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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 products of medici- 
nal interest. 

Chapter 1 reviews the wide-ranging biochemical and pharmacological ac- 
tivities of pyridazine derivatives, the novel non-steroidal anti-inflammatory 
analgesic emorfazone being of particular interest. The stability of drugs to 
light, discussed in Chapter2, has long been a matter of concern since 
photolysis can lead to toxic or allergic products being formed during storage 
of a drug. 

Chapter 3 describes the 1 -benzazepine family, particularly in relation to 
their use in the treatment of certain forms of hypertension resulting from 
inhibition of angiotensin-converting enzymes. In Chapter 4, regulation of the 
role of mast cells in the control of the microenvironment, and tissue growth 
and repair by many endogenous peptides is reviewed. 

Mercury and nickel salts form many stable complexes with biologically 
important molecules such as those containing sulphydryl groups; Chapter 5 
stresses the importance and the dangers of these being formed in the skin from 
topical contact. The last 10 years have been a highly fertile and productive 
period in the discovery of antibacterial quinolones (reviewed in Chapter 6) 
which inhibit target enzymes at the molecular level. 

Chapter 7 outlines the basic mechanism and treatment of emesis, and in 
particular, that induced by chemotherapy of cancer. Finally, the chemistry, 
pharmacology and clinical applications of antagonists of the platelet-acti- 
vating factor (PAF), an important mediator of many physiological and 
pathological conditions, are reviewed in Chapter 8. 

We thank our authors for surveying the literature of the several aspects of 
medicinal chemistry. We also offer our thanks both 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 invaluable help and 
encouragement. 

July 1989 
G.P. Ellis 

G.B. West 
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INTRODUCTION 

In 1886 the first examples of compounds containing two adjacent nitrogen 
atoms in a six-membered ring were reported [ 11 The preparation of the parent 
system pyridazine or 1,2-diazine (1) was described as early as 1895 by Tiiuber 
[2]. Compared with the 1,3- and the 1,4-diazine systems (pyrimidine and 
pyrazine), however, the pyridazine system for a long period attracted little 
attention in medicinal chemistry. 

However, since 197 1, when pyridazine derivatives (cyclohexadepsipeptides 
containing a hexahydro-3-pyridazinecarboxylic acid moiety as characteristic 
subunit) were found for the first time in nature [3], an enormous number of 
papers and patents dealing with the biological activities of pyridazine have been 
published. Quite recently, the first example of a naturally occurring pyridazine 
derivative containing the fully unsaturated heterocycle, an antifungal antibiotic 
named pyridazomycin, has been described [4]. This report may well stimulate 
further increasing interest in the chemistry and the biological activities of 
pyridazines. 

The chemistry of pyridazine derivatives is now covered comprehensively by 
several monographs and review articles [ 5-91, one of these [ 71 also providing 
references regarding biological activities up to 1977. In addition, review articles 
have been published on the antimicrobial activity [ 101, the antihypertensive 
activity [ 111 and the GABA-antagonism [ 121 of pyridazine derivatives. The 
chemotherapeutic activity of pyridazine nucleosides [ 131 and the therapeutic 
potential of 3-aminopyridazines [ 141 have been reviewed, too. There is also a 
recent article summarizing syntheses directed mainly to selected herbicidal, 
insecticidal and fungicidal pyridazines [ 15 1. 

A review of pharmacologically active pyridazines, however, has not been 
available so far. The present chapter represents an attempt to discuss the 
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literature as covered by ChemicalAbstracts from 1975 (Vol. 82) through to 1988 
(Vol. 108). ChemicalAbstracts has been searched by a computer-aided program. 
For the present, only monocyclic pyridazines will be reviewed; fused systems 
are not included, despite the fact that numerous carbocycle or heterocycle 
annulated 1,2-diazines are of pharmacological interest. 

Due to the large number of references which appeared to be worth mention- 
ing, it became necessary to divide this review into two parts. The present part 
deals mainly with pyridaziues as chemotherapeutics, antithrombotics, antise- 
cretory and anti-ulcer agents, analgesic and anti-inflammatory agents as well 
as with various central nervous system stimulants and depressants. Part 2 of 
this review, which is planned for a future volume of this Series, will be devoted 
mainly to compounds which act on the cardiovascular system and to a 
discussion of miscellaneous additional pharmacological activities of pyridazine 
derivatives. 

Throughout this review, emphasis will be placed on publications in scientific 
journals ; patents claiming biological activities will be mentioned only briefly. 
The formulae given for classes of compounds represent selected typical 
structures. In order to ensure lucidity of the presentation, not all the substituents 
listed in a patent are shown. 

Despite the authors' intention to provide a comprehensive survey, it was 
impossible to include all of the relevant references in this review due to space 
limitations. Accordingly, the authors wish to apologize to those contributors 
to research on this subject whose results are not discussed appropriately. 

ANALGESIC AND ANTI-INFLAMMATORY AGENTS 

Attempts to develop novel drugs by (formal) ring enlargement of pyrazolone- 
derived analgesic anti-inflammatory agents date back to the early fifties, when 
a Swiss research group prepared a series of pyridazinones structurally closely 
related to aminopyrine [16]. In continuation of these efforts during the 
seventies, a variety of 2-alkyl-3(2H)-pyridazinones of type (2, R' = substituted 
amino; R2, R3 = alkyl) have been synthesized and tested in Japan [17-231. 
From these studies, the novel nonsteroidal analgesic anti-inflammatory agent 
4-ethoxy-2-methyl-5-morpholino-3(2H)-pyridazinone (3) (emorfazone, M 
73101; CAS 38957-41-4) emerged [24, 251. 

Also 2-alkylpyridazinones of type (4, R', R2 = alkyl) 126, 271 and type (5 ,  
R', R2 = alkyl) [28, 291, being regioisomers of compounds (2), as well as 
thio-analogues (6 ,  R', R2 = alkyl) [ 301 and 2-alkenyl congeners [ 31 3, have been 
reported in the patent literature to exhibit such activities. Structure-activity 
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relationships in these classes of compounds have been discussed in some detail 
[24, 321. Out of a series of 2-substituted-4,5-dihalo-3(2H)-pyridazinones, re- 
cently prepared in Italy [ 331, compound (7) (CAS 14305-08-9) appears to be 
worth mentioning as it possesses marked analgesic and anti-inflammatory 
activity and low toxicity. Likewise, various 6-aryl-3(2H)-pyridazinones have 
been claimed in a patent as analgesic and anti-inflammatory agents [34]. 

Emorfazone,  M73101 

(31 

(41 

Emorfazone (3) exhibits activities equal to or even more potent than those 
of basic analgesic anti-inflammatory drugs [25, 32, 35, 361, with no inhibiting 
action on prostaglandin biosynthesis [ 37,381. Inhibition of vascular permeabil- 
ity [ 391 and of bradykinin release [ 371 was observed with (3). It has been found 
that the anti-inflammatory action of (3) may be due in part to pituitary-adreno- 
cortical stimulation [ 401. 

Electroencephalographic and cardiovascular studies of (3) have been per- 
formed [41]. There is also a detailed report on the action of (3) on the central 
nervous system [42] and on the effect of (3) on P-endorphin release in rats 1431. 
It has been shown that (3) does not produce physical dependence upon chronic 
administration to animals [44]. 

The acute toxicity of emorfazone was found to be equal to or less than that 
of aminopyrine depending on animal models used [45]. From chronic toxicity 
tests [46,47], safe doses of 30 mg/kg per day (rats) or 120 mg/kg per day (dogs) 
were deduced. In rats, no signifcant effects of (3) on the reproductive activity 
or newborn development were observed [48-501, nor were adverse effects on 
the embryos found when (3) was given to rabbits, rats or mice during the period 
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of major organogenesis [ 5 1,521. From in vivo cytogenetic studies of(3) and two 
of its major metabolites, it has been concluded that these compounds are not 
mutagenic [53, 541. 

Tiivestigations of the pharmacokinetics and the metabolism of emorfazone 
in various animals [ 55-6 11 and in man [62] have shown that oxidative cleavage 
of the morpholine ring was the major metabolic pathway leading to (8, R' = H, 
R2 = (CH,),OCH,COOH) and (9, R' = (CH,),OH; R2 = CH,COOH). 
Several metabolites isolated from urine of patients have been synthesized [ 631. 
Pharmacological studies of the urinary metabolites indicated the activities of 
(3) are not due to these degradation products [64]. 

OEt 

From investigations of the effect of emorfazone on liver drug-metabolizing 
enzymes, (3) has been classified as a phenobarbitone (phenobarbital)-type 
inducer of enzymes [65]. For results of clinical evaluations of emorfazone, see 
[66, 671. 

Emorfazone has been launched as Pentoil, Pentoyl, Nandron. Synergistic 
analgesic formulations containing (3) and either acetaminophen (paracetamol), 
sulpyrine (dipyrone), grdinin or phenylbutazone were claimed in patents [ 68, 
691. The combined use of emorfazone with different non-steroidal acidic anti- 
inflammatory drugs has been reported to be beneficial [70, 711. 
3-Amino-4-mercapto-6-methylpyridazine (10) (pyridazine S ; CAS 1859 1- 

8 1-6) represents another newly discovered antipyretic, analgesic and anti- 
inflammatory agent [72]. It was the most effective compound among several 
mercaptopyridazines tested in the German Democratic Republic [ 73-75]; the 
acute toxicity was found to be low (LD,, = 10 mmol/kg p.0.; mouse) [74]. 

Me &NH2 
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The effect of (10) in acute inflammation models has been reported to be 
comparable with that of acetylsalicylic acid but to be less than that of phenylbu- 
tazone and indomethacin [76]. A comparative study on the antipyretic activity 
of (10) and some standard drugs in rats with yeast-induced hyperthermia [ 771 
revealed similar activity to acetylsalicylic acid, phenacetin and aminophena- 
zone (ampyrone). Based on the finding that this activity of (10) was not 
inhibited by atropine, a central nervous system mechanism of action has been 
considered [77]. The analgesic activity was investigated in mice by employing 
various screening methods [ 781. When applied subcutaneously, (10) and 
aminophenazone showed almost equal analgesic activity, whereas (10) proved 
to be less potent than aminophenazone when administered orally. This might 
be attributed to incomplete resorption of (10) from the gastrointestinal tract. 
The analgesic activity of orally applied (10) was found to be greater than that 
of acetylsalicylic acid and phenacetin, similar to that of phenylbutazone but less 
than that of indomethacin. The acute oral toxicity of (10) was comparable with 
that ofphenacetin but less than that observed with the other standard analgesics 
investigated [78]. 

Anti-inflammatory activity against carrageenin-induced edema has been 
reported for 3-hydrazinopyridazine derivatives of type (1 1, R', R2 = aryl) [ 791, 
(12) [80], (13, R = substituted amino) [Sl], as well as for some 3-(l-pyrazol- 
yl)pyridazines, for example (14) [ 82, 831. 1-(2-Pyridyl)tetrahydropyridazines 
(15) [ 841 and 4-(4-pyridyl)-3(2H)-pyridazinones (16) [ 851 were also claimed as 
inflammation inhibitors. Within a series of 6-0x0- l(6H)-pyridazinylacetamide 
derivatives synthesized and tested in Spain [ 861, several compounds of type 
(17, R' = Me, aryl; R2 = H, alkyl; R3 = Ph, PhCH,) were reported to exhibit 
anti-inflammatory and analgesic activity. As a typical example, isamfazone (Pir 
353; CAS 55902-02-8) (17, R' = Ph, R2 = Me, R3 = CH,Ph) has to be 
mentioned. Pyridazinylacetohydrazides (18, R = aryl) [ 871 and 2-phenyl-2-(3- 
pyridaziny1)thioacetamide [ 881 have also been patented as analgesic agents. 

NHNHCOCHMe, 

NHNH, 

c1 

q-a 
NHN=CHR* 

C1'  \NAN 
(111 (12) 
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Compound R 62818 (19, CAS 104719-71-3), recently developed in Belgium 
[ 891, represents an interesting new analgesic agent. From a comparative 
investigation [ 901, it has been concluded that this 3-piperazinopyridazine 
derivative represents a safer, slightly more potent and more specific analgesic 
than codeine, with a shorter dcration of action and an activity profile not 
typically morphine-like. 

From a series of 5,6-diphenylpyridazines prepared in Italy [91], chloro 
derivatives of type (20, R = 4-Me2NC,H,, 4-MeOC6H,) have been found to 
be anti-inflammatory, analgesic and antipyretic agents superior to phenylbuta- 
zone when tested in mice or rats. 

120) 
(191 

Quite recently, a French group reported on the synthesis of 2-substituted 
5-arylidene-pyridazinones as represented by the general formula (21, R' = Ph, 
2-CIC6H,; R2 = Ph(CH,),, PhCO). These compounds were found to exhibit 
significant dose-dependent analgesic activity (phenylquinone-induced writhing 
test in mice; oral administration) [92]. For a novel type of aminopyridazine- 
derived inhibitors of prostacyclin biosynthesis, see [93 1. 

(211 122) (231 
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Benzimidazolylpyridazinones as represented by compound (22), which were 
prepared and tested as adenosine antagonists in West Germany, have to be 
mentioned, too. These compounds were found to be 40-fold more effective in 
inhibiting the vasodilating effect of adenosine compared with caffeine, when 
administered i.v. to dogs in doses of 10-100 pg/kg, and thus were claimed as 
agents for the prophylaxis and treatment of migraine [ 941. In India, benzimida- 
zolyl- and benzothiazolyl-pyridazinones of type (23, R = substituted Ph ; 
Z = NH, S) have been prepared as anti-inflammatory agents [95]. 

Finally, three additional pyridazine-derived analgetic agents, which are cited 
in reference book [96] should be mentioned; their structures are given in 
formulae (24), (25) and (26). 

Me+ )JJ9 ,,fi/O 

V N * N T  
\ NPh 

Me A N / N M e  Me 

~ ~ ~ l ~ d ~ ~ ~ ,  14607 Metamfazone, A.G.N.20 b 
(CAS 60296-04-01 (CAS 54063-49-9) Ag 246 ( C A S  13300-10-2) 

124) (251 126) 

ANTISECRETORY AND ANTI-ULCER AGENTS 

Based on the known antisecretory activity of 2-phenyl-2-(2-pyridyl)thioacet- 
amide, various aza-analogous 3-pyridazinyl derivatives have been prepared in 
Japan in search of more potent and less toxic long-lasting gastric antisecretory 
and anti-ulcer agents [88, 971. The most effective agents in this series were 
compounds of type (27, R = H, Me); structure-activity relationships have been 
discussed in some detail [ 971. The marked antisecretory and anti-ulcer activity 
observed in rats (20 mg/kg, intraduodenally) [ 97,981 has been found not to be 
due to anticholinergic or histamine H,-receptor antagonistic activity. It is of 
interest to note that in this class of compounds the replacement of a 2-pyridyl 
group by a 3-pyridazinyl moiety results in a significant decrease of the acute 
toxicity. However, it has to be stressed that, according to UV and ‘H-NMR 
investigations, compounds (27) have to be formulated as pyridazinone methides 
rather than as benzylpyridazines [ 971. 

The same Japanese group then synthesized numerous 3(2H)-pyridazinones 
of type (28) bearing a thiocarbamoylalkyl side-chain at N-2 as well as 
4,5-dihydro analogues thereof and observed similar activities in this series 
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Ph 
I 

9 

Ph 
I 

[99-1011. The most potent among the compounds tested were the pyridazi- 
nones (28, R' = Ph, R2, R3, R4, R5 = H, n = 2-5) [ l o l l .  Structure-activity 
relationships have been investigated in detail with this type of compound. Also, 
thio-analogues of compounds (28) (3-pyridazinethione derivatives) as well as 
2-aminoalkyl-6-aryl-3(2H)-pyridazinones were claimed in patents as gastric 
secretion inhibitors or anti-ulcer agents [ 100, 102, 1031. 

A wide variety of6-aryl-3(2H)-pyridazinones having an cct-thioureidoalkyl or 
an w-cyanoguanidinoalkyl group attached to N-2 have been included in these 
investigations [ 104-1061. Likewise, numerous compounds having a sulphur or 
an oxygen atom in the alkylene bridge between the cyanoguanidine and the 
pyridazinone moiety [ 105, 1071 as well as 6-phenyl-2-(o-ureidoalkyl)-3(2H)- 
pyridazinones and 4,5-dihydro derivatives thereof [ 108, 1091 have been 
evaluated as antisecretory and/or anti-ulcer agents. In all these classes of 
compounds as represented by the general formula (29, R' = aryl, R2 = alkyl, 
substituted Ph; X = CH,, 0,s; Y = O,S,NCN), structure-activity relation- 
ships have been established. 

The most potent activities (gastric antisecretory activity in the pylorus-ligated 
rat or anti-ulcer activity on stress-induced gastric lesion in rat) have been 
observed with compounds (30), (31) [ 1061, (32) [ 1071, (33) and (34) [ 1081, 
which were shown neither to be histamine H, receptor inhibitors nor to act as 
anticholinergic agents. Thus, the activity of compound (32), for example, has 
been reported to be superior to that of cimetidine [ 1071. 

