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Preface 

We have pleasure in presenting eight reviews in this volume, all of which 
cover important advances in the chemistry and biology of medicinal products. 

In Chapter 1, the structure, synthesis and toxicity of ricin, a protein present 
in the endosperm cells of the seeds of the castor oil plant, are described and 
possible uses of this toxic agent in immunology as conjugates with antibodies 
are discussed. The biochemical and pharmacological evidence for the presence 
of functional histamine receptors in the mammalian central nervous system is 
set out in Chapter 2. Chapter 3 covers the chemical properties of molybdenum- 
containing enzymes such as aldehyde oxidase and xanthine oxidase, although 
their physiological roles are by no means clear. 

Biologically active platinum complexes, which cross-link defined regions of 
DNA in cells, possess antitumour activity, and these are evaluated in Chapter 4. 
In Chapter 5 ,  the present status of the medicinal uses of Cannabis is discussed, 
particularly as two cannabinoids are now oficial drugs. The latest methods of 
treating insulin-resistant diabetic patients with hypoglycaemic agents which do 
not act by increasing insulin release are described in Chapter 6. 

Chapter 7 covers the mechanisms involved in the treatment and prophylaxis 
of angina pectoris and moderate hypertension by drugs which block the passage 
of calcium ions into and out of cells. Finally, in Chapter 8, the discovery of 
clinically useful inhibitors of aldose reductase, an enzyme involved in chronic 
diabetes, is described. 

We thank our authors for surveying the ever-widening literature of several 
aspects of medicinal chemistry. We also offer our thanks to owners of copyright 
material who have given their permission for it to be reproduced in this volume 
and to the staff of our publishers for their help and encouragement. 

November 1986 
G.P. Ellis 

G.B. West 
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INTRODUCTION 

Attempts to develop effective anticancer agents are restricted by a single major 
constraint, the similarity between cancer cells and normal cells. Cancer cells 

I 



2 RICIN 

are normal cells which have been transformed and are behaving aberrantly. The 
most prominent aspect of the aberrant behaviour is rapid, uncontrolled growth. 
As a result, cancer cells quickly invade adjacent tissues and can metastasize 
to distant tissues. Many of the reagents used in cancer chemotherapy have been 
selected on the basis of their ability to do more harm to rapidly dividing cells 
than to slowly or non-dividing cells. The success of these drugs has at best been 
limited; not only are rapidly dividing normal cells a target, but non-dividing 
tumour cells in silent metastases remain undisturbed. Reagents that are much 
more selective would have obvious advantages and ideally would be extremely 
toxic to malignant cells and completely harmless to normal cells. Such reagents 
should have the specificity of an antibody and the potency of the most toxic 
compounds known. 

Growth rate is not the only difference between malignant and normal cells, 
and a further difference forms the basis of a selective therapy. Many types of 
tumour cell express high levels of certain surface antigens, while these molecules 
are expressed at a much lower level or not at all on the surface of normal cells. 
Monoclonal antibodies raised against these antigens can differentiate between 
malignant and normal cells, and bind strongly to the former but only weakly 
or not at all to the latter. Specificity of binding to a subset of cells can be 
followed by the elimination of these cells if the antibody molecule has been 
coupled to potent drugs or toxins. Many conjugates of this type are currently 
being generated and evaluated, the most popular consisting of a tumour-cell- 
specific monoclonal antibody linked to a potent protein toxin (immuno- 
toxin) [ 11. Several cytotoxic proteins from plants or bacteria have been utilized 
for immunotoxin construction. The most widely used of these toxins are ricin 
and abrin from the seeds of the plants Ricinus communis and Abrusprecatorius, 
respectively, and diphtheria toxin, the exotoxin secreted by Corynebacterium 
diphtheriae lysogenic for the DNA phage B tox + . In this review one of these 
toxins, ricin, will be discussed in some detail. The structure, synthesis and 
toxicity of ricin will be covered, in addition to its use as a component of 
immunotoxins. Constraints affecting the chemotherapeutic potential of ricin 
will also be considered together with current approaches aimed at structurally 
modifying rich in order to remove these constraints. 

OCCURRENCE AND STRUCTURE OF RICIN 

Ricin is exclusively present in the endosperm cells of the seeds of the castor 
oil (Ricinus communis) plant [2,3]. Mature seeds contain maximum ricin 
concentration, the toxin being actively synthesized during later stages of seed 
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maturation, and rapidly degraded during seed germination [4]. Although the 
toxicity of Ricinus seeds had been recognized since antiquity, the first attempts 
to identify their toxic component were made in 1887 [5]. Stillmark mixed a 
crude seed extract with blood and observed a rapid aggregation of the red cells. 
He further demonstrated that the agent responsible for the haemagglutination 
was a protein which he named ricin. At the time, Stillmark understandably 
concluded that Ricinus seeds were toxic because they contained the 
haemagglutinin, ricin. More recently, the application of increasingly sophisti- 
cated protein fractionation techniques has shown this conclusion to be an 
oversimplification. Stillmark's active component is a mixture of two closely 
related proteins in equal proportions [6-91. One of these proteins, still termed 
ricin, is a potent cytotoxin but is a weak haemagglutinin, while the other, Ricinus 
communis agglutinin (RCA) is relatively non-toxic to intact cells but is a strong 
agglutinin [ 101. 

Ricin is a heterodimer consisting of two distinct polypeptides held together 
by a single disulphide bond [7,8,11-131 (Figure 1 . I ) .  One of these polypeptides 

Enzymatic site 
,J 

RCA 

&-linked oligosaccharide 

Figure I .  I .  Schematic structure of ricin and RCA. 

(M,  32,000, designated the A chain) is a potent toxin, while the other (M, 
34,000, the B chain) is a galactose- or N-acetylgalactosamine-binding lectin 
[ 141. RCA is a tetramer consisting of two ricin-like heterodimers, each of which 
contains an A chain (M, 32,000) and a galactose-binding B chain (M, 36,000) 
[ 101 (Figure 1 . 1 ) .  Although RCA is relatively non-toxic to intact cells, its 
isolated A chain is of comparable toxicity to the ricin A chain when added to 
a cell-free protein synthesis system [ 151 (see below). 

Ricin and RCA are closely related proteins. It has been established for some 
time that antisera raised against individual ricin A or B chains cross-react with 
the corresponding RCA chains and vice versa [ 16-18 1. Peptide fingerprinting 
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Figure 1.2. Primary sequence of &in and RCA A and B chains. Thc upper sequence is ricin, the lower RCA. Amino-acid diJiiences are indicated by 
an asterisk. 
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also suggested a close primary structure relationship between these two 
proteins [ 141 and this has been confirmed now that the complete primary 
sequences of ricin and RCA A and B chains are known (Figure 1.2) [ 19-22]. 
The RCA A chain is one residue shorter than that of ricin, corresponding to 
the omission of the alanine residue at position 130 in the ricin A chain [22]. 
In total, the A chains differ in 18 out of 267 residues and are thus 93% 
homologous at the amino-acid level, while the B chains differ in 41 out of 262 
residues, giving 84% homology [ 221. 

The complete three-dimensional structure of rich has not yet been described, 
although preliminary X-ray crystallographic studies have been performed 

The structural characterization of ricin has been simplified by the ease with 
which the protein can be purified in large amounts. Since both ricin and RCA 
are galactose-binding lectins, they can be separated from all other proteins 
present in crude extracts of Ricinus communis seeds by affinity chromatography 
on Sepharose 4B (the Sepharose 4B matrix contains /?-galactose). Ricin and 
RCA can be conveniently separated during this procedure, since rich can be 
eluted from a Sepharose 4B column with N-acetylgalactosamine, whereas 
galactose is required for the elution of RCA [ 141. Separation of the A and B 
chains of ricin is also straightforward. The interchain disulphide bond is 
reduced with /?-mercaptoethanol in the presence of hapten sugar (which 
prevents the precipitation of the chains after reduction). The individual subunits 
can be separated by ion-exchange chromatography [ 15, 161. Alternatively, since 
the p l  (isoelectric point) of the ricin A chain is 7.2 and that of the B chain 4.6 
[ 19,201, they can be separated by chromatofocusing (Clements, G. unpublished 
data). 

One problem encountered with ricin subunits separated by ion-exchange 
chromatography is that significant cross-contamination usually occurs. 
Recently an improved purification scheme has been described which eliminates 
this problem [26]. Intact ricin, non-covalently attached to Sepharose 4B, was 
split into its A and B chains on the column by treatment with b-mercapto- 
ethanol and any contaminating B chains were subsequently removed by affinity 
chromatography on asialofetuin-Sepharose and monoclonal anti-B-chain- 
Sepharose. The B chain was eluted from the Sepharose 4B column in buffer 
containing galactose and was further purified by ion-exchange chromato- 
graphy. Contaminating A chains in this fraction were then removed by affinity 
chromatography on monoclonal anti-A-chain-Sepharose. 

[23-251. 
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RICIN, A GLYCOPROTEIN 

Both the A and B chains of ricin (and their RCA counterparts) are 
N-glycosylated [ 27-30]. The A and B chains each contain two (Asn-x-Ser/Thr) 
N-glycosylation sites [ 3 11. Purified rich A chain contains two components, of 
molecular weight 32,000 and 34,000. The lighter component has 
been designated ‘A,-chain’ and the heavier component ‘A,-chain’ [ 321. These 
two components apparently represent glycosylation variants of a single A-chain 
polypeptide. The A, chain contains a single oligosaccharide side-chain with the 
composition (N-acetylglucosamine),(xylose),(fucose),(mannose),~, which, 
presumably because of the presence of fucose [35], is not susceptible to 
endo-N-acetylglucosaminidase H, an enzyme which cleaves between the two 
N-acetylglucosamine residues [ 33,341. This oligosaccharide is similar in mono- 
saccharide composition to that described for pineapple stem bromelain [ 361, 
which likewise is insensitive to endo-N-acetylglucosainidase H digestion. The 
oligosaccharide side-chain of stem bromelain is, however, endo-N-acetyl- 
glucosaminidase F sensitive [ 371, whereas that ofricin A chain is not, suggesting 
that the two carbohydrate structures are not identical. The greater molecular 
weight of the A, chain compared with that of the A, chain appears to be 
attributable solely to higher carbohydrate content. No other differences 
between the two types of A chain were found during analysis by N-terminal 
amino-acid sequencing, amino-acid composition, immunodiffusion or inhi- 
bition of protein synthesis in a cell-free assay [ 351. 

The B chain contains two N-linked oligosaccharide side-chains which 
contain only N-acetylglucosamine and mannose [ 27,351. One of these carbo- 
hydrate side-chains can be removed from the B chain by endoglycosidase H 
or F, whereas both can be removed after denaturation of the polypeptide by 
SDS [35,38]. This indicates that the N,N‘-diacetylchitobiose core of the 
second carbohydrate chain is normally protected by the polypeptide confor- 
mation. 

TOXICITY OF RICIN 

When administered parenterally to animals, ricin is one of the most toxic 
compounds known. There is species variation in sensitivity to the toxin and 
details of its toxicity and the symptoms this induces can be found elsewhere 
[13]. Ricin is a member of a group of toxic polypeptides consisting of 
two functionally distinct moieties. It is f m l y  established that the toxic effects 
of rich are entirely attributable to the biological activity of the A chain [ 39-4 1 I .  
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Likewise, the A chains of other plant [42-441 and bacterial [45-471 hetero- 
dimeric toxins are responsible for toxicity. These toxins contain a single A chain 
moiety which, in each case, has catalytic activity and efficiently inactivates its 
intracellular target [44]. The A chain is only toxic to intact cells when combined 
with B chain. The function of the B chain is to bind the toxin to cell-surface 
receptors, in the case of ricin to appropriate surface glycoproteins or glycolipids. 
This is the essential first step in the transfer of ricin A chain into the cytosol, 
where ribosome inactivation occurs [48]. Additionally, the B chain is believed 
to have a second function during the intoxication process in which it facilitates 
the transfer of the A chain across a membrane into the cytoplasm [49]. 
Separated A and B chains are essentially non-toxic, the toxic A chain lacking 
the ability to bind to and enter cells in the absence of the B chain. The toxicity 
of ricin therefore results from three sequential steps: (1) binding of the whole 
molecule to the cell surface via the B chain; (2) penetration of at least the A 
chain into the cytosol, and (3) inhibition of protein synthesis caused by the 
interaction of the A chain with the 60 S ribosomal subunit. 

BINDING TO THE CELL SURFACE 

Ricin and RCA react opportunistically with cell-surface structures by binding 
stereospecifically and reversibly to any suitably exposed galactose residue. The 
galactose residues may be present on a variety of glycoproteins and glycolipids. 
As expected, galactose and lactose are effective inhibitors of toxicity when ricin 
is presented to intact cells because of their competition with the surface 
oligosaccharides for the toxin-sugar binding sites. The structural features of the 
surface oligosaccharides required for ricin binding have been studied in detail 
[ 501. Oligosaccharides terminating in galactose-N-acetylglucosamine-man- 
nose bind strongly to the toxin. The galactose binding sites are present on the 
ricin B chain and they are distinct from, and do not appear to depend upon, 
the N-linked oligosaccharide side-chains attached to the ricin B chain itself. 
This conclusion is based on findings made for RCA where blocking the 
oligosaccharide side-chains by binding to concanavalin A did not affect the 
extent or strength of its interaction with lactose when compared with the 
untreated RCA molecule [ 5 11. Each ricin B chain molecule has two galactose- 
binding sites. Low-resolution X-ray crystallographic studies of rich have 
shown that the B chain is a bilobal structure and that each domain binds a 
galactose molecule, although one of the binding sites was found to be more 
highly occupied than the other [24]. 
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Eukaryotic cells may have many ricin-binding structures on their surface; 
binding studies have shown that HeLa cells contain 3 x lo7 binding sites for 
ricin [ 521. Internalization of surface-bound toxin is apparently very inefficient 
and only a very small proportion of rich molecu!es which bind to cell surfaces 
ultimately appear to be transferred into the cell cytoplasm. While it has been 
estimated that the transfer of a single toxin molecule into the cytoplasm can 
result in cell death [ 531, several thousand molecules must apparently bind to 
the cell surface in order to ensure the internalization of this single toxin 
molecule [ 541. The number of ricin molecules a cell can bind can normally be 
significantly increased by treating the cell with neuraminidase [ 551. The enzy- 
mic removal of sialic acid residues from the terminal position on the oligosac- 
charide chain of membrane glycoproteins exposes galactose residues. Increased 
ricin binding to such cells is accompanied by an increased sensitivity to the 
toxin [56]. 

A number of ricin-resistant cell lines have been characterized and described. 
Resistance does not result from cells possessing ribosomes which cannot be 
inactivated by the toxin, but rather from defects in the transport mechanism 
which normally delivers ricin to the ribosome. These defects fall into two main 
categories : cells having reduced numbers of exposed toxin binding sites on their 
surface or cells which, although possessing a normal number of binding sites, 
have an impaired ability to transfer bound toxin into the cytoplasm. Most cell 
lines having a reduced number of surface ricin-binding sites are glycosylation 
mutants which either effectively sialate exposed galactose residues or else fail 
to add terminal galactose to their oligosaccharide side-chains. The first class 
of mutants have increased membrane sialic acid content, while the galsctose, 
N-acetylglucosamine and mannose content is normal [ 571. Treating such 
mutants with neuraminidase exposes surface galactose residues and restores 
the ricin-sensitive phenotype [ 52,57-591. 

A second class of ricin-resistant mutants are defective in surface oligo- 
saccharide synthesis. For example, cells lacking N-acetylglucosaminyl trans- 
ferase, which adds N-acetylglucosamine to oligosaccharide side-chains 
containing terminal non-reducing mannose residues, are subsequently unable 
to add terminal galactose residues [57,60,61]. All mutants of this type were 
found to accumulate oligomannosidic glycans in surface glycoproteins rather 
than complex oligosaccharide chains [62]. 

A ricin-resistant mouse lymphoma cell line has been isolated which was 
shown to possess a normal number of ricin-binding sites [63-661. These cells 
internalized reduced amounts of ferritin-ricin complexes at low toxin concen- 
trations compared with the parent cells. Resistance in this cell line is therefore 
due to a defect in transferring ricin from the cell surface to the cytoplasm, since 
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the resistant cells were completely sensitive to ricin which was incorporated 
into liposomes and delivered directly into the cytoplasm after membrane fusion. 

INTERNALIZATION OF RICIN 

In order to exert its toxic effect, ricin A chain must encounter its intracellular 
ribosomal target [67]. For this to occur, the binding of ricin to the cell surface 
must be followed by translocation of the toxin, or its A chain, across a 
membrane. There is no evidence that this translocation step occurs at the cell 
surface in the form of direct transfer of the toxin across the plasma membrane 
and into the cytoplasm. Rather, both biochemical [13,68-721 and ultra- 
structural [63,73-791 studies have established that ricin, like other toxins 
[69, 70, 80-841, enters cells by endocytosis. Thus at 4°C ricin-ferritin com- 
plexes bind to and remain at the cell surface, where they are randomly 
distributed and can be displaced by galactose [ 851. When the temperature was 
increased to 37 O C, an increasing proportion of the surface-bound toxin was 
internalized with time and was no longer released by galactose. The fate of 
internalized ricin has been studied by electron microscopy using toxin con- 
jugated to horseradish peroxidase, ferritin or colloidal gold [ 73,791. There are 
several potential problems with this approach. For example, the internalized 
conjugate may dissociate upon encountering low pH, proteolytic enzymes or 
some other dissociating intracellular environment. The released label may 
follow an intracellular route different from that of the toxin itself. Even if the 
conjugate remains intact, it may follow a route different from that of free toxin. 
In spite of a clear demonstration that this latter possibility does occur [ 781, an 
overall picture of how ricin enters cells is beginning to emerge. Both native ricin, 
as demonstrated by immunoperoxidase cytochemistry, and ricin conjugates are 
internalized by the classical receptor-mediated endocytosis pathway [ 86-92] 
via coated pits and coated vesicles to reach vacuolar and tubulo-vesicular 
portions of the endosomal system. In addition, native ricin and a purified 
monovalent fraction of ricin conjugated to horseradish peroxidase reached 
distinct Golgi cisternae, whereas ricin conjugated to colloidal gold or polyvalent 
ricin-horseradish peroxidase conjugates did not [ 781. When endocytosis is 
inhibited by depleting cells of ATP, ricin entry does not occur [72]. 

After ricin binds to the cell surface, there is always a significant lag period 
before a decrease in the rate of cellular protein synthesis is observed [ 931. This 
lag period represents the time taken for A chains to move from the cell surface 
to the cytosol. During the early stages of this lag period, both anti-A-chain and 
anti-B-chain antibodies are able to protect the cells against the toxin [ 681. For 
the greater part of the lag period, however, the antibodies do not have any 
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protective effect. This period, during which protein synthesis is not inhibited, 
represents the time the endocytosed toxin molecules are contained in intra- 
cellular compartments before being released into the cytoplasm. A lag period 
is not observed when cells are treated with liposomes containing ricin under 
conditions which allow membrane fusion and direct discharge of ricin into the 
cytoplasm [ 94-96]. 

Although some endocytosed rich appears to be recycled back to the cell 
surface [ 521, a significant proportion of the remainder enters the cytoplasm and 
eventually kills the cell. At present, the identity of the intracellular compartment 
from which the toxin enters the cytoplasm is not known. In the case of 
diphtheria toxin, it is clear that the toxic A fragment enters the cytoplasm from 
an endocytotic vesicle with a low pH, probably an endosome [ 97,981. Low pH 
induces the exposure of a hydrophobic domain on the diphtheria toxin B 
fragment which is able to insert itself into the membrane [99]. This exposure 
may be due to a conformational change occurring in response to cis-trans 
isomerization of proline, induced by the low pH [ 1001, and can be demonstrated 
by the ability of the toxin to bind [ 'HITriton X-100 [ 1011. Insertion of the B 
chain hydrophobic domain into the membrane forms an ion-permeable channel 
through which the A fragment can pass [102, 1031. As expected, the toxic 
effects of diphtheria toxin are completely nullified by prior treatment of cells 
with compounds which increase the pH of acidic intracellular vesicles 
[ 104-1071, although binding to the cell surface is unaffected. 

In contrast to the situation with diphtheria toxin, there is no evidence that 
low pH is necessary for the transfer of ricin A chain from an intracellular 
compartment into the cytoplasm. Indeed, ricin requires neutral or slightly 
alkaline pH in the medium to intoxicate cells and is not toxic when the pH is 
6.5 or lower [70]. Treatments which lead to an increase in pH inside the cell 
increase the sensitivity of such cells to ricin [ 108-1 101. It j s  likely that ricin 
enters the cytoplasm from neutral vesicles but the identity of such vesicles 
remains obscure. Equally obscure is the mechanism by which ricin A chain is 
translocated across the membrane. Although mechanistically different from the 
transport of diphtheria toxin A fragment, it seems that the ricin B chain also 
plays a key r6le in facilitating A-chain translocation [ 11 11. The ricin B chain 
domain responsible for facilitating A-chain translocation is physically and 
functionally distinct from its sugar-binding domain, since galactose binding can 
be completely inhibited by chemical modification of B chain without affecting 
its A-chain translocation capacity [ 1121. 
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RICIN A-CHAIN INHIBITION OF PROTEIN SYNTHESIS 

Studies using intact ricin and its individual A and B chains with intact 80 S 
ribosomes and their 60 S and 40 S subunits have firmly established that the A 
chain is the toxic moiety and that it inhibits protein synthesis by inactivating 
a function of the 60 S ribosomal subunit [ 113, 1141. Prokaryotic 70 S 
ribosomes, on the other hand, are insensitive to the toxin [ 1151. The A chain 
inactivates 60 S subunits catalytically [ 13, 151 and as a result elongation factor 
2 (EF-2) is unable to bind to the subunit and protein synthesis does not occur. 

Kinetic experiments have shown that pure ricin A chain inactivates salt- 
washed ribosomes at a rate of 1500 ribosomes per min per A chain molecule. 
The K ,  with respect to ribosomes is (1-2) x 10 - ’ M, which indicates that the 
A chain acts in the cytosol at close to its V,,,,,. Penetration of a single A-chain 
molecule into the cytoplasm is believed to be sufficient to kill a cell [ 531. Ricin 
inhibits protein synthesis by both animal and plant ribosomes, including those 
from Ricinus communis itself [ 1161, but, in general, plant ribosomes seem to be 
significantly less sensitive. 

Ricin A chain appears to act by inhibiting EF-Zdependent GTPase activity 
of the ribosome [ 1171. The rate of loss of translational activity seems to 
correlate with the loss of GTPase activity [ 1181. High concentrations of EF-2 
and prebound aminoacyl-tRNA reduce inactivation of ribosomes by ricin A 
chain [41]. In turn, rich A chain specifically binds to a single site on rat liver 
ribosomes, indicating that the toxin acts on the ribosome at a site identical with, 
or overlapping, the binding site of EF-2 [ 1191. 

In spite of considerable research effort, the nature of the enzymic activity of 
the A chain remains uncertain. Toxin-dependent changes in the RNA or 
protein moieties of 60 S ribosomal subunits have not been described. Since A 
chain inactivates ribosomes in the absence of cofactors, it may act hydrolyti- 
cally, possibly by removing some minor functional group [120], or may 
introduce a ‘lethal’ conformational change in a ribosomal component. 

The inhibitory effect of ricin on protein synthesis in cell-free systems is greatly 
increased in the presence of B-mercaptoethanol. This is because free A chain 
is the enzymatically active toxin, whereas A chain linked to B chain in whole 
ricin is not active [ 1211. In the absence of reducing agents, even high concen- 
trations of intact toxin do not inactivate ribosomes. Presumably the catalytic 
site on the A chain is formed or exposed only when the A chain is released from 
the B chain. Free A chain, however, is non-toxic to intact cells since, in the 
absence of B chain, it lacks the ability to bind to and enter cells. Ricin A-chain 
preparations frequently show some level of toxicity, however, because the 
complete removal of contaminating B chain can be difficult to achieve [ 1221. 
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Although RCA is several orders of magnitude less toxic than ricin when 
injected intraperitoneally into mice [ 161, it is clear that the agglutinin A chain 
is also a potent protein synthesis inhibitor [ 151 but is internalized much less 
efficiently than is rich A chain. 

BIOSYNTHESIS OF RICIN 

Kcin and RCA are simultaneously synthesized in equivalent amounts in the 
endosperm cells of ripening Ricinus communis seeds [ 1231. In common with the 
other major storage protein components of the protein bodies, synthesis occurs 
during and after testa formation when these storage organelles are being rapidly 
formed [4]. The two lectins are homologous in both structure and function and, 
as would be expected, share a common biosynthetic mechanism. Although both 
lectins contain two distinct polypeptide subunits, these polypeptides are not the 
products of two distinct transcripts. Rather, both A- and B-chain sequences 
are derived from a precursor polypeptide which is encoded by a single mRNA 
species [ 381. A series of co-translational and post-translational modification 
steps during the synthesis of the ricin precursor and its processing to yield the 
native heterodimer have been defined [ 1241 and are described briefly below. 

CO-TRANSLATIONAL MODIFICATIONS 

The first indication that ricin A and B chains were synthesized together in a 
precursor polypeptide (proricin) came from cell-free synthesis studies [ 38, 1251. 
Antibodies were raised in rabbits against the individually purified A and B 
chains of ricin. Although anti-A-chain antibodies did not cross-react with the 
B chain and vice versa, each of the antisera recognized a single polypeptide 
species of molecular weight 59,000 when ripening castor bean endosperm RNA 
was translated in vitro in a rabbit reticulocyte lysate cell-free protein synthesis 
system [ 381. When dog pancreas microsomal membranes were included in the 
translational system, the functional equivalent of rough endosplasmic 
reticulum, ribosome-studded microsomal vesicles, were generated in vitro and 
the ricin precursor was co-translationally translocated into the lumen of the 
microsomal vesicles [ 1251. In this case the membrane-translocated precursor, 
precipitated by anti-A-chain or anti-B-chain antibodies, appeared as a group 
of polypeptides in the 64,000-68,000 molecular weight range. A detailed 
analysis of these early biosynthetic events established that the synthesis of 
proricin conforms to the mechanism predicted and defined by the signal 
hypothesis originally elucidated for mammalian secretory proteins [ 126, 1271. 
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Thus the mRNA encoding proricin also encodes a cleavable N-terminal signal 
peptide (preproricin). Translation of this mRNA in vivo begins on free cyto- 
plasmic ribosomes and continues until the N-terminal sequence containing the 
signal peptide begins to emerge from the ribosome. The emerging signal peptide 
is recognized by a cytoplasmic ribonucleoprotein particle (signal recognition 
particle, SRP) [ 1281 which binds to it and transiently arrests translation of the 
mRNA [129]. The SRP-ribosome complex then binds to the cytoplasmic 
surface of endoplasmic reticulum (ER) membrane via an SRP receptor (the 
docking protein, [ 1301) and a tight junction is formed between the ribosome 
and the rough ER membrane. The SRP-mediated translational arrest is relieved 
and now, as translation proceeds, the elongating polypeptide is vectorially 
transferred across the ER membrane, folding into its proricin conformation in 
the ER lumen. Translocation of the nascent ricin precursor is accompanied by 
the proteolytic cleavage of the N-terminal signal peptide by an ER signal 
peptidase [ 13 1 3. 

The proricin precursor segregated in v i m  into the lumen of the dog pancreatic 
microsomes appears as a heterogeneous group of polypeptides of molecular 
weight 64,000-68,000 because of a further co-translational modification, 
N-glycosylation [ 1251. N-Glycosylation of asparagine residues is catalyzed by 
an ER glycosyltransferase which transfers en bloc an oligosaccharide moiety 
from a lipid carrier to nascent polypeptides [ 132, 1331. The appearance of a 
group of translocated ricin precursors was due to heterogeneity in glycosylation, 
since treatment of this group with endo-N-acetylglucosainidase H removed 
the oligosaccharide side-chains converting the precursors back to a single 
polypeptide of molecular weight 57,500 [ 1251. The difference in size between 
the non-segregated precursor synthesized in vitro in the absence of microsomes 
(M,  59,000) and the deglycosylated segregated precursor (M, 57,500 Da) 
represents the N-terminal signal peptide which is cleaved off by signal peptidase 
during the membrane-segregation step. 

Another modification to the ricin precursor which occurs during or immedi- 
ately after synthesis is disulphide bond formation [ 1241. In mature ricin, the 
B chain contains four intrachain disulphide bonds and it is joined to the A chain 
by a single interchain bond. These disulphide bonds are formed enzymically by 
ER protein disulphide isomerase [ 134, 1351 which introduces five intrachain 
disulphide bonds into nascent proricin, the bond destined to become the 
interchain disulphide bond joining the A and B chains of mature ricin being 
formed between cysteine residues present in the A- and B-chain sequences in 
the proricin. 

The identity of the glycosylated polypeptides as precursor forms of the ricin 
subunits was further confirmed by in vivo radiolabelling studies [ 1361. 
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translation begins on cytosolic ribosomes; signal sequence on nascent 
chain interacts with SRP which transiently arrests translation 

I 
SRP-ribosome complex interacts with receptor on ER membrane - elon- 
gation arrest is released; nascent peptide translocated across membrane 
into ER lumen; 
signal sequence cleaved off by signal peptidase;Asn-(X-Ser/Thr) residues 
are core-glycosylated; protein folds and disulphide bonds are formed 

(details of modifications are un- 
clear, but, e.g., fucose and xylose are added where appropriate) 

proricin is cleaved by an acid endopeptidase which generates A and B 
chains which remain linked via a disulphide bond. 
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Figure 1.3. Biosynthesis and intracellular transport of ricin. 
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POST-TRANSLATIONAL MODIFICATIONS 

The synthetic and co-translational modification steps described above result in 
the transient deposition of core-glycosylated proricin in the lumen of the ER. 
Mature ricin is stored in single membrane delimited organelles called protein 
bodies within Ricinus seed endosperm cells. The newly synthesized proricin 
has to be both transported from the ER to the protein bodies and processed 
to liberate the individual A and B chains. It is now clear that proricin initially 
moves from the ER to the Golgi apparatus and from there, contained within 
a population of Golgi-derived transporting vesicles, to the protein bodies [ 1371. 
Intracellular transport is also accompanied by structural modifications to 
proricin. In the Golgi apparatus, enzymic modification of the oligosaccharide 
side-chains occurs. Although details of the sugar modifications are unclear, 
they probably involve typical Golgi oligosaccharide trimming and mono- 
saccharide additions to the side-chains [ 138-1411, the latter including the 
addition of fucose and xylose to A-chain oligosaccharides [ 136, 1421. These 
sugar modifications confer partial endoglycosidase H resistance to the proricin 
oligosaccharide side-chains. Proricin is then transported from the Golgi 
apparatus in vesicles which presumably pinch off from Golgi cisternae and 
move to protein bodies where, after membrane fusion, they discharge their 
contents into the protein body matrix. Within the protein bodies proricin is 
processed by an acid endopeptidase which liberates free A and B chains, still 
covalently linked by a disulphide bond, since cleavage occurs within a 
disulphide loop between the A- and B-chain sequences [ 1431. 

The synthesis of ricin, illustrated schematically in Figure. 1.3, ensures that the 
castor bean ribosomes are not inactivated by the toxic A chain. Because the 
proricin is segregated into the ER lumen as it is synthesized, a membrane 
barrier always exists between proricin or mature rich and the ribosomes. The 
overall scheme for synthesis, transport and processing has now been estab- 
lished for a variety of plant protein body components, including lectins 
[ 144-1471 and storage proteins [ 148, 1491. 

MOLECULAR CLONING OF PREPRORICIN 

A preproricin gene from Ricinus communis has been characterized by both 
cDNA [ 3 11 and genomic [ 1501 cloning. Southern blot analysis has indicated 
that the Ricinus communis genome includes at least six lectin genes [ 1501. In 
our laboratory we constructed a cDNA library using ripening castor bean 
endosperm poly(A)' RNA which had been enriched for lectin precursor 
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mRNA by size fractionation on sucrose density gradients [ 15 11. Eighty positive 
clones were isolated from the library of recombinants by hybridization using, 
as a probe, a mixture of synthetic oligonucleotides representing all possible 
sequences encoding a peptide of the rich B chain [ 3 13. Every positive recombi- 
nant plasmid we tested selected, by hybridization, a single mRNA species 
whose translational product was identified as preprolectin by immuno- 
precipitation. Restriction analysis of these clones showed that two classes were 
present representing sequences complementary to two distinct but closely 
related preprolectin species [ 221. Representative clones from each class were 
sequenced. The preprolectin species were identified as either preproricin or 
preproRCA, respectively, by comparing the deduced amino-acid sequence with 
the published ricin sequence [ 19,201 and the N-terminal sequence of purified 
RCA B chain [ 221. Preproricin contains 576 amino-acid residues consisting of 
a 35-amino-acid N-terminal sequence which includes the cleavable signal se- 
quence, the A-chain sequence (267 residues) which is joined to the B-chain 
sequence (262 residues) by a 12-amino-acid linker peptide [ 124, 1501 (Figure 
1.4). 

Leader A chain llnker B chain 
tz. .'.'I I I 

I I I J 

100 200 300 400 500 600 

Residue 

Figure 1.4. Schematic structure of preproricin. 

We initially suggested that preproricin contained a 24-amino-acid signal 
peptide. The N-terminal methionine in this sequence represented the first in 
frame initiation codon 5' to the start of mature A chain [ 311. The signal peptide 
thus encoded was assumed to be cleaved immediately before the mature A-chain 
N-terminus. This putative signal peptide was not a typical eukaryotic sequence 
because the proposed signal peptide cleavage site differed markedly from the 
consensus cleavage site [ 1521. Furthermore, the proposed initiation codon was 
not in a good translational initiation environment [ 1531. Subsequently, a more 
extensive ricin 5 '  gene sequence was published and it contained an additional 
in-frame initiation codon 33 bases upstream from the one we suggested [ 1501. 
This upstream initiation codon is in an ideal translation initiation environment 
and presumably represents the true translation start site. It seems unlikely that 
the 34-amino-acid sequence which separates this N-terminal methionine from 
the mature A-chain N-terminus represents the true signal peptide. A 35-residue 
peptide is considerably longer than most prokaryotic and eukaryotic signal 
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peptides and from consensus sequences [ 1521, cleavage on the carboxyl side 
of asparagine, the residue at - 1 to the A-chain N-terminus, is unlikely. More 
typical cleavage sites lie within the 35-residue sequence and if co-translational 
signal cleavage occurs at one of these alternative sites, further processing would 
be required to reveal the mature A-chain N-terminus. Such post-translational 
N-terminal processing has been implicated during the biosynthesis of other 
plant protein body proteins [ 154, 1551. 

The A and B polypeptides in proricin are joined by a twelve-residue linking 
peptide. This linker sequence is excised in the protein bodies to release the A 
and B chains and it is noteworthy that the carboxy-terminal residue of the linker 
peptide is asparagine. Endoproteolytic cleavage after an asparagine residue is 
a feature of the processing of plant proproteins [ 1561. In the case of the ricin 
precursor, the endoproteinase which removes the linker peptide, or a related 
protein body enzyme, may also be responsible for the proposed post- 
translational N-terminal processing. 

RICIN-BASED IMMUNOTOXINS 

Monoclonal antibodies directed against tumour-associated antigens have con- 
siderable potential in cancer therapy [ 157, 1581. The hybridoma technology 
developed by Kohler and Milstein [159, 1601 has led to the availability of 
unlimited supplies of a wide range of exquisitely selective antibodies. The 
selectivity of tumour-specific antibodies has revolutionized the detection and 
diagnosis of cancer [ 161-1641. Indeed, it was hoped that specific interaction 
between the antibodies and tumour cells in vivo would lead to the selective 
elimination of these cells. In practice, however, the performance of monoclonal 
antibodies in therapy has been disappointing, due primarily to their lack of 
toxicity [ 165, 1661. This, in turn, has led to attempts to increase the potency 
of monoclonal antibodies by linking them chemically to various cytotoxic 
agents. This approach is a tribute to the foresight of Paul Ehrlich, who, at the 
turn of the century, speculated on the potential use of antibodies as carriers of 
pharmacological agents [ 1671. The antibody therefore functions as a homing 
device for a conjugate whose potency is enhanced by the inclusion of con- 
ventional drugs, radioisotopes, biological response modifier or toxins. Conju- 
gates between antibodies and protein toxins (immunotoxins) are the most 
potent and widely used at present, with ricin the most frequently included toxin 
in such hybrid molecules. The formation, properties and promise of immuno- 
toxins in general, and of ricin-based immunotoxins in particular, have been 
discussed in detail in a plethora of recent reviews [ 1, 168-1821. Two types of 
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ricin-based immunotoxin have been used in these studies, the first involve 
conjugating purified ricin A chain to the antibody, the second conjugating 
whole ricin. 

CONJUGATE PREPARATION 

Ricin or its A chain is chemically purified from R. communis seeds as described 
earlier. In the case of A chain, it is essential to remove contaminating B chain 
as completely as possible, and this normally entails passing purified A chain 
preparations down asialofetuin or anti-B-chain antibody affinity columns. 
Coupling of the toxin and antibody can be achieved by several chemical 
methods [ 1731 and it is conventional to link them by a disulphide bond. The 
most common strategy for preparing A-chain immunotoxins (A-chain IT) is to 
use a heterobifunctional cross-linking agent carrying a disulphide bond such as 
N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP) which reacts with free 
amino groups on the antibody (Figure 1.5). The derivatized antibody is then 

Anti body 

Cross linking 
agent 
e.g. SPDP I 

Ricin 

Reduce and 
purify ! 

\ Thlol-disulphide exchange / 

Figure I .5.  Conjugation of ricin A chain to a monoclonal antibody using the cross-linking reagent. 
SPDP. 
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mixed at neutral pH with pure A chains to allow conjugation by disulphide 
exchange. The resulting conjugates are separated from free A chains and 
uncoupled antibody by gel filtration and affinity chromatography using 
immobilized anti-A-chain antibodies or immobilized antigen [ 169-17 11. 

For preparing whole ricin IT, the intact toxin is normally derivatized with 
a bifunctional cross-linking agent before being mixed with antibody prepared 
for cross-linking by partial reduction of disulphide bonds [ 1831. 

At present the scientific literature contains a large and rapidly expanding 
number of accounts of the conjugation of cell-reactive antibodies to ricin or its 
A chain and their cytotoxic effects on cultured cells or whole animal models. 
In the present account, we will not attempt to catalogue these reports but will 
briefly and simply outline emerging conclusions and present constraints. 

RICIN A-CHAIN IMMUNOTOXINS 

The simplest rationale for ricin-based IT construction is to completely purify 
the A chain away from the B chain, which makes whole ricin non-specifically 
toxic because of its ability to interact with galactose on a wide range of cells, 
and to conjugate the pure A chain to a monoclonal antibody directed against 
a tumour cell-surface antigen. In this way one hopes to produce a hybrid 
molecule which retains the toxicity effected by ricin A chain and which 
specifically binds to the antigen-bearing tumour cells. In practice, such A-chain 
ITS are extremely selective in their toxic effect and only eliminate cultured cells 
bearing the appropriate antigen. This advantage is countered by a major 
disadvantage: the potency of A-chain IT is variable and unpredictable, being 
normally weak and occasionally non-existent [ 1791. A number of factors may 
determine the effectiveness of an A-chain IT. These factors include the density 
of the surface antigen, the affinity of the antibody used to prepare the IT, the 
route of entry of the antigen-IT complex into the cell, and the nature of the target 
antigen itself. The major limitation of A-chain ITS which affects their toxicity, 
however, is the absence of B chain. Thus while the antibody can replace the 
cell-binding function of the B chain, and can replace it in a highly selective way, 
it cannot substitute for the second function of the B chain, facilitating the 
translocation of the A chain across an intracellular membrane. 

Two ways of enhancing the toxicity of A chain ITS have been described. 
Firstly, the ITS frequently show a moderate to dramatic increase in potency in 
the presence of monensin [184, 1851, ammonium chloride [186, 1871 or 
chloroquine [ 1881. It seems likely that these reagents reduce the rate of 
proteolytic digestion of the ITS by elevating endosomal and lysosomal pH. 
Secondly, the addition of free B chain gives a markedly enhanced cytotoxic 
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effect [189]. Similarly the toxicity of A-chain ITS is enhanced if B chain is 
provided in the form of a B-chain IT [190-1921. The synergy afforded by 
B-chain ITS is obtained even when the B chain has been chemically modified 
to attenuate its capacity to bind to cells (galactose) [ 1121. 

INTACT RICIN IMMUNOTOXINS 

Intact ricin ITS are invariably outstandingly toxic to cells carrying appropriate 
antigens, often surpassing the native toxin in potency. While this potency is 
attributable to the B chain, the presence of B chain in these conjugates has an 
inevitable disadvantage - the specificity conferred by the antibody is ovemden 
by the B chain which also directs the conjugate to non-target cells. A simple 
and very effective way of blocking the nonspecific binding property of intact 
ricin conjugates in vitro is by competition with high concentrations of free 
galactose or lactose [ 1831. For in vivo use, however, this protective approach 
cannot be used and a permanent blockade of the B-chain galactose-binding 
sites is required. One such method of blockade was recently described in which 
intact ricin ITS were prepared in which the B-chain galactose-binding sites were 
sterically hindered by the antibody moiety itself. Monoclonal anti-Thy 1.1 
antibody linked in this way to ricin was approximately 104-times more toxic to 
Thy 1.1-expressing AKR-A lymphoma cells than it was to EL4 lymphoma cells 
which express the alternative Thy 1.2 allele [ 1931. These blocked ricin ITS still 
retain considerable cytotoxicity and it is clear that a more vigorous elimination 
of the rich B-chain galactose binding capacity is required. 

GENETICALLY ENGINEERED IMMUNOTOXINS 

With cloned ricin genes available, the most definitive way of altering ricin B 
chain to make it suitable for inclusion in intact ricin ITS will be by genetic 
manipulation. In this way the B chain will be structurally modified so that it 
loses completely its ability to bind galactose but retains its ability to translocate 
A chain across a membrane. An important indication of the feasibility of this 
approach was the recent demonstration that these two functions of the B chain 
reside on separate domains in the molecule. Thus while chloramine-T-treated 
ricin B chains showed a dramatic reduction in their ability to bind galactose, 
their ability to potentiate the killing of cells treated with an A-chain IT was 
virtually unimpaired [ 1 121. 

Several groups are currently attempting to identify the amino acids in the B 
chain that are responsible for cell-binding activity and certain important 
residues have been defined [ 1941. A high-resolution X-ray structure of ricin 
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crystals is approaching completion and a full structural definition of the 
galactose-binding sites will soon be available. This knowledge will enable 
B-chain nucleotide sequences which specify galactose-binding residues to be 
deleted or altered by site-directed mutagenesis [195]. The modified gene 
sequences, incorporated into appropriate expression vectors, will be introduced 
into prokaryotic or eukaryotic cells and the modified recombinant B chain 
produced in large quantity. 

Other structural modifications may be created by DNA technology to 
enhance the efficacy of ricin-based ITS. For example, intact ricin or ricin A 
chain ITS administered in vivo are rapidly cleared from the circulation because 
the high-mannose oligosaccharide side-chains of ricin A chain are recognized 
by mannose receptors on Kupffer cells [196, 1971. Chemical or enzymatic 
deglycosylation of ricin A chain without protein denaturation has proved to be 
difficult [ 351 but could be accomplished by either expressing cloned A chain 
cDNA in a non-glycosylating prokaryotic system or by mutation to remove 
N-glycosylation sites prior to expression in eukaryotic cells. 

Another advantage in producing rich by expressing the cloned gene in a 
heterologous system is that the purity of the product can be guaranteed. As 
noted earlier, conventially purified ricin A chain contains trace but significant 
B chain contamination, a problem readily overcome if the A-chain cDNA is 
expressed in a prokaryotic system to generate biologically active product. 

Ultimately, both the antibody and toxin components of ITS may be expressed 
together. This will be achieved by fusing the immunoglobulin heavy chain and 
toxin genes and subsequently transfecting a myeloma cell line which synthesizes 
immunoglobulin light chain and is thus able to constitute the relevant antigen- 
binding site with the recombinant heavy chain [ 1981. The feasibility of this 
approach has been demonstrated by the expression of an antibody-enzyme 
hybrid [199]. These chimaeric antibodies will be further modified by the 
engineering of a suitable cleavage site to permit A-chain release, and the 
inclusion of B-chain sequences required for membrane translocation. 

These genetic manipulations will attempt to generate the ideal IT - a 
conjugate which kills target cells in vivo with great potency while causing little 
or no harm to normal cells. If this goal is achieved, while cancer chemotherapy 
will doubtless remain a difficult and unpredictable area, ITS may add an 
exciting and effective alternative to the available reagents. 
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INTRODUCTION 

Histamine is widely distributed in mammalian brain [ 1-41 and is found in both 
neurones [ 5,6]  and non-neuronal compartments such as mast cells [ 7,8]  and 
capillary endothelial cells [ 91. More recently the neuronal pathways containing 
histamine and its synthesizing enzyme, histidine decarboxylase, have been 
visualized using immunohistological techniques [ 10-141. These studies have 
shown that histamine- and histidine-decarboxylase-immunoreactive cell bodies 
are restricted to the ventral part of the posterior hypothalamus and the region 
of the mammillary nuclei but send projections to almost all regions of the 
diencephalon and telencephalon. This arrangement of the histaminergic 
neuronal system resembles the widespread distribution of noradrenergic and 
serotonergic fibres, which also emanate from discrete cell body regions. This 
suggests that histamine, like noradrenaline and 5-hydroxytryptamine, may be 
involved in a large variety of physiological functions. The functional r61e or 
r6les that histamine may play in the CNS, however, remains largely subject to 
speculation. 

Histamine has been implicated in a variety of vegetative functions and 
behaviours ranging from cardiovascular [ 15-20] and temperature [21-261 
control to r6les in arousal [27] and the regulation of neuroendocrine 
mechanisms [28-301. Most of our information concerning a possible 
involvement of histamine in these responses is derived from the observation 
that intracerebral injection of histamine or its analogues can elicit changes in 
particular central functions or behaviour (for example, core temperature 
[21-261 or locomotor activity [27]) which are sensitive to antagonism by 
histamine receptor antagonists. Interpretation of these findings is made 
difficult, however, because of the uncertainties concerning the selectivity of 
action of the drugs used. This problem is inherent in in vivo studies because of 
the limited selectivity of the pharmacological tools available and the inability 
to achieve a known concentration of the pharmacological agent at the site of 
action. The importance of these factors is perhaps best illustrated with reference 
to some recent in vitro studies on cat cerebral arteries [31,32]. In this tissue, 
histamine can elicit a contractile response via a non-receptor tyramine-like 
mechanism. The response to histamine can be inhibited by cocaine, an inhibitor 
of the high-affinity uptake of noradrenaline (uptake l), and by the H,-receptor 
antagonist, diphenhydramine [ 3 1,321. However, in this latter case the inhib- 
itory effect of diphenhydramine is not due to H,-receptor antagonism, but 
appears to be a consequence of the uptake-inhibiting properties of this anti- 
histamine [3 1,331. The ability to inhibit noradrenaline and 5-hydroxytryp- 
tamine uptake is shared by a number of other H,-receptor antagonists, in- 
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cluding mepyramine [ 331, chlorpheniramine and brompheniramine [ 341. In all 
cases, uptake blockade by H , -antihistamines occurs at higher antagonist con- 
centrations than are required for H ,-receptor antagonism. For example, the 
equilibrium dissociation constant, K,, for mepyramine inhibition of 5-hydroxy- 
tryptamine uptake is 0.09 pM [33], while that for H,-receptor antagonism is 
0.8 nM [35]. It is clear, however, that, without a careful quantitative analysis 
of the interaction between histamine and H ,-antagonists in cat cerebral arteries, 
the response to histamine might have been misinterpreted as an HI-mediated 
response. 

The aim of the present review is to examine the evidence for the presence of 
histamine receptors in the mammalian central nervous system and to review 
their properties. For the reasons outlined above, the scope of this review has 
been limited to recent in vitro biochemical studies where a quantitative 
comparison can be made between the properties of central and peripheral 
receptor systems. It is accepted, however, that the determination of the 
physiological r61e or r6les of histamine in mammalian brain will rely eventually 
on the availability and careful in vivo use of highly selective agonists and 
antagonists for the different classes of histamine receptor. 

CLASSIFICATION OF HISTAMINE RECEPTORS AND CHEMICAL 
TOOLS 

Histamine receptors have been classified into two major subtypes, H I  and H,, 
on the basis of quantitative studies on isolated peripheral tissues. Histamine 
H ,-receptors mediate the contractile actions of histamine on numerous visceral 
smooth muscles, most notably from the trachea, ileum and uterus of the 
guinea-pig [ 36-39]. These responses are antagonized by the classical H,-anti- 
histamines [36-391 such as mepyramine (1) [36] and diphenhydramine (3) 
[40] (see Figure 2.1). Histamine also stimulates the secretion of acid by 
stomach, increases the rate of contraction of guinea-pig isolated atria and 
inhibits electrically evoked contractions of rat isolated uterine horn [41]. How- 
ever, these responses are not affected by H,-receptor antagonists and have been 
defined as histamine H,-receptor responses following the development of 
specific antagonists to these responses such as burimamide [ 4 11, cimetidine 
[42] and ranitidine [43]. The distribution and classification of histamine H,- 
and H,-receptors in various mammalian peripheral tissues have been reviewed 
elsewhere [44-46a]. 

Studies with HI-  and H,-receptor agonists and antagonists in mammalian 
brain have indicated that the pharmacological profile of the autoreceptor 
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controlling the release of histamine from brain slices is different from that 
expected for a classical HI-  or H,-mediated response, and an H,-receptor 
subtype has been proposed to account for these findings [47-491. Thus, 
burimamide (an H,-antagonist [41]), impromidine (an H,-agonist [ S O ] )  and 
betahistine (an HI-agonist [ 5 11) have been proposed as potent antagonists of 
the putative H,-receptor [47-49,521. However, at the present time there are 
no selective antagonists or agonists available for this particular receptor 
subtype [49]. (See note added in proof, p. 84.) 

H,-RECEPTOR ANTAGONISTS 

Following the initial discovery of the first antihistamine substances in France 
in 1937 [53], a large number of compounds, of widely differing chemical 
structure, have been shown to possess H ,-receptor antagonist properties. The 
structural formulae of some of the more potent competitive H,-antagonists are 
shown in Figure2.1. Mepyramine (1) is the compound which has been 
principally utilized as a probe for HI-receptor responses in both central and 
peripheral tissues because of its high affinity and relative selectivity. However, 

Me 0 

Me 6-L 
I1 ) 

CI 

Figure 2 .  I .  Structural formulae of some H,-receptor antagonists: mepyramine ( I ) .  promethazine (2). 
diphenhydramine (31, trans-triprolidine (4). chlorpheniramine (5) and clemastine (6). 
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the selectivity of mepyramine and other compounds for the HI-receptor is very 
much dependent upon the concentration used. Thus, although mepyramine can 
be considered to act selectively on HI-receptors in the concentration range 1 
to 100 nM ( K ,  = 0.8 nM [35]), at higher concentrations it will begin to 
antagonize muscarinic ( K ,  = 10 pM [ 54,551) and histamine H,-receptors 
( K ,  = 5 pM [56]), to inhibit histamine N-methyltransferase ( K ,  = 21 pM 
[57]) and indoleamine uptake ( K ,  = 0.09 pM [33]), and to have membrane- 
stabilizing properties [ 581. The ability to antagonize muscarinic receptors is a 
property shared by a large number of HI-antagonists and for drugs such as 
promethazine (2) and diphenhydramine (3) the concentration at which 
occupancy of muscarinic receptors becomes significant is only one order of 
magnitude greater than that required to produce a similar occupancy of 
H ,-receptors [ 551. It is therefore essential to make use of a range of HI-antag- 
onists of different chemical structures in studies aimed at characterizing HI -  
receptor responses in different tissues and to undertake a quantitative assess- 
ment of their potencies as HI-antagonists. A comparison of the equilibrium 
dissociation constants obtained for several H ,-antihistamines in guinea-pig 
brain and ileal smooth muscle is shown in Table 2.1. 

A number of the HI-antagonists exist as geometric or optical isomers. 
trans-Triprolidine (4), which has pyridyl and pyrrolidino groups in a trans 
configuration about the double bond, is three orders of magnitude more potent 
on guinea-pig ileum than is the cis-isomer [62]. Chlorpheniramine (5) shows 
stereoselective activity on both central and peripheral H ,-receptors and is 
consequently a powerful tool for receptor classification. D( + )-Chlor- 
pheniramine, which has the S configuration [ 641, is approximately 200-fold 
more potent than L( - )-chlorpheniramine in guinea-pig ileum [35,63] and 
brain [ 5  1, 611. However, not all chiral antihistamine drugs exhibit stereoselec- 
tive antagonism on histamine H ,-receptors, and this suggests that the asymme- 
tric centre close to the side-chain nitrogen in promethazine (2), isothipendyl 
[65] and clemastine (6) [66] is not important for a stereoselective interaction 
with H ,-receptors. 

Triprolidine (4) ( K ,  = 0.1 nM [ 621) and the tricyclic antidepressant doxepin 
( 1 1-(3-dimethylaminopropylidene-6,ll-dihydrodibenzoxepin) (K, = 0.06 nM 
[67,68]) are two of the most potent Hi-antagonists known and are thus 
potentially very valuable agents for investigating H ,-responses in mammalian 
brain. However, the very high affinity of these compounds for the HI-receptor 
can itself lead to difficulties in biochemical studies where the incubation volume 
is invariably small and the tissue concentration high. Thus, the fact that only 
very low concentrations of triprolidine or doxepin are needed for significant 
occupancy of H,-receptors means that depletion of the free concentration of 
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Table 2.1. EQUILIBRIUM DISSOCIATION CONSTANTS OF HI-RECEPTOR ANTAGONISTS ON PERIPHERAL AND 

Values represent measurements made on guinea-pig ileum [35], slices of guinea-pig cerebral cortex (cyclic AMP accumulation) [ 5  I] and 
cerebellum (inositol phosphate accumulation) [59,60] and homogenates of guinea-pig whole brain ([3H]mepyramine binding) [61]. 

CENTRAL HI-RECEPTORS 

Equilibrium dissociation constant. K, (nM) 

Antagonist 

Guinea-pig ileum Guinea-pig brain 

Contraction /3H]Mepyramine Cyclic AMP lnositol /'H]Mepyramine 
binding accumulation phosphate binding 

accumulation 

Mepyramine ( I )  0.8 0.4 
Promethazine (2) 1.2 0.4 
Methapyrilene 2.6 2.1 
( + )-Chlorpheniramine ( 5 )  0.8 1.1 
( - )-Chlorpheniramine ( 5 )  179 165 

0.6 0.4 0.8 
0.6 3.2" 1.4 
1.8 5.5 4.5 
0.4 0.8 

204 200 

a Donaldson and Hill, unpublished data. 
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antagonist by tissue binding can occur to a large extent and lead to underesti- 
mates of antagonist potency. This has been demonstrated directly for doxepin 
in studies of [ 3H]mepyramine binding in rat brain [69]. Great care is therefore 
required in the use of these very high affinity HI-antagonists. 

In recent years H ,-antagonists which do not readily cross the blood-brain 
barrier have been developed in an attempt to reduce the well-known sedative 
properties associated with this class of compounds. These include terfenadine 
(7) [70,71], astemizole (8) [72], mequitazine (9) [73-751 and temelastine (10) 
[ 761 whose structures are given in Figure 2.2. It is striking that for most of these 
compounds, particularly astemizole and terfenadine, the onset of action is slow 
and the duration of action is exceptionally long [ 70,721. For example, studies 

rm OH 

0 

Figure 2.2 Structural formulae of some non-sedating H,-receptor antagonists: ter$enadine (7h 
astemizole (S), mequitazine (9) and temelastine (10). 
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with astemizole have shown that it does not appreciably dissociate from H ,- 
receptors in guinea-pig cerebellar membranes in vitro following washout of the 
drug for more than 3 h [72]. Furthermore, the occupancy of H,-receptors in 
lung declines only 4-6 days after oral administration of astemizole [ 721. 

HZ-RECEPTOR ANTAGONISTS 

The first compound to be described as an H,-receptor antagonist was buri- 
mamide, in 1972 [41]. This compound has a relatively low affinity 
(K. ,  = 7.8 pM [41]) for the H,-receptor when compared with the values nor- 
mally expected for useful H ,-receptor antagonists (i.e., K, values in the range 
0.1 to 10 nM). However, unlike the HI-antagonists, which usually have non- 
specific actions at micromolar concentrations, burimamide appears to be much 
more selective in this concentration range and begins to interfere with B-adreno- 
ceptor, muscarinic and H ,-receptor responses only at concentrations above 

Me \l_rCH2SCH2CH2NI;i Me 

Me2 NCH2 0 CH2 SCHzC*NHC NH Me 

ztN9 
(12) 

0 

Figure 2.3. Sirueturat fornrutae of some IT,-receptor antagonists: cimetidine ( I  I ) .  ranitidine ( I  2). 
riotidine (13) and L-643, 441 (14). 
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0.1 mM [41]. Other H,-antagonists have since been developed from burimam- 
ide, which also contain the imidazole ring, and these include metiamide [ 771 
and cimetidine ( 1  1 )  [42]. The two other compounds which have been employed 
extensively in studies of H,-receptors in the mammalian central nervous system 
are ranitidine (12) (a furan derivative) [43] and tiotidine (13) (a 
guanidinothiazole derivative) [78]. The structures of a number of these H,- 
antagonists are given in Figure 2.3. Also included in Figure 2.3 is the structure 
of L-643,44 1 (14), which has been reported to be an apparently irreversible 
H,-receptor antagonist [79]. This latter compound may be of utility in future 
studies for determining the relative efficacies and affinities of H,-receptor 
agonists in functional studies of central H,-receptors. The equilibrium disso- 
ciation constants obtained for the four major competitive H,-antagonists on 
spontaneously-beating guinea-pig right atria and in three biochemical assays for 
H,-antagonism in brain tissues are given in Table 2.2.  

Table 2.2. EQUILIBRIUM DISSOCIATION CONSTANTS OF H,-RECEPTOR 

Values represent measurements made on guinea-pig atria [42.43,78,80], homogenates of 
guinea-pig hippocampus (adenylate cyclase) [81], slices of rabbit cerebral cortex (cyclic AMP 
accumulation) [82] and homogenates of guinea-pig cerebral cortex ([3H]tiotidine binding) 1831. 

ANTAGONISTS ON PERIPHERAL AND CENTRAL H2-RECEPTORS 

Equilibrium dissociation constant. K, (HM) 

Brain 

A denylate Cyclic AMP [-'H]Tiotidine 
Antagonist Atria cyclase accumulation binding 

Tiotidine (13) 0.015 0.026 0.012 0.025 
Cimetidine ( 1  1) 0.79 0.60 1.2 0.47 
Ranitidine (12) 0.063 0.07 0.39 
Metiamide 0.92 0.87 2.3 0.5 1 

HI- AND H2-RECEPTOR AGONISTS 

A range of agonists are now available for use in studies of H I -  and H,-receptor 
responses. A large number of the possible methyl-substituted histamine deriva- 
tives have been synthesized and assayed quantitatively for H,- and H,-receptor 
agonist activity on guinea-pig ileum (H,) and guinea-pig atrium (H,) in vifro 
[65]. N "-Methyl- and Na,Na-dimethylhistamine (refer to Figure 2.4 for position 
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CH2 CH2 i H 2  

vN T HN 

2 

Figure 2.4. Structural formula of histamine (15). 

of methyl groups in histamine (15)) are the most potent of these derivatives but 
do not show any marked selectivity for the H,  or H, receptor subtypes. 
N'-Methylhistamine is one of the main natural metabolites of histamine and 
is produced following methylation of histamine by histamine N-methyltrans- 
ferase, which is the major route of histamine metabolism in brain tissue, [ 5,6]. 
Both this metabolite (N7-methylhistamine) and the N"-methyl derivative of 
histamine are exceedingly weak agonists of both H,- and H,-receptors [65] and 
are thus useful as inactive control substances in both in vitro and in vivo studies. 
2-Methylhistamine shows selectivity for the H,-receptor, having circa 20% of 
the potency of histamine as an H ,-receptor agonist on guinea-pig ileum but only 
4% of the potency of histamine as an H,-receptor agonist on guinea-pig atrium 
[ 651. Conversely, 4-methylhistamine shows selectivity as an agonist for the 
H,-receptor. Thus, the relative potency (histamine = 100) of 4-methylhistamine 
for atrial H,-receptors is 41, while that for ileal H,-receptors is only 0.23 
[41,84]. This suggests that 4-methylhistamine is some 200-fold more potent as 
an H,-receptor agonist. However, relative potencies (with respect to histamine) 
expressed in this way do not take into account the fact that, in some tissues, 
the effective concentrations of histamine necessary for activation of H,- and 
H,-receptors, respectively, may be very different. This problem has been ele- 
gantly demonstrated in guinea-pig ileum by Barker and Hough [ 8 5 ] ,  who 
showed that the actual concentrations necessary for activation of H,- and 
HI-receptors by 4-methylhistamine differ by only a factor of 5 .  Thus, although 
4-methylhistamine can be considered as having a selective action on H,-recep- 
tors, its selectivity of action in a given tissue will depend upon the relative 
concentrations and transducing efficiency of the H,- and H,-receptor systems 
present in the tissue. Caution is therefore needed in characterizing responses 
mediated by HI -  and H,-receptors with selective agonists alone. 

2-Pyridylethylamine (16) and 2-thiazolylethylamine (17) are the other 
compounds most commonly utilized as H ,-receptor agonists. 2-Thiazol- 
ylethylamine is the most potent and selective of the H ,-agonists available, 
having a relative potency for ileal H,-receptors (histamine = 100) of 26 
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[65,84]. However, the selectivity of 2-thiazolylethylamine (17) for H,-recep- 
tors is not particularly marked, and stimulation of H,-receptors is very often 
observed at high concentrations [ 821. Na-Methyl-2-pyridylethylamine (betahis- 
tine) is also a selective agonist of H,-receptors in guinea-pig ileum and, like 
2-pyridylethylamine, acts as a weak partial agonist on atrial H,-receptors [65]. 
Betahistine is used clinically as a peripheral vasodilator for the treatment of 
Meniere's disease [ 861. Interestingly, the N", N"-diethyl derivative of 2-pyrid- 
ylethylamine has been reported to act as a partial agonist on H,-receptors in 
the longitudinal smooth muscle of guinea-pig ileum [87]. 

In contrast to the lack of highly selective agonists for the H,-receptor, two 
selective agents exist for the H,-receptor, namely dirnaprit (18) [88] and 
impromidine (19) [ 501. Impromidine, in particular, is a very potent and specific 
H,-agonist. On atrial H,-receptors it has been shown to be 48-times more 
potent than histamine [50]. In contrast, it is lO-'-times less potent than 
histamine on ileal H,-receptors [50]. Dimaprit is also a very selective 
H,-agonist, but is less potent than histamine on H,-receptors in guinea-pig 
atrium and rat uterus [ 881. Studies in guinea-pig right atrium have shown that 
both dimaprit and impromidine have a higher efficacy than histamine on 

C-S CH2 CH2 CH2 N Me2 
// 

HN (18) 

Me 

HN 

CH2 S CH2 CH2 HNC NH CH2 CH2 CH 

H NH II h H  
(19) v 

Figure 2.5.  Structural formulae of two selective H,-agonbts: 2-pyridylethylamine (16) and 2- 
thiazoiylethylamine (1 7). and two selective H,-agonists: dimaprit (18) and impromidine (1 9). 
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H,-receptors, but that the high potency of impromidine is primarily due to the 
high affinity of this compound for H,-receptors (K, = 0.02 pM) [89]. 

The chemical structures of some selective H,- and H,-agonists are given in 
Figure 2.5 and the relative potencies of a range of histamine receptor agonists 
of HI-, H,- and the putative H,-receptor are given in Table 2.3. 

Table 2.3. RELATIVE POTENCIES OF HISTAMINE RECEPTOR AGONISTS FOR H,-, 

Values were obtained on guinea-pig ileum (H,)  [65], atrium (H,) [65] and rat cerebral cortical 
slices (H,) [47-49, 52). The relative agonist potency is given as the ratio: (EC,, value 

histamine/EC,, value agonist) x 100. Partial agonist activity is denoted by an asterisk. 

H y  AND H3-RECEPTOR SUBTYPES 

Relative agonist potency (histamine = 100) 

Histamine 
N '-Methylhistamine 
Na-Methylhistamine 
N",N"-Dimethylhistamine 
2-Methylhistamine 
4-Methylhistamine 
2-Pyridylethy lamine 
Betahistine 
2-Thiazolylethylamine 
Dimaprit 
lmpromidine 

100 

72 
44 
16.5 
0.23 
5.6 
8.0 

0.4 

26 
<10-4  
< 1 0 - 3  

100 
<0.1 
74 
51 

43 
4.4 

2.5* 
I S *  
2.2 

71 
4810 

100 
< 4  
270 
170 
< 0.08 
< 0.008 

antagonist 
< 0.008 
< 0.008 
antagonist 

H3-RECEPTOR AGONISTS AND ANTAGONISTS 

The definition of the autoreceptor controlling the release of histamine from rat 
cerebral cortical slices as a putative H,-receptor is based on quantitative studies 
with existing HI-  and H,-receptor compounds, which show marked differences 
from the pharmacological characteristics expected for an interaction with 
classical H or H,-receptors. Thus, only histamine, Na-methylhistamine and 
N ", N "-dimethylhistamine have any marked agonist activity on this response 
[47], while the selective HI-agonist betahistine [52] and the selective H,- 
agonist impromidine [47] act as antagonists in this system (K, = 6.9 and 
0.07 pM for betahistine and impromidine, respectively). The weak H,-receptor 
antagonists burimamide and SKF 91486 (3-[4(5)-imidazolyl]propylguanidine) 
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also appear to be rather potent inhibitors of this response and both have 
dissociation constants around 0.07 pM [47]. In the case of SKF 91486 this 
value is 300-fold lower than the corresponding value obtained from inhibition 
of H,-receptors [ 901. The more potent H,-antagonists cimetidine, ranitidine 
and tiotidine are, however, much less potent inhibitors of the autoreceptor 
controlling histamine release [47]. 

STUDIES WITH RADIOACTIVE LIGANDS 

One approach which has been used extensively to investigate neurotransmitter 
receptors in the mammalian central nervous system is the study of the binding 
characteristics of radioactively labelled receptor ligands. Numerous radioactive 
ligands are now available for binding studies on central histamine receptors 
(particularly the H ,-receptor); however, not all of them succeed in labelling 
their target receptor with high specificity. Great care is therefore required in 
interpreting the results of binding studies with radioactive ligands and the 
criteria of saturability and specificity must be fulfilled before binding sites can 
be equated with receptor recognition sites [91,92]. Thus, a component of 
binding should increase to a limiting value with increasing concentrations of the 
radioactive ligand. Furthermore, pharmacologically effective concentrations of 
drugs which act at a given receptor should displace the saturable component 
of binding, whilst pharmacologically effective concentrations of drugs which 
act on different receptors should be ineffective. 

H ,-RECEPTOR ANTAGONISTS 

[3H]Mepyramine was introduced in 1977 as the first selective radioligand for 
the histamine H ,-receptor [ 6 1,931 and there are now a large number of studies 
in the literature which vindicate its use for this purpose. Since that time, a 
number of other compounds have been introduced as ligands for the histamine 
H ,-receptor and these include the antidepressants [ 3H]doxepin [ 94,951 and 
[3H]mianserin [96]. More recently, a quaternary derivative of diphen- 
hydramine, ( + )-N,4-[ 'Hlmethyldiphenhydramine [ 971, and a high specific 
activity [ 1251]iodobolpyramine [ 981 have been developed. The high selectivity 
of [ 3H]mepyramine, however, has meant that it has been the ligand of choice 
for the majority of studies on HI-receptors in membrane preparations. 

Initial studies with ['Hlmepyramine were performed in homogenates of the 
longitudinal smooth muscle of guinea-pig small intestine [93,35]. This is the 
tissue on which most of the quantitative pharmacological studies of H ,-anta- 
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gonists have been performed, and a detailed characterization [35] of the 
binding characteristics of [ 3H]mepyramine has confirmed that the binding of 
low concentrations of [ 3H]mepyramine to guinea-pig intestinal smooth muscle 
is to sites with the characteristics of histamine H ,-receptors. The saturability 
of binding, the stereospecificity of the inhibition of binding by the isomers of 
chlorpheniramine and the good agreement of the dissociation constants ob- 
tained for H ,-antagonists from binding measurements with those from organ 
bath studies (on the inhibition of the contractile response to histamine) speak 
strongly for this. However, under certain assay conditions in this tissue, namely 
high pH coupled with high concentration of [ 'Hlmepyramine, secondary anta- 
gonist-sensitive binding sites for mepyramine become apparent [ 351. In ad- 
dition, analysis of antagonist inhibition curves at pH 7.5 show that for certain 
antagonists, most notably mepyramine, the Hill coeffcient is significantly less 
than the value of unity expected for a simple drug-receptor equilibrium. It is still 
uncertain whether the low-affnity component in these curves results from a 
separate population of sites or from some secondary pharmacological effect 
(e.g., membrane stabilization). However, whatever the exact mechanism, it is 
clear that some 90% of the binding of low concentrations (1 nM) of [3H]- 
mepyramine can be identified with some confidence as binding to histamine 
H ,-receptors [ 351. 

In homogenates of guinea-pig brain, there is an appreciable saturable com- 
ponent of [3H]mepyramine binding [61,99]. In these membranes, there is a 
good quantitative correlation between the binding affinities of H ,-antagonists 
determined from inhibition of [ 'Hlmepyramine binding and those obtained 
from inhibition of peripheral H ,-mediated contractile responses [ 611. Thus, the 
properties of high-affinity [ 'H Imepyramine-binding sites in guinea-pig brain are 
consistent with the presence of H ,-receptors which are distributed unevenly in 
different brain regions, with highest levels found in cerebellum and lowest levels 
in brain stem and spinal cord [ 6 1,991. High-affinity [ 3H]mepyramine-binding 
sites have now been detected in the brains of a number of other mammalian 
species, including man [99, 100-1041. However, there appear to be marked 
species differences in the regional distribution of these sites [99, 100-1041. For 
example, in man the frontal, parietal, temporal and cingulate cortices, together 
with the amygdaloid nuclei of the limbic system, show the highest density of 
specific [ 'Hlmepyramine-binding sites, while the cerebellum (which shows the 
highest density in the guinea-pig) has a very low density of sites. The regional 
distribution of histamine H ,-receptors in human brain, as deduced from 
binding studies with [ 'Hlmepyramine [ 991 or [3H]doxepin [ 1051, is shown in 
Table 2.4. 

In addition to differences in regional localization, there are also differences 
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Table 2.4. REGIONAL DISTRIBUTION OF HISTAMINE H,-RECEPTORS IN HUMAN 
BRAIN 

The distribution of specifically bound [3H]mepyramine [99] or high-affinity [3H]doxepin binding 
[ 1051 in human brain expressed as a percentage of the binding obtained in hypothalamus. 

5% of specific hypothalamic binding obtained with: 

Region [3 Hlmepyramine /'H]doxepin 

Cerebrum 
Cingulate cortex 
Frontal cortex 
Parietal cortex 
Temporal cortex 
Occipital cortex 

Limbic system 
Hippocampus 
Amygdala 

Basal ganglia 
Caudate 
Putamen 
Globus pallidus 

Thalamus 
Midbrain 
Pons 
Cerebellum 
Medulla 
Hypothalamus 

422 
478 
444 
317 
200 

155 
311 

133 
100 
44 
78 
78 
44 
28 
56 

100 

32 1 
213 
237 
336 
188 

94 
299 

76 
63 
18 
61 
38 
17 
20 
35 

100 

in the binding characteristics of the high-affinity [ 'Hlmepyramine-binding 
sites. Thus, the affinities of antagonists determined from inhibition of [ 3H]- 
mepyramine binding in rat brain membranes do not all agree well with the 
values obtained in guinea-pig central and peripheral tissues [68,99, 1001, 
although in most respects the characteristics of [ 'Hlmepyramine binding are 
those expected for selective labelling of H,-receptors [ 1021. Similar differences 
have now been reported in other species, including man [ 99, 1051, rabbit [ 991, 
cat [ 1031 and monkey [ 1041. The equilibrium dissociation constants obtained 
for a range of H,-antagonists in several species are set out in Tuble2.5. It is 
striking that for mepyramine, triprolidine and the isomers of chlorpheniramine 
the dissociation constants vary markedly between species. However, this is not 
the case for all antagonists and for promethazine and doxepin the values are 
very similar in monkey, rat, guinea-pig and man [68,99, 1001. These observa- 
tions suggest that histamine H,-receptors in the brains of different species may 
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Table 2.5. SPECIES VARIATION IN THE AFFINITY OF H,-RECEPTOR 

Values represent equilibrium dissociation constants (nM) obtained from inhibition of 
[3H]mepyramine- or [3H]doxepin-binding obtained in membrane preparations from human 

[99,105], guinea-pig [61,68,98,106], rat [68,99,100], mouse [99] and rabbit [99] brain. 

Antagonist Human Guinea-pig Rat Mouse Rabbit 

ANTAGONISTS FOR HI-RECEPTORS IN MAMMALIAN BRAIN 

Mepyramine 1 .o 0.8 9.1 3.2 3.8 
Triprolidine 3.7 0.2 5.6 9. I 20 
( + )-Chlorpheniramine 4.2 0.8 9. I 9.1 21 
(-)-Chlorpheniramine 350 200 500 730 2100 
Doxepin 0.4 0.1 0. I 
Promethazine 2.6 1.4 I .8 
Chlorprornazine 3.0 2.3 7.1 

not be structurally identical. Alternatively, it is possible that the marked species 
differences, for example, between guinea-pig and rat brain, are due to differ- 
ences in the membrane environment of the receptor rather than due to different 
molecular forms of the H ,-receptor protein. However, in digitonin-solubilized 
preparations ofthe HI-receptor [ 107, 1081, the differences in binding properties 
of guinea-pig and rat brain are retained, suggesting that there are real differ- 
ences in the receptor proteins [ 1081. In bovine and human cerebral cortex, 
however, radiation inactivation target size analysis indicated that the molecular 
size of the HI-receptor was identical (160 kDa) [ 1091. Species differences in 
the potencies of triprolidine and ( + )-chlorpheniramine have also been ob- 
served in membranes of the rat and guinea-pig brain using [ 3H]doxepin, which 
has a similar affinity for H,-receptors in these two species [ 1081. 

