosporin and later reported on its chemotherapeutic and pharma- 
cological properties302. 

It soon became apparent that the three groups were dealing with closely 
related substances when it was possible to prove the identity of B. aerosporus 
and B. polyrnyxa303~3O4. All three antibiotics acted selectively against gram- 
negative bacteria and were nephrotoxic. Several investigators, especially 
Jones305, recognized that these organisms produce a whole family of anti- 
biotics which are chemically closely related polypeptides and biologically 
practically indistinguishable. In an attempt to clarify the situation, the 
groups of investigators collaborated in comparative chemical and biological 
studies, and their results were presented at a symposium at  the New York 
Academy of Sciences in May 1948306. ‘Polymyxin’ was accepted as generic 
name for all the related antibiotics produced by B. p ~ l y m y x a ~ ~ ~ .  Alphabetical 
suffixes were adopted to distinguish the antibiotics on the basis of their 
amino acid ~omposition30~@5~3’J7. Aerosporin262 was renamed polymyxin A 
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and the polymyxin of Stansly, Shepard and Whitezg7 became polymyxin D. 
Three other active substances isolated from different strains of B. poly- 
mnyxa280~304~305 were designated as polymyxin B, C and E. Polymyxin B was 
later separated by countercurrent distribution into two different components, 
polymyxin B, and B,271; similarly polymyxin E could be fractionated into 
polymyxin El and E2254. 

Another strain of B. polymyxa, isolated from soil in Moscow in 1958, pro- 
duced a different type of polymyxin, called polymyxin M281y282. 

The colistins-Although the history of the colistins is less complex, there is 
still some confusion about the name. In 1950 the isolation of an antibiotic 
from cultures of Aerobacillm colistinus was described under the name of 
~ o l i s t i n ~ ~ ~ ? ~ ~ ~ .  The culture filtrates had a significant inhibitory activity 
against many gram-negative bacteria. Aerobacillus colistinus and B. polymyxa 
are taxonomically related to each other. This antibiotic is also known under 
the names Colimycine, Colomycin and Coly-Mycin, but it should not be 
confused with the Russian antibiotic c o l y m y ~ i n ~ ~ ~  which is related to 
neomycin. Commercial colistin was separated by paper-chr~matography~~~ 
and by countercurrent distribution250 into three components which were 
designated colistin A, B and C. Colistin A and B have much stronger anti- 
bacterial activity than c. Sometimes commercial material does not contain 
colistin C250. Very recently it was shown that colistin A and colistin B are 
identical to polymyxin El and polymyxin E2252-254. 

The circulins-In May 1948, Murray and T e t r a ~ l t ~ ~ ~  announced the 
discovery of an antibiotic, which was more active against gram-negative 
than gram-positive organisms and which resembled the polymyxin-type of 
antibiotics. They were later able to identify22s the organism as a non-haemo- 
lytic strain of Bacillus circulans and therefore suggested the name ‘circulin’. 
Circulin was subsequently shown by chromatography to consist of two major 
components called circulin A and circulin B, besides possibly some other 
~ o m p o n e n t s ~ ~ ~ ~ ~ 3 1 .  

Polypeptin-The antibiotic polypeptin was isolated in 1948 by M ~ L e o d ~ ~ ~  
from a culture of Bacillus krzemieniewski, a mucoid variant of B. circulans, and 
given the name of circulin. I t  is primarily active against gram-negative 
bacteria, but is also inhibitory to many gram-positive bacteria and fungi. 
I t  was soon obvious that this substance differed from the antibiotic circulin 
described by Murray and Te t r a~ l t~~7>~28 .  By mutual agreement between the 
groups involved22g the name circulin was reserved for the antibiotic of 
Murray and T e t r a ~ l t ~ ~ ~ ? ~ ~ ~ ,  while the antibiotic of M c L e ~ d ~ ~ ~  was renamed 
polypeptin. 

Chemistry 
The polymyxins-The members of the polymyxin group have very similar 

chemical and physical properties. They are all cyclic basic polypeptides 
containing characteristic constituents such as u, y-diaminobutyric acid, 
1.-threonine and a fatty acid. They differ by the presence or absence of the 
additional amino acids D-leucine, L-leucine, L-isoleucine, D-phenylalanine, 
D-valine and D-serine, as well as by the nature of the fatty acid (Table 1.11). 
Their mofecular weights are all in the region of 1,200. AIthough several 
structural features had been established very early26Q,270~306 the exact 
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Table 1.11. Comparative amino acid and fatty acid composition of the polymyxins* 

Circulin A 

Antibiotic 

~ 6 ~ 2 ~ - ~ 1 , 1 ~ - ~ - 1 -  MOA I 232-235, 325 

Polymyxiii A 

i Dab I L-Thr  References 
I 

L-Lezi 1 o-Leu 1 L-Ile ~ D-Phe 1 D-Ser I D-Va'al ~ Fat9 acid 
I 

I I + ; -  i I 
I -  1 -  

I l -  ' MOA I265 

MOA 267,270-272,275-278 

I IOA i K O 9  

Polymyxin B, 

Polymyxin B, 

Polymyxin C ; + I T  

Polymyxin D i 5  3 

Polymyxin M 6 1 3  

Colistin A (polymyxin El) ~ 6 '2 I d  UI 

I 

Colistin B (polymyxin E,I 6 ; 2  
, I 

1 i - I -  - I  248, 250, 253, 254, 
I l IoA 1 309, 324 

Circulin B 1 6 1 2  

Polypeptin 
-..-.-----p 

1 3 1 1  
I 

- - j l l l / - I - ! -  MOA I 232-235 

1 1 , Unknown I 287 
2 ;  I 

* The figures give the number of amino acid residues per molecule. The + and - signs indicate the presence or absence of the amino acids. MOA = (+)-6-methyloctanoic acid; 
IOA = Is-octanoic acid (6-methylheptanoic acid). 
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chemical study began in 1954, when Hausmann and Craig succeeded in 
separating commercial polymyxin B into the homogeneous fractions B, and 
B, by countercurrent distribution271. On hydrolysis both gave u, y-diamino- 
butyric acid, threonine, leucine and phenylalanine. From the hydrolysate of 
B,, ( +)-6-methyloctanoic a ~ i d ~ ~ ~ y ~ ~ ~  was isolated whereas B, yielded a 
different, optically inactive fatty acid, which was later shown by Wilkinson 
and Lowe to be 6-methylheptanoic acid253l3O9. 

The molecular weight of polymyxin B, was shown by the method of 
partial substitution310 to be 1,150 f 10 per cent. Quantitative amino acid 
analysis yielded the amino acids u, y-diaminobutyric acid, L-threonine, 
D-phenylalanine and L-leucine in the molar proportions 6 :2 : 1 : 1. Because 
no free u-carboxyl- and no free a-amino groups could be detected, polymyxin 
B, had to be of a cyclic nature272. Neither pepsin nor trypsin was found to 
attack the molecule and therefore partial hydrolysis and separation of the 
fragments was used for the elucidation of the structure. Of the 14 fragments 
isolated and identified, seven key peptides were necessary for proposing four 
tentative structures for polymyxin B,272. Two were formulated with a ring 
of eight amino acids having a side-chain attached either in the u- or y- 
position o€ the branching u,y-diaminobutyric acid (8a, 8y )  and two with 
seven amino acids in the ring and a side-chain equally attached in the u- or 
y-position (7a, 7y)272,311. Biserte and Dautrevaux, who confirmed these 
results later275, found in addition that the a,y-diaminobutyric acid residue 
adjacent to the fatty acid had the D-configuration. Swiss workers subse- 
quently synthesized all of the four proposed structures, but found that none 
of them was identical to the natural polymyxin B,311-316. Recently, however, 
Japanese ~ ~ r k e r ~ ~ ~ ~ ~ ~ ~ ~  have been able to degrade polymyxin B, by the 
enzyme nagarse (subtilopeptidase A, EC 3.4.4.16, a proteinase prepara- 
tion from B. subtilis) and to establish the structure 7u  unequivocally 
(Figure 1.7). In  addition they found that all the a,y-diaminobutyric acid 
residues are of the L-configuration. Analogous results were also obtained 
by Wilkinson and L o ~ e , ~ ~ .  Final proof of the structure of polymyxin B, was 
achieved by total synthesis by Vogler, Studer, Lanz, Lergier and B o h r ~ i ~ ~ ~  
(Figure 1.8) . 

Recently it has been reported that polymyxin B, differs from polymyxin 
R, only in the replacement of the (+)-6-methyloctanoic acid by 6-methyl- 
heptanoic acid309. Polymyxin and C28O are only known in their quali- 
tative, and polymyxin D263 and M2s3,317 only in their quantitative amino acid 
composition (Table 1.11). Polymyxin M is a t  present being studied in- 
tensively318-322. 

The colistins-Colistin has been investigated by several authors and various 
tentative structures have been proposed. This is because colistin is also a 
mixture of chemically closely related peptides. In 1953 Japanese 
separated commercial colistin by paper-chromatography into three different 
components, and M o r i t ~ ~ ~ ~  reported in 1961 on the separation of colistin 
into the components A, and A, by countercurrent distribution. In  1963 
commercial colistin was fractionated by the same method into three com- 
p o n e n t ~ , ~ ~ ,  which were designated A, B and C and which corresponded to 
those found earlier2433245. Colistin C was found only in small quantities and 
sometimes it was absent in commercial material. 
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NH 

F0 
YH 

? F O  

F0 
YH 

HF.CH2.CH2.NH, L- Dab 

L-Thr Mey-FH 
OH YH 

H:.CH, .CH, .NH, L-Dab 

R 

R' R" R " ' X  Y 
Polymyxin B, MOA CH,Ph Bu' Phe Leu 
Polymyxin 8, IOA CH2Ph Bu' Phe Leu 
Colrstin A kPolymyxin El 1 MOA ELI' Bu' Leu Leu 
Colistin B (=Polymyxin EZ) IOA Bu' Bu' Leu Leu 
Circulin A MOA Bu' Bus Leu Ile 

Figure 1.7. The structures of the known members of the polymyxin group 

X Y  
Polymyxin B, L-Leu D-Phe 
Colistin A L-Leu D-Leu 

11) 2' L- lh r  9 
1' L-Dab 7 - 2  'i 

M OA 

Figure 1.8. Reaction scheme for the synthesis of colistin A and polymyxin B1.BOC = tertiary 
butyloxycarbonyl; Z = benzyloxycarbonyl; OBu' = tertiary butylester; MOA = (+)- 

6-methyloctanoic acid 
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Molecular weight determination by the method of partial substitution310 
and spectrophotometric measurements of picrates gave values of about 1,360 
for the hydrochlorides of both colistin A and BZ5O. Quantitative amino acid 
analysis showed the presence of six moles of L-a,y-diaminobutyric acid, two 
moles of L-threonine, one mole of L-leucine and one mole of D-leucine in both 
colistin A and B24s350. By partial acid hydrolysis as well as by enzymatic 
degradation with nagarse (subtilopeptidase A, EC 3.4.4.16) followed by 
fractionation and structural determination of the resulting peptides, a 
structure was p r o p o ~ e d ~ ~ l J 6 ~  for colistin A (Figure I .7 ) ,  which differed from 
those previously reported but closely resembled the structure of polymyxin 
B,. By acid hydrolysis Wilkinson and LoweZ7' arrived at two possible struc- 
tures, one of which was identical to that derived by Suzuki. This structure 
was confirmed by the total synthesis of colistin A by Vogler and S t ~ d e r ~ ~ ~ .  
'Thus colistin A differs from polymyxin B, only by the replacement of D- 
phenylalanine with D-leucine. By virtually the same methods, Suzuki and 
Fujikawa elucidated the structure of colistin B and found that it differs from 
colistin A only in having 6-methylheptanoic acid in place of 6-methyl- 
octanoic acid3,4. 

Recently Wilkinson and Lowe reported on the fractionation of polymyxin 
E into two components, polymyxin El and polymyxin E,. Structural degra- 
dation revealed that colistin A is identical to polymyxin El, and colistin B 
identical to polymyxin E,2533549309. 

The circulins-As early as 1949, Peterson and ReinekeZ3O characterized 
circulin as its sulphate. Total hydrolysis yielded D-leucine, L-threonine and 
L-u, y-diaminobutyric acid together with an optically active isomer of 
pelargonic acid. The existence of two components, found by Peterson and 
ReinekeZ3O was later confirmedZ3l by the chromatographic separation of 
crude circulin into two major components, named circulin A and circulin B. 
In  addition there was evidence for at least three other ninhydrin-positive, 
biologically active entities. In  the hydrolysate of circulin A, L-isoleucine was 
found besides the amino acids previously reported230. Quantitative amino 
acid a n a l y s i ~ ~ ~ ~ ~ ~ 3 ~  showed circulin A and B to be composed of L-a, y-diamino- 
butyric acid, L-threonine, D-leucine, L-isoleucine and ( +) -6-methyloctanoic 
acid in the molar ratio 6 :2 : 1 : 1 : 1. After partial acid hydrolysis, fractionation 
and structure determination of the resulting peptides, circulin A and circulin 
B were formulated as cyclode~apeptides~~~+~~~. Very recently, however, 
Japanese w0rkers3~~ have revised the structure of circulin A. According to 
them, circulin A differs from colistin A only by a replacement of L-leucine in 
the latter by L-isoleucine (Figure 1.7). 

Polypeptin-Polypeptin was purified, crystallized as its sulphate and 
characterized by By means of countercurrent distribution, 
Hausmann and Craig determined the components as L-M, y-diaminobutyric 
acid, L-threonine, D-valine, L-isoleucine, L-leucine and D-phenylalanine in the 
molar ratio 3 : 1 : 1 :2 : 1 and an unknown fatty acid,*'. The molecular weight of 
thefree basewas found to be 1,145. Thestructureofpolypeptinis still unknown. 

Synthesis 
Among the members of the polymyxin family the structures of polymyxin 

B,, polymyxin B,, colistin A (polymyxin El), colistin B (polymyxin E,) and 
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circulin A are known to date. Of these, polymyxin and colistin A323 have 
been synthesized. Because of the close chemical relationship of these two 
antibiotics (Figure 1.7), their syntheses followed virtually the same scheme 
(Figure 1.8). 

The three key peptides were synthesized by the active ester method. 
Removal of the tertiary butyloxycarbonyl group in ( I )  and coupling with 
the azide of (IZ) led to the protected octapeptide. This was transformed into 
the corresponding hydrazide and condensed with (ZZI) by means of the azide 
procedure. After removal of the C- and N-protecting groups the decapeptide 
was submitted to cyclization in high dilution with carbodi-imide and was 
then reduced and purified extensively by countercurrent distribution, pre- 
cipitation over the free base and crystallization as pentaphosphate. The 
resulting polymyxin B, and colistin A were found to be identical to the corre- 
sponding natural products. 

Antibncterial activity 

The in vitro antibacterial activities of polymyxin B and colisrin are almost 
identica114n1141.326~327. They have a unique in vitro bacteriostatic and bacteri- 
cidal activity against a wide spectrum of gram-negative bacteria, especially 
against Aerobacter aerogenes, Escherichia coli, Klebsiella pneumoniae, Haemophilus 
injuentae, Haemophilus pertussis, Pseudomonas aeruginosa, and many strains of 
Salmonella, Shigella, Pasteurella and Brucella. Their minimum inhibitory 
concentration is less than 10 ,ug/ml., and most bacteria are inhibited by a 
concentration ranging from 0.05 to 2 pglml. Especially against Pseudomonas 
aeruginosa, the polymyxins and colistins are more effective by weight than 
any other antibiotic3287329. In an investigation of a large number of coliform 
bacilli isolated in a hospital in the United StateP9 it was found that poly- 
myxin and colistin were at  least as effective as streptomycin, kanamycin, 
chloramphenicol and tetracycline against 94 per cent of E. coli, 86 per cent 
of Klebsiella, 93 per cent of Pseudomonas pyocyanea and 50 per cent of Paracolon. 
'These findings applied to bactericidal as well as to bacteriostatic tests 
(Table 1.7). 

Most strains of Proteus are unaffectedl4n.14113~7, some strains of Neisseria140 
are also resistant, and gram-positive bacteria are usually not inhibited140J41J29. 
The in vitro activity of polymyxin and colistin against fungi is moderate14n. 
Very high concentrations (20 to >250 ,ug/ml.) are fungistatic or fungicidal 
against several organisms, including Candida albicans, and some species of 
Trichophyton and Microsporum. 

The therapeutic effectiveness of the polymyxin~140~329-~~~ and ~ o l i s t i n ~ ~ ~ , ~ ~ ~  
has been determined against a variety of experimental gram-negative infec- 
tions, particularly in mice. In general the in viva results parallel those in vitro. 
Both are effective when administered subcutaneously, intraperitoneally or 
intravenously, but are either inactive or only slightly active when given 
orally336~337. Significant differences in the relative effectiveness of colistin 
sulphate, colistin methane sulphate and polymyxin B sulphate against 
K.  pneumoniae and E. coli infections in mice have been dem~ns t r a t ed l~~ .  

In contrast to many other, primarily bacteriostatic drugs, both ~ o l i s t i n ~ ~ ~ ~ ~ ~ ~  
and p o l y m y ~ i n ~ ~ ~ , ~ ~ ~  rarely induce resistance during repeated passage of 
normally sensitive strains in subinhibitory concentrations. 
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Synergistic action of colistin and polymyxin in combination with other 
antibiotics in uitro and in vivo has been reported by several  investigator^^^^-^^'. 
In  clinical application the effect of these combinations seems to be more a 
broadening of the antimicrobial spectrum than a synergistic interaction. 
Several salts and derivatives of both colistin and polymyxin have been re- 
ported. Commercially available are the sulphates and also recently the 
sodium sulphomethyl derivatives which are prepared by treatment of the 
free bases of polymyxin and colistin with formaldehyde and sodium bisul- 
~ h i t e ~ ~ * .  These derivatives have a lower toxicity than the sulphates, however, 
and their in uitro antimicrobial activity is also reduced. 

No chemical methods for assaying either polymyxin or colistin are avail- 
able at the present time. For the determination of potency either the cylinder 
plate assay using Brucella bronchisebtica ATCC 461 7 as test organism or the 
nephelometric method349 is usedlll. The current USP standards are 7,850 
units/mg for polymyxin B and 20,070 units/mg for colistin. 

Structure-activity relationshipJ 

I t  is still premature to give a clear correlation between structure and 
activity in the polymyxin group, because most published data on antimicro- 
bial activity have been obtained either with impure material or with mix- 
tures of the different individuals. Also the definition of potency differs for 
those antibiotics which were considered to be different up to now. But the 
synthesis311-316 of the four compounds originally proposed by Hausmann 
with a D-tc,y-diaminobutyric acid adjacent to the fatty acid and the syn- 
thesis of polymyxin B,2'* and colistin A323 have given some clues in these 
respects ( Table 1.12). 

The antimicrobial activity in vitro and in vivo is strongly connected with the 
ring size. The two analogues of polymyxin B, with eight amino acid residues 
in the ring are about ten times less active than the corresponding analogues 
with seven amino acid residues in the ring. 

The nature of the amino acids seems to be of minor importance. The 
presence of the D- instead of the L-u,y-diaminobutyric acid has a significant 
influence only on the activity against K. pneumoniae in vitro and E. coli in vivo. 
The exchange in polymyxin B, of D-phenylalanine by D-leucine to give 
colistin A and of D-phenylalanine and L-leucnine by D-leucine and L-isoleucine 
to give circulin A seems to have little effect. Furthermore, the connec- 
tion of the side-chain in the tc- or y-position of the branching u, y-diamino- 
butyric acid exerts a minor influence. The antimicrobial activity is definitely 
connected with the basic amino groups. Acetylation and benzyloxycarbony- 
lation of polymyxin leads to completely inactive material, and the sodium 
sulphomethyl have a lower activity than the correspond- 
ing parent compounds34s. The structure of the fatty acid, however, is 
obviously of minor influence, since colistin A and colistin B, which differ 
only in their fatty acid, are of nearly equal activityZ5O. 

The whole character of the molecule seems to be responsible for the biolo- 
gical activity of the polymyxins. One might expect that a conformation 
similar to griimicidin S is responsible, in so far as the hydrophilic NY-amino 
groups are aggregated on one side of the molecule and the hydrophobic side- 
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Table 1.12. Microbiological activity of the synthetic isomers 8y, 8a, 7y, 7a and colistin A in comparison with natural polymyxin B,, 
standard deviation 1-20 per ~ e n t ~ ~ ~ , ~ ~ ~ , ~ ~ ~ * ~ ~ ~  

6,761 u/mg 

5,081 u/mg 

1,514 u/mg 

2.0 mg/kg 

Brucella bronchisejtica ATCC 461 7 
(in vitro) 

( in  vitro) 

( in  vitro) 

z Pseudomonas aeruginosa 

Eschichia  coli ATCC 10’536 

Klebsiella jneurnoniae ATCC 100’ 13 1 

v1 
- 10,420 u/mg -1 

C 
5,775 u/mg 5,033 u/mg 

7,381 u/mg 8,421 u/mg 

- 0.7 mg/kg 
(in vitro) 

(LD,, s.c., mice) in vivo 
Escherichia coli 1346 

8Y 

900 u/mg 

322 u/mg 

241 u/mg 

8u 

800 u/mg 

396 u/mg 

184 u/mg 

7 y  I 
I 

8,250 ulmg 

7,088 u/mg 

4,681 u/mg 1 
1,297 u/mg I 
2.7 mg/kg 

?J 
P 

! B1 

Colistin A 
7u  I 

8,898 u/mg I 4,983 u/mg I 8,096 u/mg 
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chains together with the fatty acid are situated on the other side. Such a 
conformation would also here explain the pronounced surface activity. 

Clinical use 

Polymyxin B, the mixture of B, and B,, and colistin, the mixture of colistin 
A, B and C, are the only clinically used members of this group of antibiotics. 
Owing to their close chemical and biological relationship they are effective 
in similar types of infections. They are both used in the treatment of infec- 
tions of the urinary t r a ~ t ~ ~ 4 , ~ ~ ~ ~ ~ ~ ~ - 3 ~ ~ ,  ba~teremia~~O9~~l ,  bacterial menin- 
gitis362,363, burns and wounds,  infection^^^^-^^', ga s t roen te r i t i~~~~-~ '~ ,  and other 
infections due to E. coli, A .  aeruginosa, K .  pneumoniae, Shipella, H. injluentae, 
and especialIy ~seudomonas aer~dginosa1Q*~141~818,.727,328,352~37~-3~~. 

Several toxic side-effects have been reported when polymyxin B and 
colistin are administered parenterally. Besides local irritation and pain at  
the site of injection in intramuscular administration, marked nephrotoxic 
effects are observed manifested by proteinuria, and cylindruria accompanied 
occasionally by an increase in white, red and epithelical cells in the urinary 
sediment. The neurotoxic effects of the drugs are characterized by flushing 
of the face, drowsiness, and a feeling of weakness and irritability. These 
symptoms, however, are transitory and disappear upon removal of the drug. 
In  patients with pre-existing renal damage polymyxin and colistin should be 
administered in lower doses under frequent control of the renal functions. 
The recently available sodium sulphomethyl derivatives of polymyxin B 
and colistin are stated to be less toxic, yet these derivatives are also less active 
than their parent ~ o m p o ~ n d s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  

Orally, both antibiotics are used for the treatment of intestinal infections 
due to susceptible organisms and, in combination with other drugs, for 
bowel sterilization prior to surgery. Owing to poor absorption from the 
gastro-intestinal tract, this form of application has rarely led to side-effects. 
Both are used either alone or in combination with other antibiotics in a 
variety of ointments and solutions for topical application on infected surfa,ce 
lesions of skin and mucuous  membrane^^"-^^^. Allergic reactions have rarely 
been obscrved. 

Provided application is careful, these antibiotics constitute a valuable tool 
for the treatment of a variety of infections, despite their potential toxicity 
(Table 1.8). 

POLYPEPTIDE ANTIBIOTICS PRODUCED BY STREPTOMYCES 

General Considerations 
By far the largest and still rapidly expanding group of peptide antibiotics 
has been isolated from the streptomyces species (Table 1.13). In  contrast to 
the antibiotics produced by other organisms, especially bacilli, these sub- 
stances are characterized by their great variety of unusual components. 
Besides many hitherto unknown amino acids, these compounds contain 
heterocycles, sugars, amino sugars, hydroxy acids, fatty acids and some 
contain iron. Ester bonds have been reported for some of these antibiotics. 
Ilamycin represents the only antibiotic yet found consisting only of L-amino 
acids. Like several bacilli species many streptomyces produce whole groups 
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of closely related substances. These differ usually only by one single com- 
ponent, while the rest of the molecule is unchanged. 

Structures (Figure 1.9) have been proposed for etamycin, echinomycin, 
albomycin, ilamycin, telomycin, viomycin, valinomycin and for some mem- 
bers of the streptothricins, the actinomycins and the vernamycins. Syntheses 
have only been achieved for valinomycin and some members of the actino- 
mycins. 

Besides the actinomycins, which are not included in this review, ampho- 
mycin and viomycin are at the present time the only clinically used members 
of this group. 

Amphomycin 
Discovery and nomenclature 

In  1953 Heinemann, Kaplan, Muir and Hooper isolated L crystalline 
antibiotic substance from several streptomyces strains. The strain selected 
for the production of the antibiotic was isolated from soil collected near 
Syracuse, New York, and called Streptomyces canus. Because of the amphoteric 
properties, the antibiotic was named a m p h o r n y ~ i n ~ ~ ~ .  I t  seems that ampho- 
mycin is closely related if not identical to crystallomycin472. 

Ctiemistry 

Amphomycin is a highly surface active acidic polypeptide with an iso- 
electric point of 3.5 to 3.6382. One free amino group3823473 and three to four 
acidic groups have been determined382. It crystallized as the calcium salt. 
Total acid hydrolysis and separation of the components by combined electro- 
phoresis and paper-chromatography showed glycine, proline, valine, aspartic 
acid, an unknown monoaminomonocarboxylic acid, C,H,,NO,, and an 
unknown diaminomonocarboxylic acid, C,HI4N20,, to be p r e ~ e n t ~ ~ ~ 9 ~ ' ~ .  
Aside from these amino acids, the hydrolysate contained a nitrogen-free 
saturated aliphatic a ~ i d ~ ~ 2 .  This composition suggested that amphomycin is 
very closely related to and perhaps identical to the antibiotic cry~tallornycin~~~. 
Hydrolysis of amphomycin in the presence of cation-exchange resins led to 
a mixture of peptides, which have not been identified475. The structure of 
amphomycin is unknown. 

Antimicrobial activity 

Amphomycin is mainly active against gram-positive bacteria, with little 
or no activity against gram-negative bacteria or yeast382. As its sodium salt, 
amphomycin has definite therapeutic effects against experimental Tr .  
gambiense and Tr. rhodesiense infections476 in mice and a curative value for 
fatal avian spirochetosis in chicks477. I t  has successfully protected mice in- 
fected by intraperitoneal inoculation with 100 LD,, of D ~ l o c ~ c c u s ~ n e u r n o n i a e ~ ~ ~ .  
I t  has been reported that the antibacterial activity of crystallomycin and 
amphomycin is lower in the presence of phosphates, but is completely 
restored after their (Table 1.7). 

Clinical use 

The calcium salt of amphomycin has a lethal dose (LDJ (Table 1.8) of 
120 mg/kg when given intravenously and haemolysis has been observed 
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Table 1.13. Polypeptide antibiotics produced by streptomyces 

Organism Name Antibiotic spcctrum 

Actinomycin 

Alazopeptin 

Amphomycin (crystallomycin) 
Antirnycins 

(Antimycin, Blastrnycin 
Phyllomycin, Virwin) 

Aspartocin 

o, Bottrornycin 

+ Capreomycins 
Capreomycin I, I1 

Cinnamycin 

Danomycin 
Duramycin 

Etamycin 

llamycins 
(Virodogrisein) 

(Rufomycin) 

Leu, 
aHypro 

Matamycin 

Ala, &A’-dimethylleu, u- 
Pbenylsar, Sar, Thr 

Ala, Leu, Me-Leu, y-forrnyl- 
methyl-norvaline, 3-nitro- 

Netropsin 
(Congocidin, T 1384 

Distamycin) 

S. antibioticm 

S. griseoplanw 

S. canw 
S. sp. 

S. grisem, 
S.  uiolacew 

S. botlropenris 

S. caprealus 

S. cinnamonew 

S.  albaduncw 
S. cinnamonem 

S. lauendulae 
S.  grisew 

S. islandicw 

S.  matensis 

S. netropsis 
s. sp. 

Gram-pos. bacteria, 
antineoplastic 

Antineoplastic 

Gram-pos. bacteria 
Fungi 

Gram-pos. bacteria 

Gram-pos. bacteria, 
acid-fast bacteria 

Antimycobacterial 
activity 

Gram-pos. bacteria, 
acid-fast bacteria 

Gram-pos. bacteria 
Gram-pos. bacteria, 

Gram-pos. bacteria 

Acid-fast bacteria 

fungi, yeast 

Gram-pos. bacteria, 
gram-neg. bacteria 

Fungi 

Mol.  wt .  

(Esl.) 

1,300 

-400 

743 

800 

1,100 

-500 

D 

alle, Val 

ASP, GI) 

x-pipeco- 
lic acid 

31y, Val, 

Amino acid5 

1. 

Sar, Me-Val, Pro, Thr, 
Me-Ile, Me-Ala, Hypro 

Ala, 6-diazo-5-oxo-amino- 
bexanoic acid 

Pro, Val, 2 unidentified 
Thr, 3-arninosalicylic acid 

Asp, u, &Dab, 8-Me-Asp, 
Gly, Pro, Val 

.(Z-thiazole)-@-Ala, 
a-amino-B-phenylbutyric acid 

Ala u 8-diaminopropionic acid, P-Lys, 
u: (2’-imino-bexahydro-4-pyrimidyl)- 
glycine, Ser 

Arg Asp Glu Phe Lanthionine, 
fl:metdyl-la~thio~ine, Pro, Val 

Asp Glu Gly Ile Leu Pro Ser Thr 
Asp: Glu,’Gly,’Phe: Pro,’Val,’Lan;hionine, 

R.mp+h.il.l~-th;nn.nn 

- 

Other components 

Actinocinin 

Unidentified aliphatic acid 
r-n-butyryl-8, y-hydroxy- 

pentanoic acid, u-n-hexyl-B, 
y-dihydroxy-pentanoic acid, 
formic acid 

tetradecenoic acid 
(+)-12- and 13-rnethyl-3- 

Fe 

3-hydroxypicolinic acid 

Formic acid 
Guanidinoacetic acid 

Refmences 

9,377- 
379 

380, 381 

382-384 
385-389 

390-392 

393-396 

397 

398, 399 

400 

40 I ,  402 
403406 

407-409 

410, 411 

41 2-41 5 



Pyridomycin 

Quinoxalines 

(Echinomycin, Quinomycin, 
Actinoleukin, Levornycin, 
Triostin, X-948) 

Saramycetin 
Sideromycins 

CYS 

S. pyridomyczlicu 

S. rchinatus 

S. aurew 

cis-3-Hypr0, trans-3-Hypr0, 
Ala, Asp 

8-Hyleu, Ser, a Thr, Try, 
B-Me-Tn/ 

Ala, Ile, Thr 

Antimycohacterial 

Gram-pos. bacteria 

Gram-neg. bacteria 
Acid-fast bacteria 
Antineoplastic 
Fungi, yeasts 
Gram-pos. bacteria 

activity 
520 

850 

14,000 - 1,000 

1,850 

-500 

- 1,000 

1,650 

1,150 

- 700 

475 

Gly, Thr 

Ala, N ,  N’-dimethylcystine, 

Me-Ile, N-8-dimethylleucine 
Me-Val 

Ser 1 
3-hvdroxv~icolinic acid. B- 416 

41 7425  

426 
427434 

435 

436-448 

449, 450 

45 1-455 

456, 457 

458-466 

467-469 
470,471 

w 
UI 

(Ferrimycin, 
Grisein, 
Alhomycin) 

Stendomycin 

Streptothricins 
(Geomycin, Mycothricins, 
Pleocidin, Racemomycin, 
Roseothricin, Streprin 
Streptolin, Streptothricin) 

Telomycin 

Thiostreptons 
(Thiactin, Bryamycin 
Siomycin) 

Valinomycin 

Vemamycins 

(Doricin, Mikamycin B 
Ostreogrycin, PA 114 B 
Staphylomycin 
Streptogramin) 

Viomycin 

S.  saraceticlu 
S. griseolutew 

S. subtropinu 

s. sp. 

S. laucndulac 
S. racemockromo- 

S. xantophaew 

s. sp. 

genus 

S. azurew 
S. hauraiiensis 

S. fuluirsimus 

S. loidenris 

S. uirginiae 
S. ostreogryceus 
S. matakaensis 
S. graminofacienJ 

S. firidae 
S .  uinaceus 
S. puniceus 

Fungi 

Gram-pos. bacteria 
Gram-neg. bacteria 
Fungi, yeasts 

Gram-pos. bacteria 

Gram-pos. bacteria 

Acid-fast bacteria, 

Gram-pos. bacteria 

Gram-neg. bacteria 
Acid-fast bacteria 

fungi, yeasts 

Gram-pos. bacteria 
Gram-neg. bacteria 
Acid-fast bacteria 

Asp, Cys, Gly, Pro, Thr 
Glu, Ser, Pro, N-hydroxyorni- 

thine, 
8-aminovaleric acid, 

I unidentified 

Ala, Ile, Leu, Cly, Pro, Ser, Thr, Val, 2 midentip, streptolidine 

Amino- 
butyric 
acid, 
Ala, 

Asp, Phe, Pro, Thr, phenyl- 
glycine, 

Mo-Phe, N-methyl+- 
dimethylaminophenyla- 
lanine, N-methyl-p- 
methylaminophenylala- 
nine. 4-oxo~i~ecolic acid, , . .  
Sar 

acid, Ser 
D-Ly?, a, 8-diaminopropionic 

. .  
picoline- 

Quinoxaline-2-carboxylic acid 

Fe, succinic acid, 

1 -amino-5-hydroxylaminopen- 
tane, cadaverine, 3- 
methyluracil 

D-gulosamine, other sugars 

D-a-hydroxyisovaleric acid, 

3-hydroxypicolinic acid 
lactic acid 

Viomycidine 

* Whenever the configuration of the constituent amino acids has been determined, the D- and L-forms are separated by a vertical line. 
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I I 
I L  L I 

NMe 0 

CO.CH,N.CO.Me-NH.CO.CH.N.CO,CH, 
I I  HCMel I 
Ph Me 

I Me 
CHMe2 

Etarnycin 

CH2 /c t i 2  CH, 

I I I  

I L  D L5 
CO.NH. CH.CO.NH *CH.  C0.N- H 

bHMe CO 
I I 

NMe 0 

Staphylornycin R =  E t ,  R’=H 
Vernarnycin Bol (Ostreogrycin B ) R = E t ,  R’= NMe, 

Vernarnycin Bp (OstreogrycinBz) R =  Et ,  R’= NHMe 

Vernarnycin By (Ostreogrycin 8,) R= Me, R‘= NMe2 
Vernarnycin Bs R =  Me, R‘= H 

Me CHMe2 
D I I 

L 

L 

I n 

I I  
HzC, ,S 

CHjO,CO.FH .N MeX0.C * NMe.CO.CH.NH.CO.CH.NH‘C0 

CHMe2 h e  

Echinornycin 

H 0.0 C C H. C H2. C 0.- S er - T hr - a T h r --A I a - G L y A trans--- 3 Hy pr o 

I I 
0 
I 

I 
NH2 

0 = C - cis -3H y p r 0-A T r  y-,d - M e-Tr y -1 -H y L e 

Telornycin 
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Me CH2CH RMe 
I I 

CHz. CH -CO.NH-CH-CO.N-CH*CO*NH 
I I 

I 
CH -CH2- CHMe2 

co 

MeN C O - C H .  NH * COeCH NH 

Me 
I 
NH 
I 
co 
I 

M ezCH * C H2. C H 
I I 

I 
CH2. C H=C H Me 

I 

% Me Me R' 

I larnycins ( Rufomycins) 

l lamycin R=CHO, R'=OH 

I lamycin B1 R=Me, R'=H 

Ilamycin 82 R=Me, R'=OH 

0 CHMe2 
I I  I 
C- CH 

I 

Sarcosine 

h H  
I 

0 CHMe2 
I /  I 
C- CH 

I 
NMe 
I 

Sarcosine 
I 
L-Proline 
I 
D-all0 -1soleucine \ +=o 

MeCH-CH 
I 

NH 
I 

c =o $AJfC=O 

Me Me 

Actinornycin C, 

Figure 1.9. Structures of antibiotics produced by streptomyces 
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after parenteral application. Therefore this antibiotic is mainly confined to 
topical application. It is available in ointments alone or in combination with 
other local antibiotics for the treatment of lesions infected with staphylococci, 
streptococci and other gram-positive organisms. 

Viomycin 
Discovery and nomenclature 

Viomycin was obtained independently and simultaneously by two differ- 
ent l a b o r a t o r i e ~ ~ ~ ~ ~ ~ ~ ~  from actinomycetes designated as Streptomyces p u n i ~ e u s ~ ~ ~  
and Streptonyces jof~oridae~~s. Later another antibiotic with pronounced anti- 
tuberculosis activity in experimental infections was isolated from Streptomyces 
uinaceus and called ~ i n a c t a n e ~ ~ ~ .  Subsequently it was proved to be identical 
to v i ~ m y c i n ~ ~ ~ .  

Chemistry 

Viomycin is a strongly basic polypeptide, which forms essentially neutral, 
crystalline salts467~468,479. On acid hydrolysis479, carbon dioxide, ammonia 
and urea are liberated together with the amino acids L-serine, L-a, B-diamino- 
propionic a ~ i d ~ ~ ~ * ~ ~ ~  and L-@,&-diamino-n-caproic acid (also called L-8- 
l y ~ i n e ) ~ ~ l - ~ ~ ~ .  In addition a guanidino compound, viomycidine, has been 
isolated471,47914B4. Dyer, Hayes and Miller found the structure of viomycidine 
to be 3-guanido-1 -pyrroline-2-carboxylic acid (Figure 1.lOa) on the ground 
of its physical properties and degradation results4s4. This was confirmed by 
Bowie, Johnson and Thomas4s5, who suggested at the same time that 
viomycidine is present in the antibiotic as a cyclized structure (Figure 1.10b), 

L7c;;c\NH2 4 G T N H .  qNH-c* NH 
NH A H ,  

OH COOH 
(ol (b) Id 

Figure 1.10. Proposed structure for viomycidine 

a derivative of 6,7-dihydro-5H-pyrrolo[3,2-d]pyrimidine. This later struc- 
ture for viomycidine is in disagreement with the structure470 recently pro- 
posed as 2-guanido- ~1-pyrroline-5-carboxylic acid (Figure 1.10~) with R 
configuration of the asymmetric centre. Partial hydrolysis of viomycin, 
separation and degradation of the resulting peptides led to a preliminary 
structure for viomycin (Figure l . l l ) 4 7 1 .  I t  seems that neither of the two 

,NH2 
H,N.CH.CH, .NH-- CO'CH.CH2.0.CO.NH.CO.NH2 

Figure 1.11. Proposed structure for viomycin4" 
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serine amino groups are free in the antibiotic itself and it is possible that they 
might be linked through a carbonyl group. 
- This structure, however, has been challenged very recently by Dyer, 
Kellogg, Nassar and Streetman486. Because the structure in Figure 1.11 does 
not satisfy some of the physical and chemical data obtained for viomycin, 
they proposed an alternative structure (Figure 1.12). 

Figure 1.12. Alternative structure for v i ~ r n y c i n ~ ~ ~  

Tha pyrrolo-[ 1,2-a] -s-triazine ring system, formed by viomycidine and 
a,&diaminopropionic acid, explains the ultra-violet absorption of viomycin. 
This ring system may also be responsible for the antimicrobial activity of 
v i o m y ~ i n ~ ~ ~ ,  because several dihydro-s-triazines possess a remarkable activity 
towards many micro-organisms. Also this formula cannot yet explain all the 
results reported in the literature and the final structure for viomycin is thus 
still undetermined. 

Antimicrobial activity 

The antimicrobial activity of viomycin is mainly restricted to M. tubercu- 
losis. It is bacteriostatic for M. tuberculosis uar. hominis H37Rv in concentra- 
tions of 2.5 to 12.5 ,ug/ml. Other gram-positive and gram-negative bacteria 
are inhibited only by larger amounts of the a n t i b i o t i ~ ~ ~ ~ * ~ ~ ~ . ~ ~ ~  (Table 1.7), 
and against fungi, protozoa and viruses it is completely inactive. Resistance 
to viomycin appears on repeated subculture as quickly as does resistance to 
streptomycin, and it remains stable through many transfers488~489. Viomycin 
was shown to have a definite chemotherapeutic activity against experimental 
infections due to K. pneumoniae, E. typhosa and Proteus vulgaris, when adminis- 
tered orally or sub~utaneous ly~~~,  yet its main characteristic was the marked 
suppressive effect on tuberculous infections in experimentally inoculated 
mice487~490,491 and g u i n e a - p i g ~ ~ 8 ~ , ~ ~ 2 @ ~ .  It was, however, observed that the 
development of tuberculosis in guinea-pigs was only retarded and progressed 
again after the treatment with viomycin had been discontinued492. Two 
types of methods are described for determining product potencies, either a 
cylinder-plate method using B. subtilis ATCC 6633 as test organism, or a 
turbidimetric method using K. pneumoniae ATCC 10 031 as test organism. 
The viomycin standard is the anhydrous base, which has been assigned a 
potency of 1,000 ,ug/ml.lll 

ClinicaE use 

Viomycin is used in combination with other tuberculostatic agents in the 
treatment of tubercul0sis49~. Because of its toxic side effects its use is not 
recommended for patients who respond to the classical forms of treatment. 
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Name 

Abut, 8-Ala, 
,&Hyleu, y-MePro 
Me-Val 

Antibiotic I.C.I. 13 599 

Avenacein 

Cephalosporins 
,+ Cephalosporin C,N 
0 

Enniatins 
Enniatin A, B, C 

Fructigenin 

Lateritiin (I, 11) 

Penicillins 

D-a-hydroxy- 
isovaleric acid 

Sambucinin 

Table 1.14. Polypeptide antibiotics produced by fungi 

Organism 

Paecilomyces sp. 

Fusarium auanacxurn 

Cephalosporium sp. 

Fusarium oxysporum 

Fusarium fructigenum 

Fusarium lateritium 

Penicillium sp. 

Fusarium sambucinium 

Antibiotic 
spectrum 

Antitrypanosome 

M .  phlei 

Gram-pos. bacteria, 

Gram-neg. bacteria 

Acid-fast bacteria 

M. phlei 

M.  phlei 

Gram-pos. bacteria 

M. phlei 

- 
Mol. 
mt. 

__ 

-350 

4 5 0  

350 

- 

D 

Amino acids* 

Other components 

L 

a-aminoadipic 

Penicillamine 
acid 

Penicillamine 

Me-Val, Me-Ile, 

Me-Val 

Me-Val 

Me-Leu 

Me-Val 

D-a-h ydrox y 

D-a-hydroxy- 

D-a-hydroxy- 

Phenylace tic 
acid, 

valeric acid 
D-a-hydroxy- 

isovaleric acid 

isovaleric acid 

isovaleric acid 

isovaleric acid 

[ 

- 
ReJ 

509 

502 

14 

503 
510 

502 

502 

10- 
13 

502 - 
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Viomycin, like the other polypeptide antibiotics, has certain nephrotoxic 
effects, which are manifested by albuminuria and ~ y l i n d r u r i a ~ ~ ~ ~ ~ ~ ~ ~ 4 9 ~ .  
Blood electrolyte disturbances495, allergic reactions, partial hearing loss and 
pain at the site of injection have been observed4g6. These effects, however, 
are mainly dependent on the dosage and are rare if the recommended doses 
are applied497. Intermittent dosage schedules and the application of viomycin- 
p a n t ~ t h e n a t e ~ ~ ~ - ~ ~ l  have been reported to reduce the toxic side effects 
(Table 1.8). 

POLYPEPTIDE ANTIBIOTICS PRODUCED BY FUNGI 

All the known peptide antibiotics (Table 1.14) produced by E'usaria were 
isolated in 1947. Cook, Cox, Farmer and Lacey502 reported on five anti- 
microbial substances isolated from F. lateritium, F. aoanaceunz, F. sambucinium 
and F. juctogenum and called lateritiin I, lateritiin 11, avenacein, sambucinin 
and fructigenin. These compounds are mainly active against Mycobacterium 
phlei. Plattner and Nager503 characterized enniatin A, B and C isolated 
from F.  oxysporum, which are mainly active against Mycobacterium tuberculosis, 
M .  phZei, B. subtilis, Staph. a u r m  and E. coli. All these antibiotics belong to 
the depsipeptides, a large class of peptide-related compounds, which are 
built up of hydroxy and amino acid residues joined by amide and ester 
linkages. The structures originally proposed for the enniatins had to be 
revised after their total synthesis by Russian504-506 and Swiss ~ ~ r k e r ~ ~ ~ ~ , ~ ~ ~  
(Figure 1.13). The structures of the other antibiotics are still unknown. None 
of these compounds is of clinical use. 

\ 
Lnniatin A R = Ou' 
Enniatin B R = Pr' 
Enniahn C R = Bu' 

Figure 1.13. Structures of enniatin A, B and C 

Several reviews are available of the most important members of this group, 
the peni~illinsl~-~3 and the cephalosporinsl4, which from the point of view of 
biogenesis can be regarded as peptides. They are not, however, considered 
here, because they are not real polypeptide antibiotics. 

POLYPEPTIDE ANTIBIOTICS ISOLATED FROM DIFFERENT SOURCES 

Only a few peptide antibiotics have been reported, which are not produced 
by bacilli, streptomyces and fungi. These are compiled in Table 1.15. For 
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Table 1.15. Polypeptide antibiotics from different sources 

o-/?-hydroxydecanoic 
acid 

Source 

511, 512 

Amino acids Name Antibiotic spectnnn Mol. wt. Other components References 

Coliformin E.  coli-Aerobacter 
aerogenes type 

Fungi -4,000 Ala, Asp, Glu, Gly, Leu, Lys, Ser, Val I 514 

Glucose, xylose 

Comirin Bacterium 
antimyceticum 

Fungi Ala, Arg, Asp, Glu, Gly, Ile, Leu, Lys, 
Ser, Tyr, Val, Thr, Dab 

Unknown 

~ 513 
Antimycobacterial 

activity 
4,300- 
10,000 

Calf thymus 
peptide 

Calf thymus Ala, Arg, Asp, Glu, Gly, His, He, Thr, 
Leu, Lys, Met, Phe, Pro, Ser, Tyr, Val 

’ Diplococcin Streptococcus 
cremoris, 
gram-pos. bacteria 

Arg, unidentified amino acids Streptococcus 
lactis 

516 

Gram-pos. bacteria -7,OOC Ala, Asp, Gly, His, Ile, lanthionine, /?- 
methyllanthionine, Leu, Lys, Met, 
Pro, Val 

1 517 

~ 518 

Streptococcus 
lactis, cremoris 

Gram-pos., gram-nes. 
yeast, fungi 

514 L-Ser Serratamolide Serratia 
marcescens 

Viscosin Pseudomonas 
viscosa 

Gly, Leu, Ser, Thr, Val 
I 

~ 519-522 
Antirnycobacterial 

activity 
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most of them only a qualitative amino acid analysis has been published 
although they have been known for several years. This may be due to their 
considerable molecular weights, which exceed practically all the molecular 
weights obtained for the other peptide antibiotics. Only the structure of 
serratamolide (Figure 1.14), a small depsipeptide, has been elucidated511 and 

CH2.3H 
I 

I 
C Hz 

I 
I I 

CH . ( CH,), Me 
I 

CO- NH.CH.CO-- 0 
I 

0-- CO.CH.NH-CO 

Me (CH2)6 . CH 

$ H2 

CHZ'OH 

Figwe 1.14. Structure of serratamolide 

proved by synthesis512. A peculiar compound is the strongly basic polypep- 
tide antibiotic isolated from calf thymus513. 

The only members of some practical importance are the nisins, which are 
used in the food industry as preservatives. 

BIOSYNTHESLS OF POLYPEPTIDE ANTIBIOTICS 

The intensive studies on the genetic code and on the proteins in recent years 
have led to a fairly good understanding of the mechanism of protein bio- 
synthesis523. The biosynthetic mechanism involved in the formation of 
peptides has not yet been studied in equal detail. Some physiologically 
active peptides like bradykinin and angiotensin are known to be derived 
from proteins by a specific enzymatic hydrolysis. Other peptides, like gluta- 
thione5z4~5z5, ophthalmic the nucleotide-pentapeptide from Staph. 
aureus52fi and y-polyglutamic have been shown to require for their 
synthesis only a soluble enzyme system. Their biosynthetic mechanism is 
therefore entirely different from that of the proteins. Such a different type 
of mechanism has also been demonstrated lately to be involved in the syn- 
thesis of peptide antibiotics. 

Mach, Reich and Tatum were able to demonstrate an inhibition of the 
biosynthesis of protein in cells of B. brevis by chloramphenicol and puromycin 
without affecting the synthesis of t y r ~ c i d i n e ~ ~ ~ .  Several analogues of amino 
acids were found, which inhibited the biosynthesis of tyrocidine without 
affecting that of protein and vice versa. In contrast to protein synthesis, the 
production of tyrocidine did not depend on the continuous synthesis of RNA. 
Furthermore, environmental factors were able to control the relative amounts 
of the different tyrocidines synthesized by genetically homogeneous cul- 
turesM. Addition of phenylalanine to the culture medium resulted in the 
almost exclusive synthesis of tyrocidine A, whereas the unsupplemented 
culture produced tyrocidine A, B and C. In the presence of tryptophan, a 
new form of tyrocidine, called tyrocidine D, containing three tryptophan in 
place of three phenylalanine residues, was produced. This lack of absolute 
requirement for specific amino acids in the formation of a peptide bond is in 
contrast to the strict specificity of sequential incorporation of amino acids 
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into proteins. This influence of the relative concentrations of amino acids 
in the medium on the primary structure of the polypeptide chain can be, 
besides mutation, an explanation for the fact that many peptide antibiotics 
are groups of closely related substances. 

In  contrast to these results, the process of tyrocidine and gramicidin 
biosynthesis has been compared to protein synthesis, but this evidence was 
obtained in cell-free systems of B. b r e ~ i s 5 2 ~ 9 ~ ~ ~ .  Yet a difference in the mech- 
anism of protein and antibiotic synthesis has also been reported for grami- 
cidin S531-533, polymyxin B5343535 and mycobacillin536 and seems now to be 
fairly well established. 

Bernlohr and N ~ v e l l i ~ ~ ~  reported that, although the mechanism of anti- 
biotic synthesis differs from protein synthesis, there appears to be a compe- 
tition between the two processes for the amino acids available in the cell. 
During active cellular growth with high protein synthesis, practically no 
bacitracin was produced. In  contrast, bacitracin synthesis was high, when 
the requirements for protein synthesis were low, as at the end of the log 
phase or when protein synthesis was inhibited. The production of bacitracin, 
and some other antibiotics, seems to be related in some way to the spore- 
forming metabolism537. In  this phase a great part of the cell wall is dissolved, 
while protein production remains very low. 

The origin of the D-amino acids has been traced in a few cases and it has 
been found that D-amino acid residues are more efficiently labelled when the 
corresponding radioactive L-amino acids are added to the growing culture 
than when the radioactive D-isomers are used. &Amino acids have been 
found to be competitive inhibitors of peptide synthesis. These experiments 
suggest that free D-aminO acids are not obligatory intermediates in the forma- 
tion of peptide antibioti~s~38-~4~. The inversion of the configuration seems to 
occur a t  the peptide 

Little is known concerning the mechanism of biogenesis of the often 
occurring N-methylamino acids. There is evidence that glycine and L-valine 
are the direct precursors of ~arcosine539~544~5~~ and N-methyl-~-val ine~~~ in 
actinomycin biosynthesis and that the methyl group is provided by methio- 

The chromophores of some of the peptide antibiotics may also be synthe- 
sized from amino acids. Thus the phenoxazine ring of actinomycin originates 
from t r y p t ~ p h a n ~ ~ ~ , ~ ~ ~ .  

nine545,546. 

MECHANISM OF ACTION OF POLYPEPTIDE ANTIBIOTICS 

Several reviews deal with the mechanism of antibiotic a ~ t i o n ~ ~ ~ ~ ~ ~ ~ .  With 
respect to their primary mode of action, the antibiotics have been divided 
into three main groups: ( u )  those affecting the structure, or the synthesis, or 
both of the bacterial cell wall; ( b )  those affecting the function, or the syn- 
thesis, or both of the protoplast membrane; (c) those affecting protein and 
nucleic acid synthesis. According to this classification, the tyrocidines, 
gramicidins and the polymyxins belong to group ( b ) ,  whereas the bacitracins 
cannot yet be classified with certainty. The chemically completely different 
linear gramicidins do not belong in either group; they act as uncouplers of 
oxidative phosphorylation. Nothing is yet known about the mode of action 
of amphomycin and viomycin. 
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Tyrocidine was found to produce a rapid decrease of respiration of 
s t aphy loco~c i~~~ .  Its action is directed towards the osmotic barriers resulting 
in a massive leakage of amino acids, purines, pyrimidines, phosphates-and 
phosphate esters from the cell into the mediums51. The resulting dilution 
of essential metabolites practically stops any biosynthetic process. This action 
is independent of growth. 

An analogous effect is exerted by gramicidin S and by the polymyxins. 
The alteration in the permeability of the cell membrane was clearly demon- 
strated by the use of N-tolyl-a-naphthylamine-8-sulphonic acid, which gives 
rise to fluorescence when in contact with proteins. Little fluorescence was 
observed when intact cells were treated with this substance. Under the 
influence of polymyxin, however, the dye was able to penetrate into the cell 
where it reacted with the cytoplasmic proteins giving brilliant 
Combination between the protoplast membrane of B. megaterium and poly- 
myxin has been demonstrated by using a fluorescent derivative of poly- 
m y ~ i n ~ ~ ~ .  This fixation of polymyxin, which is antagonized by cations, seems 
to be due to a reaction with ionized phosphate groups in the membrane554-556. 
This evidence has been further substantiated by the observation that 
polymyxin-sensitive cells contain more lipid phosphorus than resistant cells, 
and that they also bind more of the antibiotic557. Electron microscope studies 
have revealed the disorganization of the cell surface occurring upon treat- 
ment with p o l y m y ~ i n ~ ~ ~ ~ ~ ~ ~  or colistins60. 

In  their similar action on the cell membrane the tyrocidines, gramicidins 
and the polymyxins resemble other surface active agents. Like these, they 
contain also lipophilic and lipophobic groups, which, as has been revealed 
by studies on gramicidins, may be separated in the molecule by being fixed 
on different sides of the molecular plane. 

Inactivation of certain enzyme systems involved in the oxidative meta- 
bolism of sensitive organisms by p o l y m y ~ i n ~ ~ ~ * ~ ~ ~  and ~ o l i s t i n ~ ~ ~  has also been 
reported. This, however, might be a secondary effect562. Bacitracin has been 
reported to interfere with cell wall synthesis. I t  causes Staphylococcus auretu to 
1yse563*564, to form p ro top la~ t s~~~and  to accumulate cell w a l l p r e c u r ~ o r s ~ ~ ~ ~ * ~ - ~ ~ ~ .  
The incorporation of radioactive amino acids into cell wall mucopeptides is 
inhibited.566 Bacitracin has further been found to prevent Staphylococcus 
aureus from synthesizing ~ - g a l a c t o s i d a ~ e ~ ~ ~ ~ ~ ~ ~ ,  yet it does not interfere with 
the incorporation of radioactive lysine into cells570. In  experiments with 
Staphylococcus aureus, bacitracin and penicillin were shown to share a common 
binding site on the membrane571, a result which could not be confirmed in 
similar experiments with B. meg~teriurn~7~. Recently a direct effect of bacitra- 
cin on the cytoplasmic membrane has been demonstrated, and it was sugges- 
ted that the inhibition of cell wall synthesis could be a secondary effect572. 

The role of zinc ions in the enhancement of the antimicrobial activity of 
bacitracin is not yet clear. It has been reasoned that in the complete absence 
of Zn2+ bacitracin would possess no bacteriostatic a~t iv i ty5~~.  

An analogous mechanism in the mammalian cell may explain the high 
toxicity of these peptide antibiotics. Their specific nephrotoxicity may be 
due either to a difference of the structure between renal cell membranes and 
those in other cells or it may be due to the high concentration of the anti- 
biotics in the renal system. 
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microbiology; to Prof. B. Fust for discussing the clinical applications; to Dr. K .  
Vogler and Dr. P. Quitt who read the manuscript and made valuable suggestions; and 
to Miss Arnold and Miss  Schmidle f o r  the preparation of the gpescript. 

1. 
2. 
3. 

4. 

5. 
6. 
7. 
8. 
9. 

10. 

11. 

12. 

13. 
14. 
15. 
16. 

17. 

18. 
19. 

20. 
21. 
22. 
23. 
24. 
25. 

26. 

27. 
28. 

29. 
30. 
31. 
32 I 

REFERENCES 
BRICAS and FROMAGEOT Adu. Protein Chem. 1953, 8, 1 
SCHWYZER, ISELIN, RITTEL and SIEBER Helv. chim. Acta 1956, 39, 872 
SCHWYZER Chimia 1958, 12, 53; Ciba Foundation Symposium on Amino 
Acids and Peptides with Antimetabolic Activity: Churchill, London, 1958, 
p. 171 
SHEMYAKIN and KHOKHLOV Die Chemie der Antibiotica (2 vols.) : Staatlicher 
Verlag fur Chemie, Moskow, 1953, p. 484 
SHEMYAKIN Angew. Chem. 1960, 72, 342 
SCHRODER and LUBKE Experientia 1963, 19, 57 
LOSE and BACHMANN Z. Chemie Lpz. 1964, 4, 204; Chem. Ber. 1964, 97, 2671 
SHEMYAKIN IUPAC Symposium, Kyoto Japan, 1964 
BROCKMANN Progress in the Chemistry of  Organic Natural Products (Ed. Zechmeister) : 
Springer Verlag, Wien, 1960 
CLARKE, JOHNSON and ROBINSON The Chemistry of Penicillin Princeton University 
Press, Princeton, 1949 
FLOREY The Clinical Application o f  Antibiotics : Penicillin Oxford University Press, 
London, 1952 
FLOREY, CHAIN, HEATLEY, JENNINGS, SANDERS, ABRAHAM and FLOREY Anti- 
biotics, Vol. I1 : Oxford University Press, London, 1949 
HEWITT J. Am. med. Ass. 1963, 185,264 
ABRAHAM Pharmac. Rev. 1962, 14, 473 
5th European Peptide Symposium (Ed. Young) : Pergamon Press, Oxford, 1963 
FRAENKEL-CONRAT, HARRIS and LEVY Methods o f  Biochemical Analysis (Ed. 
Glick) : Interscience, New York, 1955, p. 359 
HARRIS and INGRAM Analytical Methods of  Protein Chemistry (Ed. Alexander and 
Block) Vol. 2 : Pergamon Press, Oxford, 1960, p. 42 1 
LEGATT BAILY Techniques in Protein Chemistry Elsevier, London, 1962 
GREENSTEIN and WINITZ Chemistry of the Amino Acids Vol. 2 : Wiley, New York, 
1961 
CRAIG and POST Analyt. Chem. 1949, 21, 500 
CRAIG and KING J. Am. chem. Soc. 1955, 77, 6620 
BATTERSBY and CRAIG J. Am. chem. SOC. 1952, 74, 4023 
SIMON and TOMLINSON Chimia 1960, 14, 303 
BODANSZKY and ONDETTI Antimicrob. Ag. Chemother. 1963, 360 
BODANSZKY, FRIED, SHEEHAN, WILLIAMS, ALICINO, KEELER and BIRKHIMER 
J.  Am. chem. SOC. 1964, 86, 2478 
WULFSON, PUCHKOV, BOCHKAREV, ROZINOV, ZYAKOON, SHEMYAKIN, OVCHINNI- 
KOV, IVANOV, KIRYUSHKIN, VINOGRADOVA, FEIGINA and ALDANOVA Tetrahedron 
Lett. 1964, p. 951 
WEYGAND and PROX Angew. Chem. 1963, 75, 724 
VOGLER, STUDER, LANZ, LERGIER, BOHNI and FUST Helv. chim. Acta 1963, 46, 
2823 
GOODMAN and KENNER Adv. Protein Chem. 1957, 12, 465 
BRICAS Bull. SOC. chim. Fr. 1961, 2001 
RYDON Peptide Synthesis Royal Institute of Chemistry Monograph, No. 5, 1962 
ALBERTSON Organic Reactions (Ed. Cope) Vol. 12 : Wiley, New York, 1962, p. 157 

46 



R. 0. STUDER 

33. WIELAND and DETERMANN Angew. Chem. 1963, 75,539 
34. MEIENHOFER Chimia 1962, 16, 385 
35. LAW, Progress in Medicinal Chmistry (Ed. Ellis and West) Vol. 4: Butterworths, 

36. Advances in Organic Chemistry (Ed. Raphael, Taylor and Wynberg) Vol. 3: 

37. 1st European Peptide Symposium, Prague, 1958, Colln Trav. chim. Tchicosl. 1959, 

38. 2nd European Peptide Symposium, Munich, 1959, Angew. Chem. 1959, 71, 

39. 3rd European Peptide Symposium, Basle, 1960, Chimia 1960, 14, 366 
40. 4th European Peptide Symposium, Moscow, 1961, Zh. Mendeleyev. Obshch. 1962, 

41. 6th European Peptide Symposium, Athens, 1963 (Ed. Zervas) : Pergamon 

42. 7th European Peptide Symposium, Budapest, 1964, in the press 
43. SCHWYZER Ciba Foundation Symposium on Amino Acids and Peptides with Anti- 

44. ROTHE Colln Trav. chim. Tchicosl. 1959, 24, 148 
45. WIELAND and OHLY fustus Liebigs Annln Chem. 1957, 605, 179 
46. WINNITZ and FRUTON f .  Am. chern. Soc. 1953, 75, 3041 
47. HOFMANN and MAGEE f .  Am. chem. SOG. 1949, 71, 1515 
48. SHEEHAN and RICHARDSON J.  Am. chem. SOC. 1954, 76,6329 
49. ROTHE Acta chim. hung. 1959, 18, 449 
50. SHEMYAKIN, OVCHINNIKOV, KIRYUSHKIN and IVANOV Tetrahedron Lett. 1963, 

5 1. PLATTNER, VOGLER, STUDER, QUITT and KELLER-SCHIERLEIN Helv. chim. Acta 

5 la. BROCKMANN and MANEGOLD Naturwissenschaften 1964, 51, 383 
52. Du VIGNEAUD, RESSLER, SWAN, ROBERTS and KATSOYANNIS f .  Am. chem. SOC. 

53. SCHWYZER and SIEBER Helv. chim. Acta 1958, 41, 2186 
54. SHEMYAKIN, VINOGRADOVA, FEIGINA and ALDANOVA Tetrahedron Lett. 1963, 35 1 
55. BARNES and NEWTON Antibiotics Chemother. 1953, 3, 866 
56. KAWAMATA and MOTOMURA J.  Antibiot., Tokyo Series A, 1954, 7, 25 
57. KURYLO-BOROWSKA Bull. Inst. mar. trop. Med. Gdansk. 1959, 10, 151; Chem. 

58. DUBOS f .  exp. Med. 1939, 70, 1, 11 
59. DUBOS Ann. intern. Med. 1940, 13, 2025 
60. HOTCHKISS Adv. Enzymol. 1944, 4, 153 
61. SYNGE Quart. Rev. chem. Soc. 1949, 3, 245 
62. BATTERSBY and CRAIG J.  Am. chem. Soc. 1952, 74, 4019 
63. PALADINI and CRAIG J.  Am. chem. Soc. 1954, 76, 688 
64. CRAIG, GREGORY and BARRY Cold Spring Harb. Symp. quant. Biol. 1949, 14, 24 
65. KING and CRAIG J. Am. chem. SOC. 1955, 77, 6624, 6627 
66. MACH and TATUM Proc. natn Acad. Sci. U.S.A. 1964, 52, 876 
67. SYNGE Cold Spring Harb. Symp. pant.  Biol. 1949, 14, 191 
68. GREGORY and CRAIG J.  biol. Chem. 1948, 172, 839 
69. OKUDA, LIN and WINNICK Nature, Lond. 1962, 195, 1067 
70. RAMACHANDRAN Biochemistry, N. Y. 1963, 2, 1138 
71. ISHII and WITKOP J. Am. chem. Soc. 1964, 86, 1848 
72. SARGES and WITKOP J.  Am. chem. Soc. 1964, 86, 1861, 1862 
73. ISHII and WITKOP J .  Am. chem. SOC. 1963, 85, 1832 
74. GAUSE and BRAZHNIKOVA Lancet 1944, 247, 7 15 ; Nature, Lond. 1944, 154, 703 

London, 1965, p. 86 

Interscience, New York, 1963 (a) MCOMIE, 191, (b) BOISSONNAS, 159 

24, Special Issue 

741 

7, 353, 468; Colln Trav. chim. Tchicosl. 1962, 27, 2229 

Press, London. 

metabolic Activity Churchill, London, 1958, p. 171 

885 

1963, 46,927 

1954, 76, 31 15 

Abstr. 1960, 54, 3862 

47 



POLYPEPTIDE ANTIBIOTICS OF MEDICINAL INTEREST 

75. BELOZERSKY and PASSHINA Lancet 1944, 247, 716 
76. SYNGE Biochem. J.  1945, 39, 363 
77. SANGER Biochem. J. 1946, 40, 261 
78. CONSDEN, GORDON, MARTIN and SYNGE Biochem. J. 1947, 41, 596 
79. SYNGE Biochem. J .  1948, 42, 99 
80. BATTERSBY and CRAIG J.  Am. chem. Soc. 1951, 73, 1887 
81. HODGKIN Cold Spring Harb. Symp. quant. Biol. 1949, 14, 65 
82. SCHMIDT, HODGKIN and OUGHTON Biochem. J. 1957, 65, 744 
83. SYNGE Biochem. J.  1957, 65, 750 
84. HODGKIN and OUGHTON Biochem. J.  1957, 65, 752 
85. SAITO Osaka Daig. Igaku Zasshi 1958, 7, 499, 503; Chem. Abstr. 1959, 53, 

86. OTANI, NAGANO and SAITO Osaka Daig. Igaku Zasshi 1958, 7, 640; Chem. Abstr. 

87. NODA Ni$pon Kagaku Zasshi 1959, 80, 411; Chem. Abstr. 1961, 55, 4374 
88. OTANI and SAITO .I. Biochem. 1964, 56, 101 

1440 

1959, 53, 12403 

89. SCHWYZER and SIEBER Angew. Chem. 1956, 68, 518; Helv. chim. Acta 1957, 40, 
624 

90. DUBOS and HOTCHKISS J.  exp. Med. 1941, 73, 629 
91. DUBOS and CATTANEO J.  exp. Med. 1939, 70,249 
92. HOTCHKISS and DUBOS J. biol. Chem. 1940, 132, 791, 793; 1941, 141, 155 
93. HOTCHKISS J. biol. Chem. 1941, 141, 171 
94. GORDON, MARTIN and SYNGE Biochem. J. 1943,37, 313 
95. SYNGE and TISELIUS Acta chem. scand. 1947, 1, 749; 1949, 3, 231 
96. BATTERSBY and CRAIG J .  Am. chem. Soc. 1952, 74, 4023 
97. GORDON, MARTIN and SYNGE Biochem. J ,  1943, 37, 86 
98. SYNGE Biochem. J. 1945, 39, 355 
99. TISHLER, STOKES, TRENNER and CONN J.  biol. Chem. 1941, 141, 197 

100. PEDERSEN and SYNGE Acta chem. scand. 1948, 2, 408 
101. HINMAN, CARON and CHRISTENSEN J.  Am. chem. Soc. 1950, 72, 1620 
102. SYNGE Biochrm. J .  1949, 44, 542 
103. HARRIS and WORK Nature, Lond. 1948, 161, 804; Biochem. J.  1950, 46, 196, 582 
104. SCHUMANN and BOISSONNAS Helv. chim. Acta 1952, 35, 2237 
105. ERLANGER, SACHS and BRAND J.  Am. chem. Soc. 1954, 76, 1806 
106. SCHWYZER and SIEBER Helu. chim. Acta 1958, 41, 2186 
107. SCHWYZER and SIEBER Helu. chim. Acta 1959, 42, 972 
108. SURBECK-WEGMANN Dissertation University of Zurich, 196 1 ; SCHWYZER and 

DIETRICH, Helv. chim. Acta 1961, 44, 2003, ref. 1 
10'3. FLOREY The Clinical Application of Antibiotics, Vol. IV: Oxford University Press, 

London, 1960 
110. HEILMAN and HERRELL Proc. Soc. c x l .  Bid. Med. 1941, 46, 182 
1 1 1. GROVE and RANDALL Assay Methods of Antibiotics, Medical Encyclopedia Inc., 

112. MACH Cold Spring Harb. Symp. quant. Biol. 1963, 28, 263 
113. HIRAMATSU Osaka Daig. Igaku Zasshi 1959, 8, 2017, Chem. Abstr. 1960, 54, 14140 
114. Japanese Patent 5286, 1961; Chem. Abstr. 1961, 55, 27792 
115. UEHARA Osaka Daig. Iguku Zasshi 1959, 8, 1489; Chem. Abstr. 1960, 54, 17279 
116. TOMOIOKA and IOGA J. Antibiot. Tokyo, Series A, 1960, 13, 287 
117. HASHIMOTO Osaka Daig. Igaku Zasshi 1960, 9, 4019; Chem. Abstr. 1961, 55, 9572 
118. ERLANGER and GOODE Nature, Lond. 1954, 174, 840 
119. ERLANGER, CURRAN and KOKOWSKY J. Am. chem. Soc. 1958, 80, 1128; 1959, 81, 

120. ERLANGER and GOODE Science 1960, 131,669 

New York, 1955 

3051, 3055 

48 



R. 0. STUDER 

12 1. KATCHALSKY, BERGER, BICHOWSKY-SLOMNICKI and KURTZ 3rd Int. Congr. 
Biochem. Brussels, 1955 (Ed. LiCbecq) : Academic Press, New York, 1956, p. 88 

122. STEPANOV and SILAEV J. gen. Chem. U.S.S.R. 1961, 31, 3546 
123. SILAEV 3rd Humboldt-Symp. Grundfragen Biol. Berlin, 1960, p. 156; Chem. Abstr. 

124. STEPANOV, SILAEV and POLIN Antibiotiki 1958, 3, 49; Chem. Abstr. 1954, 53, 2476 
125. STEPANOV and SILAEV J.  gen. Chem. U.S.S.R. 1961, 31, 3556 
126. AOYAGI, KATO, OHNO, KONDO and IZUMIYA J.  Am. chem. Sac. 1964, 86, 5700 
127. KATO, OHNO, KONDO, FUJITA and IZUMIYA 6th Znt. Congr. Biochem., New York, 

128. STEPANOV and SILAEV J.  gen. Chem. U.S.S.R. 1961, 31, 3550 
129. SCHMIDT, HODGKIN and OUGHTON Biochem. J. 1957, 65, 744 
130. WARNER Nature, Lond. 1961, 190, 120 
13 1. Sous, KELLER, KLEINE-NATROP, KRUPE, ROTHE and MUCKTER Arzneimittel- 

132. BOSLET Therapie Gegenw. 1962, 101, 336 
133. SCHMENGLER and SIMON Internist 1962, 3, 386 
134. SATTELKAN Medsche Klin. 1962, 57, 2105 
135. MATHIS Therapiewoche 1962, 12, 902 
136. SERGIEV Lancet 1944, 2, 717 
137. TISCH, HOEKSTRA, FISHER and DICKSON Antibiotics A.  1954-55, p. 101 I 
138. SCUDI and ANTOPOL Proc. Sac. exp. Bid. Med. 1947, 64, 503 
139. PAYNE, SPENCER and SCHULTZ Antibiotics Chemother. 1951, 1, 387 
140. SCHWARTZ, WARREN, BARKLEY and LANDIS Antibiotics A. 1959-60, p. 41 
141. WRIGHT and WELCH Antibiotics A .  1959-60, p. 61 
142. P’AN, HALLEY, REILLY and PEKICH Am. Rev. Tuberc. pulm. Dis. 1951, 63, 44 
143. HICKEY Progress in Industrial Microbiology (Ed. Hockenhull) Vol. 5 : Temple Press, 

144. LANDY, ROSENMAN and WARREN J. Bact. 1947, 54,24 
145. LANDY, WARREN, ROSENMAN and LOLIO Proc. Sac. exp. Bwl. Med. 1948, 67, 539 
146. TURNER Archs Biochem. Biophys. 1956, 60, 364 
147. TINT and REISS J. biol. Chem. 1951, 190, 133 
148. SHARON, PINSKY, TURNER-GRAFF and BABAD Natzire, Lond. 1954, 174, 1190 
149. SHIBASAKI and TERNI J. Ferment. Technol., Osaka 1953, 31, 339; Chem. Abstr. 

150. SHIBASAKI and TERNI J. Ferment. Technol., Osaka 1954, 32, 115; Chem. Abstr. 

151. BABAD, PINSKY, TURNER-GRAFF and SHARON Nature, Lond. 1952, 170, 618 
152. .JOHNSON and BURDON .I. Bact. 1946, 51, 591 

1963, 59, 6635 

1964, p. 159 

Forsch. 1957, 7, 98 

London, 1964, p. 93 

1954, 48, 2832 

1954, 48, 12886 

153. STESSEI., LEBEN and KEITT Phytopathology 1953, 43, 23; Chem. Abstr. 1953, 47, 
4948 

154. MICHENER and SNELL Archs Biochem. 1949, 22, 208 
155. NANDI and SEN Nature, Land. 1953, 172, 871 
156. NEWTON Br. J. exp. Path. 1949, 30, 306 
157. JOHNSON, ANKER and MELENEY Science 1945, 102, 376 
158. ANKER, JOHNSON, GOLDBERG and MELENEY J. Bact. 1948, 55,249 
1.59. ARRIACADA, SAVAGE, ABRAHAM, HEATLEY and SHARP Br. J. exp. Path. 1949,30, 

160. HILLS, BELTON and BLATCHLEY Br. J. exp. Path. 1949, 30, 427 
161. SHARP, ARRIAGADA, NEWTON and ABRAHAM Br. J. exp. Path. 1949, 30, 444 
162. ARRIAGADA, FLOREY, JENNINGS and WALLMARK Br. J ,  exp. Path. 1949, 30, 458 
163. NEWTON and ABRAHAM Biochem. J. 1950,47,257 
164. BARRY, GREGORY and CRAIG J. biol. Chem. 1948, 175, 485 
165. CRAIG, GREGORY and BARRY J.  din. Invest. 1949, 28, 1014 

425 

49 



POLYPEPTIDE ANTIBIOTICS OF MEDICINAL INTEREST 

166. CRAIG, KONIGSBERC and HILL Ciba Foundation Symposium on Amino Acids and 

167. ABRAHAM and NEWTON Ciba Foundation Symposium on Amino Acids and Peptides 

168. ABRAHAM Biochemistry of Some Pettides and Steroid Antibiotics Wiley, New York, 

169. SWALLOW and ABRAHAM Biochem. J .  1959, 72, 326 
170. STOFFEL and CRAIG J. Am. chem. SOC. 1961, 83, 145 
171. KONIGSBERG and CRAIG J.  org. Chem. 1962, 27, 934 
172. CRAIG, WEISIGER, HAUSMAN and HARFENIST J.  biol. Chem. 1952, 199, 259 
173. NEWTON and ABRAHAM Biochem. J. 1953, 53, 597 
174. CARVAJAL Bact. Proc. 1952, 25 
175. CARVAJAL Antibiotics Chemother. 1953, 3, 765 
176. HOBBY, REGNA, DOUGHERTY and STEIG J. clin. Invest. 1949, 28, 927 
177. REGNA, CARBONI and STEIG Am. chem. SOC. Meeting-in-miniature, Brooklyn, 1950 
178. PECK and LYONS Ann. Rev. Biochem. 1951, 20, 367 
179. CALLOW, GLOVER, HART and HILLS Br. J. exp. Path. 1947, 28, 418 
180. CALLOW and WORK Biochem. J.  1952, 51, 558 
181. OGSTON, Biochem. J. 1952, 51, 569 
182. MAJUMDAR and BOSE Nature, Lond. 1958, 181, 134 
183. BANERJEE and BOSE Nature, Lond. 1963, 200, 471 
184. WALTON and WOODRUFF J.  din. Invest. 1949, 28, 924 
185. CASAS-CAMPILLO Ciencia, Mix.  1951, 11,21; cited in SHEMYAKIN and KHOKHLOV 

Chemie der Antibiotischen Substanten Moscow, 1953, p. 476 
186. HIRSCHHORN, BUCCA and THAYER Proc. SOC. exp. Biol. Med. 1948, 67, 429 
187. HOWELL and TAUBER Proc. SOC. ex&. Biol. Med. 1948, 67, 432 
188. DVONCH and BENEDICT Antibiotics Chemother. 1953, 3, 192 
189. JANSEN and HXRSCHMAN Archs Biochem. 1947, 4, 297 
190. HASSAL Nature, Lond. 1948, 161, 317 
19 1. LEWIS and SNELL J. Am. chem. SOC. 195 1, 73,48 12 
192. ALDERTON J.  Am. chem. SOC. 1953, 75,2391 
193. HENDLIN Archs Biochem. 1949, 24, 435 
194. INSKEEP, BENNETT, DUDLEY and SHEPARD Ind. Engng Chem. 195 1, 43, 1488 
195. MELENEY and JOHNSON Am. J. Med. 1949, 7, 794 
196. CRAIG, HAUSMANN and WEISIGER J. biol. Chem. 1953, 200, 765 
197. PORATH Acta chem. scand. 1952, 6, 1237 
198. NEWTON and ABRAHAM Biochem. J.  1953, 53,604 
199. HAUSMANN, WEISICER and CRAIG J. Am. chem. SOC. 1955, 77, 721 
200. CRAIG, HAUSMANN and WEISIGER J.  Am. chem. SOC. 1954, 76, 2839 
201. HAUSMANN, WEISICER and CRAIG J. Am. chem. SOC. 1955, 77, 723 
202. LOCKHART and ABRAHAM Biochem. J.  1954, 58, 633 
203. WEISIGER, HAUSMANN and CRAIG J.  Am. chem. Soc. 1955, 77, 731 
204. EAGLE and FLEISCHMAN J. Bact. 1948, 55, 341 
205. EAGLE, MUSSELMAN and FLEISCHMAN J. Bact. 1948, 55, 347 
206. Bacitracin Penick, New York, 1952 
207. EVANS J.  Bact. 1948, 56, 507 
208. KIRSHBAUM, ARRET and KRAMER Antibiotics Chemother. 1956, 6, 660 
209. BACHMANN J.  clin. Invest. 1949, 28, 864 
210. EAGLE and FLEISCHMAN Proc. Sac. exp. Biol. Med. 1948, 68, 415 
21 1. JAWETZ and GUNNISON Pharmar. Rev. 1953, 5, 175 
2 12. JAWETZ Antibiot. M o n ~ g r a ~ ~ ,  No. 5, Medical Encyclopedia Inc. New York, 1956, 

213. GROSS Drug cosmet. Ind. 1954, 75, 612 
214. WEINBERG Antibiotics A. 1958-59, p. 924 

Pektides with Antimetabolic Activity Churchill, London, 1958, p. 226 

with Antimetabolic Activity Churchill, London, 1958, p. 205 

1957 

p. 50 

50 



R. 0. STUDER 

215. MELENEY and JOHNSON Antibiotics A. 1953-54, p. 251 
2 16. MELENEY, LONGACRE, ALTEMEYER, REISNER, PULASKI and ZINTEL Surgery 

217. KUNIN and FINLAND Arch. intern. Med. 1959, 104, 1030 
2 18. MARTIN Proc. Staf  Meet. Mayo Clin. 1960, 35, 149 
219. MCLEOD and MASON Lancet 1963, 1, 292 
220. JAWETZ Antibiotics Monograph No. 5, Medical Encyclopedia Inc. New York, 

22 1. BURKHARDT and MAURER Arzneimittel-Forsch. 1963, 13, 957 
222. GARNES, CORBIN and PRIGOT Antibiotic Med. din. Ther. 1960, 7, 291 
223. LOWBURY, MILLER, CASON and JACKSON Lancet 1962, ii, 958 
224. SHUMARD and MCCOWEN Antimicrob. Ag. Chemother. 1963, 588 
225. GILLIVER, HOLMES and ABRAHAM Br. J .  exp. Path. 1949, 30, 209 
226. BOROWSKI, KRYNSKI, KURYLO-BOROWSKA and WASIELEWSKA Bull. Inst. mar. 

227. MURRAY and TETRAULT Proc. SOC. a#. Bact. 1948, 1, 20 
228. MURRAY, TETRAULT, KAUFMANN, KOFFLER, PETERSON and COLINGSWORTH 

229. GARSON, MCLEOD, TETRAULT, KOFFLER, PETERSON and COLINGSWORTH J .  

230. PETERSON and REINEKE J. biol. Chem. 1949, 181,95 
231. DOWLING, KOFFLER, REITZ, PETERSON and TETRAULT Science 1952, 116, 147 
232. KOFFLER Abstr. of Papers 133rd meeting, Am. chem. SOC., 1958, 25c 
233. CRADY, KOFFLER, PARSONS, KOBAYASHI and TETRAULT Fed. Proc. 1958, 17,233 
234. KOFFLER and KOBAYASHI Abstr. Commun. 4th Intern. Congr. Biochem. 1958, 

235. KOFFLER Science 1959, 130, 1419 
236. KOFFLER and KOBAYASHI Fed. Proc. 1960, 19, 342 
237. KOYAMA Jap. P. 1952, No. 1546; Chem. Abstr. 1953, 47, 6097 
238. KOYAMA, KUROSAWA, TUCHIYA and TAKAHISADA J.  Antibiot. Tokyo, Series B, 

239. ITO, MIYAMURA, MIWAYAMA, OISHI, IGARASHI, HOSHINO and MUTO J. Antibiot. 

240. KURIHARA and SUZUKI Rep. Tokyo Coll. Pharm. 1955, 2, 1 
241. SUZUKI Rep. Tokyo Coll. Pharm. 1957, 4, 135 
242. KURIHARA and SUZUKI J.  pharm. SOC. Japan 1953, 73, 414 
243. ODA, KINOSHITA, YAMANAKA and UEDA J.  pharm. SOC. Japan 1954, 74, 1243 
244. KOYAMA G. ital. Chemioter. 1957, 4, 279 
245. ODA and UEDA J. pharm. SOC. Japan 1953, 74, 1243 
246. SHOJI, HAMADA, WATANABE, CHIBA, KUROZAWA and KOYAMA J. Antibiot. Tokyo, 

247. WRIGHT and WELCH Antibiot. A.  1959-60, 61 
248. DAUTREVAUX and BISERTE Bull. SOC. Chim. biol. Paris 1961, 43, 495 
249. MORITO J .  agr. Chem. SOC. Jafan 1961, 36, 393 
250. SUZUKI, INOYE, FUJIKAWA and SUKETA J. Biochem. 1963, 54, 25 
251. SUZUKI, HAYASHI and FUJIKAWA J.  Biochem. 1963, 54, 412 
252. WILKINSON Lancet 1963, 1, 922 
253. WILKINSON and LOWE Nature, Lond. 1963, 200, 1008 
254. WILKINSON and LOWE J .  chem. SOC. 1964, 4107 
255. ITO and OGAWA Bull. agric. Chem. SOC. Japan 1959, 23, 536 
256. BARNES Br. J. exp. Path. 1949, 30, 100 
257. SNELL, IJICHI and LEWIS Appl. Microbiol. 1956, 4, 13 
258. Su Br. J.  exp. Path. 1948, 29, 473 
259. FULLER Nature, Lond. 1955, 175, 722 

Gynec. Obstet. 1949, 89, 657 

1956, p. 60 

trop. Med. Gdansk 1956, 7, 119 

J. Bact. 1949, 57, 305 

Bact. 1949, 58, 115 

9, 9 

1950, 3,457 

Tokyo Series B, 1954, 7, 147 

Series B, 1959, 12, 365 

51 



POLYPEPTIDE ANTIBIOTICS OF MEDICINAL INTEREST 

260. ABRAHAM, HEATLEY, BROOKES, FULLER and WALKER Nature, Lond. 1956, 178, 

261. DEAN, MIJOVIC and WALKER J .  chenz. SOC. 1961, 3394 
262. AINSWORTH, BROWN and BROWNLEE Nature, Lond. 1947, 160, 263 
263. BELT, BONE, ENGLISH, FELLOWS, HOWARD, ROGERS, SHEPHERD, WINTERBOTTOM, 

264. CATCH, JONES and WILKINSON Biochem. J .  1948, 43, 27 
265. CATCH, JONES and WILKINSON Ann. N.Y. Acad. Sci.  1949, 51, 917 
266. CRAIG Proc. Intern. Congr. Biochem. 3rd Congr., Brussels, 1955, 416 
267. SUZUKI, HAYASHI, FUJIKAWA and TSUKAMOTO J .  Biochem. 1963, 54, 555 
268. BROWNLEE and JONES Biochem. j. 1948, 43, xxv 
269. REGNA, SOLOMONS, FORSCHER and TIMBRECK J .  clin. Invest. 191.9, 28, 1022 
270. WILKINSON Nature, Lond. 1949, 164, 622 
271. HAUSMANN and CRAIG J.  Am. chem. SOL. 1954, 76, 4892 
272. HAUSMANN J. Am. chem. SOC. 1956, 78, 3663 
273. BISERTE and DAUTREVAUX C. r. Acad. Sci. Paris 1956, 243, 923 
274. BISERTE and DAUTREVAUX C. r. Acad. Sci. Paris 1956, 242, 1801 
275. BISERTE and DAUTREVAUX Bull. SOC. Chim. biol. Paris 1957, 39, 795 
276. SUZUKI, HAYASHI, FUJIKAWA and TSUKAMOTO J.  Biochem. 1964, 56, 335 
277. WILKINSON and LOWE Nature, Lond. 1964, 202, 1211 
278. VOGLER, STUDER, LANZ, LERGIER and BOHNI Experientia 1964, 20, 365 
279. SUZUKI and HAYASHI Abstr. of 2nd Syrnp. on Peptide Chemisty Osaka, Japan, 1963, 

280. JONES Ann. N.Y. Acad. Sci. 1949, 51, 909 
281. ILYINSKAYA and ROSSOVSKAYA Antibiotiki 1958, 3, 10 
282. KHOKHLOV and TSI-TSAN-TSIN Biokhimiya, 1961, 26, 296 
283. SILAEV, STEPANOW, YULIKOVA and MYRATOVA J. gen. Chem. U.S.S.R. Engl. 

284. MCLEOD J.  Bacteriol. 1948, 56, 749 
285. HOWELL Fed. Proc. 1949, 8,208 
286. HOWELL J.  biol. Chem. 1950, 186, 863 
287. HAUSMANN and CRAIG J. biol. Chem. 1952, 198, 405 
288. BHATE Nature, Lond. 1955, 175, 816 
289. BOROWSKI Acta Biochim. Polon. 1957, 4, 231 
290. BOROWSKI and KONOPA Acta Biochim. Polon. 1957, 4, 241 
291. BOROWSKI Antibiot. Chemother. 1960, 10, 661 
292. STESSEL Phytopathol. 1953, 43, 23 
293. STANSLY Am. J. Med. 1949, 7, 807 
294. JAWETZ Antibiotics Monographs, No. 5, Medical Encyclopedia Inc., New York, 

295. SCHWARTZ Experimental Chemotherapy (Ed. Schnitzer and Hawking) Vol. I11 : 

296. BENEDICT and LANGLYKKE J. Bacteriol. 1947, 54, 24 
297. STANSLY, SHEPARD and WHITE Johns Hopkins Hosp. Bull. 1947, 81, 43 
298. STANSLY and SCHLOSSER J. Bacteriol. 1947, 54, 549, 585 
299. STANSLY and ANANENKO Arch. Biochem. 1947, 15,473 
300. STANSLY, SCHLOSSER, ANANENKO and COOK J.  Bacteriol. 1948, 55, 573 
30 1. SHEPARD, STANSLY, WINTERBOTTOM, ENGLISH, FELLOWS, ANANENKO and 

302. BROWNLEE and BUSHBY Lancet 1948, 1, 127 
303. Bergey's Manual o f  Determinative Bacteriology, 6th edn, Williams and Wilkins, 

304. BROWNLEE Ann. N.Y. Acad. Sci. 1949, 51, 875 
305. JONES Biochem. J .  1948, 43, xxvi 

44 

DORNBUSH, KUSHNER and SUBBAROW Ann. N.Y. Acad. Sci. 1949, 51,897 

55 

Transl. 1961, 31, 945 

1956, p. 11 

Academic Press, New York 1964, p. 217 

GUILLET J. Am. chem. SOL. 1948, 70, 3771 

Baltimore, 1948 

52 



R. 0. STUDER 

306. ‘Antibiotics derived from B. polymyxa’, Ann. N.Y. Acad. Sci. 1949, 51, 855-1000 
307. STANSLY and BROWNLEE Nature, Land. 1949, 163,611 
308. GAUZE, KOTCHETK~VA, PREOBRAZHENSKAYA and PREVZNER Antibiotiki 1956,1,5 
309. WILKINSON and LOWE, Nature, Lond. 1964, 204, 185 
310. BATTERSBY and CRAIG J. Am. chem. Sac. 1951, 73, 1887 
31 1. VOGLER, STUDER, LERGIER and LANZ Helu. chim. Acta 1960,43, 1751 
312. VOGLER, LANZ and LERGIER Experientia 1959, 15, 334 
313. STUDER, VOGLER and LERGIER Helu. chinz. Acka 1961, 44, 131 
314. STUDER, VOGLER and LERGIER Chimia 1960, 14, 422 
315. STUDER, LERGIER and VOGLER Helo. chim. Acta 1963, 46, 612 
316. VOGLER, STUDER, LANZ, LERGIER, BomI and FUST Helu. chim. Acta 1963,46,2823 
317. SILAEV, YULIKOVA and BARATOVA J. gen. Chem. U.S.S.R. Engl. Transl. 1962, 

318. SILAEV, STEPANOV, YULIKOVA, TRosHKo and LEVIN J.  gen. Chem. U.S.S.R. 

319. SILAEV, STEPANOV, YULIKOVA and MURATOVA J. gen. Chem. U.S.S.R. Engl. 

320. SILAEV, STEPANOV and KOZLOV J. gen. Chem. U.S.S.H. Engl. Transl. 1961, 31, 

321. FEODOSEEVA, SILAEV and ANDREEVA J.  Sen. Chem. U.S.S.R. En$ Transl. 1963, 

322. FEODOSEEVA, TELSNINA and SILAEV J.  gen. Chem. U.S.S.R. Engl. Transl., 1963, 

323. VOGLER and STUDER Chimia 1964, 18,406 
324. SUZUKI and FUJIKAWA J.  Biochem. 1964, 56, 182 
325. FUJIKAWA, SUKETA, HAYASHI and SUZUKI in the press 
326. HIRSCII, MCCARTHY and FINLAND Proc. Sac. exp. Bid. N.Y. 1960, 103, 338 
327. MCCABE, JACKSON and KOZIJ Antibiotics A. 1959-50, p. 80 
328. POSTIC and FINLAND Am. J. med. Sci. 1961, 242, 551 
329. FEXETY, NORMANN and CLUFF Ann. intern. Med. 1962, 57, 214 
330. BLISS and TODD J. Bacteriol. 1949, 58, 61 
331. BROWNLEE, BUSHBY and SHORT Br. J. Pharmacol. 1952, 7, 170 
332. WHITE, ALVERSON, BAKER and JACKSON Ann. N.Y. Acad. Sci. 1949, 51, 879 
333. BROWNLEE, BUSHBY and SHORT Ann. N.Y. Acad. Sci. 1949, 51, 952 
334. STANSLY Amer. J. Med. 1949, 7, 807 
335. FORNI and GIUDETTI Minerua Med. 1956, 47, Suppl. 77, 823 
336. BRYER, SCHOENBACH, BLISS and OTT Johns Hofikins Hasp. Bull. 1948, 82, 636 
337, SOUS, LOSCHNER, LAGLER and MuCKrER Arzneiniitlel-Forsch 1961, 11, 395 
338. CHABBERT and PATTE Ann. Inst. Pasteur 1961, 100, Suppl. 4, p. 44 
339. BLISS, CHANDLER and SCHOENBACH Ann. N.Y. Acad. Sci. 1949, 51, 944 
340. FORNI and MOIRAGHI-RUGGENINI Minerua Med. 1958, 49, 4539 
341. FORNI and MOIRAGHI-RUGGENINI Arch. Sci. Med. 1960, 110, 228 
342. .JAWETZ, COLEMAN and GUNNISON Ann. intern. Med. 1954, 41, 79 
343. BLISS, WoRTIi and LONG Johns Hopkins Hasp. Bull. 1952, 90, 149 
344. CHABBERT Ann. Inst. Pasteur 1961, 100, Suppl. 4, p. 53 
345. CLUZEL, MICIIEL, VOURES and CLUZEL-NIGAY Ann. Inrt. Pasteur 1961, 101, 203 
346. TRUANT and PENN Antimicrobial Agents and Chemotherapy 1962, p. 283 
347. TURNER, LINDO, STORINO, DALY, ALLEN and SCIIWARTZ Antimicrobial Agmts and 

348. BARNETT, BUSIIBY and WILKINSON Br. J. Phafmacol. 1964, 23, 552 
349. WINTERMERE, EISENBERG and KIRSHBAIJM Antibiot. Chemother. 1957, 7, 189 
350. SHOJI, HAMADA, WATANABE, CHIBA, KUROZAWA and KOYAMA J.  Antibiot. 

351. NORD and HOEPRICH New Engl. J .  Med. 1964, 270, 1030 

32, a12 

Engl. Transl. 1961, 31, 272 

Transl. 1961, 31, 2531 

2535 

33, 1009 

33, 2689 

Chemotherapy 1962, p. 8 15 

Tokyo, Series B, 1959, 12, 365 

53 



POLYPEPTIDE ANTIBIOTICS OF MEDICINAL INTEREST 

352. LINDEMEYER, TURK and PETERSDORF Ann. intern. Med. 1963, 58, 201 
353. ABOULKER and LASSNER Presse mid. 1958, 66, 1792 
354. PAVONE-MACALUSO, VECCHIONE and LATTUCA Chemotherapia 1962, 5, 126 
355. MARSDEN and HYDE Lancet 1962, 2, 740 
356. NUECHTER Muench. Med. Wschr. 1963, 105, 2136 
357. KIRBY and ROBERTS J. Am. med. Assoc. 1961, 177, 854 
358. EDGAR and DICKINSON Lancet 1962, 2, 739 
359. Br. Med. J. 1963, 1, 1461 
360. HENRY, MARTIN and WELLMAN Ann. intern. Med. 1962, 56, 207 
361. CURTIN, PETERSDORF and BENNETT Ann. intern. Med. 1961, 54, 1077 
362. DELAROCHE and HEILMANN Med. Monatsschr. 1959, 13, 651 
363. GLIFFORD and STEWART Lancet 1961, 2, 177 
364. FENTON and WEST Br. J. Pharmacol. 1963, 20, 507 
365. BAREFOOT Arch. Dermatol. 1959, 79, 455 
366. CASON and LOWBURY Lancet 1960, 2, 501 
367. RABIN, GRABER, VOGEL, FINKELSTEIN and TUMBUSCH New Engl. J. Med. 1961, 

368. FLEURY and EVREUX Presse mid. 1959, 1189 
369. SCHMOGER Med. Welt. 1961, 2568 
370. LINZENMEIER, SCHEPPE and SCHUSTER Dtsch. Med. Wschr. 1962, 87, 246 
37 1. COURTIEN, BOULEZ, CHASSIGNOL and BoTTAAnn. Inst. Pasteur 1961, 100, Suppl., 67 
372. BLAUSTEIN Antibiotics A. 195940, p. 75; GRABER, TUMBUSCH and VOGEL 

373. Ross, PUIG and ZAREMBA Antibiotics A .  1959-60, p. 89 
374. GREENGARD and ALISEDA Antibiotics A. 1959-60, p. 101 
375. MOIRAGHI-RUGGENINI and MICHELETTI Farmaco, Ed. prat. 196 1, 16, 487 
376. PETERSDORF and PLORDE J. Am. med. Assoc. 1963, 183, 123 
377. BROCKMANN Angew. Chem. 1960, 72,939 
378. KATZ and PUGH Appl. Microbiol. 1961, 9, 263 
379. BROCKMANN and LACKNER Tetrahedron Lett. 1964, 3517, 3523 
380. DEVOE, RIGLER, SHAY, MARTIN, BOYD, BACKUS, MOWAT and BOHONOS Antibio- 

381. BACKUS, TRESNER and CAMPBELL Antibiot. Chemother. 1957, 7, 532 
382. HEINEMANN, KAPLAN, MUIR and HOOPER Antibiot. Chemother. 1953, 3, 1239 
383. LOMAKINA and BRAZHNIKOWA Biokhimtya 1959, 24, 399 (Engl. Transl.); Chem. 

384. GIOLITTI, CORTZ and SGARZI Giorn. microbiol. 1957, 3, 70 
385. LIU, VAN TAMELEN and STRONG J. Am. chem. SOC. 1960, 82, 1652 
386. VAN TAMELEN, DICKIE, LOOMANS, DEWEY and STRONG J.  Am. chem. Sor. 1961, 

387. SCHMIDT-KASTNER Justus Liebigs Annln Chem. 1963, 668, 122 
388. WATANABE, TANAKA, FUKUHARA, MIYAIRI, YONEHARA and UMEZAWA J. 

Antibiot. Tokyo, Series A, 1957, 10, 39; Chem. Abstr. 1959, 53, 22221 
389. SAKAGAMI, TAKEUCHI, YONEHARA, SAKAI and TAKASHIMA J. Ahtibiot. Tokyo, 

Series A, 1956, 9, 1 ; Chem. Abstr. 1959, 53, 19030 
390. SHAY, ADAM, MARTIN, HAUSMANN, SHU and BOHONOS Antibiotics A. 1959-60, 

p. 194 
391. MARTIN and HAUSMANN J,  Am. chem. SOC. 1960, 82, 2079 
392. HAUSMA", STRUCK, MARTIN, BARRITT and BOHONOS Antimicrobial Agents and 

393. WAISVISZ, VAN DER HOEVEN, VAN PEPPEN and ZWENNIS J. Am. chem. SOC. 1957, 

394. WAISVISZ, VAN DER HOEVEN, HOLSCHER and TE NIJENHUIS J. Am. chem. SOC. 

54 

265, 1225 

Antibiotics A. 195940, p. 77 

tics A. 1956-57, p. 730 

Abstr. 1959, 53, 20165 

83, 1639 

Chemotherapy 1963, p. 352 

79, 4520 

1957, 79,4522 



R. 0. STUDER 

395. WAISVISZ, VAN DER HOEVEN and TE NIJENHUIS J. Am. chem. Soc. 1957, 79, 4524 
396. WAISVISZ and VAN DER HOEVEN J. Am. chem. SOC. 1958, 80, 383 
397. HERR Antimicrobial Agents and Chemotherapy 1962, p. 201 
398. BENEDICT, DVONCH, SHOTWELL, PRIDHAM and LINDENFELSER Antibiot. 

399. DVONCH, SHOTWELL, BENEDICT, PRIDHAM and LINDENFELSER Antibiot. Chemo- 
Chemother. 1952, 2, 591 

ther. 1954, 4, 1135 

J.  Antibiot. Tokyo, Series A, 1964, 17, 39 

J. Am. chem. Soc. 1958, 80, 3912 

400. TSUKIURA, OKANISHI, OHMORI, KOSHIYAMA, MIYAKI, KITAZIMA and KAWAGUCHI 

40 1. SHOTWELL, STODOLA, MICHAEL, LINDENFELSER, DWORSCIIAK and PRIDHAM 

402. MOUBASHER, Nature, Lond. 1963, 200, 492 
403. HEINEMANN, GOUREVITCH, LEIN, JOHNSON, KAPLAN, VANAS and HOOPER 

404. BARTZ, STANDIFORD, MOLD, JOHANNESSEN, RYDER, MARETZKI and HASKELL 

405. HASKELL, MARETZKI and BARTZ Antibiotics A. 1954-55, 2, 784 
406. SHEEHAN, ZACHAU and LAWSON J.  Am. chem. Soc. 1957,79,3933; 1958,80,3349 
407. TAKITA, NAGANAWA, MAEDA and UMEZAWA J. Antibiot. Tokyo, Series A, 1964, 

17, 90 
408. TAKITA, NAGANAWA, MEADA and UMEZAWA J. Antibiot. Tokyo, Series A, 1964, 

17, 129 
409. IWASAKI and WITKOP J.  Am. chem. SOC. 1964, 86, 4698 
410. MARGALITH, BERETTA and TIMBAL Antibiot. Chemother. 1959, 9, 71 
41 1. SENSI, BALLOTTA and GALLO Antibiot. Chemother. 1959, 9, 76 
412. VAN TAMELEN and POWELL Chem. Ind. 1957, 365 
413. JULIA and PREAU-JOSEPH C. r. Acud. Sci. Paris 1963, 257, 11 15 
414. ARCAMONE, PENCO, OREZZI, NICOLELLA and PIRELLI Nature, Lond. 1964, 203, 

415. WALLER, WOLF, STEIN and HUTCHINGS J. Am. chem. Soc. 1957, 79, 1265 
416. MAEDA J. Antibiot. Tokyo, Series A, 1957, 10, 94 
417. KELLER-SCHIERLEIN, MIHAILOVI~ and PRELOG Helv. chim. Acta 1959, 42, 305 
418. KATAGIRI and SUGIURA Antimicrobial Agents and Chemotheraky 1961, 162 
419. UEDA, TANIGAWA, OKAMI and UMEZAWA J. Antibiot. Tokyo, Series A, 1954, 

420. CARTER, SCHAFFNER and GOTTLIEB Archs Biochem. Biophys. 1954, 53, 282 
421. SHOJI and KATAGIRI J. Antibiot. Tokyo, Series A, 1961, 14, 335 
422. YOSHIDA, KATAGIRI and YOKOZAWA J. Antibiot. Tokyo, Series A, 1961, 14, 330 
423. KUROYA, ISHIDA, KATAGIRI, SHOJI, YOSHIDA, MAYAMA, SATO, MATS~URA, 

NIINOMI and SHIRATORI J. Antibiot. Tokyo, Series A, 1961, 14, 324 
424. OTSUKA and SHOJI J. Antibiot. Tokyo, Series A, 1963, 16, 52 
425. KOPPEL, HONIGBERG, SPRINGER and CHENG J. org. Chem. 1963, 28, 11 19 
426. BAUDET and CHERBULIEZ Helv. chim. Acta 1964, 47, 661 
42 7. BICKEL, GAUMANN, KELLER-SCHIERLEIN, PRELOG, VISCHER, WETTSTEIN and 

428. BICKEL, GAUMANN, NUSSBERGER, REUSSER, VISCHER, VOSER, WETTSTEIN and 

429. REYNOLDS, SCHATZ and WAKSMAN Proc. SOG. exp. Biol. N.Y. 1947, 64, 50 
430. KUEHL, BISHOP, CHAIET and FOLKERS J.  Am. chem. Soc. 1951, 73, 1770 
431. STAPLEY and ORMOND Science 1957, 125, 587 
432. GAUSE Br. med. J. 1955, 2, 1177 
433. LAVRENOVA and PODDUBNAYA J. gen. Chem. U.S.S.R. 1963,33, Engl. Trans]. 1348 
434. TURKOVA, MIKES and SORM Coll. Truv. chim. Tchtcosl. 1964, 29, 280 
435. THOMPSON and HUGHES J.  Antibiot. Tokyo, Series A, 1963, 16, 187 

Antibiotics A.  195455, 2, 728 

Antibiotics A .  195455, 2, 777 

1064 

7, 125 

ZAHNER Experientia 1960, 16, 129 

ZAHNER Helv. chim. Acta 1960, 43, 2105 

" 

55 



POLYPEPTIDE ANTIBIOTICS OF MEDICINAL INTEREST 

436. BROCKMANN and COLL.N Chem. Ber. 1959,92, 114 
437. RANGASWAMI, SCHAFFNER and WAKSMAN Antibiot. Chemother. 1956, 6, 675 
438. FISHER and CHARNEY Antibiot. Chemother. 1952, 2, 31 1 
439. TANIYAMA and TAKEMURA J.  pharm. Soc. Japan 1958, 78, 742 
440. TANIYAMA and MIYOSHI Chem. pharm. Bull., Japan 1962, 10, 156 
441. TAKEMURA Chem. pharm. Bull., Japan 1960, 8, 578 
442. GOTO, HIRATA, HOSOYA and KOMATSU Bull. chem. Soc. Japan 1957, 30, 729 
443. JOHNSON and WESTLEY J. chem. Soc. 1962, 1642 
444. BOWIE, BULLOCK and JOHNSON J.  chem. Soc. 1963, 4260 
445. WOODRUFF and FOSTER J.  Bacteriol. 1946, 52, 502 
446. VAN TAMELEN and SMISSMAN J. Am. chem. Soc. 1953, 75, 2031 
447. VAN TAMELEN, DYER, WHALEY, CARTER and WHITFIELD J .  Am. chem. Soc. 

448. CARTER, SWEELEY, DANIELS, MCNARY, SCHAFFNER, WEST, VAN TAMELEN, 

449. MISIEK, FARDIG, GOUREVITCH, JOHNSON, HOOPER and LEIN Antibiotics A .  

450. SHEEHAN, DRUMMOND, GARDNER, MAEDA, MANIA, NAKAMURA, SEN and STOCK 

45 1. PAGANO, WEINSTEIN, STOUT and DONOVICK Antibiotics A .  1955-56, p. 554 
452. BODANSZKY, FRIED, SHEEHAN, WILLIAMS, ALICINO, COHEN, KEELER and BIRK- 

453. CRON, WHI'rEiiEAD, HOOPER, HEINEMANN and LEIN Antibiot. Chernother. 1956, 6 ,  

454. BODANSZKY, DUTCHER and WILLIAMS J.  AntiDiot. Tokyo, Series A, 1963, 16, 76 

1961, 83, 4295 

DYER and WHALEY J. Am. chem. Soc. 1961, 83, 4296 

1957-58, p. 852 

J. Am. chem. Soc. 1963, 85, 2867 

HEIMER J. Am. chem. Soc. 1964, 86, 2478 

63 

455. NISHIMURA, OKAMOTO, MAYAMA, OIITSUKA, NAK4JIAMA, TAWARA, SHIMOKIRA 
and SHIMAOKA J.  Antibiot. T o b o ,  Series A, 1961, 14, 255 

456. BROCKMANN and GEEREN Justus Liebigs Annln Chem. 1957, 603, 216 
457. SHEMYAKIN, ALDANOVA, VINOGRADOVA and FEIGINA Tetrahedron Lett. 1963, 192 1 
458. BODANSZKY and ONDETTI Antimicrobial Agents and Chemotherapy 1963, 360 
459. BODANSZKY and SHEEHAN Antimicrobial Agents and Chemotherapy 1963, 38 
460. WATANABE J. Antibiot. Tokyo, Series A, 1961, 14, 1 
461. EASTWOOD, SNELL and TODD J ,  chem. Soc. 1960, 2286 
462. CELMER and SOBIN Antibiotics A .  1955-56, p. 437 
463. BALL, BOOTHROYD, LEES, RAPER and SMITH Biochem. J ,  1958, 68, 24p 
464. VANDERHAEGHE and PARMENTIER J.  Am. chem. $06. 1960, 82, 4414 
465. CHARNEY, FISHER, CURRAN, MACHLOWITZ and TYTELL Antibiot. Chemother. 