Moreover, some German patents claiming N-unsubstituted 6-aryl-3(2H)- 
pyridazinones and 4,5-dihydro congeners as stomach secretion inhibitors and 
ulcer inhibitors have to be cited [ 110-1 131. Several cardiotonic 6-aryl-pyridazi- 
nones, recently prepared in Japan, also have been reported to inhibit secretion 
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S 0 
I1 I1 

0 
NCN 
II 

(301 R = (CH,) ,-NHCNHMe (331 R = (CH,) ,-NHCNHMe 

(31) R = (CH,) ,-NHCNHMe I1 
(34)  R = (CH,) ,-NHCNHMe 

NCN 
I1 

(32 )  R = CH,-S- (CH,) ,-NHCNHMe 

of gastric juice [ 1141. Finally, a U.S. patent on pyridazines substituted by a 
thiourea or urea side-chain similar to that in compound (29) [ 11.51 as well as 
a recent patent from Spain on 3(2H)-pyridazinones bearing a 4-aroylpiperazino 
substituent at C-5 [ 1161 should be mentioned. 

ANTIDEPRESSANTS 

The patent literature covers various types of pyridazine derivatives for which 
antidepressant activity has been claimed. 

Compounds which are of interest in this context include 4-oxadiazolylpyrid- 
azines (35, R = cyclopropyl, Et) [ 1171, 6-aryloxy-2-hydroxyalkyl-3(2H)-pyri- 
dazinones [ 1181, 3-halo-6-hydrazinopyridazines of type (36, R = substituted 
amino) [ 1191, N-2-isoxazolylmethyl-substituted 3-iminopyridazines (37) [ 1201, 
carbamates derived from 3,6-bis(hydroxymethyl)-4-pyridazinones (38, R = al- 
kyl, Ph) [ 1211, and iminodihydropyridazine derivatives (39, R' = acyl; 
R2 = H,MeS; R3 = aryl) [ 122, 1231. In Hungary, antidepressant activity has 
been observed with some 3,6-disubstituted pyridazines of type (40) [ 1241. 
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In France, much effort has been devoted to the development of novel 
pyridazine-derived compounds acting on the central nervous system [ 125-13 11 
(also compare the sections on anticonvulsant pyridazines and pyridazine- 
derived GABA antagonists). Interest has been focused mainly on 3-aminopy- 
ridazine derivatives. An excellent review of the pharmacological and therapeutic 
potential of this class of compounds, including a discussion of structure-activi- 
ty relationships, has been published [ 141. That report summarizes the results 
obtained by the French group within the period 1968-1984 and thus provides 
convenient access to the relevant literature. Accordingly, in the present review 
only the most interesting agents which emerged from these studies will be 
discussed. 

3-(2-Morpholinoethylamino)-4-methyl-6-phenylpyridazine (41) (minaprine, 
30038CM, Agr 620, Agr 1240; CAS 25905-77-5; dihydrochloride: CAS 
25953-17-7), which has been launched as Cantor, Kantor, Isopulsan or 
Nortimic, represents a psychotropic agent, the therapeutic profile of which 
differs from that of other known drugs. Minaprine not only antagonizes the 
‘inhibitory state’ syndrome in man, but is also effective in certain depressive 
states [132, and literature cited therein]. Minaprine has been evaluated in 
animal models for depression [ 132,1331. Theresults obtained indicate that (41) 
enhances both dopaminergic and serotonergic transmission without affecting 
cholinergic or noradrenergic transmission [ 134-1371. 

The psychopharmacological profile of minaprine in mice and rats has been 
investigated in comparison with reference antidepressant drugs [ 133, 1381. 
Additional reports on various biological effects of minaprine [ 14, 139-1431, 
and recent discussions of its neurochemical profile are available [ 144, 1451. 

Me 
I H  

141) 

The pharmacokinetics of minaprine (orally administered) in humans have 
been studied [ 146, 1471. The bioavailability has been found to be excellent, and 
the pharmacokinetic parameters did not show a dose-dependency [ 1471. The 
binding of (41) to human serum proteins and erythrocytes has been investigated 
[ 1481. Minaprine has been found to undergo extensive biotransformation in 
different species, with major groups of metabolites derived from degradation 
of the morpholine subunit and from hydroxylation of the phenyl substituent 
[ 149-1521. 
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In man, minaprine at doses of 150-300 mg/day (p.0.) is well tolerated, and 
extensive safety and tolerance studies have been performed [ 153 and references 
cited therein]. Clinical evaluations of minaprine have been published [ 154-158 
and literature cited therein]. 

Recently, compound CM 30366 (CAS 82239-52-9), the 4-hydroxyphenyl 
analogue of minaprine, also has been studied in some detail. Based on the 
results obtained in a behavioural study in mice and rats, it has been concluded 
that CM 30366 may be of potential therapeutic usefulness due to a significant 
atypical dopamine-like activity [ 1591. Also thiophene isosters of minaprine 
have been claimed as antidepressant agents [ 13 11. 

CN 
I H  

(421 

Compound SR 95191 (42, CAS 9401 1-82-2) is another aminopyridazine- 
derived antidepressant agent structurally closely related to minaprine, which 
has been investigated in France quite recently [ 160-1621. This compound has 
been shown to be active in most animal models of depression with an activity 
profile resembling that of a selective type A MA0 inhibitor [ 1601. Recently, it 
has been found that this inhibition is selective, reversible and competitive 
in vivo; in vitro, however, SR 95191 behaves like an irreversible MAO-A 
inhibitor [ 1621. 

NEUROLEPTICS AND ANXIOLYTIC AGENTS 

In the United States, 4,5-dihydro-3(2H)-pyridazinones bearing a 2-hydroxyal- 
kyl substituent at N-2 have been patented as anxiolytics [ 1631. Compounds of 
type (43, R = C1, CF,) have been investigated in France; significant 
neurosedative effects have been demonstrated [ 1641. Anxiolytic properties of 
3-amino-6-arylpyridazines have been reported [ 1651. 

OH 
I 
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SEDATIVE-HYPNOTICS AND TRANQUILLIZERS 

Sedative properties of N-substituted dihydropyridazinones (44, R’ = substitut- 
ed Ph; R2 = H, HO) have been reported in the patent literature [ 1661. N-2-Aryl 
substituted pyridazinones oftype (45, R’R2 = H, alkyl; R3 = C1, Br) [ 1671 and 
type (46, R’ = H, alkyl; R2 = H, alkyl, hydroxyalkyl; R3 = H, C1, Br; 
R4 = substituted Ph, substituted PhCH,) [ 1681 have been claimed to be sleep- 
inducers. 

- 2  - 

According to another patent [ 1691, the anticonvulsant 6-aryl-3-(4-hydroxy- 
piperidin0)pyridazines exhibit hypnotic activity. Sedative effects of several 
anticonvulsant 6(1H)-oxo-3-aryl-l-pyridazine acetohydrazides and -acetic 
acid esters have been reported in the patent literature [87, 170, 1711. 
1-(6-Hydrazino-3-pyridazinyl)-3-ethylurea also exhibits a sedative effect [ 1241. 
4,6-Dimethyl-3(2H)-pyridazinone (47) (cetohexazine; CAS 7007-92-3) is listed 
as an hypnotic agent [ 961. Ergoline derivatives bearing a 6-substituted 
3-pyridazinyl residue have been patented as tranquillizers [ 1721 and anta- 
gonists of amphetamine [ 1731. Other pyridazines are claimed in patents to be 
tranquillizing agents [ 87, 1741. Ridaflone (48) (ridiflone, delibryl; CAS 
23419-43-4) is listed as a tranquillizer [96]. 

ANTICONVULS ANTS 

In search of novel anticonvulsants, various pyridazine derivatives have been 
synthesized and screened. Thus, the patent literature covers anticonvulsant 
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4-pyridazinyl-l,2,4-oxadiazoles [ 175, 1761, 3-aminopyridazine derivatives like 
compound (49) [ 1771, the 4-hydrazinopyridazine derivative (50) [ 1781, various 
6-aryl-3(2H)-pyridazinones bearing a functionalized acetic acid side-chain at 
the ring nitrogen atom (51, R' = substituted Ph; R2 = EtO, NH,, NH2NH) 
[ 87, 170, 1711 and structurally related 4,5-dihydropyridazinones [ 1741. 

^. 

Within a series of compounds blocking the uptake of GABA into neurons 
or glia, which have been investigated in England, hexahydro-3-pyridazinecar- 
boxylic acid has been found to exhibit anticonvulsant effects in mice [ 1791. In 
Poland, anticonvulsant activity has been observed with some aminomethylpy- 
ridazinones of type (52, R' = 4-CIC6H,; R2 = cycloamino; R3 = CH,CN, 
HO, Et,N, cycloamino) [ 1801. A Chinese group observed anticonvulsant 
activity with the fluoro-substituted pyridazinedione (53) [ 18 11. 

HO Fuo 
1531 

In the United States, anticonvuls,mt properties have been found in a series 
of 1-methyl-2-phenylcarbamoylpiperidazines [ 1821. The introduction of a 
methylene bridge into the hexahydro- 1,2-diazine system of these compounds 
has been reported to lead to 2,3-diazabicyclo[2.2. llheptane congeners with 
significantly reduced anticonvulsant activity [ 1831. 

From extensive studies in the field of pharmacologically active pyridazines 
performed in France, interesting novel anticonvulsant agents emerged. Out of 
a series of 6-aryl-3-(hydroxypolymethylene~ino)pyridazines prepared [ 169, 
1841, compounds CM 40907 (CAS 93181-81-8) (54, R = H) and SR 41378 
(CAS 93181-85-2) (55, R = C1) appear to be of particular interest. 
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(54) (55) 

From the examination of structure-activity relationships, it has been con- 
cluded that a phenyl moiety at C-6 as well as a 4-hydroxypiperidine side-chain 
attached to C-3 of the pyridazine system is essential for anticonvulsant activity 
in this class of compounds [ 1841. Compounds (54) and ( 5 5 )  have been found 
to have similar anticonvulsant profiles in animals (mice, rats and baboons) 
[ 165, and literature cited therein] and to represent potent broad-spectrum 
antiepileptic drugs. Their potency with regard to antagonizing seizures (induced 
by electro-shock or various chemicals) has been compared with standard 
anticonvulsants like carbamazepine and phenobarbitone [ 185, 1861. A quanti- 
tative electroencephalographic analysis of ( 5 5 )  has been published [ 1871. From 
in vitro studies it has been concluded that the anticonvulsant activities of these 
compounds are not mediated by an enhancement of GABAergic transmission 
or by an interaction with benzodiazepine receptor sites [ 165, 186, 1871. On the 
other hand, in vivo experiments showed that (54), at anticonvulsant doses, 
increases the affinity of flunitrazepam for its central receptor site [ 1861. Investi- 
gations of (54) and ( 5 5 )  in a behavioural test predictive of antianxiety activity 
revealed a marked difference in the pharmacological profiles of these structural- 
ly closely related compounds: the dichloro compound SR 41378 ( 5 5 )  has also 
been found to possess anxiolytic (anticonflict) properties [ 1651. 

CENTRALLY ACTING MUSCLE RELAXANTS AND 
ANTIPARKINSONISM AGENTS 

For several pyridazine derivatives reported in the patent literature a muscle 
relaxant activity has been claimed. In this context, oxadiazolylpyridazines (35) 
[ 1171 and 6-aryl-4,5-dihydropyridazine-3(2H)-ones bearing various function- 
alized alkyl side-chains at N-2 [163, 174, 188, 1891 are to be mentioned. 
Denpidazone (56) (CAS 42438-73-3), a 1,2-diphenylpyridazine-3,6-dione deri- 
vative, is listed as a muscle relaxant [96]. 
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O e n p i d a z o n e  

(56) 

Iminodihydropyridazine derivatives of type (39) have been claimed recently 
as antiparkinsonism agents [ 1231. 

GABA ANTAGONISTS 

GABA antagonists are essential tools for characterizing the pharmacological, 
functional and structural properties of the receptors of this important 
neurotransmitter. In search of selective GABA-A-antagonists, a variety of 
3-amino-6-arylpyridazines bearing a functionalized four-carbon side-chain at 
the ring nitrogen atom 2 have been prepared in France [ 1901. A review of this 
subject [ 121 and a discussion of structure-activity relationships in this series 
[ 1901 are available. The structures of the most interesting compounds SR 
95103, SR 95531 and SR 42641 are shown in formulae (57), (58, R = MeO; 
X = Br; SR 95531) and (59), R = X = Cl; SR 42641). 

Compound (57),'in which the y-aminobutyric acid moiety is incorporated by 
its N-terminal group into a 3-amino-4-methyl-6-phenylpyridazine system, has 
been shown to be a selective and competitive GABA antagonist at the GABA-A 
receptor site [ 190 and literature cited therein, 191-1941. Further investigations 
revealed compounds (58) and (59) (having an additionalpara-substituent at the 
benzene ring but no methyl group attached to the diazine system) to be even 
more potent GABA-A antagonists [ 190, 195-1971. 

Compound (58) has been shown to be sufficiently selective to be of use in 
microelectrophoretic investigations of GABA-mediated synaptic transmission 
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[ 1981. Some recent reports on this type of neurotransmitter antagonists are 
available [ 199-2041. 

BLOOD PLATELET AGGREGATION INHIBITORS AND 
ANTITHROMBOTICS 

The patent literature covers many pyridazine derivatives claimed as blood 
platelet aggregation inhibitors and antithrombotic agents. The interest has been 
focused mainly on 6-aryl-4,5-dihydro-3(2H)-pyridazinones. In these com- 
pounds the aryl substituent has been varied within a wide range. Thus, dihydro- 
pyridazinones bearing a substituted or heterocycle-fused phenyl group 
at C-6 (60, R',R2,R3 = H, alkyl; Ar = substituted Ph) [34, 110-112,205-2331 
as well as various heteroaryl substituted congeners (61, R', R2, R3 = H, alkyl; 
Ar = pyridyl, thienyl, pyrrolyl, pyrazolyl) [234-2411 have been prepared in 
search of novel antithrombotics. 

Compounds in which the aryl or heteroaryl substituent is separated from the 
pyridazine moiety by an alkylene or alkenylene bridge (62, X = alkylene, 
alkylenyiene; R' = substituted Ph, heteroaryl; R2 = H, alkyl) have been 
claimed as inhibitors of platelet aggregation [ 242-244 J. 

"N'"' ' ( 6 2 )  

(60) (61) 

As a typical example of a 6-heteroarylsubstituted dihydropyridazinone 
exhibiting antithrombotic activity motapizone, NAT 05-239 (63) (CAS 90697- 
57-7) may serve [96J. Compound CCI 17810 (64) (CAS 76283-03-9) bearing 
a substituted phenyl moiety at C-6 of the pyridazine system has been shown 
to inhibit potently in vitro human platelet aggregation (induced by collagen, 
ADP, thrombin or arachidonic acid) with EC,, values in the range of 
0.5-10 pg/ml [245]. 
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Most ofthe above-mentioned dihydropyridazinones bear an alkyl substituent 
either at C-4 or at C-5. However, there are also patents on 4,5-cycloalkane 
annulated congeners (65, R = substituted Ph; X = (CH,),, n = 1-4) [ 11 1,225, 
246-2481 and on 6-aryldihydropyridazinones bearing various other sub- 
stituents at the fl-carbon atoms [206, 211, 229, 237, 249-2521. 

Antithrombotic activity has been claimed also for some related fully unsatu- 
rated pyridazinones [208,210,241,244,251]. Many ofthese compounds were 
found to exhibit additionally antihypertensive, positive inotropic, antiallergic or 
anti-inflammatory activity. Pyridazinones of type (60) and (65) have been 
reported recently to enhance the activity of antithrombotic phenylacetonitrile 
derivatives [253]. 

From extensive investigations of 6-aryldihydropyridazinones of type (60) 
performed in West Germany [254], it is claimed that compounds (66, R' = al- 
kanoyl, chloroalkanoyl; R2 = H, Me) represent very potent platelet aggregation 
inhibitors, being 16,000-times more active in vitro and up to 400-times more 
active ex vivo (inhibition of collagen-induced aggregation in rats, oral adminis- 
tration) than acetylsalicylic acid. Considering the additional hypotensive effect 
of these compounds, their pattern of action corresponds to that of prostacyclin. 
Structure-activity relationships in this class of compounds have been discussed 
[254]. It has been found that the antiaggregatory activity is significantly 
correlated with the van der Wad's volume of the aryl substituent [255]. 
Amipizone, (66, R' = 2-chloropropanoyl, R2 = Me; Lu 23051; CAS 69635- 
63-8) is a typical example for this class of compounds [96, 2561. 

Recently, compounds of type (67, R' = H, NH,, AcNH, MeO, F; R2 = H, 
EtCO) characterized by a hydroxymethyl or an acyloxymethyl group attached 
to C-5 of the aryldihydropyridazinone system have been investigated in Italy. 
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They have been shown to exhibit antithrombotic in vivo activity (mice) compar- 
able with or greater than, that of acetylsalicylic acid [257]. 

OR2 
I 

(671 

Compound Y-590 (68) (CAS 70386-06-0) investigated in Japan, represents 
another potent antithrombotic pyridazinone derivative. In rat platelets, its IC,, 
value for ADP induced aggregation has been found to be 9 ng/ml. In ex vivo 
experiments (rats, rabbits ; oral administration) activity has been observed at 
doses of 0.1 and 0.01 mg/kg [258]. This activity has been attributed to the 
inhibition of CAMP degradation in platelets [259]. 

Y-590 

(68)  

Additional reports on dihydropyridazinones as antithrombotic agents have 
been published [ 260-2641. 

Not only 5-alkyl-6-aryldihydropyridazinones have attracted considerable 
attention as antithrombotics. There are also patents claiming structurally 
closely related compounds in which the (formal) hydroxy function at C-3 is 
replaced by a hydrazino moiety as displayed in formula (69, R = NH,NH, 
ArCH = NNH) [265-2671 or by cycloamino substituents [268]. 