A range of HI-agonists have been shown to displace [3H]mepyramine 
binding in membranes prepared from guinea-pig cerebral cortex [51]. In 
general, much higher concentrations of agonists are required to displace 
[ 3H]mepyramine binding than are required for displacement by HI-anta- 
gonists. The most potent HI-selective agonists inhibit the binding of 1 nM 
[ 'Hlmepyramine with IC,, values ranging from 33 to 100 pM, while those 
analogues which are almost devoid of H ,-agonist activity (e.g., 4-pyridyl- 
ethylamine, N'methylhistamine) have IC,, values in the 1 to 3 mM range [ 5 11. 
Studies of agonist binding, however, are potentially more interesting than 
similar studies of antagonist binding, the pharmacological properties of which 
are dependent entirely on receptor occupancy, because they may give an insight 
into the mechanisms involved in receptor activation or desensitization. 

The interaction of agonists, but not antagonists, with histamine H ,-receptors 
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in guinea-pig brain labelled by [ 3H]mepyramine can be regulated selectively by 
a range of different agents, including sodium ions, divalent cations, guanine 
nucleotides [ 1101, N-ethylmaleimide [ 11 11 and 1,4-dithiothreitol [ 1121. 
Sodium ions and to a lesser extent lithium ions decrease the affinity of histamine 
and H ,-agonists for high-affinity [ 'H]mepyramine-binding sites in guinea-pig 
whole brain homogenates by one order of magnitude [ 1101. GTP and the 
GTPase-resistant analogue, Gpp[ NHIp, also decrease the affinity of histamine 
for HI-binding sites in guinea-pig brain [ 1101, suggesting that histamine H I -  
receptors may interact with a guanine nucleotide regulatory protein. A similar 
observation has been made in human astrocyton;a cells, where treatment with 
guanine nucleotides shifts the curve for agonist inhibition of [ 'Hlmepyramine 
binding to lower agonist concentrations [ 1131. This effect in astrocyte mem- 
branes is accompanied by an increase in the slope parameter (Hill coefficient) 
from a value less than unity (indicative of a heterogeneity of agonist binding) 
to a value not significantly different from the value (unity) expected for a simple 
interaction with a single class of binding sites [ 1131. Treatment of astrocytoma 
cells with pertussis toxin does not alter the ability of histamine to inhibit 
['Hlmepyramine binding in the presence of guanine nucleotides [ 1131. This 
suggests that the guanine nucleotide regulatory protein linked to H ,-receptors 
in these cells is not equivalent to the Ni subunit of adenylate cyclase. The effect 
of sodium ions on HI-agonist binding in guinea-pig brain is retained in digi- 
tonin-solubilized preparations, but the effect of GTP is lost [ 1081. 

In contrast to the results obtained with monovalent ions and guanine 
nucleotides, treatment of membranes with either N-ethylmaleimide [ 11 11 or 
1,Cdithiothreitol [ 1121 or inclusion of manganese (or magnesium) in the 
incubation medium [ 1101 increases the binding affinity of H,-agonists for 
[ 'Hlmepyramine-binding sites in guinea-pig brain. In the case of both N-ethyl- 
maleimide and 1,4-dithiothreitol this effect is accompanied by a decrease in the 
slope index of histamine competition curves to a value less than unity 
[ 11 1, 1121. Two-site analysis of H,-agonist inhibition of ['Hlmepyramine 
binding suggests that both the sulphydryl-alkylating agent, N-ethylmaleimide, 
and the disulphide-bond-reducing agent, l,Cdithiothreitol, stabilize a pro- 
portion of the H,-receptors in a high-affinity state [ 11 1, 1121. The differential 
effect of 1 ,Cdithiothreitol on the curves for inhibition of [ 'H]mepyramine 
binding by histamine and mepyramine is shown in Figure 2.6. 

Studies of the temperature dependence of the binding of [ 'Hlmepyramine 
to membrane fractions of guinea-pig cerebellum have indicated that, altAough 
the specific binding site capacity and binding affinity of mepyramine is little 
altered between 4 and 30" C, there is a large change in the magnitude of the rate 
constants for association and dissociation [ 1141. At 4°C the dissociation of 
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Figure 2.6. Influence of I mM DTT on the inhibition of the binding of 1 nM l’Hfmepyramine by 
mepyramine and histamine in guinea-pig cerebellar membranes. Values for the IC,, estimate and Hill 

coefficient (n) were obtained by non-linear regression [I 121. 

[3H]rnepyramine from HI-receptors is very slow and negligible over a 120 min 
period [ 1141. This slow dissociation at low temperatures has meant that 
[ 3H]mepyramine has been of great utility for the autoradiographic localization 
of H,-receptors in brain slices 115-1 171. [ 12SI]Iodobolpyramine has a similar 
low dissociation rate at 25°C and has also been used for autoradiographic 
studies [ 981. 
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Several studies have attempted to localize the binding of [ 3H]mepyramine 
to particular cell types. Kainate lesions of guinea-pig cerebellum have suggested 
that the HI-receptor binding sites in the molecular layer are associated with 
neuronal cell populations [ 1171. However, other lesion studies in guinea-pig 
striatum, cerebral cortex and hippocampus suggest that a large proportion of 
the [ 'H Imepyramine-binding sites may be associated with non-neuronal cell 
types such as glia or blood vessels [ 1181. In this respect it is interesting that 
substantial levels of histamine H ,-receptor binding sites have been located in 
purified preparations of microvessels from bovine cerebral cortex [ 1191 and 
human astrocytoma cells [ 1131. 

A large number of psychotropic drugs have been reported to bind to histamine 
H,-receptor binding sites in mammalian brain with high affinity. Of the 
neuroleptics studied, the phenothiazines such as chlorpromazine, fluphenazine 
and thioridazine, and the thioxanthines a- and /3-flupenthixol were the most 
potent [99, 102, 1061. A large number of tricyclic antidepressants are very 
potent antagonists of H ,-receptor-mediated functional responses [ 67, 1201 and 
bind with high affinity to [3H]mepyramine-binding sites in guinea-pig, rat and 
human brain [ 991. In particular, doxepin and amitriptyline are two of the most 
potent H ,-antagonists presently available [ 671. The high affinity of doxepin and 
mianserin for histamine H,-receptors has attracted attention to the possible use 
of tritiated versions of these agents as radioactive ligands for the HI-receptor 
[ 94-96]. Unfortunately, [ 3H]mianserin has a high affinity for 5-hydroxytryp- 
tamine 5-HT2 receptors [96] and this limits its effective use as a probe for 
histamine H ,-receptors to those areas (e.g., guinea-pig cerebellum) which are 
virtually devoid of 5-HT2 sites. [3H]Doxepin has been used to a limited extent 
in both guinea-pig [ 941 and rat [ 94,951 brain; however, as with [ 'Hlmianserin, 
the binding of [ 'Hldoxepin to brain membranes is complex and is complicated 
by the presence of a substantial secondary binding component [94,95]. 

H2-RECEPTOR ANTAGONISTS 

[ 3H]Cimetidine was introduced as a potential radioligand for the histamine 
H,-receptor of mammalian brain in 1978 [ 1211 and has been used as a probe 
for H,-receptors by a number of different workers [ 121-1251. However, it is 
now clear that specific [ 'Hlcimetidine binding in guinea-pig and rat brain is to 
an imidazole recognition site rather than to the intended target, the histamine 
H,-receptor [ 126-1281. It is, however, perhaps worth reviewing the evidence 
which led to the demise of [ 3H]cimetidine as a selective ligand for H,-receptors, 
since it illustrates the importance of fulfilling the criterion of specificity before 
equating binding sites with receptor recognition sites. 
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In both guinea-pig cerebral cortical membranes [ 121, 126, 1281 and rat brain 
homogenates [ 123-125,1271 a saturablecomponent ofbindingcan beidentified 
which binds [ 'Hlcimetidine with high affinity. Furthermore, in rat membranes 
there is a good quantitative correlation between the potencies of cimetidine, 
metiamide and burimamide as inhibitors of [ 'Hlcimetidine binding and their 
ability to inhibit the H,-receptor-mediated chronotropic response in guinea-pig 
atrium [ 1271. However, it is striking that the potent, non-imidazole, H,-anta- 
gonists tiotidine and ranitidine are virtually inactive (ICs0 values > 1 mM) in 
displacing [ 'Hlcimetidine from its binding site [ 127,1281. Moreover, a number 
of imidazole-containing compounds which are devoid of H,-agonist or anta- 
gonist activity have been shown to be rather potent inhibitors of [ 'Hlcimetidine 
binding in guinea-pig cerebral cortex [ 1281. Cuz + , Pd2 + and Ag2 + ions have 
been shown to increase significantly the specific [ 'Hlcimetidine-binding-site 
capacity in guinea-pig and rat brain and to alter the relative and absolute 
potencies of various H,-receptor agonists and antagonists in displacing the 
tritiated ligand [124, 128, 1291. It has been suggested that under 
these conditions [ 3H]cimetidine may be labelling a biologically relevant 
H,-binding site [ 1241; however, this site still remains insensitive to 
non-imidazole compounds such as dimaprit, ranitidine and tiotidine in the 
presence of Cuz + ions [ 1281. Taken together, the evidence clearly indicates that 
the high-affinity binding of ['Hlcimetidine to brain membranes does not 
represent selective labelling of histamine H,-receptors and emphasizes the 
importance of using a range of antagonists, of widely differing chemical 
structure, in the pharmacological characterization of binding sites. ['HI- 
Ranitidine [ 1301 has also proved to be unsuitable as a radioligand for labelling 
H,-receptors, since its binding in guinea-pig heart membranes is insensitive to 
inhibition by cimetidine and metiamide. 

[ 3H]Tiotidine has recently been reported to label selectively histamine 
H,-receptors in guinea-pig brain [ 831, although an earlier attempt in rat and 
guinea-pig hippocampus was not successful [ 1311. In membranes prepared 
from guinea-pig cerebral cortex, ['Hltiotidine has been shown to bind to a 
single saturable component with a dissociation constant similar to that derived 
from inhibition of the H,-receptor-mediated chronotropic response in guinea- 
pig atrium and the stimulation of adenylate cyclase activity in guinea-pig gastric 
mucosa [83]. Furthermore, its binding is inhibited by a large number of H,- 
receptor agonists and antagonists of diverse chemical structure [83, 1321 and 
there is an excellent correlation between the ability of H,-antagonists to inhibit 
[ 'Hltiotidine binding and their ability to inhibit histamine-stimulated adenylate 
cyclase activity in gastric mucosa (Figure 2.7) [ 1321. Thus, in guinea-pig 
cerebral cortex, at least, there is good evidence that [ 'Hltiotidine can label the 
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Figure 2.7.  A comparison of the equilibrium dissociation constants (KD) obtained for H,-antagonists 
from inhibition of [-'H]tiotidine binding andfrom antagonism of histamine-stimulated adenylate cyclase 

activity 1831. 

H,-receptor recognition site, although the extent of the nonspecific binding of 
[3H]tiotidine in this tissue is very high [83]. Studies in other regions of 
guinea-pig brain indicate that highest levels of specific [ 3H]tiotidine binding are 
observed in corpus striatum, cerebral cortex and hippocampus, with no 
detectable binding in pons-medullar or cerebellar membranes [ 1331. Labelling 
of peripheral tissues, which are known to possess functional H,-receptors, has 
proved difiicult with [3H]tiotidine [ 1321. Thus, although H,-binding has been 
demonstrated in homogenates of guinea-pig lung parenchyma [ 1341, little 
success has been achieved in guinea-pig gastric mucosa or right atrium [ 1321. 
Moreover, in kidney membranes [ 3H]tiotidine appears to label non-H,-binding 
sites [ 1321. It therefore seems that an alternative radioligand is still required 
to explore the role of the H,-receptor in the mammalian central nervous system 
with any degree of confidence. 

['HIHISTAMINE 

Several attempts have been made to label histamine receptors in mammalian 
brain using [3H]histamine [ 123, 135-1381. These studies have shown that 
homogenates of rat brain possess high-affinity binding sites for [ 3H]histamine, 
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with an equilibrium dissociation constant for histamine in the nanomolar range. 
Early studies with H I -  and H,-receptor antagonists concluded that the phar- 
macological specificity of the [ 'Hlhistamine sites in rat brain was neither H I  
nor H, [123, 1361. A similar conclusion has also been drawn in studies of 
[ 3H]histamine binding in guinea-pig gastric mucosal cells [ 1391. Furthermore, 
it is very striking that the high affinity of histamine (K, = 7 nM) deduced in 
binding studies with ['Hlhistamine in brain membranes is several orders of 
magnitude different from the low affinities of histamine for the HI-  and H,- 
receptor deduced directly from binding studies with [ 'Hlmepyramine [ 5 1,6 13 
and [ 'Hltiotidine [ 831 or indirectly from functional studies with irreversible 
H,- and H,-receptor antagonists [89, 1401. However, more recent work with 
a broader selection of H,-receptor antagonists in homogenates of rat cerebral 
cortex has suggested that low concentrations of ['Hlhistamine might label a 
high-affinity agonist state of the H,-receptor [ 138, 141-1431. Thus, these latter 
authors, using a much lower concentration of [ 'Hlhistamine (1.4 nM) than in 
previous studies, have reported an excellent correlation between the ability of 
a wide range of H,-receptor antagonists to inhibit the specific binding of 
['Hlhistarnine in rat cerebral cortical membranes and their ability to inhibit the 
H,-mediated chronotropic response in guinea-pig right atrium [ 138, 1421. H,- 
Agonists also inhibit [ 3H]histamine binding in cerebral cortical membranes, 
but do so in a characteristic and biphasic manner which is not observed with 
compounds that lack H,-agonist activity [ 138, 143 1. 

Solubilization of the ['Hlhistamine-binding sites in rat cerebral cortex [ 1371 
with digitonin appears to markedly change the binding characteristics of 
H,-receptor agonists and antagonists [ 1381. Thus, although the binding 
parameters obtained for ['Hlhistamine, itself, are similar in particulate and 
soluble preparations the correlation between [ 'Hlhistamine binding and 
H,-receptor antagonism is lost for H,-antagonists following solubilization 
[ 1381. In solubilized preparations, H,-agonist binding is also modified and 
reverts to a simpler situation which is consistent with labelling of a single class 
of binding sites [ 1381. It has been proposed that H,-agonists and antagonists 
might bind at different sites in the membrane such that the inhibition of 
[ 'Hlhistamine binding by H,-antagonists reflects an allosteric interaction 
which is uncoupled following solubilization [ 138, 142, 1431. This suggestion 
would explain the marked change in potency of H,-antagonists as inhibitors 
of [ 'H ]histamine binding following dissolution of the binding sites in digitonin, 
but is difficult to reconcile with the competitive H,-receptor antagonism 
observed with these compounds in studies of adenylate cyclase activity 
[81,144]. 

The relevance of the high-affinity [ 'Hlhistamine-binding sites in rat cerebral 
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cortex for H,-receptor-effector coupling or other conformational changes (e.g., 
desensitization) remains to be established. Furthermore, it may be premature 
to rule out the possible involvement of other sites with high affinity for 
histamine, e.g., the putative H,-receptor [49], in the overall binding profile of 
[ 3H]histamine, particularly in the soluble preparations. However, whatever the 
exact r61e of these sites, it is interesting that the binding of [3H]histamine can 
be regulated by guanine nucleotides in both particulate and soluble preparations 
[ 136, 1371; this finding is indicative of an interaction with a guanine-nucleotide 
regulatory protein such as the N, protein linked to adenylate cyclase [ 1451. 

The studies with radioactive ligands, particularly [ 'Hlmepyramine and 
[,H]tiotidine, outlined above have shown that there are binding sites in 
mammalian brain with the characteristics of H,- and H,-receptors, 
respectively. However, binding studies alone do not provide any information 
concerning the coupling of the detected recognition sites to functional 
responses. The observed regulation of HI-agonist binding by guanine nucleo- 
tides may provide an indication of the coupling of this particular recognition 
site to a regulatory protein, but the demonstration of the operational integrity 
of the receptor-effector system in a given brain region requires the measurement 
of a functional response. In the remainder of this review, the properties of a 
number of histamine-stimulated biochemical responses will be examined. Parti- 
cular attention will be focused on the effect of histamine-receptor stimulation 
on the production of the intracellular second messengers, adenosine 3', 
5'-(cyclic) monophosphate (cyclic AMP) [ 1461, inositol trisphosphate [ 1471 
and diacylglycerol [ 1481. 

HISTAMINE AND CYCLIC AMP ACCUMULATION 

A number of neurotransmitter receptors are closely linked to ion channels and 
produce fast (millisecond) changes in postsynaptic membrane potential. 
Others, however, can induce slower changes in membrane potential or other 
neuronal properties by processes involving the production of an intracellular 
chemical messenger. The intracellular messenger used by many neurotrans- 
mitters and neuromodulators is cyclic AMP, whose intracellular concentration 
is determined by the relative activities of the enzymes adenylate cyclase and 
phosphodiesterase, which are respectively responsible for synthesizing and 
degrading this cyclic nucleotide. The activity of adenylate cyclase can be 
regulated by stimulation of neurotransmitter receptors coupled to regulatory 
proteins which either stimulate or inhibit catalytic activity [ 145, 149-1511. An 
increase' in cyclic AMP levels initiates changes in cell function by activating 
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specific cyclic AMP-dependent protein kinases [ 152-1 541. These phosphory- 
late key proteins (e.g., synapsin I) which may modify a wide range of processes 
including axoplasmic transport, membrane ion transport and neurotransmitter 
release [ 152-1541. 

Studies in brain slices have shown that histamine is one of the most powerful 
agents in stimulating cyclic AMP accumulation in the mammalian central 
nervous system [ 1461. Early studies in the rabbit showed that histamine elicited 
very large increases in the accumulation of cyclic AMP in cerebral cortex 
(12-16-fold increase above basal levels), hypothalamus (20-30-fold), brain 
stem (35-fold) and cerebellum (3-10-fold) [ 155, 1561. The effect in cerebral 
cortex has subsequently been studied by a number of other groups and 
increases in cyclic AMP accumulation as high as 74-fold above basal levels 
have been reported [82, 157, 1581. Furthermore, the response to histamine in 
rabbit cerebral cortical slices appears to depend on the age of the animal and 
increases markedly during the first 8 days postpartum before declining to adult 
levels [ 1571. 

Histamine-stimulated cyclic AMP accumulation has been extensively 
investigated in guinea-pig brain slices. In guinea-pig cerebral cortex and hippo- 
campus, histamine produces large increases in the accumulation of cyclic 
AMP, of similar magnitude to that observed in rabbit cerebral cortex 
[ 5 1, 159-1661. Early studies indicated that the response to histamine in cortical 
slices could be effectively blocked by H ,-receptor antagonists such as 
( + )-bromopheniramine, promethazine and mepyramine [ 161, 163, 1641; 
however, it is notable that these antagonists were invariably applied at relatively 
high concentrations, at which nonspecific actions are possible. Other studies 
indicate that both HI -  and H,-receptors may be involved in the cyclic AMP 
response to histamine in guinea-pig brain [ 162 1, although, as will be discussed 
later, the involvement of HI-receptors is complex [51, 165, 1661. 

Synergistic interactions have been observed between histamine and nor- 
adrenaline on cyclic AMP accumulation in guinea-pig cerebral cortical slices 
[ 161, 167-1691. A similar interaction between histamine and noradrenaline has 
been observed in slices of guinea-pig hippocampus [61]. The interaction 
between histamine and noradrenaline in cerebral cortex is sensitive to inhibition 
by the adenosine receptor antagonist, theophylline [ 146, 170, 1711. This 
suggests that adenosine may be involved in this interaction. Interestingly, there 
is a report which suggests that histamine can increase the release of adenosine 
from guinea-pig cerebral cortical slices [ 1721. Furthermore, it is well established 
that adenosine-amine combinations have a much greater than additive effect 
on cyclic AMP accumulation in guinea-pig brain slices [ 1461. 

In rat and mouse cerebral cortical slices, histamine produces only marginal 
effects on cyclic AMP accumulation [ 1461. However, in rat cerebral cortex 
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significant changes have been observed in response to histamine in the presence 
of a phosphodiesterase inhibitor such as isobutylmethylxanthine [ 1461. In 
neocortex this response to histamine is sensitive to inhibition by the H,-recep- 
tor antagonist, metiamide [ 1461. The only other species studied so far, apart 
from the rabbit and guinea-pig, to show a marked sensitivity of the cyclic-AMP- 
generating system to histamine appears to be the chick [ 173, 1741. In chick 
cerebral cortical slices, histamine produces a large stimulation of cyclic AMP 
accumulation which is sensitive to inhibition by H,-receptor antagonists 
[ 173, 1741. However, the properties of the receptor involved in cyclic AMP 
generation in the chick are somewhat different from those of the classical 
H,-receptor-mediating peripheral responses in guinea-pig atrium [ 1741 or 
adenylate cyclase activity in guinea-pig brain homogenates. 

Hz-RECEPTOR-LINKED ADENYLATE CYCLASE 

In mammalian cells, adenylate cyclase is a particulate enzyme which is 
localized in the plasma membrane [ 1751. This has meant that it is possible to 
investigate the effect of neurotransmitter receptor stimulation of adenylate 
cyclase activity in broken cell preparations provided that the necessary sub- 
strates and cofactors are supplied in the incubation medium. It is generally 
accepted that MgATP is the physiological substrate for the enzyme, although 
some other divalent cation-ATP complexes (e.g., Mn2+ ) may be effective 
substrates in some cells [ 1751. The other essential ingredient for agonist stimu- 
lation or inhibition of adenylate cyclase activity is the guanine nucleotide, GTP 

It is now generally agreed that agonist-induced regulation of adenylate 
cyclase activity involves three distinct functional units: the receptor; a 
transducer, which transmits information from the receptor to the active site of 
the enzyme; and the catalytic unit in which the active site of the enzyme resides 
[149-151, 1761. It is well established that the function of the transducer 
molecules is dependent upon the presence of the guanine nucleotide GTP 
[ 149, 150, 1761. Two guanine nucleotide regulatory components of adenylate 
cyclase (transducer molecules) have now been identified. One is responsible for 
stimulating (N,) adenylate cyclase and can be activated by cholera toxin. It has 
been shown that adenylate cyclase is active while GTP is bound to the N,-GTP 
binding component but reverts to an inactive state when GTP is hydrolysed to 
GDP [ 176, 1771. Cholera toxin inhibits the GTPase action of the N, subunit 
and consequently stabilizes adenylate cyclase in an active conformation 
[ 176, 1771. The other GTP-regulatory protein (Ni) mediates receptor-induced 
inhibition of adenylate cyclase activity and its action can be prevented by 

[ 149-151, 1761. 
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pertussis toxin from Bordetellapertussis [ 151, 176, 1781. Thus, the N, and Ni 
GTP-binding proteins act as interfaces between neurotransmitter receptors 
and the catalytic unit of adenylate cyclase, and the ultimate action of a given 
receptor system on cyclic AMP production depends on which of the two 
distinct N proteins they regulate. The proposed model of receptor-adenylate 
cyclase signal transduction is illustrated in Figure 2.8. It seems a general rule 
that a given receptor only associates with one particular GTP-regulatory 
protein. At the present time, only histamine H,-receptors have been shown to 
interact directly with adenylate cyclase via the N, regulatory component 
[ 8 1, 1751 and no inhibitory effect of histamine on adenylate cyclase activity has 
been reported. 

A histamine-sensitive adenylate cyclase preparation was first described in 
homogenates of guinea-pig brain [ 179-1831. These studies showed that 
enzyme activity could be stimulated by low concentrations of histamine [ 1791. 
This response appears to be mediated by a typical histamine H,-receptor, since 
it can be competitively antagonized by metiamide [ 1791, cimetidine and a range 
of H,-receptor antagonists [ 182, 1831. The potencies of these compounds as 
inhibitors of histamine-stimulated adenylate cyclase agree very well with their 
potencies as inhibitors of H,-receptor-mediated responses in peripheral tissues 
[81, 175, 179, 182, 1831. Furthermore, the potent H,-antagonist, mepyramine, 
inhibits the response to histamine only at high concentrations ( K ,  = 6.6 pM) 
which are known to antagonize peripheral H,-receptors in guinea-pig atrium 
[ 182, 1831. Moreover, the relative potencies of histamine (loo), dimaprit (172), 
Nu, N"-dimethylhistamine (50), 4-methylhistamine (50) and 2-methylhistamine 
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(9) on broken cell preparation of guinea-pig hippocampus are similar to their 
potencies on peripheral H,-receptors [81, 179, 1821. 

Histamine-stimulated adenylate cyclase activity is observed in only three of 
the regions so far examined in guinea-pig brain, namely hippocampus, cerebral 
cortex and striatum, and no effect has been observed in cerebellum, hypo- 
thalamus, thalamus, midbrain and pons-medulla [ 1791. Interestingly, this is 
exactly the distribution of H,-receptors deduced from binding studies with 
[3H]tiotidine [ 1331. 

An extensive biochemical characterization of the histamine-stimulated 
adenylate cyclase response has been performed in homogenates of guinea-pig 
dorsal hippocampus [180]. The response in this region is almost entirely 
dependent upon the presence of GTP [ 1801. In the presence of GTP, histamine 
causes a maximal stimulation of adenylate cyclase activity ranging from 1.7- to 
3.0-fold above basal activity [ 1801. This effect of histamine appears to be due 
to an increase in the maximal velocity of the adenylate cyclase reaction, since 
the affinity of the enzyme for the substrate MgATP is not altered by the 
presence of histamine [ 1801. It has been proposed that activation of the 
catalytic unit of adenylate cyclase by the N, regulatory protein is dependent 
upon the presence of free Mg2 + ions acting at a low-affinity allosteric site [ 1761. 
In keeping with this hypothesis, it has been shown that in guinea-pig hippocam- 
pus, histamine increases the affinity of this allosteric site for free Mg2+ ions 
and this may be an important component of the mechanism by which histamine 
increases the velocity of the adenylate cyclase reaction [ 1801. 

Histamine-stimulated adenylate cyclase activity has been reported in brain 
regions of a number of other species, including: rat neocortex [ 1791, hippocam- 
pus [ 1821 and hypothalamus [ 1841; rabbit whole brain [ 1851 and cerebral 
cortex [ 158, 1861 and monkey hippocampus and frontal cortex [ 1871. Unfor- 
tunately, the receptor mediating the stimulation of adenylate cyclase by 
histamine has not been fully characterized in these species. Thus, in mammalian 
brain it is only the histamine-stimulated adenylate cyclase of guinea-pig cerebral 
cortex and hippocampus which has been clearly shown to be mediated by 
H,-receptors. However, similar characterizations have been made in guinea-pig 
and human ventricle [ 188-1911 and guinea-pig gastric mucosa [83] and these 
studies have confirmed the r81e of H,-receptors in stimulating adenylate cyclase 
activity in broken cell preparations. 

The H,-stimulated adenylate cyclase response is sensitive to inhibition by a 
range of psychotropic drugs. A large number of neuroleptic drugs are effective 
inhibitors of histamine-stimulated cyclase activity in rabbit cerebral cortex 
[ 158, 1921 and guinea-pig hippocampus and cerebral cortex [81, 1931. The 
most potent compounds in homogenates of guinea-pig hippocampus appear to 
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be the phenothiazine neuroleptics, which include chlorpromazine, fluphenazine 
and thioridazine [ 1931. However, the ability to inhibit H,-stimulated cyclase 
activity is shared by a number of non-phenothiazine compounds, including 
thiothixene, clozapine and haloperidol [ 1931. It has been suggested, however, 
that only chlorpromazine shows competitive antagonism of this response and 
all other neuroleptics inhibit adenylate cyclase activity in a non-competitive 
manner [ 811. D-LySergk acid diethylamide (D-LSD) and 2-bromo-LSD have 
both been shown to antagonize competitively H,-linked adenylate cyclase 
activity in guinea-pig hippocampus [ 1821. D-LSD has an apparent dissociation 
constant, K,, of 1 pM in this assay, while the 2-bromo derivative is approxi- 
mately 10-times more potent (K, = 0.07 pM) than D-LSD or indeed many of 
the classical H,-antagonists, such as cimetidine and metiamide [ 1821. 

A great deal of interest has been generated by the finding that a large number 
of structurally diverse antidepressant drugs share the ability to inhibit 
histamine-sensitive adenylate cyclase in homogenates of guinea-pig cerebral 
cortex and hippocampus [81, 181, 1931. Thus, representative tricyclic and 
tetracyclic antidepressants, with very different ring structures, have been shown 
to be potent and competitive antagonists of the H,-linked cyclase in broken cell 
preparations of mammalian brain. These include doxepin, mianserin, iprindole, 
amitriptyline and imipramine [ 181, 1931. 

Indeed, on the basis of the cyclase assay, amitriptyline is one of the most 
potent H,-antagonists presently available (K, 0.05 pM) [ 181, 1931. The disso- 
ciation constants for many of the antidepressants are sufficiently low to suggest 
that the activation of adenylate cyclase by histamine may be inhibited by 
therapeutically effective concentrations of these compounds [ 8 1, 1931. This 
biochemical action of the tricyclic and tetracyclic antidepressants may thus 
represent part of the molecular basis of clinical antidepressant activity [ 1931. 
It should also be noted that most tricyclic and tetracyclic antidepressants are 
much more potent inhibitors of H ,-receptor responses [ 67, 1201 than they are 
of the H,-cyclase response, and this property of these compounds may mediate 
the sedative actions of these drugs [71,73,75]. 

The H,-linked adenylate cyclase of guinea-pig brain can also be inhibited by 
a range of H,-receptor antagonists [175, 1831. In every case, much higher 
concentrations are needed than are necessary for peripheral H,-receptor 
antagonism. However, certain of these compounds, most notably promethazine 
and cyproheptadine, are more potent inhibitors of histamine-stimulated ade- 
nylate cyclase activity than is cimetidine [ 182, 1831. These results are at var- 
iance with the low H,-antagonist potency of promethazine obtained on periph- 
eral H,-receptors in guinea-pig atrium [ 175, 1941. Furthermore, histamine- 
stimulated adenylate cyclase activity in guinea-pig hippocampus appears also 
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to be competitively and potently inhibited by a range of inhibitors of imidazole 
N-methyltransferase such as quinacrine, amodiaquine and metoprine [ 1831. 

The anomalously high affinities of certain H,-antagonists, e.g., prometha- 
zine, and other non-H,-receptor antagonists, determined in adenylate cyclase 
measurements in broken cell preparations, has prompted two research groups 
to re-evaluate the H,-mediated cyclic AMP response in intact cellular prepara- 
tions [ 195, 1961. Studies in guinea-pig hippocampal slices and dissociated cell 
preparations showed that the potencies of the classical H,-receptor 
antagonists, cimetidine, ranitidine, metiamide and tiotidine, were similar in 
intact and broken cell preparations [ 195, 1961. However, the values obtained 
for H ,-antagonists, antidepressants, neuroleptics and imidazole N-methyl- 
transferase inhibitors differed markedly between the two preparations 

Table 2.6. COMPARISON OF THE POTENCY OF INHIBITORS OF 
HZ-RECEPTOR-MEDIATED CYCLIC AMP ACCUMULATION IN BRAIN SLICES, 
DISSOCIATED CELLS AND HOMOGENATES OF GUINEA-PIG HIPPOCAMPUS 

Values represent measurements made on H,-mediated adenylate cyclase activity in homogenates 
of guinea-pig hippocampus [ 182,183,1931, on impromidine-stimulated cyclic AMP accumulation 
in hippocampal slices [ 1951 and on H,-mediated cyclic AMP accumulation in dissociated 

hippocampal tissue [ 1961. 

Inhibition constant (K, pM) 

Antagonist Homogenates Slices Dissociated tissue 

H,-antagonists 
Cimetidine 
Metiarnide 
Tiotidine 

H ,-antagonists 
Promethazine 
Mepyramine 
Cyproheptadine 
Diphenhydramine 

Antidepressants 
Imiprarnine 
Amitriptyline 
Doxepin 
Mianserin 

Miscellaneous 
Chlorpromazine 
Haloperidol 
Quinacrine 

0.9 
1 .o 
0.03 

0.03 
2.2 
0.04 
0.6 

0.2 
0.05 
0.2 
0.07 

0.04 
0.08 
0.3 

0.6 
0.8 

0.5 

0.03 

3.0 
no effect 

5.1 
11 

> 10 
3.5 

10.0 

5.9 
> 10 
> 10 

3.3 
1.9 
1.4 
2.8 

3.0 
29 
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[ 195, 1961. For most of these latter compounds, the estimated dissociation 
constants in whole cell preparations were at least two orders of magnitude 
greater than the values obtained in brain homogenates (Table 2.6). In particu- 
lar, the antidepressant drugs appear to be rather weak H,-receptor antagonists 
in intact cell systems and this result weakens the argument that these 
compounds derive their clinical efficacy from blockade of H,-receptors in 
mammalian brain. 

The reason for the discrepancy in the discriminatory properties of H,-recep- 
tors mediating cyclic AMP accumulation in slices or dissociated cells and 
homogenates is unclear. It is possible that the H,-receptor recognition sites are 
damaged during membrane preparation or that the receptor adopts a modified 
conformation in the presence of relatively high concentrations of compounds 
such as ATP, Mg2+, GTP and EGTA which are necessary for optimal 
adenylate cyclase activity [195, 1961. In this respect, it is interesting that a 
preliminary report has suggested that [ 'Hltiotidine binding to H,-receptors in 
guinea-pig cerebral cortex is affected by mono- and divalent cations and that 
the demonstration of specific ['Hltiotidine in lung parenchyma is very 
dependent upon the experimental conditions [ 1321. An alternative explanation 
is that in homogenates, antidepressants and drugs such as quinacrine have 
access to parts of the receptor-effector system that are not normally available 
to the drugs in intact cells. Thus, in broken cell preparations these drugs may 
become potent inhibitors of histamine-stimulated adenylate cyclase activity by 
virtue of an allosteric action on regulatory units of the receptor-effector system. 
This latter explanation is particularly intriguing in view of the postulated 
allosteric inhibition of [ 'Hlhistamine binding by H,-antagonists in homo- 
genates of rat cerebral cortex [ 138, 142, 1431. However, as mentioned above, 
this explanation is not compatible with the reported competitive nature of the 
inhibition of adenylate cyclase activity by most compounds [ 181-183, 1931, 
although it has been noted [195] that this explanation cannot be entirely 
excluded in view of the complex interactions of histamine with GTP regulatory 
proteins and free Mg2 + ions leading to stimulation of adenylate cyclase activity 
[ 1801. 

H ,-RECEPTOR-MEDIATED POTENTIATION OF CYCLIC AMP ACCUMULATION 

Studies of histamine-stimulated adenylate cyclase activity in broken cell pre- 
parations of both peripheral and central tissues suggest that the effect of 
histamine on cyclic-AMP-generating systems is exclusively associated with 
H,-receptor stimulation [83, 179-183, 188-1911. The data obtained with 
selective H,-receptor antagonists in slices of guinea-pig hippocampus [ 1651 
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Figure2.9. Inhibitionby3.2 x IO- 'M(A) .8  x IO-'M(O),8 x IO- 'M(l )and8 x 10-6M(A)  
tioiidine of ihe histamine-induced accumulation of cyclic AMP in slices of rabbit cerebral cortex: (0) 

control curve. The inset represents a Schild ploi of ihe same data 1821. 

and rabbit cerebral cortex [ 821 suggest that this is also true of the cyclic AMP 
response to histamine obtained in brain slices. Thus, all of the H,-antagonists 
tested in these preparations produced parallel displacements of the concen- 
tration response curves for histamine to higher agonist concentrations, consis- 
tent with competitive antagonism of a homogeneous population of H,-recep- 
tors [ 82, 1651 (Figure 2.9). Furthermore, Schild analysis of the antagonist data 
gave straight lines with slope parameters not significantly different from unity 
[ 821. This is the value expected for a competitive interaction with a single class 
of receptor sites. The values obtained for the dissociation constants of the 
H,-antagonists from cyclic AMP measurements in brain slices also agreed 
exceedingly well with the values obtained on a typical H,-mediated response 
in peripheral tissues [82, 1651. 

Studies with H ,-receptor antagonists, however, suggest that the response to 
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histamine in guinea-pig hippocampus and rabbit cerebral cortex may be more 
complex and partly involve HI-receptor stimulation [ 82, 1651. In hippocampal 
slices, the concentration response curve for histamine is modified in a complex 
fashion by the H ,-selective antagonist, mepyramine [ 1651, such that theresponse 
to histamine in low concentrations remains essentially unaltered while those to 
the amine at concentrations above 10 pM appear to be inhibited in a competitive 
fashion. A similar result is observed in rabbit cerebral cortex [ 821. This complex 
effect of mepyramine, coupled with the fact that H,-antagonists can completely 
inhibit the cyclic AMP response to histamine in these brain regions, suggests 
that, if an H ,-receptor-mediated effect is present, it is dependent upon the prior 
or simultaneous activation of an H,-receptor component of the response. 

Figure2.10. Effect of histamine (e) and the H,-selective agonist impromidine (A) on cyclic AMP 
accumulation in slices of rabbif cerebral cortex. Values are expressed as a perceniage ofthe maximum 

response to hktamine 1821. 

Support for an interaction between two components in the final cyclic AMP 
response to histamine in guinea-pig hippocampal and rabbit cerebral cortical 
slices has been provided with HI-  and H,-selective agonists. In hippocampal 
slices the H,-selective agonists, impromidine and dimaprit, produced maximal 
cyclic AMP responses which were much less than the maximal response 
elicited by histamine [ 165, 1951. The extent of the stimulation appears to vary 
between experiments, ranging from 24% [ 1651 to 62% [ 1951 of the response 
to histamine. However, the extent of the cyclic AMP accumulation elicited by 
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Figure 2 .  I I .  Concentration-response curves for histamine-stimulated cyclic AMP accumulation 
obtained in the presence (0) and absence (8) of I pM impromidine in slices of rabbit cerebral cortex 
1821. The basal accumulation of cyclic AMP obiained in the presence (A) and absence (A) of 

impromidine is indicated at C. 

impromidine and dimaprit in this tissue was almost the same [ 1951. In rabbit 
cerebral cortical slices, impromidine similarly produces a maximal response 
which is substantially less than that obtained with histamine, being 3 1 % of the 
response to 0.4 mM histamine (Figure 2.10) [82]. Studies with histamine and 
impromidine in combination suggest that the low maximal response obtained 
with H,-agonists is due to a selective stimulation of the H,-component of the 
cyclic AMP response to histamine, rather than a consequence of partial agonist 
properties [82]. Figure2.11 shows the data from an experiment in rabbit 
cerebral cortex which demonstrates that in the presence of a maximally effective 
concentration of impromidine, the upper portion of the concentration-response 
curve for histamine is not significantly different from that obtained in the 
absence of the selective H,-agonist. 

The H ,-agonist, 2-thiazolylethylamine, stimulates cyclic AMP accumulation 
in guinea-pig hippocampal slices only at relatively high concentrations [ 1651. 
The relative potency of 2-thiazolylethylamine in this preparation ‘7’ with respect 
to histamine ( = 100) [ 1651 is intermediate between the values of 26 and 0.3 
expected for stimulation of H ,- and H,-receptors, respectively, and suggests 
that much of the response is dependent upon H,-receptor stimulation. How- 
ever, following maximal stimulation of the H,-component with dimaprit, 2- 
thiazolylethylamine further elevates cyclic AMP accumulation and the relative 
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potency obtained, 23, is similar to the value obtained for H,-receptor stimula- 
tion in guinea-pig ileum [165]. A similar result was obtained with 2- 
thiazolylethylamine in rabbit cerebral cortical slices [ 821, where the relative 
potency of the H ,-agonist was substantially increased following maximal acti- 
vation of H,-receptors with impromidine. These data suggest that in both 
tissues visualization of the H,-response is dependent upon prior or simulta- 
neous activation of adenylate cyclase activity by H,-receptor stimulation and 
that the primary rale of the HI-component of the cyclic AMP response is to 
amplify the effect of H,-receptor stimulation. 

The augmentation of the cyclic AMP response to H,-agonists, such as 
impromidine and dimaprit, by histamine and H ,-agonists is completely 
sensitive to inhibition by H,-receptor antagonists [ 82, 1651. Thus, potentiation 
of the cyclic AMP response to impromidine or dimaprit in slices of rabbit 
cerebral cortex and guinea-pig hippocampus represents a useful assay for 
H ,-receptor stimulation in mammalian brain and has been used successfully 
to screen for HI-agonist and antagonist activity in these two brain regions 
[52, 82, 175, 195, 1971. 

In slices of guinea-pig cerebral cortex and hippocampus, combinations of 
adenosine and histamine produce much greater than additive effects on cyclic 
AMP accumulation [51, 146, 164, 1661. In cerebral cortical slices, there 
appears to be little or no direct stimulation of cyclic AMP accumulation by 
histamine acting on H,-receptor [161, 163, 1661. Thus, the response to 
histamine alone can be completely antagonized by the H ,-antagonist 
mepyramine but not by the H,-antagonist cimetidine. Indeed, the response to 
histamine alone appears to be largely due to augmentation of the response to 
endogenous adenosine, since the response can be markedly reduced by 
addition of the adenosine-metabolizing enzyme, adenosine deaminase [ 1661. 
It therefore seems that, in slices of guinea-pig cerebral cortex, H ,-receptor 
stimulation leads to an indirect potentiation of the direct effect of adenosine A, 
[ 1981 receptor activation on adenylate cyclase activity. 

Histamine and 2-thiazolylethylamine, but not dimaprit, augment the cyclic 
AMP response to exogenously applied adenosine. Furthermore, the response 
to HI-agonists in this brain region can be competitively antagonized by a range 
of H,-receptor antagonists [ 1661. A detailed comparison of the affinities of 
histamine H,  -antagonists determined from inhibition of this functional 
response with those obtained from [ 3H]mepyramine binding has been reported 
[ 1661. For all of the antagonists tested there was a good quantitative agreement 
between the affinities obtained from inhibition of the histamine-induced 
augmentation of the cyclic AMP response to adenosine and those determined 
from binding studies with [3H]mepyramine in guinea-pig brain or from 
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inhibition of histamine-induced contractile activity in guinea-pig ileum. Thus, 
the properties of functional peripheral and central H,-receptors, as mirrored 
by antagonist aflinities, are similar. 

This response in guinea-pig cerebral cortex has also been used to evaluate 
H ,-agonist activity in the mammalian central nervous system [ 5 13. These 
studies have shown that, while histamine, 2-thiazolylethylamine and N"- 
methylhistamine act as full H ,-agonists in this tissue, 2-methylhistamine and 
N", N"-dimethylhistamine produce only 46% of the maximum response to 
histamine. Thus, 2-methylhistamine and N*, N"-dimethylhistamine appear to 
act as partial agonists in this system. 2-Pyridylethylamine and its N-methyl 
derivative, betahistine, also seem to have partial agonist activity in guinea-pig 
cerebral cortex [51]. A similar finding has been reported for betahistine in 
guinea-pig hippocampal slices for the augmentation of impromidine-stimulated 
cyclic AMP production [ 521. The relative potencies of those compounds which 
induce an appreciable increase in cyclic AMP production agree reasonably well 
with the relative potencies obtained for peripheral H ,-receptor responses. 
Furthermore, there is a surprising agreement between the EC,, values for the 
HI-elicited cyclic AMP response in cerebral cortex and the IC,, values 
obtained from binding studies with [3H]mepyramine [ 511. This suggests that 
the spare receptor reserve for the cyclic AMP response in this tissue is relatively 
small and probably explains why a number of compounds express partial 
agonist activity in guinea-pig cerebral cortex but act as full agonists in 
guinea-pig ileum where the receptor reserve is much larger. 

In rabbit cerebral cortical and guinea-pig hippocanpal slices, where there is 
a significant direct H,-effect on cyclic AMP accumulation, a synergy between 
histamine and adenosine can also be observed [82, 1641. Furthermore, an 
H,-receptor augmentation of the cyclic AMP response to adenosine can be 
observed following complete antagonism of the H,-receptor response [ 821. 
Thus, it appears that an indirect H,-effect on cyclic AMP accumulation can 
be observed following stimulation of a number of different receptor systems 
(e.g., histamine H,, adenosine A2) directly coupled to the N, unit of adenylate 
cyclase. In keeping with this hypothesis is the recent report that in slices of 
mouse cerebral cortex histamine H ,-receptor stimulation can augment the 
cyclic AMP response to vasoactive intestinal polypeptide (VIP) [ 1991. 

Similar, but smaller, potentiating effects of H ,-receptor stimulation on cyclic 
AMP responses to impromidine or adenosine have been reported in dissociated 
brain cells [ 1961 and a preparation of vesicles from postsynaptic membranes 
of guinea-pig cerebral cortex [ 200-2041. This latter particulate preparation 
contains vesicular entities which maintain a degree of metabolic and functional 
integrity and have transmembrane potentials in the - 58 to - 78 mV range 
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[201,203]. Just as in slices, the H,-receptors have no direct effect on the 
vesicular cyclic-AMP-generating system, but function by augmenting the direct 
effect of 8-adrenergic, H,-histaminergic or adenosine A,-receptor stimulation 
on adenylate cyclase activity [201]. 

Little is known of the intracellular events involved in the augmentation of 
cyclic AMP accumulation elicited by H ,-receptors in mammalian brain slices. 
However, it seems certain that another second messenger is involved, since the 
effect is not observed in membrane preparations [81, 2051. Calcium appears 
to be important for the response, since removal of external calcium reduces 
H , -receptor-mediated cyclic AMP accumulation in guinea-pig cerebral cortical 
slices [ 2061. Inositol phospholipid breakdown or its products (inositol 
trisphosphate and diacylglycerol) may also be involved, since H ,-receptor 
stimulation is accompanied by an accumulation of inositol phosphates in slices 
of guinea-pig cerebral cortex [ 60,207,2081. Inositol trisphosphate may then 
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Figure 2.12. A scheme for the indirect potentiation of cyclic AMP accumulation elicited by H,-receptor 
stimulation. Activation of H,-receptors leads to the production of an intracellular second messenger (e.g., 
Ca2+ ions or diacylglycerol. DG) which subsequently acts on adenylate cyclase (AC) or phos- 
phodiesterase (PDE) to amplgy the cyclic AMP response to agonists acting on receptors directly coupled 

to adenylate cyclase. 

mobilize intracellular calcium to produce a cytoplasmic calcium signal as in 
peripheral tissues [ 1481. Alternatively, the inositol phosphates and 
diacylglycerol may affect cyclic AMP metabolism directly, either to potentiate 
adenylate cyclase or inhibit phosphodiesterase activity. In rat pinealocytes, 
analogues of diacylglycerol, for example, have been shown to potentiate cyclic 
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AMP accumulation by activation of protein kinase C [ 2091. Furthermore, in 
vesicles prepared from guinea-pig cerebral cortex, phorbol esters which mimic 
the action of diacylglycerol appear to augment the cyclic AMP accumulation 
elicited by the adenosine analogue, 2-chloroadenosine [ 2 101. A hypothetical 
scheme for the indirect effect of H ,-receptor stimulation on cyclic AMP accu- 
mulation is given in Figure2.12. According to this scheme, HI-receptor 
stimulation leads to the production of a second messenger which can either (1) 
increase the efficiency of the coupling between the directly acting receptor (e.g., 
histamine H, or adenosine A,) and the N, unit of adenylate cyclase, or (2) 
inhibit the activity of phosphodiesterase and consequently reduce the 
breakdown of cyclic AMP. Alternatively, H ,-receptor activation may release 
another neurotransmitter or neuromodulator which produces one of these two 
effects. 

Recent electrophysiological studies in rat and guinea-pig hippocampal slices 
have begun to clarify the link between raised cellular cyclic AMP levels and 
effects on neuronal firing [211-2131. In rat hippocampal slices, stimulation of 
H,-receptors with histamine or impromidine produces a small depolarization 
of pyramidal cells in the CA1 region of the hippocampus and a marked 
potentiation of neuronal excitation elicited by excitatory amino acids, intra- 
cellular current injection or synaptic stimulation [ 214-2161. Single action 
potentials or, particularly, bursts of spikes elicited by excitatory stimulation 
(e.g., with glutamate) in CA1 pyramidal cells are normally followed by a 
long-lasting after-hyperpolarization which keeps the cells away from their firing 
threshold for several seconds [213-2161. This effect is thought to be due to 
activation of a calcium-dependent potassium current which can be inhibited by 
H,-receptor stimulation [213-2161. Blockade of this current by histamine or 
impromidine consequently leads to a profound potentiation of excitatory 
signals. This effect of H,-agonists can be mimicked by intracellular application 
of cyclic AMP, or extracellular addition of 8-bromo-cyclic AMP [213,217]. 
Furthermore, the effect of histamine on population spikes can be potentiated 
and prolonged by the phosphodiesterase inhibitor, RO 20-1724 [213]. In 
guinea-pig hippocampal slices, histamine also increases the firing rate of 
pyramidal cells in the CA3 region [212]. It remains to be established, however, 
whether a similar mechanism to that operating in the rat is involved in the 
guinea-pig. 

If raised cyclic AMP levels are an important mechanism by which 
neurotransmitters and neuromodulators can regulate neuronal excitability in 
the higher centres of the brain, then the indirect effects of H,-receptor stimula- 
tion on the accumulation of cyclic AMP observed in guinea-pig and rabbit brain 
slices provide a method for amplifying this regulatory control. Indeed, 
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histamine, which is contained in neurones projecting diffusely over large areas 
of the central nervous system, could produce metabolic ‘hot spots’ of cyclic 
AMP accumulation by amplifying (via H ,-receptors) the actions of more 
localized, directly acting neuromodulators such as VIP [ 1991. This would be 
a way of controlling neuronal excitability in very localized brain regions without 
atTecting neighbouring brain areas. 

A striking feature of binding studies with [ 3H]mepyramine in rabbit, rat and 
guinea-pig brain is that there appear to be marked species differences in the 
structure of histamine H ,-receptors in mammalian brain. A comparison of the 
properties of the H , -receptor-mediated potentiation of cyclic AMP accumula- 
tion in guinea-pig and rabbit cerebral cortex also seems to support this con- 
tention [ 821. Thus, the dissociation constants obtained for all HI-antagonists 
tested in rabbit cerebral cortex are consistently larger than those obtained in 
guinea-pig ileum or cerebral cortex. In the case of triprolidine, the ratio of the 
antagonist potencies obtained in rabbit cerebral cortex and guinea-pig tissues 
is as large as 800. Similar low potencies for H ,-antagonists have been reported 
for histamine-stimulated glycogenolysis in mouse cerebral cortex (mepyramine 
K ,  = 10 nM; triprolidine KD = 5.6 nM) [218] and for histamine-stimulated 
inositol phosphate accumulation in rat cerebral cortex (mepyramine 
K D  = 2.8 nM) [219]. These data suggest that the species differences in the 
structure of the HI-receptor first observed in binding studies with [3H]mepy- 
ramine can now be extended to functional H,-receptors. 

HISTAMINE AND INOSITOL PHOSPHOLIPID HYDROLYSIS 

Stimulation of histamine HI-receptors can lead to a variety of biological 
actions, such as smooth muscle contraction, augmentation of cyclic AMP 
accumulation and glycogenolysis. However, the H ,-mediated glycogenolytic 
and cyclic AMP responses in the central nervous system appear to be restricted 
to certain brain regions of particular species and are not present in all of the 
brain regions that possess HI-receptor-binding sites [ 146, 2181. For many of 
the cellular responses to HI-receptor stimulation there is evidence that these 
are secondary to an increase in the intracellular concentration of free calcium 
ions [206, 218, 2201. It is therefore possible that calcium mobilization is a 
universal consequence of H ,-receptor activation and that the demonstration of 
a particular response in a given tissue depends upon the availability of the 
intracellular machinery (e.g., calcium-dependent protein kinases, substrate 
proteins) necessary to elicit that response. 

An early event which appears to be associated with the activation of many 
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Figure 2.13. Histamine H,-receptor-mediated inositol phospholipid hydrolysis. Stimulation of H,- 
receptors leads to activation of a phospholipase C, probably via a guanine-nucleotide regulatory protein 
(N). which catalyses the hydrolysis of phosphatidylinositol 4.5-bisphosphate (PIP2) to give inositol 
trisphosphate (IP,) and I .2-diacylglycerol (DG). IP3 is then broken down by phosphatases to eventually 
yield free myo-inositol. Lithium ions can inhibit the conversion of inositol I-phosphate (IP,) to myo- 
inositol. Free inositol then interacts with CDP-diacylglycerol. formed by a reaction between phosphatidic 
acid (PA) and CTP, to yield phosphatidylinositol (PI). Phosphotylation of PI by kinases completes the 

lipid cycle by reforming PIP,. Modified from [147,148]. 

calcium-mobilizing receptors is the hydrolysis of the inositol phospholipids, 
phosphatidylinositol, phosphatidylinositol 4-phosphate and phosphatidylino- 
sitol4,5-bisphosphate [ 147, 148,221,2221. Recent studies in peripheral tissues 
have suggested that it is the hydrolysis of phosphatidylinositol 4,5-bisphos- 
phate which is the initial receptor-mediated event elicited by calcium-mobilizing 
receptors [ 147,222-2251. A scheme for agonist-stimulated inositol phos- 
pholipid hydrolysis is illustrated in Figure 2.23. Briefly, activation of the cal- 
cium-mobilizing receptor leads to the hydrolysis of phosphatidylinositol 43- 
bisphosphate to form the lipid-soluble 1,2-diacylglycerol and the water-soluble 
product, inositol 1,4,5-trisphosphate. The inositol 1,4,5-trisphosphate is then 
subsequently broken down by phosphatases to yield inositol 1,4-bisphosphatey 
inositol 1-phosphate and finally free myo-inositol. The free inositol then inter- 
acts with CDP-diacylglycerol to reform phosphatidylinositol, which is in turn 
phosphorylated by kinases to produce the polyphosphoinositides and complete 
the cycle. The CDP-diacylglycerol is the product of a lipid cycle which channels 
1,2-diacylglycerol back to phosphatidylinositol via phosphatidic acid. Evidence 
is accumulating that the catalytic activity of the enzyme (phospholipase C) 
which hydrolyses the inositol phospholipids is regulated by a guanine-nucleo- 
tide-binding protein [226, 2271, and indeed, guanine nucleotides have been 
shown to stimulate the production of inositol trisphosphate in membrane 
fractions of mammalian brain [228]. 
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It is now generally accepted that both of the products of phosphatidylinositol 
4,5-bisphosphate hydrolysis can function as intracellular second messengers. 
1,2-Diacylglycerol can affect a variety of intracellular processes by activation 
of protein kinase C [ 148, 229, 2301. Inositol 1,4,5-trisphosphate, on the other 
hand, has been shown to release calcium ions from non-mitochondria1 stores 
in a number of peripheral tissues and may thus be the link between the receptor 
and the intracellular calcium store in many pharmacological responses 
[ 23 1-2331. Furthermore, it remains a possibility that inositol phospholipid 
hydrolysis may also have a r61e in calcium gating [221,234]. If inositol 
phospholipid metabolism is closely coupled to receptor-mediated calcium 
mobilization, then this response may be a more general consequence of 
H ,-receptor stimulation than other H ,-responses. 

Initial studies in rat brain showed that intracisternal injection of histamine 
stimulated the incorporation of [ 33P]Pi into inositol phospholipids [235,236]. 
Studies with selective H ,- and H,-agonists and antagonists further suggested 
that this response was mediated by H,-receptors [236]. Increased turnover of 
inositol phospholipids is nevertheless a rather indirect measure of the initial 
receptor-mediated event, namely breakdown of phosphatidylinositol 4,5-bis- 
phosphate. A more direct and sensitive method of monitoring inositol phospho- 
lipid breakdown is now available, however, following the discovery that Li + 

ions can cause an accumulation of inositol 1-phosphate in slices of rat cerebral 
cortex and parotid gland as a result of inhibition of inositol 1-phosphatase 
[ 2371. 

Histamine was first shown to stimulate the accumulation of [ 'Hlinositol 
1-phosphate in lithium-treated slices of rat cerebral cortex preincubated with 
my~-[~H]inositol [219,237]. These studies showed that the response to 
histamine could be inhibited by mepyramine but not the H,-antagonist, 
cimetidine. However, the response to histamine in the rat is rather small, 
producing only a 50-100% increase in the accumulation of ['H]inositol 
1-phosphate over basal levels. For this reason, most of the studies on 
histamine-induced inositol phosphate accumulation have been performed in 
slices of guinea-pig brain, where the response to histamine is somewhat larger. 
Two approaches have been adopted for measuring [ 'Hlinositol phosphate 
accumulation in guinea-pig brain slices. In the first (continuous labelling), slices 
have been preincubated with myo-[ 3H]inositol and lithium ions, normally for 
60 min, before incubation with histamine and various antagonist drugs in the 
continued presence of the radioactive label [ 60,2071. The other approach has 
been to prelabel slices with myo-[ 3H]inositol, and then extensively wash out 
the radiolabel before exposure of the slices to lithium ions and histaminergic 
drugs (pulse labelling) [ 59,2381. 
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In guinea-pig brain, histamine produces a marked stimulation of the accumu- 
lation of inositol 1-phosphate in slices of cerebellum, hypothalamus, cerebral 
cortex and hippocampus, with only a small effect in striatum [207,239]. The 
response in cerebellum is perhaps the most interesting, since it is the region of 
guinea-pig brain which possesses the highest density of [ 3H]mepyramine- 
binding sites. Indeed, there is an excellent correlation between the extent of the 
inositol phosphate response in a given region of guinea-pig brain and the 
density of H ,-receptor-binding sites deduced from ligand-binding studies 
[207,239]. Thus, the largest phosphoinositide response to histamine was 
obtained in guinea-pig cerebellum, while the smallest was found in guinea-pig 
striatum, which has a low density of specific [ 3H]mepyramine-binding sites. 

The response to histamine in guinea-pig brain slices is sensitive to inhibition 
by mepyramine but not by cimetidine [60]. Furthermore, the H,-selective 
agonist 2-thiazolylethylamine can elicit an accumulation of inositol phosphates 
of similar magnitude to that produced by histamine in cerebellar slices, while 
the selective H,-receptor agonist has no significant effect of [3H]inositol 
1-phosphate levels [60,239]. These data taken together indicate that the 
phosphoinositide response to histamine is mediated by H ,-receptors, a finding 
which has been confirmed in quantitative studies of the antagonism produced 
by H ,-receptor antagonists. Thus, the affinity constants obtained for me- 
pyramine, promethazine and methapyrilene from inhibition of histamine- 
induced inositol 1-phosphate accumulation in guinea-pig brain are in accord 
with the values obtained from antagonism of other H ,-receptor-mediated re- 
sponses in guinea-pig brain and periphery (Table 2.1) [59,60]. In cerebellar 
slices, the nature of the antagonism by mepyramine has been evaluated and 
shown to be entirely consistent with a competitive interaction with histamine 
H,-receptors. The Schild slope obtained in these experiments was 1.02, very 
close to the value of unity expected for a simple competitive interaction with 
an homogeneous population of H,-receptor sites [ 591. 

Early studies of histamine-induced inositol phospholipid breakdown in 
guinea-pig brain slices detected large accumulations of inositol 1-phosphate but 
very little change in the levels of the more polar inositol phosphates, inositol 
1,4-bisphosphate and inositol 1,4,5-trisphosphate [ 59,601. More recent 
studies, however, have shown that acid conditions are necessary for the 
extraction of these latter inositol phosphates [ 2381. With this modification to 
the experimental protocol it is possible to demonstrate a rapid accumulation 
of inositol trisphosphate in slices of guinea-pig cerebellum in response to 
histamine [ 2381. The rate of accumulation of inositol trisphosphate in this brain 
region is more rapid than that of the less polar inositol phosphates and the 
highest rate of accumulation is normally achieved during the first 5 min of 
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Figure 2.14. Histamine-induced accumulation of [3H]inositol 1-phosphate (IP,) [3H]inositol bisphos- 
phate (lP2) and [3H/inositol trirphosphate (lP3) in slices of guinea-pig cerebellum. Concentration- 
response curves were obtained in the presence (0) and absence (0) of 3 x lo-' M mepyramine. Data 

taken from [238]. 

stimulation with histamine. The effect of the H ,-antagonist, mepyramine, on 
the dose-response curves obtained for histamine-stimulated accumulation of 
inositol mono-, bis- and trisphosphate is illustrated in Figure 2.14. Mepyramine 
is a competitive antagonist of the effect of histamine on all three inositol 
phosphates and the data are consistent with these responses being mediated 
by typical histamine H ,-receptors. Since 1,2-diacylglycerol is the other product 
of inositol phospholipid breakdown, studies of inositol phosphate accumula- 
tion also provide indirect evidence for an HI-mediated production of this 
lipid-soluble second messenger. 

Studies in slices of rat cerebral cortex have shown that the accumulation of 
[ 'H]inositol 1-phosphate elicited by histamine can be abolished by omission 
of calcium from the incubation medium [240]. This is not the result that would 
be expected if inositol phosphate were generated solely by the pathway outlined 
in Figure2.13 and does not support the hypothesis that phospholipase-c- 
mediated inositol phosphate production precedes, rather than results from, 
Ca2 + mobilization. However, interpretation of this finding is complicated by 
the effect of calcium ion removal on the incorporation of [ 3H]inositol into the 
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inositol phospholipids. Omission of calcium or preincubation with EGTA 
greatly enhances the incorporation of [ 3H]inositol into the phospholipid layer 
[240]. A comparison of the effect of calcium on phosphoinositide responses to 
histamine and a number of other neurotransmitters in rat cerebral cortex does 
suggest that the response to histamine is more sensitive to calcium removal than 
are most responses. Thus, whereas the response to histamine is abolished in 
the absence of calcium ions, the response to the muscatinic agonist, carbachol, 
is unaffected by changing to calcium-free buffers [240]. In guinea-pig cerebral 
cortical slices, omission of calcium ions from the incubation medium reduces 
the response to histamine, but does not abolish it [207]. The different calcium 
requirements for H ,- and muscarinic phosphoinositide responses in rat 
cerebral cortex suggest that there may be differences in the way in which these 
two receptor systems are coupled to inositol phospholipid hydrolysis. This 
contention is supported by studies of the temperature dependence of the two 
responses in guinea-pig cerebral cortex [241]. This study shows that, whereas 
the H ,-receptor mediated response is markedly reduced at low temperatures, 
the response to carbachol is relatively unaltered by changes in temperature. 

Detailed analysis of the dose-response curves for histamine in different brain 
regions suggests that the characteristics of the curve may differ between 
guinea-pig cerebral cortex and cerebellum. Thus, while the EC,, value for 
histamine-induced inositol phospholipid hydrolysis in cerebral cortex is similar 
to the value derived from binding studies with [3H]mepyramine, the value in 
cerebellum is lower than the binding constant [207]. This suggests that there 
is no spare receptor reserve for this response in cerebral cortex, as would be 
expected for a response closely coupled to receptor occupation. However, in 
cerebellum, the low EC,, value suggests a more complex relationship between 
H ,-receptor occupancy and inositol phospholipid hydrolysis. 

A similar conclusion can be drawn from the data obtained with a number 
of H ,-agonists. In guinea-pig cerebral cortex, 2-methylhistamine, Na, Na-dime- 
thylhistamine and 2-pyridylethylamine appear to act as partial agonists of the 
H,-mediated inositol phosphate response [207,242], just as they are on the 
H ,-agonist potentiation of adenosine-stimulated cyclic AMP accumulation 
[ 5 11. In cerebellar slices these compounds also appear to act as partial agonists. 
However, the maximal response they elicit (relative to histamine) in this tissue 
is very much larger than that obtained in cerebral cortex [207,242]. The data 
obtained with these histamine analogues therefore c o n f m  that the efficiency 
of H ,-receptor-effector coupling is different in guinea-pig cerebral cortex and 
cerebellum. 

In peripheral tissues, the responsiveness of contractile responses to 
H ,-receptor stimulation can be selectively potentiated by the disulphide bond 
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reducing agent, 1,4-dithiothreitol (DTT) [243,244]. A similar effect can be 
observed for the H ,-elicited cyclic AMP and phosphoinositide responses in 
guinea-pig brain [ 2421. Thus, in both guinea-pig cerebral cortex and cerebellum, 
the dose-response curves for histamine are shifted in a parallel fashion to lower 
agonist concentrations by inclusion of 1 ,Cdithiothreitol in the incubation 
medium. The effect of DTT on phosphoinositide responses elicited by 
HI-receptor stimulation in brain slices appears to be dependent upon the 

Table 2.7. EFFECT OF 1,4-DITHIOTHREITOL (DTT) ON H,-AGONIST-INDUCED 

Values represent mean ~t S.E.M. of the maximal stimulations (expressed as a percentage of the 
response to 1 mM histamine) and the ratio of the EC,, values obtained in the absence and 

presence of 1 mM DTT [242]. 

INOSITOL PHOSPHATE RESPONSES IN GUINEA-PIG BRAIN 

Maximum stimulation 
(96 of 1 mM histamine) 

Agonisi Control D TT 

Cerebellum 
Histamine 100.6 k 5.6 103.3 f 5.9 6.1 f 1.4 
2-Thiazolylethylamine 99.8 + 3.0 107.6 f 2.4 3.9 f 0.4 
2-Methylhistamine 83.8 ~t 7.0 94.1 5 5.2 6.8 5 2.0 
2-Pyridylethylamine 77.4 & 5.4 93.0 f 5.3 3.2 f 0.7 

Cortex 
Histamine 106.5 f 3.9 109.8 f 3.5 8.0 + 0.8 
2-Methylhistamine 33.6 f 3.7 81.9 f 10.9 1.8 5 1.4 
2-Pyridylethylamine 35.4 k 7.7 80.8 f 16.1 0.5 f 0.6 

efficacy of the agonist under study. For example, in guinea-pig cerebral cortex, 
DTT increases the maximal responses to the partial agonists 2-methylhistamine 
and 2-pyridylethylamine without affecting the position of the dose-response 
curves [ 2421. In guinea-pig cerebellum, however, where these agonists are more 
potent, DTT produces smaller increase in the maximum responses to 2-pyridyl- 
ethylamine and 2-methylhistamine which is accompanied by a significant 
decrease in the EC,, values. The differing effects of DTT on inositol phospholi- 
pid responses to HI-agonists in these two brain regions are summarised in 
Table 2.7. These studies suggest that DTT can increase the efficacy of H,  
agonist-receptor interactions in guinea-pig brain in addition to the alterations 
in agonist binding affinity observed in binding studies with [ 'Hlmepyramine 



S.J. HILL 73 

in broken cell preparations [ 1121. DTT does not produce a similar potentiation 
of muscarinic-receptor-mediated phosphoinositide responses [ 2421 ; thus, the 
effect of DTT on HI-agonist efficacy must be produced at a site prior to the 
stage at which the receptor-effector pathways are shared by the two receptor 
systems. 

OTHER BIOCHEMICAL RESPONSES 

GLY COGENOLY SIS 

Studies in the mouse and chick have shown that histamine can elicit a marked 
glycogenolytic response in brain tissues. For example, injection of histamine 
into the neonatal chick results in an increase in cyclic AMP, which in turn leads 
to a conversion of phosphorylase b to phosphorylase a and a fall in cerebral 
glycogen levels [ 2451. A simple technique is now available for measurement of 
this glycogenolytic response in v i m  [246]. This assay enables the action of 
agonists on [ 3H]glycogen levels to be evaluated in mouse brain slices previously 
incubated in the presence of [3H]glucose. Using this technique it has been 
possible to show that, like noradrenaline, histamine can elicit a marked concen- 
tration-dependent hydrolysis of [ 3H]glycogen [ 2461. 

Pharmacological analysis of the response to histamine in mouse cerebral 
cortical slices indicates that glycogen hydrolysis is mediated by histamine 
H ,-receptors [ 2181. Thus, whereas the H,-receptor antagonist metiamide does 
not affect the histamine-induced hydrolysis of [ 3H]glycogen, increasing con- 
centrations of mepyramine progressively shift the dose-response curve for 
histamine to higher agonist concentrations. The large difference in potency of 
the stereoisomers of the H ,-antagonist chlorpheniramine also provides strong 
evidence for the involvement of the H ,-receptor subtype [218]. In keeping with 
this hypothesis, it is striking that the selective H,-agonist dimaprit does not 
produce a glycogenolytic response in mouse cerebral cortical slices. Other 
histamine agonists, however, do elicit hydrolysis of [ 'Hlglycogen with relative 
potencies consistent with stimulation of H,-receptors [218]. 

A comparison of the EC,, value for the glycogenolytic response to histamine 
with the dissociation constant obtained for histamine from binding studies with 
[ 3H]mepyramine suggests that there is a substantial spare receptor reserve for 
this response in this tissue [ 2181. The finding that 2-methylhistamine, which has 
partial agonist activity on other systems [ 5 1,207,2421, behaves as a full agonist 
on the glycogenolytic response [218] is also consistent with this argument. It 
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is notable, however, that although betahistine behaves as a partial agonist on 
both the HI-mediated cyclic AMP response of guinea-pig cerebral cortex and 
the H ,-elicited glycogenolytic response of mouse cerebral cortex, it has a higher 
intrinsic activity for the response in the mouse [ 521. This is remarkable in view 
of the difference in the extent of the spare receptor reserves for these two 
responses. In guinea-pig cerebral cortex there appears to be no spare receptor 
reserve for the H ,-mediated cyclic AMP and inositol phospholipid responses 
[ 5 1,2071, while in mouse cerebral cortex there appears to be a substantial spare 
receptor reserve [218]. However, one explanation may be that betahistine 
induces part of its glycogenolytic effect through activation of non-H ,-receptors. 
Support for this hypothesis is provided by the finding that the response to 
betahistine is much less sensitive to inhibition by H,-antagonists than the 
glycogenolytic response to histamine [ 521. Thus, the apparent dissociation 
constant of 28 nM for mepyramine, obtained from inhibition of the response 
to betahistine, is approximately 6-times higher than the value determined using 
histamine as agonist [ 521. 

The glycogenolytic response to histamine can be significantly potentiated in 
the presence of the phosphodiesterase inhibitor isobutylmethylxanthine [ 2 181. 
In addition, dibutyryl cyclic AMP, but not dibutyryl cyclic GMP, can promote 
glycogen hydrolysis in slices of mouse cerebral cortex [ 2461. These observa- 
tions suggest that cyclic AMP accumulation may be involved in the response 
to histamine. The H ,-nature of this response, however, indicates that, if cyclic 
AMP is involved, it is generated by a synergistic interaction between histamine 
(via H ,-receptors) and another endogenous neurotransmitter, e.g., adenosine 
or VIP [199]. The maximal glycogenolytic response to histamine can be 
markedly reduced by reducing the concentration of Ca2 + ions in the medium 
[218]. This finding is consistent with the postulate that the indirect effect of 
H ,-receptor stimulation on adenylate cyclase activity is mediated by another 
second messenger such as calcium ions. Alternatively, an H,-induced rise in 
intracellular calcium may affect glycogen hydrolysis independently of cyclic 
AMP. For example, there is evidence that phosphorylase b kinase in brain 
tissues can be activated by calcium ions [247]. Furthermore, there is strong 
evidence that phosphorylase b kinase can be activated by calcium ions via 
calmodulin [ 248,2491 in peripheral tissues. 

Desensitization of the glycogenolytic response to H ,-receptor stimulation 
has been observed following prolonged incubation of mouse cerebral cortical 
slices with histamine [ 2501. This is seen as a parallel shift of the concentration- 
response curve for histamine to higher agonist concentrations, with no signifi- 
cant change in the maximum response. The development of the desensitization 
induced by 10 pM histamine occurs with a half-time of 20 min and the respon- 
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siveness can be fully restored within 1 h of removing the desensitizing dose of 
histamine [ 2501. Desensitization of the H ,-glycogenolytic response appears to 
be a specific process, and the responsiveness of other glycogenolytic agents, 
such as noradrenaline and adenosine, is not modified. The loss in respon- 
siveness following desensitization is accompanied by a small decrease (circa 
20%) in the H ,-binding site capacity; however, the functional significance of 
this small decrease in [3H]mepyramine binding sites is uncertain [250]. A 
reduction in the number of H ,-receptors on prolonged agonist-stimulation 
could explain the desensitization of the glycogenolytic response to histamine 
by reducing the spare receptor reserve. However, the rapid recovery from 
desensitization and the fact that this is not impaired by the presence of a protein 
synthesis inhibitor, such as cycloheximide, suggest that the desensitization 
process might involve changes at the level of the effector system. 

CYCLIC GMP ACCUMULATION 

Studies in murine neuroblastoma cells (clone NIE-115) have shown that 
histamine can produce a rapid and marked (up to 50-fold above basal levels) 
increase in the formation of cyclic [ 'HI GMP following preloading of cells with 
[ 'Hlguanine [ 25 13. The peak response to histamine is normally observed 30 s 
after application of histamine and then rapidly declines towards basal levels 
over the next 2 or 3 min [251,252]. When neuroblastoma cells are 
pre-incubated with the phosphodiesterase inhibitor 3-isobutyl-1-methylxan- 
thine, the rate of decay of cyclic ['HIGMP is significantly reduced [252]. 