466. HOBBS and CELMER Nature, Lond. 1960, 187, 598 
467. FINLAY, HOBBY, HOCHSTEIN, LEES, LENERT, MEANS, P'AN, REGNA, ROUTIEN, 

SOBIN, TATE and KANE Am. Rev. Tuberc. 1951, 63, 1 
468. BARTZ, EHRLICH, MOLD, PENNER and SMITH Am. Rev. Tuberc. 1951, 63, 4 
469. MAYER, EISMAN and KONOPKA, Experientia 1954, 10, 335 
470. DYER, HAYES, MILLER and NASSAR J. Am. chem. Soc. 1964, 86, 5363 
471. BOWIE, Cox, JOHNSON and THOMAS Tetrahedron Lett. 1964, 3305 
472. LOMAKINA and BRAZHNIKOVA Biokhimiya 1959, 24, 425 (Engl. Transl. 399); 

473. KATRUKHA, SILAEV and KHARTSKHAEVA Biokhimiya 1962, 27, 549 (Engl. 

474. GIOLITTI, CORTI and SGARZI Giorn. Microbiol. 1957, 3, 70 
475. BRAZHNIKOVA and KUDINOVA Nature, Lond. 1963, 200, 167 
476, PACKCHANIAN Antibiot. Chemother. 1956, 6, 684 
477. PACKCHANIAN Antibiot. Chemother. 1960, 10, 731 
478. KUNRAT Antibiotiki 1960, 5, 88; Chem. Abstr. 1961, 55, 22481 

1953, 3, 1283 

Chem. Abstr. 1962, 57, 10127 

Transl. 464) 

56 



R. 0. STUDER 

479. HASKELL, FUSARI, FROHARDT and BARTZ J. Am. chem. Sac. 1952, 74, 599 
480. MASON, cited in Dyer, Hayes, Miller and Nassar J ,  Am. chem. Sac. 1964,86, 5363 
481. CARTER, HEARN, LANSFORD, PAGE, SALZMAN, SHAPIRO and TAYLOR J. Am. 

482. VAN TAMELEN and SMISSMAN J. Am. chem. Sac. 1952, 74, 3713 
483. VAN TAMELEN and SMISSMAN J. Am. chem. Sac. 1953, 75,2031 
484. DYER, HAYES and MILLER Paper presented at the Third Interscience Conference 

485. BOWIE, JOHNSON and THOMAS Tetrahedron Lett. 1964, 863 
486. DYER, KELLOGG, NASSAR and STREETMAN Tetrahedron Lett. 1965, 585 
487. HOBBY, LENERT, DONIKIAN and PIKULA Am. Rev. Tuberc. 1951, 63, 17 
488. EHRLICH, SMITH, PENNER, ANDERSON and BRATTON Am. Rev. Tuberc. 1951, 63, 7 
489. STEENKEN and WOLINSKY Am. Rev. Tuberc. 1951, 63, 30 
490. YOUMANS and YOUMANS Am. Rev. Tuberc. 1951, 63, 25 
491. HOBBY and LENERT Am. Rev. Tuberc. 1953, 68,292 
492. GERNEZ-RIEUX, TACQUET and CIIENET Ann. Inst. Pasteur 1951, 81, 158 
493. KARLSON and GAINER Am. Rev. Tuberc. 1951, 63, 36 
494, WEBB Am. Rev. Tuberc. 1959, 79, 780 
495. WERNER, TOMPSETT, MUSCHENHEIM and MCDERMOTT Am. Rev. Tuberc. 195 1 ,  

63, 49 
496. ADCOCK, DAVEY, HALEY, REES and MEIER Am. Rev. Tuberc. 1954, 69, 543 
497. MOYER, JONES, FORD, JENKINS and MILLS Am. Rev. Tuberc. 1953, 68, 541 
498. KELLER., KRUPE, Sous and MUCKTER Antibiotics A. 1955-56, p. 35 
499. KELLER, KRUPE, SOUS and MUCKTER Antibiotics A. 1956-57, p. 549 
500. REGLI Praxis 1958, 47, 287 
501. KUNTZ Arzneimittel-Forsch. 1957, 7, 233 
502. COOK, Cox, FARMER and LACEY Nature,.Lond. 1947, 160, 31; J.  chem. Sac. 1949, 

503. PLATTNER and NAGER Hela. chim. Acta 1948, 31, 2192, 2203 
504. SHEMYAKIN, OVCHINNIKOV, KIRYUSHKIN and IVANOV Tetrahedron Lett. 1963, 885 
505. SHEMYAKIN, OVCHINNIKOV, KIRYUSHKIN and IVANOV Izvest. Akad. Nauk S.S.S. R., 

506. OVCHINNIKOV, IVANOV, MIKHALEVA and SHEMYAKIN Izvest. Akad. Nauk 

507. PLATTNER, VOGLER, STUDER, QUITT and KELLER-SCHIERLEIN Helv. chim. 

508. QUITT, STUDER and VOGLER Helv. chim. Acta 1963, 46, 1715 
509. KENNER and SHEPPARD Nature, Land. 1958, 181,48 
510. GAUMANN, ROTH, ETTLINGER, PLATTNER and NAGER Experientia 1947, 3, 202 
51 1. WASSERMAN, KEGGI and MCKEON J. Am. chem. Soc. 1962, 84,2978 
5 12. SHEMYAKIN, OVCHINNIKOV, ANTONOV, KIRYUSHKIN, IVANOV, SHCHELOKOV and 

513. HIRSCH and DUBOS J. exp. Me$. 1954, 99, 65 
514. FREYSCHIJSS, PEHRSON and STEENBERG Antibiot. Chemother. 1955, 5, 2 18 
515. FORSYTH Biochem. .J. 1955, 59, 500 
516. OXFORD Biochem. J. 1944, 38, 178; 1945, 39, xiii 
517. CHEESEMAN and BERRIDGE Biochem. J .  1959, 71, 185 
518. GOWANS, SMITH and FLOREY Br. J. Pharmacol. 1952, 7, 438 
519. KOCHI, WEISS, PUGH and GROUPP Bacterial. Proc. 1951, 29 
520. GROUPP, PUGH, WEISS and KOCHI Proc. Soc. exp. Bid. N.Y. 1951, 78, 354 
52 1 .  MILLER The Pjzer Handbook o f  Microbial Metabolites, McGraw-Hill, New York, 

522. FUKUDA and BANI Kanazawa Daigaku Yakugakubu Kenkyu Ncmpo 1961, 11, 33; 

57 

chem. Sac. 1952, 74, 3704 

on Antimicrobial Agents and Chemotherapy Washington, 1963 (cited in 478) 

0 

1022 

Otdel. Khim. Nauk. 1963, 1148 

S.S.S.R., Ser. Khim. 1964, 1912 

Acta 1963, 46, 927 

SHKROB Tetrahedron Lett. 1964, 47 

1961, p. 362 

Chem. Abstr. 1962, 56, 10265 



POLYPEPTIDE ANTIBIOTICS OF MEDICINAL INTEREST 

523. OCHOA Experientia 1964, 20, 57 
524. STRUMEYER and BLOCH J. biol. Chem. 1960, 235, PC 27 
525. LANE and LIPMANN J.  biol. Chem. 1961, 236, PC 80 
526. ITO and STROMINGER J. biol. Chem. 1960, 235, PC 5 
527. LEONARD and HOUSEWRICHT Biochim. biophys. acta 1963, 73, 530 
528. MACH, REICH and TATUM Proc. nat. Acad. Sci., Wash. 1963, 50, 175 
529. OKUDA, UEMURA, BODLEY and WINNICK Biochemistry 1964, 3, 100, 108 
530. BODLEY, UEMURA, RADHAKANTHA, ADIGA, OKUDA and WINNICK Biochemistry 

531. EIKHOM, JONSEN, LALAND and REFSVIK Biochim. biophys. acta 1963, 76, 465 
532. WINNICK and WINNICK Biochim. biophys. acta 1961, 53, 461 
533. WINNICK, LIS and WINNICK Biochim. biophys. acta 1961, 49, 451 
534. ZADRA~IL, KROUPA, SORMOVA and ~ O R M  Coll. Trau. chim. Tchkosl. 1963, 28, 

535. PAULUS and GRAY J.  biol. Chem. 1964, 239, 865 
536. BANERJEE and BOSE J. Bacteriol. 1964, 87, 1397, 1402 
537. BERNLOHR and NOVELLI Arch. Biochem. Biophys. 1960, 87, 232 
538. KATZ, J.  biol. Chem. 1960, 235, 1090 
539. KATZ and WEISSBACH J.  biol. Chem. 1963, 238, 666 
540. ARNSTEIN and MORRIS Biochem. J .  1960, 76, 357 
541. SNOKE J.  Bacteriol. 1961, 81, 986 
542. MCDONALD Can. J .  Microbiol. 1960, 6, 27 
543. ARNSTEIN and MARGREITER Biochem. J .  1958, 68, 339 
544. CIFFERI, ALBERTINI and Ross1 Biochem. Biophys. Res. Commun. 1962, 7, 264 
545. CIFFERI, ALBERTINI and CASSANI Biochem. J. 1964, 90, 82 
546. SIVAK, MELONI, NOBILI and KATZ Biochim. biophys. acta 1962, 57, 283 
547. BIRCH, CAMERON, HOLLOWAY and RICKARDS Tetrahedron Lett. 1960, 25, 26 
548. FEINGOLD New Engl. J. Med. 1963, 269, 900, 957 
549. GALE Pharmacol. Rev. 1963, 15, 481 
550. HOTCHKISS Ann. N.Y. Acad. Sci. 1946, 46, 479 
551. GALE and TAYLOR J. gen. Microbiol. 1947, 1, 77 
552. NEWTON J.  gen. Microbiol. 1954, 10, 491 
553. NEWTON J.  gen. Microbiol. 1955, 12, 226 
554. NEWTON Nature, Lond. 1953, 172, 160 
555. FEW Biochim. biophys. acta 1955, 16, 137 
556. FEW and SCHULMAN Biochem. J .  1953, 54, 171 
557. NEWTON Bacteriol. Rev. 1956, 20, 14 
558. NEWTON J.  gen. Microbiol. 1953, 9, 54 
559. FEW J. gen. Microbiol. 1954, 10, 304 
560. CHAPMAN J.  Bacteriol. 1962, 84, 180 
561. COHEN, PURDY and KUSHNICK Antibiot. Chemother. 1954, 4, 18 
562. MOHAN, PIANOTTI, LEVERETT and SCHWARTZ Antimicrobial Agents and Chemo- 

563. CRAWFORD and ABRAHAM J.  gen. Microbiol. 1957, 16, 604 
564. SMITH and WEINBERG J.  gen. Microbiol. 1962, 28, 559 
565. ABRAHAM Biochemistry of Some Peptide and Steroid Antibiotics Wiley, New York, 

566. PARK Biochem. J .  1958, 70, 2P 
567. MANDELSTAM and ROGERS Biochem. J .  1959, 72, 654 
568. REYNOLDS Biochem. J .  1962, 84,99P 
569. GALE and FOLKES Biochem. J .  1955, 59,675 
570. PARK Antimicrobial Agents Annual Plenum Press, New York, 1960, p. 338 
571. PAINE J .  Bacteriol. 1951, 61, 259 
572. HANCOCK and FITZ-JAMES J ,  Bacteriol. 1964, 87, 1044 

1964, 3, 1492 

3131 

8 

therapy 1962, 801 

1957 

58 



2 

NON-STEROIDAL ANTI-INFLAMMATORY DRUGS 

S. S. ADAMS AND R. COBB 

INTRODUCTION 

THE study of inflammation and anti-inflammatory drugs gained considerable 
impetus from the demonstration in 1949 of the antirheumatic action of 
cortisone. Despite a considerable amount of research and an even greater 
amount of speculation, the mechanism of action of anti-inflammatory com- 
pounds is still largely unknown. Indeed, the new anti-inflammatory drugs 
which have appeared during the past few years have been developed on the 
basis of empirical screening procedures. A fundamental difference in mode 
of action separates the glucocorticoids, such as cortisone, from chemically 
heterogeneous groups of compounds, including the salicylates and pyrazolones, 
which exhibit some similarities in their anti-inflammatory effects. Whilst 
this review excludes the former group from primary consideration, com- 
parative data relating to corticosteroids are included where appropriate. 

THE NATURE AND MECHANISM OF INFLAMMATION 

Inflammation may be defined as a series of localized tissue responses to 
foreign stimuli, which may be biological (e.g. bacteria, fungi, viruses), 
chemical (e.g. croton oil) or physical (e.g. X-rays, ultra-violet light). Apart 
from external stimuli, it now appears than an endogenous factor, the auto- 
immune reaction, may initiate an inflammatory response. 

It is customary to make a distinction between acute inflammation, which 
is the response of tissues to severe but transient stimuli (e.g. many bacteria 
or irritant chemicals), and chronic or granulomatous inflammation, which 
occurs when the stimulus is persistent and usually weak. Acute inflammation 
is a predominantly vascular process which is characterized by erythema 
(dilatation of arterioles, smzll veins and capillaries), stasis (reduced blood flow 
in the smaller vessels), increased capillary blood pressure, increased vascular 
permeability, leucocytic infiltration into the affected area, and pain. Whilst 
the detailed changes vary to some extent according to the particular species 
and organs involved and the nature of the inciting agent, there is, neverthe- 
less, an underlying pattern of response which suggests that common inter- 
mediate factors may be responsible for the various phenomena of inflamma- 
tion. 

A considerable amount of research has been aimed at the identification of 
these intermediate factors. Several naturally occurring substances such as 
histamine, 5-hydroxytryptamine, bradykinin and certain plasma globulins 
have been shown to have appropriate pharmacological properties. To prove 
that such substances have a role in producing inflammatory changes is, 
however, difficult and the likelihood of their doing so must be decided by a 
careful assessment of the evidence. A detailed analysis of the mechanism of 
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inflammation is outside the scope of this review, and only those aspects which 
impinge on the methods of discovering new anti-inflammatory drugs and of 
studying their mode of action will be discussed. A basis for further study will 
be found in four recent ~ymposial-~. 

Chronic inflammation is essentially a reparative process in which various 
types of cell, other than the polymorphonuclear leucocyte, invade the area 
and in which connective tissue is laid down to replace necrosed parenchymal 
tissue. 

Although it is now universally accepted that inflammation serves the 
useful purpose of minimizing the damaging effect of the causative irritant, 
there are circumstances when both acute and chronic inflammation appear 
to be wholly detrimental to the host, as, for example, in rheumatic and aller- 
gic diseases. It is the clinical problem posed by these diseases which has 
stimulated most of the research into the development of anti-inflammatory 
drugs. However, for the purpose of this review, an anti-inflammatory drug 
is defined as a compound which inhibits the whole or any portion of an 
acute or chronic inflammatory reaction, regardless of whether the drug is 
clinically useful. 

Erythema 
Erythema, the gross manifestation of dilatation of the smaller arterioles, is 
usually the earliest macroscopically visible sign of inflammation. It is of 
particular importance in the present context since tests involving measure- 
ment of erythema are among the most sensitive means of discovering anti- 
inflammatory activity. Most of the substances capable of increasing vascular 
permeability also produce vasodilatation ; erythema, without associated 
exudation, can often be produced by low concentrations of such substances. 
However, the persistence of the erythema of inflammatory reactions con- 
trasts with the transient nature of that produced by histamine or bradykinin. 

Various methods have been described for producing erythema experi- 
mentally in animals and man, the most important being those involving the 
use of nicotinic esters or of ultra-violet light. It seems clear that the appear- 
ance, course and mechanism of erythema varies according to the method of 
inducing it. Striking cinephotomicrographic observations suggest that 
nicotinates act directly on the  vessel^^^^. No direct evidence for a mediating 
substance in nicotinate erythema has been forthcoming : certainly histamine 
does not seem to be involved'. The mechanism of ultra-violet erythema, 
which appears to be different from that of nicotinate erythema, has been 
reviewed by Blum*. The participation of mediating dilator substances is 
inferred from the fact that, although radiation is absorbed in the epidermis, 
dilatation occurs in vessels in the dermis. The evidence suggests that at least 
two dilator factors may be involved, and neither is histamine. 

When nicotinic acid esters are applied to the skin of patients with rheuma- 
toid arthritis, an anomalous vasoconstriction frequently occurs instead of the 
usual erythema and was at  first thought to offer diagnostic possibilities9. It is 
now apparent, however, that the effect is attributable to the therapeutic use, 
by such patients, of acetylsalicylic acid, which is remarkably potent in retar- 
ding the development of the reactionlOJ1. 

Further study of the mechanism of erythema seems to be worthwhile in 
60 



S. S. ADAMS AND R. COBB 

view of the correlation between the anti-inflammatory activity of certain 
drugs and their suppressive effect on various types of erytherna1l-l3. 

Increased Vascular Permeability 

More research has been devoted to the study of increased vascular permea- 
bility than to any other aspect of inflammation, and several excellent reviews 
on the subject have recently appearedl4-16. Increased vascular permeability 
here refers to the increased tendency for fluid and plasma proteins to pass 
through the vessel wall into the extravascular space. Various methods of 
studying the process have been described, usually involving either the assay 
of extravasated protein or protein-bound dyes such as trypan blue, or the 
measurement of the degree of swelling produced in a rat’s paw after the 
subcutaneous injection of an irritant (see page 67). 

Histamine and 5-hydroxytyptamine 
The concept of an endogenous mediator of increased permeability was 

supported by the classical studies of Lewis1’ on histamine. The increase in 
vascular permeability is a biphasic process, the earlier transient stage, in 
some species a t  least, resulting from the release of histamine16. After suitable 
mild inflammatory stimuli, the tissue oedema may often be inhibited by anti- 
histaminic drugs. In  a limited sense, therefore, antihistaminic drugs may be 
regarded as having anti-inflammatory activity, but they are not discussed 
in detail in this review. 

In  the rat, which is relatively insensitive to histamine, and possibly also in 
the mouse, 5-hydroxytryptamine (serotonin) may be an important factor 
in the production of vascular permeabilityls-20. Thus, inflammatory oedema 
in these species may often be prevented by the administration of serotonin 
inhibitors such as bromolysergic acid diethylamidez1. It is generally accepted, 
however, that histamine and 5-hydroxytryptamine cannot account for all 
the manifestations of vascular permeability in inflammation. Attention has 
been focused on possible mediators of higher molecular weight, especially 
peptides and proteins. 

Leukotaxine 
By fractionation of inflammatory exudates, Menkin found a substance, 

leukotaxine, thought to be a peptide, which increases vascular permeability 
and is also chemotactic. Menkin’s studies of this and other inflammatory 
factors have been reviewed from time to time2z-24 and have been the target 
of criticismz5 and countercriticismz6. Leukotaxine was acknowledged to be 
impure, and some workers have doubted whether the peptide which it 
contained was, in fact, responsible €or the permeability-increasing activity 
of the original exudate. Subsequent work by SpectorZ7 demonstrated the 
presence, in inflammatory exudates, of peptides which increase vascular 
permeability; the amount of peptide remains constant during the course of 
formation of the exudate however, and does not reflect the development of 
the vascular permeability which is maximal at about 6 hours. 

Whatever the nature and significance of leukotaxine, Menkin deserves 
credit for pioneering the chemical investigation of inflammation. Without 
adequate means of producing leukotaxine experimentally and of identifying 
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and assaying it, the study of anti-inflammatory drugs in terms of ‘anti- 
leukotaxine’ activity is not possible. 

Kinins 
A vasodilating peptide with smooth-muscle stimulating action was 

described by Rocha e Silva, Beraldo and Rosenfeld in 194gZ8 and named 
bradykinin. I t  is produced by the action of trypsin or snake venoms on 
plasma. A similar substance, kallidin, was prepared shortly afterwards by 
Werle and BerekZ9 using the protease kallikrein. Other peptides with similar 
properties have been d e ~ c r i b e d ~ ~ ? ~ ~  and the general term ‘kinins’ or, when 
derived from plasma proteins, ‘plasma kinins’ has been recommended. The 
best-known kinin, bradykinin, has recently been shown to be a nonapeptide, 
and its structure confirmed by s y n t h e s i ~ ~ ~ l ~ ~ .  When injected subcutaneously 
into laboratory animals and man, bradykiniri causes vasodilatation, in- 
creased vascular permeability, leucocyte infiltration and pain. 

The properties of bradykinin render it, or some similar kinin, a plausible 
mediator for several, if not all, of the manifestations of acute inf lammat i~n~~.  
The necessary substrates and proteases seem to be a ~ a i l a b l e ~ ~ 9 ~ ~  and it is 
quite likely that kinins are formed during inflammation but are usually too 
rapidly destroyed by local peptidases to be isolated. Additional evidence that 
kinins participate in inflammatory reactions has come from the finding by 
Muftie and Roch-Rame13’ that the perfusate from a tuberculin reaction in 
the guinea-pig contains a kinin-like peptide. Moreover, Greaves and 
Shuster38 found that injection of plasma kinin-forming substrates into a 
tuberculin-injected area of skin in normal subjects enhances the subsequent 
reaction. Plasma fractions devoid of substrate are inactive. Despite the 
qualifications of kinins to act as inflammatory mediators, it is surprising to 
find that anti-inflammatory drugs inhibit the activity of kinins only in a 
limited number of systems (see page 119). 

Globulin permeability factor (Globulin P.F.) 
I t  has been d e m o n ~ t r a t e d ~ ~ - ~ ~  that a factor capable of increasing vascular 

permeability is formed when plasma of certain species is diluted with saline 
in contact with glass. The activity is associated with a globulin, the particular 
fraction varying from species to species. An inhibitor also occurs in plasma. 
Activation by dilution is attributed to the splitting of a P.F.-precursor/P.F.- 
inhibitor complex. As it is inhibited by the various known trypsin inhibitors 
and by dyflos (D.F.P., isoflurophate), Miles considered that globulin P.F. 
may be a protease, but no substrate has been demonstrated. Globulin P.F. 
may, in fact, be identical with kallikrein. 

SpectorZ7 showed that after the intrapleural injection of turpentine in rats 
the increase in vascular permeability coincides with the development of 
permeability-increasing activity by the globulin fraction of the exudate. As 
the permeability of the vessels returns to normal so the globulin fraction 
loses its activity owing, apparently, to the appearance of an inhibitor. Fur- 
ther work is needed to clarify the properties and role of the permeability 
globulins in inflammation. Salicylate is reported to inhibit the activation of 
these globulins, and the effect of other known anti-inflammatory drugs in 
this respect would be of interest. 
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Leucocytic Injltration 
The appearance of large numbers of leucocytes at the site of injury is a 
characteristic feature of inflammation. In the earliest stages polymorpho- 
nuclear leucocytes predominate, but in time these give place to lymphocytes 
and other types of mononuclear leucocytes, some originating in the blood 
and others arising from the tissues. The microscopically-observed sequence 
of events giving rise to these cellular infiltrations has been thoroughly inves- 
tigated and the passage of leucocytes through the vessel wall observed with 
the aid of the electron mic ro~cope~~**~ .  By contrast, much less is known about 
the mechanism of the phenomenon. 

The earlier literature has been well reviewed by H a r r i ~ ~ ~ , ~ ~ .  More recently, 
Hurley and S p e ~ t o r ~ ~  have described a non-dialysable, heat-labile factor in 
serum and tissues which, unlike many extracts, is capable of causing im- 
mediate leucocytic migration when injected. Furthermore, Spector and 
W i l l ~ u g h b y ~ ~  have shown that a factor isolated from guinea-pig lymph-node 
cells, and another present in serum extract of rat liver, causes greater leucocy- 
tic migration than does any other permeability factor tested. It therefore 
appears that the factor(s) responsible for leucocytic migration are distinct 
from those which increase vascular permeability. Until these factors have 
been better characterized, and until simpler techniques can be evolved, the 
effects of anti-inflammatory drugs on this aspect of inflammation cannot 
easily- be studied. Despite these difficulties, S a ~ e n a ~ ~  was able to show a 
significant effect of several anti-inflammatory, vasoconstrictor and central 
nervous system depressant drugs on the Ieucocyte content of inflammatory 
exudate, formed in plastic sponge implanted subcutaneously in rats. Phenyl- 
butazone, sodium aurothiomalate, corticotrophin and hydrocortisone all 
reduced the cell count, without affecting the weight of the exudate. The 
effect of anti-inflammatory and other compounds on the accumulation of 
leucocytes induced by intraperitoneal injection of a small volume of 0.9 per 
cent sodium chloride solution containing 0.2 per cent acetic acid was studied 
by Northover4*. The mean polyrnorphonuclear leucocyte count in the fluid 
was significantly reduced by a number of corticosteroids but by none of the 
non-steroidal anti-inflammatory agents tested, including sodium salicylate 
and sodium phenylbutazone. 

Pain 

Pain is not only one of the cardinal characteristics of inflammation, but the 
most significant one in clinical inflammatory disease; it is often the principal 
target of anti-inflammatory treatment. However, pain is often of non- 
inflammatory origin and may be relieved, regardless of its origin, by agents 
acting in several different ways. 

Little is known about the mechanism of inflammatory pain. Kelly49 has 
discussed the question of pressure on nerves. The accumulation of exudate 
in an abscess leads to pain which is immediately relieved when the abscess is 
incised. On the other hand, greater tension exists in tissues affected by 
angioneurotic oedema although no pain is produced. It is known that ex- 
ternally-applied pressure, insufficient to elicit pain in normal tissue, causes 
pain in an inflamed area. Randall and Selittoso used this hyperalgesic state 
as the basis for their now widely used test for analgesic drugs. 
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By analogy with other manifestations of inflammation, it is reasonable to 
consider the possibility that the hyperalgesia also results from the formation 
of a chemical mediator such as an amine or a kinin. Histamine, acetyl- 
choline, 5-hydroxytryptamine and bradykinin all produce pain when 
injected subcutaneously or intradermally in man, or when applied to the 
exposed base of a b l i ~ t e r ~ ~ g ~ ~ .  Bradykinin is of particular interest since it 
appears to be identical with the pain-producing substance described52 in 1957 
and is far more potent than the other algesic agents. For example, Cormia 
and D ~ u g h e r t y ~ ~  found that bradykinin produced pain when injected 
intradermally in concentrations of from to whereas histamine is 
not active below Guzman, Braun and Lim54 studied the vocal response 
of dogs and cats to various algesic agents and provided evidence that this is 
an indicator of pain-production in the animals. They fbund bradykinin to 
be the most potent agent tested, having at least 50 times the activity of 
histamine and 5-hydroxytryptamine. 

Gilfoil and K l a v i n ~ ~ ~  produced oedema and hyperalgesia in the rat-paw 
by the local injection of various agents, including trypsin, brewers’ yeast and 
dextran. However, oedema of similar magnitude produced by injecting 
histamine, 5-hydroxytryptamine or bradykinin was not associated with 
hyperalgesia. In  yeast-induced inflammation, acetylsalicylic acid relieves 
the hyperalgesia but does not affect the oedema, suggesting that the two 
phenomena have different causes. Further demonstrated the presence 
of bradykinin in perfusates of yeast-injected paws but it is also present after 
acetylsalicylic acid treatment. A heat-labile substance, inactivated by dyflos, 
is also demonstrable. Acetylsalicylic acid does not modify the hyperalgesia 
produced by endogenous 5-hydroxytryptamine resulting from the injectioii 
of turpentine or dextran. 

In view of the continuous nature of the pain and hyperalgesia in inflam- 
mation, it follows that, if bradykinin is responsible, it has to be continuously 
released or its usually rapid destruction by tissue kininase has to be inhibited 
in inflamed tissue. 

Catecholamines and Inflammation 

Spector and W i l l o ~ g h b y ~ ’ , ~ ~  have pointed out that the vascular changes in 
the acute inflammatory reaction may be due to the destruction of local 
vasoconstrictor substances such as adrenaline. Evidence in favour of this 
mechanism includes the observation that increased capillary permeability 
after thermal injury is suppressed by iproniazid and other monoamine 
oxidase inhibitors. Such inhibitors are known to inhibit the conversion of 
adrenaline, noradrenaline, 5-hydroxytryptamine and other amines to 
inactive metabolites. The authors provide evidence that the action of the 
monoamine oxidase inhibitors on capillary permeability is dependent on 
their anti-enzymic activity and not on some other unrelated property. 
Nevertheless, the evidence remains indirect; an attempt to detect pressor 
amines in the plasma of burned animals was unsuccessful. The potentiating 
effect of bretylium and the antagonistic action of an adrenolytic substance, 
dibenamine, on the action of iproniazid suggest that it is local depots of 
adrenaline rather than noradrenaline or 5-hydroxytryptamine which are 
involved. Independent support for this suggested role of catecholamines 
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comes from studies59 which demonstrated the presence, in human skin, of 
chromaffin cells closely associated with the small venules and arterioles. The 
evidence suggests that such chromaffin cells contain an adrenaline-like 
substance and that various types of inflammatory stimuli cause the cells to 
become degranulated. 

Recently, Willoughby and SpectorG0 have broadened the hypothesis by 
showing that the vascular response to injury depends also on the inactivation 
of noradrenaline, DOPA and dopamine, and that inhibitors of DOPA 
decarboxylase or dopamine /3-oxidase reduce vascular permeability in ther- 
mal burns in the rat. 

Chronic Injlammation 
Chronic inflammation is a process which gradually replaces the acute con- 
dition when the irritant is either a mild and unreactive substance (e.g. 
silica, metals and carrageenan) or certain micro-organisms (e.g. Myco- 
bacterium tuberculosis or M. leprae). I t  is characterized by a cellular infiltration 
which is more heterogeneous than that of acute inflammation, polymorpho- 
nuclear leucocytes being replaced by monocytes, macrophages, histiocytes 
and fibroblasts. As the duration of the chronic process is longer, an extensive 
area of tissue necrosis results, leading to the repair process of granulation 
tissue formation. This consists of the deposition of connective tissue compri- 
sing increasing quantities of the fibrous protein, collagen, in a mucoprotein- 
containing matrix. Collagen is produced by fibroblasts, the initial synthesis 
occurring intracellularly and the molecule enlarging by extracellular 
polymerization. The mucopolysaccharides are also derived from connective 
tissue cells. In the complex process of chronic inflammation there are several 
points a t  which anti-inflammatory compounds may intervene. Many investi- 
gators have studied the effects of anti-inflammatory drugs on the weight of 
granulation tissue produced under standard conditions ; others have sought 
to establish the particular process in which the drug intervenes. 

The commonest forms of chronic inflammation occurring in man are 
rheumatoid arthritis and tuberculosis, the pathology of which has been the 
subject of intensive study. For laboratory purposes, however, there are 
obvious advantages in having a non-viable stimulus which gives a repro- 
ducible inflammation. Numerous techniques have been evolved, including 
the subcutaneous or intraperitoneal injection of silica or carrageenan, or the 
subcutaneous implantation of cotton-wool pellets or polyvinyl alcohol 
sponge61@. 

TESTS FOR ANTI-INFLAMMATORY ACTIVITY 

The number of tests that have been devised for measuring the anti-inflam- 
matory activity of compounds is legion. Those described below have been 
chosen largely for their ability to show diverse types of anti-inflammatory 
activity, preference being given to those which are in common use and are 
therefore referred to most often in the section on anti-inflammatory com- 
pounds later in this review. In addition, a number of techniques that may 
not be widely used, but which show certain important facets of inflammation, 
have been included. 

65 



NON-STEROIDAL ANTI-INFLAMMATORY DRUGS 

The methods used to provoke inflammation include hypersensitivity 
reactions, physical procedures, e.g. ultra-violet light and heat, foreign 
chemicals of inorganic or organic nature, and the biochemical inflamma- 
tory mediators themselves, e.g. 5-hydroxytryptamine, histamine, brady- 
kinin. The intensity and nature of the inflammatory reaction depends not 
only on the type of inflammatory mediator that is injected or released in situ, 
but also on the species in which the reaction occurs. Thus Sparrow and 
Wilhelm63 have shown that the permeability responses of the skin capillaries 
to histamine, 5-hydroxytryptamine and compound 48/80 vary widely and 
independently in the rat, guinea-pig and rabbit. Histamine is highly, 
and about equally, potent in guinea-pigs and rabbits, but only one 
twentyfifth as potent in rats. 5-Hydroxytryptamine is 11 times more potent 
than histamine in rats, but has negligible potency in guinea-pigs and 
rabbits. 

Spector and Wi l l~ughby~~ ,  in reviewing techniques for anti-inflammatory 
testing, emphasize that inflammation is a series of physiological events 
occurring in orderly sequence, that no drug is equally effective in suppressing 
all aspects of it, and that some act on only one particular component of the 
reaction. 

The methods described below for determining anti-inflammatory activity 
have been divided into three main groups, based on the nature of the physio- 
logical response evoked by the traumatic agent. These are ( a )  erythema, 
( b )  increased vascular permeability and oedema, and (c) formation of 
granulation tissue. In  addition, there are tests based on immunological 
responses in which one or more of the above components may be involved. 
In these tests it is possible that drugs may affect the inflammation or the 
immunological systems concerned. 

A final group of miscellaneous tests is also included, but no attempt 
has been made to differentiate these on the basis of the physiological 
responses. 

Erythema 

Ultra-violet erythema in the guinea-pig 
The use of this technique for the screening of anti-inflammatory com- 

pounds, first described by WilhelmF5, has since been modified by other 
worl~ers66-68. The method described by Adams and Cobb68 is as follows. 
Shaved albino guinea-pigs are dosed orally with the drug 30 minutes before 
an exposure of 20 seconds to ultra-violet light. Two hours later the degree 
of erythema is estimated visually on a scale 0 to 4 by an observer who is 
unaware of the dosage schedules. 

Winder, Wax, Burr, Been and Rosiereas showed that, at reasonable dose- 
levels, there is a good correlation between the erythema-delaying action and 
antirheumatic action of non-steroidal compounds. Of over 100 pharmaco- 
logically active agents examined, only 10 pyrazole, salicylate and cinchophen 
derivatives delay ultra-violet erythema; anti-inflammatory glucocorticoids 
are inactive. 

The doses of antirheumatic drugs needed to reduce erythema produced 
by the application of thurfyl nicotinate to the skin of the guinea-pig agrees 
well with those required to inhibit ultra-violet erythema12. 
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Increased Vascular Permeability and Oedema 

Rat-foot oedema 
This type of test is the one most often used in the investigation of anti- 

inflammatory compounds. It is an acute experiment in which a noxious 
agent is injected into the subplantar region of the rat’s paw. The characteris- 
tic response is an oedematous swelling of the foot, which appears within 
minutes of injection and which seems to be an almost purely vascular re- 
ponse. Microscopically it has been shown that the small vessel bed is dilated 
early in the reaction and remains so for a number of hours through the peak 
of the response69. If Evans’s blue is injected intravenously before the hyper- 
aemia commences, the foot becomes blue owing to the passage of plasma 
albumin, with which the dye is associated, into the affected area. A similar 
oedema of the feet is produced by the intraperitoneal or intravenous injection 
of egg-white or dextran (anaphylactoid reaction) but in these circumstances 
there is also a generalized oedema of the snout, ears and tail 

Some of the substances used to produce oedema of the rat-paw are listed 
in Table 2.1. The general technique for this method is as follows. The in- 
flammatory agent is injected into the subplantar region of one of the hind 

Table 2.1. Substances used to produce oedema 

InJammatory mediators 
_. 

5-Hydroxytryptamine 

Histamine 
Bradykinin 

References 

18, 73-81 

18, 76 
82-84 

I Substances releasing 
injammatory mediators References 

Dextran 

Egg-white or ovomucoid 
Carrageenan 
Formalin 

Brewer’s yeast 
Silver nitrate 
Turpentine 
Trypsin 
Kaolin 
Mustard 
Compound 48/80 
Potassium cyanide 
Monoiodoacetic acid 
Sodium fluoride 
Hyaluronidase 

18, 55, 76, 79-81, 

18, 76, 81, 89 
85-88 

8 1. 90-92 
77; 79, 80, 81, 85, 

55,81,91,97-101 
102 
86 
55 
103 
81, 104 
18, 76, 77 
85 
85 
85 
21, 77, 87 

86, 93-96 

paws, and saline solution into the other; the anti-inflammatory drugs are 
administered before or at the same time. The degree of oedema is measured 
over the riext few hours, and compared with undosed controls. 

In  assessing the potential anti-inflammatory activities of drugs against 
this type of reaction it must be remembered that a number of non-specific 
effects reduce the oedemalo5. Thus Lorenzlo3, and Biich and Wagner- 
JauregglOg showed that hydrogen peroxide, sodium hydroxide, kaolin and 
talc have a nonspecific anti-inflammatory effect when administered intra- 
peritoneally. These substances suppress oedema produced by egg-white, 
dextran, 5-hydroxytryptamine and formalin, probably as the result of an 
obscure reflex mechanism caused by irritation of the tissues at the site of 
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injection. Lorenzlo3 suggests that, since phenylbutazone and salicylic acid 
cause irritation on injection, they and other anti-inflammatory agents should 
always be given orally. In this connection it is interesting to note that some 
flavine derivatives107 produce a severe oedema when injected into the rat- 
paw108. This 'flavine' oedema is suppressed by a prior intraperitoneal 
injection of the same derivative. 

The effects of various non-specific treatments on a variety of rat-foot 
oedemas have recently been comprehensively studied and a summary of 
these results is given in Table 2.Z108. This shows that rapidly developing 

Room temperature 
and humidity 

Hypothermia 

Diuresis 

Hypotension 

Vasoconstriction 

Adrenalectomy 

Table 2.2. Influence of various factors on the intensity of local oedema induced by 

Cart-a~yeenan 

- 

~- 

- 

- 

k 

- 

various inflammatory a( 

ACTH or hydro- 
cortisone 

I +  Irritation 

Yeast Kaolin 

- 

f 

- 

+ 
+ 
- 

- 

+ 

11s 

Uextran 

- 

f 

+ 
+ 
+ 
- 

+ 
+ 

Compound 5-Hydroxy- 
4SjSO 1 tyktamine 

+ I -  
+ I +  - , -  

I 

I + I +  
+ ' +  

I 
(From Garattini and Dukes'", by courtesy of Excerpta Medica Foundation) 
- no effect, weak inhibition, + strong inhibition 

oedemas such as that due to dextran, are more susceptible to non-specific 
agents than are slowly developing ones typified by Carrageenan oedema. 

Winterlog examined the effects of five antirheumatic and two anti-allergic 
compounds on rat-foot oedema produced by seven different inflammatory 
agents, and concluded that only carrageenan differentiates between the two 
classes of compound. He suggests that formalin, egg-white and 5-hydroxy- 
tryptamine are unsuitable for testing antirheumatic drugs. Other workers 
have concluded that carrageenan oedema is suitable for investigating anti- 
inflammatory drugs since it is little affected by drugs with other pharma- 
cological properties1l0Jl1. 

The effect of the general toxicity of compounds on the development of 
oedema seems to have been completely overlooked by many workers. Winter, 
Risley and Nuss112 rightly emphasize that doses of drugs that have been used 
to demonstrate inhibition of oedema have often been within the toxic range. 
Domenjoz113 notes that the doses of phenylbutazone and 1,2-diphenyl-4- 
(phenylmercaptoethyl)pyrazolidine-3,5-dione (G 2567 I ) ,  which suppress 
formalin oedema by 50 per cent, are lethal in 23 per cent of the animals. The 
implications of these findings must be borne in mind when interpreting the 
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anti-inflammatory activities of compounds reviewed later, where details of 
dosage and route of administration are given so that the possible intervention 
of toxic factors can be assessed. 

The measurement o f  oedema o f  the rat-paw-Many methods have been used to 
measure the degree of oedema; they include the increase in the weight of the 
paw70, the increase in tissue-waterls, the measurement of silhouette area 
obtained ph~tographicallyll~, the direct measurement of paw diameterl15 
and the visual assessment of oedema and blueing21. Plethysmographic 
methods are superior to any of these techniques90,91J16~117, and permit a 
rapid and reproducible quantitative assessment of swelling. 

Mou.se$oot oedema-A number of workers have used the mouse instead of 
the rat, producing oedema with a wide variety of agents118-121. 

Chemically-induced ‘arthritis’ 

It is important to emphasize the difference between the previously men- 
tioned acute oedema tests in the rat-foot , and chronic chemically-induced 
‘arthritis’, an example of which is ‘formalin arthritis’. In  this type of experi- 
ment, first described by Selye122, two or more injections of formalin are made 
into the subplantar area of the foot. After the acute oedema has subsided, the 
surrounding skin remains hyperaemic and after a few days the peri-articular 
connective tissue begins to proliferate, especially in the region of the ankle 
joint. Other irritants, such as and kaolinlZ4, have also been used 
to produce such chronic articular damage. 

Oedenia produced by thermal injury in the rat 
Thermal injury is produced in the rat by using a standard burn of 55°C 

for 27 seconds. This is achieved by placing the shaved abdomen of a rat in 
contact with the end of a closed hollow brass cylinder, through which 
thermostatically controlled water is circulated. Increased capillary perme- 
ability in the injured area is measured by estimating the water content of 
skin and subcutaneous tissue or by a visual estimation of the leakage of 
circulating protein-bound trypan blue into the skin of the burnt arealz5. 
The water content is determined by excising the damaged tissue and weighing 
it immediately and then again after drying to constant weight. 

Turpentine pleurisy in the rat 
Experimental pleurisy is produced in rats by injecting 0.1 ml. of turpen- 

tine into the right pleural space. After a convenient interval, the resulting 
exudate is withdrawn from each pleural space and the volume measured27. 

Formation o f  Granulation Tissue 

Granuloma pellet 
Most of the techniques in current use are derived from the original method 

described by Meier, Schuler and Desaulles in 1950126. When pellets of 
cotton-wool, cellulose sponge or similar material are implanted subcutaneous- 
ly into the abdomen of the rat and left for 7 days, granulation tissue forms 
around and into the pellets. After 7 days the animals are killed and the 
pellets, together with the granulation tissue, are removed and dried to 

69 



NON-STEROIDAL ANTI-INFLAMMATORY DRUGS 

constant weight. The weight of granulation tissue may thus be readily 
calculated. Many modifications of this basic technique, which has been used 
in the main for anti-inflammatory assays of glucocorticoids, have been 
developed104~112~127~128. When corticosteroids and some of the more potent 
non-steroidal anti-inflammatory antirheumatic agents112927 are administered 
during the period of implantation, the weight of granulation tissue is reduced. 
The weaker non-steroidal antirheumatic agents, such as acetylsalicylic acid 
and sodium salicylate, are inactive in non-toxic doses under these conditions. 

A valid criticism of the technique (similar to that mentioned by Lorenzl03 
for rat-paw oedema) has recently been made by Cygielman and R o b ~ o n ~ ~ ~ ,  
who observed that anti-inflammatory activity, determined by the cotton 
pellet test, of a group of substances derived from liquorice seems to be associ- 
ated with irritant effects at the site of injection. They proceeded to show that 
the injection of known irritants such as antimony potassium tartrate and 
croton oil produces a significant reduction in granulation tissue. Robinson 
and R o b ~ o n l ~ ~  suggested, in the light of further experiments, that the reason 
for this is that an anti-inflammatory factor is produced at the site of im- 
plantation of the irritant substance. 

A somewhat different granuloma pellet technique has been described in 
which a piece of non-resorbable plastic sponge is inserted subcutaneously 
into rats, and the exudate and leucocytic infiltration into it are measured 
over the next 5 h o ~ r s ~ ~ J ~ l .  

Granuloma pouch 
This technique was first devised by Selye132-134 and modified by Robert 

and N e ~ a m i s l ~ ~ .  It has been used extensively for testing anti-inflammatory 
corticosteroids, but may also be used for assaying the more potent non- 
steroidal anti-inflammatory antirheumatic compounds. 

A subcutaneous dorsal pouch is produced in the rat by the injection of 
25 ml. of air; into this space is injected 0.5-1 ml. of 1 per cent croton oil in 
cotton-seed or similar oil. Over the following days a haemorrhagic exudate 
accumulates in the pouch, the wall of which becomes thickened and granu- 
lomatous. To increase the exudation of fluid into the cavity the air may be 
withdrawn 48 hours after the formation of the pouch. The animals are killed 
7-14 days after the beginning of the experiment, the exudate drained from 
the pouch, and the volume measured. If desired, the pouch can be dissected 
and weighed. 

It must be emphasized that the haemorrhagic exudate, which is mainly 
derived from the destruction of tissue cells, bears little relationship to the 
oedema produced in the acute tests, which is a result of increased vascular 
permeability64. The present test can therefore be assessed on either the volume 
of exudate or the weight of the pouch. 

Hypersensitivity Reactions 
Tuberculin reaction in  the BCG-infected guinea-pig 

Since there is a close relationship between connective tissue disorders and 
auto-immune diseases on the one hand, and delayed hypersensitivity on the 
other, it has been suggested that delayed hypersensitivity reactions offer 
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advantages as a test for screening antirheumatic Such a test was 
used by Long and Martin for investigating the effects of a number of com- 
p o u n d ~ ~ ~ ’ .  

The technique described by Floersheim13% is as follows. Guinea-pigs are 
sensitized by the subcutaneous administration of BCG vaccine in Freund’s 
complete adjuvant. An intradermal injection of tuberculin 4-8 weeks later, 
elicits a typical erythematous reaction which is evaluated by measuring the 
degree of infiltration, the area of erythema and its intensity 8 and 24 hours 
after the tuberculin injection. Drugs under test are given 30 minutes before 
and 8 hours after the tuberculin. 

Anaphylactic ‘arthritis’ 
This intra-articular immunological response has been produced in guinea- 

pigs by two slightly differing t e c h n i q u e ~ l ~ ~ ~ ~ ~ ~ .  The reaction can be produced 
by the intra-articular injection of egg albumin in guinea-pigs passively 
sensitized to this antigen. The course of the reaction is followed by measuring 
the transverse diameter of the joints over a period of 5 hours after the challen- 
ging injection. The swelling is quantitatively related to the amount of anti- 
body nitrogen administered. 

Adjuvant arthritis in  the rat 
In  contradistinction to the various types of chemically-induced and 

anaphylactic ‘arthritis’ which have been mentioned above, adjuvant arthritis 
appears to simulate closely the inflammatory reactions seen in rheumatoid 
arthritis in humans. Stoerk, Bielinski and B u d z i l o ~ i t c h ~ ~ ~  first reported the 
development of a chronic polyarthritis in rats, and this work was later 
elaborated by a number of other ~ o r k e r s ~ ~ ~ - ~ ~ 4 .  The reaction seems to be a 
type of delayed hypersensitivity r e s p o n ~ e ~ ~ ~ J ~ ~ ,  although recent work 
suggests that this may not be soi4’. 

Several techniques have been used to produce the reaction, but basically 
the arthritic syndrome can be elicited by injecting killed mycobacteria in 
mineral oil into the plantar surface of the foot or intradermally into the tail. 
From the tenth day onwards the joints of one or all of the feet gradually 
become inflamed and are painful, particularly when pressure is applied; 
other inflammatory lesions occur in the ears, tail and lungs. These reactions 
are present in a severe form up to about the thirtieth day, after which they 
begin to subside148. The degree of inflammation can be assessed visually or 
by measuring the swelling with a micrometer. 

Steroidal and some non-steroidal antirheumatic agents are capable of 
suppressing or reducing these inflammatory reactions148. 

Miscellaneous Techniques 

A large number of other interesting and informative techniques have been 
devised and it is possible to mention only a few. 

Methods have been de~eloped~~9~’~O in which the permeability of the 
synovial membrane in the rabbit has been investigated, but some doubts as 
to the significance of these tests have been e x p r e s ~ e d l ~ ~ J ~ ~ .  Ungar, Kobrin 
and Sezesny153 describe a technique for measuring the degree of inflamma- 
tion produced in rats and guinea-pigs by the injection of various agents into 
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the skin. It is based on the weight gain of inflamed skin caused by the passage 
of plasma into this tissue. An increase of capillary permeability with subse- 
quent oedema can be produced by applying croton oil to the ear of the 
rabbits6 or mouse67’154. Inflammation has been produced in rats’ skin by the 
local application of c h l ~ r o f o r r n ~ ~ J ~ ~ ,  and in rabbits’ eyes by the application 
of mustard oily6 or croton 0 i P .  

Whittle15’ has ingeniously extended the use of the mouse ‘writhing’ tech- 
nique for the testing of analgesics, by measuring the increased capillary 
permeability in the peritoneal cavity produced by the writhing agent. In 
this test the intraperitoneal injection of acetic acid causes ‘squirming’ or 
‘writhing’, and also increases the leakage of plasma-bound dye (Pontamine 
Sky Blue) into the peritoneal cavity. Non-narcotic analgesics inhibit both 
the squirming and the leakage of dye, and it is interesting to note that those 
non-narcotic analgesics which are most effective in inhibiting the leakage 
are also those which possess marked anti-inflammatory p r ~ p e r t i e s l ~ ~ .  

The development in mice of lung inflammation produced by the inhala- 
tion of aerosols of bacterial endotoxin and its reversal by anti-inflammatory 
agents is the basis of a recently developed assay159. An interesting and novel 
i n  uitro screening technique was developed by Mizushima, on the basis of the 
hypothesis that the mode of action of antirheumatic drugs is related to their 
interaction with proteins160Js1. The effect of a variety of drugs on the heat 
stability of plasma proteins (fractions IV and V) was studied. Non-steroidal 
antirheumatic drugs have a strong stabilizing action on albumin (fraction 
V) but the non-antirheumatic analgesic-antipyretic drugs have little or no 
influence. It is claimed that some compounds selected by this technique are 
potent anti-inflammatory agents. 

ANTI-INFLAMMATORY COMPOUNDS 

Because of limited space and inadequate biological data, not all the com- 
pounds or chemical series for which anti-inflammatory activity is claimed 
in patent specifications are discussed in this review. 

Hydroxybenzoates and Related Compounds 

The history of the introduction of salicylates into medicine and details of the 
pharmacology and metabolism of these compounds have been presented in 
a number of r e v i e w ~ ~ ~ ~ - ~ ~ O .  The scope and nature of much recent work in 
this field can be assessed from papers presented at the International Sym- 
posium on Salicylates held in London in 1962l’l. 

Salicylic and acetylsalicylic acids 

The pharmacological and therapeutic relationship between acetylsalicylic 
acid (aspirin, I, R = COMe) and salicylic acid (I ,  R = H) is still not com- 
pletely established. Experimentally, the anti-inflammatory activity of salicylic 
acid has been we11 established by many different t e s t ~ ~ ~ , ~ ~ ~ ’ ~ 0 ~ 1 5 0 ~ 1 5 3 ~ 1 5 6 . 1 7 2 - ~ 7 4 .  

When compared directly with salicylic acid, acetylsalicylic acid has equal 
or slightly greater a ~ t i ~ i t y ~ ~ ~ ~ ~ ~ ~ 8 ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~  but there is little 
evidence that either compound is effective in inhibiting granuloma-type 
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The therapeutic activities of acetylsalicylic acid and sodium salicylate 
do not appear to have been compared directly in controlled trials, although 
it is generally considered that the former is superior1s0-1s2. However, 
W00dlS3, on the basis of relief of stiffness, believes that their anti-inflamma- 
tory effects are equal. Wood has also pointed out the difficulties of deter- 

COOH 

( I )  

mining to what extent the therapeutic effectiveness of acetylsalicylic acid 
is due either to its analgesic or anti-inflammatory activity. The relative 
activities of the two compounds may depend on whether the acetylsalicylate 
ion possesses properties distinct from those of salicylate or whether it is 
simply more potent. 

Acetylsalicylic acid is absorbed largely as such and although it is hydro- 
lysed by blood and tissue esterases, appreciable amounts persist in the blood 
for up to 2 hours163. Lester, Lolli and Greenberg1S4 consider that the period 
after ingestion, during which time it is present in the blood, corresponds to 
the duration of its analgesic action. Martinlea suggests that acetylsalicylic 
acid may provide the optimal concentration of salicylic acid at the desired 
site over a suitable period of time, thus producing a superior clinical effect. 
Adams and Cobbll compared the inhibitory effects of oral doses of acetyl- 
salicylic acid and sodium salicylate on erythema produced by thurfyl 
nicotinate in human volunteers. Acetylsalicylic acid was effective in doses 
of 225 mg, but sodium salicylate showed no activity in doses of 650 mg. These 
experiments indicate that the acetyl derivative may have a pharmacological 
effect in its own right without having to be hydrolysed to salicylate. 

Despite the fact that acetylsalicylic acid has been used for many years, it 
is only recently that controlled trials have demonstrated its efficacy in the 
symptomatic treatment of rheumatoid a r t h r i t i ~ l ~ ~ - ~ ~ ' .  The results of a 3 year 
multi-centre trial comparing cortisone acetate and acetylsalicylic acid, given 
in the lowest dosage needed to keep each patient symptom-free, indicate that 
the efficacy of both drugs is similar in almost all respectsls7. The condition 
of the patients after 3 years was better than at  the start of the trial, but 
radiological deterioration occurred in both groups. 
Derivatives o f  salicylic and acetylsalicylic acids 

A number of derivatives, including salts, have been prepared with the 
aims of improving palatability and gastric tolerance. Aspirin anhydride (11) 
has been known for many years and has recently received renewed atten- 
tionlss-lgo. I t  was suggested that it gave higher acetylsalicylate blood levels 
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with less gastric disturbance. However, in a limited clinical trial, this 
compound was therapeutically less effective than acetylsalicylic acid and 
produced as much gastro-intestinal bleeding and more dyspepsialsl. Levy 
and GagliardilS2 showed that its gastro-intestinal absorption by humans is 
slow and incomplete. 

A number of aluminium aspirin preparations have also been described, 
to which different structures have been assignedlS3. One of these compounds, 
aluminium aspirin NF, was found to be poorly absorbed compared with 
acetylsalicylic acidlS4. Aloxiprin (Palaprin) is a different form of aluminium 
aspirin, being a polymeric condensation product of aluminium oxide and 
acetylsalicylic acid, with the formula A130,(C6H4(o-OCMe)-C00),1s3Js6. 
This compound is therapeutically as effective as acetylsalicylic acid; it 
produces less gastric irritationlS6 and gastro-intestinal blood loss, but has a 
slight tendency to cause constipationlol. 

Choline salicylate (Arthropan, 111) is claimed to have some pharma- 
ceutical and therapeutic advantages over acetylsalicylic acid19'--203. 

3- and 4-hydroxybenzoic acids 

anti-inflammatory 
indicates they are inactive in rheumatic fever180~204. 

Salicylarnide 

While there is reason to suppose that salicylamide (IV, R = H) and its 
derivatives have experimental analgesic and antipyretic properties206P7, 
there is little evidence that it is an effective anti-inflammatory drug in 

These compounds, in contradistinction to salicylic acid, are inactive in 
and the little clinical evidence available 

CO.NH2 

animals66~ss~zo8. Unlike acetylsalicylic acid it does not inhibit bradykinin- 
induced bronchoconstriction in the guinea-pig20s. Clinical trials suggest that 
salicylamide210,211 and acetylsalicylamide (IV, R = COMe)212 may be of 
value in various rheumatic conditions, but there is no indication that this 
drug is a clinically effective antirheumatic. A derivative, salicylamide-2- 
ethoxyethylether (ethosalamide, IV, R = (CH,),. Et) was found in rheuma- 
toid arthritis in a double-blind study to be inferior to acetylsalicylic acid213. 

Gorini, Valcavi and Zonta-Bolego, using formalin oedema in the rat, have 
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investigated the analgesic and anti-inflammatory activities of a large number 
of derivatives of salicylamide and cresotinamide given intraperitoneally21*. 
Some of the compounds tested are given in Table 2.3. These workers found 
that, contrary to earlier evidence, salicylamide has analgesic and anti- 
inflammatory activity. Both types of activity were modified by substitution 
in the hydroxyl group. The introduction of an acetylamino group at C5 of 
o-allyloxysalicylamide to give compound 7 does not enhance the activity of 
the former compound 3, but compound 8, without the amide grouping, 
shows high activity. Since cresotinamide (compound 9) has anti-inflamma- 
tory and analgesic activities superior to those of salicylamide, the effect of 
substitution in the hydroxyl radical was examined. The ally1 ether (com- 
pound 10) possesses anti-inflammatory and extremely high analgesic activi- 
ties, and has shown clinical promise. However, whilst the introduction of a 
phenyl group (compound 12) reduces both activities, the introduction of a 
methyl group (compound 13) reduces only the analgesic activity. Ring 
substitution of cresotinamide at C5 does not increase activity in compound 
15, and produces a compound having only anti-inflammatory properties in 
compound 16. 

Dihydroxybenzoic acids 

On the assumption that 2,3-dihydroxybenzoic acid (pyrocatechoic acid, 
V, R1 = R2 = H) is formed in humans after salicylate ingestion and that it 
may be the antirheumatic agent, clinical studies were carried out with this 
compound in rheumatic fever in which it appears to be superior to sodium 
salicylate although of lower toxicity, but ineffective in rheumatoid 
a r t h r i t i ~ ~ ~ ~ l ~ 1 6 .  Other workers found the drug to be twice as active as salicylate 
in rheumatic fever and less toxic in therapeutic doses204. Trials with diacetyl- 
pyrocatechol-3-carboxylic acid (Movirene, V, RI = R2 = COMe) in 
various rheumatic conditions were also favourable217Jls. 

M i c h ~ t t e ~ ~ ~  has suggested that biological oxidation processes in mesen- 
chymal tissues require a balance of C,,-hydroxysteroids and adrenergic 
substances, and this is disturbed in rheumatic diseases owing to the failure 
of the adrenergic component. It is alleged that pyrocatechoic acid ( V )  may 
replace this component, restore the physiological imbalance and, conse- 
quently, suppress the inflammatory reaction. Adams and Cobb68 found that 
neither pyrocatechoic acid nor its diacetyl derivative administered orally 
inhibits ultra-violet erythema in the guinea-pig. The former compound, 
administered subcutaneously, reduces vascular permeability in the mouse 
peritoneum, but the effect is less than that of salicylic acidzo8. Other dihy- 
droxybenzoic acids tested are not active in this system175y208. 

I t  has been suggested that hyaluronidase activity is increased in rheumatic 
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number 

Percentage 
inhibition 

1 
m 2 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Dose 
mg/kg 

1.p. 

Table 2.3. Anti-inflammatory and analgesic activities of salicylamide and cresotinamide derivatives. 
(After Gorini, Valcavi and Zonta-Boleg~~~~)  

R1 

CO.NH, 
CO.NH, 
CO.NH, 
CO.NH2 
CO . NH, 
CO.NH, 
CO . NH2 
H 
CO.NH, 
CO.NH, 
CO.NH, 
CO.NH, 
CO.NH, 
CO . NH, 
CO.NH2 
CO . NH, 

OH 
OEt 
0. CH,. CH=CH, 
O.CH,. COOH 
O.CH, * CH=CHPh 
O.CH,. CH=CHMe 
0. CH,. CH=CH, 
0. CH,. CH=CH, 

O.CH,. CH=CH, 

0 .  CH,.CH=CHPh 

OH 

OEt 

0. CH,CMe=CH, 
0. CH,. CH=CHMe 
OH 
OH 

23 

R3 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 

R4 

MeCO + NH 
MeCO. NH 

CH,=CH. CH, 
MeCO . NH 

660 
495 
320 

>4000 
>2000 

450 
440 
480 
570 

460 
? o r  

Analgesic 
activity 

Anti-injammatory 
actiuity 

Dose 

1.p. 
mg/kg 

215 
160 
110 

1000 
500 
150 
184 
160 
190 
140 
170 
215 
125 
205 
155 
.3? 

I 

62.32 ' 100 
44.48 1 115 
45.12 ' 85 
27.83 100 
34.74 ! 130 
45.77 75 
40.58 ~ 125 
39 95 
51 ~ 105 

Percentage 
activity 

43 
91 
50 
10 
9 

16.60 

70 
60 

23 
24 
8 

44 
57 
5 

38.33 
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diseaseszz0, and that 2,5-dihydroxybenzoic acid (gentisic acid, VZ), a meta- 
bolite of salicylate, is a potent inhibitor of the enzymezz1 (theories which are 
no longer tenablel69). In  view of this, gentisic acid was first used in rheumatic 
fever and rheumatoid arthritis with satisfactory r e s ~ l t s ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ,  but other 
workers found it an ineffective therapeutic agent2zi-2z9. 

In  various other experimental inflammatory tests, gentisic acid proved to 
be active when administered intraperitoneally in one type172 and inactive 
orally and subcutaneously in others66,6811'5~1761230. It does not inhibit fibrino- 
lysin i n  v i t r 0 1 ~ ~ .  

In  the belief that a second chelate ring might enhance the activity of 
sodium salicylate, 2,6-dihydroxybenzoic acid (y-resorcylic acid, VZZ) was 
tested in rheumatic fever and found to be effective in a dosage about one- 
tenth that of salicylate. There were many varied and undesirable side-effects. 
In  a further trial, this compound was found to be five times more active than 
sodium salicylate in rheumatic fever, with fewer toxic reactionsz0*, but others 
claim that the drug has little or no effect2z99232. The compound reduces 
formalin oedema in the mouse-foot in doses at  which sodium salicylate is 
ineffectiveZ33, and inhibits the formation of granulation tissue in artificial 
wounds in mice in doses similar to those in which cortisone is also effective 
although salicylate is not234. When administered intraperit~neallyl~~, it 
reduces anaphylactic arthritis in the guinea-pig but is ineffective in ultra- 
violet erythema in this species when given by mouth66*6s. When given sub- 
cutaneously, it does not affect vascular permeability in the mouse175, or 
formalin-induced mouse-foot oedemal76. There is no in uitro inhibition of 
fibrinoly~inl~~. 

2,4-Dihydroxybenzoic acid (P-resorcylic acid) is alleged to be as active 
as sodium salicylate in rheumatic fever204, but it does not affect vascular 
permeability in the m0use17~. 3,4-Dihydroxybenzoic acid (protocatechoic 
acid) is not active in rheumatic fever204 and is barely effective in inhibiting 
anaphylactic arthritis in the guinea-pigl72. When administered subcutan- 
eously it does not reduce vascular permeability in the mouse175, but reduces 
formalin-induced oedema in the mouse-footl76. When given intraperitoneally, 
3,5-dihydroxybenzoic acid does not reduce yeast-induced oedema in the rat- 
paws7, and subcutaneously does not affect vascular permeability in the 
mouseli5, or formalin oedema in the m o u s e - f ~ o t ~ ~ ~ .  

Trihydroxybenzoic acids 

Clarke, Clarke and Mosher2O4 claim that 2,3,6-trihydroxybenzoic acid 
(VIII)  is 10 times, and 2,4,6-trihydroxybenzoic acid (ZX) 8 times, more 
active than sodium salicylate in rheumatic fever, but Hamilton and Bywaters 
found ( I X )  to be inactive in three patients receiving 1-8 g in 24 
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Given intraperitoneally, (I..) reduces swelling in guinea-pig anaphylactic 
arthritis172, but is inactive even in oral doses of 240 mg/kg in ultra-violet 
erythema in the same species. I t  is also inactive in a mouse vascular perme- 
ability test in subcutaneous doses of 200 mg/kg.z08 

CO.OH CO,OH CO.OH 

OH OH 

( X I )  ( X U )  

It has been claimed that 2,3,5-trihydroxybenzoic acid ( X )  and its triacyl 
derivatives possess antihyaluronidase and anti-arthritic activities23s, but later 
work by the same authors suggests that they are inactive as analgesic or anti- 
arthritic d r u g ~ ~ ~ ~ .  2,3,4-Trihydroxybenzoic acid ( X I )  is inactive a t  200 mg/kg 
subcutaneously and 3,4,5-trihydroxybenzoic acid ( H I )  is active at  a suh- 
cutaneous dose of 118 mg/kg in a mouse vascular permeability testzo8. 

Substituted dihydroxybenzoic acids and dihydroxybenzenes 

Several substituted dihydroxybenzoic acids have been examined by the 
yeast oedema and granuloma pellet test in ratss7, and anti-inflammatory 
activity appears to be restricted to the substituted 2,6-dihydroxy compounds. 
The presence of a halogen at C, and C, produces activity which is further 
increased when a methyl or benzyl group is also present at  C,. 4-Benzyl-2,6- 
dihydroxybenzoic acid is also active, despite the absence of halogen at  C ,  or 
C,. The most potent compound of all is 3,5-dichloro-2,6-dihydroxy-4- 
methylbenzoic acid ( X I I I )  . Whenever anti-inflammatory activity has been 

CO.OH 

HoQ:: CL 

Me 

( X I I I )  

found, the doses used have been near the toxic levels, and attempts to separ- 
ate the two components have not been successful. A comparison of the active 
doses (subcutaneous for the pellet assay and intraperitoneal for the oedema 
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tests) and lethal doses (Table  2.4) suggest that some of the activity may be 
a manifestation of toxicity rather than of genuine anti-inflammatory action. 

Table 2.4. Anti-inflammatory activity in a series of substituted dihydroxybenzoic 

150 

600 
150 
75 
37.5 
75 
75 
150 

Name 

+ 
(P'O~OO1) 

0 

acids 

I Activity 

2,6-Dihydroxy-4-methylbenzoic acid 
3,5-Dibromo-2,6-dihydroxybenzoic acid 
3,5-Dibromo-2,6-dihydroxy-4-methylbenzoic acid 
3,5-Dichloro-2,6-dihydroxy-4-methylbenzoic acid 

2,6-Dihydroxy-4-(hydroxymethyl) benzoic acid 
4-Benzyl-2,6-dihydroxybenzoic acid 
3-Benzyl-2,6-dihydroxybenzoic acid 
2,6-Dihydroxy-4-(p-tolylmethyl)benzoic acid 
4-Benzyl-3,5-dibromo-2,6-dihydroxybenzoic acid 
3,5-Dichloro-2,6-dihydroxy-4-methylbenzamide 
2,4-Dihydroxy-5-methylbenzoic acid 
5-Chloro-2,4-dihydroxybenzoic acid 
3,5-Dichloro-2,4-dihydroxybenzoic acid 
2,4-Dihydroxy-3-methylbenzoic acid 
5-Benzyl-2,4-dihydroxybenzoic acid 
4,5-Dibromo-2,3-dihydroxybenzoic acid 
5-Chloro-2,3-dihydroxybenzoic acid 
5-Bromo-3,4-dihydroxybenzoic acid 
3,5-Dihydroxybenzoic acid 
4-Chloro-3,5-dihydroxybenzoic acid 
3-Chloro-4-methylbenzoic acid 

lngikg 1 Granuloma 
pellet 

I -test  
-__ 

- I  
150 0 
300 1 
150 0 

300 
150 
75 
150 
150 

Rat-paw 
oedema 

test 

+ + 
i- + 
0 + + + + + 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 + 

(From Lightowler and Rylances7, by courtesy of Journal of Pharmacy and Pharmacology, London) 
0 Ineffective at the highest tolerated dose. + Effective, swelling Icss than 20 per cent. 

- 
Approxi- 

mate 
LD50 

'.u. moue 
(mg/kg) 
____ 
380 
350 
138 
125 

1200 
100. 

45 
105 
110 
545 
1075 
1000 
780 

75 

180 
2000 
2000 
208 

This view is supported by the experiments of Smith, Frommel and Radouco- 
ThomaP8 who found (XII I )  to be lethal in guinea-pigs at the dose at  which 
it suppresses ultra-violet erythema. 

In  view of the activity of compound ( X I I I ) ,  Lightowler and R y l a n ~ e ~ ~ ~  
examined a number of similar compounds without the carboxyl group. 

Ili" !3r&f3r 

Me -y%\i Me ' "OH 

CL Br 
(XlV) ( X V i  

The compound corresponding to (XII I ) ,  4,6-dichloro-5-methylresorcinol 
(XZV) shows some anti-inflammatory activity, whilst other halogenated 
5-methylresorcinols (e.g. X V )  are also active. I t  was found that the resorcinol 
nucleus is the best structure for activity, since the bromo derivatives from 
2-methylhydroquinone ( X V I )  and from 4-methylcatechol (XVII )  are 
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inactive. The importance of the two hydroxyl groups is demonstrated by the 
fact that compound (XVIIZ) is inactive. 

OH OH OH 

OH Br 

( X V I )  (XVIZ) (XVZZZ) 

In  this series, as with the substituted dihydroxybenzoic acids, toxicity and 
activity cannot be divorced. 

Cresotinic acids 
The ortho-, meta- and para-cresotinic acids were originally claimed by 

S t o ~ k m a n ~ ~ ~ ~ ~ ~ ~  to possess a powerful specific action in acute rheumatic 
conditions, though having no advantages over salicylic acid. All three com- 
pounds possess anti-inflammatory activity in the mouse175,208. 

Miscellaneous compounds related to salicylic acid 
Northover208 investigated the effects of a miscellaneous group of hydroxy- 

benzoates and related compounds in a mouse vascular permeability test. 
He concludes that the simplest active compound is salicylic acid, that the 
carboxyl group is essential for activity and that, whilst one hydroxyl group 
adjacent to the carboxylic acid group confers activity, further hydroxyls 
either abolish or reduce the effects. Halogenated congeners, 5-chloro- and 
3,5-di-iodosalicylic acid are active but toxic. Our own unpublished studies 
on the activities of hydroxybenzoates in ultra-violet erythema are in general 
agreement with Northover's conclusions. 4-Aminosalicylic acid does not 
possess anti-inflammatory activity in animal tests@@J75. 

Some hydroxycinnamates have been examined for their ability to reduce 
vascular permeability in the mouse peritoneumzo8; as in the benzoic acid 
series, activity was found in the 2-hydroxy but not in the 3- and 4-hydroxy- 
cinnamates. 

In the belief that the gastric irritation produced by salicylates may be 
partly due to the free carboxyl group, Smith, Frommel and Radouco- 
Thomas23R prepared the corresponding hydrazide ( X I X )  and oxadiazol-2-01 
( X X )  of salicylic acid. 

OH 
I 

o/c=r 
\ 
C=N 
I 

& O H  \ 
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Of a number of oxadiazole derivatives of other substituted benzoic acids 
tested, most possess analgesic and antipyretic activities, compound ( X X )  
being similar to acetylsalicylic acid; none shows any anti-inflammatory 
activity. 

The calcium salt of 2-iodoxybenzoic acid (XXZ) administered in a dose of 
1.5 to 6 g daily to a group of arthritic patients was found to produce a 
definite improvement in 71 per ~ e n t ~ ~ 0 .  
~-(2-Acetoxyphenyl)propionic acid (XXIZ)  possesses analgesic properties 

and reduces silver nitrate-induced inflammation and swelling in the joints 
of rats. In a limited trial, six arthritic patients seemed to experience some 
relief of joint pain, but all suffered side-effectsZ4l. 

( X m  ( X X I I )  

o-(Diphenylacetoxy) benzoic acid has superior analgesic but weaker 
antipyretic properties than acetylsalicylic acid, but is ineffective in the 
cotton-pellet granuloma test in rats242. I t  has been claimed that 5-acetyl- 
glycolloylsalicylic acid and its methyl ester possess anti-inflammatory and 
anti-arthritic properties243. At a dose of 250 mg/kg orally, chloroquine 4- 
acetamidosalicylate inhibits both viscarin-induced oedema and cellular 
colonization of Ivalon pellets in rats244. Lespagnol and Thitblot found that 
phenacetylsalicylic acid (XXIZZ), like sodium salicylate, reduces the perme- 
ability of rabbit synovial membrane245. 

CO,OH 

&OCO.CH,Ph @COO!-! 6 CO,OH 

/ ’ NH2.HCI  
CH,.JH.C* OH CH,CEt 

( X X I I I )  (xx;v) ( X X V )  

Two derivatives GPA69 (XXZV)  and GPA415 ( X X V )  show an analgesic 
activity superior to that of acetylsalicylic acid in animal tests, but are devoid 
of antipyretic and anti-inflammatory activities246. Both are analgesics in man 
when measured by the electrical tooth-stimulation technique, a direct form 
of pain without an inflammatory component. In trials in different types of 
clinical pain, however, their effects vary, negative results being obtained in 
conditions in which pain has a significant inffammatory component. These 
results imply that the value of acetylsalicylic acid in relieving pain is partly 
attributable to its anti-inflammatory effects and partly to other peripheral 
effects. 

Sulphasalazine, 4-hydroxy-4’- (N-pyrid-2-ylsulphamoyl)azobenzene-3-car- 
boxylic acid (sulphasalazine, Salazopyrin, X X V I ) ,  was developed from 
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the. work of Svartz in the .late 1930s when chemical compounds of salicylic 
acid and sulphonamides were produced for use in rheumatoid arthritis. 
This drug, like other acid azo-compounds, has a specific affinity for connec- 
tive tissues, especially those rich in elastinz4'. Thus, depots are formed in the 
connective tissue and subsequent splitting of the molecule releases 5-amino- 
salicylic acid and s ~ l p h a p y r i d i n e ~ ~ ~ .  Svartz believed that, since the lesion of 
rheumatic disease is inflammatory in nature and located in connective tissue, 
drugs with an affinity for connective tissue were likely to be useful. Sulphasa- 
lazine produces satisfactory results in rheumatic fever and rheumatoid 
arthritis, particularly when treatment is continued for periods of from 
several months to 2 or 3 yearsz48-25z. Sinclair and D ~ t h i e ~ ~ ~ ,  in a later trial, 
concluded that sulphasalazine appears to be of no specific value in the treat- 
ment of rheumatoid arthritis. 

( X X V I )  

I t  is of interest that later work indicates that 5-aminosalicylic acid itself 
has an affinity for connective t i s s ~ e ~ ~ ~ - ~ ~ ~ .  I t  is nevertheless difficult to con- 
ceive that 5-aminosalicylic acid could be effective, even if it does concentrate 
in connective tissue, since there is no experimental evidence that this com- 
pound has anti-inflammatory activity. We have ourselves found it to be 
inactive in the ultra-violet erythema test in guinea-pigs. 

Pyrazolones and Related Compounds 

I t  is convenient to divide the anti-inflammatory pyrazolones into two groups: 
pyrazol-5-ones (XXVZZ), typified by amidopyrine, and pyrazolidine-3,5- 
diones (XXVZZI) , of which the principal member is phenylbutazone. 

0 

PhN-", 
I CR 

MeN.C4 
Me 

II 
0 
I /  

R'N+ 
1 CHR 

P h N t C '  a 
R-H, alkyl, aryl o r  
alkylamino group 

R=alkyl, subst i tuted 
alkyl or alkoxy group 
R'= aryi or  subst i tuted 
aryl group (xxvrr) 

Pyrazol-5-ones 

The best known members of this group are phenazone (antipyrine, 
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XXVII,  R = H) and amidopyrine (XXVII ,  R = NMe,), which has long 
been used as an analgesic, antipyretic and antirheumatic agent. A recent 
controlled study confirmed the activity of amidopyrine in rheumatoid 
arthritislas. In recent years, however, its clinical use has declined considerably 
owing to growing recognition of its dangerous side-effects, in particular 
agranulocytosis. The history of the use of amidopyrine has been reviewed 
and its judicious use defended,". Most of the information on the anti- 
inflammatory activity of amidopyrine has come from relatively recent studies 
by workers who, using modern techniques, have frequently employed amido- 
pyrine as a reference compound with which to compare newer anti-inflamnia- 
tory agents. 

Against ultra-violet erythema in guinea-pigs, amidopyrine has an oral 
ED50 of 130 mg/kg and is roughly equal in effect to acetylsalicylic acid and 
has one-seventh of the potency of phenylbutazone66. This finding was sub- 
stantially confirmed by AdamslSs, who found amidopyrine to be effective 
at 80 mg/kg, this being equal to the effective dose of acetylsalicylic acid and 
one eighth that of phenylbutazone. Wilhelmi and Domenjoz found it active 
in a dose of 40 mg/kg sub~u taneous ly~~~ .  Domenjoz113 found that, in oedema 
tests, amidopyrine performs better than phenylbutazone, 200 mg/kg inhibi- 
ting formalin, serotonin and dextran oedema to the extent of 30, 58 and 74 
per cent, respectively. However, in a critical studylo5 of the effect of anti- 
inflammatory substances in various rat-paw oedema tests, amidopyrine was 
found to be inactive in the formalin test and appreciably less active than 
phenylbutazone in the dextran and serotonin tests. In a dose of 125 mg/kg 
it suppresses kaolin oedema more than does phenylbutazone at  50 mg/kg, 
both drugs being given intraperitoneally. Amidopyrine is appreciably less 
effective than phenylbutazone in the granuloma-pouch test113. Smith, 
Parsons and W h i t e h o u ~ e ~ ~ ~  found that, in a daily oral dose of 200 mg/kg, 
amidopyrine failed to reduce cotton-pellet granuloma formation. 

Several analogues of amidopyrine have been prepared, differing from the 
parent compound mainly in the substituent at C, of the pyrazole ring. 
Dipyrone (Novalgin, XXVU, R = NMe . CH, . SO,-Na+), a water-soluble 
analogue of amidopyrine is rather more active than the parent compound 
in ultra-violet erythema and of similar activity in croton oil inflammation 
in micezss. It aIso shows similar activity to amidopyrine in kaolin oedema of 
the rat-pawZs0. 2,3-Dimethyl-4-isopropyl-l-phenylpyrazol-5-one (Isopyrin, 
XXVII, R = NH . CHMe,) is similar to amidopyrine in its anti-inflammatory 
activity as judged by rat-paw tests2G1. Its analgesic activity is also similar to 
that of amidopyrine though its antipyretic potency is lower. It is a sedative 
and, in this and certain other general pharmacological properties, differs 
from amidopyrine. 

Propylphenazone ( X X V U ,  R = CHMe,) has an analgesic potency similar 
to that of amidopyrineZs2 but its anti-inflammatory activity is reported to be 
less than halfzG0. 

2,3-Dimethyl-4- (3-methyl-2-phenylmorpholino) methyl- 1 -phenylpyrazol- 
5-one (Tarugan, X X I X )  is reported to have 2-3 times the anaIgesic activity 
of amidopyrine and twice its activity in dextran oedema of the rat-paw263. 

By incorporating nicotinamide into the side chain at C, a potent anal- 
gesic drugzs4 with reduced toxicity was obtained (Nifenazone, Nicopyron, 
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l'hylin, X X V I I ,  R = N H ' C O  ~~ 0. The anti-inflammatory activity 

of the compound was demonstrated by HiemeyeP5 who showed it to 
be effective in reducing the duration of erythema produced in volunteers by 
the intracutaneous injection of bacterial lipopolysaccharide. The compound, 

0 
II 

( X X I X )  

however, proved ineffective in controlling the manifestations of rheumatoid 
ar thr i tP6.  

The toxicological and pharmacological properties of 2,3-dimethyl-4- 
(iV-nicotinamidoacetamido) - 1 -phenylpyrazol-5-one hydrochloride (NAI, 

\ , an injectable modification 

of Nicopyron, have been describedzGi. Although it possesses low acute and 
chronic toxicity, it is also much less active than amidopyrine and phenyl- 
butazone in oedema and granuloma tests. Favourable clinical results are 
reportedz6*. 

Hart arid BoardmanZG9 tested 4-benzyl-1-( l-methyl-4-piperidinyl)-3- 
phenyl-3-pyrazolin-5-one (KB95, X X X )  and found no evidence of anti- 
inflammatory activity, though a few patients appeared to have symptomatic 
relief. 

/ Q) XXVII ,  R z= NH.CO.CH,.NH.CO - 

0 0 
I1 

Ph N", 
MeN,c4 I C.CH,Ph M e N T t $ ,  '- HN,C// I C.CH,Ph 

Ph I 
NH . SO, Me 

( X X X )  ( X X X I )  

Bucher270 has described a test for anti-inflammatory compounds which 
involves the intraperitoneal injection of talc into guinea-pigs to produce 
peritonitis. One of the behavioural manifestations of this is inhibition of 
gnawing activity, which is restored to normal by various analgesic and anti- 
pyretic substances, especially pyrazolones. Phenylbutazone and amido- 
pyrine are both active in doses as low as 5 mg/kg subcutaneously. Acetylsali- 
cylic acid is also active, but prednisolone affects the response only when 
given in high doses. This test was used to demonstrate anti-inflammatory 
activity in a series of pyrazolones in which the usual ?-methyl group is 
replaced by alkylsulphonamido radicalsZ7l. The most active compound 
( X X X I )  is equal in efficacy to phenylbutazone. 
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Pyrazolidine-3,5-diones 
Phenylbutazone (Butazolidine, XXVIII, R = Bu, R1 = Ph) is apparently 

the most active and certainly the most thoroughly investigated anti-inflam- 
matory compound of the pyrazole series. It was first synthesized in 1946 by 
S tenzP  and is the subject of a recent monograph273. 

Phenylbutazone is active in a wide range of acute inflammatory reactions, 
including ultra-violet and heat-induced erythema in the guinea-pig and 
inflammatory oedema produced by various agents in the skin and paws of 
the guinea-pig, rat and rabbiP3. It is very active in suppressing thurfyl 
nicotinate erythema in guinea-pigs, 30 per cent suppression of the response 
being achieved with an oral dose of 5 mg/kg12. Similar activity is shown 
against ultra-violet e r ~ t h e m a l ~ J ~ ~ .  Sharplso demonstrated that phenyl- 
butazone, when given daily in doses of 16 mg/kg by intraperitoneal injection, 
reduces synovial permeability in the rabbit. 

In various rat-paw oedema tests the dose of phenylbutazone necessary to 
produce a response is much higher than that required to reduce erythema. 
For example, doses of 100-200 mg/kg are required to reduce formalin 
oedema; this is up to 30 times the maximal clinical dose. 

A quantitative difference exists in the responsiveness of various types of 
 edema^^^; formalin oedema responds more readily than dextran oedema in 
the same animal. Lorenzlo3 found kaolin oedema in rats to be far more 
susceptible than egg-white or formalin oedema to phenylbutazone in oral 
doses of 3 to 50 mg/kg. Wagner-Jauregg, Jahn and BuchZ0O confirmed that 
kaolin oedema is the most sensitive of the rat-paw tests. In their hands, 
100 mg/kg of phenylbutazone orally inhibited swelling by 36 per cent. Cohen 
and G0t275, giving phenylbutazone intraperitoneally in a dose of 100 mg/kg, 
obtained a very marked response in kaolin oedema, and found, moreover, 
that the response is less at low room temperatures. Varga, MChes, Par and 
R6nai105 showed that phenylbutazone in a dose of 50 mg/kg intraperitoneally 
inhibits oedema of the rat’s paw caused by kaolin, dextran, 5-hydroxytryp- 
tamine and formalin. 

Various effects of phenylbutazone on inflammatory cells have been 
described273. A n t ~ e i l e r ~ ~ ~  showed suppression by doses of 50 to 100 mg/kg of 
the phagocytic activity of blood leucocytes. Studer and B a c h t ~ l d e r ~ ~ ~  found 
little effect on the extravascular distribution or intravascular accumulation 
of leucocytes. Evidence of a reduced cell content of exudate in the acute 
response to a cotton-wool pellet is furnished by Saxena4?, who gave 200 
mg/kg intramuscularly, a dose which failed to affect the volume of exudate. 

Despite some discordant data278, it seems that phenylbutazone does not 
affect the tuberculin reaction in BCG-infected g ~ i n e a - p i g s l ~ ~ 9 ~ ~ ~ .  

Unlike the salicylates, phenylbutazone shows definite activity in various 
granuloma testsZ73, for example in the cotton-pellet test over a dose range of 
33-100 mg/kgZso. The slope of the dose response curve is much less steep than 
that of the corticosteroids. On the other hand, Winter, Risley and Nuss112 
did not find such a difference. Granuloma resulting from the intraperitoneal 
injection of silica in rats is inhibited by up to 40 per cent by about 50 mg/kg 
of phenylbutazonezsl. Trnavskf, Trnavska and Malinsk$282, on observing the 
effect of phenylbutazone on the morphology and biochemical components of 
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a developing turpentine granuloma in rats, found that phenylbutazone 
suppresses the early cellular reaction but does not interfere with collagen 
synthesis. There is, perhaps, an increase in collagen maturation. The authors 
therefore consider that phenylbutazone comes into the category of anti- 
permeability, anti-exudative agents and not the anti-proliferative groups 
typified by corticosteroids. 

In various analgesic tests phenylbutazone is active, though less so than 
amidopyrine113. Clinically, however, it is of little value as an analgesic in 
pain of non-inflammatory origin244B. Randall and Selitto2s3 demonstrated a 
clear cut analgesic effect in inflammatory pain as measured by tolerance of 
pressure applied to the yeast-inflamed foot, a result which was confirmed by 
Crepax and SilvestriniZs4. 

There is evidence of analgesic activity on the part of phenylbutazone, in 
that a mean dose of 32 mg/kg intravenously antagonizes the pseudaffective 
response of dogs to injected b r a d ~ k i n i n ~ ~ ~ .  Amidopyrine was not active in 
this test. Later investigations by the same workerszs6 indicate that phenyl- 
butazone is a peripherally active analgesic rather than a member of the 
group of centrally acting drugs which includes the narcotics. 

The clinical use of phenylbutazone in the treatment of rheumatoid 
arthritis, other rheumatic diseases, thrombophlebitis and many other 
inflammatory conditions has been reviewed273. 

Ovphenbutazone 

Oxyphenbutazone (Tanderil, G27202, XXVIII,  R = Bu, R' = k- 
HO . C,H,) is a metabolite of phenylbutazone2s7~288, which it resembles in 
some of its anti-inflammatory properties. Against ultra-violet erythema in 
guinea-pigs some workers have found it i n a ~ t i v e ~ ~ J l 3  while othersas have 
found that, in a dose of 50 mg/kg, it has an anti-erythemic effect equal to 
that of 18 mg/kg of phenylbutazone. In formalin oedema of the rat-foot, 
oxyphenbutazone is similar in activity to p h e n y l b u t a z ~ n e ~ ~ ~ ~ ~ ~  but in 5- 
hydroxytryptamine and dextran induced swellings the metabolite is prac- 
tically inactive. It is 2-3 times as effective as phenylbutazone in the kaolin 
oedema testZ6O. 

In the granuloma-pouch test, 100 mg/kg daily of oxyphenbutazone 
reduces the granuloma weight by 50 per cent and the exudate by 75 per cent; 
it is therefore much more active than phenylb~tazonell~. It is also more 
active than phenylbutazone as an antipyretic but is practically inactive as 
a central analgesic2sg. 

A clinical comparison of oxyphenbutazone with phenylbutazone has 
shown that the two drugs are similarly effective and that the incidence of 
side effects is the samezgo. Other controlled trials of oxyphenbutazone have 
also been rep0rted~9~-~93. As with amidopyrine, prolonged use of phenyl- 
hutazone and oxyphenbutazone has been restricted by the fear of dangerous 
side effects, particularly those on the blood and haemopoietic organs2941296. 

Many modifications of the phenylbutazone structure have been made in 
attempts to increase activity and reduce toxicity. When the butyl group is 
replaced by propyl or allyl, almost all the anti-inflammatory activity of 
phenylbutazone is retained67. Activity also persists when the C, of one or 
both benzene rings carries substituents including methyl, carboxyle7, 
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chloro29s or nitro groups297. The nitro compound is of interest since, unlike 
some other analogues, it has anti-inflammatory, sodium retaining and 
uricosuric effectsz9’. Substitution by a methyl group of the hydrogen atom 
at C, of the pyrazolidine ring destroys anti-inflammatory activity, suggesting 
that an enolizable 1,3-dioxo system is necessarys’. In agreement with this, 
the methyl ether of the enolic form is inactive2”. Other workers have, how- 
ever, found activity in phenylbutazone analogues in which this criterion is 
not fulfilled299. Compounds in which cyclopentane or cyclopentene rings 
take the place of the pyrazolidine ring are also inactive. 

Monophenylbutazone (4-N-butyl-l-phenylpyrazolidine-3,5-dione) has 
anti-inflammatory activity in various rat-paw oedema tests and exerts a 
beneficial effect on joint size and on the erythrocyte sedimentation rate in 
patients with rheumatoid arthritis300. Earlier work by Franchimont, 
Lecomte and van Cauwenberge301 shows monophenylbutazone to be 
inactive in four different oedema tests ; the dose investigated, however, was 
rather small ( 10 mg/kg) . 
Phenylbutazone analogues with rnodijied butyl side-chain 

When metabolized, phenylbutazone yields two hydroxylated deriva- 
tives296. The first is oxyphenbutazone, the properties of which are described 
above; the second contains an alcoholic hydroxyl group in the butyl side- 
chain (XXVIII,  R = (CH,), . CHOHMe, R’ = Ph). This compound is 
devoid of anti-inflammatory activity but has enhanced uricosuric potency. 
Other derivatives with a modified side-chain show increased uricosuric 
activity associated with anti-inflammatory action. The most important are 
the phenylthioethyl analogue ((325671, XXVIII, R = (CH,),,SPh, R’ = 
Ph) and its metabolite sulphinpyrazone (Anturan, XXVII,  R = (CH,),. 
SOPh, R’ = Ph). 

Compound G25671 has analgesic activity of the same order as phenyl- 
butazone when tested by the rabbit dental-pulp method, both compounds 
being less active than amidopyrineg3J13, and is superior to phenylbutazone 
as an antipyretic. The metabolite of compound G25671, sulphinpyrazone, 
is inactive in both respects. 

In rat-paw oedema tests both compound G25671 and sulphinpyrazone 
are active. Sulphinpyrazone is particularly active against formalin oedema 
and, in a dose of 300 mg/kg orally, achieves 92 per cent inhibition, a result 
far superior to that for any other pyrazolidine derivative tested. In 5-hydroxy- 
tryptamine oedema, compound G2567 1 is inactive, whilst sulphinpyrazone 
exceeds phenylbutazone in activity. Both the sulphur analogues reduce 
dextran oedema, against which phenylbutazone and oxyphenbutazone have 
very low activity. Compound G25671 is somewhat more active than 
sulphinpyrazone, and slightly less active than phenylbutazone, in the Selye 
granuloma-pouch test. 

Ultra-violet erythema in guinea-pigs is retarded by both compounds, 
G2567 1 being about equal in activity to phenylbutazone whilst sulphin- 
pyrazone has only one-quarter of its activity. Compound G25671 inhibits 
ultra-violet erythema, the oral ED,, lying between 25 and 50 mg/kg. 

Compound G2567 1, like phenylbutazone, exerts an anti-inflammatory 
effect in rheumatoid arthritisg3p302. It differs from phenylbutazone, however, 
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in having a very short half-life in human plasma (3 hours compared with 
about 70 hours), in being devoid of sodium retaining properties, and in its 
enhanced uricosuric effect302. 

Phenylbutazone analogues with side-chain modifications which increase 
the acidity of the molecule have lower anti-inflammatory activity and sodium 
retaining potency but an increased uricosuric effect303. As would be predicted 
on this basis, a keto analogue of oxyphenbutazone (G297Q1 XXVIII,  
R = CO . (CH,),Me, R' = p-HO. C,H4) has no anti-inflammatory effect 
but has a uricosuric potency comparable to that of su1phinpyrazone3O4. On 
the other hand, a keto analogue of phenylbutazone (Ketazon, XXVIII,  
R = CH,. CH,. COMe, R' = Ph) is reported to have anti-inflammatory 
activity305, and is used as an antirheumatic drug in Czechoslovakia. Its 
cyanacethydrazone apparently has greater activity and lower acute toxi- 
city306. 

In various oedema tests and in the cotton-wool granuloma test in rats, 
4-( 31-chlorocrotyl)-l ,2-diphenylpryazolidine-3,5-dione (XXVIII ,  R = 
CH,.CH:CCIMe, R' = Ph) had anti-inflammatory activity of about the 
same magnitude as phenylbutazone, both being tested in doses of 100-200 
mg/kg307. The analogue is said to have lower acute and chronic toxicity than 
the parent compound. 

In a series of 4-substituted 1,2-diphenylpyrazolidine-3,5-diones (XXVII ,  
R = alkyl, aryl, aralkyl, etc., R' = Ph) many showed analgesic, anti- 
inflammatory and antipyretic activity. The lauryl, a-methylethylidene and 
furfurylidene compounds are reported to be more active than phenylbutazone 
though less so than its calcium salt308. 

Miscellaneous analogues of phenylbutazone 
Using various rat-paw oedema tests, Piccinini, Marazzi-Uberti and 

Lugaresi3OS found that 1 ,2-diphenylpyrazolidine-3,5-dione (XXXI I ,  R' = 
R2 = H) is inactive but that the bi- and tri- compounds (XXXI I ,  R1 = H, 
R2 = XXXIII ,  and XXXII ,  R1 = R2 = X X X I I I )  are 1-2 and 3-5 times 
respectively, more active than phenylbutazone. 

0 0 
I /  

A series of substituted 1,3-diarylbarbituric acids has been tested for anti- 
inflammatory activity in the Randall and Selitto and pleural effusion tests. 
Some members are active but none approaches the potency of phenyl- 
butazone3lo. 

A Swiss team299p311 has investigated several basic-substituted pyrazo- 
lidinediones (XXXIV ,  R1 and R2 = a hydrocarbon group, R3 = lower 
alkyl, R4 = H, lower alkyl, asyl or carbamoyl). In the kaolin oedema test, 
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several show striking activity and one (XXXIV,  R1 = R2 = Bu, RS = Me, 
R4 = Pri) is more active than phenylbutazone. Starting from basic-substi- 
tuted hydrazines, Jucker311 prepared a series of substituted pyrazol-5-ones of 
general structure XXXV. Several of these compounds have anti-inflammatory 

0 0 
R3N>N/‘\ I1 

I CR’ 
R4N.$ 

R‘ and R 2 =  lower alkyl, a ry l  or aralkyl 

R3=lower alkyl, R4=H or Lower a lky l  

(XXXIV) ( X X X V )  

activity when tested against formalin and 5-hydroxytryptamine oedema in 
rats. Pharmacological details are not given and the results of testing by other 
methods would be interesting. Activity is also retained in the 5-amino- 

0 

L 

Me COW-N’ ‘CR’ R 2  
I ‘c’ 
R3 I I  

0 

R’ and R2=lower alkyl 

R3= usually N-alkylpiperidyl 

( X X X V I )  

pyrazoles and in certain azetidin-2,4-diones (XXXVZ), some of the latter 
having activity also in the granuloma-pouch test3I1. 

N-Arylanthranilic Acids 
These compounds, derived from anthranilic acid (XXXVIZ, R = H), can 
be considered as analogues of salicylic acid. Three active anti-inflammatory 

(xxxvrr)’ 
N-substituted anthranilic acids, mefenamic acid (N-2,3-xylylanthranilic acid, 
Ponstan, XXXVU, R = 2,3-xylyl)127, flufenamic acid (N-  (a,a,a-trifluoro-m- 
to1yl)anthranilic acid, XXXVII,  R = 3-trifluoromethylphenyl) 280 and 
(21-583 (XXXVII,  R = 2,6-dichlor0-3-methylphenyl)~~~ have been described. 

89 



NON-STEROIDAL ANTI-INFLAMMATORY DRUGS 

The anti-inflammatory activity of mefenamic acid by oral administration 
is 51 per cent of that of phenylbutazone, determined by the ultra-violet 
erythema assay in guinea-pigs. When tested by the subcutaneous cotton-wool 
pellet method, the antigranulation effect of mefenamic acid is 60 per cent of 
that of phenylbutazone, both compounds producing shallow dose effect 
slopes. I t  is claimed that mefenamic acid differs from flufenamic acid in 
possessing a moderate degree of central analgesic activity, thus resembling 
amidopyrine and acetylsalicylic acid rather than phenylbutazone and 
oxyphenbutazone. Mefenamic acid also possesses marked antipyretic 
activity. The anti-inflammatory activity (ultra-violet erythema) of flufena- 
mic acid is 3.2 times that of mefenamic acid and 16 times that of acetylsali- 
cyclic acid. It is an active antipyretic drug, but its antipyretic anti-inflamma- 
tory ratio is lower than that of acetylsalicylic acid, amidopyrine or mefena- 
mic acid. In the rat cotton-wool pellet test, it has an oral potency 3.6 times 
that of phenylbutazone. I t  lacks the analgesic effect of mefenamic acid when 
tested by a tail-pinch method in rats, and may not, therefore, be effective in 
the relief of pain unless there is an underlying inflammatory cause. 
N-(2,6-DichIoro-3-methylphenyl)anthranilic acid (CI-583) is the most 

active anthranilic compound yet reported312. As an anti-inflammatory agent, 
it is 15 times more potent than phenylbutazone and 150 times more potent 
than acetylsalicylic acid. Laboratory results suggest that its side-effects may 
be less than those of mefenamic or Aufenamic acids. According to Scherrer312, 
the most active anthranilic acids are those which have substituents in the 
2-, 3- and 6-positions of the ring which is attached to the anthranilic acid 
nitrogen atom. The most active disubstituted compounds are the 2,3- 
derivatives. Lespagnol and T h i e b l ~ t " ~  found anthranilic acid (XXXVZI, 
R = H), N-acetylanthranilic acid (XXXVI I ,  R = MeCO) and phenacetyl- 
anthranilic acid (XXXVZZ, R = phenacyl) inactive in the rabbit synovial 
membrane test. In  mouse peritonitis, a reduction of vascular permeability 
is produced by subcutaneously-administered mefenamic and flufenamic 
acids, but not by anthranilic acidz0*. In  the guinea-pig, intravenous doses 
of mefenamic and flufenamic acids antagonize bronchoconstriction produced 
by bradykinin and kallidin- 10 in doses similar to effective intravenous doses 
of acetylsalicylic acid313. 

Absorption of mefenamic acid in animals takes place in the small intestine; 
in man, peak plasma levels of nearly 1 mg/l00 ml are reached within 2 to 3 
hours of oral administration. Excretion of mefenamic acid and its two princi- 
pal metabolites is mainly renal; less than 5 per cent is excreted in the bile. 
Neither metabolite has significant analgesic or anti-inflammatory actions. 

In clinical studies, Cass and Frederik314 showed that mefenamic acid is 
2-3 times more active than acetylsalicylic acid in relieving chronic pain. 
Over a 10 week period, flufenamic acid in a dosage of 300 mg daily is more 
effective than 1,800 mg a day of acetylsalicylic acid in rheumatoid arthri- 
tis315. 

Indol-3ylalkanoic Acids 

The most studied member of this series is 1 - (4-chlorobenzoyl) -5 .methoxy-2- 
methylindol-3-ylacetic acid (indomethacin, Indocid, XXXVIZZ) the syn- 
thesis of which has been described316. A large number of analogues, including 
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higher alkanoic acids, have also been rep0rted3~7-3~0, but no data on bio- 
logical activity are available for these. It is claimed that substantially all the 
anti-inflammatory activity resides in the ( +) -enantiomorph321. De-acylation 
gives essentially inactive compounds. The substitution of benzyl for benzoyl 
reduces activity slightly, whilst 5-demethylation reduces it more markedly. 

I c=o 

When 4-methylmercapto is substituted for 4-chloro, and 2-propionic acid 
for acetic acid, compounds less active than indomethacin are produced322. 
Other structural modifications have been discussed by 

Indomethacin is a potent anti-inflammatory and anti-pyretic compound. 
Given orally, it inhibits the formation of the cotton-pellet granuloma in the 
rat, being about 85 times more potent than phenylbutazone, and equally 
active in both intact and adrenalectomized rats. It inhibits oedema of the 
rat-foot, produced by either carrageenan or mustard, but does not inhibit 
that produced by egg-white, formalin, yeast or 5-hydroxytryptamine. As an 
antipyretic, it is 10-20 times more powerful than phenylbutazone112. Indo- 
methacin is well absorbed in all species, but there is considerable variation 
in its distribution and metabolism. Man tolerates the drug better than do 
other species, and is less liable to the gastro-intestinal irritation encountered 
in experimental animals324. 

After intravenous administration, 46-63 per cent of radioactive indo- 
methacin is rapidly excreted in the bile of dogs, guinea-pigs and monkeys. 
Radioactive material in the bile is largely reabsorbed in the intestine of the 
guinea-pig and monkey, but not of the Renal clearance of the com- 
pound and its metabolites is the important excretory route in most species, 
except in the dog in which faecal excretion is high and urinary clearance 
negligible322s. 

In the urine of laboratory animals, most of the drug is accounted for as 
unchanged indomethacin and its 0-demethyl ( X X X I X ,  R = H; R' = p- 
CIC,H,.CO) and N-dechlorobenzoyl ( X X X I X ,  R = Me; R' = H) deriva- 
tives and the corresponding acyl glucur0nides32~. Conjugation and renal 
excretion occur increasingly in the sequence : rat, rabbit, guinea-pig and 
monkey. In man, there is no evidence of metabolic breakdown and almost 
all the urinary excretion is as the glucuronide. 

Indomethacin is effective in controlling pain and stiffness in rheumatoid 
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arthritis and is also of value in gout, ankylosing spondylitis and osteo- 
a r t h r i t i ~ ~ ~ ~ - ~ ~ l .  There is a high incidence of headache, dizziness and dyspep- 
sia, and 29 per cent of patients withdrew from the trial reported by Percy, 
Stephenson and Thompson329. Gastro-intestinal side-effects are important 
and the drug causes gastro-intestinal bleeding (though less than that caused 
by acetylsalicylic acid) and peptic ~ 1 ~ e r s ~ ~ ~ ~ ~ ~ ~ .  Most of the side-effects 
occurred with doses of 250-600 mg daily, but since the more conservative 
dosage regime of 25 mg twice or four times daily in capsules instead of 

( X X X I X )  

tablets has been used, the incidence of all side-effects has dropped from over 
50 per cent to around 20 per 

Other substituted alkanoic acids and related compounds 

Some alkanoic and alkenoic acids derived from biphenyl, stilbene and 
d i~heny le thane~~~  were reported to have potential antirheumatic and hypo- 
cholesterolaemic properties. Some of these compounds were later investi- 
gated by Milla and G r ~ m e l l i 3 ~ ~  for anti-inflammatory activity; the only 
compound which showed activity was 3- (4-biphenylyl) acrylic acid, p -  
PhC,H,.CH = CH.CO.OH. Some of the alkylamine esters of this acid 
prepared by C a r i ~ s i m i ~ ~ ~ ,  and the acid itself, were then examined for anti- 
inflammatory activity in dextran oedema of the rat-foot, experimental 
granuloma in the rat, and synovial permeability in the rabbit, and for their 
ability to modify the reactions of subcutaneous connective tissue in mice. 

Only 3-(4-biphenylyl)acrylic acid and its diethylaminoethyl ester, admini- 
stered intraperitoneally, were active in dextran oedema, and both were also 
effective in synovial permeability. Both compounds also inhibit granuloma 
formation, but in this reaction, and contrary to the oedema tests, all the 
basic esters are found to exert an anti-granuloma effect when given intra- 
peritoneally. The parent acid also reduces the disappearance of fibroblasts 
and the invasion by polymorphonuclear cells and macrophages in the in- 
flamed connective tissue of mice. The parent acid possesses neither analgesic 
nor antipyretic activity. 

Further experiments with the basic esters of the unsaturated acid showed 
that they do not exert a direct antiproliferative effect on the growth of 
cultures of human tumour cells336. 

Bismuth biphenylylacrylate, in 5 mg suppositories, is effective in miscel- 
laneous non-rheumatic inflammatory states such as acute tonsillitis, pharyn- 
gitis, sinusitis and adnexitis337. 

High anti-inflammatory activity has also been claimed for derivatives of 
1-naphthyl-acetic and -propionic acids of the general formula ( X L ) ,  of 
which the preferred compounds are 4-phenyl- 1 -naphthylacetic acid (XL,  
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R1 = R2 = R3 = H, R4 = Ph) and 5-phenyl-I-naphthylacetic acid (XL,  
R1 = R2 = R4 = H, R3 = Ph)338, and also certain substituted a-naphthyl- 
acetic acid derivatives339. 

A wide range of anti-inflammatory activities has been claimed for or-(2- 
dimethylaminoethyl) -cr-isopropyl- 1 -naphthyIacetamide (DA992, naftipra- 
mide, XLZ) 340. By the oral and intraperitoneal routes, this compound possesses 

CH Me, 
I 

(XL) (XLI) 

activity similar to phenylbutazone in rat-foot oedema induced by kaolin, 
dextran, 5-hydrox)~tryptamine, formalin or carrageenan, in formalin 
peritonitis, and in chronic tests using the agar granuloma and croton oil 
granuloma-pouch. It has antipyretic and analgesic activity similar to 
phenylbutazone. Blood levels of 2-4 mg/100 ml. are attained in man in the 
first 4 hours after ingestion of 400 mg, 50 per cent of the drug being excreted 
unchanged. 

Anti-inflammatory properties have also been claimed for 2-phenyl-2- 
alkylthioethylamines341, 2-aryl-2-amino-alkylmercaptoethanoic acids and 
derivatives3429343 and 4-substituted phenylacetic and 2-phenylpropionic 

4-Isobutylphenylacetic acid (ibufenac, Dytransin) , p-Me,-CH + CH, . C,H4. 
CH, . CO . OH, possesses anti-inflammatory and analgesic activities 2-4 times 
those of acetylsalicylic acid measured by an ultra-violet erythema test and 
by the method of Randall and Sellito, and antipyretic properties 4 times 
those of acetylsalicylic acid. In a dose of 960 mg it is effective in delaying the 
development of thurfyl nicotinate erythema in man345. 

C h a l m e r ~ ~ ~ ~ ,  in controlled trials, found the drug to be effective clinically 
in doses of 15, 30 or 60 grains daily in the symptomatic treatment of rheuma- 
toid arthritis. He concluded that, although not superior to acetylsalicylic 
acid, it appears to provide comparable symptomatic relief without com- 
parable side-effects. Thompson, Stephenson and found ibufenac to 
be superior to calcium acetylsalicylate in terms of relief of symptoms and 
improvement in grip strength and that in long-term treatment the incidence 
of dyspepsia is reduced. Hyperuricaemia was, however, noted in some 
patients; the authors suggest that the occurrence of jaundice in two patients 
imposes a limitation on the unrestricted use of this drug. These workers 
found, like T ~ d h o p e ~ ~ ~ ,  that faecal blood loss is slight. Hart and B ~ a r d m a n ~ ~ ~  
claim that ibufenac is an effective substitute for acetylsalicylic acid and is 
well tolerated by patients with dyspepsia caused by salicylates. 

The effect of a number of substituted arylalkanoic acids on vascular 
permeability in the mouse peritoneum was studied by Northover208. 

* 
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The anti-erythemic activity of a number of substituted aryloxyalkanoic 
acids selected from a series of mono- and di-substituted aryloxy-acetic, 
-propionic and higher a ~ i d s ~ ~ 0  is described by A d a m ~ ~ ~ l .  Four of these, 
u-4-s-butylphenoxypropionic acid, a-4-phenylphenoxypropionic acid, a-4- 
carboxyphenoxypropionic acid and u-4-hydroxyphenoxypropionic acid were 
later examined by Northover and SubramanianlZ1. Although salicylate 
antagonizes the inflammation produced in the mouse-paw by histamine and 
formalin, the four aryloxypropionates are effective only against formalin 
oedema. The ethyl ester of a-(4-phenylphenoxy)propionic acid, which is 
2-8 times more active than acetylsalicylic acid in ultra-violet erythema in the 
guinea-pig, later proved to be inactive clinically in rheumatoid arthritis in 
a dose of 1.8 g/dayll. 

Various other aryloxyalkanoic acids given subcutaneously reduce vascular 
permeability in the m0use~7~9~~2. Anti-inflammatory activity has been claimed 
for two indanoxybutyric a-Ethoxy-substituted phenoxyethylamines, 
in oral doses of 25 mg/kg, are claimed to inhibit ultra-violet erythema in the 
guinea-pig364. 