Also some 41 1H)-pyridazinones [ 1211 and several 3-(aminoalkylthio)-6- 
chloropyridazines [ 2691 have been claimed as useful antithrombotic agents. In 
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Poland, platelet-inhibiting effects have been observed with bisarylpyridazines 
of type (70, R’ = H, Me, Br, C1; R2 = H, Me) [270]. In France, the arylidenedi- 
hydropyridazines (71) and (72) have been investigated [271, 2721. They have 
been found to inhibit thromboxane biosynthesis. 

“c‘uNMez Me \ N  

(711 (72) 

1 PC 88 

PC 89 

On the other hand, it should be noted that with some pyridazine derivatives, 
haemostatic activity has been observed [273-2751. Thus for instance, sulphon- 
ylpyridazinones of type (73, R = HO, NH,NH, Me,N(CH,),NH) have been 
reported to shorten the bleeding time in mice to an extent comparable to 
carbazochrom sodium sulphonate [ 2751. 

ANTITUMOUR AGENTS 

Various pyridazine-N-oxides (including cinnoline N-oxides) have been prepar- 
ed as potential antitumour agents in Japan [276-2781. Among several 4-nitro- 
pyridazine 1-oxides tested for activity against rat ascites hepatoma AH- 13, 
3,6-dimethoxy-4-nitropyridazine l-oxide (74) has been found to be the most 
potent compound; a minimal effective dose of 5 mg/kg has been estimated 
[ 2761. Also pyridazine N-oxides of type (75) bearing a bis(2-chloroethy1)ami- 
nomethyl side-chain at C-6 have been reported to be effective (0.5-5 mg/kg, 
ip.) against AH-13 in rats [278]. Both types of compound (74), (75, R = H, 
Br), however, have been shown to be inactive against mouse lymphoid 
leukaemia L-1210. 
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(C1CH2CH2) ,NCH, 
Me0 .ci-’”. \N/N 0 0 

175) (74) 

In Poland, the cytostatic activity (human KB and Hela cell cultures) of 
various pyridazinones (76, R’, R2 = H, C1; R3 = substituted Ph) and pyridazi- 
nediones (77, R’, R2 = H, Br; R3 = substituted Ph) bearing a substituted 
phenyl group at the ring nitrogen atom and a halogen substituent at C-4 or C-5 
have been investigated [279,280]. Several of these compounds were reported 
to have ED,, values of 0.02-3 pg/ml. The effect of the halogen substituent on 
the activity has been discussed [281]. With compounds of type (77), a high 
correlation between the cytostatic activity in L-1210 cell cultures and the 
lipophilicity has been observed [282, 2831. 

Rf* 
Me 

(77) 

0 4  

Rzm4a ,,A+. NR3 

R’ N’ 

(761 

Several dihydropyridazinones of type (78, R’ = cycloamino; R2 = H, 
cycloamino; R3 = H, Ph) characterized by a cycloaminomethyl substituent at 
C-5 have been reported to exhibit cytostatic activity [284, 2851. In addition, 
compounds having a pyridazinone or pyridazinedione moiety linked to the 
purine system by a sulphur atom (79) have been prepared as potential cytostatic 
agents [286]. 

go \ 

c 1  
(78) 

SR 

R =  
(79) 

I 

c 1  Gro 
o r  
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Me 
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Recently, several 5,6-diphenyl-3(2H)-pyridazinones (80, R = F, Cl) have 
been found to be active against murine P-388 leukaemia [287]. 

A novel antitumour antibiotic complex named BBM-928 has been isolated 
in Japan in 1979 from an Actinomodura luzonensis (actinomycetes) strain 
[288-290 1. The three main components of this complex BBM-928A, B and C 
were found to possess cyclic decadepsipeptide structures, each containing two 
trans-(3S,4S)-4-hydroxy-2,3,4,5-tetrahydropyridazine-3-carboxylic acid sub- 
units (81) [291,292]. Compound BBM 928A also reported as luzopeptin A, 
in which the alcoholic hydroxy groups of both pyridazine units are acetylated, 
has been shown to have a high binding affinity towards DNA [293, 2941 and 
to possess significant activity in several murine tumour models (B-16 melano- 
ma, P-388 and L-1210 leukaemia) [289,295]. The behaviour of BBM 928A in 
these tests was found to be similar to that of echinomycin, which is structurally 
closely related [295]. Another antileukaemic (P 388 in mice) depsipeptide, 
named luzopeptin E,, which contains two hexahydropyridazine-3-carboxylic 
acid moieties (82) has been described in the patent literature in 1984 [296]. 

Acetamides of type (83) derived from various N-heterocycles have been 
prepared and investigated for antileukaemic activity in the German Democratic 
Republic. Within this series, the pyridazine derivative (84) was found to be the 
only active compound inhibiting the growth of L-1210 mouse cells in vitro 
(ID5,, x mol/l) [297]. 
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(83 )  (841 

An excellent antineoplastic potency against the murine neoplasm Sarcoma 
180 has been observed with arylsulphonylhydrazones derived from pyridazine- 
3-carboxaldehyde 2-oxide (85) [ 2981. These compounds were prepared in the 
U.S.A. in order to investigate the effect of the incorporation of an additional 
nitrogen atom into antitumour active pyridine 1-oxide congeners. Interestingly, 
the pyridazine-derived compounds (85, R = H, Me, MeO) proved to be 
superior to the corresponding pyridine derivatives, whereas the analogous 
pyrimidine-4-carboxaldehyde 3-oxide derivatives were found to be devoid of 
activity. 

In the U. S.A. various pyridazine analogues of naturally occurring pyrimidine 
nucleosides have been prepared [299, 3001; for a review on this subject see 
[ 131. Within this series, 3-deaza-6-azauridine (86) has been found to inhibit the 
growth of L-1210 mouse leukaemic cells with an ID,, value of ~7 x lo- '  M 
[299, 3011. The inhibitory effect of this uridine isoster might be due to 
interference in pyrimidine biosynthesis [ 3021. 

OH 
I 

OH P7 OH 

(861 

Finally, several patents claiming antitumour-active pyridazine derivatives 
are to be mentioned [273, 274, 303-3051. Thus for instance, numerous 



24 PHARMACOLOGICALLY ACTIVE PYRIDAZINE DERIVATIVES 

sulphonylpyridazinones (87, R', R3 = alkyl, aryl; R2 = substituted amino, HO, 
RO) and N-benzoyl-N' -pyridazinyloxyphenylurea derivatives of type (88, 
R' = H, halogen, CF, ; R2 = substituted Ph) have been prepared and tested in 
this context. 

IMMUNOSUPPRESSANT AGENTS 

In Poland, various 5-cycloaminomethyl-6-(p-chlorophenyl)-4,5-dihydro- 
3(2H)-pyridazinones (89, R' = pyrrolidino, piperidino, morpholino, etc. ; 
R2 = H, substituted alkyl, aryl) have been prepared in search of biologically 
active pyridazines; some of these compounds have been reported to exhibit 
immunosuppressive activity [ 180, 284, 2851. 

ANTIVIRAL AGENTS 

Sulphonylpyridazinones of type (90, R' = alkyl, PhCH,, Ph; R2 = substituted 
amino, HO, AlkO; R3 = alkyl, Ph) prepared in Japan have been patented as 
antiviral agents [273,274]. A moderate activity against influenza A Ann Arbor 
strain in mice has been observed with several 3-pyridazinylhydrazones, for 
instance (91), which have been synthesized in the U.S.A. [306]. In West 
Germany various benzimidazoles bearing a 4,5-dihydro-3(2H)-pyridazinone 
substituent at position 5 or 6 have been claimed as virucidal agents [ 1 lo]. In 
Belgium, a wide variety of 3-aminopyridazine derivatives have been prepared 
[ 3071. It has been reported that compound (92), which may serve as a typical 
example for this series, inhibits 75% of the cytopathic effect of human 
rhinovirus at 0.006 pg/ml. 
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In Austria, various thiosemicarbazones derived from pyridazinecarbalde- 
hydes and alkyl pyridazinyl ketones have been prepared recently in search of 
antiviral agents more efficacious than the previously described heteroaromatic 
thiosemicarbazones [308]. It has been found that compounds of type (93, 
R' = H; R2 = cycloamino) are markedly less cytotoxic than the corresponding 
2-pyridine-derived congeners (factor 300) while being equipotent with regard 
to antiherpetic activity (HSV-1). A similar phenomenon has been observed 
with thiosemicarbazones derived from alkyl pyridazinyl ketones (94, R' = al- 
kyl; R2 = cycloamino). The replacement of a 2-pyridyl moiety in this class of 
compounds by a 3-pyridazinyl ring additionally permits a significant improve- 
ment of the water solubility [308]. 

ANTIBACTERIAL AGENTS 

In 1977, a review on the antimicrobial activity of pyridazine derivatives was 
published [ 3091. Accordingly, in the present article, antibacterial pyridazines 
developed more than a decade ago will be mentioned only briefly. Synonyms 
of the agents ( 9 9 4  104) listed below are given in a reference book [ 961. In order 
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to provide convenient access to the original literature dealing with these drugs, 
their CAS numbers are given. Apart from nifurprazine (104), these compounds, 
most of which have been prepared in the period 1950-1960, are sulphanilamide 
derivatives bearing a substituted pyridazine moiety at the amide nitrogen atom. 

(95) - (99) 

(95) Sulfanethoxypyridazine (CAS 80-35-31 (971 Sulfachlorpyridazine (CAS 80-32-0) 

(96) Sulfethoxypyridazine (CAS 963-14-41 (981 Phthalylsulfapyridazine (CAS 13010-46-31 

(991 Malazin (CAS 13010-48-5) 

(CAS Sulfenazone 65761 -24-2) .&Me 

-NMe 
(100) Ph 

S a l a z a s u l f a p y r i d a z ~ n e ,  (CAS 22933-72-8) 
(101) 

OMe 

Me0 NHZ Me0 

A c e t y l s u l f a r n e t h o x y p y r i d a z i n e  
(CAS 3568-43-2) 

(102) 

CS 61 (CAS 1230-33-7) 

(1031 
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Nifurprazine (CAS 1614-20-6) 

(104) 

3-Methoxy-6-sulphanilamidopyridazine (95, R' = MeO; RZ = H) (sul- 
phamethoxypyridazine) represents the first example of a long-acting antibacte- 
rial sulphonamide. Also compounds (96, R' = EtO; RZ = H), (99, R' = MeO; 
R2 = Maleyl), (102), and (103) have been developed as depot sulphonamides. 
Phthalylsulphapyridazine (98, R' = MeO; R2 = phthaloyl), on the other hand, 
represents an agent for the treatment of intestinal infections. In the sulphena- 
zone molecule (loo), the sulphamethoxypyridazine system has been combined 
with an antipyretic pyrazolone moiety. The nitrofuran derivative, nifurprazine 
(104), is a topical antibacterial agent used mainly for the treatment of animal 
diseases. 

Pyridazine-derived sulphonamide antibacterials, in particular sulphameth- 
oxypyridazine, are still the subject of extensive investigations. Thus, for 
instance, in volumes 82 to 108 of Chemical Abstracts, there are more than 300 
abstracts of papers dealing with compound (95, R' = MeO; R2 = H), which 
are not included in the present review due to space limitations. Only selected 
examples are mentioned. 

A detailed report on the structure of sulphamethoxypyridazine has been 
given recently [ 3 101. Various complexes of sulphamethoxypyridazine have 
been prepared, including bismuth, cadmium, calcium, chromium, cobalt, 
copper, iron, nickel, silver and zinc complexes. Thus, for instance, Cu(1I) and 
Ag(1) complexes have been found to be more potent against selected bacterial 
pathogens than (95, R' = MeO; R2 = H) [311]. 

H 

(106) 
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Antibacterial activity has also been observed with a variety of sulphameth- 
oxypyridazine derivatives like the imine obtained upon reaction of (95, 
R' = MeO; R2 = H) with 5-nitrofurfural [3 12],2-aryl-3-nitrofurylacrylamides 
(105) [ 3 131, quinazoline-2,4-diones (106) [ 3 141, thiazolin-4-ones of type (107) 
[315] and with aldol condensation products of the latter [316]. 

Sulpnonylpyridazinones (108, R', R3 = alkyl, Ph; K2 = substituted NH,, 
HO, RO) [ 273,2741, trichloromethylchloropyridazines (109) [ 3 171 and 3-mer- 
captopyridazine 2-oxide derivatives [ 3 18,3 191 have been claimed as antibacte- 
rial agents. 

(108) (109) 

In addition, there are several Japanese patents on antibacterial pyridazine 
derivatives as represented by formulae (110, X = halogen; R = substituted 
amino, AlkS) [320, 3211, (111, R' = substituted Ph; R2 = alkyl, alkenyl, 
morpholinosulphonyl) [ 3221 and (1 12, R' = aryl, aminosubstituted hetero- 
cycle; R2 = H, halogen, alkyl; R3 = COOH; R4 = aryl, aralkyl, etc.) [323]. 

In Poland, various 3,6-pyridazinediones have been prepared as potential 
antimicrobial agents [ 324-3281. Antibacterial activity has been observed with 
some compounds of type (1 13, R' = H, Br; R2 = Br, EtNH, R3 = aryl). There 
are also reports on antibacterial pyridazinylpyridazinones (1 14, R = aryl) [ 329, 
3301 and 6-aryl-3(2H)-pyridazinones (115, R = aryl) [331, 3321. 

R ' b O  / /  

,NMe 
O N  

R3 

(113) (114) 
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In China, tuberculostatic activity has been observed recently with 2-arylpy- 
ridazinones of type (116, R' = HO, C1; R2 = F, C1; R3 = aryl) and related 
compounds [333]. In the U.S.S.R., antibacterial 6-chloro-3-hydrazinopyrida- 
zine derivatives (117, R = aryl) have been described [334]. 

(116) (117) 

Several antimicrobial benzofuran derivatives including dihydropyrida- 
zinone-substituted congeners of type (1 18, R = H, Ac, Ph, cycloaminomethyl) 
have been prepared in Egypt [ 335,3361. The triazinylpyridazinedione (1 19) has 
also been reported to have antibacterial properties [337]. 

Ph 

(118) (1191 

In West Germany pyridazinium compounds as represented by formula (120, 
R' = halogen, alkyl, aryl; R2 = H, alkyl; R3 = substituted amino; R4 = substi- 
tuted alkyl, cycloalkyl) have been claimed as antibacterial agents [338]. In 
Australia, mercapto derivatives of several nitrogen heteroaromatics including 
pyridazine-derived compounds (121, K = CONH,, CH,NMe,) have been 
prepared in a search of amplifiers of phleomycin [339]; however, only low 
activity has been observed in this series. 

SCH,R 

R'  \ N ) i N R d  RHzCS /qY _I I0 (121) 
I1201 

In the U.S.A. it has been found that 4-cyano-3(2H)-pyridazinone (122), 
which exhibits antibacterial activity against systemic E. coli infection in mice 



30 PHARMACOLOGICALLY ACTIVE PYRIDAZINE DERIVATIVES 

(but not in vitro), is metabolized to afford the mesoionic pyridazine nucleoside 
(123, R = CN) [ 3401. Based on this observation, various 4-substituted 3-oxido- 
l-p-D-ribofuranosylpyridazinium nucleosides have been prepared and tested 
for antibacterial activity [341]. The chloro compound (124, R = C1) has been 
found to be several times more active in vitro than (123) against E. coli, although 
it is inactive in vivo. 

CN R 

In search ofnovel and more effective antibacterial agents, numerous p-lactam 
antibiotics bearing a pyridazine core have been synthesized mainly in Japan. 
Thus, the penicillin derivative (125) characterized by a 3-hydroxypyridazine-4- 
carboxamido subunit has been patented as a broad-spectrum bactericide 
[ 342-3451 ; likewise, the corresponding cephalosporin analogue has been 
claimed in a patent [ 3461. 

I(+ c o x N H v S T M e  

Me 

\ 0 4  COOH 

Y OH 

(1251 

Moreover, there are several patents and reports on cephalosporins and 
7-alkoxy derivatives thereof, which are characterized by a pyridazine-derived 
substituent attached to the thiazine ring. Some typical examples are given in 
formulae(126) [347-3561, (127) 13571, (128) [358], (129) [359,360] and (130) 
[355, 361-3631 in which R’ represents a vanable acyl group. 
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COOH 

(126) - (1301 

(126) F i 2 = s G o H  (129) F 1 2 = S o M e  

(127) R 2 = = S n S H  

N-N N-N 
0 

m N-N 

The pyridazine ring has also been introduced as a substituent into antibacte- 
rial carbapenems (131) [364, 3651. 

(131) 

Finally, several naturally occurring depsipeptide antibiotics containing the 
2,3,4,5-tetrahydropyridazine or the hexahydropyridazine system have to be 
mentioned. In Japan, antrimycin (132, R = Me) has been isolated from Strepto- 
myces xanthocidicus MG125-CF1, which in vitro shows antibacterial activity 
(Mycobacterium smegmatis: MIC 12.5 pg/ml; Mycobacterium tuberculosis: MIC 
50 pg/ml) [ 3661. 

(132) (133) 

From Streptomyces cirratus 248-Sq2, cirratiomycin A (133, R = iBu) has 
been obtained, and has been found to be active in vitro against a narrow range 
of Lactobacillus and some strains of Streptococcus [367]. In addition, the 
peptide antibiotic (132, R = Me) is also produced by this Streptomycete [367]. 