The pharmacological characteristics of the cyclic GMP response to 
histamine in NIE-115 neuroblastoma cells are consistent with the involvement 
of a typical H,-receptor [ 2511. Studies with the irreversible antagonist, 
dibenamine, have suggested that there is no spare receptor reserve in the cyclic 
GMP response to histamine in this cell line [251]. The response to H,-receptor 
stimulation, like that following muscarinic receptor activation, has an absolute 
dependence on extracellular calcium ion concentration [ 2531. This observation 
suggests that it is the influx of calcium ions which leads to a stimulation of 
guanylate cyclase activity and hence cyclic GMP formation. However, no 
change in the intracellular free concentration of calcium has been observed in 
NIE- 1 15 cells previously loaded with the bioluminescent protein aequorin, 
following stimulation with either HI-  or muscarinic agonists [254]. Instead, it 
has been shown that muscarinic or H ,-receptor stimulation elicits a release of 
arachidonic acid which is sensitive to inhibition by quinacrine [254]. Further- 
more, inhibition of this arachidonate release or interference with the metabo- 
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lism of arachidonic acid via the lipoxygenase pathway prevents receptor- 
mediated cyclic GMP formation [254]. 

Although the cyclic GMP response to histamine in murine neuroblastoma 
cells is well established, very little work has been done on histamine-mediated 
cyclic GMP formation in mammalian brain slices. Histamine has been shown 
to increase cyclic GMP levels in rabbit [255] and guinea-pig [ 1461 cerebral 
cortical slices, although the receptor involved has not been identified. Indeed, 
the only quantitative study of histamine-stimulation cyclic GMP accumulation 
in the mammalian peripheral and central nervous systems has been performed 
in blocks of bovine superior cervical ganglion [ 2561. In this tissue, histamine 
stimulates the accumulation of both cyclic AMP and cyclic GMP. The evidence 
suggests that these two effects are mediated by stimulation of different recep- 
tors, activation of H ,-receptors leading to cyclic GMP accumulation and 
stimulation of H,-receptors leading to cyclic AMP formation [ 2561. The 
H ,-mediated increase in cyclic GMP levels appears to be mediated via calcium 
ions, since the effect on cyclic GMP accumulation requires the presence of 
calcium in the extracellular medium. Furthermore, the calcium ionophore 
A23 187 causes a calcium-dependent increase in cyclic GMP formation [256]. 

CONCLUDING REMARKS 

For the reader who has reached this far it will be clear that there is strong 
biochemical and pharmacological evidence for the presence of functional 
histamine H,-, H,- and, to some extent, H,-receptors in the mammalian central 
nervous system. This information, together with the recent ability to visualize 
histamine- and histidine-decarboxylase-containing cell bodies and fibres, 
suggests that histamine may have an important r6le to play in the brain. 
However, the fact that histaminergic fibres project diffusely over large areas of 
the central nervous system from highly localized cell body regions in the 
hypothalamus and mammilary body suggests that this r61e may be modulatory 
rather than as a ‘front line’ neurotransmitter. A modulatory r61e is indicated 
by the synergy observed between histamine and other neurotransmitters on 
cyclic AMP accumulation, where H ,-receptor stimulation leads to an amplifi- 
cation of the response elicited by other receptor systems. Furthermore, the 
ability of histamine to alter the responsiveness of excitatory neurotransmitters 
in certain brain regions, by reducing (via H,-receptors) the after hyperpolari- 
zation normally associated with depolarizing stimuli, is also consistent with this 
r61e. 

It is well established that the classical H,-antagonists can produce a marked 
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sedation, decreased attention and ‘mental clouding’. On the basis of the 
biochemical and electrophysiological studies in guinea-pig and rat hippocam- 
pus, it might be predicted that H,-antagonists would have a similar sedating 
effect if they readily crossed the blood-brain barrier. Furthermore, inhibition of 
the facilitatory effect of histamine on excitatory electrical stimuli may provide 
a rde  for H,-antagonists as anticonvulsant agents. One might also predict that 
mimicking the actions of histamine with selective agonists or facilitating 
histaminergic neurotransmission (e.g., via H,-receptor antagonism) would lead 
to arousal or an improvement in mental function, a property which might have 
therapeutic potential in Alzheimer’s disease and related disorders. Selective 
stimulation of histamine receptors in the brain is difficult at present, however, 
because of the lack of specificity of the compounds available. Thus, even the 
use of impromidine, which discriminates exceedingly well between H,- and 
H,-receptors, is not simple because it now appears to inhibit the putative 
H,-autoreceptor. The development of suitably selective agonist compounds 
together with antagonists of the H,-receptor is therefore needed before the 
functional rale of histamine in the CNS can be properly assessed. (See note 
added in proof, p. 84.) 
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NOTE ADDED IN PROOF 

Arrang et al. [257] have recently described the properties of two selective and 
potent ligands for the histamine H,-receptor. Thioperamide (N-cyclohexy-4- 
(imidazol-4-y1)- I -piperidinecarbothioamide) is a competitive antagonist of H,- 
receptors in brain slices which has negligible activity on H,-  and H,-receptor- 
mediated responses. They have also developed @)a-methylhistamine as a 
potent and selective H,-receptor agonist. These novel agents should prove 
valuable in determining the r61e of histamine H,-receptors in the mammalian 
CNS. 
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Aldehyde oxidase (EC 1.2.3.1) and xanthine oxidase (EC 1.2.3.2) are 
molybdenum-containing enzymes which catalyse the oxidation of many 
aldehydes and nitrogen heterocycles. In addition, they have also been shown 
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to catalyse, under in vitro conditions, a number of reductions. Although 
aldehyde oxidase is known to oxidize physiological compounds such as 
N’-methylnicotinamide and pyridoxal [ 11, there does not yet appear to be a 
specific endogenous r61e for this enzyme. It has a wide distribution throughout 
the animal kingdom, and Krenitsky [2] has suggested that the primary 
metabolic function of the enzyme is of a fundamental nature rather than a highly 
specialized one. The name ‘aldehyde oxidase’, if not a misnomer, is at the least 
misleading, and several authors have put forward alternative names; these 
include quinine oxidase [3], pterine oxidase [4], quinine dehydrogenase [ 51, 
methotrexate oxidase [ 61 and N’-methylnicotinarnide oxidase [ 71. However, 
each of these proposed alternatives implies a narrow substrate specificity for 
the enzyme and a more accurate description is that introduced by Bray to 
encompass both aldehyde oxidase and xanthine oxidase, namely “molybdenum 
hydroxylases’ [ 81. 

On the other hand, xanthine oxidase is involved in endogenous purine 
catabolism, catalysing the oxidation of hypoxanthine and xanthine to uric acid 
[9]. Nevertheless, this enzyme also has a wide substrate specificity and 
different functions have been assigned to it. One of the most plausible proposals 
is that both molybdenum hydroxylases may provide a biochemical barrier 
against ingested purines and pyrimidines, rendering them harmless [ 101. This 
is similar to the view put forward in a recent review on the r61e of the 
molybdenum hydroxylases as drug-metabolizing enzymes, except that the 
substrate specificity is not restricted to purines and pyrimidines [ 111. 

There are probably more publications relating to xanthine oxidase than to 
any other enzyme studied, certainly more than those pertaining to aldehyde 
oxidase. This is presumably because the former enzyme is easily accessible 
from cow’s milk rather than from animal tissue. It is not the purpose of this 
review to include all the data amassed on xanthine oxidase, as this has been 
fully covered in recent reviews [ 8, 12, 131. Furthermore, most of our own work 
has been concerned with aldehyde oxidase. Thus, this report compares the 
properties of the molybdenum hydroxylases, where possible, in terms of 
distribution, substrate and inhibitor specificity and mechanism of oxidation. 
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MECHANISM O F  OXIDATION 

REDUCTION AND RE-OXIDATION OF MOLYBDENUM HYDROXYLASES 

The following section summarizes briefly current ideas on the mechanism of 
oxidation and intramolecular electron transfer of the molybdenum hy- 
droxylases. Unless otherwise stated, the studies referred to have been carried 
out either with bovine milk xanthine oxidase or with rabbit liver aldehyde 
oxidase: the enzymes have a similar molecular structure, each being composed 
of two identical subunits of (M, )  140,000-150,000 containing per subunit one 
atom of molybdenum (Mo), one flavin adenine dinucleotide molecule (FAD) 
and two iron-sulphur centres [ Fe,S,] termed Fe/S I and Fe/S I1 [ 8, 121. Each 
of these centres can function as a redox group in the intramolecular transfer 
of electrons via the enzyme from a reducing substrate such as xanthine or purine 
to an oxidizing substrate, e.g., oxygen or P-nicotinamide adenine dinucleotide 
(NAD + ) [ 8, 12, 141. Figure 3. I illustrates the sites of substrate interaction with 

Fig. 3. I .  Intermolecular and intramolecular electron transfer of the molybdenum hydroxylases. 

the enzymes and also shows where intramolecular transfer between the various 
redox groups has been demonstrated [ 15-21]. The scheme is not meant to infer 
any particular spatial arrangement of the prosthetic groups. In fact, it has been 
suggested that in xanthine oxidase the Mo, Fe/S I and Fe/S I1 centres should 
be placed in a linear array, while the FAD is placed in a position to interact 
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with both Fe-S centres but not the Mo centre [20]. In contrast, there appears 
to be no interaction between the two Fe-S centres in aldehyde oxidase [ 191. 

With the exception of reduced P-nicotinamide adenine dinucleotide 
(NADH), substrates interact at the Mo centre and two electrons are transferred 
from the substrate to Mo(VI), reducing the metal to Mo(1V). The substrate 
residue reacts vith an 0x0 ligand of Mo and a proton also reduces a terminal 
sulphide ligand of Mo. Hydrolysis of the Mo-substrate complex releases 
oxidized product, while the Mo(IV) is reoxidized by intramolecular transfer to 
other redox centres. The catalytic mechanism as described by Bray is depicted 
below [23]. Aldehyde oxidase and xanthine oxidase can each take up to six 

electrons per functional half-molecule [ 16,241 and it has been assumed that the 
equilibration of reducing equivalents among the several redox sites is very rapid 
compared with the introduction or removal of electrons from xanthine oxidase 
and is determined solely by the relative oxidation-reduction potentials of the 
sites [ 25-27]. However, in one-electron-reduced xanthine oxidase, intramo- 
lecular transfer is not comparably faster than overall catalysis [28]. 
Reoxidation of the reduced enzyme can occur at any of the redox groups (see 
Figure 3.1 ). Artificial electron acceptors such as dichlorophenolindophenol 
(DCIP) or potassium ferricyanide can act as oxidizing substrates at the Mo and 
Fe-S centres, respectively [ 22,291, but in vivo reoxidation of both molybdenum 
hydroxylases occurs via the FAD prosthetic group by reaction with either 
NAD' or oxygen [22,30,31]. Oxygen is assumed to be the physiological 
electron acceptor for aldehyde oxidase, as no interaction with NAD' is 
observed in vitro [32,33]. Enzymic reduction of oxygen can proceed by a 
combination of one-electron and two-electron transfer to yield both superoxide 
anion and hydrogen peroxide as products [25,30,34]. 

Purified xanthine oxidase reacts rapidly with oxygen, but it is now widely 
accepted that 'native' enzyme exists mainly as a dehydrogenase, with NAD + 

as its natural acceptor [ 35-37]. This form, originally termed Type D by Della 
Corte and Stirpe [38], constitutes at least 80% of hepatic, intestinal or milk 
xanthine oxidase activity [37-401. Studies on the properties of the Type D 
enzyme are complicated by the facile conversion of this form to at least two 
oxidases (Type 0), dependhg on the method used. (i) Treatment with 
proteolytic enzymes causes an irreversible conversion of Type D to Type 0 
[ 351. Waud and Rajagopalan have proposed that this is due to the cleavage of 
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an M, 20,000 fragment, which facilitates binding of NAD' to the enzyme 
molecule [41]. A similar irreversible conversion to Type 0 is catalysed by a 
rat liver enzyme of the thiol-protein disulphide oxidoreductase type [42]. (ii) 
All other treatments, including sulphydryl-modifying reagents, heating and 
storage bring about a Type D to Type 0 conversion which can be reversed by 
thiols [38]. Consequently, this reversible conversion is thought to be due to 
modification of one or more vicinal thiol groups [31,43]. In addition, inter- 
mediate dehydrogenase-oxidase (Type D/O) and dehydrogenase-associated 
oxidase forms have also been isolated, but conflicting results are obtained as 
to whether NAD + and oxygen react at the same FAD site [39,44]. 

It was originally suggested by Stirpe and Della Corte that the Type 0 enzyme 
has no physiological significance and is merely an artifact of isolation [ 351. The 
possibility cannot be ruled out, however, that the D-0  conversion may also 
occur in vivo and could even play a r61e in the regulation of enzyme activity, 
linked via NADH production to the generation of adenosine 5' &phosphate 
(ATP) [37]. Indeed, it has been shown that intestinal xanthine oxidase 
undergoes a rapid interconversion from Type D to Type 0 within 10 s of 
complete ischemia [45] and many of the proposed r6les of the enzyme depend 
on the postulated in vivo production of either superoxide anion or hydrogen 
peroxide [ 46-48] (see section on tissue distribution). 

OXIDATION OF SUBSTRATES 

Although aldehyde oxidase and xanthine oxidase both catalyse the oxidation 
of aldehydes to the corresponding carboxylic acid, there is very little informa- 
tion relating to mechanistic studies. Presumably, this is because simple aliphatic 
aldehydes are relatively poor substrates for these enzymes, but this is perhaps 
an area which warrants more detailed study as longer chain and aromatic 
aldehydes are rapidly oxidized by these enzymes (see [ 111). 

The hydroxylation of N-heteroaromatic substrates is a complex process 
involving nucleophilic attack at an electropositive carbon, which is generally 
adjacent to a ring nitrogen atom [ 10,49,50]. The products do not remain in 
the enol form but revert to a lactam, e.g., the hydroxylation of phthalazine (1) 
to 1-phthalazinone (2) as shown below [50]. 
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Because the molecular properties of aldehyde oxidase and xanthine oxidase 
do not differ significantly and they contain basically similar substrate-binding 
sites, it is often assumed that any mechanistic conclusions regarding one 
enzyme, usually the latter, can be also applied to the other [ 14,511. This may 
not be a valid assumption to make; subtle alterations in the Mo centre may 
explain varying substrate specificities, but more fundamental modifications of 
the enzyme molecule may need to be considered to account for the differences 
in the position of substrate oxidation and, in particular, the rate-determining 
step. The oxidation of xanthine (3) or lumazine (4) catalysed by xanthine 
oxidase can be formulated as: 

Kl K2 K3 

K -  1 

E(i) + substrate + E(i)  substrate + E(i + 2) product + E(i + 2) + product 

where i is 0 ,2  or 4 and E (i) and E (i + 2) are enzyme species containing i and 
i + 2 electrons [ 25,341. Under most conditions, the breakdown of the enzyme- 
product complex is the rate-determining step [25,34, 521. Thus, there is little 
or no difference between the maximal oxidation rates (V,,, values) of deuterium- 
or protium-substituted substrates (53,541. However, an isotope effect on the 
Michaelis-Menten constant K ,  (K, = [ S] at V,,, value) has been observed 
for the replacement of hydrogen by deuterium in xanthine and it is proposed 
that at low substrate concentrations the electron transfer process becomes 
slower [ 52, 531. Results obtained using pteridines with either electron- 
withdrawing or electron-donating substituents also indicate that electron 
transfer can be rate-limiting [ 541. 

0 

In contrast to xanthine-oxidase-catalysed oxidation, which is not very 
sensitive to substituent effects but appears to be facilitated by a high electron 
density at the reaction site on the substrate molecule [54], the reaction 
catalysed by aldehyde oxidase is very sensitive to substituent effects and the 
rate-limiting step is facilitated by a low electron density at the reaction site [ 5 11. 
A similar conclusion has been reached by Ruenitz and Thomas, who demon- 
strated a significant isotope effect on the aldehyde-oxidase-catalysed oxidation 
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of 6-ethyl-5H-dibenz[c,e]azepine ( 5 )  [ 551. They suggest that hydrogen transfer 
from the methine carbon in the seven-membered ring is the rate-limiting step 
[55]. Furthermore, studies by the same group show a negligible solvent 
hydrogen isotope effect in the turnover number for both ( 5 )  and "-methyl- 
nicotinamide (7a) [ 561. Unlike the reaction catalysed by xanthine oxidase, 
therefore, it appears that hydrolysis of the enzyme-product complex is not a 
rate-determining step. 

The electron density at the carbon undergoing oxidation does appear to have 
a greater influence on aldehyde-oxidase-catalysed attack than on that of 
xanthine oxidase. Thus cinnoline (6) is oxidized at carbon 4, the most electro- 
positive carbon, by aldehyde oxidase but is refractory to oxidation by xanthine 
oxidase [ 501. Similarly, quaternary compounds often undergo more facile 
oxidation by aldehyde oxidase than the corresponding non-quaternized bases 
[3, 5 ,  571, whereas the former group of compounds are poor substrates for 
xanthine oxidase except at high pH values [ 5 1, 581. Quaternization of a ring 
nitrogen in a six-membered aromatic ring activates both the a- and the 
y-carbons to nucleophilic attack and aldehyde oxidase can catalyse simul- 
taneous oxidation at either of these positions [ 57, 591. However, the product 
ratio is governed not only by electronic effects but also by steric factors. This 
is illustrated in Table 3.1, which shows the major products arising from rabbit 
liver aldehyde-oxidase-catalysed oxidation of quaternary pyridinium and 
quinolinium compounds [ 5 1,57,60,62]. N-substituted pyridinium chlorides 
are oxidized predominantly at carbon 6, except when the position is sterically 
hindered [51,60]. The quinolinium compounds are more susceptible to steric 
effects, presumably because of their larger size, and in most cases the 
4-quinolone is the major product [57,61,62]. A further complication in 
considering the mechanism of aldehyde-oxidase-catalysed oxidation is that the 
product ratio also varies with species [ 57, 591, e.g., when N-phenylquinolinium 
perchlorate is incubated with guinea-pig liver enzyme, 1-phenyl-4-quinolone is 
the predominant product, whereas 1-phenyl-Zquinolone is the major oxidation 
product with rabbit liver aldehyde oxidase [57]. 

Unlike the iminium ions mentioned above, many of the intermediate 
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Table 3.1. OXIDATION PRODUCT RATIOS WITH RABBIT LIVER ALDEHYDE 
OXIDASE [51, 57,60-62) 

Compound R 

Predominant product 
Product ratio 

X a Y a :  y 

l a  
7b 
7c 
7d 
l e  
7f 
7g 
7h 
7i 
7j 
7k 
71 
7m 
7n 
8a 
8b 
8c 
8d 
8e 
8f 

Me 
Et 
Pr 
iPr 
t Bu 
Ph 
4-MeC,H4 
4-MeOC6H4 
4-FC6H4 
4-ClC6H4 
4-OHC6H4 
PhCH, 
1,3,5-Me,C6H, 
1,3,5-Me,C6H,CH, 
Me 
Ph 
PhCH, 

Me 
PhCH, 

2,6-CI,C6H,CH, 

+ 
H + 
H + 
H 
H 
CONH, 
CONH, 

3.5: 1 

>16:  1 
6.5: 1 
1.5: 1 

>15:1 
> 8 . 1  

6.9: 1 

+ 

+ 

21 : 1 
4.5: 1 

+ 1 : 3.4 
+ 
+ 
t 

metabolites of drugs are unstable and it is often difficult to prove categorically 
whether it is the iminium ion intermediate (9), the hydrated carbinolamine (10) 
or a ring-opened aldehyde (1 1) which is the substrate for aldehyde oxidase 
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[64-671. In the case of azapetine (12) and nicotine (13), the iminium ion 
intermediate rather than the carbinolamine appears to be the form of substrate 
preferred by aldehyde oxidase [63-661. On the other hand, the ring-opened 
aldehyde intermediate (aldophosphamide) (14) of cyclophosphamide is 
oxidized by the enzyme [ 671, although the isomeric 4-hydroxycyclophos- 
phamide (15) also undergoes oxidation by a soluble fraction enzyme [ 111. 
Oxidation of the carbinolamine form to a cyclic lactam would not seem to 
involve nucleophilic enzyme attack, and yet we have shown that the stable 
pseudobase of 3-methylquinazolin-2-one (16), is an efficient substrate of alde- 
hyde oxidase and competitively inhibits the oxidation of both quaternary and 
non-quaternized substrates [ 621. 

CH2CH=CHZ 

(12) (13) 

H OH 
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BIOLOGICAL DISTRIBUTION 

CELLULAR LOCALIZATION 

A major part of the molybdenum hydroxylase activity is found in the cytosol; 
thus, the aldehyde oxidase activity from sources as diverse as rabbit liver 
[ 14,32,68], guinea-pig polymorphonuclear leucocytes (PMN) [69] and potato 
tubers [70] is located primarily in the 100000 x g supernatant fraction, as is 
hepatic xanthine oxidase [71,72]. However, there is also recent evidence to 
support the existence of these enzymes, particularly aldehyde oxidase, in 
microsomal pellets prepared from horse, human or bovine liver [72-751. In 
addition, Igo, Mackler and Duncan reported rat liver aldehyde oxidase to be 
primarily a mitochondrial enzyme [ 761, although this experiment has not been 
repeated. Recent investigations have also found aldehyde oxidase activity 
predominantly in the cytosol of rat liver [ 771, but in this study, as in most cases, 
the mitochondrial fraction was not tested and was routinely discarded. It is 
interesting to note that the work by Igo, Mackler and Duncan on the cellular 
localization was actually performed using rat liver and not hog preparations 
[ 761 as is often quoted [ 321. By contrast, milk xanthine oxidase is associated 
mainly with the milk lipid globules or liposomes [ 78,791 which are released by 
the secretory cells of the mammary gland [ 801. Homogenization of bovine milk 
can cause partial disruption of the lipid globule membrane to release and 
activate some of the previously membrane-bound enzyme [81,82]. 

On the other hand, it has been proposed that most of the xanthine oxidase 
in homogenized milk is entrapped in liposomes in a form which is resistant to 
gastric digestion [ 831. Not surprisingly, there are opposing views as to whether 
the enzyme can (i) resist hydrolysis in the stomach and/or (ii), because of its 
large size (290 kDa), be absorbed from the small intestine [ 84-87]. In support 
of the theory, Schousten and De Jong have found statistically increased plasma 
levels of xanthine oxidase in rabbits after the administration of fortified milk 
preparations [ 871. Nevertheless, the hypothesis first proposed by Oster, that 
the absorption of intact bovine milk xanthine oxidase from homogenized milk 
plays a rale in the initiation of atherosclerosis, must still be regarded as 
equivocal in view of the controversial evidence [83,84,88-911. 

The highest concentration of xanthine oxidase in mammals is found in the 
milk and lactating mammary gland [78,92], although it is not known whether 
all species secrete the enzyme in milk. For obvious reasons, nearly all the 
information available refers to xanthine oxidase from bovine milk, but in fact 
both rat and guinea-pig milk have a higher enzyme content [92]. Table 3.2 
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Table 3.2. COMPARATIVE DISTRIBUTION OF XANTHINE OXIDASE AND 
ALDEHYDE OXIDASE ACTIVITY IN MILK AND LIVER OF MAMMALIAN 

SPECIES [92,93,95] 
All activities are expressed relative to rat enzyme activity (100%). 

Enzyme activity 

Xanthine oxidase Aldehyde oxidase 

Species Milk" Liverb Liver' 

Rat 
Guinea-pig 
c o w  
Rabbit 
Mouse 
Man 
Human colostrum 
Cat 
Dog 
Pig 

100 
80 
56 
53 
42 
4 

I 1  
4 
2 
0 

100 
38 
45 
32 
42 
36 

165 
77 
0 

- 

100 
957 
21 

497 
43 
14 

58 
< 18 

83 

- 

a Mean rat milk xanthine oxidase activity = 0.187 U/ml. 
Mean rat liver xanthine oxidase activity = 4.21 U/mg. 
Mean rat liver aldehyde oxidase activity = 2.33 U/mg. 

liver xanthine oxidase and aldehyde oxidase activity of various mammalian 
species. There seems to be no correlation between the amount of xanthine 
oxidase present in milk and liver of the same species. In fact, some of the species 
(e.g., cat, monkey) with the highest liver content exhibit very low milk xanthine 
oxidase activity [92, 931. Xanthine oxidase shows a greater variation in milk 
than in mammalian liver, whilst the species differences in hepatic aldehyde 
oxidase activity are even more pronounced. In some species (e.g., cow, buffalo, 
goat), there is an inverse relationship between the amount of xanthine oxidase 
and fat content of the milk [ 941. Human milk shows low and variable xanthine 
oxidase activity [93], which is presumably why some workers have been unable 
to detect any enzyme activity [ 951, whereas more sensitive assays employing 
antibodies raised to bovine milk xanthine oxidase have shown a positive 
reaction to the supernatant fraction of human lipid globulq membranes [ 781. 
Higher levels of the enzyme have been found in human colostrum [93,96], 
which is the fluid produced by the mammary gland during the first 2-3 days 
post-partum. In buffaloes, xanthine oxidase activity also gradually increases 
with colostrum and then decreases with the changeover to the secretion of milk 
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[94]. It therefore appears that newborn infants have a greater requirement for 
maternal xanthine oxidase in the first few days after birth and it has been 
proposed that the high xanthine oxidase levels in colostrum may be to effect 
maximum absorption of dietary iron from the underdeveloped infant gut 
[93,97]. Furthermore, studies in the mouse have shown that liver xanthine 
oxidase is not present at birth, but is only apparent after 3 weeks, whereas the 
main isozyme of aldehyde oxidase can be detected in the 20-day foetus [98]. 

Molecular properties of the milk enzyme such as amino-acid content have 
been shown to vary between species [93], but it is not yet clear whether the 
xanthine oxidase in milk is similar to or even identical with that in other tissues 
within a species. Krenitsky, Tuttle, Cattau and Wang [92] observed that bovine 
milk xanthine oxidase is not typical of mammalian tissue xanthine oxidase, on 
the basis of its electron acceptor specificity. However, both the milk and liver 
enzymes act as NAD + -dependent dehydrogenases in vivo, which can be 
converted into an oxidase form during the isolation procedure [ 35,37,99, 1001. 
The differences noted [ 921 may be due to variable interconversion between the 
dehydrogenase and oxidase forms. Other workers have found the enzymes 
from bovine liver, lung, mammary gland and milk to be indistinguishable on the 
basis of sensitive immunological methods [78], although this may not always 
be the case with other species. There are no reports of any aldehyde oxidase 
activity in milk. 

TISSUE DISTRIBUTION 

One of the problems in considering tissue distribution and (in the following 
section) species distribution of aldehyde oxidase is the number of substrates 
employed to monitor activity. No clear endogenous r6le has yet emerged for 
this enzyme, although it is known to oxidize both physiological compounds and 
a wide range of xenobiotics [ 111. Consequently, aldehyde oxidase activity has 
been compared with diverse compounds such as N'-methylnicotinamide (7a), 
pyridoxal(17), 6-methylpurine (18), methotrexate (19), quinine (20) and vanillin 
(21), all of which may have different tissue or species specificity 
[ 1,92, 101-1041. Variations may be more pronounced between species than 
between different tissues. Nevertheless, of all the mammalian tissues studied, 
the liver contains the highest levels of aldehyde oxidase, with other organs such 
as the lung, kidney and small intestine containing less than 50% of the hepatic 
enzyme activity [92, 101, 1021. In the rabbit, using either methotrexate (19) or 
quinine (20), the lung is second to the liver in activity, followed by the uterus, 
small intestine and kidney [ 101-1031, whereas the guinea-pig kidney has about 
45% of the guinea-pig liver activity towards either 6-methylpurine (18) or 
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phthalazine (l), with the lung and small intestine containing considerably less 
activity [91, 1051. Values for human tissues are rather low compared with those 
from rabbit and guinea-pig but, again, only one substrate, 6-methylpurine (18), 
was used in the analysis [ 921. Furthermore, human aldehyde oxidase is known 
to be very unstable following surgical excision, and post mortem samples often 
appear to be devoid of enzyme activity [74]. In our laboratories, using 
substrates based on the phthalazine nucleus, human liver aldehyde oxidase has 
been shown to have activity comparable to that of the guinea-pig enzyme [ 1061. 
- It is easier to compare studies on xanthine oxidase, because one substrate, 
xanthine (3), is generally used to measure enzyme activity. In contrast to 
aldehyde oxidase, the mammary gland and the intestine have a higher xanthine 
oxidase content than the liver in most species [78,92]; cats and humans are 
exceptions in that the intestinal and hepatic xanthine oxidase concentrations 
are approximately equal [ 92, 1071. Both molybdenum hydroxylases are found 
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in the kidney, lung, spleen, stomach, muscle and heart [101, 102, 108, 1091. 
Little is known about the location of aldehyde oxidase within particular tissues, 
but xanthine oxidase is localized exclusively in sinusoid and capillary 
endothelial cells of hepatic, cardiac, pulmonary and adipose tissue [75, 1101. 
In mammary gland a positive reaction with antibodies to xanthine oxidase is 
seen in both the lactating epithelial cells and capillary endothelial cells [ 751. The 
intestine also contains xanthine oxidase located primarily in the mucosal 
epithelium, with neither the lymph nodes nor the underlying muscle layer 
showing any significant enzyme activity [ 11 11. In both the hamster and 
guinea-pig intestine there is a gradual decrease (approximately 50%) in 
xanthine oxidase activity from the proximal jejunum to distal ileum [ 11 1, 1121. 
Not only is intestinal xanthine oxidase responsible for the conversion of 
hypoxanthine and xanthine to uric acid, but Berlin and Hawkes have also found 
evidence for the active secretion of the hydroxylated purines into the intestinal 
lumen and have suggested that this secretory mechanism may be a pathway for 
the extrarenal excretion of urate [ 11 11. However, other investigators have been 
unable to show a concentration gradient for purines across rodent intestinal 
mucosa [ 1131. Alternatively, intestinal xanthine oxidase, may be present in the 
mucosal cell to facilitate the transcellular transport of ionic iron by promoting 
its oxidative incorporation into mucosal transferrin [ 114, 1151. 

High concentrations of intestinal xanthine oxidase also have important 
implications in developing suitable dosage forms for drugs which are substrates 
for the enzyme; thus 6-mercaptopurine, which is administered almost 
exclusively in tablet form, undergoes substantial biotransformation during 
absorption by rat intestine [ 1161 and also has a low oral bioavailability in man 
[ 117, 1181. Another possible site for extrahepatic metabolism is the skin. In 
those species tested, skin was found to have xanthine oxidase activity com- 
parable to that of the kidney [92, 1071. If aldehyde oxidase is present in 
amounts similar to xanthine oxidase, drugs such as acyclovir, which is known 
to be oxidized by hepatic aldehyde oxidase [ 1193, may be inactivated during 
passage through the skin from topical preparations. 

Whole brain homogenates have been found to contain very low levels or to 
be devoid of either of the molybdenum hydroxylases [92, 107, 108, 1201. 
However, more specific assays for xanthine oxidase gave values of 2-20 nmol 
xanthine transformed/mg per h for homogenates of cortex or whole brain from 
mouse, rat, guinea-pig, rabbit and cow [46, 1211. Less activity was detected in 
the cerebellum [ 1211 and, again, the cranial capillary endothelial cells were 
found to be eiiriiliecl iil xaiithice oxidase [4h]. Brain hypoxanthine concentra- 
tions are reported to rise during ischaemia due to increased ATP breakdown, 
and Betz [46] proposed that brain capillaries may be susceptible to damage 
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from the xanthine-oxidase-derived oxygen radicals arising from increased 
substrate availability. There is also evidence [ 1221 that the vascular injury 
associated with intestinal ischaemia is a result of oxygen radicals produced via 
xanthine oxidase. Rat brain xanthine oxidase is completely inhibited by subcu- 
taneous injection (30 mg/100 g) of barbiturate, a typical inducer of the 
cytochrome P-450 monoxygenase system [ 1231. The concentrations used in 
this study are rather higher than those usually employed in induction studies, 
although inhibition of both brain and serum xanthine oxidase was also observed 
in vitro [ 1231. 

It has been proposed that the appearance of xanihine oxidase in the serum 
may be a useful indication of liver injury or, more specifically, capillary 
endothelial cell damage [ 107, 124, 1251. However, some mammals have 
reasonably high levels of the enzyme under normal conditions ; these include 
rat, cow, donkey, badger, rabbit, guinea-pig, mouse and dog [107, 1261. 
Al-Khalidi and Chaglassian found the concentration of xanthine oxidase in 
whole blood to be about half of that contained in the serum in most mammals 
studied [ 1071. On the other hand, xanthine oxidase has been identified in 
mouse leucocytes, the levels of which are significantly increased in bacterial- 
or protazoally infected animals [ 1271. An analogous situation, but with a more 
marked effect, also occurs in the liver of similarly treated animals [ 1281. The 
authors have postulated that the increase in xanthine oxidase activity in 
leucocytes may represent a prompt defence mechanism to infection, probably 
acting via the production of superoxide anion [47]. Rat plasma is reported to 
be devoid of aldehyde oxidase activity [ 1251 but guinea-pig leucocytes contain 
a molybdenum hydroxylase with a specificity similar to that of guinea-pig liver 
aldehyde oxidase which is inactive towards xanthine [69, 1291. 

Although attempts to identify either enzyme in human sera have so far 
proved unsuccessful, exceptionally high concentrations of antibodies to 
xanthine oxidase have been found in human sera as well as in that from various 
animals [ 1241. Despite these unusually high levels, it is proposed that the 
antibodies result from self-immunization to the xanthine oxidase antigen 
present in the endothelial cells of capillaries, although the authors also 
acknowledge that the antibodies in human sera may be induced by bovine milk 
xanthine oxidase ingested in dairy products [ 1241. 

The thyroid also contains xanthine oxidase [48, 1071. In rats the thyroid has 
about 30% of liver enzyme activity, with a ratio of dehydrogenase : oxidase 
levels of approximately 3 : 1 [ 1301. As a result of in v i m  experiments, Lee and 
Fischer reported that the hydrogen peroxide produced by the oxidase form of 
xanthine oxidase is required for the biosynthesis of thyroid hormones [48]. 
However, Japanese workers [130] who did find a suppression of thyroid 
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hormone biosynthesis in vivo by the xanthine oxidase inhibitor allopurinol could 
not produce any inhibitory effect when the enzyme was inactivated by the 
administration of tungsten. They concluded that the biosynthesis of thyroid 
hormones was not mediated by xanthine oxidase. 

SPECIES DISTRIBUTION 

Although a comparison of species variation is complicated by the lack of a 
common analytical method, it is clear that the molybdenum hydroxylases are 
widely distributed throughout the animal kingdom. Monocellular organisms 
such as bacteria have been shown to contain xanthine oxidase [131]. This 
enzyme has also been found in lentil seedlings; the activity of the enzyme 
increases from germination to a maximum in 24 h, after which time the activity 
gradually decreases [ 1321. Two isoenzymes of aldehyde oxidase have been 
identified in potato tubers, but this was tested only with aldehyde substrates 
[ 701. In two extensive surveys comparing molybdenum hydroxylase distribu- 
tion in animals, both aldehyde oxidase and xanthine oxidase activities were 
measured with different substrates, the former enzyme with 6-nrethylpurine (18) 
and vanillin (2 1) and the latter enzyme with xanthine (3) and hypoxanthine (22), 
which may account for any discrepancies between the two reports [92, 1041. 
The results can be summarized as follows: both enzymes were detected in some 
multicellular phylogenetically primitive species such as Coelenterata (e.g., sea 
anemone) [ 921 and aldehyde oxidase was also found to be prevalent amongst 
molluscs, crustaceans and insects [ 1041. Two insects appeared to display 
xanthine dehydrogenase activity as larvae which changed to aldehyde oxidase 
activity in their adult stage [ 1041. The species difference in aldehyde oxidase 
activity appears to be more pronounced than that in xanthine oxidase, and 
Wurzinger and Hartenstein [ 1041 concluded that the former enzyme is phylo- 
genetically more primitive to xanthine oxidase. With regard to birds, xanthine 
oxidase was present in four out of six species tested in one study, whereas none 
of these displayed aldehyde oxidase activity [ 1041. Krenitsky, Tuttle, Cattau 
and Wang also found very little aldehyde oxidase activity in avian liver, 
although higher levels of the enzyme were found in avian kidney [92]. 
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Amongst mammals, xanthine oxidase levels appear to be less variable than 
aldehyde oxidase, with the highest activity for the former enzyme observed in 
dog, rat and cat (see Table 3.2). This is convenient for those drugs which are 
potential substrates for the enzyme, as dog and rat are the species routinely 
employed for metabolism and toxicity studies. For example, 6-mercaptopurine 
undergoes substantial biotransformation to 6-thiouric acid in both man and rat 

Unfortunately, it is more difficult to choose an animal model for human 
aldehyde oxidase because of the different substrate variation for each species. 
Table 3.3 compares the in vivo and in v i m  activity of the enzyme from some 

[ 116-1 181. 

Table 3.3. ACTIVITY OF HEPATIC ALDEHYDE OXIDASE TOWARDS DIFFERENT 
DRUGS IN SOME COMMON LABORATORY SPECIES [59, 103, 119, 133-1351 

In vitro activity" In vivo acriviry 

N'-Methyl- 
Species Quinine nicotinamide' Methotrexated 

Acyclovir (9% excreted as 
8- hydroxyacyclovir) 

Rabbit 100 100 
Rat 50 3.3 
Dog 0 n.d.' 
Mouse 10 14.8 

Monkey 9 9.8' 
Guinea-pig 0 55 

100 

n.d. 
0.2 

0.1 
2.2 

n.d. 

3.5 
0.6 
0.6 
1.1 
3.1 

15.1 

a All in vitro activities expressed relative to rabbit enzyme activity (100%). 

' Rabbit N'-methylnicotinamide oxidase activity = 0.121 pmol/mg per 10 min. 
% Destruction quinine/0.2 g liver per h. 

Rabbit methotrexate oxidase activity = 0.218 pmol/mg per h. 
n.d., not determined. 

' Homogenate prepared from frozen liver. 

common laboratory species (see also Table 3.2). The amount of 8-hydroxy- 
9-(2-hydroxyethoxymethyl)guanine (8-hydroxyacyclovir) excreted in man has 
not been determined, but oral administration of acyclovir (24, enol form) gives 
a mean urinary recovery of the parent drug of only 14.4% [ 1361. The aldehyde- 
oxidase-mediated products of both methotrexate (19) and quinine (20) account 
for up to 33% and 40%, respectively, of the administered dose in man 
[ 137-1401. Dog consistently shows minimal aldehyde oxidase activity, both 
in vivo and in v i m  [92, 103, 104, 1411, which can lead to a marked species 
difference between dog and man in the bioavailability of certain drugs. Thus 
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carbazeran (25), a potent cardiac stimulant in dogs, is rapidly inactivated in 
man and baboon, via 4-hydroxylation catalysed by aldehyde oxidase, whereas 
in the dog this metabolic route is absent [ 142, 1431. Rat liver exhibits marked 
variation in aldehyde oxidase activity between different animals [77, 144, 1451; 
even within the same inbred strain of rat, enzyme activity can vary up to 20-fold 
[ 144, 1451, This means that neither of these species is really suitable for testing 
drugs which may be oxidized by the enzyme. 

CH30 cH30T1 ‘ ’ 

(23) R = H 
(24) R=OH 

OCNHEt 
I/ 
0 

On the other hand, most workers prepare aldehyde oxidase from rabbit liver 
on the assumption that rabbit enzyme is able to catalyse a wider range of 
heterocyclic substrates than that from other mammalian species [ 3, 33, 1461. 
With some drugs it is possible to extrapolate from in v i m  rabbit studies to 
metabolic biotransformation in humans. Thus, methotrexate (19) is rapidly 
oxidized by rabbit liver aldehyde oxidase, whereas rat and mouse liver are much 
less active in this respect [6, 1331. Oxidation to the inactive 7-hydroxy analogue 
accounts for approximately 30% of the dose excreted in rabbits [ 103, 1471, but 
no metabolites were found in rats [ 1481. In high-, medium- and low-dose cancer 
therapy, 7-hydroxymethotrexate is the major metabolite identified and plasma 
concentrations of the metabolite exceed those of the parent drug after the end 
of dosing [147, 149-1541. However, rabbit and human hepatic aldehyde 
oxidase do not always have the same substrate specificity; thus, carbazeran 
(25), which is rapidly oxidized by baboon and human aldehyde oxidase, is not 
a substrate for the rabbit liver enzyme [ 1551. Furthermore, some quaternary 
substrates can be oxidized simultaneously at two alternative positions by hepatic 
aldehyde oxidase [57, 59,611 and the ratio of the oxidation products is 
species-dependent [ 57, 591. We have demonstrated that the major metabolite 
of N-phenylquinolinium perchlorate (8b) changes from the 2-quinolone with 
rabbit aldehyde oxidase to the 4-quinolone with guinea-pig enzyme [ 571. Under 
identical conditions, 80 yo of N-phenylquinolinium perchlorate is converted 
exclusively to the 4-quinolone with human liver aldehyde oxidase [ 1561. As 
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carbazeran is also an efticient substrate of guinea-pig enzyme [ 1551, the results 
suggest that in respect to aldehyde-oxidase-catalysed oxidation the guinea-pig, 
rather than the rabbit, more closely resembles man. 

FACTORS AFFECTING SUBSTRATE AND INHIBITOR 
SPECIFICITY 

In this section are described the important chemical features of those substrates 
which are oxidized by the molybdenum hydroxylases. Although these enzymes, 
particularly aldehyde oxidase, also catalyse numerous reductive reactions 
under anaerobic conditions in vitro, it has not yet been established whether they 
occur under physiological conditions and there are as yet insufficient examples 
of any one reduction reaction to permit any conclusions regarding the structure 
of substrates. Thus, such reactions will not be discussed here (see [ 1 1 1  and 
references therein). Properties of those inhibitors which bind at the Mo centre 
and are also substrate analogues will also be included. However, the interaction 
of inhibitors such as cyanide and arsenite with the molybdenum hydroxylases 
and the mechanism of action of the specific xanthine oxidase inhibitor, allo- 
purinol, have been comprehensively described elsewhere [ 8, 12, 14, 1571. 

ALDEHYDES 

Aliphatic aldehydes are oxidized by the molybdenum hydroxylases; the K, 
values for the same substrate are much lower with aldehyde oxidase than 
xanthine oxidase (Table 3.4) [33, 158-1601, but even these are some 100-times 
higher than the corresponding value with an aldehyde dehydrogenase [ 1611. 
V,,, values obtained with xanthine oxidase decrease with increasing carbon 
chain length, while the K ,  values do not alter significantly (Table 3.4) 
[ 160, 1621. Optimum activity, towards aldehyde oxidase occurs with a three- 
or four-carbon unbranched chain [33, 163, 1641. Longer aliphatic aldehydes 
(up to sixteen C) have decreasing V,,, values, but these are achieved at lower 
substrate concentrations [ 163-1651. The importance of a lipophilic binding site 
near the Mo centre is indicated by the lower K, values for aromatic aldehydes, 
although once again these substrates have a greater affinity for aldehyde oxidase 
than xanthine oxidase [33, 158-1601. In this aspect, aldehyde oxidase would 
appear to be aptly named. In addition, an N-heteroaromatic ring appears to 
facilitate binding of the substrate but does not necessarily enhance the rate of 
oxidation [ 1601. However, if there is a vacant a-position in the ring system, e.g., 
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Table 3.4. MOLYBDENUM HYDROXYLASE ACTIVITY WITH ALIPHATIC AND 
AROMATIC ALDEHYDES [33, 159, 160, 1631 

Hepatic aldehyde oxidase 
Bovine milk 
xanthine oxidase Hog Man Rabbit 

Acetaldehyde 
Proprionaldehyde 
But yraldehyde 
Pentanaldehyde 
Heptaldehyde 
Salicylaldehyde 
Pyridine-2-aldehyde 
Pyridine-3-aldehyde 
Pyridoxal 

130 100" 
430 23.3 
142 2.4 

- - 
1 7.7 
0.36 3.4 
0.05 2.7 

- 0 

100 1 OOb 
30 110 
25 26 I 

1.25 52 
1.3 7 

- - 

100' 
132 

25 

1 
d - 

a Bovine milk oxidase activity with acetaldehyde = 1OO/s. 

' Human aldehyde oxidase activity, comparative rates only. 
Hog liver aldehyde oxidase activity with acetaldehyde = 7.9 jimol/mg per min. 

Not determined. 

quinoline-6-aldehyde, oxidation of the nucleus may precede that of the aldehyde 
group [ 1661. 

The oxidation of substituted benzaldehydes by xanthine oxidase is sterically 
hindered by bulky substituents at the ortho (0) position (Table 3.5) [167]. 
Increasing the size of the halo-substituent dramatically decreases the oxidation 
of the o-substituted compound, whereas that of the p-halobenzaldehyde 
increases due to the increased inductive effect. The positional specificity was 
not due to electronic effects, because the oxidation rate was also decreased with 
electron-donating o-substituents. Although the substrates of aldehyde oxidase 
have not been so rigourously examined, the enzyme does appear to be subject 
to similar steric considerations, as o-chloro- and o-nitrobenzaldehyde are 
oxidized at much lower rates than benzaldehyde itself [33]. 

Phosphorylated aldehydes (26), which are structurally related to aldo- 
phosphamide (14), the aldehyde metabolite of cyclophosphamide, are also 
substrates for aldehyde oxidase [ 1681. A good correlation was found between 
the ability of the compounds (26) to inhibit N'-methylnicotinamide oxidation 
competitively in vitro (as a competitive substrate) and the in vivo potentiation 
of cyclophosphamide efficacy in mice. 
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Table 3.5. SUBSTITUENT EFFECTS ON THE XANTHINE-OXIDASE-CATALYSED 
OXIDATION OF BENZALDEHYDE [I671 

CHO 

Substituent 

R ,  R2 R3 Relative oxidation rate 

H 
CI 
Br 
I 
H 
H 
H 
CI 
Me 

M e 0  
H 
H 
H 

W C H , ) ,  

H 
H 
H 
H 
CI 
Br 
I 
H 
H 
H 
H 
Me 

M e 0  
Me(CH*), 

H 
H 
H 
H 
H 
H 
H 
CI 
H 
H 
H 
H 
H 
H 

100” 
70 
25 

3 
245 
264 
453 

1.5 
43 

5 
26 

132 
108 
53 

$ 

Bovine iiiilk xanthine oxidase activity with benzaldehyde = 0.067 pmol/mg per min. 

There are few reports of aldehydes acting solely as inhibitors of either 
molybdenum hydroxylase. With most of the aldehydes listed in Table 3.4, 
xanthine oxidase is reversibly inactivated at high substrate concentrations as 
it is turning over [ 1691. With the exception of formaldehyde inactivation, 
enzyme activity is completely recovered by incubation of the samples with 
oxygen [ 1691. The irreversible loss of activity observed with formaldehyde may 
be ascribed to the compound reacting at other sites in the enzyme as well as 
the Mo centre [ 160, 169, 1701. 2-Amino-4-oxopteridin-6-aldehyde (27) also 
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progressively inactivates xanthine oxidase and shows a high affinity for the 
enzyme [4, 1711. However, this aldehyde (27) is probably also slowly oxidized 
by xanthine oxidase to the pterin carboxylic acid, as inhibitory activity gradually 
decreases when the aldehyde is incubated with enzyme [4, 171, 1721. In 
contrast, compound (27) shows substrate activity only with aldehyde oxidase 
[ 1591. 

N-HETEROCYCLES 

Lipophilicity and the size of substrate-binding site 

Although aldehyde oxidase and xanthine oxidase differ markedly in their sub- 
strate and inhibitor specificities, there is considerable evidence to suggest that 
binding of both substrates and inhibitors to either enzyme is facilitated by 
hydrophobic interaction in the enzyme active site. 

Simple unsubstituted monocycles such as pyridine, pyrazine, pyrimidine, 
pyridazine and pyrrole show little or negligible binding to either enzyme 
[3, 10, 1731. However, we have shown that fusion or substitution of a phenyl 
group significantly increases the affinity of the compounds towards aldehyde 
oxidase, and in some cases the heterocycles are substrates for xanthine oxidase 
(Table 3.6) [50, 1731. Furthermore, studies with compounds containing a 

Table 3.6. SPECIFICITY OF THE MOLYBDENUM HYDROXYLASES TOWARDS 
UNCHARGED N-HETEROCYCLES [SO, 173-1751 

Substrate Aldehyde oxidase" Xanthine oxidaseb 

Quinoline ( I-azanaphthalene) 
Isoquinoline (2-azanaphthalene) 
Cinnoline (1.2-diazanaphthalene) 
Quinazoline (1,3-diazanaphthalene) 
Quinoxaline ( 1  ,Cdiazanaphthalene) 
Phthalazine (2,3-diazanaphthalene) 
4-Phenylpyrimidine 
Acridine (2.3-benzoquinoline) 
Phenanthridine (3,4-benzoquinoline) 
5.6-Benzoquinoline 
7,8-Benzoquinoline 

3 
0.2 
0.14 
0.0 15 
0.18 
0.099 
0.76 
0.5' 

< 0.001 

- 
0.25 

2.6 
- 

- 

a Rabbit liver aldehyde oxidase. 
Bovine milk xanthine oxidase. 

' Rat liver aldehyde oxidase. 
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second benzene ring fused on to the quinoline nucleus provide additional 
information on the limits of the hydrophobic binding site for uncharged sub- 
strates of aldehyde oxidase. Thus, 3,4-benzoquinoline, phenanthridine (28a), is 
one of the most efficient substrates of aldehyde oxidase, with a K ,  < 10- M, 
and the 2,3-isomer, acridine (29a), is rapidly oxidized by rat liver aldehyde 
oxidase [ 173, 1741. On the other hand, 5,6-benzoquinoline (30a) and 7,8-ben- 
zoquinoline (31a) do not bind to the enzyme [ 1731, nor is a lactam metabolite 
isolated from rat liver incubations [ 1761. This indicates that the limit of the 
hydrophobic area is within 2.4-4.8 A (i.e., 1-2 benzene rings) of the heterocy- 
clic ring [ 1771. The lipophilic regions may also be important in the binding of 
the phenothiazines (32), which are potent competitive inhibitors of rabbit and 
human liver aldehyde oxidase [33]. 

Me 

(29a)  R = H 
( 2 9 b )  R =  YH 6""' 

I 
NHSOz M e 
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Despite the charge on N-heterocyclic cations, lipophilicity is also a determin- 
ing factor in the binding of such compounds to aldehyde oxidase; thus, 
N-methylpyridinium does not serve as a substrate for aldehyde oxidase but only 
functions as a poor competitive inhibitor [ 1591, whereas more lipophilic 
analogues are excellent substrates of the enzyme (Table 3.7) [ 571. However, 

Table 3.7. APPARENT MICHAELIS-MENTEN CONSTANTS FOR CATIONIC 
SUBSTRATES OF MOLYBDENUM HYDROXYLASES [57,58,62,159]  

K, ImM) 

Substrate Aldehyde oxidase" Xanthine oxidaseh 
~ 

N-Methylpyridinium 
N-Phenylpyridinium 
N-Methylquinolinium 
N-Phenylquinolinium 
N-Methylisoquinolinium 
N-Methylphenanthridinium 
N-Methyl-5,6-benzoquinolinium 
N-Methyl-7,8-benzoquinolinium 

19' 
n.d. 

1.6 
0.07 
2d 
0.12 
0.25 
0.23 

> 70 
22 
n.d. 

0.4 
1.2 
1.8 

a K, values determined at pH 7 and 30 "C with rabbit liver aldehyde oxidase. 
K, values determined at pH 10.6 and 25 "C with bovine milk xanthine oxidase. 
K, as competitive inhibitor of N '-methylnicotinamide. 
K i  as competitive inhibitor of 6-methylpurine. 

enzyme activity towards quaternized substrates does not necessarily reflect that 
observed with their uncharged counterparts, as can be seen from a comparison 
of Tables 3.6 and 3.7. Quaternization of a ring nitrogen normally activates a 
heterocyclic ring towards nucleophilic attack, yet N-methylisoquinolinium only 
binds as a weak competitive inhibitor, whereas isoquinoline itself is a 
reasonable substrate [ 50,57,62]. Furthermore, it is perhaps necessary to 
postulate a larger hydrophobic binding area to accommodate quaternary 
substrates such as the N-methylated benzoquinolines, which do not bind in the 
uncharged form [57, 1731. An extended lipophilic site is also required to bind 
to the extremely potent cationic competitive inhibitors, ethidium bromide (33) 
and 4'-(9-acridinylamino)methansulphon-rn-anisidine (N-[4-(9-acridinyl- 
amino)-2-methoxyphenyl]methanesulphonamide) (29b) [62, 1781. On the 
0 t h  hnnd, both quaternary and uncharged substrates appear to act at the 
same site on aldehyde oxidase, as the oxidation of non-quaternized substrates 
is competitively inhibited by a number of cationic substrates or inhibitors [ 621. 
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Inhibition studies using xanthine oxidase also suggest that cationic substrates 
are oxidized at the same enzymic site as xanthine [ 1791. In this case, however, 
initial dissociation of an essential amino acid within the active site as a pre- 
requisite is indicated before quaternary compounds bind, as these substrates 
are only very slowly oxidized at pH 7 and investigations have to be performed 
at pH > 9.6 [58, 179, 1801. Nevertheless, analogous substituent effects are 
observed with both molybdenum hydroxylases (Table 3.7) and a relatively 
large hydrophobic binding site is again indicated with xanthine oxidase. 

Conventional substrates of xanthine oxidase based on the purine nucleus can 
undergo oxidation in both heterocyclic rings at positions 2,6 and/or 8. Sub- 
stitution of an aryl group at carbon 8 in hypoxanthine (22) hinders oxidation 
at carbon 6, although such compounds are very strongly bound to the enzyme 
[ 1811. An alternative approach, used by Leonard’s group in the United States 
to study the spatial restrictions of the binding site in xanthine oxidase, is to 
laterally extend the purine ring, keeping the peripheral rings intact [ 177, 1821. 
The lipophilic heterocycles used in these studies were based on either 
hypoxanthine (22) or xanthine (3), which would normally undergo oxidative 
attack at carbon 6 or 8, respectively. Xanthine oxidase readily oxidizes both 
lin-benzohypoxanthine (34a) and lin-benzoxanthine (34b), but the K, value for 
(34a) is 5-10-times higher than that obtained for hypoxanthine [ 177, 1821. 
Binding of the angular benzopurines is obviously sterically hindered to a greater 
or lesser extent; thus, the pox-benzoanalogues (35a, b) are both oxidized at 
much lower rates than xanthine, whereas dist-benzoxanthine (36b) is not a 
substrate, although oxidation in the pyrimidine ring of disc-benzohypoxanthine 

(340)  R =  H (350) R = H  
(34  b) R = OH as l ac tam ( 3 5 b )  R = OH as l a c t a m  

( 3 6 0 )  R =  H ( 3 7 a )  R = H 
(36 b)  R = OH as lac tam t 3 7 b )  R = OH as lac tam 
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(36a) is observed. A further extension to give fin-naphthohypoxanthine (37a) 
and lin-naphthoxanthine (37b) provides additional information on the dimen- 
sions of the binding site. The former compound (37a) is oxidized at carbon 7 
to (37b) with a K ,  value similar to that for lin-benzohypoxanthine (34a), 
whereas the V,,, values increase in the order hypoxanthine < fin-benzohypo- 
xanthine < fin-naphthohypoxanthine. In contrast, lin-naphthoxanthine (37b) is 
refractory to oxidation and functions only as a non-competitive inhibitor. 

The widespread use of allopurinol(38), a xanthine oxidase inhibitor, in the 
treatment of gout has led to the synthesis and testing of numerous pyrazolo- 
pyrimidine analogues, and it is from these extensive studies that the increased 
binding due to hydrophobic substituents is most apparent. In the studies 
originated by Baker, around 60 different purines and pyrazolo[ 3,441- 
pyrimidines were tested as inhibitors of hypoxanthine oxidation [ 183-1851. 
Enhanced binding due to a hydrophobic group could be demonstrated in the 
hypoxanthine, adenine guanine and pyrazolo[ 3,4-d]pyrimidine series, although 

Table 3.8. POTENT INHIBITORS OF XANTHINE OXIDASE 

Compound I d  (pM) Reference 

8-Phenylhypoxanthine 
9-Phenylhypoxanthine 
8-( 3-Nitropheny1)adenine 
9-Phenyladenine 
8-Phenylguanine 
9-Methylguanine 
9-Phenylguanine 
Allopurinol 
6-(3-Nitrophenyl)allopurinol 
3-Hydroxy- 142' ,4' -dinitrophenyl)-lH-pyrazolo[4,3-c]pyridine 
3-Hydroxy- 1 -(2-nitrophenyl)- 1 H-pyrazolo[3,4-b]pyridine 
2-Methyl-3-(2-pyridyI)-pyrido[2,3-d]pyrimidine-4-one 
Pyrazolo[ 1,5-a]pyrimidin-7-one 
2-Phenylpyrazolo[ I ,5-a]pyrimidin-7-one 
3-Phenylpyrazolo[ 1,5-a]pyrimidin-7-one 
34 3-Tolyl)pyrazolo[ 1,5-a]pyrimidin-7-one 
7-Hydroxypyrazolo[ 1,5-a]pyrimidin-7-one 
3-( 3-Tolyl)-7-hydroxypyrazolo[ 1,5-a]pyrimidin-7-one 
3-(2-Furyl)-5-(4-pyridyl)- 1,2,4-triazole 
34 3-Pyridyl)-5-(4-pyridyl)- 1,2,4-triazole 
3-(4-Pyrirnidyl)-5-(4-pyridyl)- 1,2,4-triazole 

0.062 

0.016 

7.4 

0.4 1 
0.87 
0.70 

13 

900 

58 

52 
250 
100 

11 
50 
0.4 
0.06 
4.5 
0.025 

0.02 
0.04 

15 

184 
184 
184 
184 
183 
183 
183 
184 
184 
189 
190 
191 
194 
194 
194 
194 
194 
194 
195 
195 
195 

a I,, value is the concentration of compound to produce a 50% inhibition of control reaction 
using either hypoxanthine or xanthine as substrate. 
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the position of the aromatic substituent was critical (Table 3.8) [ 183-1851: 
maximum reversible inhibition was obtained with 8-phenylhypoxanthine (39), 
and 8-(3-nitrophenyl)adenine (40) but not with 9-phenylguanine (4 1) and 6-(3- 
nitropheny1)allopurinol (42). All these compounds have Z,, values against 
hypoxanthine of less than 1 pM, which are 12-54-fold better than allopurinol 
itself [ 1851. A number of 5-methyl-6-substituted-pyrrolo[ 2,3-d]pyrimidine- 
2,4-diones (43) have also been tested as xanthine oxidase inhibitors, but only 

(41) 

(43) 

(40) 

(42)  

(44) 

(45) (46) (47) 
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the 6-phenyl analogue showed significant inhibitory activity [ 1861. Analogues 
based on the purine or allopurinol nucleus are so structurally similar to endo- 
genous molecules that they also interfere with other purine-metabolizing en- 
zymes; for example, 9-phenylguanine (4 1) also inhibits guanine deaminase 
[ 1841 and allopurinol can be converted to unnatural nucleosides and nucle- 
otides [ 1871. Even 8-azapurines (44), which contain an additional nitrogen 
atom in the imidazole ring, inhibit xanthine oxidase and two purine deaminases, 
although the effect of 9-aryl substitution is different in each case [ 1881. How- 
ever, pyrazolopyrimidines lacking the nitrogen atom at position 5 (pyrazolo- 
[4,3-c]pyridines) (45) or position 7 (pyrazolo[ 3,4-b]pyridines) (46) and pyrido- 
[ 2,3-d]pyrimidines (47) all substituted with hydrophobic groups were found to 
selectively inhibit xanthine oxidase but to be inactive towards guanine 
deaminase, guanosine deaminase and adenosine deaminase [ 189-1 9 1 1. The 
inhibition exhibited by the latter group of compounds was found to be competi- 
tive [ 1911, although the I,, values in each case were some 1000-times higher 
than those for allopurinol (Table 3.8). 

Two groups of compounds appear to show the most promise as selective 
xanthine oxidase inhibitors : those based on a pyrazolo[ 1,5-a]pyrimidine 
nucleus, which show mixed or non-competitive inhibition; and substituted 
triazoles, which are competitive inhibitors [ 192, 1931. The 3-position of the 
pyrazolo[ 1,5-a]pyrimidines (48) is spatially equivalent to the 9-position of 
purine, and 3-aryl-substituted compounds were found to be 30-160-times 
better inhibitors than allopurinol (Table 3.8) [ 1941. In contrast, the hetero-rings 
in the potent substituted triazole inhibitors (49) are no longer fused, but those 
compounds with substituted aryl groups in the 3-position have the highest levels 
of intrinsic activity (Table 3.8) [ 1951. 

Me 

(48) 
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Steric factors and position of oxidation 

In spite of the close structural relationship of the molybdenum hydroxylases, 
including a tendency for hydrophobic substrate/enzyme interaction, there is a 
very significant difference in the substrate specificity of the two enzymes. Not 
only is there considerable variation in the affinities for substrates and inhibitors, 
but there is often a difference in the position of oxidative attack. As both 
enzymes catalyse apparently similar nucleophilic reactions, this difference 
cannot be explained solely from electronic considerations and is probably due, 
to a great extent, to the differential response of each enzyme to steric factors. 

N'-Methylnicotinamide (7a) is oxidized predominantly at position 6 by 
rabbit liver aldehyde oxidase [ 60, 196, 1971. As the size of the alkyl substituent 
increases (7b-7d), oxidation at carbon 4 becomes more favourable, and with 
the r-butyl analogue (7e) only 4-pyridone is produced (Table 3.1) [60, 1971. The 
K ,  for compounds (7a-7e) decreases with increasing size of the alkyl group, 
pointing to a higher affinity for those compounds with more hydrophobic 
substituents. However, the larger branched alkyl groups not only sterically 
hinder oxidation at carbon 6 but also decrease the overall oxidation rate. The 
major products of aryl or arylalkyl-substituted 3-carbamoylpyridinium chlo- 
rides (7f-7n) with rabbit liver aldehyde are also 6-pyridones [51]. 

N-Methyl and N-ethyl analogues of (7) and (8) are converted exclusively to 
the 6-pyridones and 2-quinolones, respectively, by xanthine oxidase [ 58, 1791, 
although in the latter case substitution with the longer alkyl group causes an 
increase in K ,  and a sharp drop in maximal oxidation rate for the quinolinium 
derivative [ 581. The unfavourable steric reaction with ethyl as opposed to 
methyl substituents suggests that longer-chain analogues would not react at all. 
With N-aryl-3-carbamoylpyridinium chlorides, the main product formed by 
aldehyde oxidase, the 2-pyridone, is the minor product in the xanthine oxidase 
reaction and vice versa [51]. 

Purines make up the largest group of substrates studied for xanthine oxidase; 
in general, these compounds are better substrates for this enzyme than for 
aldehyde oxidase. The parent base is sequentially oxidized via hypoxanthine 
(22) and xanthine (3) to purine-2,6,8-trione (uric acid) by xanthine oxidase, 
whereas aldehyde-oxidase-catalysed oxidation of purine occurs exclusively at 
carbon 8. Introduction of a methyl group at carbon 6 (18) completely abolishes 
activity with the former enzyme but does not significantly affect oxidation by 
aldehyde oxidase [ 101. However, a larger n-propyl substituent lowers the 
oxidation rate with the latter enzyme by about 60%. The contrasting results 
obtained from 6-substitution are not unexpected in view of the different initial 
sites of purine oxidation. However, substitution of a methyl group at position 
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7, 8 or 9 also drastically diminishes the rate of oxidation with xanthine 
oxidase [ 10, 1981, which indicates that binding of the imidazole ring is also 
critical for oxidation at carbon 6. Surprisingly, 8-methylpurine is slowly 
oxidized by aldehyde oxidase, although in this case attack must occur in the 
pyrimidine ring [ 101. It is also interesting to note that 6-mercaptopurine, a 
widely used cytotoxic drug, is attacked by both enzymes at a relatively low 
oxidation rate. In both cases, initial oxidation is at carbon 8, followed by attack 
at carbon 2 to yield 6-thiouric acid for xanthine oxidase [ 10, 1991. 

Hypoxanthine is oxidized at carbon 2 by both molybdenum hydroxylases, 
although xanthine oxidase is much more effective as a catalyst in this reaction 
[ 101. A methyl substituent in this position prevents oxidation by either enzyme. 
Introduction of N-methyl substituents into the hypoxanthine nucleus produces 
dramatic effects on enzymic oxidation rates and also gives some insight into 
the productive modes of binding to each enzyme. Thus, it has been proposed 
that hypoxanthine tautomerizes in the xanthine oxidase-substrate complex to 
the 3-NH-form with a simultaneous shift of the NH-group in the imidazole ring 
from position 9 to 7 [ 198,2001. In support of this hypothesis, when 
tautomerism in the imidazole ring is prevented by substitution at N-7 or N-9, 
such compounds are almost refractory to oxidation (see Table 3.9) 

Table 3.9. EFFECT OF METHYLATION O N  OXIDATION OF HYPOXANTHINE 
A N D  7-DEAZAHYPOXANTHINE (10,198,2001 

. .. ~ 

Relative o.yidation rate 

Compound Xanrhine oxiduse Aldehyde o.ridase 

Hypoxanthine 
I-Methylhypoxanthine 
3-Methylhypoxanthine 
7-Methylhypoxanthine 
8-Methylhypoxanthine 
9-Methylhypoxanthine 
7-Deazahypoxanthine 
1-Methyl-7-deazahypoxanthine 
3-Methyl-7-deazahypoxanthine 
7-Methyl-7-deazahypoxanthine 
9-Methyl-7-deazahypoxanthine 
6-Methoxy-7-deazapurine 

108 
- 

0.6 
0 

94 
0 
9.3 
0 

20 
10 

Oh 
0' 

3 
84 

710 
27 

2 
- 

- 

_ _  

I-Methylhypoxanthine has an oxidation rate 15"" that of hypoxanthine [lo]. 
I, Competitive inhibitor, K ,  = 100 pM. 
' Competitive inhibitor, K ,  = 180 pM. 
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[ 10, 198,2001. On the other hand, the 8-position does not appear to play any 
r61e in the formation of the enzyme-substrate complex, as 8-methyl- 
hypoxanthine is oxidized almost as efficiently as hypoxanthine itself [ 2001. 
Furthermore, where tautomerism in the pyrimidine ring is blocked, as in 
1-methylhypoxanthine (5 la), the compound is not a substrate [ 198,2001, but 
if the double bond is already fixed between positions 1 and 2, which is the case 
with the 3-methylisomer (51b), it is slowly oxidized by xanthine oxidase. 
Although the latter compound has the correct tautomeric form for the most 
productive binding, the bulky methyl group appears to sterically hinder attack 
at carbon 2, which accounts for the lower oxidation rate. Analogous results 
have also been obtained by Rosemeyer and Seela using monomethyl derivatives 
of 7-deazahypoxanthine (52a, b) [201]. Unlike the hypoxanthines, which can 
undergo two sequential oxidation steps, 7-deaza analogues of hypoxanthine 
are oxidized exclusively at carbon 2 and therefore the regiochemical require- 
ments for the single oxidation step can be more accurately obtained. In the 
deazapurine series, methylation of N- 1 results in a complete loss of substrate 
activity, whereas the 3-methyl isomer is a slightly poorer substrate than 
7-deazahypoxanthine itself [201]. It is thus assumed that this position, in the 
tautomeric form (52b), is necessary for binding and oxidation at C-2. In 
addition, a free carbonyl group at C-6 is also essential, since in the 0-methyl 
derivative, binding is decreased significantly, leading to weak inhibition 
properties. A similar dependence on the correct tautomeric form of the 
pyrimidine ring for binding to xanthine oxidase can also be demonstrated in 
N-methylated allopurinol series (54a, b) and the isomeric N-methyl-7-deaza- 
guanines (53a,b) [202,203]. 

R Me 

(50a)  R = H (50b)  
(51a) R = Me (51 b) 
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The effect of methylation on aldehyde-oxidase-catalysed oxidation of 
hypoxanthine has not been so rigourously analysed. However, a similar require- 
ment for the 3-H tautomer is indicated, as 3-methylhypoxanthine (51b) is a 
much more efficient substrate than hypoxanthine for this enzyme [ 101. 

In contrast, pteridines are excellent substrates for both molybdenum 
hydroxylases and each enzyme can catalyse oxidation at carbon 2, 4 or 7, 
although not necessarily in the same molecule [ 10,204-2061. For a comparison 
of the position of attack by the enzymes, the reader is referred to a recent review 
by the author [ 111. Unfortunately, the sequence of oxidation in the multistep 
pathways is not always clear and therefore the effects of substitution are 
difficult to interpret. 1-Methylpteridin-4-one (55b), which is apparently 
oxidized at carbon 2, is converted much more rapidly than the 3-methyl isomer 
(55a) [206]. These derivatives correspond to the 3-methyl and 1-methyl 
analogues of hypoxanthine, respectively. Nevertheless, it is not possible to 
make direct comparisons of the N-methyl derivatives with unsubstituted 
pteridin-4-one (56b) because the site of oxidation may differ [206,207]. 

Effect of charge and electron density 

In addition to lipophilic groups increasing the affinity of heterocyclic 
compounds for the molybdenum hydroxylases, a similar effect can be observed 
by decreasing the electron density at the carbon undergoing oxidation. This 
may be achieved in a number of different ways. Quaternization of a ring 
nitrogen atom may activate a molecule towards enzymic attack; thus, 
N-methylquinolinium (8a) is oxidized much more rapidly by aldehyde oxidase 
than the parent base, quinoline [57]. However, in monocyclic systems, 
quaternization alone may not be sufficient to promote molybdenum-hydroxyl- 
ase-catalysed oxidation ; N-methylpyridinium cations are not substrates for 
either enzyme unless an electron-withdrawing substituent such as CONH, is 
present at carbon 3 (7a-7n) [ lo ,%,  1591. The presence of the electron- 
withdrawing group itself does not confer substrate activity on a molecule; thus 
nicotinamide is refractory to enzymic oxidation [ 101. Bunting and Gunasekara 
[ 1801 have therefore postulated that in cationic substrates there is an important 
interaction between an electronegative atom X (X = 0, N or S )  in the sub- 
stituent and a functional group in the active site of xanthine oxidase [ 1801. 
Although such an interaction has a favourable effect on the oxidation of 
pyridinium compounds, 3-substituted quinolinium salts are thought to be 
oriented in such a way in the active site of aldehyde oxidase that oxidation is 
directed completely at carbon 4 and the reaction velocity is very low, despite 
the electron-withdrawing CONH, group [61]. 
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Substrates have a minimum requirement for a heterocyclic nitrogen atom in 
an aromatic system although Banks and Barnett have shown recently that the 
stabilized carbonium ion salt, tropylium tetraftuoroborate, is oxidized by 
aldehyde oxidase to cycloheptatrienone (tropone) [ 207al. Additional nitrogen 
atoms have a further activating effect towards molybdenum hydroxylase 
activity; thus all four diazanaphthalenes are better substrates for aldehyde 
oxidase than the monoazanaphthalenes, quinoline and isoquinoline (see Table 
3.6) [ 501 and 1,3,5,84etraazanaphthalenes (pteridines) are rapidly oxidized by 
both enzymes [ 10,49,204]. A low electron density at a carbon atom appears 
to be more important in influencing the position of aldehyde-oxidase-catalysed 
attack than that of xanthine oxidase. In the latter case, the relative position of 
the electronegative nitrogen atoms, perhaps to bind to an electropositive centre 
in the enzyme active site, seems to be more significant. In purine, for instance, 
carbon 8 is the most electron-deficient and is also the position of aldehyde 
oxidase attack, whereas the compound is oxidized at carbon 6 by xanthine 
oxidase [ 10,2081. Furthermore, cinnoline (6), despite the two adjacent nitrogen 
atoms, is refractory to oxidation by the latter enzyme but is converted to 
cinnolin-Cone by aldehyde oxidase [ 501. In this case, oxidation does not occur 
adjacent to a nitrogen atom but at the position of lowest electron density. 
Although attack is normally in the heterocyclic ring, some compounds, such as 
acridine (29a) and phenazine methosulphate (57), are oxidized by aldehyde 
oxidase at an electron-deficient carbon in a carbocyclic ring [ 174,2091. A low 

I 
Me 

electron density may also affect reactions catalysed by xanthine oxidase; out 
of the four oxidizable carbon atoms in the pteridine ring system, only the 
6-position is not oxidized by either molybdenum hydroxylase [ 10,204,2051. 
Substitution of a third nitrogen atom into the pyrazine ring at position 7 means 
that in 7-azapteridine-2,4-dione carbon 6 carries a greater positive charge than 
the corresponding position in pteridine-2,4-dione and the former compound is 
oxidized, albeit at a low rate, at carbon 6 [210]. However, it is also possible 
that oxidation may be enhanced at this position because the additional nitrogen 
assists in binding to the active site rather than a lowered electron density at the 
adjacent carbon. 
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Both molybdenum hydroxylases can oxidize uncharged and cationic sub- 
strates, although at physiological pH aldehyde oxidase is much more active 
towards the latter group of compounds. It does not necessarily follow, however, 
that when compounds have a pK, value around 7, the neutral and protonated 
forms both bind to the enzyme. Kinetic studies at different pH values have 
indicated that it is the unprotonated form of 2-aminophthalazine that reacts 
with the molybdenum hydroxylases, either as a substrate for aldehyde oxidase 
or a competitive inhibitor of xanthine oxidase [211]. In contrast, at pH 7-8 
many of the purine and pteridine substrates are present as mixtures of 
uncharged molecules and monoanions, both of which are rapidly oxidized by 
xanthine oxidase [ 181, 200,206, 210, 2121. 