Substituted Oxadiazoles 

A series of a hundred 1,2,4-oxadiazole derivatives containing basic chains 
at C, and mainly aryl groups at C, were synthesized and examined for anti- 
tussive, antispasmodic and anti-inflammatory a~tivity~",~". Six of these 
compounds were examined in more detail for antispasmodic, local anaes- 
thetic, analgesic, anti-inflammatory and antitussive properties357. The 
formulae and activities of these compounds are shown in Table 2.5. Anti- 
inflammatory activity was determined in the rat, yeast being used to produce 
oedema. Three compounds with antitussive activity also exhibit analgesic 
and anti-inflammatory properties. It was therefore suggested that these 
substances, as they possess anti-inflammatory activity, might represent a 
novel approach to the treatment of cough. Further details of the pharma- 
cology of one of these compounds 5-P-diethylaminoethyl-3-phenyl-1,2,4- 
oxadiazole (oxolamine, Perebron, AF438) have been r e p ~ r t e d ~ ~ ~ J ~ ~ .  It was 
also suggested that, as it has anti-inflammatory activity, oxolamine should 
be effective in suppressing cough associated with inflammatory changes in 
the bronchial tree359, and some clinical reports seem to confirm this 
theory360,361. De G r e g a r i ~ ~ ~ l  also claims to have demonstrated an analgesic 
and anti-inflammatory effect of the drug in doses of 2 g daily in the rheumatic 
and dental fields. 

From the urine of mice, rats, dogs and men treated with oxolamine, 
diethylamine, small amounts of unchanged drug and a derivative thought to 
be 5-hydroxyethyl-3-phenyl- 1,2,4-0xadiazole were isolated362. 

The pharmacological activities of two more compounds were later 
described. 5-~-Diethylaminoethyl-3-u-phenylpropyl- 1,2,4-0xadiazole citrate 
(AF634) seems to have an activity similar to that of o ~ o l a m i n e ~ ~ ~ ,  but 5- 
diethylaminoethyl-3-~-methoxyphenyl-l,2,4-oxadiazole (AF594, mexola- 
mine) seems, in the main, to possess analgesic and anti-inflammatory 
activities364. 

The 1,3,4-oxadiazole derivatives of salicylic acid have been mentioned 
earlier (p. 80). 
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Table 2.5. Structures and pharmacological activities of some 1,2,4-oxadiazoles. (After Silvestrini and Po~zat t i~~’ )  
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~ u b s t i ~ ~ ~ e ~  Dihydrobenzoxazines 

K a d a t ~ ~ ~ ~  first described the anti-inflammatory and other pharmacological 
properties of a benzoxazine derivative, 2-(,khloroethyl)-2,3-dihydro-4- 
oxobenz-1,3-oxazine (Ap67, chlorthenoxazin, XLII, R = H). The com- 
pound possesses anti-inflammatory, analgesic and antipyretic properties 

h 
U 

when given parenterally. It is more active than acetylsalicylic acid in 
suppressing oedema due to dextran, formalin and egg-white in the rat-foot, 
and about as active in reducing ultra-violet erythema in guinea-pigs. In our 
experience this compound, in an oral dose of 160 mg/kg, does not delay 
ultra-violet erythema, estimated 2.5 and 5 hours after oral dosing. Hille- 
b r e ~ h t ~ ~ ~  found that the compound, when given by the intraperitoneal route, 
suppresses kaolin, egg-white and 5-hydroxytryptamine oedema, and 
Schneider and Tronnie~-367 found it to have some effect on experimental ultra- 
violet erythema in man. M o r i t ~ ~ ~ *  found chlorthenoxazin to be a good anti- 
pyretic and analgesic drug, but patients with rheumatic conditions did not 
always respond well to doses of 2 g daily. Higher doses were avoided because 
prolonged treatment with 3 g or more daily had previously caused gastric 
disturbance in some patients. K e r ~ d a l l ~ ~ ~  and Wilson370 found the drug to be 
a useful analgesic in osteoarthritis. B ~ l l e n ~ ~ l  noted no gastro-intestinal bleed- 
ing in patients receiving 1 -8 g daily for 5 days. The drug is well absorbed in 
the rat and in man372. 

Analogues of chlorthenoxazin have been tested by several investiga- 
tors92*373*374. One of these (Table 2.6), showed 6-amino-2-(p- 
chloroethyl) -2,3-dihydro-4-oxobenz- 1,3-oxazine (A350, ICI 350,XLII, R = 
NH,) to be the most active. This compound has anti-inflammatory, anti- 
pyretic and analgesic properties without significant effects on the cardio- 
vascular systems29374-376. The drug has been used in tablets containing 
240 mg, together with 80 mg of amidopyrine (Dereuma) in the treatment of 
rheumatic but the effects were less consistent in osteoarthritis 
than in those involving inflammation and swelling377. 

Some pyridylethylbenzoxazinediones were examined by Shapiro, Rose 
and Freedmar13~~, who concluded that some of these compounds have anti- 
inflammatory activity superior to that of phenylbutazone, but are more toxic. 

Cinchochen 

Cinchophen (2-phenylquinoline-4-carboxylic acid, Atophan, XLIII)  has 
been used in the treatment of gout and arthritic conditions, but fell into 
disrepute as it caused toxic hepatic cirrhosis with a high mortality in sensitive 
individuals. It must nevertheless be mentioned as it represents another class 
of chemical compound which possesses anti-inflammatory activity. 
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Table 2.6. Activities of some substituted dihydrobenzoxazines in inhibiting various types of oedema in the rat-foot 

I Dose 

oral 
R m g / k  

R1 I 
I 

0 

yo Inhibition ( 5 s . d . )  of oedema 
induced by : 

1 I 
Carrageenan Dextran 1 Formalin 

- 

I 

Oral LD50 mg/kg 
(with confidence limits), 

rat 

1 

1 1 
a a H CHz.CHzCI 200 

NH, CH,.CH,Cl 195 

H 

Et NHZ 

v, 

cn 

, 

t 1,958 (1,847-2,024) U 

- p 
33.0 (52.8) 24.2 (14.7) 15.6 (&3.9) 1,310 (1,156-1,573) n 

>2,000 
I 

37.0 (I 3.2) 22.9 (F4.8) 12.1 (k3.6) 

54.9 (5  1.9) 38.8 (*4.2) 27.5 (f4.2) 

W 
41.5 (+2.2) 35.3 (55.1) 18.1 (*3*4) 1,890 (1,7561,981) 

H Me 11021 25.8 (f2.4) 

~ ~ ~ 

CHMe, 185 20.5 (&2.9) 12.7 (k6.4) I 6.4 (12.1) 1,850 (1,781-2,021) 

CHMe, I 200 26.4 (*2.5) 20.9 (15.8) I 16.6 (13.9) >2,000 

22.3 (h4.8) 7.5 (h3.1) 1,025 (851-1,270) 

Phenylbutazone I 128 1 48.2 (*3.1) 1 29.9 (*4.7) i 28.6 (15.4) 1 1,280 (1,156-1,325) 

(From Arrigoni-Martelli, Garzia and Ferrari3’3, b j  courlcsy of Journal of Pharmacy and Pharmacology, London) 
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Since the drug was comprehensively reviewed by Heuper in 1948380, only 
recent studies dealing with certain aspects of its anti-inflammatory activity 
will be discussed. In subcutaneous doses of 500 mg/kg it reduces formalin 
oedema of the rat - f~ot l '~  and, in oral doses of 375 mg/kg, it inhibits yeast and 
formalin but not 5-hydroxytryptamine oedema of the mouse-footlls. When 
given in doses of 75 and 200 mg/kg before, and 8 hours after, tuberculin, it 

COOH 

( X L I I I )  

does not reduce tuberculin sensitivity in the g~ inea -p ig l~~ .  In the modified 
mouse 'squirming' test of Whittle, it shows both analgesic and anti-inflamma- 
tory effects in oral doses similar to those in which acetylsalicylic acid is also 
effective157. An oral dose of 200 mg/kg of cinchophen inhibits ultra-violet 
erythema in the guinea-pig and its derivative, oxycinchophen (3-hydroxy- 
cinchophen, HPC) is effective at 100 mg/kgB. 

Oxycinchophen is effective in various rheumatic  condition^^^^-^^^ but is 
no longer used because of s i d e - e f f e c t ~ ~ ~ ~ , ~ ~ ~ .  A number of cinchoninic acid 
derivatives are alleged to possess antipyretic, analgesic and anti-inflammatory 
properties3as. The clinical use of oxycinchophen in collagen diseases was 
based on the finding that, in rats, the compound decreases adrenal ascorbic 

and has other actions suggesting that it might be effective in diseases 
which respond to ACTH3*I. In patients under treatment with oxycinchophen 
there is, however, no increased excretion of 1 7 - k e t o ~ t e r o i d s ~ ~ 3 ~ ~ ~ ~ .  

RCH-314 

RCH-3 14 (1-benzylcycloheptimidazol-2 (1 H )  -one, XLIV),  containing a 
seven-membered ring, possesses analgesic, anti-inflammatory and anti- 
pyretic proper tie^^^^^^^^. Its analgesic activity is 2.4 and 2.6 times that of 
amidopyrine when given subcutaneously and orally, respectively. These 

I 

CH,Ph 

effects are not considered to be of the morphine type because of the lack of 
antagonsim to nalorphine and because there is no respiratory inhibition. 
When given intraperitoneally it is more active than amidopyrine, phenyl- 
butazone and acetylsalicylic acid in suppressing dextran oedema of the rat- 
paw, but the effect on formalin oedema, like that of the other compounds, is 
less marked. In hyperthermic rats intraperitoneal RCH-314 is a more 
potent antipyretic than either amidopyrine or phenylbutazone. 
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Gold and Antimalarial Compounds 

There are two classes of drugs, gold compounds and antimalarials which, 
whilst they have been shown to possess certain experimental anti-inflamma- 
tory activities, seem, on the basis of their clinical effects, to have a deIayed 
action against rheumatoid arthritis. Their effect appears to be more selective 
than that of the salicylates and other drugs previously discussed. Indeed, in 
view of their favourable influence on the sheep-cell agglutination titre 
(SCAT), they may even modify the disease process itself. Control of the 
disease, however, is usually incomplete and their ultimate effect is 

Gold compounds 

The role of gold salts in the treatment of rheumatoid arthritis has been 
comprehensively discussed in a number of recent reviews394-399. The chem- 
istry, pharmacology, metabolism and pharmaceutical presentation of thera- 
peutic gold compounds were reviewed by Nineham4OO. Despite the fact that 
the value of gold in rheumatoid arthritis was first reported by Lande in 
I 927401, opinions on the effectiveness of chrysotherapy have not been 
universally accepted. The results of the Empire Rheumatism Council's Gold 
Trial in 1961, a double-blind controlled multicentre study lasting 30 months, 
provided the most comprehensive information on the value of gold (sodium 
aurothiomalate, Myocrisin) yet reported402. Patients in the treated group 
were given 20 weekly intramuscular injections of 50 mg of sodium auro- 
thiomalate. From the third month of therapy the treated patients improved 
to a greater degree as assessed by functional capacity, fitness, joint involve- 
ment, grip strength, SCAT, haemoglobin and erythrocyte sedimentation 
rate. This improvement was still present at 18 months, though reduced in 
degree, but at 30 months most of the improvement had disappeared. 
Radiological assessment of joints revealed no difference between groups. 
Gold toxicity usually develops during the period of injections; lesions of the 
skin and mucous membranes occur, and sometimes haematological complica- 
tions393. 

Gold compounds also reduced an infective arthritis in mice403 and 
 rat^^^^,^^^, and an arthritis in rats produced by an exudate from Murphy rat 
lympho~arcorna~~~.  Some of these effects may be the result of a direct action 
on infecting organisms407. Nevertheless, Newbould demonstrated that 
sodium aurothiomalate possesses moderate anti-inflammatory effects in 
adjuvant arthritis, a non-infective arthritis, though this was only achieved 
with the high intramuscular dose of 25 r n g / k g / d a ~ l ~ ~ .  

Sodium aurothiomalate in a dose of 4 mg weekly reduces permeability of 
the rabbit synovial membranel50. The same compound, given intramuscu- 
larly in a daily dose equivalent to 0.75 mg of elemental gold, reduced the 
cotton-pellet granuloma in rats, an effect thought to be due to an increased 
turnover of adrenocortic~steroids~~~. 

Sodium aurothiomalate, in an intramuscular dose of 25 mg/kg, reduces 
the leucocytic infiltration but not the exudate formation produced by the 
implantation of plastic sponge in rat#'. Lawrence used sodium aurothio- 
malate containing198Au in patients with rheumatoid arthritis, and noted that 
painful joints gave counts 2.5 times higher than symptomless ones and that 
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fluid and fibrin clot from a popliteal bursa showed a gold concentration 67 
times higher than that in the plasma409. He suggested that gold compounds 
may have a local action on inflamed tissues by inhibiting the enzymes 
concerned with the inflammatory process. 

Antimalarials 

In 1951, Page410 reported that mepacrine (quinacrine) was of value in 
Iupus erythematosus and that, in one patient with a polyarthritis of rheuma- 
toid type, there was a simultaneous improvement of skin lesions and arthritis. 

At about the same time patients with rheumatoid arthritis were found to 
respond to primaquine and three chemically related 8-aminoquinoline~~~~. 
Freedman and Bach412 reported further results with mepacrine in rheumatoid 
arthritis, but later Freedman413 indicated the dangers of the drug in doses of 
200 mg/day. After preliminary results with other antimalarials, which 
showed that proguanil was of doubtful value, Freedman414 emphasized the 
benefits of chloroquine (Avloclor, Aralen, Resochin, XLV, R1 = R2 = Et) 
in doses of 200 mg or 300 mg daily in rheumatoid arthritis. Later, in a double- 
blind trial lasting one year, he found that patients receiving 400 mg of 
chloroquine sulphate and 40 grains of acetylsalicylic acid daily showed a 
substantial improvement over those receiving only the acetylsalicyclic acid 
and placebo tablets; the drug proved to be safe at this dosage415. Further 
trials416, including a 4 year study of continuous therapy417, confirmed the 
value of the drug. Many publications have subsequently appeared, one of 
the most interesting of which is by Popert, Meijers, Sharp and Bier418, who 
concluded, from a double-blind trial, that chloroquine may be of some value 
as an adjunct to the conservative treatment of arthritis. They found a signifi- 
cant improvement in terms of clinical and laboratory characteristics and a 
significant decrease in SCAT, but radiological changes in the joints were not 
influenced. 

Several 4-aminoquinolines have now been tested and hydroxy- 
chloroquine sulphate (Plaquenil X L  V, R1 = Et, R2 = CH, . CH, . OH), a 
closely related derivative of chloroquine, is known to possess antirheumatic 
properties similar to those of c h l o r o q ~ i n e ~ ~ ~ - ~ ~ ~ .  Amodiaquine (Camoquin, 
XLVZ, R=NEt,) also possesses activity but seems to be too toxic for routine 
use420~424*425. However, the closely-related amopyroquin (Propoquin, XLVZ, 
R =  pyrrolidino) appears to possess desirable clinical activity without serious 
t o ~ i c i t y ~ ~ ~ - ~ ~ ~ .  Drugs of the 4-aminoquinoline type in most frequent use are 
chloroquine phosphate, 250-500 mg daily, chloroquine sulphate, 200-400 mg 
daily, and hydroxychloroquine sulphate, 400-600 mg daily393. A striking 
feature of this therapy is that beneficial effects are often not apparent until 
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the third month of treatment. Side effects include gastro-intestinal symptoms, 
skin rashes, depigmentation of the hair and two more serious and apparently 
separate ocular complications, corneal opacity and retinal damage; the 
latter occurs only after long-term treatment and may be permanent4299430. 

In view of the long latent period required for chloroquine to become 
effective in rheumatoid arthritis, and the fact that it decreases SCAT, it 
seems unlikely that its mode of action is similar to that of salicylates and 
similarly acting compounds. It has been tested in a number of conventional 
and other anti-inflammatory tests, often with somewhat conflicting results. 

Sharplso investigated the effect of a number of antirheumatic drugs on 
synovial membrane permeability in the rabbit. He found that chloroquine 
phosphate, given in a daily dose of 8 mg/kg intraperitoneally for 14 days, 
significantly reduces membrane permeability but commented that the 
relationship between these observations and the arthritic process is uncertain. 
F l~e r she iml~~  tested a large number of compounds on the tuberculin reaction 
in guinea-pigs after sensitization with BCG vaccine. Sodium salicylate was 
inactive, phenylbutazone had only a slight effect and prednisolone, even in 
a dose of 30 mg/kg, had only a moderate effect; but chloroquine phosphate 
in a dose of 45 mg/kg decreased both skin swelling and erythema. However, 
Houba and Adam431 claim that chloroquine phosphate does not influence the 
reaction when given over differing periods of time in doses of 10 mg/kg 
intramuscularly, although there is some evidence of inhibition in one of their 
tests. Pomeranz, Smith and Malak4S2 also found no inhibition when chloro- 
quine dihydrochloride was given in doses of 10 mg/kg and 40 mg/kg intra- 
muscularly. 

In rat-foot oedema tests, chloroquine sulphate in intraperitoneal doses of 
10 mg/kg twice daily two days before and immediately prior to a formalin 
injection was found to be ineffectiveg5, whereas other workers have found 
chloroquine inhibitory in oral doses of 50 mg/kg433. In these latter tests 
mepacrine, proguanil and primaquine, in oral doses of 50 mg/kg, were also 
effective. Chloroquine sulphate in doses of 10 mg/kg twice daily intra- 
peritoneally for short or long term administration does not affect the develop- 
ment of generalized oedema produced by intraperitoneal dextran or egg- 

When administered chronically it reduces skin inflammation 
produced locally by chloroform, but is less effective than ~a l i cy la t e s~~~ .  

It is not certain that chloroquine inhibits the formation of granulation 
tissue. Haberland435 found that intraperitoneal doses of 10 and 30 mg/kg of 
chloroquine phosphate reduce the dry granuloma weight in the rat cotton- 
pellet test. This in uiuo study confirms his in vitro experiments in which the 
compounds in concentrations of 1 in 100,000 inhibited the growth of chicken 
fibroblasts and human and rat fibrocytes. Others showed that chloroquine 
sulphate in doses of 10 mg/kg intraperitoneally twice daily is ineffective in 
the cotton-pellet granuloma test, but reduces both the weight of the pouch 
wall and volume of exudate in the granuloma-pouch test436. In our own 
experience, daily oral doses of 32 and 64 mg/kg of chloroquine phosphate do 
not reduce the granuloma weight in the cotton-pellet test in the rat. In a 
silica-granuloma test in guinea-pigs, subcutaneous doses of 40 mg/kg/day of 
chloroquine hydrochloride, given before and during the test, reduce the 
weight of granuloma432. 
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In the guinea-pig it was found that predosing with daily oral doses of 20, 
40 and 80 mg/kg of chloroquine phosphate for 28 days does not delay ultra- 
violet erythema. In similar tests it was found that, after single high oral doses, 
chloroquine phosphate, primaquine phosphate and quinine hydrochloride 
are inactive, that mepacrine hydrochloride is active only at a lethal dose, and 
that amodiaquine hydrochloride is active only at 200 mg/kg, which is near 
the lethal dose66. An intramuscular dose of 80 mg/kg of chloroquine sulphate 
does not decrease the volume of exudate extracted from an implanted non- 
resorbable plastic sponge in rats, but the degree of leucocytic migration is 
significantly reduced4'. 

In rat adjuvant arthritis; Newbould found that neither chloroquine nor 
hydroxychloroquine is effective148, despite the fact that radioactive material 
was detected in the inflamed joints of adjuvant treated rats dosed with 
14C chloroquine phosphate437. 

The metabolism of chloroquine has been investigated by a number of 
Perhaps the most interesting feature is that, in patients who 

received large amounts, excretion continues many months or years after 
discontinuation. After a single intravenous injection of 5 mg/kg, the drug 
rapidly accumulates in ocular and other tissues, reaching peak levels in 24-48 
hours. In the iris and choroid the levels remain elevated, with as much drug 
present after 28 days as at 48 hours, and there is only a small further decrease 
after 5 months443. 

A number of experiments dealing with the inhibition of formalin oedema 
by quinine sulphate have been reported. T h e ~ b a l d l ~ ~  showed that a pro- 
nounced anti-inflammatory effect is produced by quinine in doses of 50 mg/kg 
by either the oral or subcutaneous route. After hypophysectomy a significant 
though less pronounced anti-inflammatory effect is still apparent274, whilst 
in adrenalectomized rats it is abolished". Naumann and Stenger444 showed 
that the inhibitory action of a subcutaneous dose of 50 mg/kg of quinine 
sulphate on formalin oedema is abolished by bilateral removal of the thyroid 
and parathyroid glands. After unilateral removal of the glands, slight activity 
persists. I t  thus appears from these publications that the anti-inflammatory 
activity of quinine may be mediated through a complex hormonal mechanism. 

Catecholamines and Monoamine Oxidase Inhibitors 

As mentioned previously (page 64), Spector and W i l l o ~ g h b y ~ ~ ~ ~ ~  have 
suggested that some of the vascular phenomena occurring in tissue injury 
may be the result of the local destruction of adrenaline-like vasoconstrictor 
compounds. They measured increased capillary permeability in rats sub- 
jected to thermal injury and turpentine-induced pleurisy. The subcutaneous 
administration of five monoamine oxidase inhibitors, including iproniazid, 
markedly inhibits both types of inflammation. Iproniazid inhibition can be 
completely antagonized by the intravenous injection of the adrenolytic 
substance, dibenamine, but not by adrenalectomy. A subcutaneous dose of 
0.5 mg/kg of adrenaline also reduces capillary permeability, but noradrena- 
line even in doses of 1 mg/kg is ineffective. From this and other evidence they 
conclude that in tissue injury, apart from the release of substances increasing 
capillary permeability, there is the release of an adrenaline-like vasocon- 
strictor substance which is itself destroyed by monoamine oxidase. 
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The greater activity of adrenaline compared with noradrenaline in oedema 
in the rat was demonstrated by other ~ o r k e r s ’ ~ ~ ~ ~ ~ .  In  a subcutaneous dose 
of 100 pglkg adrenaline hydrochloride inhibits the generalized oedema 
produced by intraperitoneal egg-white (anaphylactoid reaction), but nora- 
drenaline hydrochloride is only one twenty-fifth as active and isoprenaline 
hydrochloride inactive445. Parratt and We@ found that doses of 2 mg/kg of 
adrenaline subcutaneously reduces foot oedema in the rat produced by a 
variety of agents, but that noradrenaline was only one tenth as active. They 
conclude that vasoconstriction cannot be the cause of this inhibition as 
noradrenaline is the more potent vasoconstrictor, and suggest that a meta- 
bolic action of adrenaline may be involved. That this, in fact, may be so, is 
suggested by the recent work of Kellett446, who found that adrenaline is 
more potent than noradrenalinq in inhibiting yeast-induced oedema in the 
rat-paw, and that this relationship can be correlated with their hyper- 
glycaemic activity. He showed that glucose also inhibits oedema and that, 
the inhibition by both adrenaline and glucose can be antagonized by insulin, 
concluding that the anti-oedema activity of adrenaline appears to be depen- 
dent on its hyperglycaemic effect. 

Brown and West447 later showed that adrenaline, when given with dextran 
or egg-white intradermally or subcutaneously, is considerably more active 
than noradrenaline in suppressing the subsequent reaction. They suggest 
that an effect on carbohydrate metabolism may be involved since exogenous 
glucose also prevents the response. However, the sympathomimetic amines 
in much smaller doses also inhibit inflammatory effects of brsdykinin, and 
in this case exogenous glucose exerts only a feeble inhibitory effect. From 
these and other experiments they conclude that adrenaline, and possibly 
noradrenaline, may act as local anti-inflammatory hormones in the tissues. 

Thus catecholamines may influence the inflammatory reaction through 
two mechanisms. On the one hand the hyperglycaemic action of large doses 
of exogenous adrenaline may exert an anti-inflammatory effect, whilst 
small quantities, such as may be liberated in situ, may act by direct vaso- 
constriction. 

The situation in the mouse may be somewhat different since in formalin 
oedema in this species subcutaneous doses of 0.4 mg/kg of noradrenaline and 
isoprenaline are highly active, but doses of 4 mg/kg of phenylephrine and 
20 mg/kg of amphetamine are necessary for significant i nh ib i t i~n l~~ .  More- 
over, capillary permeability in the peritoneal vessels of the mouse is reduced 
by intraperitoneal concentrations of noradrenaline, isoprenaline, adrenaline 
and phenylephrine, in that order of decreasing activity175. 

Mention should be made at this juncture of the role of adrenolytic drugs 
as inhibitors of inflammation. Spector and Willoughby found that diben- 
amine hydrochloride antagonizes the anti-inflammatory effect of iproniazid, 
but other workers have shown that adrenolytic drugs themselves reduce 
capillary permeability175*448, and that dibenamine hydrochloride suppresses 
the tuberculin reaction in the g~ inea -p ig l~~ .  

In view of the theories of Spector and Willoughby regarding the role of 
monoamine oxidase inhibitors in preventing the destruction of an adrenaline- 
like substance in tissue injury, it is not surprising that other workers have also 
found that these drugs inhibit inflammation. Thus iproniazid phosphate and 
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nialamide inhibit capillary permeability in the mouse, but isoniazid, a less 
potent monoamine oxidase inhibitor, is inactivel75. Iproniazid phosphate 
reduces oedema of the mouse-paw induced by various agentslls. Isoniazid 
does not affect ultra-violet erythema66, but increases the tuberculin reaction 
in the g~inea-p ig l~~.  

Phenothiazines 
In assessing the anti-inflammatory activity of phenothiazines, it should be 
emphasized that many of these substances possess potent anti-histamine and 
anti-5-hydroxytryptamine properties. They therefore have anti-inflamma- 
tory activity in those reactions produced by exogenous histamine or 5- 
hydroxytryptamine and in those in which either or both of these amines are 
liberated in situ, after injection of substances such as egg-white, dextran or 
compound 48/80 into the foot21,449y450. 

The effect of phenothiazines on these types of foot oedema were investi- 
gated by Parratt and West76, who estimated the extent of the oedema response, 
not directly by volume but by a visual estimation of the degree of swelling 
and blueing of the feet due to leakage of previously injected dye. The results 
of their experiments are shown in Tables 2.7. and 2.8. In this type of reaction, 

inhibiting oedema-production7E by 5-hydroxytryptamine (5-HT) histamine, dextran, 
egg-white and compound 48/80 

Table 2.8. Approximate effectiveness of some derivatives of phenothiazine in 

Compound 1 48/80 Compound /i-H.I7 Histamine Dextran Eyg- white 

Promethazine 

Chlorpromazine 

Methylpromazine 

4670 RP 

Trimeprazine 

Methotrimeprazine 

8 

16 

12 

25 

25 

2 

3 

10 

10 

30 

100 

2 

20 

10 

10 

20 

100 

2 

20 

10 

10 

20 

100 

2 

3 

10 

10 

20 

100 

(From Parratt and West76, by Lourlesy of British Journal of Pharmacology and Chemotherapy) 

oedema and blueing usually progress together, though the mechanisms 
involved are different. It is therefore interesting to note that, with the more 
active phenothiazines, it is usually easier to prevent the blueing than the 
swelling. Methotrimeprazine is the most potent inhibitor and promethazine 
the weakest; these effects are probably due, in the main, to the antihistamine 
and anti-5-hydroxytryptamine properties of the drugs. 

The effect of phenothiazines on formalin oedema, however, seems to be the 
result of a different pharmacological activity, since Parratt and West demon- 
strated that neither histamine nor 5-hydroxytryptamine plays a major role 
in the reaction’e. Lish, Albert, Peters and Allen77 concluded that there is no 
relationship between the antihistamine and anti-5-hydroxytryptamine 
actions of phenothiazines and their ability to reduce formalin oedema. This 
belief is further substantiated by the work of Winter, Risky and Nuss112, 
who showed that cyproheptadine, a non-phenothiazine inhibitor of both 
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5-hydroxytryptamine and histamine451, reduces rat-foot oedema produced 
by egg-white, mustard and yeast, but not that induced by formalin. 

Parratt and West noted that, in doses of 1 mg/kg intravenously, metho- 
trimeprazine temporarily inhibits formalin oedema76. Lish, Albert, Peters 
and Allen77 found that methdilazine ( X L  VII)  , chlorpromazine, trimeprazine 

( XLVII) 

and promethazine reduce formalin oedema, though only the former produces 
statistically significant reductions at  doses which are free from CNS effects. 
They conclude that ‘the anti-inflammatory action of methdilazine and other 
phenothiazines is due to some other property of the individual molecule, than 
has been disclosed in the present study’. In other experiments in rats, 
promethazine hydrochloride and chlorpromazine hydrochloride in intra- 
peritoneal doses of 10 mg/kg at 6 hours and immediately before the formalin, 
does not markedly reduce oedemag5. In  mice, chlorpromazine hydrochloride 
in a dose of 5 mg/kg intraperitoneally inhibits oedema produced by 5- 
hydroxytryptamine, formalin, silver nitrate and yeast118. 

Lish and M ~ K i n n e y ~ ~ ~  investigated the effects of methdilazine in a variety 
of anti-inflammatory tests. In the guinea-pig anaphylactic ‘arthritis’ test 
methdilazine in subcutaneous doses of 12 mg/kg produces an inhibition 
similar to that of 300 mg/kg of acetylsalicyclic acid. The shape of the time 
response curves suggests that the effect of methdilazine is due to both a non- 
antihistamine and antihistamine action. When administered subcutaneously 
methdilazine is 10-20 times as potent as acetylsalicylic acid or phenyl- 
butazone in reducing the size of the bradykinin-induced weal in rabbits. The 
authors conclude that ‘methdilazine opposed excessive permeability of the 
minute vessels by its antihistamine, antiserotonin and antibradykinin actions, 
plus an anti-inflammatory action not related to any of these’. The effects of 
methdilazine on rat-foot oedema produced by seven inflammatory agents 
has been reported by Winterlog. 

Wilhelmi453 found that a number of phenothiazines, administered intra- 
peritoneally or applied locally, reduce the swelling in formalin oedema of 
the rat-paw : they are not, however, effective in ultra-violet erythema in,the 
guinea-pig. In the light of the observations of dries sen^^^^, that promethazine 
in concentrations of 10-50 mg/100 ml. inhibits the growth of fibroblasts 
from chicken embryonic heart, he also examined the effects of phenothiazines 
on the regeneration of damaged tissue in salamanders and planaria. The 
phenothiazines markedly inhibit regeneration in both species, an effect 
unrelated to either the antihistamine or anti-oedema activities of the drugs. 

In the guinea-pig, promethazine hydrochloride in an oral dose of 200 mg/kg 
prevents ultra-violet erythema, although three other non-phenothiazine 
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antihistamines are inactivess. Other workers4b2 found that, although prome- 
thazine and trimeprazine do not produce even 50 per cent inhibition of the 
erythemic response, methdilazine inhibits at dose levels similar to those at 
which acetylsalicylic acid is effective. 

F loer~heiml~~ was able to reduce the tuberculin skin reaction in the guinea- 
pig by the administration of doses of 10 and 30 mg/kg of promethazine and 
chlorpromazine, the former being the more active. Chlorpromazine hydro- 
chloride, in an intraperitoneal dosage of 25 mg/day for seven days, also 
significantly reduces the permeability of the rabbit’s synovial membrane150. 

Analogues of chlorpromazine in which the amino moiety is rendered less 
flexible by incorporation as part of a piperidine ring system, have been 
examined in motor activity tests and also in the guinea-pig anaphylactic 
‘arthritis’ test. There is a retention of depressor effects on motor activity as 
shown by chlorpromazine but, in addition, some of the compounds also 
exhibit anti-inflammatory 

In examining the early inflammatory reaction after the implantation of 
pellets of plastic sponge in the rat, S a ~ e n a ~ ~  measured exudate formation 
and leucocytic infiltration. The cellular infiltration was significantly de- 
creased by the CNS depressants morphine, pentobarbitone, meprobamate 
and chlorpromazine hydrochloride; promethazine hydrochloride is in- 
effective. The extent to which this may be a direct metabolic effect of 
the drugs is not clear since the phagocytic activity of circulating leucocytes 
is decreased by chlorproma~ine~~. 

Chlorpromazine was found to have no marked effect in patients with 
rheumatic diseases associated with pain and inflammation, but it was an 
effective substitute in patients who had been receiving long term corti- 
costeroid treatment for rheumatoid arthritis and from whom the drug was 
being withdrawn457. 

This accumulated evidence suggests that various phenothiazines can 
exert an anti-inflammatory effect which is unrelated to their antihistamine 
and anti-5-hydroxytryptamine properties. 

Glycyrrhetinic Acid 

The main water soluble constituent of liquorice is the glycoside glycyrrhizinic 
. acid (glycyrrhizin) . Hydrolysis of this acid yields the aglycone, the triter- 
penoid ‘glycyrrhetinic acid‘. The main component of crude glycyrrhetinic 
acid is 3/3-hydroxy-l1 -oxo-18/3-olean- 12-en-30-oic acid (enoxolone, Biosone, 
XLVIII, R=H). The water soluble disodium salt of glycyrrhetinic acid 

( XLVIII 1 
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hydrogen succinate, (carbenoxalone sodium, Biogastrone, GAHS-Na, 
XLVIII, R=CO. (CH,), . CO . ONa), has been used more recently. 

Cornforth and Long458 showed that, like hydrocortisone, certain fractions 
of liquorice suppress the tuberculin reaction in BCG-sensitized guinea-pigs. 
Later they suggested that this activity is not due to ‘glycyrrhetinic acid’, 
which they found to be inactive459. Finney and Somer~~~O, however, pointed 
out that not all fractions of ‘glycyrrhetinic acid’ have anti-inflammatory 
activity, and they considered that this could account for the conflicting 
results of the early clinical trials with these preparations in skin diseases. 
They demonstrated that certain fractions of glycyrrhetinic acid possess anti- 
inflammatory activity when administered parenterally, and when measured 
by the cotton-pellet method, a formalin oedema method, and the granuloma- 
pouch techniques in rats, and by the tuberculin reaction test in BCG- 
sensitized guinea-pigs. In a further paper they showed that their preparation 
of glycyrrhetinic acid, fraction ‘S’, possessed no glucocorticoid activity461. In 
large doses, however, it causes water retention, slight sodium retention, and 
increased potassium excretion. 

The fractions used are sparingly soluble in body fluids, and it was thought 
that this limits the anti-inflammatory activity. The water soluble derivative, 
carbenoxalone sodium, was later synthesized and shown to possess a sub- 
cutaneous activity 0.23 times that of hydrocortisone hemisuccinate when 
measured by the cotton-wool pellet technique462. It appears in the blood 
1 or 2 hours after being taken by mouth but is rapidly eliminated. Parke, 
Pollock and Williams463, using tritium labelled enoxolone in rats, showed 
that most of the radioactivity is excreted in the bile in the form of three as 
yet unidentified metabolites. Glycyrrhetinic acid preparations are effective 
in the treatment of inflammatory skin conditions in dogs464 and man465-467. 
The most interesting use of carbenoxalone has been in the treatment ofgastric, 
but not duodenal, ulcer. The mode of action of the drug in this condition is 
unknown but it may promote healing by virtue of its local anti-inflammatory 
effect468~469. Its main side-effect is oedema. 

N- (2-Hydroxyethy1)palmitarnide 
Coburn and Moore470, and Wallis471 suggested there is an inverse relationship 
between the consumption of eggs and the development of rheumatic fever 
in children. Experimental findings later indicated that the alcohol-soluble 
fraction of e g g - y ~ l k ~ ~ ~ ? ~ ~ ~  contains a substance which reduces the inflamma- 
tion of passive anaphylactic arthritis in guinea-pigs. Long and Martin137 
found that 0.006 pglkg of a substance extracted from arachis oil depresses the 
allergic inflammatory response to intradermal tuberculin in BCG-infected 
guinea-pigs. Similar activity was found in soya bean lecithin and in egg-yolk, 
and Long and Martin drew attention to the possible relationship between 
their own findings and those of C o b ~ r n ~ ~ ~ .  

The naturally occurring anti-inflammatory agent in egg-yolk was later 
identified as N- (2-hydro~yethyl)palmitarnide~~~, and shown to be identical 
with a crystalline fraction prepared from arachis oil and soya bean lecithin 
which is active at 0.3 pglkg in the guinea-pig anaphylactic arthritis test475. 
I t  is not active, however, in a cotton-pellet test or in a capillary permeability 
test in rats. When the compound is degraded, anti-allergic activity resides in 

108 



S. S. ADAMS AND R. COBB 

the ethanolamine but not in the palmitic acid. A number of compounds 
closely related to ethanolamine also possess similar activity. 

Griseofuluin 
Griseofulvin (XLIX) ,  first isolated from Penicillium griseofuluum Dierckx, is 
effective orally in the treatment of ringworm in animals and man. The 
observations of Gentles476, and Cochrane and Tullett4", in antifungal experi- 
ments, that this antibiotic seems to possess anti-inflammatory properties led 
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to a comprehensive investigation by D'Arcy, Howard, Muggleton and 
T o ~ n s e n d * ~ ~ ,  who found that griseofulvin, when administered orally in a 
variety of experimental anti-inflammatory tests in the rat and guinea-pig, 
possesses activity about one-third to one-tenth that of cortisone acetate. The 
effects are independent of the pituitary-adrenal axis. 

It has been claimed that griseofulvin has anti-inflammatory activity in 
arthritis, gout and similar ~onditions~79,~8~. 

Aminonitriles 

The ingestion of diets containing certain peas of the genus Lathyrus may cause 
widespread lesions of connective tissue, referred to collectively as lathyrism4sl. 
The type of lesion varies from species to species but in the rat is characterized 
by skeletal deformities, neurological disturbances and blood vessel rupture. 
The active principle in the plant has been identified as N-y-L-glutamyl-,6- 
aminopropionitrile. Similar effects can be obtained with /?-aminopropio- 
nitrile itself, whilst aminoacetonitrile is even more active. 

As the lesions of lathyrism are associated with connective tissue, it was of 
interest to study the effect of nitriles in chronic inflammation, and to compare 
them with corticosteroids. Mielke, Lalich and A n g e ~ i n e ~ ~ ~  using the croton 
oil pouch, showed that in rats treated with b-aminopropionitrile the pouch 
is badly formed owing to arrest of fibrobIast maturation and impairment of 
collagen fibre formation. The tissue of the pouch has a significantly reduced 
content of hydroxyproline. Hurley, Storey and Ham483 compared the anti- 
inflammatory effects of aminoacetonitrile and cortisone on the healing of 
turpentine-induced abscesses in the rat. Both drugs were given subcutaneous- 
ly, the nitrile in a dose of 10 or 20 mg daily, and cortisone 5 mg daily. 
Inhibition of maturation of fibroblasts and delayed deposition of collagen 
were found in rats receiving the nitrile. Cortisone also causes reduced collagen 
formation but, unlike the nitrile, inhibits the proliferation of fibroblasts rather 
than their maturation. Studies of connective tissue formation in synthetic 
polymer sponge484,485 and around subcutaneous injections of carrageenan485 
confirm the anti-inflammatory effect exhibited by the nitriles in other systems. 
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Levene4aB studied the relationship between structure and activity amongst 
the nitriles and related compounds. Modification of the nitrile group causes 
loss of activity. Substitution of the amino group usually destroys activity but 
methyleneaminoacetonitrile is active. Cyanoacetyhydrazide retains about 
one third of the activity of the aminoacetonitrile. Activity is also present in 
semicarbazide, hydrazine and several hydrazides, including isoniazid. The 
inhibitory effect of aminoacetonitrile, iproniazid and semicarbazide on 
granulation tissue formation has been confirmed487. 

The mechanism of action of the lathyrogenic nitriles is unknown. Chela- 
tion, amine oxidase inhibition4R6 and adrenocortical stimulation48s are not 
relevant factors. 

Aminocaproic Acid 
The antifibrinolytic effect of aminocaproic acid (&-aminocaproic acid, 
6-aminohexanoic acid, EACA) was discovered by Japanese 
and the acid was subsequently shown to act mainly as a competitive inhibitor 
of plasminogen a c t i ~ a t i o n ~ ~ ~ ~ ~ 9 ~ .  The pharmacology of EACA and similar 
compounds has been reviewed by McNicol and Douglas493. 

The relationship between fibrinolysin and inflammation has been discussed 
by Ungar494 and it is, therefore, not surprising that EACA has been examined 
for anti-inflammatory activity. EACA, 8-acetamidocaproic acid and amido- 
pyrine in doses of 300 mg/kg show different degrees of activity on the anaphyl- 
actoid reaction produced in rats by intraperitoneal egg-white and dextran, 
and on kaolin-induced rat-paw oedema : 8-acetamidocaproic acid seems to 
be the most active compound. In the agar pellet granuloma test there is only 
slight inhibition, but inhibition ofhistamine weals in the rat is more marked495. 
When EACA is given intraperitoneally in daily doses of 200 mg/kg to animals 
with the croton oil granuloma pouch, the layer of granulation tissue is about 
20 per cent thinner than in controls. Histologically there is evidence of anti- 
inflammatory activity which may be due to a protective effect on mast 
cells496. 

Increased vascular permeability due to intradermal histamine in the rat, 
and purpura produced by subcutaneous croton oil in the mouse, are reduced 
by large intraperitoneal doses of EACA497. Anti-allergic effects of EACA have 
been reported in different  system^^^*-^^^, but of particular interest in the 
context of immunological inflammation is the finding that, on local injection, 
it inhibits the tuberculin reaction in man502. Lowney503 noted that injection 
of EACA with tuberculin in humans reduces the reaction, but concluded 
that some if not all of the effect is due to the wealing ability of EACA. When 
EACA is administered in daily subcutaneous doses of 50 mg and 100 mg to 
rats before and during the development of adjuvant arthritis504 the effects 
are not striking, though there is some evidence that the higher dose slightly 
affects the duration of the disease. 

Amidines o f  Substituted Triphenylethylene and 
Benzylidenejluorene (Benzaljuorene) 

In the search for non-steroidal substances that might possess anti-inflamma- 
tory properties like those of corticosteroids, Stucki and Thompsonlo4 investi- 
gated derivatives of chlorotrianisene, a substance known to possess the 
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oestrogenic activity shown by naturally-occurring steroids50s. One of these, 
a guanyl derivative, l,l-di-($-anisyl)-2-(p-guanylphenyl)ethylene hydro- 
chloride (MER-13), compound 2 in Table 2.9, possesses marked anti- 
inflammatory activity. This finding led to the investigation of other amidine 
hydrochlorides. Two types of test were used: oedema in the rat-foot measured 
24 hours after injection of mustard and a rat cotton-pellet test. In  the former 
test, compounds were administered either orally or subcutaneously three 
times daily for 3 days before the injection of irritant, and in the latter by 
daily subcutaneous injection. In  a series of triarylethylenes (Table  2.9) 
substitution at R1 and R2 with methoxy, chloro, methyl or dialkylamino 
groups does not significantly alter activity when the compounds are given 
subcutaneously in the mustard test, but the hydroxy compound is inactive. 
In the pellet test, however, activity is unpredictable and compounds 9, 11 
and 14 as well as 13 are inactive. In  both tests, alteration of R has no pro- 
nounced effect when the compounds are given subcutaneously, except in the 
case of compounds 16 and 19. Compounds 8, 10 and 18 are orally active. 

1,l ,-Di-(p-anisyl)-2-(p-guanylphenyl)ethylene hydrochloride (MER- 13) 
was examined more fully in the mustard test. The effective dose (given 
repeatedly) is 1.5 to 4 mg/kg, but orally it is 120 mg/kg. When administered 
subcutaneously, the compound is active in adrenalectomized or hypophysec- 
tomized rats. In  other granuloma tests, MER-13 is active subcutaneously in 
a dose of 4 mg/kg/day, but, unlike cortisone acetate, inhibition is not related 
to dose. Moreover, in an oral dose as high as 240 mg/kg a day, 110 granuloma 
inhibition occurs. In non-inflammatory tests, MER- 13 does not exhibit 
glucocorticoid or mineralocorticoid activity. The authors conclude that its 
anti-inflammatory action may bear no relation to the effect of corticoids, and 
that the anti-inflammatory activity is fortuitous and unrelated to the fact 
that the spatial configuration of certain triarylethylenes bears a resemblance 
to that of steroids. 

Rmidines of benzylidenefluorene (benzalfluorene) are also active and 
compounds 45 and 48 have oral activity similar to that possessed by com- 
pound 8. Compound 45, cr-fluoren-9-ylidene-b-toluamidine hydrochloride 
(paranylene hydrochloride, renytoline hydrochloride, MER-27) inhibits 
granulation in implanted sponge pellets in daily subcutaneous doses of 
25-200 mg/kg, being less active than cortisone acetate. It antagonizes 
mustard oedema of the rat-foot after oral doses of 10-200 mg/kg, but is not 
active at  200 mg/kg in adrenalectomized rats, indicating that the activity 
may be dependent on the adrenals506. In  a clinical trial in 22 patients with 
miscellaneous arthritic disorders, the compound produced beneficial effects 
in 18, in doses of 100-800 mg daily507. 

Anticoagulants 

Following observations which suggested that the blood clotting system plays 
an important role in the mechanism of inflammation, Jancs6 investigated the 
effects of various anticoagulants given intravenously, in a variety of oedema 
tests in the rat-foot5O8. Heparin is ineffective but sodium polyanethole- 
sulphonate (Liquoid), suramin and various rare earth metals such as lan- 
thanum, cerium, neodymium, praseodymium and samarium, in the form of 
their inorganic salts, prove effective in reducing oedema. In most experi- 
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Table 2.9. The anti-inflammatory activities of some amidines of triaryIethylene and benzylidenefluorene. (AfW Stucki and Thompsonlo4) 
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All compounds except compound 1 were tested as the hydrochloride salt. 
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ments, the didymium salt of P-acetylpropionic acid (Helodym 88) or the 
neodymium salt of sulphoisonicotinic acid (Thrombodyn) have been used 
and, although they are effective anti-oedema agents, they also prove to be 
toxic when given intravenously. Eventually new rare earth complexes of 
pyrocatechol sodium disulphonate which possess anticoagulant properties 
were synthesized (L)  . Such complexes of lanthanum, neodymium, praseody- 

S03Na SO,Na 

( L  ) 

mium and samarium counteract inflammatory reactions induced by sub- 
plantar injection of bee venom, cobra venom, compound 48/80 or dextran 
in rats. The development of this type of compound as anti-inflammatory 
agents is the result of a singularly original line of approach. 

Lauenstein, Friedrich and Haberland investigated the effects of the paren- 
teral administration of heparin, sodium polyethylene sulphonate and a 
number of other sulphated polysaccharides on oedema of the rat-foot 
produced by Zymosan509. Two heparin preparations were almost inactive 
but a heparinoid derived from fungal mycelium exhibited marked effects 
unaltered by adrenalectomy. These authors conclude that it is unlikely that 
the anti-inflammatory effects of heparinoids are dependent on anticoagulant 
activity. 

In view of this recent work on anticoagulants, it is interesting to recall the 
earlier suggestion of Glazebrook and Cooksonslo that the anti-anaphylactic 
power of heparin and the antirheumatic effects of salicyIates and of obstruc- 
tive jaundice may be linked by the factor, common to all, of interference with 
blood coagulation. I t  is pertinent to record that some clinical improvement has 
been noted in patients with acute arthritis who were receiving sufficient 
dicoumarol to maintain the prothrombin index between 20 and 5O5I1. 
Glazebrook and Wrigley512 unsuccessfully used heparin in the treatment of 
rheumatic fever, but point out that a satisfactory trial of this drug cannot 
be made until a long acting preparation is available. 

Miscellaneous Compounds 
Benzindamine 

l-Benzyl-3-[3-(dimethylamino)propoxyl-1Hindazole (AF 864, benzin- 
damine, benzydamine, LI )  inhibits various types of foot oedema, formalin 
peritonitis and granulation tissue in the rat513. 
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I t  has been tested clinically as the hydrochloride and possesses anti- 
inflammatory activity in a variety of c ~ n d i t i o n s ~ ~ ~ - ~ l * .  

Aminophylline 
McKinney arid Lish"9 found that aminophylline is active in oral doses of 

200 or 400 mg/kg in oedema of the rat-foot produced by carrageenan, 
dextran and formalin, but only slightly in that induced by 5-hydroxytryp- 
tamine. On the basis of the carrageenan results, it has a potency about half 
that of acetylsalicylic acid. I t  is about one-third as active as acetysalicylic 
acid in delaying ultra-violet erythema in the guinea-pig, but a toxic effect 
in this species cannot be excluded in making this assessment. The authors 
speculate on the extent to which the smooth muscle relaxant or vasodilator 
properties of aminophylline contribute to these results, and also whether the 
anti-inflammatory properties contribute to the therapeutic value of the drug 
in bronchoconstriction. 

Ro-2-5383 
1,3,6-Trimethyl-8,8-diphenyl-l,2,3,4,5,6,7,8-octahydropyrido[4,3-d] pyri- 

midine oxalate (Ro-2-5383, L I I ) ,  is four times morc active than phenyl- 
butazone and eight times more active than sodium salicylate in inhibiting 
yeast-induced oedema of the rat ankle, and half as active as phenylbutazone 
in the cotton-pellet granuloma test, sodium salicylate being inactive in the 
latterl79. Its analgesic effect, as measured by sensitivity of the inflamed rat- 
paw to pressure, is nearly twice as great as that of sodium salicylate50. 

Ethylbutylmalonic acid di- (m-aminonnilide) 
This compound (Gy-97), in doses of 50-200 mg/kg intraperitoneally in 

the rat, inhibits oedema induced by dextran, 5-hydroxytryptamine or 
formalin, whilst chronic treatment is also active in the croton-oil granuloma- 
pouch test. In  rats it produces a considerable increase in blood sugar; the 
anti-inflammatory activity may be related to its effect on carbohydrate 
metabolism520. 

3-Phenylpropyl carbamate 
B u ~ h ~ ~ l  investigated the activities, following intraperitoneal injection, of 

a series of 3-phenylpropyl carbamate derivatives on formalin, dextran and 
5-hydroxytryptamine oedema in the rat-paw. All compounds showed anti- 
inflammatory activity and all apart from one were more active than mepro- 
bamate. Further experiments demonstrated that one of these, 3-phenylpropyl 
carbamate itself (phenprobamate, proformiphen, Gamaquil, MH 532), 
Ph(CH,),.O. CO .NH,, a central muscle relaxant with analgesic and anti- 
pyretic properties, possesses anti-inflammatory effects comparable to those of 
pheny lb~ tazone~~~ .  In doses of 160 mg/kg orally, this compound does not 
delay the appearance of ultra-violet erythema in the guinea-pig. 

Selenium compounds 
Using the granuloma-pouch technique, Roberts demonstrated that certain 

liver fractions in doses of 200 mg/rat intrapcritoneally effectively reduce 
exudate volume523. Three of six liver preparations proved to be active, as 
did the ash of one of these. It was later shown that the selenium content of 
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liver accounts for its activity and that selenium compounds, both inorganic 
and organic, are active at low  concentration^^^^. The dose response curves 
for sodium selenite and for some of the organic selenium compounds are most 
unusual. In the case of sodium selenite, doses of selenium varying from 916 
to 0.6 pg/kg were given and the most effective dose was 9.6 pg/kg. The 
levels both above and below this dose were less effective. A similar situation 
occurred for benzylselenovaleric acid. The author states that, since selenium 
is most effective in low concentrations (2-8 pg of Se/kg), this puts it in the 
trace element class, so that it must exert its effect through a regulatory 
mechanism. 

Isoalloxazine deriuatioes 

Biich, Molnhr and Wagner-Jauregglo7 examined the effects of 6,7- 
dichloro-9-dimethylaminopropylisoalloxazine hydrochloride (Mo177) and 
6,7 - dichloro - 9 - y - diethylamino - - hydroxypropylisoalloxazine sulphate 
(Mo242) on formalin, dextran and 5-hydroxytryptamine oedema in the rat. 
Intraperitoneal doses of 5 and 10 mg/kg are as active as, or more active than, 
200 mg/kg of phenylbutazone in suppressing all three types of oedema. The 
compounds are also antipyretic in doses of 5 mg/kg. Dirscherl and Lutz- 
mann525 noted that Mo177 depresses the breakdown of cortisone by liver 
slices in uitro, and suggest that this may be an indication of the mechanism of 
the anti-inflammatory activity of flavines. 

In the section on tests for anti-inflammatory activity, reasons have been 
given for considering that the anti-inflammatory activity of some flavines is 
a non-specific effect. 

Metal salts 

Using the granuloma-pouch technique in the rat, Sutter, Adjarian and 
H a ~ k e l l ~ ~ 6  found that cuprous iodide, in a daily dose of 250 mg/kg orally, 
reduces the granuloma weight by 60 per cent and almost completely abolishes 
the exudate. This does not appear to be due to a non-specific effect as many 
other inorganic salts do not possess a similar anti-inflammatory activity. We 
found that cuprous iodide in a dose of 320 mg/kg orally, which is lethal to 
guinea-pigs, did not delay the development of ultra-violet erythema. 

Ferrous gluconate in a daily intramusdar dose equivalent to 0.5 mg of 
elemental iron reduces cotton-pellet granulomata in rats ; there is evidence to 
suggest that this effect may be due to increased turnover of adrenocortico- 
rteroids408. 

Fisher527 found that cobaltous chloride hexahydrate significantly inhibits 
the formation of exudate in the rat granuloma-pouch technique. A sub- 
cutaneous dose of the compound, equivalent to 2 mg of elemental cobalt/kg/ 
day produces approximately the same effect as 2 mg/kg/day of subcutaneous 
hydrocortisone. However, when injected into adrenalectomized rats, there is 
no significant reduction of granuloma formation. 

Citrus biofauonoids 

A group of crude and pure bioflavonoids and bioflavonoid mixtures exert 
a significant effect on granuloma-pouch exudate subcutaneously, but none 
by the oral route62s. 
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The anti-exudative effects vary considerably but are generally proportional 
to the unaltered bioflavonoid content. Thus hesperidin is active in a daily 
subcutaneous dose of 60 mg/kg. Studies in adrenalectomized animals suggest 
that the effects are independent of the pituitary adrenal axis. The possibility 
of a non-specific stress effect cannot be entirely ignored, but this seems 
unlikely since the degree of local irritation produced by the bioflavonoids 
shows poor correlation with their anti-inflammatory activity. 

Hesperidin, neohesperidin and naringin, in a dose of 100 mg/kg intra- 
peritoneally, reduce formalin-oedema in the mouse-foot, but are ineffective 
in oedema provoked by 5-hydroxytryptamine. Rutin is ineffective in both 
tests176. Other workers have found that hesperidin in large oral doses has no 
anti-inflammatory activity66. 

Chlordiazepoxide hydrochloride 

C ~ r r i e ~ ~ ~  reported that 7-chloro-2-methylamino-5-pheny1-3H-benzo-l,4 
diazepine-4-oxide hydrochloride (methaminodiazepoxide hydrochloride, 
chlordiazepoxide hydrochloride, Librium), possesses oedema inhibitory, 
anti-inflammatory and analgesic effects in rats similar to those of compounds 
such as amidopyrine and phenylbutazone. In view of these results, the com- 
pound was subjected to clinical trial in rheumatoid arthritis and was found 
to have neither antirheumatic nor analgesic properties in doses up to 200 mg 
daily. 

Other compounds which are alleged to possess anti-inflammatory activity 
but which will not be described in detail are : salicylanide methylcarbamate 
(anilamate)630, benzoylcarbinol and de r iva t ive~~s l -~~~ ,  synthetic poly- 
p e p t i d e ~ ~ ~ ~ ,  derivatives of 9-~yridylidenefluorine~~~, t r iazinylmethyl~reas~~~,  
synthetic a~ulenes~3'-~~l, derivatives of n2-1 ,2,4-triazol-5-0ne~~~, and 
oxyferris~orbone~~~. 

MODE OF ACTION 

With a given series of pharmacologically active compounds, it is frequently 
difficult to correlate pharmacological activity with biochemical properties. 
In  the case of a chemically heterogeneous series such as the non-steroidal 
anti-inflammatory compounds, this difficulty is accentuated and clearly 
not all anti-inflammatory compounds have the same mode of action. I t  
does, however, seem possible that on the basis of experimental and clinical 
findings a number of the previously mentioned compounds or series of 
compounds fall into a particular pharmacological category possessing 
analgesic, antipyretic and anti-inflammatory activities. Thus a number 
of compounds mentioned in the first 9 sub-sections of the anti-inflam- 
matory compounds section, viz. salicylates to RCH-3 14 inclusive, appear 
to be members of this group. This type of compound brings rapid relief 
from the acute symptoms of rheumatoid arthritis, namely, pain and tender- 
ness, swelling and stiffness of joints, but there is no evidence that the disease 
process itself is affected. 

I t  has been suggested'58 that the group of drugs known as analgesic- 
antipyretics can be further differentiated experimentally into those which 
have anti-inflammatory activity and those which do not. Only members of 
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the former group have proven antirheumatic activity. Thus analgesic- 
antipyretics which fall into the former group, all of which possess 
antirheumatic activity, include acetylsalicyclic acid, phenylbutazone, 
oxyphenbutazone, amidopyrine, flufenamic acid, indomethacin and 
ibufenac. Examples of the second group include paracetamol, phenacetin 
and 4-hydroxyisophthalic acid. 

The importance of, and exact relationship between, the three pharmaco- 
logical activities is not known but each seems to be an essential property 
which any drug must possess if it is to exhibit antirheumatic activity of this 
type. 

Winder544 has suggested that the antirheumatic effect of acetylsalicylic 
acid depends on the suppression of an early pre-inflammatory process. This 
process leads to stimulation of pain endings and eventually to frank inflamma- 
tion. Harris545 believes that the analgesic effects of acetylsalicylic acid can 
be explained entirely in terms of a peripheral anti-inflammatory action. 
W e i n e P  also states that the wide use of acetylsalicylic acid may be attri- 
buted to its anti-inflammatory and possibly other peripheral effects, as well 
as to its antipyretic action, as it is particularly effective in pain associated 
with fever. Yet, as Weiner has emphasized, phenylbutazone, a potent anal- 
gesic in a variety of inflammatory diseases, has little or no effect in painful 
non-inflammatory conditions, being, for example, of no value in headache. 
The work of an American team285,z86, based on the blockade of bradykinin 
evoked pain in the dog, has added to our knowledge of the analgesic action 
of a number of these compounds. They suggest that acetylsalicylic acid, 
sodium salicylate and phenylbutazone are peripheral analgesics which block 
the pain evoking chemoreceptors, thus preventing their stimulation by 
algesic agents. 

The role of the antipyretic activity of these compounds is even less clear, 
but it is significant that all the known clinically effective antirheumatic 
drugs of this group are also antipyretics, and this property may be of funda- 
mental importancezs0. In this context, it is of interest to note that ethyl 
u- (4-phenylphenoxy) propionate, an anti-inflammatory compound which 
does not exhibit antirheumatic activity possesses only very weak antipyretic 
propertiesll. 

With regards to the other compounds mentioned in this review, there is 
some justification, on the evidence available, for placing antimalarials of the 
chloroquine type and gold salts in a separate sub-group. This differentiation 
is based on the clinical properties of these drugs in rheumatoid arthritis. 
They possess a slower and more selective action in rheumatoid arthritis 
than do the analgesic, antipyretic, anti-inflammatory agents. Of particular 
interest is the finding that both chloroquine and gold salts affect the sheep 
cell agglutination titre which may indicate an effect on the disease process 
itself. The mode of action of these compounds is still though 
certain of their biochemical properties are discussed later. I t  must, however, 
be emphasized that the experimental anti-inflammatory action of these 
compounds may be unrelated to their clinical action. 

In the space available it is possible to discuss only briefly certain hypotheses 
which have been advanced to express, in biochemical terms, the action of 
some of the anti-inflammatory compounds. 
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Protease Inhibition 
The most likely mediators of the acute inflammatory reaction seem to be 
the kinins, such as bradykinin and kallidin. I t  is easy to visualize the possi- 
bility of anti-inflammatory drugs acting by inhibiting the proteolytic forma- 
tion of kinins. Kallikrein is a widely distributed protease capable of forming 
kallidin rapidly. Plasmin is also known to be capable of liberating kin in^^^', 
apparently by an indirect action involving the activation of kallikreinogen 
to ka l l i k re i r~~~~ .  Another kinin-forming enzyme occurring in human plasma 
has recently been described36. Ungar494 has assembled evidence to show that 
the plasma fibrinolytic system may play a part in liberating histamine as well 
as vaso-active peptides. Proteolysis is probably an essential component of the 
Arthus and the Shwartzman phenomenon551. 

The concept of a proteolytic mechanism in the production of inflammatory 
manifestations is supported by the demonstration of anti-inflammatory 
activity in various protease inhibitors, e.g. the trypsin inhibitors of the 
pancreas, soya bean, o v o m u ~ o i d ~ ~ ~  and potato553-555. I t  is interesting to aote 
that the inhibitor from potatoes exerts its effect even after the inflammation 
is well established554, suggesting that protease action is a continuing feature 
of inflammation and not simply an initiating process. Various esterase 
inhibitors (dyflos, quinine, quinidine and chloroquine) also reduce capillary 
permeability induced by heat and the permeability 

Ungar, Damgaard and W e i n ~ t e i n ~ ~ ~ ? ~ ~ ~  have shown that certain well 
recognized anti-inflammatory drugs, salicylic acid, phenazone, amidopyrine, 
cinchophen and also p-aminophenol inhibit fibrinolysin (plasmin) in concen- 
trations close to those which show anti-inflammatory activity in vivo. Sali- 
cylate may inhibit kinin formation by this indirect mechanism involving 
plasmin. The failure of some workers to observe any inhibition of kallikrein 
by salicylate in vitro does not conflict with this. 

Lack and Ali557 have reported that the tissue activator of plasminogen 
resides in the lysosomal fraction of cell cytoplasm and is inhibited by amino- 
caproic acid. This is noteworthy, since other workers558-550 have postulated 
that the anti-inflammatory activity of cortisone may be attributable to its 
ability to prevent the release of lysosomal proteases by stabilizing the lysosomal 
membrane. Chloroquine may act similarly560. 

Antagonism o f  Kinin Formation and Action 
We have seen above (page 62) that bradykinin may be the intermediate 
factor responsible for many of the manifestations of inflammation. I t  is natural 
to consider the possibility that anti-inflammatory drugs may inhibit either 
the formation or the action of bradykinin. 

Northover and Subramanian561 report that formation of kinin by serum 
and salivary kallikrein is inhibited by sodium salicylate, acetylsalicylic acid, 
phenylbutazone and certain other anti-inflammatory substances. The vaso- 
depressor and vascular permeability activities of kallikrein are similarly 
inhibited. These findings are not, however, supported by investigations of 
other ~ ~ r k e r ~ ~ ~ ~ ~ ~ ~ ~  and further studies are needed to clarify the discrepancy. 
It is interesting to note that hexadimethrine bromide(po1ybrene) ) which is 
known to inhibit kinin formation in ~ i t r o ~ ~ * ,  inhibits increased capillary 
permeability in the xylene treated skin of micem5. 

119 



NON-STEROIDAL ANTI-INFLAMMATORY DRUGS 

Collier, Holgate, Schachter and S h ~ r l e y ~ ~ ~  found that acetylsalicylic acid, 
phenylbutazone and amidopyrine antagonize the bronchoconstrictor action 
of bradykinin in guinea-pigs. Later ~ ~ r k ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  added more anti-inflamma- 
tory drugs, including mefenamic and flufenamic acids, indomethacin and 
ibufenac, to the list of those active in the test. Intravenously, the minimal 
effective dose of acetylsalicylic acid is 2 mg/kg whilst that of phenylbutazone 
is 4 mg/kg and that of amidopyrine 8 mg/kg. The corresponding minimal 
effective doses by the oral route are 32, 16 and 16 mg/kg, respectively. The 
action of bradykinin on vascular permeability of the guinea-pig skin, guinea- 
pig ileum and rat duodenum is, however, not affected by the drugs. Acetyl- 
salicylic acid also antagonizes the bronchoconstrictor effect of kallidin- 10 
in the guinea-pig but not that of substance P or angiotensin. It does not, 
however, inhibit the action of bradykinin in the rabbit 1 ~ n g 5 ~ ~ .  Anti-inflam- 
matory agents also antagonize bronchoconstriction due to slow reacting 
substances (SRS-A), which is unrelated to the kinins. 

Lish and M ~ K i n n e y ~ ~ ~  studied the effects of two anti-inflammatory and 
two antihistaminic drugs on the diameter of weals produced in the skin of 
rabbits by intradermal injection of histamine and bradykinin. Acetylsalicylic 
acid and phenylbutazone in doses of 150 mg/kg both significantly reduce the 
bradykinin reaction. Chlorpheniramine, 1 mg/kg reduces the histamine 
reaction but 10 mg/kg fails to affect the bradykinin weal. Methdilazine, an 
antihistaminic drug which also has definite anti-inflammatory activity, 
inhibits reactions to both histamine and bradykinin in doses of 0.01 and 
5 mg/kg, respectively. This work demonstrates a connection between anti- 
inflammatory activity and ability to inhibit bradykinin weals in rabbits. I t  
also emphasizes the qualitative difference between the effects of histamine 
and bradykinin. Other workers have produced some further evidence of 
antikinin activity. Lecomte and T r o q ~ e t ~ ~ ~  report that phenylbutazone 
inhibits the hypotension and increased vascular permeability produced by 
bradykinin in rabbits. A similar action is also described for dipyrone (nora- 
midopyrinium methanesulphonate sodium, Novalgin) which antagonizes 
the depressive effect of bradykinin on the isolated heart of the frog, guinea- 
pig and rabbit57o. Injection of bradykinin produces a nociceptive response in 
various species. That in guinea-pigs is not affected by acetylsalicylic acid or 
other anti-inflammatory agents571, but in mice572 and dogsza5, inhibition has 
been demonstrated for acetylsalicylic acid, amidopyrine and phenylbutazone. 

Thus, despite the curious tissue and species specificity of the action of non- 
steroidal anti-inflammatory compounds on bradykinin action, it is impossible 
to dismiss the connection as being fortuitous. 

Effects on Mucobolysaccharides 

In  rheumatic disease, the main pathological manifestations appear in 
connective tissue, the chief constituents of which are collagen, elastin and 
mucopolysaccharides. The last, apart from hyaluronic acid and chondroitin 
of cornea, are all sulphate the sulphate groups of which are in a 
dynamic state with a short biological half-life. The sulphate exchange is 
under enzymic control and can be decreased in vitro and in vivo by corti- 
c o s t e r ~ i d s ~ ~ ~ - ~ ~ ~ .  Bostrom and M Z i n s ~ o n ~ ~ ~  examined the effects of a number of 
salicylates on the incorporation o ~ ~ ~ S  into calf costal cartilage slices in vitro. 
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They found that sodium salicylate in a concentration of 55 mg/100 ml. 
suppresses this to the extent of 26 per cent but that acetylsalicylic acid and 
benzoic acid have only slight effects. Other compounds, including m- and p-  
hydroxybenzoic acids, gentisic acid, salicylamide and p-aminosalicylic acid, 
all with little or no anti-inflammatory activity, are ineffective. In cotton- 
pellet granuloma tests, hydrocortisone 1 mg/rat and phenylbutazone 
20 mg/rat given subcutaneously, decrease the uptake of 35S into the granu- 
loma. However, whilst hydrocortisone also decreases the uptake by normal 
connective tissue, phenylbutazone is inactive57s. Since salicylate and phenyl- 
butazone inhibit the transamidase which synthesizes glucosamine-6-phos- 
phate, Bollet suggested that this might be related to their ability to decrease 
35S-fi~ation5789579. Gold chloride also inhibits this transamidase but acetyl- 
salicylic acid is only slightly effective and p-hydroxybenzoate is inactive. 

The influence of steroidal and non-steroidal antirheumatic drugs on the 
in vitro formation of cartilage and its constituent polysaccharides has been 
studied in tissue culture so that an examination of the biosynthesis rather' 
than the turnover of any constituents of preformed cartilage could be made5s0. 
Cortisone, hydrocortisone and salicylate in high concentrations inhibit 
chondrogenesis and 35S-incorporation, but cinchophen and phenylbutazone 
are inactive. The sulphation of chondroitin may be more dependent upon 
the supply of energy from respiration than is the biosynthesis of chondroitin. 

Whitehouse and B o ~ t r O m ~ ~ l  provide evidence that, in both cornea and 
cartilage, salicylic acid and some anti-inflammatory steroids reduce the 
uptake of extracellular sulphate ions by the tissues and also partially inhibit 
the incorporation of intracellular inorganic sulphate into the sulphated poly- 
saccharides. 2,3-Dihydroxybenzoic acid is also effective, though to a lesser 
extent than salicylic acid; 2,5- and 2,6-dihydroxybenzoic acids are inactive. 
The authors suggest that these effects may be due to a common action of the 
drugs on processes generating ATP within the tissues. In uiuo experiments582 
demonstrate that 100 mg/kg of sodium salicylate intraperitoneally inhibits 
S5S incorporation into polysaccharide sulphates of rat-rib cartilage. 

Whitehouse5S3, and Whitehouse and BostrOmss4 investigated the incorpor- 
ation of glucose-14C, acetate-14C and 35S04 into mucopolysaccharide sulphates, 
and the oxidation of g lu~ose-~~C,  acetateJ4C, pyruvateJ4C and ~ c t a n o a t e - ~ ~ C  
in cartilage and cornea. The incorporation of the above substances is inhibi- 
ted by salicylate, phenylbutazone and cinchophen, all of which have an 
immediate effect on the reaction, and by hydrocortisone and chloroquine 
which are effective only after a time lag of 1-2 hours. There seems to be 
some relationship between the inhibition of uptake by non-steroidal com- 
pounds and their anti-inflammatory activities. It is concluded that the 
drugs diminish anabolic reactions in connective tissue by inhibiting funda- 
mental exergonic reactions. 

The action of drugs on mucopolysaccharide synthesis cannot explain their 
action in acute inflammation, but it is conceivable that those drugs which 
affect chronic inflammation may do so by this means. 

Uncoupling o f  Oxidative Phosphorylation 

One of the many and varied biochemical effects of salicylates is the un- 
coupling of oxidative phosphorylation. In other words, the formation of 
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adenosine triphosphate, which is normally coupled to the oxidation of 
Krebs cycle intermediates, hydroxybutyrate and other substrates, is inhibited 
by concentrations of salicylate which do not affect the oxidation reac- 
tions585-587. 

Since phenylbutazone also uncouples oxidative phosphorylation, a 
connection between uncoupling action and anti-inflammatory activity has 
been suggestede8. That the relationship is not a simple one is clear from the 
fact that the 'classical' uncoupler, 2,4.-dinitrophenol, does not appear to 
possess any anti-inflammatory activity, although it has been claimed to have 
such activity when applied locally58*. Whitehouse and H a ~ l a m ~ ~ ~ ,  and 
W h i t e h o ~ s e ~ ~ O > ~ g ~  tested a wide range of anti-inflammatory compounds and 
found a general parallelism between their activity in this respect and their 
power to uncouple, as well as to inhibit phosphorylation and sulphation 
reactions in connective tissue. The following are potent uncouplers, reducing 
the P/O ratio to below 50 per cent when active in concentrations of not more 
than 1 O-3M : salicylic acid, phenylbutazone, oxyphenbutazone, indometha- 
cin, ibufenac, sodium aurothiomalate, cinchophen, glycyrrhetinic acid, 
mefenamic acid and flufenamic a ~ i d ~ ~ ~ , ~ ~ ~ .  Whitehouse has used the 
uncoupling property to characterize antirheumatic, anti-inflammatory drugs 
and to distinguish them from analgesic drugs which are devoid of anti- 
inflammatory This affords biochemical support for a concept 
earlier made by A d a m ~ l ~ ~  on pharmacological grounds. 

A further distinction can be made between rapidly acting antirheumatic 
agents which uncouple and slow-acting ones, such as chloroquine and the 
corticosteroids which, though not uncouplers, inhibit oxidative processes and 
may therefore achieve, by a different means, the same interference with 
anabolic processes essential for connective tissue function. 

Whilst it seems possible that certain of the effects of anti-inflammatory 
compounds in vivo may be explained in terms of uncoupling activity (e.g. the 
increased oxygen consumption and hyperthermia in animals and man subjec- 
ted to overdoses of acetylsalicylic acid), further work is needed to establish 
that lower doses of the drugs do, in fact, cause uncoupling, and that their 
anti-inflammatory activity is dependent on this. 

Inhibition o f  Hyabronidase 

The relationship between hyaluronic acid, hyaluronidase and rheumatic 
diseases has been discussed by Smith16g, who examined the theory that the 
therapeutic action of salicylate in rheumatic fever might be due to inhibition 
of increased hyaluronidase activity, but concluded that there was little 
evidence to support this view. Recent work by others tends to support these 
conclusions593. Nevertheless, the subcutaneous injection of hyaluronidase 
into the foot of the rat leads to the development of oedema which can be 
suppressed by anti-inflammatory dr~gs8'9~94. D e w e ~ ~ ~ ~  investigated the 
inhibition produced by a number of antirheumatic drugs administered 
subcutaneously and found phenylbutazone, amidopyrine, phenazone and 
cinchophen active, sodium salicylate less active, and acetylsalicylic acid 
virtually inactive. All the compounds were, however, given in high doses. 
Rechenberg has reviewed the actions of phenylbutazone on hyaluronidase 
in vitro, and on hyaluronidase-induced tissue ~ermeabi l i ty~ '~.  
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By means of a study of the hyaluronidase-induced intracutaneous spread- 
ing of dyes in rats, it was shown that the inhibition of spreading by salicylates, 
phenylbutazone and glucocorticoids is due to their ability to release catechol- 
amines from the adrenal This prevention of spreading is 
blocked by ergotamine tartrate. Chloroquine diphosphate also prevents 
spreading of a dye, but this effect is not prevented by ergotamine and is 
therefore presumably due to a different mechanismso2. The effect of phenyl- 
butazone analogues on hyaluronidase spreading in rats has also been 
examined; all show a marked inhibition in rather high doses but there seems 
to be little correlation with their known anti-inflammatory a c t i v i t i e ~ ~ ~ ~ g ~ ~ ~ .  

The available evidence does not allow a definite conclusion to be made, 
especially as much of the animal work has been performed with rather high 
doses of the drugs. I t  seems unlikely, however, that hyaluronidase inhibition 
plays a major role in clinical antirheumatic activity. 

Stimulation of the Adrenal Cortex 

The evidence in favour of a relationship between non-steroidal antirheumatic 
activity and the pituitary-adrenal system is based mainly on experiments 
involving salicylates and phenylbutazone. No attempt will be made to discuss 
these problems in detail since they have been adequately reviewed by Smith605 
and Done606 for salicylates, and by R e c h e n b ~ r g ~ ' ~  for phenylbutazone. 
Smith argued persuasively that the available experimental evidence on 
salicylates does not support the view that they either mimic or reinforce the 
actions of the natural adrenocortical hormones, and that the similar clinical 
effects of salicylates and these steroids in rheumatic diseases must therefore 
be produced by different mechanisms. Done, on the other hand, suggests 
that the concept cannot be prematurely dismissed and believes that the 
possibility that salicylate simultaneously affects the production and dis- 
position of adrenocortical hormones deserves further consideration. He 
emphasizes that the antirheumatic effects of salicylates are not dependent on 
the maintenance of elevated circulating levels of corticoids. 

More recently, a similarity has been noted between urinary electrolyte 
changes after large doses of salicylate in man and those following stress or 
hydrocortisone administrationao7. Further evidence, however, indicates that 
these findings may not reffect pituitary-adrenal stimulation608. Perfusion of 
the dog adrenal with salicylate does not stimulate hydrocortisone secretionao9 
and there is no evidence to indicate that salicylates potentiate the thymolytic 
action of adrenal corticosteroids610. Despite the confusing evidence, it seems 
doubtful that phenylbutazone influences the pituitary, and any stimulation 
of the adrenal cortex is probably slight and non-~pec i f ic~~~.  There is, however, 
some indication that phenylbutazone in vitro inhibits the metabolic inactiva- 
tion of adrenal steroids273. 

Of the more recently introduced antirheumatics, indomethacin is equally 
active in anti-inflammatory tests in intact and adrenalectomized rats112, and 
there is no evidence of adrenal dependence or corticoid hormone effects for 
flufenamic acid at non-toxic dose levels280. 

The weight of the evidenw seems to suggest that the antirheumatic action 
of acetylsalicylic acid and phenylbutazone is not mediated through stimula- 
tion of the pituitary-adrenal axis. If the inhibition of sulphate uptake by 
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cartilage slices is related to antirheumatic activity, then the effects of non- 
steroidal agents in vitro, when there can be no hormonal intervention, 
reinforces this view. 

Chelation 

Reid and his c0lleagues~3~ put forward the theory that the anti-inflammatory 
action of salicylate is due to its power to form metal chelate complexes. On 
this basis, it would be predicted that 2,6-dihydroxybenzoic acid (y-resorcylic 
acid) would be an even more potent anti-inflammatory agent. As already 
seen (page 77), early hopes of increased potency of this compound were not 
fulfilled. Nevertheless, the fact remains that many anti-inflammatory sub- 
stances form coIoured complexes with ferric ions in circumstances in which 
chemically related but inactive compounds do not584. Salicylate, phenyl- 
butazone and cinchophen behave in this way. Wiesel6l1 described metal 
chelate compounds of the anti-inflammatory glucocorticoids and showed that 
8-hydroxyquinoline, well known as a chelating agent, also has anti-inflam- 
matory activity in formalin oedema and granuloma tests in rats. Wiesel 
hinted that new and highly active anti-inflammatory compounds were being 
made on the basis of the chelation theory but these do not seem to have 
materialized. 

Hyperglycaernia 

The possible role of hyperglycaemia in relation to the anti-inflammatory 
activity of catecholamines has already been discussed. There is a considerable 
amount of additional evidence that under certain conditions hyperglycaemia 
produces anti-inflammatory effects. 

Edlund, Lofgren and Va1i6l2 note that intravenous alloxan in a sub-diabeto- 
genic dose is a potent inhibitor of weals produced by intradermal dextran. 
Others report that a single subcutaneous injection of insulin increases dextran 
oedema and that this occurs despite cortisone pretreatment613. In a more 
detailed investigation614, alloxan-diabetic rats failed to show characteristic 
oedema and elevated plasma histamine levels after intravenous injection of 
egg-white or dextran. Pretreatment with insulin not only allowed them to 
respond typically, but it also made normal rats more susceptible to the 
reaction. It has also been shown that significantly less granulation tissue is 
formed around subcutaneously implanted cotton-wool pellets in alloxan- 
diabetic rats than in normal anirnals6l5. As previously mentioned, compound 
Gy-97 (p. 115), which inhibits rat-paw oedema induced by a variety of 
agents, also produces hyperglycaemia in rats. Its anti-inflammatory action 
is thought to be related to its effects on carbohydrate metabolism620. In the 
alloxan-diabetic rat, Kellettsle showed that there is a significant reduction 
in the primary inflammatory response of adjuvant arthritis, and that the 
appearance of secondary lesions is deIayed and their number decreased. 
AdamkiewiczGI7 reviews the relationship between glycaemia and immune 
responses and concludes that hyperglycaemia inhibits anaphylactoid reac- 
tions, anaphylaxis and the tuberculin reaction. He draws attention to the 
similarities between the parahypersensitivity reactions (anaphylactoid 
reaction, and histamine and 5-hydroxytryptamine shock) and true hyper- 
sensitivity, and advances the hypothesis that hyperglycaemia inhibits, and 
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hypoglycaemia potentiates, the antigen-antibody reaction if this involves a 
carbohydrate moiety. 

Thus it seems that hyperglycaemia can inhibit inflammatory reactions in 
which hypersensitivity or anaphylactoid-type states are involved, but not, 
apparently, inflammation produced compound 48/80614 or bradykinin4*'. 
The inhibition of granulation tissue by hyperglycaemia also cannot be 
explained by the Adamkiewicz hypothesis. That hyperglycaemia can affect 
certain types of inflammation is not in question, but its role and its limitations 
have yet to be clarified. 

On the basis of this evidence, it is, therefore, conceivable that some com- 
pounds which possess experimental anti-inflammatory activity, may owe 
this to their ability to elevate blood-glucose. This mode of action does not 
apply to many anti-inflammatory compounds, and at  least one, acetyIsalicylic 
acid, produces hypoglycaemia618. 

Effects on Immunological Processes 

The effects of salicylates and phenylbutazone on immunological processes 
have been reviewed by Done606 and von Re~henberg~'~.  Details of some tests 
in which inflammation is the result of anaphylactic and immunological 
reactions are given in the section dealing with tests for anti-inflammatory 
activity. The effects of a number of drugs in suppressing some of these reac- 
tions, e.g. tuberculin sensitivity in the guinea-pig, have been described. Some 
drugs may, in fact, act by impairing the immunological stages of this process, 
but since many also inhibit inflammatory reactions in which these processes 
are not involved, it seems unlikely that this can explain the mode of action of 
the majority which have been reviewed here. 

The effect of anti-inflammatory drugs on immunological processes, viz. 
antibody production and the antigen-antibody reaction, are, therefore, 
outside the scope of this review. 

this review. It has therefore not been possible to refer in detail to all of these papers. 
The report of the Milan Symposium, 1964 was published just before the completion of 
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THE PHARMACOLOGY OF HEPARIN AND 
HEPARINOIDS 

L. B. JAQUES 

INTRODUCTION 

HEPARINS and heparinoids constitute a group of compounds which have been 
shown in the past two decades to have many remarkable pharmacological 
properties. Their potency as pharmacological agents is usually overlooked 
because they do not cause the dramatic crises of classical pharmacology- 
respiratory and cardiovascular collapse. In fact, many of their pharmaco- 
logical effects appear to be favourable to the physiologic economy. 

Attention was first drawn to this group of compounds by an easily observed 
property of the parent substance heparin: namely, its ability to prevent the 
clotting of blood, commonly referred to as its anticoagulant ability. A num- 
ber ofworkers, between 1881 and 1910, extensively studied a substance with 
this property, which they called antithrombin, which was found in tissues 
and in the blood of dogs after the injection of peptone or antigen protein. 
Baylissl in 191 6, suggested that this material, as isolated by Doyon, provides 
a drug for the treatment of thrombosis. The name heparin2 was intro- 
duced by Howell and MacLean in 1918. After the demonstration early in 
1937 of the effcacy of heparin in the prevention of experimental thrombosis, 
heparin was introduced into medicine as the first of the anticoagulant drugs, 
and is now used extensively for the clinical treatment of postoperative 
thrombosis, pulmonary embolism and coronary thrombosis. For a descrip- 
tion of the clinical use of anticoagulants in thrombosis and the pharmaco- 
logical considerations involved, the reader is referred to recent reviews in 
anticoagulant the rap^^-^. 

The subject of the present! review stems from the discoveries of A. Fischer 
and E. Jorpes. Fischerlo demonstrated that heparin binds or complexes with 
proteins and other bases and so modifies their biological activity. As a result, 
heparin is able to release or activate enzymes such as lipoprotein lipasell, to 
inhibit hormones such as cortisone12 and aldosteronel3, to detoxify toxic 
agents14, and to bind histamine in body ce11s15. Jorpes discoveredl6 that 
heparin is a highly sulphated polysaccharide and that it gives a specific colour 
reaction with dyes; the metachromatic reaction. This resulted in (i) the 
association of heparin with the naturally occurring mucopolysaccharides ; 
(ii) the preparation of other sulphated polysaccharides, heparinoids; (iii) the 
identification of the mast cells as heparinocytes. 

Dejinitions 

Hetarin is a term which may be used in three ways, depending upon the 
author. It is used for any heat-stable naturally occurring anticoagulant 
activity; for a commercial product of varying composition with anticoagulant 
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and other activities; for a distinctive group ofsulphated mucopolysaccharides, 
which can be distinguished by certain precise chemical and biological 
properties-formation of a crystalline barium salt with well defined chemical 
composition (12 per cent S, 2 per cent N, [XI; = + 55O); extreme solubility 
in water but insolubility in organic solvents; relatively low viscosity in 
aqueous solution; exceptional ability to combine with proteins to alter their 
physical and biological properties and produce metachromatic colours with 
basic dyes. 

Heparinoids are sulphated polysaccharides, prepared semi-synthetically by 
sulphation of partially degraded polysaccharides or occurring naturally in 
plant or animal tissue. They possess the properties described for heparin 
mucopolysaccharide. 

Mucopolysaccharides are naturally occurring carbohydrate polymers usually 
containing glucosamine and a uronic acid. They share, to some degree, the 
properties listed for heparin and heparinoids. They contain less sulphur, are 
much weaker as metachromatic and anticoagulant substances, and differ in 
solubility characteristics. Their solutions show considerable viscosity. 

Heparin and heparinoids were developed because their anticoagulant 
properties were useful in the treatment of thrombosis; they may, however, 
cause haemorrhage. The corresponding biological processes are blood 
coagulation, thrombosis, haemorrhage. These are related, hut distinctly 
separate biological phenomena linked to a physiological function-haemo- 
stasis. Blood coagulation refers to the changes which take place in blood when 
it is shed, resulting in the blood clot. Thrombosis is the development of one or 
more deposits inside blood vessels during life. Haemorrhage is the loss of blood 
from the circulation. Haemostasis is the property of the blood circulatory 
system whereby the circulating fluid is kept within the vessels. Heparin and 
heparinoids possess marked antilipaemic activity, i.e. the administration of 
these compounds results in the appearance in the circulation of enzymes 
which hydrolyse lipid attached to protein in the plasma or in a test substrate 
system. 

Mucopolysaccharides 

Mucins, mucoids, mucoprotein and mucopolysaccharide, are terms which 
have been used for various materials isolated from natural sources. The names 
first referred to the physical properties or viscosity of the materials. However, 
as they were subjected to chemical study, it was found that a part of the 
molecule was a substituted carbohydrate. I t  has been found that the common 
constituent is the amino sugar, 2-amino-2-deoxy-~-g~ucose or D-glucosamine. 
Also frequently found are the uronic acids, glycuronic or galacturonic acid, 
and sulphuric acid. When simple hexoses are present @hey are usually glucose 
with mannose. Jeanlozl’ has recently defined these terms more precisely, 
giving more meaningful equivalents. Mucus andfor mucoids are glycopep- 
tides or polysaccharide-protein complexes. A mucopolysaccharide may be a 
polysaccharide-protein complex, a glycoprotein, or a polysaccharide (dis- 
tinguished by containing an amino sugar). In  the last case, it is a glyco- 
saminoglycan. When in addition it contains an acid or is an acid muco- 
polysaccharide, it is a glycosaminoglycuronoglycan. The commonly occurring 
mucopolysaccharides are shown in Table 3.1, with their chief components. It 
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has been assumed that the major objective in studying mucopolysaccharides 
has been the removal of all protein and peptide from the preparation. Now 
it is realized1$ that many of the biological actions of mucopolysaccharides 

Table 3. I .  List of' rnucopo1ysaccharides''~ l* 

Chief components 
- .. _____.- 

N-acetylgalactos- 
amine-4-sulphate; 
glycuronic acid 

New nomenclature 
(Jeanlor) Common names Location 

Aorta, bone, 
cartilage, 
cornea, lig. 
nuchae 

Chondroitin sulphate A Chondroitin 
4-sulpha te 

Chondroitin sulphate C 

Keratosulphate 

Chondroitin 
6-sulphate 

Keratan sulphate 

N-acetylgalactos- 
amine-6-sulphatc; 
glycuronic acid 

Cartilage, 
nucleus 

tendon 
pulposus, 

Chondroitin sulphate B 
(@-heparin, dermotoidin 
sulp hate) 

Chondroitin 

Dermatan sulphate N-acetylgalactos- 
amine-4-sulphate; 
iduronic acid 

N-acetylgalactos- 

Aorta, heart 
valves, lig. 
nuchae, skin, 
tendon 

Cornea 
amineglycuronic 
acid 

N-acetylglucosamine- 
6-sulphate; 
galactose 

Bone, cornea, 
nucleus 
polposus 

Mixture of heparan 
sulphate, dermatan 
sulphate and 
heparin 

N-acetylglucosamine- 
6-sulphate; N- 
sulphato glucos- 
amineglycuronic 
acid 

N-acetylglucosamine- 
glycuronic acid 

Heparin monosulphuric 
acid 

Heparitin sulphate 

Intestine, lung 

Heparan sulphate Amyloid, 
aorta 

- 
Hyaluronic acid Synovial fluid, 

vitreous 
humour 

Hyaluronic acid 

1 

depend on their relation to protein and that more is involved in this than 
salt linkages. 

Heparin may be classified as a mucopolysaccharide on the basis that it 
contains glucosamine, but it has very distinctive properties, and it is better 
to recognize a separate class of natural compounds, the heparins or hepar- 
inoids. In this review, the term mucopolysaccharide is limited to the sub- 
stances in Table 3.1, as distinct from the heparins and heparinoids, listed in 
Table 3.2. Sulphation of mucopolysaccharides results in heparinoids when 
the product resembles heparins in the chemical and biological properties 
included under definitions. An important biological difference is that the 
typical mucopolysaccharides, such as the chondroitin sull/huric acids, are the 
important structural materials of connective tissue, while the naturally 
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occurring heparins and heparinoids are trace substances and appear to be 
associated with special cells. 

Hebarins and Heparinoids 

Heparins and heparinoids are grouped in Table 3.2. Some are naturally 
occurring compounds, whilst others are derivatives prepared from heparins 
or from mucopolysaccharides. Semi-synthetic compounds have been pre- 
pared by degradation of natural polysaccharides followed by sulphation with 
chlorsulphonic acid or methyl sulphate20. The common activities shown by 
the heparins and heparinoids-complexing with organic bases and proteins, 
antilipaemic activity and anticoagulant activity-are also shown by various 
sulphonic acid dyes and by polyphosphates. The table is completed with a 
list of those preparations that have been issued to provide depot preparations 
of heparins and heparinoids. 

Table 3.2. Heparins and hcparinoids 

Origin and name 

Beef a-heparin 

Pork a-heparin 

Whale-heparin 

Dog-heparin 
Clam heparin 

( Mactrus pussula) 
(Artica islandica) 

Duodenal heparinoid 

Heparinoid intestine 
Heparinoid pancreas 
Seaweed polysaccharides 

Heparamin 

Name 

Oxidized heparin 
y-heparin 
N-resulphated heparin 
Resulphated heparin 

N-Benzyl heparamine & N- 
monomethyl-3,5-dimethyI- 
benzhcparide amide 

N-heparyl- N'-n-butyl urea 

N- (2,4-Dimethylbenzoyl, N- 
desulphoheparin) 

A. Katuially occurring 

Components 
Common or com- 

mercial names 

6-SO4-N-SO,-glucosamine, Heparin, liquemin, 
2- or 3-S04-glycuronic acid thrombophob 

6-SO4-N-SO,-glucosamine, Heparin 
2- or 3-S04-glycuronic acid 
2- or 3-S04-iduronic acid ( ?) 

N-SO,-glucosamine, N-acetyl- 
glucosamine, SO,-glycuronic 
acid (21) 

3 

? Mactin A 
? Mactin €3 

Sulphated glucosamino- Epd. D (22) 

Glucosaminoglycan (23) 
glycuronoglycan Ateroid 

Glucosaminoglycan 
? K-carrageenin 

A-carrageenin 
Glycuronic acid, glucosamine, 

sulphuric acid Aretid 

B. (i). Derived from heparins 

Common or com- 
Derivation mercial names 

Heparin with H,O, (24) 
N-desulphated heparin Heparamine (25) 
Chlorsulphonic acid + y-heparin 
Chlorsulphonic acid + hydro- 

lysed heparin 

chlorides 
y-heparin conjugated with Heparides (26) 

y-heparin Urea derivatives of 
+ an isocyanate heparin (27) 
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B. (ii). Derived f rom mucopolysaccharides 

Name 
Common or com- 

Derivation mercial names 

Sulphated mucoitin sulphuric Chlorsulphonic acid and Elheparin 

Sulphated chondroitin sulphuric 

Sulphated hyaluronic acid 

N-sulphated deacetylated blood 
group A mucopolysaccharides 
of hog gastric mucosa2* 

acid ester mucoitin HSO, Eleparon (R) 

acid 
Chlorsulphonic acid and chon- 

Chlorsulphonic acid and hyalur- 
droitin sulphate A or C 

onic acid 

C . Subhated polysaccharides 
(common or commercial names in brackets) 

Sulphuric acid esters of: cellulose, starch, snail polysaccharides (charonin sulphuric acids), 
glycogen, inulin, trihexosan (sulphopolyglucan, SPG), polyglucose, polylactose, dextran 
(dextran sulphate, dexulate, angerin), laminarin (laminarin sulphate), xylan, galaktan, levan, 
levoglucosan, carrageenin, alginic acid (Norgine, Paritol), pectin (Eparoid, Heparoid, 
Treburon, Thrombostop, G3 1150, Stypturon), pectinic acid (Frenemo, Mepesulphate), 
polygalacturonic acid-methyl ester-methyl glycoside, chitin, chitosan, gum arabic, malto- 
triose, maltotetrose, maltopentanose, N-formylchitosan (R01-8307) 

D. Other sulphated compounds 
(common or commercial names in brackets) 

Sulphuric acid esters oh tri-@-hydroxyethyl-/?-propane tri-carboxylic acid ammonium 
(ThromboHolzinger), polyethylene sulphate sodium, polyanethol (liquoid), polyvinyl 
alcohol (elvanol), yeast nucleic acid, lignin, saponin, tannin, oromucoid, proteins 

F. Aryl polysulphonates E. Sulphoni: acid dyes 
G. Polyphosphates 

Phosphorylated hesperid,in, K sodium polyphosphates, polymetaphosphates. 

H. Depot Preparations 

Heparin + 10 per cent polyoidone + I per cent procaine (Htparine-retard, Chocy); 
40,000 I.U. heparin/ml. 4- 20 mg ephedrine HCL (Heparin retart ‘Richte (R)’, Depot- 
Thrombophob (R)) ; heparin + ? (Liquemin Depot (R)),  50,000 I.U./2 ml. (Heparin-Depot- 
Noro (R)). 

With the exception of one activity (the power to prevent clotting of whole 
blood), the naturally occurring prototype is not remarkably different from 
many of the compounds which have been prepared. However, it was the 
ability of the material prepared by Howell from dog liver and to which he 
gave the name heparin, to prevent clotting of blood, that first aroused 
commercial interest in these substances. It was, therefore, a matter of chagrin 
that the first commercially produced purified heparin proved to be weaker 
than Howell’s reported purified material. This dilemma was resolved when 
it was shown that dog heparin had two and a half times the potency of beef 
heparin in this particular activity. This difference is well established and has 
been shown by four different laboratories using their own assay methods. 
Further differences have been shown to exist in heparin from other mam- 
malian species, including pigs, sheep and rats29, and recently from one species 
of whale (Balaenoptera physalus Linne30), which has higher activity than dog 
heparin. These heparins also show differences in solubility. This is most 
marked with heparin from mast cell tumours31; Green and Day32 drew 
attention to a ‘unique heparin’ on this basis, in the rat and mouse. 
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A number of authors have used the prefix a- to denote the commonly used 
commercial heparin, prepared from beef or pig tissues. Japanese workers30 
have extended this scheme by calling whale heparin, w-heparin. On this 
basis dog heparin becomes d-heparin. At present there is no rational basis 
for the different use of ‘heparin’ and heparinoid’. It appears to be common 
custom to reserve ‘heparin’ for material with high anticoagulant activity and 
‘heparinoid’ for that with lower anticoagulant activity. As present-day 
semi-synthetic compounds have lower activity by the U.S.P. assay (it is 
shown later that this is not necessarily true for in uiuo assays) they are called 
‘heparinoids’. The presumption is that when one is obtained with higher 
activity, it may be termed a ‘heparin’. As shown in the later section on blood 
coagulation tests (tests of anticoagulant activity), these measure so many 
diverse parameters that relative activity does not provide a sharp dividing 
line. Possibly ‘heparin’ should have been reserved for the material to which 
Howel133 originally gave the name-the anticoagulant obtained from dog 
liver. As this was not done, ‘heparin’ now denotes a commercial product of 
variable origin and composition. ‘Heparinoid’ denotes the whole class of 
substances listed in Table 3.2. Where it is necessaEy to insert modifiers, such 
as species or tissue of origin or chemical treatment, they should be inserted in 
the text or by the system of prefixes suggested-w for whale, d for dog, y for 
N-desulphated, m.c. for mast cells, and so on. 

It appears that the main chemical structure of heparin as determined by 
degradation studies by the research groups of Wolfrom, Meyer and 
is an OL-D-( 1+4) linked backbone structure of alternating hexosamine and 
uronic acid in which the hexosamine is 6-S04, N-SO,-glucosamine and the 
uronic acid, 2- or 3-SO4-glycuronic acid. The ratio of 2.5-2.6 rather than 
3.0 SO4-for residues/nitrogen atom suggests that not all the uronic acid 
residues contain 0-sulphate groups. Cifonelli and D ~ r f m a n ~ ~  have identified 
iduronic acid as a component in pork ( ?) heparin. Other workers3’ found 
evidence of a (1-+6) linkage of uronic acid to glucosamine. Gibbons and 
Wolfrom38 found all but 6 per cent of the amino groups were sulphoamino 
groups. Whale heparin ,contains both sulphoamino and acetylamino 
groups21. (See reference 268 and note on p. 198.) 

While the secondary level of chemical structure is thus being elucidated, 
it is becoming evident that the special biological activities of heparin can only 
be explained by the tertiary level or orientation of this structure. The linkage 
structure is related to amylose and after desulphation and reduction of 
carboxyl, heparin is hydrolysed by B-amyla~e~~. This suggests it may exist in 
a helical structure. The low reducing value indicates either a high degree of 
polymerization or a cyclic structure. 

Different values are given for the molecular weight of heparin as estimated 
by different methods by different investigators. The high electrostatic charge 
from the high concentration of acid groups (five sulphate and two carboxyl 
groupsltetrasaccharide unit) interferes with many of the determinations used 
for polymer size and shape. Measurable viscosity is often due more to accom- 
panying protein or polysaccharide present than to the heparin or heparinoid 
present. A number of authors have used molecular weights of the order of 
18,00039, 1 7,O0O4O, 16,00024 and 19,7OO4l. Other studies provide values of 
8000-14,000, giving a mean of 1 1,900 f 20042. From vis~ositydata~~ and from 
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sedimentation and light scattering studies44, molecular weights from 7600 to 
1 1,800 have been reported for different samples and fractions of heparin. 

COMPLEXING PROPERTIES OF HEPARIN, 
HEPARINOIDS AND MUCOPOLYSACCHARIDES 

A property shared by all these substances is the ability to form complexes 
with many other substances. Collagen is a complex of protein (gelatin) and 
chondroitin sulphuric acid A, which may be dissociated by calcium chloride 
solutions and recombined again to give fibres. Complexes with many proteins 
have been described for heparin, heparinoids, mucopolysaccharides and 
alkylbenzene~ulphonates~~ on the basis of insolubility of the products which 
have well-defined electrophoretic patterns. Complexes are also formed with 
various organic bases (e.g. benzidine, brucine, long chain aliphatic poly- 
amines) and with dyes. Complexing is due both to ionic forces (salt forma- 
tion) and non-ionic forces (hydrogen bonding). While the reaction involves 
initially the acid groups of the heparinoid and the amino groups of the organic 
base or protein, matt hew^^^ concluded from a study of the complex with 
Co(NH,)g+ that the binding affinities depend largely on electrostatic 
interactions between neighbouring charged groups on the polyion. This 
explains the high affinities of heparin preparations. The degree of association 
or dissociation of such complexes depends on the affinity of the substance for 
the heparinoid or mucopolysaccharide, on the pH value, and on the concen- 
tration of other ions (including inorganic salts such as sodium chloride). 
Dissociation of the complex can be accomplished with alkali or strong neutral 
salt solutions, and this is used in the preparation of these substances. The 
formation of complexes4' may be demonstrated by direct observation of the 
formation of the compound, by the alteration in the properties of the 
heparinoid, or by the alteration in the properties of the base. Direct analyses 
have shown that the new compound lacks the inorganic cation of the original 
heparinoid and the inorganic anion of the original amine, so that essentially 
a double decomposition has occurred. Complexing also occurs with smaller 
molecules such as inorganic salts and simple organic bases and is particularly 
important for the pharmacologist when using heparin. 

1 

Organic Rases and Hirtamine 

Benzidine, cetylpyridinium chloride (C.P.C.), cetyltrimethyl ammonium 
bromide (cetavlon) and other long chain amines form insoluble complexes 
with heparinoids and are universally used as precipitating agents for hepar- 
inoids. The solubility characteristics in salt solutions have been established 
by Scott4*. B r ~ c i n e ~ ~  and ch01 ine~~~  also give crystalline complexes with 
heparin in the presence of aqueous alcohol and acetone. The choline complex 
shows no loss of cholinergic activity, indicating complete dissociation in 
solution. 

The close association of histamine and heparin release in anaphylactic 
shock and in peptone shock suggests that complexes of histamine and heparin 
are held in biological systems. Histamine binds heparin in vitro, as shown by 
displacement tests, by dialysis, and by paper chr~matography~~. Dextran 
sulphate, polymannuronic acid sulphate, polysulphated xylan and the 
N-succinyl derivative of de- N-sulphated heparinb1 give compounds with 
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histamine, whereas chondroitin sulphate or the de-N-sulphated heparin do 
not. The neutralization of the anticoagulant action of heparin by histamine 
has been described52. Similarly, hypertensin may be bound to heparin in 
vitro and the hypertensin can then be liberated by compound 48/8053. 

Metachromasia of Dyes 

One of the most distinctive properties of these compounds is that of meta- 
chromasia. Heparin, heparinoids and mucopolysaccharides combine with 
any dye which possesses free amine groups. Some dyes change colour and 
this change of colour is termed metachromasia. Such metachromatic dyes 
are: azure A, tohidine blue, Bismarck brown, brilliant cresyI blue, cresyl 
violet, bromcresyl blue, neutral red, basic fuchsin, pyronin, and a~r i f l av in~~ .  
The change of colour is due to a shift in the light absorption band of the dye 
to a shorter wave length and is different from the effect of pH on the dye. 
The dye commonly used is toluidine blue which changes from blue to red. 
The light absorption of the dye at  610 mp is decreased when heparin is 
added, and a new absorption band at 505 mp is observed (see Figure 3.1). 

The colour change is also produced by phosphomolybdate and porcelain 
and it may be related to polyelectrolytes. While mucopolysaccharides give 
the reaction, heparin and heparinoids are distinctive in that they produce the 
colour change in highly dilute solutions (such as 1 mg/l00 ml.) and with 
inorganic salts present. Some heparinoids have greater metachromatic 
activities than he~ar in5~.  The colour change (but not formation of the 
complex) is suppressed by alcohol and by heat. It can be produced in dilute 
aqueous solution, on paper chromatograms and microelectrophoresis 
agarose slides, by thick-layer chromatography and in tissue sections. While 
only heparin and heparinoids give this colour when present in trace amounts, 
the much larger amounts of mucopolysaccharides in tissues and tissue 
extracts, give a positive result. The staining is localized to the ground sub- 
stances of connective tissue, cartilage, and the mast cells. Important in 
staining are dilution, pH, staining time, solvent, dehydration, and pretreat- 
ment. Vitry56 states ‘Following the work of Lison, one would like to attribute 
to metachromasia a specific value for identification of sulphated poly- 
saccharide. But the discovery of other chromotropic substances, the lack of ’ 

knowledge of the intimate mechanism of metachromasia and the technical 
difficulties of staining makes metachromasia specificity questionable’. 

Plasma Proteins 

Heparinoids and mucopolysaccharides react with, and modify, many of the 
plasma proteins. Heparin combines with fibrinogen, globulins and albumin. 
As judged by electrophoresis and various types of analysis and staining, the 
particular pIasma protein components with which heparin combines are 
dependent upon the concentration of protein, concentration of heparin, 
pH value, and salts present. This explains the somewhat contradictory 
statements in literature about combinations of heparin with plasma proteins. 
The combination may result in change of solubility of the protein and reverse 
protein tests58. Heparin can modify the murexide reaction for calcium in 
serum59 by affecting the calcium-protein-heparin complex. Many heparinoids 
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can be precipitated, for example cellulose sulphuric acid, liquoid Roche, 
starch sulphuric acid, cellulose sulphuric acid, cellulose glycollic acid and 
chitin sulphuric acid. Precipitation depends on the concentration and amount 
of polysaccharide, salts present, and pH. The precipitation of fibrinogen by 
dextran sulphate occurs with all dextran sulphates below the isoelectric 
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Figure 3. I .  Absorption spectra for azure A solution with heparin. 
Beckman DK-2 Spectrophotometer. 
Azure A concentration 13 pglml. 
1 = Reference solution or Azure A alone; 

2, 3, 4, ?, 6 = 0.7, 2.1, 2.9, 5.0, 6.4 pg. 
International Standard heparin/ml. added. 

point6’, hut above the isoelectric point this only occurs with dextran sulphates 
of molecular weight 129,000-458,000. Heparin appears to be specific for the 
precipitation of cryofibrinogen62, and Waldenstrom’s macr~globul in~~.  With 
globulins, heparin and a number of sulphated polysaccharides appear to 
precipitate specifically the serum p-lipoprotein fraction. Burstein and 
SamailleB4 have developed this into a useful quantitative method for the 
determination of p-lipoprotein, and a method for isolating these proteins for 
the production of specific antibodies. 
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Blocking Agents for  Hefurinoids 
Many complex bases possess a sufficiently high affinity to block the activity 
of heparinoids in biological systems (anticoagulant, antiiipemic, meta- 
chromatic activity, etc.) . Examples of these are trypaflavins5, toluidine 
blue5’, tetracyclines (aureomycin and tetramycin)w, stilbamidine isothion- 
ates7, polybreness, DDP (1,5-dimethyldecamethylene polymethyl bromide), 
hexadimethrine, histone and globin69, and protamine70. Antiheparin factors 
are present in tissues71; both lipid with antiheparin properties72 as well as 
basic proteins such as histones. When toluidine blue, trypaflavin, stilbamidine 
isothionate, and protamine sulphate were tested for neutralization of anti- 
coagulant activity, 1 mg of mucopolysaccharide was neutralized by toluidine 
blue, trypaflavin, stilbamidine and protamine as follows : heparin 4-50, 
2.32, 2.18 and 2.02 mg; dextran sulphate, 4.00, 1.55, 1.40 and 1 a 0 0  mgS7. 
In viuo, protamine takes longer to neutralize paritol than heparin73 and since 
larger doses of heparinoids are used, larger doses of protamine are required 
and may be toxic. Blocking agents for heparinoids (protamine, etc.) usually 
have anticoagulant action, and so blocking heparin and heparinoids requires 
exact equivalence. The effectiveness of these agents in counteracting heparin 
is also limited by other factors, such as the number of platelets presentsn. 
Heparin is counteracted by the substance in platelets (platelet factor 4), 
whereas polybrene is partially neutralized by adsorption onto the surface of 
the platelets. Polybrene is adsorbed by red cells, heparin is not, and platelet 
factor 4 is not an antipolybrene. 