Antibacterial activity in vitro has also been observed with the components of 
the antibiotic complex BBM-928 [288, 2901 and with luzopeptin E, (Strepto- 
coccus pyogenes: MIC < 0.05 pg/ml; Bacillus anthracis: MIC 0.1 pg/ml; My- 
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cobacterium smegmatis: MIC 0.8 pg/ml) [296]. These compounds have been 
discussed in the section on antitumour pyridazines. Another novel cyclodepsi- 
peptide antibiotic termed azinothrizin (134) has been isolated recently in the 
U.S.A. from the culture filtrate of Streptomyces sp.X-14950 13681. It is charac- 
terized by both the L-piperazic acid and the D-piperazic acid as unusual amino 
acids and exhibits an antimicrobial spectrum similar to that of the monamycins 
[ 31 (activity against Gram-positive micro-organisms). However, azinothrizin 
shares toxic liabilities with the latter antibiotics which preclude its clinical use. 

ANTIFUNGAL AGENTS 

For several decades much effort has been devoted to the search for novel 
pyridazine-derived antifungal agents. Most of the investigations in this field, 
however, have been directed to agrochemicals which are not subject of the 
present review. Accordingly, only some selected antifungal pyridazines, mainly 
those appearing to be of some interest in the treatment of fungal infections in 
humans, will be discussed in this chapter. 

Antifungal activity has been reported for a series of mercaptopyridazi- 
nethiones (135, R = H, alkyl, PhCH,), (136, R = H, alkyl, alkoxyalkyl, 
PhCH,), (137, R = H, alkyl, alkoxyalkyl, PhCH,), prepared in Great Britain, 
as well as for metal or ammonium salts and zinc complexes thereof [369,370]. 
In Japan, various 3(2H)-pyridazinones bearing a substituted sulphur or oxygen 
function at C-5, as represented by formula (138, R' = aryl, heteroaryl; R2 = H, 
alkyl, halogen; R3 = alkyl; X = 0, S ) ,  have been synthesized and patented as 
fungicides [ 37 1-3763. Antifungal activities have also been reported recently for 
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chloropyridazine derivatives of type (139) or (140) [ 3771 and for 2-pyridylpy- 
ridazinones (141, R’ = HO, AcO; R2 = H, halogen; R3 = substituted 2-pyri- 
dyl) [ 378].3-Alkoxy-6-trichloromethylpyridazines have been claimed as fungi- 
cides in the United States [379]. 

R 

(1371 
(136) 

(141) 

11391 (140) 

Moreover, it has to be noted that many pyridazine derivatives exhibiting 
antibacterial activity, which are discussed in the preceding section, also have 
been found to possess antifungal properties [317,318,322,325,329,333,334, 
336, 3381. 

Quite recently, a novel antifungal antibiotic named pyridazomycin (142) has 
been isolated in the Federal Republic of Germany from the culture filtrate of 
Streptomyces violaceoniger sp. griseofucus [ 41. To our knowledge, this 
compound - 1-(4-amino-4-carboxybutyl)-4-carbamoylpyridazinium chloride 
(Chem. Abstr. name: (S)-5-(2-azonia-5-cabamoyl-2-pyridazinyl)-2-amino- 
pentanoic acid chloride) - represents the first example of a naturally occurring 
1,2-diazine derivative containing the fully unsaturated pyridazine system. 

(142) 0 
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ANTIALLERGIC AGENTS 

Several types of 2(2H)-pyridazinones have been claimed in patents as antialler- 
gic agents. In Japan, the interest has been focused mainly on compounds of 
type (143, R' = substituted aminoalkyl; R2 = H, alkyl; R3 = H, Me, 
HOCH,CH,) [207], and recently, in particular, on pyridazinones as represent- 
ed by formulae (144, R' = 4-MeOOC-3-R-C6H,O(CH,),; R2 = Et) [380], 
(145, R' = 3,4-(MeO),C6H3 ; R2 = Pr) [ 38 11, (146, R' = 3-MeOC,H, ; 
R2 = cyclopentyl) [382], (147, R' = substituted Ph; R2 = halogen; R3 = alkyl; 
X = 0, S) [383], and congeners. The latter compounds have been shown to 
inhibit significantly leukotriene-induced contraction in the isolated guinea-pig 
trachea test 10-4-10- g/ml. Benzyloxy- and benzylthiopyridazinones of 
type (147) have been patented as inhibitors of slow-reactive substances of 
anaphylaxis [ 3831. 

(145) 1146) (147) 

In the United States, various thiourea- and urea-derived antihistaminics and 
gastrin inhibitors have been patented, including compounds bearing a pyridazi- 
nyl substituent [ 1 151. Among various (pyridylaminoalky1amino)thiadiazoles 
having an additional heteroaromatic moiety linked by a methyleneamino 
function to the 5-membered ring, pyridazine-derived compounds have also 
been claimed as histamine H,  antagonists [384]. There is a recent patent on 
antiallergic 1 ,Cnaphthalenediones bearing a pyridazinylaminoalkylamino side- 
chain [ 3851. Within a series of heterocyclic ethylenyloxanilates investigated in 
the U. S .A., the 3-pyridazinyl-substituted compound (148) has been found to 
be an antiallergic active in the IgE-mediated passive cutaneous anaphylaxis test 
in rats (50% inhibition) at oral doses of 1 mg/kg [386, 3871. A systematic 
modification of the heteroaromatic moiety has shown [ 3861 that potent 
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antiallergic activity is observed only in the case of 4-pyrimidine-, 2-pyrazine- or 
3-pyridazine-derived compounds. The replacement of these heteroaromatic 
systems by other heterocycles, including pyridine, has been found to result in 
total loss of activity. 
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INTRODUCTION 

The stability of pharmaceutical substances, both as pure compounds and as 
formulations, has long been a matter for concern. In the past, discoloration of 
material was often the only evidence of light-induced decomposition. Sensitive 
preparations were therefore kept in dark bottles to preserve their ‘pharmaceuti- 
cal elegance’. Modern chromatographic techniques now allow the separation 
of decomposition products and provide clear evidence of instability. In recent 
years, chromatographic isolation of pure derivatives followed by spectrometric 
analyses has also allowed the identification of some of the photodegradation 
products. This review concentrates on those drugs where one or more photo- 
derivatives have been positively identified. Also included are photosensitizers 
which, although unchanged themselves, photocatalyse degradations of biomo- 
lecules. 

We searched the British Pharmacopoeias 1980 [ I ]  and 1988 [2] for all drugs 
which carry a ‘protection from light’ warning and these were programmed into 
a C.A.S. on-line search which covered ChemiculAbstructs from 1967 to the end 
of 1988 to form the basis for the review. (Little of this work was done before 
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the start of C.A.S. files in 1967.) This is not to say that the Pharmacopoeia is 
the perfect source for such information. A cursory glance in the 1988 edition 
revealed several drugs which did not carry a ‘protection from light’ warning 
although the available evidence suggests that such would be merited. 
Benorylate, chlorothiazide, cyclopenthiazole, diazoxide, hydrochlorthiazide, 
polythiazide and tamoxifen citrate are the entries in question. 

Precautions against photodegradation of drugs in storage are easily taken, 
but light-induced changes after the patient has taken the medicine may lead to 
serious side-effects - typically the erythema, oedema and vesicle formation of 
exaggerated sunburn. It is well established that sunlight penetrates the skin to 
a depth sufficient to reach blood circulating in surface capillaries [ 3 ,  41. Two 
types of photosensitivity as a result of foreign chemicals circulating in the blood 
stream have been described, namely, phototoxicity and photoallergy [ 5,6]. In 
phototoxicity, the excited state of the drug molecule can induce cellular damage 
in at least one of three ways: by inducing radical formation in an endogenous 
molecule, by converting oxygen from its ground (triplet) to the highly toxic 
singlet state or, by electron transfer, it can generate the very reactive superoxide 
radical. Phototoxicity occurs only in areas of skin exposed to the light and is 
characterized by the relief of symptoms when the drug is withdrawn. It can be 
effective with only one dose in combination with exposure to the sun (or an 
ultraviolet lamp). It is reported that, with a high enough dose, the phototoxic 
response can be elicited from all exposed individuals [ 51. Examples of drugs 
which can generate singlet oxygen are: chloroquine, frusemide, nalidixic acid 
and naproxen. Superoxide generators are chlorpromazine, mercaptopurine, 
some tetracyclines and the psoralens. Photoallergy occurs when the excited 
molecule itself or a degradation product reacts with DNA or a protein to 
produce an antigen which reacts immunologically with skin and other tissues. 
It usually requires several exposures before the response is produced and only 
a few patients are affected. Reactions can appear in areas not exposed to light 
and symptoms can continue for months or years after withdrawal of the drug. 
Examples of photoallergens are chlorpromazine, promethazine, bithional and 
sulphanilamide. 

Recent work suggests that these ideas should be further refined. It may not 
be the drug which is subject to photodegradation, but one of its metabolites, 
for example, amiodarone, azathioprine, methaqualone. Phototoxicity may be 
caused by a photodegradation product circulating in the blood and causing 
organ damage by ionic rather than by radical reactions, for example, catechol 
amines, chlordiazepoxide and norethisterone. The possibility exists that the 
photodegradation products can be toxic or these may be thermally or photo- 
chemically unstable and react further to give toxic derivatives. 
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A few drugs depend for their therapeutic action upon light activation. Includ- 
ed in this review are dithranol, which has been suggested to exert its antipsoriatic 
action in this way, and the psoralens, which have long been used in combination 
with sunbathing to treat various skin conditions and now are also used against 
surface cancers. 

The term photosensitizer can be ambiguous. In the reports of clinicians, it 
is used to describe any drug showing light-induced side-effects. To a photo- 
chemist, it means any molecule which is readily excited by light and induces 
reaction in an otherwise stable second molecule. Several drugs and biomolec- 
ules are photosensitizers in this sense. We have decided that the meaning of 
the term should be clear within the context in each case. As some biomolecules 
photosensitize drug decomposition, we have included examples where unnatur- 
al sensitizers such as rose bengal or methylene blue have been employed. These 
may alert investigators to possible phototoxicity or photoallergy. 

The most energetic frequencies in sunlight are removed by atmospheric 
filtration. The light which penetrates to sea level has wavelengths above about 
300 nm [6, 71. The most important ranges are known as UVB (290-320 nm) 
and UVA (320-400nm). In setting these boundaries we recognize that 
authorities differ somewhat in the definitions of UVA and UVB, even within 
a single symposium [ 81. A lucid discussion on the basis for the two bands has 
recently been published [ 91. Although artificial light has sometimes been 
implicated in photodegradation [6, lo], in studies of this kind it is clearly 
desirable to use a light source as close as possible in its frequency spectrum to 
that of sunlight. Medium-pressure mercury lamps, which provide a range of 
monochromatic emissions from 254 nm upwards, are often used together 
with suitable filters. Some investigators have used the 254 nm line of low-pres- 
sure mercury lamps. This is justified when it can be shown that the photo- 
reaction rate is increased without change in the product mixture. Without such 
a precaution, it is never certain whether the observations accurately reflect 
reactions of the drug in natural light. Diazepam, for example, appears to give 
extra photodegradation products when irradiated at 254 nm [ 101. However, 
work done only with (high-energy) light of less than 300 nm is included here, 
since any photodegradation shows that precautions should be taken, at least 
until work has been reported with simulated sunlight. Other work reviewed here 
involved high-pressure mercury or xenon arc lamps, which give a continuum 
of frequencies, and various tungsten and fluorescent light sources. In an ideal 
world, all photochemists would work in warm, sun-drenched laboratories and 
do their experiments on the windowsill. It is not always clear in published 
material what wavelengths and intensity of light have been used, but as far as 
possible, we give this information for each example. The only photoreactions 
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of drugs not included are those where conditions were completely different from 
those which could be encountered naturally, for example, photochemical 
reactions used in steroid synthesis. The physical chemistry and methodology 
of photodegradation studies have recently been expertly reviewed [ 11, 121. 

In considering the layout of this review, three methods of classification 
suggested themselves. The first would be to report examples under type of 
photoreaction, the second to group drugs under their therapeutic actions and 
the third to list photoactive compounds by molecular type. Initially we were 
inclined to use the first method, but we then realized that many drugs would 
appear in several different sections and the whole would be too cumbersome. 
We thought it useful, however, to append a table showing the types of 
photodegradation covered and the main examples of each reaction. The second 
approach has its attractions in a volume used by pharmacists and pharmacol- 
ogists, but there is usually no relationship between the photochemistry of a 
molecule and its clinical use. We therefore decided that the only sensible 
arrangement would be the third - by molecular type. 

After an initial inorganic example and two aliphatic compounds, drugs based 
on single carbocyclic rings are discussed, followed by di-, tri- and tetracyclic 
systems. Five-, six- and seven-membered heterocycles complete the review, 
with simple before more complex molecules within each section. 

ALICYCLIC COMPOUNDS 

SODIUM NITROPRUSSIDE 

Sodium nitroprusside has long been known to degrade under the influence of 
fluorescent lighting or sunlight [ 131. Initial reaction [ 141 follows the equation: 

[FeNO(CN),]*- + 2H,O + [FeH,O(CN),I3- + NO; + 2H' 

However, solutions exposed to the normal lighting conditions of hospital wards 
during intravenous infusion have been shown to contain prussian blue, nitric 
oxide and cyanide ions [ 15, 161. 

CHLOROFORM AND ETHER 

Both of these general anaesthetics have long been known to oxidize in the 
presence of air and sunlight. Chloroform was shown to photo-oxidize to a 
peroxide of uncertain structure which collapsed to the poison gas phosgene. 
Anaesthetic chloroform is protected by the addition of ethanol, which intercepts 
the initial free radical and prevents the photodegradation [ 171. Diethyl ether 
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(1) photo-oxidizes rapidly to give the toxic and explosive hydroperoxide (2) [ 18, 
191. 

R 

M c o A M e  

( 1 )  R = t i  
( 2 )  R = OOH 

DRUGS WITH CARBOCYCLIC RINGS 

VANILLIN 

Vanillin (4-hydroxy-3-methoxybenzaldehyde) in ethanolic solution - as 
supplied as a flavouring agent - was dimerized by sunlight or more rapidly 
under a mercury lamp to dehydrodivanillin (3). This is a typical ortho-phenol 
coupling reaction [ 201. 

weo$oMe \ OH 

CHO 

(3) 

BENORYLATE 

The antirheumatic, benorylate (4), photodegraded at wavelengths above 
300 nm under glass, but more rapidly and with the same product distribution wonNHAC OAc. 0 

I 
NHAc 

15) (6) R' = AC Rz = H 
(7) R' = H R2 = AC 
( 8 )  R' = R2 = H  
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when a quartz filter was used to pass wavelengths down to 254nm. The 
isolated products were consistent with homolysis of the aryl ester group to give 
paracetamol ( 5 )  and, via photo-Fries rearrangement, the ketone (6) .  The 
production of compound (7)  was assumed to follow an intramolecular transes- 
ierification of (6). The diphenol (8) would arise by hydrolysis of either (6) or 
(7 )  or by transesterification with the methanol solvent [ 211. 

PHENYLALANINE 

Hasselmann and Laustriat irradiated aqueous solutions of phenylalanine (9) - 
the most photosensitive amino acid - with an intense narrow band of 
wavelengths centered at 257.5 nm. Positively identified degradation products 
were: tyrosine (lo), 3,4-dihydroxyphenylalanine (DOPA, 1 I), aspartic acid, 
benzoic acid and 3-phenyllactic acid (12). There was also a melanic polymer. 
When the experiment was repeated in the presence of oxygen, the concentra- 
tions of tyrosine, DOPA and the polymer were increased, but those of the other 
products remained the same. Additionally, there were minor amounts of the 
ortho and meta isomers of tyrosine. Under nitrogen, phenylethylamine was a 
minor product [ 221. Brief irradiations with or without oxygen using low-intensi- 
ty  light at 254 nm gave mixtures from which alanine and glycine were identified 
~ 3 1 .  

Experiments by Kenyon and Blois, with samples of phenylalanine labelled 
with I4C at each of the three aliphatic carbon positions, showed that the 
molecule could photolyse at each of the three exocyclic carbon-carbon bonds. 
Decarboxylation was also thought to be an important process, but unfortunate- 
ly no resulting phenylethylarnine was detected during this work. Mechanisms 
for the production of the observed products were suggested [24]. 

When a sample of phenylalanine carrying a 14C label in the benzene ring was 
photolysed at 254 nm, it gave radioactive 2-allylglycine (2-aminopent-4-enoic 
acid, 16). This showed that the irradiation had disrupted the aromatic ring [23]. 
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TYROSINE AND LEVODOPA 

Tyrosine (10) irradiated by Hasselmann and Laustriat for 72 h in water at 
254 nm in the presence of air gave dihydroxyphenylalanine (DOPA, 11) in 12% 
yield plus 4-hydroxyphenyllactic acid (1 3). The anti-Parkinsonism drug 
levodopa (laevo-1 l), under the same conditions, gave tyrosine (lo), 4-hydroxy- 
phenyllactic acid (1 3), meta-tyrosine (14) and 3,4-dihydroxyphenyllactic acid 
(15). Under nitrogen, only the DOPA dehydroxylation occurred. It was pointed 
out that these were all minor products; the bulk of the material polymerized 
under the forceful conditions used [21]. Dearden and Elrick used high-intensity 
broad band irradiation which converted L-tyrosine into levopoda. Levopoda in 
0.1 M hydrochloric acid or 0.1 M sodium hydroxide was similarly photolysed 
to give trace amounts (detected by TLC) of aspartic acid, glycine and dopamine. 
The main products, however, were thought to be soluble melanin-like pigments 
formed from levopoda via quinone intermediates. Reactions were faster in 
alkali except when the phenolic hydroxy groups were methylated. This was 
taken as evidence for the intermediacy of quinones [25].  Finally, in the photo- 
oxidation of DOPA in water, Reszka and Sealy showed that both free-radical 
and singlet oxygen mechanisms were important [26]. 