Anions may not be substrates at all for aldehyde oxidase. The cytotoxic drug, 
methotrexate (19), is a substituted pteridine with both basic and acidic ionizable 
groups present; the carboxylic acid groups, part of a glutamic acid residue, are 
predominantly ionized at pH 7 [213]. Uncharged di-n-alkyl esters of 
methotrexate show significantly greater activity towards aldehyde oxidase than 
the parent drug [214]. This could be due to increased lipophilicity, but since 
the K, values for methotrexate decrease as the pH value is lowered from 8 to 
6, it has been interpreted to indicate that substrate activity for aldehyde oxidase 
is a property of the undissociated carboxylic acid form of the drug [214]. In 
support of this proposal, 4-amino-4-deoxy-N'o-methylpteroic acid (APA), 
which lacks the dibasic glutamic acid group, is oxidized 2-3-times more rapidly 
by rabbit liver aldehyde oxidase than is the parent base [215]. Furthermore, 
there is an inverse relationship between the affinity of methotrexate poly- 
glutamates for the enzyme and the number of glutamic acid residues (n = 1-4) 
[ 146,216,2171. 

Neither methotrexate nor its microbial breakdown product, APA, is a 
substrate for xanthine oxidase [ 6 ,2  151, although this may be more a function 
of the 2,4-diaminopteridine moiety, which itself is refractory to xanthine 
oxidase 12041, rather than the glutamic acid residue. In fact, methotrexate is 
a potent competitive inhibitor of this enzyme, with a Ki value of around 25 pM 
[218,219]. There is considerable controversy as to whether folic acid, a 
substituted 2-aminopteridin-4-one, is also an inhibitor of xanthine oxidase. It 
is not oxidized at carbon 7, unlike the parent compound, which is a poor 
substrate [204]. However, some workers have shown that folic acid is an 
extremely potent competitive inhibitor of xanthine oxidase, some 10-times more 
effective in vitro than allopurinol, whereas other reports claim that the inhibition 
is due to the contaminant 2-amino-4-oxopteridine-6-aldehyde (27), which is a 
photolytic breakdown product of folic acid [4, 171, 172,218-2201. 
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CONCLUSION 

The previous sections serve to illustrate the wide range of compounds that can 
interact with the molybdenum hydroxylases, although the survey is by no means 
exhaustive. Substrate and inhibitor specificity is governed by an interplay of 
steric, lipophilic and electronic factors. With simple molecules, it may be 
possible to demonstrate a correlation between enzymic activity and electron 
density [ 501 or partition coefficient, which is indicative of lipophilicity [ 1751, 
but with more complex substrates it is often difficult to differentiate between 
such effects. 

Because the enzymes have such an extensive specificity and are so widely 
distributed, it is perhaps inappropriate to select a single ‘physiological‘ sub- 
strate, although there are a number of possible candidates. In spite of the fact 
that all purines arising from nucleic acid breakdown are normally channelled 
via hypoxanthine for xanthine oxidase oxidation [ 22 1-2231, individuals lacking 
the enzyme do not seem to suffer any severe clinical effects [224,225]. 
However, xanthinuria is not necessarily linked with a lack of aldehyde oxidase, 
as in some patients endogenous purines and allopurinol still undergo oxidation 
[ 2261. Thus, even in normal subjects, both molybdenum hydroxylases may be 
involved in purine oxidation. Both xanthine oxidase and aldehyde oxidase can 
catalyse the oxidation of vitamin A aldehyde to the corresponding acid and it 
has therefore been suggested that aldehyde oxidase may play a pivotal r61e in 
vitamin A metabolism [227,228]. The latter enzyme is also active in the 
degradation of N’-methylnicotinamide and vitamin B-6 (pyridoxal, (1 7)) 
[ 1,2291. In humans, pyridoxic acid, the dead-end metabolite of pyridoxal, 
rapidly appears in the urine after administration of the vitamin [230]. 
Nevertheless, it seems unlikely that a key regulatory enzyme in the catabolism 
of the above compounds would have such a wide substrate specificity. 

Conversely, it has been argued that the main function of xanthine oxidase 
may not be the oxidative half-reaction, but may rather reflect the reductive 
capacity of the enzyme to produce hydrogen peroxide and superoxide radical 
[ 23 I]. These ‘active’ forms of oxygen could act as general oxidizing agents for 
compounds such as ethanol, tryptophan and adrenaline [231], or have a 
specific r6le in those tissues previously mentioned [46-48, 114, 115, 1221. 
Such arguments are based on the utilization of oxygen as the enzymic electron 
acceptor whereas, in fact, NAD + is involved in xanthine oxidase reoxidation 
in vivo and thus these views, at present, must be regarded as speculative. 
Indeed, the wide distribution of both molybdenum hydroxylases suggests that 
their primary metabolic function is of a more fundamental nature rather than 
a highly specialized one [2]. In this respect, the molybdenum hydroxylases 
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resemble the cytochrome P-450 system [ 111 and the author believes that 
aldehyde oxidase and xanthine oxidase have an important r81e in the detoxifi- 
cation of xenobiotics, not only in oxidation but also in dehydrogenation and 
reduction reactions. 

Drug metabolism studies are usually performed in vivo or with 10000 x g 
supernatant fractions. Although it is possible , to differentiate between 
nucleophilic molybdenum hydroxylase oxidation to produce lactam metabolites, 
and electrophilic microsomal oxidative attack, which results in the formation 
of phenols, the participation of the former enzymes is often ignored. As 
aldehyde oxidase has recently been identified in microsomal fractions [ 72-75], 
the use of the 100000 x g pellet does not necessarily preclude the involvement 
of the enzyme in metabolic oxidation, either as a soluble fraction contaminant 
or a true membrane-bound enzyme. For example, we have shown 
phenanthridine (30a) to be rapidly converted to 6-phenanthridone by partially 
purified aldehyde oxidase [ 1731, devoid of microsomal activity, yet the same 
reaction has been attributed to the microsomal enzyme system [232,233], even 
though it is unlikely that electrophilic attack would occur at such an electroposi- 
tive carbon adjacent to a ring nitrogen atom. Firm evidence of microsomal 
attack could be afforded by including specific inhibitors of each system such 
as menadione and SKF-525A in incubation mixtures. In addition, much more 
information regarding the induction and effects of in vivo inhibition of the 
molybdenum hydroxylases is required. These enzymes can be induced by 
substrates such as phthalazine (1) or xanthine (3) [234,235], but relatively little 
is known about the effect of classical microsomal inducers. Although 
allopurinol (38) is prescribed frequently to inhibit xanthine oxidase in gout 
[236,237] or to potentiate the action of 6-mercaptopurine in cancer chemo- 
therapy [238], there is still considerable potential for the use of aldehyde 
oxidase inhibitors such as 1-hydrazinophthalazine [239] in drug therapy. A 
further development utilizing molybdenum hydroxylase action is in the activa- 
tion of prodrugs. 6-Deoxyacyclovir (23), a congener of acyclovir (24), is readily 
oxidized in vitro to the parent drug by xanthine oxidase, but is also deactivated 
by aldehyde oxidase [ 2401. However, the compound is extensively metabolized 
to acyclovir (24) in humans, which suggests that the prodrug, 6-deoxyacyclovir, 
might be superior to acyclovir itself for oral administration [240]. 
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INTRODUCTION 

The discovery of the anticancer properties of the simple coordination 
compound cis-diamminedichloroplatinum(II), ( l), and the successful intro- 
duction of the complex into the clinic represents an important advance for 
medicinal chemistry. Aside from the direct beneficial aspects of the compound 
as an anticancer agent, its success has served to focus attention on a hitherto 
largely unexplored area of medicinal chemistry, namely, the identification of 
inorganic substances as useful chemotherapeutic agents. Today, well over 1000 
analogues of (1) have been synthesized and examined for their antitumour 
properties and a number of those have shown sufficient promise to be entered 
into clinical trials. In this review we concentrate on the parent compound and 
a limited number of its analogues which collectively demonstrate the breadth 
of structure-activity relationships which are known for the platinum-based 
antitumour agents. In addition to discussing the parent compound, we examine 
how the presence of optical activity in the complex and the ability of the 
compound to undergo substitution reactions affect its DNA binding and anti- 
tumour properties. Since anticancer activity is not confined to the divalent 
oxidation state of the metal ion, we also examine complexes of Pt(IV) which 
show promise as successors to (1). Finally, in light of the fact that biologically 
active cis-diamineplatinum(I1) compounds are able to undergo oligomerization, 
the antitumour properties of a group of dimers and trimers are also presented 
and discussed. 

CIS-DIAMMINEDICHLOROPLATINUM(II) (CISPLATIN) (1) 

The most extensively studied platinum-containing antitumour agent is cis- 
diamminedichloroplatinum(I1) (cisplatin) (1) [ 1, 21. As reviews covering the 
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chemistry of the compound, the chemical, biochemical and biological events 
pertaining to its mechanism of action as well as its antitumour properties have 
already appeared [3-91, we will focus on the basic elements of the drug’s 
solution chemistry and present some of the more recent findings pertaining to 
its interactions with DNA. In a following section, we summarize the important 
antitumour effects of the compound. 

CHEMISTRY A N D  MECHANISM 

Dissolution of (1) in water results in the slow (hours) stepwise release of the 
bound chloride ions and the formation of mono and diaquo species which 
retain the cis-diammine geometry [ 101 (Scheme 4.1). In addition to aquation, 

H3N, /CI -CI- %N\ /OH2 

H3N/ ‘OH, 

H N  3 \ /“I -c1- 

Pt __c __c 

/“\ - /p: - 
H3N CI YN OH2 

Scheme 4 .  I .  The equilibria involving loss of chloride ion from cis-diamminedichloroplaiinum(II), ( I ) .  
in aqueous media are shown. 

equilibra associated with proton loss from bound water (formation of bound 
hydroxide ion) also appear to influence the form(s) of the drug which is present 
at physiological values of pH [ 111. It is believed that aquo (hydroxo) forms of 
the compound are the species which react with biological components and 
which ultimately give rise to the antitumour effects of the drug. Although 
substitution kinetics are somewhat faster than those observed for (l), analogous 
equilibra apply to the weakly biologically active trans isomer, (2), as well. 

An additional complicating feature of the chemistry of cisplatin (1) is its 
ability to oligomerize in solution to form a p-0x0-bridged dimer (3) and trimer 
(4) (Scheme 4.2). This process, which proceeds through the mono- 
deprotonated form of the diaquo complex, has been studied using ‘95Pt-NMR 
spectroscopy [5, 121 and the products have been characterized via X-ray 
structural analysis [ 13-16]. Since oligomerization requires a relatively high 
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\ ,  
Pt 

\D+/oH 
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H,N NH, 

( 4 )  

Scheme 4.2. The oligomerization of the aquo-hydroxo form oj'(1) in aqueous media is shown. 

concentration of the drug in solution (at least about lOmM), the events 
depicted in Scheme 4.2 probably do not occur to any great extent with cisplatin 
in v i v a  Due to the geometry of the complex, oligomerization is not possible for 
the trans isomer (2). 

The important biological target for cisplatin is DNA [7, 171. Both it and its 
weakly biologically active trans isomer are known to form DNA inter- and 
intrastrand cross-links as well as cross-links between proteins and DNA. 
Which of these lesions is important in the antitumour effects of cisplatin 
remains unclear, but recent work with SV-40 DNA in green monkey CV-1 cells 
[ 181 showed that inhibition of DNA replication, a property of the platinum 
antitumour agents, is probably not affected by the presence of protein-DNA 
cross-links. An analogue of (l), dichloro(ethylenediaine)platinum(II) (5),  a 
compound which is incapable of forming protein-DNA cross-links, was found 
to inhibit replication as efficiently as (1) and (2). The facts that cisplatin is 
considerably more active than (2) as an antitumour agent and that it, unlike the 
trans compound, is capable of forming a cross-link with two consecutive 
nucleotides on the same strand of DNA, has focused considerable attention on 
the intrastrand cross-link as the important chemical event underlying the anti- 
tumour effects of cisplatin. 

Recent studies [ 19-24] have shown that the intrastrand cross-link is the 
major adduct formed upon incubation of (1) or (5) with purified double- 
stranded DNA. Exhaustive digestion of platinated DNA via enzymatic or 
chemical means followed by analysis revealed that platinum binding most often 
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occurred at the dinucleotide sequence GG, with lesser binding occurring at the 
sequences (all 5’ + 3’) AG and GNG, where N is any of the four DNA 
nucleotides. Interestingly, no evidence for platination at the sequence GA 
(opposite polarity to AG) has yet been obtained. Although the trans isomer (2) 
possesses a geometry which prevents it from forming nearest-neighbour 
intrastrand links, e.g., with GG or AG, the complex appears capable of reacting 
with the sequence GNG [25,26]. Using a ‘replicating mapping’ assay, Pinto 
and Lippard [ 251 recently identified the DNA synthesis termination sequences 
induced by (1) and (2). By examining the ‘stop-points’ in the synthesis, it was 

C P H 2  

L h H 2  

HN-Pt-CI “?;t/“’ Nh2 ‘CI 

( 5 )  (6) 

learned that the trans isomer inhibited at GNG sequences, while cisplatin 
stopped synthesis most often at (dG), (n  2 2) sites on the phage DNA. A 
compound which effectively models monoadducts between cisplatin and DNA, 
chlorodiethylenetriamineplatinum(II), (6), apparently bound to DNA but was 
incapable of inhibiting synthesis in the system. 

In an effort to uncover the structures of DNA adducts of cisplatin, many 
reactions with the drug and synthetic oligonucleotides have also been carried 
out. Recently it has been shown that (1) and (2) can react in a cross-linking 
manner with the guanine residues in the trinucleotide d(GpTpG) [26]. In both 
cases, NMR measurements showed that the donor atoms bound to the 
platinum ions are two ammonia ligands and N-7 of guanine in positions 1 and 
3 of the trinucleotide. 

The structure of the major adduct between DNA and cisplatin has recently 
been studied via X-ray crystallography [27]. Reaction of the drug with d(GpG) 
yielded a complex having both N-7 atoms of the guanine residues of the 
dinucleotide bound to cis coordination sites on the metal ion. The distortions 
found in the sugar phosphate backbone in the complex suggested that 
platination of native double-helical DNA by (1) at a GG site would probably 
lead to a disruption of the Watson-Crick base-pairing or duplex kinking at the 
interaction site. Although this suggestion is consistent with others made earlier 
[28-311, recent NMR studies show that Watson-Crick base-pairing may not 
be disrupted by platination of DNA. For example, the octanucleotide 
d(GATCCGGC), which has been platinated at the guanine bases at positions 
6 and 7 of the nucleotide by cis-Pt(NH,),2+. is able to form a stable duplex 
with its complementary DNA strand [32]. 
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ANTITUMOUR EFFECTS 

Preclinical studies 

Spectrum ofactivity. The effects of platinum derivatives on tumour cells 
have been studied both in vitro and in viva Cytotoxicity testing in vitro has been 
popular as a prescreen for antitumour effects because of speed, efficiency and 
need for small amounts of compound [33]. However, platinum complexes 
present a number of problems, such as incompatibility with certain media and 
widely varying effects based on drug-cell contact time [34-361. Thus, most 
antitumour testing has concentrated on in vivo systems, principally transplanted 
murine tumours. Early studies relied on sarcoma 180, the tumour system first 
revealing the in vivo effects of cisplatin [ 37,381. This tumour is still being used 
[39] but has largely been replaced by the lymphatic leukaemia L-1210 as a 
primary screen. The latter is the mainstay of analogue programmes at the 
National Cancer Institute [40], the Bristol-Myers Company [41], and the 
Wadley Institute [42]. As it is generally used in the ascitic form with therapy 
administered intraperitoneally (i.p.) to i.p. implanted tumour cells, L- 12 10 is 
highly responsive to the more reactive platinum complexes, but much less so 
to the stable compounds. Thus, the data generated on L-1210, if considered 
alone, could be misleading with respect to a number of derivatives which have 
gone into clinical trial, as will be shown in discussions of the individual agents. 

Cisplatin is strongly inhibitory to many other tumours of rats and mice [43] 
and is not schedule-dependent, since a single dose day 1 after tumour implan- 
tation, or daily injection for 9 days, are equally effective on L-1210 [44]. 
Recently the M-5076 sarcoma has been shown to have an interesting pattern 
of response to cisplatin and selected analogues, suggesting its utility as a screen 
for these agents [45]. 

In biological systems, potency is defined as the dose required to 
achieve a given effect. In terms of in vivo tumour testing, a common approach 
is to identify the dose at which the optimum antitumour effects occur (optimum 
dose, O.D.). This is generally the same as the maximum tolerated dose. The 
single figure generated can be compared with that of related compounds and 
simple ratios of relative potency can be established. Cisplatin has a single-dose 
O.D. of about 8 mg/kg. Since cisplatin is the simplest compound, it is not 
surprising that only a few derivatives have slightly greater potency and a large 
number of analogues are considerably less potent (upwards of 20-times), 
though many have comparable antitumour effects. 

The toxicity of cisplatin has been studied both in large animals 
such as dogs and monkeys [46] and in small animals as a basis for screening 

Potency. 

Toxicity. 
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and comparing analogues [47,48]. In general, many of the toxicities observed 
in the clinic can be duplicated or predicted in one or more laboratory animal 
species. Renal toxicity, which is the principal hazard of cisplatin therapy, can 
be accurately measured, and vomiting and myelosuppression can be demon- 
strated, but in a less quantitative manner. 

The pharmacokinetics of cisplatin have been extensively 
studied in both animals and humans [49, 501. Briefly, cisplatin and its mono- 
aquo and diaquo reaction products become 90% protein bound within 3 h of 
administration. Disappearance of cisplatin from the blood of animals is bi- 
phasic, with t , ,2  a of under 1 h and t,,2 /?of 2 days in rats and 4-5 days in dogs. 

Pharmacology. 

Clinical studies 

Cisplatin is approved in the United States for clinical treatment of metastatic 
testicular tumours, metastatic ovarian tumours and advanced bladder cancer. 
It has also demonstrated significant activity in head and neck cancer, cervical 
cancer, osteogenic sarcoma and prostate cancer [49]. It is generally used in 
combination with other active agents and is particularly effective against 
testicular tumours, where about 70% of patients are cured. Cisplatin is a very 
toxic drug, with renal toxicity being the most hazardous, though it can be 
reasonably controlled with hydration. Marked nausea and vomiting occur in 
most of the patients treated with the drug. Myelosuppression, ototoxicity and 
neurotoxicity are other side-effects which are encountered. It is obvious that 
an objective in preparing derivatives of cisplatin would be to achieve reductions 
in toxicity, particularly renal and gastric, which are most troublesome, while 
retaining or improving antitumour effects. 

4-CARBOXYPHTHALATO( 1,2-DIAMINOCYCLOHEXANE)- 
PLATINUM@), (7), AND RELATED COMPOUNDS 

CHEMISTRY AND MECHANISM 

Metal complexes containing the bidentate amine ligand, 1,2-diamino- 
cyclohexane (DACH), have been known for 50 years [51]. The ligand, when 
complexed to a metal ion, adopts a geometry which is highly dependent on the 
relative configurations about the two asymmetric carbon atoms in the 
compound. As is evident from Figure 4.1, complexation of the racemic form 
oftheligand (often denoted as therransform)to aplatinumioncauses thediamine 
to adopt a rigid cyclohexane chair-type conformation with the atoms of the 
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SS-DACH.6 

RR-DACH. I 

\ '  RS-DACH, 6 

RS-DACH, A 

Figure 4 .  I .  The structures of the various isomeric forms of 1.2-diaminocyclohexane (DA CH) 
bound to platinum are shown. Stereochemical designations for DACH which are in common use 

are: trans-(-)-, R,R; trans- (+)- S,S; cis, R,S or S,R. 

ligand lying close to the nitrogen donor plane. Depending on the absolute 
configurations of the two asymmetric centres in the compound, the five- 
membered chelate ring involving the metal ion can adopt either the so-called 
A (carbon centres R,R) or 6 (carbon centres S,S) conformation [52]. This 
stereochemistry has been confirmed by a number of X-ray structural analyses 
involving this form of the DACH ligand [ 53-57]. For the coordinated meso 
form of the ligand (often denoted as the cis form), the configurations about the 
two asymmetric carbon centres (carbon centres, S,R) force the atoms of the 
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cyclohexane ring to lie on one side of the nitrogen-metal-nitrogen donor plane 
[39, 581. Unlike the coordinated R , R  and S,S forms of the ligand, which have 
locked chelate ring conformations, the A and 6 forms of the coordinated meso 
diamine easily interconvert in solution at room temperature [ 591. 

The synthesis and antitumour properties of DACH platinum(I1) complexes 
containing a variety of different types of leaving ligand have been reported 
[ 38,39,60-671. Although early studies with the compounds were content to 
utilize mixtures of geometric and optical isomers, the realization that the 
stereochemistry of the DACH ligand influenced antitumour activity under- 
scored the importance of working with isomerically pure forms of the diamine 

In attempting to uncover the structural origins of the antitumour effects of 
the various isomeric DACH complexes, a few studies have focused on the 
interactions of the compounds with DNA [71,72]. Reaction of Pt(II)(R,R- 
DACH)Cl,, Pt(II)(S,S-DACH)Cl, and Pt(II)(R,S-DACH)Cl, with the dinu- 
cleotide d(GpG) resulted in platinum binding to the N-7 atoms of both guanine 
residues of the dinucleotide [ 721. Thus, the interaction is directly analogous to 
the major intrastrand cross-link produced by cisplatin in its interactions with 
DNA. Since Pt(II)(R,R-DACH)Cl, and Pt(II)(S,S-DACH)Cl, are both opti- 
cally active, loss of the chloride ions and ligation to the optically active 
dinucleotide results in diastereomers having different HPLC and CD prop- 
erties. Comparison of the CD properties of the products obtained from the 
Pt-DACH reaction with those obtained from reaction of cisplatin with 
[d(GpG)] suggested that, like the latter complex, the dinucleotide in the 
Pt-DACH adducts has a head-to-head arrangement with anti-anti configu- 
rations of the bases. Since the complex containing the meso form of the ligand 
(R,S carbon centres) has its cyclohexane moiety displaced to one side of the 
N-Pt-N donor plane, reaction with the dinucleotide results in two non-inter- 
converting structures. Although both have the same nucleotide arrangement, 
i.e., head-to-head with and anti-anti configuration of bases, one has the 
cyclohexane group on the same side of the coordination plane of the complex 
with O(6) of guanine, Adduct A, while the other has these groups on opposite 
sides of the coordination plane, Adduct B. For the reaction with the simple 
dinucleotide d(GpG), both of these complexes are produced in equal amounts. 

An illustration of how DNA structure can influence the product distribution 
in this case was obtained by reaction of Pt(II)(R,S-DACH)Cl, with purified 
double-stranded calf thymus DNA. Analysis, involving digestion of the plati- 
nated DNA with enzymes followed by separation of the products using HPLC, 
showed that, although both compounds are again produced, the isomer having 
the cyciohexane moiety on the same side of the coordination plane with O(6) 

[68-701. 
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of guanine, Adduct A, was found in greater abundance. This result suggests 
that, in the interaction with DNA, the cyclohexane group of the DACH com- 
plex prefers to be located in the major groove of DNA rather than over the 
sugar-phosphate backbone of the polymer. 

ANTITUMOUR EFFECTS 

Preclinical studies 

Spectrum of activity. Following the initial report of the anti-tumour 
properties of a complex containing 1,2-diaminocyclohexane [ 661, a number of 
DACH compounds have been synthesized and tested. Unless otherwise noted, 
all of the complexes described contain the racemic form of the so-called trans 
isomer, i.e., equal molar amounts of the R,R and S,S optical isomers (Figure 
4.1) .  

The most important complex in this series, (7), was found to be comparable 
with cisplatin against L- 12 10 cells in vitro, whereas the citrate and gluconate 
derivatives were somewhat weaker [ 341. Cytotoxic effects of (7) against human 
colon tumour cell lines were 10-fold less than cisplatin [ 361. Most of the DACH 
compounds have been shown to have antitumour effects equal to or better than 
cisplatin against L-1210 and P-388 leukaemias in vivo [60,70]. In tests against 
other tumour systems, the sulphato aquo complex (8) was curative against 
Lewis Lung carcinoma; compounds (7), (8) and the oxalato derivative (9) were 
effective against B16 melanoma in the historic range for cisplatin [40]. 

( p o *  

Nk2 ‘0 C02H 
0 

( 7 )  (8) 

The DACH complexes have been the focus of special attention [73] since 
several were found fully inhibitory to a line of L-1210 leukaemia made totally 
resistant to cisplatin treatment in vivo. This property is not universal, however, 
since the 2-hydroxymalonato compound, (lo), was found to have greatly 
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reduced effectiveness against L-1210 resistant to cisplatin [ 741. Two groups 
independently prepared L-1210 cells resistant to one or more DACH 
complexes and demonstrated that these cells retained sensitivity to cisplatin as 
well [75, 761. 

As was originally shown by Kidani, Inagaki and Tsukagoshi [69], 
platinum(I1) complexes containing the various isomeric forms of the DACH 
ligand possess different antitumour activities. Generally, the antitumour 
activity of compounds containing the R,R isomer was found to be greater than 
those containing either the S,S or R,S (meso) form of the ligand, irrespective 
of the leaving groups present. However, isomeric differentiation appeared to be 
dependent on tumour line, and little difference in activity between the various 
compounds was observed in P-388 [59,70] and Sarcoma 180 [67]. In a test 
of R,R-(7) and S,S-(7) against L-1210 and L-1210-resistant cells, the two 
isomers were equally effective in prolonging survival of mice implanted with the 
parent line, but R,R-(7) was considerably more effective than S,S-(7) in 
inhibiting the cisplatin-resistant line (Rose and Bradner, unpublished observa- 
tions). 

The mechanism of L-1210 resistance to cisplatin and other platinum anti- 
tumour agents remains to be clearly defined. Both Waud [ 771 and others [ 781 
suggest that reduced cisplatin uptake may be responsible in part for the 
resistance of the cell line. It has also been found that glutathione levels are high 
in human ovarian carcinoma cells made resistant to cisplatin in vitro [79]. 
However, reduction in the level did not alter the resistance to the drug [ 801. 
Decreases in amino-acid transport and changes in amino-acid substrate 
specificities have also been suggested as the basis for the resistance [81], but 
definitive evidence has been difficult to obtain. 

As might be expected, the DACH compounds with more labile 
leaving groups tend to be more potent as measured both by LD,, value and 
optimum dose level in tumour inhibition studies [44,48,82]. For example, the 
aquo sulphato and carboxyphthalato analogues of (7) and (8) require about 1.5- 
to 2-times the dose of cisplatin to achieve maximum antitumour effects on 
multidose schedules. 

All of the DACH complexes studied have shown reduced kidney 
toxicity when compared with that of cisplatin [48,83]. Likewise, (7) and (8) 
have been shown to be at least as leukopoenic as cisplatin when given at doses 
related to the LD,, value as a measure of potency [48]. These two compounds 
have also been shown to be emetic in dogs [48], but possibly to a lesser extent 
than cisplatin [83,84]. 

Potency. 

Toxicity. 
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Clinical studies 

At least three DACH complexes have been subjected to clinical trial. The 
malonato derivative, (1 l), was reported to cause mild vomiting and thrombocy- 

topenia but no renal toxicity in hydrated patients during Phase I trials [ 8 5 ] .  
Partial or minor tumour shrinkage was noted in three of seventeen evaluable 
patients with solid tumours. All responders had tumours clinically resistant to 
cisplatin therapy. It was also reported that trials of (1 1) were severely hampered 
by its poor solubility [ 851. In Phase I trial of ( 7 )  [ 841, the drug was found less 
toxic than cisplatin in both vomiting and in renal effects. In this instance the 
dose-limiting toxicity was thrombocytopoenia. Objective antitumour effects 
were seen, some in patients who had received cisplatin, but whether or not they 
were refractory to or relapsing on the latter drug was not stated. Judging from 
the description of the drug preparation, stability of the formulation was clearly 
a problem. Furthermore, since ( 7 )  is a mixture of optical isomers and the 
resolved compounds, i.e., R,R-(7)  and S,S-(7), show differing biological 
properties, one might question the feasibility of continuing development of 
racemic (7 ) .  for clinical treatment. Recently, the optically active oxalato 
compound, R,R-(9), was selected for further study. The potency and activity 
of R,R-(9) was found comparable with that of cisplatin in animal tumour tests 
[ 8 6 ] .  In Phase I clinical trials, nausea and vomiting, similar to cisplatin, 
appeared to be dose-limiting. Renal and haematologic toxicity with R,R-(9)  
were not observed. Several objective responses for the compound were also 
reported [ 871. 

CIS-DIAMMINE- 1,l -CYCLOBUTANEDICARBOXYLATE- 
PLATINUM(I1) (CARBOPLATIN) (12) 

CHEMISTRY AND MECHANISM 

An analogue of (1) containing a bidentate dicarboxylate as a leaving ligand is 
(12). X-ray structural analysis of the compound shows that the coordinated 



J.C. DABROWIAK AND W.T. BRADNER 141 

dicarboxylate ligand is not flat, but rather is puckered, having the cyclobutane 
moiety significantly displaced above the donor plane of the compound [ 88,891. 
Conductance measurement on aqueous solutions of (12) demonstrated, that 
unlike (I), the complex resists aquation [90]. Although this observation is 
probably due to the fact that the dicarboxylate is a bidentate ligand and thus 
is more difficult to displace from the platinum ion than a monodentate ligand, 
e.g., C1-steric factors associated with the puckered dicarboxylate ring may also 
play a rale in substitution reactions with the compound. Substitution processes 
on square planar Pt(I1) compounds are known to occur via an associative 
mechanism involving approach of the substituting ligand on the axis of the 
complex [91]. Since the cyclobutane moiety of the dicarboxylate ligand is 
displaced significantly above the coordination plane, and, as is evident from 
NMR studies, is oscillating between both sides of the plane [ 881, its presence 
may partially block substituting ligands from approaching the Pt ion. This type 
of steric effect would explain the observed slow rates of binding of (12) and the 
related hydroxymalonato complex (13) to components present in human 

plasma [ 921. If steric factors are important, a complex containing the unsubsti- 
tuted malonate ligand, e.g., (1 l), would be expected to react more quickly with 
plasma components than either (12) or (13). A recent study has shown that this 
is in fact the case [92]. The reduced ability of (12) to undergo substitution 
reactions is also evident from studies with L-1210 cells [93], wherein it was 
shown that the peak levels of DNA-protein and DNA interstrand cross-links 
induced by (12) were found to occur 6 to 12 h after those produced by 
cisplatin. 

The DNA binding properties of (12) have not been investigated to any great 
extent. However, it is known that the compound can bind to and unwind 
super-coiled PM2-DNA [ 941. Comparative studies with (12), and cisplatin 
revealed that the amount of (12) required to produce a degree of DNA 
unwinding comparable with that of cisplatin was many times that necessary for 
the latter compound. Although further study is required, this difference in 
behaviour is probably related to different DNA platination rates (slower for 
(12)) of the two complexes. 



142 PLATINUM ANTITUMOUR AGENTS 

ANTITUMOUR EFFECTS 

Preclinical studies 

Spectrum ofactivity. Using a 1 h drug exposure in a colony-forming assay 
of colon tumour cell lines, it was found that (12) was essentially non-cytotoxic. 
In a microtitre system with continuous exposure against several murine and 
human tumour cell lines, (12) was found on the average to be 22-times less 
cytotoxic than cisplatin [ 951 (Catino, J.J., unpublished observations). Initial 
in vivo tests suggested that carboplatin was less effective than cisplatin against 
L-1210 leukaemia [96,97], but that it had comparable activity against the 
AdJ/PC6A plasmacytoma which the Institute of Cancer Research group used 
for screening. Superior activity against a human bronchus tumour xenograft 
P246 was later identified as one of the key reasons for selecting (12) from 
among several analogdes for further development [ 981. Carboplatin has also 
been found to have at least comparable activity with that of cisplatin in almost 
all solid tumour systems involving treatment from a distal site [ 991. Finally, in 
tests against a line of L-1210 leukaemia with acquired resistance to cisplatin, 
(12) was found to be totally inactive, suggesting complete cross-resistance on 
the part of these cells [74]. 

As noted above, (12) was considerably less potent than cisplatin 
in direct cytotoxicity in vitro against various tumour cells. This difference was 
also reflected in vivo, since optimum antiturnour effects required 16-times as 
much (12) for single dose treatment of L-1210 leukaemia, 32-times for 
multidose treatment and at least 10-times for multidose treatment of B16 
melanoma [MI. 

Studies in a variety of animal species have indicated that carbo- 
platin is generally less nephrotoxic than cisplatin [99, 1001. Likewise, in the 
ferret, which has proved to be a useful animal model for studying emesis, 
carboplatin was found to cause considerably less vomiting than cisplatin [ 1011. 
The myelosuppressive effect of (12) was identified by CFU-C test of the bone 
marrow of mice, but not by peripheral blood counts [102]. Thrombo- 
cytopoenia, though observed in dogs, was not quantitatively compared with 
that produced by cisplatin [ 991. No studies of thrombocytopoenia caused by 
platinum complexes have been reported using the ferret, an animal model which 
in tests of other types of antitumour agents may have some utility in predicting 
this type of toxicity [ 1031. 

The pharmacology of (12) appears to be strongly influenced 
by the slower substitution kinetics of the compound when compared to 
cisplatin. Tests performed in vitro have shown that (12) is considerably more 
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stable in plasma at 37°C than cisplatin, with half-lives of 30 h and 1.5-3.6 h, 
respectively [104]. Pharmacokinetics in the rat indicated a and /? phase 
half-lives of 2.2 and 25.2 min, respectively, for (12) [ 1051. The drug is mainly 
excreted through the kidney, and, unlike cisplatin, is recovered largely 
unchanged. In all animal species studied so far, carboplatin appears to be more 
rapidly and completely cleared from the tissue and organs than cisplatin after 
administration of doses of comparable potency. 

Clinical studies 

Carboplatin has demonstrated effectiveness as a single agent in the treatment 
of ovarian carcinoma, small cell lung cancer and head and neck cancer. It may 
also be active in treatment of cancer of the testis and the cervix [106]. 
Carboplatin does not appear to be active in cancers of the upper gastro- 
intestinal tract, in breast cancer [ 1071 or non-small cell lung cancer [ 1081. It 
is of interest than in treatment of advanced ovarian cancer with (12), the 
response rate is markedly lower among patients who had received prior therapy 
with cisplatin compared with those with no prior cisplatin (26% vs. 57%). This 
suggests some degree of clinical cross-resistance between the two drugs. Phar- 
macokinetic studies in humans reveal a pattern similar to that of animals in that 
(12) is less rapidly protein bound than cisplatin and is excreted largely 
unchanged in the urine [ 1041. 

1,l -BIS(AMINOMETHY L)CYCLOHEXANEAQUOSULPH ATO- 
PLATINUM(I1) HYDRATE (SPIROPLATIN) (14) 

CHEMISTRY AND MECHANISM 

Compound (14) was first synthesized by the Institute of Organic Chemistry, 
TNO (Utrecht, The Netherlands) as a potential second-generation cisplatin 
analogue. The complex contains an unusual bidentate amine ligand which, 
when bound to a metal ion, produces a non-planar six-membered chelate ring. 
A recent X-ray structural analysis of the compound [ 1091 revealed that both 
the chelate ring and the cyclohexane moiety adopt a chair-type conformation. 
Since 13C-NMR studies on the diaquated form of the compound show the 
presence of symmetry-equivalent carbon atoms in the cyclohexane ring, the 
amine ligand must be rapidly interconverting between various conformational 
forms in solution. 



144 PLATINUM ANTITUMOUR AGENTS 

'"Pt-NMR studies show that dissolution of (14) in water results in the 
partial displacement of sulphate ion and the production of the diaquo species 
(15). At low concentrations in aqueous media at pH % 7, the compound 
probably exists primarily as the highly reactive mononuclear hydroxo-aquo 
species (16). However, at high concentrations, about 20 mM or more, the 
monomer reacts to form a dimer and trimer which are structurally analogous 
to those which form with (1) (Scheme 4.2). Although no studies with the 
compound pertaining to mechanism have been reported, it, like other Pt(I1) 
compounds, almost certainly utilizes DNA as a biological target site. 
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ANTITUMOUR EFFECTS 

Preclinical studies 

Spectrum of activity. Among the series of 1, 1-bis(aminomethy1)cyclohexane 
(DAMCH) complexes prepared, (14) has been most extensively studied. In 
tests against a line of Lewis Lung carcinoma cells in vitro, (14) was found to 
be as cytotoxic as cisplatin [ 1 lo]. Against human colon tumours in vitro it was 
2- to 5-fold less cytotoxic than cisplatin [36], and was on the average 8-fold 
less cytotoxic against a panel of murine and human tumours (Catino, J.J., 
unpublished data). Compound (14) has also been compared with the Pt(I1) 
complexes cisplatin and (12) as well as the Pt(IV) complex (17) in a human 
tumour cloning assay of fresh tumour explants [ 113. Qualitatively, the response 
incidence did not differ between (14) and cisplatin, since 6/11 tumours were 
inhibited by each drug. Several complexes containing the DAMCH ligand have 
been tested in vivo. Compounds (14), (18) and (19) had activity against L-1210 
comparable with that of cisplatin, while the 1,l-cyclohexane dicarboxylate 
derivative, (20), was only weakly active [44, 741. Compounds (14) and (18) 
were active against B 16 melanoma, C26 colon carcinoma and L-1210 resistant 
to cisplatin. Compound (14) was as effective as cisplatin in inhibiting an 
immunocytoma of the LOU/M rat [ 1121. However, in tests against a xenograft 
of human ovarian carcinoma MRl-H-207, (14) was distinctly inferior to 
cisplatin, (12), (17) and (21) [ 1131. Likewise, in studies with M5076 murine 
sarcoma, cisplatin, (12), (14) and (17) were all effective against the tumour 
implanted i.p. with i.p. treatment, but (14) failed to inhibit the S.C. implanted 
tumour with i.v. treatment, whereas the other compounds were still active [ 451. 

As with other series of compounds, the potency of the DAMCH 
complexes is influenced by the leaving group. Thus, (14) and (18) are close to 
cisplatin in potency, based on optimum dose for tumour therapy and LD,, 
value in non-tumour bearing animals [44,48,74]. Compounds (19) and (20), 
on the other hand, were 7- and 10-times less potent than cisplatin based on 
comparative LD,, values. 

The renal toxicity of (14), (18) and (19) has been studied in mice 
and all were found less toxic than cisplatin [48,74]. Spiroplatin (14) was also 
shown to be without renal toxicity in rats, but the compound caused severe 
kidney damage in dogs [ 112, 1141. 

Spiroplatin is more rapidly protein-bound than cisplatin 
and also has 10-times the biliary excretion of the latter drug over a 6 h interval 
in rats [ 1151. Rapid protein binding appears to be a direct result of the fact that 
in solution the compound possesses excellent leaving ligands. Pharmaco- 
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kinetics of both drugs were studied in dogs and the half-lives of distribution 
were 4.0-5.1 min for (14) and 9.7 min for (l), while elimination half-lives were 
3.6-6.6 days and 5.9 days, respectively [ 1141. These results were rather well 
duplicated in humans [ 1161. 

Clinical studies 
Initial clinical trials with spiroplatin suggested that it might produce less 

nausea and vomiting than cisplatin and could be given without hydration 
because of less renal toxicity [ 1161. However, as doses were raised, the limiting 
toxicity proved to be both renal and haematologic. As data accumulated from 
a number of studies, it became apparent that spiroplatin was devoid of 
meaningful antitumour effects in advanced ovarian cancer, a disease where 
some response might be expected [ 1 171. This report also noted minimal activity 
in other solid tumours and the occurrence of severe renal toxicity in 8 patients 
out of 274 treated. It was in view of these findings, and the fact that other 
platinum complexes such as (12) and (17) were yielding positive antitumour 
effects in the clinic without renal complications, that further development of 
spiroplatin was stopped. 

CIS-DICHLORO-TRANS-DIHYDROXOBIS(ISOPR0PYLAMINE)- 
PLATINUM(1V) (IPROPLATIN), (17) 

CHEMISTRY AND MECHANISM 

The potential of Pt(IV) complexes as antitumor agents was first recognized in 
1969 [ I ] .  Most ofthe compounds of this type which have been studied to date 
have been synthesized by oxidation of active cis-diamineplatinum(I1) com- 
pounds with chlorine, bromine or hydrogen peroxide [ 1,38, 118-1211. In view 
of the nature of the oxidation, the resulting Pt(1V) compounds possess chloride, 
bromide or hydroxide ions above and below the plane defined by the donor 
groups present in the starting Pt(I1) complex. Although many such complexes 
have been made, due to their generally high water solubility and good antitumour 
properties, Pt(IV) compounds having trans hydroxide ligands, i.e., H 2 0 2  oxida- 
tion products of Pt(I1) complexes, have been most extensively studied. Of these, 
the Pt(IV) complex, cis,cis,truns-Pt(NH,iPr2)2C1,(0H)2 (iproplatin) (17) is cur- 
rently undergoing clinical trials in the United States as a potential second- 
generation cisplatin analogue.. 

A clue to the nature of the mechanism by which Ft(1V) compounds exert their 
antitumour effects was uncovered in clinical trials involving iproplatin [ 1221. 
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Analysis of the urine and plasma of cancer patients receiving (17) identified 
significant amounts of the antitumour active reduction product of the 
compound, namely cis-dichlorobis(isopropylamine)platinum( 11) (22). The pres- 
ence of the divalent complex strongly suggested that (17) was deriving its 
antitumour effects via in vivo reduction to (22) or other biologically active Pt(I1) 
compounds. This observation, reduction, was consistent with earlier views on 
the mechanism of action of Pt(1V) antitumour agents [90, 120, 1231 and on the 
results of studies with (17) in tissue culture media [ 1241. In v i m  studies with 
iproplatin showed that, although the compound does not bind to components 
in human plasma [ 92, 1221, it probably utilizes DNA as a biological target site 
[17, 1251. 

Pr'NH2,, /CI 

Pt 

PrlNH2/ 'CI 

In attempting to uncover the chemical and biochemical events underlying the 
antitumour effects of (17) it was reported that the compound was capable of 
cleaving the closed circular form of PM2-DNA [94, 126, 1271. This was an 
interesting observation and it suggested that the Pt(1V) complex possessed a 
mechanistic profile similar to that of the natural product antitumour agents 
bleomycin and neocarzinostatin [ 128, 1291. However, subsequent X-ray struc- 
tural analyses of iproplatin and the related complex cis,cis,truns- 
Pt(IV)(NH,),CI,(OH), (oxoplatin) (23) revealed that both compounds 
formed stable perhydrate complexes with hydrogen peroxide, the reagent used 
in the synthesis of the Pt(1V) complexes from their Pt(I1) precursors [ 130, 13 11.  
Since further study utilizing the non-perhydrate forms of (17) and (23) showed 
that neither complex was capable of DNA strand scission, lattice hydrogen 
peroxide appeared to be the agent responsible for strand breakage in the earlier 
DNA experiments involving (17). Inspection of the electrophoretic mobilities 
of DNA incubated with either (17) or (23) revealed that neither compound binds, 
in the manner analogous to (l), to DNA. In subsequent investigations 
pertaining to mechanism it was shown that biologically common reducing 
agents such as Fe(I1) and ascorbate could reduce (17) and (23) to their divalent 
counterparts (22) and (l) ,  respectively, and that, as expected, both reduction 
products can bind to and unwind supercoiled DNA [ 132, 1331. The prospect 
that DNA itself or its components may also be capable of carrying out the 
reduction to Pt(I1) has recently been uncovered. Studies have shown that 
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incubation of the Pt(1V) compound, (17), with the mononucleotide 5'GMP 
results in a Pt(I1) product containing two co-ordinated mononucleotides [ 1341. 
It has also been reported that incubation of calf thymus DNA with (17) and 
(23) for extended periods of time, 12-14 days, results in platination of DNA 
[135]. Although binding without reduction may in fact be occurring, the 
oxidation state of platinum bound to DNA was not established in the latter 
study. 

ANTITUMOUR EFFECTS 

Preclinical studies 

Spectrum of activity. Cytotoxicity tests in vitro have shown that iproplatin 
is virtually ineffective against colon tumour cell lines, but it was found more 
effective than cisplatin against L-1210 in a colony assay [34, 361. In a plate 
assay of several murine and human solid tumours, (17) was, on the average, 
3 1-times less potent than cisplatin (Catino, J.J., unpublished data). Compound 
(17) has also been tested against human ovarian carcinoma cells from 
45 patients in the clonogenic assay [136], where it was concluded that the 
compound is as active as (12) and cisplatin. In addition, iproplatin may be 
effective against some tumours unresponsive to (12) and (1). Several platinum 
IV complexes have been tested against animal tumours in vivo and the results 
have been revealing regarding structural effects. As an example, (17) was highly 
active on L-1210 leukaemia, but the malonato analogue, (24), was totally 
inactive [ 971. The Pt(1V) compounds (25) and (26) were highly effective against 
both L-1210 and the cisplatin-resistant L-1210 as well as B16 melanoma. 
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Compound (25) was active on Lewis Lung but not C26 colon tumour, whereas 
(26) had the reverse profile on these tumours [74]. Several simple platinum (IV) 
derivatives, including the tetrahydroxo (27) and tetrachloro (28) complexes 
were prepared and tested on L-1210, but none was as effective as cisplatin or 
iproplatin [ 1181. Oxoplatin, (23), has nevertheless been shown to be highly 
effective against a number of transplanted tumours [74, 1371. Compound (17) 
has also been tested and found effective against one of the two human ovarian 
carcinoma xenografts [ 1131. 

The results of comparative antitumour tests between (17) and its reduction 
product (22) are generally supportive of reduction as being the means of 
activation in vivo. Both compounds, (17) and (22), were equally inhibitory to 
L-1210 leukaemia, regardless of the treatment regimen used, and were equally 
effective against B16 melanoma when they were actually tested in the same 
experiment [44]. Against Lewis Lung carcinoma, (17) seemed superior, but it 
was not tested in the same experiment and the effectiveness of cisplatin seemed 
greater in the experiment involving the Pt(1V) than in the one where (22) was 
tested. Thus, without a head-to-head test of the compounds against Lewis Lung 
carcinoma, there is no firm evidence that (1 7) and (22) differ from each other 
in antitumour effectiveness. 

A group of Pt(1V) complexes containing the various isomeric forms of the 
DACH ligand have recently been synthesized and evaluated for their anti- 
tumour properties [ 1381. While R,R-(29) was found to be considerably more 
active than its mirror image S,S-(29) against L-1210 leukaemia, the relative 
activities of the two compounds were reversed, i.e., S,S-(29) was more active 
than R,R-(29) against B 16. The activity differences observed for the 
enantiomeric Pt(1V) compounds were, in general, greater than those observed 
for the analogous Pt(I1) complexes. 

Nearly all of the platinum(1V) complexes tested are less potent 
than cisplatin, with the single exception of (25) [ 741. Iproplatin is 4-16-times 
less potent, with multidose schedules tending toward the higher number 
whether measured by antitumour O.D. or LD,, determinations. Oxoplatin, 
(23), is likewise about 10-times less potent than cisplatin. 

Iproplatin has less renal toxicity than cisplatin in rats at levels 
eliciting comparable gastrointestinal and bone marrow toxicity [ 1391. Similar 
results were seen in mice, where (17) caused severe leukopoenia but no 
azotaemia at high doses [ 971. Studies in dogs indicated that iproplatin caused 
vomiting to about the same extent as cisplatin [48]. 

Pharmacokinetic experiments have shown that (17) is much 
more rapidly eliminated from plasma than cisplatin both in rats [ 1391 and dogs 
[ 1401. The respective terminal half-lives for (17)/(1) were 14/69 h for rats and 
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39/120 h in dogs. It was also demonstrated that (17) did not bind at all to 
plasma protein in vitro over 50 h, whereas (1) was extensively bound within the 
first 5 h in a similar preparation [ 1401. More rapid renal clearance was also 
shown in both animal species and was believed associated with reduced renal 
toxicity relative to cisplatin. Tissue levels of radioactive 195mPt from labelled 
(17) were higher in the kidney, hoyever, than those from cisplatin [ 1411. It has 
also been found that, unlike cisplatin, a substantial portion of iproplatin is 
excreted through the intestine. 

Clinical studies 

Phase I studies determined the starting dose of (17) to be 270 mg/m2 in 
hematologically intact patients [ 1421. Thrombocytopoenia was dose-limiting 
and renal toxicity was not observed, even without hydration. In many ongoing 
Phase I1 studies with (17), the compound has been found to have activity in 
cancer of the ovary [ 143, 1441, cancer of the cervix [ 145, 1461 and small cell 
lung cancer in combination with etoposide [147]. Responses have been 
reported in head and neck cancer in two different studies [ 148, 1491, but not 
if the patients had been heavily pretreated [ 1501. One objective response was 
observed in a breast cancer patient receiving (17) [ 1071. In some of these 
studies, (17) was directly compared with (12). The numbers are too small to 
draw firm conclusions at this time, though there were trends favouring 
iproplatin in cervix cancer and (12) in head and neck cancer. Evidence from 
several of the studies suggested cross-resistance between iproplatin and 
cisplatin as well as other alkylating agents. 

p-HYDROXO-BRIDGED DIMERS AND TRIMERS 

CHEMISTRY AND MECHANISM 

As was earlier outlined, a phydroxo-bridged dimer (3) and trimer (4) can be 
synthesized via oligomerization of the aquo-hydroxo form of (1) (Scheme 4.2). 
Although a variety of complexes of this type have been reported [ 15 1-1 531, only 
those having cis ammonia ligands and the racemic form of 1,2- 
diaminocyclohexane (DACH) have been analyzed via X-ray structural analysis 
[ 13-16, 154, 1551. Structurally, the dimers are planar complexes containing a 

strained four membered Pt’ ‘Pt ring. The strain present in the ring has a 

0 

\ /  
0 
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pronounced effect on the ‘95Pt-NMR resonance of the complex, causing the 
signal to appear about 500 ppm to lower field relative to those of the strain-free 
monomer and trimer [ 5 ,  1091. Although relatively little is known about the 
reactivity of the dimer (3), the complex reacts with the DNA nucleobases, 
1-methylthymine and 1-methyluracil, to yield novel compounds containing two 
C~S-P~(NH,),~’ units bridged via two base moieties [ 156, 1571. Recently, it 
has also been reported [ 1581, that Pt(I1) dimers containing NH,, EtNH,, and 
Pr’NH, can be oxidized with hydrogen peroxide to dinuclear Pt(1V) 
compounds. One of the complexes, (30), has 
structural analysis. 

?H u ?H 

been characterized by X-ray 

H 
EtNHZ 0 N Y E t  

‘Pt’ \P+’ 

The dimer (3) has been reported to react with calf thymus DNA [ 1591. 
Extended X-ray absorption fine structure (EXAFS) analysis of the platinated 
DNA revealed that the two platinum ions remained close to one another in the 
initially formed adduct (1 day incubation), but that over an extended period of 
time (8 day incubation) they separate from each other. In addition, compound 
(3) as well as its EtNH, and Pr’NH, analogues, but not the hydrogen peroxide 
oxidation products of the complexes, are known to bind to and unwind 
supercoiled PMZDNA (Peritz and Dabrowiak, unpublished data). 

Structural studies on the trimer (4) showed that the conformation of the 
six-membered Pt,O, ring is dependent on the counter-ion present with the 
cation [ 14, 151. On this basis it was suggested that the ring does not have a rigid 
conformation in solution. No studies with the trinuclear complexes and DNA 
have been reported. 

ANTITUMOUR EFFECTS 

Preclinical studies 

Spectrum of activity and potency. I n  vitro cytotoxicity of Pt(I1) polynuclear 
compounds has apparently not been previously reported. The trimer (4) 
required 1.65-times the dose of cisplatin on a weight basis to inhibit a panel of 
cell lines (Catino, unpublished data). Thus, the compound is actually more 
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potent than cisplatin when calculated on a molar basis ((4)/cisplatin dose 
ratio = 0.54). The dimer (3) required 6.2-times the dose of cisplatin (3.02 by 
M.W.). The Pt(1V) dimer, compound (3 l), possessed substantially reduced 
potency, requiring 32-times the dose of cisplatin by weight. The divalent 
ethylamine dimer (32) likewise had considerable cytotoxicity, with a dose ratio 
to cisplatin of 1.67, whereas the platinum (IV) equivalent, (30), dropped sharply 
in potency, requiring 52-times the dose of (1). 

To our knowledge, detailed in vivo antitumour test results with platinum 
oligomers have not been published. However, Rosenberg [ 1601 reported in text 
that the ammine dimer and trimer, (3) and (4), were more toxic than the 
monomer and devoid of antitumour effects. We have confirmed this observa- 
tion using L-1210 leukaemia and have shown that both compounds, as well as 
(31), had little or no antitumour effect in this system, while having toxicity 
(lethality) in the range of cisplatin (Schurig, J.E., unpublished observations). 
On the other hand, the dimer and trimer containing the racemic form of 
1,2-diaminocycIohexane (DACH) have been reported to be active antitumour 
agents [ 1611. 

Toxicity. Organ toxicity in rats, of several platinum(I1) dimers, has been 
studied [ 1511. All of the compounds tended to demonstrate more rapid 
lethality, greater nephrotoxicity and less stomach distention than their cis 
diaquo- and dichloroplatinum(I1) counterparts. 

Clinical studies 

We have not seen any report of a clinical trial involving an oligomeric platinum 
complex. However, based on the observations presented here, the simpler 
complexes are clearly unlikely candidates for clinical use considering their 
toxicity and lack of experimental antitumor effects. 

CONCLUSIONS 

Biologically active platinum complexes have now been under investigation for 
nearly two decades. The large data base on structure-activity relationships has 
revealed a number of principles as well as raised new questions. Mechanisti- 
cally, the aquation of the compounds and their ability to cause intrastrand 
cross-links in defined regions of DNA appear to be the chemical events most 
closely associated with antitumour activity. The reaction kinetics of the 
compounds in aqueous systems which may be influenced by chelate effects, 
steric hindrance of bulky ligands or metal oxidation state have been studied for 
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some complexes and are amenable to reasonably precise investigation in the 
future. The pharmacological behaviour of the complexes in animals and in 
humans is, however, much less well defined. Although the pharmacokinetics 
of a number of compounds have been studied, conclusions regarding toxic 
effects have only been inferred and reasons for varying antitumour effects are 
even less well understood. With intense motivation both from the oncologic 
and commercial communities for clinical success, attention is heavily focused 
on the most active compounds in terms of antitumour effects. This underscores 
a possible missed opportunity for learning from some of the failures. For 
example, the inferior effects of (14) on solid tumours might be explained by its 
high reactivity, but the reason for its unusual nephrotoxicity relative to cisplatin 
remains unexplained. An even more fascinating question is why certain 
oligomers retain high potency for toxicity but lose antitumour effects. 

Finally, in reviewing both the preclinical and clinical data on the first wave 
of so-called ‘second generation’ complexes, we suspect that those chosen for 
clinical trial were less than ideal, since many related complexes already known 
were superior. At this stage, only carboplatin (12) seems certain of becoming 
a commercial success and this is based almost exclusively on reduced toxicity 
compared with cisplatin. Clearly there is room for improvement, particularly 
in antitumour effectiveness and specificity. We believe this is achievable if the 
large body of knowledge on platinum complexes is diligently applied in the 
design of new compounds and in improvements in both biological evaluation 
methods and systems for selection of those compounds that will go to clinical 
trial. 
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160 CANNABINOID DRUGS 

INTRODUCTION 

Due to its psychotropic properties, Cannabis sativa was one of the first plants 
to be used by man, both in social-religious rites and in medicine [ 1-31. In 
ancient times, the distinction between use in religious ceremonies and medical 
use was blurred. Later, in most countries, the ceremonial rites associated with 
Cannabis were forgotten or discarded, but the medical use continued for many 
centuries. In various parts of the world, Cannabis was used in a very wide range 
of medical conditions. This is not surprising, as the placebo effects of drugs with 
psychotropic action are particularly strong. However, many of the actions 
produced by Cannabis are undoubtedly distinct from the placebo effect and in 
recent years some have been confirmed in animals and in man. In the present 
survey, we shall try to compare past use with modern data, to present an 
overview of modern use and developments and to predict future pathways in 
medicinal chemistry research in this area. 

In the past decade, several reviews on various aspects of these topics have 
appeared [ 3-81. 

The following abbreviations are used in the present review: THC (tetra- 
hydrocannabinol); CBD (cannabidiol); CBN (cannabinol); DMH (1,l- 
dimethylheptyl); SAR (structure-activity relationship); cisplatin (cis-diam- 
minedichloroplatinum(I1)); GABA (y-aminobutyric acid); MES (maximal elec- 
troshock seizures); PTZ (pentylenetetrazol); AGS (audiogenic seizure); IOP 
(intraocular pressure). 

THE PHARMACOHISTORY OF CANNABIS SATZVA 

THE ANCIENT WORLD 

In Assyria, Cunnabis sativu was used both in rituals and as a medicine [ 91. From 
the records available, these two uses are difficult to distinguish. Indeed it is 
probably impossible for man today to comprehend fully the attitudes of an 
ancient population towards drugs and their associations with beliefs, religion, 
superstitions and social life and interactions. 

Thus, azallu (one of the names for Cannabis) is cited in connection with the 
term ‘hand of ghost’, which is apparently an as yet unidentified disease; to us, 
the term has a superstitious connotation. The use of azallu to ‘annul witchcraft’ 
may be somewhat difficult to demonstrate in animal models today. However, 
gan-zi-gun-nu (another name for or formulation of Cannabis) reputedly ‘a drug 
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which takes away the mind’, seems more familiar. Some of the strictly medical 
uses were for binding temples, for a disease named ‘arimtu’ (which seems to 
mean some loss of control of the lower limbs), for depression, for impotence, 
and for kidney stones and together with some other plants it was found useful 
in ‘a female ailment’. The use of Cannabis in female ailments has been reported 
in various cultures and it is surprising that no research has been done on this 
aspect in recent years. Cannabis fumes were a drug for the ‘poison of all limbs’ 
(presumably arthritis). 

In ancient Egypt, Cannabis (the hieroglyph BmSmt in several papyri) was 
used in incense and as an oral medication for ‘mothers and children’ (probably 
for the prevention of haemorrhage in childbirth), in enemas, in eye medications 
and in ointments in bandages [3, 101. 

Although the fun-loving Romans and Greeks were unaware of the hedonistic 
properties of Cannabis, it was apparently well established as a medicament 
[ 111. Pliny the Elder (died circa 79 A.D.) described its use in detail: “Its seed 
is said to make the genitals impotent. The juice from it drives out of the ears 
the worms, it regulates the bowels of beasts of burden. The root boiled in water 
eases cramped joints, gout too and similar violent pains. It is applied raw to 
burns, but is often changed before it gets dry”. 

Both Dioscorides (died circa 99 A.D.) and Gallen (died circa 199 A.D.) 
found the juice from the seeds to be analgetic for pains caused by ear- 
obstruction. Gallen also found that, while hashish eased the muscles of the 
limbs, it also produced senseless talk [ 12, 131. 

Hashish was (and still is) well known in the Near East [ 141. A Syrian medical 
manuscript apparently compiled in the first centuries A.D. recommends that 
for painful teeth with cavities, extract of fresh Kunbare (Cannabis) should be 
injected into the nose of the patient; if the tooth had to be pulled out the extract 
was to be rubbed on the gums [ 151. The medical treatises of the Greeks and 
Romans were also well known [ 111. 

It is certainly of interest that Pliny, Dioscorides and Gallen indicate the roots 
and the seeds as active parts of the plant. Modern analyses have shown that 
free A’-THC, the active cannabimimetic constituent, is not found there, and it 
may be worthwhile to re-examine these plant tissues for new analgetic com- 
ponents. 

In ancient China, Cannabis was used together with other herbs for rheumatic 
pains, disorders of the female reproductive tract, absent-mindedness, malaria 
(probably for the headache caused by the disease) as well as for beri-beri 
[3, 16-18]. When however, the fruits of hemp were taken in excess, it was 
known that they could cause ‘seeing devils’. Cannabis in wine was used as an 
anaesthetic in major operations [ 191. As Cannabis is only a minor pain killer, 
one can assume that large stupefying doses were administered. 
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Cannabis oil and leaf juice were employed externally for various skin 
diseases, wounds and even in leprosy. The topical antibiotic properties of 
cannabinoids as known today justify the use in appropriate skin diseases. 
Cannabis was also used against vomiting. This use was widespread in India 
as well. It was rediscovered during the 19th century in Europe and again in the 
1970's in the U.S. (vide infa).  None of the modem articles on the subject refers 
to the Chinese, the Indian or even to the 19th century use and experience. 

INDIA [3, 16,20,21] 

Cannabis was part of the religious lore of the Aryans (ca. 2000 B.C.). It is 
mentioned in the sacred Vedas and is associated there with the god Siva. In 
one of the books of the Vedas, the Atharveveda (written in Sanscrit circa 
1500-1200 B.C.), the plant is described as a sacred grass, and bhang, the mild 
drink prepared from Cannabis, is mentioned as an antianxiety herb. Due to its 
power to suppress the appetite, its virtue as a febrifuge and its 'thought-bracing 
qualities', the bhang leaf was considered to be the home of the great Yogi. 
Bhang was associated with rites required to clean away evil influences and 
offerings of bhang to the gods were made. Initially the medical properties of 
bhang were closely tied to religion. Fever was considered to be possession by 
the hot angry breath of the great gods Brahma, Vishnu and Shiva. If the 
fever-stricken performed certain religious rites with bhang, the god Shiva was 
pleased, his breath cooled and the fever ceased. Although the use of bhang 
retained its ties to religion, not all medical applications had mythological 
background. Cannabis was described in the famous Ayurveda medical treatise 
Susruta-samhita (7th century A.D.) as a remedy for catarrh and diarrhoea, and 
as a cure for biliary fever. Cannabis gradually became one of the major drugs 
in the Indian systems of medicine. Cannabis-derived drugs were used in the 
treatment of cramps,'convulsions in children, headaches (migraine?), hysteria, 
neuralgia and tetanus. The emphasis on the nervous system is much closer to 
contemporary understanding of Cannabis activity. Early in the 19th century 
OShaugnessy showed that many of these claims were well founded [22]. 

Hemp drugs were also used in dysentery and cholera. As THC has been 
shown recently to reduce intestine motility, the use against these conditions 
makes therapeutic sense. 

Cannabis was also used in hay fever, bronchitis, asthma and coughs. Con- 
temporary work has shown that, at least as regards asthma, Indian tradition 
had a factual basis. 

One of the most common uses was for the relief of pain and as a febrifuge, 
the drug being used either locally or given orally. Poultices were applied over 
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inflamed, painful parts, and small fragments of charas were placed in a carious 
tooth to relieve toothache. Systemically, the drugs were used for labour pains, 
dysmenorrhoea, and even in minor operations (circumcision). 

WESTERN EUROPE A N D  NORTH AMERICA 

The medicinal properties of Cannabis were mentioned in the much copied 
herbals in Europe during the Middle Ages [23,24]; however, it is doubtful 
whether is was widely used. It was apparently prescribed for ‘distended 
stomachs’, some cardiac conditions, pains in the anal region, and as a plaster 
for boils and carbuncles. Applied to wounds it relieved pain and a decoction 
of its roots and seeds mixed with white lead and oil of roses was used to treat 
erysipelas. The vapours were supposed to ease headaches. Some herbals 
present a picture of a panacea: from antiparasitic through coagulant and 
antiepileptic activity, and even “hempe seede, given to Hennes in the winter, 
when they lay fewest egges, will make them lay more plentifully”. 

The use of Cannabis as an antihelmintic is of some interest, as it is mentioned 
throughout many centuries in several countries. A modem antihelmintic, 
hexylresorcinol (3), has a chemical structure related to the structure of the 
cannabinoids. Experimental work in this area with cannabinoids has not been 
reported and may be worth pursuing. 

The apparently limited medicinal use of Cannabis during the Middle Ages 
seems to have further diminished later on until the wide use of Cannabis in 
India was brought to the attention of British practitioners in the 19th century 
by O’Shaugnessy, who also conducted some animal and human experiments 
and applied his knowledge in the clinic [22, 251. He administered tincture of 
Cannabis to patients with rheumatism, tetanus, rabies, infantile convulsions 
and cholera with considerable reported success, though in some cases the huge 
doses caused side-effects, such as total catalepsy or uncontrollable behaviour, 
which today would be considered quite unacceptable. Tolerance was noted in 
some cases. A further observation made by O’Shaugnessy was that Cannabis 
was a potent antiemetic. 

The reports by O’Shaugnessy made Indian hemp an accepted drug in 
therapy, first in England and later, to a limited extent, in other European 
countries and in North America. 

Christison [26] has reviewed the therapeutic uses of Cannabis in mid-19th 
century England. The analgetic power of hemp tincture was stressed, in particu- 
lar in rheumatic and tooth pains. A marked mitigation of various types of 
spasm, the relief of asthmatic paroxysms and hypnotic effects were noted. A 
remarkable power of increasing the force of uterine contractions, together with 
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a significant reduction of labour pain was observed. Cannabis acted within 
minutes and was faster than ergot, though the action of the latter lasted longer. 
However, Cannabis action was much more energetic than that of ergot. 
Christison also noted that Cannabis restrained uterine haemorrhage. These 
claims, substantiated by numerous other clinicians [27-291, have not been 
investigated recently. 

By the end of the 19th century, enough experience had been accumulated to 
allow Reynolds [30] to state: “ ... Indian hemp when pure and administered 
carefully is one of the most valuable medicines we possess”. He found 
Cannabis to be “absolutely successful for months, indeed years without any 
increase of dose” in cases of senile insomnia. In “almost all painful maladies”. 
Indian hemp was found to be “by far the most useful of drugs”. Neuralgias of 
several kinds were successfully treated for years. He emphasized the use in 
trigeminal neuralgia, but found it useless in “sciatica” and all pains which 
“occur only on movement”. In cases of migraine, he found that “very many 
victims of this malady have for years kept their sufferings in abeyance by taking 
hemp at the moment of threatening or onset of the disease”. Contrary to 
previous reports, he found Cannabis useless in epilepsy, tonic spasms, general 
chorea or tetanus, but very valuable in “nocturnal cramps of old and gouty 
people” and in cases of “simple spasmodic dysmenorrhoea”. He also found 
that Cannabis in some cases relieved spasmodic asthma. 

The reason for the relatively wide use of Cannabis in England by many of 
the British practitioners was probably due to the availability of Indian resin. 
In Europe, although known, its medicinal use was marginal. There are several 
reports from France on the successful use of Cannabis as oxytocic as well as 
on ocular pain and inflammation and in rheumatic pain [ 31-33]. Reports from 
Germany indicated its use as a hypnotic and in gastric disorders [34, 351. It 
was found also to relieve vomiting and was said to be “a true sedative of the 
stomach” without causing any of the inconveniences experienced after the 
administration of opium, chloral or the bromides. 

In North America, extracts of local hemp were used [36-401. Most of the 
work reported was based on the British experience. Attacks of neuralgia, 
including trigeminal neuralgia, were successfully treated. It was considered a 
valuable remedy in the treatment of persistent headaches, in spasmodic asthma 
and as an oxytocic. The antivomiting effect was recorded again, as was the 
general hypnotic effect. 

Around the turn of the century, the medical use of Cannabis in Europe and 
North America declined as reproducible clinical effects could not always be 
obtained. The active constituent in Cannabis had not been isolated in pure 
form; plant extracts were generally used and these were known to deteriorate 
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with great rapidity. No simple test of the potency of the drug existed and the 
practitioner could not readily determine the required dose. Large doses caused 
the well-known psychotropic side-effects ; hence, with the ready availability of 
standardized drugs, Cannabis was slowly neglected. 

In the late 1930’s and early 1940’s important chemical work was reported 
by Adams [41] and by Todd [42]. Compounds with cannabimimetic activity 
were prepared. Extensive pharmacological work by Loewe [43] indicated that 
some of these synthetic compounds possessed therapeutic potential as 
analgetics and/or sedatives. Indeed one of these synthetic compounds, 
pyrahexyl (synhexyl) (4b), reached clinical stage of testing [ 44-47]. Unfortun- 
ately, most of the clinical work performed was on depression, which is a 
psychiatric condition known today not to be relieved by cannabinoids. 

Pyrahexyl(4b) was found to be active in the treatment of alcohol and opiate 
withdrawal symptoms [44] and the homologue ( 5 )  was found to be antiepileptic 

Except for some work on the topical antibiotic properties of cannabinoid 
acids [49], medicinal chemical work in this field essentially stopped until 1964, 
when the major active constituent, A’-THC, was isolated in a pure form and 
its structure was elucidated [50]. Since then, thousands of papers on the 
chemistry, pharmacology, metabolism and clinical effects of A’-THC (1) have 
been published. On the basis of the knowledge accumulated, a considerable 
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amount of work on the medicinal chemical aspects of the problem has appeared 
and will be discussed below. 

CANNABIMIMETIC ACTIVITY 

INTRODUCTION 

Cannabis and its active constituent A’-THC produce a typical effect in man 
-the famous marihuana ‘high’. The most appropriate and specific term for this 
action seems to be ‘cannabimimetic effect’ or ‘cannabimimetic activity’ [ 5 11. 

The pharmacology of Cannabis, and, in the last 20 years, of A’-THC, has 
been the object of thousands of publications and has been thoroughly reviewed. 
Most of the work has centered on the cannabimimetic effects in man as well 
as in various animal species. As the cannabimimetic effect has no medicinal 
value, we shall refrain from a detailed recapitulation of the well-reviewed 
material on this particular aspect. We would like to refer the reader to some 
recent reviews as well as to several older, critical, thoughtful and surprisingly 
topical reviews by Sir W.D.M. Paton and his colleagues from 1973 and 1975 
[3-8, 52-61]. In the present review, we shall address ourselves to and 
summarize only four aspects related to cannabimimetic action: (a) pharma- 
cological test methods ; (b) structure-activity relationships (SAR); (c) stereo- 
chemical requirements and (d) recent approaches to the biochemical basis of 
cannabimimetic action. 

PHARMACOLOGICAL TEST METHODS 

The animal methods used for detecting and quantifying cannabimimetic activity 
have been surveyed [52,56], hence here we shall only present a short list of 
methods currently used. 

This is a simple, very sensitive test 
which is semiquantitative in nature. A’-THC at 0.2 mg/kg injected i.v. causes 
static ataxia and depressed activity and the tails are typically tucked. 

Rhesus monkeys (or baboons) when 
injected i.v. with active cannabinoids show sensitivity and pattern of behaviour 
similar to that of humans. This test is also semiquantitative in nature. At low 
doses (0.05 mg/kg), A’-THC causes tranquility, drowsiness, decreased motor 
activity, occasional partial ptosis, occasional head drop; at higher doses 
(0.1-0.25 mg/kg) the drug causes stupor, ataxia, suppression of motor activity, 
full ptosis, typical crouched posture (thinker position) kept for up to 3 h (the 

(a) Overt behaviour in dogs 162.631. 

(b) Overt behaviour in monkeys (641. 
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animal may, however, regain normal behaviour for short periods of time if 
external sensorial stimuli are applied); at doses above 0.5 mg/kg the drug 
causes severe stupor and ataxia, full ptosis, immobility, crouched posture 
lasting for more than 3 h, and absence of reaction to external stimuli. A 
compound is not considered to be cannabimimetic if at 5 mg/kg i.v. it fails to 
induce the above characteristic syndromes. 

A schedule-controlled-behaviour test in squirrel monkeys has been described 

(c) Spontaneous activity in mice and rats. Two methods of measurement are 
generally employed. In one of them, mice injected i.v. with the drug are placed 
in a photocell activity chamber [ 621, wherein interuptions of the photocell 
beams are recorded to quantify the locomotor activity. In a standard variation, 
rats are used in an open field test with ambulation, rearing, defaecation, 
urination and grooming noted [65]. In the ring immobility assay [66], a mouse 
injected S.C. with the drug is placed on a horizontal ring and the percentage of 
time spent immobile during a 5 min exposure is determined. Unlike the former 
two tests, the latter is generally used only as a measure of psychotropic drug 
activity. 

This is a rather nonspecific 
effect caused also by numerous drugs of other types. A'-THC causes a 
hypothermic response of ca. 3 C" at 4 mg/kg. Surprisingly, A6-THC (6), which 
in other animal tests, as well as in humans, is less active than A'-THC, in this 
test is more active than A'-THC. 

(e) Drug discrimination procedures /67-711. These are probably the most 
specific tests available. Rats or pigeons are trained to emit one response when 
trained with A'-THC and an alternative response when trained without drug. 
There is no generalization to A'-THC from morphine, diazepam, pentobarbital, 
phencyclidine, 3-PPP and other drugs. However, some exceptions have been 
noted and it has been suggested that "the discriminative stimulus properties of 
THC may have some commonality with the effect of diazepam in a subpopu- 
lation of rats trained to discriminate THC" [ 7 11. These cannabimimetic effects 
of diazepam are antagonized by specific benzodiazepine receptor antagonists. 

(d) Reduction ofbody temperature in mice /62 / .  

STRUCTURE-ACTIVITY REQUIREMENTS FOR CANNABIMIMETIC ACTIVITY 

Nearly 15 years ago [72,73], we formulated some tentative rules for 
cannabimimetic structure-activity relationships (SAR). Most of these rules 
have withstood the erosion of time and of new data, although exceptions have 
been noted and certain refinements have to be made [ 74,75,75a]. The following 
generalizations can be made today. 
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1. A dihydrobenzopyran-type structure (see (8) for numbering system) with 
a hydroxyl group at the 3' aromatic position and an alkyl group on the 5' 
aromatic position seems to be a requirement. Opening of the pyran ring leads 
to complete loss of activity. 

However, three major exceptions have been found: (a) Compound (9) and 
some of its derivatives [ 761. (b)  Compound (lo), numbered CP-47497. This is 
a major simplification of the cannabinoid molecule [76-781. Compounds (9) 
and (10) are potent analgetics and will be further discussed in the appropriate 
section; (c) Compounds of type (1 1) and (12) [ 79, SO]. These compounds are 
not planar. Hence, planarity is not an absolute requirement. 