Action on Enzymes (including Fibrinohsin) 

Heparin forms typical adducts with crystalline trypsin and crystalline 
chymotrypsin when tested at pH 4.0. The compounds are easily dissociated 
since 40 per cent of the theoretical trypsin activity and 130 per cent of 
theoretical heparin activity can be observed74. The adduct is more stable 
than trypsin. Heparin and heparinoids also form complexes with pepsin at 
pH 5.5-4.5. Direct inhibition of peptic activity is observed with u-heparin 
being more effective than PSCl6> carrageenin>degraded carrageenin> 
chondroitin sulphate and B - h e ~ a r i n 7 ~ ~ ~ ~ .  van Haeringer~?~ concludes that 
with pepsin, trypsin and chymotrypsin, heparin does not cause inactivation 
of the enzyme but affects the substrate, particularly denatured protein. 
Proteolytic activity found in rabbit brain thromboplastin and in Russel 
viper venom, is inhibited by heparin, but heparin has no effect on ‘reptilase’. 
Trace amounts of heparin and Elheparin appear to activate proteolysis by 
human serum and skin, while larger amounts inhibit it. This is also seen with 
the arginine esterase activity of 

The close relationship of the chief proteolytic enzyme system of plasma, 
the plasminogen system, to coagulation changes has led to many studies on 
the relationship of heparin to fibrinolysin. Heparin does not inhibit plasmin, 
or the fibrinolytic activity of Asper<qillus proteus, but inhibits various fibrino- 
lytic activators directlyn0. For antifibrinolytic activity, heparin requires a co- 
factor found only in plasma, and this may be the heparin cofactor itself. 
Heparin therefore may lack antifibrinolytic activity on a purified system due 
to the lack of this factor79. Buluk and Januszkosl report that fibrinolysis of 
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bovine plasma globulins is more rapid with than without heparin, that is, an 
activation occurs by inhibition of antifibrinolysin. /3-Heparin, chondroitin 
sulphate and hyaluronic acidss2 have similar activity while cellulose tri- 
sulphuric acid and alginic acid have a greater activity than heparin, and 
neutral polysaccharides have little effect. Ateroid only acts to normalize the 
fibrinolytic system when inhibition is present as from the increase in anti- 
plasmin with lipaemiaS3. D-Xylan polysulphuric ester (SP,,) 84 causes a 
decrease in antiplasmin activity of plasma and no reduction in antitrypsin 
activity. Halses5 considers that the beneficial effect of heparin in cases of 
thrombosis is to be attributed in part to the lytic action produced, due to the 
activation of the precursor of fibrinolysin with heparin. Further, the inhibi- 
tion of fibrinolysis in plasmas seems to be associated particularly with the 
@-lipoproteins and chylomicras6. This means then there is a significant 
relationship between the effects of heparinoids on the production of clearing 
factor and on the removal of inhibition of fibrinolysis. This is to be distin- 
guished from any effects of heparin on fibrinolysis in uitro. 

While heparin increases the temperature stability of trypsin and thrombin, 
it increases the instability of B-amylase, even though it shows no immediate 
inhibition. A slow reaction occurs leading to irreversible inactivation of 
amylase, probably due to salt formation followed by denaturation of the 
protein with the formation of higher complexess7. Heparin has no effect on 
the serum or plasma amylase activitiesss. 

Heparin, de-esterified nitrated hyaluronic acid, the related sulphonic acid 
dyes (e.g. chlorazol fast pink) and a non-specific inhibitor of rabbit and 
human serum, all inhibit various hyaluronidases from different sources but 
there are great differences, depending on substrate, enzyme and inhibitor. 
As inhibitors, cellulose trisulphuric acid and chitin disulphuric acidss are 
much stronger, while treburon is similar to heparin. 

Heparin, liquoid, farmaso, congo red, trypan blues1, and treburons2 
inhibit egg-white lysozyme. In  fact, heparin and lysozyme mutually inhibit 
each other in vitro and even in uiuo, as prolonged treatment with heparin 
results in reduction of salivary lysozyme values. 

Pancreatic ribonuclease is markedly inhibited by heparinoids but not by 
mucopolysaccharides, with sulphated polyvinyl alcohol>sulphated corn 
amylose>sulphated cellulose>sulphated corn amylopectin>sulphated 
dextran, sulphated pectic acid, polyvinyl sulphonate with 21.7 per cent 
sulphur>sulphated nitro chitin, sulphated nitro chitosan and heparinQ3. 
Single injections of heparin in mice result in significant inhibition of the acid 
alkaline ribonuclease of the liver after the injections4. This probably explains 
the accumulation of ribonucleic acid in tissue culture cells in the presence of 
heparin. Heparin also inhibits rat acid phosphatase, glucuronidases5, 
catalaseg6, fumarase and elastase. 

Possibly the most important relationship of heparin to enzymes is with 
liproprotein lipase, which is a mucoprotein containing mucopolysaccharide. 
I t  is remarkable in that (like the coagulation system) it is inhibited by both 
polycations and polyanions. This is not due to the formation of different 
components with enzyme and substrate, as the kinetics are the same for both 
inhibitions. While change in ionic concentration or pH has little effect, the 
inhibition must be fundamentally electrostatic. The relative activity of 
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various cations is such that high molecular weight compounds have greater 
activity than low molecular weight, e.g. dextran sulphate is more active than 
heparin. Highly branched compounds are much less active than other 
compounds. Dextran sulphate is a non-competitive inhibitor with both 
soluble lipoproteins and activated coconut oil, while heparin and PGS show 
no inhibition on soluble lipoproteins but give competitive inhibition with 
activated coconut oil. K ~ r n ~ ~  concludes that the polyanion and substrate are 
bound at  neighbouring sites of the enzyme. 

Haemolysis and Anticomplementary Activity 
When a number of substances were tested for the inhibition of in vitro 
haemolysis and agglutination of red blood cells by anti-erythrocyte serumg8, 
the minimum active concentration in parts per million was : heparin 
(1 :1000), liquoid (1 :100,000), sulphomucoitin (0.05), treburon (0.1-1), 
germanin (0.1), protamine ( l ) ,  neodymium salt ( l ) ,  whilst /?-heparin, 
sodium citrate, potassium oxalate, and dicumarol anticoagulants gave no 
inhibition. Haemolysis caused by saponin, digitonin, and sodium tauro- 
cholategg was not affected by heparin, /?-heparin, sodium polyanethole- 
sulphate, or treburon, whereas haemolysis with cobra and bee venom was 
inhibited by these substances in high dilutions. Both sets of results suggest 
that the effectiveness of heparin and related compounds in inhibiting 
haemolysis is associated with the attachment of antibody or enzyme to the 
cell. Heparin causes slight spontaneous haemolysis. It interferes with a 
number of important serological reactions. Heparin reverses the L.E. reac- 
tion in systemic lupus erythematosus. In  idiopathic acquired haemolytic 
anaemia (IAHA), heparin causes reversal of the positive direct and indirect 
Coomb tests, and when used for treatment results in objective haematological 
improvementloo~lol. Heparin has also been successfully used for paroxysmal 
nocturnal haemoglobinuria. 

Panasewiczlo2 found that heparin prevented shock from transfusion of 
heterogenous blood in cats and rabbits (outdated human blood Group B). 
I t  also prevented the heterohaemolysis in v iuo and in uitro but not the hetero- 
agglutination in uitro, and he found this was due mainly to the inactivation 
of complement. With the specific blood group reactionslo3, the intensity of 
the iso-agglutinin reaction is decreased by pure heparin, thrombophob, 
thrombocid and Elheparin in 20 per cent albumin. All have the same effect 
on the anti-D reaction in sodium chloride but in 20 per cent albumin with 
AB serum, heparin, liquemin, thrombophob, and heparin vitrum cause an 
increase in the reaction, thrombocid causes a decrease and Elheparin has no 
effect. 

I t  was early discovered that heparin interferes with the action of comple- 
mentlo4. However, cellulose sulphate, polyvinyl sulphatelo5 and high mole- 
cular weight dextran sulphateslo6 are much more effective anticomplement 
agents than heparin. The overall factor appears to be ‘the charged surface 
area available for interaction of globulin components of complement’. The 
property is one shared by many high molecular size acids and bases, including 
germanin. Polysaccharide sulphuric acid esters prevent the fixation of C, and 
C, as well as the action of C, of complementlo7. The combining site of the 
anticoagulants for complement, according to Kleinlos, is to an unknown 
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complement factor, CM. C, is bound to red cells only when CM and possibly 
other factors are present. The complementary function of guinea-pig serum 
poisoned by heparin or liquoid is restored not only by addition of complement 
iwctivated by other means, but also by the addition of egg-white and gum 
arabic. Hence, the inhibition is a blocking action in which the structures are 
preserved, and it can be removed by other protein, including protein in 
plasma and serum. In specific blood group reactions of isoagglutinins and 
agglutinating or conglutinating Rh antibodies, the heparin and heparinoids 
may increase or decrease intensity of reaction, depending on blood, heparin 
and diluentlOg. Heparin and chondroitin sulphate can participate in various 
fixation tests such as the latex fixation testlIO for rheumatoid arthritis. 

BIOLOGICAL REACTIONS OF HEPARIN AND 

HEPARINOIDS 

The ability of heparin and heparinoids to complex with organic bases and 
proteins results in many significant biological effects. An interesting model 
for the biological effects of heparin as an ion exchange and adsorption agent 
is indicated by the data of Palos and Kocsanlll and others. Leuco-methylene 
blue undergoes oxidation more quickly in an anaerobic system in the pre- 
sence of heparin, as the dye is adsorbed onto the surface of the heparin and 
then becomes more sensitive to oxidative influences. 

Viruses and Lower Forms of Li$e 
In 1942, Cohen112 found that heparin, hyaluronic acid and chondroitin 
sulphuric acid precipitated plant viruses, including tobacco mosaic virus, 
and in this way several viruses were obtained in crystalline form. In tissue 
culture, heparinoids show a potent reversible inhibitory effect on the early 
interaction of Herpes simplex virus and ce11s113, with a minimum inhibitory 
concentration of 1 pg polyvinyl sulphate/ml. Effects have also been observed 
with encephalomyocarditis. Heparin has been identified as a component of 
the virulence-enhancing factor of hog gastric mucin. 

Heparin at high  concentration^^^^ stimulates and later inhibits pseudopod 
formation in amoeba proteus. It is reported to have a comutagenic effect 
with x-rays115 on Streptomyces globisporus, to have various effects on growth of 
plant seedlings, and to cause impairment of regeneration in planarians116. 
With frogs and invertebrate eggs, heparin reduces the number of dividing 
cells obtained by pricking117 and it blocks mitosislls. Heparin, but not 
chondroitin sulphuric acid, stimulates the growth of tadpo1es1l9. 

Tumours and Tissue Culture 
Heparin causes a reduction in mitotic index and a decrease in tumour 
volume for Ehrlich ascites tumours in mice120. Polyethylene sulphonates 
having molecular weights between 15,000 and 35,000, also have antineo- 
plastic activity in mice against ascites tumours, carcinomas and leukaemiaslzl. 
Heparin has been found to reduce markedly the number of pulmonary 
metastases in rats receiving intravenous Walker 256 carcinoma cellslZ2. 
Evans blue in the presence of a sulphated pectin entered tumour cells but 
not normal tissue cells123. The anti-immunochemical action of heparin has 
been used successfuIIy for tumour h e t e r o g r a f t ~ l ~ ~ * ~ ~ ~ .  
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Fischer's initial interest in heparin was aroused in 1928 when he found that 
it affected growth and differcntiation of cells in tissue culture29z. Mucopoly- 
saccharides markedly increase aggregation of chick embryo cells which have 
been dissociated with trypsin, the decreasing order of activity being hyalur- 
onic acid>chondroitin sulphate C> chondroitin sulphate A >heparin and 
carboxymethylcellulose. Heparin has no effect on strain L cells, apparently 
because it enters the cells and is then degradedlZG. Heparin also inhibits the 
cytochrome oxidase and succinic dehydrogenase of cultures from malignant 
turn our^^^^. There appear to be significant differences in permeability for 
heparin of cells of different origins. Paff, Sugiura, Bocher and RothlZ8 con- 
cluded that the ability of heparin to inhibit mitosis is due to interference with 
the metabolism of nucleoproteins, as in hanging drop tissue cultures, fibro- 
blasts showed marked accumulation of ribonucleoprotein. When heparin is 
added to nuclei of rat liver, kidney or brain, there is a release of gel due to the 
release of DNA from nucleilZs. Heparin aIso causes a dramatic fading of 
nuclei of ascites cells when they are freeze-thawed130. The injured plasma 
membrane allows the entrance of heparin resulting in dispersion and loss of 
the usually insoluble nucleohistones. DNA synthesis with parenchymal liver 
cell proliferation in normal adult rats131 is increased by heparitin sulphate) 
heparin>chondroitin sulphate B>chondroitin sillphate A and chitin> 
polystyrene sulphate (no activity). Heparin and heparinoids prevent the 
inactivation, by a proteinase, of ribonuclease by liver homogenates. Heparin 
prevents the toxicity of human sera to mouse cells in tissue culture132. 

Effects on Blood Cells 

A number of workers have reported that heparin causes thromb~cytopenial~~;  
the effect is transitory and is probably due to the temporary clumping of 
platelets which are trapped in the capillaries, with the result that thrombo- 
cytopenia is much more marked in capillary Cellulose, like dextran, 
glycogen, pectan, mannan and xylan, causes slight leucopenia, marked 
increase in sedimentation rate, marked rise in body temperature, and no 
change in blood or respiration. Cellulose sulphuric acid ester has no effect 
on the sedimentation rate and only slightly increases the body temperature 
while xylan sulphuric acid ester causes a pronounced leucocytosis, but no 
change in sedimentation rate or body temperature. Cellulose glycollic acid 
ether causes a leucocytosis but no change in the other pa rame te r~ l~~ .  Dextran 
sulphate of molecular weight over 40,000 causes platelet and white cell 
agglutination whereas lower molecular weight dextrans have little or no 
effect on blood cells136. The difference is probably due to difference in nature 
and behaviour of non-ionic complexes formed with plasma proteins. The 
larger molecular weight group forms complexes with fibrinogen and u- 
globulin, and these are insoluble under physiological conditions and interfere 
with suspension stability of formed elements. In rats, heparin produces a 
leucocytosis. Cortisone and hydrocortisone cause a lymphopenia, which is 
prevented by heparin and dextran ~ u l p h a t e ~ ~ ' 9 ~ ~ ~ .  I t  is remarkable that 
heparin exerts this effect several hours after the injection of the steroids. In  
calves, heparin produces a lymphocytosis due to mobilization of lympho- 
c y t e ~ ~ ~ ~ .  
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Permeability and Wound Healing 
The addition of heparin to the isolated rat diaphragm previously loaded 
with rubidium 86 results in change of the inflow of rubidium140. Heparin has 
a permeabilizing 'action' which appears to be due to mobilization of bound 
potassium and this can be related to a reduction of calcium in the perfusion 
solution. Karasek and M ~ u r e k l ~ ~  conclude that heparin depresses oxidative 
processes through an effect on cell permeability; it is possible that it adsorbs 
certain substances such as potassium chloride or acetylcholine. In extracor- 
poreal dialysis142, heparin causes an apparent decrease of 60 per cent in 
plasma calcium concentration. Heparin also forms a chelate-like compound 
with calcium ions143. This process is usually unimportant as heparin absorbs 
a maximum of only 5 per cent of its weight of calcium, but with intradermal, 
intramuscular or subcutaneous administration, heparin may deplete the 
capillary walls of calcium and cause them to become fragile. Heparin alsc 
decreases wound strength 6-1 4 days after operation in some experiments1?* 
and may delay the union of fractures in bone repair145. Heparin, but not 
chondroitin sulphate or hyaluronic acid, in tissue culture increases the amount 
of bone resorption in the presence of suboptimal concentrations of para- 
thyroid extracts, and thus may be a cofactor in bone metabolism14s. 

Endocrines and the Kidney 
Pituitary extracts contain some basic protein which may interfere with 
heparin. Although ACTH and heparin have similar effects on endocrine 
weight, body weight, protein metabolism, lipid metabolism, sludged blood, 
anaphylaxis, dispersibility phenomena, and peripheral eo~inophilial~~, 
heparin prevents the eosinopenia and lymphopenia due to ACTH and corti- 
  on el^^. It has no effect on the depletion of adrenal ascorbic acid by ACTH, 
sodium salicylate, adrenaline or histamine, or by cold e x p o s ~ r e ~ ~ ~ ~ ~ ~ ~ .  In 
contrast, protamine blocks the depletion of adrenal ascorbic acid by ACTH. 

In healthy individuals, the 
diuresis test before and after intravenous injection of 50 mg of heparin shows 
a moderate, but not constant, increase in diuresis, and heparin inhibits the 
antidiuretic effect of pitressin. In trained unanaesthetized dogs, 50 mg of 
heparin intravenously causes a three or four fold increase in potassium excre- 
tion within 30 minutes, and this persists for I or 2 hours. This is not due to 
an effect on aldosterone and may be related to its potassium binding power. 
When heparin is given for longer periods of time, pronounced effects of 
heparin on aldosterone may, however, be seen13J54. Heparin, thrombocid 
and other heparinoids with no anticoagulant action, give increased urinary 
output of sodium chloride and water in patients with all types of oedema. 
There is no reduction in renal excretion of 1 0-hydroxycorticosteroids but 
there is almost complete suppression of aldosterone output in patients with 
secondary hyperaldosteronism. The increase of sodium output is much 
greater than is obtained with mersalyl or chlorothiazide in high dosage. 

The hypotensive effect of heparin in h y p e r t e n ~ i o n l ~ ~ J ~ ~  has characteristics 
which make it different from other hypotensive agents, and also different 
from other biological effects of heparin. Keller15' reported that prolonged 
treatment with heparin (1 00 units/kg subcutaneously, three times weekly) 

Heparin has pronounced renal 
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resulted in a lasting decrease of blood pressure to normal levels in rats and 
in patients with essential hypertension. The fall in blood pressure is a slow 
development and not an immediate effect in both animals and man, and 
this eliminates a direct dilator effect. Conditioning with large doses of 
heparin appears necessary and the fall in blood pressure is related to a mast 
cell discharge or effect. 

Pharrnacodynamic E$ects 
The ability of heparin to complex ions and simple bases is important in 
various pharmacological preparations. The decontraction or spasmolytic 
action of the isolated atropinized guinea-pig ileum after histamine contrac- 
tion, however, is due to phenol and cresol in heparin solutions and not to 
heparin itself158. Green, Day and Roberts draw attention to the fact that 
heparin preparations contain more amino compounds than can be accounted 
for by the gluc~saminel~~, and it is these which cause the contraction of 
guinea-pig ileum. The contraction is different in shape from that of histamine, 
is not prevented by antihistamines, and is similar to that of polypeptides. 
Heparin also inhibits trypsin release of bradykinin from serumlaO. 

HeparinlS1 and desulphated heparin163 inhibit the contractions of frog- 
heart, nullify the systolic contracture caused by high calcium concentrations 
and counteract the effects of potassium chloride and acetylcholinelB2. 
Heparin also results in rapid recovery after coolingl64 and prolongs survivaPs2 
of the isolated guinea-pig auricle. 

Heparin165 accelerates pigment formation from DOPA in vitro as well as 
when it is applied intracutaneously in rabbits. This probably explains the 
occurrence of pigment in urticaria pigmentosia. Unghvary, Farkas, Hovanyi 
and F a r k a P  report that heparin intravenously causes a reduction in the 
catecholamine level to about one-third of its original value, and inhibits the 
fluorescence of noradrenalin in uitro. Heparin, dextran sulphate, treburon, 
chlorazol fast pink, germaninlB7 but not dextran, liquoid or negathoP 
antagonized curare in the rabbit sciatic-anterior tibialis preparation. 
Heparin decreases the toxicity of digitalis, ouabain, congo red and crude 
cobra venom169J70 and reduces ouabain toxicity on the isolated rabbit 
auricle and cat papillary muscle171. Panasewicz102 made the interesting 
observation that heparin reduces the excitability of vessel chemoreceptors 
to potassium chloride in isolated perfused limbs of the cat. 

The first clinical trial of heparin in 1934 left an impression that 
heparin had an effect on peripheral blood flow. However, Zahn173 did not 
find an effect on peripheral vessels in hypertensive and sclerotic patients. In 
Raynand's disease174, heparin has been reported to cause increased skin 
temperature, pulse frequency, and a marked increase in arterial supply, 
together with a decrease in duration and severity of induced ischemic 
attacks175. Thrombocid is a vasodilator drug. Gilbert, Fenn and Nalef~kil'~ 
reported in 1949 that heparin and dicumarol have a direct coronary vaso- 
dilatory effect, but Pate1 and Pate1177 showed that treburon is a vasocon- 
strictor of the coronary vessels. In the Shorr and Zweifach test with the rat 
mesoappendix for vasomotor activity on arterioles and capillaries, heparin 
and heparinoids17* show VDM activity (chondroitin sulphate and a- 
heparin > treburon and B-heparin> hyaluronic acid). 
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The heparinoids have actions as antihistamines. Selected cases of acute hay 
fever and asthma were helped by intravenous heparin, particularly for the 
acute attacks. Sufficient clinical improvement was observed to warrant 
further studies that heparin may provide protection against endogenous 
histamine. The combination of basic antibiotic and heparin is valuablel79, 
possibly due to reduction of toxicity of the antibiotic. While heparin has no 
effect on the action of histamine on the cat blood pressure, it suppresses 
histamine-induced gastric acid secretion in Heidenhain pouch dogs176~180. 
Chondroitin sulphate reduces the number of gastric ulcers in the Shay ratlsl 
but polyethylene sulphonates of molecular weights between 15,000 and 
35,000, as well as other heparinoids, produce gastro-intestinal ulcers on 
chronic administratiodZ1. 

The vasoconstrictor action of shed blood tested by perfusion of the rabbit 
ear is markedly decreased by heparin and this was known long before the 
identification of the vasoconstrictor activity as serotonin (5-hydroxytryp- 
tamine). Heparin inhibits the release of both 5-hydroxytryptamine and a 
polypeptidelsz from platelets into plasma, and in vitro there is mutual 
antagonism between heparin and 5-hydroxytryptarninels3. Heparin effec- 
tively antagonizes the effect of serotonin on pulmonary vascular bed and 
bronchial wall musculature and prevents the symptoms of 5-HT releasels4 
in pulmonary embolism, in the cardiopulmonary by-pass, in experimental 
burn injuries1e5 and in carcinoid tumour. 

Protective E$ect Against Trauma and Toxins 

Pulmonary resuscitation experiments in dogs indicate that heparin is 
valuable because it greatly prolongs the period during which blood can be 
movedls6. Both heparin and depolymerized sodium hyaluronate protect 
rats and rabbits from the effects of c o m p r e s ~ i o n ~ ~ ~ J ~ ~ .  On the other hand, 
heparin has no effect on ischemic compression shockls9. Heparin increases 
the survival time of animals receiving lethal burns and tourniquet shocklg0J91 
as well as the speed of repair mechanisms after burns. With trauma (by tumb- 
ling in the Noble-Collip drum), heparin diminished and retarded mortalitylg2. 
Heparin delayed the convulsions and death in mice receiving cardiazole but 
did not affect the mortality incidencelS2 nor have any effect on shock from 
insulin hypoglycemia in rats. Karasek and Mourek141 report that heparin 
gives an increased resistance to nitrogen hypoxia and to cardiazol convul- 
sions, but heparin has no influence on respiratory and circulatory reflexes 
resulting from breathing pure carbon dioxide. In anaesthetized dogs, heparin 
administration193 appears to prevent the production or the release of lactate 
during hypoxia. Higginbotham14 has shown that the ability of heparin to 
combine with toxic bases results in one of its important biological properties- 
protection against lethal agents. In mice receiving 1.6 x LD,, of Russell 
Viper Venom, the 50 per cent protective dose was: heparin 0.55, heparin 
monosulphate 4.0, chondroitin sulphate B 6.7 pg/g with hyaluronic acid, 
chondroitin sulphate A and C, inactive. The protection given by muco- 
polysaccharide was much greater than that with cortisol or immunization. 
As a result of the reduction of toxicity of neomycin in mice with heparin, it 
was possible to give a higher dose of neomycin with high survival with a 
lethal staphylococcus injectionl? 
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Inhibition of Anaphylaxis, Sensitivity Reactions, Injammation 
In 1926, Keyes and Strauserls4 demonstrated that heparin inhibits anaphyl- 
axis in pigeons, and in 1928 Van de Carr and Williamslg5 showed that 
heparin not only inhibits anaphylactic shock in the whole guinea-pig but 
also inhibits the response of the isolated Dale preparation and the broncho- 
spasm reaction of Koessler and Lewis. While heparin may interfere with the 
reaction of antigen and antibody4?, it may act by interfering with some of 
the other steps in development of the anaphylactic symptoms. For example, 
Marx, Bayerle and Skibbelo4, emphasizing that anticoagulant activity is 
not responsible for the inhibition of anaphylaxis, drew attention to the 
possible relation with anticomplementary activity. JohanssonlS6 reported 
later that pretreatment of rabbits with heparin prevented thrombocytopenia 
and the release of 5-hydroxytryptamine from sensitized blood cells in vitro 
and in viuo and suggested that it acts by preventing absorption and release of 
5-HT by plateletslg7. Rothschild and Rocha e S i l ~ a ~ ~ *  showed that heparin 
inhibits formation of anaphylatoxin in rat serum, diminishes anaphylatoxin 
shock and abolishes reversed anaphylactic shock. 

The inhibition by heparin of anaphylactic and sensitivity phenomena 
has been observed as an adjuvant effect of other uses of the drug in patients 
with cutanedus allergic reactionslSg, severe asthmazo0, bronchopulmonary 
diseasezo1, infected otitis17g, and in sensitivity conditions studied in animals, 
for example rat gIomeruIonephritis produced by successive injections of 
horse serum, rabbit nephritis due to nephrotoxic serum2O2, rabbit immune 
nephritis by injection of heterologous antikidney serumzo3, rabbit glomerulo- 
nephritis by injection of y-globulinzo4, rabbit uveitis from antigenzo5, and 
the Arthus phenomenonzo6. With the latter, heparin attenuates the reaction 
so that the symptoms disappear without leaving traces. The effect of heparin 
on allergic phenomena may explain why there are relatively few instances of 
sensitization during heparin and heparinoid therapy207$208. 

The varied activities of heparin in relation to ground substance, pinocy- 
tosis, and biological ion exchange suggests important anti-inflammatory 
functionsz0s. When inflammation is produced from multiple subcutaneous 
injections of egg-white in rabbits with biopsy of connective tissue, it is 
observed that heparin, chondroitin sulphate A, heparitin sulphate, sulphona- 
ted alginic acid, sulphonated chitin and chitosan, sulphopolyglucan (but not 
dextran sulphates) inhibit mononuclear cell exudation210. This effect is not 
reversed by protamine and not correlated with anticoagulant activity. 
Heparin2l1 and dextran sulphate2l2 inhibit activation of the globulin which 
causes increased capillary permeability, as part of the inflammatory exudate 
process, but heparin2I3 has no effect on the sticking of white cells to endo- 
thelium in inflammation. It is interesting that Branceni et aL214 have developed 
a heparin analogue, /3-naphthoyl-heparamine, which they find may be given 
intra-articularly to give a reproducible inflammation. This may be used to 
assay the anti-inflammatory action of salicylates, phenylbutazone, and 
hydrocortisone. 

Antilipaemic Activity 
There is a marked decrease or clearing of lipaemia3,11~z2~z5s when these 
compounds are injected into lipaemic subjects. This is readily demonstrated 
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when two plasma samples are examined from a subject after a fat meal, the 
second sample taken five minutes after injecting heparin. The creamy, 
cloudy appearance of the first sample due to the chylomicra has disappeared 
in the second. This is accompanied by a marked increase in unesterified 
fatty acids and a decrease in total serum glycerides. The most important 
change is the marked loss of all lipids except unesterified fatty acids from 
plasma proteins (particularly the Sf 20-400 fraction). Electrophoretically, 
there is a decrease in the area of the 8-globulin peak, an increase in the 
a-globulin peak, and the formation of a new peak corresponding to the 
a,-globulin or albumin peaks, or with even greater mobility. The effect is 
due to the appearance in plasma of an enzyme, lipoprotein lipase, which 
hydrolyses the triglyceride moiety of lipoproteins. The resulting unesterified 
fatty acids are adsorbed onto albumin and pre-existing lipoproteins. The 
injection of heparin into the fasting individual likewise results in the appear- 
ance in plasma of lipoprotein lipase, as may be shown by testing the p1asm.a 
by adding it to lipaemic plasma, triglycerides with a-lipoproteins, or egg-yolk 
lipoproteins. Albumin is required to adsorb the fatty acid products, which 
otherwise quickly stop the reaction. Perfusion experiments have shown that 
heparin releases the enzyme from isolated hind limb, skin, subcutaneous 
tissue, lung, kidney and intestine but not from the liver. Heparin appears to 
be associated with the enzyme, at least to the degree that removal of heparin 
decreases the stability of the enzyme. The enzyme is a normal constituent of 
many tissues but is released into blood only by special agents. Lipoprotein 
lipase can be produced by the release of endogenous heparin in peptone and 
anaphylactic shock and by all heparinoids and the high molecular weight 
inorganic ions such as phosphotungstate, phosphomolybdate and poly- 
metaphosphate. 

ANTICOAGULANT ACTIVITY 

Blood Coagulation 

The main chemical processes taking place when blood clots have recently 
been completely identified by modern biochemical methods. These reactions 
(shown in Table 3.3) involve the cleavage of prothrombin and of fibrinogen 
to smaller molecular weight proteins, and this is followed by polymerization 
of the fibrin monomer to form the protein of the gel or clot. The cleavage of 
prothrombin yields a number of proteins of lower molecular weight and the 
yield of these varies with the conditions. In addition to several substances 
which have thrombin activity, other protein products have the ability to 
split prothrombin, i.e. they have autocatalytic activity and are called auto- 
prothrombins. Thrombin hydrolyses several basic polypeptides from the 
side of the long cigar-shaped molecule of fibrinogen. With the net loss in 
charge, the molecules then associate to form a polymer. This is further 
cemented together by calcium ions and FSF (fibrin stabilizing factor) through 
disulphide linkages. 

These basic chemical reactions occur when blood clots (the Fuld-Mora- 
witz hypothesis). However, the blood clot is a complex structure derived 
from the blood, in which cells and fluid matrix are held together and to the 
wall of the container by fibres of the protein, fibrin, together with disintegra- 
ted platelets. The rate a t  which sufficient thrombin is formed to provide an 
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effective fibrin clot is modified by various ‘factors’. The rate of clotting of 
blood is measured as the coagulation time, or length of time for a clot of 
fibrin to appear. One might consider the base line as the longest time taken 
for clotting, without the addition of inhibitors. This was achieved by Jaques, 
Fidlar, Feldsted and Macdonald217 as follows: when blood is taken care- 
fully in a syringe coated with silicone and the central portion transferred 

Table 3.3. Protein chemical reactions in blood coagulation215 (as shown by 
chemical criteria) 

+ 1 Autoprothrombin JII 

Thrombin 

Autoprothrombin C 

Mol. Wt.. 24,000 
c 

Mol.wt. = 41,500 

f 

PROTHROMBIN Thrombin E 
Mol.Wt. = 68,900 0.05 M Ca++ (esterase) 

Mol.wt. i 34,000 

Citrate 

trypsin 
cathepsin 
tissue thromboDlastin 

Thrombin 
Fibrinogen -Fibrin Monomer ( f )  + fibrinopeptides A 8 
Mol. Wt.= 340,000 Mol.wt. = 1,900 2,460 

Ca++ 
nf-f,, -Fibrin 

FSF 

to tubes coated with silicone, it takes several hours to clot. When the blood 
comes into contact with glass, it clots in 5 minutes. If a tissue extract is 
added to the blood, it clots in 12 seconds-an accelerated coagulation time. 

For convenience of duplication, it is common to add the blood to a 
decalcifying agent and obtain plasma for the test, which can be recalcified as 
required. Plasma plus calcium plus tissue extract (thromboplastin) consti- 
tutes the prothrombin time test procedure introduced by Quick. The pro- 
thrombin time test involves several steps-preparation of plasma, mixing of 
reagents, and timing of conversion of fibrinogen to fibrin. More information 
can be obtained when these are separated further by timing the conversion 
of a standard fibrinogen substrate at various times after mixing plasma and 
activation mixture. This constitutes the two-stage principle. All these tests 
are dependent on the appearance of sufficient thrombin in a sufficiently 
short time to provide a fibrin clot. The rate of clotting is affected in the 
different tests by material from tissues (the extrinsic thromboplastin which 
is cephalin-protein), by blood cells (platelets, leucocytes, red cells), and by 
materials in plasma (the intrinsic thromboplastin, the formation of which is 
aided by surface contact activating the Hageman factor and antihaemophilic 
globulin). 

By use of suitable factor preparations to modify the coagulation time, a 
great variety of tests has been developed. These have been particularly 
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useful for the differential diagnosis of hereditary haemorrhagic conditions 
(e.g. haemophilia) . Because of the number of partly characterized activities 
and corresponding tests and the great number of workers actively engaged 
in their study, there has been confusion due to multiplicity of terms. In  1954, 
an International Committee was established by the workers themselves, and 
has provided a common denominator for the many synonyms by the use of 
Roman numerals for those influences occurring in plasma. This provides a 
means of communication and even a shorthand description, until such time 
as complete chemical identification makes possible a logical system of nomen- 
clatureZ1*. Blood coagulation schema commonly show the relationships of 
these influences in diagrammatic form (Tab le  3.4). These influences (com- 

Tablc 3.4. Factors involved in the production of thrombin in plasma coagulation tests 
(used in the differential diagnosis of haemorrhagic disease or conditions) 

Extrinsic Intrinsic ____ 
F. XI1 F. XI 

Contact-j / 1 
F. XI1 Act. F. XI Act 

F. II  
F. V = Factor V = Ac-globulin activity 
F. V I I  = Factor VII = Proconvertin activity 
F. VIII  = Factor VIII  = Activity corrective in haemophilia A 

= Factor II = Prothromhin activity (=source of thrombin) 

F. IX = Activity corrective in haernophilia B 
F. X = Factor X = Activity corrective in haernophilia C 
F. XI = Activity corrective in SPCA deficiency 
F. X I 1  = Factor X I I  = Activity corrective in Hagernan trait 

= Factor IX 

= Factor XI 

monly called factors) represent a great diversity of partly characterized 
materials which may be surface forces, lipids, enzymes, or products or 
modifications of the prothrombin molecule. Some of these factors are now 
identifiable as plasma proteins. Others probably represent an activity 
shared by various biochemical substances. Thus, the thromboplastin activity 
in tissue extract has long been known to be associated with a cephalin- 
protein compoundZl9. TrypsinZz0 and hyaluronic acid221 also possess this 
activity. Since the latter is in closer proximity to the blood when a vessel is 
damaged, it may be of greater physiological significance. Presentation of the 
sequential effect of these factors in producing thrombin activity in coagula- 
tion tests, as in Table 3.4, is extremely useful in correlating information on 
the tests. Such diagrammatic schema should not be taken for representa- 
tions of chemical reactions comparable to those depicted in Table 3.3. 
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Tyi3es of Anticoagulants 
Anticoagulants are by definition agents which slow or prevent the coagula- 
tion of blood. They are divided into two types, direct and indirect anti- 
coagulants. This division is based on whether they produce inhibition of 
blood coagulation when added directly to blood in  vitro (the direct anti- 
coagulants), or whether they must be first administered to the animal or 
patient to produce inhibition of coagulation of the blood in vitro (the indirect 
anticoagulants). These may be further subdivided. 

Direct anticoagulants 
(1) Those which combine with or inhibit a single component of the 

coagulation process. For example, EDTA (ethylenediaminetetra-acetic 
acid, sodium salt) complexes and effectively I emovcs calcium ion. Hirudin 
forms a stable inactive complex with thrombin through its carboxyl groups 
combining with the amino groups of thrombin and blocking the active sites 
of the enzyme. Prolamine and basic dyes appear to be competitive inhibitors 
for thromboplastin (intrinsic and extrinsic). Fibrin (Antithrombin I )  adsorbs 
large amounts of thrombin. 

(2) Those which combine with or inhibit several components of the 
coagulation process, e.g. sodium, potassium and ammonium oxalate and 
citrate. Oxalate not only precipitates calcium but the resulting insoluble salt 
absorbs components of the prothrombin complex. Citrate complexes and 
removes ionic calcium and also combines with plasma proteins (components 
of the prothrombin complex and fibrinogen) and modifies their properties. 
Heparin in concentrations greater than those which produce an anticoagulant effect 
in blood and plasma, combines and modifies many of the proteins of the 
coagulation system-for example, fibrinogen. 

(3) Those which do not inhibit coagulation directly but on being addcd 
to plasma produce an inhibitor. Heparin in concentrations suficient to exert an 
anticoagulant effect in blood and plasma is the best example. This is a very 
poor inhibitor when added to purified coagulation systems, but with a 
special plasma protein, the so-called ‘heparin cofactor’, it gives rise to an 
active anticoagulant. 

These definitions of direct anticoagulants are based on the effect in  vitro. 
From the standpoint of pharmacology and therapeutics, a direct anti- 
coagulant should act in  vivo to give a maximum inhibition of coagulation as 
soon as it is completely mixed in the circulation with the blood pool. Up to 
the present, such an anticoagulant has not been described. A direct anti- 
coagulant that takes an hour to produce its maximum effect in uiuo, must be 
acting as an  indirect anticoagulant. 

Indirect anticoagulants 

( 1) Heparin-liberators. Peptone and spccijic antigen in the sensitized animal 
are the most effective liberators of heparin from mast cells. Many histamine 
liberators also liberate heparin but since many are strongly basic amines, 
they may combine with and mask the liberated heparin. Commercial heparin 
may have some action as a heparin-liberator216. 

(2) Liberators of heparinoids and other mucopolysaccharides. These 
160 



L. B. JAQUES 

substances may be liberated from the arterial wall or gastric mucosa. They 
show a slight effect on coagulation time of blood but give an increased titra- 
tion value for many heparin tests, for instance nitrilotriacetic acid (NTA)222. 

(3) Liberators of antithrombin and/or heparin cofactor. The latter pro- 
teins appear to be secreted by the liver, and result in hypocoagulability in 
thrombin titration tests and increase the sensitivity of the coagulation time 
and other tests to heparin. Papain releases antithrombinzz3. 

(4) Coumarin and indanedione derivatives. These are fixed in the liver 
and either directly or through a metabolite interfere with the production of 
prothrombin protein and its active derivatives5. Examples are dicumarol, 
warfarin and phenylindanedione. 

Coagulation Time Tests 
The majority of studies have been based on the measurement of the clotting 
time or coagulation time. However, there are many standard methods of 
measuring this and since they measure separate and significant parameters, it 
is essential to identify the type of determination used. 

The most common tests are: (1) Clotting time of whole blood; (2) clotting time 
of whole blood collected and measured in silicone; (3) prothrombin time 
(Quick)-clotting time of recalcified plasma with added thromboplastin 
(tissue extract) ; (4) plasma time (Howell)-clotting time of recalcified plasma; 
( 5 )  pla,rna time (Fischer) with chicken plasma-this is not decalcified and 
therefore calcium is not added; (6) thrombin time-clotting time of decalcified 
plasma with added thrombin; (7) two .stage tests-modifications of the above 
tests in which the final measurement is made as the coagulation time of a 
separate fibrinogen solution on the addition of an aliquot from the test. 
Thus there are the two-stage prothrombin time, and two-stage plasma time 
tests; (8) thrombin generation test-fibrinogen solution is standardized to 
give values as units of thrombin; (9) thromboplastin generation test-appearance 
of thromboplastin activity as measured by an aliquot of the sample shorten- 
ing the plasma time or similar test; (10) whole blood clotting time (in uiuo)- 
resulting from the administration of the test substance to the subject; 
( 1 1) TAME-hydrolysis of tosyl-arginine-methyl-ester by thrombin ; 
( 12) thromboelastogram-recorded with Hartert thromboelastograph. 

The coagulation time is a rate function, with its value decreasing as the 
concentration of coagulant substances increases, and increasing as the 
concentration of inhibitors increases. On an empirical basis, it has been found 
that there is a logarithmic relation usually between the concentration of any 
coagulant or any anticoagulant and the coagulation time224, and perhaps 
more important, that the variation in the values with the same amount of 
reagent (the deviation) bears a constant relationship to the absolute value. 
This is particularly useful in graphic reporting of experiments involving 
coagulation times, since on ordinary plotting, the variability at the long 
values makes graphic representation bizarre, yet fails to show the significant 
changes occurring with the short coagulation times. Expressions have been 
derived for the relationship between log clotting time and concentration 
of components for thrombin and prothrombinz24, and for heparinzz5. As 
shown by Jaques and Mustardzz6, in considering the influence of heparin or 
any other factor on blood coagulation, it is important to remember that the 
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apparent activity of any factor depends upon the base line. They showed that 
when the coagulation time of plasma is prolonged by increasing the concen- 
tration of sodium chloride, then the apparent effectiveness of heparin will 
be markedly increased. This is related to the fact that a logarithmic rela- 
tionship is involved and the two variables together will have a much greater 
effect than the sum of the individual effects. 

As shown in Figure 3.2, the clotting of heparinized blood is very sensitive 

Silicone clotting Glass clotting 
t ime time 

ove 
180 

180 

140 

100 

60 

20 

Ant ithrombin time 
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I No Heparin +.- . ._ .- , 

Fipure 3.2. Effect of pH on anticoagulant action of heparinz*'* 228: 

(a) clotting time of whole blood in silicone; 
(6) clotting time in glass; 
(c) antithrombin time 

to change in pH. At pH 6.0-6.6, heparinized blood (incoagulable a t  pH 
7.8) clots almost as rapidly as without heparin. With regard to temperature, 
clotting times are shortest at 20"C, although the effect of temperature is not 
the same for different tests. 

Anticoagulant Action of Heparin and Heparinaids 

The basic facts about the anticoagulant action of heparin are that ( i )  1 to 
10 pg is effective in delaying the clotting of 1 ml. of blood or plasma; 
(ii) this activity is dependent on the presence of a plasma factor, the co- 
factor229-231. The most exact statement on the nature of the anticoagulant 
action of heparin has been made by Brambel, Corwin and C a p o ~ i e ~ ~ ~ :  'A 
characteristic property is imparted to the environment when heparin and 
its cofactor are present. The differentiation between chemical combination or 
alteration between constituents cannot be made with any degree of certainty 

162 



L. B. JAQUES 

at this time. Until evidence is produced to the contrary, a combination is 
presumed and the term “heparin-cofactor complex’’ is coined to denote 
biochemical characteristics of plasma after interaction of heparin with its 
cofactor . ’ 

In defining anticoagulants above, it was emphasized that heparin in 
concentrations of 0.1 mg/ml. and over, shows general inhibitory effects and 
this has led to much confusion in the literature. The important problem is 
the nature of the action of the heparin-cofactor complex which provides the 
unique high activity of heparin. In analysing the inhibitory effect of heparin 
in plasma systems, the essential constituent is the cofactor and its concentra- 
tion is an unknown limiting variable in many  investigation^^^^. 

While the heparin anticoagulant shows antithrombin activity, it requires 
only 0.003-0.01/mg of heparin/ml. of plasma to inhibit the formation of 
thrombin, yet it requires 0.1-0.4 mg to inhibit the action of the formed 
thrombinzz0. Hence the anticoagulant effect is due to inhibition of thrombin 
formation. Further analysis indicates that the anticoagulant inhibits (in order 
of increasing effectiveness) : thrombin, thromboplastin, Factor V232, thrombo- 
plastin generationz35, Factor 12P6, and the contact effect (Factor X I )  237. 

The interaction of heparin and platelets is complicated. Heparin inhibits 
aggregation of platelets by thrombin but not by ADPZ3* so that it only partly 
inhibits platelet contact agglutination and formation of intrinsic thrombo- 
plastin. Platelets contain both an antiheparin component (Platelet Factor 3) 
and a thromboplastic factor239. Heparin is a more effective inhibitor of 
plasma clotting in glass with a platelet-rich plasma. On the other hand, the 
highest degree of inhibition (most sensitive test for heparin-0.25 ,ug/ml.) is 
achieved with platelet-free plasma in silicone. 

While the antithrombin produced when heparin is added to plasma is 
quantitively the smallest part of the anticoagulant activity of heparin, it is 
closest to the indicator system or the conversion of fibrinogen to fibrin by 
thrombin and has received the most study. It is a reasonable assumption that 
this may be taken as a type activity for the anticoagulant action of heparin, 
although it must be emphasized that the use of this analogy has dangers. 
‘Antithrombin’ is used to refer to what happens to thrombin when it is 
incubated with serum or defibrinated plasma and later added to fibrinogen 
for estimations. It is also used for changes in the clotting time of a mixture of 
fibrinogen and thrombin with added plasma. Disappearance of added 
thrombin occurs without heparin, but the addition of heparin results in more 
rapid disappearance. Both phenomena depend on heat-labile plasma 
proteins and while Astrup and DarlingZ40 were able to distinguish the two 
activities on the basis of destruction at 65” and 56°C respectively, separation 
of the two by fractionation procedures has been difficult. 

Heparinoids may possess one or several of the anticoagulant effects listed 
previously. The general impression gained from the literature is that different 
heparinoids possess many different anticoagulant properties to differing 
degrees, and the failure to appreciate the varied possibilities has resulted in 
a limited investigation of the anticoagulant properties of a given heparinoid. 
The one attempt to investigate the action of a heparinoid in detail is that of 
P ~ l v e r ~ 4 ~ ~ ~ ~ ~  whose ideas are summarized thus : (1) intravenous injections 
of heparinoid cause anticoagulant effects similar to those of heparin; 
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(2) heparinoid does not combine with the heparin cofactor; (3) the anti- 
thrombin activity in a plasma sample can be raised to a constant final value 
by the addition of increasing amounts of heparinoid; and (4) therefore hepar- 
inoid acts by mobilizing plasma protein-bound heparin, which he terms 
heparinogen. These fairly simple concepts provide the only explanation of the 
anticoagulant action of heparinoids which agrees with considerable informa- 
tion available. However, Pulver’s experiments do not provide direct and com- 
plete evidence of this, partly because the most important variables to control 
are in the unknown mixture known as plasma. 

Uses o f  Heparin as an Anticoagulant 
Heparin was introduced to clinical use as an antithrombosis drug. On the 
introduction of oral indirect anticoagulants, these replaced heparin in the 
treatment of many patients with thrombosis, but the effectiveness of heparin 
as a direct anticoagulant has resulted in many other clinical uses. A survey 
of current clinical uses in the University Hospital, Saskatoon, showed iii six 
months the following quantities of heparin used in units x lo5 (or approxi- 
mate weight in grams) : thrombophlebitis 10.3; arterial thrombosis 5.2; 
myocardial infarction 3.4; burns, gangrene, peritoneal dialysis 12 .O ; cardiac 
and related surgery 8 ‘0; cardiopulmonary diagnosis (cardiac catheterization 
and blood gas analysis) 51.1; other laboratories 0.6; unassigned 9.7; total 
99.7. This means the clinical use for treatment of thrombosis (in 25 patients) 
during this period was only 20 per cent of the total used, and 80 per cent was 
used in patients as an anticoagulant adjunct to diagnosis, irrigation or surgical 
repair. 

Purified heparin is used as a substitute for oxalate and citrate. The amounts 
of common anticoagulants required to prevent coagulation effectively in vitro 
in mg/ml. are: potassium oxalate, 0.5; sodium and ammonium oxalates, 
0.5; lithium oxalate, 0.3; Heller and Paul mixture, 0.5; sodium citrate, 
2.0; sodium fluoride, 2.0; liquoid Roche, 0.3; novirudin, 0.5; chlorazol dye 
BKS, 0.5; heparin Connaught, 0.1; Heparin B.D.H., O-1243. There are now 
available heparinized vacuum tubes which can be used for determination of 
plasma pH, plasma carbon dioxide, blood oxygen saturation244. With the 
introduction of rapid semi-automatic and automatic systems of micro- 
chemical analysis in the clinical laboratory, heparin appears to be the anti- 
coagulant of choice. However, for blood glucose, preservatives are required 
for most of the anticoagulants if a longer period of time than 26 hours is to 
elapse after collection of sample245. The complexing properties of heparin 
should be taken into account when it is used as an anticoagulant, although 
generally the amount used is too small to affect clinical chemistry determina- 
tions. Heparin appears to be a source of error in the determination of plasma 
albumin on a basis of selective d ~ e - b i n d i n g ~ ~ ~ .  

Heparin is well known for its usefulness in the pharmacology laboratory 
in many animal experiments for preventing clotting during recording of 
blood pressure. The many manifold effects of heparin on hormones, cell 
permeability, activation of various enzymes, and uptake of 32P by brain 
tissue, must be controlled in animal experiments when heparin is used as an 
anticoagulant. 

The use of heparin in experimental exchange transfusion was pioneered 
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in 1938 by Thalhimer, Solandt and Bestz4?. Its particular value in blood 
transfusion lies in the fact that it does not upset any ion balance of the blood 
and it is readily metabolized. It is even possible to give the anticoagulant to 
the donor so the anticoagulant is in the blood before it is drawn. It is therefore 
the most satisfactory anticoagulant for the exchange of large amounts of 
blood. Heparin has better tolerance and much fewer complications than any 
other anticoagulant. 

Heparin has now had 20 years of use for total exchange transfusion in 
infants24s. I t  is used universally with the various types of extracorporeal 
apparatus, such as artificial lung and artificial kidney. In these situations the 
blood is maintained incoagulable by the addition of heparin while the trans- 
fusion is continued, and at the conclusion of the procedure, the heparin in the 
circulation is neutralized either with protamine or polybrene. With the 
dialysis type of exchange24g, the regenerated cellulose is for all practical 
purposes impermeable to heparin, and neither dialysis nor ultrafiltration 
significantly influence the elimination rate of heparin. Clotting is not a 
common cause of difficulty with prolonged exchanged transfusions, but 
mechanical trauma in such systems results not in deposits of fibrin250 but of 
fragmented red cells. The addition of glucose and other sugars to heparinized 
blood or plasma before use can result in clotting and corresponding reduction 
of platelets and coagulation factors in the circulation251. 

Heparin is widely used as an added reagent in coagulation tests with the 
hope that some parameter of coagulability will be indicated in patients, 
particularly those circulating thromboplastin. As the clotting time is in- 
creased, there is a t  least the possibility of increasing the sensitivity of the 
clotting time test to various coagulant factors. This constitutes the so-called 
heparin tolerance test, which was first popularized by de T a k a t ~ ~ ~ ~  both in vitro 
and in vivo. The heparin tolerance test has been used with almost as many 
different types of coagulation end-points as have been involved in coagula- 
tion tests generally, usually with a simple series of different heparin or 
heparinoid concentrations. Systems in use are : blood, recalcified oxalated 
plasma, thrombin time, prothrombin time, and thromboplastin genera- 

While the heparin tolerance test has been advanced particularly as a 
method of measuring the level of circulating thromboplastin, there is no 
evidence for this254, nor that it reflects decreased concentration of heparinoids 
or heparin in the blood but rather the reverse. 

HAEMORRHAGE AND THROMBOSIS 

Spontaneous Haemorrhage 

Delayed blood coagulation is not necessarily accompanied by haemorrhage. 
Many thousands of patients have received anticoagulants to render their 
blood incoagulable, without developing haemorrhage. In the clinical con- 
dition known as afibrinogenemia, the patient’s blood is completely lacking 
in fibrinogen, and no bleeding occurs for most of the time. This means that 
the process of haemostasis, the prevention of haemorrhage as a normal 
physiological process, is not synonymous with blood coagulation. The key 
to the understanding of the development of haemorrhage with anticoagulants 
was the finding that while normal animals rarely develop spontaneous 
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haemorrhage when treated with moderate doses of anticoagulants, a large 
percentage of such animals die from spontaneous haemorrhage if exposed to 
stress5. This has made possible the rational study of spontaneous haemorrhage. 
Serious spontaneous haemorrhage can be produced experimentally in 
animals by various treatments shown in Table 3.5. The many different 

Table 3.5. Production of  spontaneous haemorrhage 
Types of treatment 

(1) Agents affecting vascular factor. 
Stress: 

formalin s.c., frost-bite, hypertonic saline i.p., sham operations, restraint, ,physio- 
logical saline daily s.c., electroshock, insulin convulsions, L.S.D., lysergic acid, 
picrotoxin, metrazole. 

Procedures acting on or by the adrenopituitary axis: 
ACTH, STH, 
Salicvlate. adrenalin, histamine, 
AdrenaIectomy, ' 

Deoxycorticosterone. 

(2) Platelet depleting agen t~ -~~P ,  reserpine. 

(3) Anticoagulants-dicumarol, phenylindanedione, heparin. 

Occurrence of spontaneous haemorrhage 

Types of treatment given (i) (ii) (iii) 

- + +  + -  + + + -  
+ = Mortality of 30-100 per cent from spontaneous hacmorihage 
- - Mortility < 20 per cent (usually < I per cent) from spontaneous haernorrhage 

procedures effective have been listed in three groups. The first group 
consists of many stress procedures, injections of hormones and drugs, and 
adrenalectomy. The second consists of procedures which affect ~latelets-~~P 
and reserpine. 

The third group consists of the procedures which affect the blood coagula- 
tion process or the administration of anticoagulants. A fairly objective 
criterion is a mortality from spontaneous haemorrhage of 30-100 per cent. 
Any of the treatments in the groups 1 ,2  or 3 alone does not cause haemorrhage 
by this criterion. Even when several treatments in the same group (such as 
heparin plus dicumarol) are given, haemorrhage of this order of severity 
does not result. However, if two procedures which appear in different groups 
are given simultaneously, the result is fatal, i.e. 1 + 2, 2 + 3, or 3 + 1. The 
treatments used correspond to interference with (i) the living blood vessel 
wall, (ii) platelets, and (iii) the coagulation process which provides the 
enzyme, thrombin. Stress, adrenalectomy and hormones affect the composi- 
tion and effectiveness of the vascular wall in holding against haemorrhage. 
A deficiency in platelet effectiveness is produced when platelets are decreased 
in number or composition. Anticoagulants interfere with the coagulation 
system, the formation of thrombin. These are three facets to haemostasis. 
The results demonstrate that simultaneous interference with more than one facet o f  
haemostasis is required to produce severe spontaneous haemorrhage and that the spon- 
taneous haemorrhage has multiple causation. 
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Haemostmis 
The tendency to haemorrhage or thrombosis can be summed up in the 
formula : 

Vessel wall ( V )  x Blood composition (C) 
Blood flow ( F )  

= Haemostatic efficiency ( K )  

v. c 
F 
~- - K  or 

Changes in the complex phenomena represented by each of these terms will 
result in changes in the haemostatic efficiency. The significant values for 
K are K ,  and Kh, the critical thrombotic value and the critical haemorrhagic 
value. When the product of V.C/F reaches the value K ,  at a certain point in 
the circulation, thrombosis will be initiated. When it falls to Kh at a certain 
point in the circulation, haemorrhage will result. Anticoagulants chiefly 
(but not solely) affect C (the composition of the blood) to decrease haemo- 
static efficiency. The three factors, vessel wall, blood composition and blood 
flow are not completely independent. The vessel wall component is affected 
by blood composition and blood flow, and uice versa, and situations arise 
where thrombosis and haemorrhage can occur simultaneously in the circula- 
tion of the same individual. 

The physiologicat and pathological factors modifying these factors, and 
hence the haemostatic efficiency of the cardiovascular system, have been the 
subject of many experimental investigations and clinical observations. These 
are summarized in Table 3.6. 

Table 3.6. Physiology of haemostasis 

PASSIVE 

State o f  the Cardiovascular System 

Integrity of the blood vessel wall i s  
determined by : 

Nervous system: 
Cortex & mid-brain-limbic 
system & reticular formation- 
vasomotor centres-treflex vessel 
tone; pituitary+AC'TH, etc. 

Nutrition: 
proteins, lipids, vitamins C & K, 
Na, K 

Endocrines : 
STH, corticosteroids, oestrogens, etc. 

Haemodynamics : 
Blood pressure, blood flow, tissue 
fluid pressure 

Blood composition: 
O,, GO,, pH, oncotic pressure, etc. 

ACTIVE 

Response to Vessel Injury 

Retraction and constriction of vessels 

Mechanical : Cutting vessel removes stretch with 
shortening (isometric to isotonic contraction) 

Reflex : Segmental contraction of vessel 
Contraction by autopharmacodynamic agents : 

SVPx, adrenalin, serotonin, histamine released 
locally from platelets, adrenochrome from 
sympathetic endings 

Biochemical : Actin f Myosin (ATP)+Actomyosin 

Repair 

Trapping of platelets : Exposed collagen traps 
platelets, and converts ATP to ADP, which 
aggregates platelets to loose, detached clumps 

Viscous metamorphosis (V.M.) : Thrombin formed 
in platelet atmosphere causes V.M. which gives 
firm attached clumps (haemostatic plug) 

Clotting of blood: occurring in closed, sealed 
vessel gives final reinforcement 

The haemostatic process is a complex interaction involving the blood 
vessel wall, platelets and blood coagulation. In the important vascular 
component can be distinguished passive and active elements. The relative 
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importance of thc various components of haemostasis varies with the size of 
blood vessel and type of damage to the vessels. Clotting of blood is a signifi- 
cant but not essential or highly important feature of haemostasis. As appreci- 
ated by B i ~ z o z e r o ~ ~ ~ ,  the later haenlostatic process is identical with the process 
of thrombus formation. 

Effect of Hefiarlrioids on Huemostasis 

I t  can be demonstrated that anticoagulants delay the microscopic processes 
of haemostasis256-258. I t  was emphasized above that incoagulability of the 
blood does not necessarily result in spontaneous haemorrhage and that pure 
coagulation defects have little effect on h a e m ~ s t a s i s ~ ~ ~ - ~ ~ ~ .  On the other hand, 
an increase in nonanticoagulant heparinoids in the blood has haemorrhagic 
proclivities369. The changes in the blood coagulation factors in leukaemia 
may be related to the mucopolysaccharide in the leucocytes. With an 
increased protarnine titration in bleeding patients who show no defects by 
coagulation tests, it has been found possible to stop bleeding with intra- 
venous toluidine blue and the protaminc titration returns to normal regard- 
less of platelet levels. 

The relationship of heparin to hacmostasis and haemorrhage is complex. 
Heparin does not cause haemorrhage because of its anticoagulant activity. 
Doses which produce incoagulability of the blood do not result in a hacmorr- 
hagic tendency and this was an essential observation for the introduction of 
anticoagulant therapy2. Excessive doses cause haemorrhage through interfer- 
ing with myosin in vascular smooth muscle, since ATP and heparin are 
mutually antagonistic in haemostasis, for example, in the rat-tai1262. 

Another haemorrhagic action of heparin appears to be on the basement 
membrane, sincc large doses in the whole animal cause leakage of red cells 
and platelets into the lymph263. These results can be reconciled by the distinc- 
tion referred to in other sections of this review between free and bound 
heparin in plasma. Plasma-bound-heparin, while exerting an anticoagulant 
action, is not free to exert effects in tissues. Free heparin is able to do this and 
causes haemorrhage. Finally, disruption of haemostasis by anticoagulants 
occurs when there is additional interference with the state of the cardio- 
vascular system, as with stress, causing the blood vessels to be leaky. Heparin 
can increase or decrease this latter effect by its interference with corti- 
costeroids. 

I t  is usually stated that heparin should never be used in bleeding, but one 
important exception to this is the bleeding due to primary hypercoagulability. 
Intravenous injection of heparin has produced dramatic cessation of bleed- 
ing264. Other conditions related to intravascular clotting which have been 
successfully treated with heparin are toxemia of pregnancy265, the defibrina- 
tion syndrome266, and the verbrauchskoagulopathien or Sanarelli-Shwartz- 
man phenomenon267. 

Thrombosis 

This is commonly thought of as intravascular clotting. There is however an 
important difference between what happens to blood in a test-tube and what 
can happen to blood in the circulation, since in the latter, the blood is in 
constant movement or flow. In  the test-tube, only what is already present 
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can appear in the clot and will be present in the proportions present at the 
beginning. In the circulation, other material can be brought and collected. 
The appearance and composition of a thrombus therefore depends on the 
vessel in which it occurs, since different rates of flow are found in different 
vessels7. Differences are found in this respect between veins and arteries, with 
venous thrombi tending to resemble the blood clot formed in the test-tube 
(the red thrombus), while arterial thrombi are more usually white due to a 
deposition of platelets. If the thrombus separates from the vessel wall, as 
commonly occurs in the heart and venous system, it can break free as an 
embolus (or plug). 

Factors promoting thrombosis are described by Virchow’s triad: (1) slowing 
of the blood stream; (2) changes in the vessel wall; (3) changes in the blood 
itself. These are summarized in the formula given above, V.C/F = K .  
Experimentally, thrombosis is not produced by one of these changes alone 
and it is probable that thrombosis is produced clinically by several of these 
changes occurring simultaneously-that is, multiple causation. 

Thrombosis is a condition occurring in the cardiovascular system related 
to the normal, physiological function of haemostasis. Clinically, thrombosis 
is thought of as those situations where formation of thrombi has proceeded to 
the point where, by interfering with the circulation to an  organ or part, 
there is interference with function and therefore symptoms result. The 
thrombus may produce these effects in situ or as an embolus produces such 
effects elsewhere. Arteriosclerotic changes in the arterial wall are the most 
common cause of thrombi forming in the heart and arteries. 

Clinical effects produced by thrombi and emboli are: (1) no serious effects, 
the silent thrombus or embolus; (2) oedema of a limb, venous thrombus and 
perivenous lymphangitis ; (3) post-thrombotic ulceration; (4) gangrene of a 
limb (thrombosis of main artery or embolus from heart or aorta); (5) gan- 
grene of bowel (thrombosis of mcsenteric artery or vein, arterial embolism) ; 
(6) infarction of myocardium, retina, or cerebrum through arterial throm- 
bosis or embolus (an infarct is an area of coagulation necrosis, the word being 
derived from infarcire-to stuff) ; (7) cardiovascular collapse-large pulmon- 
ary embolus and vasovagal reflex. 

Effect o f  Anticoagulants on Thrombosis 

The effect of anticoagulants on thrombosis and embolism needs to be 
examined at  different levels. Thrombosis was defined above as situations 
where formation of thrombi has proceeded to the point where there is 
interference with function and resulting clinical symptoms. To  demonstrate 
that anticoagulants can prevent this process, lesions must be produced in 
vessels of macroscopic dimensions and examined by dissection in the living 
subject for the presence or absence of occlusions (i.e. studies on experimental 
animals). T o  determine what stages in the processes described in Tabte 3.6 
are affected by anticoagulants requires direct observation (microcinemato- 
graphy) of the processes taking place in blood vessels. To determine if the 
prevention of such occlusions will successfully prevent or change the clinical 
symptomatology resulting from the consequent physiological dysfunction, 
requires clinical investigations. It is important to distinguish the three 
aspects of the pharmacological problem and to appreciate that the limitations 
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of each approach means each approach can give the answer for only one 
aspect of the problem. 

A number of investigators have demonstrated that anticoagulants prevent 
the formation of occlusive thrombi in vessels5. Anticoagulants have no effect 
on the initial platelet aggregation by collagen. They can inhibit viscous 
metamorphosis only in excessively large doses, and do not inhibit formation 
of m i ~ r o t h r o m b i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  The action of anticoagulants is limited to inhibiting 
formation of larger thrombi held together by fibrinZ7l. 

Clinical assessment of the effectiveness of heparin in preventing thrombosis 
and blood coagulation is a problem in operational research. I t  is indicated 
above that the largest amount of hepafin is used today in the field of cardio- 
vascular surgery and diagnosis. Direct assessment was made as these tech- 
niques were developed on experimental animals, where it was found that 
anticoagulants were an essential part of the technique. I t  is not practical or 
possible to carry out a clinical comparison of the results of using and not 
using heparin. 

In the treatment of thrombosis and embolism after operations and 
deliveries, a number of clinical studiesGJ have established the effectiveness 
of heparin and other anticoagulants in reducing the incidence of recurrence 
of thrombosis and embolism and in reducing the clinical sequelae of throm- 
bosis-period of confinement to bed, hospital stay, convalescent period, 
handicap for normal living including such chronic symptoms as pain and 
swelling of leg after exercise, severe oedema, chronic induration and ulcera- 
tion. This is the therapeutic role of heparin, with other anticoagulants, in the 
treatment of thrombosis and embolism already diagnosed in the patient. 
Other s t ~ d i e s ~ ~ ~ $ ~ ~ ~  have established the even greater effectiveness of heparin 
and other anticoagulants as a prophylactic measure in preventing thrombosis 
and embolism. For the general use of anticoagulants as a prophylactic 
measure after operations and delivery, there must be balanced the incon- 
venience of the anticoagulant treatment hgainst the relatively low incidence 
of thrombosis and embolism. For this reason, prophylactic anticoagulant 
therapy is not widely used, but instead the heparin is given as soon as signs 
appear of impending thrombosis and embolism, such as changes in pulse, 
filling and hardness of individual superficial vessels, local changes in skin 
colour, skin temperature, oedema, unexplained rise in body temperature, 
Hornan’s sign, and observation by oscillography and phlebography. Anti- 
coagulant therapy together with other measures has greatly reduced the 
incidence of recurrent thrombosis in these conditions273. While the incidence 
of thromboembolism after operation and delivery is relatively low, this is not 
to say it is not important. With the control of infections, thromboembolism 
has become one of the major problems accounting for one-third of the fatali- 
ties in obstetrical cases. The use of heparin and anticoagulants for control of 
thromboembolism is so well established that there is little justification in 
attempting assessments of its efficacy. 

Recent clinical studies on the use of anticoagulants have indicated their 
use in cardiac infarction. This is a more difficult test for anticoagulants, since 
these drugs cannot change the damage to the heart muscle in the area of the 
infarct. Recent s t ~ d i e s ~ 9 ~ ~  * agree that anticoagulant therapy is significantly 
beneficial to the survivors ofsevere coronary infarction when given up to one 

170 



L. B. JAQUES 

year after an attack. Atherosclerosis is the common precursor of the thrombo- 
embolic diseases. A satisfactory treatment to arrest this ageing process in blood 
vessel walls would do much to reduce thromboembolism. Heparin and hepar- 
inoids are used for this on an experimental basis. 

CHEMICAL STRUCTURE AND BIOLOGICAL ACTIVITY 

Heparinoids and Mucopolysaccharides as Complexes, Clathrates, 
Ion-Exchange Compounds 

Having considered the complexes which heparin (and heparinoids and 
mucopolysaccharides) form, we can ask the question whether such complexes 
are present in the materials as prepared. It is self-evident that such complexes 
must be present and this immediately explains why heparin usually occurs as 
a multi-component system. 

We must consider the problem of complex formation from the standpoint 
of inorganic (and simple organic) anions and cations and from the stand- 
point of polysaccharide components of the system. Wilander275 found that 
heparin gives the Hammarsten effect-the freezing point depression is much 
less than should be given by the sodium ion present. Higginbotham and 
Dougherty276 first suggested that heparin functions as an ion-exchanger and 
while this was based on circumstantial biological evidence, recent physical 
studies have completely established the soundness of this speculation. 
Salminen and L ~ o m a n m a k i ~ ~ ~  calculated from the distribution of the same 
ions between a heparin solution and its ultrafiltrate, that the activities of 
Naf and Kf are markedly decreased by heparin and the potassium ion is 
bound by heparin in preference to sodium ion. D ~ n s t o n e ~ ~ ~  found the reac- 
tions between acid mucopolysaccharides and various cations can be treated 
as ion-exchange reactions. There are differences in the order of increasing 
cation affinity for the different mucopolysaccharides. The order for chon- 
droitin sulphate A is K, Na, Mg, Ca, Sr, Ba; for chondroitin sulphate B the 
order is K, Na, Mg=Ca=Sr=Ba; for heparin it is Na, K, Mg, Sr, Ba, Ca; 
and for heparin monosulphate it is Na, Mg, Ca=Sr, Ba. The differences 
in the order of affinity are attributed to differences in the structures of the 
various acid mucopolysaccharides. Counterions neutralizing electric charges 
are distributed throughout the ionic atmosphere with a fraction so close to 
the polymer skeleton as to be ‘bound’, that is a relatively mobile monolayer. 
The data indicate that heparin probably has a greater fraction of bound 
univalent cations and also indicate that the functional volume is relatively 
small. The concentration of cations in the polyelectrolyte phase is much 
greater than in the outside solution. Donnan equilibrium data indicate the 
co-ions are excluded, but if small the co-ions penetrate. 

‘Sodium salt’ has a special connotation in describing these substances. The 
almost universal practice in analyses of heparin preparations is to burn a 
sample moistened with sulphuric acid in oxygen, weigh the ash, and calcu- 
late from the sulphated ash the equivalent sodium. This is evidently a 
questionable practice. The metal cations bound must be identified. As 
heparin and heparinoids complex with ions, there is interference with various 
colour and precipitation reactions for ions unless the heparin sample is first 
subjected to combustion. Flame analyses279 of Boots and Evans heparin for 
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calcium, and neutron activation for strontium and barium, gave, on five 
batches, values for calcium of 300-2930, for strontium of 9-92, and for 
barium of 2.5-12 parts per million. Ammonium carbonate or hydroxide are 
used universally with heparin to give 'ash-free' preparations but when 
converted to a metal salt all the ammonium may not be replaced by the 
metallic cation, and nitrogen figures must be carefully analysed to distin- 
guish amino and ammonia nitrogen. 

The most common anions present are sulphate, phosphate, acetate and 
chloride. Helbert and Marini42 determined titratable acid groups on a 
heparin from porcine intestinal mucosa, by hydrolysis with Dowex 50 (H+) 
at 60". Pretreatment with resin IRa-400 resulted in a drop of 6.6 (or 11 per 
cent) titratable acid groups per mole (or 11,900). The exchangeable acid 
groups were not dialysable and after removal could be replaced by adding 
sulphate. When tissue is extracted with potassium thiocyanate with phos- 
phate buffer instead of the usual ammonium sulphate of Charles and Scott280, 
the final productzE1 has higher antithrombin potency and lower sulphur 
content than commercial heparin. The difference in sulphate is compensated 
for by phosphate, suggesting an exchange with inorganic salts in the initial 
extraction and representing binding sites made available when the protein- 
heparin bond is broken2s2,283. Because of complexing of inorganic sulphate in 
non-dialysable, exchangeable form, radioactive labelling presents special 
problems with heparin. Acetate is undoubtedly responsible for many of the 
acetyl values given in the literature. From infra-red spectroscopic evidence, 
the different polar groups of these polymers bind water vapour simultaneously 
according to steric acce~sibilities~~~. 

Oligosaccharides and polysaccharides are similarly bound to heparin, 
which usually contains about 10 per cent of other polysaccharide material. 
This can be distinguished by hydrolysis with hyaluronidase, or by giving a 
positive reaction with anthrone. Complexing with organic bases has been 
described in a previous section. Studies with these may throw light on the 
chemical structure involved in activity. An electrophoretic study of various 
commercial heparin samples having biological activity varying from 5-1 75 
units/mg showed that they all contained identical components and distribu- 
t i o n ~ ~ ~ .  The streptomycin complex showed an interesting correlation with 
bioactivity. The data for the streptomycin complex is given as a function of 
sample activity, animal source and degradation. There appeared to be a 
relation between the biological activity and chemical structure in terms of 
matching of charges in the Streptomycin complex. 

The metachromatic reaction of heparin and heparinoids with dyes is an 
important key to the riddle of their chemical nature. A similar reaction is 
the starch-iodine reaction. This is due to the fixation of the iodine atoms in 
the starch micelle in an orderly array and is a well-known example of a 

'clathrate, in which atoms or molecules are held in channels of larger mole- 
cules by strong, non-polar forces-hydrogen bond and London forces. It is 
the possession of a similar structure but with highly polar groups (NH.SO,, 
0 SO,, COO-) in close proximity, which endows the mucopolysaccharides 
and heparinoids with their highly specific, characteristic properties. 

Most preparations can be resolved into a number of fractions with paper 
chromatography, electrophoresis and fractional precipitation with acetone, 
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alcohol and dioxan or with anion-exchange resins or ECTEOLA. There can 
be as many as five different fractions. The question arises how many of these 
fractions are present in the original material and how many are produced by 
the manipulation. 

We now have the information which indicates the basic problems in 
achieving a sample of heparin, which can be considered a single molecular 
species and therefore one for which a molecular structure can be constructed. 
Heparin can be changed from one ‘salt’ to another, e.g. barium to ammon- 
ium, by double decomposition. However, such double decomposition is not 
usually complete. Some sites of ion binding are less accessible than others. 
Some sites are so inaccessible that inorganic ions used in the initial extraction 
remain bound through the many chemical manipulations involved in 
purifying the compound. Organic anions and cations can be similarly bound 
to such sites, and if a sufficiently long chain, can result in the total molecule 
having a different molecular weight or total net charge. As a result, it is 
possible to obtain a series of components differing in these properties, and to 
continue to produce these as many times as one wishes to do so. For example, 
it is possible to elute the main component from a paper chromatogiam and 
then rechromatograph to see as many multiple components as before. 
Laurent2s6 chromatographed Vitrum heparin complexed with cetylpyridimine 
chloride on ECTEOLA columns and eluted at different ionic strengths to 
give four fractions with molecular weights of 11,800, 9,700, 8,400, 7,600, 
compared with 8,000, for the original Vitrum heparin. There was a corres- 
ponding decrease in nitrogen, hexosamine and sulphur values but a corres- 
ponding increase in the amount of ash in each sample. Hence, while one can 
draw correlations with the change in sulphur content, the changes in the ash 
content suggest the various correlations are simply due to increasing dilution 
with an inorganic component which influences the specific volume and 
apparent molecular weight. 

Relation o f  Biological Properties to Chemical Composition 

In  attempting to relate the diverse biological properties to the chemical 
composition of this varied group of agents, experience has shown that the 
biological property in question can be due or related to any one of the follow- 
ing components or properties of the material being tested. 

The preservative 

Commercial heparin and heparinoid solutions commonly have phenol or 
tricresol added as a preservative. These are potent stimulants of isolated 
smooth muscle and pharmacological actions of heparin have been recorded 
due to the presence of these substanceslfi3. Pharmacologically active agents 
have been reported developing from the reaction of phenol with material in 
heparinzs7. 

The presence of accompanying protein, polypeptide or peptides 

I t  is very difficult to remove the last traces of such material from heparin, 
yet this can be pharmacologically active. The histamine found in heparin 
after acid hydrolysis, as in the determination of normal blood histamine, 
probably arises from such peptides. Heparinoids prepared from natural 
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polysaccharides can similarly contain these. The antimitotic activity obtained 
from heparin by dialysis288 had an ultra-violet absorption spectrum and was 
most probably a peptide. 

The presence o f  accompanying polysaccharides 

Heparinoids usually contain some of the original polysaccharide, while 
commercial heparin, as shown by the presence of anthrone-reducing sub- 
stance, also usually contains such material. The elevation of body tempera- 
ture, leucocytosis and thrombocytosis associated with pyrogens, can be due 
to the presence of extremely minute amounts of certain polysaccharides. One 
should suspect reactions of this nature as being due to traces of neutral 
polysaccharides. 

The presence o f  low molecular weight substances o f  unknown nature 

dialysis of the heparinic acidz8$. 

The acid polysaccharide groups 

Such activities should be markedly pH dependent, but are also reIated to 
the structure and orientation of the polysaccharide structure with resulting 
orientation and spatial relationship of the acid groups. In this regard, there 
should be a marked separation on the pH scale for effects of carboxyl groups 
and sulphate groups. The latter is responsible for the precipitation with 
benzidine and other complex bases in acid solution. There is a further 
difference in dissociation and possible biological activities between sulphate 
attached to nitrogen (the sulphoamino group) and the ester sulphate attached 
to carbon. Clearing factor activity is dependent on 0-sulphate, not N- 
s ~ l p h a t e ~ ~ ~ ;  anticoagulant activity is dependent on sulphoaminoZg1. 

Other linkages of groups 

The distinction to be made between free and bound heparin probably 
relates to linkages with amino acids which are not salt linkages, and similar 
to those discussed for mucopolysaccharides. The involvement of zinc in the 
linkage of histamine to heparin in the mast indicates the possibility of 
various tertiary systems being important in biological activity, as originally 
proposed by A. Fischer. 

Molecular weight 
Many investigators have attributed an important role to the molecular 

weight in determining biological activity in this group of compounds. Where 
it is possible to prepare a series of compounds from the same starting material, 
and with the same sulphate content as has been done with the dextran 
s ~ l p h a t e s ~ ~ ~ ,  a relationship can be established between molecular weight and 
biological activity, especially for the LD,,. 

The combined efect o f  the major component and the considerable activity of a trace 

While all the heparins, many derived heparins and many heparinoids are 
antilipaemic, polysaccharide fractions from a gram-negative proteus show 
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antilipaemic activity of the order of 1,000 times that of heparinzo4. This means 
it is possible (even if not probable) that a contaminant like the proteus 
polysaccharide is responsible for activity. 

The ability o f  the main component to provide a clathrate or association com$lex 
This is certainly the basis of the metachromatic reaction with dyes, and 

the ion-exchange properties. How many of the specific biological reactions of 
these compounds is due to this property requires extensive examination. 

Coagulation Inhibition and Lipaemia Clearing After Intravenous Injection of 
Heparin and Heparinoids 

The major use and interest in heparinoids at present is due to the fact they can 
be injected into the circulation to produce these two effects. In Figure 3.3 are 
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Figure 3.3. Effect of intravenous heparins and heparinoid on coagulation and lipolytic 
activity of blood in nitroasK. 295. 

Values plotted as mean per cent increase over blood value before injection. Left-hand side, 
1 mg/kg of whale heparin or beef heparin in each of 10 dogs. Clotting time by 4-tube Lee and 
White method. Lipolytic activity by 2 hour decrease in turbidity of sesame oil suspension. 
Right-hand side, 50 mg (0.8 mg/kg) of heparin in 6 humans or heparinoid G31150 in 5 
humans. Clotting time as antithrombin time with normal value of 10 seconds. Lipolytic 

activity by 1 hour increase in free fatty acids with Ediol emulsion 

shown typical curves taken from the literature. It can be seen that the res- 
ponse in all cases reaches a peak and then rapidly disappears, so that it has 
largely disappeared in two hours. It should be noted that the effects are not 
observed as soon as the heparin is mixed with the blood in the circulation. 
This is as true for the effect on coagulation as for the effect on blood lipaemia. 

When the responses are compared for two heparins and the heparinoids, 
it can be seen that the two heparins gave the same antilipaemic response, 
while the whale heparin gives twice the anticoagulant response of beef 
heparin. The response with the heparinoid is slower but greater and more 
prolonged for antilipaemic activity than heparin, while the reverse was the 
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case for anticoagulant activity. These differences are generally found 
between heparin and heparinoids. 

The response recorded varies markedly with the test used. F a ~ r e - G i l l y ~ ~ ~  
compared the response to 5,000 units of heparin in patients, as measured by 
the clotting time, thrombin time and Quick prothrombin time. Quite differ- 
ent responses were obtained. Thus, while one patient showed the textbook 
response of a marked increase in clotting time, slight increase in thrombin 
time, no change in prothrombin time, another patient showed almost the 
opposite, i.e. a slight increase in clotting time, a definite increase in prothrom- 
bin time and a marked increase in thrombin time. Similar differences are 
seen for the different tests used in following antilipaemic activity-clearing 
activity in plasma, free fatty acids of plasma, plasma cholesterol, electro- 
phoretic distribution of serum lipoproteins, and esterase activity on pre- 
pared substrate. 

Increasing the amount of heparin injected correspondingly increases the 
maximum response up to a limit. For the effect on coagulation, the limit is 
set by the amount of heparin cofactor present in the plasma; for the effect on 
lipaemia, this is set by the amount of enzymes available for immediate 
mobilization. Further, each of these systems competes with the other for 
heparin297. Both of these limiting factors can be decreased by repeated injec- 
tion of heparin or heparinoid. 

In  comparing the relative activity of heparins and heparinoids in uiuo, the 
matching of response curves, as has been done in Figure 3.3 is of limited value. 
What is required is a single value to represent the response. Two parameters 
define the response-the maximum value and the time to return to normal, 
but these values involve the largest experimental error in their determina- 
tion. What is required is a value to express the total response calculated from 
all the determined experimental values. Millar, Jaques and HenrietZg8 have 
described a procedure for this for the indirect anticoagulants. They calculated 
the area under the response curve, using the value before anticoagulation as 
the base line. The same procedure can be used for heparin and heparinoids. 
In calculating the area for coagulation tests, an adjustment must be made 
for the fact that there is not a linear relation between the values of the test 
(the various forms of coagulation time) and the concentration component 
changed, since this means that without an adjustment, the area value 
obtained will be influenced to too great a degree by large changes in the 
maximum value, and changes in the duration of the effect will not be seen. 
Millar, Jaques and Henriet have used logarithmic values. Table 3.7 shows 
the values calculated in this way from the literature for the clotting time 
response in patients to heparin and to a heparinoid (Paritol). The area of the 
response curve is proportional to the dosage of heparin and of heparinoid. 

Payne and Baker301 tested a series of sulphated dextrans in vitro and in uiuo. 
Their data have been recalculated and are shown in Tabb  3.8. In vitro, the 
anticoagulant activity in citrated pIasma was from 0.09 to 20 per cent of that 
of heparin. For different preparations the value varied according to whether 
the end-point was the maximum amount which allowed clotting, or the 
amount for 50 per cent clotting or the minimum amount to prevent clotting 
completely. In contrast to the low anticoagulant potency in uitro are the 
results obtained in uiuo. When the total response measured by the Lee and 
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curve for the clotting time response 
Table 3.7. Relarion between dose of heparinoid in man and area under the 

' 

Drug I Dose mg 1 1 AreaIDose 
i area cm2 

0.84 

Heparin3uu ~ 25 
1 50 
I 75 ~ 63.4 

100 1 84.5 0.84 
~ 150 1 96.8 1 0.64 

I -  
Average = 0.74 

8.43 
* Parito1Z88 ! 4 1 1::; 6.26 

8.07 1 13.00 
I -  

Average = 8.94 
I 

* Alginic acid sulphuric acid ester. 

White clotting timewas used as the parameter, similar responses were obtained 
for most of the samples. This suggests that the anticoagulant activity of 
heparinoids should be reassessed on the basis of quantitative in vivo com- 
parisons. 

Table 3.8. Comparison of the activity in vitro and in vivo of a series of sulphated 
dextrans, expressed as the percentage of the activity of heparin in the same 

tests3u1 
- 

%S 

~ 

18.1 
14.2 
17.1 
17.8 
15.2 
14.9 
13.0 
12.0 
10.2 
186 
136 
- 

Approx. 
mol. w t .  

9,000 
25,000 
60,000 
60,000 
60,000 
60,000 
60,000 
60,000 
60,000 
60,000 

465,000 

Anticoagulant activity 

In vitro In viva 

% ~ 

Peak % 

9 1 106 
18 64 

10 1 74 

i n  I 'ii 10 
~~ .. 

18 76 j 183 

In civa 
Area yo 
.___ 

100 
115 
40 
90 
35 
90 

100 
120 
105 
155 
100 

Toxicity 
%.from 
LD,, 

20 

270 
386 
102 
158 
114 
108 
100 

? 
275 

X 

Anticoagulant activity in vifw calculated from the number of micrograms of dextran sulphate and heparin 
required to give 50 per cent inhibition ofcoagulation of 1 ml. dog plasma. Anticoagulant activity in viuo calculated 
from Lee and White clotting times at  0, 1, 2, 3 hours after intravenous injection in rabbits of 3 mgjkg. Peak - 
peak clotting times. Area = area under the curve with formula of Millar, Jaques and Henriet suitably modified. 
Values for heparin were: activity in vitro, 3.5 pg; i n  v i m ,  peak = 100 (92-108) minutes; area = 0.20; LD,, = 
220 ? 42 mgjkg. 
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The failure of in uitro tests to reflect what may be the effect on coagulation 
in uiuo can be due to many factors. Those heparinoids which cause clumping 
of platelets in the circulation can give an apparent enhanced in uiuo response 
because of the increased sensitivity of the blood to the anticoagulant in a 
clotting time measurement. Release of endogenous heparin is also a possi- 
bility discussed on page 187. These must be distinguished from a true in uiuo 
anticoagulant effect. A possible reason for failure of heparins and heparinoids 
to reveal their true anticoagulant activity in uitro, as pointed out to us years 
ago by Dr. T. Astrup in discussing the effect of acid and alkali on heparin, is 
that many workers fail to appreciate the extreme pH dependence of the 
anticoagulant action of heparin. Failure to check and adjust the pH and 
salt concentration of heparin solutions before assay can give erroneous 
results in uitro, although this will be a lesser problem in uiuo. It is interesting 
that in a study302 where hydrolysed heparin, and mucopolysaccharides were 
tested in uiuo in lipaemic dogs for anticoagulant and antilipaemic activity, 
heparin subjected to 15 minutes heating at 100°C in 0.3 N NaOH gave clot- 
ting times and free fatty acid values identical to heparin, while heating in 
6~ NaOH gave values similar to chondroitin sulphate B, although there was 
no change in the clotting time or lipaemia with hyaluronic acid, chondroitin 
sulphate A or five seaweed extracts. 

The anticoagulant activity of heparin can be abolished without affecting 
antilipaemic activity. N-(2,4-Dimethylbenzoyl) N-desulphoheparin with no 
anticoagulant activity is equivalent to heparin in the clarification of post- 
prandial hyperlipaemia, experimental chronic hypercholemia and lipid 
emulsions in  , uitro by post-injection plasma. With N-formylchitosanpoly- 
sulphuric acid (Ro 1-8307) in the rabbit303, clearing factor activity increases 
with increasing dose so that the optimal dose is over 8 mg/kg, while heparin 
reaches a plateau at 1 mg/kg. In man the optimal dose is 0.25 mg/kg for 
heparin and 0.5 mg/kg for Ro 1-8307. ‘The action threshold for activation of 
clearing factor for both is 10 times lower in man than in the rabbit. The 
Howell time and antithrombin time are not inhibited by doses optimal for 
clearing factor.’ 

It is a remarkable fact that after 30 years of intensive effort in the synthesis 
of various heparinoid substitutes for heparin, it has not been possible to 
prepare compounds with greater anticoagulant activity than heparin, 
although compounds have been obtained with greater activity than heparin 
with respect to other biological properties. This suggests that this particular 
property of heparin is related to some feature of chemical structure not yet 
identified and which is additional to the carbohydrate skeleton, 0-sulphate, 
or sulphoamino groups. The alternative suggested is that this situation is due 
to the use of inadequate methods of testing ( in  uitro tests). 

Assay Procedures for Heparinoids 

The assay of heparin has been discussed in detail by Jaques and BeIl3O4 and 
been recently given in a book by Tocantins and Kaza13o5. The possible 
properties of these compounds which have been used for assay, given in order 
of descending interest from the standpoint of pharmacology, are: (1) preven- 
tion of thrombosis; (2) anticoagulant activity on fresh whole blood; (3) meta- 
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chromatic activity; (4) inhibitor activity on coagulation factors and fractions ; 
(5) inhibitor activity in different coagulation tests; (6) reaction with proteins 
or bases (precipitation, inhibition of enzymes) ; (7) physico-chemical proper- 
ties such as electrophoretic mobility. 

To the first point should be added antisteroid (cortisone, aldosterone), 
anti-inflammatory, anti-allergic, anticomplement and antihypertensive. 
Possibly a nomenclature is needed that distinguishes the various biological 
and therapeutic properties of heparin and heparinoids, as well as adequate 
standards for: heparin-anticoagulant, heparin-CF, heparin-anti-aldo- 
sterone, heparin-anti-inflammatory and heparin-antithrombosis. 

The W.H.O. International Standard for heparin is a standard prepara- 
tion, with 1 mg containing (by definition) 130 I.U. of heparin. However, the 

. fact that a series of commercial heparin preparations (presumably all from 
beef tissue) gave similar values by several assay procedures (or a similar 
ratio compared with the International Standard) is no guarantee that this 
will be the case when heparinoids and heparin of different species of origin 
are tested, or when other biological parameters are investigated. In the inter- 
national collaborative study of dextran sulphate, an international unit for 
dextran sulphate was defined as 0.04 mg of preparation set up for this pur- 
pose. What is needed are standard procedures using the international 
reference standard which are meaningful for the clinical use of the drug. This 
should be provided by the pharmacopoeias. It has been recently pointed 
that the pharmacopoeia descriptions of heparin and heparinoids are com- 
pletely inadequate in defining and standardizing these drugs. The potency 
requirement in the U.S.P. monograph does not permit any real assessment of 
the biological efficiency in uiuo and does not distinguish from chondroitin 
sulphuric acid; the colour requirement is not significant; the barium test is 
an outmoded remnant of early work; the nitrogen requirement is non- 
specific; the protein precipitation is inadequate and insensitive and does not 
test for peptides which are the most likely contamination. This is becoming 
a rather important practical problem from the standpoint of standardization 
of these drugs for clinical purposes. It is to be hoped that when the mono- 
graphs are rewritten, potency limits will be in terms of clinical use-in uiuo 
tests of antithrombotic, antilipaemic, or anticoagulant activities. 

For pharmacological research on these compounds, in view of their ex- 
tremely high activity in many systems, most tests are markedly sensitive and 
minute amounts of active substance are required. It is important to realize 
that there are two distinct problems, identification and measurement. There 
is a limitless number of systems available for measurement but there is no 
property, even the anticoagulant activity of heparin, which is not shared with 
many other substances. Heparin is only distinguished in terms of its very 
high specific activity, which means identification requires isolation of the 
compound, and measurement and observation of characteristic chemical 
and biological properties. Heparinoids are given in small doses and heparin 
itself is a trace substance in the body. This is a serious limitation to the relia- 
bility of much work on heparin. As with other highly active pharmacological 
agents, estimation of the substance by two or three different tests greatly 
enhances identification, for if the ratio of activities by the respective tests 
proves to be the same as for the reference solution, the reliability of the 
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estimation is increased. Important in this are the contaminants present, since 
different substances interfere in the different tests. 

I ABSORPTION, DISTRIBUTION AND METABOLISM 

Heparin and heparinoids are absorbed in only trace amounts when given in 
large doses 0raIly307-~~9. EDTA increases the absorption310. Subcutaneous 
and intramuscular injection of various depot heparin preparations have not 
been found very satisfactory. They fail to give satisfactory blood levels and 
they increase Sensitization. With subcutaneous injection, the ability of heparin 
to become fixed to protein becomes a factor modifying absorption. One of 
the basic difficulties in deciding on the value of subcutaneous or intra- 
muscular injections of heparin is that there has been no quantitative com- 
parison made of the blood levels of heparin administered in these two ways, 
to determine how much appears in the circulation in active form. It is possible 
that much heparin never reaches the circulation. This is to be expected when 
it is remembered that heparin released by mast cells does not reach the 
circulation. Depository forms of heparin havc been replaced by the use of 
concentrated heparin solutions (40 gm per cent), so that volumes of 0.2 to 
0.4 ml. can be injected into subcutaneous fat tissue or intramuscularly. 

From the figures of Eiber and Danishefsky311, after the injection of 35S- 
heparin into dogs at a level of 2-3 mg/kg, the heparin seems to be about 
evenly distributed in the blood between white cells and plasma, and in the 
plasma it is chiefly associated with Cohn fractions I and III. The attaining 
of equilibrium between heparin and blood constituents, as judged by the 
maximum clotting time reached after intravenous injection is a relatively 
slow process, requiring 15 minutes for heparin312 and even longer for heparin- 
oids (see Figure 3.3). Heparin is slowly distributed through the total extra- 
cellular fluid compartment313. Judging by experience with the large doses of 
heparin used in operations for the artificial heart, temporary take-up and 
storage of heparin (in the extracellular compartment ?) may take place. In  
dogs, the intestine is the only tissue found with an increased amount of 
heparin after injection of large amounts of heparin. 

Samuels and Webster314 and later workers have drawn attention to the fact 
that uptake of heparin can be shown in the cement lines of vascular endo- 
thelium in the larger veins where endothelium is most easily studied. Electron 
micrographs show the cement lines to be the appearance of endothelial cell 
surfaces315, so this may simply represent passage of heparin between these 
cells. The considerable amount of heparin deposited in the same way on the 
endothelial cells when injected intravenously, has a marked effect on the 
electrical potential of the cells316. Large amounts of heparin have been used 
in such experiments, so the heparin will be free and available for binding. It 
is important to know whether this occurs with bound heparin. 

When heparin is administered intravenously, the material disappears from 
the blood very rapidly312. The relation between blood levels, rate of dis- 
appearance of heparin from the circulation and urinary excretion indicate 
one of the valuable pharmacological properties of heparin. It is cumulative 
only at  low blood concentrations. At blood concentrations which give 
measurable clotting times, the rate of removal is dependent on the concentra- 
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tion in the blood but appears independent of blood level at higher concentra- 
tions in The point of change appears to be at a blood concentration 
of 2 units/ml. Below this level, a straight line relationship is obtained by 
plotting logarithmic clotting times against time which indicates a direct 
relationship between the rate of disappearance and concentration312. Olsson, 
Lagerren and Ek317 have recently shown that in dogs for single doses between 
200-800 units/kg elimination is exponential but with humans, this was true 
only for doses of 100 units/kg and with higher doses the elimination was only 
approximately exponential. 

A further important point about the metabolism of heparin is made when 
heparins of different sources are injected in vivo3I*. Doses of 2.6 mg of beef 
heparin, 13.0 mg of sheep heparin, 8.6 mg of pig heparin, and 1.3 mg of dog 
heparin on intravenous injection gave the same pattern of change in the 
coagulation time. As 1 mg of each of these heparins contains an identical 
amount of sulphur and has identical metachromatic activity, this means that 
physiological inactivation proceeds in terms o f  the anticoagulant activity and not of  
metachromatic activity (or of those activities which are partly related to it, such 
as that used in the U.S.P. assay). It is usual to associate metachromatic 
activity with polymer size and degree of sulphation. This suggests that some 
other chemical property or grouping is responsible for the unique anti- 
coagulant activity of the heparins. 

Studies on the excretion products in urine after injection of heparin have 
demonstrated that the excretion products depend on dosage. With small 
doses to give concentrations of heparin in the blood of the order of 1 unit/ml. 
and using 35S, it is possible to show that the sulphate part of 70 per cent of 
the injected dose is excreted as inorganic sulphate319. Therefore the injected 
heparin has been subjected to desulphation, presumably by a sulphatase. 
With increasing dosage, an increasing amount of sulphate appears in the 
form of mucopolysaccharide. This material has been identified for much 
longer, starting with the work of A s t r ~ p ~ ~ O  and Jaques, Napke and Levy321. 
The mucopolysaccharide has the metachromatic activity of wheparin but has 
largely lost its anticoagulant activity and is termed uroheparin. It shows 
slower electrophoretic migration than heparin. The renal threshold is 2 a 0  
units/ml. of blood. With larger doses of heparin, unchanged heparin is found 
excreted in the urine. The renal threshold for this appears to be a level of 
7.6 unitslml. of blood. Ordinary clinical single intravenous doses give mixed 
excretion of heparin and uroheparin, as well as inorganic sulphate, with a 
total excretion of about 20-30 per cent of the injected dose in the combined 
forms. The conversion of heparin to uroheparin is due to an enzyme heparin- 
ase322 which has been extracted from rabbit liver. The desulphation enzyme 
has not been identified, although chemical studies329 have shown that 
desulphation is a necessary first step to rendering heparin mucopolysaccharide 
susceptible so that it can react with various chemical degrading agents. 
Evidently, after desulphation has occurred, the mucopolysaccharide will be 
degraded by mucopolysaccharidases. Bacterial enzymes have been obtained324 
which cause an increase in reducing groups and an increase in the free 
amino groups and an increase in the periodate consumption, with hydrolysis 
of ester sulphate. Marbet and W i n t e r ~ t e i n ~ ~ ~  recovered about 50 per cent of 
the injected heparin in the form of uroheparin, with the dose used by them, 
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but observed that in the presence of protamine, no excretion occurred, the 
heparin presumably being all desulphated and degraded by mucopoly- 
saccharidases. This indicates326 that the change in type of excretion occurs 
when heparin is no longer all bound to plasma protein and indicates the 
difference in action of enzymes is related to the nature of the binding of the 
heparin. Where heparin is free in blood after injection, it is accessible to the 
action of heparinase and to direct excretion by the kidney. Where it is bound 
with coagulation protein or in another firmly bound protein-binding such as 
protarnine, then it must be acted on by an enzyme causing desulphation of 
the heparin, which makes the heparin accessible to further degradation by 
mucopolysaccharidases. 

Less is known about excretion patterns of heparinoids. Radioactive 
labelled sulphopolyglucin gives similar blood curves for radioactivity, 
metachromatic activity and whole blood clotting time. 

TOXICITY 

Haemorrhage, Hypersensitivity, Anaphylaxis 

As explained on page 166, the development of serious haemorrhage requires 
multiple attacks on haemostasis and in this respect heparin is unique. Even 
though an anticoagulant and therefore a potential haemorrhagic agent, it 
prevents haemorrhage precipitated by stress and dicumarol, when given 
after these treatments327. In view of the many biological effects of heparin, it 
is remarkable that so many of its side effects are desirable, and not adverse 
as might be expected with such a potent drug. For this reason it is used 
clinically : this applies only in part to heparinoids. 

‘Inappropriate manifestations of heparin’s therapeutic properties are 
avoidable by careful technique of administration. This will avoid local 
ecchymoses of minor or major proportions. Some of these are due to 
inappropriate dosages in susceptible patients with haemorrhage at distal and 
occasional critical sites such as the wall of the intestine. When heparin is 
administered to patients already on prolonged coumarin therapy, intractable 
bleeding may occur from factor IX  suppression. Most frequently fatal, 
however, is the injudicious interruption of heparin therapy when bleeding 
presents. Permitting coagulation to return to normal is frequently associated 
with large emboli presumably shed by laminated clot appearing on injured 
endothelial surfaces.’328 

As a result of the inhibitory effect of heparin on antibodies and anaphyl- 
axis, allergic reactions are infrequent and true heparin sensitivity rare (one 
case of anaphylactic shock). Urticaria has been seen, induced by sensitivity 
to heparin’s animal protein, and a histamine-like response at the injection 
site which gradually disappears if injections are maintained. 

Toxicity of heparin and heparinoids has been examined in considerable 
detail from the standpoint of immediate and long-term toxicity. Initial and 
long-term toxicity of heparinoids is relatively slight with the initial material 
before sulphonation, but the introduction of sulphuric acid groups into the 
polysaccharide results in considerable toxicity. The effect of a series of 
polysaccharides and their sulphonated derivatives on leucocyte count, body 
temperature and E.S.R. in rabbits was that homopolar unbranched com- 
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pounds caused a fall of the leucocyte count and an increase in body tempera- 
ture, increasing chain length increased the time of leucopenia, duration of 
leucopenia and raised the fever to a higher temperature, compounds with 
a polymer count over 200 caused an increase in E.S.R., while under 200 
caused a decrease in E.S.R.329 The effects on leucocyte count and body 
temperature are related more to neutral polysaccharides remaining in 
heparinoid preparations. 

Immediate Collapse and Fibrinogen Precipitation 

Immediate toxicity is a shock-like state or an anaphylactoid reaction and can 
be in general described as agglutination of platelets and precipitation 01 

fibrinogen to give pulmonary emboli. Both these effects are closely related 
to the molecular weight or polymer size330-333. Histological findings suggest 
strongly that the pathological changes produced with dextran sulphate are 
caused primarily by the intravascular precipitates occluding capillaries333. 

Long-term Toxicity-collapse Syndrome 
On long-term toxicity tests, many heparinoids such as sulphated chitin, 
laminarin sulphate, Elheparin, t h r ~ m b o c i d ~ ~ ~  and sulphopolyglycin25s prove 
fatal when given intravenously at 2-3 times the clinical dose. Cronheim258 
describes the syndrome in terms of the same sequence of toxic symptoms : loss 
of appetite, weight loss, severe diarrhoea containing grossly visible blood, and 
sudden death. Autopsy shows extensive haemorrhagic inflammatory pro- 
cesses, but without ulceration in the intestines, which, in the case of sulpho- 
polyglucin, are restricted to the luminal layers and are characterized by 
venous capillary stasis. With some heparinoids, inflammatory and degenera- 
tive changes are also found in the liver and the kidneys. The animals tolerated 
the drugs without difficulty for a certain length of time, varying from a few 
days to 6 months, depending on the dose and route of administration. 
Suddenly, the above-mentioned sequence of toxic effects commenced. 
Death resulted invariably within a few days, but it could be averted by 
immediately discontinuing the drug and by repeated blood or plasma 
transfusions and special nursing care. 

Even with heparinoids which do not produce serious clinical symptoms on 
long-term toxicity tests, various pathological changes are found in organs on 
histological examination. Frequently, accumulation of metachromatic 
material is found in the liver with storage in histiocytes which is different 
from mast cell phenomenon. Retention of heparinoids has been established 
by histological staining methods335 and by the use of 35S-labelled com- 
p o u n d ~ ~ ~ ~ .  CronheimZ5* described the long-term toxicity with the collapse 
syndrome; the collapse is not due to haemorrhage or blood loss, but is 
related to the accumulation of the heparinoid in the Kupffer cells of the liver 
and possibly in other organs. The release of the heparinoid from the reticulo- 
endothelial system is extremely slow. The gross signs of toxicity and the 
characteristic pathological changes in the intestinal tract show some resem- 
blance to endotoxin into~ication~~'. With the heparinoids retained in the 
Kupffer cells, Cronheim suggests that the detoxification mechanism for 
endotoxin is impaired, and that the animals die from an accumulation of 
endotoxin. 
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AloPecia 

On clinical trials, a specific side effect has been found with all these 
compounds on long-term administration, namely alopecia33s. Beller33D 
reports that the incidence of loss of hair in 8-12 weeks on long-term therapy 
amounts to 70 per cent with heparin and 100 per cent with G31150. The 
alopecia is of varying degree of severity. I t  can result in complete temporary 
baldness or simply an increased rate of shedding of hair. I t  is completely 
reversible. When the administration of the heparinoid is stopped, the hair 
returns and with grey hair, the new hair may be coloured. The relationship 
of heparin and heparinoids to hair growth is not clear. I t  has been assumed 
that this may be a competition with the mucopolysaccharides involved in 
hair growth and formation of keratin. With the low concentration of heparin 
and heparinoid in the follicle, the effect is much more likely an expression of 
interference with hormone activity. 

Bone Changes 
A toxic effect on bone growth was observed with laminarin ~ulphate3~0 but 
not with other heparinoids. The animals showed loss of weight, frail appear- 
ance, skeletal changes, the carpal joints became knobbly, and there was 
splaying of feet and kyphosis. The changes were greatest at the growing ends 
of long bones and the primary effect was a disturbance on the endochondral 
bone formation. This probably represents interference with chondroitin 
sulphate metabolism and emphasizes that the other effects of heparinoids 
are probably not related to chondroitin sulphate metabolism. 

ENDOGENOUS HEPARIN AND HEPARINOIDS 

The Mast Cells 
The identification in 1937 of the staining properties of heparin with meta- 
chromatic dyes with the similar staining of the mast cells by Wilander341 
meant the satisfactory identification of the source and location of much of 
the heparin in the body. Recent descriptions of the mast cells are given by 

and Smith343. Equally important was the identification of histamine 
as the other important pharmacologically active component of the mast cell 
by Riley, Shepherd and West323. This is further discussed in the book by 
Riley344. In general, there is a rough correlation between the distribution of 
heparin, histamine, hyaluronic acid and the mast cells. 

The identification of the mast cells recognizes local accumulations of 
highly concentrated heparin; the chemical extraction requires large amounts 
of tissue. While a correlation between mast cell count and heparin content of 
tissues has not been established3, the relationship between these two seems to 
be sufficiently close to indicate that all heparin is associated with mast cells. 
This does not prove that in ordinary tissue the mast cells contain the heparin 
and none is from the surrounding connective tissue matrix. Normal mouse and 
rat mast cells contain heparin and no other p o l y ~ a c c h a r i d e s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  but solid 
mast cell tumours of mice also contain chondroitin sulphate-like polysacchar- 
ides, as an ascites subline of the Furth tumour and dog mastocytomas gave 
nonsulphated polysaccharide material. 

Histamine and heparin seem to be in tight combination in the mast cell, 
184 



L. B. JAQUES 

yet the complex formed in vitro dissociates readily. Kerp and Steinhaii~er3~~ 
have shown that heparin and histamine are bound much more effectively 
when a ternary complex is formed with zinc and that there is a corresponding 
concentration of zinc in the mast cell granules released by compound 48/80, 
suggesting that this provides the necessary stability to the complex in the 
 granule^^*^^^^^. The presence of 5-HT in rat and mouse mast cells appears to 
be associated with a ‘unique heparin’, immobile on paper chromato- 
g r a p h ~ ~ ~ ~ ~ ~ ~ .  

Considerable information has been obtained recently on the steps in the 
metabolic transformations to heparin, through studies on mouse mast cell 
tumours in slices and homogenates. I t  has been established that this takes 
place in the granule. 14C-Glucose and 35S-inorganic sulphate is converted by 
mouse mast cell tumour slices into mucopolysaccharide indistinguishable 
from heparin. I t  appears that the sulphate is incorporated into heparin pre- 
cursors of low molecular weight probably phosphoadenosine phosphosulph- 
ate35’J and these are then incorporated into the heparin fraction. Higgin- 
b0tham3~l showed that fibroblasts take up heparin as metachromatic granules 
and it is almost impossible to distinguish between heparin-forming mast cells 
and heparin-digesting fibroblasts by simple inspection of slides352, but the 
pseudomastocyte granule in the heparinophage can be distinguished from the 
true mastocyte by the fact that it disappears under the action of heparinase. 
Velican and V e l i ~ a n ~ ~ ~  conclude that cells with the appearance of tissue mast 
cells represent different reticulohistiocyte elements, especially macrophages 
following excessive accumulation of polysaccharide under the action of 
certain irritant factors. An extreme form of this is seen when hcparinoids and 
many other substances are given. Cells appear which are largely meta- 
chromatic but different and easily distinguished from mast cells. 

According to West350, the biological significance of the pharmacologic 
agents in the mast cells is related to the connective tissue. In the embryo, 
there appears to be a general metachromasia of tissues which finally results 
in metachromasia in the mast cell. Histologically, the mast cells appear to 
undergo cyclic changes so they alternately store and release substances to 
the ground substance mucopolysaccharide, i.e. hyaluronic acid. This is not 
for synthesis of ground substance, because chemically heparin and hyaluronic 
acid are different substances and there is increasing evidence that synthesis 
of both is from different units. Also, if mast cells are responsible for the pro- 
duction of ground substance, one would expect some indication of this in 
healing wounds, but mast cell show that newly-produced ground 
substances and mast cells appear separately. Since minute amounts of 
heparin inhibit in uitro the depolymerizing action of hyaluronidase on ground 
substance, possibly mast cells act as hyaluronidase inhibitors in the evolution 
of granulation tissue. West supports Riley’s view that mast cells releasing 
histamine prepare many more connective tissue cells to receive the conse- 
quent heparin and bradykinin releasing enzyme. This potent vasodilator is 
responsible for the increase in capillary permeability, accumulation of 
materials and pain in connective tissue in response to foreign materials, i.e. 
trephocytosis. 

The injection of toxic agents such as compound 48/80 and Russel Viper 
Venom results in disruption of mast cells with shedding of granules. Higgin- 
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botham and have shown that heparin protects mice 
from these agents and that furthermore the difference in lethal effects of 
intravenous compared to subcutaneous injections can be attributed to the 
fixation of the noxious substances by the acid mucopolysaccharides released. 
This fixation is followed by ingestion of the complexes by fibroblasts. For 
this, Higginbotham has devised the term ‘micellophagosis’ (Figure 3.4). 
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Extra cellular Intra cellular 
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Noxious 
material 
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Figure 3.4. General scheme of ‘micellophagosis’ and deto~ication~~’ 

Hyaluronic acid is ingested by fibroblasts but appears as vacuoles rather than 
discrete granules. Polysulphated hyaluronic acid and chondroitin sulphate 
A are taken up by fibroblasts in granular form but remain in nondigestive 
form in cytoplasm thirty days later. This is true of many foreign poly- 
saccharides. Higginbotham suggests that the mast cell represents a type of 
mesenchymal cell which takes up mucopolysaccharides from the ground 
substance, storing the mucopolysaccharides cytoplasmically and showed351 
in nitro that compound 48/80, polymyxin B, neomycin, protamine, and 
clupeine can displace toluidine blue from heparin. Intraperitoneal injections 
of heparin into mice 30 minutes before the intravenous injection of otherwise 
lethal doses of these same agents markedly enhance tolerance. Less marked 
tolerance could be induced by chondroitin sulphate B but not by chon- 
droitin A and hyaluronic acid. Sulphated derivatives of dextran, poly- 
galacturonic acid, polymannuronic acid, levan, alginic acid, and cellulose 
were highly protective against the lethal doses of compound 48/80, polymyxin 
B and stilbamidine, whereas nonsulphated dextran was inactive and carboxy- 
methylcellulose only weakly active. 