EPHEDRINE 

Ephedrine (17) was known to give coloured products on exposure to sunlight. 
When a 1 % solution was irradiated with UV light from a 30 W tube the solution 
became coloured and colourless needle-shaped crystals separated. With pro- 
longed exposure, the crystals redissolved as the solution darkened to an intense 
brown. On analysis, the crystalline compound was identified as the oxazolidine 
(18). This compound was known to be formed by reaction between ephedrine 
and benzaldehyde, so it was assumed that the primary photodegradation 
product of the drug was benzaldehyde [27]. 
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ADRENALINE, NORADRENALINE AND ISOPRENALINE 

Adrenaline (19) as the hydrogen tartarate gave an aqueous solution of ca. pH 
5 .  Irradiation for 30 min at 254 nm by de Mol et al. gave adrenochrome (22). 
On longer photolysis the characteristic UV absorption of an aminochrome 
decreased. When a fresh adrenochrome solution was irradiated, it gave a 
product with the chromatographic and spectral behaviour of 5,6-dihydroxy-N- 
methylindole (25). Isoprenaline (20) hydrochloride similarly gave (23), a pure 
sample of which was converted to (26). The dihydroxyindoles were photochem- 
ically too unstable to be detected in irradiated solutions of the catecholamines. 
Finally, an aqueous solution of (25) was photolysed under the same conditions 
to give spectral changes consistent with melanine formation. Thus, the photo- 
degradations gave similar products to thermal degradations of the free bases 
except that in the irradiated solutions, no 3,5,6-trihydroxyindoles could be 
positively identified [28]. 

OH k 
(19) R = Me 
(20) R = Pr '  
(21) R = H 

(22) R = Me 
( 2 3 )  R = P r '  
(24) R = H 

R AH 
I 

(25) R = Me 
(26 )  R = P r '  

(27) 

In further experiments by de Mol et al. on dilute solutions of catecholamine 
salts, adrenaline and isoprenaline gave the aminochromes in 65% and 56% 
yields, respectively. However, noradrenaline (21) gave the corresponding nora- 
drenochrome (24) in only 35% yield. It was suggested that the phototoxicity 
associated with the medicinal use of catecholamines such as isoprenaline and 
levodopa may be caused by these adrenochromes [ 291. Kruk [ 301 and Jahnke 
and Frenkel [31] considered that both singlet oxygen and superoxide were 
involved in the photo-oxidation. Singlet oxygen was important below pH 6.5, 
but superoxide became progressively more important as the alkalinity was 
increased [ 3 11. 

Broad-band irradiation from a xenon arc lamp by Felix and Sealy produced 
semiquinone radicals from catecholamines. They were detected by ESR 
spectra of their metal complexes. Semiquinones gave rise to o-quinones and 
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superoxide; both species are toxic. Although no radicals were seen with light 
wavelengths greater than 300nm, it was pointed out that they are readily 
generated by visible light in combination with low concentrations of photosen- 
sitizers and this may be of biological relevance [32]. A Japanese group also 
detected semiquinones after irradiation of adrenaline, noradrenaline, DOPA or 
dopamine with a high-pressure mercury lamp in neutral aqueous buffer [ 331. 

PHENYLEPHRINE 

Phenylephrine (27) is a low-potency sympathomimetic m i n e  used as a 
decongestant. Solutions become coloured due to an auto-oxidation accelerated 
by light. In a series of experiments, aqueous solutions of the hydrochloride were 
left under a UV lamp until a tan colour developed. HPLC analysis showed four 
main products of which one was identified as adrenaline (19). Even after 
prolonged irradiation, there was never more than 2% adrenaline in the solution. 
It was assumed that the catecholamine was removed as it formed by further 
reaction to adrenochrome and melanine, which accounted for the colour [ 341. 

DIPHENHYDRAMINE 

Irradiation of an aqueous solution of diphenhydramine base (28) at 254 nm for 
1.5 h produced a mixture from which no less than eleven products were isolated 

Me 
i Me Me 

i I 

PhAPh Ph ‘“*OH Ph Ph 

( 2 8 )  (31) ( 3 2 )  

o-N\Me __ 

I 
(29) ( 3 5 )  (33) 

I 
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[ 351. These were the eight compounds of Scheme 2.1 plus diphenylmethane, 
diphenylmethanol and benzophenone. Progressive N-demethylations of the 
antihistaminic drug (28) gave the secondary (29) and primary (30) amines. An 
intramolecular rearrangement gave the aminoethanol(3 1) which lost formalde- 
hyde to give (32). This new tertiary amine also showed progressive N-demethy- 
lations to give (33) and (34). Intramolecular rearrangement of (29) gave the 
aminoalcohol(35). When a pure sample of (29) was irradiated, it gave (33), (34) 
and (35). As with diphenhydramine itself, irradiation of (29) or (30) gave 
diphenylmethane, diphenylmethanol and benzophenone. Of greater signifi- 
cance, no rearranged product similar to (35) was obtained from (30) - evidence 
for the intramolecular nature of the above rearrangements. Finally, a solution 
of diphenhydramine hydrochloride was subject to photodegradation. The same 
products were obtained, but 24 h irradiation was needed to achieve about the 
same degree of decomposition. Presumably only the small proportion of 
unprotonated molecules in solution reacted [ 351. 

CHLORAMPHENICOL 

Aqueous solutions of chloramphenicol (36) have given several photolysis 
products on exposure to sunlight, tungsten light or UV [ 36, 371. The molecule 
showed homolytic fission at the position marked to give an aromatic and an 
aliphatic radical. The former became 4-nitrobenzaldehyde and the latter broke 
down further to glycol aldehyde and dichloroacetamide [ 371. Secondary 
reaction products included 4,4'-azoxybenzoic acid (37), 4-aminobenzaldehyde, 
4-aminobenzoic acid and 4-nitrosobenzoic acid (38). In addition, the reaction 
mixture contained hydrochloric acid and 1-(4-aminopheny1)-2-acetamidopro- 
pane-1,3-diol (39) formed by photoreduction. The discovery of the nitroso 
compound (38) is most important, since it is likely to be the cause of the aplastic 

COOH 

Q 
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anaemia associated with the use of this drug, a side-effect which has even been 
observed following its use in eyedrops [ 381. Photolysis of 4-nitrobenzaldehyde 
in water gave 4-nitrosobenzoic acid in 92% yield [36]. Under in vitro condi- 
tions, up to 45 % of chloramphenicol in eyedrops was converted to 4-nitroso- 
benzoic acid [38]. The mechanisms of these reactions have been carefully 
investigated [37, 391. 

p-AMINOBENZOIC ACID 

The ability of p-aminobenzoic acid to absorb ultraviolet light has led to its 
widespread use as a sunscreen. This allows users much longer periods of 
sunbathing which could aggravate any photosensitizing effects it may have. The 
compound has been shown to sensitize the killing of E.  coli by 3 13 nm light and 
also to increase the mutagenic activity of light of this wavelength [40]. 

J.C. Sutherland and Griffin incorporated tritium-labelled thymine into DNA 
and irradiated it with 313 nm light in buffered saline in the presence of 
p-aminobenzoic acid for up to 12 min. After separation of the products by TLC, 
the radioactivity was associated with a fraction which had the characteristic R ,  
of dimers. When the hydrolysate from a 313 nm irradiated sample was 
re-irradiated at 254 nm and then chromatographed, the radioactivity had the 
mobility of thymine monomer. This is characteristic of pyrimidine cyclobutyl 
dimers which were known to be photosynthesized at 3 13 nm and photodegrad- 
ed to monomers at 254 nm. Although not degraded itself, the p-aminobenzoic 
acid clearly acted as a photosensitizer for the DNA-damaging thymine dimeri- 
zation [40]. 

B.M. Sutherland used in vitro experiments with human neonatal foreskin 
fibroblasts in buffer solution to show that DNA-pyrimidine dimer formation 
under a sunlamp was sensitized by p-aminobenzoic acid. Cells illuminated in 
the presence of the acid had a 10-fold higher frequency of transformation to 
anchorage-independant growth than cells irradiated in buffer alone [41]. 

Chignell et al. intensely irradiated p-aminobenzoic acid with a xenon arc 
lamp and showed the formation of several free radicals detected by spin traps 
in conjunction with ESR spectroscopy. It was suggested that such radicals 
could cause lipid peroxidation or react via one of the excited forms of oxygen 
[42, 431. 

SULPHA DRUGS 

Reisch and Niemeyer photolysed sulphanilamide (40) in ethanol and obtained 
the nitro derivative (41), carbamate (42), azobenzene (43) and 2-methylqui- 
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(42) R = NHCOOEt 

OMe 

bMe (49) NH2 2-pyridyl 

(4 5) (46) R = H 
(47) R = Me 

( 5 0 )  NH2 C(=NH)NHz 

(51) NH2 CONHBu 
( 5 2 )  Me CONHBu ~~ 

( 5 3 )  C I  CONHPr 

noline-6-sulphonamide (44) [44]. Chiang et al. irradiated sulphamethizole (45) 
in methanol with a high-pressure mercury lamp for 1 h to give a 10.5% yield 
of 2-amino-5-methyl- 1,3,4-thiadiazole. Under the same conditions sulphadi- 
methoxine (46) was methylated to the tertiary amine (47) [45]. Golpashin, 
Weiss and Dun recently studied the photolyses of several sulphonamides 
at 254 nm in methanol. Sulphathiazole (48), sulphapyridine (49), sulphagua- 
nidine (50) and carbutamide (51) all gave aniline as one of the products. Yields 
were 23.3,29.1, 95.1 and 23.5%, respectively. Likewise, tolbutamide (52) gave 
toluene (29.6%), and chlorpropamide (53) gave chlorobenzene (32.8 %). Most 
also gave the appropriate heterocyclic m i n e  or urea. Sulphathiazole gave 
2-aminothiazole (trace), sulphapyridine gave 2-aminopyridine (1 5.6 % ), tolbu- 
tamide and carbutamide gave butylurea (25.7, 27.3 %, respectively) and chlor- 
propamide gave propylurea (21.8 % ). Sulphapyridine and sulphaguanidine also 
gave small amounts of sulphanilamide (40) and 4-aminobenzenesulphinic acid 

Sulphanilamide, sulphacetamide, sulphadiazine, carbutamide and tolbutam- 
ide have all been shown by Motton and Chignell to produce radicals by 
homolysis. Light wavelengths above 300 nm were used and the radicals were 
detected by ESR spectra in the presence of spin traps. It was suggested that 
the radicals are the cause of the cutaneous photosensitization associated with 
these drugs. The products of the radical reactions were not isolated [47]. 
Intense irradiation from a xenon arc lamp gave a series of radicals from 
sulphanilamide, detected by the same technique. Such radicals, if formed under 
natural conditions, could cause lipid peroxidation or react via singlet oxygen 

[461. 
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or superoxide to produce phototoxicity. The observed photoallergy would be 
caused by reaction with a cellular protein or other macromolecule to give an 
antigen [42, 471. 

HEXACHLOROPHENE 

Hexachlorophene (2,2' -dihydroxy-3,3',5,5',6,6'-hexachlorodiphenylmethane, 
54) gave similar mixtures of photodechlorinated products when irradiated 
through a corex filter (A > 255 nm) or a pyrex filter (A > 290 nm), but the 
reaction was slower at the higher wavelengths. The initial pentachloro 
compounds resulted from loss of chlorine from either C-3 or C-5. Further 
irradiation of the 2,2'-dihydroxy-3,5,5 ' ,6,6' -pentachlorodiphenylmethane gave 
several products, including 2,2'-dihydroxy-5,5',6,6'-tetrachlorodiphenylme- 
thane and 2,2'-dihydroxy-3,5',6,6'-tetrachlorodiphenylmethane. The latter 
was also obtained on further irradiation of the 2,2' -dihydroxy-3,3',5,6,6'-pen- 
tachlorodiphenylmethane, along with 2,2'-dihydroxy-3,3',6,6'-tetrachlorodi- 
phenylmethane and several minor unidentified products. Unfortunately, these 
results are for ethanolic solutions degassed with argon. It was noted that 
hexachlorophene exposed to moisture, sunlight and oxygen when used as a skin 
bacteriostat may be subject to a more complex photodegradation [48]. 

RETINOIC ACID 

The vitamin A metabolite all-trans-retinoic acid (55 )  has important biological 
functions in epithelial cell differentiation and is useful in the treatment of skin 
disorders. On irradiation with long-wavelength UV light (emission max. 
366 nm) of alcoholic or aqueous-alcoholic solutions, several photoisomeri- 
zations were observed. The products were analysed using HPLC and structures 
were assigned after careful high-field NMR experiments, including the use of 
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nuclear Overhauser effects and proton-carbon correlations. The following 
isomers, listed in increasing concentrations, were found in the photostationary 
product: 9,11,13-tricis, 9-cis, 9,13-dicis, 11-cis, unchanged ( 5 9 ,  11,13-dicis and 
13-cis [49]. 

TETRACHLOROSALICYLANILIDE 

3,3',4' ,5-Tetrachlorosalicylanilide (TCSA, 56) has been employed as a bac- 
teriostat in soap. It produced a photosensitivity in some users which persisted 
for months or even years after all contact with the compound ceased. Irradiation 
at physiological pH with monochromatic light of 365 nm caused first homolysis 
of the C-Cl bond at position 3, but within 1 h, 3 molar equivalents of chloride 
had been released. Hydrochloric acid was produced from reaction of the 
chloride radicals with the solvent. Work with unbuffered solutions showed that 
only the anion was photolysed because a falling pH as acid accumulated 
stopped the reaction. The aryl free radical from the first reaction was shown 
to combine readily with y-globulin and protein. It was suggested that this bound 
form was responsible for the long-term photosensitivity, since it presumably 
was capable of acting as a photosensitizer [50] .  The various dechlorination 
products did not cause photoallergy and a mixture of TCSA and human serum 
albumin formed only a covalent bond upon irradiation [ 51. 

CI 

CI  

156) 

THYROXINE 

Thyroxine (57) was rapidly photodeiodinated by light filtered to give wave- 
lengths above 300 nm. In the first few minutes the main product was 3,3',5- 
triiodothyronine, but by 15 min, 3,5-diiodothyronine and 3-iodothyronine were 
present in major amounts. There were also traces of 3,3' ,5-triiodothyronine 
and 3,3'-diiodothyronine. In some runs traces of 3,3',5'-triiodothyronine and 
3'3'-diiodothyronine were detected. Over 30 min the main product was 
3-iodothyronine. Further deiodination to thyronine was very slow, presumably 
because the UV spectra had lower-wavelength maxima as iodine was removed. 
Similar photolysis of 3,3',5-triiodothyronine for 10 min also gave 3,5-diiodo- 
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~ o + + - c H 2 ~ H c o o H  NH2 

I I 

( 5 7 )  

thyronine with traces of 3,3 ' -diiodothyronine and 3-iodothyronine. Photolysis 
of other tri- and diiodothyronines gave similar results, indicating that loss of 
iodine was progressive. 

When thyroxine (57) was irradiated through a Corning filter which cut out 
wavelengths below 340 nm, photolysis was slower and it was possible to isolate 
reasonable yields of 3,3' ,5-triiodothyronine. This was resistant to further loss 
of iodine, but 3,5-diiodothyronine slowly accumulated on prolonged exposure 
[511. 

PHOTOCYCLIZATION IN SYNTHETIC OESTROGENS 

Clomiphelze 

Clomiphene citrate is used as a mixture of E (58) and Z (60) isomers to treat 
infertility. Photolysis of a chloroform solution with a high-pressure mercury 
lamp gave the expected phenanthrenes (59) and (61), which were separated and 
identified by GC-MS. Study of the separate isomers (58) and (60) indicated 
that rapid cis-trans photoisomerization preceded ring closure so that each gave 
a mixture of phenanthrenes (60) and (61) (Scheme 2.2) [52]. 

Scheme 2 2 
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Stilboestrol 

When stilboestrol (diethylstilbestrol, 62) was photolysed in aqueous methanol 
at 254 nm it gave the stable 4a,4b-dihydrophenanthrene dione (63). The 
mechanism required a photo trans-cis isomerization, photocyclization and 
spontaneous enol-keto tautomerism [ 53,541. Previous workers had carried out 
a similar irradiation in dilute acetic acid and obtained the expected aromatic 
product (64) [ 5 5 ] .  

___) 254nm / /  / \  
M e O H / H 2 0  

HO 
HO OH 

Dienoestrol 

The conjugated diene dienoestrol (65) was irradiated at 254nm in 90% 
aqueous methanol. Rotation and cis-trans photoisomerization gave (66) which 
underwent a photochemical [ 1, Slsigmatropic rearrangement to give (67). 
Photocyclization followed by enol-keto tautomerism then gave the isolated 
dihydrophenanthrene dione (68) [ 561. 

- 
Me 

( 6 5 )  

HO OH 

(66 )  

i 
Me 

c- 

HO ’ ’ OH 
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Tamoxifen 

The ability to cyclize to a phenanthrene has been employed in analytical 
procedures for tamoxifen (69). The drug was irradiated at 254 nm in dioxane- 
heptane solution and the assay based on the fluorescence of the product (70) 
[ 571. Another group ran the tamoxifen on a TLC plate which was exposed to 
a UV lamp for some minutes before assaying in a densitometer [58]. 