Although these novel compounds seem to contravene the basic assumption 
that a dihydrobenzopyran is a central requirement for cannabimimetic activity, 
the fact remains that most cannabimimetic substances possess this moiety. 
Future work will probably throw additional light on these discrepancies. 

(9) Levonantradol (10) CP-47497 
(Nantrodol is the racemic form, 
no separation of side chain isomers) 

(11) 

WC5"' OH 

X O  0' 

(12) (13) (14) 
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2. The aromatic hydroxyl group has to be free or esterified. Blocking of the 
hydroxyl group as an ether inactivates the molecule. 

It is quite possible that the phenolic esters are also inactive as such but 
undergo hydrolysis in vivo to the free phenol. When tested in vitro in some 
biochemical reactions (in which the free phenols are active) the esters show 
complete lack of activity [ 8 11.  Replacement of the phenolic group by an amino 
group in some cannabinoids retains activity; replacement by a thiol group in 
all cases tested so far eliminates activity [82]. 

3. When alkyl groups are substituted on the phenolic ring at C-4’, activity 
is retained. Substitution at C-6’ eliminates activity. Electronegative groups 
such as carboxyl, methoxycarbonyl, acetyl at either C-4’ or C-6’ eliminate 
activity. 

4. An all-carbon side-chain is not an absolute requirement. Several active 
cannabinoids have been synthesized in which the side-chain contains an etheric 
oxygen (see compounds (13), (14)) [76,83,84]. 

5.  Hydroxylation at C-7, which is a major metabolic path, leads to the very 
potent compounds (15) and (16) [ 85,861. The activity of compounds which 
have very low cannabimimetic activity (for example, cannabinol) may be signifi- 
cantly increased by the introduction of a 7-OH group (75). Monohydroxylation 
on other positions of the terpene ring also usually leads to active derivatives 
[ 87,881. Dihydroxylation generally causes loss of activity. 

Oxidation of the C-7 methyl group to a carboxyl, causes inactivation [89]. 
These types of acid are major metabolites. 

6. Hydroxylation on the C-1” of the side-chain abolishes activity. Can- 

‘SH1l 

(1 5) (16) (17) A’-THC 
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nabinoids hydroxylated at the other side-chain carbons are still active; hydro- 
xylation at the C-3" increases activity [90]. Some of these hydroxylated 
compounds have been detected as major metabolites. 

7. The activity of the double-bond isomers of the THC in humans is as 
follows: A'-THC > A6-THC > (1s)-A'-THC > (1R)-A3-THC [91,92]. The 
( lR)-A3-THC enantiomer may in fact be inactive. AS-THC and A'-THC are 
inactive in animal tests, while A*-THC and A4-THC have not yet been tested. 

8. The hexahydrocannabinol enantiomers ((20) and (21)) are both active, 
though the isomer in which the methyl group is equatorial (20) is much more 
active than that in which the methyl group is axial (21). The same relationship 
has been observed in 7-hydroxyhexahydrocannabinols [ 931. Replacement of 
the hydroxy group in the 7-hydroxyhexahydrocannabinols with a methylamino 
or a dimethylamino group eliminates cannabimimetic activity, although the 
axial isomer causes yawning in monkeys [94]. 

9. Hexahydrocannabinols with additional substitution present a more com- 
plicated picture. Two groups of THC-type cannabinoids which differ only in 
that the chemical groupings placed at C-1, C-2 in one of them are situated at 

c5H11 

( 2 4 )  
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C-1, C-6 in the other (but retain their stereochemistry) have almost equivalent 
psychotropic activity [ 931. 

10. The 7-methyl group is not an absolute requirement for activity. 7-Nor- 
A'-THC (22) and 7-nor-A6-THC (23) are active in dogs [95]; both l-hydroxy- 
7-norhexahydrocannabinols (24) and (25) are cannabimimetic in several 
animal tests, the la-hydroxy isomer (24) being about 1/5 as potent as the 
lp-hydroxy isomer (25) [96], but only the p-OH isomer (25) is active in rat 
discrimination tests [ 971. 

11. The terpenoid ring may be exchanged by scjme heterocyclic systems (for 
example, compounds (26a) and (27) [ 75,981. The full scope of this modification 
has yet to be fully explored. 

12. The 1,l- or 1,2-dimethylheptyl (DMH) side-chain occasionally confers 
cannabimimetic activity on compounds which lack or may have low activity in 
the n-pentyl series (cf compound (28)) [83]. 

STEREOCHEMICAL REQUIREMENT FOR CANNABIMIMETIC ACTIVITY 

As mentioned above, the hexahydrocannabinol (21) in which the C-7 methyl 
group protrudes from the plane of the molecule is much less active than the 
isomer (20) in which the methyl group is in the plane of the molecule. The same 
relationships hold true for the related 7-hydroxyhexahydrocannabinols. It 
seems reasonable to expect that, at the active site, the approximate planarity 
of the molecule (or at least the planarity of the top part of the molecule) plays 
a r61e. This supposition can be tested only when the active site is identified. 
Several exceptions to this hypothesis exist, as mentioned above, for example, 
compounds of type (1 1) and (12). The pharmacology of these compounds is 
not well known and their activity may not be truly cannabimimetic. 

Generally the 3,4-cis-THC's are much less active in all animal tests than the 
3,4-truns compounds [ 1001 ; however, the cis compounds have not been studied 
over a wide range of tests. 

Another aspect of the stereochemical requirements for cannabinoid activity 
is the need for enantiomeric purity. The natural A'-THC and A6-THC are 
(3R,4R) isomers [ lo l l .  The synthetic route which was developed by our 
laboratory for A'-THC and A6-THC nearly 20 years ago [ 1021 makes possible 
also the synthesis of the (3S,4S) enantiomers: ( + )-verben01 on condensation 
with olivetol leads to (29), which on ring opening leads to ( + )-(3S,4S)-A6-THC 
(30), which can be converted with ease into ( + )-(3S,4S)-A1-THC (3 1) 
(Scheme 5.1) .  In several tests for cannabimimetic activity, (+)-A'-THC (31) 
was ca. 13-20-times less active than the ( - )-isomer [72, 1031. These results 
indicate pharmacologic enantiomeric preference rather than absolute stereo- 
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verbenol 

I 
C811 

(31) 

Scheme 5.1 .  Synthesis of (+)-(3S,4S)-A’-THC (31). 

selectivity. Indeed, Martin, in a recent review [8], states that, “while can- 
nabinoid SAR supports the concept of a specific cannabinoid receptor, a 
disconcerting element is the apparent lack of greater stereospecificity (5-100- 
fold) in some animal models.” However as the starting material, ( + )-a-pinene, 
was not necessarily absolutely pure, this conclusion is tentative at best. 
Recently in our laboratories we were able to prepare a pair of crystalline 
enantiomeric cannabinoids (compounds (32) and (33)) which were re- 
crystallized to absolute purity (Scheme 5.2) [ 1041. 

In generalization tests with rats and pigeons, J a b e  found that ( - )-7-OH- 
A6-THC-DMH (32) was ca. 87-times more active than natural A’-THC in the 
rat and ca. 73-times more active in pigeon. The ( +  )-enantiomer (33) was 
inactive at doses ca. 1000-times and ca. 4500-times (for rats and pigeons, 
respectively) higher than those of the ED,, value of the ( - )-enantiomer [ 1051. 

The same type of results were observed in the rotarod neurotoxicity test in 
rats [ 1061. The ( -  )-enantiomer (32) was ca. 260-times more potent than 
natural ( - )-A6-THC; the ( + )-enantiomer (33) was inactive at doses ca. 2000- 
times higher than those of the ED,, value of the ( - )-enantiomer. Qualitatively, 
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Scheme 5.2. Synthesis of 7-OH-A6-THC-DMH. 

the same type of results were obtained in the mouse ring test: the 
( + )-enantiomer was inactive in all doses tested; the ( - )-enantiomer was ca. 
100-times more active than natural ( - )-A6-THC [ 1071. Compound (32) is thus 
one of the most active cannabimimetic substances prepared so far. The above 
results indicate that in the four tests used, cannabimimetic activity resides 
exclusively in the ( - )-(3R,4R)-enantiomer. 

The results of animal tests of the types described above with A'-THC, 
A6-THC and other cannabinoids have been shown to parallel activity in man 
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[91]. Hence we assume that the results with (32) and (33) likewise indicate 
parallel activity in man. If this is correct, cannabimimetic activity has a strict 
stereochemical requirement, which indicates a probable interaction with a 
chiral biological system (enzyme, receptor site, etc.) and not just an unspecific 
action due to the high lipid solubility of the cannabinoids. 

RECENT APPROACHES TO THE BIOCHEMICAL BASIS OF CANNABIMIMETIC 

ACTION 

There seems to be an inverse relationship between the quantity of publi- 
cations on cannabinoids and our understanding of the biochemical and 
molecular basis of cannabimimetic action. 

A simplistic comparison of THC with other drugs does not lead very far. As 
Paton pointed out nearly 15 years ago: “One does not readily find another 
substance so ‘contradictory’, capable of taming yet producing aggressiveness, 
of both enhancing and depressing spontaneous activity, of being an anti- 
convulsant yet generating epileptiform cortical discharges” [ 1081. 

All cannabinoids are highly lipophilic substances and it has been suggested 
that THC is probably related in its properties to the anaesthetics. As related 
cannabinoids, such as CBD, CBN and the ( + )-enantiomem are inactive (see 
above), one can assume an enantiospecific structural fit into a hydrophobic 
environment in some cell membrane. Indeed, Lawrence and Gill, using spin- 
labelled liposomes, demonstrated lipid interactions between several can- 
nabinoids and lecithin-cholesterol bilayers [ 1091. They showed differences 
between ( + )- and ( - )-A’-THC, suggesting stereospecificity; CBD and CBN 
gave a response different from that observed with ( - )-A’-THC; 7-OH-THC 
(15) was more active than THC. These observations parallel the known SAR 
of cannabinoids and support the lipid interaction theory of THC action. 

THC and CBD differ in their action on membrane electrical properties. It 
has also been found that THC causes large shifts in the transition temperature 
of membrane lipids [ 110, 11 11. A possible relationship between this effect and 
microsomal demethylase activity was observed, and it was suggested that THC 
could influence enzymatic action by membrane effects. 

A recent study on the interaction between cannabinoids and membranes by 
NMR has been published [ 1121. THC and CBD were found to induce changes 
in the size of the vesicles, the cation binding capacity of the membrane surface 
and the motional state of the hydrocarbon chains of the phospholipids. At high 
concentrations, both drugs induce fusion of the vesicles, tighten the packing of 
the paraffinic chains of the phospholipid molecules and reduce the binding of 
Pr3 + ion to the surface. 6’-THC is more effective than CBD in causing these 
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changes. At low concentrations, neither drug has a detectable effect when 
incorporated into vesicles of pure egg yolk lecithin (EYL). The introduction of 
cholesterol into the vesicles causes significant changes in the effect of can- 
nabinoids: THC increases the mobility of the hydrocarbon chains of EYL in 
the vesicles, while CBD has the opposite influence. 

In a recent study, a dose-response relationship was found between THC and 
the transition temperature shift for lecithins [ 1131. The cholesterol content was 
again found to influence this effect. 

While all these observations strongly support the reasonable hypothesis that 
the highly liposoluble cannabinoids act through membrane lipids (apparently 
with structural and enantiomeric specificity), they have not brought us any 
closer to the identification of the biochemical system responsible for cannabi- 
mimetic action. 

The alterations produced by THC and other cannabinoids in biogenic m i n e  
levels as well as on uptake, release and synthesis of neurotransmitters and 
effects on enzymes have been the subject of numerous investigations (for 
reviews see [8,52,55, 114, 1151). It is beyond the scope of the present 
summary to try to analyse and put into a proper perspective the wealth of data 
published so far. It is our subjective view that the mode of action of cannabi- 
mimetic compounds is somehow directly associated with prostaglandin meta- 
bolism (see, in particular, the series of papers by Burstein [ 115, 116]), and/or 
reduction of hippocampal acetylcholine turnover observed in rats [ 117, 1181. 
The latter effect is enantiospecific and follows the known SAR of the can- 
nabinoids. This in vivo selectivity of action suggests that the THC may activate 
specific transmitter receptors which indirectly modulate the activity of the 
cholinergic neurons in the septalhippocampal pathway. 

Recent work has shown that A’-THC increases homovanilic acid (a 
dopamine metabolite) in rat prefrontal cortex but not in the caudate, indicating 
specific dopaminergic action [ 118al. On the other hand, GABA involvement 
is suggested by the increased diazepam and flunitrazepam binding to benzo- 
diazepine receptors caused by THC and synthetic cannabinoids [ 118b, c]. 
Other recent work indicates brain histamine involvement in THC tolerance 
[ 118dj. 

Several groups have reported work on a THC-receptor or binding site 
[8, 119, 1201. Until recently, studies of [ 3H]cannabinoid binding to brain tissue 
failed to reveal stereospecific and saturable binding sites with high affinities. A 
possible reason for this lack of success was again the high lipophilicity of 
cannabinoids which may have interfered with specific receptor binding due to 
extensive partitioning into the lipid of brain membranes. Recently, a synthetic 
THC derivative with a hydrophilic side-chain, 5”-trimethylammonium-A6- 
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THC (34), was prepared and its binding to rat neuronal membranes was 
studied [ 1201. This cannabimimetic compound was found to bind saturably 
and reversibly to brain membranes with high affinity to apparently one class 
of site. A'-THC potently, stereoselectively and competitively inhibited [ 3H]- 
(34) binding. However, for numerous cannabinoids (CBD for example), 
potency in behavioural and physiological tests did not parallel their affinity for 
the binding site of (34). It seems that this binding site is not a specific one for 
THC and other cannabimimetics. It is possible, however, that the binding site 
is relevant to cannabimimetic activity, but represents only part of a more 
complicated picture. 

In summary, we can sadly state again that at the biochemical level the 
mechanism of action of the psychoactive cannabinoids remains elusive. 

ANALGESIA 

As described in some detail above, Cannabis was used as an analgetic from 
ancient times up to the end of the 19th century. An early report by Christison 
is typical: he took orally 4 grains of extract for toothache; within an hour the 
pain ceased; he noted a pleasant numbness of the limbs, giddiness, sleepiness 
and a fast pulse [ 1211. Numerous other 19th century case reports are available. 
However, the action was not dependable, not only because of the variability 
of Cannabis preparations but also due to personal idiosyncracy. Indeed, more 
recently Ames has reported that, whereas one subject experienced no pain on 
venepuncture under Cannabis, another found it agonizing [ 1221. 

In 1949 a British group [ 1231 tested some of the synthetic cannabinoids 
prepared a few years before by Todd [42]. They recorded substantial analgetic 
activity with racemic A3-THC (4a) in a rat tail test and also unexpectedly found 
that the C,H,3 homologue of the positional isomer of A3-THC (35) had con- 
siderable analgetic activity. Few other members of the latter series have been 
tested since then [ 123a], although isomers of this type are known to have 
negligible cannabimimetic activity, i.e., separation of analgesia from cannabimi- 
metic activity may have been achieved. 



R. MECHOULAM AND J.J. FEIGENBAUM I77 

A considerable amount of work on analgesia has been reported with A’-THC 
since it was isolated in 1964 [ 501. Our group reported in 1968 that both A’-THC 
and A6-THC when administered i.p. were about 50% as effective as morphine 
(administered s.c.) in the standard writhing, tail flick and hot-plate tests in mice. 
Although limited in scope, this report indicated for the first time that natural 
THC, a non-opioid, non-alkaloidal substance, was a potent analgetic [ 1241. As 
Cannabis was known to have low (if any) physical dependence liability as well 
as low toxicity, it seemed reasonable to expect that novel cannabinoids would 
soon be developed as clinical analgetics. This expectation was further 
strengthened when cannabinoids were found to induce no respiratory 
depression or other major side-effects at low doses. Yet today, 20 years later, 
no synthetic cannabinoid is used as an analgetic. The main reason is that, in 
spite of a considerable amount of work in this field, until recently no separation 
could be achieved between the cannabimimetic and the analgetic actions. 

In the late 1960’s and early 1970’s, a heated debate took place as to whether 
A’-THC was analgetic and, if it were, what the level of its potency was. 
Depending on the stringency of the end-points used by the various groups of 
investigators, major differences in the results were obtained. Buxbaum [ 1251 
found A’-THC to be equiactive with morphine in the hot-plate and tail flick 
tests in rats, but to be less active than morphine in mice. Another report 
indicated that A’-THC was not active in the tail flick, hot-plate or writhing tests 
in mice below doses that produced severe behavioural and psychomotor 
impairment [ 1261. A flat dose-response curve was obtained between 20 and 
80 mg/kg, with a maximum activity of 65 %. However, a Brazilian group [ 1271 
confirmed the effectiveness of A’-THC in mice at 5 and 10 mg/kg when tested 
by the hot-plate method, and an industrial group also reported an ED,, of 
ca. 10 mg/kg A’-THC in the tail pinch, hot-plate and writhing tests in mice 
[ 128, 1291. Today it is generally accepted that A’-THC and A6-THC are indeed 
analgetic in many animal tests; however, this activity is seen only at doses 
which are close to those producing cannabimimetic activity. (For a recent 
review see [ 1291.) 

The above discrepancies seem to be due mainly to the stringencies of the 
end-points in each test. However, one can also doubt the applicability of these 
tests for cannabinoids. These tests were developed for opiates and may not 
necessarily parallel and be fully relevant to THC activity in man. Indeed, recent 
work on electrodes implanted into several distinct brain areas of the rat led to 
the conclusion that the “apparent analgesia produced by the cannabinoids is 
more related to their disruption of discharge in response to some synthetic 
impact rather than to a depression of pain pathways” [130]. The question 
whether cannabinoids cause analgesia by interference with pain reception or 
with pain perception is still unresolved. 
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Recently, Martin [ 1311 found that when A'-THC was administered i.v. to 
mice, its activity was much higher than when administered S.C. 

The uncertainty as regards the level of analgetic activity of A'-THC in 
animals was not resolved on testing in humans. In a small group of volunteers, 
one group found some analgesia which the authors interpreted as both a direct 
action as well as a disruption of a cognitive effect [ 1321. Two studies by another 
group [ 133, 1341 showed good analgetic activity. In the first one, the subjects 
reported positive effects in headaches, migraine, menstrual cramps and post- 
surgical pain. This preliminary report with crude Cannabis was followed by a 
relatively well-controlled study with A'-THC using patients with chronic pain 
from metastatic carcinoma. The activity found with a dose of 10mg was 
equivalent to that observed with codeine, and no major side-effects were 
observed. However, at a higher dose (20 mg), the expected cannabimimetic 
effects such as sedation and drowsiness were noted. However, other clinical 
groups have failed to observe significant analgesia. A study of surgical and 
experimental pain with 15-30 mg of THC administered i.v. failed to establish 
a consistent significant analgesic effect. However at the low dose of THC, 3 
of 10 patients reported good pain relief [ 1351. 

In summary, these results seem to indicate that pure THC is not a valuable 
general analgetic suitable for modem use. It is possible, however, that if it is 
administered together with cannabidiol, which is known to eliminate some of 
the cannabimimetic effects of THC [ 1361, it may prove to be of some value 
possibly in specific pain conditions. 

The first industrial group to devote appreciable time and effort in developing 
a new synthetic cannabinoid analgetic was that of Sisa in Cambridge, MA. This 
group has reviewed its work [98]. The most active compounds prepared were 
those in which the terpene ring of the natural product was replaced with a 
heterocyclic one. 

One of the Sisa compounds, named nabitane (26b) has been tested clinically. 
Nabitane was found to be about 6-times more potent than codeine in the relief 
of chronic pain. Cannabimimetic side-effects were, however, recorded which 
obviously make this derivative unsuitable for clinical use [ 137, 1381. 

7-Hydroxy-Al-THC (15) and 7-hydroxy-A6-THC (16) are potent analgetics 
[ 1391 (see Table 5.1) .  This activity parallels their cannabimimetic activity. 
But 7-nor-A' -THC (22) and 7-nor-A6-THC (23), which are cannabimimetic, 
are not analgetic. For the first time, a possible separation of these pharma- 
cological effects was recorded: but unfortunately in the therapeutically un- 
desirable direction. Additional results of the same type were obtained with 
7-nor- 1-hydroxyhexahydrocannabinols (24) and (25). Both isomers were can- 
nabimimetic but only the equatorial isomer (25) was analgetic, with a potency 
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Table 5.1. EFFECTS OF SOME NATURAL CANNABINOIDS, THEIR METABOLITES 
AND SYNTHETIC CANNABINOIDS ON CANNABIMIMETIC ACTIVITY (DOGS) 

AND ANALGESIA (MICE) [96,139] 
ma., not active. 

Overt behaviour in dogs 
eflective dose (s.c.) ED,, 

Analgesia (hot plate) 

(mglkg) (mgikg)so 
~~ ~ 

A6-THC (6) 0.4 

7-OH-A6-THC (16) 
A'-THC ( I )  0.2 

7-OH-A'-THC (15) 0.0 I 
7-Nor-A6-THC (23) 0.2 
7-Nor-A'-THC (22) 0.2 
'I-Nor-l/?-OH-hexahydroCBN (25) 0.05 
7-Nor-1 a-OH-hexahydroCBN (24) 0.50 
Morphine 

8.8 
9.6 
1.9 
1.9 
n.a. 
n.a. 
1.6 
n.a. 
1.2 

2-3-times higher than that of morphine [ 961. These results indicated that the 
two effects - the cannabimimetic and the analgetic - are separable and that if 
such a separation were obtained the analgetic activity could be in the opiate 
range. 

The above observations were the basis of an extensive project initiated at 
Pfizer [76-78, 140, 1421. By a systematic investigation and modification of the 
various structural moieties within the THC molecule, the Pfizer group found 
that the oxygen atom of the dihydropyran moiety could be replaced by nitrogen 
with retention of activity. Derivatives of this type had been prepared previously; 
their cannabimimetic activity had been reported as either nonexistent or very 
low. The Pfizer group then made use of other molecular modifications (known 
to increase cannabimimetic and/or analgetic activity) such as (a) substitution 
of the pentyl side-chain with either a dimethylheptyl moiety or a long-chain 
ether and (b) modification of the terpene ring as described above (in accordance 
with the SAR findings [ 961). After some additional structural manipulation, 
compound (9), named nantradol, was chosen for detailed biological 
studies. Nantradol is a mixture of four isomers (two diastereoisomers). Nan- 
tradol was found to be 20-100-times more potent than A'-THC as an analgetic, 
and between 2- and 7-times more potent than morphine across a battery of 
analgetic tests (see Table 5.2). Nantradol does not bind to the opiate receptor 
and its analgetic activity is not blocked by naloxone. Another group has, 
however, found partial blocking of nantradol action by naloxone [ 1431. More- 
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over, surprisingly, nantradol, like the opiates, was found to have antidiarrhoeal 
and antitussive properties. 

Nantradol was separated into two diastereoisomers and the more potent of 
the two was then resolved into its two optically active enantiomers. The 
laevorotatory enantiomer, named levonantradol (9), was found to be at least 
100-times more potent than the dextrorotatory enantiomer. 

Further work by the same group based on theoretical grounds led to the 
observation that compound (10) (CP-47497) is a potent analgetic. This was 
interpreted to mean that the dihydropyran moiety present in THC was 
unnecessary for either cannabimimetic or analgetic activity and apparently it 
“serves no other purpose than to firmly anchor the phenolic ring and cyclohexyl 
ring in an active conformation”. 

On the basis of calculations of minimum energy conformations, the same 
group suggested that CP-47497 readily assumes a conformation quite similar 
to the rigid THC molecule and is recognized by a biological system as being 
equivalent to a tricyclic cannabinoid. They also postulated that CP-47497 (and 
presumably also other cannabinoids) interact at a receptor site by a three-point 
contact, the three binding sites being the equatorial alcohol, the phenol and the 
C-5 side-chain. The analgetic activity of (10) is presented in Table 6.2. It is 
equipotent with morphine but unfortunately it retains many of the cannabi- 
mimetic properties of THC. 

The observation that the dihydropyran ring is not an absolute requirement 
for analgetic activity led the Pfizer group to synthesize numerous analogues 
such as (36), and (37). These compounds are extremely potent analgetics, 
compound (37) being up to 100-times more active than morphine (Table 5 .2) .  

CHZOH % &  ,’ ‘6%3 CHZOH \ ‘6%3 
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Table 5.2. ANALGESIC ACTIVITY OF SOME CANNABINOIDS [76] 

Tests (MPE,," (mglkg. s.c.)) 

PBQ writhing Tailjlick Tail clamp 
(mouse) (mouse) (rat) 

Compound (9) (nantradol) 
Compound (9) (levonantradol) 
Compound (10) (CP-47497) 
Compound (37) 
Compound (36) 
Morphine 
A'-THC ( I )  
Compound (25) (7-nor- I POH-hexahydroCBN) 

0.4 
0.07 
1 .o 
0.02 
0.07 

5.9 
0.63 

1.8 

0.7 1 .o 
0.2 0.2 
4.4 4.7 
0.03 0.06 
0.04 0.13 
5.1 4.8 

55 29. I 
9.1 7.0 

a The dose to produce 50% of the maximum possible effect. 

Table 5.3. ( + )-7-HYDROXY-A6-THC-DMH (33) AND MORPHINE: COMPARATIVE 
DOSES PRODUCING 50% OF THE MAXIMUM POSSIBLE ANALGESIC EFFECT 

(MPE,,) 

MPE,, (mglkg s.c.) at time of estimated peak activity 
of compound" 

Compound 

Mouse (sabra strain) 

Acetic acid Hot Tail Hot 
writhing plate clamp plate 

Rat (sabra strain) 

( + )-7-OH-A6-THC-DMH (33)b 0.2 1.1 4.9 1 . 1  

Morphine-HCI 1.2 3.5 5.5 4.6 

a All morphine-injected animals observed 1 h post injection; all ( +  )-7-OHd6-THC- 
DMH-injected animals observed 2 h post injection; refer to test methods given in the original 
article. 

M CuCI, added 
subsequently. 

Dissolved in 5 %  EtOH, 5 %  emulphor 620 and 90% ddH,O, with 5 x 

Although data on the cannabimimetic activity of these compounds have not 
yet been published, it seems reasonable to expect that, in view of their similarity 
to CP-47497, they will show the same profile. 

( +  )-A'-THC is not analgetic; hence, until recently very little work on 
analgesia was done with the unnatural ( + )-(3S,4S) cannabinoids. In a lecture 
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published a few years ago we reported some analgetic activity for the dimethyl- 
heptyl homologue of ( + )-A6-THC (38); however, as this compound was not 
optically pure it was dimcult to draw firm conclusions [ 1441. As mentioned 
above, recently we synthesized both enantiomers of the dimethylheptyl 
homologue of 7-hydroxy-A6-THC (32,33) (Scheme 5.2). These compounds are 
crystalline and can be obtained with absolute optical purity. The ( - )-isomer 
(32) is a highly potent cannabimimetic. The ( + )-compound (33), which is not 
cannabimimetic, was found to have considerable analgetic activity in several 
mice and rat tests [ 1451 (Table 5.3.) .  In all tests undertaken, compound (33), 
when administered with 5 x M CuCl,, showed activity above the potency 
level of morphine. However, contrary to morphine, the dose-response curve 
was not sharp, but flat. The activity was retained over 3-4days. Although 
cannabinoids are not considered to act through an opioid mechanism [ 145a], 
unexpectedly, the analgetic activity of (33) was blocked by naloxone. This 
seems to be the first case of complete separation of analgetic from cannabi- 
mimetic activity in the cannabinoid series and if this separation is valid in 
humans, compound (33) may prove to be a valuable addition to our armamen- 
tarium of new analgetic drugs as cannabinoids generally lack many of the 
side-effects of opiates such as high addiction liability and respiratory 
depression. 

Of potential interest and relevance to cannabinoid analgesia is the recent 
observation that some novel prenylflavonoids isolated from Cannabis sutiva 
exhibit anti-inflammatory activity [ 145bl. 

ANTIEMETIC ACTION OF CANNABINOIDS 

Levitt [ 1461 has recently commented, somewhat facetiously, that, “The use of 
cannabinoids as cancer chemotherapy antiemetics represents, in essence, using 
a drug with a relatively undefined mechanism of action to treat the side-effects 
of other drugs, also with relatively undefined mechanisms of action which are 
being used to treat cancer, a disease or series of diseases whose precise nature 
remains enigmatic”. This is a situation not unknown in other areas of medicinal 
research, but apparently not to the extent noted in this field. 

As noted above, Cannabis was used as an antiemetic drug in antiquity; it was 
used in India as such for hundreds of years (and its use probably still continues 
in popular medicine) and was well known to physicians in England during the 
19th century. Yet, the discovery of the antiemetic effects of A’-THC in 1975 
was serendipitous and followed ‘street reports’ that marihuana helped to 
overcome the side-effects of anticancer chemotherapy [147] . The original 
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report was followed by numerous other clinical trials (for recent reviews see 
[ 146, 1481.). In 1986 THC was approved for use by the U.S. Food and Drug 
Administration and is being marketed under the generic name Marinol. It thus 
represents one of the very few constituents of higher plant origin to have 
become a new pharmacopoeal drug in recent years. However in spite ofthe very 
wide publicity given to THC as an antiemetic drug, little progress has been 
made in defining the structure-activity relationships in this area, in developing 
new animal models for testing antiemetic and antinausea activity, in clarifying 
the mode of action of THC as an antiemetic agent and even in determining the 
scope of antiemetic activity outside the cancer chemotherapy field. 

Much of our understanding of the physiology of emesis and nausea is due 
to Borison and McCarthy, and so is also the little we know on the mode of action 
of cannabinoids as antiemetics [ 149-1521. 

Most drugs introduced in recent years have a very respectable background 
of SAR investigations. By contrast, the cannabinoid antiemetics have hardly 
any published, although it is plausible that some SAR data have accumulated 
in pharmaceutical firms. The reason for this paucity of data may be due to the 
apparent lack of a facile animal model. The cat, an animal extensively used by 
Borison and McCarthy, is expensive and difficult to handle. Few laboratories 
are willing (or can afford) to employ cats for single, lethal experiments with 
highly toxic emetogenic compounds such as cisplatin. Rodents cannot be used 
as they do not vomit. Recently, conditioned taste aversions in mice produced 
by emetic drugs were shown to be attenuated by some antiemetic drugs [ 1531. 
Prochlorperazine (1.0 mg/kg), A’-THC (0.3 and 1 mg/kg) and nabilone (39) 
(0.01 and 0.03 mg/kg) significantly attenuated the taste aversions induced by 
cyclophosphamide. On this basis, it was suggested that this reaction “warrants 
investigation as a model for evaluating potential antiemetics”. However 
levonantradol, a good antiemetic, did not react in the above model. Stark, in 
1982, reported that nabilone has been successfully tested in a pigeon model for 
antiemetic activity [ 1541. 

In the cat model, with cisplatin as emetogenic drug, A’-THC, administered 
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orally or i.m. at 4 mg/kg prevented vomiting in almost all animals [ 1521. In the 
one case (out of seven) in which vomiting occurred, the latency was prolonged 
and the emetic episodes were significantly lower. By comparison, 7-hydroxy- 
A'-THC, which is more cannabimimetic than A'-THC (in all animal models 
tested, including cats), causes less attenuation of vomiting in cats than A'-THC. 
This observation may indicate that the cannabimimetic and the antiemetic 
actions do not have the same SAR and hence by molecular modification a 
non-cannabimimetic, antiemetic cannabinoid may be obtained. This possibility 
has been strengthened by the observation that ( + )-7-hydroxy-A6-THC-DMH 
(33), which shows no discrimination to THC in pigeons [ 1561, significantly 
diminishes cisplatin-induced vomiting in this species [ 1551. 

Very few other cannabinoids have been tested (or at least reported) in 
animals. N-Methyllevonantradol (cf. 9) and nabilone (39) have been compared 
in the cat model [ 1511. Both cannabinoids showed dose-dependent antiemetic 
activity at the 20-100 mg/kg dose levels, N-methyllevonantradol being ca. 
5-times more active than nabilone. The latter drug had previously been shown 
to suppress in the cat emesis induced by apomorphine, deslanoside and the 
anticancer drugs 1,3-bis(2-chlorethyl)-l-nitrosourea (BCNU) and cisplatin, 
but not nicotine. At the doses tested (25-100 pg/kg), nabilone produced 
behavioural disturbances, from mild ataxia and display of pleasure at 25 pg/kg 
to severe locomotor disturbance, catatonic behaviour and vocalization at 

The number of clinical studies with A'-THC is large and the field has recently 
been reviewed [ 146, 1481 ; hence, only a few typical reports are mentioned here. 
In a 1980 study [ 157],46 patients (9-70 years old) in a double-blind, crossover 
study were administered either A'-THC (10 mg/m2 orally, three times daily) or 
prochlorperazine (10 mg, orally, three times daily). A'-THC was more active 
than prochlorperazine, regardless of the emetogenicity of the chemotherapeutic 
agent, and young patients were more likely to have complete response than 
older patients. In a 1982 study [ 1581, 27 adults in a double-blind study with 
A'-THC (10 mg/m2, orally five times daily) and metoclopramide (2 mg/kg, i.v. 
five times daily) were compared. Metoclopramide was more potent than THC 
both as regards number and volume of emetic episodes. 

( a )  A'-THC is a potent antiemetic agent. It is very efficient in its action on 
nausea and vomiting caused by radiation therapy, as well as by many, but not 
all, anticancer drugs. Thus, A'-THC is only marginally active in patients 
administered potent emetogens such as cisplatin. A'-THC is active in adults 
in doses of ca. 15 mg oral total dose. This dose causes side-effects in many 
individuals. Indeed, most patients report somnolence and sedation. 

100 pg/kg. 

From the above and other clinical studies, several basic facts emerge: 
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Psychological ‘high’, anxiety, increased heart rate and orthostatic hypotension 
are frequently encountered. In some cases, mental confusion, blurred vision and 
even hallucinations are reported. 
(b) Some of the early reports [ 159, 1601, correlated antiemetic activity to blood 
levels of THC and cannabimimetic activity. However, it has been shown that 
“absolute correlations between the degree of intoxication, as measured by the 
subjective ‘high’ and log concentrations of plasma THC are not particularly 
strong” [ 1611 and hence the correlation between blood levels of THC with 
antiemetic action does not seem to be a straightforward one. 
(c) There are indications that patients less than 20 years old experience less 
side-effects and react with better results to 6’-THC than older patients. We do 
not consider these indications to constitute statistically significant results. In 
view of the clinical significance of such observations, clinical trials to verify 
these results may be of importance. 

In our view, A’-THC will not be used for long as an antiemetic drug in cancer 
chemotherapy. However, the experience gained with it will be of importance in 
the development of new drugs, one of which (nabilone) is already on the market 
in several countries, including the U.K. and Switzerland. A detailed review on 
the chemical, pharmacological and clinical aspects of nabilone development 
and clinical use has been published recently [ 1621. 

The synthesis of nabilone is a relatively simple one leading to a racemate 
[163]. It is of considerable practical interest that nabilone polymorphs are 
formed which are found to be biounavailable in animals when administered 
orally, and special codispersion formulations had to be prepared for the final 
drug product [ 1641. 

As with the natural cannabinoids, the metabolism of nabilone appears to be 
extensive and complex. Of particular interest are the primary metabolites - the 
reduction products of the 1-0x0 moiety. While in rats both enantiomers present 
in the racemate were reduced in vitro and in vivo to the (lS>alcohol, in dogs one 
of the enantiomers gave both the (1s)-01 and the (1R)-01. The pharmacokinetic 
picture also differed. While the total carbinol metabolites accounted for 90% 
of metabolites in dog plasma after 24 h, in humans even after 8 h only 10% were 
carbinols. However, the doses administered were not fully comparable. These 
differences in metabolism (or possibly related ones) seem to account for a 
difference in toxicity. Rats, monkeys and apparently humans differ in their 
metabolism (and toxicological profile) from the dog, in which some deaths were 
observed upon prolonged administration [ 1621. 

Whatever the reason for the chronic toxicity in dogs, it does not appear to 
be relevant to clinical use, which is limited today to short courses of therapy, 
possibly repeated after 3-4 weeks. Hence, no chronic accumulation of 
metabolites or chronic toxicity would be observed. 
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As expected, nabilone has a pharmacological profile rather similar to that of 
THC: it causes dog ataxia; it discriminates for THC in rats trained on THC; 
in the THC-seizure-susceptible rabbit it causes convulsions ; in rhesus monkeys 
it reduces blood pressure. All these effects are generally obtained at doses 
10-times lower than those of A'-THC needed to cause the same effects. In 
human volunteers, 1 mg nabilone produced relaxant and sedative effects. At 
higher doses, notably at 5 mg, postural hypotension, euphoria and dry mouth 
were observed. However, tolerance to these effects was noted after 7 days 
[ 162, 1651. 

Nabilone has a low abuse potential, as expected from the known low abuse 
potential of oral THC [166]. There is a considerable divergence in view as 
regards the euphoriant effect level of nabilone on comparison with that of THC. 
While one group has concluded that nabilone is 7-times more potent than THC, 
others have found it less so [ 1621. It is of more than casual interest that the 
antiemetic effect ratio of the two drugs is in the same range: 2 mg dose for 
nabilone, 15-20 mg for A'-THC. 

The antiemetic effect of nabilone in the clinic is well established in numerous 
studies. In an early study with 113 patients undergoing cancer chemotherapy 
with a wide variety of anticancer drugs, 80% experienced full or partial 
improvement of nausea and emesis while only 36% responded to prochlor- 
perazine treatment. Drowsiness and dizziness were reported in many cases. 
Euphoria (16%), dry mouth and blurred vision (4.5%), orthostatic hypotension 
(1 %) and visual hallucinations (1 %) were the more serious side-effects [ 1671. 
This general picture has been repeated over and over again. 

Nabilone is only partially effective in vomiting due to cisplatin [ 1681 although 
it may be better than A'-THC. Recently, nabilone has been administered 
together with metoclopramide, and with dexamethasone [ 1621 as well as with 
prochlorperazine [ 162a], and the results appear to be encouraging. 

Several other synthetic cannabinoids have reached the clinical stage. 
Levonantradol (9), which was discussed above, is, in addition to being an 
analgetic, also a potent antiemetic [169-1711. It is the only cannabinoid 
available for parented use. This is of considerable clinical importance, as oral 
administration is certainly not efficient in patients who are already vomiting. 
It appears to be slightly more effective than THC; however, because of the 
pronounced side-effects, it will probably not be introduced as a drug on the 
market. 

A very well controlled and executed recent clinical trial is described as an 
example [ 1701. Levonantradol (1 mg every 4 h) was administered by i.m. 
injection and was compared with A'-THC (15 mg every 4 h) administered 
orally in a double-blind, crossover study. The patients received severely emeto- 
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genic chemotherapy. With either drug cu. 25% of the patients had no nausea; 
the median number of emetic episodes was 2.0 (for levonantradol) and 3.0 (for 
A'-THC). Almost all patients experienced some side-effects, with drowsiness 
and dizziness affecting cu. 50% of the patients, dysphoria (depression, anxiety, 
confusion) ca. 30%, dry mouth ca. 25% and hypotension ca. 20%. The 
side-effects appear to be somewhat lower with THC than with levonantradol. 

Two additional compounds, (40) and (41), have received limited clinical 
trials, but although the results were encouraging it seems that their further 
development has been stopped [7, 1721. 

Although in the past Cannabis was used as a general antiemetic drug, today 
the two commercial antiemetics, A'-THC and nabilone, are prescribed only in 
cases of nausea and vomiting caused by anticancer treatments. This is probably 
due to the somewhat exaggerated apprehensiveness of side-effects. In view of 
the lower cannabimimetic activity of A6-THC (as compared with A'-THC), we 
decided to try this THC isomer on patients with various conditions. We 
administered A6-THC to two adult patients with intractable nausea and 
vomiting. One of the patients was a 60-year-old male physician with terminal 
primary amyloidosis; the second, a 5 1-year-old female teacher with terminal 
intestinal carcinoma; she was not under anticancer treatment any more. Both 
cases received 10 mg A6-THC once or twice daily orally, in gelatine capsules 
with olive oil for up to 30 days. No further vomiting occurred and the nausea 
was slight [ 1731. 

In collaboration with Professor A. Avramov of the Pediatric Department of 
the Bikur Holim Hospital in Jerusalem, we administered A6-THC, 3.5-5 mg 
total oral dose to 20 children, 0.5-10 years old, who had been admitted for 
various conditions (mostly G.I. infections) and whose vomiting could have led 
to dehydration. In 19 cases the vomiting ceased within ca. 30 min. In a few 
cases vomiting restarted after 6 h when a second dose was administered. No 
side-effects were observed [ 1741. 

It is doubtful whether additional cannabinoids will be introduced as anti- 
emetic drugs in cancer chemotherapy until a better separation between the 
side-effects and the antiemetic properties is achieved or a cannabinoid with a 
potent action against emetogenic agents such as cisplatin is discovered. 
However, it is quite possible that cannabinoids - natural or synthetic - will be 
introduced as antinausea and antiemetic drugs in general medical practice 
outside the field of oncology. The dose levels needed for such activity may prove 
to be much below the doses causing cannabimimetic effects. 
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THE NEUROLOGICAL IMPLICATIONS O F  CANNABINOIDS 

Several cannabinoids have been found to be clinically useful in treating a 
number of neurological entities, including seizure and movement disorders. 
Their use in this regard is reviewed below. 

SEIZURE DISORDERS 

A seizure is a paroxysmal, transient disorder of the brain's normal electrical 
discharge, resulting in an alteration of motor, sensory and autonomic function. 
Seizures are dichotomized into partial seizures (largely restricted to one region 
or focus of cerebral tissue) and generalized seizures (which comprise petit and 
grand mal subtypes, and involve diffuse bilateral brain regions). Both partial 
and generalized (grand mal) seizures are due inter alia to disordered 
neurotransmission in a number of central pathways, especially those involving 
GABA mediated inhibition. Petit mal or absence seizures are typically slight, 
rarely involve autonomic responses, and are quite transient. Grand ma1 
seizures are far more severe, usually involving a loss of consciousness and 
prolonged muscle spasms varying from those seen in minimal generalized 
seizures (i.e., tonic spasms or involuntary alternating muscular contractions 
and relaxations) to those of maximal generalized seizures (i.e., tonic spasms or 
continuous prolonged muscular contractions). 

The primary drugs of choice currently used to treat seizure disorders include 
phenytoin, phenobarbital, carbamazepine, ethosuximide and valproic acid. 
However, all have some limitation associated with their use, including (a) an 
inability to adequately control the seizure, even in combination with other 
drugs ; (b) untoward side-effects involving arousal, motor performance and 
mood; (c) some drug toxicity; and (d) an inability to provide effective 
long-term, control. The need for new highly effective and specific anti- 
convulsants with low psychotropic and sedative lability is evident, and has led 
to the investigation of cannabinoids for this purpose, especially cannabidiol 
(CBD) and A'-THC. 

The preclinical investigation of a newly proposed antiepileptic in experimen- 
tal animals typically involves the use of electrical stimulation (electroshock) to 
induce maximal generalized seizures (MES), and the systemic administration 
of convulsant drugs (e.g., pentylenetetrazole) to elicit minimal seizures. The use 
of animals genetically susceptible to seizures caused by light or specific noise 
is also prevalent [ 1751. The efficacy of the antiepileptic is then tested against 
the seizures induced. (For leading references see [ 1751.) 

In MES models, both A'-THC and CBD quite consistently block maximal 
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(tonic) seizures and also elevate the electroshock seizure threshold after acute 
administration, but have only variable effects on minimal (clonic) seizures. In 
mice, both drugs elevated the electroshock seizure threshold at 6 Hz, but not 
at 60 Hz. The acute anticonvulsant profile of CBD was most like that of the 
standard antiepileptic phenytoin [ 176, 1771. 

(42) a, R' =COOH. R' =H (43) a ,  6-OH, a 
b, R1=H, RZ=COOH b. 6-0H,  P 

MES activity was also attenuated by other cannabinoids [ 1781: A6-THC and 
7-nor-A6-THC (23) were about as active as A'-THC; 7-OH-Al-THC (15) and 
the 1,2-dimethylheptyl homologues of A3-THC (5) were 7-14-times more 
potent than A'-THC. Surprisingly, the natural A'-THC acids A and B (42a and 
42b, respectively), which have no psychotropic activity, were also active in the 
MES test, though 2-4-times less so than A'-THC. A certain stereospecificity 
was also observed. While 6a-OH-Al-THC (43a) was inactive, 6B-OH-Al-THC 
(43b) was as active as A'-THC. Contrary to results in analgesia (vide supra) 
both C- 1 isomers of 7-nor- 1-hydroxyhexahydrocannabinol ((24) and (25)) 
were equiactive with A'-THC in the MES test. The obvious conclusion is that 
the SAR of THC derivatives in the MES anticonvulsant test in mice does not 
parallel that of other biological tests with these derivatives. 
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The anticonvulsant SAR of CBD-type compounds bears no relationship to 
either the cannabimimetic or the anticonvulsant activity of THC-type 
compounds. As mentioned above, CBD itself, which is non-cannabimimetic in 
animal tests as well as in humans, exhibits significant activity in the MES test 
[ 178-1801. The CBD derivatives (44), (45) and (46) were equiactive with CBD 
[ 1791. Unexpectedly, the unnatural ( + )-enantiomer of CBD (47) was also 
shown to be at least as active as natural CBD in the MES test [ 1801. The DMH 
homologues of both ( - )-CBD and ( + )-CBD were several times more active 
than CBD [ 1801. These and numerous other side-chain homologues of 
(+)-and (-)-CBD were also shown to be active in audiogenic seizure 
susceptible (AGS) rats [ 1811. These observations are particularly striking since 
the unnatural ( + )-enantiomer of THC as well as its DMH homologue (38) are 
much less active than natural ( - )-A'-THC in such rats. The highly purified, 
crystalline ( + )-7-hydroxy-A6-THC-DMH (33) is completely inactive in the 
AGS rats, while the ( - )-enantiomer (32) is extremely potent [ 1061. 

There are various measures of antiepileptic drug effect in current use, 
including the anticonvulsant ED50 value; the neurotoxic TD50 value; and the 
protective index PI (ratio of ED50 value to TD,, value, i.e., the margin of safety 
for clinical or preclinical use). The ED50 value of cannabinoids against MES 
and the TD,, value of these drugs may vary considerably with regard to both 
the species used and the route of administration. However, CBD consistently 
has a PI > 1, irrespective of route or species, indicating a greater selectivity of 
anticonvulsant action relative to neurotoxicity. Furthermore, the PI of natural 
( - )-CBD has been consistently found to be comparable with that of widely 
used antiepileptics against both partial and grand ma1 seizures, such as 
phenobarbital, phenytoin and carbamazepine [ 176,177,1821. The PI of 
( + )-CBD is higher than that of ( - )-CBD [ 1811. 

Chronic cannabinoid administration may cause either tolerance or reverse 
tolerance. After 3 days of treatment, tolerance developed to the MES effects 
of A'-THC and CBD in mice [183]. After 22 days of A'-THC, tolerance 
developed to its anti-convulsant effects at 6 Hz, while with CBD an anti- 
convulsant reverse-tolerance occurred at 60 Hz. Apparently, CBD is superior 
to A'-THC not only in being relatively free of psychotropic effects but also in 
inducing less anticonvulsant tolerance after prolonged use [ 1841. 

In some seizure models using convulsant drugs, acute CBD usually blocks 
the tonic convulsion and lethality induced by a number of GABA antagonists 
[ 1851. However, the seizure endpoint of clonic convulsion produced by these 
drugs in mice and rats is not prevented by acute CBD and is neither effected 
nor even potentiated by A'-THC. Moreover, A'-THC offers no protection 
against the clonus and/or tonus and lethality of lidocaine, picrotoxin, nicotine 



R. MECHOULAM AND J.J. FEIGENBAUM 191 

and strychnine [ 1861. However, A'-THC, A6-THC and the THC metabolites 
7-OH- or 7-0x0-A'-THC delayed the latencies to pentylenetetrazole-(PTZ)- 
induced tonic and clonic seizures and reduced the incidences of PTZ-evoked 
tonic seizures and lethality, being more potent for all of these effects than 
A'-THC and A6-THC, thus underscoring the importance of metabolism in 
THC anticonvulsant activity [ 1871. 

Focal (i.e., partial) seizure activity may be elicited by several means, 
including the topical application of metals to the cerebral cortex to induce 
cortical focal seizures and the repetitive electrical stimulation (kindling) of 
limbic structures. 

Acute A'-THC has been found to inhibit (iron model) [ 1881 or enhance 
(cobalt and aluminum) [ 1891 focal potentials. Short-term A'-THC in the cobalt 
model also produced anticonvulsant effects, probably by reducing the spread 
of seizures from cortical foci. In contrast, CBD did not affect the spontaneously 
firing foci in cobalt- or iron-induced epileptic rats [ 1901. On the other hand, 
CBD abolished spontaneous clonic convulsions in the cobalt model, probably 
by depressing seizure generation or spread. CBD also abolished convulsions 
in the iron-induced epileptic rat, and in this respect was even superior to 
phenytoin. 

In contrast to its prophylactic effect in cats [ 1911, A'-THC in amygdaloid- 
kindled rats failed to suppress seizures in non-toxic doses, exerted no 
prophylactic effect on seizure development, and also induced tolerance after 
repeated administration [ 1921. In hippocampal-kindled cats, A'-THC elevated 
seizure thresholds, but only following weak stimulus intensities [ 1931. 

The effects of A'-THC, CBD and phenytoin were examined on kindled 
limbic convulsions in rats [ 194, 1951. A'-THC augmented the threshold but 
had no effect on amplitude. It also bilaterally increased the duration of after- 
discharges at a number of central sites. In contrast, CBD diminished both the 
amplitude and duration of focal after-discharges and did not affect after- 
discharge durations at distant sites. By comparison, the electrophysiological 
effects of phenytoin were generally similar to those of A'-THC on all para- 
meters. Thus, while CBD tends to produce only a selective depressant effect 
on kindled seizures generally, A'-THC and the standard anti-epileptic drug, 
phenytoin, are generally associated with stimulatory responses (either alone or 
in combination with depressant responses). Thus, CBD has more selective 
antiepileptic activity than either A'-THC or, standard anti-epileptic drugs. 

In 1980, a controlled study was published concerning the effects of CBD in 
15 epileptic patients having inadequately maintained complex partial seizures 
with secondary generalizations. Patients received either oral CBD 
(200-300 mg) or placebo daily in a double-blind fashion for up to 4.5 months, 
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and were also maintained on standard antiepileptic drugs. Of the 8 patients 
receiving CBD, 4 were free of convulsions, 3 had partial improvement, and only 
1 was unchanged. The clinical condition of 6 of the 7 placebo patients remained 
unchanged, with only 1 improved. No signs of toxicity or serious side-effects 
were found. While CBD was administered as a supplemental treatment, it is 
significant that improvement was seen in these patients who were previously 
inadequately controlled by standard antiepileptics without CBD. This is poten- 
tially quite important, as complex partial seizures with secondary generalization 
are difficult to treat with currently used drugs [ 1961. 

MOVEMENT DISORDERS 

Movement disorders refer to those clinical syndromes involving (a) a deficit in 
non- or extrapyramidal function and (b) at least one non-epileptic abnormal 
movement. Typical symptoms include akinesia or bradykinesia, ataxia, 
catalepsy, chorea, spasm, tremor and dystonia (slow involuntary muscle 
contractions producing abnormal posture or position), either focal or 
generalized. Many movement disorders are poorly controlled with current 
therapies, especially those with dystonia, spasticity and iatrogenic dyskinesia, 
and better drug therapies are clearly indicated. 

Marihuana, A'-THC and THC analogues actually induce a variety of 
neurological effects in normal animals, usually manifested as alterations of 
motor function and altered locomotor activity, impaired co-ordination and 
balance, decreased muscle tone and reflexes and, at very high doses, tremors, 
myoclonic jerks, and convulsions. CBD is very considerably less potent than 
A'-THC in producing these abnormalities [ 53-56]. 

Both central and peripheral sites of action have been implicated in these 
alterations of motor function. In the isolated sciatic nerve-sartorius muscle 
preparation of the frog, A'-THC blocked neuromuscular transmission by 
depressing sartorius presynaptic acetylcholine release [ 1971. However, the 
precise mechanisms of cannabinoid action at cellular and neurobehavioural 
levels are as yet unknown. 

Ataxia, tremors of the body and hands, and muscle weakness occur rather 
frequently after A'-THC and may be considered side-effects. Occasionally, 
myoclonus is also seen. However, such effects have not been reported for CBD 
in humans [ 1961. 

In 1981, the results of a double-blind experiment with a crossover design 
were reported, with 9 multiple sclerosis (MS) patients given A'-THC (5 or 
10 mg) or placebo [ 1981. Relative to placebo, 10 mg of the drug significantly 
reduced spasticity as quantified by clinical and electromyographic measure- 
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ments, and side-effects were negligible. The authors also found clinical benefit 
in 3 additional patients with tonic spasms who were administered A'-THC. 
Finally, preliminary data from an uncontrolled study in progress on the efficacy 
of chronic CBD in the treatment of dystonia suggest that this cannabinoid may 
improve symptoms of both tonic (dystonic posture and pain) and phasic 
(dystonic spasms and tremor) components of this disorder. Reported side- 
effects of CBD were mild and did not include disturbances of autonomic 
function and mood associated with A'-THC [ 175, 1991. 

In summary, THC-like cannabinoids exhibit antiepileptic activity in several 
animal models. The SAR observed differ considerably from those noted for 
cannabimimetic or analgetic activity in these series. The unnatural ( + )- 
(3S,4S)-THCs exhibit either very low, or no activity in MES or AGS tests. 

CBD-like cannabinoids also exhibit antiepileptic activity in several animal 
models, in contrast to lack of activity in cannabimimetic or analgetic models, 
in which these compounds are inactive. Surprisingly, the unnatural ( + )-CBD's 
are at least as active as the ( -  )-enantiomers in all the animal models for 
antiepileptic activity in which they have been tested. 

Hence, of all the cannabinoids, CBD has by far the greatest therapeutic 
potential in the treatment of neurological disorders. Unlike A'-THC, acute 
CBD is free of psychotropic, cardiac and other major untoward effects in 
humans. In animals, CBD exhibits more selective anticonvulsant activity 
relative to neurotoxicity than A'-THC and in this regard is similar to several 
well-established antiepileptic drugs such as phenytoin and phenobarbital. 
Tolerance does not readily develop to CBD as it does to A'-THC, and CBD 
does not cause central stimulation or convulsions in seizure models as A'-THC 
does. In kindled limbic epilepsy, CBD has more complete anti-seizure activity 
at the limbic focus and is superior to both A'-THC and phenytoin and 
ethosuximide in producing no excitatory effects on seizure generation or 
spread. Moreover, CBD has selective depressant effects on neurotransmission 
in the CNS which, together with its anticonvulsant effects in animal models of 
epilepsy, suggests an inhibition of seizure spread as an additional mode of 
action. 

Preclinical data suggest that CBD would be effective for partial seizures and 
generalized grand ma1 seizures, but not for petit mal, where it may even reduce 
the efficacy of currently used antiepileptic drugs. In patients, antiepileptic 
activity is observed with CBD at high doses. Hence, future research should aim 
at obtaining more active compounds with a CBD profile of activity. 

Cannabinoids may also prove beneficial in the treatment of movement 
disorders, with CBD causing only selective depression of activity at central and 
peripheral sites associated with the induction of abnormal movements and 
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muscle tone, in contrast to A'-THC, which elicits both stimulatory and 
depressant effects. 

Muscle spasms, particularly those associated with multiple sclerosis or 
dystonia, may improve significantly with cannabinoid therapy. However, while 
CBD has been found effective in combination with standard therapy (which 
was insufficient to adequately control dystonic motor symptoms without 
CBD), both A'-THC and marijuana were found to have untoward side-effects 
at the doses required to reduce muscle tone. Additionally, CBD may prove 
beneficial for other hyperkinetic movement disorders such as drug-induced 
dystonia and possibly tardive dyskinesia. 

It appears, then, that CBD may prove of significant benefit in the treatment 
of a variety of neurological dysfunctions, principally those involving seizure and 
movement disorders, and in this regard is superior to both marijuana and 
A'-THC in both its selectivity of action and its absence of adverse side-effects. 

Finally, in light of (a) the extremely different clinical profiles of CBD and 
A'-THC in treating neurological entities, (b) the independence of CBD on 
stereospecificity for its therapeutic efficacy as compared with A'-THC, (c) the 
relative abundance of psychotropic and neurological side-effects produced by 
A'-THC but not by CBD and (d) the difference between these two drugs in 
generating tolerance to their therapeutic and side-effects, it is quite apparent 
that these two cannabinoids act by different mechanisms. Moreover, while the 
stereospecificity of A'-THC for its ( - )-isomer suggests that it acts at a central 
putative cannabinoid receptor, the similar biological activity found for both the 
natural ( + )- and natural ( - )-isomers of CBD means that it is unlikely to act 
directly through a receptor-linked mechanism. 

GLAUCOMA 

Glaucoma is one of the primary causes of blindness in the U.S.A., with over 
two million people debilitated in that country alone. Glaucoma generally 
involves a progressive increase in intraocular pressure (IOP), producing a 
continuous deterioration of vision that results, in some instances, in complete 
blindness. Primary in the development of glaucoma is a disruption in the 
equilibrium between the formation of aqueous humour and its outflow from the 
anterior chamber. Increased IOP thus results either from an increase in 
aqueous humour secretion and/or from some interference with its drainage or 
outflow facility. 

In consonance with this, the drugs most widely used to treat glaucoma (for 
example, pilocarpine) are parasympathetomimetics, which induce miosis and 
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augment the drainage of aqueous humour (by enlarging the canal in the anterior 
chamber). Other drugs include: (a) miotics other than pilocarpine (either alone 
or with the B-blocker, timolol, as a concomitant treatment); (b) carbonic 
anhydrase inhibitors, for use in chronic and acute angle-closure glaucoma, 
respectively; (c) potent AChE inhibitors such as isoflurophate for aphakic eyes 
(with congenital absence of the lens); and (d) epinephrine (adrenaline) (often 
used with pilocarpine). However, all of these drugs produce tolerance and 
untoward side-effects (powerful miotics may cause cataracts or retinal 
detachment and pilocarpine may precipitate acute bronchial asthma). Thus, a 
need for more effective drugs with minimal side-effects and a broad spectrum 
of activity is clearly indicated. The cannabinoid class of compounds seems to 
be of interest in this area (for reviews see [ 200-2021). 

In 1971, Hepler and Frank [203] found by serendipity that smoking 
marijuana decreased lacrimation and intraocular pressure (IOP) of the eye in 
normal subjects. This effect has been confirmed (for marijuana and THC) by 
numerous reports on normal subjects and in glaucoma patients by different 
routes of systemic administration (smoking, i.v. and orally) with all groups 
realizing diminution in IOP of about 20-40% which lasted several hours 
[204,205]. This duration in lowering IOP is comparable with that of pilocar- 
pine, but is much longer than that of epinephrine. Thus, the cannabinoids act 
as long as or longer than the most commonly used antiglaucomic agents. 
However, undesirable side-effects have been noted at the doses administered 
in virtually all studies employing A'-THC, including cardiovascular effects 
(tachycardia, hypotension), emotional distress (acute panic and/or paranoia) 
and a number of ocular effects (photophobia, hyperemia of conjunctiva, 
decreased lacrimation, corneal ulceration, conjunctivitis, keratitis and small 
change in pupil size) [ 2021. In addition, corneal opacification has been reported 
in dogs and cats (but not in rats, rabbits or humans) [206,207]. 

The prevalence of these side-effects is a serious limiting factor in the clinical 
applicability of cannabinoids by systemic administration. 

The order of potency in man for the IOP action on systemic administration 
was found to be as follows. A6-THC (6) > 7-OH-AI-THC (15) 2 A'-THC 
(1) > 6B-OH-AI-THC (43b) 2 CBN (7) [208]. The higher (or even equal) 
potency of A6-THC as compared with A'-THC is unusual, since (as mentioned 
before) the reverse situation holds true for cannabimimetic action. If this result 
is reproducible, it might indicate that the known cannabimimetic SAR does not 
apply to the reduction of IOP. 

An effort to diminish the side-effects attending systemic administration was 
by direct topical administration of the cannabinoids opthalmically. As A'-THC 
is insoluble in water, initial attempts at topical administration consisted of 
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suspending the A'-THC in mineral oil as eye drops. However, no significant 
effect was found on the IOP of visually normal subjects [ 209,2 101 ; and while 
a drop in the IOP of glaucomic patients was noted, there was evidence of 
systemic absorption as a similar decrease in IOP was seen in the contralateral 
non-drug treated eye [ 21 11. Later attempts at topical administration focussed 
on developing water-soluble derivatives of A'-THC. Although some 
compounds were topically active in rabbits, no topically active cannabinoid 
was found to act reproducibly on man. Thus, naboctate (41), a water-soluble 
cannabinoid ester, is active systemically but apparently not topically [ 2121. 

A considerable amount of research has been done on the reduction of IOP 
by cannabinoids in animals, much of it led by Green [200]. These studies have 
demonstrated a considerable similarity to the action of THC in humans 
regarding its efficacy, latency and duration of action in lowering IOP. However, 
while topical application in rabbits causes reduction of IOP, this is (as 
mentioned above) not the case with humans. 

On i.v. administration to rabbits, the following order of activity was found: 
7-OH-Al-THC (15) > A'-THC (1) > 6,7-dihydroxy-A1-THC > 6B-OH-A'- 
-THC (43b). CBD was inactive [213]. 

On topical application in mineral oil, a somewhat different order of activity 
was recorded: A6-THC > A'-THC 2 6a-OH-AI-THC > CBD > 7-OH-A'- 
THC > 6,7-dihydroxy-A1-THC > 7-OH-A6-THC > 6B-OH-Al-THC [214]. 
These results do not follow the well-established cannabimimetic SAR. This 
conclusion is strengthened by the recent observation that the naturally oc- 
curring cannabigerol(48), which is not cannabimimetic, reduces IOP in the cat 
and moreover showed reverse tolerance (in being more effective after chronic 
administration than in acute one) [215]. 

(48) cannobigerol 

A water-soluble non-cannabinoid fraction from Cannabis sativa has been 
found to reduce IOP [216-2191. It is apparently a glycoprotein. It seems 
strange that a plant should contain both small molecules (cannabinoids) and 
biopolymers with the same kind of activity. 

The site of action of the cannabinoids is uncertain. Clear evidence is extant 
that some (or perhaps most) of the activity of A'-THC derivatives is confined 
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locally to the eye itself. However, there is also evidence of a central mode of 
action [201-2031. Thus, the study cited above of a crossover effect on IOP of 
THC applied to one eye and effecting IOP in the untreated contralateral eye 
strongly suggests that systemic absorption occurred, with a concomitant action 
exerted in the CNS [211]. On the other hand, cannabigerol reduces IOP, 
despite its having only minimal CNS effects [215]. Thus, the issue is far from 
settled. 

The mode of action of cannabinoids in reducing IOP has also been 
examined, and apparently involves a diminution in the formation of aqueous 
humour (this applies equally to virtually all cannabinoids and marijuana- 
derived mixtures effecting IOP) and possibly also an increased drainage from 
the anterior chamber [ 2201, though this is controversial, probably because of 
the use of different animal species in the conflicting studies [ 2001. One study 
suggested that the diminution in fluid production is due to an effect on 
fi-adrenoceptors, and enhanced total outflow is the result of an action exerted 
on a-adrenoceptors [200,221]. However, there are a number of problems 
associated with this rather over-simplified adrenoceptor attribution [ 20 11. 
Thus, the mechanism underlying these effects remains largely unknown and 
awaits further studies for clarification. 

Studies of tolerance have been quite contradictory and scarce in both rabbits 
and humans [202], and in two reports from the laboratory of Colasanti a 
reverse tolerance was seen in cats [206,215]. It is therefore difficult to draw 
any conclusions at this point regarding the development of tolerance to the 
lowering of IOP by cannabinoids until more systematic, well-controlled studies 
become available. 

In summary, the cannabinoids tested so far appear to be of limited use in 
the treatment of glaucoma. They appear to act only against a primary (but not 
sole) symptom of the disease (i.e., ocular hypertension), rather than against the 
underlying disease process, which remains uncertain. The side-effects of those 
cannabinoids particularly effective in lowering IOP restrict their clinical 
usefulness (with some exceptions such as cannabigerol). Cannabinoids 
administered intraocularly to humans cause no IOP reduction. The future 
development of new cannabinoids should focus on the topical application of 
very long-acting THC derivatives having low tolerance potential, minimal 
side-effects and water solubility to circumvent their inherent inability to 
penetrate the eye. 
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BRONCHODILATORY EFFECTS OF CANNABINOIDS 

A'-THC has been recognized for some years as a bronchodilator, with most 
of the relevant clinical studies having been conducted over the past 14 years (for 
a recent review see [222]). While presently undergoing re-evaluation and 
development, it has not inspired great confidence in this regard, as evidenced 
by such articles as 'THC as a bronchodilator. Why bother? [223]. A'-THC 
has equally good bronchodilatory effect when administered intravenously or by 
inhalation in aerosol form [224,225], and both routes are superior to oral 
administration, which is unsatisfactory for this purpose [ 2261. While inhalation 
of A'-THC in aerosol form has produced good results, there are drawbacks to 
smoke, which may adversely affect lung physiology in normal subjects when 
administered chronically [227] and may arouse coughing or constriction 
initially in asthmatics [228]. 

In comparison with /?-stimulants, 2% marijuana administered by inhalation 
proved superior to isoprenaline, increasing conductance for more than 2 h and 
exhibiting a dilator effect slower in onset but lasting longer than isoprenaliie 
[229]. However, oral THC proved less reliable than oral salbutamol[230]. In 
a double-blind study on stable asthmatics, 200 pg of A'-THC was compared 

-with 100 pg of salbutamol delivered in a fixed volume of 63 pl freon per 
inhalation. The onset of salbutamol was found to be faster, but the drugs were 
equiactive after 1 h and the THC effect was more prolonged [225]. Side-effects 
were minimal, though some initial irritation and coughing were noted. It was 
subsequently found that the irritation could be reduced by administering two 
successive 50 pg inhalations of A'-THC [231]. 

There have been only a few comparative studies of the relative bronchodila- 
tory efficacy of different cannabinoids [232]. One of the reasons may be the 
absence of suitable, generally accepted in vivo animal models, although in vitro 
models have been used [232a, b]. One of the clinical studies found that 
A6-THC in doses of 50 and 75 mg orally produced a dose-related broncho- 
dilation comparable to that of 20 mg of A'-THC orally but with considerably 
less psychotropic and cardiovascular side-effects. On the other hand, 
cannabinol and cannabidiol were inactive, even at doses as high as 1200 mg. 
The study was conducted in healthy males who used marihuana recreationally. 

The side-effects of A'-THC were found in another study [233] to be reduced 
by combining a low dose of A'-THC (5mg) with cannabidiol (400mg). 
However, no interaction was seen on bronchodilation. Apparently, nabilone 
(39) produces considerably less bronchodilation than A'-THC. In a recent 
study comparing the bronchial effects of nabilone and the /?-stimulant, 
terbutaline, on normal and asthmatic subjects, 2 mg of nabilone given orally 



R. MECHOULAM AND J.J. FEIGENBAUM 199 

produced only a slight bronchodilation in normal subjects and no effect in 
asthmatics. By comparison, terbutaline produced twice as much conductance 
(dilation) compared to controls [ 2341. 

Side-effects regularly encountered after high doses of A'-THC specifically 
involving respiration appear to involve some irritation and coughing when first 
inhaled (vide supra), but this is generally of only brief duration and is seen only 
initially. 

There does not appear to be a single mode of action responsible for the 
bronchodilatory effect of the cannabinoids. Though A'-THC is not an acetyl- 
choline antagonist on smooth-muscle receptors, it does reduce its release from 
autonomic fibres in the smooth muscle of guinea-pig ileum [235]. If this 
generalizes to the bronchioles, A'-THC should produce dilatation by reducing 
constriction (which it does). The evidence that bronchial muscle relaxation is 
mediated by adrenergic receptors is contradictory at best, with various studies 
showing no effect [223,236] or inhibition [237] induced by 8-adrenoceptor 
antagonists on THC-elicited bronchial muscle relaxation. 

In summary, relative to other therapeutic areas, studies of the use of 
cannabinoids as bronchodilators are inexplicably sparse. There are virtually no 
double-blind studies comparing their efficacy with that of 8-stimulants and only 
very few comparative studies using naturally occurring cannabinoids other than 
A'-THC. At present, the most effective cannabinoid by far, natural or synthetic, 
appears to be A'-THC, especially when given by inhalation in an aerosol with 
low-dose multiple inhalations to reduce its side-effects. The few comparative 
studies to appear in the literature indicate that, while its onset of action may 
be slower than that of some 8-stimulants, A'-THC has at least as much activity 
and its duration of action may be considerably longer. Moreover, while the 
cannabinoids elicit relatively mild side-effects when properly administered, 
those of the 8-adrenoreceptor stimulants are far more severe, including heart 
palpitations, exacerbations of angina, thyroid toxicosis and diabetes, hyper- 
tension and cardiac arrhythmia. However, as no reliable animal tests for 
bronchodilation caused by cannabinoids are in general use, this field of 
research may continue to lag behind those described in the previous sections. 

CONCLUSION 

Several of the traditional medicinal uses of cannabis have been substantiated 
by intense research in recent years. As a result two cannabinoids, a natural and 
a synthetic one, A'-THC and nabilone, have become official drugs. We strongly 
believe that in the future we shall see cannabinoid analgetics, anticonvulsants, 
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antiglaucoma agents and additional antiemetics on the market. However, it is 
quite possible that such drugs will be used for specific complaints (migraine, 
for example) rather than for all types of pain. These developments will depend 
on the separation by molecular modification of the multiplicity of pharma- 
cological actions of active cannabinoids. Several avenues to such separations 
have been indicated throughout this chapter. 

When the biochemical basis of cannabinoid action(s) is elucidated, we may 
be able to advance the field by an approach more sophisticated and intellectual 
than those used hitherto. But such a breakthrough seems to be far away. 
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INTRODUCTION 

Diabetes mellitus afflicts a significant portion of the population in many 
countries. For example, an estimated 5.5 million individuals in the United 
States have some form of diabetes mellitus [ 11. Of these, 500,000 are insulin- 
dependent diabetics (IDDM’s), and require exogenous insulin therapy. The 
remainder of the diabetic population is categorized as non-insulin dependent 
diabetics (NIDDM’s), most often characterized by obesity and insulin 
resistance. These individuals may be treated by diet, exercise and/or oral 
hypoglycaemic agents. The most commonly employed agents are sul- 
phonylureas, which act primarily through the stimulation of insulin release [ 21. 
In some cases, these therapies prove ineffective either because of difficulties 
with patient compliance or a lack of the proper physiological responses (e.g., 
either primary or secondary treatment failures with oral agents). The objective 
of this review is to summarize the status of a number of compounds which 
cause hypoglycaemia by non-insulin-releasing mechanisms. While none of 
these compounds has yet won approval for general patient use, some or all of 
these approaches may prove clinically efficacious or at least provide direction 
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for future research. We have attempted to survey the literature in each of these 
areas in a comprehensive manner in order to provide a current profile of 
information on each agent. Two major areas, glucosidase inhibitors (e.g., 
acarbose) and biguanides, have not been included in this chapter, as they have 
recently been reviewed elsewhere [ 3,4]. 

SOMATOSTATIN AND ANALOGUES 

Somatostatin (I), a tetradecapeptide capable of inhibiting growth hormone 
release, was originally isolated from bovine hypothalamic tissue [ 51. Inhibition 
of pancreatic hormone release (both insulin and glucagon) was subsequently 
observed in experimental animals [ 6,7] and humans [ 8,9]. These observations 

H-Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys OH 

S ornatos tati n 
(1) 

suggested that somatostatin might improve glycaemic control in IDDM by 
suppressing release of the counterregulatory hormones glucagon and growth 
hormone [ 10, 111. The r6le these counterregulatory hormones play in poor 
glycaemic control was clearly demonstrated in patients with IDDM by infusing 
combinations of somatostatin (to suppress endogenous hormone release) and 
either glucagon or growth hormone [ 121. The unopposed action of glucagon or 
growth hormone produced a marked deterioration in glycaemic control; in 
addition, plasma levels of non-esterified fatty acids (NEFA) were elevated, 
resulting in increased rates of fatty acid oxidation and elevated ketone body 
levels. When insulin was initially infused to achieve euglycaemia, addition of 
glucagon caused only a moderate deterioration of glycaemic control. Addition 
of growth hormone in a similar study produced no change in glucose levels. 

The eficacy of somatostatin in improving glycaemic control in IDDM has 
been demonstrated in a number of clinical studies. Patients with IDDM 
receiving infusions of somatostatin ranging in length from 1 to 3 days had 
consistently lowered blood glucose levels and reduced postprandial glucose 
excursions [ 13-15]. Plasma glucagon and growth hormone levels were also 
suppressed and glycosuria was abolished during the somatostatin infusions. In 
one of the studies [ 131, significant improvements in glucose levels in response 
to somatostatin were observed, even when insulin doses were lowered by 50% 
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(average diurnal glucose levels were 114 f 9 mg/100 ml with somatostatin 
infusion versus 131 ? 9 mg/100ml in the control); a rapid deterioration 
occurred when the somatostatin infusion was terminated and the dose of 
insulin held constant due to counterregulatory hormone rebound and relative 
insulin deficiency. In addition to suppressing the release of counterregulatory 
hormones, somatostatin may improve glycaemic control by slowing nutrient 
absorption from the gut and inhibiting exocrine pancreatic function [ 16, 171. 