Heparin and Heparinoids in  Blood 

There has been continuing interest in the possibility of heparin being present 
in blood ever since the first descriptions of the anticoagulant. In fact, it is 
almost universally assumed that it must be there. Surprisingly enough it has 

186 



L. B. JAQUES 

been very difficult to demonstrate any significant amounts of heparin in 
normal blood. This is in contrast to the excessive amounts of heparin which 
can be demonstrated in the blood of dogs after peptone and anaphylactic 
shock, a subject under active study for 80 years (cf. D e l e ~ e n e ~ ~ ~ ) .  The identifi- 
cation of the marked anticoagulant activity appearing in these conditions as 
due to release of heparin from the dog liver was completed with the quantita- 
tive isolation of heparin in crystalline form by Jaques and Waters359 and the 
demonstration by Scroggie and J a q ~ e s ~ ~ O  that it is possible to obtain equiva- 
lent amounts of histamine and heparin by antigen from the isolated perfused 
liver. The heparin is released into the lymph. Release of heparin does not 
occur with histamine shock or with haemorrhagic shock. No other conditions 
(except papain injections) have been found to release heparin. Accompany- 
ing liberation of histamine and heparin, there is some protein breakdown361 
and soya bean trypsin inhibitor has some inhibitory effect for release by 
peptone. This suggests that proteolysis may be a part of the factors in the 
liberation of histamine and heparin. In the absence of the liver, relatively 
little heparin is released by antigen in sensitized dogs and the amount of 
histamine released is only an insignificant fraction of the amount released 
from the liver359,362. Assuming the same degree of sensitization, the question 
arises as to whether other mast cells do not release these pharmacologically 
active agents. This may be due to the location of the mast cells. Mast cells 
are located in tissues, and there is a marked barrier to the immediate access 
of the cells and their products to the circulation, namely the thickness of the 
vessel wall, but in the liver due to the location of the hepatic lymph channels, 
the pharmacologically active agents released by the mast cells are immediate- 
ly carried via the thoracic duct to the general circulation. In other organs, 
probably local fixation of these occurs in the connective tissue matrix so that 
practically none appear in lymphatics and thus in the general circulation. 

Anticoagulant material found in blood of pathological cases has rarely 
been found to be related to heparin. A number of other anticoagulants have 
been described-protein~~~~7~64, sphingomyelin, sphingosine, inositol phos- 
phaeides, phosphatidyl serine, l i p id -p r~ te in~~~ ,  profibrin, or other products 
of fibrinogen acting as anticoagulants~7~36*. 

The various methods developed for the determination of heparin in blood 
after its addition either in vitro or after injection, have been applied by many 
investigators to the question ofwhether there is any heparin present in normal 
blood-titration with protamine, toluidine blue369, polybrene and ‘Heparin 
tolerance’ tests. Greenspan3’0 isolated mucoproteins from dog, ox and 
human plasma and showed that these caused an increase in the Lee and 
White clotting time. They were neutralized by protamine in a ratio of 5.5  
mucoprotein to 1 of protamine. All sera which had an increased protamine 
had increased mucoprotein levels : this is the ‘heparinoid’ of serum. Varia- 
tions in protamine titration are accounted for by 1-2 mg of mucoprotein/ml. 
Hence the elevation of mucopolysaccharides in plasma and mucoproteins 
can be responsible for the titration values obtained and the large number of 
papers which refer to ‘blood heparin’ levels should be recognized as referring 
to blood ‘heparinoid or mucopolysaccharide’ levels. 

However, a number of studies have identified heparin as a trace constitu- 
ent of normal plasma32093711372. The least concentration of free heparin which 
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can be demonstrated by anticoagulant activity is 1 ,ug/mI., while for clearing 
factor it is 0.1 ,ug/ml. As there is not an excess of anticoagulant activity in 
normal blood, the value obtained for normal human blood for heparin can 
be taken as an indication of the specificity of the method for heparin. Values 
of the order of 10 pglml. for normal blood plasma indicate that the method 
is measuring mucopolysaccharides such as chondroitin sulphate or muco- 
protein. Values of the order of 1 pg/ml. for plasma indicate that this is 
probably a measurement of heparin, particularly if proteolytic digestion is 
included in the procedure so that the determination is of bound heparin 
rather than free heparin. 

There are specific methods for heparin and these have yielded positive 
results for heparin in normal blood. The problem is complicated because a 
distinction must be made with heparin in normal blood between the white 
cells, platelets, bound heparin in plasma, and free heparin in plasma. 
Methods are now available for all of these. It can be shown that after injec- 
tion, free heparin can be extracted from the blood and determined3@. On the 
other hand, in contrast to this, the heparin normally present in plasma, not 
resulting from injections, is firmly bound and best estimated by the methods 
of Engelberg373, based on the older studies of Jaques, Monkhouse and Stew- 
art374, Nilsson and Wenckert3'l and A s t r ~ p ~ ~ O .  Engelberg gives a value of 
1-2.4 ,ug/l. (or 0.1-0.24 units/ml.). This minute amount is probably not 
significant as far as blood coagulation is concerned, although it does appear 
to be significant in terms of serum cholesterol. The basophilic leucocytes in 
the blood usually contain chondroitin sulphate but they may contain 
heparin. In the method of B a s ~ i o u n i ~ ~ ~ ,  plasma and white cells are extracted 
separately and final identification is by measurements to determine free 
heparin and mucopolysaccharides in plasma and white cells simultaneously. 

Snellman, Sylven and Julen3"j isolated the heparin polypeptide and showed 
that this material is a potent antithrombin on thrombin with purified 
fibrinogen, suggesting that heparin in the mast cells is in the active anti- 
coagulant form. Electrophoresis shows that this native heparin forms a 
complex compound with thrombin and also with a lipoprotein molecule. 
They conclude the whole heparin complex is produced in the intergranular 
cytoplasm of the tissue mast cells. 

Physiological Sign$cance Heparin 
In order to establish the physiological significance of heparin, a series of 
paradoxes which have been presented in this review must be recalled. First, 
while heparin was introduced to medicine because of its anticoagulant pro- 
perties in the circulation, it shows many more effects through mobilizing or 
suppressing the release of enzymes from tissues and hormones from endocrine 
glands. In addition to affecting the release of enzymes or hormones from cells, 
heparin can also affect the action of these agents at the target cell or organ. 
The problem is to show that heparin does appear in the circulation in 
response to changes where heparin secretion could be an appropriate 
response. This has been shown for lipaemia clearing. Lipaemia results in the 
appearance of clearing factor. All attempts to show increased heparin in the 
blood with hypercoagulability by testing the effects of coagulants and of 
thrombosis have been negative. Other systems, such as hyperaldosteronism 
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have not been evaluated from this standpoint. However, Kozewski and 
V a h a b ~ a d e h ~ ’ ~  have recently reported a case showing absence of heparin 
cofactor in plasma with resulting resistance to heparin; the patient had been 
hospitalized for recurrent thrombotic episodes. When the heparin cofactor 
level in the blood was restored to normal by a course of fever therapy, the 
patient had no more thrombotic episodes. This suggests that heparin has a 
physiological role in preventing thrombosis but the only evidence is this one 
single clinical case. 

The difficulty in obtaining satisfactory evidence may be due to the fact 
that thrombosis is a local circulatory problem which wilI require release of 
heparin locally for control. Such amounts will not be apparent in gross 
biochemical tests either as an increase in plasma concentration or a decrease 
in concentration in tissue. It is probable that heparin will be like other auto- 
pharmacological agents (e.g. adrenalin, steroids, insulin) in that the amount 
of heparin in the general circulation at  any one time is only a secondary 
reflection of secretion levels. More important is the determination of rate of 
urinary excretion of metabolites and still more important the determination 
of rate of secretion by the glandular tissue (mast cells) itself. 

Crucial evidence regarding the physiological significance of body con- 
stituents has frequently been given by diseases which represent over produc- 
tion of the constituent. Systemic mast cell disease or urticaria pigmentosa is 
characterized by symptoms of histamine poisoning. Any bleeding that occurs 
is due to thrombocytopenia and the increased prothrombin time. There is no 
evidence of heparin in the blood378. The one possible example of clinical 
bleeding due to heparin in mast cells is that reported by M e n e g h i ~ ~ i ~ ~ ~ .  He 
found that in juvenile epistaxis, biopsies of the nasal mucosa demonstrated 
a marked accumulation of mast cells and that local medication with toluidine 
blue was helpful in controlling the haemorrhage. Here it is possible that 
there was local liberation of heparin. The increased pigment formation in 
urticaria pigmentosa may be a reflection of the action of heparin accelerating 
pigment formation. Only three cases of hyperheparinemia are recorded in 
the literature and only one of these has been fully documented380. This does 
not mean that the condition is necessarily rare. Like the Hageman and 
Panter traits, the condition is symptomless. The one documented case was 
discovered in a woman only when there was serious post-partum haemorr- 
hage, although the condition was undoubtedly present from childhood. 
There was no evidence of increased numbers of mast cells. 

I t  has been pointed out that the mast cells are outside the blood vessels and 
access by their secretions to the circulation is only via lymphatics. I t  is 
possible that heparin influencing the circulation might come from the vessel 
wall rather than from the mast cells. An anticoagulant mucopolysaccharide 
closely resembling heparin can be extracted from human aorta381. Accom- 
panying this is an antiheparin which appears to be highest in normal 
aortic walls and decreases with increasing arteriolar arteriosclerosis. However, 
this is possibly from mast cells located through the wall thickness and 
particularly in the adventitia. More direct evidence is that of Marin and 
White383 who report that slices of aorta cause some loss of activity of thrombin 
solutions which is prevented by polybrene and that likewise slices cause loss 
of activity of serum in the thromboplastin generation test. Histologically 
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there is loss of metachromatic activity without any irregularity of endo- 
thelium appearing, so that this suggests a possible release from the vascular 
wall. Where does this heparin come from? The uptake of intravenous heparin 
on endothelium (at the cement lines) has already been described; it might 
be possible that heparin from mast cells reaching the circulation in the 
lymph may be deposited here. It would then change the electric charge and 
protect the endothelium from thrombus formation316. The recent discovery384 
of heparin bonding on colloidal graphite surfaces previously rinsed with a 
cationic surface-active agent giving a surface highly resistant to clot forma- 
tion for plastic or silicone surfaces, is then not only of great practical impor- 
tance in the construction of cardiovascular protheses, but may be a model of 
the physiological state of the endothelium. 

The diversity of actions of administered heparin and the demonstration 
that some of these actions take place with endogenous heparin suggest that 
heparin exerts both local and general physiological effects. Contained as it 
is in the mast cells, it takes an active part in the local processes in connective 
tissue and in so doing is an important part of the local defence mechanisms 
of the body. On the other hand, if heparin enters the circulation it will pro- 
duce general effects through modifying the electrokinetic charge of endo- 
thelium and the release and action of hormones and enzymes in the circula- 
tion. These can be summarized as growth and repair of connective tissue; 
preservation of blood flow (effects on blood coagulation and charge on 
endothelium) ; general regulating function in cells on protoplasmic clotting 
and ion exchange; control of fat metabolism (through release of lipoprotein 
lipase) ; natural defense mechanisms (detoxifying action, anti-stress) . 
The personal researches described have been made possible by Research Grants from the 
National Institutes o f  Health, U.S. Public Health Service (Grant Number HE-06117) 
and the Medical Research Council o f  Canada (Grant CG-24). 

The author is indebted to Miss Sylvia Hoffer of the Pharmacy Depart- 
ment, University Hospital, Saskatoon for collecting the data on Uses of 
Heparin as an Anticoagulant (p. 164). 
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THE HISTIDINE DECARBOXYLASES 

D. M. SHEPHERD AND D. MACKAY 

INTRODUCTION 

Nomenclature 

IMIDAZOLE derivatives in which the nitrogen atoms of the imidazole ring are 
unsubstituted exist in the tautomeric forms (I) and (IZ) which are in equili- 
brium : 

The numbering of the ring atoms of imidazole begins at the imino- 
nitrogen atom and the other nitrogen atom receives the number 3. The 
tautomeric forms (I) and (ZZ) are thus numbered as shown; hence C, and C ,  
of the imidazole ring are equivalent. It follows that 4-methylimidazole (I, 
R = Me) and 5-methylimidazole (IZ, R = Me), for example, are identical, 
and it is customary to name this compound 4(5)-methylimidazole. Other 
monosubstituted imidazoles in which the substituent is attached to C, or C, 
are similarly named. 

Histamine and Histidine 

Histidine, ,&4(5) -imidazolyl-a-aminopropionic acid (IIZ) ,  is one of the 
essential amino acids. From the pharmacological point of view, it is of 
particular importance as it is the immediate precursor of the highly active 
amine histamine, /3-4 (5) imidazolylethylamine (ZV) . 

Histamine, which is widely distributed in nature, is formed by the decar- 
boxylation of L-histidine by the enzyme histidine decarboxylase. Non-enzymic 
decarboxylation of histidine has also been observed1-, but the conditions 
under which this occurs render the reaction of little physiological interest. 
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In view of its extremely high biological activity and the fact that it appears 
to be implicated in a variety of pathological conditions in man, histamine has 
been studied much more extensively than the enzyme which gives rise to it. 
It is only recently that histidine decarboxylase has been subjected to detailed 
study. Various aspects of this work are now surveyed. 

THE MEASUREMENT OF HISTIDINE DECARBOXYLASE ACTIVITY 

The activity of histidine decarboxylase preparations can be measured by 
determining either of the decarboxylation products of histidine, i.e. histamine 
or carbon dioxide. Most of the methods are in vitro techniques using organ 
slices, minces or cell-free extracts, and they have the usual limitations of in 
vitro m e a s u r e m e n t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  In vivo methods have also been used, but these 
give information primarily about the decarboxylation of histidine in the body 
as a whole rather than about the distribution of the enzyme in specific 
organs. 

In vitro Measurements 
Measurement of carbon dioxide production 

While the carbon dioxide produced by decarboxylation of histidine can 
be measured by the standard Warburg manometer technique, the utility of 
the method is severely limited by the very small degree to which decarboxyla- 
tion occurs with most mammalian histidine decarboxylase preparations even 
at high substrate concentrations. In practice, only bacterial histidine decar- 
boxylases have proved sufficiently active to be measured conveniently by 
the manometric method6. Small amounts of carbon dioxide can, however, be 
determined by the sensitive micro-diffusion technique of Conway', and this 
has been used successfully for measuring the activity of mammalian histidine 
decarboxylases8. 

The most sensitive method €or measuring carbon dioxide production by 
histidine decarboxylase is that in which histidine labelled with carbon-14 in 
the carboxyl group is used as substrate. The I4CO2 evolved is trapped in a 
suitable absorbent medium, and its radioactivity is then determined directly 
in a scintillation spectrometer. Several variations of this procedure have been 
described9~10.11.2421256, and these compare favourably in speed and sensitivity 
with alternative isotopic methods in which the production of radioactive 
histamine from ring-I4C-labelled histidine is measured (see following 
section). 

Measurement of histamine production 

The histamine formed by the decarboxylation of histidine can be measured 
by the standard biological method using the atropinized ileum of the guinea- 
pig. This procedure, which has the advantage of simplicity and high specifi- 
city, is not unduly time-consuming when an automatic assay apparatus is 
used12 and the necessary calculations are made by means of an electronic 
computer. A tissue blank must be carried out to determine the amount of 
endogenous histamine derived from the tissue during the preparation of the 
enzyme extract. An additional blank experiment can be included to allow for 
histamine present in, or formed by non-enzymic decarboxylation from, the 
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histidine13J4; this is particularly important when tissues of very low histidine 
decarboxylase activity are under investigation. 

Alternatively, the histamine can be determined spectrophotofluorimetri- 
cally15J6. With this method, it is essential to remove histidine after the in- 
cubation, as the substrate would otherwise contribute to the final fluorescence. 

These methods are not sufficiently sensitive to detect the small amounts of 
histamine produced by mammalian histidine decarboxylases when low 
substrate concentrations ( < 50 ,ug/ml. histidine) are used. The histidine 
concentration in the blood plasma of most of the animal species commonly 
studied in the laboratory is approximately 10 ,ug/ml.17 Therefore in vitro 
measurements at substrate concentrations of this order assume particular 
physiological significance. The sensitivity of the above methods can be 
greatly increased if the histamine produced is concentrated, and freed from 
histidine, by means of a cation-exchange resin; in this way determinations 
have been made at histidine concentrations below 1 , ~ g / m l . ~ ~  

However, the use of radioactive techniques is to be preferred for measure- 
ments at these low substrate levels. The histidine used is labelled with 14C in 
the 2-position of the imidazole ring, and the resulting radioactive histamine, 
diluted with non-radioactive carrier, is converted to a suitable crystalline 
derivative which is then purified and counted in the normal way. In the 
method as originally introduced1*J9 the histamine was crystallized as the 
picrate. More recently Schayer20 has isolated the histamine as the dibenzene- 
sulphonyl derivative (BSH), the activity being measured by the liquid 
scintillation technique. An, alternative method2I is to prepare the di-(p- 
iodobenzenesulphonyl) derivative (pipsylhistamine) the activity of which is 
then measured at infinite thickness in a gas-flow counter; this counting 
procedure has the disadvantage of being less efficient than the liquid scintil- 
lation method. Methods have also been described in which the radioactive 
histamine formed, instead of being converted to a derivative, is separated 
from the substrate by paper chromatography before ~ o u n t i n g ~ ~ , ~ ~ ~ .  

Since only the radioactive histamine formed from 14C-histidine is measured, 
the endogenous non-radioactive histamine in the tissue need not be taken 
into consideration, and so no tissue blank is necessary. The method is some- 
what tedious, however, as complete separation of unreacted histidine from 
the histamine formed is essential ; this involves either partition between 
suitable solvents, or separation on an ion-exchange resin. Moreover, the 14C- 
histidine available commercially contains a small amount of 14C-histamine, 
and it may also give rise to further traces of I4C-histarnine by nonenzymic 
decarboxylation during the incubation and the subsequent analytical 
procedure. As the histamine derived from these sources is sufficient to inter- 
fere in this highly sensitive method, a substrate blank must be carried 
To reduce the activity of this blank to a minimum, the 14C-histidine should 
be freed from 14C-histamine by ion exchange before use. There is evidencez4 
that where the blank is carried out in the presence of the enzyme, but with 
the addition of sufficient semicarbazide to prevent completely the occurrence 
of enzymic decarboxylation, the semicarbazide also inhibits non-enzymic 
decarboxylation. Since the histidine decarboxylase activity of the tissue is the 
difference between the blank and the uninhibited reaction, the resulting low 
blank would lead to a falsely high level of the enzyme being obtained. This 
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error would be most serious in tissues of low activity, and it could lead to 
activity being observed in tissues which actually contain no histidine decar- 
boxylase whatsoever. 

In vivo Measurements 

As is the case for most enzyme activities measured in vitro, there is some 
doubt whether the histidine decarboxylase activities determined as above in 
various organs truly reflect the contribution of these organs to histidine 
decarboxylation in the intact animal. In vivo measurements give an overall 
picture of histidine decarboxylation in the living animal, but they can give 
little indication of the contribution made by individual organs. Moreover, 
the interpretation of such measurements is rendered difficult by bacterial 
decarboxylation of histidine in the gut, by metabolic destruction of histamine, 
and by the release ofhistamine from storage sites. Nevertheless, such measure- 
ments have provided much useful information, and they are particularly 
suited to the study of the effectiveness of histidine decarboxylase inhibitors 
in intact animals. As with in vitro methods the in vivo measurements can, in 
theory, be made either on the carbon dioxide or on the histamine formed in 
the decarboxylation. 

Measurement o f  carbon dioxide production 
The carbon dioxide evolved by the decarboxylation of histidine would 

normally be overshadowed by thak produced in respiration, but this diffi- 
culty could be overcome by the use of histidine in which the carboxyl group 
was labelled with I4C, the expired I4CO2 being collected in a suitable medium 
for counting. Although this method does not appear to have been tried for 
histidine decarboxylase, it has been successfully applied to a study of the in 
vivo decarboxylation of other amino acids containing 14COOH25~26. 

Measurement o f  histamine production 

Two methods can be used, both of which have been developed with 
particular reference to studies in the rat. Female rats are normally used as 
they excrete most of their urinary histamine in the free form; in males, much 
of the urinary histamine is in the form of the ring-N-methyl derivative which 
is difficult to assay. In the non-isotopic technique, the animals receive a 
standard semi-synthetic histamine-free diet; the 24-hour urinary excretion 
of free histamine, assayed biologically, then gives a measure of histamine 
formation in v ~ v o ~ ~ ~ ~ ~ .  Alternatively, if histidine labelled in the 2-position of 
the imidazole ring is injected, the excretion of the resulting 14C-histamine in 
the urine may then be f o l l o ~ e d ~ ~ ~ ~ ~ .  The use of these two methods in con- 
junction has been advocated28, the biological method providing a preliminary 
screening test for alterations in histamine output, while the radioisotope 
procedure permits any changes to be analysed in greater detail. The radio- 
isotope method has also been applied to perfusion experiments in vivo, 14C- 
histidine being perfused through a suitably cannulated organ of an anaes- 
thetized animal and the perfusate collected for histamine a n a l y s i ~ ~ ~ ~ ~ ~ .  As in 
the case of in vitro experiments, allowance must be made for traces of lac- 
histamine in the commercial histidine. 

Of these procedures for measuring histidine decarboxylase activity in vitro 
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or in vivo, bioassay is quick and specific, but it is insufficiently sensitive with 
preparations of low enzyme activity or where very low substrate concentra- 
tions are used. The high specificity and sensitivity of the radioisotope method 
allow it to be used a t  substrate concentrations within what is usually regarded 
as the physiological range; however, the manipulations are frequently 
laborious and time-consuming and the cost per experiment is high, particu- 
larly when in  vivo studies are made. Spectrophotofluorimetric assay occupies 
an intermediate position from the point of view of speed, but, being more 
liable to interference from other biological materials, it is somewhat less 
specific than the other method~~~5,~13~214~~41. 

THE SUBSTRATE SPECIFICITY OF HISTIDINE DECARBOXYLASES 

For many years two main types of histidine decarboxylase were recognized, 
one of bacterial origin with its optimum activity at pH 432,33, the other, 
occurring in mammals, having its optimum activity in the range pH 8.0-9.5. 
The preparation of histamine from histidine under the influence of bacteria 
was first carried out by A ~ k e r m a n n ~ ~ ;  shortly afterwards histidine decarboxy- 
lase was shown to be present in B . ~ o l i ~ ~ .  Histidinedecarboxylaseof mammalian 
origin was first detected in rabbit kidney36. Although the present survey is 
confined mainly to mammalian histidine decarboxylases, the bacterial 
enzyme cannot be entirely ignored, since its presence in the intestinal flora 
of many mammals must be taken into account, especialIy in the interpreta- 
tion of in vivo experiments3'. The properties of bacterial histidine decarboxyl- 
lase have been reviewed by Gale6. 

When the development of more sensitive techniques and the introduction 
of new inhibitors had made more detailed studies possible, it became clear 
that mammalian histidine decarboxylases could themselves be divided into 
two sub-classes, one having optimum activity in the range pH 6-7, and the 
other in the range pH 8-0-9-520p38. Other differences between these two 
enzymes then became apparent, the most notable being in their substrate 
s p e ~ i f i c i t y ~ ~ ~ ~ ~ ~ ~ ~ .  Solutions of the enzyme having the lower pH optimum 
were found to act only on L-histidine. Solutions of the other enzyme were 
capable of decarboxylating a number of amino acids structurally related to 
histidine. These enzymes will be referred to as specific and non-specific 
histidine decarboxylase, respectively. 

Non-spec$c Histidine Decarboxylase 
Following the discovery of DOPA decarboxylase, which converts L-P- (3,4- 
dihydroxyphenyl) alanine to dopamine in mammalian tissues42, a close 
similarity was noted in the distribution of histidine decarboxylase and DOPA 
decarboxylase activities. The possibility was considered that these two 
activities might reside in a single enzyme43. Later, an enzyme catalysing the 
decarboxyIation of L-5-hydroxytryptophan (5-HTP decarboxylase) was 
detected in mammalian tissues44 and it was found that the ratio of DOPA 
decarboxylase to 5-HTP decarboxylase activities in various organs of the 
rabbit and guinea-pig was roughly constant45. Thus it seemed possible that 
the histidine decarboxylase having its pH optimum in the range 8-0-9.5 
might also be capable of decarboxylating DOPA and 5-HTP. Finally, when 
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an enzyme extract of guinea-pig kidney was purified fifty fold to a hundred 
fold, it was reported to decarboxylate not only these three amino acids but 
also many other natural and purely synthetic aromatic amino acids4s. Thus 
it has been suggested that the histidine decarboxylase having its optimum 
activity in the pH range 8.0-9.5 should be designated aromatic L-amino acid 
decarboxylase*. 

Apart from the similar distribution of the decarboxylase activities discussed 
above, further evidence that various aromatic L-amino acids are all decar- 
boxylated by a single enzyme is based on : (u) failure to dissociate the activi- 
ties during progressive purification of the enzyme; (b)  the occurrence of 
competitive substrate inhibition ; (c) the fact that all the decarboxylations 
are inhibited by the same inhibitors; ( d )  under conditions which lead to 
changes in the ability of a tissue to decarboxylate one substrate, parallel 
changes occur in the ability to decarboxylate the other substrates. In practice, 
most of this evidence has been obtained by the use of histidine, DOPA and 
5-HTP as substrates. 

By fractionating an extract of rabbit kidney cortex on a diethylamino- 
ethyl-cellulose column, Rosengren4' found that the chromatographic distribu- 
tion of DOPA and 5-HTP decarboxylase activities was very similar. The 
ratio of the two activities throughout the peak was almost constant and 
equal to that observed in crude extracts. The peak also contained all the 
histidine decarboxylase activity of the extract. Similar results have been 
reported for the fractionation of guinea-pig kidney extracts46; Werle and 
-4u1-e~~~ have obtained from this tissue a purified preparation which decarb- 
oxylates DOPA and 5-HTP but not histidine. The conflicting observations of 
these two groups of workers may arise from differences in methodology, and 
the matter requires re-investigation. 

The decarboxylation of DOPA by a rabbit kidney extract was found to be 
competitively inhibited by 5-HTP, and the decarboxylation of 5-HTP by 
the same extract was competitively inhibited by DOPA4'. Kinetic studies of 
the mutual inhibitions4$ enabled the respective Michaelis and inhibitor 
constants, K, and Ki, to be calculated, thus providing quantitative measure- 
ments of the affinities of these substances for the two enzymes (Table 4.1). 

Table 4.1. Aflinities of DOPA and 5-HTP for aromatic amino acid decarboxylase 
of rabbit kidney as shown by mutual inhibition studies at pH 7.547 

Amino acid Ajinity (mole/l) 

DOPA as substrate of DOPA decarboxylase 
DOPA as inhibitor of 5-HTP decarboxylase 
5-HTP as substrate of 5-HTP decarboxylase 
5-HTP as inhibitor of DOPA decarboxylase 

K, = 7.4 x 10-5 

K, = 1.8 x 10-4 
K, = 7.1 x 10-5 

I(, = 1.3 x 10-4 

* In accordance with the nomenclature recommended by the Enzyme Commission of 
the International Union of Biochemistry these enzymes have received the following 
systematic names: 
DOPA decarboxylase; 3,4-dihydroxy-~-phenylalanine carboxy-lyase (EC4.1.1.26) 
5-HTP decarboxylase; 5-hydroxy-~-tryptophan carboxy-lyase (EC4.1.1.28) 
Histidine decarboxylase ; L-histidine carboxy-lyase (EC4.1.1.22) 
Aromatic t-amino acid decarboxylase; Aromatic L-amino acid carboxy-lyase. 
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The results show that if the extract contained two individual enzymes,DOPA 
decarboxylase and 5-HTP decarboxylase, then not only must DOPA have 
the same affinity for each enzyme, but 5-HTP must also have the same 
affinity for each enzyme. Alternatively the extract could contain only one 
decarboxylase capable of decarboxylating both DOPA and 5-HTP. As the 
second alternative is the more probable one, these results provide strong, 
though by themselves not conclusive, evidence that in the rabbit kidney 
extract one enzyme is responsible for the decarboxylation of both substrates. 

In agreement with these findings, Rosengren also found that when o- 
tyrosine, m-tyrosine or caffeic acid were tested as inhibitors of the rabbit 
kidney preparation, the inhibition constants (Ki), and hence the affinities of 
each substance for the enzyme, were the same irrespective of whether DOPA 
or 5-HTP were used as substrate for the decarboxylase ( Table 4 . 2 ) .  

Table 4.2. Comparative inhibition constants for the inhibition of DOPA and 5-HTP 
decarboxylases in a rabbit kidney extract at pH 7.5 

Inhibitor 

o-Tyrosine 
m-Tyrosine 
Caffeic acid 

Inhibitor constant (K,) (molell) 
~ _ _ _  __ ____ 

DOPA as substrate 5-HTP as substrate 

7 x 10-4 I 7 x 10-4 
4 x 10-4 1 4 x 10-4 
3 x 10-4 I 4 x 10-4 

I 

(From Rosengren4', by courtesy of Acta Physiologica Scandinavica) 

On the basis of similar mutual inhibition studies with DOPA and 5-HTP, 
Fellmanso has concluded that both substrates are decarboxylated by the 
same enzyme in extracts of ox adrenal glands. 

That not only DOPA decarboxylase and 5-HTP decarboxylase, but also 
the histidine decarboxylase (having its optimum activity in the range pH 
8-0-9-5) are the same enzyme is also suggested by inhibition studies. a- 
Methyl-DOPA, for example, is a potent inhibitor of all three en~ymes~1-~3; 
other cc-methylamino-acids behave similarly46. 

Although various substances produce competitive inhibition of both the 
5-HTP and DOPA decarboxylase activities of partially purified extracts of 
hog kidney54955 it has been stated that these compounds do not also inhibit 
histidine decarboxylase. This statement is misleading, however, as it refers 
to results obtained by earlier workers using a histidine decarboxylase of 
bacterial origin56. 

In rats treated with the liver carcinogen diethylnitrosamine (DENA) , the 
mean activities of histidine decarboxylase (measured at pH 8.0), DOPA 
decarboxylase and 5-HTP decarboxylase in the liver were significantly lower 
than the corresponding mean values in the livers of control rats. In  both the 
control and DENA-treated series, however, a positive correlation was found 
between the activities of these three enzymes5'. When rats were maintained 
on a tryptophan-deficient diet, it was found58 that the mean activities of 
histidine decarboxylase (pH 8.0), DOPA decarboxylase and 5-HTP decar- 
boxylase in the livers of the tryptophan-deficient animals were significantly 
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Table 4.3. The substrate spectrum of non-specific histidine decarboxylase 

Substrates 
R in RCH,.CH.CO.OH 

I 
NH, 

Histidine 

5-HTP 

HO 

Q- 

DOPA 

Phen ylalanine 

Reactivity 

Low 

High 

Very high 

Modera tc 

Source of enzyme 

See Table 4.4 

Rabbit kidney, guinea-pig kidney and other 
organs, ox adrenal, human phaeochromo- 
cytoma and argentaffinoma 

Nerve tissue, rabbit kidney, guinea-pig kid- 
ney and other organs, ox adrenal, hog 
kidney cortex, human phaeochromocy- 
toma and argentaffinoma 

Guinea-pig kidney 

Reference 

See 
Table 4,4 

45, 46, 50, 
62, 68 

22, 45,46, 
50, 56, 62, 
66,68 

46 



O H  
I 

0-Tyrosine 

HO b- m-Tyrosine 

H O  OH 

OH 
/ 

OH d- 2,5-DOPA 

/ 
H O  

High 

High 

Very high 

Moderate 

High 

Guinea-pig kidney, ox adrenal, rat liver, hog 
kidney cortex, human phaeochromocy- 
toma and argentaffinoma 

Guinea-pig kidney, ox adrenal, rat liver, hog 
kidney cortex, human phaeochromocy- 
toma and argentaffinoma 

Hog kidney cortex, guinea-pig kidney 

Hog kidney cortex, guinea-pig kidney 

Guinea-pig kidney, rat liver, hog kidney 
cortex 

46, 50, 56, 
62, 67, 68, 
69, 70 

46, 50, 56, 
62,67,68, 
70, 71 

56, 70, 72, 
73 

56, 70, 74 

56, 67, 70, 
71, 74 
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Table 4.3. The substrate spectrum of non-specific histidine decarboxylase (continued) 

Substrates 
R in RCH,.CH.CO.OH 

I 
NH, 

5-Methyltryptophan 

H 
N 

MeeO,, o\T 5-Methoxytryptophan 

H 

OH 
I 

4-Hydroxytryptophan a7 H 

Reactivity 

Moderate 

Very low 

Very low 

Very low 

High 

Source of enzyme 

Guinea-pig kidney 

Guinea-pig kidney 

Guinea-pig kidney 

Guinea-pig kidney 

Guinea-pig liver, guinea-pig kidney, guinea- 
pig intestine, mouse brain 

Reference 

l.6 

Q6 

16 

46 

75 
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Table 4.3. The substrate spectrum of non-specific histidine decarboxylase (continued) 

Substrates 
R in R.CH.CH.CO.OH 

OH NH, 
I I  

HO 

8-(3-Hydroxyphenyl)serine 

HO 
\ 

Reactivity Source of engme  

Low 

LOW 

Nerve tissue, hog kidney cortex, ox, guinea- 
pig and rabbit kidney 

Nerve tissue, hog kidney, ox and guinea- 
pig kidney, ox liver, guinea-pig intestine, 
ox adrenal medulla 

Reference 

56, 65, 66 

54, 56, 65, 
66, 74 
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lower than the corresponding activities in the livers of control rats. Neverthe- 
less, a positive correlation was observed between the activities of the three 
enzymes in both the control and tryptophan-deficient series. I t  has also been 
shown that treatment of rats with thyroid hormones for several weeks leads 
to a decrease in the capacity of the liver to decarboxylate h i ~ t i d i n e ~ ~ ,  
5-HTP59960 and DOPA61. Since the three enzymic activities vary in parallel 
under these different physiological conditions, the presumption is strong that 
they are due to a single enzyme. 

Thus there is much evidence to suggest that the histidine decarboxylase hav- 
ing its maximum activity in the pH range 8.0-9.5 is a single enzyme which 
can decarboxylate not only L-histidine, but also ~-,&(3,4.-dihydroxyphenyl)- 
alanine and L-5-hydroxytryptophan. Enzyme preparations which decar- 
boxylate one or more of these three compounds have been found also to 
decarboxylate the substances listed in Table 4.3, thus providing support for 
the existence of a general aromatic amino acid decarboxylase. It is this 
enzyme which will be referred to as the non-specific histidine decarboxylase. 

In some instances the results obtained by different groups of workers have 
been sufficiently at variance, particularly where weak substrates have been 
studied, for doubt to be cast 011 the existence of a general aromatic amino 
acid decarboxylase. Thus it has been claimed that some preparations which 
contain DOPA and 5-HTP decarboxylase activities do not decarboxylate 
histidinelo@. In these instances, the sensitivity or specificity of the analytical 
procedures are open to doubt, and the results require confirmation. In view 
of conflicting reports in the literature, further experiments should also be 
carried out to determine whether the mono- and dihydro~yphenylserines~~~~~-~~ 
are indeed substrates of non-specific histidine decarboxylase. The status of 
p-tyrosine also requires clarification; formerly it was not considered to be 
a but recent evidence suggests that it may, in fact, be 
d e ~ a r b o x y l a t e d ~ ~ > ~ ~ ~ .  

Spec@ Histidine Decarboxylase 
The histidine decarboxylase which has its maximum activity in the pH 
range 6.0-7.0 appears to be substrate-specific, acting only on L-histidine. 
This enzyme, which will be referred to as specific histidine decarboxylase, 
has been detected in various tissues, notably in mast cells, in the glandular 
portion of rat stomach, in rat foetal liver, and in certain tumours. Histidine 
decarboxylase activity which has been shown to be induced in tissues of 
various species when the animals are subjected to stressful stimuli76 also has 
many of the properties of specific histidine decarboxylase. Some comparative 
properties of the two types of histidine decarboxylase derived from various 
mammalian sources are given in Table 4.4. 

There is evidence that the specificity of the histidine decarboxylase of rat 
foetal liver may be even greater than was originally suspected. Thus, not only 
is its activity confined to L-histidine, but it appears to be further restricted to 
one particular ionic form of histidine. Over the pH range regarded as optimal 
for this enzyme, the substrate, histidine, exists as a mixture of ionic forms 
( V ,  VI, VII, VI I I ) ,  and the concentration of each species present in a given 
solution can be calculated from the Henderson-Hasselbach equation. When 
the Michaelis constant for the decarboxylation was measured in terms of the 
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Table 4.4. Properties of histidine decarboxylases from various sources 

pH for  
optimal 
actiuity 

Source of histidine demrboxylase 
Afinity for 

histidine 
(Km)mole/l 

Rat peritoneal mast cells Strong 
inhibition 

None 

Slight 
inhibition 

None 

h3 Mouse mastocytoma 
c 

Tumour (F-Hep) growing as S/C transplant 
in rat 

No effect at 
1.0 x 1 0 - 3 ~  

No effect at 
1.0 x 10-3M 

50% inhibition at 
2.4 x 10-2M 

Primary liver tumour produced in rat by 
DENA 

6.0 

Liver of foetal rat 

5 x 10-4 

Rat stomach (glandular portion) 

6.57.0 

6.0-6.5 

6.4-7.2 

6.8 x 

I 1.2 x 10-3 

1.0 x 10-3 None 

Efect of Subst rates Effect of 
~ benzene 1 a - M e - D O P A  

No effect at 
1.0 x 1 0 - 3 ~  

Histidine 

Histidine 

Histidine 

Histidine 

Histidine Strong No effect at 
inhibition 1 1.0 x 10-3M 

.Effect of a-Me- 
histidine 

No effect at 
1.0 x 1 0 - 3 ~  

50% inhibition at 
1.5 x 1 0 - 3 ~  

50% inhibition at 
3.6 x 1 0 - 3 ~  

50% inhibition at 
7.5 x 10-344 

References 

77 

40 

39, 78, 79, 
80 

57 

16, 80, 81 

20, 82, 83 
255 



Inducible enzyme of G.P. lung or mouse liver 

Bone marrow of rat 

Guinea-pig kidney 

Rabbit kidney 

E 
UI 

Liver of normal rat 

Mouse kidney 

Foetal mouse skin 

74-8.0 

6 . 3 4 8  

943-9.5 

8.0 

8.0 

7.0 

7.0 

5.0 x 

1.0 x 10-1 

5.3 x 10-1 

Histidine 

Histidine 

Histidine 
DOPA 

i-HTP, etc 

Histidine 
DOPA 

j-HTP, etc 

Histidine 
DOPA 
5-HTP 

Histidine 

Histadine 

Weak 
inhibition 

Stimulation 

Stimulation 

Stimulation 

None 

None 

<40% inhibi- 
tion at 10-4M 

00% inhibition a 
1.0 x 1 0 - 3 ~  

joyo inhibition at 
9.0 x IO-EM 

Weak 
inhibition 

Weak 
inhibition 

>goyo inhibi- 
tion at 10-4M 

No effect at 
1.0 x 1 0 - 3 ~  

O inhibition ai 
"$1 x 10-2M 

Strong 
inhibition 

Strong 
inhibition 

76,84 

22 

2, 39, 40, 
79 

20, 41,47 

57, 80, 82 

85, 86, 87, 

85, 86, 87, 

88 

88 
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total histidine concentration, it was found to vary markedly as the pH was 
alteredl6. Similarly, the Michaelis constant measured in terms of the concen- 
tration of the ionic species VI, VII and VIII varied as the pH was altered. 
However, when based on the concentration of anionic histidine, the Michaelis 
constant showed little variation. 

These observations suggest that the true substrate for the specific histidine 
decarboxylase of rat foetal liver is the anionic form of histidine ( V )  . I t  should 
be noted that this interpretation involves the assumption that the enzyme 

itself remains unaffected by pH changes. Since alterations in pH undoubtedly 
affect the enzyrnel6, the above conclusion may ultimately require some 
modification. 

I t  has recently been reportcd that extracts of foetal rat liver can decarboxy- 
late not only histidine but also DOPA, 5-HTP and other aromatic L-amino 
acids212. This may mean that the specific histidine decarboxylase has a wider 
substrate specificity than was originally believed, or that the extract contains 
a mixture of the specific and non-specific enzymes. The rat glandular 
stomach provides an example of a tissue in which the presence of both enzymes 
has now been dernonstratedZl5. 

1 H E  DISTRIBUTION OF IIISTIDINE DECARBOXYLASES 

As already mentioned, histidine decarboxylase is present in certain bacteria6. 
Although Werle and C O - W O ~ ~ ~ ~ S ~ ~ ~ ~ ~  found histamine itself in a number of 
higher plants, they were unable to detect histidine decarboxylase in the 
plant extracts. They were, however, able to demonstrate the formation of 
histamine by intact spinach seedlings gqowing in a nutrient solution con- 
taining histidine. The high histidine decarboxylase activity of spinach 
seedlings was later confirmed, but negligible activity was observed in 
seedlings of ten other plant species examined at  the same timc216. Histidine 
decarboxylase activity has also been found in certain leguminous plantso1, 
and in cotton seedlings, Gossypium hirsutumS2. While the specificity of plant 
histidine decarboxylase has not been systematically studied, the limited 
evidence available suggests that it is not identical with plant DOPA decar- 
boxy lase. 

Histidine decarboxylase occurs in many animal tissues. High activity has 
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been found in such comparatively simple organisms as the sea-anemone, 
Aiptasia tagetes, and in the parasitic worm, Mesocoelium monodi93J17. As the 
enzyme extracted from these is active over an unusually wide pH range (4-9), 
and as it is not activated by the addition of benzene or pyridoxal phosphate, 
it may belong to a type different from those hitherto described. 

Little information is available with regard to the occurrence of histidine 
decarboxylase in insects. It has, however, been detected in the venom, sting 
and gut of the beeg4. The enzyme from the sting organ was examined in some 
detail, and was found to have its optimum activity a t  pH 8. Although it was 
stated to be stereospecific, i.e. acting on L-histidine but not on D-histidine, its 
action on other aromatic L-amino-acids was not investigated. The high pH 
optimum is similar to that of the non-specific histidine decarboxylase of 
mammalian origin, and further study of the enzyme from bees, with particular 
reference to its substrate and inhibitor specificities, would therefore be of 
considerable interest. 

Although histidine decarboxylase has been detected in many mammals, 
its distribution in the tissues varies markedly from species to species. Sex 
differences in the distribution of histidine decarboxylases are uncommon, the 
most striking example being found in the mouse where the activity in the 
kidney of the female greatly exceeds that in the male. The properties of the 
mouse kidney enzyme indicate that it is a specific histidine decarboxylasesg-88. 
Owing to the various methods and conditions employed for the measurement 
of histidine decarboxylase activity, the levels of the enzyme reported for a 
given tissue by different workers may vary considerably. The discrepancies, 
which are greatest for tissues in which the decarboxylase content is low, may 
be attributable to failure to ensure that the L-histidine used as substrate 
is histamine-free, variations in the amount of the co-enzyme pyridoxal 
phosphate added, use of different substrate concentrations, and differences 
in the pH of the incubation medium. When various groups of workers use 
different conditions of pH in measuring histidine decarboxylase activity, it 
also becomes difficult to decide whether the observed activity is that of the 
specific or the non-specific enzyme, particularly when low substrate concen- 
trations are employed. 

Lack of agreement between published results is sometimes due to the fact 
that certain workers add benzene to the reaction medium when measuring 
histidine decarboxylase activity. Benzene is known to have a stimulating 
effect on non-specific histidine decarb~xylasel~~ 95 and, when added to 
incubation mixtures, has led to the detection of activity in tissues where its 
presence had not previously been reporteds2. This practice of adding benzene 
to the incubation mixtures has been criticized as unphysiologicalR6; never- 
theless, all in  vitro experiments are unphysiological to some extent. The 
histidine decarboxylase activities observed in the presence of benzene differ 
from organ to organ and from species to species. These differences require 
explanation, and, until the underlying mechanism has been clarified, it 
would be unwise to assume that they have no physiological significance. 

The main sites of occurrence of histidine decaboxylases in normal adult 
mammalian tissues are shown in Table 4.5 (rodents) and Table 4.6 (man and 
domestic animals). All references therein relate to tissues in extracts of which 
the actual decarboxylation of histidine has been investigated. References to 

217 



Table 4.5. Principal locations of histidine decarboxylases in mammalian tissues (rodents) 

organ 

Liver 

Kidney 

2 
01 Lung 

Stomach? 

Small intestine 

Sub-maxillary 
gland 

Activity 

I N  

In; 

0 

2St 

I N  

Rat 

Ref. 

13, 57, 
82,98 

82 

13,82 

13, 82, 
83, 98 

13,82 

Activity 

IN 

IS* 

0 

1: 

1N 

1N 

Mouse 

Ref. 

13, 98, 
99 

13, 85, 
86, 87, 
88, 98, 
99 

13 

13, 87, 
98, 100 

13 

101 

Guinea-pig 

Activity 

2 s  

3 s  

I N  

IN 

2N 

13, 98, 
99, 218, 
253 

13, 98, 
99, 218, 
253 

13, 218 

1 3 , w  
98, 2 15, 
218,219 
253 

13, 218, 
253 

Rabbit 

Activity Ref. 

2N I 13, 

! 99 
I 

3N 13, 98, 
99 

0 13, 99 

0 1 13 

Activity 

Ferret 
I 

Hamster 1 

Ref. Actiuity 

98,99 

98, 99, 
102 

98, 102 

Ref. 

98 

98 

98 

Histidine decarboxylase (HD) activity is expressed in arbitrary units: I = low activity; z 7 moderate activity; 3 = high activity. The probable nature of the enzyme is indicated by 

* Is higher in femaie than in male anh increases to 3s in pregnant female"*ss. 
t Is higher in pregnant female17B and shows increase in fed  animal^'^'. 
$ Is higher in pregnant female and shows a hundred fold increase in fed as compared with starved animals'". 
7 Activity varies from one part of the stomach to another, and it is confined mainly to the mucosa. Activity in the rat stomach is confined mainly to the glandular mucosa. 

N = non-specific HD S = specific HD' where no letter is given the nature of the enzyme 1s In doubt. 



Table 4.6. Principal locations of histidine decarboxylases in mammalian tissues (man and domestic animals) 

13, 98 
13, 98, 99 
13 
13,98 
13 
104 

I 

0 

1N 

organ 

0 
0 
0 
1 
0 
1 

1N 

Liver 
Kidney 2 Lung 

(0 Stomach? 
Small intestine 
Brain 
Spinal Cord 
Splenic nerve 
Stellate ganglion 
Submaxillary 

gland 

13, 98 
13, 98, 99 
13 
219 
13 
46, 104 

101 

Activity 

105 
66, 105 
66 
66 

101 

IN* 
lN* 
O* 

1 

O* 1 104 

1N 101 

Ref. 

103 
103 
103 
219 

103 

Activity I &f. 

I Pig 
I 
I 
l 

Cat o x  

Activity ReJ I Activity 

' IN 
1N I 1N 

I 
I 

I I 

ReJ ~ Activity 1 Re$ 
I 

I I 
I I 

i 99 I 1 ~ 219 
I 

N = non-specific HD; where no letter is given the nature of the enzyme is in doubt. Activity expressed in arbitrary units. 
* New Born. 
t Activity in the stomach of these species is very low and is normally detectable only in extracts of the mucosa. 
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observations made by isotopic methods are included only where the degree 
of decarboxylation is sufficient to be detectable by non-isotopic procedures 
also. No account has been taken of tissues in which the presence of aromatic 
L-amino-acid dtcarboxylase has been inferred from their DOPA or 5-HTP 
decarboxylase activity. Examination of Tables 4.5 and 4.6 reveals that most 
rodents possess several potent sites of histidine decarboxylation, notably in 
liver, kidney and stomach, whereas in most domestic animals the enzyme is 
either absent or is present only in small amounts. The possible significance 
of this observation is discussed later in relation to the physiological function 
of histidine decarboxylase. Histidine decarboxylase activity is also found in 
some normal (including foetal) and pathological tissues which are character- 
ized by a rapid rate of growth. The enzyme from these sources will be con- 
sidered later in relation to the possible physiological functions of histidine 
decarboxylases. 

The relationship of the histamine content of a tissue to its histidine 
decarboxylase activity has been the subject of several inve~tigationsl~~ 97. 

Apart from the difficulty already mentioned of correlating the results of 
histidine decarboxylase measurements made by different groups of workers, 

Table 4.7. Relationship between histidine decarboxylase activity of tissues and their 
. histamine ~ o n t e n t 1 3 ~ 8 2 ~ 1 0 1 ~ 1 0 8 ~ 1 ~ 9  

Rat stomach 
(Glandular) 

Rabbit stomach 
(Fundus) 

Tames containing 

Htgh HD Low HD High HD Low HD 
Hqh H Low H 1 L o w H  High H 

_____ _ _ _ _ _ _ _ ~ _ _  -~ _ ~ _ _ _  ___ 

Rat kidney 
Adult rat liver 
Rat lung 
Rabbit small intes- 

tine 
Rabbit lung 
Rabbit stomach 

(Pylorus) 

Rabbit kidney 
Rabbit liver 

Guinea-pig kidney 
Guinea-pig liver 

Rat abdominal skin 

Rat duodenum 
Rat ileum 

Rat jejunum 
Rat stomach (non- 

glandular) 
Guinea-pig lung 

€3 = histamine; HD = histidinedecarboxylase 

a similar difficulty arises in interpreting the results of tissue histamine 
determinations. Extracts prepared with saline or Tyrode solution contain 
histamine which is not bound to tissue components, while those made with 
trichloroacetic acid or perchloric acid contain the total extractable histamine 
including the bound histamine. Histamine contents measured by different 
extraction procedures may therefore show discrepancies especially where a 
considerable proportion of the histamine is present in a bound form. 

It is possible for a tissue to have a low or impaired histamine-forming 
capacity (HFC) and yet to have a high histamine content by virtue of its 
ability to store the amine. Thus in rats subjected to prolonged inhibition of 
histamine formation by means of a pyridoxal-deficient diets, the HFC in 
abdominal skin, tongue and lung was reduced to less than 10 per cent of 
normal without diminishing the histamine content. In  the gastric mucosa, 
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on the other hand, a similar reduction in the HFC produced a substantial 
decrease in the histamine content. There is, therefore, no general relationship 
between the histidine decarboxylase activity of a tissue and the histamine 
content. This is shown in Table 4.7 which has been compiled from published 
figures obtained by different workers using similar conditions for histidine 
decarboxylase measurements and extraction procedures suitable for the 
determination of total tissue histamine. 

THE MECHANISM OF ACTION OF HISTIDINE 

DECARBOXYLASES 

Co-enzyme Requirement 

Werlelo6 suggested that the active centre of histidine decarboxylase might 
contain a carbonyl group, since the enzyme was inhibited by reagents such 

CH2.N Hz ' 

I 
CHz.Oti ctio 
I I 

(1x1 Pyridoxine (XI Pyridoxai (XI) Pyridoxamine 

Pyridoxine 
phosphate 

fXI1) Pyridoxal 
phosphate 

Pyr i  doxarnine 
phosphate 

Figure 4.1. Possible pathways for the formation of pyridoxal phosphate in vivo (adapted from 
Wada and Snel1210) 

(A) Pyridoxine oxidase 
(B) Pyridoxamine transaininase 
( C )  Pyridoxal kinase 
(D) Phosphatase 
(E) Pyridoxine phosphate oxidase 

as cyanide, bisulphite, hydroxylamine, semicarbazide and phenylhydrazine. 
Subsequently, pyridoxal phosphate ( X I I )  (Figure 4.1) was shown to be the 
co-enzyme of several bacterial amino acid d e c a r b o x y l a ~ e s ~ ~ ~ ~ ~ ~ ~ .  If pyridoxal 
phosphate was also the co-enzyme for mammalian histidine decarboxylases, 
this would account for the presence of the carbonyl group postulated by 
Werle. 

Although pyridoxal phosphate is now commonly accepted to be the co- 
enzyme of the mammalian histidine decarboxylases, the available evidence 
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is not conclusive, especially in the case of the non-specific histidine decar- 
boxylase. In  order to demonstrate that pyridoxal phosphate is acting as a 
co-enzyme, it is necessary to remove it from the holo-enzyme and to show 
that the resultant apo-enzyme is devoid of activity. Subsequent addition of 
the co-enzyme should then restore the activity. Such a proof is not always 
possible, especially if the apo-enzyme has a very high affinity for the co- 
enzyme as in the case of the non-specific histidine decarboxylase of guinea- 
pig kidneyzz0. However, pyridoxal phosphate is less strongly bound by the 
specific enzyme. Thus Burkhaltersl removed the co-enzyme from the specific 
histidine decarboxylase of foetal rat liver by gel filtration. The resultant 
extract was inactive and activity was restored by the addition of pyridoxal 
phosphate. 

When purified, the DOPA decarboxylase of rat liver has an absorption 
spectrum similar to that of other pyridoxal-dependent enzymes. In this case, 
the co-enzyme seems to be very tightly bound to the apo-enzyme, but addi- 
tion of an excess of pyridoxal phosphate still causes an increase in the enzyme 
activityllo. I t  was therefore suggested that pyridoxal phosphate is a prosthetic 
group of this enzyme, and that when present in excess it acts as a co-enzyme. 
The 5-HTP decarboxylase of rat kidney was found to be potentiated by 
pyridoxal phosphate, but the effect was shown only when the tissue had been 
repeatedly frozen and thawedlll. These observations provide some evidence 
that pyridoxal phosphate is the co-enzyme for non-specific histidine decar- 
boxylase. 

Pyridoxine (Vitamin BB) (ZX) ,  pyridoxal ( X ) ,  and pyridoxamine ( X I ) ,  
which are normally available in the diet, must be converted in uiuo to the 
active co-enzyme pyridoxal phosphate ( X U )  as shown in Figure 4.1. Inhibi- 
tion of pyridoxal phosphate production in vivo results in reduced activity of 
pyridoxal-dependent enzymes. The extent of the inhibition may vary from 
one enzyme system to another, depending on the affinities of the apo- 
enzymes for the co-enzyme. 

Non-enzymic Decarboxylation o f  Amino Acids 
Pyridoxal phosphate i s  a co-enzyme for numerous enzymes, notably amino 
acid decarboxylases, amino acid transaminases, histaminase and probably 
diamine 0xidase~~~J~3J14. As most of the evidence on which the mechanism 
of action of pyridoxal-dependent enzymes is based has been obtained from 
studies of the non-enzymic interaction of pyridoxal with amino acids, these 
non-enzymic reactions will be considered first in some detail. 

Snell and Rannefeldl15 discovered that when pyridoxal was autoclaved 
with amino acids, the resultant material had growth-promoting properties 
similar to those of pyridoxamine. This suggested that pyridoxal might have 
been converted to pyridoxamine, and this was later confirmed1l6Jl7. The 
pyridoxal had catalysed the de-amination of the amino acids. It was subse- 
quently shown that pyridoxal catalyses many reactions involving amino 
acids, including de-amination, racemization, decarboxylation, aj3-elimina- 
tion and cleavage. Addition of appropriate multivalent metal ions increased 
the rate of de-amination and aj3-elimination reactions, but inhibited 
decarboxylation. 

General mechanisms (Figure 4.2) were then proposed to explain the above 
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res~l t s l l8J~~.  These mechanisms suggested for non-enzymic reactions are 
likely to apply also, with minor modifications, to the corresponding reactions 
catalysed by pyridoxal-dependent enzymes. The first stage of the reaction is 
considered to be the formation of a Schiff base ( X I I I )  from the amino acid 
and pyridoxal. The production of (XIZI) is characterized by the rapid 
appearance of a yellow colour. Schiff bases of pyridoxal have been isolated120, 
and equilibrium constants for their formation have been determinedlZ1. 
Pyridoxal phosphate also forms Schiff bases, and detailed kinetic studies of 
the reaction have been made by spectroscopic m e t h o d ~ l 2 ~ J ~ ~ .  

The next step in the reaction scheme (Figure 4 .2)  is considered to be the 

I 

I1 

I 

R-C 

N 

HO-HzC &OH 

- Me 

c . i \ ,  j c - - b  
\ +',, 

R-)C ?COO- 
,' I \ 

I 

- C//N...H -- 

H 
I 

+ H-C-COO- -- + H20 

Me 

Pyridoxal Amino acid 
(XIlI l  

! r H 

(XI v/ 

1 H' 
H 
I 

R-C-H 
I 

HO.HzC &O- + R-C-H ti I & H0.H2c&! 

N H  Me 
I 

NH Me N H; 

Pyridoxai ( X V I )  ( X V )  
Figure 4.2. Mechanism for the non-enzymic, pyridoxal-catalysed decarboxylation of amino 
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weakening ofone ofthe bonds (a), ( b )  or (c). The system ofconjugated double 
bonds present in the structure (XII I ) ,  enables the electrophilic nitrogen atom 
of the pyridine ring to withdraw electrons from the nitrogen atom which was 
formerly the cr-nitrogen of the amino acid. The bonds (a), ( b )  and (c) are 
thus weakened; cleavage of these bonds then results respectively in the re- 
lease of a proton, or of carbon dioxide, or of a carbonium ion. Subsequent 
rearrangements and hydrolysis would lead to racemization, de-amination, 
c@-elirnination, cleavage or decarboxylation of the amino acid. In the case 
of decarboxylation, the Schiff base ( X I I I )  loses carbon dioxide to form the 
intermediate structure ( X I V ) .  Addition of a proton leads to structure ( X V )  
which is the Schiff base of the amine produced by decarboxylation of the 
amino acid. Hydrolysis of this Schiff base gives the free amine ( X V I ) ,  with 
regeneration of pyridoxal. In  the particular case where R : 4(5)-imidazolyl- 
methyl, Figure 4.2 represents the non-enzymic decarboxylation of histidine. 
If metal ions are added to an aqueous solution containing pyridoxal and an 
amino acid, a complex (XVII )  may be formed; there is spectroscopic evidence 
for the formation of such metal complexes of Schiff baseslZ4. The metal ion 
may stabilize the Schiff basells and, by maintaining a planar structure, 
facilitate the electron transfers which are required for the subsequent reac- 
tions. The metal ion would also be expected to reinforce the effect of the 
electrophilic nitrogen of the pyridine ring. However, the metal ion is not 
necessary for detectable catalytic activity, the electrophilic group in the ring 
being sufficient. 

As already mentioned, certain multivalent metal ions inhibit the non- 
enzymic, pyridoxal-catalysed decarboxylation of amino acids. It has been 
suggestedlZ5 that this inhibition may occur, as the spatial orientation of the 
carbonyl group and the bonding of this group to the metal ion lead to a re- 
duced tendency for carbon dioxide to escape from the chelation complex 
(Figure 4.2; X V I I ) .  At the same time, the electrophilic character of the 
carbonyl group is enhanced by chelate formation, thus producing increased 
labilization of bonds (a) and (c), and increasing the rate of the other possible 
reactions. 

Studies of the non-enzymic catalytic effects of various compounds related 
to pyridoxal show that certain structural features are necessary for catalytic 
activitylls. The formyl group is essential; it should be situated ortho or para 
to a strongly electronegative centre and ortho to a free phenolic hydroxyl 
group. The 5-hydroxymethyl group of pyridoxal is not required for non- 
enzymic catalysis ; in fact, the 5-liydroxymethyl group reduces the catalytic 
activity of pyridoxal by forming a hemi-acetal with the formyl group126. 
Phosphorylation of the 5-hydroxymethyl group, or its replacement by a 
methyl group, prevents hemi-acetal formation and thus favours non-enzymic 
catalysis. The 2-methyl group of pyridoxal is not required for activity. 

A detailed theoretical analysis of non-enzymic pyridoxal-catalysed 
reactions has been carried out by the molecular orbital method12'. An 
interesting result of this analysis was the emphasis placed on the increased 
resonance energy of structures such as ( X I V )  compared with that of the 
original Schiff base (XII I ) .  It was suggested that this increase in resonance 
energy is the main reason for the labilization of the bonds (a),  (6) or (c), 
after Schiff base formation. 
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The above general mechanism for non-enzymic, pyridoxal-catalysed 
processes was derived mainly from a study of transamination reactions. 
Nevertheless, non-enzymic, pyridoxal-catalysed decarboxylations have been 
reported, for example, that of histidine to histamine2. The following 
pyridoxal-catalysed, non-enzymic decarboxylations of a-aminoisobutyric 
acid (R = R1 = CH,), a-methylserine (R = CH,OH; R1 = CH,) and 
a-phenylgylcine (R = H ; R1 = C,H5) have also been described125 : 

4- co2 
pyridoxal R\ /NH7 

/"\ 
- ~~ 

".\ / N H 2  

R' /c\ COOH R' H 

and 

R 
\ 

+ p y r l d o x a l  -- C-0 + COz + pyridoxamine ' 

R\C/NH* 

/ 
R' 

I \  
R' COOH 

The first reaction is equivalent to enzymic decarboxylation; however, no 
enzymic equivalent of the second reaction is known. Both were inhibited by 
the presence of those metal ions which catalyse the other possible pathways 
covered by the general scheme (Figure 4 . 2 ) .  When salicylaldehyde (XVZZZ) 
or 4-formyl-5-hydroxymethyl-3-methoxy-2-methylpyridine (XZX) was used 

/;HO THO 

i X V i I l )  (XIXI 

in place of pyridoxal, no decarboxylation was observed. It was concluded 
that the structural requirements for non-enzymic catalysis of amino acid 
decarboxylation resemble those for transamination. 

Enzymic Decarboxylation 
The probable mechanism of the enzymic decarboxylation of histidine can, 
at present, only be inferred from studies of the non-enzymic reactions dis- 
cussed in the previous section, and from what is known of the mechanism of 
action of other pyridoxal phosphate-dependent enzymes. 

A mechanism for enzymic decarboxylation of amino acids was suggested 
by Werle and Koch2 and is shown in Figure 4.3. According to this mechanism, 
the a-hydrogen atom of the amino acid is lost in the reaction (XX)+(XXZ) 
prior to decarboxylation. On the other hand, in Snell's mechanism, which 
has already been considered (Figure 4.2),  the a-hydrogen atom remains 
bonded to the carbon atom throughout the series of reactions (XZZZ)-t 
(XW)-+(XV)+(XVI). In order to distinguish between these mechanisms, 
the bacterial decarboxylation of the amino acids lysine, tyrosine and glutamic 
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acid was carried out in deuterium oxidelZ8. It was found that the resultant 
arnines contained only one atom of deuterium, bonded to the a-carbon, per 
molecule of base. This observation can be explained by the general mechan- 
ism (Figure 4.2),  but not by the alternative one (Figure 4.3), and it  indicates 
that decarboxylation can occur even when there is no hydrogen atom directly 
attached to the a-carbon atom of the amino acid. I n  agreement with this 
view, it has been found that pyridoxal can catalyse the non-enzymic decar- 
boxylation of amino acids containing a-alkyl substituents to yield the 
corresponding a-substituted a m i n e ~ l ~ ~ ,  and that a-methyl amino acids, for 
example a-methyl-DOPA, can undergo enzymic decarboxylationg6. 

CHO 

Pyridoxal phosphate Amino acid (XXI 

HC=N*CH 
CHO 

+ M  0 

- H 2 0  
-- i_ t RCH,.NH, 

HO& H2.0*P03H, 

Me N Amirie 

Pyridoxal phosphate 

Fixure 4.3. Mechanism for the enzymic decarboxylation of amino acids proposed by M'erle 
and Koch2. For histidine, 

It  is also of interest that the decarboxylation of lysine and tyrosine by 
bacterial enzymes has been shown to be r e v e r ~ i b l e ~ ~ ~ J ~ ~ .  In a reaction 
mixture consisting of enzyme, W02 and amino acid or amine the was 
incorporated into the carbonyl group of the amino acid. The position of 
equilibrium for the production of the amine from the amino acid was found 
to lie well over towards the amine. With lysine, for example, the equilibrium 
constant (amine) . (HC0,-)/(amino acid) was in the range 500 to 1000. 

226 



D. M. SHEPHERD A i m  U. MACKAY 

The nature of the interaction between the substrate and the apo-enzyme 
must control the substrate specificity and the optical specificity of the enzymic 
reactions, and must also determine which of the bonds a, b or c (Figure 4.2) is 
broken in any given case. A minimum of three points of attachment of the 
substrate to the active centre would account for the optical specificity. 

An understanding of the mode of binding of the co-enzyme to the apo- 
enzyme is also required. The ability of various compounds, structurally 
related to pyridoxal phosphate, either to combine with the apo-enzyme to 
form an active holo-enzyme or to inhibit the formation of an active holo- 
enzyme, can be used to assess the affinities of these substances for the apo- 
enzyme. Such studies indicate that the phosphorylated 5-hydroxymethyl 
group of pyridoxal plays a major role in the binding of pyridoxal phosphate 
to the apo-enzyme, and that the free phenolic group also contributes to the 
bindinglo'. 

It has been claimed that one of the pyridoxal phosphate-dependent 
enzymes, glutamic-oxaloacetic transaminase, is not inactivated when it ,is 
incubated with excess cyanide and then dialysed131. Under these conditions 
pyridoxal phosphate is inactivated by conversion to the cyanhydrin, but this 
cyanhydrin did not prevent reactivation of the apo-enzyme when free 
pyridoxal phosphate was subsequently added. This suggests that the cyan- 
hydrin does not combine with the apo-enzyme, and that pyridoxal phosphate 
itself is attached to the apo-enzyme by the aldehyde group. Stronger evidence 
of the importance of the aldehyde group in binding the co-enzyme to the 
apo-enzyme is provided by the absorption spectra of several enzymes, 
including glutamic-aspartic transaminase and glutamic acid decarboxylase, 
which, like Schiff bases of pyridoxal phosphate, show an absorption band at 
420-43Om,~d~~. There is evidence that in pyridoxal-dependent enzymes the 
cofactor is attached to the apo-enzyme by forming an imino linkage with the 
&-amino group of a lysine unit in the enzyme molecule221,222. 

It might seem that the binding of the aldehyde group to the apo-enzyme 
would render the non-enzymic mechanism (Figure 4.2) inapplicable to 
enzymic reactions. This is not so, however, since Schiff bases of pyridoxal 
phosphate are highly reactive, and they can, under certain conditions, react 
more rapidly with an amino acid than does the free aldehyde133J34J35. The 
co-enzyme may, therefore, be bound to the apo-enzyme by the phosphate, 
aldehyde and phenolic groups as shown in Figure 4 . 4 ~ .  The imino linkage 
(Schiff base) formed between the aldehyde group and the apo-enzyme may 
then react with the substrate as indicated in Figure 4.4b. Decarboxylation 
probably then proceeds by the mechanism suggested by We~the imer l~~,  the 
active centre reverting to the structure shown in Figure 4 . 4 ~  once the decar- 
boxylation has taken place. 

INHIBITION OF HISTIDINE DECARBOXYLATION ik U d T O  

Methods o f  Producing Inhibition 

The decarboxylation of histidine at any particular site depends on the pres- 
ence of appropriate amounts of substrate, co-enzyme and apo-enzyme. Any 
interference with the supply or functioning of these components could lead 
to inhibition of histamine production. 
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A study of the decarboxylation of histidine by solutions of the enzyme is 
simple enough in principle, the supply of co-enzyme, substiate and apo- 
enzyme being under the control of the experimenter. The action of the 
enzyme on the substrate may be inhibited by displacing the co-enzyme with 
a related compound which either cannot function, or functions less efficiently, 

H 

ti 

l b )  

Fizzire 4.4. (a) Diagrammatic representation of the co-enzyme pyridoxal phosphate attached 
to an apo-enzyme by the phosphate, phenol and aldehyde groups. The aldehyde group has 
formed a Schiff base by interaction with an amino group of the apo-enzyme molecule; 
( 6 )  Interaction between apo-enzyme, co-enzyme and an L-amino acid substrate. The amino 
group of the substrate has attacked the Schiff base linkage between the pyridoxal phosphate 
and the apo-enzyme, and has itself in turn formed a Schiff base with the aldehyde group of 
the pyridoxal. For histidine decarboxylase, 

H 

as a co-enzyme. Alternatively, some agent can be used which inactivates the 
co-enzyme by chemical reaction. Similar considerations apply to the sub- 
strate. I t  may be displaced from the active centre of the enzyme by a struc- 
turally related amino acid. If the analogue is decarboxylated by the enzyme, 
then it will behave as a competitive substrate, but the product, of course, 
will not be histamine. If the analogue is not decarboxylated by the enzyme, 
then it acts as a competitive inhibitor. Certain less specific methods of 
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inhibition, such as the use of proteolytic enzymes, thiolreactive reagents, and 
metal-chelating agents, may be used to provide information regarding the 
active centre of the enzyme. 

Many of the results of inhibiton studies in vitro obtained by different 
workers, are not directly comparable because of differences in the incubation 
conditions employed. Measurements of the percentage inhibition produced 
by an arbitrary concentration of a particular inhibitor are of only limited 
value. Ideally, the results of inhibition studies should be expressed as affinity 
constants of the inhibitors for the enzyme. An alternative is to quote the 
concentrations of the inhibitors which are required to produce 50 per cent 
inhibition. 

The use of tissue slices for experiments on histidine decarboxylation 
introduces the additional problem of the access of substrate, co-enzyme and 
inhibitors into the cells. In this connection, it should be noted that in prac- 
tice the specificity of an  enzyme within a cell may be increased by the speci- 
ficity of the substrate-transporting system. Similar considerations apply to 
the in  vivo inhibition of histidine decarboxylases; there is, however, the 
additional possibility of modifying production of the apo-enzyme either by 
restricting the supply of amino acids or by altering the hormonal state of the 
animal. 

Inhibition o f  Non-specijc Histidine Decarboxylase 

Carbonyl reagents, including cyanide, hydroxylamine, semicarbazide, 
hydrazine and substituted hydrazines inhibit non-specific histidine decar- 
boxylase by combining with the co-enzyme pyridoxal phosphate. Such 
compounds, of course, inhibit other pyridoxal-dependent enzymes. A list of 
these and other compounds which inhibit non-specific histidine decarboxy- 
lase has been compiled by S ~ h a y e r ~ ~ ~ .  

Compounds related either to histidine or to DOPA have been used to 
assess the relative extent to which the ring system and the side chain contri- 
bute to the affinity of inhibitors for the histidine decarboxylase of guinea-pig 
kidney2J3'. The relative inhibitory potencies of the compounds tested was in 
the order DOPA>catechol>pyrogallol>hydroquinone>resorcinol>tryp- 
tophan>indole> tyrosine>phenol>imidazole>alanine. It was concluded 
that two phenolic hydroxyl groups situated ortho to one another may play a 
major part in binding the inhibitor to the apo-enzyme. In  agreement with 
this conclusion, the inhibitory potency of cr-methyl-DOPAS1 and of ortho- 
dihydroxy-substituted f l a v ~ n e s l ~ ~  is greatly diminished by methylation of 
these hydroxyl groups. It is possible that the flavones may be converted to 
quinones which could then be the inhibitors. Such quinones would be likely 
to react with any thiol and amino groups present in the enzyme molecule. 

Several substituted histidines (Tab le  4.8) have been tested as inhibitors of 
the histidine decarboxylase of guinea-pig kidney53. From a consideration of 
the potencies of the substances tested, it was suggested that increasing the 
acidity of the nitrogens of the imidazole ring tended to produce stronger 
inhibitors. Similar studies on the inhibition of histamine formation by com- 
pounds related to DOPA or 5-HTP (Tab le  4.8) showed that a-methyl- 
DOPA and DOPA are good i n h i b i t ~ r s ~ ~ ? ' ~ ;  only the L-form of a-methyl- 
DOPA is an effective inhibitor of I>-amino acid decarbo~ylasel~~.  The 
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0-substituted hydroxylamines (XXI I ,  XXIII ,  and X X I V )  and the substituted 
hydrazine ( X X V )  were the most potent inhibitors of non-specific histidine 
decarboxylases revealed by these studies ( Table 4.8). 

We have seen that the non-specific histidine decarboxylase may be identical 

Table 4.8. Inhibition of histidine decarbo~ylases~~ 
The inhibitor potencies of the various compounds are given as C,, values. C5" is the molar 
concentration of the inhibitor which is required to reduce the initial velocity of the 
uninhibited reaction by 50 per cent. All experiments were at 36°C. The guinea-pig kidney 
enzyme (GPK) was studied at pH 8.0 with L-histidine (32 x 10-3M) as substrate. The rat 
hepatoma enzyme (F-Hep) was studied at pH 6.8 with L-histidine (0.64 x 10-3M) as 
substrate. 

Compound 

i GPK 

c,, x 104 

m-a-Me thyl-DOPA 
L-DOPA 
DL-DOP A 
~-2,4-Di-iodohis tidine 
~-2,4-Di-iodohistidine 
L-Monoiodohohistidine 
DL-2-Methylhistidine 
D-Histidine 
DL-4-Methylhistidine 
DL-/~-( 1 -Methylimidazol-4-yl) alanine 
~-/l-( 1 -Methylimidazol-5-y1) alanine 
Catechol 
Imidazole 
4-Methyl-5-nitroimidazole 
Imidazole-4(5)-carboxylic acid 
4(5)-Nitroimidazole-5(4)-carboxylic acid 
Imidazole-4( 5) -carboxyhydrazide 
4( 5) -Nitroimidazole-5 (4) -carboxyhydrazide 
L-Histidine hydrazide 
Hydrazine hydrate 
DL-5-Hydroxytryptophan 
n~-a-Methyl-5-hydroxytryp tophan 
DL-a-Methylhistidine 
Salicylic acid 
NSD 1024 (XXZZi 
NSD 1055 (XXZZZ) 
Imidazol-4(5)-methylhydroxylamine (-YXZV) 
NSD 1034 ( X X V )  

0.01 
0.2 
0.2 

40 
40 
50 
60 

600 
380 
420 
910 

800 
34 
30 
65 
20 

1.8 

6.5 

0.35 
0.65 
0.075 

0.85 

150 
35 
0.0052 
0.0027 
0.065 
0.0025 

F-Hep 

c,, x 104 

100 
9 
4.5 
- 

- 
20 

625 

- 
65 

1600 
160 
150 
300 

15 
0.75 
2 
0.1 

75 
1 

15 
30 
0.006 
0.00 14 
0.002 1 
0.0098 

with the enzyme which decarboxylates DOPA and 5-HTP. It would not be 
surprising, therefore, if substances which inhibit the decarboxylation of 
DOPA or 5-HTP proved also to be effective inhibitors of histidine decar- 
boxylase; data compiled by Clark140 suggest that this is so. 

Inhibition of Specijic Histidine Decarboxylase 
The effect of inhibitors on specific histidine decarboxylase differs in certain 
important respects from their effect on non-specific histidine decarboxylase. 
In particular, the specific enzyme, unlike the non-specific enzyme, is scarcely 
affected by cc-methyl-DOPA40.419141-143. Conversely, the specific enzyme is 
subject to moderate inhibition by cr-methylhistidine at concentrations which 
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have no effect on the non-specific decarboxylase; there is evidence that this 
inhibition is competitive8. 

The effect of incorporating the a-methyl group of a-methylhistidine into 
a cyclopropane ring has been investigatedz46. The resulting compound, 

OH OH 

&c HZ. o . N H &cH2.NMe.NH, 

( X X I I )  NSD 1024 ( X X V )  NSD 1034 

( X X f I Z )  NSD 1055 

O-(Irnidazol-4 (51-ylmet hyl) 
h ydroxyiamine 

( X X V I I )  MK 4 8 5  

1 -amino-2- (4-imidazolyl) -cyclopropane- 1 -carboxylic acid ( X X V I I I )  , was 
found to inhibit the specific histidine decarboxylase of the foetal rat liver to 
the extent of about 30 per cent at a concentration of 10 -3~ ,  i.e. the inhibi- 
tory potency is of the same order as that of a-methylhistidine itself. 

( X X  V I f I )  

The abilities of various compounds to inhibit the specific histidine decar- 
boxylase of rat hepatoma and the non-specific enzyme of guinea-pig kidney 
have been Some of these results are given in Table 4.8. 
Of the a-methylamino acids tested, ~~-a-methyl-5-HTP was the most 
potent inhibitor of the specific enzyme. Hydrazine was a strong inhibitor, 
and the various hydrazides were moderately effective. The 0-substituted 
hydroxylamines (XXZI, XXIII ,  and X X W )  and the substituted hydrazine 
( X X V )  , which we have seen to be potent inhibitors of non-specific histidine 
decarboxylase, were similarly effective inhibitors of the specific enzyme. The 
potencies of these compounds may be due, at least in part, to their ability to 
react with pyridoxal phosphate. 

Compounds MK 785 ( X X V I )  and MK 485 ( X X V I I ) ,  the a-hydrazino 
analogues of histidine and a-methyl-DOPA respectively, have been com- 
pared as inhibitors of the specific decarboxylase from foetal rats and the 
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non-specific decarboxylase from guinea-pig kidneys145. MK 785 resembles 
u-methylhistidine in being one of the few compounds known which inhibit 
specific histidine decarboxylase more strongly than the non-specific enzyme. 
As it is, in fact, more potent than a-methylhistidine against both enzymes, 
its effectiveness may be partly due to its acting as a carbonyl reagent, the 
hydrazino-group combining with pyridoxal phosphate. This point requires 
further study since, if MK 785 were found to inhibit other pyridoxal- 
phosphate-dependent enzymes, including in particular histaminase, its value 
as a tool for elucidating the biological function of specific histidine decarboxy- 
lase would be limited owing to the difficulty of interpreting experiments 
designed for this purpose. MK 485 too may act partly as a carbonyl reagent 
and partly by interaction with apo-enzyme; this would explain why it is a 
stronger inhibitor of both histidine decarboxylases than is a-methyl-DOPA, 
although, like a-methyl-DOPA, it is more effective against the non-specific 
enzyme. 

Inhibition by Inactivation or Displacement o f  the Co-enzyme 
The function of pyridoxal phosphate as the co-enzyme of histidine decar- 
boxylase depends on the ability of the aldehyde group to react with the 
u-amino group of histidine. However, the aldehyde group also reacts with 
a wide variety of amino acids, amines and carbonyl reagents. The specificity 
of the holo-enzyme-substrate interaction is therefore due to the apo-enzyme. 
The co-enzyme attached to the active centre is presumably in equilibrium 
with free co-enzyme in the surrounding solution. 

The equilibrium constant and the individual rate constants for the forma- 
tion of Schiff bases between amino compounds and pyridoxal phosphate can 
be measured spectrophotometrica11y1zzJz3. If two or more amino compounds 
are present in the solution, then they will compete for the aldehyde group of 
pyridoxal phosphate, the final equilibrium concentrations of the Schiff bases 
formed depending on the equilibrium constants135. I t  has already been 
shown that the formation of new Schiff bases can proceed by direct attack of 
an amino compound on an already-existing Schiff base, and that the rate of 
such a reaction may be even faster than with free pyridoxal p h ~ s p h a t e l ~ ~ t l ~ ~ .  

When the co-enzyme is attached to the active centre of the enzyme, the 
rates of formation and breakdown of Schiff bases may differ from those 
observed with free co-enzyme. This is because the co-enzyme may already 
be present as a Schiff base at the active centre of the enzyme (Figure 4.4a)lo7, 
and also because interaction of the amino compound with the apo-enzyme 
may alter the rate constants. Inhibition of pyridoxal phosphate-dependent 
enzymes by reagents such as hydroxylamine or semicarbazide depends on 
the high affinities of these reagents for the aldehyde group of the co-enzyme. 
However, as Schiff base formation is readily reversible, this type of inhibition 
is easily reversed also. 

Further reactions may occur after the formation of a Schiff base. Thus 
aldehydes react with substituted phenylethylamines under mild experimental 
conditions to form ultimately tetrahydroisoquin01ines~~~J~~. A particular case 
of this is the reaction between pyridoxal and DOPA (Figure 4.5).  A similar 
reaction occurs between pyridoxal and histidine (Figure 4.5). The observa- 
tion that DOPA decarboxylase is subject to substrate inhibition aroused 
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further interest in these reactions, and led to kinetic studies of the interaction 
between pyridoxal phosphate and compounds related either to DOPA or to 
h i ~ t i d i n e ~ l , ~ ~ ~ .  Typical results are given in Table 4.9. 5-HTP and 5-HT also 

R 

t 

R 

Figure 4.5. Inactivation of pyridoxal phosphate, RCHO: (a)  by DOPA; and (b) by histidine 

inactivate pyridoxal phosphate, though less rapidly than do DOPA and 
dopamine. 

Studies of this type indicate that substituted phenylethylamines are effec- 
tive inactivators of pyridoxal phosphate if they have a phenolic group in the 
position meta to the side ~ h a i n ~ ~ J 4 * - 1 ~ ~ .  The presence of a methyl substituent 
in the alpha position relative to the amino group markedly slows the rate of 
inactivation of the c o - e n ~ y m e ~ ~ J ~ ~ 3 ~ ~ ~ .  

Studies on the ability of several substituted histidines to inactivate pyridoxal 
phosphate showed that the presence of electron-donating groups in the 
imidazole ring increased the rate of reaction. From the values of the appro- 
priate rate constants (Table 4.10), it will be seen that 2-thiohistidine, a t  pH 
7-8 and 6.8, inactivates the co-enzyme even more rapidly than does DOPA143- 
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Cysteine was also an effective inactivator in vitro; the closely related com- 
pound penicillamine (D,,&dimethylcysteine) is slightly more reactive135. 
Penicillamine inhibits the transaminases of rat liver151 and the glutamic acid 
decarboxylase of mouse brain152. The formation of thiazolidine derivatives 
by reaction of cysteine or penicillamine with pyridoxal phosphate proceeds 

Table 4.9. Rates of inactivation of pyridoxaI phosphate hy various compounds 
All experiments were carried out at pH 6.8. k is the sccond-order rate constant for ring 
closure (see Figure 4.5). 

Compound 

-. - _ _ _ . ~  

2-thiohistidine 
2-methylhistidine 
Histidine 
3-methylhistidine 
3,4-DOPA 
cr-methyl-DOPA 
Cysteine 

Compound 

k ( 1 /mole/sec) 
- - 

pH 6.8 pH 7.8 1 
0.73 3.2 
0.035 0.10 
0.006 0.015 
0.005 0.005 
0.47 0.95 
0.030 0.050 
0.77 1.1 

3.4-DOPA 

a-methyl-m-tyrosine 
3-methoxytyrosine 
3,4-DOPA 
Adrenahe 
m-hydroxypropadrine 
o-tyrosine 
m-tyrosine 
Histamine 
Histidine 

Reference 

51 
51 
51 
51 
51 
51 
51 

148 
148 
148 
148 
148 
148 
148 

Temp. "C 

23 
23 
2 3  
23 
23 
2 3  
23  
38 
38 
38 
38 
38 
38 
38 

k( l/mole/sec) 

0.830 
0.238 
0.024 

No reaction 
0.057 
0.068 

No reaction 
3.2 
4.8 
3.2 
0.008 
2.2 

Approx. 2 
0.12 

In general, an inactivator of pyridoxal phosphate may attack the free co- 
enzyme or one of its Schiff bases in the solution. Alternatively the reaction 
with co-enzyme or with a Schiff base of the co-enzyme may take place at the 
active centre of the apo-enzyme. Inhibition of pyridoxal phosphate-depen- 
dent enzymes by compounds such as DOPA, 2-thiohistidine, or penicilla- 
mine, is usually progressive and proceeds much more slowly than the reaction 
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of these substances with free ~o-enzymel~~.  This suggests that the rate of 
removal of co-enzyme from the active centre is rate-limiting, or that the 
inactivator is slowly attacking the co-enzyme at the active centre. At least 
part of the observed inhibition could be due to displacement of co-enzyme 
from the active centre by the pyridoxal phosphate-inactivator complex. 
More detailed kinetic analyses, preferably utilizing highly purified histidine 
decarboxylase preparations, will be required before a full picture of this type 
of inhibition is obtained. 

The specific histidine decarboxylases of rat glandular stomach and of 
foetal rat liver are inhibited by certain acidic anti-inflammatory drugs. The 
inhibition is non-competitive with respect to substrate, but is competitive 
with respect to co-enzyme. The specific enzyme has a relatively low affinity 
for pyridoxal phosphate which it probably binds by means of the &-amino 
group of a lysyl side-chain. There is evidence that acidic anti-inflammatory 
drugs produce their inhibition by displacing pyridoxal phosphate from this 
eaminolysyl group of the Non-specific histidine 
decarboxylase which has a greater affinity for pyridoxal phosphate is not 
inhibited by these drugs in this way. 

INHIBITION OF HISTIDINE DECARBOXYLATION zn uzuo 
The in uivo production of histamine, and of other amines, in rats can be 
diminished by the use of pyridoxine-deficient diets, pyridoxine antagonists, 
or non-specific inhibitors such as ~ e m i c a r b a z i d e ~ ~ ~ J ~ * J ~ ~ J ~ ~ .  In female rats 
receiving a pyridoxine-deficient, histamine-free diet, the urinary output of 
histamine was reduced to about 50% of normal15'; simultaneous administra- 
tion of semicarbazide further reduced the histamine output to about 20% of 
normal. However, the histamine content of the tissues of these animals did 
not differ significantly from those of controls, except in the stomach where 
the histamine content dropped to a few per cent of normal. 

The use of a more specific inhibitor of histidine decarboxylase was obvious- 
ly desirable, and such experiments were carried out with a-methylhisti- 
dine15*. Administration of this compound to female rats maintained on a 
standard histamine-free diet, decreased the histamine output to less than 
50 per cent of the normal value. When this treatment was superimposed on 
pyridoxine deficiency, the urinary histamine was reduced to 25 per cent of 
normal. a-Methylhistidine produced no detectable change in the urinary 
output of 5-hydroxyindolyl-3-acetic acid (5-HIAA), the metabolite of 5- 
hydroxytryptamine (5-HT) ; this suggests that only the specific histidine 
decarboxylase was being inhibited. In  agreement with this view it has been 
found that a-methyl-DOPA, which selectively inhibits the non-specific 
histidine decarboxylase, does not lower urinary histamine excretion in the 
rat145,243. a-Methyl-DOPA does not diminish the basal excretion of histamine 
by the guinea-pig253; however, it decreases considerably the output of 
histamine in the urine of guinea-pigs after feeding of h i ~ t i d i n e ~ ~ ~ ,  and the 
excretion of 14C-histamine following the injection of 14C-histidine15S~22n. 
Thus it appears that the non-specific enzyme of the guinea-pig is active in 
uiuo, but some contribution by the specific enzyme is not excluded. This 
point requires further elucidation. 

Compound NSD 1055 (XXI I I )  and MK 785, the a-hydrazino analogue of 
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histidine ( X X V I ) ,  inhibit the specific histidine decarboxylase of the foetal 
rat, while NSD 1055, or-methyl-DOPA and MK 485, the or-hydrazino 
analogue of or-methyl-DOPA (XXVII ) ,  inhibit the non-specific decarboxy- 
lase of guinea-pig kidney145. However, when administered to female rats, 
only NSD 1055 and MK 785 produced any appreciable effect on the hista- 
mine content of the tissues; they produced lower levels of histamine in the 
heart, stomach and urine, but had no effect on the histamine content of the 
peritoneal mast cells. Administration of these two inhibitors to rats pre- 
treated with compound 48/80, did not produce any further reduction in the 
histamine content of the tissues. Whereas regular administration of NSD 1055 
killed the rats within several days, MK 785 appeared to be non-toxic. This 
compound produced its maximum effect within 3-6 hours, and the tissue 
histamine content had returned to normal within 24 hours. NSD 1055 has 
also been reported to inhibit histamine biosynthesis in man257. Although 
cr-methyl-5-HTP has also been shown to be an efficient inhibitor of specific 
histidine decarboxylase in vitu07~, it neither lowered the histamine content o f .  
the organs nor modified the anaphylactic response in guinea-pigsleO. 
Quercitin, a flavone derivative, has been reported to be active in vibo and in 
uiuo as an iiihibi tor of specific and non-specific his tidine decarboxylase derived 
from rat and mouse tissueslB1. 

The results obtained with inhibitors suggest that it is a specific histidine 
decarboxylase which is mainly involved in the production of histamine in the 
rat. Studies on the excretion of histamine in the urine of thyroxine- 
treated83J64-166 and of totally gastrectornizeds3 rats indicate that the specific 
histidine decarboxylase responsible for this histamine production is located 
mainly in the mucosa of the glandular portion of the stomach. 

There is considerable doubt a t  present concerning the physiological 
significance of the non-specific histidine d e c a r b o ~ y l a s e ~ ~ J ~ ~ .  Nevertheless, 
the possibility remains that some of the compounds which have been found 
to inhibit the formation of dopamine and 5-HT may also be useful inhibitors 
of histamine formation. Comparative potencies, in vitro and in viuo, of various 
substances as inhibitors of the non-specific decarboxylase with DOPA as 
substrate have been recorded in the 1 i t e r a t ~ r e l ~ ~ J ~ ~ .  

FACTORS WHICH MODIFY THE HISTIDINE 
DECARBOXYLASE ACTIVITY OF TISSUES 

The histidine decarboxylase activity of tissues can be raised or lowered by 
changing the hormonal state of the animal or by subjecting it to certain 
stressful stimuli. Administration of thyroid hormones to rats produces a 
marked increase in the specific histidine decarboxylase activity of the 
glandular mucosa of the ~tomach83J~4--1~~, while the activity of the non- 
specific enzyme in the liver is loweredlG7. Studies of the action of thyroid 
hormones on other pyridoxal-dependent enzymes in rat liver suggest that, in 
this organ at  least, these changes arise from corresponding alterations in both 
pyridoxal phosphate and apo-enzyme synthesis247. 

The histidine decarboxylase acdvity of rat lung is considerably depressed 
by the administration of glucocorticoids~6~J~~ whereas the activity in the lung 
of mice or guinea-pigs is virtually unchanged168. In the rat, treatment with 
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glucocorticoids promotes increased formation of histamine in the glandular 
mucosa of the stomach and diminishes the activity in the liver76J70. Com- 
pounds having the highest glucocorticoid potency produced the greatest 
changes in histidine decarboxylase activities170. The 5-HTP decarboxylase 
activity of rat liver is said to be unaffected by glucocorticoid treatment. This 
might seem to indicate that 5-HTP decarboxylase is not after all identical 
with non-specific histidine decarboxylase. I t  is known, however, that hor- 
monal changes can alter the pyridoxal phosphate content of tissues211, and 
that the decarboxylation of histidine is more sensitive than that of 5-HTP to 
changes in the concentration of the ~ o - e n z y m e ~ ~ .  Further studies over a range 
of concentrations of the co-enzyme are required to elucidate this point. 
Adrenalectomy in rats usually has effects opposite to those produced by the 
injection of glucocort i~oids~~~.  (See note on page 245.) 

Administration of the histamine liberators, compound 48/80 and poly- 
myxin B, or exposure to cold, produces, on the liver and glandular portion 
of the rat stomach, effects similar to those of glucocort i~oids~~~.  Indeed, the 
effects may be mediated by endogenous glucocorticoids released as a result 
of the severe stress evoked by these agents. Several studies of the influence 
of various stressful stimuli, local and systemic, on the histidine decarboxylase 
activity of tissues have been carried out. Stimuli such as the injection of 
catecholamines or bacterial endotoxins, anaphylaxis, exposure to cold, 
exercise and anoxia and the application of tourniquet shock produce an in- 
crease in the histidine decarboxylase activity of some tissues of rats, mice, 
guinea-pigs and  at^^^,^^^,^^^-^^^,^^^. Detailed studies in the mouse show that 
injections of adrenaline increase the histidine decarboxylase activity of skin, 
lung and skeletal muscle, and that these increases are not prevented by 
prior administration of a- or ,8-adrenergic blocking agents100J69J72. Occasion- 
ally, stress leads to a diminution of histidine decarboxylase activity; this has 
been observed in certain species after exposure to warmth7s, and in the kid- 
neys of rabbits which have been treated with bacterial endotoxin~l~~.  This 
enzyme, which undergoes changes in activity in response to stressful stimuli, 
has been called inducible histidine decarboxylase by Schayer ; its possible 
function will be considered later. 

THE PHYSIOLOGICAL FUNCTION OF HISTIDINE DECARBOXYLASES 

Merely to state that the physiological function of the histidine decarboxyl- 
ases is the conversion of histidine to histamine is to evade the problem of the 
function of histamine itself. A compromise will therefore be adopted so that 
due account can be taken of the ways in which the search for possible roles 
for histamine in physiological processes has shed light on the function of the 
enzymes by which histamine is formed. 

The first question to arise is whether the two main classes of mammalian 
histidine decarboxylase, the specific and non-specific enzymes, are of equal 
importance in relation to the physiological function of histamine. Considera- 
tion of the values of the Michaelis constant, approximately l o - 3 ~  for the 
specific, and 1 0 - l ~  for the non-specific, enzyme (Table 4.6), indicates that 
the specific histidine decarboxylase has the greater affinity €or histidine. This 
might be taken to imply that the specific enzyme is the more important source 
of histamine in the body220. 
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Such considerations do not, however, exclude the participation of the non- 
specific enzyme as a source of body histamine. The non-specific histidine 
decarboxylase of guinea-pig kidney is known to have a high affinity for 
DOPA and 5-HTP, but a low affinity for histidine and ~henyla lan ine~~.  At 
first sight, then, it would appear that this enzyme is more likely to produce 
dopamine and 5-hydroxytryptamine than to form histamine or ,8-phenyl- 
ethylamine. I t  must be remembered, however, that the substrates DOPA and 
5-HTP are not normally detectable in blood or tissues, while histidine and 
phenylalanine are present in amounts which compensate for the low affinity 
of the enzyme for these two amino acids. In terms of the capacity to form the 
corresponding amines, therefore, there is no reason to suppose that the 
decarboxylation of histidine is a less important function of the non-specific 
enzyme than is the decarboxylation of its other substrates. 

Consideration must also be given to the possible role of bacterial histidine 
decarboxylase as a source of tissue histamine. In cat, dog and man, for 
example, histidine decarboxylase is either absent or occurs in amounts which 
seem too small to account for all the histamine present in the tissues (Table  
4.6). I t  is known37 that histamine can be absorbed from the intestine of dogs 
and humans, and that oral administration ofhistidine in dog, man and guinea- 
pig results in a rise in urinary free histamine. If the intestinal tract is sterilized 
prior to the administration of histidine, however, the rise in urinary histamine 
is prevented in dog and man, but still occurs in guinea-pigszb4. Since some 
tissues of guinea-pigs and other rodents have considerable histidine decar- 
boxylase activity, it is possible that these species synthesize most, or all, of 
their own histamine, while cat, dog and man, which possess only trace 
amounts of the enzyme, may obtain their tissue histamine largely by absorb- 
ing it from the gut where it has been formed by the bacterial decarboxylation 
of dietary histidine. 

Nevertheless, when factors which modify the histidine decarboxylase 
activity of tissues are considered, it is found that the most striking changes 
occur in the level of the specific enzyme. We have already seen that this is 
true of the effect of inhibitors and of certain external factors, but it should be 
noted that most of this information has been derived from studies in the rat. 
Various physiological and pathological conditions are now described which 
also lead to changes in the activity of the specific histidine decarboxylase in 
the tissues of rats and other animal species. 

Histidine Decarboxylase and Growth 
There is evidence that a greatly increased histidine decarboxylase activity is 
associated with certain types of rapid tissue g r o ~ t h l ~ * J ~ ~ .  Thus, pregnant rats 
excrete abnormally large amounts of histamine in the urine from about the 
15th day of gestation until term, and this increased histamine formation has 
been ascribed to the developing foetuses. All tissues of the rat foetus have 
higher histamine-forming capacities than the corresponding tissues of the 
normal aduIt. The foetal liver is by far the most active of these, yet within 
2-3 days after birth its activity falls precipitously to the low level observed 
in adult ratslEO. The histidine decarboxylase of the foetal rat liver has been 
fully characterized (Table  4 . 4 ) ,  and its properties clearly indicate that it is 
the specific enzyme. The feeding of a pyridoxine-deficient diet and the 
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simultaneous injection of semicarbazide arrested the growth of the foetuses 
and led to their death. It is possible, therefore, that this failure of embryonic 
development was due to the inhibition of histidine decarboxylase, and that 
the enzyme is essential to the growth process. However, the above treatment 
is likely to lead to varying degrees of inhibition of all pyridoxal-dependent 
enzymes, and the observed effect may, therefore, be due, at least in part, to 
the inhibition of one of these other enzymes. Unfortunately, no inhibitor of 
the histidine decarboxylase of foetal rat liver is known which is sufficiently 
potent and specific to be used in the above experiment, and thus to place the 
matter beyond doubt. 

AduIt rats in which the liver is regenerating after partial hepatectomy 
excrete increased amounts of histamine in the urine, and this has been 
attributed to the growth of the regenerating liver178. However, the histamine 
does not originate in the liver, as no increased histidine decarboxylase activity 
is demonstrable in the regenerating tissue in vitroazs,227. 

The peak of histidine decarboxylase activity in foetal rat liver coincides 
approximately with that of haemopoietic activitylsl. Subsequently, the bone 
marrow of the adult rat was found to contain a specific histidine decarboxy- 
lase (Table  4.4) ,  thus supporting the possibility of a connection between 
haemopoiesis and the formation of histaminelE2. Histidine decarboxylase 
also occurs in the bone marrow of the guinea-pig; this enzyme activity, 
which was shown to be related to the number of basophils, does not, however, 
support a relationship between histidine decarboxylase activity and growth, 
since the basophils in the buffy layer of guinea-pig blood have also a con- 
siderable histamine-forming capacity, but contain no cells in mitosis183. 

A connection between histidine decarboxylase activity and rapid tissue 
growth has also been sought by studying reparative growth of healing skin 
wounds. In the rat, wound tissue excised 24 hours after the infliction of a 
wound had 50-60 times more histidine decarboxylase activity than control 
skin. Moreover, when the histidine decarboxylase activity of the skin, prior 
to wounding, was artificially lowered by cortisone treatmentls4~ls6 or by 
subjecting the animals to simultaneous pyridoxine deficiency and admini- 
stration of semicarba~idel7~~ the rate of healing was greatly retarded. 
Conversely, when the specific histidine decarboxylase activity of the skin 
was increased by repeated injection of the histamine liberators 48/80 or 
polymyxin BlE6, the rate of healing was significantly a~ce lera ted l~~.  Other 
workers, however, have reported either no effect 0 1 1 ~ 8 ~ ~  or actual retardation 
of188, wound healing in rat skin after compound 48/80 treatment. There is 
some evidence that wound tissue in human skin, particularly in the early 
stages of healing, has a higher histidine decarboxylase activity than normal 
skin1E9~190. Further studies are required to substantiate this, however. 
Care must be exercised in the interpretation of these experiments relating 
histidine decarboxylase activity to the healing of skin wounds, as some of the 
histamine formed may arise from mast cells. Moreover, the agents employed 
for artificial raising or lowering of histamine formation in the skin possess 
other physiological effects which may modify the healing process irrespective 
of the action on histidine decarboxylase activity. 

The formation of collagen also provides an index of reparative growth. In 
agreement with the view that there is a relationship between histidine 
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clecarboxylase activity and growth it has been found that when the histidine 
decarboxylase level in rat skin has been artificially raised, as in the experi- 
ments reported above, the rate of collagen formation in healing wounds is 
increased; conversely, when the histidine decarboxylase level is lowered, the 
rate of collagen formation is d i r n i n i ~ h e d ~ ~ ~ , ~ ” ~ ~ ~ ~ .  When the rats, prior to 
wounding, were subjected to prolonged, high tissue histamine levels from 
subcutaneously-implanted histamine dipicrate, neither healing nor collagen 
formation was accelerated. This indicates that if histamine is indeed in- 
volved in wound healing it must be formed, and must act, intracellularly. 

Histidine Decarboxylase and Tumour Growth 
The recognition of a possible connection between histidine decarboxylase 
activity and growth then raised the question whether a high histidine decar- 
boxylase activity might be an important factor in rapidly-growing, malig- 
nant tissues. Studies in August strain rats bearing subcutaneously-implanted 
hepatoma tissue (F-Hep) indicated that this might be so. Soon after implan- 
tation of the tumour the urinary histamine excretion in these rats increased 
dramatically, but returned to normal immediately after removal of the 
tumourlg3. The tumour itself possessed high histidine decarboxylase activity 
which, on flirther investigation, proved to be due to the specific enzyme 
(Table  4 .4 )39 .  Similar observations have been reported in rats bearing a 
virus-induced sarcoma; in these animals the liver was found to be enlarged 
and to have considerably increased HFC. Studies with inhibitors indicated 
that the histidine decarboxylase in the tumour and in the liver of the tumour- 
bearing rats was the specific enzyme249. However, experiments with other 
subcutaneously-transplanted turnours in the rat have failed to demonstrate 
any relationship between histidine decarboxylase activity and tumour 
growth 

Conflicting results have been reported with the Walker rat carcinosarcoma 
256. The extremely small histidine decarboxylase activity of this tissue at 
pH 6.5 has been regarded by H g k a n ~ o n ~ ~ ~  as indicating a relationship 
between the enzyme activity and rapid tissue growth, while other worker^^^^^^^ 
take the opposite view. The disagreement is due in part to methodology, 
Hakanson having used the highly sensitive isotopic procedure while the 
others employed the biological method. Nevertheless, the activity of the 
Walker tumour as measured isotopically is exceedingly small in comparison 
with the activities obtained by the same method for tissues such as foetal rat 
liver and rat bone marrow. I t  is doubtful, therefore, whether this low activity 
should be taken as support for a relationship between histidine decarboxylase 
activity and growth. In the light of subsequent studies H%kan~on~~O con- 
siders that an active biosynthesis of histamine may be a common phenome- 
non in experimental tumours of the rat and mouse, but he does not regard 
a high HFC as a necessary feature of tumour growth, since no histidine 
decarboxylase activity could be detected in a hamster melanoma. 

A hamster hepatoma was likewise found to be devoid of histidine decar- 
boxylase activitys0. 

I t  has been seen that a specific histidine decarboxylase is present in normal 
mast cells; however, since mitoses are never observed in these cells, it is 
unlikely that the presence of the enzyme is concerned with growth. Moreover, 
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of two mast cell tumours in mice, one, the Furth mastocytoma grows 
slowly, but has high histidine decarboxylase activity, whereas the other, the 
Dunn P-815 mastocytoma, grows very rapidly, and has small, or sometimes 
no, histidine decarboxylase activitylg6. These observations do not support the 
theory of a connection between histidine decarboxylase activity and the rate 
of growth. 

The histidine decarboxylase activity in rat liver has been followed through- 
out the period of carcinogenesis in animals treated with the hepatocarcinogen 
diethylnitrosamine (DENA)57. The normal liver was devoid of the specific 
enzyme but contained non-specific enzyme, the activity of which decreased 
after the animal had received about one month’s treatment with DENA. 
Later, specific histidine decarboxylase was detected, its formation coinciding 
with the appearance of hepatomatous nodules in the liver parenchyma. 
Further treatment with DENA led to a vigorous proliferation of bile duct 
cells, and this cholangiomatous condition was accompanied by a steep 
decrease in the specific histidine decarboxylase activity. I t  was concluded, 
therefore, that specific histidine decarboxylase may be associated with the 
growth of a particular type of cell, such as the hepatoma cell, but not with 
growth in general. 

Kahlson, Rosengren and Steinhardtlg7 in studies of the Landschutz I 
tumour growing as isolated, free cells in the mouse peritoneal cavity, have 
found that on the first day of tumour growth the specific histidine decar- 
boxylase activity is high and correlates with the frequency of tumour cell 
mitosis. However, it is possible that some of this enzyme activity may have 
been contributed by the peritoneal mast cells of the host. 

Attempts to arrest the growth of histidine decarboxylase-containing 
tumours by histidine decarboxylase inhibitors have been unsuccessful. 
Semicarbazide produced some inhibition of the growth of a subcutaneously- 
transplanted hepatoma in Wistar rats*O, but in view of the high doses re- 
quired and the lack of specificity of this compound, the effect was not 
necessarily due to the inhibition of histidine decarboxylase. The extremely 
potent hydrazine and hydroxylamine derivatives, NSD 1055 ( X X f I I ) ,  and 
NSD 1034 ( X X V )  failed to prevent the growth of subcutaneous transplants 
of the hepatoma, F-Hep, in August strain ratslg8. Transplants of this tumour 
in pyridoxine-deficient August rats grew more slowly than in normal controls, 
but the animals did not survive long enough to yield conclusive results. 
Attempts to inhibit the development of the Landschutz I tumour growing in 
the mouse pzritoneal cavity were also inconc lu~ ive~~~ .  All the above experi- 
ments are difficult to interpret, not only for the reasons already given, but 
because it is unlikely that total inhibition of the histidine decarboxylase 
would be 0bta ined~9~~.  I t  is by no means uncommon for an enzyme to be 
present greatly in excess of the body’s needs, and histidine decarboxylase 
could conceivably discharge its physiological function satisfactorily even 
when inhibited to the extent of 90 per cent or more. 

Histidine Decarboxylase and Pregnanq 

IVe have seen that the first indication of a relationship between histidine 
decarboxylase and growth arose from studies in pregnant rats. Increased 
specific histidine decarboxylase activity was found in the foetal liver and the 
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maternal s t o m a ~ h ~ " J ~ ~ 8 ~ .  Only in the mouse and hamster have comparable 
changes in histidine decarboxylase activity been detected during pregnancy. 
In  both species, as in the rat, this leads to a greatly increased excretion of 
histamine in the urine. In the mouse the histidine decarboxylase activity of 
the whole foetus increased steadily throughout pregnancy, but fell sharply 
at  birth; this activity was located mainly in the foetal skin87,88. At the same 
time the kidney of the mother showed a greatly increased activity compared 
with that in the kidney of normal females, and this high activity persisted for 
a few weeks after delivery. The enzyme of both the foetal skin and maternal 
kidney was the specific histidine decarboxylase. In the pregnant hamster the 
urinary histamine excretion was particularly high during the last three days 
of gestation, but returned almost to normal on the first day after delivery. 
The large histamine output was traced to a very high histidine decarboxylase 
activity in the placenta102. This enzyme has not yet been fully characterized. 
No indication of increased histidine decarboxylase activity has been found 
in foetal, as compared with adult, tissues of the hamster, rabbit, ferret, pig, 
cows8, catSsJg9 or guinea-pig981199~228. Relatively little is known about 
histidine decarboxylase in human pregnancy owing to the limited availa- 
bility of experimental material. In  clinically norma1 human pregnancies, the 
urinary histamine excretion is either unchanged2009201 or only slightly 
raised202. Human foetal tissues contain only traces of a non-specific histidine 
decarboxylase, and the amounts do not appear to exceed those of human 
adult tissues1039203. 