Ph Et 

VITAMIN D GROUP 

An X-ray crystal structure determination of calciferol (vitamin D-2,7 1) showed 
that steric crowding in the s-cis diene system resulted in a twisted conformation 
with a dihedral angle of 53 O [ 591. On irradiation with a mercury lamp, it was 
partially converted into ergosterol (72) and tachysterol (73) [60, 611. When a 
solution of calciferol in light petroleum containing a trace of iodine was exposed 
to diffuse daylight, the vitamin was photoisomerized to (74) [62]. 

&Me , 
HO,' 
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Cholecalciferol (vitamin D-3) differs from calciferol only in the alkyl side- 
chain, so it was assumed to be in the twisted conformation (75a). In alcoholic 
solution, vitamin D-3 was irradiated with a mercury arc lamp through a cupric 
sulphate solution filter to give wavelengths above 250 nm. Six products were 
irolated. Conformation (75a) could reasonably give rise to the assigned 
structures (76a), (77a) and (78a) (Scheme 2.3). Photoisomerization could give 
conformation (75b), which would explain the isolation of (76b), (77b) and 
(78b). The report is confident on four of the new compounds, but notes that 
the cyclobutene structures (78a) and (78b) are ‘tentatively assigned’ [63]. 

pCeH1; , 

HJJ30H Me 

Me ‘EH17 

hV g-: / _t 

HO” 

Me ‘eH17 

P+ 
H--kY Me 

H d  

(75b) (76b)  (77b )  ( 7 8 b )  

Scheme 2.3 

VITAMIN K GROUP 

Menadione (vitamin K-3, 79) in ethanol in the presence of oxygen was placed 
in the sun for 10 min to give the 2,3-epoxide (80) [64]. This has been photolysed 
in micellar solutions to give two main products; 2-hydroxy-3-methylnaphtho- 
quinone and 2,3-dihydro-2-hydroxy-2-methylnaphthoquinone [ 651. Solid men- 
adione left on a south-facing windowsill (in Texas!) for a month gave two 
photodimers : the syn head-to-head and syn head-to-tail cyclobutanes. With UV 
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irradiation of an acetone solution, the two unti cyclobutane isomers were 
prepared [ 661. 

Menaquinone-1 (81), the first of the vitamin K-2 group, was photolysed with 
light of 458 nm wavelength in fluorotrichloromethane solution at - 30°C to 
give a mixture of the hydroperoxide (84) and the trioxane (86). The trioxane did 
not absorb at 458 nm, but at 334-364 nm it rapidly photodegraded to the 
aldehyde (87) and acetone (88) (Scheme 2.4) .  Compound (84) also gave acetone 
under 334-364 nm light, but (87) was not detected [67]. 

0 

G R  ___ 458nm 

M e  

GR ___ 458nm 

0 M e  

(81) R = M e  
(82) R = R’ 
(83) R = Rz 

0 

M e  

( 8 6 )  

(84 )  R = M e  
( 8 5 )  R = R’ 

a C H 0  0 

( 8 7 )  

4 R’ = (CH2CH,CH,CH),Me 

Scheme 2 4 

M e  

I 
M e  

R2= (LE)CH2CH = C I 3 M e  

Snyder and Rapoport photolysed phylloquinone (vitamin K- 1, 82) in cyclo- 
hexane solution with the surface exposed to atmospheric oxygen and moisture. 
This system was adopted on the assumption that the in vivo photo-oxidation 
would occur with the hydrocarbon side-chain dissolved in a lipid layer, but the 
polar naphthoquinone moiety would be in contact with water. Under the 
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influence of monochromatic light of 360 nm, two products were obtained. 
There was a 10% yield of the hydroperoxide (85) and a 50% yield of the ketone 
(89). Isolation and anaerobic photolysis of the peroxide gave the same ketone 
in 91% yield [68]. 

Ohmae and Katsui irradiated vitamin K-l(82) in alcoholic solution with UV 
light and obtained the hydroperoxide (85), its corresponding hydroxide and the 
ketone (89). Also isolated were phthiocol (90), the naphthofuran (91) and 
polymeric material [ 691. Similar irradiation in benzene gave (89) and (91) [ 701. 

0 

(90) 

OH 

(91) 

Irradiation of phylloquinone (82) in 85% methanol at 254 nm was reported 
by Vire et al. to give the 2,3-epoxide [71]. Under light of 458 nm wavelength 
in fluorothrichloromethane at - 30 O C (82) gave two trioxanes believed by 
Wilson et al. to differ in the configuration of the prenyl side-chains [67]. 
Yamano et al. reported photoisomerization of the side-chain 2,3-double bond 
of phylloquinone (82) and menaquinone-4 (83). In both cases pure cis or trans 
isomers were irradiated in benzene to give mixtures which favoured the trans 
forms [72]. The same two compounds in infusion solutions were irradiated at 
350-500 nm to give the fused pyrans phyllochromenol(92) and menachrome- 
no1 (93) [73, 741. Phyllochromenol was also formed by exposure of solutions 
in ethanol, benzene or aqueous polysorbate 80 to fluorescent light 1751. 

(92) R = (CH2CH2CH2CH)?Me 

(93) R = [ ( E ) C H 2 C H  = C ) I 3 M e  

I 
Me 

I 
M e  

Menadione (79) has been shown by Krishna et al. to act as a photosensitizer 
for thymine degradation. Spin-trapping experiments with several nucleosides 
showed that the photosensitizations occurred by electron transfer from the 
substrate to the excited triplet state of menadione to form the cation radical of 
the substrate and the anion radical of menadione, both of which were detected 
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by ESR [76]. Fisher and Land used laser flash photolysis to show that thymine 
oxidation products were derived from charge transfer from the menadione 
triplet state to thymine to give the thymine cation radical [77]. 

Irradiation of oxygenated aqueous solutions of the vitamin and thymine (94) 
at 365 nm gave nine products. The six monomers were known compounds 
previously generated by gamma-ray or X-ray treatment of thymine. They were: 
the two enantiomeric hydroperoxides (99, the two derived hydroxides (96), the 
hydantoin (97) and the ring-opened compound (98). The remaining products 
were new dimers, provisionally assigned structures (99) and the two geometrical 
isomers (100) [781. 

(941 (95) R = O O H  (97) R = H 
(96) R = O H  

CH3COCONHCONHCHO 

(98)  

The nucleoside thymidine (101) (Scheme 2 . 5 )  similarly underwent mena- 
dione-sensitized photodegradation. Decarroz et al. irradiated an aerated 
aqueous solution of thymidine and 0.1 equivalent of menadione for 3 h. Nine 
products were separated. The four stereoisomers of the diol(lO5) were present, 
although it was pointed out that the two trans isomers undergo spontaneous 
isomerization to cis forms in solution through a ring-chain tautomerism. The 
aldehyde (102) and the alcohol (103) were identified, as were the two enantio- 
morphs of the imidazole (107) and the formamide (108) [ 79 1. The same group 
have recently reported the irradiation of similar mixtures with a less intense light 
source emitting predominantly at 365 nm for a shorter period - 15 min. This 
time, the HPLC analysis showed the presence (by co-chromatography) of 
hydrogen peroxide, the four stereoisomers of the hydroperoxide (106) and the 
side-chain hydroperoxide (104). It was considered that the reduced menadione 
anion radical would be reoxidized by the oxygen to give superoxide which by 
disrnutation would produce hydrogen peroxide. The thymidine cation radical 
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(101) R2 = Me (105)  R 2  = OH 
(102) R 2 =  CHO (106) R2 = OOH 
(103) R 2 =  CH20H 
(104) R 2 =  CH200H 

bl 

(107) 

R ' N H C H O  

( 1 0 8 )  

R' = 2 - d e o x y - p  - D - r ibofuranosyl  

Scheme 2 5  

would react with water and oxygen to give the observed hydroperoxides [SO]. 
The possibility of naphthoquinone-induced photodegradation of DNA has 

to be taken seriously [78]. 

DITHRANOL 

The antipsoriatic compound dithranol (anthralin, 109) has recently been proved 
to be a photosensitizer. Irradiated in the presence of 2,3-dimethylbut-2-ene, it 
gave 2,3-dimethylbut- l-en-3-hydroperoxide, a typical singlet oxygen product. 
When the singlet oxygen quencher betacarotene was added, no hydroperoxide 
was formed. Methyl oleate was also shown to give products of singlet oxygen 
attack in the presence of dithranol. This led to the suggestion that the 
antipsoriatic activity was mediated through oxidation of polyunsaturated fatty 
acids which were known to be present in psoriatic skin in greatly increased 
concentrations compared with those in normal skin. The result of singlet 
oxygen production by dithranol is its own conversion to chrysazine (1 lo), the 
bisanthrone (1 11) and the polymeric dithranol brown [SI]. The stable tautomer 
of dithranol, in dichloromethane, for example, is form (109a). In weakly basic 
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OH 0 OH 

0 

OH 0 OH 

0 

OH 0 OH 

(110) (111) 

solution, however, it is changed into the anion of form (109b). It has been 
shown that a [4 + 21 cycloaddition of singlet oxygen to the anion leads to 
chrysazine [ 821. 

NAPROXEN 

This anti-inflammatory agent has been shown to be much less phototoxic than 
benzoxaprofen, although clinical responses have been observed and it photo- 
decomposes in aqueous solution [ 831. Neutral aqueous solutions of naproxen 
(112) were purged with oxygen and irradiated with light of 310-390 nm. The 
first reaction was a photodecarboxylation to give radical (1 13). This may have 
formed a peroxide with the oxygen. If so, it immediately changed to the alcohol 
(1 14). There was then a slow conversion to the ketone (1 15). Some ketone may 
have been formed by disproportionation of the peroxy intermediate, but it was 
demonstrated that alcohol (1 14) was photo-oxidized to ketone (1 15). When the 
reaction was repeated in deaerated solution, the initial radical (1 13) was 
postulated to abstract either H or OH from water to give as major product 
2-ethyl-6-methoxynaphthalene and in slightly lesser amounts, the alcohol (1 14) 
~ 3 1 .  

(112) (113) 

(115) (1141 



16 PHOTODECOMPOSITION OF DRUGS 

PROTRIPTY LINE 

The antidepressant protriptyline (1 16) causes skin photosensitization in man. 
Jones and Sharples irradiated an aqueous solution of the hydrochloride with 
a medium-pressure mercury lamp for 16 h and separated the products by 
preparative TLC. First formed was the epoxide (1 17) which photohydrated to 
the diol (118). Also isolated was the enol (119) [84]. Earlier, Gasparro and 
Kochevar had shown that only the hydrochloride was photodegraded under 
nitrogen in water or ethanol. Three products were isolated and all lysed 
erythrocytes, but the structure of only one was suggested. This was a cyclobutyl 
dimer as shown by its mass spectrum and its photolysis back to protriptyline 
by light of 254 nm. Presumably, a [2 + 21 cycloaddition of the olefine bonds 
had occurred [MI. Tq-y++(-$fJ . , -.. , \ / . / 

NHMe NHMe NHMe NHMe 

(116) (1 17) (118) (119) 

TETRACYCLINES 

Tetracycline (120), doxycycline (121), demeclocycline (122) and oxytetracycline 
(123), although used in the treatment of acne, have been proved to be causes 
of skin phototoxicity [ 86, 871. Irradiation of tetracycline (120) in the presence 
of oxygen at pH 9 with wavelengths above 290 nm caused homolysis of the 
C-N bond to give the radical (126). Oxidation with atmospheric oxygen was 
presumed to go via a peroxide anion (127) to the red quinone (128). The full 
mechanism was discussed by the original investigators [ 881 and further refined 
on the basis of a differential pulse polarographic study by a second group [89]. 

UV irradiation (335 nm) at pH 7.3 showed that some tetracyclines produced 
significant concentrations of the superoxide anion radical. Demeclocycline 
(122), oxytetracycline (123) and chlortetracycline (124) were the most active in 
this. These are all potent photosensitizers and probably give the observed 
exaggerated sunburn as a result of superoxide production in the skin [90]. 
Other photochemical experiments demonstrated the production of singlet 
oxygen. Yields obtained by luminescence measurements in alkaline ethanol 
were in the order (122) > (120) > (124) > (121) > (125). Chlortetracycline 
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R' R2 R3 R4 

h v  
(120) H M e  OH H 
(121) H Me  H OH 
(122) C I  H OH H 
(123) H M e  OH OH 

0 

(124) CI M e  OH H 
(125) NMe2 H H H (126) 

q q ) $ H  c-- 

CONH? 

OH 0 OH 0 

(128) (127 )  

(124) was shown to give an aryl radical by photodechlorination when irradiated 
at 360 nm in aqueous buffer at pH 7.4. On the other hand, demeclocycline (122) 
did not. It was concluded that more than one mechanism is responsible for 
tetracycline photosensitivity [ 911. Several tetracyclines photosensitized in vitro 
breakdown of bacteriophage DNA synthesis [ 861. 

STEROIDS 

Norethisterone 

The oral contraceptive norethisterone (norethindrone, 129) has been shown to 
produce the 4B,S/?-epoxide (130) over a 30 min irradiation at 300 nm in aqueous 
buffer at pH 7.4. The possibility that this reactive species is responsible for the 
non-dermatological side-effects of oral contraceptives containing norethiste- 
rone was noted. One serious systemic effect of the drug which could be caused 

( 1  29) 

U 

(1  30) 
(131) A = a-OH 
(132) R = O-OH 
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by the epoxide is the induction of liver cell tumours [92]. Further work has 
revealed that up to 16 photodecomposition products are produced in UVB 
light. Among the compounds f m l y  identified are the 4a,5a-epoxide 
diastereoisomeric with (130) [93] and the epimeric alcohols (131) and (132), 
of which the former was in major amount [94]. 

Ethinyloestradiol and oestrone 

Ethinyloestradiol(133), irradiated at 450 nm in a mixture of aqueous buffer (pH 
7.4) and methanol 7 : 3 in the presence of oxygen and the photosensitizer 
hematoporphyrin, gave the peroxide (134), identified by its ready reduction with 
potassium iodide to the corresponding alcohol [95]. Oestrone (135) reacted 
similarly [ 961. 

(133) Q = PH .. 
C s  CH 

(135) Q = 0 

( 1  34)  

Prednisone 

Prednisone (136) irradiated at 254 nm with a low-pressure mercury lamp in 
dioxane gave lumiprednisone (138). Further irradiation under the same condi- 

0- 

(136) R = H (138) R = H 
(137) R = Ac (139) R = AC 

/ 
HO 

(140) R = H 
(141) R = Ac 
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(146) 
(155) 

0 

(142) R = H 
(143) R = AC 

(155) ____) 

0 

(144) 

tions isomerized (138) to the phenol (140). Using a high-pressure lamp through 
a uranium filter, prednisone was converted directly to the phenol. Similar 
reactions were shown by prednisone acetate (137) which gave (139) and (141). 
However, in aqueous acetic acid, a high-pressure lamp converted (136) and 
(137) into the ring-A/B-rearranged products (142) and (143). Prednisone 
acetate (137) has also been photolysed in aqueous acetic acid to the ether-bridg- 
ed derivative (144) [99, 1001. 

Prednisolone 

Photolysis of prednisolone (145) or its 21-acetate (146) in dry dioxan at 254 nm 
gave lumiprednisolone (150) and its 21-acetate (15 I), respectively. Further 
irradiation of the lumiproducts in dioxan at 366 nm (21 h) or in ethanol with 
313 and 366 nm light (45 min) gave the ether (155) or its acetate (156). 
Photolysis of (150) in 50 % aqueous acetic acid with wavelengths above 300 nm 

(145) R’ = R z =  R3 = H 
(146) R’ = R 3 =  H, R’ = AC 
(147) R ’ = F , R Z = H , R 3 = a - M e  (752) R1 = F , R 2 =  H , R 3 = a - M e  (157) R’ = F , R 2 = A C . R 3 = M e  
(148) R’ = F, R2 = Ac,  R3 = a - M e  
(149) R’ = F, R 2  = H, R Z =  p-M e  

(150) R‘ = R 2 =  R3= H 
(151) R’ = R 3 =  H. R7 = AC 

(153) R’ = F, R~ = AC,  R3 = a - M~ 
(154) R’ = F. Rz = H, R 3 =  8 - M e  

(155) 
(156) 

(158) R’ 

R’ = R z  = R3 = H 
R‘ = R 3  = H, R2 = AC 

F, R z z  H. R 3 =  M e  
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(1591 R = H 
(160) R = AC 

(161) R = H 
(1621 R = Ac 

(163) R = Ac 
(164) R = H 

gave three products: the ether (155) - 64%, and the rearranged ring systems 
(159) - 20% and (161) - 16%. The 21-acetate derivative (148) similarly gave 
(156) - 50%, (160) - 20% and (162) - 19% [97, 981. 

Dexamethasone and betamethasone 

Dexamethasone (147) was photolysed in chloroform-methanol to the lumipro- 
duct (152) [98]. Irradiation of dexamethasone acetate (148) in methanol gave 
a mixture of (153), (157) and (163). The lumiproduct (152) was shown to be 
an intermediate for (158) and (164) [ 1011. Betamethasone (149) was photolysed 
under similar conditions to give the lumiproduct (154) [ 1021. Betamethasone- 
17-valerate has been shown to photodegrade in sunlight, although the products 
were not identified [ 1031. 

DRUGS WITH FIVE-MEMBERED HETEROCYCLIC RINGS 

FRUSEMIDE 

The widely used diuretic frusemide (165a) is a good photosensitizer in vitro. Its 
phototoxicity may arise from ready free-radical formation [ 1041 or could be a 
consequence of the production of toxic photodegradation products [ 1051. In 
burette administration sets, frusemide was shown to be decomposed by direct 
sunlight, but not by diffuse daylight or fluorescent light [ 1061. 