The usefulness of somatostatin therapy is limited, however, by the short 
half-life of the peptide (2.3 ? 0.3 min) [ 181, requiring continuous infusion, and 
the non-selective inhibition of hormone release (somatostatin suppresses 
insulin release as well as the release of glucagon and growth hormone [ 5,8,9]). 
This second problem is clearly demonstrated in NIDDM patients in whom 
somatostatin infusions suppressed basal insulin as well as glucagon release, 
resulting in sustained hyperglycaemia [ 191. In these patients, somatostatin 
administration also resulted in a deterioration in oral glucose tolerance and 
total suppression of glucose-stimulated insulin release [ 201. The non-selective 
inhibition of endocrine pancreatic function by somatostatin may also be 
undesirable in IDDM, since many patients with IDDM have residual p-cell 
function (detectable circulating C-peptide levels) [ 2 11. 

The synthesis of hundreds of somatostatin analogues has been undertaken 
in hopes of finding an analogue that either selectively inhibits glucagon and 
growth hormone (but not insulin) release, and/or has a prolonged duration of 
action. A detailed consideration of all of these analogues is beyond the scope 
of the current chapter; some of the work in this area has been previously 
reviewed [ 22-24]. 

The DTrp' substitution routinely incorporated in most analogues increases 
somatostatin's potency 8-10-times, but does not alter selectivity [ 25,261. 
Surprisingly, the duration of action of this analogue is similar to that of 
somatostatin, despite the fact that in v i m  incubation of [ ~Trp*]-somatostatin 
in plasma produces a dramatic reduction in proteolytic degradation compared 
with the parent molecule. Other analogues may be divided into two broad 
classes: (1) analogues that are similar in size to the native molecule, but with 
elevated glucagon/insulin selectivity and little or modest increase in duration 
of action, and (2) shorter, more potent, long-acting analogues with little altera- 
tion in selectivity. 

ANALOGUES WITH GLUCAGON AND GROWTH HORMONE SELECTIVITY 

Several analogues, similar in size to the native hormone, suppress glucagon and 
growth hormone but not insulin release. For example, [DcyS'4]- and 
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[ DTrp8,DCys'4]-somatostatin potently inhibit arginine-induced glucagon, but 
not insulin, release in rodents [27-301. In fasted alloxan diabetic dogs receiving 
a subcutaneous injection of 1 mg of the more potent of these analogues, 
[ DTrp*,DCy~'~]-somatostatin, a prolonged reduction of circulating glucagon 
and glucose levels has been observed [ 3 11. The limited clinical experience with 
this analogue in IDDM has been disappointing. Infusions of the peptide did 
not alter plasma glucagon levels, although modest reductions in growth 
hormone levels and postprandial hyperglycaemia were observed [ 32,331. The 
relatively low doses of the peptide employed in these studies (25-40 pg/h) or 
the route of administration (intravenous infusion versus subcutaneous in- 
jection) may be responsible for the poor efficacy in clinical studies as opposed 
to the diabetic dog studies cited above. The fact that alterations at the Cys-14 
residue may play an important r61e in conferring specificity is supported by 
results with two other analogues containing alterations in the 14 position. Both 
des-Ala',Gly2[ ~Trp~,~Asn~*'~]-somatostatin and des-Ala',Gly2[ DTrps,D- 
As~~*'~]-somatostatin, an analogue with a covalent bond between residues 3 
and 14, increase suppression of glucagon release relative to insulin release 
[34,35]. (Des preceding amino acids designates deletion of these residues and 
Asu is aminosuberic acid.) 

In addition to position- 14 alterations, a somatostatin analogue with substi- 
tutions at positions 4 and 5, des-Ala',Gly2[ Hi~~.~~Trp~]-somatos ta t in  (Wy- 
41,747), selectively suppressed glucagon and growth hormone (in preference 
to insulin) release 15 min following subcutaneous administration in arginine- 
treated rats [ 36, 371. This analogue also suppressed growth hormone but not 
glucagon or insulin release for 2 h in rats [36]. Subcutaneous administration 
of this analogue to fasted streptozotocin diabetic dogs resulted in reductions 
of both basal plasma glucagon (60%) and glucose (30%) for 5 h following a 
dose of 0.5 mg/kg [38]. Substantial improvements in postprandial hyper- 
glycaemia and hyperglucagonaemia were also observed in these dogs. The 
postprandial improvements in glycaemic control are most likely due to a 
combination of suppression of glucagon levels (as suggested in the fasting 
experiments) and delayed nutrient absorption (3-0-[ ''C]methylglucose ab- 
sorption was delayed by this drug). The acute effects of Wy-41,747 have been 
evaluated in meal studies in individuals with IDDM [ 391. Postprandial hyper- 
glycaemia was completely prevented by subcutaneous administration of 
10-50 pg/kg of the analogue even when insulin doses prior to the meal were 
reduced almost 50%. Postprandial glucagon levels were suppressed for 2 h and 
only rose modestly above basal levels at time periods as long as 5 h. This is in 
marked contrast to the postprandial hyperglucagonaemia observed in these 
patients when the analogue was not administered. As in diabetic dogs, the 
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improvements in glycaemic control appeared to be mediated through both 
hormonal (decreased glucagon levels) and absorptive mechanisms (slow ap- 
pearance of circulating xylose following ingestion with the meal). The duration 
of action of des-Ala',Gly'[ Hi~~*~~Trp*]-somatostatin in humans following 
subcutaneous administration is sufficient to provide an improvement in gly- 
caemic control following one meal, but not following a second meal 
administered 4 h later [40]. Preparation of a zinc phosphate suspension 
provided a dramatic increase in duration of action in both normal rats 
(reduction in growth hormone for up to 8 h) and diabetic dogs [41,42]. This 
improvement is most likely due to a complex between the zinc and adjacent 
histidines at positions 4 and 5 .  

CORE ANALOGUES 

The analogues discussed above have relative specificity for suppression of 
glucagon and growth hormone as opposed to insulin release. This type of 
specificity apparently requires most of the cyclic skeleton of somatostatin 
(residues 3-14). A central core of somatostatin, including Phe-7, Trp-8, Lys-9 
and Thr-10, appears to be essential for specific somatostatin binding to its 
receptors [43]. Deletion studies with analogues such as ~~S-AA' . ' ,~*~* ' '* '~-  
somatostatin demonstrate retention of growth hormone, insulin and glucagon 
suppressing activity in the rat [43]. In patients with pancreatic tumours, 
infusion of this analogue suppressed release of growth hormone, glucagon, 
insulin and a variety of gastro-intestinal hormones, but was not long-acting 
[44]. Dramatic prolongation of action was observed (hormonal suppression for 
5-10 h) when the peptide was administered subcutaneously to individuals with 
pancreatic endocrine tumours, suggesting that duration of action is mediated 
by a depot effect [45]. 

Attempts to synthesize analogues with the deletion of non-essential amino 
acids while simultaneously increasing the rigidity of the peptide resulted in the 
bicyclo structure (2), which demonstrated activity similar to that of somatosta- 

0 
II 
C-NH -Cys-Phe-D-Trp / 

I 
'NH-&-Cys-Thr - Lys 

0 
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tin in terms of growth hormone, insulin and glucagon suppression in rodents, 
and had an extended duration of action following subcutaneous administration 
[46]. Computer modelling efforts led to the synthesis of non-cysteine- 
containing analogues such as the hexapeptide, (3), which also had extended 
duration of action [47]. Further refinement of these structures yielded L-363, 
586 (4), an analogue with growth hormone, glucagon- and insulin-suppressing 

P r o - P h e - D - T r p  
I I 

P h e  - T h r  - Lys 
NMe . A l a - T h  r - D . T r p  

P h e  - V a l  - Lys 
I I 

(3) (4) 

activity being 50-100-times that of somatostatin [48]. Oral administration of 
this analogue improved control of postprandial hyperglycaemia in insulin- 
treated alloxan diabetic dogs; however, bioavailability is only 1-3% [49]. 
Excellent glycaemic control was achieved in individuals with IDDM during 
infusions of this analogue. A 20-fold increase in potency and half-life was 
observed compared with somatostatin in these studies [50]. 

Another abbreviated analogue, the octapeptide, DPhe-Cys-Phe-DTrp-Lys- 

Thr-Cys-Thr(o1) (SMS201-995) also had both increased potency and 

prolonged action in rats and rhesus monkeys [51]. In normal humans, 
subcutaneous administration of this peptide, which has a long half-life (greater 
than 100 min versus 2 min for somatostatin), inhibited arginine-induced insulin 
and growth hormone, but not glucagon, release; however, it did inhibit the 
postprandial rise in glucagon levels [ 521. Excellent control of postprandial 
glucose levels was achieved with single subcutaneous doses as low as 50 pg to 
subjects with IDDM [ 531. Concomitant suppression of plasma glucagon, 
tnacylglycerol and free fatty acid levels was observed. This analogue is an 
exceptionally potent and long-acting growth-hormone-suppressing agent, and 
a number of clinical studies have confirmed its utility in the treatment of 
acromegaly [ 54-56]. Unfortunately, prolonged suppression of growth 
hormone release may have adverse effects on growth rates in children and 
adolescents with IDDM, thus limiting its utility. Other long-acting analogues 
may have a similar liability. 

I 

I 

CONCLUSIONS 

Several somatostatin analogues improve glycaemic control in diabetic dogs and 
humans. They are of sufficient duration to suggest clinical efficacy. However, 
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the high cost of production of these peptides and the development of alternative 
methods of achieving excellent glycaemic control, such as insulin pump and 
intensive subcutaneous insulin therapies, may limit the utility of these peptides. 

CIGLITAZONE 

One of the most promising novel hypoglycaemic agents for treatment of 
NIDDM is ciglitazone (5-(4-(1-methylcyclohexylmethoxy)benzyl)thiazol- 
idine-2,4-dione) ( 5 )  [ 57-60]. It has effective hypoglycaemic activity in insulin- 

resistant animal models, which seems to result from a potentiation of peripheral 
insulin action. However, the drug has no effect on the glycaemic level of normal 
or insulinopoenic animals. Insulin synthesis and storage are also improved with 
ciglitazone treatment, although it is unclear whether these are direct or indirect 
effects of the drug. 

IN VI VO ACTIVITY 

Ciglitazone was initially characterized in the obese diabetic yellow KK mouse 
[ 611. While neither food intake nor body weight was altered by 4 days of dosing 
(30-1 86 mg/kg per day), blood glucose, plasma NEFA, triacylglycerols and 
cholesterol all were significantly reduced in a dose-dependent manner. In vivo 
assessment of insulin resistance in yellow KK mice using simultaneous subcu- 
taneous injections of insulin and glucose [62] showed that ciglitazone 
treatment caused a decrease in insulin resistance [61]. In studies using other 
insulin-resistant animal models, such as the oblob and db/db mouse, cightazone 
was also an effective hypoglycaemic agent [ 631. In mildly insulin-resistant 
20-week-old rats [61] the drug, while maintaining normal glucose levels, 
caused a reduction of plasma insulin and triacylglycerol levels. Ciglitazone, at 
doses effective in insulin-resistant animal models, failed to have any measurable 
effects in normal Sprague-Dawley rats. When large doses of ciglitazone were 
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administered (300 mg/kg per day for 9 days) to normal rats, some reduction 
ofthe glucose profiles normally observed during oral glucose loading was noted 
but other effects were not evident [ 631. Likewise, in streptozotocin-diabetic rats 
(a model of insulin-dependent diabetes) ciglitazone (100 mg/kg), given for 
12 days, had no observable effect on blood glucose or plasma triacylglycerols. 
These initial in vivo observations in normal, insulin-resistant and insulin- 
dependent diabetic animals indicated that ciglitazone was an effective hypo- 
glycaemic agent only in insulin-resistant animals. Secondly, even large doses 
of the drug caused only a normalization of blood glucose; hypoglycaemia was 
not observed. 

EFFECTS ON INSULIN BINDING 

In an effort to determine the mechanism of action of ciglitazone, its effects on 
insulin binding have been studied in isolated adipocytes from the obese mouse 
(C57BL/6J-ob/ob) and its lean ( +  /?) counterpart [64]. Insulin binding in 
adipocytes from ob/ob mice normally differs from that observed in their lean 
counterparts in several ways. First, the number of low-affinity sites is reduced; 
second, the affinity of these sites is increased; third, the number of high-affinity 
sites is also reduced. Chronic treatment of ob/ob mice with ciglitazone caused 
a reversion of the numbers and affinities of these sites toward those normally 
observed in lean ( +  I?) mice. In lean mice, chronic drug treatment had no 
observed effect on the number of high- or low-affinity sites or their affinities. 
Insulin binding in normal lean, old obese, and streptozotocin-treated Sprague- 
Dawley rats was also compared [65]. In these rat studies, chronic treatment 
had no effect on insulin binding to isolated adipocytes from these animal 
models. Additionally, an inability of the drug to restore normal insulin binding 
after exposure of adipocytes to isoprenaline (which decreases binding) was also 
observed [ 661. Collectively, these results indicate that ciglitazone does not exert 
its primary hypoglycaemic activity through alterations in insulin binding. It is 
possible that the changes in binding observed in adipocytes isolated from 
treated ob/ob mice resulted from relief of the normally observed hyperin- 
sulinaemia rather than by any direct effects of the drug. 

EFFECTS ON GLUCONEOGENESIS 

Ciglitazone could lower plasma glucose by reducing hepatic glucose production 
(gluconeogenesis and glycogenolysis) and/or increasing glucose utilization by 
muscle and fat. Gluconeogenesis, as measured by [ I4C]lactate conversion to 
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glucose in vivo in the ob/ob mouse, was decreased by ciglitazone treatment [ 671. 
In contrast, more recent studies using perfused livers of ciglitazone-treated 
ob/ob mice have shown gluconeogenesis from lactate to be unchanged ; glucose 
formation from alanine was, however, decreased [68]. Even when 
gluconeogenesis was decreased by ciglitazone in vivo, the decreases which were 
noted were small in size and were probably not sufficient to account for the 
hypoglycaemic effects of ciglitazone. It is also important to note that the 
quantitation of all these measurements is confounded by the dilution of radio- 
activity by other substrates and metabolic intermediates as well as potential 
changes in their uptake by the liver. 

EFFECTS ON GLUCOSE METABOLISM IN ADIPOSE TISSUE AND MUSCLE 

The effects of chronic ciglitazone treatment on glucose metabolism in adipose 
tissue were studied in isolated fat pads from ob/ob and + /? mice incubated with 
[ l-14C]glucose [ 641. Basal I4CO2 production (a measure of pentose phosphate 
shunt activity) in fat pads from untreated lean animals was at least 3-fold higher 
than in pads from untreated obese mice. Treatment with ciglitazone caused 
only small, nonsignificant rises in basal 14C02 production in fat pads from 
either lean or obese mice. The stimulatory effect of insulin on 14C02 production 
in fat pads from treated obese mice was significantly enhanced when compared 
with untreated obese controls. On the other hand, insulin stimulation of I4CO, 
formation in fat pads from treated lean mice was not significantly different from 
that in untreated lean controls. Ciglitazone treatment in obese mice also signifi- 
cantly enhanced the stimulatory effects of insulin on [ l-14C]glucose incorpora- 
tion into lipids, but had no effect on the insulin-stimulated increments in fat 
pads from lean mice. These observations indicate an overall increase in insulin 
responsiveness of adipose tissue in obese mice with ciglitazone treatment. 

The effects of ciglitazone on muscle glucose metabolism have been studied 
in the perfused hindquarter of the obese mouse [68]. Following oral dosing of 
ciglitazone (150 mg/kg per day) for 9 days, 100 pU/ml of insulin caused a 
significant increase in the perfused hindquarter uptake of 2-deoxy-~-glucose in 
ciglitazone-treated mice, while in untreated mice, insulin at this dose had no 
effect. The enhancement of the insulin effect by drug treatment was still not of 
a sufficient magnitude to normalize muscle insulin sensitivity, since in perfused 
hindquarters from lean animals the maximal insulin stimulation of 2-deoxy-~- 
glucose uptake was significantly greater than that found in obese animals 
treated with ciglitazone. The. basal rate of 2-deoxy-~-glucose uptake was 
unaffected by ciglitazone. Basal rates of 3H,0 formation from [ 5-3H]glucose 
in perfused hindlimbs of ob/ob mice were also unaffected by ciglitazone 
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treatment. Whether ciglitazone potentiated insulin stimulation of this process 
was not reported. It is clear that glucose metabolism in both adipose tissue and 
muscle can be significantly affected by ciglitazone treatment and these changes 
are probably the primary cause of the potent hypoglycaemic effect of the drug. 

EFFECTS ON THE PANCREAS 

While the effects of ciglitazone do not appear to be a result of the drug’s ability 
to enhance insulin secretion, as a fall in the plasma insulin levels accompanies 
the fall observed in the glucose level, ciglitazone treatment does appear to alter 
islet structure and perhaps function. Initial studies with ciglitazone showed that 
it promoted regranulation of islets in the ob/ob mouse [63]. A more thorough 
morphometric evaluation of islet surface area in ob/ob mice and their lean 
counterparts was later conducted [69]. In this study pancreatic islets from 
chronically-treated dbldb mice were also studied. After 7 weeks of ciglitazone 
treatment, moderate to heavy granulation was observed in islets from both 
db/db and oblob mice, whereas the islets from untreated mice were extensively 
degranulated [ 691. Untreated mice of both types showed extensive hypertrophy 
of the rough endoplasmic reticulum, Golgi and mitochondria indicative of 
stressed beta cells. Surface area measurements of islets showed ciglitazone 
caused a reduction in surface area in the ob/ob mice, but not to the level of the 
lean counterparts, suggesting that the islet hypertrophy indicated above had 
been partially ameliorated but not completely reversed. These chronic studies 
provide evidence for the beneficial effects of chronic treatment with ciglitazone 
on beta cell function. It is unclear whether these effects of increased 
regranulation and an improved pattern of insulin storage and synthesis are 
direct effects of the drug or simply a result of near normalization of the plasma 
glucose and consequently a weakened stimulus for continued insulin secretion. 

EFFECTS ON RENAL LESIONS 

The effects of chronic (12 and 20 weeks) administration of ciglitazone on blood 
glucose and renal lesions in diabetic (C57BL/KsJ - db/db) mice have also been 
studied [70]. Blood glucose levels were significantly improved in both studies. 
Deposition of fluorescein-conjugated IgM and IgG in the glomerular 
mesangium and renal tubules was evaluated by light microscopy and a 
significant reduction of IgG deposition was noted. Expansion of the 
mesangium which normally occurs in dbldb mice was not retarded by 
ciglitazone treatment. Ciglitazone completely ameliorated glycogen vacuoli- 
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zation of tubular epithelial cells which normally occurs due to excessive 
reabsorption of glucose during hyperglycaemia. 

EFFECTS ON THERMOGENIC IMPAIRMENT 

Coincident with the development of insulin resistance in the oblob mouse is an 
impairment in thermogenic responsiveness of the brown adipose tissue of this 
animal [71,72]. The activity of the thermogenic pathway is generally assessed 
by measurement of a GDP binding protein in isolated mitochondria [73]. 
Seven-day treatment of ob/ob mice with ciglitazone restored responsiveness of 
this protein to cold exposure, suggesting that the drug had ameliorated the 
thermogenic defect. At the same time, an almost complete restoration of the 
impaired insulin stimulatory effect on lipogenesis in brown adipose tissue was 
also observed [74]. These results serve to support the idea that ciglitazone 
causes a generalized therapeutic improvement in insulin resistance rather than 
improvement in one or more specific derangements caused by the resistance. 

BIOAVAILABILITY AND DISPOSITION 

The bioavailability and disposition of ciglitazone in both rats and dogs have 
been studied [ 75-77]. In dogs, a meal accompanying the administration of drug 
either in tablet or suspension (micro-pulverized ciglitazone in water) caused an 
increase in its bioavailability [75]. Experiments using agents such as pro- 
pantheline bromide to increase GI  residence time indicated that the effect of 
meals to increase bioavailability was in part due to an enhancement of GI 
residence time [ 761. 

The disposition of ciglitazone is strikingly different in rats than in dogs [ 771. 
In rats, a maximal plasma level was reached 2 h after oral dosing with an 
apparent half-life of 4.9 h, while in dogs a plateau was reached at 1 h, persisted 
for 10 h and had an apparent half-life of 23.5 h. In rats, plasma concentrations 
of metabolites were higher than those of the unchanged ciglitazone, while in 
dogs the reverse was observed. Several of the metabolites that have been 
identified also have hypoglycaemic activity. After 7 days of administration no 
accumulation of the drug was found in plasma or tissues and 97.5 % of the dose 
was eliminated from the body within 96 h. 

CONCLUSIONS 

The ability of ciglitazone to normalize blood sugar levels and ameliorate most, 
if not all, degenerative changes which occur in non-insulin-dependent diabetes 
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certainly make it a potentially exciting therapy. A recent report [ 781 indicates 
that analogues with a potency at least 10-fold that of ciglitazone have been 
synthesized. Studies on the toxicity of ciglitazone and/or its analogues have not 
yet been reported, nor have any studies on the clinical efficacy of these 
compounds. 

FATTY ACID OXIDATION INHIBITORS 

The use of fatty acid oxidation inhibitors as orally effective hypoglycaemic 
compounds has its roots in the Randle glucose-fatty acid cycle first proposed 
in the 1960’s [79]. This hypothesis recognized the reciprocal relationship that 
exists between fat and carbohydrate metabolism. It followed that in individuals 
such as diabetics, who often have an increased utilization of fatty acids, a 
reduction in fatty acid oxidation should enhance carbohydrate utilization and 
consequently lower blood glucose levels. A variety of fatty acid oxidation 
inhibitors do have significant hypoglycaemic activity [ 80-831 ; however, their 
activity may reside more in their potent inhibition of hepatic gluconeogenesis 
than in their enhancement of peripheral glucose utilization. 

CARNITINE PALMITOYLTRANSFERASE (CPT) 

Efforts to develop potent inhibitors of fatty acid oxidation have focused on 
agents that selectively inhibit the movement of long-chain fatty acyl CoA’s into 
the mitochondrion by the inhibition of carnitine palmitoyltransferase (CPT). 
This enzyme has been widely accepted as the key regulatory enzyme in the 
oxidation of long-chain fatty acyl groups [ 841 and catalyzes the movement of 
long-chain fatty acyl CoA’s across the inner mitochondrial membrane (see 
Figure 6. I). The long-chain fatty acyl CoA’s initially undergo transesterification 
catalyzed by CPT I (located on the outer aspect of the inner membrane) to form 
an acyl-carnitine derivative. The acyl-carnitine derivative is rapidly trans- 
located across the membrane where CPT I1 (located on the inner portion of 
the inner membrane) catalyzes a transesterification reaction in which carnitine 
is released simultaneously with resynthesis of fatty acyl CoA. The movement 
of medium-chain fatty acyl CoA’s into mitochondria is carnitine-independent 
and is not regulated by CPT. CPT I and I1 can be differentiated not only on 
the basis of their locations but also based on their sensitivity to inhibition by 
malonyl-CoA (the product of the first committed step in fatty acid synthesis and 
an important regulator of fatty acid oxidation [84]). CPT I is inhibited by 
malonyl-CoA, whereas CPT I1 is not. Whether CPT I and CPT I1 are distinct 
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Fig. 6 .  I .  

isozymes or the same enzyme with different affinities for malonyl-CoA (due to 
differences in their local membrane environments) has not yet been completely 
resolved [ 851. 

CFT INHIBITORS 

Most inhibitors of this enzyme reported in the literature are long-chain fatty 
acyl CoA analogues [ 80,83,86]. The two most thoroughly characterized CPT 
inhibitors are TDGA (2-tetradecylglycidate (6) and its methyl ester 
(MeTDGA)) and POCA (chlorophenylpentyloxiranecarboxylate (7)). These 
inhibitors affect only CPT I and not CPT I1 [87-891, with IC,, values 
reportedly in the nanomolar range. The following discussion will focus 
primarily on these two compounds, since they have been the most thoroughly 
characterized, and are probably closest to comprehensive clinical trials. Other 
inhibitors of CPT I should cause similar if not identical effects. Two other 
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potentially useful fatty acid oxidation inhibitors have recently been reported. 
Emeriamine (8) is a carnitine analogue which has significant hypoglycaemic 
effects in fasted rats and several other animal models. Emeriamine inhibits 
CPT I in isolated mitochondria with an IC,, value in the micromolar range 
[ 901. Where appropriate in the following discussion, comparisons will be made 
with emeriamine, although only limited data are available on the pharmacology 
of this compound. Since emeriamine is a carnitine analogue, it may suffer the 
disadvantage of inhibiting other carnitine-dependent enzymes, thus causing 
deleterious side-effects. Another novel compound, 2-(3-methylcinnamylhydra- 
zono)propionate (MCHP) (9) apparently inhibits the translocation of long- 
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chain fatty acyl carnitines across the mitochondrial membrane but has little or 
no effect on either CPT I or CPT I1 [91]. Its derivation, mechanism of action 
and pharmacology will be discussed in a subsequent section. 

The biologically active forms of TDGA and POCA are their CoA esters 
[87,89,92]. TDGA and MeTDGA were ineffective in the inhibition of CPT 
activity unless a suitable period of preincubation supplemented with free CoA 
and ATP was allowed for formation of the CoA derivaiive by endogenous acyl 
CoA synthase [87]. Similar studies have shown that the CoA ester of POCA 
is required for activity [89]. The effects of these inhibitors appeared to be 
irreversible in nature, since CPT activity was not regenerated by repeated 
washing of isolated mitochondria previously incubated with the CoA form of 
the inhibitors [ 92,931. Neither inhibitor prevented the oxidation of palmitoyl- 
carnitine by isolated intact mitochondria, indicating that CPT I rather than 
CPT I1 is inhibited. The potencies of MeTDGA-CoA and POCA-CoA were 
similar, with IC,, values for rat liver CPT I of 26 and 20 nM, respectively 
[ 87,891. Preincubation with palmitoyl-CoA prior to addition of the inhibitor 
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protected the enzyme [87,89]. Emeriamine, the carnitine analogue, had an 
IC,, value of 62 pM [90] with 1.2 mM carnitine as a substrate. 

EFFECTS OF FASTING ON CPT INHIBITION 

CPT I is more strongly inhibited by POCA-CoA and TDGA-CoA in mito- 
chondria isolated from the liver of fed animals than from that of 24-h-fasted 
animals [92]. This is analogous to the change in sensitivity of the enzyme to 
malonyl-CoA observed with fasting [94]. However, fasting did not affect 
inhibitor potency in muscle [ 921. Although the hepatic enzyme is more sensitive 
to the effects of POCA-CoA and TDGA-CoA in the fed state, the inhibitors 
appear to have demonstrable effects on plasma glucose only in the fasted state 
[ 80,951. This is directly related to the contribution that gluconeogenesis makes 
to overall hepatic glucose production in the fasted state. Normally, only a small 
portion of total glucose output by the liver in the fed state is derived from 
gluconeogenesis, whereas in the fasted state this process accounts for the major 
portion of hepatic glucose output. 

TISSUE SENSITIVITY 

The sensitivity of CPT I from different tissues to POCA and MeTDGA varies, 
as does its sensitivity to malonyl-CoA [ 88,92,96,97]. Studies in which 
MeTDGA was administered in vivo followed by isolation of mitochondria from 
various tissues showed that liver CPT I was most sensitive to the inhibitor, 
followed by heart and then diaphragm [97]. A similar pattern of tissue 
sensitivity was observed with POCA [ 88,921. Preliminary studies comparing 
the effects of emeriamine in isolated hepatocytes and cardiomyocytes showed 
the hepatocytes to be 10-fold more sensitive than the cardiomyocytes when 
palmitate oxidation or CPT I activity was used as a measure of effectiveness 
[901. 

EFFECTS ON FATTY ACID OXIDATION AND SYNTHESIS 

The inhibition of CPT I by either POCA or MeTDGA caused a decrease in 
[ ''C]palmitate oxidation. MeTDGA effectively inhibited palmitate oxidation 
in kidney cortex slices [ 981, diaphragm [ 981, heart [ 991 and hepatocytes [ 1001 
from fasted rats. POCA produced an almost complete suppression of 
long-chain fatty acid oxidation i,n the perfused rat heart from either fed or fasted 
animals [ 1011. POCA also inhibited hepatocyte oxidation of oleate up to 85% 
with maximal effects of POCA observed at concentrations as low as 1 pM 
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[102]. Esterification of oleate was increased in the same proportion as its 
oxidation was inhibited, so oleate uptake was unchanged. While oxidation of 
palmitoyl-CoA was strongly decreased in both liver and muscle mitochondrial 
fractions from POCA-fed animals (0.5% and 0.2% in chow) oxidation of 
palmitoylcarnitine was unaffected [ 921. Metabolism of [ ''C]octanoate was 
also unaffected by POCA, indicating that ketogenic enzymes and medium- 
chain fatty acid oxidation also remained uninhibited [ 1021. 

One means of regulation of fatty acid biosynthesis is through end-product 
inhibition of acetyl-CoA carboxylase by long-chain acyi CoA's. Thus it might 
be expected that POCA-CoA, a long-chain fatty acyl CoA analogue, would dso 
be inhibitory. In hepatocytes from fed rats, at concentrations above 5pM, 
POCA caused an inhibition, while at a concentration of 2 pM a slight stimula- 
tion was observed [ 1031. Inhibition of fatty acid synthesis by 100 pM POCA- 
CoA (71%) was greater than that observed from 250pM palmitoyl-CoA 
(30%). Since 100 pM concentrations of these CoA derivatives caused 
equivalent inhibition of acetyl-CoA carboxylase in liver extracts (30%), POCA- 
CoA must have a direct inhibitory effect on fatty acid synthetase. The slight 
stimulation of fatty acid synthesis observed at low levels (2 pM) of POCA may 
be related to an increased flux through pyruvate dehydrogenase and to a more 
oxidized state of the mitochondrial matrix, resulting in increased citrate 
formation. 

EFFECTS ON GLUCONEOGENESIS 

The inhibition of fatty acid oxidation potently inhibits gluconeogenesis (a major 
component of glucose production in the fasted state) [89]. The effects of 
MeTDGA and POCA on gluconeogenesis have been well studied in vitro 
[90, 100, 104-1061, although their effects on gluconeogenesis in vivo have not 
been reported. In isolated rat hepatocytes, MeTDGA significantly inhibited 
gluconeogenesis from lactate, pyruvate, dihydroxyacetone phosphate and 
fructose [ 1001. At the same time, acetyl-CoA levels were depleted from 108 to 
41 nmol/g and a corresponding rise in the free CoA levels occurred. These 
changes are consistent with the hypothesis that the inhibition of gluco- 
neogenesis is the result of an increase in pyruvate utilization via increased flux 
through pyruvate dehydrogenase and a decrease in pyruvate carboxylase activ- 
ity (a critical gluconeogenic enzyme) because of the decreased concentration 
of acetyl-CoA. Similar to the effects of MeTDGA, POCA inhibited oleate 
oxidation, gluconeogenesis, and ketogenesis in isolated hepatocytes from 24-h- 
fasted rats [ 1051. Full effects of POCA on fatty acid oxidation in hepatocytes 
have been observed at concentrations of 1 pM [ 1021. 
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EFFECTS ON PYRUVATE DEHYDROGENASE 

One major site of regulation of glucose oxidation is the intramitochondrial 
pyruvate dehydrogenase (PDH) complex. It exists in both an active (dephos- 
phorylated) and inactive (phosphorylated) form. In situations of relative insulin 
deficiency such as starvation and diabetes, the relative proportion of PDH in 
the active form is decreased mainly as a result of increased PDH kinase activity. 
A number of factors regulate the kinase, such as the NADH/NAD and acetyl- 
CoA/CoA ratios [ 107, 1081. The effects of TDGA and POCA on PDH have 
also been studied. TDGA administered intravenously to normal fed rats had 
no effect on the active form of PDH from heart, diaphragm, liver, kidney and 
adipose tissue [ 1091. The drug was able to reverse the effects of a 48 h fast on 
heart PDH, which normally decreases the amount in the active form, and the 
drug also partially reversed the effect of starvation on kidney PDH [ 1091. PDH 
of the other tissues was unaffected. The compound has been studied in various 
animal models of diabetes with variable results. The compound failed to reverse 
the effects of alloxan diabetes on PDH from rat hearts perfused without insulin. 
The addition of insulin alone only partially normalized the proportion of PDH 
in the active form, while the combination of insulin and TDGA caused a 
complete normalization [ 1091. In mice treated with gold thioglucose to induce 
obesity and hyperinsulinemia, the proportion of PDH in the active form is 
decreased, but a single dose of TDGA (25 mg/kg) restored the PDH proportion 
back to that of the lean controls [ 1101. Perfusion of hearts from streptozotocin- 
diabetic rats with POCA caused a 3-fold increase in PDH, although PDH 
activity was not influenced directly by POCA [ 881. 

EFFECTS ON GLUCOSE METABOLISM IN VIVO 

In vivo there are two primary determinants of the plasma glucose level, the rate 
of hepatic glucose production and the rate of peripheral glucose utilization. 
Inhibition of fatty acid oxidation should have significant effects on both of these 
processes, at least in the fasted state. The effects of MeTDGA in vivo on glucose 
turnover have been studied in both normal and streptozotocin diabetic dogs 
using [6-3H]glucose [ 11 11. No effects of the compound were noted on glucose 
turnover in the normal animals, but the length of fast was not specified in these 
experiments. The dog normally absorbs the contents of a mixed meal at a much 

I lower rate than either man or the rat [ 1121 so that, unless the dogs were fasted 
at least 48 h, it is unlikely that the effects of a fatty acid oxidation inhibitor 
would be evident (thus explaining the lack of effects of MeTDGA on glucose 
turnover). In diabetic dogs, MeTDGA caused the plasma glucose level to fall 
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from 155 to 113 mg/100 ml, but had no significant effect on glucose turnover. 
With MeTDGA treatment, restoration of the acute suppressive effect of insulin 
on glucose production that was absent in the diabetic condition was also 
observed. It is noteworthy that the normal counterregulatory increase in glu- 
cose production in response to insulin-induced hypoglycaemia was unimpaired 
in both the normal and diabetic MeTDGA-treated dogs. 

As might be expected following administration of either inhibitor in vivo, 
non-esterified fatty acids (NEFA) rise, but with chronic administration of the 
drugs, their levels reportedly fall back to those normally found in the plasma 
[ 1131. The rise is probably due to the decreased utilization of the NEFA, but 
the reason for the transient nature of this rise has remained unexplained. Either 
lipolytic inhibition occurs to restrict inflow of NEFA into the plasma or the 
processes of esterification and re-esterification are increased . store excess 
NEFA as triacylglycerols in some tissue or tissues [95, 114j. Chronic use of 
the drug has resulted in a fatty liver, but it is unclear whether this explains the 
transient nature of the rise in NEFA. 

CLINICAL STUDIES 

While none of the fatty acid oxidation inhibitors has proven clinical efficacy, 
several reports indicate that they may have potential in the treatment of 
diabetes. MeTDGA was used with some success to treat a middle-aged, 
severely insulin-resistant diabetic who suffered from a syndrome of anti-insuli? 
receptor antibodies, thus disallowing the use of insulin in any  quantity for 
treatment of the disorder [ 1151. Insulin given up to 1280 units/day did not 
cause a lowering in the glucose level. The excessive hyperglycaemia from which 
this patient suffered (fasting plasma glucose of up to 724 mg/100 ml) was due 
almost exclusively to an overproduction of glucose by the liver. Decreased 
utilization of glucose did not seem to play a significant r&le. However, when 
MeTDGA was administered, the respiratory quotient increased from 0.7 1 to 
0.84, indicating that the drug had caused enhanced utilization of glucose by 
peripheral tissues. Glucose production also fell, reflecting decreases in the rates 
of both hepatic glycogenolysis and gluconeogenesis. MeTDGA has also been 
used in other studies in insulin-dependent diabetics [ 1161. As a supplement to 
their normal insulin dose, six ketotic IDDM patients were given 50 mg/day 
MeTDGA for 11 consecutive days. Ketonuria was abolished and remained 
abolished. Glycosuria, and fasting and postprandial plasma glucose levels were 
also reduced, requiring the insulin dosage to be reduced in three patients. These 
studies suggest that the use of MeTDGA in IDDM may be a beneficial adjunct 
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to current therapy. To date, there have been no studies reported in NIDDM 
patients with any of the fatty acid oxidation inhibitors. 

EFFECTS ON EXERCISE CAPACITY AND HYPOGLYCAEMIC 
COUNTERREGULATION 

There has been some speculation that, with the chronic use of a fatty acid 
oxidation inhibitor, an impairment of exercise capacity and/or the counter- 
regulatory mechanisms involved in glucose homeostasis might occur. In normal 
[ 1171 or streptozotocin-diabetic [ 1181 rats, MeTDGA caused no decrease in 
the ability of the animals to perform strenuous or prolonged, moderately 
strenuous exercise. However, based on a reduced ability by tissues to use 
NEFA, one might expect that the ability to sustain exhaustive exercise would 
be reduced, particularly once glycogen levels had been depleted. 

Adrenaline-mediated increases in glucose production represent a major 
mechanism by which the body defends against hypoglycaemia. The effects of 
chronic MeTDGA dosing on adrenaline-induced hyperglycaemia were studied 
in the fed and fasted rat [ 1191. The hyperglycaemic response to adrenaline in 
fed rats was unaffected by MeTDGA treatment, although in fasted rats, drug 
treatment slightly impaired the induction of hyperglycaemia by the cate- 
c holamine . 

EFFECTS ON CARDIAC STRUCTURE AND FUNCTION 

Since the heart derives the majority of its energy from the oxidation of fatty 
acids, a major concern about the chronic use of fatty acid oxidation inhibitors 
relates to their potential for cardiotoxicity or at least impairment of normal 
cardiac function. The acute effects of POCA on cardiodynamics and 
myocardial metabolism were studied in normoxic and in underperfused canine 
hearts in anaesthetized animals [ 120, 1211. In the normoxic heart, although 
arterial NEFA levels rose continuously, myocardial uptake was almost com- 
pletely inhibited ; glucose uptake remained unchanged but lactate uptake 
increased markedly, suggesting a switch from oxidation of NEFA to carbohy- 
drate. In the face of these changes, an initial increase in pulmonary vascular 
resistance was noted along with increasing vascular pressure up to 4 h;  other- 
wise, all other haemodynamic parameters measured remained unchanged, 
including cardiac output, aortic pressure, and heart rate. When the effects of 
POCA were examined in the underperfused canine myocardium, the drug 
induced a transient decrease in left ventricular power and cardiac output. A 
transient increase in end-diastolic segment length and a sustained decrease in 
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systolic shortening during the ejection phase in the underperfused area were 
also observed. 

The normalization of some diabetic cardiac abnormalities by MeTDGA 
such as depression of calcium uptake, elevation of long-chain acyl carnitines 
in sarcoplasmic reticulum [ 1221 and shifts in myosin isozymes have been 
observed [ 1231. However, other chronic studies in which MeTDGA was 
administered twice daily at either 10 mg/kg or 25 mg/kg to normal rats showed 
that after 5 weeks of treatment significant deleterious changes in a number of 
parameters had occurred [ 1241. The triacylglycerol and phospholipid content 
of the cardiac tissue was elevated and the hearts themselves were enlarged, 
being flabby and discoloured with dilated ventricles when compared to con- 
trols. Other chronic studies have shown an increase in heart size in &/& mice 
with TDGA treatment [ 125, 1261. However, these same studies showed a 
beneficial reversal of diabetic renal abnormalities such as immunoglobulin 
deposition in the glomerular mesangium and mesangial matrix expansion with 
chronic TDGA treatment [ 125, 1261. Clearly, longer-term, more detailed 
studies on the toxicity of these inhibitors are needed to evaluate both the 
beneficial and potentially deleterious aspects of these compounds. Compounds 
with enhanced hepatic versus cardiac reactivities may minimize cardiac 
toxicity. 

MISCELLANEOUS FATTY ACID OXIDATION INHIBITORS 

A number of other inhibitors of fatty acid oxidation have been reported in the 
literature [ 8 1,86, 140-1421 including 2-bromopalmitoyl-CoA, bromoacetyl- 
CoA and S-methanesulphonyl-CoA decanoylcarnitine, all inhibitors of carni- 
tine palmitoyltransferase, 4-pentenoic acid, an inhibitor of 3-ketoacyl-CoA 
thiolase and acetoacetyl-CoA thiolase, and hypoglycin, a compound isolated 
from the Jamaican ackee fruit (Blighia supidu) which potently inhibits several 
acyl-CoA dehydrogenases. The toxicity associated with these compounds or 
their expense have precluded further development as hypoglycaemk agents. 

CONCLUSIONS 

The clinical efficacy of fatty acid oxidation inhibitors has not yet been proven. 
Some beneficial effects have been noted in insulin-dependent diabetics, but no 
controlled clinical trials in non-insulin-dependent diabetics have been reported. 
Although the inhibition of fatty acid oxidation causes hypoglycaemia in the 
fasted state, it is unclear whether these compounds will be effective in an 
individual with normal eating habits. The safety and efficacy of this class of 
compounds can be determined only by further studies. 
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HYDRAZONOPROPIONIC ACIDS 

Over 20 years ago, monoamine oxidase inhibitors of the hydrazine type were 
proposed as supplementary hypoglycaemic agents for treatment of diabetes 
mellitus [ 130-1331. Due to their toxicity, this approach was abandoned [ 1341, 
only to be rekindled by a group at the Institut fur Klinische Chemie [ 135, 1361. 
They found two hydrazine analogues, (2-phenylethy1hydrazono)- and 2-(cyclo- 
hexylethy1hydrazono)propionic acids (PEHP (10) and CHEHP (1 l), respec- 
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CHz-CH2-NH-N=C 
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110) (11) 

tively), with increased hypoglycaemic activity and reduced toxicity. Both 
compounds at doses of between 145 and 800 pmol/kg (30 and 170 mg/kg, 
respectively) significantly lowered blood glucose in 48-h-fasted guinea-pigs, 
rats and hamsters. Glucose-lowering effects were also observed in 12-h-fasted 
diabetic mice. CHEHP lowered ketone body levels in fasted guinea-pigs, while 
having no observable effects on plasma triacylglycerol or cholesterol levels. 
These compounds were ineffective hypoglycaemic agents in fed animals and 
appeared to cause no change in cellular ATP/ADP ratios, as has been reported 
for biguanides [ 1371. 

EFFECTS ON MONOAMINE OXIDASE 

Since compounds of the hydrazine type also inhibit monoamine oxidase, the 
effects of PEHP and CHEHP on this enzyme were studied. While PEHP 
inhibited brain and liver monoamine oxidase by more than 80%, CHEHP had 
only slight inhibitory effects (14% at 145 pmol/kg) 3 h following intraperitoneal 
injection. In v i m  characterization of these inhibitors supported these in vivo 
experiments. PEHP was found to behave as a non-competitive inhibitor with 
a K, of 70 pmol/l, while the inhibitory effects of CHEHP were consistent with 
competitive inhibition and a Ki of 340 pmol/l [ 1381. Despite its inhibitory 
effects on monoamine oxidase, a 3 month treatment of guinea-pigs with PEHP 
(145 pmol/kg per day) caused no change in behaviour or observable condition 
of the animals; such chronic treatment did not alter the acute metabolic effects 
of the drug, suggesting that either PEHP or CHEHP might be suitable for use 
as a hypoglycaemic agent. However, a PEHP-CHEHP analogue, 2-(3-methyl- 
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cinnamy1hydrazono)propionate (MCHP, (9)) has recently been synthesized 
which has little inhibitory effect on monoamine oxidase, while retaining potent 
hypoglycaemic properties [ 9 1 3. 

EFFECTS ON CARBOHYDRATE A N D  LIPID METABOLISM 

Further characterization of MCHP demonstrated that doses as low as 
20.5 pmol/kg (5  mg/kg) in the 48-h-fasted guinea-pig caused a significant 
decline in plasma glucose levels and a reduction in ketone body levels [ 1391. 
7 day treatment with MCHP did not alter the acute effects of the drug, but 
caused a significant decline in plasma cholesterol levels (1.40 0.55 to 
0.59 k 0.17 mM) [ 1391. This fall may be due to a reduction in the cholesterol’s 
biosynthetic rate corresponding to a fall in acetyl-CoA levels which was 
observed. The compound was much less potent in the fasted rat than the fasted 
guinea-pig; a minimally effective hypoglycaemic dose was 2 12 mg/kg. 

In vitro studies on the hepatic effects of MCHP showed that, in perfused 
guinea-pig livers, glucose formation from pyruvate or lactate was reduced by 
60% [ 1401. A reduction of glucose formation from alanine by the drug was also 
observed. In isolated rat hepatocytes, similar effects of MCHP were noted, but 
again at much higher levels of the drug than in the guinea-pig, paralleling the 
already mentioned dose-dependent differences between the two species. 

EFFECTS ON FATTY ACID TRANSPORT 

Recent work [91 J has shown MCHP to be an effective inhibitor of long-chain 
fatty acid transfer across the mitochondrial membrane. In perfused livers 
(guinea-pig), the inhibitory effect of MCHP on glucose production was 
abolished when octanoate was substituted for oleate. Ketogenesis from either 
palmitoylcarnitine or palmitoyl-CoA + carnitine was potently inhibited in 
isolated liver mitochondria, indicating that MCHP may either inhibit CPT I 
and/or I1 or may interfere with the translocation of palmitoylcarnitine across 
the inner mitochondrial membrane. The studies cited above indicated that this 
inhibitor is unlike either MeTDGA or the phenylalkyloxiranes, which inhibit 
only CPT I. A recent report [ 1411 in which the investigators attempted to 
identify the exact inhibitory locus of MCHP action shows that the site is neither 
CPT I or CPT I1 but instead the actual translocation of palmitoylcarnitine 
across the membrane. Since octanonate relieves the hypoglycaemic effects of 
MCHP, it is likely that the translocation of only long-chain fatty acids is 
affected. It is currently unclear by what mechanism MCHP inhibits fatty acid 
transfer across the mitochondrial membrane. 
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EFFECTS ON GLUCOSE UPTAKE BY THE JEJUNUM 

The influence of these compounds on jejunal glucose uptake was studied [ 1421 
to determine if effects similar to biguanide hypoglycaemics on glucose absorp- 
tion contributed to the observed hypoglycaemia with MCHP. Absorption of 
glucose and alanine was measured in perfused jejuna isolated from 48-h-fasted 
rats. Glucose uptake was reduced by CHEHP and MCHP as well as by DBI 
(phenylethyl biguanide). MCHP was an effective inhibitor of glucose uptake 
when added either to the vascular or to the mucosal side. Thus, the effect of 
MCHP and CHEHP on jejunal glucose uptake is similar to the effects of 
biguanide hypoglycaemics and may play a r61e in the hypoglycaemic activity 
of MCHP and related hydrazones. 

CONCLUSIONS 

While hydrazonopropionic acids exert their primary hypoglycaemic action 
through an inhibition of fatty acid oxidation, other apparently unrelated effects 
are also evident (i.e., inhibition of monoamine oxidase and jejunal glucose 
uptake). The use of either TDGA or POCA as a hypoglycaemic agent would 
seem to offer a more directed and defined approach, with less risk of side- 
effects unrelated to the primary mechanism of action of the drug. 

AS-6 

Another novel hypoglycaemic agent, AS-6, (12), is derived from ascochlorin 
which was first discovered in the filter cake of the fermented broth of the fungus, 
Ascochytu viviue Libert [ 1431. AS-6, the 4-0-carboxymethylated derivative of 
ascochlorin, is a more potent hypoglycaemic agent and is more readily 
absorbed from the gut than ascochlorin [ 144, 1451. 
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EFFECTS ON CARBOHYDRATE AND FAT METABOLISM 

Initial characterization of AS-6 in streptozotocin-diabetic mice showed it to 
cause a reduction of about 26% in glucose, 31 % in free fatty acids and 38% 
in insulin levels as compared with controls after 7 days of an oral-dosing 
regimen begun at the same time as the streptozotocin injection [ 1451. Similarly, 
in streptozotocin-injected rats, oral administration of the compound for 
14 days reduced the level of hyperglycaemia by 24%. In glucose tolerance tests 
in normal mice, AS-6 treatment caused a more rapid attenuation of the hyper- 
glycaemia than in untreated controls [ 145 ]. These early studies indicated that 
AS-6 might have promise as an antidiabetic drug. 

In dbldb mice, 7 day treatment with AS-6, while not affecting food con- 
sumption or weight gain, ameliorated polydipsia, polyuria and glucosuria [ 1461. 
This amelioration was associated with a marked'decrease in serum glucose and 
triacylglycerol levels. In the dbldl, mouse, the effects of AS-6 on glucose levels 
appeared to be synergistic with insulin, since after 1 week of AS-6 treatment 
insulin alone caused a 20% fall in glucose, AS-6 alone caused a 34% fall, but 
together they caused a 67% fall. 

In v i m  studies [ 1471 on isolated adipocytes from dbldb mice treated for 
1 week with AS-6 showed an increase in insulin binding (1.4-3.3-fold), basal 
glucose uptake (17.579, insulin-stimulated glucose uptake ( 5 8 % )  and basal 
lipogenesis (3.4-fold greater than in untreated controls). 

EFFECTS ON THE PANCREAS 

Administration of AS-6 in dbldb mice prevented degenerative endocrine pan- 
creatic changes such as degranulation of beta cells, increased basophillic nature 
of islet exocrine border, infiltration of islets by small round cells, and fat 
necrosis occumng around the pancreas [ 146 1. However, an increase in size and 
number of islets normally seen during dbldb development was not prevented. 
Similar metabolic and pancreatic effects have been noted for ciglitazone, but 
the two compounds probably work through different mechanisms, since 
administration of AS-6 to insulinopoenic diabetic animals [ 1451 had a hypo- 
glycaemic effect while ciglitazone did not. 

EFFECTS ON SUBCELLULAR ABNORMALITIES 

The effects of AS-6 on certain subcellular abnormalities associated with dbldb 
mouse adipocytes have also been examined [ 148, 1491. Separation of proteins 
by SDS gel electrophoresis from partially purified plasma membranes and 
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mitochondria isolated from db/db and + /? adipocytes showed several signifi- 
cant differences in the pattern of bands observed. AS-6 treatment of db/db mice 
for 7 days caused a reversion of the band pattern of db/db membranes to that 
of + /? membranes [ 1481. The effects of insulin on 32P incorporation into 
plasma membrane protein of adipocytes from db/db and + /? mice was also 
measured. When compared with membranes from untreated db/db animals on 
a milligram protein basis, insulin increased labelling 1.8-fold in lean ( + I?) and 
2.4-fold in AS-6 treated db/db membranes. Calcium binding to adipocyte 
plasma membranes, which is decreased in db/db mice, was returned to levels 
found in lean ( +  /?) mice with AS-6 treatment. Whether these subcellular 
effects of AS-6 are important in the restoration of insulin sensitivity in the db/db 
mouse is not currently known. 

MISCELLANEOUS EFFECTS 

Treatment with AS-6 caused a decrease in cholesterol levels [ 150, 1511, but it 
is unclear whether this property relates to its ability to enhance insulin action 
on lipid metabolism or results from other actions. Although ascochlorin origi- 
nally was associated with cytotoxic effects in HeLa cell cultures [ 1431, chronic 
studies (10 weeks) in mice with AS-6 showed no effects on food consumption 
or toxic signs in liver [ 1471. 

AS-6 has been less well characterized than ciglitazone and many questions 
remain unanswered about its mechanism of action, toxicity and clinical efficacy, 
but it does at least provide a new and promising direction on which to base 
further novel synthetic efforts. 

/I-ADRENERGIC AGONISTS 

The utility of P-adrenergic agonists as hypoglycaemic agents has been 
surprising, since acute administration of isoproterenol (isoprenaline) [ 1521 or 
the more selective P2 agonist, terbutaline [ 1531, caused a deterioration in 
glycaemic control in humans. Hepatic glucose production was increased by 
isoproterenol even in the presence of elevated insulin levels [ 1521. In addition, 
the rate of glucose uptake may be suppressed by acute administration of 
P-agonists, since the adrenaline-mediated inhibition of glucose uptake was 
reversed by fl-blocking agents [ 154, 1551. However, chronic administration of 
/?-adrenergic agonists improved glucose homeostasis. Following 1 or 2 weeks 
of daily terbutaline therapy ( 5  mg, T.I.D.) to normal humans, insulin- 
stimulated glucose metabolism increased by 29% as measured in the 
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euglycaemic, hyperinsulinemic clamp technique [ 1561. Glucose storage (non- 
oxidative glucose disposal) was increased, while oxidative glucose metabolism 
remained unchanged. 

New /?-adrenergic agonists have been designed for their utility in treatment 
of obesity and NIDDM, as opposed to the traditional antiasthmatic b2 
agonists. A subset of /?-adrenergic receptors that does not fall clearly into either 
/?, or B2 has been described in rat brown adipose tissue [157]. Selective 
activation of this receptor, by chronic administration of BRL-26830 (13) to 
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genetically obese (57 BL/6, oblob) mice, stimulated the metabolic activity of 
brown adipose tissue, elevated caloric consumption (thermvgenesis) and 
resulted in a highly significant reduction in weight gain. Experiments conducted 
in other models of obesity, including gold thioglucose-treated mice, cafeteria- 
fed obese mice and genetically obese Zucker valfa) rats, demonstrated weight 
loss without significant reduction in food intake [ 1581. 

Although weight loss per se may improve glucose tolerance in obese 
individuals with NIDDM [ 159-1611, BRL-26830 improved glycaemic control 
in situations where no weight loss occurred. For example, acute administration 
of this drug (with effective doses being between 0.5 and 10 nig/kg, p.0.) lowered 
basal glucose levels up to 30% and improved glucose tolerance tests (a maximal 
reduction of 50% of the area under the glucose curve) in 24-h-fasted normal 
mice [ 1621. BRL-26830 stimulated basal insulin release in 24-h-fasted rats and 
lowered glucose levels following a subcutaneous glucose load. In rats fasted 
only 5 h, this drug did not affect glucose levels even at doses as high as 
186 mg/kg, p.0. Under these conditions, the drug stimulated glucose utilization 
but also stimulated hepatic glucose production to equivalent levels (measured 
by radiotracer techniques); thus no net change in glucose levels occurred [ 1631. 
Acute treatment of fasted C57BL/6 ob/ob mice with BRL-26830 also resulted 
in either no change or a deterioration of glucose tolerance [ 1621. 

Chronic administration of BRL-26830 improved glucose metabolism in a 
number of animal models of insulin resistance. For example, daily dosing of 
this P-agonist (1 mg/kg) for 6 weeks to C57BL/6 ob/ob mice produced substan- 
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tial improvements in subcutaneous glucose tolerance tests [ 1621. A dose of the 
drug which allowed normal weight gain in ob/ob mice was chosen in this study 
to avoid the complications of an antiobesity effect of BRL-26830 on glucose 
tolerance (the minimal antiobesity dose in these mice is 5 mg/kg). Chronic 
treatment of genetically obese, diabetic (C57BL/KsJ, dbldb) mice with BRL- 
26830 also produced beneficial effects [ 1641. Blood glucose and HbA,, returned 
to near normal levels, while elevations in fed insulin levels were noted and the 
suppressed pancreatic insulin stores returned to normal levels. Paradoxically, 
dbldb mice treated with BRL-26830 were heavier than were controls. Glucose 
turnover studies in Zucker fatty rats have provided some information 
concerning the mechanism of the normalization of glucose metabolism in 
previously insulin-resistant animals [ 1651. Chronic drug treatment increased 
total glucose disposal and metabolic clearance rates, but a counterproductive 
increase was observed in the endogenous glucose appearance rate. 

At the cellular level, BRL-26830 increased insulin sensitivity in several 
tissues. The effects of 3 weeks of drug administration to Zucker rats were 
studied in isolated soleus muscle [ 1661. In lean animals (Fa/?), an enhanced 
sensitivity of the glycolytic rate to stimulation by insulin was noted. Similar 
treatment in obese animals (/iu/fa) resulted in increased insulin sensitivity of 
both glycolysis and glycogen synthesis, returning to levels found in lean, 
untreated controls. Since weight changes in these studies were minimal, the 
effects of BRL-26830 were most likely due to direct actions on the target tissue. 
Changes in insulin sensitivity also occurred in adipose tissue following chronic 
BRL-26830 administration. Adipocyte insulin receptor number and glucose 
transport rate were increased in obese mice (oblob), with no change in receptor 
affinity [ 1671. In this study, basal glucose metabolism in the major thermogenic 
tissue, brown adipose tissue (BAT), was also stimulated [ 1681. Acute adminis- 
tration of BRL-26830 doubled BAT glucose utilization, while chronic dosing 
with BRL-26830 produced an 8-fold increase in BAT-glucose utilization (1.6% 
to 12.5% of whole body glucose utilization). 

A second 6-adrenergic agonist with potential utility in the improvement of 
insulin sensitivity is Ro-16-8714 (14). When obese mice (C57BL/6J, oblob) 
received this agent for 15 days, glycosuria rapidly diminished and blood glucose 
was normalized, while circulating insulin levels were not altered [ 1691. During 
this chronic dosing study, the in vivo rate of glucose oxidation was increased. 
These findings may be related to increased lipogenic activity of brown adipose 
tissue and subsequent oxidation of newly synthesized fatty acid. Chronic 
treatment of Zucker fatty rats also produced improvements in glucose metabo- 
lism, with normalization of glucose tolerance tests. 

In conclusion, improvements in both obesity and hyperglycaemia are noted 
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following chronic administration of P-adrenergic agonists. Brown adipose 
tissue appears to play an important r61e in some of these actions. Since the 
activity of brown adipose tissue is questionable in adult humans, the utility of 
these drugs remains to be established in clinical studies. Unless the P-agonists 
under study are very selective, undesirable properties associated with other 
P-agonists, such as tremor, may limit their usefulness. Such drugs would also 
have to have minimal lipolytic activity at the level of white adipocytes, or 
increased rates of lipolysis could occur, leading to elevated circulating levels of 
NEFA, and accelerated fatty acid oxidation. 

ANORECTIC AGENTS 

Weight loss in the treatment of obese NIDDM is often an effective means of 
achieving improved glycaemic control [ 159-1611. When diet therapy alone is 
inadequate to initiate a weight reduction programme, a variety of anorectic 
agents are available for short-term therapy [ 1701. Two of the agents, mazindol 
and fenfluramine, may also possess activities which improve glucose control 
independent of the weight loss they induce. 

Mazindol, ar. inidazoisoindnle ( 15) structurally unrelated to amphetamine 
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or fenfluramine, stimulated glucose uptake in isolated human skeletal muscle 
(gluteus maximus or gluteus medius) either in the presence or absence of insulin 
[171]. Unlike fenfluramine (see below), this activity is independent of a 
5-hydroxytryptamine mechanism [ 1721. Acute administration of mazindol 
(4mg, p.0.) to obese subjects resulted in an improvement in oral glucose 
tolerance and a reduction in glucose-stimulated insulin secretion. However, no 
alterations in glucose or insulin profiles were noted following an intravenous 
glucose challenge, suggesting that mazindol may have altered glucose 
absorption [ 1731. Ciclazindol(16), a drug structurally related to mazindol, also 
stimulated glucose uptake into human skeletal muscle in both the presence and 
absence of insulin [ 1721. Obese diabetics treated for 4 weeks with ciclazindol 
had improvements in oral glucose tolerance similar to those achieved with 
metformin, although this effect may be due to the modest weight loss induced 
by ciclazindol [ 1741. 

(17) 

Fenfluramine (17) is an anorectic agent structurally similar to amphetamine, 
but with a mechanism of action relating to its 5-hydroxytryptamine-agonistic 
activity, which distinguishes it from the amphetamine class of drugs [ 1751. 
In v i m  studies in both rat diaphragm [ 1761 and human skeletal muscle [ 1771 
have demonstrated the ability of fenfluramine to stimulate glucose uptake. This 
effect was not limited to normal muscle, since studies in rat diaphragm from 
streptozotocin-diabetic animals showed the same effect [ 1781 in the presence 
of insulin. This process was stereoselective, since the ( - )  isomer of 
fenfluramine had significantly greater effects than the ( + ) isomer [ 1791. Both 
the major metabolite of fenfluramine, norfenfluramine, and a closely related 
compound, flutiorex, also stimulate glucose influx in isolated muscle in the 
presence of insulin [179, 1801. Fenfluramine action on rat diaphragm is 
mediated via 5-hydroxytryptamine receptors, since fenfluramine-mediated glu- 
cose uptake was selectively reversed by the 5-hydroxytryptamine antagonist, 
methysergide [ 1811. In addition to its effects on muscle, fenfluramine stimu- 
lated glucose oxidation in adipocytes and adipose tissue pieces from humans 
in the presence or absence of insulin [182]. These effects were small, but 
significant (15-20% above basal) at therapeutic doses and were more 
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pronounced at higher fenfluramine doses. Fenfluramine displaced '251-labelled 
insulin from specific binding sites, suggesting that it may interact with the 
insulin receptor to have an insulin-like effect. Fenfluramine also stimulated 
peripheral glucose uptake in canine hind limb [178] and in human forearm 
[ 1831 perfusion studies. 

The effect of fenfluramine on glucose tolerance in obese diabetics indepen- 
dent of weight loss has been investigated in several clinical studies. For 
example, fenfluramine (60 mg/day for 8 weeks) induced a 20% reduction in 
fasting glucose levels in obese female diabetics without the added variable of 
alterations in body weight [ 1841. Glucose profiles following a standard meal 
were improved compared with placebo control, although insulin release was 
similar in both groups. Glycosylated haemoglobin levels were decreased 
following chronic therapy with fenfluramine when compared with the control 
group. Improvements in glucose metabolism with fenfluramine independent of 
weight loss have also been noted in other clinical studies in diabetic [ 185, 1861 
and normal [ 1871 subjects. 

In conclusion, at least two anorectic agents have effects on glucose 
metabolism independent of their abilities to induce weight loss. Whether these, 
or related, agents may be useful hypoglycaemic agents merits further considera- 
tion. 

STEROIDS 

Dehydroepiandrosterone (DHEA, (18)) is a major secretory product of the 
adrenal cortex [ 1881 which ameliorates several metabolic abnormalities found 
in obese, insulin-resistant rodents. The first metabolic alteration was noted in 
mice carrying the viable yellow (genetic obesity) mutation [ 1891 where a 0.2% 
dietary addition or oral administration (150-500 mg/kg, three times per week, 
28 weeks) of DHEA reduced weight gain with no alteration in food con- 
sumption. Decreased accumulation of carcass triacylglycerol and decreased 

0 
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rates of hepatic lipogenesis were also found. Subsequent studies have also 
demonstrated DHEA-mediated reductions in weight gain in several other 
animal models of obesity, such as Zucker fatty rats [ 190, 1911 and dbldb mice 
on a C57BL/6 background [ 1921. 

Substantial improvements in glucose metabolism in insulin-resistant rodents 
have been demonstrated with chronic dosing of DHEA and its metabolites. 
These alterations have been observed either in the presence or absence of 
steroid-induced alterations in body weight (an effect that is highly dependent 
on the animal strain employed). For example, DHEA prevented severe diabetes 
in C57BL/KsJ db/db mice treated continuously for 18 weeks with a diet 
containing 0.4% DHEA [ 192-1941, although final weights of these animals 
were similar to those of untreated diabetic mice. Blood glucose levels were 
normalized, while plasma and pancreatic insulin levels rose dramatically; beta 
cell granulation increased 10-fold. In contrast, the db/db mutant on a BL/6 
background was more sensitive to DHEA, exhibiting markedly reduced weight 
gain at both 0.1 and 0.4% DHEA in the diet. The transient hyperglycaemia 
normally observed in these mice was completely prevented. In addition to 
improvements in genetically obese mice, glucose metabolism in mildly insulin- 
resistant old mice was also improved by DHEA. 2-year-old mice demonstrated 
substantial improvements in glucose tolerance tests following 4 weeks of 
DHEA treatment [ 1941. 

Although DHEA elevated insulin levels in the circulation and pancreas of 
several strains of obese mice, it may also act to improve insulin sensitivity 
without alterations to insulin release. Prolonged treatment of Zucker fatty 
(fiulfa) rats produced a decrease in body weight coupled with normal glucose 
levels, a decrease in plasma insulin levels [ 191, 1951 and a reduction in B-cell 
hyperplasia [ 1951, suggesting improvements in insulin sensitivity in these 
insulin-resistant animals. These reductions in body weight were not coupled 
with substantial alterations in food consumption, suggesting that DHEA 
elevated metabolic rate, a result confirmed in normal rats [ 1961. Lipid accumu- 
lation is reduced in fat deposits [ 191, 1951, as is fatty acid synthetic activity 
[ 1911. This action may be the result of an inhibition of glucose-6-phosphate 
dehydrogenase [ 1911, the source of reducing equivalents for fatty acid bio- 
synthesis. DHEA impaired basal and insulin-stimulated glucose oxidation and 
conversion to lipids when adipocytes were isolated from treated Zucker fatty 
rats [ 1971, a result that is consistent with inhibition of glucose-6-phosphate 
dehydrogenase, but paradoxical in an animal with reduced body weight, fat pad 
weight, and improved insulin sensitivity (adipocyte glucose metabolism is 
usually elevated in such animals). DHEA may act on muscle or liver to improve 
glucose metabolism, possibilities that have not been examined to date. 
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Although DH EA produces pronounced changes in glucose metabolism and 
insulin sensitivity, three metabolic products of DHEA, 3a-hydroxyetio- 
cholanolone (a-ET, (19)), 3~-hydroxyetiocholanolone W-ET, (20)) and DHEA 

HO’* H H  

(19) (20) 

sulphate, are more potent hypoglycaemic agents [ 1921. All three of these 
steroids were approximately 4-times as effective as DHEA in normalizing 
blood glucose levels and increasing plasma insulin and pancreatic insulin levels 
in C57BL/KsJ dbldb mice. In addition, cestradiol had the same effect in male 
mice but at much lower doses [ 1921. The benefits of both a-ET and /I-ET were 
potentiated by low-dose oestradiol administration [ 1921. When studied in an 
obese moderately diabetic model, the viable yellow mouse (A”Y/A), blood 
glucose and insulin levels and body weight were reduced by these treatments 
to near normal levels [ 1981. 

This approach to therapy appears to suffer several disadvantages. DHEA 
may be considered a prohormone, since it may be converted not only to the 
etiocholanolones, but also to testosterone or cestradiol [ 1881. The possible 
androgenic or estrogenic activity of DHEA and DHEA sulphate [ 1991 seems 
to preclude any widespread use of this steroid. The etiocholanolones are more 
potent and are metabolic end products (not converted to steroids with 
androgenic or estrogenic activity), but appear clinically to have substantial 
pyrogenic activity [200]. 

CONCLUSIONS 

Diabetes mellitus is a heterogeneous disease that requires various therapeutic 
strategies, depending on the individual. Both exogenous insulin and sul- 
phonylureas exert their actions by increasing local insulin concentrations at 
target tissues. However, in some cases, such as obese, insulin-resistant 
individuals, substantial circulating insulin may be present, but its actions may 
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be impeded. In such situations, administration of hypoglycaemic agents which 
do not act by increasing insulin release may be the preferred therapeutic 
approach. Another drawback to the use of sulphonylureas is risk of severe 
hypoglycaemic episodes. While some of the approaches described in this review 
suffer from a similar liability, others such as ciglitazone appear to avoid this 
problem. Admittedly, the toxicities of the novel hypoglycaemic agents discussed 
herein are not yet well characterized, while the toxicities of the sulphonylureas 
are well defined as a result of their widespread and lengthy history of use. 
However, no severe liabilities for any of the novel agents discussed above have 
yet been reported. Thus, some of the approaches outlined in this review may 
prove to be valuable additions in controlling the aberrant glucose metabolism 
of diabetes. 
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INTRODUCTION 

Over the last two decades, many new drugs have been developed for the 
treatment of cardiovascular disorders. One of the most important discoveries 
has been the existence of drugs which inhibit the entry of calcium ions into cells 
by blocking the voltage-dependent calcium channels. Fleckenstein first intro- 
duced the term ‘calcium antagonist’ to describe compounds which interfere 
directly with the transmembrane calcium supply [l]. He considered that 
calcium antagonists should be divided into specific and non-specific inhibitors, 
depending on whether the calcium antagonism is responsible for the major 
action of the compound or whether the antagonism is merely a side-effect which 
becomes apparent only when high doses are administered. A further sub- 
division of calcium antagonists has recently been suggested [ 21, which divides 
calcium antagonists into calcium availability inhibitors and calcium effect 
inhibitors. However, since drugs may inhibit the availability of calcium by 
blocking voltage-dependent calcium channels, by stimulating the emux of cal- 
cium from the cell, or by stimulating the uptake of calcium into storage sites 

ca2+ 

I rg I I SARCOLEMMA 
I 

C d + -  --caz+ I I 
- - Ca2+ 

Figure 7. I .  Diagrammatic representation of cellular C& + movements. Calcium ions (Ca’+) may 
cross the sarcolemma by the following routes: @ voltage-operated calcium channels; @ receptor- 
operated calcium channels; 3 fast sodium channels; @ Cd + -ATPase pump: @ Na + -Caz + 

exchange: and @ Ca’+ ‘leak’pathways. Inside the cell, Ca” may be taken up into and released 
fiom mitochondria (MIT) 0 and sarcoplasmic reticulum (SR) @ . Ca2 + also binds io ihe intra- 

cellular proteins, calmodulin and troponin C. REC represents a specific membrane receptor site. 
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(see Figure 7. Z), the term calcium antagonist is clearly a rather imprecise one 
in describing the mechanism of action of such drugs. The use of other terms 
such as calcium entry blocker, calcium inhibitor or slow channel blocking drug 
is similarly inexact. Currently, it is considered that drugs which act through 
inhibition of the inward slow calcium current by preventing the passage of 
Ca2 + ions through the calcium channel in the cell membrane are best described 
as calcium channel blocking drugs. 

These calcium channel blocking drugs form a diverse group of substances. 
Although their major mode of action is inhibition of the slow calcium current 
in cardiac and smooth muscle cells, many drugs i3 this category may also exert 
other effects, as for example, on the fast sodium current or as calmodulin 
antagonists. An expert committee appointed by the World Health Organisation 
has recently divided the calcium channel blocking drugs into six separate 
classes [ 2a]. The phenylalkylamines such as verapamil (1) constitute class I, 
the 1 ,4-dihydropyridines, for example, nifedipine (2) form class 11, whereas 
diltiazem (3) and KB944 (fostedil, 4) are in class 111. Drugs such as flunarizine 
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(5), and cinnarizine (6) are included in class IV and prenylamine-like 
compounds form class V. The last class (classV1) contains all other 
compounds which have some calcium channel blocking activity, for example, 
bepridil(7), perhexiline (8) and lidoflazine (9). This review discusses mainly the 
drugs in classes I, I1 and 111. Although the class IV, V and VI drugs do block 
calcium channels, their effects are much less selective; for example, many of 
these drugs bind to calmodulin and inhibit its activity at similar concentrations 
[ 3,4]. Thus it is uncertain whether these drugs cause vasodilation as a result 
of calcium channel blockade or as a result of calmodulin antagonism. Another 
difference between the drugs in classes IV, V and VI compared with those in 
classes I, I1 and I11 is that drugs such as flunarizine, cinnarizine and pimozide 
inhibit Ca2 + -induced contractions in skinned guinea-pig taenia preparations, 
whereas nifedipine, verapamil and diltiazem do not inhibit such contractions 
[5]. This suggests that an intracellular site of action may contribute to the 
calcium antagonist effect of class IV, V and VI drugs. Bepridil and lidoflazine 
have been shown to block the fast sodium channels in Purkinje fibres, atrial 
fibres and papillary muscles [6-91 and this may also complicate the inter- 
pretation of their pharmacological effects. 

EFFECTS OF CALCIUM CHANNEL BLOCKADE 

EXCITATION-CONTRACTION COUPLING 

The passage of calcium into cardiac and smooth muscle cells acts as the major 
trigger for their contraction, although there are differences in the way in which 
actin and myosin interact in the two types of muscle cell. The transmembrane 
influx of Ca2+ is itself too small to initiate a contraction, but it has been 
suggested that the inward Ca2 + current releases more Ca2 + from stores in the 
sarcoplasmic reticulum [ 10-131. Ca2’ ions then bind to regulatory proteins, 
which bring about an interaction between actin and myosin. In cardiac cells, 
the regulatory protein is troponin C. Binding of Ca2 + to troponin C displaces 
tropomyosin (which inhibits actin-myosin cross-bridging) and allows the thin 
actin filaments to slide over the thick myosin filaments, resulting in contraction 
[lo, 131. The regulatory protein in smooth muscle is calmodulin. In the 
presence of sufficient intracellular Ca2 + , calmodulin binds to and activates 
myosin light-chain kinase [ 11-13]. This produces phosphorylation of myosin 
and activates cross-bridging, which again results in contraction [ 14, 151. Thus 
the influx of Ca2 + into muscle cells is essential for the contraction of cardiac 
and smooth muscle. 
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Calcium channel blockers act to uncouple excitation-contraction coupling in 
myocardium and smooth muscle by inhibiting the influx of Ca2 + . Vasodilation 
[ 1, 161 and depression of atrial and ventricular activity [ 17, 181 occur as a 
direct result. The calcium channel blockers prevent contraction in response to 
depolarization of the cell membrane by electrical stimulation [ 17,19-2 1 ] or by 
agonists such as high potassium ion concentrations [ 22-33], noradrenaline 
[22-24,28,29,32,33], 5-hydroxytryptamine [21,24] or prostaglandin F,, 
[21,24]. 

RECEPTOR-OPERATED AND VOLTAGE-OPERATED CHANNELS 

Differences exist in the ability of calcium channel blockers to inhibit con- 
tractions induced by high potassium ion (K + ) depolarization compared with 
contractions resulting from the interaction of agonists with their receptor sites. 
In the majority oftissues, K + -invoked responses are blocked to agreater extent 
than responses to noradrenaline (NA) (norepinephrine) [ 22-24,331. However, 
in the rat portal vein, both diltiazem and nifedipine inhibit contractions induced 
by NA significantly more than those induced by K +  [29]. Furthermore, in 
rabbit mesenteric resistance vessels, Ca2+ influx stimulated by NA is more 
sensitive to inhibition by diltiazem than is Ca2 + influx stimulated by K + [ 221. 