Histidine Decarboxylase and Gastric Secretion 
Histamine is normally present in the stomach mucosa of mammals, and the 
gastric juice always contains histamine204, though only in small amounts229. 
The question thus arises whether this histamine is produced by the local 
decarboxylation of histidine. The histamine-forming capacity (HFC) of the 
gastric mucosa would not by itself be a reliable guide in deciding this point, 
as we have already seen that there is no exact correlation between the hista- 
mine content and the histidine decarboxylase activity of tissues. It is known, 
however, that in species which possess a very high mucosal HFC, the sensi- 
tivity of the acid-secreting cells to injected histamine is very low, and that, 
conversely, where mucosal HFC is low the acid-secreting cells are extremely 
sensitive to injected hi~taminel7~. Thus the histidine decarboxylase activity in 
the gastric mucosa of a11 species studied is sufficient to produce the amounts 
of histamine necessary to stimulate acid secretion. Does histidine decarb- 
oxylase, then, have a physiological role in relation to gastric acid secretion? 

There is some evidence that this is so. In the rat, the release of endogenous 
gastrin on feeding liberates histamine in amounts sufficient to stimulate 
gastric acid secretion30. Studies with exogenous gastrin in the rat support 
this view205. When rats are fed normally or when they are injected with 
gastrin, acid secretion occurs177 accompanied by an increased output of 
urinary histamine177, a decrease in the histamine content of the gastric 
m ~ c o s a ~ ~ ~  and an increase in the histidine decarboxylase a ~ t i v i t y ~ ~ ~ t ~ ~ ~ y ~ ~ ~ .  
The increased mucosal HFC persists for some time after acid secretion has 
ceased, indicating that the depleted store of mucosal histamine is then being 
replenished. Thus a feed-back mechanism may exist, and this possibility is 
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supported by the observation that the enzyme activity is lowered when acid 
secretion is evoked by the injection of exogenous histamine. 

There is no significant reduction in the histamine content of the gastric 
mucosa of cat, dog or guinea-pig after feeding. In these species the histamine 
stores must be replenished during acid secretion, although the HFC of their 
gastric mucosa seems inadequate to produce the amount of histamine found 
there. It is possible, therefore, that the histamine in the gastric mucosa of 
these species is formed elsewhere and transported by the blood stream to the 
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Figure 4.6. Possible role of histidine decarboxylase in gastric secretion 

mucosa where it is then bound229. Although the HFC of mouse stomach has 
not yet been the subject of such detailed study as that of rat stomach, it is 
greatly stimulated by feeding, being about 100 times greater in normally- 
fed mice than in starved animalslo0. Thus there is evidence, at least in the 
rat and the mouse, that the function of the histidine decarboxylase of the 
stomach is to produce the histamine required to stimulate gastric secretion. 

Further evidence for a role of histidine decarboxylase in relation to gastric 
secretion has been obtained in rats treated with histidine decarboxylase 
inhibitors. Pretreatment of rats with MK 785 ( X X V I )  or with NSD 1055 
( X X I I I )  produces a period of maximum depletion of histamine in the gastric 
mucosa during which basal acid secretion is diminished and stimulation of 
acid secretion by gastrin and other agents is significantly blocked231. Similarly 
the gastric hypersecretion which results in rats following the formation of a 
portacaval shunt is inhibited by administration of NSD 1055232. In pyridoxine- 
deficient rats the resulting decrease in the HFC of the stomach is associated 
with a marked reduction in gastric secretory On the other hand, 
Kahlson and c o - ~ o r k e r s l ~ ~  found that the histamine content and the HFC of 
rat gastric mucosa could be reduced to only 5-10 per cent of normal by 
administration of semicarbazide and a pyridoxine-deficient diet, and yet 
acid secretion in response to the injection of gastrin occurred as in normal 
rats. The divergence of this observation from those of other workers may be 
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due to the use of different techniques for the measurement of gastric secre- 

I t  appears, then, that the role of histidine decarboxylase in relation to 
gastric secretion is to replenish the store of mucosal histamine which is 
released in response to feeding, there being a temporary adaptive increase in 
enzyme activity until the histamine store is replenished. These relationships 
are shown diagrammatically in Figure 4.6. 

tior1231 I 234. 

Inducible Histidine Decarboxylase 

The histidine decarboxylase which is formed in several animal species under 
various stressful stimuli has the characteristics of a specific histidine decar- 
boxylase (Table  4.4)76. The evidence available at present indicates that the 
inducible enzyme is not associated with mast ~ e l l s ~ ~ > ~ O ~ .  Schayer has suggested 
that this enzyme is located in or near vascular endothelial cells, and that it 
synthesizes histamine at  a rate which is determined by the needs of the tissues 
for blood under given environmental conditions. The role of inducible histi- 
dine decarboxylase may thus be to produce histamine as required for the 
maintenance of circulatory h o m e o s t a s i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  Schayer postulates that the 
progressive microcirculatory dilatation occurring in slowly-developing iiiflam- 
mation and in systemic stress is due to enhanced formation of histamine 
arising from adaptively increased activity of the inducible histidine decar- 
boxylase. Circulatory homeostasis is considered to involve an antagonism 
between histamine formed in this way and circulating glucocorti- 

Activation of the inducible enzyme becomes detectable 0.5-1 hour after 
application of the stress, and it persists for periods which depend on the 
nature and intensity of the stimulus. Under exceptional circumstances the 
high rate of induced histamine formatation may be sufficiently prolonged to 
result in the development of shocks4. On the other hand, when the degree of 
activation of histidine decarboxylase is inadequate, tissue damage may occur 
as has been observed in the kidneys of endotoxin-treated rabbits175. If hista- 
mine produced by inducible histidine decarboxylase is indeed a mediator of 
the slow phase of inflammation2a3j, inhibitors of this enzyme might possess 
anti-inflammatory action. I t  is thus of considerable interest that the ability 
of one class of anti-inflammatory drugs, thc acidic group, to inhibit specific 
histidine decarboxylase runs parallel to their clinical a ~ t i v i t y ~ ~ ~ , ~ ~ ~ .  

~oi&235,236,237 

CONCLUDING REMARKS 

The above considerations emphasize that the rate at which histamine is 
formed by a tissue is of greater significance than the amount of histamine 
actually present in that tissue. Thus, the determination of histidine decar- 
boxylase activity represents a dynamic approach to the elucidation of the 
physiological function of histamine, in contrast to the earlier static approach 
based on measurements of the histamine content of t i s s ~ e s ~ ~ ~ ~ ~ * .  

Histidine decarboxylase may have a physiological role in relation to 
normal and certain types of pathological growth, to wound healing, preg- 
nancy, gastric secretion, inflammation and the reaction to stressful stimuli. 
These are situations in which an adequate local blood supply is important. 
This blood supply may be regulated through histamine produced by a 
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substrate-specific histidine decarboxylase developed for the purpose. The 
histamine is formed within the cells on which it is to act, and it is therefore 
‘intrinsic histarnine’ as envisaged by Dalezos. This is non-mast cell histamine 
having a high turnover rate and apparently comprising much of the histamine 
formed in the bodyz39. It is mobilized by cholinergic stimulation, and the 
suggestion has been made that it functions as the final common stimulant in 
the formation of exocrine secretions239. Most of the information so far avail- 
able has been derived from experiments in rats. In other species the physio- 
logical relationships are less obvious or apparently do not exist9*$199,22~ ; 
indeed, discrepancies have been noted in the rat i t ~ e l f ~ ’ J ~ ~ .  Further investi- 
gations covering a yet wider range of species are necessary for the full picture 
to emerge. 

The specific histidine decarboxylase of mast cells apparently produces 
histamine for local storage within the mast cell itself. This may be the primary 
function of the mast cellzo9. 

The function of the non-specific histidine decarboxylase of rabbit or 
guinea-pig liver and kidney remains to be clarified. However, in view of its 
wide substrate specificity (Table  4.3), this enzyme may rather be a general 
aromatic L-amino acid decarboxylase, the purpose of which is to produce 
other physiologically important amines in addition to histamine. 

Note. The effect of sex hormones on the histidine decarboxylase activity 
of tissues has not been systematically examined, but the administration of 
oestradiol to ovariectomized female mice produces a substantial increase in 
the histamine-forming capacity of the liver2j9. 
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PSYCHOTROPIC DRUGS AND NEUROHUMORAL 
SUBSTANCES IN THE CENTRAL NERVOUS 

SYSTEM 

J. CROSSLAND 

INTRODUCTION 

DURING the past 15 years or so, the problem of the biochemical aetiology 
of mental illness and of the mode of action of drugs which act on the central 
nervous system has become the object of intensive study. The almost simul- 
taneous occurrence of several separate events precedented a great deal of 
research in this field of medicine. Foremost amongst these events was the 
discovery of whole new ranges of compounds which had a powerful effect 
on emotional and behavioural responses. Because of their use in the treat- 
ment of neurotic and psychotic conditions, these drugs were said to have 
psychotropic, psychoactive or phenotropic actions, The discovery of the 
psychotropic properties of the original members of this group of drugs was 
made during investigations into their activity in a number of conditions not 
directly related to the central nervous system. In the search for compounds 
which would combine an intense psychotropic effect with minimal peripheral 
activity, a large number of derivatives were synthesized, many of which 
were found to be therapeutically useful. Some measure of the impact of 
these psychotropic drugs on psychiatry and pharmacology is provided by 
the estimate that, in the first ten years of their use, just one of them, chlor- 
promazine, was mentioned in 10,000 publications and was prescribed for 
50 million patients throughout the worldl. During the period of development 
of the psychotropic drugs, a major advance took place on the physiological 
front; it became unequivocally established that the transmission of nerve 
impulses across synapses in the central nervous system is mediated by 
chemical substances. A nerve impulse, arriving at the end of a nerve terminal, 
liberates a tiny jet of a chemical mediator which diffuses across the synapse 
so exciting or inhibiting the next neurone in the functional chain. It also 
became apparent that there is no universal transmitter substance. The search 
for other substances stimulated as large a research effort as had the introduc- 
tion of the new psychotropic drugs. The knowledge that specific chemical 
substances were involved in the most fundamental of central nervous 
processes raised hopes that the actions of the psychotropic drugs could be 
explained in terms of an interaction with the processes involved in the 
synthesis, storage, release, physiological activity or destruction of the trans- 
mitter substances. If this were so, it seemed clear that mental illness itself 
might have its origin in disturbances of transmitter metabolism. The 
observation that the activity of 5-hydroxytryptamine, a possible transmitter 
substance, was inhibited by lysergic acid293, a potent hallucinogen which 
produces in normal man a state reminiscent of schizophrenia, gave added 
credence to this view of the origin of mental illness. It also led to studies 
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which added enormously to the flood of information concerning the relation- 
ship between the psychotropic drugs and chemical substances in the brain. 
5-Hydroxytryptamine, indeed, has been the subject of as many papers as 
has chlorpromazine. 

In  spite of the great effort which has been expended by a vast number 
of workers throughout the world, only one central transmitter substance- 
acetylcholine-has been unequivocally identified. Little precise information 
is yet available concerning either the identity of the other transmitter sub- 
stances or the mode of action of the psychotropic drugs. The non-specialist 
who seeks to assess the present situation in this field is likely to be daunted 
by the sheer mass of information available, discouraged by the conflicting 
conclusions with which he is presented, and misled by some of the illfounded 
dogmatisms he will read. It is hoped that this review will provide him with 
a reasonably objective picture of the present state of knowledge and with 
the means of assessing for himself the significance of future developments in 
this area. I t  is based on the findings reported in several thousand publications 
(of which only a representative sample can be quoted) and summarizes the 
more acceptable conclusions concerning the transmitter role of the pharma- 
cologically active substances found in the brain; it also surveys the nature and 
properties of the more important psychotropic drugs. The more strictly 
pharmacological portions of the review are preceded by a brief account of 
some of the principal neurophysiological systems which control the level of 
consciousness, emotion and muscle tone. All these conditions are likely to 
be altered in the course of treatment with psychotropic drugs. 

THE PHYSIOLOGICAL BACKGROUND 
Sensory nerve impulses destined to reach consciousness, travel from the 
periphery to the brain by well-defined tracts in the spinal cord which come 
together in the medulla and continue as the lemnisci to the thalamus, 
whence they are relayed, via the internal capsule, to the sensory cortex 
(Area 3) in the parietal lobe of the hemisphere. Sensory impulses in the 
cranial nerves also travel to the thalamus and parietal cortex. (The paths 
taken by impulses generated in the organs of special sense-the eyes, ears 
and nose-need not be considered here.) The information transmitted along 
these routes is interpreted in terms of specific sensations (pain, touch, etc.) 
well localized in consciousness to the part of the body from which they 
originate. These ascending impulses, however, simultaneously stimulate 
another system of neurones. Collaterals from the lemniscal fibres make 
synaptic contact with a diffuse group of cells-the reticuIar neurones-in 
the mid-brain and hypothalamus. From the reticular neurones impulses 
pass to the frontal, and to a lesser degree, the occipital and temporal lobes. 
Since they do not end specifically in Area 3 of the cortex, they are not 
appreciated in consciousness and they have no localizing function. Their 
function seems to be that of keeping the cortex in an ‘alerted’ condition, 
enabling it to respond to the specific signals being carried by the lemniscal 
pathways. The maintenance of consciousness depends on the continued 
activity of the ascending reticular system: when its fibres are cut in experi- 
mental preparations, the animal exhibits both the behavioural and the 
electroencephalographic signs of sleep. Stimulation of the reticular neurones 
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in such animals causes an ‘alerting’ response with opening of the eyes and 
restoration of the electroencephalogram to its waking form. Interruption of 
impulses in the direct sensory pathway has no effect on the level of conscious- 
ness. Although impulses travelling to the cortex by the reticular system are 
not themselves appreciated in consciousness, the conscious appreciation of 
impulses travelling by the lemniscal route is impossible in the absence of 
activity in the reticular system. 

The multiplicity of synapses in the mid-brain and hypothalamus makes 
the reticular system particularly susceptible to chemical influences and a 
large number of drugs are capable of modifying its activity, thus producing 
changes in the level of consciousness, alertness and behavioural responsive- 
ness. 

The reticular system also has a descending component made up of both 
excitatory and inhibitory fibres which arise in the brain stem, converge on 
the anterior horn cells of the spinal cord and regulate the tone of skeletal 
muscle. The descending reticular system is itself subjected to influence from 
the cerebellum and the basal ganglia and the whole complex can be 
described as the extrapyramidal system. No two neurophysiologists agree 
as to the precise constitution of the extrapyramidal system or to its exact 
relationship with the reticular system, but since the pyramidal system includes 
only the tracts of fibres which pass from the motor cortex to the anterior 
horn cells, and carry the impulses subserving voluntary motor activity, it is 
reasonable to include in the extrapyramidal system all the other descending 
tracts and their associated nuclei which influence the activity of the anterior 
horn cells. The integrity of the extrapyramidal system is essential if voluntary 
motor activity is to be smoothly executed. Disorders of extrapyramidal 
function cause disturbances of muscle tone and co-ordination. 

The basal ganglia are nuclear masses at the base of the brain. A simple 
enumeration of the components of the basal ganglia is sufficient for the 
purpose of the present discussion: details of their precise locations and of 
their connection with one another and with the rest of the brain (insofar as 
these are a t  present known) can be found in textbooks of neuroanatomy. 
The principal basal ganglia are the caudate nucleus, the putamen and the 
globus pallidus. These three nuclei are collectively described as the corpus 
striatum; the putamen and globus pallidus are sometimes calIed the lenti- 
form nucleus. Other structures included in the basal ganglia include the 
claustrum, the amygdaloid bodies and the substantia nigra. 

Lesions of the basal ganglia give rise to a variety of diseases, all of which 
are characterized by a symptomatology which includes varying degrees of 
athetosis (involuntary movements of the limbs and facial muscles), rigidity 
and tremor. The diseases include cerebral palsy, torsion spasm, Huntington’s 
chorea (St. Vitus’ dance), hemiballism and two disorders of particular 
interest to the neuropharmacologist-Wilson’s disease and Parkinson’s 
disease. Wilson’s disease (hepato-lenticular degeneration) results from an 
inborn error of metabolism which deposits protein-bound copper in the liver 
and brain, particularly the putamen and thalamus. Large amounts of free 
amino acids are excreted in the urine. Extrapyramidal symptoms and intelc 

I lectual deterioration are severe. In Parkinson’s disease (paralysis agitans), 
the muscles are rigid and the tremor is intensified during emotional stress. 
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I t  may take the form of a pill-rolling movement of the thumb and index 
finger. The facial muscles are immobile and the gait is festinant. 

The neurones of the extrapyramidal system are drug-sensitive and extra- 
pyramidal effects ranging from slight rigidity to a fully-blown Parkinson’s 
syndrome are frequently seen during psychotropic drug therapy. The 
existence of many different forms of extrapyramidal disease is a manifestation 
of the complexity of the basal ganglia and their interconnections. It is not 
yet possible to ascribe individual diseases to lesions of specific components 
of the basal ganglia. Many workers, following the observation of Tretiakoff4 
in the early years of the century, have asserted that pathological changes in 
substantia nigra are always seen in Parkinson’s disease5 but the careful 
analyses of Denny-Browns have shown that this is not so. Experimentally 
placed lesions of the substantia nigra in monkeys do not cause the appearance 
of Parkinsonism. 

The hypothalamus is also an important component of the neural system 
whose activity determines the emotional state. Emotion is a way of feeling 
and a way of behaving; the autonomic nervous system, whose activity is 
controlled from the hypothalamus, is involved in both these aspects of 
emotional change. Impulses from the viscera play some part in determining 
the affective aspect of emotion and changed activity in autonomically 
innervated structures (the blood vessels, the heart and the intestines, for 
instance) is a characteristic sign of emotional tension. Observations on 
animals which had suffered excision of their temporal lobes led to the intro- 
duction of temporal lobectomy for the treatment of some forms of psycho- 
motor epilepsy and to the recognition that activity in structures within the 
temporal lobe is an important determinant of the emotional state. Impulses 
from the temporal lobe pass to the hypothalamus (where they influence, 
and are influenced by, the autonomic system in the manner just described) 
and thence to the rest of the cortex where they ‘set’ th2‘emotional tone and 
colour the conscious response to incoming information. The parts of the 
temporal lobe (particularly the amygdaloid nuclei) and the cortical areas 
on the medial surface of the hemispheres whose activity is involved in the 
control of autonomic and emotional responses are collectively known as the 
limbic system. The word limbic means border and the limbic cortex encircles 
the diencephalon-the thalamus and hypothalamus. It was previously and 
less appropriately known as the rhinencephalon or ‘nose-brain’. 

The hypothalamus contains particularly large amounts (relative to the 
rest of the brain) of nearly all the neurohumoral substances which have so 
far been identified. Although these substances are probably not all directly 
concerned in the regulation of hypothalamic function, their presence in this 
region of the brain suggests that central nervous activity in which the 
hypothalamus participates is likely to be particularly susceptible to the 
action of drugs. Thus, the parts of the brain most directly concerned in the 
regulation of consciousness, emotional states and the extrapyramidal system 
are drug sensitive. The existence of a large number of compounds with a 
psychotropic action and the frequent occurrence, with these compounds, 
of autonomic and extrapyramidal side effects is thus, in a general way, 
understandable though, as will be seen, it is difficult to explain the action 
of a specific drug or group of drugs in terms of its intervention in a particular 
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biochemical system or in the transmission processes of a particular set of 
neurones. 

Another neurophysiological concept which merits some attention is that 
of the blood-brain barrier. It is well known that some blood-borne substances 
do not pass into the brain and while there is little doubt that this is due to 
the operation of metabolic barriers, some caution should be exercised when 
assessing the results of experiments in which the blood-brain barrier might 
have been operative. The barrier is probably not equally impenetrable in 
all parts of the central nervous system (there is evidence that it is relatively 
permeable in the hypothalamic region’ and in the area postremas) and its 
effectiveness may vary with the experimental conditions, and with the species 
of animal used. In particular, when two substances are administered 
together, the presence of one may alter the ability of the other to penetrate 
into the brain. A particularly challenging review of the physiological aspects 
of the blood-brain barrier is that of DobbinglO. 

HUMORAL FACTORS IN T H E  BRAIN 

Any pharmacologically-active compound which occurs in extracts of nervous 
tissue can be thought of as a neurohumoral substance. A transmitter sub- 
stance is one which is directly responsible for the transmission of nerve 
impulses across synapses or from nerve to muscle, but the assumption which 
is sometimes made that a neurohumoral substance necessarily has a trans- 
mitter function is quite unjustified. This section of the review summarizes 
the evidence relating to the central transmitter function of the more impor- 
tant neurohumoral factors found in the brain. Some of the more widely 
quoted experiments have involved the study of the effects of drugs, alone or 
in combination, on behavioural activity and on individual neurohumoral 
substances. Attempts to deduce a causative link between changes in the 
chemical factors and the observed modifications of behaviour are fraught 
with difficulties since drugs rarely affect only one chemical system and often 
have actions on mechanisms not directly related to transmission processes. 
For this reason, more attention is paid in the present discussion to experi- 
ments in which the central nervous actions of the putative transmitter 
substances themselves are studied. This type of investigation provides more 
clear-cut and less equivocal information concerning the role of the neuro- 
humoral factors. Drug action is more particularly considered in later sections 
of the review. 

The Recognition o f  Transmitter Substances 
It has become customary for reviewers-including the present author-to 
preface their discussions of neurohumoral processes with a list of the criteria 
which must be satisfied before a compound can be classified as a transmitter 
substance. The simple enumeration of these criteria at first served a useful 
cautionary purpose but recently a tendency has become apparent for 
experimental results to be interpreted, often uncritically, in such a way as 
to suggest that the several criteria are being met. In some instances, this has 
led to the results being accorded a greater significance than they warrant. 
The present rather widespread use of the terms ‘serotoninergic’, ‘noradren- 
ergic’ and ‘dopaminergic’, for instance, with the implication that the central 
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function of the monoamines is as unequivocally established as is that of 
acetylcholine is particularly unfortunate. The usage is not justified by the 
evidence and it can only mislead the non-specialist reader. The application 
of the criteria requires a critical appraisal and it is hoped that the discussion 
in the succeeding paragraphs enables the reader to make this appraisal for 
himself. 

A transmitter substance is present in, and in many instances it is synthe- 
sized by, nerves; it is released from the presynaptic terminals of the nerve 
fibres when they are stimulated. On release, it produces changes leading to 
the excitation or inhibition of neurones standing in synaptic relationship 
with those from which it has been liberated and after exerting its physio- 
logical action, it is inactivated by enzymatic destruction, by recombination 
into an inactive form in the presynaptic terminals or by diffusion from the 
region of the synapse. 

The changes produced in the subsynaptic membrane by transmitter 
substances are now well characterized. Excitatory transmission involves a 
local depolarization of the affected neurone and an increase in the permea- 
bility of its membrane to all ions. Inhibition provides a more complex 
situation, for two types of inhibitory process have been described. In post- 
synaptic inhibition, the inhibitory transmitter causes an increased permea- 
bility of the neuronal membrane to potassium or chloride ions. This results 
in an increase in the resting potential of the cell (hyperpolarization) which 
thereby becomes stabilized and unable to fire impulses. In  presynaptic 
inhibition, impulses in the inhibitory fibres interrupt the arrival of impulses 
in the fine terminals of excitatory fibres. Thus, in one form of inhibition there 
is a reduction in the excitatory bombardment of the neurone; in the other 
type, the excitability of the neurone itself it depressed. Much of our know- 
ledge concerning the membrane changes underlying excitation and inhibition 
comes from the work of Eccles and his colleagues, who have also provided 
a useful pharmacological test for differentiating between the two types of 
inhibition : postsynaptic inhibition is blocked by strychnine, presynaptic 
inhibition is blocked by picrotoxin. Eccles’ extensive work is summarized in 
his most recent bookll. 

The criteria now to be considered are based on these concepts of the 
processes of synaptic transmission. 

Transmitter substances must be present in nerve jbres, particularly the presynaptic 
terminals and must be released therefrom on stimulation. The presence of a substance 
in localized areas of the central nervous system is usually taken as pre- 
sumptive evidence that the substance has a humoral function particularly in 
relation to the physiological activity of the regions in which it is found. 
However, it must be remembered that the one substance-acetylcholine- 
for which a transmitter function has been clearly established, is quite widely 
distributed in the nervous system. It is not present in quantity in all nerve 
fibres-this circumstance, indeed, forms one of the most telling arguments 
for the existence of non-cholinergic transmission-but its distribution is not 
obviously related to any one functional system. Thus, cholinergic transmis- 
sion is the rule in both sympathetic and parasympathetic ganglia and there 
is good evidence for the presence of cholinergic neurones in the reticular and 
extrapyramidal nuclei, in the principal motor and sensory tracts, in the 
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hypothalamus and in several cortical and subcortical regions. While it is 
reasonable to expect that the transmitter substance liberated at  the post- 
ganglionic terminals of sympathetic nerves should differ from that liberated 
by parasympathetic nerves, mirroring the different peripheral effects of 
sympathetic and parasympathetic stimulation, no such consideration can 
apply to central transmission. Central nervous activity consists exclusively 
of the transmission of nerve impulses along nerve fibres and across synapses 
and there is no reason why the details of this activity should vary with the 
functional system being served. The fact that the central nervous system 
employs more than one transmitter substance is probably determined by the 
complexity of synaptic organization rather than by the existence of different 
functional systems. 

A study of the distribution, in the mammalian central nervous system, of 
the various substances discussed in this review reveals that none-except 
y-aminobutyric acid which has general metabolic as well as humoral 
functions-is as widespread as acetylcholine and there is no general tendency 
for fibres deficient in acetylcholine to contain corresponding1 y large amounts 
of any of the other substances. This is an important point, since the non- 
cholinergic excitatory transmitter should be found in at least a number of 
acetylcholine-free nerve tracts. Instead, it appears that some areas of the 
nervous system contain a multiplicity of humoral substances while others 
have none at all. 

The distribution of the various humoral factors discussed is not considered 
in detail here since the information is available elsewhere. The interested 
reader, wishing to confirm the validity of the assertions just made, is referred 
particularly to the recent book by Garattini and Valzelli12 in which all the 
available data are collected together in the most comprehensive tables yet 
published. 

It must also be remembered that in the brain, non-neuronal elements (the 
glial tissue) outnumber neurones at least tenfold and that some of the 
substances found ‘in the nervous system’ might well occur in glial cells. The 
intrinsic activity of the glial cells, the local control of blood vessels and the 
production of local hormones for the hypothalamo-hypophyseal system might 
all involve the participation of humoral factors, to which class some of the 
substances currently classed as transmitters might belong. 

The demonstration that a substance is released on stimulation of a tract 
of nerve fibres provides useful evidence that it is present in nervous rather 
than in glial tissue. Its transmitter fiinction becomes more likely if it can be 
shown that the amount released is sufficient to stimulate or inhibit neigh- 
bouring nerve cells. Recent advances in histochemistry have permitted the 
more accurate localization of neurohumoral substances not only between 
neurones and glial tissue, but also within the subcellular components of 
individual cells. 

Application o f  the presumed transmitter substance to a neurone must produce Ihc 
characteristic change in  membrane permeability. The sine qua non of transmitter 
action is the production of the membrane changes characteristic of excitation 
or inhibition. The multibarrelled microelectrode allows active substances to 
be applied, by iontophoresis or microinjection, directly to the neurone while 
the membrane potential is simultaneously recorded. It was hoped that the 
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application of this technique would lead to quick identification of new 
transmitter substances. This hope has not been entirely realized, for it has 
become clear that neurones can show excitatory or inhibitory responses to 
a wide variety of compounds, many of which are demonstrably not trans- 
mitter substances at  the neurones under test. The lack of a response to 
iontophoretic application might be equally misleading, for Eccles has drawn 
attention to the possible existence of synaptic barriers which could prevent 
the access even of locally applied materialll. 

The pharmacological actions o f  the putative transmitter and o f  substances which 
interact with it must be consistent with its presumed transmitter function. The pharma- 
cological effects of acetylcholine are entirely consis tent with its physiological 
functions-thus it excites the cerebral cortex and inhibits spinal reflexes. 
If production or liberation of acetylcholine is interfered with, transmission 
is inhibited. Impairment of function parallels acetylcholine depletion. 
Equally predictable events follow the administration of drugs such as 
blocking agents anticholinesterases. As will become evident, such clear-cut 
relationships are rarely found with the other substances discussed in this 
review and the subsidiary hypotheses invoked to explain the action of 
substances related to proposed transmitter substances should be closely 
examined. 

Modulators o f  Transmission 
I t  is clear that only a few of the many pharmacologically active compounds 
found in the central nervous system will prove to be transmitter substances 
in the strict sense of that term. A problem, to which insufficient attention 
has been paid, concerns the function of those neurohumoral substances to 
which no transmitter action can be ascribed. It is usually suggested that they 
are modulators of transmission or ‘neuromodulators’ which operate by 
‘modifying function and output (of transmitters) by changing the environ- 
ment or the metabolism of the neurones either directly or through effects on 
the surrounding neuroglia’ (Everett13). Although it is easy to propose ways 
in which neuromodulator activity might be effected, experimental evidence 
for the existence of modulator activity, particularly in the central nervous 
system, is almost completely lacking. Since the properties to be expected of 
modulator substances are so ill-defined and since modulator action could be 
effected by a variety of mechanisms, it is impossible to provide criteria by 
which a neuromodulator might be recognized. The reader is advised to keep 
an open mind on the subject while remembering that many investigators, 
armed with optimism rather than experimental evidence, tend to assign the 
role of modulation to compounds that have not fulfilled the hopes which led 
to their being originally cast as transmitter substances. 

Such evidence as is available concerning the possible modulator action of 
individual neurohumours is discussed in the appropriate sections of this 
review. 

Acetylcholine 
Acetylcholine occupies a unique position among neurohumoral substances 
for it is the only one which has been conclusively shown to have a transmitter 
function at central synapses. The relevant evidence has been extensively 
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summarized on a number of  occasion^^^^^^-^^ : because of its general accept- 
ance, it needs only cursory treatment here. 

Although the transmitter function of acetylcholine has been most inten- 
sively studied at peripheral sites; notably at the junction between motor 
nerves and striated muscle, a detailed analysis has been made of its action 
at one type of central synapse. The circumstantial evidence that it has a 
similar function elsewhere in the central nervous system is very strong. 

Throughout the length of the spinal cord, small neurones (the Renshaw 
cells) located in the region of the anterior horns, are functionally connected 
with the anterior horn cells (the motoneurones). The Renshaw cells are 
inhibitory to the motoneurones so that when stimulated they have the effect 
of reducing the discharge of nerve impulses along the motor nerves. The 
physiological stimulus to the Renshaw cells in its turn comes from the motor 
nerves. Branches leave the motor nerve fibres within the cord and make 
synaptic contact with the Renshaw cells. The system as a whole presumably 
operates as a self-regulating mechanism, intense activity in the motor nerves 
tending to reduce the neuronal stimulation to which this activity is due. 
Since motor nerves liberate acetylcholine at their peripheral terminals, it 
seemed reasonable to assume that their collateral fibres would do the same 
and that synaptic transmission between these collaterals and the Renshaw 
cells would be cholinergic in nature. Micro-electrode studies have confirmed 
that this is  SO^^,^^. Acetylcholine depolarizes the Renshaw cells ; the depolar- 
ization brought about as a result of physiological activation of the Renshaw 
cells is blocked by the acetylcholine-blocking agents, curare and dihydro-P- 
erythroidine. Anticholinesterases inhibit the destruction of acetylcholine and 
prolong the action of acetylcholine and physiological stimulation on the 
Renshaw cells. Renshaw cells are stimulated by other choline esters, by 
tetramethylammonium and by nicotine, all compounds which mimic 
acetylcholine action elsewhere. At both the neuromuscular junction and at 
the Renshaw cell synapses, the amount of acetylcholine required to stimulate 
the cells is no greater than that liberated by physiological activity in the 
motor nerves. In  the intact animal, acetylcholine, administered by intra- 
arterial injection, inhibits spinal reflexesz0. This pharmacological action is 
consistent with the results of the micro-electrode studies on single cells. The 
criteria for transmitter action are thus completely met. 

Spinal neurones other than Renshaw cells are not depolarized by acetyl- 
cholineZ1. This observation not only underlines the physiological significance 
of the Renshaw cell sensitivity but it also adds support to the now generally 
held view that acetylcholine is not the transmitter substance at all synapses 
in the cord. 

Evidence that acetylcholine is a chemical mediator of synaptic trans- 
mission elsewhere in the central nervous system is circumstantial but 
convincing. Acetylcholine is the transmitter substance from motor nerves, 
preganglionic autonomic fibres and the postganglionic fibres of the para- 
sympathetic system to their respective effector cells. In  a11 these fibres, the 
activity of choline acetyltransferase (choline acetylase) , the enzyme respon- 
sible for the synthesis of acetylcholine, is high. Conversely, its activity is 
negligibly low in sensory nerve fibreszz and transmission from these fibres is 
demonstrably non-cholinergic in naturez3. I t  is reasonable, therefore, to 
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assume that the distribution of choline acetyltraiisferase in the central nervous 
system reflects the distribution of cholinergic fibres. This distribution was 
first studied by Feldberg and Vogtz4 who pointed out that there was a 
tendency for presumed cholinergic fibres to alternate with non-cholinergic 
fibres. AIthough there are now known to be many exceptions to this general- 
ization, it does serve the useful purpose of emphasizing the wide distribution 
of cholinergic neurones. These neurones are not restricted to particular 
physiological systems. So wide a distribution has not been found for any 
other humoral substance. It should also be noted that the choline acetyl- 
transferase and acetylcholine contents are high in many of those parts of the 
brain (particularly the caudate nucleus, the thalamus and the hypothalamus) 
in which noradrenaline, dopamine and 5-hydroxytryptamine are localizedlZ. 
The sensitivity to acetylcholine of the cells of the supraoptic nucleus of the 
hypothalamusz5 and the presence of acetylcholine in fibres in synaptic 
contact with the nucleusz4 certainly suggest that transmission is cholinergic 
in the area of the hypothalamus at  least. Acetylcholine is thus as likely as 
the monoamines to be involved in the basic mechanism of action of psycho- 
tropic drugs. The recent popularity of studies on the monoamines has tended 
to obscure this fact. 

Iontophoretic application has shown that cells sensitive to acetylcholine 
are widespread throughout the brain. They are found in the medullaz6, the 
mid-brainZ7sz8 (including the reticular system), the thalamusz9, the lateral 
geniculate body30, the cerebellum3’ and the cerebral ~ o r t e x ~ ~ - ~ ~ .  In  these 
areas of the central nervous system, up to 30 per cent of the cells seem to be 
excited by acetylcholine, though physiological activation of all these neurones 
is not necessarily exclusively effected by acetylcholine. The major part of 
the nervous inflow to the lateral geniculate body, for instance, is carried by 
the optic nerves, which contain virtually no acetylcholine22. Synapses on the 
lateral geniculate body must consequently be predominantly non-cholinergic 
and the scnsitivity of some of its neurones to acetylcholine may be of purely 
pharmacological interest. I t  may, on the other hand, reflect a physiological 
event for there is evidence for the existence of acetylcholine-rich fibres 
connecting the two geniculate bodiesz4. 

The apparently wide distribution of cholinergic neurones presumably 
accounts for the ease with which it is possible to demonstrate drug-induced 
changes in the acetylcholine content of brain and in the rate of its release 
from the irrigated cerebral cortex. 

As is well known, acetylcholine is destroyed by the cholinesterases, of 
which there are two types (strictly, two groups), ‘true’, ‘specific’ or acetyl- 
cholinesterase and ‘pseudo’, ‘non-specific’ or butyrocholinesterase. Acetyl- 
cholinestcrase preferentially hydrolyses acetylcholine and other acetyl esters 
while bittyrocholinesterase is more active against the higher homologues of 
acetylcholine, particularly propionylcholine and butyrylcholine. In  striated 
muscle, autonomic ganglia and in the central nervous system, the predomi- 
nant form is true cholinesterase but its localization differs in these areas. At 
the neuromuscular junction it is found chiefly on the endiplate (that is, 
postsynaptically) 36 where is it ideally placed for hydrolysing acetylcholine 
which has served its immediate transmitter function. In  antonomic ganglia, 
cholinesterase is located in the preganglionic fibres36 (that is, presynaptically) 
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where it seems to be involved in the mechanism of acetylcholine release. 
Inactivation of acetylcholine after its reaction with the postsynaptic receptor 
site appears likely to occur as a result of simple diffusion from the ganglion3’. 
In  the central nervous system, cholinesterase is found at  both presynaptic 
and postsynaptic sites. 

The spleen in some species contains relatively large amounts of propionyl- 
choline3*. This fact, together with the presence of butyrocholinesterase in 
the central nervous system and the pharmacological activity of the choline 
esters, suggests the possibility that substances related to acetylcholine may 
also participate in the processes of synaptic transmission. Although choline 
esters other than acetylcholine, as well as other substances with acetyl- 
choline-like activity, have been reported to occur in the pharma- 
cological and biochemical analyses of brain extracts have failed to confirm 
these  claim^^^-^^. Similar reports of the existence of acetylcholine-like 
substances in peripheral nerve extracts46 have also proved impossible to 
confirm4‘. The physiological substrate of pseudocholinesterase in the nervous 
system-if, indeed, it is not acetylcholine-remains unknown. Attempts to 
solve the problem by differential inhibition of the two cholinesterases in the 
brain have so far proved unsuccessful. 

The hfonoamines 

A4etabolism o f  the monoamines 
I t  has been accepted for many years that the catecholamines of nervous 

tissue and the adrenal medulla arise from phenylalanine by the pathway 
shown in Figure 5.1. Many of the enzymes involved in this reaction sequence 

tyrosine 3-(3,4-di hydroxyphen y L )  - 
alanine (DOPA) 

H O ~ “  I30 ,\ 

H c H 2 N H* -- 
2 t3 ,4  -drhydroxyp’ienyl)- 

ethy lar r  n c  (dopamine) 
noradrena l ine adrenaline 

Figwe 5.1. The formation of noradrenaline and adrenaline 

have been charactcrizcd. Phenylalanine hydroxylase appears to consist of 
two enqmes which have been found together in the liver48. I t  is possible 
that the next stage proceeds non-enzymatically since no enzyme which can 
promote the hydroxylation of tyrosine has been identified. The next two 
steps requirc the participation of DOPA decarboxylase and dopamine-j3- 
oxidase, respectively. Both enzymes are prescnt in the adrenal medulla and 
in nervous tissue4g -52. Phenylethanolamine N-methyltransferase transfers 
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the methyl group of S-adenosyl methionine to the amino group of nor- 
adrenaline53. 

The physiological significance of the scheme outlined is emphasized by 
the observation that phenylalanine, tyrosine, DOPA and dopamine were all 
converted to adrenaline when they were incubated with homogenates of 
adrenal medulla54. A particularly interesting finding is that of Goodall and 
Kirschnerso that, whereas labelled DOPA became transformed into nor- 
adrenaline when it was incubated with extracts of sympathetic nerves, no 
such conversion occurred when homogenates of the vagus nerves were used. 

The enzymes involved in the formation of the catecholamines are of low 
specificity. DOPA decarboxylase, or an enzyme closely akin to it, is concerned 
in the formation of 5-hydro~ytryptamine~~l~; dopamine-j3-oxidase has been 
shown to be capable of hydroxylating the /?-carbon atom of a number of 
tyramine  derivative^^'.^^ and phenylethanolamine N-methyltransferase is 
equally unselective in its N-methylation of noradrenaline  derivative^^^. This 
lack of specificity suggests the possibility that alternative pathways for the 
formation of noradrenaline and adrenaline might exist in viva. Some of the 
putative intermediaries in these other pathways have been shown to occur 
naturally and one of them, octopamine (I) is found in the brains0. 

HO 

ii) octoparnrne 

Adrenaline is the major component of the hormonal secretion of the 
adrenal medulla and in the adrenal gland noradrenaline can be regarded 
simply as a precursor of the active substance. In sympathetic nerves, how- 
ever, catecholamine synthesis proceeds no further than noradrenaline, which 
exists there as a transmitter substance in its own right, with properties 
different from those of adrenaline. Noradrenaline and small amounts of 
adrenaline are present in the brain also, but in addition, certain areas of the 
brain contain amounts of dopamine quite out of proportion to their nor- 
adrenaline content and there is suggestive evidence that dopamine has an 
independent neurohumoral function. The unique situation thus arises that 
one, or probably two of the precursors of adrenaline have specialized 
functions of their own. 

The other physiologically important monoamine is 5-hydroxytryptamine 
(serotonin or 5-HT). I t  is formed from tryptophan via 5-hydroxytryptophan 
(5-HTP) (Figure 5.2). The nature and properties of tryptophan-5-hydroxy- 
lase is still obscure, though the hydroxylation of tryptophan in uivo has been 
demonstrated61. There is no clear evidence that this conversion occurs in 
brain tissue. The decarboxylation of 5-HTP, however, takes place in brain 
and the decarboxylating enzyme is found in all cerebral areas which contain 
5-hydroxytryptamine. 5-HTP decarboxylase is closely related to, if not 
identical with, DOPA decarb~xylase~~@ and agents which inhibit dopayine 
formation similarly inhibit the production of 5-hydroxytryptamine. There 
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has been a suggestion that the formation of 5-hydroxytryptamine proceeds 
by way of tryptamine rather than 5-HTP, but this now seems unlikelya2. 

Metabolic degradation of the catecholamines occurs either through 
deamination as a result of monoamine oxidase activity or through O-methyl- 
ation by the enzyme catechol-0-methyltransferase. The major metabolites 
produced by these enzymes are shown in Figure 5.3. In addition, small 
amounts of catechol amines are excreted unchangeda3 or as conjugates with 

H 
Tryptophan 

I 
H 

5-  Hydroxytryptophan 

__t H O ~ C H ~ . C H ~ . N H ~  
-co, 

.. 
H 

5 -Hydroxytryptarnine 

Figure 5.2. The formation of 5-hydroxytryptamine 

glucuronic acid6*. Adrenaline can also be N-methylated by phenylethanol- 
amine-N-methyltransferase and the N-methyladrenaline thus formed can, 
like adrenaline itself, be 0-methylated by catechol-0-methyltransferase. It 
has also been suggested that adrenaline may be converted into adrenochrome 
and adrenolutin (Table  5.6). These compounds, which have psychotomimetic 
properties, are considered later; here it need only be said that the evidence 
that they are produced in man is unconvincinga5@. Much of our recent 
knowledge concerning the metabolism of the catecholamines comes from the 
work of Axelrod and his colleagues. His reviews survey the subject in more 
detail than is possible here67y68. 

Axelrod has shown that, in man, circulating adrenaline and noradrenaline 
are metabolized predominantly by catechol 0-methyltransferase, approxi- 
mately 70 per cent of an administered dose being inactivated by O-methyla- 
tion and 20 per cent by deamination. Generally similar results were obtained 
in studies on other mammals. The principal urinary metabolite of the 
catechol amines is 3-methoxy-4-hydroxymandelic acid. 

The greater importance of 0-methylation in the inactivation of circulating 
catechol amines is due to the fact that, in the liver, where most of the 
breakdown takes place, the activity of catechol 0-methyltransferase is very 
much higher than that of monoamine oxidase. This relationship does not, 
however, apply to all other organs: in the heart, for instance, monoamine 
oxidase is about five times as active as the 0-methyltransferase, and mono- 
amine oxidase also plays a part in catechol amine metabolism in the brain. 

Catechol-0-methyltransferase is found in cell cytoplasm and monoamine 
oxidase occurs in the mitochondria. In  the mitochondria in the brain, 
noradrenaline also occurs in a bound form, probably in two ‘compartments’, 
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in one of which noradrenaline is more tightly bound than in the other. The 
loosely bound noradrenaline in sympathetic nerve fibres is the immediate 
source of that liberated by nerve impulses. The liberated noradrenaline is 

HO ‘.__ % H O a C H O H . C H 2 0 H  

3,4-d i hydroxy- ~0 

( 3 , 4  dihydroxy-phenylk , rnandelic aldehyde 

I ethanediol 

CHOH. COzH 

c o w  
HG 
3,4-di hydroxy- 
mandelic acid 

I I 

3 -met hoxy -4- hydroxy- 
mandelic acid 

M e O y F T C  HOH C H,.NH, (MOMA or HMMA) 

normetadrenaline 
(normetanephrine) 

M e O n C H O H * C H 2 ’  NH Me 

HO 
rnetadrenaline 
(metanephrine) 

CHOH.CH0 
4’ 

I 
HO- ‘\.. -. 

‘--- HO 
3-methoxy-4- hydroxy- 
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M e O o C H O H -  t CH,OH 

HO 
(3-  methoxy-4- hydroxy- 

t 

pheny0ethanediol 

MAO = rnonoarnine oxidase C02H 
COMT= calechol-0- met hy I 

HO transferase 
vanillic acid 

Figure 5.3. The breakdown of the catecholaminesa7 s E 8  

either destroyed by catechol 0-methyltransferase or is reincorporated in the 
neurones from which it was released. Intracellular noradrenaline in the 
‘unbound’ form is destroyed by monoamine oxidase. 
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Dopamine is also inactivated by monoamine oxidase to give 3,4-dihydroxy- 
phenylacetic acid which is further metabolized by catechol O-methyl- 
transferase to give 3-methoxy-4-hydroxyphenylacetic acid (homovanillic 
acid) 69. 

A number of routes by which 5-hydroxytryptamine may be broken down 
or otherwise inactivated have been established'". The most important 
involves monoamine oxidase, which converts 5-hydroxytryptamine into 
5-hydroxyindoleacetaldehyde (11). Catabolism is completed by an aldehyde 
dehydrogenase which forms 5-hydroxyindoleacetic acid (111) , the principal 
urinary metabolite of 5-hydroxytryptamine. Like noradrenaline, 5-hydroxy- 
tryptamine can also be conjugated with glucuronic and sulphuric acids. 

CH,.CHO H O ~ ~ C H ~ . C O ~ H  

H 

HoQv 
H 

(11) 5-hydroxyindoleacetaldehyde (111) 5-  hydroxyindoleacetic 
acid (5-HIA) 

Noradrenaline 

In the peripheral nervous system, noradrenaline is accepted as the 
alternative transmitter substance to acetylcholine, mediating the trans- 
mission of impulses from most of the postganglionic sympathetic fibres to 
their effector organs. The evidence that noradrenaline also has a transmitter 
function in the central nervous system is less clear. 

Noradrenaline (with very much smaller amounts of adrenaline) has a 
patchy distribution in the central nervous systemlz. In nerve cells containing 
noradrenaline the amine, like acetylcholine, is found in the presynaptic 
ve~ic les~l -~~.  The largest amounts (about 1 pg/g of tissue) are found in the 
hypothalamus and in the area postrema of the fourth ventricle; the grey 
matter of the medulla and mid-brain contains about one third of this 
quantity. Small amounts of not adrenaline are widely distributed in other 
parts of the nervous system but it seems reasonable to assume that its 
neurohumoral function will prove to be particularly associated with central 
nervous actions which are mediated through hypothalamic and brain stem 
centres. In this connection, it should be pointed out that all areas of the 
hypothalamus contain noradrenaline. The anterior nuclei (which control 
parasympathetic functions) contain larger quantities than the posterior 
nuclei from which the sympathetic outflow originates, I t  is sometimes rather 
too readily assumed that, because noradrenaline is responsible for bringing 
about the effects of sympathetic stimulation at the periphery, it will be 
necessarily and exclusively concerned with the activity of those hypothalamic 
neurones which control the sympathetic outflow. If brain content is any 
indication of the importance of a neurohumoral substance, noradrenaline 
might be expected to be equally important in the regulation of parasympa- 
thetic activity. 

Any assessment of the central effects of noradrenaline following its 
parenteral administration has to be made with care since the blood-brain 
barrier has a limited permeability to the catecholamines. The feelings of 
anxiety and apprehension reported by subjects who have received adrenaline 
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are not noticed after noradrenaline, though the latter compound is more 
important in the brain. The peripheral autonomic effects of adrenaline, in 
those parts of the body from which sensory impulses are likely to become 
charged with emotional affect, are more pronounced than those of nor- 
adrenaline, and it seems that many of the ‘central’ effects of adrenaline 
administration may be due to stimuli of peripheral origin. Nevertheless, the 
blood-brain barrier in the hypothalamic region seems to be more permeable 
to the catecholamines than it is elsewhere in the brain7 and the results of 
experiments in which blood pressure changes were suitably compensated 
suggest that both adrenaline and noradrenaline have an ‘alerting’ action 
when administered intra-arterially or intravenously, particularly in the 
sleeping anima174-76. Since noradrenaline occurs in those parts of the brain 
containing a large number of reticular synapses, the alerting effect provides 
presumptive evidence that transmission in the reticular system may be 
mediated or influenced by noradrenaline. I t  must, however, be added that 
it has not been possible to demonstrate the liberation of noradrenaline from 
the brain during stimulation of the ascending reticular system77. 

Although the catecholamines are usually thought of as being excitatory 
in nature, they often have depressant actions. Even on the reticular system, 
‘deactivation’ as well as activation by noradrenaline has been observed in 
the course of a single experiment7s and a study of the reported actions of the 
catecholamines on the electrical activity of the brain reveals a bewildering 
mixture of stimulated, depressed and unchanged electroencephalograms. 
Some of these conflicting results are summarized by  long^^^. In some 
situations the catecholamines are invariably depressant. RothballeP has 
pointed out that the first report concerning the central actions of intra- 
arterially injected adrenaline considered the possibility that it might be 
used as an  anaesthetic and the injection of small amounts of adrenaline or 
noradrenaline into the cerebral ventricles causes a condition resembling 
light anaesthesias0. Marrazzi has studied one aspect of the inhibitory actions 
of the monoamines in some detail. He stimulates the visual cortex and 
records the potentials evoked via the corpus callosum in the corresponding 
area of the cortex of the contralateral side. Acetylcholine facilitates these 
potentials but adrenaline and noradrenaline inhibit them81.82. 5-Hydroxy- 
tryptamine, lysergic acid diethylamide, amphetamine, adrenochrome and 
other compounds have a similar inhibitory action. On the basis of these 
experiments, Marrazzi believes that the monoamines have essentially 
inhibitory functions in the brain, but in view of the low noradrenaiine and 
negligible 5-hydroxytryptamine content of the visual cortex, the physio- 
logical significance of these observations is not clear. 

The application of noradrenaline, by iontophoretic injection, to single 
central neurones has produced information which partially clarifies an 
otherwise confusing situation. In this type of experiment, neurones are 
directly studied and the nature of any change produced can be described in 
terms of membrane changes which can be compared with those known to 
be associated with transmitter action. The possibility that the observed effects 
are being complicated by concurrent peripheral stimulation or inhibition 
is excluded. Several groups of workers have shown that in a number of areas 
of the brain and in the spinal cord, noradrenaline has a predominantly 
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depressant action which is of postsynaptic 0rigin~~r~3-86, It is interesting, in 
connection with its action on the spinal cord, that some noradrenaline has 
been found in the descending tractse7 of the spinal cord and that stimulation 
of the isolated mouse cord causes the liberation of noradrenaline into the 
bathing medium. Single neurones of the reticular system on the other hand 
are usually excited by noradrenaline, though inhibition is sometimes seen2’928. 
The excitatory and inhibitory actions of noradrenaline seen in the other 
experiments referred to, are thus adequately explained. There is at present 
no evidence that the action of noradrenaline on the postsynaptic membrane 
reflects the physiological situation. It has already been emphasized that the 
neuronal membrane responds non-specifically to a large number of sub- 
stances and it may be significant, that in most of the areas so far investigated, 
none of the known blocking agents inhibit the action of iontophoretically- 
applied noradrenaline3*. This suggests either that the cells do not carry 
specific noradrenaline receptors or if they do, that their nature is very 
different from that at peripheral sites. The former possibility seems to be the 
more likely, for some at least of the substances that block the peripheral 
actions of other neurohumours (acetylcholine and 5-hydroxytryptamine, for 
instance) are effective centrally. Moreover, the response to noradrenaline 
in the mitral cells of the olfactory bulb is partially inhibited by noradrenaline- 
blocking agentss4 and there is evidence, from other types of experiment, for 
the existence in neurones of the reticular formation of receptors similar to, 
but not identical with, peripheral adrenaline  receptor^'^. 

The possibility cannot be excluded that the actions of noradrenaline, as 
revealed by iontophoretic studies, reflect its physiological function in some 
areas but not in others. The large amounts of noradrenaline in the hypo- 
thalamus and mid-brain suggest that the observed stimulation of reticular 
neurones by noradrenaline points to its having an excitatory function in the 
brain stem. If it has a transmitter function elsewhere, it maywell be inhibitory 
in nature. I t  is clear that even the evidence that noradrenaline is a transmitter 
in the reticular system is not nearly so convincing as that which supports the 
argument that acetylcholine is a mediator of transmission at  central synapses. 

There is some evidence which has been reviewed elsewhereeg that, a t  the 
neuromuscular junction and at synapses in autonomic ganglia, adrenaline 
and noradrenaline influence transmission without initiating the transmission 
process. At these sites, the catecholamines may act as modulators of trans- 
mission and the possibility that they may have a similar function in the 
central nervous system must be borne in mind. Direct evidence for such a 
central function is, however, lacking. 

5-Hydroxytryptarnine 

As long ago as the middle of the nineteenth century, physiologists were 
aware that blood serum contained a vasoconstrictor substance, but this 
material (‘vasotonin’ or ‘serotonin’) was not isolated in a pure form until 
1 94890. Rapport shortly afterwards identified serotonin as 5-hydroxytrypt- 
aminegl. A few years later Erspamer demonstrated that ‘enteramine’, an 
active material he had detected in extracts of intestinal mucosa almost 20 
years earlier, was also 5-hydroxytryptamineg2. Subsequently, 5-hydroxy- 
tryptamine was found to be widely distributed in tissues and to possess a 
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variety of pharmacological actions. These findings provided the stimulus for 
a large amount of experimental work, the volume of which was enormously 
increased following the s u g g e ~ t i o n ~ ~ ~  that the hallucinogenic activity of 
lysergic acid diethylamide (Table 5.6) might be due to it antagonizing 
5-hydroxytryptamine in the brain. Much recent work has attempted to 
establish a central transmitter function for 5-hydroxytryptamine, though only 
a minor part of the body’s store is found in the central nervous system. 
Extensive reviews of the recent literature are available ; some93-96 covering 
all aspects of the subject while  other^^^,^^ are exclusively concerned with the 
role of 5-hydroxytryptamine in the nervous system. 

A Iarge proportion of the experimental work has involved the analysis of 
the effects of drugs which are thought to interfere with the synthesis, storage, 
release or breakdown of 5-hydroxytryptamine. This type of evidence is 
discussed later (p. 296). Physiological studies, summarized here, have 
yielded few results to justify the enthusiasm provoked by some of the pharma- 
cological investigations. 

The distribution of 5-hydroxytryptamine in the central nervous system 
has been studied among mammals, in the rat, cat, dog, monkey, rabbit, ox 
and man. In  all these species, it is present in largest amounts in the thalamus, 
the hypothalamus and the mid-brain12. The amounts found in these areas 
have varied, with the investigator and with the species studied, between 
0.4 and 2.5 pg/g. This distribution recalls that of noradrenaline, though 
there is some evidence from the rat, that the fibres containing 5-hydroxy- 
tryptamine are distinct from those containing noradrenalinegg. Moreover, 
5-hydroxytryptamine is found in the thalamus, the basal ganglia and the 
hippocampus in much larger amounts relative to the hypothalamic content, 
than is noradrenaline. The 5-hydroxytryptamine of nerve cells seems to be 
concentrated in the presynaptic terminals100-102, and not necessarily in the 
presynaptic vesiclesl03. 

On iontophoretic application to single cortical neurones, 5-hydroxytrypt- 
amine has an inhibitory action similar to that found with the other mono- 
amines34*83J04. I t  also inhibits transcallosally-evoked potentials in the optic 
cortex81y82. It has a more powerful inhibitory action than has either nor- 
adrenaline or dopamine on synaptic transmission in the lateral geniculate 
body30. Earlier reports had suggested that it had no action on spinal neu- 
rones105, but a recent study suggests that 5-hydroxytryptamine, like nor- 
adrenaline, exerts some of the electrogenic actions to be expected of the 
inhibitory transmitter substances6. These results indicate, that so far as its 
action on individual neurones is concerned, 5-hydroxytryptamine has 
inhibitory properties. The physiological significance of the observations is 
less clear since there is no evidence that 5-hydroxytryptamine is liberated 
(except in the spinal cordlo6) in the course of normal neuronal activity in 
the neighbourhood of any of the cells on which it has been shown to be 
active. 

In most animals, 5-hydroxytryptamine appears to cross the blood-brain 
barrier with difficulty (the mouse provides an exceptionlo6) but the behavi- 
oural effects of 5-hydroxytryptophan (which is decarboxylated in the brain 
to 5-hydroxytryptamine) have been extensively studied in a number of 
species. Although the various reports show some differences in detail, it is 
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generally true to say that small doses of 5-HTP cause sedationlo7 while 
larger doses lead to e x c i t a t i ~ n ~ ~ J ~ ~ ~ ~ ~ ~ .  The behavioural effects are accentu- 
ated and the rise in brain 5-hydroxytryptamine content is increased if a 
monoamine oxidase inhibitor is administered with the 5-HTP. Intraven- 
tricular injection of 5-hydroxytryptamine produces some of the effects of 
parenteral administration of 5-HTP, suggesting that these are of central 
origins0. I t  should be added that the ‘excitement’ produced by 5-HTP is 
characterized by increased locomotor activity and often takes the form of 
an ‘obstinate aimless progression’, the animals failing to avoid or to be 
affected by obstacles in their pathss. This contrasts with the aggressiveness 
shown by animals that have received DOPA; suggesting that dopamine and 
5-hydroxytryptamine may have different loci of action. 

The administration of a monoamine oxidase inhibitor alone also produces 
an increase in the 5-hydroxytryptamine content of the brain but this is 
associated with much smaller behavioural changes than are seen when 
5-HTP is also given. The monoamine formed from exogenous 5-HTP’is 
probably only slowly taken up by the storage granules and it can therefore 
exert a prolonged pharmacological effect before incorporation. Endogenously 
formed 5-hydroxytryptamine, on the other hand, is produced within the 
nerves and might not be released in the course of normal neuronal activity. 
If this is the explanation of any discrepancy between the behavioural 
responses in animals whose brain 5-hydroxytryptamine content has been 
elevated by different methods, it might imply that the normal site of action 
of the amine is intraneuronal rather than synaptic. The liberation of 5- 
hydroxytryptamine in the brain has never been demonstrated and it may 
perhaps be involved in the regulation of ionic movements inside the cellss, 
although if this be the case, it will become necessary to explain why only 
cells in restricted areas of the brain require the assistance of the 5-hydroxy- 
tryptamine mechanism to regulate an activity common to all neurones. 

The amount of 5-hydroxytryptamine found in the central nervous system 
is determined to some extent by dietary factors. Boullinlll fed rats on a 
tryptophan-deficient diet and produced animals whose brain 5-hydroxy- 
tryptamine was no more than 20 per cent of that in pair-fed control animals. 
Some of the deficient animals exhibited behavioural changes including 
tremor, ataxia and convulsions. These changes were not reversed by 5-HTP, 
a result which does not conflict with the view that the physiological site of 
action of 5-hydroxytryptamine is intraneuronal. 

The actions of 5-hydroxytryptamine and of 5-HTP on the spontaneous 
electrical activity of the cortex are usually inhibitory (flattening of the 
record) with some tendency to excitation at  higher dose levels. Spike 
activity (indicating a discharging area) is seen in some subcortical struc- 
tures112-114. 

The many investigations which have examined inter alia, the effect on 
5-hydroxytryptamine metabolism of convulsant and anticonvulsant drugs, 
of electroshock and insulin coma, have yielded results which though inter- 
esting throw little light on the physiological function of 5-hydroxytrypt- 
amine115. 

Feldberg and Myersl16 found that the intraventricular injection of 
5-hydroxytryptamine increased body temperature while adrenaline and 

269 



PSYCHOTROPIC DRUGS AND NGUROHUMORAL SUBSTANCES 

noradrenaline depressed it. They suggest that the regulation of body 
temperature may depend on the co-ordinated release of the monoamines 
from hypothalamic structures. The experiments of Feldberg and Myers were 
carried out on conscious cats. Other workers on the other hand, have 
reported that in conscious rabbits, intraventricular 5-hydroxytryptamine 
depresses body temperature while noradrenaline elevates it117. 

The interesting observations by Woolley118 that 5-hydroxytryptamine 
regulates the rate and extent of oligodendrocyte contractions in culture does 
not seem to have been developed further. In view of the increasing recogni- 
tion of the importance of glial cells in cerebral function, the possibility that 
5-hydroxytryptamine may have an important extraneuronal function has to 
be borne in mind. In  the present state of our knowledge, however, we have 
to confess complete ignorance of its physiological role. 

Dopamine 
The view that dopamine is more than a precursor of noradrenaline dates 

from the findings of several groups of w o r k e r ~ l l ~ - ~ ~ ~  that relatively large 
amounts of dopamine occur in certain areas of the brain, notably the basal 
ganglia and some related structures. The distribution of dopamine does not 
parallel that of noradrenaline in the way that might be expected of a pre- 
cursor. The interest aroused by these observations was sharpened by the 
discovery, at about the same time, of an association between dopamine 
deficiency and Parkinson’s disease. The latter topic is discussed later in this 
review. 

Although dopamine is found in several invertebrate specieslZ4, it is absent 
from the brains of birds and amphibians125 and it may be significant that 
extrapyramidal control is less well developed in these species than in 
mammals. In all mammals (including man) so far studied, the major part 
of the brain’s dopamine appears to be localized in the basal ganglia, the 
thalamus and the hypothalamus. The overall brain content (0.3-0-6 pg/g) 
and the maximum local content (5-8 pg/g in the caudate nucleus and 
putamen) show remarkably little variation among different mammalian 
species12. Not all components of the basal ganglia contain equally large 
amounts of dopamine. In man, for instance, the amounts per gram range 
from 5-8 pg in the caudate nucleus and putamen to only 0.3-0.4 pg in the 
globus pallidus and the substantia nigra122J23. These differences may be 
partly explained by the fact that dopamine, like noradrenaline and 
5-hydroxytryptamine, reaches its highest concentration in synaptic ter- 
m i n a l ~ ~ ~ , ~ ~ ~  and areas containing the cell bodies of dopamine-containing 
neurones would be expected to show a lower amine content than regions 
receiving the axons of these neurones. I t  is interesting, in this connection, 
that Carlsson and his colleagues have observed that, in rats, a tract of 
dopamine-containing fibres passes from the substantia nigra to the corpus 
striatum and that lesions of the substantia nigra lead to a loss of dopamine 
from the corpus striatumlZ7. Dopamine-containing neurones have also been 
detected in the retina of the rabbitl28. 

The basal ganglia also contain relatively large amounts of 5-hydroxy- 
tryptamine, substance P and acetylcholine12. The caudate nucleus has a 
higher acetylcholine and choline acetyltransferase activity than has any 
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other area of the brain. There is some evidence, from the work of 
McLennanlZ9, that of the fibre tracts connecting the thalamus to the caudate 
nucleus, the neurones containing dopamine form an anatomically distinct 
group from those containing acetylcholine. Stimulation of the anterior 
ventral nucleus of the thalamus caused the liberation of acetylcholine from 
the caudate nucleus. Stimulation of the centromedian thalamic nucleus 
resulted in the liberation of dopamine. The output of both acetylcholine and 
dopamine was reduced when a cortical area (the sigmoid gyrus) was stimu- 
lated at the same time as the thalamus. 

Although interest in dopamine is centred on the possibility that it may 
be involved in the regulation of extrapyramidal function, physiological 
investigations have been carried out, for the most part, on neurones distant 
from the basal ganglia. When topically applied to the spinal cord of the cat, 
dopamine inhibited the knee jerk, a monosynaptic reflexlJO. This action 
was antagonized by 3,4-dichloroisoprenaline (a compound which blocks 
adrenaline /3 receptors) but not by dibenzyline which blocks c1 receptors. 
It was also antagonized by strychnine, an interesting observation in view of 
the probability that strychnine owes its convulsant action to its power of 
opposing inhibitory transmission. Hyperpolarization is the membrane 
change characteristic of postsynaptic inhibition and dopamine has been 
shown to cause this change in the brain of the common snail131. It also 
inhibits some crayfish stretch receptor n e u r o n e ~ ~ ~ ~ ~ ~ ~ ~ .  Although these 
observations give some indirect support to the view that dopamine may be 
concerned in inhibitory transmission in the cord, it must be added that 
Curtis was unable to detect any action of dopamine on mammalian spinal 
n e ~ r o n e s ~ ~ ~ .  The dopamine content of the spinal cord is also quite low135*136. 
In contrast to its lack of action on cord neurones, dopamine, applied 
iontophoretically to cortical neurones, has a depressant action, particularly 
on cells excited by  glutam am ate*^. The neurones of the lateral geniculate 
body were also weakly depre~sed~O9l~~. 

The suggestion that dopamine exerts a central inhibitory action is opposed 
by observation of its behavioural effects. Dopamine itself does not pass the 
blood-brain barrier but DOPA, its immediate precursor, does pass through 
and parenteral administration of DOPA leads to an increase in the dopamine 
content of brain. After DOPA injection, mice become aggressive, exhibiting 
fear reactions and a Straub tai1138-140. Larger doses have been reported to 
cause catalepsy140. As would be expected, the effect of DOPA is increased 
in animals given monoamine oxidase inhibitors13. The sedative actions of a 
number of tranquillizing drugs (including reserpine, deserpidine and chlor- 
promazine) are reversed by DOPA13,138J41J42. These effects are paralleled 
by the actions of DOPA on the electrical activity of the brain: in rabbits 
and cats an alerting reaction has been ~ b ~ e r ~ e d ~ ~ ~ , ~ ~ ~ - ~ ~ ~ .  DOPA has an 
emetic a c t i 0 n 1 ~ ~ J ~ ~  and the vomiting caused by the bean Mucuna capitata is 
due to its contained DOPA147. 

In attempting to assess the physiological significance of observations of 
the type summarized in this section, several points must be borne in mind. 
Following the administration of DOPA in the doses commonly used (100- 
500 mg/k), the dopamine content of brain rises to a level well above that in 
the normal animal. Moreover, since DOPA decarboxylase is found in parts 
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of the brain which normally contain no dopamine, the distribution of 
dopamine following DOPA injection differs from that in the normal animal 
and the effects observed may arise from the action of unphysiologically 
large amounts of dopamine at  sites additional to those at  which it is normally 
active. The exogenous DOPA will also lead to increased amounts of cerebral 
noradrenaline. When its actions on neurophysiological preparations are 
being evaluated, it must be remembered that dopamine may affect receptors 
which normally respond to adrenaline or noradrenaline. 

The physiological evidence suggests that dopamine may have a neuro- 
humoral function in the central nervous system but this function cannot yet 
be defined. 

y-Aminobutyric Acid (4-aminobutyric acid, GABA) 

Although neurophysiologists had long recognized-certainly since the work 
of Sherrington in the early years of this century-the importance of inhibition 
in the regulation of central nervous activity, it was not until 1953 that the 
subject began to attract the attention of pharmacologists and biochemists. 
In that year, F10reyl~~ reported that extracts of mammalian brain contained 
both excitatory and inhibitory substances which he named Factor E and 
Factor I respectively. Factor I inhibited the discharge of impulses from the 
crayfish stretch receptor and this preparation has since been widely used 
for the quantitative assay of Factor I activity in tissue extracts. Crude 
Factor I antagonized the action of acetylcholine on several pharmacological 
preparations: it inhibited, on local application to the cord, the stretch reflex 
of the cat and it protected mice against the convulsive action of strych- 
nine149J50. This last observation was very interesting in view of the demon- 
strated antagonism of strychnine and the transmitter substance of post- 
synaptic inhibition, but it has proved impossible to c ~ n f i r m l ~ ~ , ~ ~ ~ .  Factor I 
was shown to possess some excitatory actions, facilitating the flexor reflex 
and stimulating the hypoglossal nucleu~15~. 

In 1957 widespread interest was roused by the report of Bazemore, Elliott 
and F 1 o 1 - e ~ ~ ~ ~  that the Factor Z activity of mammalian brain was due to its 
contained GABA. Since then a mass of information concerning the pharma- 
cological actions of GABA has been collected; it has been well reviewed on 
a number of  occasion^^^^-^^^. 

The view that Factor I is identical with GABA has not gone unchallenged. 
McLennan, particularly, has been active in drawing attention to the lack 
of a complete parallelism between the properties of Factor I and GABA and 
to the presence, in brain, of other compounds possessing properties similar 
to those of Factor 1158. He suggested at first that some Factor I activity was 
due to y-guanidinobutyric acid159 but more recently he has come to the 
conclusion that dopamine is a more important component. He bases this 
view partly on the neuropharmacological actions of dopamine, already 
referred to (p. 271) and partly on the basis of the differential actions of 
picrotoxin, chlorpromazine and dibenzyline on crayfish stretch receptor 
inhibition, due to Factor I, GABA and dopaminel32. Others have suggested 
that y-amino-b-hydroxybutyric acid16O and y-aminobutyryl c h ~ l i n e l ~ ~ - ~ ~ ~  
might be important inhibitory principles in brain but the evidence on which 
these views are based has been q ~ e s t i o n e d l ~ ~ , ' ~ ~ .  
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Whatever the actual composition of Factor I ,  it is undeniable that the 
brain contains large amounts of GABA and that the properties of this 
substance are inhibitory in nature. The neuropharmacology of GABA itself 
is therefore considered in this section. 

GABA was first found in brain in 1950166-16* but until the work of 
Bazemore, Florey and Elliott, its function was thought to be exclusively 
biochemical. In  vertebrates, it is restricted to the central nervous systemleg, 
an interesting finding in view of the Fact that in these species all inhibition 
arises centrally. I t  has a wide and relatively even distribution in the brain, 
ranging from about 250 pglg in the cortex to about 550 pg/g in the mid- 
brain. The high concentration and wide distribution of GABA probably 
reflect its metabolic function but there is no a priori reason why small 
amounts should not, in addition, have a transmitter action. 

GABA is formed from glutamic acid by an essentially irreversible action 
involving glutamic decarboxylase with pyridoxal phosphate (Vitamin B,) 
as a cofactor. GABA also undergoes a transamination reaction with a-keto-, 
glutaric acid, resulting in the production of succinic semialdehyde which 
itself can be enzymatically oxidized to succinic acid. The transaminase also 
requires Vitamin B, as a cofactor but, unlike glutamic decarboxylase, the 
enzyme is not confined to the brain. a-Ketoglutaric and succinic acid are 
both intermediates in the tricarboxylic acid cycle and the GABA reactions 
just described provide an irreversible shunt which permits the continuing 
metabolism of a-ketoglutaric acid, independently of the a-ketoglutaric 
oxidase system (Figure 5.4). I t  is clear that, whether or not GABA has a 
humoral function, it certainly occupies a unique position in the metabolic 
systems of the brain. 

In the crayfish stretch receptor GABA mimics perfectly the actions of the 
putative inhibitory transmitter substance, causing an increased membrane 
permeability to potassium and chloride ions. I t  is not clear, however, 
whether crayfish nerve contains GABA : early studies failed to demonstrate 
its presence in crustacean nervesl'O, but more recent reports suggest that 
it does occur in these nerves, particularly in inhibitory fibres171. The situation 
in the vertebrate central nervous system is more difficult to assess: ionto- 
phoretic application of GABA produces a non-specific deprcssion of all 
membrane responses, excitatory and inhibitory alike. Hyperpolarization and 
the permeability changes characteristic of inhibitory transmitter action have 
not been demonstrated. Moreover, antagonism of GABA and strychnine 
has not been observed in the spinal cord where strychnine certainly blocks 
the action of the inhibitory transmitter. On  the other hand, recent experi- 
ments suggest that, in the cerebral cortex, the actions of GABA parallel 
those of the inhibitory transmitter more closely than had hitherto been 

Whether GABA is an inhibitory transmitter substance in the 
vertebrate nervous system remains an open question. 

An alternative possibility is that GABA regulates the overall excitability 
of the central nervous system. Evidence that this might be so was provided 
by some early observations concerning the actions of the convulsant hydraz- 
ides. These substances (among which are included isonicotinic acid hydraz- 
ide, thiosemicnrbazide and thiocarbohydrazide) cause, in experimental 
animals, spontaneous convulsions or an increased susceptibility to audiogenic 
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and photically-induced seizures. A tendency to convulsions has also been 
noted in tuberculous patients who have received therapeutic doses of iso- 
nicotinic hydrazide over long periods. The convulsant hydrazides cause a 
loss of pyridoxine from the body and hydrazide convulsions in experimental 
animals are associated with a large reduction in the brain's GABA content173. 
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Figure 5.4. The relationship of GABA to the tricarboxylic acid cycle 

Hydrazide convulsions can be prevented by the administration of pyri- 
doxine1j6 and also by hydroxylamine174, which inhibits GABA-cr-ketoglutaric 
transaminase. Other compounds, for example penicillamine, which cause 
pyridoxine deficiency also produce convulsions and hydroxylamine will 
protect animals against agcnts, for example leptazol, which do not themselves 
depress the brain GABA content. These observations seem to indicate a 
relationship between GABA deficiency and seizure susceptibility but more 
detailed studies have shown that the relationship is less simple than first 
appears. Animals given both thiosemicarbazide and hydroxylamine, for 
instance, still show susceptibility to seizures, though the brain GABA content 
is higher than normal1%. Moreover, in a study of regional differences in 
GABA levels and seizure thresholds, it was found that the most susceptible 
area of the brain (the hippocampus) had the highest GABA content175. 

Some recent observations have underlined the necessity of interpreting 
with caution the results of experiments which have sought to modify GABA 
metabolism. Animals habituated to, and then withdrawn from, barbiturate 
drugs, develop (as do human beings) spontaneous convulsions or an increased 
susceptibility to audiogenic seizures176. I t  was shown by Essig that these 

2 74 

succinic acid 



J. CROSSLAND 

convulsions can be prevented by amino-oxyacetic acid, an agent which, like 
hydroxylamine, causes an increase in brain GABA content177. It was 
concluded that barbiturate habituation and withdrawal led to GABA 
deficiency and that this underlay the increased seizure susceptibility. 
However, there is a dissociation between the prophylactic activity of amino- 
oxyacetic acid and its effect on the GABA system: convulsions can occur in 
the presence of an elevated brain GABA content and no change in the latter 
was observed at  any stage during the process of habituation to or withdrawal 
from the barbiturate~l'~. Amino-oxyacetic acid confers no protection against 
alcohol-withdrawal convulsions in rats, though it still causes the accumula- 
tion of GABA in the brain in this condition179. 

The functional role of GABA remains, therefore, something of a mystery. 
There are difficulties in the way of accepting it as the inhibitory synaptic 
transmitter and it does not seem to be an obvious determinant of cerebral 
excitability. On  the other hand, it must be recalled that brain GABA (which 
has a general depressant action) stands in a metabolically unique relatiofiship 
with glutamic acid (which has a general excitatory action on neurones) and 
it is tempting to suggest that the relative amounts of glutamic acid and 
GABA in the brain determine (perhaps in a rather more complex way than 
by the simple ratio of their molar concentrations) its excitability. Such a 
mechanism might enable the overall cerebral excitability to be influenced 
by, or to influence, general brain metabolism. I t  would justify the classifica- 
tion of glutamic acid and GABA with the neuromodulators. 

An2ino Acids 

The introduction of the technique of micro-iontophoresis made possible the 
large scale screening of potential transmitter substances and among the 
naturally-occurring excitatory compounds thus discovered were the acidic 
amino acids, notably glutamic acidlsO. In molar concentrations as low as 
1 0-15, glutamate stimulates many cells throughout the central nervous 
system, increasing membrane permeability in the same way as does an 
excitatory transmitter. Its action is not unselective: the Betz cells of the 
cerebral cortex have a high threshold for glutamate excitation and neurones 
of the olfactory bulb seem to be quite unresponsive. The physiological 
significance of these observations is not yet clear, particularly since other 
amino acids, some of which occur in a free state in brain, are also effective. 
Aspartic, cysteic and N-methyl-L-aspartic acids are almost as active as 
glutamic acid and homocysteic and N-methyl-D-aspartic acids are more 

I t  is clear, however, that the physiology of the free amino acids 
deserves investigation. Reference has already been made to the possibility 
that glutamic acid and GABA might together be involved in the regulation 
of cerebral excitability. 

Ergothioneine 
Crossland and Mitchell1s2 argued that, since the cerebellum has a low 
acetylcholine content, it might be a richer source of non-cholinergic trans- 
mitter substances than the rest of the brain. They therefore studied the 
action of crude extracts of the cerebellum, and of other parts of the brain, 
on the electrical activity of the cerebellum of the decerebrate rabbit. These 
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experiments made it clear that cerebellar extracts containrd an excitatory 
material not present in quantity in other largr sxbdivisions of the brain and 
not identical with any known constituent of brain extracts. This material, 
provisionally called the cerebellar factor, was also capable of augmenting 
the electrical activity of the cerebral cortex and of potentiating some spinal 
reflexes. Its action on the electrical activity of the cerebral and cerebellar 
cortex was similar to that of acetylcholine but it had little or no action on 
any of the wide range of smooth muscle preparations which respond to 
acetylcholine and the other neurohumoral substances. The cerebellar factor 
was later found in other restricted areas of the central nervous system 
containing no acetylcholine, notably the optic nerveslE3. 

Recently the cerebellar factor has been identified as ergothioneine ( I V ) ,  
the betaine of thiolhistidine. 
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Ergothioneine has been found in the cerebellum of ail mammalian species 
so far examined. These include the mouse, rat, guinea-pig, rabbit, cat and 
sheep. In  all of them, the ergothioneine content of the cerebellum (which 
ranges among the different species from 3 to 10 pg per gram) is several 
times higher than that of the cerebral hemispheres (less than 0.1-1.6 pg/g). 
Optic nerve extracts have been examined only in the rabbit: they contained 
large amounts of ergothioneine (about 30 pg/g) in contrast to the dorsal 
columns of the cord, another acetylcholine-free tract of fibres, in which 
ergothioneine could not be detected at  allls4. 

Ergothioneine has been known since 1909 when it was extracted from 
ergot by Tanretls5. I t  is a matter of considerable interest that ergot is also 
a natural source of acetylcholine and histamine. The most complete study 
of ergothioneine has been made by Melville, whose comprehensive reviewlss 
is recommended to those requiring more complete information on the subject. 
Melville was unable to ascribe any physiological function to ergothionehe 
notwithstanding its wide distribution in peripheral tissues notably the 
erythrocytes, the liver and the kidneys. Previous work had sugqested that 
ergothioneine was not present in the brain, but this conclusion probably 
arose because whole brain extracts were studied. The overall ergothioneine 
content of brain is quite low in comparison with other tissues containing it. 

Since the identity of the cerebellar factor was announced, it has been 
reported that ergothioneine has little action on cerebellar neurones and 
none on cortical cells187. However, it is not yet clear how much ergothioneine 
reached the neurones in these iontophoretic applications. Recent experi- 
ments have shown that ergothioneine stimulates some brain stem neurones 
when it is applied by micro injectionlE7a. 

The discovery of ergothioneine in the central nervous system is recent 
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and much more work is needed before any conclusion can be reached 
concerning its central functions. Its occurrence in quantity in the optic 
nerves suggests that its functions might be profitably studied in the lateral 
geniculate body, where the optic nerves synapse with the next neurones in 
the visual pathway. 

Other Compounds 
Sensory nerves contain no acetylcholine and the chemical mediator involved 
in the simplest unit of central nervous activity, the monosynaptic reflex, is 
not known. For this reason, some considerable attention has been paid to 
the pharmacological activity of extracts of sensory nerves, which have been 
shown to contain three substances of potential neuropharmacological 
significance-ATP, substance P (a polypeptide) and histamine. They have 
been reviewed at length elsewherelss and little need be added here, since it 
now seems likely that neither ATP nor substance P will be shown to have 
neurohumoral functions. However, some psychotropic drugs have anti- 
histamine activity and a brief statement is therefore necessary concerning the 
present status of histamine. 

So far as its possible central functions are concerned, histamine remains 
an enigma. It is present in brain, though in smaller quantities than is often 
reported. The largest amounts of histamine are found in the 
and the optic nerveslgO, but its gross distribution is fairly regular in the rest 
of the brain. I t  has been shown to have a stimulant action on the electrical 
activity of the cerebe l l~m18~J~~,  though it is not clear whether this effect is 
due to a direct action on cerebellar neurones. I t  has proved impossible to 

earlier reports1g4 that histamine is present in the cerebellum 
in larger quantities than in the cerebral hemispheres. Reports that the 
histamine content of brain is influenced by drugs need to be carefully 
examined in the light of the assay method used, for the recently introduced 
and widely used fluorimetric methodlg5 is much less specific than the 
biological methodlg2. The catalepsy following bulbocapnine administration 
was reported to be associated with an increase in the histamine content of 
brainlg6, an interesting finding in view of the frequent development of this 
condition during the administration of psychotropic drugs. It could not be 
confirmed when biological assay methods were usedlS2. 

CLASSIFICATION AND PROPERTIES OF THE 

PSYCHOTROPIC DRUGS 

The multiplicity of psychotropic drugs makes some form of classification 
essential and a large number of different groupings has been proposed. To 
some extent this reflects the fact that a variety of specialists-psychiatrists, 
chemists and pharmacologists-are involved in the development of these 
drugs and are necessarily interested in different aspects of their structure and 
properties. A more important reason for this plethora of attempts to classify 
the psychotropic drugs is the fundamental impossibility of achieving a 
simple classification of compounds which possess an extraordinarily wide 
variety of pharmacological actions and chemical structure and whose one 
common attribute-a psychotropic action-is extremely ill-defined. The 
‘psyche’ has neither anatomical location nor physiological properties and 
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any substance which produces an action on the central nervous system, 
directly or as a result of peripheral stimulation, is potentially a psychotropic 
drug. Indeed, the increasing evidence that pharmacologically inert placebos 
can be as clinically valuable as many so-called psychotropic drugs suggests 
that, depending on the circumstances of their administration, the personality 
of the clinician and the psychological state of the patient, all substances 
may have a psychotropic action. In brief, the present impossibility of classi- 
fying even the potent psychotropic drugs in any universally acceptable 
scheme arises from the lack of any clear correlations between chemical 
structure, pharmacological activity, behavioural effects on the intact animal 
and clinical usefulness. 

Brodie and his school have suggested a simple physiological classifi~ation~~~ 
based on the view of Hessl98 that diencephalic function involves the interplay 
of two opposed systems, the ‘trophotropic’ inhibitory system and the exci- 
tatory ‘ergotropic’ system. Psychotropic drugs are then classified into those 
whose action is predominantly trophotropic-because they either stimulate 
the trophotropic or inhibit the ergotropic system-and those with a pre- 
dominantly ergotropic action. Since Brodie believes that the activities of the 
trophotropic and ergotropic systems are mediated by 5-hydroxytryptamine 
and noradrenaline respectively, his classification also implies a simple 
pharmacoIogica1 dichotomy of drug action. This scheme suffers from its 
simplicity: it ignores the existence of all the other putative neurohumours, 
it implies that all psychotropic action stems from the diencephalon, and it 
forces ill-assorted compounds into the same category. A pharmacological 
classification has been proposed. In this scheme, drugs are grouped into 
known pharmacological categories-antihistamines, central nervous stimu- 
lants, and so on. Under such a system, if the categories are too few, drugs 
with very different central actions are grouped together. If the number of 
categories is large, individual compounds may have to be included in several 
groups. A more serious criticism of this pharmacological classification is that 
it implies a knowledge of the mechanism of drug action where none may 
exist. Thus, to class a psychotropic drug as an antihistamine compound 
suggests that its antihistamine action forms the basis of its psychotropic 
effectiveness, though there is little evidence that histamine is critically 
involved in the regulation of central nervous activity. A psychological classifi- 
cation has been put forward by Eysencklg9, but even the most detailed drug 
profile based on the measurement of psychological variables in normal 
individuals may be of little value in predicting the therapeutic value of the 
drug in the psychotic or neurotic patient. An exclusively chemical classification 
suffers from the disadvantage, as later examples will show, that minor 
modifications of chemical structure may produce major alterations in 
properties. On the other hand, experience has shown that a chemical sub- 
grouping within major functional divisions is valuable to all types of worker 
in the field, even though this may result in the appearance of the same type 
of structure under different functional headings. 

Drugs are used to treat the sick human being and there are clear theoretical 
advantages in adopting one of the several clinical classifications that have 
been put forward. In the lists that follow, psychotropic drugs are grouped 
according to their clinical effects and the major groups are subdivided into 
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chemical categories. The scheme is similar in its main essentials to that 
recommended by the World Health Organization but the number of 
categories is reduced in order to prevent the drawing of distinctions where 
none exist. Readers requiring a more extensive subdivision more closely 
based on the WHO proposals are referred to the excellent review by Shepherd 
and Wingaoo. 

The suggested classification (see also Delayzo1) is as follows: 
( 1) Depressants or psycholeptics (tranquillizers and sedatives) 

(u)  the phenothiazine derivatives 
( b )  reserpine and related compounds 
(c) diphenylmethane derivatives 
( d )  the barbiturates 
( e )  other compounds 

(2) Antidepressant drugs, psychic energizers or thymoleptics 
(a )  the monoamine oxidase inhibitors 
( b )  imipramine and other phenothiazine-like compounds 
(6) amphetamine-like compounds 

(3) Psychotomimetic drugs 

Depressants, Tranquillizers and Sedatives 
With the introduction of chlorpromazine as a psychotherapeutic agent in 
1953 the term ‘tranquillizer’ was also coined to describe the action of 
compounds which, like chlorpromazine, have a calming effect on the agitated 
patient without noticeably depressing his level of consciousness. The dis- 
tinction between tranquillizers and sedatives (which in large doses do depress 
the level of consciousness) was made at a time when the importance of the 
reticular system in the control of consciousness was becoming generally 
acknowledged, and it seemed at first that the different effects of tranquillizers 
and sedatives might reflect a real difference in their loci of action, tranquil- 
lizers sparing and hypnotics depressing the neurones of the reticular system. 
I t  is true that chlorpromazine blocks the arousal response to sensory nerve 
stimulation at  a dose level which produces minimal depression of the 
reticular response to direct electrical s t i m u l a t i ~ n ~ ~ ~ ~ ~ ~ ~  but this property is 
not common to all tranquillizers. Moreover the depression of the reticular 
system brought about by chlorpromazine is sufficient to produce the drowsi- 
ness which is a well recognized accompaniment of chlorpromazine therapy. 
The actions of reserpine on the reticular system secm to be predominantly 
excitatory, notwithstanding an associated behavioural d e p r e s s i ~ n ~ ~ ~ * ~ ~ ~ .  
Thus reserpine and chlorpromazine have essentially different electrogenic 
actions though both are classified as tranquillizers, while the barbiturates, 
which are placed in a different category, have some of the actions shown by 
chlorpromazine. None of the other reported differences between tranquil- 
lizers and hypnotics can be regarded as absolute. Tranquillizers, it is 
sometimes said, never produce excitement and are not drugs of addiction. 
The production of catatonia has been regarded as a characteristic feature of 
tranquillizer action not shared by the hypnotics. Yet some of the pheno- 
thiazine tranquillizers do cause restlessness, there are well-authenticated 
reports of addiction to meprobamatezo6 and morphine produces a definite 
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Table 5.1. Some phenothiazine derivatives 

Approved name 

Major Tranquilliters 
Chlorpromazine 
Triflupromazine, Flupromazine 
Methoxypromazine 
Acepromazine 
Methotrimeprazine 
Levopromazine 
Hypnotic 
Propiomazine 
Minor Tranquillirers 
Promazine 
Promethazine 
Ethopropazine, Profenamine 

Major Tranquilliars 
Pecazine, Mepazine 

Thioridazine 

I Proprietary name Rf 

Largactil 
Vesprin, Vespral 
Tentone 
Notensil, Plegicil 
Veractil, Neurocil, Nozinan 

Indorm, Dorevane, Largon 

Sparine 
Phenergan 
Lysivane, Parsidol 

Pacatal 

Melleril 

Compounds with a dialkylamino group in the side chain 

(CH,) ,. KMe, 
(CH,L.NMe, 

CH, . CHMe . NMe, 

(CH,)a.NMez 
CH,. CHMe. NMe, 
CH,CHMe. KEt, 

Comjounds with piferidine ring in the side chain 

c1 
CF, 
OMe 
COMe 
OMe 

COEt 

H 
H 
H 

H 

SMe 
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cataleptic syndrome. Tranquillization is essentially a subjective state and it 
is questionable whether, as far as the patient is concerned, it is possible to 
distinguish the calming effect of the tranquillizers from that produced by 
frank hypnotics such as the barbiturates. 

While it is sometimes useful to place in a special category those psycho- 
leptics which, even in large doses, produce relatively little clouding of 
consciousness, it is clear that there is no real case for a formal separation of 
the tranquillizers from the hypno-sedatives and it is suggested that attempts 
to do so are more likely to hinder than to promote a full understanding of 
the mode of action of psychotropic drugs. Others have suggested on clinical 
grounds that the distinction between calming and sedation is i n ~ a l i d ~ ~ ~ ~ ~ ~ * .  

The unsatisfactory nature of tranquillizer as a descriptive term is under- 
lined by the large number of synonyms that have been coined. These include, 
among others, ataractic, antiphobic, pacific calmative and peace pill. None 
seems to have much to recommend it and, so far as it is necessary to refer to 
these drugs as a group, the term tranquillizer is at least hallowed by use. 

The major tranquillizers (drugs of value in the treatment of the severely 
agitated psychotic patient) are often separated from the minor tranquillizers 
which are of value only in neurosis. Since this is a difference of degree rather 
than of kind and since some of the minor and major tranquillizers have the 
same general structure, this division is not formally made in the present 
classification but the clinical usefulness of the individual compounds is 
indicated in the appropriate place. 

The phenothiazine derivatives 
The structure and names of some of these compounds are listed in Table 

5.1 and a brief account of the pharmacological actions follow. 
Chlorpromazine, the first and still most widely-used phenothiazine 

tranquillizer, is characterized by the variety of its biochemical and pharma- 
cological actions. It has some anti-adrenaline and anti-acetylcholine actions 
and weaker antihistamine and anti-5-hydroxytryptamine 
Particularly in lower doses, it produces catalepsy in animals and the 
Parkinsonian syndrome is a recognized side effect of chlorpromazine therapy. 
Larger doses of chlorpromazine produce flaccidity and weakness. It has an 
anti-emetic action due to its depressing the chemoceptor trigger zone211, it 
produces hypothermia209, reduces the ‘sham rage’ reaction in decorticate 
cats212 and may inhibit the release of ACTH induced by stress213p214. It has 
some parasympathomimetic effects and causes vasodilatation which is due 
partly to a peripheral antagonism of noradrenaline and partly to a direct 
action on the vasomotor centre209. In the intact animal it suppresses con- 
ditioned avoidance b e h a ~ i o u r ~ ~ ~ , ~ ~ ~ .  

Human beings under the influence of chlorpromazine are apathetic and 
may fall into a sleep from which, however, they can be easily roused. It 
seems to have some analgesic effectzo9 (though not all workers have been 
able to confirm this finding217) and it potentiates the action of hypnotics and 
anaesthetics209~217.~~~. On the other hand, restlessness has also been reported 
to occur during chlorpromazine treatment. Apart from extrapyramidal 
symptoms the most common side effect of chlorpromazine therapy is obesity. 
It probably remains the drug of choice for the treatment of schizophrenia. 
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The other phenothiazine compounds differ from chlorpromazine in the 
relative intensity of the several properties mentioned above. Thus the 
piperazine substituted derivatives produce more intense catalepsy and are 
more powerfully anti-emetic than chlorpromazine itself. Promethazine has 
powerful antihistamine and anti-emetic actions. Ethopropazine has a marked 
antiparasympathetic action and so far from causing extrapyramidal symp- 
toms, it is actually used in the treatment of Parkinsonism. Trifluoperazine 
is much more potent than chlorpromazine. Propiomazine is a true hypnotic, 
though it also possesses in varying degrees the characteristic properties of 
the other phenothiazine drugs. The fact that propiomazine is a hypnotic 
adds weight to the conclusion that there is no real difference between the 
activity of tranquillizers and hypnotics and that the depressant drugs differ 
from one another only in the relative intensity of their actions on different 
functional systems in the brain. Prothipendyl is reported to have both 
sedative and tranquillizing properties. 

Complete discussions of the pharmacological actions and clinical useful- 
ness of the phenothiazine derivatives (and of the other classes of drug dealt 
with in this review) are available e l ~ e w h e r e ~ ~ ~ . ~ ~ ~ .  

Reserpine and related compounds222a 

Reserpine possesses one outstanding pharmacological property : it releases 
the monoamines from both their central and peripheral storage sites. The 
other noteworthy property of reserpine is its parasympathomimetic action 
which leads to hypotension, bradycardia, miosis and hypothermiaZZ3. 

OMe \ 
OMe 

(Vl Reserpine 

Catalepsy and Parkinsonism have been reported as side actions and the 
parasympathetic concomitants of these conditions are more marked than 
they are with phenothiazine therapy. Reserpine, like chlorpromazine, 
inhibits sham rage reactions224, makes aggressive animals more tractablezz5 
and inhibits conditioned avoidance responses226. 

Reserpine was originally used for the treatment of hypertension and the 
depression which was frequently observed during reserpine therapy suggested 
that the alkaloid might have psychotherapeutic potentiality. In fact, the 
root of Rauwoljia serpentina, from which reserpine is prepared, had been used 
in Asia centuries ago for the treatment of manic states. In psychiatrically 
normal hypertensive patients, the depression induced by reserpine occasion- 
ally led to suicide and its use as a hypotensive drug had to be discontinued. 
Although severe depression occurred much less frequently during the 
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reserpine treatment of agitated psychotic patients, the risk of suicide was still 
real and the drug is now rarely used in psychiatric practice. I t  remains, 
however, a valuable pharmacological tool. The presence of an indole nucleus 
is to be noted in view of the possibility that the central actions of reserpine 
may be associated with disturbances of brain 5-hydroxytryptamine meta- 
bolism. 

Other reserpine derivatives which have been used in psychiatry include 
1 1 -demethoxyreserpine (deserpidine, Harmonyl) and methyl 0-3,4,5-tri- 
methoxycinnamoyl reserpate (rescinnamine, Anaprel, Moderil) . The 
compound tetrabenazine (Nitoman ( V I ) )  which lacks an indole nucleus has 
similar pharmacological actions to reserpine but its side effects are milder, 
perhaps because it has few peripheraliactions. 

0 

(VIl Tetrabenazlne 

The diphenylmethane derivatives 
The difficulty of attempting to classify psychotropic drugs on a chemical 

basis is well illustrated by these compounds. The formulae and pharma- 
cological activities of a number of them are shown in Table 5.2. All classes 
of psychotropic drug from sedatives to central stimulants and psychoto- 
mimetics are represented in the table. Of the derivatives listed as minor 
tranquillizers, only hydroxyzine is of clinical value, though benactyzine 
deserves mention since it has been used both as a tranquillizer and as an 
antidepressant ! 

The pharmacological properties of hydroxyzine are quite similar to those 
of chlorpromazine. It has antihistamine and anti-acetylcholine actions as 
have, indeed, most of the derivatives listed. Like chlorpromazine, hydroxy- 
zine is anticonvulsive, it potentiates the action of hypnotics, it produces 
hypothermia and hypotension, it depresses the reticular system and it has 
some anti-adrenaline action. Extrapyramidal side effects do not, apparently, 
occur, perhaps because of the drug's rather powerful anti-acetylcholine 
action which probably also explains such side effects as dryness of the mouth 
and the occasional occurrence of central excitation. Epileptiform seizures 
have also been seen during hydroxyzine therapy. The fact that anti-acetyl- 
choline and antihistamine activity is found with many of the diphenylmethane 
derivatives, whether depressant or excitatory, suggests that the tranquillizing 
effect of hydroxyzine cannot be due to its antagonizing the action of 
acetylcholine or histamine. 

The barbiturates 

Among the barbiturates are found anaesthetics, anticonvulsants, hypnotics 
and sedatives. They thus have a wider field of usefulness than drugs which 
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Table 5.2. Some diphenylmethane derivatives 

Approved Name 

Minor tranquillirers 
Hydroxyzine 

Azacyclonol 

N Captodiamine 
Benactyzine 
Phenyltoloxamine 
Antihistamine 
Diphenhydramine 
Anti-Parkinsonian 
Orphenadrine 
Chlorphenoxamine 
Benztropine 

Central stimulant 
Pipradrol 

Psychotomimetic 
N-methyl-3-piperid yl 

benzilate 

Proprietay Name 

Atarax, Vistanil 

Frenquel 

Suvren, Covatil 
Suavitil 

Benadr yl 

Disipal, Norflex 
Phenoxane, Clorevan 
Cogentin 

Meratran 

R’ 

c 1  

H 

SBu 
H 
I$ 

H 

H 
c1 
H 

H 
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R2 
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H 
HO 
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Me 
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HO 
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CNH 
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CO .O. CH,. CH, * NEt, 
H 

0 .  CH, . CH, . NMe, 

0. CH,. CH, .NMe, 
O.CH,.CH,.NMe, 

-0-CH MeN 1 CH,-CH-CH, 
/ I 
\ I 

CHZ-CH-CH, 

0 H 

co.oQe 

R‘ 

H 

t-. 

?? 

H 
n 

H $ 

3 
f H 

(R4= 0 * CH,. CH,.NMe,) 
V H 

(R,=Me) 
H 

H 

H 

H 



PSYCHOTROPIC DRUGS AND NEUROHUMORAL SUBSTANCES 

are used specifically for their psychotropic action, and a detailed survey of 
their properties, structure and uses would involve the discussion of topics 
far outside the subject of this review. They must, however, be mentioned for 
they have figured prominently among the drugs used in the treatment of 
psychiatric conditions. Restlessness by day and insomnia by night are among 
the more common symptoms of many neurotic and psychotic illnesses and 
many of the hypnotics are useful, in smaller doses, as sedatives. Such 
compounds (which include the barbiturates) are sometimes classed as 
‘hypno-sedatives’ to distinguish them from those sedatives which cause only 
muscular relaxation in higher doses, the ‘tranquillo-sedatives’. Since the 
introduction of the newer tranquillizers, barbiturates have been less popular 
as sedatives (though they are still widely used as hypnotics) but they still 
have their place in the treatment of the severely disturbed patient. One 
well-controlled investigation, indeed, led to the conclusion that for the 
treatment of neurotic patients, amylobarbitone (Amytal) was a more 
effective drug than chlorpromazine, meprobamate or reserpineza7. 

Amylobarbitone is the barbiturate most widely used for its sedative 
action. The synergism between barbiturates and some of the phenothiazine 
derivatives permits their being administered together so that the dose of 
barbiturate can be reduced. This is an important consideration, in view of 
the ease with which addiction occurs, particularly to the short-acting 
compounds such as amylobarbitone. 

Some of the physiological and biochemical actions of the barbiturates are 
similar to those exhibited by chlorpromazine and the other tranquillizers. 
Thus, the ascending reticular system is inhibited and there is evidence that 
barbiturates both stimulate228 and inhibitazg the hypothalamus. Their 
greater hypnotic action is probably due to the fact that, like all potential 
anaesthetics, they cause a general depression of the central nervous system. 
Like chlorpromazine, some barbiturates uncouple oxidative phosphorylation 
in vitro (p. 301). On the other hand, the barbiturates do not exert any 
antagonism in vitro towards histamine, 5-hydroxytryptamine, noradrenaline 
or acetylcholine nor is their administration accompanied by signs of extra- 
pyramidal stimulation. 

Other compounds 

The names and formulae of some of the psycholeptic compounds which 
cannot be classified in the major chemical categories so far considered are 
set out in Table 5.3. Meprobamate (VIII)  was one of the earIiest used 
tranquillizers. It was developed from mephenesin (VII ) ,  which was intro- 
duced as a muscle relaxant and was soon seen to have a sedative action too. 
In small doses, meprobamate is a sedative. In larger doses, it causes muscle 
relaxation and has been classed, with similar compounds, as a ‘tranquillo- 
sedative’. Like the barbiturates, it produces no sign of extrapyramidal or 
central autonomic stimulation. Well-authenticated reports of addiction to 
meprobamate have appeared206~230. Both mephenesin and meprobamate 
produce muscle relaxation by inhibiting interneurones-and hence poly- 
synaptic reflexes-in the spinal cord. Though not described as a hypnotic, 
meprobamate has been successfully used in the treatment of insomnia, 
perhaps because it reduces tension. 
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Meprobamate exerts a unique combination of actions on the central 
nervous system. These actions are so much those that would be theoretically 
expected of a tranquillizer that it is surprising that they are not produced 
by other depressants of the nervous system and that meprobamate is not a 
more powerful psychotropic agent. It weakly stimulates the ascending 
reticular system and does not depress the cortex231 (thus the level of con- 
sciousness is unimpaired) but it does selectively depress the thalamus232 and 
it inhibits artificially evoked seizure discharges in the limbic system233 (thus 
reducing emotional tension). Although it is possible to specify the physio- 
logical systems on which meprobamate acts, it is not yet possible to translate 
this information into terms of the neurohumoral systems involved. 

Mephenesin and meprobamate are substituted diols. Other compounds 
of the same class with muscle relaxant and sedative properties include 
phenaglycodol ( I X )  and carisoprodol ( X I ) .  They have little clinical usefulness. 

Methylpentynol ( X )  has similar properties to meprobamate. It finds its 
main use as an hypnotic but it also reduces fear and apprehension sometimes 
to the point of producing euphoria. Chlordiazepoxide ( X U )  and diazepam 
(XII I )  are muscle relaxants inhibiting polysynaptic reflexes. They also have 
anticonvulsant properties. The most characteristic action of chlordiazepoxide, 
however, is its ability to reduce hyperirritability, induced or natural. This 
effect has been demonstrated in a number of animal species, ranging from 
mice to t i g e r ~ ~ l ” ~ ~ 4 .  Human beings are rather less sensitive but the drug is 
widely used, especially for conditions in which fear or apprehension is a 
strong component. It has also been employed in the treatment of alcoholism, 
particularly for the control of withdrawal symptoms. Chlorprothixene ( X I V )  
bears a structural resemblance to chlorpromazine but the phenothiazine 
nucleus is replaced by thiaxanthene. The most interesting aspects of its 
pharmacology are that it produces Parkinsonian side effects in the human 
subject and, on isolated preparations, has strong anti-5-hydroxytryptamine 
and anti-acetylcholine actions with some antihistamine and antinoradrena- 
line activity. These features are presumably a consequence of the reappear- 
ance of the chlorpromazine configuration. Chlorprothixene has been classed 
as both a tranquillizer and as a thymoleptic. Clopenthixol ( X V )  has similar 
properties and uses. 

Haloperidol ( X V I )  is a minor tranquillizer which can be regarded as a 
derivative of GABA; glutethimide (XVII)  has a formal resemblance to 
glutamic acid. The remaining compounds (XVIII-XXI) in Table 5.3 are 
often included among the tranquillizing drugs but they are all hypnotics. 

A complete listing of all the psycholeptic drugs would, of course, also 
include the older depressants and hypnotics such as the bromides, chloral 
hydrate, and morphine. 

Antidepressant Drugs 

Although the drugs included under this general heading have all been used 
in the treatment of depression, it is important to note that ‘depression’ is not 
itself a simple clinical entity and it cannot be easily defined. Depression, 
associated with emotional excitement and restlessness, is hardly likely to 
respond to the same agents as does acute melancholia in which all forms of 
activity, mental and physical, are depressed. Some forms of depression have 
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Table 5.3. Miscellaneous psycholeptic drugs 

H, ,CH20H --p C 
HO’ ‘CHZ-0 

CH3 

(VlIll mephenestn 
(Myanesin, Myoten. Prolax,  
Tolserol, Tolulox, etc.) 
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Table 5.3. Miscellaneous psycholeptic drugs (continued) 
OH 

d 3 - c ~ ~  CHI c HYc H i  N,’-?( 

( X V I )  haloperidol (Serenace) 

( X  V I I )  
glutet him ide 

(Doriden) 

CH=CHCl 
I 

I 
OH 

EtC-C-CH 

( X I X )  ethc hlor vynol 
(Ar vy no 1, Seren si 1) 

( X V I I I )  
methaqualone 

(Me lsed in, T uazole) 

(XX) ethinamate 
(Valmid, Valmrdate) 

0 

H 

( X X I )  methyprylone 
(Noludar) 

been treated with sedatives for more than 2,000 years and it is perhaps not 
surprising that there is no general agreement as to the drugs which ought 
properly to be included in the category of antidepressants. The doubts and 
disputes concerning the relative therapeutic efficacy of the different types of 
drug cannot, however, be resolved simply by defining more closely the 
clinical conditions which respond to individual compounds. The introduction 
of the newer antidepressant drugs was greeted with an enthusiasm which is 
now noticeably cooling, particularly in Great Britain. There are many who 
now believe that the drugs are less useful than electric convulsive therapy 
and some go so far as to assert that the whole of their activity can be 
explained by a placebo effect. 

Monoamine oxidase inhibitors (Table 5.4) 
The monoamine oxidase inhibitors form yet another group of drugs which 

were introduced into psychiatry as a result of observations in a different 
field. It was noticed that tuberculosis patients under treatment with 
iproniazid frequently became euphoric. The further observation that 
iproniazid inhibited brain amine oxidaseZ35 prompted the development of 
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Table 5.4. Some monoamine oxidase inhibitors 

-_ 
I Re I 
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Iproniazid 

Phenelzine 

Pheniprazine 

Nialamide 

Isocarboxazide 

Phenoxypropazine 
Pivazide 
Mebanazine 

Tranylcyproniine 

Harmalinc 

Etryptamine, 
a-Ethyltr yptaniine 

Pargyline 

Substituted hydrazines, R'NH * NHR2 

Marsilid 

N a d l  

Catron, 

Niamid 
Cavodil 
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Drazine 
Tersavid 
Actomol 

~ ~ _ _  

Other 
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other inhibitors. Iproniazid itself inhibits the amine oxidase of liver as effect 
ively as that of brain235. This action seems to be related to its hepatotoxic 
effect, which has led to the virtual abandonment of iproniazid as a thera- 
peutic agent. For a similar reason phenelzine and pheniprazine are no longer 
used. In addition to its toxic action on the liver, the last-named drug also 
caused red-green colour blindness, which was sometimes irreversible236. 
Agranulocytosis has occurred in patients treated with etryptamine and this 
drug too is no longer used. Other side effects of iproniazid treatment included 
autonomic disturbances (postural hypotension, dry mouth, constipation, 
diarrhoea, sweating, etc.) , dizziness, oedema, muscle weakness and motor 
restlessness. Liver damage is less likely with the other inhibitors named but 
cases of severe hepatitis have been reported with all of them and the incidence 
of the other side effects is as high as with iproniazid itself237i238. The 
occurrence of hypotension in patients treated with iproniazid suggested that 
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the inhibitors might be used in the treatment of hypertension and pargyline 
was introduced for this purpose. The complexities attending attempts to 
provide a pharmacological analysis of the mode of action of therapeutic 
agents is illustrated by the fact that though reserpine and iproniazid have 
similar effects on blood pressure, they behave in most other respects as 
antagonists, though all their principal actions are usually thought of as being 
mediated through the monoamines. 

The most characteristic (but not completely specifica39) pharmacological 
action of the monoamine oxidase inhibitors is their ability to reverse reserpine 
sedationZ4O and to potentiate the excitatory effects of 5-hydroxtryptamine 
a d r n i n i s t r a t i ~ n ~ ~ ~ * ~ ~ ~ .  Given alone, in single doses, they produce no obvious 
hyperactivity in experimental animals and they may even cause depression. 
After prolonged administration, sympathetic stimulation and locomotor 
hyperactivity do occur but these actions are still not so marked as when the 
inhibitors are administered in conjunction with 5-HTP. The physiological 
significance of this observation has been discussed earlier (p. 269). 