UV irradiation of an alkaline solution of frusemide over 48 h gave 4-amino-5- 
carboxy-2-chlorobenzenesulphonic acid (166a) as the only identifiable product, 
There was a photo-oxidation of the sulphonamide group, but hydrolysis of the 
furylmethyl group could have been a result of the alkalinity of the medium 
[ 1071. Moore and Tamat questioned the identity of this product because they 
observed rapid photodechlorination of frusamide in water under nitrogen or 
oxygen [ 1041. Moore and Sithipitaks irradiated an oxygen-free methanol 



J.V. GREENHILL AND M.A. McLELLAND 81 

COOH COOH 

1165a) R = CI 
(165b) R = H 
(166) R = OMe 

(166a) R' = CI. R2 = OH 
(167) R' = CI. Rz = NH2 
(168) R1 = H,R2 = NHZ 
(169) R1 = OMe. R2 = NH2 

solution at 365 nm for 10 min after which a number of primary photoproducts 
could be identified. These were the photodechlorinated compound (165b) and 
the methoxy derivative (166), considered to be formed via reaction of the triplet 
state with solvent. Photohydrolysis also occurred to give (167), which degraded 
to (168) and (169). With irradiation times in excess of 20 min additional HPLC 
peaks were seen which were attributed to secondary photodegradation products 
[ 1051. Moore and Burt irradiated micellar solutions of frusemide at 365 nm and 
showed that the neutral form in nonionic surfactants was the most active in 
producing free radicals. Furthermore, the strength of the carboxyl function 
(pK,  3.9) was reduced by about 2pK units on incorporation into anionic 
surfactant micelles, so that a significant proportion under these conditions 
would be un-ionized at physiological pH [ 1081. 

NITROFURANS 

When a solution of the topical antiseptic nitrofurazone (170) in water, methanol 
or tetrahydrofuran was left under a tungsten or fluorescent light, it tended to 
isomerize to the syn form (171). On standing in the dark, the syn form changed 
back to the anti form. The artificial light also caused photodegradation to the 
dihydrazone (172). Nitrofurantoin and furazolidone also showed evidence of 
antilsyn photoisomerism [ 1091. Under UV light, these and similar nitrofurans 
were degraded mainly to the corresponding aldehydes [ 1101. It was shown that 
Euglena gracilis cells were damaged by nitrofurans more rapidly in light than in 
the dark. 5-Nitrofurfural was separately shown to be toxic to Euglena [ 11 11. 

1170) I1 71) 

(172) 



82 PHOTODECOMPOSITION OF DRUGS 

NICOTINE 

Photolysis of nicotine (173) in the presence of oxygen and methylene blue with 
light wavelengths greater than 300nm gave the pyrrolidone (174, 30%), 
nicotyrine (175, 23%) and N-oxide (176, 7%). Under nitrogen, with eosin as 
photosensitizer, only nicotyrine (14 %) was identified in the photodegraded 
mixture [ 1121. 

Me 

(173) c) 2 H p  

(174) Q 0 

PY 
I 
Me 

PY JGJ 
Me’ ‘ 0 -  

( 1  75) (176) 

THIAMIN 

Thiamin (vitamin B-1, 177) when photolysed, gives preparations having a 
characteristic odour. Photolysis of an aqueous solution with a high-pressure 
mercury lamp is reported to give the pyrimidine (178) [ 1131. Other work used 
irradiation at 254 nm and concentrated on the approximately 0.1 % yield of 
ether-soluble odoriferous products. As many as nine compounds have been 
identified: (179), (180), (18 l), 2-methyl-3-formyl-4,5-dihydrofuran, 3-acetyl- 
4,5-dihydrofuran, 4-oxopentyl formate, 3-formyl-5-hydroxypentan-2-one, 3- 
mercapto-2-methyl-4,5-dihydrofuran and bis(4,5-dihydro-2-methylfuran-3- 
y1)disulphide [ 1 14, 1 151. 

(177) (178) 

PY RAZ OLONE S 

Phenazone 

(180) R = H ,  L) = 0 
(181) R = Me, 0. = 0 

Phenazone (182) was shown to be more photostable than amidopyrine or 
sulpyrine [ 1161; however, several publications describe a number of photo- 
degradation products. After irradiation in methanol with a medium-pressure 
mercury lamp for 70 h, Ege isolated the carbamate (183,20%), the imidazolone 
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(182) (183) R = COOMe (186) R = M e  
(184) R = CHO (187) R = Ph 
(185) R = CONEtZ 
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Ph 

N Ph 
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(188) R = Me (1 90) 
(189) R = Et 

(191) R = CONHPh 
(192) R = H 

(193) R = Me 
(194) R = Ph 

(195) (196) 

(186, 10%) and small amounts of methylphenylcarbamate, N'-methyl-N2-phe- 
nyl oxamide and oxanilide. Reactions were similar in ethanol or benzene, but 
in acetone the major product was the formamide (184) [ 1171. Cardy and 
Poquet used a low-pressure lamp (254 nm) to photolyse methanolic or ethanolic 
solutions of phenazone and obtain the carbamates (188) and (189), respectively 
[ 1181. Anaerobic photodegradation of an aqueous solution containing diethy- 
lamine by Reisch and Ossenkop gave a mixture of (184) and the ureas (185) 
and (190) [ 1191. These authors went on to study the reaction in the presence 
of a photosensitizer (rose bengal or methylene blue). In alkaline solution with 
oxygen passing, compounds (187), (191), (193) and (194) were obtained [ 1201. 
With the light from the mercury lamp filtered through a potassium ferrichromate 
solution into a sodium hydroxide or diethylamine solution of phenazone under 
nitrogen, they obtained the rearranged indolone (195) [ 1211. In the absence of 
base, the photosensitized reaction appeared to give the imine (192) as the 
intermediate to a 20% yield of the pyrrolidinone (196) or its ring chain tautomer 
[122]. Marciniec examined this photolysis under nitrogen at 254nm and 
commented on the importance of using dilute solutions. A number of products 
similar to those mentioned above were separated, but in concentrated solution, 
decomposition was quenched [ 123, 1241. 



84 PHOTODECOMPOSITION OF DRUGS 

(197) R = H (199) R = NHCHO (204) R = H 
(198) R = S03No (200) R = NMeCHO (205) R = AC 

(201) R = NH2 
(202) R = NHMe 
( 2 0 3 )  R = OH 

z w h  0 0  0 

Me&N H P h 
MeHN COOH 

N O  MeHN*NHPh M e  OH 

Me' 

( 2 0 8 )  (209) (210) 

Amidopyrine and sulpyrine 

These mild analgesic and antipyretic compounds are known to become colour- 
ed when kept in sunlight in the presence of atmospheric oxygen. The resulting 
mixtures are less active and more toxic than the pure drugs [125]. Among 
several products which were separated by Kovalenko et al. from photolysis 
(254 nm) of amidopyrine (197) in water, ethanol or chloroform solution were 
the formamides (199) and (200) as well as 4-aminoantipyrine (201). Sulpyrine 
(198) photolysed in water, ethanol or 0.1 M sodium hydroxide also gave (200) 
[ 1161. Other reports by Yankova and Yankov give, in addition to some of these, 
(202), (203), (204) and (205) [ 1261, (206) and (207) [ 1271. From irradiation at 
280 nm of a methanol solution of amidopyrine, Cardy and Poquet separated 
the methylcarbinolamine (208) which was assumed to hydrolyse and rearrange 
to give samples of the amides (209) and (210) [ 1181. 

PHENYTOIN 

The anticonvulsant and antiepileptic phenytoin (21 1) has long been known to 
decompose in sunlight. It was photolysed in methanol with a high-pressure 
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mercury lamp to give benzophenone (68%), benzil (4.8%) and a trace of 
benzoin. Mechanisms were suggested to explain the rearrangements [ 1281. 

METRONIDAZOLE 

Two groups reported the photodegradation of this drug simultaneously. Unu- 
sually for photochemistry, both came to the same conclusion [129, 1301. 
Metronidazole (212) is an antibacterial agent and also sensitizes hypoxic cells 
to gamma irradiation. Solutions became yellow in daylight. An aqueous 
solution photorearranged under a medium-pressure mercury lamp to the 
oxadiazole (213) in 90% yield. The structure was proved by an X-ray crystallo- 
graphic analysis of its p-nitrobenzoate [ 1291. Several similar antibacterial 
l-dkyl-2-methyl-5-nitroimidazoles photorearranged to the oxadiazoles in wet 
dioxane [ 1301. 

(212)  (213) 

DACARBAZINE 

The antitumour drug dacarbazine (DTIC, 214) turns pink in solution unless 
protected from light, and the coloured preparation causes pain at the site of 
injection. When the solution is carefully kept dark both during storage and 
administration, there is no trouble. 

Dilute solutions in aqueous buffers exposed to diffused or direct sunlight 
gave dimethylamine and 5-diazoimidazole-4-carboxamide (215). At pH 1 .O or 
pH 7.4 and above, this cyclized to 2-azahypoxanthine (216). In the intermediate 
pH range, a different product was obtained (217) which happens to be the 
aglycone of the antibiotic bredinin. Compound (217) was not formed by 
irradiation of (2 16). It was suggested that the betaine arose from a carbene (2 18) 
which had been quenched by water. However, (217) is colourless. Formulated 
injection solutions which had been found to lose activity contained 10 mg/ml 
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(215) 

pH 1 or p H 3 7  4 hu 
/ o r  PH 1-12. dark 

(216) 

L 

(218)  

I 
IHz0 

(217) 

of the drug at pH 3 to 4. When solutions of this, higher, concentration were 
left on the windowsill, they gave a maroon precipitate with 20 to 25% 
decomposition over 10 h. This proved to be the diimidazole (219). The structure 
was established when it was prepared by reaction of (215) with (217) [ 1311. 

H2NC0 

Ne&,NH 

(219: 

PHENYLBUTAZONE 

Photolysis at 254 nm of phenylbutazone (220) in aqueous solution raised to pH 
8 to 9 with sodium hydroxide gave a mixture of ring-opened products. Reisch 
et al. identified samples of aniline, the malonamides (221) and (222) and the 
2-oxohexanamide (225). When the solution was basified with diethylamine, the 
amino diamide (223) was produced in addition to (222) and (225). In methanol 
solution the malonamides (221) and (224) were obtained [ 1321. In an older 
study by Pawelczyk and Wachowiak, a 20% solution (pH 10.5) of phenylbuta- 
zone sodium was kept in a clear glass bottle in dlffused daylight for 2 years. 
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( 2 2 0 )  (221) R = NHPh 
(222) R = OH 
(223) R = NEt, 
(224) R = OMe 

( 2 2 5 )  (226) 

Among some hydrolysis products in the yellow-orange solution was found 
4-hydroxyphenylbutazone, which may have resulted from radical attack. The 
colour was accounted for by a mixture of the trans (226) and cis forms of 
azobenzene [ 1331. 

Baugh and co-workers exposed solutions of phenylbutazone to the light of 
a projector !amp in the presence of typical dyes used to colour sugar-coated 
tablets. Erythrosine sodium photosensitized decomposition of the drug via, it 
was suggested, singlet oxygen [ 1341. 

AMIODARONE 

Amiodarone (227) is a widely used antianginal and antiarrhythmic agent, but 
a dose-related photosensitivity is seen in many patients. Blue-green pigmen- 
tation in light exposed areas has been observed in a few cases [ 135, 1361. The 
photolyses of amiodarone and its major metabolite deethylamiodarone have 
been studied by Li and Chignell. Both compounds underwent photodeiodin- 
ation. Spin trapping experiments suggested the formation of aryl radicals. 
Photoionization and superoxide formation were also detected. The aryl radical 
abstracted a hydrogen atom from several donors, including linoleic acid. It was 
suggested that this could lead to peroxy radical formation and so explain the 
deposition of lipofuscin - from lipid peroxidation - in the skin of sensitive 
patients [ 1371. Recently, Paillous and Verrier irradiated an anaerobic ethanol 
solution of amiodarone at 300 nm and isolated three products. The monodeha- 
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logenated derivative was seen first, followed by the didehalogenated derivative. 
Photodeiodination was quantitatively complete in about 10 h. Over a much 
longer period - up to 300 h - the resulting molecule was photochemically 
cleaved to the ester (228). The derivative from the benzofuran moiety was not 
isolated. The mechanisms of the photoreactions and the photosensitivity were 
discussed [ 1361. 

BENZOXAPROFEN 

The anti-inflammatory agent benzoxaprofen (229) was withdrawn from clinical 
use in 1982 because of its photosensitizing effects [83]. Many patients 
experienced itching and urticaria, while some suffered onycholysis - separation 
of the finger nails from the nail beds [ 1381. In a trial, healthy volunteers were 
sensitive by the 4th day of treatment. UVA provoked itching and a burning 
sensation followed by development of a classical wheal and flare response 
within 2 to 4 min [ 1391. 

The only photodegradation which has been observed (340 nm, aqueous 
solution) is decarboxylation to (230) [ 1401. When irradiated at 310 to 390 nm 
in an aqueous solution containing a surfactant to solubilize the drug, it was 
shown by Moore and Chappuis to produce singlet oxygen [ 831. Yoon and Lee 
irradiated aqueous or ethanolic solutions of the drug at wavelengths above 
300 nm to gain evidence for the production of superoxide, probably via the 
anion radical of benzoxaprofen, since the decarboxylated drug was not active 
in this respect. The photosensitization was inhibited by superoxide dismutase 
[ 141 3. Reszka and Chignell detected, from similar irradiations, hydroxyethyl 
and ethoxyl radicals as well as both singlet oxygen and syperoxide. They 
concluded that both oxygen-dependent and oxygen-independent processes 
may have contributed to the phototoxic reactions [ 1381. An interesting 
suggestion by Kochevar et a/. followed from work on the oxygen-dependent 
haemolysis of red blood cells. It was assumed that the polar benzoxaprofen 
photodecarboxylated at the surface of the cells. The nonpolar product (230) 
then dissolved in the lipid membrane, where it caused disruption via singlet 
oxygen. This explanation was used to account for their observation that the 

“229) R = COOH 
(230) R = H 
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normal singlet oxygen quencher, sodium azide, was ineffective in preventing the 
haemolysis, as was superoxide dismutase [ 142, 1431. It is interesting to note 
that a model compound, 2-(4-chlorophenyl)benzoxazole, lacking only the 
propionic acid side-chain of benzoxaprofen, was irradiated in oxygen-free 
cyclohexane and showed photodimerization and photodehalogenation, both 
via the singlet state [ 1441. 

COCAINE 

This local anaesthetic was photodemethylated in an organic chemical experi- 
ment. The cocaine (23 1) was irradiated at 300 nm in methanol for 43 h under 
nitrogen to give a 20% yield of norcocaine (232) [ 1451. 

COOMe 

&ocoph 

(231) R = M e  
(232 )  R = H 

INDAPAMIDE 

This indoline derivative has antihypertensive and diuretic actions. Indapamide 
(233) in methanol under nitrogen was irradiated with a medium-pressure 
mercury lamp through a copper sulphate filter solution for 12 h. The filter 
removed wavelengths below 300 nm. Products were separated by preparative 
TLC and identified as 2-methylindoline (234), the formylhydrazide (235), the 
amide (237) and semicarbazide. The procedure was repeated under oxygen to 
give the above products plus the urethane (236), acid (238), ester (239) and 
N-acetylanthranilic acid [ 1461. 

COR 

f-JJ-q+@ NH 1 Me R M e  C I  S02NH2 

( 2 3 4 )  R = H ( 2 3 7 )  R = NHz 
I 

( 2 3 5 )  R = NHCHO ( 2 3 8 )  R = OH w ( 2 3 6 )  R = NHCOOMe (239) R = OMe 

( 2 3 3 )  
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AMINOPHYLLINE 

This traditional diuretic is a double compound of theophylline (240) and 
ethylenediamine. When a solution of aminophylline was exposed to oxygen and 
daylight, it gave dimethylalloxan (24 l), N',  N2-dimethyloxamide and ammonia 
[ 1471. 

(240) (241) 

MERCAPTOPURINE 

The antineoplastic agent mercaptopurine (242) was irradiated in aqueous 
solution under oxygen at wavelengths greater than 300 nm to give three photo- 
products. Under nitrogen there was no degradation. The main initial product 
was purine-6-sulphinate (244). This was unstable and was further photo- 
oxidized to purine-6-sulphonate (245). Hypoxanthine (243) was a minor 
photodegradation product, but it also accumulated through a dark reaction on 
the sulphonate [ 1481. Further work showed that mercaptopurine can sensitize 
biological tissue to UVA radiation. The activity of the drug and of its 2- and 
8-hydroxy metabolites resides in the sulphydryl function through free-radical 
photosensitization and singlet oxygen production. It was shown that mercap- 
topurine could photosensitize the destruction of free-radical scavengers, both 
natural (glutathione) and unnatural (pyrogallol) [ 1491. 

When photolysis (> 290 nm) was carried out in t-butanol, the identified 
products were purine, hypoxanthine and purine-6-sulphonic acid. Again, 
reaction occurred only in the presence of oxygen. The sulphonic acid was 
thought to arise from the sulphinic acid, but this intermediate could not be 
detected [ 1501. 

? ? 