This difference between agonist-induced responses and K + -induced re- 
sponses has been attributed to the fact that some agonist responses appear to 
be mediated partially by release of Ca2 + from intracellular stores as well as by 
influx of Ca2+ via calcium channels [22,24,34], whereas K+-induced re- 
sponses are mediated by activation of calcium channels due to depolarization 
of the cell meinbrane [24]. Some agonists activate Ca2 + influx and therefore 
contraction in the absence of changes in membrane potential [22,24,25,35 J 
and this suggests that Ca2+ may enter the cell via calcium channels that are 
not dependent on depolarization. These channels have been designated recep- 
tor-operated channels (ROC's) to distinguish them from the voltage-operated 
channels (VOC's). 

Evidence for two separate populations of calcium channels in smooth muscle 
has come from the observation that the influx of 45Ca2 + stimulated by K + and 
by NA are additive when the two modes of activation are applied simul- 
taneously to rabbit aorta [22,24] or to rabbit mesenteric resistance vessels 
[22j. The mechanism of Ca2+ influx via the ROC's is not known, but it has 
been suggested that the release of intracellular Ca2 + is involved in the opening 
of the ROC's by NA [22]. The ROC's appear to be less sensitive to calcium 
channel blockade than the VOC's, but, as has already been noted, this is not 
the case in all tissues. The variable sensitivity to calcium channel blockers 
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throughout the vascular system has been attributed to differences in the Ca2 + 

sources for contraction and to different types of calcium channel mediating 
Ca2+ influx [24]. 

MOVEMENT OF RADIOLABELLED CaZ ’ ACROSS THE CELL MEMBRANE 

Uptake of 45Ca2+ has been measured to provide direct evidence that the 
calcium channel blocking drugs inhibit the influx of Ca2+ into muscle cells. 
Tracer studies are difficult to interpret because a small influx of Ca2 + into the 
cell may trigger intracellular Ca2 + release or the influx of Ca2 + may then ‘,e 
rapidly extruded back into the extracellular fluid [ 361. Chelation of extracellular 
Ca2 + with EGTA (ethylene glycol bis(2-aminoethyl)-N,N,N’ ,N’ -tetraacetic 
acid or replacing the Ca2 + with La3 + is necessary before the small amount of 
intracellular Ca2 + can be measured [24,36,37]. In rabbit aorta, the inhibition 
of 45Ca2+ uptake by calcium channel blockers has been shown to closely 
parallel the inhibition of K + -induced contractions [ 22,23,33,38]. On the 
other hand, contractile responses to high concentrations of NA have been 
found to be considerably more resistant to calcium channel blockers than 
NA-stimulated 45Ca2 + influx [22,23,33,38]. The lack of correlation between 
NA-induced uptake of 45Ca2 + and degree of contraction suggests that intra- 
cellular release of Ca2 + is important for contraction in response to NA [ 381. 

It has been reported that the resting influx of Ca2 + into cells is not affected 
by calcium channel blocking drugs [24,29]. However, a recent study found that 
verapamil increases 45Ca2 + uptake and the total intracellular Ca2 + content of 
the resting tissue [ 391. Verapamil may stimulate Ca2 + -ATPase in the sarco- 
plasmic reticulum, thereby increasing Ca2 + uptake. Although Church and 
Zsoter [29] have found that the resting influx of 45CaZ+ is unaffected by 
diltiazem, nifedipine or verapamil in rat aorta and rabbit mesenteric vein, they 
also failed to demonstrate any significant effect of these drugs on K + -stimulated 
uptake of 45Ca2 + [ 291. In addition, they showed that the emux of 45Ca2 + from 
rabbit mesenteric vein is increased by nifedipine but is not affected by verapamil 
or diltiazem. Most studies have found that the calcium channel blocking drugs 
inhibit the influx of 45Ca2 + on depolarization of the cell membrane but they 
do not stimulate the emux of 45Ca2+ ~ 4 1 .  

ACTION POTENTIALS 

The effects of calcium channel blocking drugs on the ionic currents of cardiac 
cell membranes can be studied by recording action potentials. In most cells, a 
large, fast inward Na’ current is responsible for the early spike component and 
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a small, slow inward Ca2 + current maintains the action potential plateau [40]. 
Diltiazem, D600 (gallopamil), nisoldipine and nilvadipine have all been found 
to shorten the plateau phase of the action potential [41-43a]. These drugs plus 
verapamil also depress the height of the plateau in intact hearts [40], papillary 
muscles [41,42,44], Purkinje fibres [43] and ventricular trabeculae [41]. 

The maximum rate of rise of the action potential (V,,,) is reduced by calcium 
channel blocking drugs only in certain circumstances. Diltiazem, KB944, 
( - )-verapamil and ( - )-D600 have no effect on V,,, in papillary muscles or 
ventricular trabeculae [42,44,45], which suggests that these drugs do not affect 
the fast Na + current. However, ( + )-D600 and ( + )+erapamil have been found 
to depress V,,,, and this may be attributed to blockade of the fast Na+ current 
[44]. In young chick hearts, V,,, is decreased by nifedipine, verapamil, 
diltiazem and bepridil[40,46], but the decrease in V,,, is not due to blockade 
of the fast Na+ current because young hearts do not possess fast sodium 
channels [40]. A slow Na+ current was shown to be the main inward current 
[ 401, which demonstrates that calcium channel blocking drugs inhibit the 
passage of Na + ions as well as Ca2 + ions. The slow action potentials observed 
in young chick hearts can be completely abolished by the calcium channel 
blockers [40,46]. 

Diltiazem, D600 and KB944 have been found to slow the rate of repolari- 
zation of cell membranes and hence prolong action potential duration 
[41,42,45]. This has been attributed to inhibition of the outward currents 
[41,45]. Verapamil [44] and nisoldipine [43] also prolong action potential 
duration. 

VOLTAGE CLAMP STUDIES 

Investigation of the effects of the calcium channel blocking drugs on the calcium 
current in cardiac tissues has been greatly facilitated by the development of the 
voltage clamp technique. Initially the voltage clamp could be applied only to 
groups of cells such as Purkinje fibre bundles [43,47], papillary muscles 
[41,42,48,49] or ventricular trabeculae [41,48,50,51], but more recently 
recordings of the calcium current in single ventricular cells have been obtained 
by using a patch clamp [52-571. The voltage clamp controls the membrane 
potential by holding it at values chosen by the experimenter and keeping it 
uniform over an area of membrane through which the recorded current flows. 
There are two methods of achieving this: (a) by inserting two fine glass 
microelectrodes inside the cell and (b) by establishing a double sucrose-gap, 
which greatly increases the resistance between two or more regions of a cardiac 
cell so that the regions on each side of the gap are effectively only connected 
by the intracellular fluid [58]. 
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In order to study solely the calcium current, other membrane currents must 
be inactivated. Na' current can be eliminated by addition of tetrodotoxin 
[43,47] or by holding the membrane potential at - 40 to - 50 mV before the 
clamp step to the voltage yielding the maximum calcium current [46,47,49]. 
One of the outward K' currents is activated by an increase in intracellular 
Ca2 + concentration and since the net sum of the inward and outward currents 
is measured the calcium current might be considerably underestimated [ 361. 
This can be overcome by blocking the K + current with tetrabutylammonium 
chloride [43,47] or by using Ba" as the charge carrier instead of Ca2+ 
[36, 521. 

Nifedipine [59], nisoldipine [43], verapamil [48,50], D600 [50] and 
diltiazem [42] have all been shown to inhibit calcium current by the voltage 
clamp technique. D600 [41] and diltiazem [42] also prolong the time to peak 
inward current. Verapamil, diltiazem and nitrendipine block both inward and 
outward current through calcium channels [ 521, which implies that the drugs 
act by channel blockade rather than by depleting a pool of extracellular charge 
carriers. Recently two distinct components of calcium channel current have 
been identified in cardiac cells and these may correspond to two types of 
calcium channel [ 53,541. One component corresponds to the calcium current 
previously reported in cardiac cells. This current persists even at relatively 
positive holding potentials and inactivates slowly [ 541. The second component 
is present only when cells are held at negative potentials and it inactivates more 
rapidly [ 53,541. The conductance when Ba2 + is used as the charge carrier is 
also different between the two components. The new calcium channel is insensi- 
tive to block by nimodipine [53] or nitrendipine [54], unlike the previously 
reported calcium channel. The r6le of this new channel in cardiac conduction 
has yet to be established. 

A use-dependent effect has been found with the calcium channel blocking 
drugs. This can be seen in a number of ways. Firstly, there is more block of 
the calcium current for voltage clamp steps arising from less negative voltages 
(holding potentials) [ 42,47-491. Secondly, blockade increases only after 
repeated depolarizations from the more positive holding potential when 
verapamil, D600 or diltiazem are used to block the calcium channel 
[47,48,52]. On the other hand, the 1,4-dihydropyridines, nitrendipine and 
nisoldipine, block a single depolarizing pulse to the same extent as a train of 
brief pulses [47,52]. However, voltage-dependent block is seen with 
nisoldipine and nitrendipine [ 471. Frequency-dependent effects can also be 
demonstrated in isotonically cmtracting cat papillary muscles [20]. ( f )-Vera- 
pamil and ( * )-D600 cause inversion of the positive staircase which normally 
results from increasing the frequency of stimulation in stages, so that every 
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increase in the frequency of stimulation is accompanied by a more pronounced 
negative inotropic effect. Verapamil, nifedipine, diltiazem and bepridil are able 
to block slow action potentials induced in cultured chick heart cell reaggregates 
in a frequency-dependent manner, but the effect of nifedipine (and of bepridil 
to a lesser extent) is also due to an apparent use-independent component [46]. 

A modulated receptor hypothesis has been developed to account for the 
use-dependent effects of the sodium channel blocking antiarrhythmic drugs and 
the calcium channel blockers [ 601. According to this hypothesis, the calcium 
channel blocking drug binds to a receptor site on or very close to the trans- 
membrane calcium channel and the activity of the receptor for the drug is 
modulated by the channel state and/or potential. Three different channel states 
have been proposed: rested, activated and inactivated. When the drug associ- 
ates with the channel, the channel no longer conducts Ca2 + ions and its voltage 
dependence is shifted to a more negative potential. 

Conflicting evidence has been obtained as to whether the calcium channel 
blocking drug binds to the channel in its activated or inactivated state. 
Diltiazem, D600 and verapamil have been shown to block both inactivated 
[49,52] and activated (open) channels [47,52]. Sanguinetti and Kass [47] 
have proposed a model which predicts that ionized drugs can gain access to 
the channel-associated receptor only via a hydrophilic pathway that is available 
only when channels are in the active state configuration. Since verapamil is 
almost completely ionized at pH 7.4, this scheme predicts that it can only block 
channels by first binding to channels in the activated state. For verapamil, 
block develops only during repetitive pulsing to more positive voltages from a 
holding potential of - 45 mV, where the probability of channel opening is much 
greater. Further evidence in support of this model has been obtained by study- 
ing contractures of frog toe muscles produced by 123 mM K + [ 271. Verapamil, 
in concentrations between 0.1 pM and 30 pM, causes little or no reduction in 
the first test with high K + after drug application, but when tests are repeated 
at 10-15 min intervals, block is produced. 

The 1,4-dihydropyridines appear to interact with both the activated and 
inactivated channel states [47,52,57]. Nisoldipine and nitrendipine are neutral 
drugs at pH 7.4 and therefore, according to the model of Sbguinetti and Kass 
[47], they can bind to activated channels via a hydrophilic pathway (as for 
verapamil) but they can also reach the same receptor in the inactivated state 
via the lipid membrane surrounding the channel. Sanguinetti and Kass 
suggested that, in the absence of repetitive pulsing from holding potentials less 
than -45 mV, inactivated channel block is more important to the action of 
nisoldipine. However, in the presence of repetitive depolarization, nisoldipine 
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can produce activated channel block and this will contribute to the overall 
reduction of calcium channel current under these conditions. 

Different modes of channel gating have been found by studying the activity 
of single calcium channels recorded from cell-attached patches on guinea-pig 
ventricular cells [57]. The terms mode 0, mode 1 and mode 2 were proposed 
to distinguish the three distinct forms of gating behaviour. Mode 1 is character- 
ized by brief channel openings occurring in rapid bursts. In mode 2 behaviour, 
long openings of the channel occur and in mode 0 the channel is unavailable 
for opening. The effects of 1,4-dihydropyridines on channel gating have been 
investigated by Hess, Lansman and Tsien [ 571. Nimodipine promotes mode 
0 behaviour; that is, the reduction of the calcium current is due to an increase 
of the proportion of sweeps with no openings. Nitrendipine, however, alters 
channel activity in several ways. The proportion of sweeps with detectable 
openings is greatly decreased but there is also a larger percentage of sweeps that 
contain long openings and the distribution of open times is prolonged. This 
suggests that nitrendipine has agonist as well as antagonist activity (vide infu). 

NON-COMPETITIVE INTERACTION BETWEEN CALCIUM AND THE CALCIUM 
CHANNEL BLOCKING DRUGS 

Originally it was suggested that inorganic cations and the calcium channel 
blocking drugs compete with Ca2+ for a common site within the calcium 
channel, the so-called metal cation coordination site [61]. However, it has now 
been shown that the interaction between calcium and the calcium channel 
blocking drugs cannot be explained by simple competition for a binding site. 
After exposure of isotonically contracting cat papillary muscles to verapamil or 
D600, increasing the Ca2 + concentration fails to restore the amplitude-fre- 
quency relationships seen under control conditions; instead, the amplitude-fre- 
quency relationships are simply shifted to higher amplitudes [ 191. The effect 
of varying the calcium concentration on the inhibition of the calcium current 
produced by D600, verapamil or Mn2 + has been studied using voltage clamp 
conditions [50]. The inhibition of the calcium conductance by the drugs is 
non-competitive, whereas Mn” competes with CaZ+ for the same site. In 
guinea-pig hearts, verapamil blocks the slow response induced by electrical 
stimulation following inhibition of the fast sodium channels. This slow response 
is not blocked completely by verapamil and the inhibition can be only partially 
reversed even when the calcium concentration is elevated to 8 mM [40]. 

Diltiazem, D600 and nitrendipine are less effective in blocking Ba2 + currents 
than in blocking Ca2+ currents [52]. Agents which act at the metal cation 
co-ordination site should be more effective in reducing Ba” currents than 
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Ca2 + currents, because Ba2 + is known to bind less strongly to the cation site. 
Hess and Tsien have suggested that there may be two cation-binding sites per 
channel controlling the passage of inorganic ions [ 5 5 ] .  If calcium channel 
blocking drugs bind to sites within the channel other than the cation-binding 
sites, they may possibly influence the cation site allosterically. 

STRUCTURE-ACTIVITY RELATIONSHIPS 

Although the calcium channel blocking drugs are a fairly diverse group of 
compounds, they can be divided (see p. 251) into phenylalkylamines (class I), 
1,4-dihydropyridines (class 11), benzothiazepines (class 111) and benzo- 
thiazolylbenzylphosphonates (class 111). Qualitative structure-activity relation- 
ships have been determined for each group of compounds and some quantita- 
tive structure-activity relationships are also available for the phenylalkylamines 
and 1,4-dihydropyridines. These investigations have led to a better under- 
standing of the interaction between a drug and the calcium channel and to the 
development of drugs with improved clinical profiles, i.e., greater selectivity and 
fewer adverse effects. 

PHENYLALKYLAMINES 

The general structure of the phenylalkylamines is shown in Table 7.1. Both 
aromatic ring systems are essential for the typical inotropic effect of verapamil 
(l.l), since compound D619 (in which the N-homoveratryl substituent is 
replaced by an N-methyl group) shows a completely different negative inotropic 
action [62]. The optimal pattern for the substituents R’, R2 and R3 has been 
investigated. The 3,4-Cl2, 3-CF3 and 3,4,5-(OCH,), substituted derivatives are 
more active than verapamil [62,63]. By Hansch analysis, the electronic 
parameters, sigma (Hammett constant), and F (field constant) give the best 
correlation with biological effectiveness [ 62,63a]. Potency is therefore 
increased when the pi-electron density in the benzene ring next to the asym- 
metric carbon is diminished. Compound T13 (1.2) is an exception to this rule, 
since its actions are weaker than would be predicted from its rather high 
positive sigma value. This might be due to the absence of a substituent in the 
para-position (R2) [62]. 



Table 7.1. PHENYLALKYLAMINE STRUCTURES 
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Name R' R' R' R4 R5 R6 R7 R8 

r 
1.1 verapamil H OMe OMe Pr' CN Me OMe OMe w 
1.2 T13 H H CF, Pr' CN Me OMe OMe 
1.3 D525 H OMe OMe Et CN Me OMe OMe 
1.4 D586 H OMe OMe (CH,),Me CN Me OMe OMe 
1.5 D490 H OMe OMe CH,Ph CN Me OMe OMe 
1.6 carboxyverapamil H OMe OMe Pr' COOH Me OMe OMe 
1.7 tiapamil H OMe OMe (*) (*I Me OMe OMe c 
1.8 D600 (gallopamil) OMe OMe OMe Pr' CN Me OMe OMe 8 
1.9 D594 H OMe OMe Pr' CN Pr' OMe OMe 
1.10 demethoxyverapamil (D888) H OMe OMe Pr' CN Me H OMe 
1.1 1 anipamil H H OMe Pr' CN Me H OMe 

5 

1.12 ronipamil H H H Pr' CN Me H H 
~~ 

(*), R4, R5 = -SO,(CH,),SO,-. 
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Replacement of the isopropyl group at R4 reduces the potency of the 
compounds. D525 (1.3), D586 (1.4) and D490 (1.5) are all less active than 
verapamil, although the nature of the frequency-dependent negative inotropic 
effect remains unchanged [62]. Carboxyverapamil(l.6), in which COOH has 
been substituted for the nitrile group at R5, is about 10-fold less potent than 
verapamil in blocking isoprenaline-induced slow action potentials in guinea-pig 
papillary muscle [ 641. Replacement of both the nitrile group and the isopropyl 
group is possible. Tiapamil (1.7) is a non-chiral analogue of verapamil which 
has a similar profile of action to verapamil and D600 (1.8) but is not as potent 
[63]. The substituted phenyl ring, the asymmetric carbon and groups R4 and 
R5 can be replaced completely, as is shown by AQA39 (10) and UL-FS49 (1 1). 

- -  ”( 
OMe OMe 

(10) (111 

These two drugs differ from verapamil, nifedipine and diltiazem because they 
have a specific bradycardia effect without prominent vasodilating activity 
[65,66]. Calcium channel blockade has been shown with AQA39 [67] but 
AQA39 and UL-FS49 also have cardiac anticholinergic effects [65]; clearly, 
further work is required to determine their mechanisms of action more fully. 

Dealkylation of the nitrogen atom produces a compound with inotropic 
effects completely different to those of verapamil [ 621. If the R6 methyl group 
is replaced with an isopropyl group as in D594 (1.9) then potency is reduced 
but the compound acts qualitatively as does verapamil[62]. Quaternization of 
the nitrogen results in complete loss of efficacy [62]. Groups R7 or R8 may be 
replaced by hydrogen atoms as in demethoxyverapamil (also known as 
desmethoxyverapamil or D888) (1. lo), anipamil (1.1 1) and ronipamil (1.12). 
Demethoxyverapamil is 12- to 18-times more potent than verapamil in 
inhibiting Ca2 + -induced contractions of potassium-depolarized aortic smooth 
muscle or force of contraction in cat papillary muscle [ 681. Both benzene rings 
in ronipamil are unsubstituted. 

As already stated, verapamil and D600 contain an asymmetric carbon atom 
and therefore exist in two optically active forms. In general, the 
S( - )-enantiomers of verapamil and D600 are more potent than the R( + )- 
enantiomers [ 19, 28, 691. 
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1 .CDIHYDROPYRIDINES 

The structural features leading to optimal activity of the 1,Cdihydropyridines 
have been studied in detail. This group comprises the largest number of calcium 
channel blocking drugs and the individual compounds vary both in potency and 
selectivity. 1 ,CDihydropyridine compounds have been developed which show 
agonist effects at the calcium channel. 

The 1,Qdihydropyridine ring is essential for optimal activity; the oxidized 
(pyridine) derivatives are only weakly active [40]. An unsubstituted NH group 
at R' on the dihydropyridine ring (see Table 7.2) is also important [70-731. 
Flordipine (2.2) is an interesting new drug which is substituted at R'. Flordipine 
and nifedipine (2.1) show similar potency in vim in relaxing potassium- 
depolarized canine veins, but flordipine is more than 100-times less potent in 
causing relaxation of arterial strips [ 741. In addition to calcium entry blockade, 
flordipine has been found to inhibit cyclic nucleotide phosphodiesterase [ 741. 
Substitution at R2 and R6 by lower alkyl groups also confers optimal activity. 
2,6-Dimethyl substitution is best [ 7 1 1, although replacement of an alkyl group 
by amino, cyan0 (e.g., nilvadipine (2.17)) or formyl is tolerated [73-751. 
Amlodipine (2.20) has an aminoethoxymethyl group at R2. 

The simple 2,6-dimethyl-3,5-alkoxycarbonyl-l,4-dihydropyridines have 
some hypotensive activity in the anaesthetized animal, but good activity is 
generally only observed with compounds having a cyclic substituent at R4 [71]. 
A substituted phenyl ring at R4 is most common and the effects of different 
substituents have been widely studied. The most potent derivatives are the 
ortho-phenyl-substituted compounds, whereas rneta-substituted derivatives are 
less potent and para substitution at the benzene ring causes a further decrease 
in potency [ 7 1,75-771. By Hansch analysis, Mahmoudian and Richards [ 77a] 
have determined that the requirements for optimal activity include (1) a bulky 
substituent at the ortho-position, (2) a wide nut not lengthy substituent at the 
rneta-position and (3) a small (preferably H) substituent at the para-position. 
Electronegativity of the substituent does not appear to be important, since 
compounds possessing both electron-withdrawing and electron-donating sub- 
stituents in the ortho-position of the 4-phenyl ring are active [71]. However, 
Meyer has suggested that electron-withdrawing substituents such as NO,, CN, 
CF,, SO2-alkyl and C1 increase the activity compared with those of donor 
substituents [75]. 

Steric factors appear to be of major importance in determining activity. 
Ortho substitution in the phenyl ring of the 1,Cdihydropyridines restricts the 
phenyl group orientation such that its ring plane is perpendicular to the dihy- 
dropyridine ring to minimize steric interactions between this substituent and the 



Table 7.2. I ,4-DIHYDROPYRIDINE STRUCTURES 
R4 

I 
R' 

Name R' R' R' R4 R5 R6 
~~ 

2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
2.9 
2.10 
2.1 I 
2.12 
2.13 
2.14 
2.15 
2.16 
2.17 
2.18 
2.19 
2.20 
2.2 1 

nifedipine 
flordipine 
nicardipine 
nitrendipine 
nimodipine 
nisoldipine 
felodipine 
PY 108-068 (darodipine) 
PN 200-1 10 (isradipine) 

WY-44705 
Bay K 8644 
CGP 29392 
YC-170 
202-79 I 
nilvadipine (FR34235) 
ryodipine (ryosidine) 
mesudipine 
a d o  dip i n e 
niludipine 

H 
(a) 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
(e) 
Me 
Me 
CN 
Me 
Me 
(h) 
Me 

COOMe 
COOEt 
COO(CH, ),NMeCH,Ph 
COOEt 
COO(CH,),OMe 
COOMe 
COOEt 
COOEt 
COOMe 
COOMe 
COOMe 
COOMe 
COOMe 
(el 
CONHPh 
CoOPr' 
COOMe 
COOMe 
COOEt 
COOEt 
COO(CH,),OPr" 

COOMe 
COOEt 
COOMe 
COOMe 
COOPr' 
COOCH,Pr' 
COOMe 
COOEt 
COOPr' 

COOCH,COMe 
COO-C-C~H, 

(dl 
NO2 

(f) 
NO, 
COOPr' 
COOMe 
COOEt 
COOMe 
COO( CH,),OPr" 

COOEt 

Me 
Me 

Me 
Me 
Me U 
Me F 
Me 
Me 5 
Me 
Me 
(d) 
Me 
Me cn 
Me 8 r 
Me w 
Me 
Me 
Me 
Me 
Me 

3: 
Me m 

\ h ) =  -CHZO(CH2)2NH2 
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3,5-diester substituents [70]. The dihydropyridine ring has been shown to exist 
in the boat-type conformation and those compounds containing an ortho sub- 
stituent other than hydrogen on the phenyl ring exhibit the least amount of ring 
puckering [ 771. A good correlation has been found between the degree of ring 
puckering and the relative activity of the parent unsubstituted compound and 
ortho and metu derivatives [77]. Disubstitution of the phenyl ring is acceptable 
when in the ortho- and/or metu-positions, as, for example, in felodipine (2.7) 
[75]. PY 108-068 (2.8) and PN 200-110 (2.9) have a condensed aromatic 
system at R4, whereas mesudipine (2.19) contains a substituted pyridine ring. 

The ester substituents at R3 and R5 also greatly influence the potency and 
selectivity of the 1,4-dihydropyridines. Compounds with non-identical ester 
functions appear to have greater vasodilatory activity than the symmetrically 
substituted derivatives [ 63,70,75]. The presence of non-identical substituents 
at R’ and R5 also makes the 1,Cdihydropyridine molecule chiral. The two 
stereoisomers may show very different activities [63,78,79]. Most of the 
1,4-dihydropyridine analogues have one ester group in the cis orientation (ester 
carbonyl group is cis to a 1,Cdihydropyridine double bond) and one ester group 
in the trans orientation (carbonyl group is trans to a 1,4-dihydropyridine double 
bond) [ 70,801. This arrangement automatically causes a dissymmetric orienta- 
tion of the ester groups relative to the 1,4-dihydropyridine ring. There appears 
to be considerable tolerance for the size of the ester groups. In anaesthetized 
animals, similar potency is found for the methyl and ethyl esters, but the ethyl 
esters usually have greater oral potency [71]. Some of the newest 1,4-dihydro- 
pyridines to be reported contain cyclopropyl (2.10) or 2-oxopropyl esters 
(2.1 1). The ester groups can be replaced by other electron-withdrawing sub- 
stituents such as acyl or nitrile groups, but this usually leads to decreased 
activity [ 70-72,751. A perfluorophenyldihydropyridine (2.12) (WY-44705) has 
been developed with only one ester group. WY-44705 is hypotensive orally in 
spontaneously hypertensive rats and possesses 4-times less atrial depressant 
activity than nifedipine [ 661. 

Quantitative structure-activity relationships have been determined for some 
of the 1,4-dihydropyridines. Hansch analysis reveals significant correlations 
between negative inotropy and (a) minimum width (i.e., ortho-substituted 
phenyl derivatives), (b) van der Waals’s volume (ester-substituted derivatives) 
and (c) lipophilicity (ester derivatives) [ 761. 

Interestingly, 1,4-dihydropyridines, such as Bay K 8644 (2.13), CGP 28392 
(2.14) and YC-170 (2.15), have been discovered which show calcium agonist 
effects. For instance, these compounds demonstrate positive cardiac inotropic 
and vasoconstrictor activities [81]. Bay K 8644 increases twitch tension in 
guinea-pig atria in a frequency-dependent manner and prolongs action poten- 
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tial duration in calf ventricular muscle [ 821. Voltage damp investigations have 
shown that Bay K 8644 enhances calcium current, especially at negative 
membrane potentials [35]. However, at high concentrations (1 to lOpM), 
Bay K 8644 results in coronary vasodilation and decreased cardiac con- 
tractility [83]. Hence agonist and antagonist effects are found in the same 
compound. It has also been shown that low concentrations of nifedipine, 
nitrendipine (2.4) and nicardipine (2.3) exhibit small but definite positive 
inotropic effects [83]. At higher concentrations, these three drugs exert 
pronounced negative inotropic effects, as would be expected with calcium 
channel blockers. It would therefore appear that several of the 1P-dihydropy- 
ridines may be partial agonists. 

Evidence has also been found to suggest that the two enantiomers of a 
molecule may show separate agonist and antagonist actions. ( + )-Bay K 8644 
in pM concentrations has vasodilating and negative inotropic properties, 
whereas ( - )-Bay K 8644 in nanomolar concentrations increases coronary 
perfusion pressure and contractility [ 791. Similarly, ( - )-202-791(2.16) inhibits 
the maximum rate of rise of the slow response action potential (V,,,=) and 
exerts a negative inotropic effect in guinea-pig papillary muscle, but ( + )-202- 
791 enhances V,,, and increases contractile force [78,84]. The partial agonist 
effects can not always be attributed to different actions of the stereoisomers, 
however, since partial agonism has been shown with nifedipine, which is an 
achiral molecule. Since agonistic and antagonistic effects can be shown for the 
same molecular structure, small differences in binding site interactions may 
contribute to the initiation of agonist or antagonist responses [ 851. The struc- 
tural differences which may be important include the planarity of the 1,Cdihy- 
dropyridine ring, the hydrogen bonding capability of the N-H function and the 
orientation of the ester groups [85]. 

BENZOTHIAZEPINES 

The diltiazem molecule ((3), R3 = OCOMe, R7 = H) has two chiral centres and 
it is also capable of cis-trans isomerism at these two carbon atoms. In general, 
the trans compounds do not cause vasodilation. Diltiazem is the dextrorotatory 
cis enantiomer. The laevorotatory cis enantiomer has a 10-fold longer duration 
of activity than diltiazem in increasing blood flow in the coronary sinus [75]. 

Variation of the substituents on the aromatic rings is possible. In the 
noncondensed aromatic ring, further alkoxy substituents or replacement of a 
methoxy group by hydroxy is accompanied by decreased potency. Only 
replacement of methoxy by p-methyl is tolerated without any marked drop in 
activity. Substitution with C1 at R7 of the condensed aromatic ring is possible. 
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However, other substitution patterns result in decreased activity [ 751. The 
dialkylaminoalkyl group on the N-5 atom is essential for activity. Dealkylation 
or quaternization at the terminal nitrogen leads to almost inactive compounds. 
Substitution by hydroxy, alkoxy or aralkoxy for the acetoxy function at R3 
produces compounds with activity similar to that of diltiazem, as does the 
replacement of the acetoxy group by longer-chain aliphatic or aromatic acyloxy 
groups [75]. 

BENZOTHIAZOLY LBENZY LPHOSPHONATES 

KB944 (4) is a recently developed calcium channel blocking drug. It has a 
similar pharmacological profile to diltiazem [ 861. Few structure-activity data 
are available, but it has been reported that the introduction of a pyridine 
nitrogen into the phenyl ring and variations in the alkoxy substitution at the 
phosphorus atom are possible without loss of activity [75]. 

BINDING STUDIES 

Calcium channel blocking drugs exert dose-dependent electrophy siological and 
pharmacological actions, and therefore it is possible that specific recognition 
sites exist either on cell membranes or within cells, to mediate the actions of 
these drugs. Moreover, the discrete structure-activity relationships which have 
been determined for each group of drugs suggest that there may be different 
sites for the different classes of drugs. The first evidence of a specific membrane 
binding site was reported in 1981 by Bellemann, Ferry, Lubbecke and Gloss- 
mann [87], who found that tritiated nitrendipine bound in a reversible and 
saturable manner to partially purified guinea-pig heart membranes. Following 
this initial publication, many other studies have investigated the binding of a 
variety of calcium channel blocking drugs in a wide range of tissues such as 
heart, brain, skeletal muscle, vascular smooth muscle and ileum. The results 
of these studies have been very important in elucidating the nature of the 
calcium channel and of receptor sites for calcium channel blocking drugs. 
Classification of the calcium channel blockers is also possible by studying the 
allosteric interactions which occur when binding of one drug is inhibited or 
potentiated by another drug. 
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BINDING OF 1,CDIHYDROPYRIDINES 

Several 1 ,Cdihydropyridine calcium channel blockers have been tritiated and 
used to investigate binding of this class of drugs. The majority of studies utilized 
[3H]nitrendipine [26,87-1151, but [3H]nimodipine [ 115-1231, [3H]nifedipine 
[124] and [3H]PN 200-110 [97, 106, 125, 1261 have also been employed in 
some studies. Drug binding has been shown to be specific, saturable, rapid and 
reversible. Scatchard plots of the specific binding at equilibrium are linear, 
consistent with mass action behaviour. The apparent dissociation constant 
(K,) and the number of binding sites (BmaX) may be determined from the 
Scatchard plot. 

[3H]Nitrendipine binds with high affinity to sites in several different tissues. 
It is interesting to compare the binding data from the available studies both 
within a particular tissue and between different types of tissue. In the heart, K, 
for binding of [3H]nitrendipine varies from 0.048 nM [97] up to about 
3.23 nM [ 1041. Similarly, there is a wide range for the number of binding sites 
(1800 fmol/mg protein [88] down to 6.7 fmol/mg protein [ 1021). This 
variability in the data may be due to differences in the preparation of cardiac 
membranes for the binding experiments. Some studies have used membranes 
consisting of both sarcolemma and sarcoplasmic reticulum, whereas other 
studies have used purified sarcolemmal membranes alone. Data for binding of 
[3H]nitrendipine to purified canine cardiac sarcolemma are presented in 
Table 7.3. It can be seen that, although the K ,  values are less variable, there 
is still a wide range of values for B,,,. Hence other factors must influence the 
binding of [ 3H]nitrendipine besides the purity of the membrane preparation. 

Glossmann and Ferry [ 1151 have found that [3H]nitrendipine binding to 
guinea-pig heart membranes increases with time; 50 to 60 min are required to 
reach steady-state binding at 37 O C. Binding in rabbit ventricular membranes 
plateaus after 20-60min at 25°C depending on the concentration of 