Some of the monoamine oxidase inhibitors proIong the hexobarbitone 
sleeping time in mice, probably because they inhibit barbiturate breakdown 
by the liver micro some^^^^. An anticonvulsive action has also been reported243. 
The fact that the hydrazine derivatives interact with pyridoxal phosphate 
and can thus inhibit GABA formation may explain why some of the inhibitors 
of this type sometimes have a convulsive action also. 

Considerable interest has recently been aroused by reports that patients 
treated with monoamine oxidase inhibitors may suffer severe hypertensive 
attacks after taking certain foods, notably chee~e~~~1246, beansz4' and extracts 
of yeast2". Some of these attacks have proved fatal. The hypertensive crises 
arise as a result of pressor substances in the offending foods (such as tyramine 
in cheese) which are absorbed unchanged into the blood stream when 
intestinal and liver monoamine oxidase is inhibited249. Some of the inhibitors 
(tranylcypromine is an example) also have sympathomimetic actions which 
will contribute to the hypertensive effect. The administration of sympatho- 
mimetic substances-such as adrenaline in a local anaesthetic-to patients 
treated with monoamine oxidase inhibitor also creates a dangerous situation. 
The possibility of hypertensive crises clearly constitutes a serious hazard of 
therapy with these enzyme inhibitors. In many instances their limited 
effectiveness would not justify the exposure of patients to these hazards. 

The monoamine oxidase inhibitors are discussed in more detail by 
Pletscher, Gay and ZellarZ5O and in the monographs referred to earlier219-222. 

The actions or side effects of a large number of other drugs (antihistamines, 
local anaesthetics, etc.) may be partly due to or may be modified by mono- 
amine oxidase inhibition-a property which is possessed by a wide variety 
of other compounds. 

Imijwamine and similar compounds (Table 5.5) 
Imipramine is structurally analogous to chlorpromazine but the replace- 

ment of sulphur by a -CH2. CHz- linkage causes a considerable change in 
steric and electronic geometry and in pharmacological activity. Like the 
phenothiazine compounds, imipramine shows some activity against acetyl- 
choline, noradrenaline and histamine251, and extrapyramidal side effects 
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have occasionally been observed during imipramine therapy252p253. On the 
other hand, imipramine and the other compounds named in Table 5.5 also 
have the ability to antagonize phenothiazine induced catatonia254. The 
other side effects of imipramine are similar to those seen with the monoamine 

Table 5.5. Imipramine and related compounds 

Approved Name 

Imipraminr 
Trimipraniirie 
Desiprairiine 

Amitriptyline 

Nortriptyline 

Opipramol 

Proprietary Name 

Tofranil 
Surrnontil 
Norpramin 
Perto fir an 

Elavil, Horizon, Laroxyl, Saroten, 
Seroten, Tryptanii, Tryptizol 

Aventyl, Allegron 

Insidon 

R 

CH,. CHMe . CH, 1 NMe, 
CH,.CH,. CH2.NHMe 

CH,.CH,.CH;NMez 

CH,. CH,. CH,-NHMe 

oxidase inhibitors and include hypotension, sweating, dryness of the mouth, 
dizziness and tremor255. Imipramine has recently been reported to have 
teratogenic activity in rabbits2% and a few cases of agranulocytosis have been 
reported in imipramine treated p a t i e n t ~ 2 ~ ~ - ~ ~ ~ .  

Although imipramine does not inhibit monoamine oxidase, it does reverse 
the sedative action of reserpine without, however, restoring monoamines to 
the brainZ60. Imipramine, indeed, can reverse reserpine sedation whether it 
is given before or after reserpine: the monoamine oxidase inhibitors are 
effective only when given after reserpinez6I. Like some of the monoamine 
oxidase inhibitors, imipramine and amitriptyline prolong barbiturate 
sleeping time and have marked anticonvulsive p o t e n ~ y ~ ~ ~ p ~ ~ ~ .  At the same 
time, they potentiate the action of central stimulants such as amphet- 
amine2649265. Amitriptyline inhibits gastric secretion and the possibility of 
using it in the treatment of peptic ulcer has been explored. 
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In the otherwise unmedicated animal, imipramine and its related com- 
pounds have even fewer behavioural effects than the monoamine oxidase 
inhibitors. Such changes as have been recorded, using conditioned avoidance 
and escape techniques, suggest that behaviourally the drugs resemble the 
tranq~illizers~39~~6~~~~~. Chlorpromazine and amitriptyline have similar 
depressant effects on the electrical activity of the brain, reducing the 
frequency of the spontaneous rhythms. Amitriptyline has been used for 
treating patients in whom depression and anxiety occur together. 

The clinical effectiveness and pharmacological properties of the other 
compounds named in Table 5.5 are broadly similar to those of imipramine 
and amitriptyline. Imipramine appears to owe its activity to desimipramine 
into which it is converted in the body. Its effects are consequently slower to 
show themselves than are those of desimipramine. 

Amphetamine and other compounds 

Amphetamine ( X X I I )  is a central stimulant and many would not classify 
it with the antidepressant drugs proper. I t  has, however, been extensively 
used in the treatment of depression, it produces euphoria and some at  least 
of its actions may be due to inhibition of monoamine oxidase. However, it 
also inhibits dopamine-B-oxidase, impairs the noradrenaline binding capacity 
of the brain and has direct sympathomimetic activity. Its classification with 
the antidepressants seems, therefore, to be justified, but it is not included 
with the monoamine oxidase inhibitors, since only a small part of its action 
can be attributed to enzyme inhibition. Amphetamine is a potentially 
addictive drug and it should be used cautiously and over short periods of 
time. Other compounds which are used, if a t  all, only for the treatment of 
mild depression, include methylphenidate (XXII I ) ,  pipradol ( Table 5.2) and 
deanol (XXIV) .  The last named compound is interesting since it may owe 
its effectiveness to a stimulant action on acetylcholine s y n t h e s i ~ ~ ~ ~ ~ ~ ~ ~ .  

C0,Me 
I 

PhCH, ,CHMe.NH, 

( X X I I )  amphetamine 
(Benzedrine) 

I X X l f I )  rnethylphenidate 
(Ri ta l in)  

Me,N.CH2.CH,.0H 

(XXIV)  2-dirnethyLarninoethanol, deanol 

(Deaner) 

Psychotomimetic Drugs 
Psychotomimetic compounds are included here with the psychotropic 
drugs, as they are in the WHO classification, though their therapeutic 
usefulness is limited. They are so called because they induce, in normal 
subjects, changes in mood, perception or behaviour which mimic some of 
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those seen and experienced in the schizophrenias. The term ‘psychoto- 
mimetic’ has attracted many synonyms : ‘hallucinogen’ is the most common, 
but ‘schizogen’, ‘psychotogen’, ‘phantastica’, ‘psychosomimetic’ and 
‘psycholytic’ (to name only a few) are also used. 

It is important to recognize that the resemblance between the drug- 
induced symptoms in normal subjects and those occurring naturaIly in 
psychotic patients is far from complete. Thus although the psychotomimetic 
drugs are said to be hallucinogenic, this description is not strictly true. 
Subjects under their influence do experience vivid, often brightly coloured, 
visual sensations, but these, however bizarre, almost always represent 
distorted images of some actual object in the visual field. The images are, 
in fact, usually illusions ; hallucinations, which are experienced in schizo- 
phrenia, are properly defined as sensory experiences which arise in the 
absence of any physiological stimulation of the corresponding sense organs. 
Visual hallucinations can occur in the dark or when the eyes are closed. The 
rarity of true drug induced hallucinations in the normal subject is probably 
not simply the reflection of an inherent difference between the responsiveness 
of the normal and the psychotic individual, for hallucinations are frequently 
experienced by normal people in experimental situations in which perceptual 
stimulation has been reduced to a minimum. 

I t  is usual to classify as psychotomimetic, substances which produce 
predominantly psychotic effects in low concentrations. Many other drugs 
(cocaine, amphetamine and atropine, for instance) have psychotomimetic 
side effects or are effective psychotomimetics in relatively high doses. They 
are, therefore, not usually grouped with the psychotomimetic drugs, but 
since the criteria of psychotomimetic action are rather imprecise, differences 
of opinion do arise concerning the classification of some of the less active 
substances. The names and formulae of some of the compounds generally 
recognized as psychotomimetic are set out in Table 5.6. 

Psychotomimetic drugs are not used as chemotherapeutic agents but 
lysergic acid diethylamide has, in some instances, proved a valuable adjunct 
to conventional psychotherapy. I t  appears to revive repressed memories 
whose psychogenic influence can thus be recognized and dealt with by the 
patient and his psychiatrist. The patient, to quote an enthusiastic advocate268 
of lysergic acid therapy, ‘accepts himself completely for what he is with a 
massive reduction in self-conflict and guilt’. In  general, however, psychia- 
trists have been less impressed by the therapeutic potentialities of the 
psychotomimetic drugs than by the possibility of increasing their knowledge 
of psychiatric conditions by using the drugs to produce ‘model psychoses’ 
in normal subjects who can report on their subjective experiences. The 
interest of the pharmacologist in these drugs is directed towards establishing 
the nature of their interaction with humoral mechanisms. Such information 
should provide valuable clues to the biochemical lesion responsible for 
mental illness. 

Mescaline is the active principle of the peyote cactus and its psychoto- 
mimetic properties were first recognized many centuries ago by primitive 
South American tribes who used peyote buttons in religious ceremonies. 
The priestly use of psychotomimetic compounds finds a ready explanation 
in the heightened sensory awareness and the sensation of ’looking upon 

294 



J. CROSSLAND 

dazzling light and beauty' reported by subjects who have taken the drugsze8. 
The effects of mescaline and lysergic acid are, in general, similar, though 
mescaline does not have the same power of releasing repressed memories as 

Table 5.6 Psychotomimetic compounds 
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lysergic acid. Lysergic acid, however, tends to produce depressive episodes 
and sometimes 'delusions of grandeur'. Both of these conditions may lead 
to suicide. 
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PSYCHOTROPIC DRUGS AND NEUROHUMORAL PROCESSES 

Reserpine, Chlorpromazine and other Psycholeptic Drugs 
Reserpine depletes postganglionic sympathetic fibres of their noradrenaline 
and the peripheral sympathetic responses of animals which have been 
pretreated with reserpine are those which would be expected to follow loss 
of sympathetic transmitter269. Thus, in adrenalectomized, reserpinized cats, 
stimulation of the splanchnic nerves does not produce the increase in blood 
pressure which is seen in non-reserpinized animals. Hexamethonium 
normally produces hypotension due to ganglionic blockade : in the reserpin- 
ized animal it is without effect. Reserpine also causes a loss of adrenaline 
from the adrenal medulla. Since this adrenaline is liberated into the blood 
stream, it is not surprising that reserpine causes hyperglycaemia. 

Reserpine also causes a loss of noradrenaline from the brain, but it h.as a 
similar effect on 5-hydroxytryptamine, d ~ p a m i n e ~ ~ ~ ,  histamine2" and 
GABA272. Attempts to determine which, if any, of these substances is most 
critically concerned in reserpine action have led to conflicting hypotheses 
which cannot yet be satisfactorily resolved. 

The view that the central actions of reserpine are due to a 5-hydroxy- 
tryptamine deficiency has been vigorously canvassed by Brodie and his 
 colleague^^^^^^^^. Brodie believes that reserpine interferes with the uptake 
of monoamines into the storage granules. There is general agreement that 
this is so, but the rest of Brodie's hypothesis is more controversial. If, so the 
argument runs, monoamine synthesis is unimpaired but storage is blocked, 
there should he a continuous release of the newly synthesized compound 
which, if it is a transmitter, might reasonably be expected to cause a con- 
tinued stimulation of the appropriate neurones. For reasons which are 
summarized later, Brodie believes that 5-hydroxytryptamine is the most 
important of the substances involved in reserpine action, and that the 
central actions of reserpine are due to stimulation, particularly of dience- 
phalic neurones, by 5-hydroxytryptamine. Since reserpine has a depressant 
action, it is concluded that serotonin is the transmitter substance of the 
essentially inhibitory trophotropic system. As has already been discussed, 
5-hydroxytryptamine accumulates in the brains of animals fed 5-HTP. This 
accumulation is accentuated in the presence of monoamine oxidase inhibitors 
and it is accompanied by signs of behavioural stimulation. A similar situation 
arises if reserpine is administered in conjunction with a monoamine oxidase 
inhibitor. If 5-hydroxytryptamine is the transmitter substance at  the central 
synapses of the trophotropic system, these results can only be explained on 
the assumption that the transmitter has reached such a concentration that it 
is inhibiting the neurones it normally stimulates, resulting in unopposed 
activity of the stimulant ergotropic system. 

The view that reserpine owes its action to the liberation of 5-hydroxy- 
tryptamine rather than noradrenaline is based first on the fact that 
5-hydroxytryptamine is more regularly associated with sedation than is 
noradrenaline relea~e27~-~7~. Reserpine and those of its derivatives that have 
a tranquillizing action release both 5-hydroxytryptamine and noradrenaline 
but noradrenaline is also released by substances, such as morphine in the 
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cat, which produce excitement. Moreover, if the central actions of reserpine 
are to be explained on the same basis as its peripheral action, a considerably 
greater depletion of noradrenaline would be expected before sedation occurs 
than the 50 per cent which is actually observed. Finally, the outflow of 
sympathetic impulses from the brain should decrease if reserpine were 
producing a deficiency of brain noradrenaline. 

Before discussing the pharmacological evidence against Brodie's hypo- 
thesis, the reservation prompted by physiological considerations should be 
noted. It is an undoubted fact that excess of an excitatory substance may 
cause inhibition. Acetylcholine, for instance, the acknowledged neuro- 
muscular transmitter substance, produces muscular paralysis in a variety of 
experimental circumstances. It is also true that depression of nervous activity 
can arise either from stimulation of inhibitory or inhibition of excitatory 
systems. These facts, as the writer has pointed out elsewheress, provide a 
situation which enables the action of any active drug to be explained in 
terms of any neurohumoral hypothesis the investigator chooses. In the 
particular instance now being discussed, further caveats have to be entered. 
The evidence suggests that the binding of 5-hydroxytryptamine and of nor- 
adrenaline is controlled by identical mechanisms and that peripheral 
neurones are organized in this respect in exactly the same way as central 
neurones. Yet the peripheral actions of reserpine are consistent with de- 
pressed sympathetic function due to transmitter deficiency rather than to 
continued transmitter release. I t  would seem reasonable to seek an explana- 
tion of the central actions of reserpine similarly in terms of transmitter 
deficiency. It should also be added that there is no evidence that noradrena- 
line is involved as a transmitter substance in the neurones of the higher 
centres of the sympathetic system so that the absence of a decreased 
sympathetic outflow in reserpine treated animals does not in itself indicate 
that noradrenaline is not depleted. 

No direct evidence has been provided for the view that, notwithstanding 
a fall in the total brain 5-hydroxytryptamine content, the availability of the 
'free' amine is increased. In animals whose brain 5-hydroxytryptamine has 
been greatly reduced by dietary restriction of tryptophan, reserpine has its 
usual sedating actionl". The suggestion that the excitatory actions of 
5-HTP are due to the inhibition, by large quantities of 5-hydroxytryptamine, 
of neurones which are stimulated by the smaller quantities liberated by 
reserpine is not supported by the observation that 5-HTP is incapable of 
reversing the action of reserpinel41. Finally, no consistent correlation has 
been found between the amount of 5-hydroxytryptamine in brain, or in any 
of its subcellular fractions, and the extent of behavioural depression. 

The time course of noradrenaline loss and recovery in the brain of 
reserpinized animals is identical with that of 5-hydroxytryptamine and the 
possibility has to be considered that the central actions of reserpine are 
attributable to noradrenaline deficiency. Carlsson is the most active pro- 
tagonist of this view1209278. It is rather more acceptable than the 5-hydroxy- 
tryptamine hypothesis on theoretical grounds, for it associates depletion of 
transmitter with impairment of synaptic function and it is consonant with 
the established peripheral actions of reserpine. It does, of course, assume 
that noradrenaline is a central transmitter substance. The evidence that this 
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is so, as has already been discussed, is not yet so convincing as its advocates 
maintain. Nevertheless, it is profitable to discuss whether reserpine sedation 
can be explained on the basis of noradrenaline deficiency. 

Much of the voluminous experimental evidence which has been adduced 
to support or to oppose the 5-hydroxytryptamine or the noradrenaline 
hypotheses consists of attempts to demonstrate that the behavioural effects 
of drugs are more closely correlated with one or the other monoamine. The 
results of these investigations are quite conflicting and the most important 
lesson that can be learnt from them is that conclusions concerning the role 
of neurohumoral substances, based on the actions of drugs (which are likely 
to have a multiplicity of chemical actions) should be treated with caution. 
Thus, while the monoamine oxidase inhibitor N-phenylisopropy1-N’- 
isopropylhydrazine reverses reserpine sedation and increases the ii-hydroxy- 
tryptamine content of brainz79, isopropylhydrazine increases brain 5-hyd- 
roxytryptamine levels but does not reverse the sedationzs0. Although several 
reports suggest that sedation is more regularly associated with depletion 
of 5-hydroxytryptamine rather than noradrenaline, it is also true that 
DOPA (unlike 5-HTP) can reverse reserpine induced depression141, and the 
balance of evidence suggests that an explanation of reserpine action should 
be sought for among its effects on noradrenaline activity. The presence of 
the indole nucleus in reserpine should not, however, be forgotten. 

The actions of cr-methylmetatyrosine (a-MMT) and cr-methyldopa have 
been intensively studied recently and they deserve some detailed mention. 

COZH 
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Figure 5.5. a-Methylated derivatives of the catecholamines 

They are decarboxylated in the body and their decarboxylated products 
(Figure 5.5) cause a loss of noradrenaline from both peripheral and central 
neuronesz81-z83. 5-Hydroxytryptamine is only slightly affected and it seemed 
that these compounds might provide a tool for determining the relative 
importance of 5-hydroxytryptamine and noradrenaline. Unfortunately their 
use has not resulted in the decisive conclusions originally hoped for. 

a-MMT and cr-methyldopa cause a loss of up to 97 per cent of the brain’s 
noradrenaline without producing any obvious behavioural change. The first 
conclusion was that since no overt consequence followed an almost complete 
loss of noradrenaline, 5-hydroxytryptamine must be the primary determinant 
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of behaviour. However, these compounds also deplete postganglionic 
sympathetic fibres of their noradrenaline without affecting sympathetic 
I e s p o n s e ~ ~ ~ ~ ~ ~ 8 4 .  (A recent report suggests that in some experimental condi- 
tions a decrease of sympathetic responses can be demonstrated in cats after 
a-MMT but not after a-methyldopaZ85.) It can hardly be argued that 
therefore noradrenaline is not concerned in the transmission of impulses 
from sympathetic fibres to their effector organs. Instead, it has been suggested 
that metaraminol and a-methylnoradrenaline replace noradrenaline, are 
liberated by sympathetic nerve impulses and thus act as ‘false transmitters’. 
A similar situation might arise in central neurones. An obvious objection to 
the false transmitter hypothesis is that metaraminol and a-methylnoradrena- 
line are not very powerful sympathomimetic agents and it is not immediately 
clear how sympathetic activity can remain completely unaffected when a 
powerful transmitter is replaced by a weaker agent. C a r l ~ s o n ~ ~ *  has provided 
another possible explanation of this action. There is evidence that nor- 
adrenaline is contained in at least two ‘pools’, a labile pool which is the 
immediate source of the noradrenaline which is liberated by nerve impulses 
and a much larger stable pool which acts as a reservoir which replenishes 
the labile pool when necessary. It is assumed that newly-formed noradrena- 
line is incorporated into the labile pool and is secondarily transferred to the 
stable pool. If reserpine prevented the uptake of noradrenaline by the labile 
pool, it could halt transmission without seriously reducing the total brain 
noradrenaline content. The decarboxylated derivatives of a-MMT and 
a-methyldopa, on this view, enter both pools so replacing the noradrenaline. 
Synthesis of noradrenaline continues and some is incorporated into the labile 
pool from which it is liberated by nerve impulses in the usual way. 

The most recent evidence suggests that the false transmitter hypothesis 
might, after all, furnish the better explanation of the mode of action of 
a-MMT. or-Methyl ( p )  tyrosine (or-MT) causes a loss of noradrenaline from 
the brain and, unlike a-MMT, it produces sedation in a number of animal 
species. a-MT also inhibits the conditioned avoidance response and this 
inhibition is correlated, to some extent at least, with a reduction in the 
noradrenaline content of the brain285. It is also clear that the sympatho- 
mimetic activities of metaraminol and or-methylnoradrenaline are not so 
uniformly less than that of noradrenaline as was at first thought; the relative 
potencies of these compounds depend very much on the species and 
preparation studied. There is also recent evidence that the replacement of 
noradrenaline by the false transmitters is accompanied by an increased 
sensitivity of the effector organsza6. It should, perhaps, be added that these 
facts, though welcome to the neuropharmacologist, make it even more 
difficult to explain the efficacy of a-methyldopa as a hypotensive agent. 

Preoccupation with the conflicting claims of noradrenaline and 5-hydroxy- 
tryptamine should not be allowed to obscure the fact that reserpine has 
actions on other neurohumoral systems. It has already been pointed out that 
reserpine causes a loss of GABA and dopamine from the brain. The case of 
dopamine is particularly important since compounds such as a-MT and 
or-MMT reduce the dopamine content of brain, though not to the same 
extent as the noradrenaline content. Everett and Wiegand measured the 
5-hydroxytryptamine, noradrenaline and dopamine content of brain during 
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altered behavioural activity produced by a variety of agents. They found 
that dopamine was more closely correlated Bhan was either noradrenaline or 
5-hydroxytryptamine with the level of activityzs7. Reserpine has also been 
reported to increase the acetyl~holine~8~-~90 and (on chronic administration) 
the substance P content of brain291 and to inhibit brain cholinesterase in 
V ~ V O ~ ~ ~ .  Recent experiments have failed to confirm the effect on acetyl- 
choline47. 

Reserpine has a number of biochemical actions. I t  potentiates and 
prolongs the elevation of liver diphosphopyridine nucleotides brought about 
by nicotinamide. This action is shared by reserpine derivatives which have 
tranquillizing properties but not by those without tranquillizing activityz". 
This effect is thus as characteristic as is monoamine depletion. 

Although it has been reported that reserpine increases the amount of 
ATP in the brainzg4, Kirpekar and Lewis295 have demonstrated that reserpine 
sedation was accompanied by a decrease in the ATP, and a corresponding 
increase in the ADP content of brain. The development and reversal of 
these changes paralleled the behavioural changes. 

Chlorpromazine is as powerful a tranquillizer as reserpine but it shares 
few of the pharmacological and biochemical actions of reserpine. It does 
not cause a reduction in the noradrenaline and 5-hydroxytryptamine content 
of brain, though it can block both the increase in brain monoamine concen- 
tration brought about by monoamine oxidase inhibitors and the depletion 
produced by reserpine296. In schizophrenic subjects, reserpine treatment, as 
might be expected, reduces the urinary excretion of 3-methoxy-4-hydroxy- 
mandelic acid. Chlorpromazine does not have this action2g7. Its effects on 
the other neurohumours are small and variable: it has been reported to 
cause an increase in the acetylcholine content of brain2s8 and to inhibit brain 
cholinesterase299. Other workers, however, found that chlorpromazine 
slightly depressed the acetylcholine content of brain4'. Chlorpromazine 
increases the amount of glucose in brain without affecting the phosphorylated 
intermediates and it has been concluded that it suppresses cerebral 
glycolysissoO. However, the increased brain glucose is associated with a 
reduction in the amount of glycogen in the brain and this glycogen deficiency 
is more pronounced in adrenal-demedullated animals301. The most charac- 
teristic biochemical action of chlorpromazine is its ability to uncouple 
oxidative phosphorylation3°z-304, due presumably to its interaction with 
enzymic SH groups since the uncoupling is reversed by cysteine and 
glutathione. It is interesting that uncoupling occurs in the cells of the 
hypothalamus with much lower drug concentrations than are effective in 
other regions of the brain305. There are conflicting reports concerning the 
effect of chlorpromazine on brain ATP : increasesso6, decreases307 and no 
change308 all having been reported. It is, however, well established that 
chlorpromazine inhibits ATPase activity of brain homogenates but not of 
powder30g. 

Of the other sedatives and tranquillizers, tetrabenazine and related 
compounds have properties similar to reserpine, including the ability to 
reduce the monoamine content of brain and phenothiazine derivatives with 
tranquillizing actions uncouple oxidative phosphorylation and inhibit 
ATPase activity to an extent roughly corresponding to their tranquillizing 
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potency310. Some of the non-phenothiazine tranquillizers (meprobamate, 
hydroxyzine and benactyzine) have similar effects. Kaul and Lewis311 found 
that a range of minor tranquillizers depressed the ATP:ADP ratio of rat 
brain in the same way as reserpine. Rather high drug doses were used in 
these experiments. Meprobamate even at a dose level of 200 mg/kg (the 
therapeutic dose in man is of the order of 10 mg/kg) had no effect on the 
ratio, while benactyzine elevated it. It should also be noted that, not- 
withstanding the high doses employed, the depression of the ATP level was 
never more than about 0.4 pM/g of brain or about 17 per cent of the total 
brain complement. Some barbiturates also cause an uncoupling of oxidative 
phosphorylation and many reduce oxygen consumption by brain in uitro, 
particularly if its respiration is stimulated electrically or by increasing the 
potassium concentration of the incubation medium. These changes should 
depress ATP formation but it has never proved possible to demonstrate a 
reduction in the ATP content of brain in uiuo during barbiturate depression 
or anaesthesia. The biochemical effects of a large number of drugs which 
have an action on the central nervous system have been extensively reviewed 
by Decsi312. 

I t  seems, therefore, that central nervous depressants may have one of two 
characteristic actions : they either deplete the brain of its monoamines or 
they uncouple oxidative phosphorylation. Some depressants have neither of 
these actions, none has both, though as has been seen, reserpine and the 
phenothiazine derivatives slightly reduce the ATP content of brain. Not 
only depressant drugs uncouple oxidative phosphorylation; the antidepres- 
sant imipramine for instance, is much more active in this respect than 
chlorpromazine313. It is possible, however, as Decsi has pointed out, that the 
anatomical site of maximal uncoupling is important in determining the 
pharmacological consequences of the biochemical lesion. 

I t  is not easy to see the relationship between depletion of monoamines 
(or other neurohumours) and uncoupling of oxidative phosphorylation. 
Acetylcholine synthesis and monoamine binding both require ATP, and 
Quastel has long argued that anaesthetic action might arise from the 
blocking of acetylcholine synthesis due to ATP lack consequent on the 
uncoupling. Unfortunately, there is no evidence that in uiuo the synthesis 
of acetylcholine or the availability of ATP is diminished during anaesthesia. 
The ATP deficiency reported by Lewis does not seem to be sufficient, in 
view of the large doses of drug required to elicit it, to have profound effects 
on amine binding or central nervous metabolism, nor is it regularly associated 
with a detectable reduction in the acetylcholine content of brain. Spirtes 
and Guth314 have suggested that the protean actions of the phenothiazines 
might be explained by their actions on membrane permeability, a stabiliza- 
tion of the membrane leading to inhibition of transmitter release. A number 
of the actions of chlorpromazine, including the prevention of both reserpine- 
induced depression and monoamine-induced elevation of brain monoamines 
can be explained in this way, but a more detailed comparative study of all 
the depressant drugs is needed before the hypothesis can be properly 
assessed. From what has been said concerning the lack of a precise knowledge 
of the central function of the monoamines, it is clear that it is not yet possible 
to give a satisfactory explanation of the mechanism of tranquillizer and 
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sedative action. A complete understanding of the mode of action of the 
several classes of depressant drug must await a more complete knowledge 
of the anatomical structures, the physiological mechanisms and the synaptic 
transmitters involved in the control of consciousness and behaviour. 

Antidepressants 
An explanation of the mode of action of the monoamine oxidase inhibitors 
in terms of their intervention in central transmission processes is difficult for 
several reasons. Monoamine oxidase is widely distributed in the body and 
some of the consequences of its inhibition may arise peripherally: in the brain 
the enzyme participates in the inactivation of at least three substances 
(noradrenaline, dopamine and 5-hydroxytryptamine) . Not all monoamine 
oxidase inhibitors have antidepressant activity but those that have may owe 
at least part of their activity to an action other than enzyme inhibition. 

Although the inactivation of 5-hydroxytryptamine is more exclusively 
dependent on monoamine oxidase than is that of noradrenaline, the behavi- 
oural changes which follow the administration of monoamine oxidase 
inhibitors are more closely associated with elevation of the noradrenaline 
content of brain. Thus, while a single dose of iproniazid increased the 
5-hydroxytryptamine content of the brain of the rabbit, little behavioural 
change occurred and the noradrenaline content remained virtually unal- 
tered312. With repeated doses of iproniazid, the brain noradrenaline content 
rose and signs of sympathetic stimulation and increased motor activity 
appeared as the maximum level was reached313. Conversely, following 
cessation of iproniazid treatment, the amount of noradrenaline in the brain 
returned to its pretreatment value concurrently with the disappearance of 
the signs of behavioural stimulation. The 5-hydroxytryptamine content 
remained elevated. In the rat, administration of iproniazid or tranylcypro- 
mine caused a transient rise in the brain noradrenaline content and a 
longer lasting augmentation of the 5-hydroxytryptamine ~oncentration3~4; 
motor activity was unaffected by the treatment. Monoamine oxidase inhibi- 
tors reverse reserpine-induced depression which itself seems to be more 
closely linked with noradrenaline than with 5-hydroxytryptamine depression. 
Some monoamine oxidase inhibitors3I5 (but not, apparently, all316) produce 
an increase in the dopamine content of brain which also follows a simiIar 
time course to that of the behavioural stimulation. 

The monoamine oxidase inhibitors have other actions : the hydrazides 
inhibit pyridoxal-dependent enzymes and thus lower the y-aminobutyric 
acid content of brain. There is also evidence that they prevent the release 
of noradrenaline from brain binding sites317. 

Although the available evidence suggests that the antidepressant action 
of the monoamine oxidase inhibitors stems from their ability to increase the 
amount of noradrenaline in the brain, it should be remembered that many 
other compounds, including some depressants, also possess some ability to 
inhibit monoamine oxidase. Moreover, orally administered DOPA which, 
like the enzyme inhibitors, should also increase both the dopamine and the 
noradrenaline content of brain, is quite ineffective in relieving depression318, 
though, as pointed out earlier, it does reverse sedation due to reserpine. 
Even if the effects of monoamine oxidase inhibitors are the consequence of 

302 



J. CROSSLAND 

increased noradrenaline or dopamine storage, the relationship between the 
pharmacological and the behavioural changes will remain unexplained until 
more is known of the physiological role of the monoamines. Many of the 
reservations concerning the hypothesis that tranquillizer action is due to 
monoamine depletion apply equally to the complementary hypothesis that 
antidepressant activity is due to monoamine excess. 

Apart from the properties conferred by the phenothiazine-like structure, 
the pharmacological actions of imipramine and related compounds, which 
are not strong inhibitors of monoamine oxidase and which do not increase 
the monoamine content of brain, are very similar to those of the monoamine 
oxidase inhibitors themselves. Several groups of workers have shown that 
imipramine reduces the excretion of 3-methoxy-4-hydroxymandelic acid, 
the principal metabolite of adrenaline and n0radrenaline3~*-~~~. This may 
be due to a change in the intracellular distribution of noradrenaline, more 
being taken into the storage granules and being thus spared from destruction. 
Since monoamine oxidase exerts its primary action on the processes concerned 
with monoamine storage, imipramine administration might effectively have 
the same central consequences as inhibition of the enzyme. This explanation 
recalls that put forward earlier (p. 301) to explain the similar therapeutic 
efficacy of two compounds-chlorpromazine and reserpine-with different 
pharmacological properties. 

Neuropharmacology of Parkinson’s Disease 
There is an association between Parkinson’s disease and brain dopamine 
deficiency. The urinary excretion of dopamine and its metabolites is 
depressed in Parkinsonian and their brain dopamine is 
reduced, the caudate nucleus and putamen often containing less than 10 per 
cent of their normal ~ o m p l e m e n t ~ ~ ~ l ~ ~ ~ .  In a subject affected on one side of 
the body only, it was found that dopamine depletion was more severe in the 
basal ganglia of the contralateral side. Noradrenaline and 5-hydroxytrypt- 
amine are also lost from the brain in Parkinsonian patients to a considerably 
smaller extent than dopamine. The akinesia and rigidity, but not the tremor, 
of Parkinsonism can be relieved by L-DOPA a d m i n i s t r a t i ~ n ~ ~ ~  ; however, 
5-HTP is reported to be relatively ineffective in this respect3z*. 

Although the several varieties of extrapyramidal disease show qualitatively 
similar symptomatologies and although there seems to be no distinct 
pathological lesion in Parkinson’s disease (p. 254), the biochemical lesion is 
apparently specific. Disturbances of dopamine metabolism have not, for 
instance, been detected in cases of Huntington’s chorea327 or of Wilson’s 
disease328, though the pathological lesions may be severe. 

Reserpine depletes the brain of dopamine and it is interesting that it 
produces only a slight increase in extrapyramidal symptoms in cases of 
severe Parkinsonism although it retains its tranquillizing There 
is evidence also that, as in reserpinized animals, monoamine oxidase 
inhibitors do not increase the amount of dopamine in the brain of Parkin- 
sonian patients, though accumulation of noradrenaline does occur. This has 
led some to suggest that in Parkinson’s disease there is a reserpine-like 
principle in brain which interferes with the storage of dopamine. 

Although the evidence so far presented suggests that Parkinson’s disease 
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might be due to a central dopamine deficiency, the drugs commonly used 
for its treatment are not related to dopamine but to acetylcholine. For many 
years the most widely used therapeutic agents were atropine and hyoscine. 
Some still regard hyoscine as the drug of choice, but it has been largely 
replaced by synthetic compounds (Table  5.7). All these compounds except 
methixene share with atropine and hyoscine the property of antagonizing 
the actions of acetylcholine. In their central actions they may be either 
depressant (like hyoscine) or excitatory (like atropine) and some also have 
antihistamine activity. Unlike DOPA, all these compounds can reduce the 
tremor as well as the rigidity and akinesia of Parkinson’s disease. 

The screening of compounds for possible anti-Parkinsonian activity is best 
performed with the aid of tremorine ( X X V )  which produces, in experimental 
animals, the Parkinsonian triad of asynergia, tremor and akinesia, together 
with hypothermia and intense parasympathetic stimulation. Knowledge of 
the mode of action of tremorine should therefore contribute towards an 
understanding of the biochemical aetiology of Parkinsonism, though in view 
of the complexities of extrapyramidal disease, care has to be taken not to 
imply too close a parallelism between the acute condition induced by 
tremorine and the chronic and progressive state produced by the degenera- 
tive lesions of Parkinson’s disease. Hypothermia, for instance, is not a feature 
of extrapyramidal disease (though anti-Parkinsonian drugs do effectively 
prevent the hypothermia due to t r e m ~ r i n e ~ ~ ~ )  and there is evidence that 
tremorine has some action on neurones in the spinal and hypo- 
thalamus338, a part of the central nervous system spared in Parkinson’s 
disease. 

(XXV) Tremorine 

Tremorine does not affect the dopamine or the 5-hydroxytryptamine 
content of mouse brain331. I t  causes a small but statistically significant 
reduction in brain noradrenaline concentration in this species331 and an 
increased 5-hydroxytryptamine content has been reported in rat+. Its 
most marked influence, however, is on the acetylcholine system. Among 
anti-Parkinsonian drugs, there is a good correlation between antitremorine 
activity and potency as acetylcholine antagonists333. Doses of tremorine just 
sufficient to produce tremor and rigidity cause a rise of up to 50 per cent 
in the acetylcholine content of brain334. In a recent analysis4’, it has been 
shown that the differential action of tremorine on the so-called ‘free’ and 
‘bound’ acetylcholine of brain is similar to that produced by eserine and 
other anticholinesterases and is similarly affected by atropine. Other drugs, 
such as anaesthetics and morphine, which also increase the acetylcholine 
content of brain, have different effects on its ‘free’ and ‘bound’ fractions. 
The actions of tremorine on the electroencephalogram also parallel those of 
eserine331 and, although tremorine has negligible anticholinesterase activity3S5, 
the liberation and accumulation of free acetylcholine would adequately 
explain its central pharmacological actions. It must, however, be recalled 
that some degree of anti-acetylcholine activity is commonly seen in drugs, 
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Table 5.7. Drugs used in the treatment of Parkinsonism 

Approued Name 

Benzhexol, Trihexyphenidyl 

Cycrimine 

Biperiden 
w 
0 
Ln 

Ethopropazine, Profenamine 

Procyclidine 

nenztropine 

Orphenadrine 

Clilorphenoxaniine 
Mcthixene 

Proprietary h’atne 

Artane, Pipanol 

Pagitane 

Akineton 

Parsidol, Lysivane 

Kemadrin 

Cogentin 

Disipal, Xorflex 

Phenoxafle, Clorexan 
Trenionil 

Formula 

Ph OH 

see Table 5.1. 

see Table 5.2. 

see Table 5.2. 

see Table 5.2. 

\ 

Major Properties 

Atropine-like (mild CNS stimulant; peri- 
pheral parasympatholytic action) 

Similar to benzhesol 

9 
0 

Similar to benzhexol P 

r 
Peripheral parasympatholytic; central ;U z 

U Similar to ethopropazine 

$ 
v, 

depressant. 

Similar to ethopropazine but also anti- 

Antihistamine; parasympatholytic; CNS 

Similar to orphenadrine 
Blocks adrenaline @-receptors 

histamine. 

stimulant. 
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such as the phenothiazines, that have Parkinsonian side effects. Moreover, 
methixene, a recent addition to the range of anti-Parkinsonian drugs, is said 
to be particularly effective against tremor yet its principal pharmacological 
action is to block adrenaline b-receptors. 

I t  is not easy to formulate a testable hypothesis which will satisfactorily 
explain why a disease which is associated with a deficiency of brain dopamine 
should be best treated by agents which antagonize acetylcholine. Physio- 
logically, the extrapyramidal symptoms seen in Parkinson’s disease reflect 
an imbalance of excitatory and inhibitory influences in which the excitatory 
influence, though fluctuating, is dominant. If dopamine and acetylcholine 
were the central mediators of the inhibitory and excitatory influence 
respectively, a deficiency of dopamine would have the same effect as an 
excess of acetylcholine and the symptoms of Parkinson’s disease might be 
relieved either by restoring dopamine to the brain or by inhibiting the 
otherwise unopposed action of acetylcholine. Although dopamine has 
inhibitory actions in some experimental situations (p. 271) and seems to be 
particularly associated with the extrapyramidal system, there is as yet no 
real evidence to sustain the hypothesis that Parkinson’s disease is due to a 
removal of a dopamine mediated restraint on excitatory activity. There is, 
indeed, some evidence against it, since DOPA is not so effective an anti- 
Parkinsonian agent as are the acetylcholine antagonists : the tremor, in 
particular, is not improved and may be worsened by DOPA treatment336. 
The alternative possibility is that Parkinson’s disease is primarily due to the 
liberation of free acetylcholine from the neurones of the basal ganglia which 
are as rich in acetylcholine as they are in dopamine. Over the past few years, 
neuroplzarmacological studies have focused predominantly to the detriment 
of acetylcholine on the more recently discovered neurohumoral factors and 
for this reason no information is available concerning the acetylcholine 
metabolism of brain samples taken from Parkinsonian patients. The possi- 
bility of a relationship between acetylcholine and dopamine metabolism 
also merits investigation. DOPA does not, however, reverse the effects of 
tremorine. 

The symptoms of extrapyramidal involvement which accompany treat- 
ment by many of the psychotropic drugs are generally described as 
‘Parkinsonian’. Although the symptoms respond to treatment by anti- 
Parkinsonian drugs, they cannot be attributed either to dopamine deficiency 
or to acetylcholine excess. Thus, the extent of the spasticity produced in cats 
by chlorpromazine, prochlorperazine and mepazine bears no relation to the 
degree of dopamine depletion in the corpus s t r i a t ~ m ~ ~ 7 .  Neither chlorpro- 
mazine nor reserpine have a marked effect on the acetylcholine content of 
brain nor do they alter the proportion of ‘free’ ester4’. 

In experimental animals, catatonia is the most obvious manifestation of 
the extrapyramidal stimulation which follows the administration of chlor- 
promazine or reserpine. A much more extreme form of this condition can be 
produced by bulbocapnine, but this drug, in doses sufficient to produce a 
maximal cataleptic effect, has no detectable action on either the acetylcholine 
or the dopamine content of brain30. The catalepsy due to bulbocapnine can 
however be partially antagonized by atropine and the intraventricular 
injection of acetylcholine produces a cataleptic-like condition in catss0. 
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Finally, it should be recalled that DOPA can itself produce extrapyramidal 
effects as well as reversing them140, that reserpine can reverse tremorine 
induced tremor in rats as well as producing Parkinsonian side effects in the 
human subject339 and that, many years ago, bulbocapnine was used in the 
treatment of Parkinson’s disease. 

From the neuropharmacological aspect, therefore, it seems that the 
symptoms of Parkinson’s disease itself may find an explanation more readily 
than the similar symptoms produced by psychotropic drugs. It is safe, 
however, to predict that the biochemical pharmacology of extrapyramidal 
disease will prove to be as perplexing as its pathology and as complex as the 
functional and structural interconnections of the many components of the 
basal ganglia. 

Psychotomimetic Drugs 
A number of psychotomimetic substances-including adrenochrome and 
adrenolutin which are derived from adrenaline-are indole compounds and 
are therefore structurally related to 5-hydroxytryptamine. The most 
extensively studied member of the group-LSD25-is, however, less closely 
related to 5-hydroxytryptamine than are compounds such as bufotenine. 

In 1953, Gaddum demonstrated3 that LSD antagonized the action of 
5-hydroxytryptamine on a number of pharmacological preparations and he 
suggested that the central effects of LSD might be due to its exerting a 
similar antagonism at central synapses. This suggestion, with its implication 
that 5-hydroxytryptamine acted as a transmitter substance in the central 
nervous system was the immediate inspiration of a quite remarkable number 
of studies seeking to establish a relationship between 5-hydroxytryptamine 
activity and central nervous function. The later discovery of 5-hydroxy- 
tryptamine antagonists which have no psychotomimetic action (bromo- 
lysergic acid is the example most usually quoted) caused many to doubt that 
the actions of the psychotomimetic indole derivatives could be explained on 
the basis of their interaction with 5-hydroxytryptamine. The hypothesis 
cannot, however, be dismissed so easily, for substances that antagonize 
5-hydroxytryptamine on smooth muscle preparations need not necessarily 
have the same action on the central nervous system. Thus, the sedative 
effect of. 5-hydroxytryptamine, injected into the cerebral ventricles, is 
antagonized by LSD but not by b r ~ m o - L S D ~ ~ ~  and there is evidence that 
the latter compound may not reach LSD sensitive areas as easily as does 
lysergic acid itself340. Moreover, although some 5-hydroxytryptamine 
antagonists are not psychotomimetic, all the psychotomimetic indoles 
certainly antagonize 5-hydroxytryptamine. 

It is important to recognize that, even on such simple pharmacological 
preparations as the uterus, lysergic acid is not invariably antagonistic to 
5-hydroxytryptamine, facilitation being observed with lower doses341. On 
some preparations (including dog blood pressure and intestinal motility), 
only facilitation has been rep0rted34~r~~~ and on others no agreement has 
been reached concerning the interaction between 5-hydroxytryptamine and 
lysergic acid. Thus, the literature contains a report that 5-HTP antagon- 
i z e ~ ~ ~ ~ ,  and another that it has no effect on345, the psychotomimetic action 
of lysergic acid. The reported behavioural effects of LSD in animals vary 
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between sedation and sham rage; LSD has been said both to inhibit346 and 
to potentiate347 the 5-hydroxytryptamine induced prolongation of barbitur- 
ate-narcosis. On the EEG, LSD and 5-hydroxytryptamine (or 5-HTP) have 
similar effects in some areas of the brain and opposite effects in others348. 
Both compounds inhibit trans-callosally evoked potentials in the visual 
cortex and chlorpromazine is equally antagonistic to b0th*1?3~~. 

While disparate results such as these may be partly explained by the fact 
that the mutual antagonism and synergism of LSD and 5-hydroxytryptamine 
are dose dependent, the results themselves do not permit the drawing of 
firm conclusions concerning the actual mode of action of either compound. 
Thus, although there is certainly suggestive evidence that the psychoto- 
mimetic actions of LSD depend on its relationship with 5-hydroxytrypt- 
amine, the nature of the relationship is far from clear and it is likely to 
remain so until more is known of the physiological role of 5-hydroxytrypt- 
amine. 

The other psychotomimetic compounds which contain an indole nucleus 
have been much less extensively studied than LSD. Bufotenine is found in 
the toad, Bufo marinus, in a toadstool and in cohaba snuff; both bufotenine 
and NN-dimethyltryptamine (which also occurs in cohaba snuff) can be 
formed in vitro from 5-hydroxytryptamine and there have been reports that 
the urine of schizophrenic patients contains b ~ f o t e n i n e ~ ~ ~ .  This finding 
could not be confirmed in a later and it seems unlikely that bufote- 
nine production is an aetiological factor in schizophrenia. 

Attempts to explain the hallucinogenic action of LSD on biochemical 
grounds have proved unsuccessful. Those biochemical actions which have 
been reported and which include inhibicion of glucose 0xidation~~29353, 
inhibition of pseudoch~linesterase~~~ and elevation of the ATP : ADP ratio 
in brain355, are non-specific or require large doses of the drug for their 
demonstration. 

Mescaline is structurally similar to dopamine but some of its biochemical 
and physiological actions are similar to those of LSD. In  particular, both 
compounds inhibit glycolysis in electrically stimulated brain slices in 
vitro3589357 and inhibit trans-callosally evoked potentials in The 
psychogenic actions of mescaline do not occur coincidentally with the time 
of maximum blood levels359 and it has been suggested that they are due to 
a mescaline metabolite such as 2- (3,4,5-trimethoxyphenyl) ethanol ( Table 5.6) 
which itself has hallucinogenic activity, particularly in individuals subjected 
to stroboscopic stimulation360. Mescaline has sympathomimetic effects which 
develop concurrently with the hallucinatory state and it is interesting that 
other sympathomimetic compounds such as amphetamine, which are not 
usually regarded as hallucinogens, do have psychogenic activity in some 
subjects. 

A common mechanism may underlie the psychogenic action of the indole 
type hallucinogens on the one hand and the compounds related to adrenaline 
on the other, but it is not yet possible to say whether this action is related 
to 5-hydroxytryptamine or to adrenaline. Adrenochrome and adrenolutin 
have structural similarities with the indoles and, under similar conditions, 
both LSD and mescaline similarly antagonize the action of 5-hydroxy- 
tryptamine on isolated preparations341. There is some evidence that LSD 
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antagonizes the action of adrenaline as it does that of 5-hydro~ytryptamine~~l 
and both LSD and mescaline have been reported to increase the conversion 
of adrenaline to adrenochrome and adrenolutin in v ~ v o ~ ~ ~ .  The mode of 
action of these compounds themselves is not known, though they inhibit 
glutamic d e c a r b o ~ y l a s e ~ ~ ~  and this may contribute to their hallucinatory 
activity in view of the excitatory actions of glutamic acid. 

The relationship of many of the psychotomimetic compounds to naturally 
occurring substances ( Table 5.6) has led several groups of workers to suggest 
that disturbances of monoamine metabolism in man may produce hallucino- 
genic metabolites and thus be an important aetiological factor in schizo- 
phrenia. Among the hallucinogens which have been reported or sought for 
in the blood and urine of schizophrenic patients are adrenochrome, adreno- 
lutin, 3,4-dimethoxyphenylethylamine, bufotenine and tryptophan and its 
metabol i te~3~~~~~.3~j .3s7.  Although considerable controversy surrounds the 
whole question of the actual occurrence of these compounds in vivo and of 
their particular relationship to the schizophrenic process, sufficiently 
persuasive evidence has been forthcoming to suggest that further investiga- 
tion of the relationship between monoamine metabolism and schizophrenia 
will be worth while. I t  has recently been reported3@ that melanin production 
is increased in schizophrenic subjects and it has been cautiously suggested 
that this may result from a lack of the ‘lightening factor’, melatonin, which 
is itself produced from 5-hydroxytryptamine. 

N-Methyl-3-piperidyl benzilate ( Table 5.6) has anti-acetylcholine activity 
and some other compounds such as atropine with a similar pharmacological 
action are psychogenic in some individuals. Phencyclidine is an anaesthetic 
which particularly blocks impulse transmission from the thalamus to the 
cerebral cortex. The fact that it has psychotomimetic activity is interesting 
in view of the observation, already mentioned, that perceptual deprivation 
produces hallucinations in man. Since cholinergic synapses are widely 
distributed in the brain it is possible that the psychogenic action of anti- 
acetylcholine compounds is also related in some way to an interference with 
sensory input to the brain. 

The relationship between the hallucinogenic activity of compounds or 
experimental procedures which cause perceptual deprivation and those 
essentially stimulant compounds whose activity seems to stem from their 
interaction with monoamine metabolism cannot yet be established nor 
is it possible to specify the actual locus of action of the psychotomimetic 
drugs. 

Extensive reviews dealing with the pharmacology and biochemistry of the 
psychotomimetic c o m p o ~ n d s 3 ~ ~ ~ ~ ~  and with biochemical theories of schizo- 
phrenia389J70, have recently been published. 

CONCLUSIONS 

The accidental discovery of psychotropic properties among a number of 
different compounds has been exploited by chemists to produce a huge 
range of psychotropic drugs, a few of which have been discussed in this 
review. While there can be no doubt that some of them have been of the 
greatest therapeutic value-the treatment of schizophrenia, for instance, has 
been revolutionized by the phenothiazine compounds-others have failed to 
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justify the enthusiasms aroused by the early results of their clinical applica- 
tion. It is also unfortunately true that a rational explanation of their mode 
of action cannot yet be presented. 

So far as the clinical aspects of psychotropic drug action are concerned, 
the greatest obstacle to a realistic assessment of the worth of individual 
compounds is undoubtedly the existence of the placebo effect which is not 
necessarily eliminated even in the most carefully designed double-blind 
trials. Many of the psychotropic drugs have pronounced peripheral effects 
which make it impossible to disguise from both the patient and his attendants, 
the fact that a drug has been administered. One method of circumventing 
this difficulty is to produce dummy mixtures which have no central action 
but do have peripheral actions similar to that of the drug under trial. Some 
trials have been made with ‘active dummies’ but many of the substances 
which might be used to produce the required peripheral effects have 
inevitably a central action also. Furthermore, part of the therapeutic effect 
of the psychotropic drugs may itself be attributable to peripheral activity. 
While this may not detract from their clinical value, it produces a perplexing 
situation for the experimental neuropharmacologist investigating the central 
actions of drugs in the hope of detecting the biochemical changes underlying 
the conditions for which they are prescribed. A direct pharmacological 
analysis of the clinical condition is precluded by the impossibility of repro- 
ducing the state in experimental animals. Thus, while it is possible to induce 
diabetes mellitus in some animals by removal of the pancreas, neurotic and 
psychotic conditions can at best only be caricatured, and that with difficulty, 
by experimental methods. 

An explanation of the mode of action of psychotropic drugs in terms of 
their effect on neurohumoral systems demands broadly based investigations 
into the actions of a few representative drugs. While many studies are 
concerned with only one neurohumoral system, the evidence suggests that 
many of the more successful therapeutic agents interact with more than one 
neurohumoral factor. Nothwithstanding the large number of drugs involved, 
structure-activity relationships among the psychotropic compounds have not 
revealed, except in a very few instances, any clear indication of the nature 
of the receptors and the chemical mediators with which the drugs interact. 

Experiments in which psychotropic drugs are used in attempts to elucidate 
the function of neurohumoral substances have to be interpreted cautiousIy. 
A compound may antagonize the action of a neurohumour on a simple 
pharmacological preparation but it is an almost inevitable consequence of 
the fact of this antagonism that the same compound, under different 
conditions or on different preparations, will also mimic the neurohumour or, 
by preventing its destruction, may prolong its action. In addition, it is likely 
to have its own independent properties, SO that its action on the complex 
receptor system of the brain cannot be adequately determined by analysing 
the rather simple and frequently imprecisely defined behavioural data 
provided by many types of pharmacological study. When the investigation 
involves the interaction of two drugs, the problem becomes more than twice 
as complicated. The presence of co-ordinated and reciprocally related 
systems of inhibitory and excitatory nuclei in the central nervous system, 
together with the fact that d rug  may have excitatory or inhibitory effects 

310 



J. CROSSLAND 

depending on their concentration, adds a final complication to an already 
involved situation. For this reason, as has been emphasized throughout this 
review, it seems that a knowledge of the physiological significance of neuro- 
humoral substances is more likely to come from studies of their direct 
actions on synaptic and neuronal processes rather than from considerations 
of the gross behavioural effects produced by compounds which appear to 
have some structural or functional relationship with the neurohumours. 
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THE NITROFURANS 

K. MIURA AND H. K. RECKENDORF 

INTRODUCTION TO HISTORICAL DEVELOPMENT 

CHEMOTHERAPEUTIC agents are defined as chemical compounds which affect 
causative organisms without injuring the patient. The nitrofurans, which do 
not occur in nature and belong to this large group of compounds, are 
characterized by a heterocyclic ring consisting of four carbon atoms and one 
of oxygen; an azomethine group, -CH=N-, is attached at C, and a 
nitro group at C,. Antimicrobial effectiveness of all furfural derivatives 
requires two essential factors : 

(1) the presence of a nitro group attached to C, of the furan ring; 
(2) one of the many variations of the side chain at C,. 

The simplest representation of these nitrofurans is therefore as follows : 

which, for convenience, is shown in this review as 5-0,N. Fur. R. The prime 
reasons for the growing interest in these compounds for the treatment of 
infectious diseases are that resistant strains have not developed with their 
use, and that they exhibit specific action in eradicating certain types of 
bacteria. Moreover, nitrofurans have shown minimal toxicity and side 
effects during prolonged use. They are also widely employed in the treatment 
of animal disease and in promoting growth and feed utilization in farm 
animals. 

Although some characteristics of the nitrofurans, for example, their 
mechanism of action, remain incompletely explained, the physician is 
nevertheless able to use the drugs for some specific indications. Perhaps this 
explains why so few resistant strains have developed with their use in com- 
parison to other chemotherapeutic agents, notably the antibiotics. 

The search for more effective and less toxic nitrofuran derivatives con- 
tinues to yieId better compounds. Some of the recently discovered products 
have aroused keen interest in researchers and it is hoped that new compounds 
of the nitrofuran group can soon be used in medical practice in lieu of the 
present less specific administration of broad spectrum antibiotics. The 
interesting history of nitrofurans is treated in detail by Dunlop and Peters*. 

Nitration of furfural was successfully carried out in 1930, almost 100 years 
after its discovery. Several nitrated compounds which were studied in 
following years had to be abandoned because of dangerous side effects. In  
1939 a programme of research with new nitrofurans was initiated by Eaton 

* The Furans, Reinhold Publishing Corporation, New York, 1953. 
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Laboratories (U.S.A.) and led to the discovery of nitrofurazone by Dodd 
and Stillmanl in 1944. This important product can be called one of the 
fundamental discoveries in the history of nitrofurans ; it was successfully used 
in combating serious wound infections on the European continent during 
World War 11. Although it is still available as a topical agent, it lacks 
effectiveness against certain organisms, such as those occurring in burns, 

5 -  02N-Fur .CH=N- NH.CO -NHz 

(1) 

5 - 02N - Fur * C H= N . N H . C . N H2. H C t 

(11) 

II 
NH 

5-0,N. Fur. 

h-0 
0 

5-OZN.Fur. CH=CH<N/)--NH.COMe 

N-N 

(1x1 

5-02N-Fur .CH=N-NH.OH 

5 - 02 N . Fur . C H =C H 
\ 
C=N.N .C.N Hz’ H C I 

5-02N.Fur.C H=CH / II NH 

( VIII)  

5 - 02N. Fur - CH = C H q T k N  (CHz. OH), 
N-N 

(X) 

and thus the search for new derivatives continues. So far, however, a 
superior product has not been marketed. 

A few years after the introduction of nitrofurazone, two additional nitro- 
furans were selected from several hundred synthesized compounds for use 
in human and veterinary medicine. These two products were nitrofurantoin 
and nitrofurazolidone which are used in urinary tract and intestinal infec- 
tions, respectively. It has been difficult to surpass nitrofurazone for topical 
use, but it seems even more difficult to improve upon these two latter 
products. Numerous attempts have either been made or are in process; it 
will be a part of the following description to mention some of the most recent 
discoveries, none of which have become available for general use. 

In  order to fill the gap in the specific treatment of systemic staphylococcus 
diseases, the compound furaltadone was introduced in the U.S.A. and a few 
European countries, but had to be withdrawn later because of its neurotoxic 
side effects. This product is, however, still available for veterinary use. 

In  addition to the above-mentioned nitrofurans, Furaspor was employed 
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clinically for the treatment of microsporum infections, especially Tineu 
cupitis. The same product later proved to be effective in dermatomycosis. 
For limited use in veterinary medicine the product Furamazone was recently 
marketed because of its favourable effects in bovine intestinal infections. 
One of the most recently introduced nitrofurans is Mycofur which is used 
for the treatment of fungal and bacterial infections, and especially when 
combined with furazolidone for topical use in the treatment of moniliasis 
and trichomonas infections. The introduction of oral agents, however, for 
the treatment of trichomonas infections has rendered the furazolidone- 
Mycofur combination obsolete, but it would be premature to appraise thc 
long-term results of oral treatment a t  the present time. 

In view of thousands of publications that have appeared during recent 
years, it is difficult to summarize all aspects of the chemistry and clinical 
uses of nitrofurans, not to mention the wide range of experimental studies 
which were their necessary predecessors. In the clinical section of this 
chapter each drug will be described under a separate heading with emphasis 
on the progress in human medicine. The reader should understand in 
addition that the nitrofurans also have a definite place in veterinary medi- 
cine. Besides some basic work which was published soon after the compound 
under discussion appeared on the market, only the most recent publications 
have been considered. Hence, the list of references is not to be considered 
complete. 

CHEMICAL AND PHYSICAL PROPERTIES OF NITROFURAN 

COMPOUNDS 

Amongst forty-two furan derivatives which were investigated by Dodd and 
Stillmanl in 1944 nitrofurazone was found to be highly effective as a topical 
agent. I t  contains the azomethine side chain (--CH=N-) in the 2-position 
of the furan ring. From 1944 to 1960 over 450 similar compounds were 
synthesized and studied for antimicrobial properties. Seven compounds were 
selected from these, namely the commercially available compounds nitro- 
furazone, nifuroxime, guanofuracin hydrochloride, nitrofurantoin, furazoli- 
done and panazone. Recently acetyl- and di- (hydroxymethy1)-derivatives 
of panfuran have been developed for clinical use in Japan. Some physical 
and chemical properties of these furan derivatives are shown in Table 6.1. 

The clinically used nitrofuran compounds may be divided into four 
groups: (1) azomethine type nitrofurans; (2) di-(nitrofuran) compounds; 
(3) vinylogous nitrofurans; (4) other nitrofurans. 

Azomethine Type Compounds 
A few nitrofuran azomethine compounds are soluble in water. But guano- 
furacin and furaltadone are soluble only in acidic solution by salt formation. 
The free base precipitates rapidly by addition of alkali to the solution. I t  is 
known that the water solubility of nifuroxime and nitrofurantoin increases 
by adding alkali, and a sodium salt of nitrofurantoin can be prepared for 
practical purposes. Most of the nitrofurans are readily soluble in polyethyl- 
eneglycols and in dimethylformamide. A solution of the desired concentration 
of nitrofurans can sometimes be prepared by dissolving the compound 
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Table 6.1. Physicochemical properties of clinically effective nitrofurawP6 

Conipouno 
number 

I 
11 
111 

IV 
V 
vz 

w VII 
W 
N 

vrrr 
I X  

X 

M.wt. 

198.14 
233.63 
238.16 

225.16 
304.29 
156.10 

157.12 

396.76 
275.22 
293.25 

Appearance 

Pale yellow needles 
Yellow crystal powder 
Orange yellow needles 

Yellow crystals 
Yellow crystals 
Orange yellow prisms 
Pale yellow needles 
Light yellow viscous oil 

Orange red powder 
Pale yellow 
Orange red crystals 

m.p. 
(decompn . ) 

("C) 

Ultra-violet 
absorbency 

maxima (mp) 

227-241 
2 54 

270-272 

255 
206 

163-164 
129-130 
6.5-7.25 

300 
2 75 

153-161 

260.0, 375.0 
255.0, 364.0 
265.0, 367.5 

259.0, 367.0 
275.5, 365.0 
232.5. 341.0 
232.5; 348.0 
230.0, 319.0 

320.0, 417.5 
286.0, 382.0 
292.0, 405.0 

Water 

210 
10,000 

190 
(PWA 

750 
1,040 
4,450 

1 1,000 

10 
10 
5 

Approx. solubility (mg/l) 

Ethanol 
95% 

920 
1,670 

510 

90 
1,320 

39,600 
1 1,000 

I00 
20 

62.5 

- 

Peanut 
oil 30°C 

15 
100 
21 

10 
20 

3,000 

170,000 

50 
. 10 

15 

Kcy lo compounds (see p .  321 for formulue) : 

I 5-Nitro-2-furfuraldehyde sernicarbazone (nitrofurazone, nitrofural, NF-7, Furacin, Sanfuran). 
I1 5-Nitro-2-furfurylideneaminoguanidine hydrochloride (guanofuracin hydrochloride); (NF-56 is the 

I11 1-(5-Nitro-z-furfurylideneamino)hydantoin (nitrofurantoin, NF-153, Furadantin, Furantoin). 
IV 3-(5-Nitrc-z-furfurylideneamino)oxazolidin-n-one (furazolidone, NF-180, Furoxone, Medaron, Puradin, 

sulphate). 

Trifuroa). 

. 

V ~-(Morpholinornethyl)-~-(~-nitro-z-furfurylideneamino)oxazolidiu-z-one (furaltadone). 
VI 5-Nitro-I-furfuraldehyde oxirne (nifuroxime, nitrofuroxirne, NF-6, Micofur), 

VII  5-Nitro-2-furfuryl methyl ether (furaspor). 

I X  3-Acetarnido-6-[z-(j-nitro-r-furyl)vinyl]- I ,z,+triazine (acetylpanfuran). 
VIII I ,5-Bis-(5-nitro-z-furyl)penta- I ,kdien-pone guanylhydrazone hydrochloride (panazone). 

X ~-Di-(hydroxymethyl)aminod-[n-(~-nitrc-z-furyl)vinyl]-~,~,q-triazine (Panfuran S). 

Chloroform 

22 
100 
35 

200 
22,000 
5,400 

lompletely 
miscible 

25 
16.6 
33.3 
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in a small volume of the organic solvent and introducing this solution into 
water. 

The aqueous solution of nitrofurans is not stable in alkali and many 
nitrofurans are relatively insoluble in water. Many attempts have been made 
to find water-soluble and active nitrofurans. It was reporteds that guano- 
furacin lactate and gluconate are more readily soluble than guanofuracin 
hydrochloride in water. However, antibacterial activity of these organic acid 
salts is identical to that of hydrochloride3. 

Compound 
number 

1 

2 
3 
4 
5 
6 

' 7  
8 

9 
10 
11 
12 
13 
14 

15 

16 

17 

18 

19 

20 
21 
22 

Table 6.2. N-Acyl derivatives of 5-nitrofurfural hydrazone 
5-0,N-Fur. CH=N.NHli 

CO.NH, 
(ni trofurazone) 
CO. NHMe (NF-62) 
CO . NH. CH?. CHZ-OH (NF-145) 
CO .NH.NH? 
CO . NH. N: CH. Fur. 5-NO, 
GO. CO . NHZ 

CY . N H .  CHzPh 
(nifuraldcLone) 

COMe 
(nihydrazone) 

CO. CHCI, 
C0.CH2Cl 

CO . CH,. CN 
CO. (cHz)3,0€I 
CO . CGH4. OH( O )  

CO . CGH,. OH&) 

CO.OEt 
CO .O. CHz. CHz.OH 

s 

P(OEt), 
II 

m.p. ("C) 

2244 

203-4.5 
260.5-1.5 

148-9.5 
230-5 

245-6.5 
203-5 
190-92d. 
143 
276-7d. 
298 

219 

2 58-60d. 

240d. 

246d. 

197-9 

1 9 5 4  
168 
101.5-2.5 

References 

7-13 

14 
15, 16 

16 
14 

17 
18 

19 
20 
19 
21 
22 
25 

23 

24,25 

26 

27 

27 

28 
28 
29 

a 4-pyridyl 
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The substituents R and R' which have been introduced into the azo- 
methine group may be classified as acyl (Tab le  6.2), alkyl (Tab le  6.3) and a 
mixture of both of these types (Tab le  6.4). 

Table 6.3. M-Akyl derivatives of 5-nitrofurfural hydrazone 
5-0,N. Fur. CH=N. NRR' 

Compouna 
number 

1 
2 
3 
4 
5 
6 

7 

8 

9 
10 
11 

R 

H 
H 
H 
H 
H 
H 

H 

H 

Me 
Me 
Me 

n-pyridyl z-pyr 

R' 

E t 

SMe 

'Me 
CH,. GO-NH, 
CH. (0Me)Ph 
CH-(OMe) .Fur.5-NOz 

m.p. ("C) 

119-21 
245 
167-70 
220-30 
148.5-51 
228-Yd. 

272-5d. 

250-2d. 

181.54 
107.5-8.5 
130-1 

References 

30 
31 
32 
39 
34 
35 

36 

35 

32 
37 
37 

A large number of azomethine nitrofurans containing various heterocyclic 
rings have been synthesized: the most important of these contain either a 
hydantoin (Tab le  6.5) or oxazolidinone (Tab le  6.6) ring. Nitrofurans con- 
taining the following rings have also been studied : 3-oxazolidin-2-one 
(X1)43>44, 3-rhodanine (XZZ)45, 3-imidazolid-2-one (XZZZ)46, 1-hydantoin 
(XZV)47947a, 1-imidazolidine-2-thione ( X V ) 4 8 ,  4-1,2,4-triazole (XV1)4g, 1- 
piperazine (XVZZ)50, 4-tetrahydro-l,4-thiazine-l, 1 -dioxide (XVZ1Z)51, l-tetra- 
hydropyrimidin-2-one (XZX) 52, 5-methyl-4,5-dihydrouracil (XX)53 .  

- - - - 

0 A J R  S AJR O Y  L X  
R 

L7 
O $ I  

H 
(XI) (XI ] )  ( X I I I )  (XIV) 
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Table 6.4. N-Acyl-N-alkyl derivatives of 5-nitrofurfural hydrazone 

5-0,N. Fur. CH=N. NRR' 

21445d. 

177-8 
235 
250-1 
144-6 
1454 
143-7 
188-90 
145.545 
- 

14 

38 
30 
34 

28, 39 
28 
28 
40 
41 
42 

I R' m.p. ("C) Rderences 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 

Me 
CH.. CH,. OH 

CO.NH, 
(nidroxyzone) 
CO.NH, 
CO.NH, 
CO.NH, 
CO.NH, 
CO.OEt 
CO.OEt 
COMe 
COMe 
COMe 

CH:. CH:. CN 

a n-pyridyl morpholino 

Table 6.5. Aminohydantoin derivatives of 5-nitrofurfural 

5 - OzN - Fur .CH=N-N 

0 A>oR' I 

R 

CornpounL 
number 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

R 

H 
(nitrofurantoinj 
H 
H 
H 
H 
H 
H 
H 
COMe 
CH,OH 

CH,.CMe, 
CH,.CH,.NMe, 
CH,.(CH,),.NMe, 
CH,.(CH,),.NMe, 

CH,.CH,.NPr,i 
CH, . (CH,) a .  NPrZi 

CH,.CH,. OH 
CHZ-CH,. CN 

CH,.(CHZ)Z.NEt, 

CH,.C,H,.NO,.(p) 
CH, - CSH4N" 
CH,. (CH,),.C,H4Na 
CH, . CH,. C4H,NOb 
CH: CH, 
CH: CHMe 
CH, . CH : CHMe 
CH : CHMe 
CO. OMe 
CO.OEt 
CO. OPri 
GO. OPP  
C O .  OBu 

R' 

H 

CH,-OH 
CH,( CH,) ,Me 
CH, . (CH,) ,Me 

CH, . (CH,) ,Me 
CH,Ph 

CH,. (CHzjsMe 

CH,. O,C . c,H,. COOH (o) 
€ I  
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

m.p. ("Cj 

261, 272 

205-7 
146-6.5 
137-8 
122-3 
120-2 
156-7 
136-8 
2004d. 

236-8d. 
- 

195-200 
195-9 
22 7-30d. 

223-5 
238-9d. 

224-7d. 

210-2d. 
229-33d. 

23841d. 

23040d. 

2 18-2 Id. 

225 
170-2 
167-8 
170-2 

224-7 
2 18-20 
205-7 

23740 

194-7 
1 89-9 1 
176-7 
170-2 
195-8 

References 

47-59a 

60,61 
62 
62 
62 
62 
62 
63 
64 
64 
64 
65 
66 
64 
64 
64 
64 
64 
64 
66 
64 
64 
64 
67 
67 
67 
67 
66 
66 
66 
66 
66 
66 
66 
66 

4-pyridyl morpholino 
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Table 6.6. Amino-oxazolidin-2-one derivatives of 5-nitrofurfural 
5- 02 N * Fur * CH : N-N 

0 

Compound 
number 

1 

2 
' 3  
4 
5 
6 
7 
8 

9 

10 

11 

12 

13 

14 

15 

16 

R m.p. (OC) Rdcrences 

H 
(furazolidone) 
CHZ.NEt, 
CH,. NBu, 
CH, - NPhMe 
CH; . NPh, 
CH, . C4H*N" 
CH,. C,H,,Nb 
CH,. C4H80Nc 

CH,. N . (CH,. CH: CH,) 2 

( fural tadone) 

CH,.NuN.CH: n CH, 

~ 

pyrrolidino piperidino morpholino 

225d. 

170-1 
152.5-3.5 

163-5 
207-8 

214-15 

197-8 
205-6 

151 

203 

197 

191-3 

161-4 

193 

186 

1865 

59, 68-79 

80 
80 
80 
80 
80 
80 

80-34 

84 

84 

I 
84 

84 

84 

84 

84 

84 

Di- (nitrofuran) Type Com.ounih 

(5-0,N a Fur. CH=CH) ,C=N. N . RR' 

Panazone (Tables 6.1 and 6.8) which was synthesized3 in 1951, is a typical 
di-(nitrofuran) compound, being insoluble in water and unstable to heat. 
When panazone is heated in organic solvents, the solution changes colours5 
( Table 6.7). 
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Table 6.7. The effect of heating on the antibacterial activity of 
panazones6 and the subsequent changes of colour of the solution 

H 

H 

Time of heating 
at 120" C 

(rnin) 

C * NH,.HCI 
/ I  
NH 

C.NHMe 

0 
5 

10 
30 

H 

H 

60 
120 

5 (at 200") 

NH 
C.  NMe, 

! I  
NH 
C.NHEt 

Change in colour of 
solution by heating 

H 
H 
H 

scarlet red 
orange red 
orange 
yellow 
soiled yellow 
dark yellow 
yellow 

il 
NH 
CO * NH, 
CS.NH, 
Ph 

Concentration which carries 
a bacteriostatic effect 

on the dysentery bacillus 

1:  20,000 
1 : 1,280,000 
1 :2,560,000 
1 :5,120,000 
1 :2,560,000 
1: 640,000 
1 :5,120,000 

For example, the original scarlet red colour changes to yellow on heating 
for 30 minutes a t  120" and the chemical structure of the compound changes 
considerably (see p. 338). The bacteriostatic activity of the yellow solution 
against dysentery bacillus is about 250 times greater than that of panazone. 
This observation has prompted the synthesis of other di-(nitrofuran) 
derivatives, some of which are listed in Table 6.8. 

Table 6.8. Di-(nitrofuran) azomethine type compounds 
R' 
I 

5-0,N. Fur. CH-C 

C=N.NR2R3 
\ 
/ 

5-0,N. Fur. CH=CH 

Compound 
number 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

R' 

H 
(panazone) 

H 

H 

H 

H 

Me 

H 

H 
H 
H 

R Z  1 R3 

1 !JH 
H C.NHPr 

m.p. ("C) 

196-7d. 

242d. 

163d. 

169- 17 1 d. 

173-1 75d. 

2723. 

2 19-2Od. 

233d. 
205d. 
125d. 

References 

3 ,  4 

86 

86 

86 

86 

87 

88 

85 
' 85 

85 
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Vinylogous Nitrofurans 
The azomethine group, -CH=N-, in these compounds is separated from 
the furan ring by an additional vinyl group, -CH=CH-. Panfuran 
(Tab le  6.9) is a typical example; the base is insoluble in water but soluble 
in acidic solution; the hydrochloride is soluble to the extent of one per cent. 
The important compounds of the panfuran series for medicinal use are the 
acetyl- and di-(hydroxymethyl) derivatives, neither of which is readily 
soluble in water. The former is a stable compound whereas the latter is 
unstable. 

Physical, chemical and thermal treatment will cause di-(hydroxymethy1)- 
panfuran (Panfuran S) to decompose to panfuran base and to formaldehyde. 
The same result is obtained by heating a mixture of di-(hydroxymethy1)- 
panfuran and a 10 per cent sulphuric acid solution5. The metabolic degrada- 
tion of di-(hydroxymethy1)panfuran in uiuo, however, is still not fully 
understood. 

Nitrofurans containing up to four vinyl groups have also been studiedaa". 
These were prepared from the corresponding aldehyde arid a compound 
containing a primary amino group: 

5-0,N. Fur. (CH=CH), . CHO $. RNH, -+ 
5-0  zN. Fur. (CH=CH), . CH-NR 

Among the most active compounds were those in which R was -OH, 
-NH.CS.NH, or -NH.C=NH.NH, and n was 2 or 3. 

(XXVIO 

I 

12 
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Since 1961, a large number of heterocyclic vinylogues of the simpler 
nitrofurans have been synthesized by using various heterocyclic nuclei 
instead of the aminotriazine ring of panfuran. With these modifications 
nitrofuran vinylogues now total more than 500. Tests for antimicrobial 
activity show that compounds containing the following heterocyclic rings 
possess the highest activity : 

5-0,N. Fur. CH=CH. R (R: heterocyclic ring.) 

2-furan (XXZ)S9, 2-thiophen (XXIZ) 2-thiazole (XXIIZ) 91, 2-( 1,3,4- 
oxadiazole) (XXZV) 92, 2-( 1,3,4-thiadiazole) ( X X V )  91, 2-( 1,2,4-triazole) 
(XXVZ) 93, 2-benzoxazole (XXVZZ) 9*, 2-pyridine (XXVIZI) 91, 4-pyridine 
(XXZX)  91, 3-pyridazine ( X X X )  95,4-pyrimidine (XXXZ)  91996, 6-( 1,2,4-triazine) 
(XXXZI) 97, 5-(6-methyl-l,3,4-triazine) (XXXZZZ) 93, 2-quinoline ( X X X I V )  91*9* 
4-quinoline ( X X X V )  gl, 2-quinoxaline (XXXVZ) 91 and 9-acridine (XXXVZZ) 91. 

Compounds in which one of the ethylenic hydrogen atoms has been 
replaced by a 2-fury1 group represent an interesting variation; furthermore, 
these compounds do not contain the usual -C=N- grouping but instead 
they have an amide group. These water-insoluble compounds are used in 
Japan in dermatology, veterinary medicine and as animal-feed additives. 
Trans-3-(5-nitrofuryl)-2-(2-furyl)acrylamide is an examplegsu. 

The important nitrofuran vinylogues are listed in Tables 6.9-6.14. 

Table 6.9. 5-Nitrofurylvinyltriazine derivatives 

5 - 02N. F u r .  c H=c N R1 R2 

N- N 

R' 1 R2 Comfiound 
number m.p. ("C) 

1 

2 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

18 

H 
(pan furan 

H 
(acetylpar 
COMe 
H 
H 
H 
H 
H 
H 
H 
H 
H 
Me 
H 
H 
H 
CH,OH 
(panfurar 
H 

H 

HC1 
HBr 
COMe 

Iran) 
COMe 
COEt 
COBu' 
CO . CSH1, 
CO . C,,H,, 
CO . CHzC1 
COPh 
Me 
Et 
Pr 
Me 
CH,.NMe, 
CH,. C5HluN" 
CH, * C4H8NOb 
CH,.OH 

:CH, 
5) 

270d. 

300 
200 
275, 278 

204 
261-2d. 
210-211 
198-200 
168-9 
295d. 

235 
252-4 

187-8 
194-5 
210-1 1 
136 
201 
189 
158-61 d. 

268d. 

References 

-- 

4, 5 

99, 100 

)7, 99, 100 

92 
101 
101 
101 
101 
101 
92 
86 
86 
86 
86 
5 
5 
5 
5 

5 

e piperidino morpholino 
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Table 6.10. 5-Nitrofurylvinylthiadiazole derivativese1"Jo2 

N-N 

Compound 
number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

H 
H 
H 
Br 
Br 
Me 
Me 
Et 
Et 
H 
H 

R' 

H 
COMe 
CO . CH2Cl 
H 
COMe 
H 
COMe 
H 
COMe ~ .~~~ 

CH,. S0,Na 
CO . NHMe 

m.p. (OC) 
__ 

245d. 
300 
202d. 
228d. 

230 

202 
272d. 
255-7d. 
267-8d. 

276-7 

283 

Table 6.11. 5-Nitrofurylvinyloxadiazole derivativesl3> O a .  1°8--6 

R1 N-N 
5 - 0 2 N . F U i - . C H = J ~ O / ~ z  

Compound 
number 

1 
2 
3 
4 
5 
6 
7 

9 
10 
11  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 

a 

R' 

H 
Me 
Et 
Ph 
Et 
H 
Me 
Et 
H 
Me 
Et 
H 
Me 
Et 
H 
Me 
H 
Me 
Et 
H 
Et 
Ph 
H 
H 
H 
€I 
NHPh 
Me 
Me 
Me 
Me 
Et 
Et 
Et 
Ph 
Ph 
Ph 
Ph 
Me 

R2 

OH 
OH 
OH 
OH 
SH 
SMe 
SMe 
SEt 
H 
H 
H 
Me 
Me 
Me 
CH,Cl 
CH&l 
Ph 
Ph 
Ph 
NH, 
NHZ 
NHZ 
NHMe 

NHI'r 
NHBu 
NHPh 
NHMe 
NHEt 
NHBu 
NHPh 
NHMe 
NHEt 
NHBu 
NHMe 
NHEt 
NHPh 
NHBu 

NHEt 

NH, 

m.p. ("C) 

2 14 

171-2 
96-7 

107 

206-7 

238d. 
176 
105 
174-5 
157-8 
125-5.5 
226 
1 5 4 6  
107 
161 
1 12-3 

190 
177-8 
272d. 
230-2d. 
192 

229 

139 
243 
225 
208-8.5 

207-8 

2 18-9 

181-2.5 

198 
278 
188-9 

158-60 

198-201 

192 

1 2 4 6  

221-2 
155-8 
286d. 
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Table 6.12. 5-Nitrofurylvinylpyridazine derivativesQ8 

Compound 
number 

~N-N' 

I 
R 

4-NHCOMe 
6-NH2, HCl 
4-OMe 

(N-oxide) 
4-SMe 

' 292 
290 1 202-3 

j (244-5) 
I 208-9 

4-SO.Me I 218-9 _.. ~ 

4-Ng;CHa. CH,. OH 255d. 
4-NH. CH(CH2. OH) 2 ~ 170-2 
4-0(CHOH),Me 147-8d. 

Table 6.13. 5-Nitrofurylvinylpyrimidine derivativePo5-' 

Compound 
number 

1 
2 
3 
4 
5 
6 
7 

9 
10 
11 

a 

R' 1 Ra 

H CO.OEt 
Me 1 H Et H 

H 
H 1 :  
H I H  

RS 

NH, 
NH2 
NH. 
NH; 
NHMe 
NMe2 

C,H,NO" 

Me 
Me 

NH.CbHI1 

C5H10Nb 

m.p. (OC) 

237 

222 
152-5 
195-6 
168-7 1 
130-3 

129-31 

221-5 

218-8.5 

192-4 

171 

a morpholino Ir  piperidino 

Other Types of Nitrofurans 

1 . 5- Nitrofurylbutadienyl heterocyclic compounds 

investigated and have the following formula : 
5-0 ,N - Fur. CH=CH - CH=CHR 

in which R is 2-( 1,3,4-0xadiazolyl) (XXXVZIZ)lo4 or 4-pyrimidinyl 

Table 6.15 lists fifty pyrimidine-containing nitrofurans of this latter type. 
These compounds contain a wide range of substituents at C, and C ,  of the 
pyrimidine ring. In addition, some compounds carry a substituent such as 
an alkyl group or a halogen atom on one of the carbon atoms of the butadi- 
enyl chain. 

332 

The butadienyl derivatives, which are similar to panfuran, have been 

(XXXVZII) . 
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Table 6.14. 2-(5-Nitrofurylvinyl)quinoline derivatives 
R 

Compound 
number 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

K R' m.p. (OC) 

~ _ _ .  

H 

4-Me 
(N-oxide) 

4-OMe 
4-OMe 
4-OMe, HC1 
H 
3-NH2-4-OH 
4-OH 
H 
H 
H 
4-0 : 
4-0 : 
H 
H 
H _ _  
H 
4-NH, 

(lactate 
4-NH. COM( 
H 
H 
H 
H 
H 
4-CO.OH 
4-CO.NHv 
4-CO. OH- 
4-CO. OH 
4-NHz 
H 

3-0  
I 

4-N=CMe 

H 

H 
H 
6-NH2 
6-NHCOMe 
8-OMe 
H, HCl 
6-NH,, HC1 
8-OH 
5-Cl-8-OH 
8 - 0 .  COMe 
6-NH. COMe 
6-NHQ 
5-Cl-8-Cl 
5-NOm 
6-NO; 
%NO2 
H 

H 
5-NHe 
5-NH: COMe 
8-NHa 
8-NH. COMe 
6-NH - COMe 
H 
6-Br 
6-Br 

180d. y;y 
253d. 

>300 
>300 

149 
>300 
>300 

187 
244-5 
167-8 

>300 
>300 

135-6 
267d. 

229 
240d. 

276d. 
211d. 
277d. 
178 
190 
280d. 
270-1 
312d. 
3 12d. 

>320 
280 

240 

253-4 

(171-2) 

279-80 

References 

91,95 

95 
91 
94 
94 
91 
94 
94 
94 

108 
94 
94 
94 

108 
91 

108 
91 
91 

111 
91 
91 
91 
91 
91 
91 

109 
110 
110 
94 

111 
94 
94 

2. 5- Nitrofuryl heterocyclic compound 
In 1958 Hull and Swain112 synthesized 4-(5-nitrofuryl)-6-methyl-2-0~0- 

1,2,3,4-tetrahydropyrirnidine-5-carboxylic acid methylester (nitractin) (XL)  
which Hurst and described as a compound that protects mice from 
lymphogranuloma inguinale and related infections. 

O2N gN; 
HN-4 0 

(XL ) 

333 
In this compound the nitrofuran and heterocyclic rings are joined directly. 
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Table 6.25. Nitrofurylbutadienylpyrimidine derivative~f'~. ln8, lo' 

Compound 
number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

rnorpholino 

R' 

H 
Me 
Et 
Ph 
Br 
c1 
H 
Me 
Ph 
Br 
Me 
H 
Me 
Et 
c1 
H 
Me 
c1 
Me 
Me 
Me 
Et 
Me 
Me 
Me 
Et 
Et 
Me 
Me 
Et 
Br 
c 1  
Me 
Br 
c1 
C 
c1 
Me 
Me 
Et 
Et 
H 
Me 
Me 
Et 
H 
Et 
H 
Me 
Br 

H 
H 
H 
H 
H 
H 
Me 
Me 
Me 
Me 
Pr 
H 
H 
H 
H 
H 
H 
H 
H 
H 
CO.OEt 
GO. OEt 
CO.OEt 
H 
Br 
H 
H 
CI 
Br 
Br 
Br 
Br 
CO.OEt 
CO.OEt 
CO.OEt 
CO.OEt 
H 
H 
Br 
Br 
Br 
H 
H 
H 
H 
H 
H 
H 
H 
H 

piperidino 

334 

NH, 

Me 
Me 
Et 
Et 
Et 
Pr 
Bu 
Me 
Me 
Et -. 

Me 
(Me) .CH,.OH 
(Me) .CH,.OH 
(Me).CH2.0H 
NH, 

NH, 
NH, 
NH, 
NHMe 
NHMe 
NHMe ( a )  

NMe, 
NMe, 
NHEt 
NHEt 
NHBu 
C,H,NO" 
C,HinNb 
C,HinNb 
C,H,,Nb 

NHMe (8) 

m.p. (OC) 

205 
215 
188.5 
193.5 
207 
198 

241-2 
232-5 

224-5 
2 10-2 
179-80 
223 
190-4 
144-5 

130.5-33 
126-8 
160-2 

242 

106-8 
109-13 
154-5 
101-5 

250 
239 
195 
83 

232-3 

92.5-5 

233 
221.5 
207 
231-3 
237 
206-7 

242-3 

205-7 
21 1-12.5 

214-5 

161-3 

194-5 
146-8 
205-7 
178-80 
155-6 
152-3 
128-31 
143-6 
108-1 1 
127-30 
186-8 
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In view of the biological activity of this compound, many others of a similar 
type were studied. 

In 1959 Skagius114 synthesized similar compounds containing thiazole 
(Tab le  6.16) and thiadiazole rings (Tab le  6.17). Many researchers have since 
focused their attention on this type of compound. The following heterocyclic 
rings have been joined directly at C, to the 5-nitrofuran nucleus: 

(R : heterocyclic nucleus.) 
2-(4-0~0-1,3-dioxolane-5,5-diacetic acid) (XL1)l15, 4-thiazole (XLZZ) 116-19 

5-(3-methylpyrazole) (XLIZI)120, 3-(5-methyl-1,2,4-oxadiazoline (XLZV)lZ1, 
5-oxadiazolin-2-one ( X L  V)l215, 2-( 1,3,4-thiadiazole) ( X L  VI)  l22,  2-imidazo- 
pyridine ( X L  VII) lZ3, 2-imidazopyrimidine ( X L  VII1)1Z3, 8- (6-chloropurine) 
(XLIX)lZ4, 6-(4,5-dihydropyridazine-3-one) (L)lZ5, 4-(2-oxo-1,2,3,4-tetra- 
hydropyrimidine) ( L I )  l12,  4-uracil (LZI) 126, 6-( 3-amino- 1,2,4-triazine) 
(L11Z)l19, 5-(3-amino-l,2,4.-triazine) 6-( 1,2,4-triazine-3-(2H,4-H)- 
one) (LV)  lZ5, 6- ( 1,2,4-triazine-3,5- (2H,4H) -dione) ( L  VI)127, 2-quinoxalint 
(L  VII) 12*, 2- (5-azaquinoxaline) ( L  VIII)128, 3-( 1,2,4-benzothiadiazine- (2H) - 
1,l-dioxide) (LIX)lZ9. 

5-0,N. Fur. R 

(X L V )  

-Q 
( X L I I )  

- 0 0  N- N 

H 

l L l  

i L V I I )  (LVI")  
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Yublc 6.16. 5-Nitrofurylthiazole derivatives 

Compound 
number 

_____ 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 
19 
20 
21 
22 
23 
24 
25 

26 
27 

29 
28 

R 

N H ,  
NH, 
NHZ 
NHZ 
NHMc 
NHEt 
NMe, 
NHPh 
4-Me2NPhNH 
4-lit,N. CH,. CHZ. N H  

Me 

Me 
Ph 
MeCO. N H  
EtCO . NH 
ClCH2.CO.NH 
5-0,N. Fur. CO.  N I I  
C16H31CONH 
C,,H3SC0.NH 

N H  
/I 

NH,. C .NH 
NH,.NH 

N H  .NH.  GHO 
MeCQ . NIX. N H  

K' 

H 
Me 
Br 

H 
H 
H 
H 
H 
11 

H 

NO2 

H 

H 

H 

1-1 

H 

H 

H 
Ii 
H 
H 
H 
II 
€I 
M 

H 
w 
w 
H 

m.p. (OC) 

239 
260 
190-92 
282-4 
260-1 
158-9 
168 
141-3 
205 
198-200 

174 

250-2 

248-9 

336-7 

2 16-7 

212-4 

336-7 

140-1, 144-5 
184-5 
295-6 
223-5 
199-200d. 
200 
136-7 
133.5 

246-7 
- 

228-30 
214.5 

References 

117, 118 
117 
118 
118 

116, 117 
116 
117 
116 
117 
117 

117 

117, 118 

117, 118 

117, 118 

117, 118 

117, 118 

117, 118 

116, 117 
117, 129 

118 
116 
118 
118 
130 
130 

117 
131 
131 
131 

336 



Compound 
number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

19 
20 

l a  
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Table 6. I?. 5-Nitrofurylthiadiazole derivatives 

5-02N*Furd!., 5 >R 

N-N 

R 

NH, 
NHMe 
NHEt 
NHPrn 
NHPri 
NHBu 
NH . CH,Bu' 
NHPh 
NH. CH,Ph 
NH. GO * CH,Cl 
CdL" 
C,H,Nb 
N(COMe). Me 

NjCOMejPh 
SMe 
SEt 

a cyclohexenyl 3-pyridyl 

m.p. (OC) 

270-ld., 272 
219-21d. 
2 19-2 1.5d. 
190-1 
213-5 
186-7 
183-4 
253-4-5 
190.5-1.5 

175-8 
172'5-3.5 
264-6 
172.5-3'5d. 
139-42 
172.5-4 
198'5-9'5 

300 

244-5 
174 
140 

References 

114, 132 
114, 132 
114, 132 
114, 132 
114, 132 

114 
114 

114, 132 
114, 133 

121, 122, 133 
114 
114 
132 

114, 116 
132 
114 
132 
122 
134 
134 

SYNTHESIS OF NITROFURANS 

Synthesis of  Azomethine Compounds 

Compounds containing one nitrofuran nucleus in the molecule 
Nitrofurfural and its diacetate are the commonest starting materials for 

the preparation of many of the therapeutically active compounds. Nitro- 
furfural diacetate is easily obtained by the action of acetyl nitrate on 
furfural(A) or its acetate(B); if acetic anhydride is in excess, a yield of 
40-70 per cent can be expected. The use of strong catalysts such as sulphuric 
acid enhances the yield. MarquiP5 first tried to nitrate furfural and later 
Gilman and Wright136 succeeded in preparing the pure 5-nitrofurfural. 

The intermediate product, ( C ) ,  when treated with a base such as trisodium 
phosphate or pyridine, gives the diacetate (D) of 5-nitrofurfural: 
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The azomethine derivative is generally prepared by the condensation of 
a substituted hydrazine with nitrofurfural in the presence of acid. For 
example, nitrofurazone(Z3) is formed by the interaction of 5-nitrofurfural 
diacetate which is hydrolysed to the active 5-nitrofurfural and semicarbazide 
in the presence of sulphuric acid and water. This reaction proceeds by 
heating at about 100°C for 5 hours. 

OzNX$CH(O COMe), -H,+~, HZN NH + LO H20 NH2 - O2NJ.CJ-CH=N-NH,CO. NH2+2MecooH 

(El 

At present there are six nitrofuran azomethine compounds which are used 
clinically. These are synthesized by replacing semicarbazide in the prepara- 
tion of nitrofurazone by hydroxylamine, aminoguanidine, 1 -aminohydan- 
toin, 3-amino-2-oxazolidinone and 3-amino-5-morpholinomethyl-2-oxazo- 
lidinone to give respectiveIy n i f~roximel~~,  g u a n o f u r a ~ i n ~ ~ ~ ,  ni t r~furantoinl~~,  
furazolidone43 and furaltadonesl. 

The early synthetic work on some of these azomethine nitrofuran com- 
pounds has been reviewed140. The nitrofurans have been discussed in a 
monographl4m on furan compounds in general. 

Compounds containing two nitrofuran groups in the molecule 
1,5-Bis- (5-nitro-2-furyl) -3-pentadienone amidinohydrazone hydrochlor- 

ide (panazone) was prepared in 19513J41, and is marketed as a chemo- 
therapeutic agent in Japan. It is necessary for the preparation of panazone 
to start with 1,5-bis-(5-nitro-2-furyI)pentadien-3-one. Sulphuric acid and 
catalyst (zinc amalgam) are added to the solution of 5-nitrofurfural diacetate 
in glacial acetic acid. Acetone is added dropwise to this mixture a t  room 
temperature until yellow brownish crystals of the crude bis-nitrofurylpenta- 
dienone ( F )  begin to appear. The purified ketone ( F )  in hot dioxan is added to 
a solution of aminoguanidine carbonate and hydrochloric acid. The 
mixture is heated until a precipitate of crude panazone (G) appears; further 
purification of the compound involves great difficulties. 

NH 
II 

5-0,N.Fur- CH=CH 
Me,CO I H2N.NH.C.NH2.  HCI 

5-O2N.Fur.CH(O.COMe), - c=o I 

I 
5-02N.Fur-CH=CH 

(F) 
5-02N-Fur-CH=CH 

I 
C=N.NH.C.NH2 .HCL 
I II 

NH 5-O2N.Fur.CH=CH 

IG I 

Nitrojiiran Vinylogues-the Formation o f  Panfuran 

In 1961 Miura, Ikeda and Oohashi observed that when panazone is heated 
it is converted into a new compound which has a marked antibacterial 
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effect against gram positive and negative bacteria4. This new product is 
3-amino-6- (5-nitro-2-furylvinyl) - 1,2,4-triazine (panfuran) 99J00. 

Panfuran is prepared by heating panazone (G) in an organic solvent, for 
example ethyleneglycol monomethylether, in the presence of sodium 
bicarbonate at 130-135" for 30 minutes. During this process the solution 
changes colour from red to yellow. After cooling, the yellow crystalline mass 
obtained from the solution is separated, and then dissolved again in hydro- 
chloric acid solution. To this acidic solution an excess of ammonia is 
added. Panfuran base (I) melts at 270". Its hydrochloride is a yellow 
crystalline solid melting at 234-40"; its monoacetyl derivative ( K ) ,  which is 
useful as a chemotherapeutic agent, melts at 275" with decomposition. In 
1964 Takai and SaikawalOO found that the di- (hydroxymethyl) derivative 
(L )  of panfuran is formed by the addition of formaldehyde. The product 
obtained is a yellow crystalline powder which melts at 158-61". 

5-O2N.Fur.CH 5-O2 N.Fur.CH2 
I /  

heat, 130: 5-02N-Fur.CH=CH i N P N H  \ 

(GI 1 (HI po 
-(""k N-N (J) 

(YC/ \. HO 

2 

H/c N\Y 
5-0, N-Fur-C H=CH-C,, //C.NH, 

N-N N-N 

~-o,N.F~~.cH=CH \ NH, f 5-02N.Fur.Me 

5 - 0 2 N . F U r . C H = C H ~ ~ ~ N H C O M e  5-OzN.Fur .CH=C q ) - N ( c H 2 . 0 H i 2  
N-N N- 

(K)  IL) 

Recently Haber14" reported that the synthesis of panfuran can be accom- 
plished by a different process; 5-nitrofurfurylideneacetone( M )  is converted 
to 5-nitrofurfurylidenepyruvaldehyde hydrate by oxidation with selenium 
dioxide. A suspension of the pyruvaldehyde hydrate( N )  and aminoguanidine 
bicarbonate on heating in methanol gives panfuran base (I) : 

5-OzN.Fur. CH=CH.COMe a 5-O2N. Fur. CH =CH-COCH (OH Iz 
(MI ( N )  

1 .  HC(0H)p 

I Y H Z  
5-OzN.Fur.CH=CH.C C.NH, - 

UN-N" 

<N/tNHz + 2H20 5- OzN. Fur.CH=CH 
N-N 

( T I  

- I  NH 
II 

H2N.NH.C.NH2 
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Other syntheses of the nitrofuran vinylogues involve the following two 
procedures 919 98 : 

(1) condensation of 5-nitrofurfural and a heterocyclic compound contain- 
ing an active methyl group, for example, the synthesis of 2-[ (5-nitro-2-fury1)- 
vinyl] quinoline (L IX)  from 5-nitrofurfural and 2-quinaldine in glacial 
acetic acid or in a mixture of acetic acid and acetic anhydride; 

( L  IX)  

(2) oxidation of 3-(5-nitrofuryl) acrolein thiosemicarbazone; for example, 
the synthesis of 2-amino-5-[2-(5-nitro-2-furyl)vinyl]-l,3,4-thiadiazole ( L X )  
from 3- (5-nitrofury1)acrolein thiosemicarbazone. 

Nitrofury1 Heterocyclic Compounds 

Many workers have studied the preparation of nitrofuran derivatives in 
which the nitrofuryl group is joined directly to the heterocyclic ring. The 
following examples illustrate the various procedures for synthesizing these 
molecules : 

( 1) 5-nitro-2-furfuraldehyde diacetate, urea, methyl acetoacetate, and 9 
per cent methanolic hydrochloric acid solution when heated for 6 hours, 
and allowed to stand for one day, gave 4-(5-nitrofuryl) -6-methyl-2-0x0- 1,2, 
3,4-tetrahydropyrimidine-5-carboxylic acid methyl ester (nitractin, X L )  ; 

MeOzC Me 

5-02N.Fur.CH(0.COMe)Z CH, COMe - 5-02N.Fur NH 

C02Me 
I 

(2) 2-amino-5-(5-nitro-2-furyl)-l,3,4-thiadiazole ( P )  was prepared by 
eliminating water from and simultaneous cyclization of N-5-nitrofuroylthio- 
semicarbazide ( 0 ) l I 3 ;  

S N-N 
I /  

5-0,N.Fur.CO.NH NH C.HNz - H 2 0  9 5 - O 2 N . F u r 4  >NH2 
S 

(0) (P) 
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(3) Recently Hayedz7 reported that 2-furoylformic acid ( Q ) ,  and semi- 
carbazide react with sodium alkoxide in propylene glycol to yield 6-(2-furyl)- 
1,2,4-triazine-3,5-(2,H4H)-dione (R) .  This was nitrated in acetic anhydride 
to give its nitrofuran derivative (S) : 

Compound Administration LD,, (mg/kg) 

Nitrofurazone 
Guanofuracin hydrochloride 

Nitrofurantoin 
Panazone 

Furazolidone 

Panfuran hydrochloride 

Di-(hydroxymethyl) panfuran 

per 0 s  
per 0 s  
sub. 
per 0 s  
per 0s 
sub. 
i.p. 
per 0s 
i.p. 
per 0s 
sub. 
i.p. 
per 0s 
sub. 
1.p. 

745 
400 
100 
895 

5,330 
3,750 

300 
4,543 

300 
400 
300 

2,690 
1,602 
1,296 

50-100 

The toxicity of nitrofurans varies with their solubility in water; for 
example, an LD,, of furazolidone which is slightly soluble in water changes 
according to the size of the crystals, and it is presumably affected by the rate 
of intestinal absorption. 

The LD,, of nitrofurazone in mice ranges from 374 to 1,400 mg/kg, when 
the crystals range in size 375 mesh and 60 mesh. Panazone, furazolidone, 
and di-(hydroxymethy1)panfuran are less toxic when compared with 
nitrofurazone and nitrofurantoin. 

Guanofuracin hydrochloride and panfuran hydrochloride are more toxic 
than other nitrofurans. One gram of each of the compounds will dissolve in 
about 100 ml. of water. Hence higher toxicity can be ascribed to greater 
absorption from the intestines. 
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Pharmacology 
The pharmacological properties of nitrofurazone and nitrofurantoin were 
investigated by several ~ o r k e r s l ~ ~ - ~ ~ ' .  The experimental studies14' with 
various kinds of animals showed some pharmacological properties similar to 
those of guanofuracin hydrochloride and panfuran hydrochloride. As test 
devices isolated hearts of frogs, blood vessels of toads, respiration and blood 
pressure rates of rabbits, the central nervous system of frogs and mice, and 
red cell counts of rabbits were used. The results are summarized in Table 6.19. 

Table 6.19. Pharmacological properties of nitrofurans144p 148 

Test system 

- 

Erythrocyte (in vitro) 
Isolated heart (frog) 

Blood vessels (toad) 
Blood pressure and respiration (rabbit) 
Isolated intestine (guinea-pig) 

Central nervous system (frog and mouse: 

Ehrlichs cancer cells (in uitro) 

Pharmacological effect 

Guanofuracin 
hydrochloride 

no effect 
depress (1 : 500)* 

constriction 
rise 
depress the movement 
(1 :5,000)* 
stimulate (20 mg/40 g ) t  

Panfuran 
hydrochloride 

haemolytic 
depress after stimulate 

no effect 
depress 
depress the movement 
(1 :25,000) 
stimulate 

inhibit growth 
(1 : 800 completely) * 

( 1 : 2,000) * 

(40 4 4 0  g) t 

* Effective concentration 
t Body weight of frog 

Panfuran hydrochloride stimulates the central nervous system without 
causing paralysis. If excessive doses are administered, it causes anxiety, 
convulsions and stiffness shortly before death in frogs. Small dosages increase 
the blood pressure of rabbits, finally depression of blood pressure occurs; 
however, panfuran haemolyses the red cells of rabbits in vitro and completely 
inhibits the growth of Ehrlich ascites carcinoma cells in vitro. Guanofuracin 
hydrochloride contracts blood vessels, and therefore temporarily raises the 
blood pressure. 

Blood Levels and Urinary Excretion 

The achievement of adequate serum concentrations and high urinary 
excretion is an important factor in evaluating the merits of antibacterial 
compounds. This is particularly true for nitrofurantoin since it is adminis- 
tered most frequently by the oral route. Results of studies in this connection 
proved to be very favourable : 30 to 40 per cent of the administered dosages 
of nitrofurantoin were excreted in the urine of rats and men (Table  6.20). 

Furazolidone, on the other hand, is excreted in the urine at  a very low 
rate. The amount of nitrofurans found in the bloodstream or in the urine 
and faeces varies in accordance with the properties of each compound. The 
administered dose of nitrofurans cannot be totally accounted for by recovery 
studies. It must be assumed, therefore, that certain body tissues are capable 
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Table 6.20. Plasma concentration and urinary excretion of nitrofuran~'4~ 

Comfiound 
Dose 
(oral) 

m g / k  

Z Nitrofurazone 
If Nitrofurantoin 

ZZZ Furazolidone 
ZV Furaltadone 

Plasma concentration (rat) Urinary excretion 
(%) 

100 
100 
100 
100 

Time 
-___. 

1.3 
4.7 
6.5 
8.5 

0 . 5 h /  l h  1 2 h  1 4 h  1 I rat 1 man 

I 
1.8 1.7 0.9 200 4.6 - 
3.5 3.8 4.1 200 36 3 2 4 6  
6.2 8.7 4.2 100 1.0 trace 
7.6 12.5 10.5 138 3.4 1.5-2.5 

~~ ~ ~~ ~ 

of destroying them. Bender and Paullso reported that the concentration of 
nitrofurazone decreased when the compound was incubated with various 
mammalian tissues (intestines, liver, kidney, lung, spleen, brain and heart). 

Recently, Karasakilsl studied the blood concentration and urinary 
excretion of five new nitrofurans containing an oxadiazole ring and five 
nitrofurans which are commercially available ( TabZe 6.21). These compounds 
were administered by stomach tube (100 mg/kg in rabbits). 

Table 6.22. Concentration of nitrofurans in blood and urine of r a b b i 9  

Compound tested . 

NF-76a 
NF-898 
NF-95C 
NF-44d 
NF-47' 
Z-furanf 
Panfuran hydrochloride 
Furazolidone 
Furaltadone 
Nitrofurantoin 

Concentration in blood 
(Pglmg) 

3 h  

21 
0.6 
0.3 
3.4 

51 
0 
0.02 
0.5 
3.5 
6.5 

6 h  

10 
0.9 
0.2 
5.7 

34 
0 
0.06 
0.6 
1.8 
9.2 

Concentration in urine 
(Pglmg) 

3 h  

71 
0 

19 
10 
67 
00 

1 .o 
0 

120 
600 

6 h  

48 
0 

10 
6.3 

27 
0 
1.5 
0 

27 
600 

yo in urine 
6 h  

0.38 
0 
0.12 
0.15 
0.8 
0 
0.008 
0 
2.0 
7.2 

Dose: 100 mg/kg in stomachical application 
Chemical name of compounds tested : 

(I 5 - ( 5 - 0  N.Fur)-n-methyl-1,.j,4-oxadiazole. 
~-[n-(5~OzN.Fur)vinyl]-z-methyl- I ,.j,q-oxadiazole. 
5-[2- (5-OzN.Fur)vinyl]- I ,3,4-oxadiazole. 
~-[~-(5-O,N.Fur)vinyl]- I ,3,5-oxadiazolin-z-one. 

~-Nitrofurylacrylic acid amide. 
; ~-(~-OzN~Fur)-~,3,4-oxadiazolin-z-one. 

One of them, 5-(5-nitro-2-furyl)-1,3,4-oxadiazolin-2-one (LXZ) which was 
synthesized by Shermanls2, shows the highest serum concentration of all 
tested compounds. The serum levels of nitrofurantoin are slightly less than 
that of the compound ( L X I ) ,  whereas the urinary excretion of nitrofurantoin 
is higher in comparison to all others. 

N -NH 

5-02N-Fur AoAo 
L XI) 
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Differences in the chemical constitution of nitrofurans apparently exert an 
influence upon serum as well as urinary concentration. 

Anfiturnour Activity of  Nitrofurans 

The effect of 2-[2-(5-nitro-2-furyl)vinyl]quinoline (L IX)  and 20 other 
compounds on Ehrlich ascites carcinoma EY 33 in mice was tested against 
Miomycin C in 1 96410gJ11. Pure strain healthy mice were intraperitoneally 
inoculated with this tumour. In general the animals will die of the accumula- 
tion of ascites after 10-19 days. Compounds are considered effective when 
treated mice survive 50 days after the inoculation of the tumour. The 
compounds found to be effective in this test were the compound ( L I X ) ,  the 
sodium salt of 2-( 5-nitro-2-furyl)vinylquinoline-4-carboxylic acid (LXII )  , 
4-amino-2-[ (5-nitro-2-furyl)vinyl]quinoline lactate (LXIII)  and 2-amino-4- 
[ (5-nitro-2-furyl)vinyl]quinoline lactate (LXIV)  . 

COONa 

5 - 02N.Fur .  CH=CH 

IL XIII) 

5-02N.Fur.CH===CH 

(LXIl) 

5- O p N *  Fur .CH=FH 

In order to clarify the mechanism of action of these compounds, their 
action suppressing the dehydrogenase of Ehrlich ascites carcinoma cells, and 
the syntheses of nucleic acids and protein by coli bacilli was examined. It was 
presumed from the results that the antitumour action of the compound 
(LXII )  is mainly due to the suppression of dehydrogenase action and that 
of compound (LXIII)  and compound (LXIV)  is due to the suppression of 
dehydrogenase action and syntheses of deoxyribonucleic acid, ribonucleic 
acid, and protein in tumour cells. 