Table 7.3. K, AND B,,, VALUES FOR [3H]NITRENDIPINE HIGH-AFFINITY 
BINDING IN CANINE CARDIAC SARCOLEMMA 

~~~ 

K, lnMl B,,, (fmollmg protein) Reference 

0.32 1330 89 
0.3 1800 88 
0.25 665 99 
0.19 571 99 
0.14 960 103 
0.11 230 101 
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[ 'Hlnitrendipine [ 1271. Specific binding of [ 'Hlnitrendipine increases linearly 
with increasing membrane protein and the pH optimum for specific binding is 
7.0 to 7.6 at 25°C [ 1271. Since these various factors (temperature, incubation 
time, pH and membrane protein concentration) differ between binding assays, 
it is not surprising that the B,,, and KD values are also variable. Glossmann 
and Ferry [ 1151 have shown that binding can also be affected by the ionic 
strength of the buffer used and by the presence of various anions. When the 
nitrate anion is included in the buffer, specific binding increases [ 1151. Several 
cations have the ability to inhibit or enhance binding (vide infu) and the buffer 
used for the binding assay will probably contain at least trace amounts of these 
cations. . 

Species differences do not appear to be very important for the binding of 
[ 'Hlnitrendipine to cardiac membranes. KD values between 0.1 and 0.3 nM 
have been found for dog [88,89,99, 101, 1031, guinea-pig [91,87], rabbit [92], 
rat [94, 100, 102, 104, 1071 and chick [96]. Considerable variation is found in 
B,,, values for a number of species and there is no evidence to suggest that 
the number of binding sites is especially high in any one species. However, the 
number of binding sites does appear to be higher in certain tissues compared 
to the other organs for a particular species. The tissue distribution of 
[ 3H]nimodipine binding in guinea-pigs has been investigated [ 1221. Skeletal 
muscle, heart and brain membranes show the highest amounts of ['Hlnimodi- 
pine binding, respectively. Confirmation that skeletal muscle contains large 
amounts of [ 'Hlnitrendipine binding sites has been obtained by several groups 
[91, 107, 1121. Dissociation constants in brain, heart and ileum are similar 
(generally about 0.1 to 0.2 nM), whilst K, values in skeletal muscle are about 
2nM [91]. 

The subcellular distribution of [ 'Hlnitrendipine and [ 'Hlnimodipine sites 
has been studied in several tissues. In skeletal muscle preparations, the binding 
sites appear to be localized in the T-tubules [ 107, 112,1221. This portion of the 
sarcoplasmic reticulum is thought to contain the principal sites for storage and 
release of calcium [ 107, 1121. However, in smooth muscle such as rat gastric 
fundus [ 1 111 or guinea-pig ileum [ 109,261 the [ 'Hlnitrendipine binding sites 
are associated with the plasma membrane. Conflicting evidence has been found 
as to the location of the binding sites in heart. Purification of cardiac 
sarcolemma increases the number of binding sites (Bmax) about 3-8-fold 
[ 95, 108, 1201 and this suggests that the sarcolemma is one of the major binding 
fractions. Williams and Jones [ 1281 found that although cardiac sarcolemma 
contains a significant number of [ 'Hlnitrendipine binding sites, the highest 
density of sites (1.5 pmol/mg protein) is in a subfraction enriched in ryanodine- 
sensitive sarcoplasmic reticulum vesicles [ 1281. [ 'HINimodipine binds to both 
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sarcoplasmic reticulum and sarcolemmal fractions from dog heart [ 1291. On 
the other hand, no specific binding of [ 3H]nitrendipine to sarcoplasmic reticu- 
lum has been found by Sarmiento, Janis, Colvin, Triggle and Katz [ 1031. 

As would be expected, the binding of tritiated 1,4-dihydropyridines can be 
inhibited by unlabelled 1,4-dihydropyridines in a competitive manner [ 26, 
91, 102-104, 106, 108,112, 115, 116, 120, 127, 130-1321. The competition 
curves exhibit parallel slopes with apparent Hill slope, nH, values near unity 
[ 1271. This implies that the 1,Cdihydropyridines compete for the same receptor 
site. This inhibition of binding also shows a large degree of stereoselectivity 
[26, 104, 115, 116, 1271. A good correlation has been found between binding 
activities and inhibition of contraction in guinea-pig ileum for a series of 
1,Cdihydropyridines [26, 1041. The relative order of potency is the same for 
inhibition of binding as it is for the pharmacological response in mammalian 
heart [ 1271. Calcium channel agonist compounds, Bay K 8644, CGP28392 and 
YC-170, also inhibit the binding of [3H]nitrendipine or [3H]PN 200-110 in a 
similar manner as do the calcium channel blocking 1,6dihydropyridines 
[91, 106, 127, 131, 1331. 

Binding of 1,Cdihydropyridines to high-affinity sites in the heart has been 
well characterized, but the existence of another low-affinity binding site has also 
been reported, as shown in Table 7.4 [87,88,98, 100, 120, 1251. This site has 
not been studied as extensively and in fact only one high-affinity binding site 
has been found in several studies [90-93, 108, 1161. For instance, only one 
high-affinity site has been found in cat myocardium, although an additional 
component of binding corresponding to the low-affinity site is present in the 

Table 7.4. DATA FOR BINDING OF TRITIATED 1,4-DIHYDROPYRIDINES TO TWO 
SITES IN CARDIAC TISSUE 

High-affiniiy Low-affinity 
binding binding 

Triiiaied 

pyridine Species (nM) (fmol/mg protein) (nM) (fmol/mg proiein) Ref: 
I ,I-dihydro- KD Bmax KD Bmax 

~ ~~ ~ 

Nitrendipine 
Nitrendipine 

Nitrendipine 
Nitrendipine 
Nitrendipine 

Nimodipine 
PN 200-1 10 

~ 

dog 0.17 99 

1,800 
guinea-pig 0.1 300 
chick 0.1 270 
rat 0.243 
chick 0.09 190 
cow 0.35 300 

dog 0.3 1,400- 
12.4 520 98 

140- 14,000- 88 
217 32,000 
67 35,000 87 

5.2 1,560 125 
47.6 12,400 100 

2.7 700 125 
33 8,200 120 
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dog [ 981. Higher concentrations of [ 3H]nitrendipine or [ 3H]nimodipine are 
required to reveal the low-affinity site compared to the high-aKmity site 
[88,98, 1201. Calcium concentration can also influence the number of binding 
sites. In the presence of low calcium concentrations (0.2 to 10 pM), two affinity 
states for binding of ['HIPN 200-1 10 have been observed, but in the presence 
of higher concentrations of calcium (0.2 to 1 mM) all the receptors are 
converted to a single high-affinity state [ 1251. Therefore, failure to find two 
binding sites may be due to using inappropriate conditions. 

BINDING OF PHENYLALKYLAMINES 

Binding sites have been found in heart, brain and skeletal muscle for the 
radioactive ligands, [3H]verapamil [95, 118, 122, 134-1361 and [3H]demeth- 
oxyverapamil [68, 120, 125, 126, 137-1401. High- and low-affinity sites have 
been identified for [3H]demethoxyverapamil [ 120, 125, 1401 and there is also 
evidence for two sites for [3H]verapamil binding [ 119, 136, 1411, but because 
of the high values for non-specific binding at high concentrations of verapamil, 
the low-affinity site is difficult to detect by Scatchard analysis [ 1411. The K ,  
values for high-affinity [ 'H]demethoxyverapamil binding are between 0.17 
[ 1251 and 7.2 nM [ 1401, whereas for verapamil these values are between 16 
[ 1361 and 93.8 nM [ 1341. The largest B,,, values for the high-affinity site are 
found in skeletal muscle T-tubule membranes [ 118, 135, 138, 1391 as for the 
1 ,Cdihydropyridines. In cardiac homogenates, binding sites for demethoxy- 
verapamil and verapamil are present in both the sarcolemma and sarcoplasmic 
reticulum [ 95, 120, 1371. The sarcoplasmic reticulum appears to have an excess 
of sites for the phenylalkylamines compared with those for the 1,Cdihydropy- 
ridines [95]. It has been proposed that the sarcoplasmic reticulum contains a 
low-affinity site for demethoxyverapamil which is not related to the high-affinity 
site located on the calcium channel [ 1371. 

The specific binding of [ 3H]verapamil to T-tubule membranes increases with 
increasing pH [141]. The optimum pH is between 7.8 and 8.2 [118]. 
[ 3H]Demethoxyverapami1 binding to cardiac sarcolemma is also increased at 
higher pH values and is optimal between pH 8.0 and 8.5 [ 1201. Decreasing the 
temperature of the binding assay from 37 O C to 2 O C increases the number of 
verapamil binding sites [ 118, 1261. Other phenylalkylamines such as D600 and 
tiapamil inhibit the binding of verapamil or demethoxyverapamil in a competi- 
tive manner [68, 120, 140, 1411. This inhibition is stereoselective and for [3H]- 
demethoxyverapamil the potency series has been determined as follows: ( - )- 
demethoxyverapamil > tiapamil > ( - )-D600 > ( - )-verapamil > ( + )-demeth- 
oxyverapamil =- ( + )-D600 > ( + )-verapamil [ 1201. 
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BINDING OF DILTIAZEM 

The binding of ( + )-cis-[ 3H]diltiazem to skeletal muscle T-tubule membranes 
[ 118, 122, 138, 1421 or to purified cardiac sarcolemma [95] has been reported, 
but extensive binding studies have not yet been performed. Like verapamil, the 
binding of ( + )-cis-[ 'Hldiltiazem is temperature-dependent. Increasing the 
temperature from 2 to 37 O C leads to a 5-fold decrease in specific binding [ 1421. 
Reported K ,  values are about 35 to 50 nM in T-tubule membranes and cardiac 
sarcolemma [95, 138, 1421. The number of binding sites (BmaX) is greater in 
T-tubule membranes (1 1 000 to 50 000 fmol/mg protein) than in cardiac sarco- 
lemma (220 to 600 fmol/mg protein) [95, 138, 1421. Binding is stereoselective, 
since the IC,, values (concentration at which 50% inhibition of ( +  )-cis- 
[ 'Hldiltiazem binding occurs) are very different for unlabelled ( + )-cis- 
diltiazem (54 nM) and ( - )-cis-diltiazem (6,680 nM) [ 1421. 

ALLOSTERIC REGULATION OF BINDING 

The interaction between the phenylalkylamines, the 1,Cdihydropyridines and 
diltiazem has been investigated using binding techniques. A drug from any one 
of these three different classes of calcium channel blockers does not inhibit the 
binding of a drug from another class in a competitive manner, unlike the 
inhibition of nitrendipine binding by other 1,Cdihydropyridines or the inhi- 
bition of demethoxyverapamil binding by phenylalkylamine compounds. Thus 
it has been proposed that there are three main drug-receptor sites on the 
calcium channel and binding of a drug to its receptor site influences the binding 
of drugs to the other sites by allosteric interactions [ 115, 118, 1431. Evidence 
to support this theory has been widely obtained. 

Verapamil and D600 inhibit the binding of [ 3H]nitrendipine in a non-com- 
petitive manner in heart, brain, ileum, aorta, coronary artery and skeletal 
muscle [26,91, 93,96, 101, 102, 105, 108, 113, 130, 132, 144, 1451. The maxi- 
mum inhibition of binding is not loo%, and less than 50% inhibition has been 
found in some studies [93, 108, 130, 132, 1451. The binding of other 1,4-dihy- 
dropyridines is inhibited in a similar manner by verapamil or D600 
[ 106, 117, 120, 1241. When Hill plots are used to determine the effect of vera- 
pamil or D600 on the binding of [3H]nifedipine in rabbit papillary muscles, 
the slope factors (nH values) are significantly less than one [ 1241, confirming 
the non-competitive nature of the inhibition. Tiapamil, however, gives an nH 
value close to unity under the same experimental conditions [ 1241 and tiapamil 
has also been shown to produce 100% inhibition of [3H]nitrendipine binding 
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[26, 127, 13 1, 1451. Despite this apparent competitive inhibition of 1,Cdihy- 
dropyridine binding, tiapamil is probably an allosteric modulator like 
verapamil, since the tiapamil inhibition curve of [ 'Hlnitrendipine binding in 
guinea-pig ileum is biphasic [ 261, and at higher concentrations of [ 'Hlnitrendi- 
pine, binding to rabbit cardiac membranes is only partially inhibited (80%) by 
tiapamil [ 1271. 

The effect of diltiazem on 1 ,4-dihydropyridine binding is temperature-depen- 
dent. At low temperatures, 0 to 4"C, diltiazem inhibits ['Hlnitrendipine 
binding to heart and brain membranes in a non-competitive fashion 
[ 102, 131, 1321. However, at 37"C, potentiation of both ['Hlnitrendipine and 
[ 'Hlnimodipine binding by diltiazem has been observed in coronary arteries 
[ 1011, heart [ 117, 120, 123, 127, 131, 1461 and skeletalmuscleT-tubules [ 1471. 
At inbetween temperatures such as 20 to 25 " C, diltiazem shows variable effects 
on binding of 1 ,4-dihydropyridines. In some studies, diltiazem has had no effect 
on the binding of ['Hlnitrendipine [ 131, 1321 or ['Hlnifedipine [ 1241 to 
cardiac membranes. At 20" C, high concentrations of diltiazem (10 pM) inhibit 
[ 3H]nimodipine binding to bovine cardiac sarcolemma but at lower concentra- 
tions no effect is seen [ 1201. The effect of diltiazem on [ 'Hlnitrendipine binding 
to guinea-pig ileum is also concentration-dependent at 25 O C. At low concentra- 
tions ( 5  to 10 nM), a modest inhibitory effect is apparent but at 50 pM a 
potentiation is observed which becomes inhibitory at the highest concentration 
(100 pM) studied [ 261. 

1,4-Dihydropyridines inhibit the binding of [ 'Hlverapamil or [ 'Hldemeth- 
oxyverapamil to membranes from heart, brain and skeletal muscle 
(68, 95, 118, 120, 122, 135, 136, 1391. The inhibition is again non-competitive 
and 100% inhibition is not achieved [68, 95, 1201, and therefore it can be 
described as a negative heterotropic allosteric interaction. Binding of tritiated 
phenylalkylamines is also inhibited by diltiazem in skeletal muscle 
[ 118, 122, 134, 135, 139],brain[68, 134]andheart[95, 120l.Theeffectofother 
calcium channel blocking drugs on the binding of ( +  )-cis-['H]diltiazem to 
guinea-pig skeletal muscle microsomes has been studied [ 1421. The phenyl- 
alkylamines, verapamil, D600 and tiapamil, inhibit the binding of tritiated 
diltiazem. The effect of the 1,4-dihydropyridines is, however, dependent on the 
temperature. At 30 " C, 1,4-dihydropyridines stimulate ( + )-cis-[ 'Hldiltiazem 
binding but at 2" C the same drugs inhibit ( + )-cis-[ 'Hldiltiazem binding in a 
concentration-dependent manner [ 1421. 

How are these allosteric interactions brought about between the different 
classes of calcium channel blocking drugs? Verapamil increases the disso- 
ciation constant ( K , )  for binding of ['Hlnitrendipine [91, 102, 127, 1321; that 
is, the affinity of the binding site for [ 'Hlnitrendipine is reduced. This reduced 
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affinity is probably due to acceleration of the rate of dissociation of [ 'Hlnitren- 
dipine from its binding site [ 1321. The effect of verapamil on the association 
kinetics of [3H]nitrendipine is to increase the rate of association [ 1321; how- 
ever, it has been found that verapamil decreases the association rate constant 
for binding of [3H]nimodipine [ 1171. Hence the contribution of a change in 
association kinetics to the reduced binding affinity for 1,4-dihydropyridines in 
the presence of verapamil is not clear. 

In skeletal muscle T-tubules, ileum and heart, the number of binding sites for 
[ 'Hlnitrendipine or [ 3H]nimodipine is increased by diltiazem [26, 
117, 123, 127, 146, 1471. This has been attributed to the conversion of low- 
affinity sites into high-affinity sites in the presence ofdiltiazem [ 123, 146, 1471. 
In rat brain, the number of binding sites (Bma,) for [3H]nitrendipine is not 
increased by diltiazem, but the KD is decreased, i.e., the affinity of the binding 
site for nitrendipine is greater [ 1131. A decrease in KD is also found when 
diltiazem potentiates the binding of [ 3H]nitrendipine to rabbit skeletal T-tubule 
membranes, although under these conditions B,,, is increased [ 1471. Dil- 
tiazem decreases the dissociation rate constant for [ 3H]nitrendipine or ['HI- 
nimodipine binding. In other words, diltiazem slows the dissociation of the 
1,4-dihydropyridines from their receptors [ 113, 120, 1271. 

Nitrendipine, PN 200- 1 10 and diltiazem have all been found to decrease the 
number of binding sites for [ 3H]demethoxyverapamil, thereby inhibiting the 
binding of the phenylalkylamine [ 68,95, 135, 1391. Usually the K ,  values have 
either been unchanged [ 95, 1351 or only increased slightly [ 68, 1391 in the same 
assays. However, in one case, diltiazem has been observed to increase the 
equilibrium dissociation constant (KD) without changing the B,,, [ 1351. The 
effect of nitrendipine on the binding of ( + )-cis-[ 3H]diltiazem to guinea-pig 
skeletal muscle microsomes has been studied [ 1421. At 30°C, nitrendipine 
increases the density of sites labelled by ( + )-~is-[~H]diltiazem, but at 2°C the 
density is decreased by nitrendipine. 

INFLUENCE OF CATIONS ON THE BINDING OF CALCIUM CHANNEL 
BLOCKING DRUGS 

Current through the calcium channel can be carried by divalent cations besides 
Ca2+ such as Ba2+ and Sr" [47,52,54, 55 ,  1481, whilst other inorganic 
cations, for example Ni2 + , La3 + , Mn2 + , Co2 + and Cd2 + , block the calcium 
channels [50,56,61]. It has been suggested that these cations compete with 
Ca2 + for a binding site associated with the calcium channel [ 1, 50,52,61, 1481. 
Hess and Tsien proposed the presence of two cation-binding sites per channel 
[ 551 and Glossmann, Ferry, Go11 and Rombusch have indicated that there may 
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be from two to four interacting divalent cation sites, which have positive and 
negative co-operativity [ 1181. The presence of inorganic cations has been found 
to affect the binding of calcium channel blocking drugs and therefore it is 
reasonable to assume that allosteric interactions may occur between the cation- 
binding sites and the receptor sites for the different calcium channel blocking 
drugs. 

In the presence of EDTA (ethylenediaminetetraacetic acid) or EGTA 
(ethylene glycol bis(2-aminoethyl)-N,N,N',N'-tetraacetic acid), binding of 
[ 'Hlnitrendipine and [ 'Hlnimodipine to membranes prepared from heart, 
brain or ileum is inhibited [90-92, 105, 107, 115, 120, 1431. The number of 
binding sites (BmaX) is reduced by EDTA [ 90,921. However, in skeletal muscle 
membranes, binding of [3H]nitrendipine is not influenced by 1 mM EGTA 
[ 1071, and EDTA (at 0.1 to 1 mM) stimulates ['Hlnitrendipine binding [91]. 
The effect of EDTA on binding can be reversed by replacing the divalent 
cations. Thus, Ca2 + ions reverse the EDTA-induced reduction in [ 'Hlnitren- 
dipine or [3H]nimodipine binding in brain, heart and ileum [91,92, 105, 1151. 
The EDTA stimulation of [ 'Hlnitrendipine binding in skeletal muscle is also 
reversed by Ca2 + [91]. The ability of a series of cations to restore 1,4-dihydro- 
pyridine binding inhibited by EDTA has been investigated in guinea-pig ileum 
[ 921 and guinea-pig brain [ 1151. Although a slightly different order of potency 
was obtained in the two studies, it has been shown that Ca2+,  Sr2+, Mg2+ 
and Mn2 + can fully reverse the EDTA-induced inhibition of [ 'Hlnitrendipine 
or [ 'Hlnimodipine binding, whilst Ba2 + , Ni2 + and Zn2 + only partially restore 
[ 'Hlnitrendipine binding. At higher concentrations, Zn2 + , Co2 + and Ni2 + 

inhibit ['Hlnimodipine binding [ 1151. 
The binding of 1,4-dihydropyridines is also influenced by cations without the 

prior application of EDTA or EGTA. Ca" ions have been found to both 
stimulate and inhibit binding in a concentration-dependent manner. Below 
2 mM, Ca2 + stimulates binding of [ 'Hlnitrendipine or [ 'Hlnimodipine in 
brain [ 1051, heart [ 1201 and ileum [26], whereas at higher concentrations of 
Ca2+,  inhibition of [3H]nitrendipine binding is observed [ 102, 112, 1321. The 
cations La3 + , Cd2 + , Cu2 + , Zn2 + , Pb2 + , Mg2 + , Mn2 + and Ba2 + have all 
been shown to inhibit [ 'Hlnitrendipine binding in skeletal muscle, brain, heart 
and ileum [26,90,91, 102, 112, 127, 1321. The most potent inhibitors include 
Cd2 + , La' + , Cu2 + , Zn2 + and Pb2 + [ 26, 127, 1321, whereas Ca2 + , Ni2 + and 
Mn2+ are less potent [26, 112, 127, 1321. 

[ 'H]Demethoxyverapamil binding is also inhibited by cations. In bovine 
cardiac sarcolemma the order of potency for inhibition is 
Sr2 + > Ba2 + > Ca2 + and EGTA does not affect ['H]demethoxyverapamil 
binding [ 1201. On the other hand, the order of potency for inhibition of binding 
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to skeletal muscle T-tubule membranes is Ca2+ > Sr" > Ba2+ > Mg2+ 
[ 1381. As the Ca2+ concentration is increased, the maximal binding capacity 
for [ 3H]demethoxyverapamil decreases and the apparent equilibrium disso- 
ciation constant increases [ 1381. The effect of Ca2 + on [ 3H]verapamil binding 
in skeletal muscle is concentration-dependent: at 0.1 mM Ca2 + , binding is 
stimulated, but above 1 mM Ca2 + , inhibition is seen [ 1341. The rank order 
of potency for inhibition of [3H]verapamil binding to T-tubule membranes 
has been determined as Ca" = Mn" > Mg2+ > Sr2+ > Ba2+ 
> Co2+ > Ni2+ [ 1411, which is similar, but not identical, to the order of 
potency for inhibition of [ 3H]demethoxyverapamil binding. Again Caz + 

induces a decrease of the maximal binding capacity for the radioligand, whilst 
K ,  is increased [ 1411. Ca2 + and La3 + have also been shown to inhibit binding 
of ( +  )-~is-[~H]diltiazem [ 138, 1421. 

RELATIONSHIP BETWEEN MEMBRANE BINDING SITES FOR CALCIUM 
CHANNEL BLOCKING DRUGS AND EFFECTS ON CALCIUM CHANNELS IN 

INTACT CELLS 

The pharmacological relevance of the binding sites for tritiated calcium channel 
blocking drugs has yet to be fully established. It has been assumed that the 
binding sites are part of the calcium channel, but is this assumption justified? 
In smooth muscle such as ileum and coronary arteries, the dissociation con- 
stants for [ 'Hlnitrendipine binding to membrane preparations are in the same 
concentration range as the IC,, values (concentration producing 50% inhi- 
bition) for inhibition of K + depolarization-induced responses; that is, they are 
both about 0.1 to 2 nM [26,70,98, 1011. No such one-to-one correlation for 
binding and pharmacological effect is seen in the heart. Although the KD for 
binding is similar in heart to the K, for binding in ileum or coronary arteries, 
the concentration of nitrendipine which produces a 50% reduction in the 
cardiac inotropic response to electrical stimulation is at least 100-times the K, 
for binding [89,98, 1011. 

However, the potency of a series of 1,4-dihydropyridines to inhibit ['Hlni- 
trendipine or [ 'Hlnimodipine binding correlates well with the rank order of 
these compounds for inhibition of cardiac inotropic responses and for inhi- 
bition of smooth muscle contraction [26,70,85,90, 104, 1271. This implies 
that the structure-activity dependence is similar for both binding and pharma- 
cological activities, even if there is a difference in the concentrations at which 
effects are found [70]. Furthermore, diltiazem not only stimulates the binding 
of [3H]nimodipine to canine cardiac sarcolemma but also potentiates the 
negative inotropic response of perfused rat hearts to nimodipine [ 1461. Thus, 
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the ability of diltiazem to double the number of binding sites for [ 3H]nimodi- 
pine [ 1461 is accompanied by an increase in response. 

There are binding sites for the calcium channel blocking drugs in brain and 
skeletal muscle, but the effects of calcium channel blockade cannot always be 
readily demonstrated in these tissues [34,38]. The distribution of [3H]deme- 
thoxyverapamil binding sites in the brain has been investigated using autoradio- 
graphy [68]. The highest density of sites is found in the hippocampus and 
dentate gyrus, followed by the cerebral cortex and thalamic nuclei. Very few 
sites are present in the white matter or cerebellum. The pharmacological effects 
of the calcium channel blockers in the brain and neuronal tissue have been 
reviewed [34, 149, 1501. Transmitter release from the adrenal glands, cultured 
phaeochromocytoma and cultured neuronal cells is sensitive to low concentra- 
tions of the calcium channel blockers [ 1491. Also, Bay K 8644 augments the 
uptake of 45Ca2 + into striatal synaptosomes [ 1491 and increases K + -evoked 
5HT release in cerebral cortex slices [149, 1501. These two effects can be 
blocked by antagonistic 1,4-dihydropyridines [ 1501. Thus, the calcium channel 
blocking drugs do exert pharmacological actions on the brain, but the relevance 
of those actions to the binding sites for the drugs has yet to be established. 

Contraction of skeletal muscle is not acutely dependent on the entry of 
extracellular Ca2 + [ 381. However, calcium channels are present in skeletal 
muscle and appear to be located in the T-tubules [34,38]. Calcium channel 
blocking drugs do affect contraction of skeletal muscle, but their effects on 
muscle tension do not correlate with the relative calcium channel blocking 
ability of the drugs or with the ability of the drugs to cross the cell membrane 
[ 1511. For example, verapamil and D600 depress twitch and tetanus tension, 
whereas nifedipine causes marked potentiation of twitch tension but does not 
alter tetanus tension [ 1511. Thus, despite the high density of binding sites for 
calcium channel blockers in skeletal muscle, the pharmacological relevance of 
these sites is still unknown. 

A number of suggestions have been put forward to account for the disparity 
in the concentrations at which calcium channel blocking drugs bind to sites in 
the heart and at which they produce negative inotropic responses and to 
account for the lack of effect of the calcium channel blockers in brain and 
skeletal muscle. Firstly, the properties of the binding sites may be altered during 
the preparation of membranes [ 851, since calcium channels are not functional 
in isolated membrane vesicles [ 561. However, phosphorylation of ventricular 
sarcolemmal membranes does not alter the binding properties of nitrendipine 
[ 991. Binding studies have been performed using intact cultured chick ventricu- 
lar cells [ 961 and also intact rat cardiac myocytes [ 129, 1441. The dissociation 
constants for [3H]nitrendipine binding were 0.26 nM, 0.587 nM and 1.07 nM, 
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respectively, in the three studies. Hence, even in intact cells, the K ,  values are 
much lower than the concentration range for negative inotropic effects [96]. 
Depolarization of rat cardiac myocytes with 50 nM K' increases the maxi- 
mum number of binding sites but does not alter the K ,  for binding [ 1441, and 
therefore the nitrendipine receptor density is voltage-dependent. 

Binding to low-affinity sites may be important for the calcium channel 
blocking effects of 1 ,Cdihydropyridines. In chick hearts, the dissociation con- 
stants ( K ,  values) for binding of ['Hlnitrendipine to low-affinity sites are 
similar to the concentrations at which nitrendipine inhibits contractile force 
[95, 120, 1251. The concentration of nitrendipine which produces a half- 
maximal decrease in contractile force of dog heart trabecular muscles (328 nM) 
is in the same range as the K ,  for binding of nitrendipine to low-affinity sites 
in canine cardiac sarcolemma (140 nM) [ 1521. [3H]Bay K 8644 has been 
shown to bind to cultured myocardial cells with a K ,  of 35 nM and a B,,, of 
1.07 pmol/mg protein [ 1361. The K ,  for binding is very close to the concen- 
trations of Bay K 8644 that produce half-maximal increases in developed force 
in isolated dog atrial (29.5 nM) and ventricular trabecular muscles (30.5 nM) 
[ 891. Bay K 8644 displaces [ 'Hlnitrendipine binding in canine cardiac sar- 
colemma in a manner consistent with binding to two classes of sites [ 1521. The 
dissociation constant for inhibition of binding at the high-affinity site correlates 
with the concentration of Bay K 8644 producing a positive inotropic effect, 
while the K ,  for inhibition of binding at the low-affinity site correlates with the 
concentration at which the negative inotropic effect of Bay K 8644 is seen in 
the dog heart. It has been suggested that binding of the 1,4-dihydropyridine 
drugs to the high-affinity site mediates their agonist effects and binding to the 
low-affinity site is responsible for their antagonist effects [88, 1521. 

If some tissues have an excess of binding sites, not all the binding sites will 
necessarily be coupled to functional calcium channels [85]. Thus, blockade of 
50% of the sites might not be sufficient to reduce by halfthe calcium-dependent 
effects. A half-maximal decrease in response would be achieved only when 
considerably more of the binding sites are occupied [ 98, 1431. According to this 
hypothesis, the most sensitive tissues to channel blockade must be those with 
the lowest density of binding sites, e.g., coronary arteries; those of intermediate 
sensitivity have an intermediate density of binding sites (e.g., heart), and skeletal 
muscle, which has the highest density of sites, is virtually insensitive to calcium 
channel blockade [ 1431. There is evidence of spare binding sites in rat cardiac 
myocytes. Green, Farmer, Wiseman, Jose and Watanabe [ 1441 estimated that 
there are 160,000 sites per polarized cell and 382,000 sites per depolarized cell, 
which is greater than the density of 2,000 to 10,000 functional calcium channels 
per cultured rat cardiac cell determined by Reuter [ 561. An even larger number 
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of binding sites ( lo6) was calculated by De Pover, Lee, Matlib, Whitmer, Davis, 
Powell and Schwartz [129]. 

EFFECTS ON OTHER SUBCELLULAR SITES 

The calcium channel blockers have been found to affect several different 
subcellular processes (see Figure 7.2) and these effects may contribute to the 
pharmacological profile of the drugs. However, these actions are mainly seen 
at higher concentrations of the drugs than the concentrations required for 
calcium channel blockade. For example, high concentrations of D600, nitrendi- 
pine and verapamil have been shown to block the fast sodium channels present 
in cardiac tissue [44, 153-1561. On the other hand, lower concentrations of 
verapamil do not decrease the maximum rate of depolarization of phase 0 of 
the action potential (Vma,) [ 156, 1571. Neither diltiazem nor nisoldipine 
reduces V,,, [7,42]. Since influx of Na+ into the cell via the fast sodium 
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Figure 7.2. Some intracellular processes that may be affected by calcium channel blocking drugs. 
Calcium channel blocking drugs inhibit calmodulin-dependent sarcolemmal C d  + -A TPase 0 , myosin 
light-chain kinase (MLCK) @ and phosphodiesterase (PDE) 0. Passive Na + - C d  + exchange 
@ may also be inhibited. whilst (Na + + K +)-ATPase 0 is stimulated. C d  + release from mito- 
chondria (MIT) in exchange for Na + @ may be inhibited. but the effect of calcium channel blocking 

drugs on Ca’ + uptake into sarcoplasmic reticulum (SR) via C d  +-A TPase a is variable. 
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channels is responsible for phase 0 of the action potential [ 1581, drugs which 
do not decrease V,,, probably do not inhibit the sodium channels. 

In cardiac cells, there are two time-dependent outward currents which con- 
tribute to repolarization of the cell. Both of these outward currents may be 
decreased by calcium channel blocking drugs. Since an increase in the intra- 
cellular Ca2 + concentration activates one of the outward currents (Zto), all the 
calcium channel blocking drugs should reduce I,, [ 1591. This has been shown 
with D600, nisoldipine and diltiazem [41-43, 1591. The other time-dependent 
outward current (Z,, delayed rectifier) is not calcium-activated [ 1601. Hume has 
found that D600, diltiazem and nisoldipine inhibit 1, in frog atrial cells [ 1601. 
However, a similar concentration of nisoldipine does not affect Z, in calf 
Purkinje fibres [43]. 

Diltiazem, nifedipine and verapamil decrease the Na + -induced Ca2 + release 
from heart mitochondria without affecting the uptake of Ca2+ into this 
organelle [ 161, 1621. Diltiazem is the most potent inhibitor of Ca2' release 
[ 1611. Nimodipine and nitrendipine increase (Na+ + K +)-ATPase activity in 
microsomal membranes from aorta and vas deferens but do not influence the 
activity of this enzyme in ventricular or brain membranes [ 1631. No stimulation 
of (Na+ + K+)-ATPase activity is found with nifedipine, diltiazem or 
verapamil [ 1631. Blocking the Na + pump reduces intracellular levels of Na + , 
which would increase Na + -Ca2 + exchange and therefore decreaseintracellular 
Ca2 + [ 1631. Thus, the nimodipine-induced increase in (Na + + K + )-ATPase 
activity might contribute to the vasodilator effect of the drug. Increased 
(Na' + K +)-ATPase activity has been found in cardiac sarcolemma-enriched 
vesicles with 1 pM nicardipine, but not with a higher concentration (10 pM) 
[164]. Verapamil in pM concentrations inhibits the uptake of Ca2+ into 
cardiac membrane vesicles via the Na + -Ca2 + exchange mechanism 
[ 165, 165al. In addition, verapamil inhibits the binding of Ca" to cardiac 
sarcolemma [ 166, 1671. Both the stereoisomers of verapamil are equipotent 
inhibitors of binding [167] and verapamil has been shown to decrease the 
capacity of the low-affinity calcium binding sites [ 1661. Nifedipine, D600 and 
diltiazem do not affect cardiac sarcolemmal binding of calcium [ 166, 1681. 

Many of the calcium channel blocking drugs bind to calmodulin, which is 
a calcium-binding protein. Calmodulin mediates the activation by Ca2 + of a 
large number of enzymes and it appears to act as a multifunctional intracellular 
Ca2 + receptor [ 31. Felodipine, nitrendipine, verapamil, D600 and diltiazem all 
bind to calmodulin [ 169-1741 and their binding is increased in the presence of 
Ca2 + [ 169, 170, 1721. The binding of felodipine to calmodulin is also increased 
by diltiazem [ 169, 1721. It has therefore been suggested that the two drugs bind 
to different sites on calmodulin and that there are allosteric interactions 
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between the binding sites [ 169, 1721. Verapamil can also increase felodipine 
binding, but is much less potent than diltiazem in this respect [ 1721. Calmodulin 
activates the Ca2 + -ATPases which are present in plasma membranes of heart 
and smooth muscle cells [ 3, 141. Felodipine and verapamil inhibit the activity 
of cardiac sarcolemma Ca2 + -pumping ATPase [ 165a, 167, 1751. Nifedipine 
and nimodipine, however, stimulate ATPase activity [ 165a, 168, 1751, although 
inhibition has been observed in one study at higher concentrations of these two 
drugs [ 165al. 

In most tissues, a calmodulin-dependent phosphodiesterase has been found 
which hydrolyses both cyclic AMP and cyclic GMP [3]. The activity of the 
phosphodiesterase in the presence of calmodulin is inhibited by several of the 
calcium channel blockers. Nimodipine, nicardipine, felodipine, nisoldipine and 
nitrendipine are much more potent inhibitors than verapamil, D600 or diltiazem 
[ 17 1, 175-1771. Half-maximal inhibition of phosphodiesterase activity is seen 
with 2-20 pM concentrations of the 1,4-dihydropyridines, whereas more than 
100pM verapamil or diltiazem is required to produce 50% inhibition 
[ 17 1, 1761. The effects of nifedipine in different studies have been inconsistent. 
In some studies, low concentrations of nifedipine have been found to inhibit 
calmodulin-activated phosphodiesterase [ 176, 1771, but in other investigations 
nifedipine has had only a slight inhibitory effect on phosphodiesterase at up to 
10 pM [ 175, 1781. This discrepancy may be due to dserent sensitivities of 
phosphodiesterases from varying sources to nifedipine. There are also 
calmodulin-insensitive forms of phosphodiesterase whose activity is inhibited 
by verapamil, nimodipine, nicardipine, nifedipine and diltiazem [ 171, 1771. 

Antagonism of calmodulin may explain why calcium channel blocking drugs 
such as felodipine, nitrendipine and verapamil inhibit the phosphorylation of 
myosin light chains [ 174,179, 1801. High concentrations of nitrendipine and 
verapamil are required to affect myosin light-chain kinase activity [ 1801. The 
effects of the calcium channel blocking drugs on the uptake of Ca2+ into 
sarcoplasmic reticulum (SR) and on Ca2 + release are varied. However, these 
effects do not appear to involve calmodulin, since the phosphorylation of 
phospholamban in cardiac SR is unaffected by felodipine, nitrendipine or 
verapamil [ 1801. Binding of Ca2 + to cardiac SR is decreased in the presence 
of high concentrations of nisoldipine, verapamil, D600 and diltiazem 
[ 181-1831. In skeletal muscle SR, high concentrations of verapamil, diltiazem, 
nisoldipine and felodipine also inhibit Ca2 + binding, but at lower concentra- 
tions nisoldipine and felodipine stimulate binding [ 18 11. 

The effect of these drugs on Ca2+ uptake into SR again appears to be 
concentration-dependent. Felodipine, nitrendipine, nimodipine and nisoldipine 
stimulate Ca2+ uptake into both skeletal muscle and cardiac SR 
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[ 180, 181, 183al. Decreased Ca2 + uptake is seen with verapamil, diltiazem and 
D600, particularly at high concentrations [ 180-1821. Ca2+ is taken up into SR 
by active transport. The energy for this process is provided by the action of 
Ca2 + -ATPase on the terminal phosphate of ATP [ 1841. In several studies, the 
calcium channel blocking drugs have been found not to affect the activity of 
Ca2+-ATPase in cardiac SR [17, 180, 1821. However, Wang, Tsai and 
Schwartz [181] have shown that the calcium channel blockers can alter 
Ca2 + -ATPase activity and that some of these drugs have different effects on 
the Ca2+-ATPase from cardiac SR compared to skeletal muscle SR. For 
instance, diltiazem stimulates Ca2 + -ATPase activity in skeletal muscle SR but 
decreases the enzyme’s activity in cardiac SR. Verapamil also increases 
Ca2 + -ATPase activity in skeletal muscle SR but has no effect on cardiac SR 
Ca2 + -ATPase. The effects of nisoldipine and felodipine on Ca2 + -ATPase are 
similar for both cardiac and skeletal muscle SR. Low concentrations of the 
1,4-dihydropyridines stimulate Ca2 + -ATPase activity, whereas at higher con- 
centrations the activity is decreased. 

Surprisingly, the calcium channel blockers have been found to inhibit the 
binding of several drugs to their receptors. For example, binding of agonists and 
antagonists to alpha- 1 and alpha-2 adrenoreceptors, muscarinic receptors and 
D-2 dopamine receptors is inhibited by verapamil, D600, diltiazem and nicardi- 
pine [28, 185-1881. Verapamil and D600 are the most potent antagonists of 
binding [ 185-1871. This inhibition of binding suggests that the calcium channel 
blocking drugs may affect the functioning of the sympathetic and para- 
sympathetic nervous systems in the intact animal. 

Thus, the individual pharmacological effects exerted by each calcium channel 
blocker may depend upon the extent to which the drug affects other intracellular 
systems as well as its potency at the calcium channel. Many of the effects 
described here would tend to increase the vasodilator action of the drugs, such 
as inhibition of calmodulin-dependent enzymes. However, these other effects 
are subsidiary to blockade of the calcium channel, as they occur mainly at 
concentrations higher than those required to block the channels; therefore, at 
low concentrations the actions of the calcium channel blocking drugs are 
relatively specific. 

THERAPEUTIC APPLICATIONS 

As a result of their ability to relax smooth muscle, calcium channel blocking 
drugs have numerous therapeutic applications, mainly in the treatment of 
cardiovascular disorders but possibly also in therapy for bronchial asthma, 
gastrointestinal muscle spasms and uterine disorders. The in vivo effects of the 
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calcium channel blockers vary depending on the properties of the individual 
drug. Tissue selectivity plays a very important r81e in determining their clinical 
usefulness. For example, calcium channel blocking drugs such as the lp-dihy- 
dropyridines have more pronounced effects on the vascular system than the 
heart. Some of the factors which determine the tissue selectivity of a particular 
drug have been described by Rampe, Su, Yousif and Triggle [ 721 and by Nayler 
and Dillon [ 1891. These include: 
(1) pharmacokinetic factors affecting tissue distribution; 
(2) the relative importance of CaZ+ entry through the slow channel to the 

(3) activation of cardiovascular reflex mechanisms ; 
(4) the number of drug-binding sites and differences in binding sites between 

( 5 )  the extent to which a drug shows use-dependency; 
(6) other properties of the drug besides calcium channel blockade; 
(7) partial agonist activity of some of the 1,4-dihydropyridines; 
(8) the pathology of the tissue. 

A calcium channel blocking drug may have a different pharmacological 
profile in vivo than seen when using isolated tissue preparations. This is particu- 
larly the case in the cardiovascular system due to the operation of reflex 
mechanisms. For example, diltiazem, verapamil and nifedipine suppress 
sinoatrial (SA) nodal function in the excised rabbit heart; however, after i.v. 
dosing of these drugs to patients, sinus rate increases [ 1901. This increase in 
heart rate found after the administration of verapamil or nifedipine to 
volunteers can be prevented by autonomic blockade with atropine and 
propranolol [ 1911, which confirms that reflex activation of sympathetic and 
vagal nervous activity modifies the cardiac response to calcium channel 
blocking drugs. In the excised rabbit atrioventricular (AV) nodal preparation, 
diltiazem, verapamil and nifedipine equally prolong the effective (ERP) and 
functional (FRP) refractory periods of the AV node. Clinically, diltiazem or 
verapamil still prolong ERP and FRP, but nifedipine shortens these two values 
[190]. Similarly, the atrial-His interval is lengthened by i.v. diltiazem or 
verapamil, while nifedipine shortens the AH interval [ 1901. The extent to which 
the calcium channel blocking drugs activate cardiovascular reflexes depends 
mainly on their potency as peripheral vasodilator drugs. Nifedipine has more 
potent vasodilator effects than suppressor effects on AV nodal conduction [ 161 
and therefore the reflex increase in heart rate in response to vasodilation 
predominates over the negative inotropic effect. 

functioning of a particular tissue; 

different tissues; 
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LICENSED THERAPEUTIC lNDICATIONS 

Calcium channel blocking drugs which are currently licensed for use in the 
United Kingdom are presented in Table 7.5, nicardipine being the most recent 
addition to the list. To date, all the indications are of a cardiovascular nature 
and, indeed, the calcium channel blocking drugs have now become established 
as an important group of cardiovascular medicines. 

In coronary artery disease, the calcium channel blocking drugs can be used 
to treat both Prinzmetal's (variant) angina and chronic stable angina pectoris. 
Calcium channel blocking drugs increase coronary blood flow by dilating the 
coronary arteries, and this is probably their major mode of action in 
Prinzmetal's angina, where coronary blood flow is reduced by vasoconstriction 

Table 7.5. CALCIUM CHANNEL BLOCKING DRUGS LICENSED FOR USE IN THE 
UNITED KINGDOM 

Non-proprietary Proprietnry 
name name Manufacturer Indications 

Verapamil Securon Knoll ( I )  treatment and prophylaxis 

Berkatens Berk Pharmaceuticals (2) treatment and prophylaxis 
of supraventricular 
tachycardia and paroxysmal 
supraventricular tachycardia 
of the reciprocating type, 
associated with the 
Wolff-Parkinson-White syn- 
drome 

moderate hypertension and 

hydrochloride* Cordilox Abbott Laboratories of angina pectoris 

(3) treatment of mild to 

Nifedipine* Adalat Bayer U.K. 
of renal hypertension 

of angina pectoris 
(1) treatment and prophylaxis 

(2) treatment of hypertension 
(3) treatment of Raynaud's 

phenomenon 
Ditiazem Tildiem Lorex Pharmaceuticals ( I )  prophylaxis and treatment 

Nicardipine Cardene Syntex Pharmaceuticals (1) treatment of chronic stable 
hydrochloride* of angina pectoris 

hydrochloride angina pectoris 
(2) treatment of mild to 

moderate hypertension 

* These drugs are also available in the U.S.A. 
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[ 192, 1931. However, in chronic stable angina, coronary blood flow is reduced 
due to stenosis of one or more coronary arteries (usually as a result of 
atherosclerosis) and in this situation the major mode of action of the calcium 
channel blockers is in reducing myocardial oxygen consumption. As calcium 
channel blocking drugs reduce peripheral resistance, they decrease the work of 
the heart [ 161. Verapamil decreases myocardial contractility directly, but after 
administration of nifedipine this direct effect is counteracted by reflex stimula- 
tion of the heart and the heart rate may even be increased [ 1941. Verapamil, 
nifedipine and diltiazem appear to be equieffective in the treatment of angina 
[ 1941. Several clinical trials have been carried out to examine the effectiveness 
of some of the newer calcium channel blocking drugs. Nisoldipine [ 1951, 
felodipine [ 1961, PN 200-1 10 [ 1971, gallopamil (D600) [ 1981 and tiapamil 
[ 1991 may all be useful as antianginal agents, but further assessment is required 
to establish their safety and efficacy. 

All currently available calcium channel blocking drugs are licensed for the 
treatment of mild to moderate hypertension, except for diltiazem. Their anti- 
hypertensive effect is due to decreasing elevated peripheral resistance, which 
results directly from blockade of calcium channels in vascular smooth muscle 
[200]. The higher the vascular resistance, the more effective the calcium 
channel blocking drug is as a vasodilator. Therefore, these drugs reduce blood 
pressure to a greater extent in severe hypertension than they do in normotensive 
volunteers [ 2001. Verapamil and nifedipine are effective as sole therapy for mild 
to moderate hypertension and they can also be used in combination with 
several other antihypertensive drugs such as beta-adrenoceptor antagonists, 
methyldopa and thiazide diuretics [201]. However, verapamil should not be 
given intravenously to patients who are receiving treatment with a beta-adreno- 
ceptor antagonist, since heart block may develop [ 2011. Although diltiazem has 
not been licensed for the treatment of hypertension in the U.K., it has been 
shown that diltiazem is as effective as nifedipine [ 2001, hydrochlorothiazide 
[202] or metoprolol [203] when used as single drug therapy for mild to 
moderate hypertension. Felodipine [ 204,2051, nitrendipine [ 2061 and tiapamil 
[ 2071 have also been investigated as possible antihypertensive drugs. 

The only calcium channel blocking drug to have been licensed for the 
treatment of cardiac arrhythmias is verapamil. Its main uses are in the 
treatment of supraventricular tachycardia (SVT) and paroxysmal SVT. 
Because verapamil lengthens the ERP and FRP of the AV node and prolongs 
AV nodal conduction time [ 161, it can be used to control the ventricular rate 
in atrial fibrillation or atrial flutter and it usually terminates re-entry arrhythmias 
involving the AV node [208,209]. However, intravenous verapamil should not 
be given to patients who have the Wolff-Parkinson-White syndrome and atrial 
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fibrillation, since there is an increased risk of precipitating ventricular 
tachycardia and fibrillation in these patients [201]. In general, ventricular 
tachycardia is not terminated by verapamil [210] although it is effective in 
suppressing ventricular extrasystoles [ 2081. Diltiazem shows similar electro- 
physiological effects on AV nodal conduction to verapamil, but it is not 
currently used to treat SVT [ 161. Clinical trials have shown that diltiazem is 
effective in the management of paroxysmal SVT [211,212] and the use of 
diltiazem for the treatment of cardiac arrhythmias deserves further investi- 
gation. Nifedipine does not have direct antiarrhythmic effects, probably because 
it does not influence AV nodal conduction time in the same way as verapamil 
[208]. 

Double-blind placebo-controlled trials have shown that both nifedipine and 
diltiazem are effective in controlling the symptoms of Raynaud’s phenomenon 
[ 2 13-2 151. Nifedipine increases fingertip blood flow by decreasing fingertip 
vascular resistance [216]. At present, the sole calcium channel blocking drug 
to have been licensed in the U.K. for the treatment of Raynaud’s phenomenon 
is nifedipine. Since all calcium channel blockers produce vasodilation, they may 
all eventually prove to be effective in counteracting vasoconstriction in patients 
with Raynaud‘s phenomenon, but this has yet to be established. 

OTHER CARDIOVASCULAR INDICATIONS UNDER INVESTIGATION 

Because calcium channel blocking drugs show such varied activity within the 
cardiovascular system, it is not surprising that interest in their effectiveness as 
treatment for many different cardiovascular disorders has been aroused. The 
main disorders to have been investigated will be considered briefly. In the 
treatment of hypertensive emergencies, nifedipine has been shown to be very 
effective and it produces minimal adverse effects [ 217-2191. Verapamil has 
also been used successfully to control hypertensive crises but it needs to be 
given intravenously, unlike nifedipine, which can be administered sublingually 
[ 2 171. Whether the administration of calcium channel blocking drugs increases 
survival rate following an acute myocardial infarction is controversial. 
Reduction of the extent of myocardial injury was first shown in animals with 
experimentally-induced myocardial ischaemia or infarction [ 2201. By 
measuring creatine kinase values, myocardial infarct size has been found to be 
decreased in patients given verapamil intravenously [ 2211. Verapamil also 
improves the mechanical performance of ischaemic myocardial segments 
(assessed by M-mode echocardiography) in patients with acute myocardial 
infarction [ 2221. However, the administration of calcium channel blocking 
drugs has not been shown to reduce the incidence of re-infarction [223,224] 
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or to decrease mortality [ 223,2251 when the drugs are given for a longer period 
(for 10 days or up to 6 months following myocardial infarction). 

Several studies have shown that verapamil and nifedipine modify favourably 
the abnormal left ventricular diastolic function found in patients with hyper- 
trophic cardiomyopathy [ 226-2281. Symptomatic status and exercise tolerance 
improve in most patients receiving long-term verapamil therapy [ 227,2281. As 
the calcium channel blocking drugs are vasodilators, it has been suggested that 
they may be useful as drugs to decrease after-load in patients with congestive 
heart failure [229]. However, these drugs are also potentially negative inotropic 
agents and therefore they may cause a deterioration in cardiac function. Clinical 
studies have shown that nifedipine usually produces beneficial haemodynamic 
changes in patients with congestive heart failure, although haemodynamic 
deterioration following nifedipine administration has occasionally been 
reported [229,230]. Verapamil has a greater negative inotropic action in vivo 
than nifedipine and doubts have been expressed as to whether verapamil should 
be used in patients with ventricular dysfunction [ 23 11. Ferlinz and Citron [ 2321 
have shown, however, that intravenous administration of verapamil to patients 
with congestive heart failure can improve ventricular function. Long-term 
studies are required to determine which subgroups of patients will benefit from 
verapamil therapy and to identify subgroups at risk of haemodynamic deterio- 
ration following verapamil. At present, the calcium channel blocking drugs are 
unlikely to replace existing drugs used in the treatment of congestive heart 
failure. 

In patients with pulmonary hypertension, calcium channel blocking drugs 
have been found to produce pulmonary artery dilation and therefore improve- 
ment in cardiac output and relief of hypoxia [233,234]. Most of the studies 
have used short-term administration to carefully selected patients. Thus, the 
beneficial effects need to be confirmed in longer studies using more patients 
with advanced pulmonary hypertension. Detrimental deterioration in right 
ventricular performance has been found in some patients with severe right 
ventricular dysfunction following the administration of verapamil or nifedipine 
[233]. 

The calcium channel blocking drugs may prove to be very useful in the 
treatment of patients following acute stroke. In particular, nimodipine has been 
found to have selective actions on cerebral vascular smooth muscle without 
affecting systemic arterial pressure [ 161. After intravenous administration, 
nimodipine increases hemispheric cerebral blood flow in patients with acute 
ischaemic stroke [ 2351. A placebo-controlled double-blind trial has shown that 
nimodipine significantly decreases the occurrence of severe neurologic deficits 
from spasm alone in patients who have had subarachnoid haemorrhage [236]. 
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Cerebrovascular spasm also appears to be important in the initiation of 
migraine attacks; hence, clinical trials have been performed to assess the 
effectiveness of the calcium channel blocking drugs as prophylaxis for migraine. 
Nimodipine, nifedipine and verapamil are all effective in reducing the frequency 
and severity of vascular headaches [ 2371. Nimodipine may again be particularly 
useful because of its selective action on the cerebral blood vessels. Clinical trials 
have shown that it reduces migraine frequency and duration in a similar number 
of patients as the currently available drugs used for migraine prophylaxis [238]. 

POTENTIAL NON-CARDIOVASCULAR INDICATIONS 

The ability of the calcium channel blocking drugs to relax non-vascular smooth 
muscle suggests that these drugs should be useful in a number of disorders 
involving spasm of smooth muscle, such as bronchial asthma or achalasia. 
However, the results of clinical trials have not always been encouraging and 
more research is required to establish which types of disorder respond to 
treatment with calcium channel blockers. For example, in bronchial asthma, 
calcium channel blocking drugs have been shown to provide a small protective 
effect against bronchoconstriction provoked by exercise, cold air and allergen 
challenge [ 2391. However, voltage-dependent calcium entry into airway cells 
does not appear to be very important in the pathogenesis of asthmatic broncho- 
constriction [ 2391 and therefore calcium channel blocking drugs are unlikely 
to play an important r6le in the treatment of asthma. 

Nifedipine [ 240-2421 and verapamil [ 2431 decrease lower oesophageal 
sphincter pressure in patients with achalasia, thus the symptoms of achalasia 
are improved by treatment with a calcium channel blocking drug. Very few 
double-blind clinical trials have been performed to investigate this effect, but 
one recent study has shown that nifedipine does decrease symptoms in patients 
with achalasia when the drug is given sublingually before meals [242]. Although 
further clinical studies are required, it is likely that calcium channel blocking 
drugs will ultimately play a part in the treatment of achalasia. 

Calcium channel blockade may also be a useful means of controlling the 
symptoms of the irritable bowel syndrome (IBS). Peppermint oil is widely used 
in the treatment of IBS [244]. The major active component in peppermint oil 
with regard to relaxation of gastrointestinal smooth muscle is menthol [ 2451 
and it has been shown that menthol inhibits gastrointestinal smooth muscle 
activity by blocking calcium channels [246-2481. It has also been shown that 
nifedipine reduces the colonic motor response to eating in IBS patients [249]. 
It would therefore appear that other calcium channel blockers may be 
potentially useful in controlling the symptoms associated with the imtable 
bowel syndrome. 
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Relaxation of myometrial smooth muscle is another activity of the calcium 
channel blocking drugs which may be exploited for therapeutic purposes. For 
instance, nifedipine has been shown to be effective in controlling the pain of 
dysmenorrhoea and in delaying premature labour [250]. These examples of 
possible new indications for the calcium channel blocking drugs illustrate the 
increasing importance of this group of drugs as therapeutic agents. 

CONCLUSIONS 

Calcium channel blocking drugs have been the subject of extensive investi- 
gation since 1964, when Fleckenstein first presented evidence that excitation- 
contraction coupling of the mammalian myocardium can be blocked in vivo and 
in vitro by verapamil or prenylamine [ 11. However, while we now know a great 
deal more about how this class of drug interacts with the calcium channel, full 
elucidation of the nature of the calcium channel remains unresolved. Develop- 
ment of new methodology for measuring single channel currents has been useful 
in determining the functioning of calcium channels, particularly with respect to 
mechanisms involved in their activation and inactivation (see review by Tsien 
[251]). Many other aspects of the nature of the calcium channels are not yet 
clearly understood. Indeed, there is now strong evidence that different subtypes 
of calcium channel exist [53, 54, 118,252,2531. Receptor-operated calcium 
channels have been proposed in smooth muscle, although their specific 
properties are largely unknown. In contrast, the voltage-operated channels 
have been well characterized [252]. 

One major question still to be answered satisfactorily is whether or not the 
binding sites for calcium channel blocking drugs represent physiologically 
relevant receptor sites associated with the calcium channel. Solubilization of 
the high-af€"nity 1,Cdihydropyridine binding site in skeletal muscle has 
provided some evidence that the binding site is part of the calcium channel. For 
example, the detergent-solubilized material (a) shows allosteric regulation of 
1 ,4-dihydropyridine binding by diltiazem or D600, (b) has a metalloprotein 
nature, and (c) has a molecular weight which indicates a structure large enough 
to span the cell membrane [254]. There is also some similarity between the 
solubilized 1,4-dihydropyridine-binding site and the solubilized sodium 
channel [254]. The molecular weights of various subunits of the putative 
channel have been determined using either target size analysis [255,256] or gel 
electrophoresis of the solubilized 1,4-dihydropyridine-binding site 
[97, 147,2571. From this data, the calcium channel would appear to consist of 
three subunits with molecular weights of 130,000, 50,000 to 60,000 and 30,000 
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to 45,000 [97, 147,255,2571. However, further evidence is required before 
concluding that the drug-binding sites may form an integral part of the calcium 
channel. 

Other areas where there is a lack of general agreement about the nature of 
the binding sites for calcium channel blocking drugs include: the subcellular 
distribution of binding sites in cardiac membrane fractions; whether low- 
affinity binding sites exist in all tissues ; how allosteric interactions occur 
between different types of binding site; and the precise effects of metal cations 
on binding. Continued investigation of these areas of disagreement will 
hopefully provide more information on how the calcium channel blocking drugs 
interact with their receptors on cell membranes. Furthermore, it is important 
to know whether the calcium channel blocking drugs bind to the channels in 
their activated or inactivated states and to elucidate the mechanisms by which 
the drugs affect the gating of the channels. 

Without doubt, the calcium channel blocking drugs have proved to be most 
useful therapeutic agents for cardiovascular disease and as a result many 
compounds are currently under development. New indications for this group 
of drugs such as the treatment of achalasia or migraine have been proposed and 
doubtless the calcium channel blockers will be found to possess a broad 
spectrum of therapeutic activity. As a result, the calcium channel blocking 
drugs are likely to become established as one of the most useful groups of 
therapeutic agents of this decade. 
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INTRODUCTION 

Insulin therapy has been dramatically effective in eliminating keto-acidotic 
coma as a cause of death in diabetics. However, while prolonging life, insulin 
therapy does not prevent the occurrence of disabling complications of chronic 
diabetes, such as neuropathy, nephropathy, retinopathy and cataracts [ 11. 
Insulin therapy is only partially effective in normalizing glucose levels, and the 
occurrence of diabetic complications appears to be related to the severity and 
duration of diabetic hyperglycaemia. 

The tissues involved (nerve, kidney, retina and lens) do not require insulin 
for glucose uptake and consequently are exposed to elevated glucose levels. 
Under normal conditions, glucose is metabolized via the energy-producing 
glycolytic pathway involving an initial phosphorylation by the enzyme 
hexokinase. Evidence is accumulating which shows that under conditions of 
diabetic hyperglycaemia, hexokinase becomes saturated and excess glucose is 
metabolized by the polyol pathway which was first identified in seminal vesicle 
in 1956 [2], and has since been found to be functional in a variety of tissues, 
including those involved with the manifestation of diabetic complications 
[3-51. The polyol pathway, for which there is no known physiological r61e [6], 
consists of the enzymes aldose reductase (AR), which reduces glucose to 
sorbitol, and sorbitol dehydrogenase, which converts sorbitol to fructose. 

THE POLYOL PATHWAY 

sorbitol + NADP+ glucose + NADPH aldose reductase ~ 

fructose + NADH sorbitol + NAD+ sorbitol dehydrogenase 
~ 

While glucose has a high affinity for hexokinase [ 71, the affinity for AR is low 
[ 81. As a result, in the presence of high glucose concentrations, hexokinase 
becomes saturated and the polyol pathway becomes activated, resulting in the 
intracellular production of sorbitol and fructose in tissues where this pathway 
exists. Since the rate of formation of sorbitol is faster than its conversion to 
fructose, and because the polarity of the polyol prevents it from exiting the cell, 
sorbitol selectively accumulates in affected tissues of animals with experimen- 
tally induced diabetes [ 9, 101. The increased flux of glucose through the polyol 
pathway is believed to result in altered cellular function, and ultimately, the 
production of the pathology associated with diabetic complications [ 11, 121. 

Numerous other investigations have produced evidence which provides 
support for a major r6le for AR in the manifestation of various diabetic 
complications (for recent reviews see [ 13-16]), and it has become apparent that 
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inhibitors of AR may be able to prevent, retard, or reverse the complications 
of chronic diabetes. 

The search for inhibitors of AR was started after the enzyme was isolated 
from bovine lens and characterized by Hayman and Kinoshita in 1965 [8]. 
In vitro studies have also utilized enzyme from other species and tissues, 
including rabbit lens, human lens, rat lens and human placenta [ 141. Several 
animal models are available for the study of AR inhibitors (for reviews see 
[ 14, 15, 171); the most widely used models are the galactosaemic rat and the 
streptozotocin-induced diabetic rat, where the accumulation of galactitol and 
sorbitol, respectively, can be measured in target tissues. 

Considerable effort has been spent in the attempts to develop clinically useful 
AR inhibitors and this chapter reviews the classes of compounds that have 
been investigated in the past 20 years. 

THE DEVELOPMENT OF ALRESTATIN 

Alrestatin (AY-22,284, l), the first AR inhibitor to be clinically investigated, 
was developed at the Ayerst Research Laboratories. In 1966, work on AR 
inhibitors was initiated at Ayerst, after Hayman and Kinoshita [ 81, observed 
that, in vitro, the enzyme was inhibited by a variety of aliphatic and keto acids, 
octanoic acid being one of the most potent, although cytotoxic, causing 59% 
inhibition at 1 x M. The programme at Ayerst, using a partially purified 
enzyme preparation isolated from calf lens, involved the systematic screening 
of various straight-chain carboxylic acids. For aliphatic carboxylic acids 
containing one to 23 carbon atoms (Table 8.1), there was a relationship 
between chain length and inhibitory activity; maximal activity was associated 
with a chain length of 8 to 12 carbon atoms. Straight-chain a,wdicarboxylic 
acids (Table 8.2) showed a similar relationship, with inhibitory activity being 
maximal between the C, and C,, acids. 

A series of dicarboxylic acids was synthesized in which the chain separating 
the carboxylic acid groups was substituted by a ring (Table 8.3). The most 
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Table 8.1. AR INHIBITORY ACTIVITY OF ALIPHATIC CARBOXYLIC ACIDS: 
R - COOH 

~~ 

% inhibition 9% inhibiiion 
R Acid I x 1 0 - 4 ~  R Acid I x 10-4 M 

acetic 
propionic 
butyric 
valeric 
caproic 
enanthic 
caprylic 
pelargonic 
capric 
undecanoic 

0 
0 
I 

11 
27 
35 
48 
56 
47 
56 

C , ,  lauric 
C,, tridecanoic 
c13 rnyristic 
C,, palmitic 
c16 rnargaric 
c17 stearic 
C,, nonadecanoic 
c19 icosanoic 
C,, henicosanoic 
C,, lignoceric 

56 
52 
44 
31 
28 
I 
0 
0 
4 
0 

Table 8.2. AR INHIBITORY ACTIVITY OF apDICARBOXYLIC ACIDS: 
HOOC - X - COOH 

!% inhibition 
X Acid I x 10-4 M X Acid 

% inhibition 
I x 1 0 - 4 ~  

- oxalic 0 
C, malonic 0 
c2 succinic 0 
c3 glutaric 2 
c4 adipic 2 
c5 pi rn e 1 i c 7 
c6 suberic 34 

c7 azelaic 40 
c8 sebacic 56 
c9 undecanedioic 48 

C, , tridecanedioic 63 
C,, tetradecanedioic 63 

C,, dodecanedioic 55 

active was found to be AY-20,037, tetramethyleneglutaric acid (TMG), which 
inhibited calf lens AR by 30% at 1 x M (Table 8.3, No. 1). TMG was 
used to validate, in v i m ,  the hypothesis that AR was involved in the initiation 
and development of galactose cataracts [ 181, although it was inactive when 
administered orally [ 19, 201. 
A series of pyridylanilines was next investigated ; N-(3-nitro-2-pyridyl)-3-tri- 

fluoromethylaniline, (2), (AY-20,263), was found to inhibit calf lens AR by 56% 
at 1 x 10- M, and was the first AR inhibitor demonstrated to be active upon 
injection into the vitreous cavity of the eye of rats fed a high-galactose diet, by 
reducing galactitol levels in the lens by 53 %, and delaying the onset of cataract 
[2 1 I. 
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Table 8.3. AR INHIBITORY ACTIVITY OF GLUTARIC ACID DERIVATIVES 

9% inhibition 

No. Compound I x lo-' M i x 1 0 - 5  M I x M 

2 

3 

4 

5 

6 

a::::: 65 

w:::: 5 1  

M. a:::." 11 

a:::: 55  

7 0:::: 47 

60 

30 

33 

- 

28 

30 

aNoz NH 

I 
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Hundreds of compounds were subsequently tested. Phthaloylglycine (3) was 
found to be potent in vitro (ICs0 = 2.5 x M) but was inactive upon oral 
administration. This was attributed to a facile opening of the five-membered 
ring, giving the corresponding phthalamic acid (4), which had virtually no effect 

&NnCOOH & N-COOH H 

0 0 
(4) 

(3) 

on AR in vitro. In order to retain structural features of phthaloylglycine, but in 
a molecular framework which would be resistant to hydrolysis, alrestatin 
(AY-22,284) (l), a compound first described in 1931 [22], was synthesized 
[23], tested and found to be active in vitro (IC50 = 3.5 x M). It was also 
the first AR inhibitor to be effective upon oral administration, decreasing polyol 
accumulation in both streptozotocin-induced diabetic rats and in rats fed 
galactose, and delaying cataract formation in the latter model [ 191. 

Alrestatin was remarkably stable in vivo, being excreted unchanged in several 
species, and after extensive pharmacological studies, alrestatin was tested in 
man at high dosage in diabetic patients with clinical signs of neuropathy [ 241 
and impaired nerve conduction velocity [ 251. 

FLAVONOIDS 

Flavonoids were first reported to be AR inhibitors in 1975 [26]. With partially 
purified rat lens AR, eight of them were tested and three were found to retain 
activity at 1 x M, the most potent being quercitrin, the 3-~-rhamnoside 
ofquercetin (Table 8.4, No. 3), which inhibited AR by 55% at 1 x M. At 
1 x 10 - M, it decreased xylitol accumulation by 80 % in rat lens incubated in 
a high-xylose medium [26]. 

Oral administration of quercitrin, in the diet, to the streptozotocin-induced 
diabetic degu (Octodon degus) decreased lens sorbitol accumulation by 50% 
and delayed the onset of cataracts [27]. The degu, a rodent native to the South 
American Andes, was selected for the study because its lens AR activity is 3- 
to 4-times higher than that of the rat, and as a consequence it develops lens 
opacities within 10-12 days, rather than in the 3-4 months required for the rat 
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Table 8.4. AR INHIBITION BY FLAVONOIDS HAVING IC,, VALUES UNDER 
1 x 10-7 M 

0 

A purified rat lens AR was used except where indicated. 

No. Substitution Gl (MI Re/. 

I 

2 

3 

4 
5 

6 

7 
8 
9 

10 
11 
12 
13 
14 

as c i 1 I a r i n 3‘ ,4’ ,5,7-(0H),-3,6-(OMe), 2.6 x lo-’ 
3 x 1 0 - 8  

3’,4’,6-(OH),-5,7,8-(OMe), 3.6 x lo-’ 
3.4 x 10-8 

quercitrin 3’,4’ ,3,5,7-(OH),-3-rhamnoside 4.9 x 10-7 
1 x 10-7 
1 x 

quercitrin 2”-acetate 3’,4’,3,5,7-(OH),-3-rhamnose-2”-OAc 4 x lo-’  
quercetin 3’,4’,3,7- 5-0H-3‘,4’ ,3,7-(OS03H), rn 10-8b 

quercetin 3-acetate- 5-OH-3-OAc-3’ ,4‘ ,7-(OSO,H), -10-9b 

tetrasulphate 

3’ ,4’ ,7-trisulphate 1 x 1 0 - 7 a  

3’ -4‘-(OH),-5,6,7-(OMe), 9 x 

3’ ,4’ ,7-(OH),-5,8-(OMe), 7.4 x 
3‘,4’-(0H),-5,7,8-(OMe), 4.5 x 

3’,4’,5-(OH),-6,7,8-(OMe), 3.9 x 

3‘,4’,5,6,7-(OH),-3-(OMe) 5.8 x lo-’ 
3‘,4‘,5-(OH),-7,8-(OMe), 7.8 x lo-’ 

3‘,4’,5,7-(OH),-6-(0Me); 8-CH2Ph 3.4 x lo-’ 

3’,4’-(0H),-5,6,7,8-(OMe), 3.2 x lo-’  

29 
30 
29 
30 
29 
28 
31 
28 
35 

35 
37 
30 
30 
30 
30 
30 
30 
30 
30 

a Human lens AR. 
The source of enzyme and its purity were not indicated (see [35]). 

after induction of diabetes. Based on an estimated food intake of 10 g/day, the 
total administered dose of quercitrin was between 3.2 and 3.5 g/kg per day. 
This high oral dose of quercitrin required to elicit an effect in vivo, compared 
with its high in vitro potency as an AR inhibitor, reflects the poor systemic 
availability of orally administered quercitrin. 

The most potent inhibitor among agroup of flavonoids studied by Varma and 
Kinoshita [28], was quercitrin 2”-acetate (Table 8.4, No. 4) (50% at 
4 x 10 - * M), which decreased polyol accumulation by 58 % at 1 x 10 - M in 
the intact rat lens. In contrast to most flavonoids, it is water-soluble and was 
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considered for the topical treatment of diabetic cataracts. Another series of 60 
flavonoids has been investigated [ 29,301 and structure-activity relationships 
for this class of compounds have been detailed. 

Several other groups have reported on the AR inhibitory activity of 
flavonoids in vitro. Three flavone glycosides isolated from Cannabis sariva L 
had moderate activity [ 3 11. Kador and Sharpless [ 321 reported the activity of 
12 flavonoids; three flavonoids newly isolated from Brickella argura were 
studied [ 331, and another series of 73 flavonoids were tested [ 341. 

The AR inhibiting activities of flavonoids that exhibit an IC,, value of 
1 x 10 - ’ M or lower are listed in Table 8.4. The most potent described to date 
is quercetin 3-acetate-3’,4‘,7-trisulphate (Table 8.4, No. 6) [35] (IC,, = 

1 x M). Of the many flavonoids shown to be potent inhibitors of AR 
in vitro, only quercitrin has been investigated in vivo [27]. 

The activity of quercitrin and rutin [28] prompted the study of a series of 
acetal derivatives involving the 2- and 3-hydroxyls of the rhamnose moiety; the 
most potent, the acetal of quercitrin with cyclohexanone, had an IC,, value of 
8.1 x 

An early report by Bjeldanes and Chang [38] showed that a number of 
flavonoids, including quercetin, were mutagenic to certain strains of 
Salmonella; however, in a more recent study, in rats fed quercetin for up to 
850 days, no significant difference between the incidence of tumours in the 
treated and control animals was observed [39]. 

A novel drug delivery to a specific anatomical site has been described [40] 
using a quercitrin derivative, NAP-HEX-Q, containing the light- or X-ray- 
activatable 2-nitro-4-azidophenyl group. NAP-HEX-Q was reported to have 
structure (3, although no proof-of-structure was presented [40a]. NAP-HEX- 
Q was injected into the aqueous humour of rats maintained on a high-galactose 
diet. Irradiation with light or X-rays was expected to cause irreversible inacti- 

M. No in vivo results were described [36]. 

OH 

H 
I 

OH 
N W N  K O  

0 
I 

NO, H 
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vation of AR via the formation of a drug-enzyme covalent bond. Irradiated 
animals were protected from cataract formation for 15 days, while in the 
non-irradiated group, cataracts appeared after 4 days. In cultured rat lens, 
complete protection from galactose-induced cataracts was observed after treat- 
ment with (5 ) ,  followed by irradiation [40]. 

In conclusion, the great interest in the naturally occurring flavonoids as AR 
inhibitors over the past decade arose because of the ready availability of these 
products and because various biological r8les in man have been proposed for 
them since 1936, when it was suggested that they had an effect on capillary 
permeability [ 4 1 1. 

A series of synthetic flavones have been described [42] of which 7-methylsul- 
phonamido-3-propylflavone-4-carboxylic acid, (6), was the most potent, 
having an IC,, value of 1.3 x 10- ’ M with calf lens AR. At 100 mg/kg per day 
for 2 days in the streptozotocin-induced diabetic rat, ( 6 )  lowered sorbitol levels 
in the sciatic nerve by 57%, and inositol levels by 28%. The route of 
administration was not specified. The same group have prepared the 
3-methanesulphonyl derivative of quercitin, (7), and found it to inhibit calf lens 
AR with an IC,, value of 1.6 x 10- ’ M, and in the same in vivo rat model used 
above [42], to lower sorbitol levels in the sciatic nerve by 41.2% at a dose of 
100 mg/kg, again by an unspecified route of administration [43]. 

BENZOPYRANS, ANTI-ALLERGY AGENTS, AND 
BENZOPHENONES 

Kador and Sharpless [32] have tested a series of compounds containing the 
4H-chromen-4-one (4H- 1-benzopyran-Cone) system found in flavonoids; only 
weak activity was observed, the most potent, (8), inhibiting AR by 33% at 
1 x 10- M. No studies were done in vivo. Replacing the carboxyl group of (8) 
by a tetrazole ring gave a compound with comparable activity. Importantly, it 
was observed that there was a significant correlation between AR inhibition 
and the energy of the lowest empty molecular orbital (LEMO) of the 
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4H-chromen-4-one system in various flavonoids as well as in a series of 
4-oxo-4H-chromene-2-carboxylic acid derivatives. Based on this observation, 
they proposed that a charge-transfer interaction occurs at the reactive carbonyl 
group via a reversible nucleophilic attack by the receptor. A similar type of 
receptor interaction was prcipcsed 1441 to account for the activity of a series 
of anti-allergy agents comprising oxanilic acids, 1,4-dihydro-4-oxoquinaldic 
acids, and 4-oxo-4H- 1-benzopyran-2-carboxylic acids. Over 60 compounds 
which had been prepared as potential anti-allergy agents have been tested 
[45,46]. These included cromoglycate (9) and analogues, as well as a series of 

0-l-0 0 

HOOC COOH no 

4-oxo-4H-quinoline-2-carboxylic acids (lo), oxanilic acids (1 1 ; X = N, CH), 
3,4-dihydro-4-oxothieno[ 2,3-d]pyrimidine carboxylic acids and analogues (12; 
X = 0, NH), 4-hydroxycoumarins (13), xanthone-2-carboxylic acids (14), 
1 l-oxo- 1 lti-pyrido[ 2,l-b]quinazoline-2-carboxylic acids and analogues (19, 
and 1,6-dihydro-6-oxo-2-phenylpyrimidine-5-carboxylic acids (16). The most 
potent was the oxanilic acid ester (17), which had an IC,, value of 1 x lo-' M 
with rat lens AR. No reports of in vivo studies with this compound have 
appeared. 

A series of 29 substituted xanthone-2-carboxylic acids, which had also been 
prepared as anti-allergy agents, were studied as AR inhibitors [47]. The 
dimethylaminosulphamoyl derivative ( 18), a water insoluble compound, 
inhibited rabbit lens AR by 67% at 1 x M and was reported to be active 
both topically and orally in delaying the appearance of cataracts in rats 
receiving a diet containing 35% galactose. Replacing an N-methyl group by 
2-hydroxyethyl in an attempt to improve water solubility gave (19), which 
inhibited the enzyme by 83 % at 1 x M. The authors suggested that, since 
the xanthonecarboxylic acids are colourless compounds, they would be more 
appropriate for topical eye application than the yellow-coloured flavonoids. 

A series of benzophenones, which retain some features of the xanthones and 
which are polyhydroxylated like the flavonoids, have been investigated [48]. 
EISAI 70-A-196 (20), 2,2' ,4,4' -tetrahydroxybenzophenone, inhibited rat lens 
AR with an IC,, value of 1 x lo-' M;  in streptozotocin-induced diabetic rats 
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0 

R - d i  H COOH R ~ N H C O C O o H  d L C O O H  

R- ho 'mCooH R - & D c o o H  

(18) R = M e  

(19) R =CH,CH,OH 

given a 35% xylose diet, it also inhibited cataract formation upon oral 
administration [49]. 

Two groups have investigated compounds containing the coumarin-4-acetic 
acid system (21). The 3,6,7-trimethyl derivative inhibited calf lens AR by 81% 
at 1 x M and caused a 21 % inhibition of sciatic nerve sorbitol accumula- 
tion in the streptozotocin-induced diabetic rat at 25 mg/kg given three times 
daily [ 501. The 5,6-cyclohexano derivative had an IC,, value of 2 x 10 - M 
for inhibition of rat lens AR but was not studied in vivo [51]. 
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COOH 

’ OH 
’ 

HO 

A series of benzopyran- and benzothiopyrancarboxylic acids were studied; 
compound (22) was found to inhibit AR by 80% at 1 x l op4  M and to have 
moderate activity in the streptozotocin-induced diabetic rat model [ 521. 

Brazilin, (23), and haematoxylin, (24), pigments from a plant used in Korean 
folk medicine for the treatment of diabetic complications, showed weak activity 
(48% and 57%, respectively, at 1 x M) in inhibiting calf lens AR [53]. 

(23) R = H 

(24) R = O H  
(25) (SORBINIL) 

SPIROHYDANTOINS AND RELATED STRUCTURES 

AR inhibitors containing a spirohydantoin or related system have been 
developed by Pfizer. Sorbinil (CP-45,634; (S)( + )-6-fluoro-2,3-dihydrospiro- 
[ 4H- l-benzopyran-4,4‘-imidazolidine]-2’ ,5’ -dione, (25), was first disclosed in 
1978 [54] and is the best known member of this chemical class. Its absolute 
configuration was elucidated by X-ray crystallographic studies [ 55,561 which 
show that in the crystal, the pyran ring of sorbinil adopts a pseudochair 
conformation (Figure 8.1) such that the N3‘ nitrogen is attached 
pseudoequatorially. The alternative pseudochair, with the N3’ nitrogen 
pseudoaxially attached, was found, by molecular mechanics calculations, to be 
only 0.57 kcal/mol less stable than the solid-state conformation. NMR studies 
indicate the existence of both conformers in solution [ 561, therefore these 
studies do not provide a basis for identifying the conformation which interacts 
with the enzyme. 
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Figure 8.1. X-ray stmetwe of sorbinil. 

The effects of sorbinil, its enantiomer, and the racemic form on calf lens AR 
in vitro, and in vivo on sorbitol accumulation in the sciatic nerve of diabetic rats, 
are shown in Table 8.5. At 1 x M, (-)-sorbinil was only marginally 
active (23 %), while ( + )-sorbinil caused 98 % inhibition. A limited number of 
sorbinil analogues with different substitution patterns have been disclosed; they 
are shown in Table 8.5 together with their activities in vitro and in viva The 
racemic 6,7-dichloro, 6,8-dichloro and 6-chloro analogues (Nos. 5,6 and 7) are 
more potent in v i m  than racemic sorbinil (No. 1); this is also the case in vivo 
for the 6,8-dichloro and the 6-chloro analogues, which inhibit sorbitol accumu- 
lation by 82 and 64%, compared with 45% for (?)-sorbinil, at a dose of 
0.75 mg/kg p.0. in the streptozotocin-induced diabetic rat. An account of the 
development of sorbinil, and additional structure-activity relationships in that 
series, has recently appeared [60]. 

EISAI M-79,17S, methosorbinil, the 2-methyl analogue of sorbinil 
(Table 8.5, No. 17), of unknown stereochemistry, was reported to have an IC,, 
value of 6.5 x 10W8 M using a rabbit lens AR [61]. Sorbinil, tested under the 
same conditions, had an IC,, of 1.1 x lo-’ M [61]. Methosorbinil was also 
reported to markedly reduce sorbitol levels in the lens of streptozotocin-induced 
diabetic rats upon oral administration of doses of 0.1 to 1.0 mg/kg [62]. An 
analogue of methosorbinil bearing a dimethylaminoethyl group on the 
1’-nitrogen of the spirohydantoin moiety (Table 8.5, No. 22) was tested and 
found to be devoid of AR-inhibiting activity at 1 x 10 - M [ 6 11. 

Although a number of patents disclose analogues claimed to be active, in 
addition to those shown in Table 8.5, only compounds supported by experi- 
mental data are included in this review. 

The 2,3-dihydro[4H]- l-benzopyran nucleus of sorbini! has been replaced 



Table 8.5. IN VITRO AND IN VIVO AR INHIBITORY ACTIVITIES OF 
2,3-DIHYDR0[4H]-I-BENZOPYRAN-4,4'-IMIDAZOLIDINE-2' ,5'-DIONES 

R inhib. ofAR 
(concn.. M)" 

% decrease of sorbitol 
accumulation in vivo (dose, mg/kglb 

No. Ref: Substitution 10-4 10 -6 lo-' 0.25 0.75 1.5 2.5 5.0 10.0 

1 ( + )  54 6-F 85 58 52 3 19 45 72 
2 (+)' 54 6-F 100 100 98 39 47 18 

4 57 6-OMe 100 92 35 7 24 

6 57 6,8-C12 85 90 78 81 82 
7 57 6-CI 73 81 77 64 64 84 
8 57 8-CI 87 85 52 6 30 
9 57 6-Br 74 

6 22 3 ( - )  54 6-F 88 63 23 19 

5 57 6,7-C12 59 96 91 84 64 

10 57 6,8-Me, 71 84 54 17 
11 58 6-Ph IC,,<I x 10-4 M 0 
12 58 8-Ph IC,, = 1 x M 54 
13 58 6-OPh IC,, = I x 10-5 M 0 
14 58 6-Ph-8-CI IC,, = I x 1 0 - 5  M 
15 59 6-CI-8-NHZ 
16 59 6-F-8-NHz 40d 
17' 61 2-Me-6-F IC,, = 6.5 x lo-' M 
18 6 1 2-Me-6-F-8-N02 IC,, = 5.0 x lo-' M 

17 
40 

W 

N 
- 



Table 8.5. continued 

96 inhib. ofAR 
(concn., M)" 

96 decrease of sorbitol 
accumulation in vivo (dose, mglkg) 

No. Ref: Substitution 10-4 10-5 lo-' 0.25 0.75 1.5 2.5 5.0 10.0 

19 61 2-Me-6-F-8-NH2 IC,, = 1.7 x lo-' M 
20 61 2-Me-6-Cl IC, = 4.7 x lo-' M 
21 61 2-Me-6-Cl-8-NH2 IC,, = 8.3 x lo-' M 
22 61 2-Me-6-F- 

1'-(CH,),NMe, 0 

24 63 6-SOMe IC,, = 1.2 x 10-5 ~d 
23 63 6-SMe IC,, = 6.6 x lo-' Md 

r 
a A partially purified calf lens AR was used unless indicated otherwise. X 

Rats were made diabetic with streptozotocin and compounds were administered orally at 4, 8 and 24 h following streptozotocin 

Sorbinil. 
Human placental AR was used. 
Methosorbinil. 

administration. Sorbitol levels in the sciatic nerve were measured and compared to controls. 
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Table 8.6. IN YITRO AND IN YIYO AR INHIBITORY ACTIVITIES OF 
MISCELLANEOUS SPIRO-IMIDAZOLIDINE-2',5'-DIONES 

95 inhibition of 

No. Ref: R A . R .  (concn.)O in vivo (dose)b 

% inhibition of sorbitol accumulation 

51 34% ( I  x 1 0 - 5  M) 3% (5 mg/kg) 

51 81% (1 x M) 33% ( 5  mg/kg) 

Me0 

54 ,+, Fy& 74% (1 x lo- '  M) 55% (0.75 mg/kg) 

64 5 5 %  (1 x M) 20% (2.5 mg/kg) 
CI 

d 64 52% ( I  x M) 56% (25 mg/kg) 
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Table 8.6. continued 

No. Ref: R 

~~ 

% inhibition of 

in vivo (dosejb 
% inhibition of sorbitol accumulation 
A .  R. (concn.)n 

9 

10 

1 1  

12 

13 

14 

15 

16 

65 

66 

66 

61 

67 

67 

61 

67 (p / 

50% (1 x M) 46% (25 mg/kg) 

75% (1 x M) 27% (1.5 mg/kg) 

94% ( 1  x M) 92% (10 mg/kg) 

59% (1 x 10-4 M )  - 

78% ( 1  x M) inactive at 1.5 mg/kg 

94% ( 1  x M) inactive at 1.5 mg/kg 

100% (1 x M) 32% (1.5 mg/kg) 

continued 
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Table 8.6. continued 

No. Ref: R 

% inhibition of 
% inhibition of sorbitol accumulation 
A.R. (concnJa in vivo (dose)b 

17 

18 

19 

20 

67 

67 

67 

67 

CI p 
86% (1 x M) 

60% ( I  x 10-4 M) - 

94% ( 1  x M) 32% (1.5 mg/kg) 
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Table 8.6. continued 

No. Ref: R 

96 inhibition of 
% inhibition of sorbitol accumulation 
A.R.  (concn.)O in vivo (dose)b 

23 

24 

25 

69 

69 

I 
Ma 

I 
Me 

pqBr 
CI F 

IC,, = 1 x M 80% (10 mg/kg) 

IC,,= I x 10-5 M - 

IC,, = 9.8 x M ED,,: 0.62 mg/kg 

26 71 IC,, = 4.3 x lo - '  MC - 

(AL-1567) 

A calf lens AR was used unless otherwise indicated. 
See footnote b, Table 8.5.. for details. 

' Rat lens AR. 

by a wide variety of other rings; the most potent representatives are shown in 
Table 8.6 with reported AR inhibitory activities in vitro and in vivo. Of 26 
systems reported, three have IC,, values of less than 1 x lO-'M; the 
thiochroman, the spiroindolinone, and the fluorenone derivatives, Nos. 3, 25, 
and 26 (alconil, AL-1567, Alcon Laboratories). AR inhibitory activities of 
twenty analogues of alconil were recently reported [72]. Alconil has been 
extensively studied in vivo; on p.0. administration it reduced sciatic nerve 
sorbitol levels in the streptozotocin-induced diabetic rat and prevented cataract 
formation [71,73]. 
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Table 8.7 continued 

NO. R 4  Srructure 

% decrease of sorbitol 
accumulation in vivob % inhib. of AR" 

(concn. M) (dosage) 

4 

5 

6 

I 

77 

78 02Jo Ph 

79 (diphenylhydantoin) 
Ph 

79 (ethosuccinimid) 

60% ( I  x l O - ' M )  

40% ( 1  x l o - '  M)d 

15% (2.5 x MY 

iwiritiued 
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Table 8.7. continued 

X decrease of sorbitol 
accumulation in vivob 56 inhib. ofAR" 

Ref: Structure (concn. M) (dosage) No. 

12 86 

13 78 

14 87 

35% (1 x M P  

IC,, = 4 x 10-7 MC 

a Partially purified calf lens AR was used except where indicated. 
See footnote b, Table 8.5., for details. 
Rat lens AR. 
Human placenta AR. 
Human brain AR. 
Rabbit lens AR. 

X 
C 

m 
i5 
P 
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The spirohydantoin moiety, in turn, can be replaced by other systems 
containing an acidic hydrogen; representative examples with their AR 
inhibitory activities are collected in Table 8.7. The spiro-oxazolidinedione, 
No. 1 [74], had an IC,, value of 1 x M (calf lens AR), while the 
spirothiazolidinedione, No. 2 [75], was more potent, with an IC,, value of 
8 x M. In vivo data have been reported for the spirosuccinimide, No. 3 
[ 761. A series of thiazolidine-2,4-diones spiro-fused to a diphenylmethane 
group was investigated [ 781 ; the most potent, No. 5, inhibited human placental 
AR by 40% at 1 x 10-’M. It is a thio analogue of the anticonvulsant, 
phenytoin, No. 6, which was shown by O’Brien and Schofield [ 791 to inhibit 
human brain AR by 7 1 % at 5 x 10 - M. These latter authors have also tested 
the anticonvulsant ethosuccinimid [ 791, No. 7, and have shown that it is a very 
weak AR inhibitor. A number of hypnotic barbiturates have been tested 
[ 79,801, using rabbit lens AR. Both groups found that the barbiturates are very 
weak inhibitors of AR, phenobarbital, No. 8, being relatively the most potent, 
showing 73% inhibition at 1 x M. An analogue of the thiazolidine-2,4- 
dione, No. 5 ,  is the hypoglycaemic and hypolipidaemic agent, ciglitazone 
(Table 8.7, No. 9), (ADD-3878; U-63287); it exhibited marginal AR inhibitory 
activity of 39% at 1 x 

Five-membered heterocycles which contain an acidic hydrogen but which are 
not spiro-fused were also investigated. Compound 10 (Table 8.7) was the most 
potent of a series of isoxazolidinediones [ 831, while the phenylsulphonylhy- 
dantoin, No. 11 [ 841, was the best of the 54 analogues tested. No. 11 reduced 
galactitol accumulation in the galactosemic rat model at 50 mg/kg P.o., and 
decreased cataract formation in rats at the same dose [85]. In a series of 
phenyl-substituted thiazolidinediones, No. 12 [ 861 was the most effective, inhi- 
biting sorbitol accumulation in sciatic nerve by 83 % at a dose of 25 mg/kg. The 
3-ethoxy-4-pentyloxythiazolidinedione, No. 13 (Table 8.7) (CT-112) [ 781, was 
reported to be in development by the Takeda Company. In vitro, CT-112 
inhibited human placental AR by 35 % at 1 x 10 - M. The spiro[ pyrrolidine- 
3,1‘[4H]-pyrrolo[3,2,1-ij]quinoline]-2,2’,5(1’H)-trione (14) (Table 8.7) had an 
IC,, value of 4 x 10 - ’ M for inhibition of rat lens AR [ 871. After p.0. adminis- 
tration to rats at 25 mg/kg, blood was taken and 0.5 ml of serum was added 
to the in vitro incubation mixture containing rat lens AR; after 5 h, AR was 
inhibited by 68.5% [87]. No. 14, phenytoin and sorbinil were evaluated p.0. 
for inhibition of pentylenetetrazole-induced convulsions in mice; the results 
(see Figure 8.2) show that, in contrast to phenytoin and sorbinil, No. 14 is 
devoid of anticonvulsant activity [ 871. 

M [81, 821. 
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Figure 8.2. 

2 10 20 100 200 1000 

Dose (mg/Kgl 

Anricotivulsanr activities of phenjtoin. sorbinil and No. 14. Table 8.7 

HETEROCYCLIC ALKANOIC ACIDS 

Several potent AR inhibitors have been developed which, structurally, are 
heterocyclic alkanoic acids. Of a large series of rhodanine derivatives [88, 
891, (E)-3-carboxymethyl-5-[(2E)-methyl-3-phenylpropenylidene]rhodanine 
(ONO-62235; epalrestat, 26) has been selected for clinical development. Epal- 
restat has an IC,, value of 1 x 10 - * M with AR from rat lens and an IC,, of 
2.6 x 10 - M with human placental AR [ 901. Another series of rhodanines has 
been reported, the most potent of which was the aminomethylidene derivative 
(27),whichhadanICs0valueof2.3 x M withratlensAR[91]. Noin vivo 
results were presented. 

The quinolineacetic acid (ICI- 105,552) (28) [ 921 and the phthalazinoneacetic 
acid (statil; ICI-128,436) (29) [93] have been studied in laboratory animals. 
In vim, at 5 x lo-' M, ICI-105,552 prevented sorbitol accumulation in 
monkey kidney epithelial cells cultured in a glucose-containing medium [ 941; 
in vivo, it caused an 86% reduction of sorbitol levels in the sciatic nerve of 
streptozotocin-induced diabetic rats upon oral administration of 50 mg/kg per 
day [92]. Statil inhibited human lens AR with an IC,, value of 2 x lo-* M 
[ 951, and on treatment of streptozotocin-induced diabetic rats for 3 weeks at 
25 mg/kg per day, P.o., elevated sciatic nerve sorbitol levels were reduced to 
levels found in non-diabetic controls [ 961. A review of structure-activity rela- 
tionships in compounds related to (28) and (29) was recently presented [ 971. 

The furanone propionic acid (FR-5 1785) (30), isolated from cultures of 
Chuetomeffu ruphigeru, inhibited rabbit lens AR with an IC,, value of 
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PhCH CI O N  - C H $ r  S 

' c H $ y  

L C O O H  Me 
0 L C O O H  / 0 

P O o H  hMe 
YJcl CI 

FooH (q+B, \ /  

F 0 

1.6 x l o T 7  M [98]. A number of synthetic analogues of FR-51785 were 
investigated, one of the most potent being the 3,4-dichlorophenyl analogue, 
which had an IC,, value of 3.1 x M and which was active in vivo, 
inhibiting sorbitol accumulation in the streptozotocin-induced diabetic rat by 
41% at 10 mg/kg p.0. [99]. 

.4 series of benzothiazolinylalkanoic acids was tested using rabbit lens AR; 
the most potent member, (31), had an IC,, value of 2.9 x M [ 1001. The 
benzimidazoline derivative (32), the best of a series, inhibited calf lens AR by 
92% at 1 x M [ 1011, and the isoquinolineacetic acid, (33), showed 97% 
inhibition at 1 x lo-' M [102]. 

A series of 3-0x0- and 3-thioxobenzothiazine derivatives were studied as 
inhibitors of rat lens AR; one of the most potent compounds, (34), had an IC,, 
value of 4.2 x lo-' M [ 1031. No in vivo results were reported. 

Several reports have appeared on the AR inhibitory activity of a series of 
N-acylthiazolidinecarboxylic acids, using a partially purified rat lens enzyme 
[ 104, 1061. (Some of the compounds [ 1041 also inhibit angiotensin-converting 
enzyme.) Of over sixty analogues studied, compound (35) [ 1041 was the most 
potent, having an IC,, value of 1.6 x 10- lo M. Other structural variations with 
high AR inhibitory activity were the symmetrical disulphide (36) [105], 
compound (37) [ 1061, and the unsymmetrical disulphide (38) [ 1051, which had 
IC,, values of 5.8 x 3.7 x lo-'' and 1.4 x lO-'M, respectively. No 
in vivo data were reported for any of these compounds. The AR inhibition 
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HO 

0 COOH 

(30) 

reported for (35) could not be repeated in our laboratories [ 1071, where it was 
found to inhibit calf lens AR by only 50% at 1 x lo-' M, and to be inactive 
in the 4-day galactosemic rat model [ 1081 at 52 mg/kg per day p.0. While rat 
lens AR is somewhat more susceptible to inhibition than the enzyme from calf 
lens (for example, tolrestat had IC,, values of 5.7 x and 3.4 x M 
with rat and calf lens AR, respectively [107]), the greater than 600-fold 
difference between the literature IC,,, value for (35) [lo41 and the value 
obtained in our laboratories [ 1071 remains unexplained. 
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(37) (38) 

NON-STEROIDAL ANTI-INFLAMMATORY AGENTS 

The fact that the majority of AR inhibitors are acidic compounds prompted the 
testing of a series of non-steroidal anti-inflammatory-analgesic agents at the 
Ayerst Research Laboratories. The compounds tested included aspirin, 
salicylic acid, phenylbutazone, indomethacin, ibuprofen, naproxen, tolmetin, 
mefenamic acid and piroxicam. Sulindac and its metabolites, sulindac sulphide 
and sulindac sulphone, were also tested, as well as flurbiprofen, suprofen, 
benoxaprofen and the anti-inflammatory-analgesics furobufen, prodolic acid 
and etodolac. The results are shown in Table 8.8 along with those reported by 
other investigators. Sulindac was the most potent AR inhibitor, with an IC,, 
value of 1 x 10W7 to 4 x lop7  M, depending on the source of the enzyme. 
Sulindac sulphide, the metabolite which is responsible for the anti-in- 
flammatory activity of sulindac, and sulindac sulphone were about as potent 
in vitro as sulindac. In the 4-day galactosemic rat model [ 1081, sulindac was 
weakly active, preventing galactitol accumulation in the lens and in the sciatic 
nerve at 62 mg/kg per day, the highest dose tested [ 1091. 

While some of the non-steroidal anti-inflammatory agents tested were found 
to inhibit AR in vitro, only weak activity was found in vivo, hence this class of 
drugs is not a likely source of clinically useful AR inhibitors. That some 
diabetics with rheumatoid arthritis treated with aspirin had a reduced incidence 
of cataracts [ 1101 cannot be explained by inhibition of AR by aspirin. 

ALKALOIDS 

A series of alkaloids has been tested as inhibitors of AR, using a rabbit lens 
preparation [61]. Nandazurine (39), an aporphine, had an IC,, value of 
2.0 x 10 - M, and the benzylisoquinoline, papaverine (40), and berberine (41), 
a bisisoquinoline, had IC,, values of 1.4 x 10 - and 5.2 x 10 - M, respec- 
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Table 8.8. EFFECTS OF NONSTEROIDAL ANTI-INFLAMMATORY DRUGS ON AR" 

No. Name Structure Inhibition of AR Re$ 

aspirin 

salicylic acid 

phenylbutazone 

indomethacin 

ibuprofen 

6 naproxen 

M o N C O O H  

M. 

W C O O H  

Me0 

7 tolmetin 

M. 6 C O O H  

16% ( 1  x M) 107 

14% (1 x M) 107 

52% (1 x lo - '  M) 107 
IC,, = 5 x 10 - 4 M C  1 I 1 

6% (1 x M) 107 
ici = ( I  x 10-4 M) 112 

0% (1 x l o - '  M) 107 

44% (1 x lo - '  M) 107 

continued 
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Table 8.8 continued 

No. Name Structure Inhibition of AR Ref: 

8 

9 

10 

1 1  

12 

13 

14 

15 

mefenamic acid 

piroxicam 

sulindac 

sulindac sulphide 

sulindac sulphone 

flurbiprofen 

suprofen 

FoJx-cooH 

R '  

R 

107 

SOMe IC,, = 4 x lo-' Mb 

50% ( 1  x M) 109 

50% (1 x lo-' M) 109 

37 
IC,,= I x 1 0 - 7  M 109 

27% (1 x M) 107 

dQcoon 8% (1 x M) 

H. 

benoxaprofen c ' ~ \ ~ ~ c o o H  32% (1 x M) 

M. 

107 

107 
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Table 8.8. continued 

No. Name Structure Inhibition of AR Re/. 

furobufen 46% (1 x M) 107 

prodolic acid 4% (i  x l o - $  M) 107 

etodolac 3% (1 x M) 107 

El 

a Calf lens AR was used unless otherwise indicated. 

' Human cataract AR. 
Human lens AR. 

tively [61]. No in vivo studies were reported. Kinetic studies of AR inhibition 
by papaverhe and berberine were carried out with DL-glyceraldehyde as sub- 
strate, and analysis of the data showed that both alkaloids were competitive 
inhibitors of AR [61]. All other inhibitors of AR whose kinetics have been 
studied have been found to be noncompetitive or uncompetitive inhibitors 
[ 28,29, 32,84,90,95, 11 1-1 161. Finding competitive inhibition with 
compounds whose structures bear no resemblance to either substrates or 
products of AR is unexpected and confirmation would be desirable. 
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An alkaloid-like compound, GPA- 1734, described as 8,9-dihydroxy-7- 
methylbenzo[ b]quinoEzinium bromide [ 1 171 (probable structure, (42)) was 
reported to inhibit a partially purified calf lens AR and to have an IC,, value 
of 1 x to 7 x M [ 1171. No in vivo results were reported. 

MISCELLANEOUS ALDOSE REDUCTASE INHIBITORS 

Various compounds not in the previous categories have been reported to inhibit 
AR. The pyrroloquinolinedione (43) (AHR-5191) had an IC,, value of 
8 x 10- ’ M with calf lens AR and caused a 43 % decrease in rat lens galactitol 
levels when administered at 100 mg/kg per day, p.0. for 3 days [ 1181. Of a 
series of oxazoles studied [ 1191, the carbamate (44) was the most potent, 
having an IC,, value of 1.5 x 10W5 M with rabbit lens AR. 

Prompted by a possible r6le for AR in the pathogenesis of muscular 
dystrophy [ 1201, Murphy and Davidson tested menadione, (45) [ 1211, (vitamin 
K3) and menadione bisulphite, (46) [ 1221, as inhibitors of AR. Working with 
a purified chicken breast AR and using pyridine-3-carboxaldehyde as sub- 

0 0 
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strate, menadione had a Ki of 4.25 x 10 - M and the water-soluble menadione 
bisulphite had a Ki of 2.5 x l o p 5  M. In our laboratories, menadione inhibited 
calf lens AR by 27% at 1 x M [ 1071. The 
kinetics of the inhibitions of chicken breast AR by menadione and menadione 
bisulphite were studied; in both cases the inhibitions were competitive with 
respect to substrate. Along with papaverine and berberine [61], these are the 
only competitive inhibitors of AR that have been described. 

M and by 17% at 1 x 

A MODEL OF THE ALDOSE REDUCTASE INHIBITOR SITE 

The kinetics of AR inhibition by several inhibitors have been studied; the 
flavonoids quercitrin [28] and axillarin [29], as well as sulindac [ l l l ] ,  
alrestatin [ 281, indomethacin [ 11 11, and p-bromophenylsulphonylhydantoin 
[ 841, have been shown to be noncompetitive inhibitors. In addition, epalrestat 
[90], sorbinil [ 113, 1141, TMG [ 1151, 7-hydroxy-4-oxo-4H-chromene-6-car- 
boxylic acid [32] and statil [95] were found to exhibit mixed uncompetitive- 
noncompetitive inhibition. Hence, these and other AR inhibitors [ 1161 do not 
compete for the substrate-binding site on the enzyme. Furthermore, other 
studies show that various AR inhibitors do not compete for the nucleotide- 
cofactor-binding site [ 114, 1161. 

Kador and Sharpless [ 1161 have suggested that a wide range of AR inhibi- 
tors bind at a common inhibitor site on the enzyme. Based on this, plus the 
observed correlation between their LEMOs and inhibitory potencies, and the 
identification of a polarizable carbonyl group in each inhibitor, these investiga- 
tors have proposed a mode for the superpositioning of these inhibitors in which 
the polarizable carbonyl groups lie in a common region. This led further to a 
proposal of a model of the inhibitor binding site which comprises planar 
lipophilic regions, hydrogen bonding sites, and a sterically constrained charge- 
transfer pocket. They have also presented evidence supporting the presence of 
a tyrosine residue in close proximity to the inhibitor-binding site, and the 
hydroxyl group of the tyrosine is presumed to be the nucleophile which 
reversibly participates in an interaction with a polarizable carbonyl group of the 
inhibitors. Kador and Sharpless [ 1161 believe they have described the minimal 
structural features required for AR inhibition and have suggested that their 
proposal may permit the rational design of more potent and specific inhibitors 
of AR. But while such a model can be of value, it should be pointed out that, 
of the six AR inhibitors which are currently being studied clinically (see 
Table 8.9), only the spirohydantoin type has been considered in the develop- 
ment of the model [ 1161. If all the compounds in Table 8.9 should indeed act 
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Table 8.9. AR INHIBITORS UNDERGOING CLINICAL TRIALS 

No. Structure Name Company 

1 

2 

3 

4 

5 

6 

M. 
I 

He0 $jWcooH 
CFs 

d A C O O H  

0 

AY-21,173 Ayerst 
Tolrestat 
Alredase" 

CP-45,634 
Sorbinil 

M-79,175 
Methosorbinil 

ONO-2235 
Epalrestat 

AL-1561 
Alconil 

ICI-128,436 
Statil 

Pfizer 

Eisai 

Ono 

Alcon 

I.C.I. 
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at the same site on the enzyme, incorporation of features derived from an 
analysis of the structures of tolrestat, epalrestat, alconil and statil could 
generate a modified model of the AR inhibitory site which might be of even 
greater value. At the time of writing, one series of compounds, 2-(arylamino)- 
4(3H)-quinazolinones, have been designed as AR inhibitors based exclusively 
on requirements of the model; however, in vitro results were disappointing 
[ 1231. 

THE DEVELOPMENT OF TOLRESTAT 

Since alrestatin, albeit at relatively high doses, showed clinical efficacy in the 
treatment of chronic complications of diabetes [ 24,251, Ayerst Research 
Laboratories continued the search for another, more potent, orally active AR 
inhibitor. Initial attempts were directed towards analogues of alrestatin, and a 
series was synthesized [ 1241 (Table 8.10). Substitution at the 6-position 
generally increased potency, the highest in vitro being obtained with the readily 

Table 8.10 AR INHIBITORY ACTIVITY OF ALRESTATIN ANALOGUES 

fCoon 

% inhibition 

No. Y X I x 1 0 - S M  I x 1 0 - 6 ~  I x 1 0 - 7 ~  

1" 0 
2 0  
3 0  
4 0  
5 0  
6 0  
I 0  
8 0  
9 0  

10 s 

H 74 32 - 
5-NO2 64 46 - 
5-NH2 62 20 - 
6-CI 86 42 - 
6-Br 70 40 - 
6-COPh 85 65 22 
6-SPh 92 71 22 
6-(2-COOH) - C,H,S - 91 61 17 
6-Me(CH2),S - 60 33 26 
H 89 75 28 

a Alrestatin. 
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accessible thio analogue (Table 8.10, No. lo), which, upon oral administration, 
was about 6-times more potent than alrestatin in lowering galactitol levels in 
the lens and sciatic nerve of galactosemic rats [ 1241. Since the thio analogue 
tends to undergo hydrolysis to alrestatin, it served only as a prototype for 
further molecular modifications. One type involved the deletion of the 0x0 
function to generate thionaphthostyrilacetic acids (Table 8.1 I) [ 1251. Halogen 
derivatives of this system (Table 8.11) showed high activity both in vitro and 
in vivo, and were considerably more potent than the thio analogue of alrestatin. 
Thus, the 6-bromo derivative (Table 8.11, No. 2) inhibited AR by 79% at 
1 x M, and in vivo, at a dose of 131 mg/kg P.o., lowered nerve galactitol 
levels in the galactosemic rat by 80% [ 1251. However, compounds containing 
the naphthostyril nucleus were coloured and produced staining of animal 
tissues. 

Further molecular modifications, generated by cleaving the five-membered 
ring, afforded a series of colourless naphthoylglycine derivatives [ 126-1291 
(Table 8.12), some of which were highly potent, both in vitro and in vivo. The 
unsubstituted naphthoylglycine derivative (No. 1, Table 8.12) had moderate 
activity in vitro (5 1 % at 1 x 10 - M) which was enhanced by a variety of single 
substituents located at positions 3 to 8 of the naphthalene ring (see Nos. 2-15, 
Table 8.12). Maximal inhibitory activity (47% at 1 x M) was obtained 
with the 5-bromo derivative, No. 4. The effect of changing the nature of the 

Table 8.1 I .  AR INHIBITORY ACTIVITY OF NAPHTHOSTYRIL DERIVATIVES 

% inhibition 

No. R ,  R* I x 10-5 M 1 x M I x 1 0 - 7 ~  

1 H H 93 
2 H Br 95 
3 H CI 96 
4 H F 94 
5 H I 93 
6 Br Br 89 
7 CI CI 94 

87 61 
91 79 
91 66 
88 56 
91 81 
56 13 
16 30 
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Me 
I 

YN wCooH 

(47) TOLRESTAT 

N-methyl group in this compound was investigated; when replaced by hydrogen 
(No. 26), or by hydrocarbon groups (Nos. 27 to 3 l), a substantial reduction in 
potency was consistently observed, whereas disubstitution of the naphthalene 
nucleus enhanced activity, and several derivatives (Nos. 17-19,21,22,24,25) 
showed more than 50% inhibition of AR at 1 x lo-' M. Of these, No. 24, 
tolrestat (47), (AY-27,773) was selected for further development. Tolrestat 
(Aldredase@) inhibited calf lens AR with an IC,, value of 3.5 x [ 1301. 
Extensive pharmacological and biochemical studies were conducted with 
tolrestat [ 108, 130-1371. 

Figure 8.3. X-ray structure of rniuoromethylthio analogue of rolresrat. 
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Table 8.12. AR INHIBITORY ACTIVITY O F  NAPHTHOYLGLYCINE DERIVATIVES 

:I 

W inhibition 

No. R, R, R3 I x 1 0 - 5 ~  I x 1 0 - 6 ~  I x 1 0 - 7 ~  

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 

H 
3-Br 
4-Br 
5-Br 
6-Br 
7-Br 
8-Br 
5-OMe 
5-Me 
5-CN 
5-NOZ 
5-CI 
5-COMe 
5-Pr' 
5-CF3 
3 4 1  
5-Br 
5-Br 
5-Br 
5-C1 
5-1 
5-CN 
5-Br 
5-CF3 
5-SCF3 
5-Br 
5-Br 
5-Br 
5-Br 
5-Br 
5-Br 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
4-OMe 
6-O(CH2),Me 
6-OMe 
6-Me 

6-OMe 
6-OMe 
6-O( CH,),OMe 
6-OMe 
6-OMe 
H 
H 
H 
H 
H 
H 

7-CI 

Me 85 
Me 90 
Me 91 
Me 93 
Me 91 
Me 86 
Me 88 
Me 83 
Me 89 
Me 89 
Me 91 
Me 91 
Me 92 
Me 91 
Me 93 
Me 85 
Me 93 
Me 99 
Me 92 
Me 88 
Me 98 
Me 98 
Me 92 
Me 98 
Me - 
H 54 
Pr" 91 
CH,CH=CH2 92 
Et 85 
Bu" 86 
C6HSCH2 86 

51 
74 
77 
87 
75 
58 
15 
64 
74 
79 
83 
83 
74 
72 
84 
78 
91 
91 
88 
75 
95 
93 
87 
94 
94 
14 
70 
77 
72 
65 
69 

13 
28 
32 
47 
18 
15 
24 
17 
26 
32 
43 
40 
19 
21 
33 
33 
55 
72 
55 
29 
72 
74 
38 
65 
73 

19 
27 
24 
19 
20 

- 
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Figure 8.4. Energy-minimized computer-generated conformation of tolrestat. 

:F 

Figure 8.5. Superimposition of energy-minimized structure of tolrestat and X-ray structure of 
hifuoromethylthio analogue of tolrestat. 
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Although tolrestat is a highly crystalline compound, crystals suitable for 
crystallographic analysis could not be obtained. Suitable crystals, however, 
were obtained for the trifluoromethylthio analogue No. 25 (Table 8.12), which 
is equipotent to tolrestat in vim. Figure 8.3 shows a computer-generated pro- 
jection of this compound derived from its crystallographic coordinates [ 1381. 
The energy-minimized conformation of tolrestat obtained by molecular 
mechanics calculations using the SIMPLEX algorithm is shown in Figure 8.4, 
while Figure 8.5 is a superpositioning of Figures 8.3 and8.4. The conformations 
of the side-chains on both molecules are virtually identical in the crystal and 
as obtained by minimization, and it is probable that the conformation seen in 
Figure 8.5, or a very similar low-energy conformation, may represent the 
conformations of these compounds at the receptor site. 

CONCLUSION 

Since the partial purification of AR in 1965 [8 ]  and the elaboration of a r61e 
for this enzyme in the pathogenesis of some of the complications of chronic 
diabetes, thousands of compounds, both natural products and synthetic mole- 
cules, have been tested as AR inhibitors in various laboratories. Many 
compounds have been found to be active in virro, and the present survey shows 
that in virro AR inhibitory can be readily found. High in v im activity is, however, 
not the only prerequisite for oral activity in vivo. Not only must the drug be 
absorbed, but it must also reach sufficiently high levels in the target organ or 
tissue to effectively inhibit AR. Clearly, the structural and physicochemical 
requirements for effective in vivo inhibition of AR at the desired sites are unique 
and are met by relatively few compounds. The discovery of clinically useful AR 
inhibitors has depended less on the finding of high in virro activity than on the 
identification of compounds with suitable pharmacokinetics and tissue distri- 
bution patterns. 
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stereochemistry, 255,256. 261, 264, 265 
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structure-activity relationships, 167 
tritiated. 175 
uses of. 160 
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therapeutic uses, 282,285 
tritiated, 271, 272, 275 

adenylate cyclase potentiation by, 60.61 

Diammine- 1 , l  -cyclobutanedicarboxylateplati- 
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receptors. 30. 3 I 
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Marihuana, 166, 192, 194, 197 
Marinol, 183 
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therapeutic uses, 282-287 
tritiated, 267, 271 
vasodilator effect, 282 

of, 91, I I3 

Niludipine, calcium channel blocking by, 263 
Nimodipine, calcium channel blocking by, 258, 

263,286 



350 INDEX 

Nisoldipine. calcium channel blocking by, 255. 
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formation. 52 

263,284 

Obesity and diabetes. 218. 237 239 
Organs, distribution of aldehyde oxidase in. 96 
Oxanilic acids. aldose reductase inhibitors, 308 
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Ro 20-1 724, histamine and electrophysiologi- 

Romipamil. calcium channel blocking by, 260. 

Ryodipine. calcium channel blocking by, 263 
Ryosidine. calcium channel blocking by, 263 

cal response, 65 

26 I 

Salbutamol, bronchodilation by, 197 
Securon. 283 
SKF 91486, H2-receptor antagonism, 40 
SMS201-995 as hypoglycaemic agent, 215 
Somatostatin, 21 I 

analogues, 21 2-2 I5 
half-life. 212 
structure, 21 I 
structure-activity relationships, 2 12-2 16 

Sorbinil. 310, 323,331, 332 
enantiomers, 31 I 

Spiroheterocycles, aldose reductase inhibitors, 

Spirohydantoins, aldose reductase inhibitors, 

Spiroplatin, 43 

3 18-322 

310,312-317 

antiturnour action, 145. 146 
toxicity, 145 

Statil, aldose reductase inhibitor, 323,331.332 
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