Development of Bacterial Resistance 

It has been discovered by a number of r e~ea rche r s l~~-~~* ,  that micro- 
organisms generally develop a limited degree of resistance to the nitrofurans. 
Micro-organisms that are transferred repeatedly into culture media con- 
taining nitrofurazone require higher minimal inhibitory concentrations 
later on. The increased concentration is usually 10 times, rarely 50 times 
higher. There are, however, exceptions; resistance of Mycobacterium tuber- 
culosis to nitrofurazone and Stakhylococcus aureus to nitrofurantoin were 
observed in vitro. Repeated transfers of Escherichia coli will increase the minimal 
inhibitory concentration of nitrofurantoin by about 35 times. Much work 
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has been done to investigate cross resistance to nitrofurans. The results 
indicated that cross resistance does not occur with nitrofurans either to 
antibiotics or to sulphonamides. 

Kimura159 studied the sensitivity of micro-organisms to antibiotics, 
panfuran hydrochloride and acetyl panfuran. He used three strains of 
Staph. aureus, five strains of Shigella jfexneri, and one strain of E. coli which 
were isolated from various clinical sources. All strains tested had remained 
highly sensitive to panfuran hydrochloride and acetylpanfuran but the 
sensitivity to antibiotics was markedly decreased. 

Development of resistance of panfuran hydrochloride to some micro- 
organisms by a serial transfer study in uitro is shown in Figure 6.1. 

Sensitivity in 1st generation 

E co/, ' (0-6): 0.05pgiml. 

5hig.fIexneri ( B - P a ) :  0,00625 pgl rn l .  

G e n e r a t i o n  of s u b c u i t u r e  
F i q m  6. I. Bacterial resistance to panfuran hydro~hloride'~9 

After test bacteria had been transferred four times, their sensitivity to 
panfuran hydrochloride remained virtually unchanged. No resistance had 
developed in vitro. After fourteen transfers the sensitivity of the test bacteria 
E. coli, Shig. sonnei, and Shig. jleflenneri to panfuran hydrochloride decreased by 
500, 400 and 15 times respectively. The results of numerous studies demon- 
strate that the development of nitrofuran resistance in bacteria represents 
the survival and multiplication of a few inherently resistant organisms rather 
than an induced change in all individuals. The evidence indicates also that 
cell permeability might be one of the reasons but not the only factor in 
nitrofuran resistance. 

ASSAY OF NITROFURANS 

In order to determine nitrofuran activity in vitro, the minimum inhibitory 
concentration (MIC) in bacterial cultures must be found by using the serial 
iwo fold dilution technique with broth as a medium. Incubation time is 
24 hours at 37°C. The cup method, which is usually employed for the assay 
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of penicillin, is also used for the determination of nitrofuran activity. With 
this method the potency of nitrofurans can be measured by determining the 
size of the inhibition zone around the cup on the agar plate which contains 
the bacteria. Occasionally, the paper modification of the cup method is 
used. When the agar plate method with a paper disc is employed, the paper 
is moistened with a drop of solution of compound. The excess of solution 
is shaken from the paper and put on the plate. The test compound which is 
not. soluble in water is mixed with a base of ointment; a specified quantity 
of this mixture is then applied to the paper disc. If the activity of the com- 
pound in urine and faeces is to be determined, it is desirable to add a 50 
per cent alcohol solution which will inhibit the decomposition of nitrofurans. 

A measured quantity of the test compound is administered by various 
routes. From the activity in vivo the value of ED,, is calculated. The chemo- 
therapeutic index is determined from the ED,, and LD,,, which assesses the 
final therapeutic value of nitrofurans. 

Analytical Determination of Nitrofurans 

There are important indications for the use of certain nitrofurans for the 
prevention and cure of diseases in man and domestic animals. Recently the 
use of nitrofurans as an antiseptic feed additive has increased rapidly. 

Since chemical analysis of nitrofurans is indispensable their characteristic 
ultraviolet absorption has been recommended for assay160>161. 

Reckendorf, Castringius and SpinglerlB2 have utilized the colorimetric 
and spectrophotometric determination of nitrofurantoin in the urine and 
serum. Stone163, and PuglisilB4 have determined a trace of nitrofurantoin in 
milk by the colorimetric and spectrophotometric methods. Both procedures 
are based on the conversion of nitrofurantoin to 5-nitrofurfuraldehyde 
phenylhydrazone and are followed by the extraction and concentration on 
a chromatographic column. Final estimation depends upon development of 
a blue colour by the addition of hydramine base. Breinlichle5 studied the 
titrimetric, spectrophotometric and chromatographic determinations of 
various nitrofurans and reported satisfactory results. 

Several workerslBs-lsg studied the polarographic behaviour of nitrofurans. 
Nitrofurazone in animal feed has been quantitatively assayed by polaro- 
graphy. Polarographic assay of nitrofurans will require more basic research 
before it can be used on a large scale. However, the spectrophotometric 
assay of nitrofurantoin has been replaced by a polarographic assay in the 
first U.S. P. XVI supplement (U.S. Pharmacopoeia1 Convention, 1962). 

METABOLISM OF NITROFURANS 

The nitrofurans generally prove to be stable. If the nitro group in the furan 
ring is reduced, biological activity will be lost. Nitrofurans which have 
azomethine groups (-CH=N-) or vinyl groups (-CH=CH-) lose 
their antimicrobial effectiveness if the -CH=N- linkage undergoes acid 
hydrolytic decomposition or if the -CH=CH- linkage is oxidized. It 
seems that the nitrofurans which are commercially available today are more 
or less resistant to such decomposition. 

Taylor, Paul and PauPO recognized that the nitrofurans act as electron 
acceptors in the presence of xanthine oxidase in all animal tissues. Other 
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workers have shown that degradation also occurs in brain and muscle 
tissue which are known to lack xanthine oxidaseI7l. Nitrofurans decompose 
in all animal tissues but not in the blood. Cramer172 observed the inactivation 
of nitrofurazone in bacterial cultures and postulated furacinreductase as the 
responsible factor. 

Nitro groups in the furan ring are reduced easily by various biochemical 
processes173. Nitrofurazone can function as an electron acceptor in a number 
of bacterial dehydrogenase systems involved in carbohydrate metabolism. 

Beckett and R o b i n ~ o n ~ ~ * - ~ ' ~  have conducted studies with whole cells, 
protoplasts, and lysed protoplasts of Bacillus megaterium and shown that the 
site of reduction of nitrofurazone is the cytoplasmic membrane rather than 
the cell wall or the cytoplasma. 

The urine of nitrofurazone-fed animals was examined chromatographic- 
ally178~179 and was found to contain the following compounds : 
' (1) unchanged nitrofurazone 

(2) hydroxylaminofurfuraldehyde and aminofurfuraldehyde semicarba- 

(3) 4-cyano-2-oxobutyraldehyde semicarbazone 
(4) a brilliant yellow compound with an absorption peak at 412.5 m p  
(5) a brown-coloured resinous substance. 

The two compounds listed under (2) could not be analysed completely. 
The reduction of the nitro group in nitrofurazone which was administered 
to animals occurs in the following manner : 

5-O,N.Fur.CH=N.NH.CO.NHZ ~ + 5-HO. HN. Fur. CH=N. NH. CO. NH, 

zone 

(4 

J. 
5-0,N.Fur.CHO + H,N.NH.CO.NH, 5-H,N.Fur.CH=N.NH.CO.NHZ 

J J J 

0 (D) 

5-0,N. Fur. COOH MeCO. NH. NH. CO. NH, CN. CH,. CH,. C .  CH=N. NH. CO . NH, 
(C) (HI I1 

Nitrofurazone ( A )  is first reduced to the hydroxylamine ( B )  which is 
further reduced to the amine (C). These chemical structures are verified by 
elemental and infra-red analysis. Austinls2 described the chemical properties 
of 4-cyano-2-oxobutyraldehyde semicarbazone (D) which is produced by 
the opening of the furan ring. On the other hand nitrofurazone yields 
5-nitrofurfuraldehyde ( E )  and semicarbazide ( F )  by the acidic hydrolysis 
of the -CH=N- linkage. This aldehyde gives 5-nitrofuroic acid (G) by 
oxidation in animal tissues. 

From the urine of animals fed with 5-nitro-2-furfuraldehyde acetylhydra- 
zone(nihydrazone) ( I )  two end products were isolated and characterizedls1 
as 5-acetamido-2-furfuraldehyde acetylhydrazone ( K )  and 1,2-diacetyl- 
hydrazine. The presence of 5-amino-2-furfuraldehyde acetylhydrazone ( J ) ,  
5-diacetylamino-2-furfuraldehyde acetylhydrazone (L ) ,  and 5-nitrofuroic 
acid (G) was demonstrated in the urine of the animals. 

347 



THE NITROFURANS 

An unidentified labile, yellow metabolite with maximum absorption at  
415 m p  which had been described by other workersls0 was also isolated. 

5-0,N. Fur. CH=N. N H  . COMe -+ 5-H2N. Fur. CH=N. NH . COMe 

(7 
'"I 

(4 

5-MeCO. NH. Fur. CH=N. NH. COMe 

5-(MeCO),N. Fur. CH=N. NH. COMe 
(4 

I t  therefore appears that the decomposition of nitrofurans in animal tissue 
can proceed through several metabolic pathways. Recently Buzard1e3 
suggested that aminofurans may be converted to /l-ketoglutaramic and 
ketoglutaric acids and the furan ring might be utilized for the biosynthesis 
of various normal constituents. Using chickens fed with I4C labelled nihydra- 
zone, the following labelled compounds were isolated: glucose, glutathione, 
glutamic acid, cysteine, glycine, aspartic acid, serine and tyrosinels4. By the 
use of anion-exchange columns and paper chromatography, Tennet and 
Ray185 showed the presence of more than thirty labelled compounds in the 
urine of swine fed with furazolidone containing lac. 

In addition, nitrofurans may be metabolized to innocuous products which 
are reincorporated into normal body constituents. 

ANTIBACTERIAL PROPERTIES 'k U i t T O  

Bacteriostatic and Bactericidal Properties 
Nitrofurazone was one of the first furan derivatives to be useful as a chemo- 
therapeutic agent. The semicarbazones of 4.-nitrobenzaldehyde, 5-nitro- 
thiophenaldehyde, and of 5-nitropyrrolaldehyde were less effective and not 
suitable for clinical use186. Antibacterial activity is conferred on non-nitrated 
furans if a nitro group is introduced in the 5-position of the furan ring. Later 
this was recognized to be an indispensable prerequisite. Microbiologists of 
the Norwich Pharmacal Co. have summarized the activity against repre- 
sentative species of bacteria (Table  6.22). The six tested nitrofurans, however, 

Table 6.22. Antibacterial activity in vitro of nitrofuranP : 
minimal inhibiting concentrations (pglml.), 24 hours 

40 
100 
55 

390 
194 
480 

Compound 

200 
>700 
> 99 
>390 

I94 
480 

Nitrofurazone 
Nitrofurantoin 
Furazolidone 
Furaltadone 
Nifuroxime 
Nitrofuryl 

methylether 

- 

10 37 

l4 i 57 

Sal. 
bposa 

10 
12 
0.7 

22 
1 

17 

- 

vulgaris aeruginosa 
Pr. I ps* 

Strept. 
pyogenes 

10 
6 

>55 
45 
23 
22 

Aero. 
aerogenes 

13 
100 

5 
172 

No data 
No data 

are consistently effective in Iow concentration against five of the seven tested 
species of micro-organisms. It is noticeable that one of them, i.e. furazolidone, 
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demonstrates strong antimicrobial activity against Salmonella typhosa and E. 
coli in a concentration of 1 : 1,000,000 pg/ml. 

Moreover, fura~olidonel8~ demonstrates strong bacteriostatic action 
against a wide variety of micro-organisms (except against Proteus vulgaris, 
Pseudomonas aeruginosa and Streptococcus pyogenes) . Nifuroxime is primarily 
fungicidal and particularly effective against Candida (Monilia) albicans. 
Nitrofurfuryl methyl ether is effective against a variety of pathogenic fungilag. 

I t  is interesting that many gram negative and gram positive bacteria, 
numerous protozoa, and even some large viruses are susceptible to various 
nitrofurans in uitro. In 1947 Stillman and ScottlSo synthesized 5-nitro- 
furfurylidene-aminoguanidine sulphate by the condensation of nitrofurfural 
and aminoguanidine sulphate. In 1949 the hydrochloride salt was synthesized 
and called guanofuracin hydrochloride. I t  is soluble in water in a concentra- 
tion of 1 : 100, and its antibacterial activity is similar to that of nitrofura- 

Table 6.23 shows the bacteriostatic and bactericidal activity of three new 
zone138,191. 

nitrofurans in comparison with furazolidone and three antibiotics. 

Table 6.23. Comparison of antibacterial activitv of nitrofuran derivatives"' 

Panfuran 
hydrochloride 
Guanofuracin 
hydrochloride 
Panazone 

Furazolidone 

Chloramphenicol 

Tetracycline 

Kanamycin 

1. Bacterio- 
static 

activity 
2. Bacteri- 

cidal 
activity 

1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 

and antibiotics in vitio 

Maximum dilution (yglml.) at which compounds exhibit 
actiuig 

Shig. 
dysenteriae 
(Koma- 

goine BIII 
strain) 

0.10 
0.10 
7432 
7.82 

62.50 

0.98 
1.95 
0.98 

15.62 
1.95 

15.62 
3.91 

15.62 

125.0 

Sal. 
typhi. 
(0) 

0.05 
0.05 
7.82 
7.82 

125,O 
125.0 

0.98 
0.98 
1.95 

31.25 
1.56 
2.50 
1.56 
1.56 

E. coli 
(Gakusei 
strain) 

0.03 
0.05 
7.82 

62.50 

0.98 
1.95 
1.95 

62.50 
3.91 

62.50 
15.62 
15.62 

7-82 

125.0 

Staph. 
aureus 

(Terashi- 
ma) 

0.19 
0.39 
7.82 
7.82 
0.12 
0.49 
1.95 
1.95 
3.91 

31.25 
0.98 
7.82 
0.49 
0.98 

Strep. 
haemolyt- 

icus 
@-type) 

0.39 
0.78 
7.82 
7.82 
0.98 

62.50 
62.50 
0.38 
1.95 
0.49 
1 a 9 5  

31.25 
31.25 

0.98 

Panfuran hydrochloride exhibits excellent antimicrobial activity against 
all test micro-organisms, especially against E. coli and Shig. dysenteriae. Nitro- 
furans not only possess bacteriostatic but also bactericidal effects against 
many micro-organisms. The concentration of chloramphenicol and tetra- 
cycline required for bactericidal action is much higher than that necessary 
for a bacteriostatic effect86J01JSz. The activity of acyl derivatives and alkyl 
derivatives of panfuran compare with that of furazolidone as follows: 
the three compounds tested, namely monoacetyl-, monochloroaetyl- and 
diacetyl-derivatives of panfuran, are more active than furazolidone, while 
they are less active than panfuran base. Decanoylpanfuran which is soluble 
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in fat, has demonstrated good effectiveness in vitro. Monomethylpanfuran as 
well as di- (hydroxymethy1)panfuran inhibits equally well the growth of 
bacteria. But the antimicrobial activity of both is less than that of panfuran 
hydrochloride. Other workerslS3 reported that di-(hydroxymethy1)panfuran 
was more effective than panfuran base against various micro-organisms in 
vitro. Nitrofuran vinylogues containing a heterocyclic ring in the molecule, 
demonstrate strong activity against gram negative and gram positive 
bacteria in vitrolg4. 

Factors Affecting ActiviQ 
The inhibitory activity of nitrofurans on the growth of bacteria in broth or 
synthetic media is not significantly reduced by adding blood or serum. The 
antibacterial activity of certain nonionized nitrofurans (nitrofurazone, 
furazolidone) is not affected by the pH of the medium. Ionized nitrofurans 
(nitrofurantoin, nifuroxime, and furaltadone) are affected by the pH of the 
medium to some degree. Panfuran hydrochloride becomes less effective by 
adding blood or deoxycholic acid; the reduction ranged from one-half to 
one-fifth. However, the activity of panfuran decreases considerably by 
adding compounds which contain SH-groups in the molecule, namely 
glutathione, cysteine, sodium hyposulphite and sodium th iog lyc~ la t e~~~ .  

Panfuran readily forms an adduct with cysteine nydrochloride in water. 
This adduct has no antibacterial activitylo5. 

A study of the binding of nitrofurans to plasma proteins showed that119 
nonionized nitrofurans were bound to the plasma proteins to some extent 
(about 30 per cent), the anionic nitrofurans to a greater extent (nitrofuran- 
toin about 50 per cent) and cationic nitrofurans to a relatively slight extent 
(furaltadone about 10 per cent). Panfuran was bound to plasma proteins to 
a slight extent, and to the erythrocytes to about 20 per cent. Also, the 
decrease of antibacterial activity of panfuran by animal tissues was 
observedlS5. These tissues are stomach, intestines, liver, kidney and testicle. 
The inactivation of the antibacterial activity of panfuran is counteracted by 
adding vitamin K, and anthraquinone. 

Antibacterial Spectrum of Nitrofurans 
The antibacterial activity of nitrofurazone and related compounds was 
investigated by several workers against a wide variety of micro-organisms. 
In  this chapter the antibacterial spectrum only of panfuran will be given. 
Kimuralg5 reported that panfuran had a high order of antibacterial activity 
against various micro-organisms ( Table 6.24). 

I t  is effective against gram positive and gram negative bacteria, and fungi 
belonging to the Tryckopkyyton and C?yptococcus genera, except the strain of 
Pseudornonm aeroginoses and candida. The in vitro spectrum of panfuran closely 
resembles that of nitrofurazone. 

ANTIBACTERIAL PROPERTIES in V i V O  

Studies in Experimental Animals 
I t  is understood that nitrofuran derivatives exhibit an outstanding inhibition 
against various micro-organisms in vitro, although the cure rate of infected 
animals remains rather low. 
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Table 6.24. Antimicrobial spectrum of panfuran hydrochloride*Q5 

Micro-organism 

Staphylococcus aureus (209p) 
Staphylococcus aureus (Terashime) 
Diplococcus gneumoniae 
Streptococcus pyogenes (S-43-M) 
Streptococcus pyogenes (variant-7) 
Bacillus subtillis (PCL) 
Corynebacterium diphtheriat 
Escherichia coli (0-6) 
Escherichia coli (0-9) 
Escherichia coli (0-1 8 )  
Escherichia coli (0-55) 
Escherichia freundii 
Aerobacter aeregmes 
Arizona 
Alkaligenes dispar 
Klebsiella rhinosoleromatis 
Proteus uulgaris 
Shigella dysenteriae (A-2) 
Shigella dysenteriae (A-5) 
Shigella dysenteriae (A-7) 
Shigella jlexneri (B-2a) 
Shigella fiexneri (B-2h) 
Shigella sonnei (D) 
Salmonella typhi (T-63) 
Salmonella paratyphi A 
Salmonella paratyphi B 
Salmonella entritidis 
Pseudomonas aeruginosa 
Pseudomonas enteritis (Kanagawa 2-XII) 
Pseudomonas enteritis (11) 
Pseudomonas enteritis (111) 
Pseudomonas enteritis (IV) 
PJeudomonas enteritis (VI) 
Pseudomonas enteritis (VII) 
Pseudomonas enteritis (VIII) 
Pseudomonas enteritis (IX) 
Pseudomonas enteritis (Kanagawa 1-11) 
Pseudomonas enteritis (XI) 
Pseudomonas enteritis (XII) 
Pseudomonas enteritis (XIII) 
Pseudomonas enteritis (XXrV\ 
Pseudomonas enteritis (Kanagawa 3-XIII) 
Pseudomonas enteritis (N4-II) 
Pseudomonas enteritis (XVIII) 
Candida albicans 
Candida perakrusei 
Candida tropicalis 
Candida stelletoides 
Candida guilliermendi 
Candida krusei 
Trichophyton rnenta,qophytes (Kameda) 
Trichophyton interdigitales (Yoshida) 
Trichophyton rubrum (Fujisawa) 
Trichophyton rubrum (Iura) 
Cpptococcus neoformans 

Minimum inhibitory 
concentration 

(PupW) (24 h) 

0.25 
0.25 
0.5 
0.25 
0.5 
0.5 
0.25 
0-3 
0.5 
0.05 
0.05 
0.25 
0.5 
0.05 
0.1 
1 .o 
1 .o 
0.1 
0.1 
0.25 
0.1 
0.1 
0.05 
0.1 
0.1 
0.1 
0.01 

20.0 
0.1 
0.01 
0.025 
0.025 
0.005 
0.01 
0.025 
0.025 
0.005 
0.025 
0.025 
0.1 
0-05 
0.005 
0.025 
0.025 

10.0 
50.0 
25.0 

5.0 
50.0 
10.0 
2.5 
5.0 
0.6 
1.25 
5.0 

The hrot!! dilution method was used in these studies. Pseudomonus organisms were cultivated in 1 per cent 
pentone 3 per cent NaCI medium and DipL pncurnoia, Str. pvogmcs and Coli. Diphtkerine were cultivated on heart 
infusion’broth containing 0.5 per dent glucose. All other bacteria were cultivated on heart infusion broth. Fungi 
were grown in Sabouraud’s medium. 
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Doddls0 reported that nitrofurazone was effective against infections with 
Staph. aureus, Strep. pyogenes, Sal. schottrnuelleri, and Sal. gphirnurium. It is not 
effective against Diplococcus pneurnoniae. The antibacterial activity of other 
nitrofurans in vivo is shown in Table 6.25. 

Table 6.25. Chemotherapeutic activity of nitrofurans (oral against 
Staph. aureus and Sal. typhosa in albino mice 

1 
Sal. typhosa 1 Staph. aetreus I 

Compound 1 I 

Dose (mg/kg) Survival (yo) Dose (mg/kg) Survival (yo) 

Nitrofurazone 
Nitrofurantoin 
Furazolidone 
Furaltadone 
Nifuroxime 
Nitrofurfurylmethyl ether 

210 
2 10 
22 
22 

no data 
no data 

50b 
10 
s o b  

s o b  - 

93 
210 
30 
75 
450 

350d 

50b 
10 
50b 
70 
20 
60 

ED,,. 
3 doses : 14 mg/kg a t  30 minutes, 4 5  and 8 hours. (No single dose data.) 
100 mg/kg a t  30 minutes, followed by 50 mg/kg at 3, 6, g ,  12 and 24 hours. (No single dose data.) 

All test compounds are effective against systemic infection with Sal. 
gphosa. Nitrofurazone, furazolidone, and furaltadone are also effective 
against infection with Staph. aureus. In 1962 the activity of panfuran in vivo 
was determined against infections with Strep. p y o g e n e ~ l ~ ~ .  Mice were inoculated 
intraperitoneally with a dose 1,000 times higher than the MLD of bacteria. 
Thereafter, panfuran and similar compounds were administered subcutane- 
ously at 3, 24, 48, and 72 hours after inoculation. The results prove that 
panfuran is effective against Strep. pyogenes infections. 

Its effectiveness, however, seems to be less than that of the tetracyclines. 
KimuralS3 proved di- (hydroxymethyl) panfuran to be effective in vivo against 
Strep. pyogenes infections as the following Table 6.26 shows. The three tested 
compounds exhibit the same prophylactic activity. 

Table 6.26. Prophylactic effects of acetylpanfuran and di-(hydroxymethy1)panfuran 
against Streptococcus jyo~qenes infection in micelQs 

I I I 1 I 

Di- (h ydroxyme thyl) panfuran 
Acetylpanfuran 
Tetracycline 

lop2 80-160 
80- 160 
80-160 

7/8 1 ;$A2 I ?\A2 1 ?\A2 1 
4/4 4/4 0/4 0/4 

1 I I I 1 -  

At 30 minutes before the inoculation, the compounds were orally administered. Control 
animals died from the infection. 
Virulence = 1 : 1,000 i.p. 

Tvpanocidal Nitrofurans 
The most important trypanocidal furan is nitrofurazone which will cure T. 
equiperdum infections in laboratory animals. I t  is effcctive against T. equ$er- 
durn in 20 hours at a concentration of 1.2 kg/ml. and T. rhodensiense in vitro. 

In vivo curative dose (CD,,) for T. equiperdurn in mice is 248 mg/kg if the 
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drug is administered subcutaneously (single dose19 9). A single intramuscular 
dose of 50-150mg/kg cured 16 of 32 guinea-pigs infected with various 
strains of T. gambieme. 

A recently isolated strain of T. rhodemiense in mice is not cured intraperi- 
tonallyzo0. In mice infected with T. cruzi the infection was inhibited by 
nitrofurazone and the following three compounds201J02: 

(1) 5-nitro-2-furfurylideneaminobiuret (LXV)  ; 
( 2 )  5-nitro-2-furfuraldehydetrimethylammoniumacetylhydrazone chlor- 

(3) 5-nitro-2-furylnacrolein semicarbazone (LXVII) . 
5-O2N.Fur,CH=N.NH.CO.NH. CO.NH2 

ide (LXVI)  ; 

ILXVI 5-0,N.Fur. CH=CH .CH=N .NH .CO.NH, 
+ (L XVII )  

5-02N.Fur.CH-N.NHC0.CH2 .NMe3 CL- 

( 1 2  VII 

Trypanosomes are not resistant to nitrofurazone. Furaltadone is ineffective 
against infections with T. rh0densiense2~3. Both the 2-hydroxyethyl semicarba- 
zone (LXVIII)  and the thioxazolidone ( L X I X )  derivatives of 5-nitrofural- 
dehyde have some activity in mice infected with t r y p a n o ~ o m a ~ ~ ~ ~ ~ ~ ~ .  

5-02N- Fur. CH=N.NH.C0.NH-CH2.CH2 -OH 
(XVIII) 

5-0, N. Fur 1 C H=N.N 7 
b0 5 

~ - 0 2 t + ~ ~ ~ - J J L , H . N H - c H 0  

(LAX) 
( L X I X )  

Some Compounds under Clinical Investigation against Bacterial Infections 
Recently it was reported that the following compounds were under clinical 
trial : 

(1) Through the investigation of Holper205 on the antibacterial effective- 
ness of 5-(formylhydrazino)-2-(5-nitro-2-furyl) thiazole ( L X X )  which was 
synthesized by Sherman and D i c k s ~ n ~ ~ ~ ~  it is proved that this compound, in 
uitro, is about twice as effective against gram positive bacteria and about 
four times against gram negative bacteria, as is nitrofurantoin. Systemic 
infections in mice with Staph. aurew, Strep. pyogenes, E. coli, and Sal. typhimur- 
ium, respond well when it is administered orally or subcutaneously. It is 
inactive in viuo against B. aeruginosa, Pr. vulgaris, and Diplo. pneumoniae. 

(2) The antibacterial action of several new nitrofurans in uitro against a 
number of organisms has been reported by Skagius2m. These data indicate 
that 5-(5-nitro-2-furyl)-2-amino-l,3,4-thiadiazole (NF-475, ASA- 140, Ph/ 
778, L X X I )  and its formyl derivative (LXXII)  have been recommended for 
further study in the treatment of intestinal infections of various aetiology. 

o 2 N w ; J - N H R  

( L X X I ,  R = H) 
(LXXII ,  R:CHO) 
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(3) The activity in vivo of a nitrofuran, 2-amino-5-[2-(5-nitro-2-furyl)- 
vinyl]- 1,3,4-thiadiazole ( L X )  was tested against Strep. pyogenes-infected 
mice194. The in vivo eGctiveness against streptococcal infection of this 
compound is superior to that of sulphamethizole (LXXIII)  which is widely 
used in urinary tract infections. The same compound was synthesized 
independently by workers of Boehringer & Soehne C.m.b.H.207 and its 
clinical effectiveness on urinary tract infections was studied. 

ILXXIII)  

5- O,N. Fur. CH=CH-(=)-- NH2 

N-N 
(L XXI  V )  

(4) It was also reported that topical use of 6-amino-l-[(5-nitro-2-furyl)- 
vinyllpyridazine (NF- 1002, HB- 1 15, nifurprazine, Carofur, LXXIV)  for 
soluble dressing and soluble powder gave very satisfactory results in over 400 
cases. The compound was effective in the presence of pus, blood and serum 
and facilitated wound healing without damaging tissues. 

(5) 1-(5-Nitrofurfurylideneamino)-2-imidazolidone (Oxafuradene, NF- 
246, L X X V )  has demonstrated a high order of antibacterial activity in the 
urine and blood of humans20*. Beside this compound, the chemotherapeutic 

5-OzN.Fur. CH=N.N 1 5-02N.Fur.CH=N.NH.CH2.C0.NH2 bH (LXXVI)  
0 

(LXXV)  

5-02N.Fur<$=0 NH 

(LXXVII I  
0 

value of 5-nitrofurfurylidenehydrazinoacetamide ( L X X V I )  and its acyl 
derivatives were reported by the same workers. 

(NF - 477, 
.LXXVII) was prepared and evaluated by Hayes ( 1964)12'. Whereas the 
antibacterial spectrum of this compound is superior, urinary excretion and 
acute toxicity are comparable to that of nitrofurantoin. Since the incidence 
of vomiting in dogs was much lower than with nitrofurantoin, this compound 
merits further study as a urinary tract antibacterial agent. 
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Therapeutic Uses of Nitrofuram 

Nitrofurazone 
This compound is available in more than a dozen formulations. Its 

primary use is as a topical agent; oral application for the treatment of 
certain tropical diseases and seminoma plays an insignificant yet important 
role. 

Nitrofurazone was the first product which the originators of nitrofurans, 
the Norwich Pharmacal Company, made available for general use through 
Eaton Laboratories in 1945. A year earlier the product stood its first test 
during the invasion of France and was beneficial in the treatment of infected 
battle wounds. Despite extensive use all over the world, there has been 
virtually no increase in bacterial resistance. Nitrofurazone exhibits bacteri- 
cidal action which is not decreased by the presence of blood, pus or serumzo9. 
Although effective against a great variety of gram negative and gram positive 
micro-organisms, only those commonly found in surface infections will be 
mentioned herezo9. 

(1) Gram positive Staphylococcus albus 
Staphylococcus aureus 
Streptococcus pyogenes (huemolyticus) 

Pseudomonas aeruginosa 
E. coli 

(2) Gram negative Proteus vulgaris 

A recent survey by Eaton Laboratorieszo9 indicates that sensitization to 
nitrofurazone occurs at a rate of about 1-2 per cent. 

The report covers more than 11,000 patients and includes those with 
chronic ulcers and infected ecthyma who are particularly prone to sensitiza- 
tion. In  surgical practice the incidence is only 0.5 per cent. Whenever 
sensitization occurs, all symptoms and signs quickly disappear as soon as the 
drug has been discontinued. The risk of sensitization can be significantly 
decreased by applying nitrofurazone preparations only to infected areas and 
not to surrounding tissue. When large ulcers, varicose or decubital are treated 
with nitrofurazone, the sensitive skin along the lesion should be protected 
with zinc oxide ointment or paste. To  prevent adherence of the bandage in 
skin grafts, it is advisable to use paper or petrolatum gauze over nitrofurazone- 
impregnated dressing. Nitrofurazone-soluble powder also contains 0.2 per 
cent of the compound, which is dissolved in polyethylene glycols. The 
powder is used for prophylaxis and treatment of surface infections whenever 
its use is more convenient than that of dressing or solution. Besides its use 
in the treatment of wounds and infected dermatological lesions, nitrofurazone 
is available for the treatment of cervicovaginal infections and for the preven- 
tion of infections in cervicovaginal surgery. Other formulations include 
nitrofurazone urethral inserts for the treatment of menopausal and post- 
menopausal urethritis, ophthalmic liquid and ophthalmic ointment for 
infections of the conjunctiva and cornea, ear drops which also provide local 
analgesia and antifungal activity, and nose drops for the relief of nasal 
congestion. 
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The application of any of its formulations for less than 24 hours is probably 
of little value. On the other hand, nitrofurazone should not be applied for 
more than 5-7 days, although most infections will have been controlled by 
that time. In view of the low surface tension and the product’s penetration 
of pouches and fissures, the so-called delayed re-dressing technique, i.e. the 
use of a single application, can be recommended for topical nitrofurazoneZ0!’. 
Although sensitization may occur occasionally, there have been few reports 
on clinical toxicity during recent years. LoriiaZ10 reported a severe allergic 
reaction in a woman with otitis externa. This side effect occurred after the 
application of nitrofurazone powder to the external auditory meatus. 
Shortly thereafter, pruritus and a burning sensation of the entire body with 
maceration and ulceration of some articular surfaces occurred. It must be 
noted, however, that this patient had demonstrated an allergic reaction one 
year prior to this incident when she used nitrofurazone solution as a throat 
gargle. 

The most widely used formulation of nitrofurazone is the ‘soluble dressing’, 
a preparation suitable for surgical as well as dermatological infections. In 
burns, it is applied for treatment as well as for the prevention of infections. 
Pre-operative application is advised for skin grafting whereas nitrofurazone 
is used post-operatively on grafts as well as on donor’s sites. Due to the high 
water-solubility there will be no interference with successful ‘takes’. 

BilichZI1 reported excellent results in burns in children when he added 
novocain and cod-liver oil to nitrofurazone. With this treatment he observed 
only one ineffective case in 56 patients. The more recent literature212-216 
confirms previous reports on the clinical usefulness of nitrofurazone. In 
comparative studies in dermatologyz1’ a cure rate of 65.2 per cent was 
reported, whereas Stauber218 achieved satisfactory results in 90 per cent of 
his 95 patients with pyogenic dermatoses. In another dermatological investi- 
g a t i ~ n ~ ~ ~  a mixture of nitrofurazone, hydrocortisone and Vitamins A and D 
resulted in a cure rate of 92.3 per cent. For the treatment of burns, InghamZz0 
used a nitrofurazone-soluble aerosol which proved to be more effective than 
four other aerosols with which he compared nitrofurazone. In Russia, 
nitrofurazone is also used as a constituent in a paste which protects the hands 
of workmen from penetration by industrial impurities and from irritation 
caused by industrial oiIsZz1. 

When a nitrofurazone solution in a concentration of 1 :5,000 is used 
2 hours before each meal to irrigate the tonsils of patients with tonsillitis, a 
significant decrease in the tonsillar bacterial count does not ensuezz2. 
Bladder infections, on the other hand, were noted to respond well to irriga- 
tions with a 0.4 per cent nitrofurazone s0lution~~3, although it took 30 days 
until the principal infectious organisms were suppressed. Since 100 mg of 
nitrofurantoin were given three times daily at the same time, the effect 
which the bladder irrigations exercised is dubious. The beneficial use of oral 
nitrofurazone in malignant teratoma of the testicle has recently been 
reaffirmed by RosenblatP4. After the surgical removal of the primary 
tumour, he noted complete disappearance of metastases. However, nitro- 
furazone should only be used as a final resource because of its neurotoxicity. 

Another indication for the oral or even intravenous use of nitrofurazone 
is Chagas disease which occurs almost exclusively in tropical latitudes. 
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Four of ten patients who were treated with oral dosages of nitrofurazone 
ranging from 10 to 30 mg/kg daily for several weeks, received progressively 
increasing dosages until evidence of peripheral neuropathy appeared during 
the third week. Other patients on 10 mg/kg of nitrofurazone daily in con- 
junction with Vitamin B complex for 60 days showed no evidence of neuro- 
logical side effects225*226. The clinical usefulness of nitrofurazone in the 
treatment of this tropical disease as evidenced by a negative complement 
fixation test for Trypanosoma cruti seems to be beyond doubt, although 
clinical, electro-cardiographic and radiological changes due to the activity 
of the drug were not significant. In  a subsequent study peripheral neuritis, 
nausea and vomiting were cited as untoward reactions227. 

Cancado, Marra and Brener228 also used 10 mg/kg daily of nitrofurazone 
perorally for 10 to 34 days, but in this group of five patients, therapy had 
to be interrupted in all cases due to the appearance of peripheral neuritis. 
While topical application of nitrofurazone is usually not accompanied by 
any side effects, and the use of nitrofurazone inserts in patients with urethritis 
can also be considered a safe trouble may ensue as soon as the 
drug is given orally or parenterally. Besides the rare occurrence of haemolytic 
anaemia230, the most prominent untoward effect seems to be peripheral 
neuritisZ3l. 

Nitrofurantoin 

This compound was the first nitrofuran which was recommended for 
peroral use. In 1952, eight years after the report on nitrofurazone by Dodd 
and Stillmanl, successful clinical trials began, documented by the first 
presentation in April of the following year by Norfleet, Beamer and 
Carpenter232. Nitrofurantoin was available soon thereafter for the treatment 
of urinary tract infections and only a selection of the hundreds of papers 
which have been published since can be summarized here. Looking back 
over the past decade and remembering that hundreds of nitrofurans have 
been tested for the treatment of urinary tract infections during this period, 
the decision to progress with nitrofurantoin more than a dozen years ago 
appears to have been a particularly fortunate one in that this product 
possesses nearly all the important properties required of a good drug in this 
field. The chief requirement is rapid urinary excretion of a high percentage 
of the ingested dose. Nitrofurantoin fulfils this prerequisite ideally, in that 
approximately one-third of the drug can be recovered in the urine. In  order 
to avoid precipitation of an antibacterial agent in the urinary tract it must 
be stable and soluble in an acid, neutral or even an alkaline environment; 
moreover, if changes of pH occur, the effectiveness of the compound should 
not be impaired. In  view of the chronic infections which have to be treated 
with urinary tract antiseptics, it is essential that a therapeutic agent can be 
administered over a longer period of time and, furthermore, that no increase 
of bacterial resistance occurs. Nitrofurantoin also fulfills these requirements. 
Its limitation in clinical use is the incidence of side effects, namely nausea 
and vomiting which occur in some individuals despite precautionary 
measures. 

Of the four major causative agents of urinary tract infections, namefy 
E. coli, Enterococci, Staphylococci and Proteus, the first three are highly sensitive 
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to nitrofurantoin. Legler233 tested the sensitivity of 2,154 strains of micro- 
organisms which were isolated from the urine of patients with urinary tract 
infections and his work has been largely confirmed by other researchers. 
Their results are shown in Table 6.27. 

Table 6.27. Sensitivity of bacteria to nitrofurantoin 

Micro-organism Sensitivity (%) 

Escherichia coli 
Aerobacter aerogenes 
Proteus vulgaris 
Enterococci 
Stafihylococcus aureus 
Staphylococcus albus 

96 
83 
27 - .  

99 
92 
99 

78 

27 
81 
84 

91 

72 
94 
100 

92 

7 1  
99 

The sensitivity of the organisms to nitrofurantoin and five other anti- 
biotics and chemotherapeutic agents was compared and, except for the 
greater sensitivity of Proteus to nalidixic acid, none of the test compounds 
surpassed the results achieved with nitrofurantoin. An interesting study by 
Kingz3' proved that cultures of E. coli and Staph. aureus taken at  the Cleveland 
Clinic in the U.S. between 1956 and 1961 showed increased sensitivity to 
nitrofurantoin but increased resistance to dihydrostreptomycin, chloram- 
phenicol and neomycin. 

The potential value of nitrofurantoin as a urinary tract drug was definitely 
established in 1953, when Paul, Hayes and Bender reported their earliest 
results on excretion23s. Meanwhile an abundance of literature relating to the 
experimental aspects has been published, and three of these, although not 
strictly part of a clinical description, have an indirect bearing on the thera- 
peutic use of nitrofurantoin. The first by Voemel and S p i n g l e ~ - ~ ~ ~  showed that 
the rate of excretion and the total amount of nitrofurantoin excreted were 
approximately the same for all formulations (tablets, syrup, pearls and 
injections) of the sodium salt. Secondly, measurement of the endogenous 
creatinine clearance prior to and during the administration of nitrofurantoin 
in a number of normal children, who had received 5 mg/kg of the drug for 
7 days, showed that the plasma creatinine remained within normal limits240. 
A third studyZ4l indicates the need for antimicrobial assay of the renal 
lymph in addition to urine and blood levels when determining the effective- 
ness of any urinary tract therapeutic agent. Colorimetric determinations 
were made of sodium nitrofurantoin in the renal lymph of 17 dogs after 
giving 5 to 10 mg/kg of the drug by stomach tube. One and a half to two 
hours after the infusion, a two to three fold increase in lymph concentrations 
of nitrofurantoin was observed. The renal lymph was bacteriologically active 
against E. coli, indicating the effectiveness within the renal tissue. 

Besides reports242-24s demonstrating the clinical effectiveness of nitro- 
fu&ntoin when given in doses ranging from 5 to 8 mg/kg daily over periods 
varying from 10 to 42 days, additional studies show that prophylactic 
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application of nitrofurantoin in pregnant women with bacteriuria can 
significantly reduce the incidence of pyelonephritis. Ognibene, Mullin and 
S ~ h r e i b e r ~ * ~  reported bacteriuria in 28 of 600 pregnant women; each of 
them received 150 mg of nitrofurantoin daily throughout the remainder of 
pregnancy and for 8 weeks postpartum with the result that not a single case 
of acute pyelonephritis occurred. LeBlanc and M ~ G a n i t y ~ ~ ~  found the 
incidence of significant bacteriuria to be 9-7 per cent in 1,325 pregnant 
women. They may have discovered a connection between bacteriuria and 
prematurity, namely that patients with bacteriuria who were not treated 
with a urinary antiseptic such as nitrofurantoin had the highest prematurity 
rate. The same findings in regard to pyelonephritis as well as to prematurity 
were confirmed by SemmensZ5', LeBlanc and M ~ G a n i t y ~ ~ ~  and S ~ h r e i b e r ~ ~ ~ .  

The prophylactic use of nitrofurantoin has also been of great value for the 
prevention of infections after cystoscopy and surgical procedures. Milberg 
and Hermann254 reported the occurrence of an infection in only 19 per cent 
compared with 70 per cent or more when no drug had been given prophy- 
lactically. 

Williams255 has also used the drug for the prevention of bladder infections 
in alternate patients who had undergone vaginal operations. Whereas 80 
per cent of his control group developed such infections, mostly due to E. coli, 
only 10 per cent of the treated group showed evidence of this complication. 
Since postoperative urinary tract infection is common whenever an in- 
dwelling catheter is used, nitrofurantoin bladder instillations twice daily 
have been employed to reduce the incidence by almost 40 per cent, as control 
studies have demonstrated256. Although topical use of the drug is not 
common, a few reports257-259 have appeared in the literature over the past 
few years. 

The treatment of recurrent pyelonephritis, which is often due to urinary 
stasis in the renal tubuli, has always been a challenge to the physician. A 
plan to prevent infection with some sort of treatment extending beyond the 
acute stage has been realized by a number of researchers, most notably by 
Haschek in Vienna260-263. He has used 100-200 mg of nitrofurantoin daily 
for as long as five years, emphasizing that this dosage was found to be 
effective in reducing the frequency of relapses. Recently, he published results 
on the treatment of 50 patients with chronic pyelonephritis. A number of 
other clinicians have meanwhile confirmed the results of longterm treatment. 
O r ~ t e n ~ ~ ~  used 50-150 mg/day up to two years and successfully suppressed 
clinical manifestations of this chronic disease. KasanenZB5 recorded treatment 
up to one year and reported a low incidence of relapses in comparison with 
patients treated for a period of three months. Other papers266-268 confirmed 
the positive results of longterm treatment although their courses were some- 
what shorter. S ~ e n d e i ~ ~ ~  treated a physician with pyelonephritis for more 
than three years with 50 to 100 mg of nitrofurantoin which suppressed the 
infection despite multiple daily catheterizations. 

Whenever oral administration of nitrofurantoin does not seem feasible, the 
sodium salt can be administered intravenously (180 mg twice a day for 
adults) for the suppression of urinary tract  infection^^^^-^^^. A number of 
clinicians have used nitrofurantoin sodium in urology as well as for the 
treatment of systemic and pulmonary in fec t i~ns~ '~ -~~ l .  
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Intramuscular administration of nitrofurantoin sodium may also be 
successfulzSz; in metastatic seminoma, the drug apparently decreases the 
size of lung metastases thus improving the patient’s conditionzR3. Owing to 
the low blood levels which are achieved with nitrofurantoin, all indications 
for its use aside from urinary tract infections have meanwhile been aban- 
doned; hence nitrofurantoin is used orally as well as parenterally for the 
treatment of urinary tract infections only. Intravenous use of nitrofurantoin 
does not produce higher urine levels than oral administration or intra- 
muscular injection does284. A comparison of all three modes of application 
has proved that orally-administered nitrofurantoin is absorbed completely 
and metabolized rapidly since maximum drug levels appear in the urine 
within thirty to sixty minutes after administration. To  reduce the rate of 
side effects, enteric coated tablets may be administered. Numerous reports 
especially from Japan2R5-zRs have led to the conclusion that such tablets are 
absorbed at  a slower rate and are, therefore, probably better tolerated. 
On the other hand, it seems likely that adequate bacteriostatic levels 
cannot be achieved and hence a higher failure rate will ensue with this 
method. 

Nitrofurantoin seems to produce a number of untoward reactions with 
which the physician should be familiar. The most frequently encountered 
side effects are nausea and vomiting: there are reports which quote an 
incidence of 33 per cenP9,  although the average range will be from 10 to 
15 per centz90~z91. In  comparison to these side effects, allergic reactions and 
drug fever are rather uncommon. LuebbersZg2 observed two patients with 
nitrofurantoin-induced fever and simultaneous shock-like reactions. In  both 
cases the side effects occurred after a single nitrofurantoin tablet; however 
there had been previous treatment with the same drug. Another patient 
experienced an anaphylactic reaction with severe dyspnea, wheezing and 
generalized itching after a dose of 100 mg of nitrofurantoinZg3. 

Allergic pulmonary infiltration with accompanying eosinophilia also 
belong to this c a t e g ~ r y ~ ~ ~ - ~ ~ ~ .  A very rare case was reported by OswaldZg7 
in the Netherlands who noticed a toxic epidermal necrolysis in a 60 year old 
female who had received nitrofurantoin for 15 days. These signs partially 
subsided during the next five days. Another rare observationzg8 was made 
on a 7 month old infant who had received crushed nitrofurantoin tablets in 
four divided doses for 7 days (8 mg/kg daily). Thereafter the drug was 
continued prophylactically for 60 days (2 mg/kg twice a day). When the 
baby was 14 months, it was noted that its upper incisor teeth and two lower 
incisor teeth were stained yellow. Nitrofurantoin should therefore be adminis- 
tered as a pediatric suspension, not as crushed tablets, during tooth eruption. 
The purpose of this recommendation is to minimize contact with dentition 
and thus the possibility of discoloration. I t  is doubtful, however, whether 
this measure alone prevents the complication. Studies by Strauss and 
Jawetz2g9 eliminated hepatoxicity from the list of side effects. Even in the 
presence of hepatic dysfunction, nitrofurantoin can be administered300. 

In contrast to other side effects, peripheral neuropathy has only been 
observed in the presence of ‘predisposing factors’, namely diabetes mellitus, 
anaemia, B-avitaminosis, or whenever electrolyte balance was disturbed. It 
may also occur if the NPN (serum nonprotein nitrogen) is over 100 mg per 
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cent so that proper elimination of the drug cannot ensue. I t  was calculated 
that up to 1962 there had been four cases of peripheral neuropathy in one 
million nitrofurantoin treatment c o ~ r s e s 3 ~ ~ ~ 3 ~ ~ .  By the end of 1964, another 
12 reports were published which described neurotoxic symptoms of various 
degrees in 25 p a t i e n t ~ ~ O ~ - ~ l ~ .  It is noteworthy that neither the duration of 
treatment nor the ingested amount of nitrofurantoin followed a definite 
pattern. Sometimes patients developed paresthesias after a few days of 
treatment. The aforementioned predisposing factors, however, were invari- 
ably present. There were various degrees of severity ranging from slight 
paresthesia to irreversible motor paralysis. The administration of Vitamin B 
preparations does not seem to be of very much avail in improving symptoms 
of side effects. Since it is difficult to make recommendations on the prevention 
of peripheral neuropathy, the suggestion303 that a daily dose of 400 mg 
should not be exceeded and that the drug ordinarily should not be given for 
longer than a 2 week period may be of some value. A smaller dose probably 
could be given safely for a longer period303. This reaffirms the theory that 
maximum dosage, prolonged therapy, and impaired renal function enhance 
the likelihood of neuropathy. When considering the many millions of treat- 
ment courses during the past 3 years, it seems that the incidence of peripheral 
neuropathy has decreased rather than increased, which may in part be 
ascribed to stricter observance of the contraindications with the use of 
nitrofurantoin. 

In  primaquine-sensitive individuals haemolytic anaemia may occur. 
There have been four reports on this side effect since 1962315-31s. The daily 
dose varied between 200 and 800 mg of nitrofurantoin and the duration of 
treatment ranged from three to fourteen days. In  all patients, erythrocyte 
glucose-6-phosphate dehydrogenase values were reduced. Glutathione blood 
levels were also found to be d e p r e s ~ e d ~ ~ ~ J ~ ~ .  I t  must be assumed, however, 
that this side effect, which occurs only in the Negro, is extremely rare and is 
also reversible. 

De Veber and Valentine319 described a 2 month old infant with a history 
of anaemia who was also found to have a urinary tract infection. Besides iron 
therapy, the baby received 5 mg of nitrofurantoin three times daily. During 
the following three weeks the child lost weight, became listless, pale and 
irritable, so that nitrofurantoin was discontinued. At that time the haemo- 
globin level was 5.6 gm/100 ml. and the reticulocyte count 3 per cent. A 
subsequent bone marrow examination showed evidence of erythroid hyper- 
plasia and megaloblastic alterations which responded well to folic acid 
therapy. Another patient with a history of two previous episodes of anaemia 
developed megaloblastic anaemia 2 weeks after a third course of nitro- 
furantoin320. Clinical pathological studies revealed a folic acid deficiency. 
Anaemia responded well to the administration of folic acid. D a r c ~ s ~ ~ l  
however found no significant changes in ten patients with urinary tract 
infections who received 200 mg of nitrofurantoin daily for eight days, even 
in patients with evidence of folk acid deficiency prior to therapy. P e a s t ~ n ~ ~ ~  
also believes that his observation (a gastrointestinal malabsorption syndrome) 
contradicts the hypothesis which claims that megaloblastic anaemia caused 
by folic acid deficiency is attributable to the administration of nitrofurantoin. 
There have been no other observations of this kind in the literature, and we 
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are entitled on the basis of the available evidence to conclude that megalo- 
blastic anaemia due to folic acid deficiency is not caused by nitrofurantoin. 

Another blood dyscrasia which was attributed to nitrofurantoin was 
described by Chamberlin323. He observed a 17 year old male with infectious 
mononucleosis who had received nitrofurantoin. The etiology was not 
clearly established, however, and it must be remembered in this connection 
that bleeding phenomena have been found in 7 per cent of all cases of 
mononucleosis324 so that this platelet defect might be considered a complica- 
tion of the disease rather than a drug effect. Although nitrofurantoin has 
most often been employed in urinary tract infections, the drug has occasion- 
ally been used for the treatment of infantile diarrhoea325. It is likely that this 
is a suitable indication for nitrofurantoin since the amount of nitrofurantoin 
which passes the intestines may suffice for antibacterial action. When blood 
and tissue levels, however, are required, nitrofurantoin would definitely not 
be the drug of choice. This also applies to the use of nitrofurantoin sodium 
with which A l e ~ s a n d r i ~ ~ ~  reported excellent results while treating patients 
who had undergone pleuropulmonary surgery in tuberculosis. 

Nitrofurantoin has been administered rectally327 in high dosages ( 10-20 
mg/kg) whereby bacteriostatic urine levels were demonstrated. On the other 
hand, such great amounts of nitrofurantoin may cause rectal irritation and 
discomfort. For these reasons the manufacture of nitrofurantoin suppositories 
has largely been discontinued. None the less, patients with urethritis benefit 
greatly from nitrofurantoin suppositories administered once daily for periods 
ranging from a few weeks to several months328. While in acute, uncomplicated 
infections 100 mg of nitrofurantoin three times daily will usually suffice, 100 
mg four times daily is recommended when there is a history of recurrent infec- 
tion. Failure of response after seven days of treatment renders a determina- 
tion of the antibacterial sensitivity of the organisms mandatory. Since the 
in vitro antibacterial activity of the drug is not significantly affected by 
variation of pH between 5 .5  and 8.0, adjustment during nitrofurantoin 
treatment will not be necessary329. 

For long-term, continuous treatment the lowest effective dose will have to 
be determined. (It usually ranges from 50-150 mg daily in adults: children 
receive 2-3 mg/kg body weight.) The drug should be given for at least three 
days after the urine has become sterile. Administration with meals and/or 
milk may help to prevent nausea. Since nitrofurantoin does not provide 
close contact with functional parts, it should be given in combination with 
a broad-spectrum antibiotic during the early stages of a urinary tract 
infection. Chloramphenicol appears to be most suitable for this purpose, as 
its urinary excretion is not affected by reduced renal function. Nitrofuran- 
toin, on the other hand, is poorly excreted in patients with renal insufficiency; 
therefore its application is contra-indicated whenever the NPN of the serum 
exceeds 100 mg per cent. Elevation up to 100 mg per cent limits the use of 
the drug to 50 mg twice daily330. 

Nitrofurantoin does not develop cross-resistance or cross-sensitization 
with antibiotics or sulphonamides. Super-infection due to Candida albicanr, 
commonly encountered with the use of antibiotics, has not been observed 
with its use. When intravenous nitrofurantoin sodium is administered, 100 
to 180 mg may be given twice daily if the patient weighs over 55 kg. Other- 

362 



K. MIURA AND H. K. RECKENDORF 

wise, the recommended dose is approximately 6 mgJkg of body weight per 
day divided into two equal doses. Given over a period of 3 hours, the infusion 
is well tolerated; given in less than 3 hours, the incidence of side reactions 
will increase331. In  contrast to antabuse-like reactions which occur with 
furazolidone and furaltadone, nitrofurantoin does not have this type of side 
reaction. There have been no clinical reports of antabuse effects although 
nitrofurantoin has been used in a great number of patients over many years 
when it may reasonably have been assumed that some patients did ingest 
alcoholic beverages during the course of treatment. Experimentally this 
observation has been confirmed in tests carried out in healthy volunteers332. 

Furatolidone 

Subsequent to nitrofurantoin, furazolidone was next to gain worldwide 
recognition. Like its predecessor which was the first nitrofuran administered 
perorally to human beings, this product is also ingested by mouth. The clinical 
indications comprise a great variety of gastro-intestinal infections of different 
etiology. 

Publications on furazolidone during the past three years report the use 
of this compound in dysentery, typhoid fever and paratyphoid, coli enteritis, 
giardiasis, brucellosis, trichomonal vaginitis and enteritis of undetermined 
origin. There is no doubt that for most of these conditions furazolidone has 
been a useful chemotherapeutic agent. The highest cure rate of all types of 
infections can probably be achieved in bacillary dysentery caused by the 
Shigella species. A 6 year survey of 329 children333 indicates that furazolidone 
(15 mg/kg) had become the drug of choice in these patients (paediatric 
Shigellosis) . There was more rapid clinical improvement with furazolidone 
than with tetracycline derivatives, sulphadiazine, chloramphenicol or 
neomycin. Another extensive on 62 1 children yielded similarly 
favourable results, namely a cure rate of 94 per cent was achieved. The 
failure to obtain a bacteriological cure was ascribed to decreased effectiveness 
which stood in direct relation to the period of time which elapsed between 
the onset of the disease and the initiation of treatment. Usually treatment 
has to be extended over a period of 4 to 7 days. Under exceptionally poor 
sanitary conditions two weeks may be r e q ~ i r e d ~ ~ 5 .  Other publications on 
this particular i n d i ~ a t i o n 3 ~ ~ - 3 ~ ~  report equally good results, a rather high 
rate of bacteriological cures and the superiority to sulphonamides and 
antibiotics in the treatment of Shigellosis. 

A great number of papers340-367 originating mainly in Latin America 
describe furazolidone as a highly effective agent in the treatment of giardi- 
asis which is a parasitic disease caused by Giardia lamblia (the disease is also 
called lambliasis). During the first seven days of treatment a cure rate of 
80-90 per c e n P  can usually be expected. The daily dose for children was 
5-1 5 mg/kg per day on the average, while adults received 100 mg four times 
daily. In a subsequent bacteriological examination351, the cure rate was 
100 per cent when the post-treatment observation period was extended to 
ten days. 

In  coli enteritis which is a rather frequent intestinal infection in infants, 
furazolidone is also highly effective. Most  report^^^^-^'^ which were published 
during the last three years indicate a cure rate of 75-100 per cent. The daily 
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dose was 10-15 mg/kg per day. This amount was usually given for a period 
of 10 days. A large number of cases was observed in Germany from 1960- 
1962375. The summary of the results of 361 courses of treatment indicated 
that neither fungal nor staphylococcal super-infections were encountered. 
Side effects in this particular study mentioned vomiting and allergic skin 
reactions which were termed ‘harmless’ and occurred in only one per cent 
of the cases. Salmonella infections also responded to furazolidone, although 
the cure rate varied considerably, depending on the virulence of each strain 
(50-90-95 per ~ e n t ) ~ ~ ~ t ~ ~ 7 * ~ 7 ~ .  

Numerous  publication^^^^-^^^ report good results in the treatment of 
infectious gastroenteritis of various etiology. Stool cultures were usually not 
carried out in this group; the cure rate which fluctuated between 75 and 100 
per cent, therefore denotes a ‘clinical cure’. Children usually received 10-15 
mg/kg daily for a week to ten days, whereas adults were given 300 to 500 mg 
of furazolidone daily. When comparing the clinical effectiveness of nitro- 
furantoin and f u r a z ~ l i d o n e ~ ~ ~  a surprising observation was made : in the 
nitrofurantoin-treated group there was a cure rate of 80 per cent while only 
33 per cent were cured in the furazolidone-treated group (12 mg/kg/day for 
six days). Causative organisms were not identified. I t  seems, nevertheless, 
that sufficient nitrofurantoin passes the intestinal tract to affect the bacteria. 

Rare indications for furazolidone include its use for the treatment of 
brucellosis397. The cure rate, however, was low (50 per cent) whereas those 
of chloramphenicol plus streptomycin as well as oxytetracycline plus 
streptomycin was 85 and 88 per cent respectively. O ~ h a 3 ~ ~  reported good 
results in the treatment of trichomonal infections in women. A mixture of 
furazolidone plus nifuroxime plus stilbesterol was used later for this indica- 
tion under the trade name of Tricofuron. A somewhat different combination 
also containing furazolidone and diethylstilbesterol was administered in 
another group of 40 patients399 for a period of five to eight days. No relapses 
had occurred after 6 months. 

Side effects with furazolidone are usually harmless and consist of slight 
headache, nausea, occasional vomiting and allergic skin reactions. This 
drug, however, can produce rather strong antabuse-like  reaction^^^^-^^^, 
manifested in facial flushing, headache, nausea, fatigue, thirst and even 
dyspnea and wheezing. Since such reactions can occur up to 48 hours after 
the last dose of the drug has been ingested, it is recommended to abstain 
from alcoholic beverages during the course of treatment and for at least two 
days after the last dose has been administered. 

One of the chief advantages of furazolidone is that this compound is very 
often effective against strains that have become resistant to antibiotics and 
sulphonamides. As with nitrofurantoin, there has been virtually no develop- 
ment of bacterial resistance during the past years. The compound with its 
exceptionally broad antibacterial spectrum affects nearly all organisms 
causing bacterial diarrhoea. Similar to nitrofurantoin, this compound may 
cause intravascular haemolysis in certain groups of patients of Mediterranean 
and Near Eastern origin, as well as in Negroes. This side effect, however, is 
probably due to an intrinsic defect of red blood cell metabolism which is 
found in a small percentage of the population of these areas. Numerous 
other compounds rendered the red blood cells of these individuals particularly 
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susceptible. Most recently, however, reports of haemolytic anaemia caused 
by furazolidone cannot be found in the literature. 

Furazolidone and nijiuroxime 

A mixture of 5 mg furazolidone and 7.5 mg nifuroxime in a water-soluble 
base of polyethylene glycol, polyoxyethylene palmitate and lactic acid is used 
as a topical agent for the treatment of Trichomonas vaginalis and Candida 
albicans infections. The product is available as a suppository or as a powder 
for topical treatment of these types of infections. If the suppositories are 
employed regularly, such as in the morning and at  night during the first 
week and only at night thereafter for at least one menstrual cycle and several 
additional days, a bacteriological cure rate of 75-97 per cent can be ex- 
pected403-407 (these figures apply to trichomonas, moniliasis as well as to 
‘mixed’ infections). 

Although these earlier reports have been confirmed by more recent 
observations with similar bacteriological and clinical cure rate~~08-~10, the 
value of this mixture has been diminished somewhat by a simpler mode of 
treatment, namely, the oral management of these conditions. NevertheIess 
the prime advantage of topical therapy is that infections are treated on the 
site. More specifically this mixture of furazolidone and nifuroxime not only 
eradicates the causative agents but also acidifies the secretion and therefore 
helps to restore the normal vaginal flora. Oral compounds, however, are 
more convenient to administer and their effectiveness seems to be unchal- 
lenged. I t  is impossible to predict at this point which mode of treatment 
will be preferred in the future. 

Other nitrofurans 
In  addition to the three major nitrofurans, nitrofurazone, nitrofurantoin 

and furazolidone, which have gained world-wide recognition during the past 
twenty years, a few investigational compounds have recently proved success- 
ful in the treatment of various conditions. 

Since 1963 the Nonvich Pharmacal Company have carried out extensive 
laboratory and clinical trials with 1 -[(5-nitrofurfurylidene)amino]imidazoli- 
din-2-one (NF-246, L X X V ) .  This product is more effective in Aerobacter 
aerogenes, Proteus uulgaris and/or mirabilis and Pseudomonas aeruginosa urinary 
tract infections than nitrofurantoin (11Z)411. 

The formulae show that the only structural difference between these two 
compounds is the replacement of the oxygen at  the C, position of the 
hydantoin ring of nitrofurantoin with two hydrogen atoms or perhaps more 
precisely, the replacement of the hydantoin ring by an imidazolidinone ring. 
In several strains of E. coli and Proteus, NF-246 showed greater effectiveness 
than nitrofurantoin (Table 6.28). 

These results demonstrate that both nitrofurantoin and NF-246 are capable 
of controlling the infection. The 10 per cent advantage of NF-246 over 
nitrofurantoin may or may not be significant. 

In  Germany, Boehringer & Soehneg5 have developed several new nitro- 
furans, two of which have been studied extensively. 6-Amino-1 -[ (5-nitro-2- 
furyl)vinyl]pyridazine (NF- 1002, nifurprazine, p. 354, L X X I V )  also proved 
effective against Pseudomonas aeruginosa and Clostridium perfringens, besides 
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Table 6.28. Comparison of antibacterial action of nitrofurantoin and NF-246 

Aerobacter 
aerogenes 

Pseudomonas 
aeruginosa 

Specied 

Ae- 1 
Ae-4 
Ae-6 
Ae-10 
Ae-12 
Ae- 13 
Ps- 10 
Ps-38 
Ps-4 1 
Ps-42 
Ps-44 
Ps-45 

E. coli 

Drug t 

Proteus vulgaris 

Proteus mirabilis 

number of kidneys positive/ 
total number examined kidneys positire (yo) 

Strain 

~~ 

Es-2 

Es-33 
Es-3 1 

Es-36 
Es-38 

Pr-12 
Pr-52 
Pr-53 
Pr-54 
Pr-55 
Pr-56 

Es-39 

Staphylococcus aureus 

Escherichia coli 
Pseudomonas aeruginosa 

Streptococcus pyogenes 

Proteus vulgaris 

~ 

NF-246 

10 0.031-0'25 

10 0'008-0.062 
10 2-16 

10 0.0 16-0.25 

6 0.125-4 

0.1 
0.07 
0.3 
0.07 
0.15 
0.15 

10 
10 
10 
20 
10 
10 

nitro- 
furantoin 

0.3 
1.25 
1.25 
1.25 
1.25 
1.25 

20 
20 
20 
20 
20 
20 

VF-24f 

0.3 
2.5 
1.25 
0.15 
0.3 
0.6 

20 
20 
20 
20 
20 
20 

nilro- 
furanloin 

5 
20 10 

2.5 
5 
5 

20 
20 
20 
20 
20 
20 

Nitrofurantoin 
NF-246 
Control 

6/20 
4/20 

19/20 

30 
20 
95 

I I 

* MIC: minimum inhibitory concentration. 
t Compounds administered orally at 10 mg/kg twice daily for 2 days. 

being one hundred times as effective as nitrofurazone against a wide variety 
of gram positive and gram negative organisms. A summarizing report412 
indicated that a high clinical cure rate of 95 per cent was achieved with 
this topical agent. Sensitivity reactions were rare and occurred only in 
eight out of 2,000 cases, i.e. 0.4 per cent. Nifurprazine is effective in low 
concentrations against 1 14 strains out of 32 bacterial species413. Especially 
remarkable is its efficacy against Clostridia; and, in comparison with other 
nitrofurans, its high activity against Pseudomonas aeruginosa. Minimum 
inhibitory concentrations (MIC) of nifurprazine which are effective against 
some bacterial species commonly found in wounds are given in Table 6.29. 

Table 6.29. Antibacterial activity of nifurprazine 

Species 

366 



K. MIURA AND H. K. RECKENDORF 

Nifurprazine has a bactericidal action against micro-organisms in the 

cent content of human serum in the culture medium does not interfere with 
the bactericidal activity of the compound. Further clinical investigation~~1~ 
showed that the compound is very effective against wound infections and a 
preparation for topical application was marketed in 1966. 

The other nitrofuran by the same research laboratories is 1,2-amino-5- 
[2-(5-nitr0-2-furylvinyl)l-2-( 5-amino-2-( 1,3,4-thiadiazolyl)ethylene ( L X )  98. 

Extensive toxicity studies and excellent in vitro results made the clinical 
usefulness of this compound look promising. During the course of investiga- 
tion, however, a number of untoward side effects was observed which 
promptly led to the discontinuation of all studies. A total of 105 urological 
patients had received this product as a chemotherapeutic agent against 
urinary tract infections417. Initially 500 mg were given and the bacterio- 
logical cure rate at this dosage level was only 25 per cent; subsequent 
therapy was carried out with 1,000 mg per day. Urinary excretion which 
was checked simultaneously was sufficient to produce adequate bacteriostatic 
levels. Before studies with this compound could be concluded, however, 
clinical investigation had to be discontinued because of the following side 
effects which were observed in 23 patients: eight instances of antabuse-like 
reactions, seven instances of nausea, three instances of peripheral neuritis, 
two instances of vomiting, one instance each of fever, anorexia and gastric 
discomfort. The major concern was the three cases of toxic effects on the 
peripheral nervous system. All these patients complained of paresthesias in 
the legs and of limited ability to walk. All symptoms disappeared as soon as 
the drug was discontinued. In Japan tests with this compound for the 
treatment of intestinal infections are in progress but final results are not yet 
available. 

A number of reports from Italy418-431 concern 2-acetamido-4- (5-nitro-2- 
furyl) thiazole (‘Furium’) . This compound exhibits a high degree of activity 
against bacilli and pathogenic enterobacteria. Complete growth inhibition 
at  drug dilution of 4 to 6 pg/ml. was found for Staph. aureus, Sal. tyihimurium 
and E.  coZi418. Although 2-acetamido-4- (5-nitro-2-furyl) thiazole has been 
used in a number of indications, the best response was observed in cases of 
cystitis and urinary calculi with secondary infectionqz0. In surgery it was 
used after bile duct operations at a dosage of 400 mg per day. Eleven of the 
38 patients, however, reported nausea and gastric discomfort419. The drug 
also seemed to be effective in bacterial enteritW8. In  this indication 250 to 
400 mg per day were given for three to nine days. 

Another compound used in Italy is a hydroxymethyl-nitrofurantoin 
which produces higher urinary concentrations than nitrofurantoin and is 
also excreted more rapidly43z*433. When 200 to 300 mg were given orally in 
divided dosages daily for two to ten days, g.ood results were obtained in 
73.5 per cent of the cases434. Comparative studies with nitrofurantoin yielded 
good results in 75 per cent of cases. This compound is also known as 2-56. 
2-Amino-5-(5-nitro-2-furyl)-l,3,4-thiadiazole has been used in gastro- 

enteritis (25 mg/kg per day) with 85 per cent efficacy435, and also as a topical 
agent for the symptomatic relief of chronic inflammatory disorders of the 
anorectal area (haemorrhoidal, anal fissures and p r o ~ t i t i s ) ~ ~ ~ ~ ~ ~ ~ .  
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The isopropyl and ethoxycarbonylmethyl derivatives of 3-(5-nitro-2- 
fury1)acrylamide proved to be effective in the treatment of Schistosoma 
j a p o n i c ~ r n ~ ~ ~ - ~ ~ ~ .  After one to two weeks of therapy with a total dosage of 
700 to 1,500 mg of one of the drugs, 50 per cent of all treated patients had 
negative stool specimens. The rate of worm elimination in animals (drug 
doses were not stated) was extremely high: in mice 100 per cent, in rabbits 
97 to 100 per cent, and in dogs 85 to 90 per cent439. 

Panfuran acetate or acetylpanfuran, 3-acetylamino-6-(5-nitro-2-furyl- 
viny1)-1,2,4-tria~ine~~~ ( Table 6.9), has been used for the treatment of acute 
tonsillitis. Although rapid clinical improvement was observed it must be 
remembered that results are difficult to assess. In the same study, black 
discoloration of the tongue was noted. Panfuran acetate has also been 
employed as an ointment442. When used in concentrations of 0.03 per cent 
and 0.5 per cent, this formulation did not seem to cause any irritation 
(relevant to this point is that its precursor guanofuracin had caused leuko- 
derma of the eyelids and therefore had to be withdrawn despite its good 
clinical efficacy). 

After unsuccessful trials with Panfuran H (3-amino-6-( 5-nitrofurylvinyl) - 
1,2,4-triazine hydrochloride) and panfuran acetate ( Table 6.9)) another 
compound which was called Panfuran S (3-di(hydroxymethyl)amino-6- 
(5-nitrofurylvinyl)-1,2,4-triazine) (Tab le  6.9) was synthesi~ed~~s.  The com- 
pound exhibited good clinical effects in patients with bacillary dysentery. 
All stool cultures became negative a few days after treatment had been 
initiated and relapses were not observed. The drug also seems to be free of 
side effects. Given at different dosage levels for periods of five days (8, 16 
and 32 mg/kg), the highest dosage proved the most effective, yielding a 
bacteriological cure rate of 86 per cent. When employed in urinary tract 
infections caused by strains which are resistant to antibiotics and sulpha 
drugs, the drug seems to be rather ineffective in that a bacteriological cure 
could not be achieved444. In this study 1,000 mg per day were given. Side 
effects (vomiting, epigastric discomfort, anorexia, and diarrhoea) were noted 
in over 25 per cent of the patients. A publication on the use of Panfuran S 
in acute pneumonia445 covers only 5 cases, and is, therefore, not substantial 
enough to evaluate Panfuran S for this particular indication. Panfuran S 
demonstrates its greatest efficacy in the treatment of bacillary dysentery 
although it has also proved to be of some value in other indications; so far, 
the published material is too scanty to provide conclusive evidence in this 
respect. 

Apart from their antibacterial action the nitrofurans have been tested, as 
antiprotozoic, antihelminthic, antihypertensive and antineoplastic agents446. 
The trials for these indications, however, are still in their neophyte stages, 
and it remains the task of future researchers to determine the importance of 
these additional indications for the nitrofurans. 
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ADDENDUM 

The following is a selection of papers which have appeared since the main 
part of this review was completed. Further variants of the azomethine type 
of compound (p. 322) have been prepared, for example, those of general 
formula 5-0,N - Fur CH=NR in which R is a 5-substituted 3-rhodanine49 
3-quinazol-4-0ne~~~, 2- or 6-acetamidonicotinamid0~4~ or 4,6-disubstituted 
Z-pyrimidinylamin~~~~. Vinylogous nitrofurans (p. 329) continue to attract 
attention; the general formula 5-0,N. Fur. CH=CHR has been varied by 
synthesizing compounds in which R is 2-irnida~oline4~0, 2-( 1,3-0xazole)~5~, 
2-(4-alkylthiazole N - o ~ i d e ) ~ , ~ ,  2-( 1,3,4-0xadiazole)4~~, 2-( 1,3,4-0xadiazolin- 
5-0ne),~*, 4-substituted 2-( 1,3,4-oxadiazolin-5-one)454,455 and 2-quinolin-4- 
01,~~. Some vinylogues that carry a methyl group attached to the vinyl 
group have been s t ~ d i e d ~ ~ ' ~ ~ ~ ~ .  

Considerable effort has also been directed recently to nitrofurans in which 
a heterocyclic ring system is directly attached to C, of the nitrofuran (p. 333). 
A compound of this type possessing broad-spectrum antibacterial activity 
has been described by workers459 from the laboratory which discovered the 
usefulness of this type of cornpound1l2. In this new compound, the 5-nitro- 
fury1 ring is attached to a 2-(3-pyridyl)thiazole at C, of the thiazole. Slight 
variations of this structure have been investigated460. This nitrofuran, like 
a few also possesses antitrichomonal action. Other hetero- 
rings which have been directly attached to the nitrofuran include 6- (2-alkyl- 
pyridazin-3-0ne)~~l, substituted 2 -ben~ imidazo le~~~~  2-(4-aminoquinazo- 
line)463, 5-( 3-alkyl-l,2,4-tria~ole)4~4 and 3-imidaz0[2,1 -b] thia~ole ,~~.  Many 
of these papers give detailed information on the antibacterial activity of the 
compounds and a Russian paper466 discusses the effect on potency of simple 
variations in the furan ring. When 5-nitrofurfuraldehyde is condensed with 
polyacryloyl hydrazide, a polymeric nitrofuran is obtained467, which has a 
greater duration of action than do other nitrofurans. It is not absorbed when 
given orally to rats, and after a single parenteral dose, the urine has anti- 
bacterial properties for a much longer time than with nitrofurantoin. A 
p-phenylene homologue of an acrylamide has been synthesized468. 

A new spectroscopic method of determining nitrofurantoin in the urine 
is claimed to distinguish it from any of its metabolites469 and from a number 
of antibiotics470; the same method may be used to determine nitrofurantoin 
in whole blood or plasma471. Polarographic and microbiological methods of 
determination have been applied472 to a mixture of nitrofurantoin and 
NF-246 (pp. 354 and 365). Some aspects of the metabolism of nitrofurantoin 
have been studied; for example, plasma binding has been estimated473 to 
be 60 per cent. Under conditions of acid urine, about 30 per cent of the 
total amount of filtered and secreted nitrofurantoin followed non-ionic 
back-diffusion. Theoretically, this amount may be sufficient for a chemo- 
therapeutic effect in renal interstitial tissue. A comparison of normal and 
impaired renal function on the excretion of nitrofurantoin given intra- 
muscularly or orally has been investigated",. Excretion was prolonged by 
renal insufficiency but administration of probenecid to a number of patients 
significantly reduced the rate of excretion. Administration of nitrofurantoin 
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intravenously, intratracheally or by inhalation as an aerosol gave high 
concentrations of the drug in the ~ r i n e 4 ~ ~ .  Absorption and distribution 

on NF-246 (pp. 354 and 365) in the dog showed that the compound 
is well absorbed when given orally. 

Numerous clinical studies continue to show the superiority of nitrofurans ; 
for example, in the treatment of urinary tract infection477 in 1 , 100 patients, 
nitrofurantoin gave good to very good results compared with sulphonamides 
and antibiotics. The sensitivity figures of urinary tract organisms for 1959, 
1963 and 1966 showed no change to n i t r o f u r a n t ~ i n ~ ~ ~ .  The usual route of 
administering nitrofurantoin is peroral, but recently479 intraperitoneal 
injections in normal saline were successful in combating infections (especially 
staphylococcal) of the abdominal cavities. Pregnant women with urinary 
infection responded f a v o ~ i r a b l y ~ ~ ~  to a daily dose of nitrofurantoin 
throughout pregnancy and for 8 weeks post-partum. 

Furazolidone inhibits monoamine oxidase, and as its effect is cumulative, 
prolonged treatment with the drug may induce susceptibility to hypotensive 
episodes from exogenous amines such as t ~ r a m i n e ~ ~ ' .  The drug has been 
withdrawn in Germany for this reason. 

Nitrofurfuryl methyl ether and nifuroxime (p. 323) are effective anti- 
fungal agents482 ; diacetoxymethylfuratriazine has given good results in the 
treatment of dysentery4s3; and finally, Nidrafur (5-nitro-2-furaldehyde 
acetylhydrazone) protected turkeys from histamoniasis more effectively 
than Antobax (4,7-phenanthroline-5,6-q~inone)~~4. 
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Acepromazine, 280 
.4cetylchoIine, 256, 265, 276, 284, 286, 297, 

Acetylpanfuran, 329 
Acetylsalicylic acid, 72 
Actinoleukin, 35 
Actinomycin, 5, 33, 34, 37, 43 
Actomol, 290 
Adrenaline, 64, 102, 103, 261, 291 
Adrenochrome, 266, 295, 308 
Adrenolutin, 295 
Aerosporin, 23 
AF compounds, 94, 95, 114 
Akineton, 305 
Alazopeptin, 34 
Albomycin, 33, 35 
Aldomet, 298 
Alginic acid sulphate, 143, 186 
Allegron, 292 
Alopecia, 184 
AIvein, 2 1, 22 
Amidines in inflammation, 110 
Amidopyrine, 83, 86, 11 7 
Aminoacetonitrile, 109 
y-Aminobutyric acid, 257, 272, 296, 302 

y-Aminobutyryl choline, 272 
Aminocaproic acid, 110 

N-acetyl, 110 
6-Aminohexanoic acid, 110 

N-acetyl, I10 
y-Amino-p-hydroxybutyric acid, 2 72 
Aminonitriles, 109 
Aminophylline, 1 15 
Amitriptyline, 292, 293 
Amodiaquine, 100 
Amopyroquin, 100 
Amphetamine, 266, 293, 294, 308 
Amphomycin, 13, 15, 33 
Amylobarbitone, 286 
Amytal, 286 
Anaphylactoid reaction, 67, 71, 78, 124 
Anaprel, 284 
Angerin, 143 
Angiotensin, 43 
Anilamate, 117 
Anti-anaphylactic action of heparin, 156 
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function, 275 

Antibiotic I.C.I. 13,599, 40 
Antibiotics, biosynthesis, 43 

constituents of, 2 
mechanism of action, 44 
polypeptide, 1 

Anticoagulant drugs, 139 
heparin, 164 
inflammation and, 11 1 
types, 160 

Antidepressant drugs, 287, 293, 302 
Antiheparin factors, 148, 189 
Antihistamines, 278, 284, 285, 291 

heparinoids and, 155 
inflammation and, 120 

analgesic action, 118 
antipyretic action, 118 
effect on adrenal cortex, 123 
glucocorticoids, 70 
liquorice, 70 
mode of action, 1 17 
pyrazolones, 82 
salicylates, 62 
testing of, 65-72 

Anti-inflammatory drugs, 59, 72 

Antimalarials as anti-inflammatory drugs, 

Antimycin, 34 
Anti-Parkinson drugs, 283, 285, 304 
Antipyrine, 82 
Antithrombin, 160, 163 
Anti-tumour action of nitrofurans, 344 
Antobax, 370 
Anturan, 87 
Ap67, 96 
Apo-enzyme, 227,235 
Aralen, 100 
Aretid, 142 
Artane, 305 
Arvynol, 289 
N-Arylanthranilic acids, 89 
Aspastocin, 34 
Aspirin, 72 

99, 100 

aluminium, 74 
anhydride, 73 

Atarax, 285 
Atophan, 96 
Atropine, 294, 304 
Autoprothrombin, 158 
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Avenacein, 40 
Aventyl, 292 
Avloclor, 100 
Azacyclonol, 285 
Azulene derivatives, 1 17 

Bacillomycins, 16 
Bacitracins, 5, 16 

antimicrobial action, 13, 20 
biosynthesis, 43 
clinical use, 20 
mechanism of action, 44 
structure, 18 
toxicity, 15 

Barbiturates, 284, 286, 291 
Benactyzine, 284, 285 
Benadryl, 285 
Benzalfluorene derivatives, I I0 
Benzedrine, 293 
Benzhexol, 305 
Benzindamine, 114 
Benzoxazines, 96 
Benzoylcarbinol, 1 17 
Benztropine, 285, 305 
Benzydamine, 114 
I-Benzylcycloheptimidazol-2 (lH)-one, 98 
Benzylidenefluorene derivatives, I I0 
Bioflavanoids, 1 16, 1 17 
Biogastrone, 108 
Biosone, 107 
Biperiden, 305 
Blastmycin, 34 
Blood-brain barrier, 255 
Blood cells and heparin, 152 
Bottromycin, 34 
Bradykinin, 43, 86 

Bretylium, 64 
Brevin, 7 
Brevolin, 7 
Brewer’s yeast, 67 
Bryamycin, 35 
Bufotenine, 295, 308 
Bulbocapnine, 306, 307 
Butazolidine, 85 
4-n-Butyl-l-phenylpyrazolidine-3,5-dione, 

Calf thymus peptide, 42, 43 
Camoquin, 100 
Capreomycin, 34 
Captodiamine, 285 
Carbenoxalone sodium, 108 
Carisoma, 288 
Carisoprodol, 286, 288 
Carofur, 354 
Carrageenan, 67, 68, 109 
Carrageenin, 142 
Catecholamines, 64, 102, 103, 261 

Catechol-0-methyl transferase, 263 

role in inflammation, 59, 62, 67, 119 

87 

degradation, 263, 264 

Catron, 290 
Cavodil, 290 
Cephalosporin, 40, 41 
Cerein, 2 1, 22 
Charonin sulphuric acid, 143 
Chelation and inflammation, 124 
Chitin sulphate, 143, 147 
Chitosan sulphate, 143 
Chloramphenicol, 349 
Chlordiazepoxide, 117, 287, 288 
Chloroquine, 100, 118, 123 
Chlorotrianisene, 110 
Chlorphenoxamine, 285, 305 
Chlorpromazine, 104, 252, 271, 272, 280, 

Chlorprothixene, 287 
Chlorthenoxazin, 96 
Choline acetylase, 259 

Cholinesterase, 260 
Chondroitin, 141 

sulphate, 141, 155, 156, 186, 188 
4-sulphate, 141 
6-sulphate, 141 

282, 293, 296 

acetyltransferase, 259, 270 

GI-583, 89, 90 
Ciatyl, 288 
Cinchopen, 96, 122 
Cinnamycin, 34 
Circulin, 28 
Citrus bioflavanoids, 1 16, 1 17 
Clopenthixol, 287, 288 
Clorevan, 285, 305 
Clotting time of blood, 161 
Coagulation of blood, 140, 157 

time, 161 
Cobaltous chloride, 116 
Cocaine, 294 
Co-enzyme, 22 1 
Cogentin, 285, 305 
Coliformin, 42 
Colistin (Colomycin), 13, 15, 22 

antimicrobial activity, 29, 3 1 
clinical use, 32 
mechanism of action, 45 
structure-activity, 30 

Comirin, 42 
Compazine, 28 1 
Complement and heparin, 150, 156 
Compound 48/80, 67,68, 114, 185, 186,236 
Congocidin, 34 
Cortisone, 77, 109, 121 

heparin and, 152 
Covatil, 285 
Cresotinamide, 75, 76 
Cresotinic acids, 80 
Crystallomycin, 34 
Cyanoacethydrazide, 110 
Cycrimine, 305 
Cysteine, 234 

dimethyl, 234 
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Danomycin, 34 
Dartal, 281 
Dartalan, 28 1 
Deaner, 293 
Deanol, 293 
Decarboxylase, DOPA, 203, 222 

glutamic, 274 
histidine, 199 
5-HTP, 203, 237, 262 

Decarboxylation, enzymic, 199, 225 
nonenzymic, 222 

Dehydrogenase, 274 
Depressants, 279 
Depsipeptides, 3, 5, 43 
Dereuma, 96 
Dermatan sulphate, 141 
Dermatoidin sulphate, 141 
Deserpidine, 27 1, 284 
Desipramine, 292, 293 
Dextran, 67, 68, 85, 103, 116, 124 

Dexulate, 143 
Diacetoxymethylfuratriazine, 370 
Diamine oxidase, 222 
Diazepam, 288 
Dibenamine, 64, 102 
Dibenzyline, 272 
3, 4-Dichloroisoprenaline, 27 1 
Dicumarol, 16 1 
Diethylnitrosamine, 24 1 
Dihydrobenzoxazines, 96 
Dihydroxybenzoic acids, 75 

3, 4-Dihydroxymandelic acid, 264 
2-( 3,4-Dimethoxyphenyl)ethylamine, 295 
2,3-Dimethyl-4-isopropyl- 1 -phenylpyrazol- 

5-one, 83 
2,3-Dimethyl-4-(3-methyl-2-phenylmorpl~- 

o1ino)methyl- I-phenylpyrazol-5-one, 83 
2,3-Dimethyl-4-( N-nicotinamidoacetamido)- 

I-phenylpyrazol-5-one hydrochloride, 
84 

sulphate, 143, 145, 147, 150, 186 

substituted, 78 

NN-Dimethyltryptamine, 295, 308 
Diphenhydramine, 285 
1,2 -Diphenyl-4- (phenylmercaptoethy1)pyr- 

Diplococcin, 42 
Dipyrone, 83, 120 
Disipal, 285, 305 
Distamycin, 34 
Dominal, 28 1 
DOPA, 65, 229, 238, 261, 271 

decarboxylase, 65, 203, 222, 261, 262, 271 
Dopamine, 65,233,261,262,265, 270,296, 

azolidine-3,5-dione, 68 

299 
p-oxidase, 65, 261, 262 

Dorevane, 280 
Doricin, 35 
Doriden, 289i 
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Drazine, 290 
Duramycin, 34 
Dytransin, 93 

EACA, 110 
Echinomycin, 33, 35, 36 
Edein, 7 
Edema--see Oedema 
Efsiomycin, 17 
Egg white, 67, 85, 96, 103 
Elavil, 292 
Eleparon, 143 
Elheparin, I43 
Elvanol, 143 
Embolism and heparin, 170 
Enniatin, 40 
Enoxolone, 107 
Enzymes, decarboxylating, 199 
Eparoid, 143 
Epd. Arteroid, 142 
Equanil, 288 
Ergothioneine, 273 
Erythema, 60 

nicotinates and. GO 
ultra-violet rays, 60, 66, 85, 96, 102, 106, 

115, 116 
Esperin, 2 1, 22 
Etamycin, 33, 34 
Ethinamate, 289 
Ethchlorvynol, 289 
Ethopropazine, 280, 283, 305 
Ethosalamide, 74 
Ethylbutylmalonic acid di-(m-aminoanilide), 

a-Ethyltryptamine, 290 
Etryptamine, 290 
Eumycin, 16 
Eutonyl, 290 

115 

Factor I, 272, 273 
Fentazin, 281 
Ferrimycin, 35 
Ferrous gluconate, 116 
Fibroblasts, 186 
Flufenamic acid, 89, 90, 118, 122 
Fluphenazine, 281 
Flupromazine, 280 
Fluromycin, 17, 18 
Formalin, 67, 106 
N-Formylchitosan sulphate, 143 
Frenemo, 143 
Frenquel, 285 
Fructigenin, 40 
Fungistatin, 17 
Furacin, 323 
Furadantin, 323 
Furaltadone, 322 

antibacterial action, 348 
metabolism, 343, 346 
synthesis, 338 
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Furamazone, 322 
Furantoin, 323 
Furaspor, 321, 323 

antibacterial action, 348 
clinical uses, 363 
metabolism, 342, 346 
synthesis, 338 
toxicity, 341 

Furazolidone, 322, 323 
Furium, 367 
Furoxone, 323 

G25671, 68, 87 
G27202, 86 
G31150, 143 
Gamaquil, 1 15 
Ganglia, basal, 253, 270 
Gentisic acid, 77, 121 
Geomycin, 35 
Globulin P.F., 62 
Glucocorticoids, 70, 337 
o-Glucosamine, 140 
Glutathione, 43 
Glutethimide, 287, 289 
Glycyrrhetinic acid, 107, 108, 289 
Gold compounds in inflammation, 

121 
GPA69, 81 
GPA415, 81 
Gramicidines, 6 

antimicrobial activity, 11,  13 
biosynthesis, 43 
clinical use, 14 
mechanism of action, 44 
structure, 10, 12 
structure-activity, 14 
toxicity, 15 

Granuloma, 69, 70, 85, 101, 111 
Grisein, 35 
Griseofulvin (Fulcin, Grisovin), I09 
Guanidinobutyric acid, 272 
Guanofuracin, 322, 323 

antibacterial action, 348 
pharmacology, 342 
synthesis, 338 
toxicity, 341 

Gum arabic sulphate, 143 
Gy-97, 115 

Haemorrhage, 140, 165 
Haemostasis, 140, 167 
Hallucinogens, 294, 308 
Haloperidol, 287, 289 
Harmaline, 290 
Harmine, 295 
Harmonin, 288 
Harmonyl, 284 

Helodym, 88, 1 12 
Heparamin, 142 

HB-115, 354 

Heparan sulphate, 141 
Heparides, 142 
Heparin, 139 

absorption, 180 
anticoagulant action, 157 
anticomplement action, 150 
anti-inflammatory action, 156 
antilipaemic action, 156, 178, 179 
biological reactions, 151 
chemical properties, 144 
co-factor, 163, 164 
complexes, 145 
enzymes and, 148 
histamine binding, 145 
inflammation and, 11 1 
liberators, 160 
metabolism, 180 
metachromasia, 146 
monosulphuric acid, 141 
nomenclature, 144 
pharmacodynamics, 154 
physiological significance, 188 
presence in blood, 186 
reaction with proteins, 146 
toxicity, 182 

99, 118, types of, 142 
Heparin-Depot-Noro, 143 
HCparine-retart, 143 

retard, 143 
Heparinoids, 139 

assay, 178 
biological reactions, 15 1 
blocking agents, 148 
complexes, 145 
definition, 140 
enzymes and, 148 
metabolism, 182 
metachromasia, 146 
reaction with proteins, 146 
structure-activity, 17  I 
toxicity, 182 

Heparitin sulphate, 141 
Heparoid, 143 
Hesperidin, 1 17 

phosphorylated, 143 
Hexamethonium, 296 
Histamine, 199, 245, 277 

heparin-binding, 145 
mast cells, 184 
role in inflammation, 59, 61, 66, 67, 106 

Histaminase, 222 
Histidine, 199 

decarboxylation, 199, 224 
Histidine decarboxylase, 199 

activity measurement, 200-3 
distribution, 216 
effect on growth, 238 
function, 237, 244 
gastric secretion and, 242 
histamine content and, 220 
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inhibition, 227-36 
mechanism of action, 22 1 
properties, 213 
sex hormones, 245 
specificity, 203, 2 13 
thio-, 233, 234 
tumours and, 240 

Horizon, 292 
Hyaluronic acid, 141, 155, 159, 186 
Hyaluronidase, 67, 75, 121 
Hydrazine derivatives, 23 1 
Hydroxybenzoic acids, 74, 12 1 
Hydroxychloroquine, 100 
N-(2-Hydroxyethyl)paImitamide, 108 
5-Hydroxyindoleacetaldehyde, 265 
5-Hydroxyindoleacetic acid, 265 
5-Hydroxyindolyl-3-acetic acid, 235 
iiydroxylamine derivatives, 23 1 
5Hydroxytryptamine, 235, 236, 251, 262, 

284, 286, 296 
heparin and, 155, 156 
mast cells, 185 
psychotomimetic action, 307 
role in inflammation, 59, 61, 66, 87, 106, 

116 
5-Hydroxytryptopha11, 262, 269 
Hydroxyzine, 284, 285 
Hyoscine, 304 
Hyperglycaemia, 124 
Hypersensitivity reactions, 70 
Hypotensive action of heparin, 153 
Hypothalamus, 254, 257, 270, 277, 286 

Ibufenac, 93, 122 
I.C.I. 350, 96 
Imidazole, 199 

Imipramine, 291 
Indocid, 90 
Indol-3-ylalkanoic acids, 90 
Indomethacin, 90, 123 
Indorm, 280 
Inflammation, 59 

heparin and, 156 
Insidon, 292 
Iodoacetic acid, 67 
Iproniazid, 64, 102, 110, 289 
Isoalloxazine derivatives, 116 
Isocarboxazide, 290 
Isotopes, use of, 108, 200, 226, 235 

derivatives, 231, 233, 234 

Kallikrein, 62 
Kaolin, 62 
Kanamycin, 349 
KB95, 84 
Kemadrin, 305 
Keratan sulphate, 141 
Keratosulphate, 141 
a-Ketoglutaric oxidase, 274 

Kinins, 62 
Kynurenine, decarboxylation, 209 

Laminarin sulphate, 143 
Largactil, 280 
Largon, 280 
Laroxyl, 292 
Lateritiin, 40 
Laterosporins, 2 1, 22 
Lathyrisrn, 109 
Leptazol, 274 
Leukotaxine, 61 
Levomycin, 35 
Levopromazine, 280 
Librium, 117, 288 
Licheniforinins, 17 
Lignin sulphate, 143 
Liquemin, 142 
Liquoid, 11 1, 143 
Liquorice, 70 
LSD, 266,268,294,295, 307 
Lysergic acid, 251, 294, 295 

bromo-diethylamide, 307 
diethylamide, 266, 268, 294, 295, 307 

Lysivane, 280, 305 

Mactin, 142 
Majeptil, 28 1 
Maltopentanose sulphate, 143 
Maltotetrose sulphate, 143 
Mandelic acid, substituted, 264 
Marplan, 290 
Marsilid, 290 
Mast cells, 184 
Matamycin, 34 
Mebanazine, 290 
Medaron, 323 
Mefenamic acid, 89, 90, 122 
Melleril, 280 
Melsedin, 289 
Mepacrine, 100 
Mepavlon, 288 
Mepazine, 280 
Mepesulphate, 143 
Mephenesin, 286 
Meprobamate, 286, 301 
MER-13, 111 
MER-27, 111 
Meratran, 285 
Mescaline, 294, 295, 308 
Metadrenaline, 264 
Metal salts in inflammation, 116 
Metanephrine, 264 
Metaraminol, 299 
Methaminodiazepoxide, 1 17, 288 
Methaqualone, 289 
Methdilazine, 106 
Methixene, 305 
Methotrimeprazine, 104, 105, 280 
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3-Methoxy-4-hydroxymandelic acid, 303 
(3 - Methoxy - 4 - hydroxyphenyl)ethanediol, 
Methoxypromazine, 280 
Methyl-DOPA, 229, 235 

a-Methylmetatyrosine, 298 
a-Methylnoradrenaline, 299 
Me thylparafynol, 2 88 
Methylpentynol, 287, 288 
Methyl phenidate, 293 
N-Methyl-3-piperidyl benzilate, 285, 295, 

Methylpromazine, 104, 105 
cc-Methyltyrosine, 299 
Methyprylone, 289 
MH 532, 115 
Micellophagosis, 186 
Micofur, 323 
Microbes and heparin, 151 
Micrococcin, 2 1, 22 
Mikamycin, 35 
Miltown, 288 
MK 485, 231 
MK 785, 231, 235, 236,243 
Mo177, 116 
Mo242, 116 
Moderil, 284 
Moditen, 281 
Monoamineoxidase, 263, 269 

Monoidoacetic acid, 67 
Monophenylbutazone, 87 
Monase, 290 
Mucins, 140 
Mucopolysaccharides, 140 

264 

decarboxylation, 208, 2 1 1, 226, 298 

308 

inhibitors, 64, 102, 271, 289, 296, 302 

complexes, 145 
metachromasia, 146 
structure-activity, 17 1 

Mucoprotein, 140 
Myacrisin, 99 
Myanesin, 288 
Mycobacillin, 15, 17, 43 
Mycofur, 322 
Mycosubtilin, 17  
Mycothricin, 35 
Myoten, 288 

Naftipramide, 93 
NAI, 84 
Naphthylalkanoic acids, 92 
Nardil, 290 
Naringin, 1 17 
Neohesperidin, 1 17 
Neomycin, and heparin, 155, 186 
Netropsin, 34 
Neurocil, 280 
Neurohumoral substances, 251, 267 
NF-6, 323 
NF-7, 323 

NF-44 and -47, 343 

NF-76, -89 and -95, 343 
NF-153 and -180, 323 
NF-180, 323 

NF-56, 323 

NF-246, 354, 364, 366, 369 
NF-477, 354 
NF-1002, 354, 364 
Nialamide, 290 
Niamide, 290 
Nicopyron, 83 
Nicotinates and erythema, GO, 66 
Nidrafur, 370 
Nifenazone, 83 
Nifuraldezone, 324 
Nifuroxime, 322, 323 

antibacterial action, 348 
antifungal action, 370 
antitrichomonal action, 365 
clinical uses, 365 

Nifurprazine, 354, 365 
Nihydrazone, 324 
Nisins, 42, 43 
Nitoman, 284 
Nitractin, 333 

Nitrilotriacetic acid, 161 
Nitrofural, 323 
Nitrofurans, 320 

synthesis, 340 

antibacterial action, 348 
antifungal action, 350 
antitrichomonal action, 363, 365 
antitumour action, 344, 368 
assay, 345 
chemical properties, 322 
clinical uses, 355 
di-, 322, 327, 328 
heterocyclic derivatives, 325, 369 
metabolism, 346 
pharmacology, 342 
synthesis, 337 
toxicity, 341 
trypanocidal action, 352 
types of, 322 
vinologous, 322, 329, 369 

Nitrofurantoin, 321 
antibacterial action, 346, 358, 369 
assay, 346, 369 
clinical uses, 357, 370 
hydroxymethyl-, 367 
metabolism, 342, 346, 369 
prophylactic use, 359 
toxicity, 341 
synthesis, 338 

Nitrofurazolidone (furazolidone), 32 1 
Nitrofurazone, 321 

antibacterial action, 348 
clinical uses, 355 
metabolism, 343, 346 
toxicity, 341 
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trypanocidal action, 353 
synthesis, 338 

Nitrofurfuryl methyl ether, 348, 370 
Nitrofuroxime, 323 

synthesis, 338 
Noludar, 289 
Noradrenaline, 64, 102, 103, 261, 265, 267, 

286, 296 
Norflex, 285, 305 
Norgine, 143 
Normetadrenaline, 264 
Normetanephrine, 264 
Norpramin, 292 
Nortriptyline, 292 
Notensil, 280 
Novalgin, 83, 120 
Nozinan, 280 
NSD 1024, 231 
NSD 1034, 231,236 
NSD 1055, 231,235,236, 241, 243 
Oblivon, 288 
Octopamine, 262 
Oedema, 67 
Opipramol, 292 
Orphenadrine, 285, 305 
Ostreogrycin, 35, 36 
Ovomucoid sulphate, 143 
Oxadiazoles, 80, 81, 94, 95 
Oxafuradene, 354 
Oxidative phosphorylation, 122, 286, 300, 

Oxolamine, 94 
Oxycinchophen, 98 
Oxyferriscorbone, 1 17 
Oxyphenbutazone, 86, 122 

Pacatal, 280 
Pagitane, 305 
Panazone, 323, 327, 339 

301 

antibacterial action, 328, 349 
synthesis, 338 
toxicity, 341 

Panfuran, 329, 330 
acetyl-, 329, 330, 349, 368 
antibacterial action, 349 
di-(hydroxymethyl);, 329, 341, 352, 368 
H. 368 
pharmacology, 342 
S, 323, 329, 330, 368 
synthesis, 339 
toxicity, 341 

Papain, 161 
Paranylene, 11 1 
Pargyline, 290 
Paritol, 143 
Parkinson’s disease, 303 

Parnate, 290 
Parsidol, 280, 305 
Pecazine, 280 

drugs for, 283, 285, 304 

Pectin sulphate, 143 
Pectinic acid sulphate, 143 
Penicillamine, 234, 274 
Penicillin, 40, 41 
Peptides, antibiotic, 1 

amino acids in, 2 
biosynthesis, 43 
classification, 1, 3 
heterodet, 1, 4 
heteromeric, I ,  4 
homodet, 1, 4 
homoeomeric, 1, 4 
mechanism of action, 44 
nomenclature, 3 
structure elucidation, 3 
synthesis, 5 

Perebron, 94 
Perequil, 288 
Permitil, 281 
Perphenazine, 28 1 
Pertofran, 292 
Phenaglycodol, 287, 288 
Phenazone, 82 
Phencyclidine, 295 
Phenelzine, 290 
Phenergan, 280 
Pheniprazine, 290 
Phenothiazines, anti-inflammatory, 104 

tranquillizing, 280 
Phenoxane, 285, 305 
Phenoxypropazine, 290 
Phenprobamate, 1 15 
Phenylalanine, 261 

decarboxylation, 206 
derivatives, 209 
hydroxylase, 261 

derivatives, 87 
mode of action, 118 

Phenylephrine, 103 
Phenylethanolamine N-methyltransferase, 

Phenylindanedione, 16 1 
3-Phenylpropyl carbamate, 115 
2-Phenylquinoline-4-carboxylic acid, 96 
Phenyltoloxamine, 285 
Phrenotropin, 28  1 
Phyllomycin, 34 
Picrotoxin, 256, 272 
Pipanol, 305 
Pipradrol, 285, 29’3 
Pivazide, 290 
Plaquenil, 100 
Plegicil, 280 
Pleocidin, 35 
Polyanethol, 143 
Polymyxins, 5, 23, 186 

Phenylbutazone, 63, 68, 82, 96, 97, 101, 115 

261, 262 

antimicrobial action, 13, 29 
biosynthesis, 43 
clinical use, 32 
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Polypeptin, 24, 28 
Polyphosphates, 143 
Polyvinyl alcohol sulphate, 143 
Ponstan, 89 
Potassium cyanide, 67 
Prednisolone, 101 
Primaquine, 100 
Prochlorperazine, 28 1 
Procyclidine, 305 
Proformiphen, 1 I5 
Proguanil, 100 
Prolax, 288 
Prolixin, 28 1 
Promazine, 280 
Promethazine, 104, 280, 283 
Prophenamine, 280, 305 
Propiomazine, 280, 283 
Propoquin, 100 
Propylphenazone, 83 
Protease inhibition, 119 
Prothipendyl, 281, 283 
Prothrombin, 158, 161 
Protocatechoic acid, 77 
Psilocybin, 295 
Psycholeptic drugs, 279, 296 
Psycholytic drugs, 294 
Psychosomimetic drugs, 294 
Psychotomimetic drugs, 293, 307 
Psychotropic drugs, 251 

Pumilin, 2 1, 22 
Puradin, 323 
Pyrazolidine-3,5-diones, 85 
Pyrazolones, 82 
Pyridomycin, 35 
Pyridoxal phosphate, 221, 232 
Pyridoxamine, 222 
Pyridoxine, 222 
9-Pyridylidenefluorene derivatives, 1 17 
Pyrocatechoic acid, 75 

Quinacrine, 100 
Quinine, 102 
Quinomycin, 35 
Quinoxalines, 35 

classification, 277 

Racemomycin, 35 
RCH-3 14, 98, 1 17 
Rela, 288 
Renytoline, 11 1 
Rescinnamine. 284 

Ritalin, 293 

Ro-2-5383, 115 
Roseothricin, 35 
4670 RP, 104, 105 
Rufomycin, 34, 37 
Rutin, 1 17 

Salazopyrin, 8 1 
Salicylamide, 74, 12 1 

acetyl-, 74 
o-allyloxy-, 75 
2-ethoxyethyl ether, 74 
methyl carbamate, 1 17 

Ro-1-8307, 143 

Salicylates in inflammation, 62, 63, 72, 85, 

Salicylate, choline, 74 
Salicylic acid, 72 

derivatives, 80 
Sambucinin, 40 
Sanfuran, 323 
Saponin sulphate, 143 
Saramycetin, 35 
Sarosten, 292 
Sedatives, 279 
Selenium compounds, 1 15 
Serensil, 289 
Serine derivatives, 2 12 
Sernyl, 295 
Sernylan, 295 
Serotonin-see 5-hydroxytryptamine 
Serpasil (Reserpine), 271, 283, 286, 291, 296 
Serratamolide, 42, 43 
Sideromycin, 35 
Silver nitrate, 67 
Siomycin, 35 
Sodium aurothiomalate, 99, 122 
Sodium fluoride, 67 
Soma, 288 
Sordinol, 288 
Sparine, 280 
Staphylomycin, 35, 36 
Stelazine, 281 
Stemetil, 281 
Stendomycin, 35 
Steroids and heparin, 1.52 
Stilbamidine, 186 
Streptin, 35 
Streptogramin, 35 
Streptothricins, 33, 35 
Strychnine, 256 
Stypturon, 143 

101, 121 

Suivitil, 285 
Subtenolin, 17 

Sulphasalazine, 8 1 
Sulphinpyrazone, 87 

Reserpine (Serpasil), 271, 283,286,291, 296 
Resochin, 100 Subtilin, 17 
Resorcinol, substituted, 79 
Resorcylic acid, 77, 124 
Rheumatoid arthritis, 65 Sulphopolyglucan, 143 
Rhizabacidin, 17 Surmontil, 292 
Riomycin, 17 Suvren, 285 
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Tannin sulphate, 143 
Tarugan, 83 
Telomycin, 33, 35, 36 
Tentone, 280 
Tersavid, 290 
Tetain, 2 1, 22 
Tetrabenazine, 284, 300 
Tetracycline, 349, 352 
Thiactin, 35 
Thiopropazate, 28 1 
Thioproperazine, 28 1 
Thioridazine, 280 
Thiostreptons, 35 
Thylin, 84 
Thrombin, 158, 161, 163 
Thrombo Holzinger, 143 
Thrombodyn, 112 
Thrombophob, 142 
Thromboplastin, 159, 189 
Thrombosis, 140, 168 

Thrombostop, 143 
Tofranil, 292 
Tolnate, 281 
Tolserol, 288 
Tolulox, 288 
Toximycin, 16 
Toxymycin, 2 1, 22 
Tranquillizers, 27 I ,  279 
Transaminases, 222, 274 
Transmitter substance, 256 
Tranylcypromine, 290, 291 
Treburon, 143 
Tremonil, 305 
l’remorine, 304 
Triazinylmethylureas, 1 17 
1,2,4-Triazol-5-one derivatives, 1 17 
Tricofuron, 364 
Trifluoperazine, 281, 283 
Triflupromazine, 280 
Trifurox, 323 
Trihexyphenidyl, 305 
Trihydroxybenzoic acids, 77, 78 
Trilafon, 281 
Trimeprazine, 104, 105 
2-( 3,4,5-Trimethoxyphenyl)ethanol, 
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Triostin, 35 
Trypanocides, 352 
‘Trypsin, 67 
Tryptophan, 263 

anticoagulants in, 169, 189 

decarboxylation, 2 10 
derivatives, 2 10, 2 1 1 
5-hydroxylase, 262 

Tryptanil, 292 
Tryptizol, 292 
Tuazole, 289 
Tuberculosis, inflammation in, 65, 85 
’Tumours and heparin, 15 1 
Turpentine, 67, 69, 85 
Tyrocidines, 6 

antimicrobial activity, I3 
biosynthesis, 43 
mechanism of action, 44 
structure, 10 
toxicity, 15 

Tyrosine, 261, 262 
decarboxylation, 207 

Tyrothricin, 1, 5, 6 
antimicrobial activity, 1 1, 13 
clinical use, 14 
toxicity, 15 

Ultran, 288 

Valinomycin, 33, 35, 37 
Valium, 288 
Valmid, 289 
Valmidate, 289 
Vanillic acid, 264 
Veractil, 280 
Vernamycin, 33, 35, 36 
Vespral, 280 
Vesprin, 280 
Viomvcidine. 35. 38 

I ,  

Viomycin (Viocin, Vionactane), 13, 15, 33, 
35, 38 

antimicrobial activity, 39 
clinical use, 39 
toxicity. 41 

Virodogrisein, 34 
Virosin, 34 
Viruses and heparin, 15 1 
L’iscosin, 42 
Vistanil, 285 
Vitamin B,, 222 
Vivicil, 17 

Warfarin, 161 
295, Writhing test, 72 

X-948, 35 
Xanthine oxidase, 346 

Yeast, 67, 68 

2-furan, 343 
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