(242) R = SH (244) R = S O P  
(243) R = O H  (245) R = SO: 
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AZATHIOPRINE 

Azathioprine (246) has been of great value as an immunosuppressive drug 
following kidney transplantation. However, its use is associated with the 
occurrence of severe skin cancers, particularly in patients who indulge in 
sunbathing. Irradiation in deaerated solutions at pH 7 or, more rapidly, at pH 
3 to 4 gave at least six peaks on HPLC analysis. Two were identified as 
6-mercaptopurine (242) and hypoxanthine (243), but as the latter is a photolysis 
product of the former, a secondary reaction was indicated. Other peaks 
corresponded to l-methyl-4-nitro-5-hydroxyimidazole and a compound which 
had lost a molecule of nitrous acid relative to azathioprine, for which structure 
(247) was suggested. A peak corresponding to the nitrite ion was also observed 
on HPLC analysis. In the presence of oxygen, no 6-mercaptopurine was 
detected in the irradiated solution, but small amounts of its oxidation products, 
purine-6-sulphinate (244) and purine-6-sulphonate (245), were seen [ 15 11. 

H 'N. Me 

(2461 (247) (2481 

In an attempt to understand further the carcinogenicity of azathioprine, 
recent work in the authors' laboratory has concentrated on the photodegrad- 
ation of two compounds associated with the drug. l-Methyl-4-nitro-5-thioimid- 
azole is a metabolite and 5-hydroxy- I-methyld-nitroimidazole a hydrolysis 
product. Both gave, on irradiation at wavelengths greater than 300nm, 
1-methylparabanic acid (248) [ 1521. The primary metabolites of azathioprine 
had previously been shown to be more potent than the parent drug as 
photosensitizers. Both 6-mercaptopurine and these imidazoles may play roles 
in its neoplastic action [ 1511. 

PSORALENS 

The ancient Egyptians used the plant Ammi mujus, which contains methoxsalen 
(sometimes called 8-methoxypsoralen, based on a now obsolete method of 
naming fused heterocycles; indexed in Chemical Abstracts under furo[ 3,2- 
g] [ l]benzopyran-7-one, 9-methoxy-, 249), in combination with sunbathing to 
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6 M e  

(249) 

treat the skin disorder vitiligo (leucoderma). The pure drug and derivatives of 
it are now used in conjunction with UVA to treat psoriasis [ 1531. It can also 
be used to cure surface cancers such as cutaneous T-cell lymphoma. Methoxsa- 
len is non-toxic and inactive after ingestion, but intercalates between basepairs 
in the DNA chain. On absorption of two photons of UVA radiation it crosslinks 
the two chains and prevents replication [6, 7, 1541. However, it has recently 
been reported that methoxsalen was covalently bound to five human cell lines 
after exposure to UVA light. This was independent of its ability to intercalate 
DNA. It was suggested that at least part of the psoralen-induced phototoxicity 
is mediated through non-DNA binding sites [ 1551. 

Other psoralens which have similar activity are 5-methoxypsoralen and 
trioxsalen (sometimes called 4,5',8-trimethylpsoralen; Chemical Abstracts 
name: furo[ 3,2-g][ l]benzopyran-7-one, 2,5,9-trimethyl-,) - the preferred treat- 
ment for vitiligo. It has been shown that these drugs photosensitize the 
production of singlet oxygen in proportion to their skin-sensitizing activity. It 
was suggested that, in addition to the crosslinking of DNA, the singlet oxygen 
may play a role in inducing erythema and pigmentation and could be important 
in the mutagenicity [ 1541. 

PHY SO STIGMINE 

The anticholinesterase alkaloid physostigmine (250) was photodegraded at 
300 nm to deoxyeseroline (251) in 107; yield, along with a not readily purified 
oil [ 1561. 

R M e  
I l l  / 

(250) R = MeNHCOO 
( 2 5 1 )  R = H 

ERGOTAMINE AND DIHYDROERGOTAMINE 

Ergotamine (252) tartarate in aqueous solution under nitrogen was photo- 
hydrated by UV light, daylight or incandescent light to a mixture of the 
lumiergotamines (253) [ 1571. 
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(252) (253) R2 = OH, R3 = H 
(254) R2 = R3 = H 

(255) R'= H. R 3 =  OEt 

J 
R'=CONH-- oLNyLo 

'Ph 

Scheme 2.6 

A solution of dihydroergotamine (254) methanesulphonate in water was left 
in the sunlight for 15 days. The only photolysis product found was the derivative 
(255). There had been no alcohol in the reaction solution, so the molecule was 
assumed to have formed an 0x0-derivative which gave the enol ether during 
separation by thick-layer chromatography [ 1581, (Scheme 2.6). 

RESERPINE 

The hypotensive and sedative drug reserpine (256) has long been known to 
decompose in daylight. The photolysis has been studied in aqueous solution 
under a mercury discharge tube [ 1591 and in chloroform at 360-370 nm [ 1601. 
The conclusions were essentially the same. The derivatives detected were 
isoreserpine (the C-3 epimer of reserpine), 3,4-dehydroreserpine (257) and 
lumireserpine which was shown to be 3,4,5,6-tetradehydroreserpine (258). 
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DRUGS WITH SIX MEMBERED HETEROCYCLIC RINGS 

NICOTINIC ACID AND NICOTINAMIDE 

-!'he B-group vitamin, nicotinic acid (259), was irradiated with low-intensity 
!ight at 254 nm. In aqueous solution without buffer, the bi-aryl (260) was 
obtained, presumably via decarboxylation to give the pyridyl anion which would 
attack position 6 of nicotinic acid. In aqueous acid, the substrate was photo- 
hydroxylated to give 2-hydroxynicotinic acid (40 %). Clearly, only the cationic 
form was sufficiently activated for position 2 to be attacked by the solvent. 
Nicotinamide under the same conditions was also converted to the 2-hydroxy 
derivative, but the reaction was slower [ 1611. 

/ Q T C 0 O H  

(259) R = H 
( 2 6 0 )  R = 3-pyridyl 

ISONIAZID 

Irradiation of an alcoholic solution of the antitubercular drug isoniazid (261) 
with a low-pressure mercury lamp by Ninomiya and Yamamoto gave isolated 
yields of the hydrazone (262, 60%) and the hydrazide (264, 17%). Nicotinic 
and picolinic acid hydrazides reacted similarly, as did other alcohols. The 
production of (262) was easily understood since it was known that photolysis 
of ethanol gave acetaldehyde which would react spontaneously with the 

FONHNH2 $ONHN=CHR 

(261) 

NH-NH 

(265) 

1262) R = M e  
( 2 6 3 )  R = 4-pyridyl  

R = M F  
hv. EtOH 

OH 
I 

t 
CONHNHCHCHMe 

I Q Me 

(264) 
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hydrazide (261). The remarkable photoaddition of a further molecule of alcohol 
to the hydrazone (262) to give (264) was established [ 1621. 

Chiang and Lin also irradiated alcoholic solutions of isoniazid, but used a 
high-pressure mercury lamp. From the methanol solution they isolated small 
yields of isonicotinic acid, isonicotinamide, the hydrazone (263) and the 
bishydrazide (265). From the ethanolic solution, they obtained isonicotinamide, 
the hydrazone (262) and the bishydrazide (265). As before, (262) was assumed 
to arise via photo-oxidation of the solvent. The other products were explained 
as resulting from either CO-N or N-N bond homolysis [ 1631. 

PYRITHIONE 

Pyrithione (266) chelates metals; its zinc derivative is antibacterial and anti- 
fungal and is used in shampoos as an antiseborrhoeic. Dipyrithione (267) is 
also antibacterial and antifungal. Pyrithione used in hair dressings or in 
selective metal ion assays was known to develop green or brown colours when 
exposed to light. Solutions in chloroform or aqueous buffers were irradiated in 
an apparatus which simulated the UV in sunlight. Eight 8 W blacklight blue 
fluorescent tubes gave a light output between 300 and 400nm. The first 
photolysis product, detected within 1 min in chloroform, was the dimer (267) 
and within 6 min the reduced dimer (268) was present. Both compounds were 
identified by TLC comparison with reference samples [ 1641. 

r 1 r 1 

( 2 6 6 )  ( 2 6 7 )  ( 2 6 8 )  

METHYPRYLONE 

An ethanolic solution of the hypnotic, methyprylone (269), was irradiated with 
simulated sunlight [ 1641. Solvent attack and ring opening gave the amidoester 
(270) [165]. 

Me COOEt 

E lOH h V  c XNJ.yt 
H 

E t  

(269) ( 2 7 0 )  
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NIFEDIPINE 

Solutions of the calcium antagonist, nifedipine (271), rapidly turn yellow and 
then brown on exposure to light. In ethyl acetate it was found to decompose 
in sunlight to the nitrosophenylpyridine (272) and under UV light (254 nm) to 
the nitro compound (273) [ 166, 1671. When irradiated by a fluorescent lamp, 
water, ethanol, acetonitrile and chloroform solutions all gave similar UV 
spectral changes [ 1681. The rate of oxidation was highest at low pH and in 95 % 
alcohol solutions was complete within 4 h [ 1691. Experiments with similar 
compounds lacking the nitro group failed to reveal any photodecomposition. 
It was concluded that the nitro group was essential for photo-oxidation to 
occur. The drug was quite stable in solutions protected from light [ 1681. 

COOMe hV M e 0 O C g : O O M e  

Me Me M e  

MeOOC 

Me 

(271) (272) R = NO 
(273) R =  NO2 

PYRIDOXINE AND PYRIDOXAL 5-PHOSPHATE 

Pyridoxine (vitamin B-6,274) was irradiated in neutral solution in the presence 
of oxygen at 254 nm to give the diacid (275). It was possible to identify all 
partial and fully oxidized intermediates to (275) at both the 4- and 5-positions. 
When the irradiation was performed in the absence of oxygen, only the dimer 
(277) was obtained [ 1701. 

Infusion solutions of pyridoxine (274) hydrochloride were unaffected by 
ward lighting, but when riboflavine phosphate sodium was added the pyridoxine 
was completely decomposed in about 3 h. The photosensitized oxidation gave 

(274) R' = CH20H. R 2 =  H 
I 

(276) (275) R' R' = = COOH, CH20H. I?*= R 2 =  H OH 

"O* M e  

(277)  
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(279 )  R = COOH H*O3P0y-JO” H 2 O 3 P 0 y y  

M e  M e  

( 2 8 0 )  ( 2 8 1  I 

as the main product the hydroxy derivative (276). Solutions could be protected 
by shading or by addition of ascorbic acid as an antioxidant [ 1711. 

An aqueous solution (pH 6.5) of pyridoxal5-phosphate (278) was irradiated 
at 410 nm with oxygen passing for 5 h. Of five spots on TLC, the major 
products were shown to be the acid (279) and the dimer (280). When high initial 
concentrations of neutral solutions of pyridoxal 5-phosphate were irradiated 
without oxygen passing, there were lower yields of (279) and (280) and the 
major product was the acyloin (281) [ 1721. 

BARBITURATES 

Barbitone 

Barbitone (barbital, 282) was irradiated in aqueous solution at pH 10 with light 
of 254 nm wavelength to give the ureide (289) in 68% yield. In ethanol, the 
derivative (290) was formed (62%). With N-methylbarbitone (283) in buffer at 
pH 10, a mixture of the ureide (291) and the imidazole (292) was obtained. It 
was suggested that the ring-opened compounds were formed via isocyanates 
(288). Reaction with water would then give an acid which would spontaneously 
decarboxylate, but in ethanol a stable urethane (290) would form [ 1731. 

r 1 

(2821 R’ = Et, R 2 =  H 
(283) R’ = E t .  R 2 =  Me 
(2841 R’ = Ph, R 2 =  M e  
(2851 R’ = CHLMe)CH,CH,Me. Rz=  H 

(288) “2891 R’ = R2= H 
(290) R‘ = H, R2 = COOEt 
(291 I R’ = Me, R2 = H 

Me+Me 

(2871 (286) R’ R’ = = OH. ~2 = R z =  H H :fJo 
I 

M e  

CONHR (292)  R = Et  
(2931 R = Ph 

(294)  R = H 

(295) R = CONH? 
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Methylphenobarbitone 

Methylphenobarbitone (mephobarbital, 284) was stable to light in neutral 
solution but in alkaline buffer, where the anion was present, it gave carbon 
monoxide and a 40% yield of the imidazole (293) [ 1741. 

Pentobarbitone 

Photolysis of pentobarbitone (pentobarbital, 285) was achieved on a solution 
buffered to pH 11 with a low-pressure mercury lamp over 10 h. At this pH the 
mono anion was the main species present. The products identified were the 
dealkylated ethyl barbitone (286), the amide (294) and both diastereoisomers 
of the ureide (295). On more prolonged irradiation, there also appeared 
ethylhydroxybarbitone (287) and an unidentified dimeric compound. When 
ethylbarbitone (286) was photolysed in the same way, it gave (287) and 
2-ethyl-2-hydroxymalonic acid. Finally, pentobarbitone was irradiated in molar 
sodium hydroxide solution, where the dianion would be the main form present, 
to give (295) with a small amount of (294) [ 1751. 

Quinalbarbitone 

When quinalbarbitone (secobarbital, 296) was irradiated in acid solution (pH 
2) at 254 nni, it underwent photodealkylation to give (297), (298), pent-I-ene 
and pent-2-ene. These four compounds were also obtained at pH 10, but in 
addition there were the ring-opened materials (299) to (301), Scheme 2.7 [ 1761. 

(296) (297) R = R’ (299) R3 = N H C O N H 2  
(298) R = R2 ( 3 0 0 )  R 3 =  N H 2  

(301)  R 3 =  O H  

Scheme 2 7 

Proxibarbitone 

This nonhypnotic barbiturate (proxibarbal, 302) is used as a tranquillizer in the 
treatment of migraine. It gave a different spectrum of photolysis products from 
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(302) 
(303) R = CONHCONH2 
(304) R = COOH 
(305)  R = H 

the previous barbiturates. The first (303) was a structural isomer of proxibarbi- 
tone. Progressive breakdown gave the acid (304) and urea followed by (305) 
[ 1771. 

Cyclobarbitone 

The acid form of cyclobarbitone (cyclobarbital, 306) was photo-oxidized at 
254 nm to the ketone (307). The reaction took 48 h, but no other details were 
given [178]. 

(306) (307) 

a-TOCOPHEROL 

a-Tocopherol, vitamin E (308) is a biological antioxidant and singlet oxygen 
scavenger prescribed in cases of vitamin deficiency. An oxygenated solution of 
the vitamin in chloroform containing a trace of the photosensitizer tetraphenyl- 
porphine was cooled to - 30 O C and irradiated through a potassium dichromate 

Me ’02 Me ‘ W M e  “*Me 

MeOOH C16H33 ,..je C16H33 

( 3 0 8 )  (309) 

stand 

Me 

Me 

+ :H33 

Me 

Me 

(310) (311) 
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filter with a tungsten/halogen lamp. After careful workup, the sole product was 
the hydroperoxide (309). On being allowed to stand at room temperature for 
periods of 1 to 7 days, (309) was smoothly converted into a mixture of the 
epoxide (3 10) and quinone (3 11). It was suggested that thep-hydroperoxydien- 
one (309) is the product of a-tocopherol interaction with singlet oxygen under 
biological conditions and that it would slowly decompose in vivo to the epoxide 
and quinone [ 1791. 

CHLOROQUINE AND HYDROXYCHLOROQUINE 

The antimalarials chloroquine (312) and hydroxychloroquine (3 13) have a 
number of toxic side-effects thought to be photoinduced. They can cause skin 
pigmentation and bleaching of the hair. With long-term use, they are likely to 
effect irreversible damage to the cornea and retina. Moore and Hemmens used 
irradiation restricted to the range 3 10 to 380 nm to show that both compounds 
had maximal photo-oxidative behaviour at about pH 9, when they are in the 
monocationic forms. They suggested that the strong DNA binding may lower 
the apparent pK, so that maximum reactivity would occur nearer to physiologi- 
cal pH values. Photopolymerization experiments showed that free-radical 
production was maximal from the neutral chloroquine molecule at high pH. It 
was proved that the radicals were produced by a photodechlorination process 
[ 1801. 

H N / \ . / v ~  H N L  

C I  a5 (c,J3.5 
1312) R = NEtZ (317) 

1313) R = NEtCH2CH20H 
1314) R = NHEt 
(315) R = NHCH2CH20H 
1316) R = H 

When Tonnesen et al. used an immersion lamp giving emission wavelengths 
between 240 and 600 nm, the same four photodegradation products were 
obtained from solutions of hydroxychloroquine (3 13) in water or isopropanol. 
Compounds (314) to (317) all derived from N-dealkylations. It was particularly 
nored that no photodechlorinated products were obtained in this work [ 1811. 

CINCHONA ALKALOIDS 

Cinchonidine (3 18) and quinine (3 19) were subjected to broad-band irradiation 
in strongly acidic solutions in isopropanol. They were photoreduced to the 
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OHC 

(322) (3181 R = H 
(319)  R = O M e  

(320) R = H 
(321 )  R = O M e  

corresponding 9-deoxy compounds (320) and (321). The respective diastereo- 
isomers, cinchonine and quinidine, reacted similarly [ 1821. When irradiations 
were conducted in neutral methanol with a medium-pressure mercury lamp, 
none of the 9-deoxy compounds could be detected by TLC. Instead, the 
C-8,C-9 bond homolysed to give quinoline or 6-methoxyquinoline as appro- 
priate and the aldehyde (322). Again, all four alkaloids reacted in the same way. 
The difference between the two sets of results was ascribed to the fact that the 
alkaloids would have been fully protonated in the earlier work [ 1831. 

METHAQUALONE 

There appear to be no reports of photodegradation of the hypnotic, methaqua- 
lone (323), but two of its metabolites are photolabile. The main metabolite, the 
"-oxide (324), was photolysed at 366 nm or in sunlight to the oxaziridine (325) 
which could be isolated with care [ 1841. Further degradation, either thermal 
or photochemical, gave the more readily isolated products (326) to (329). A 
mechanistic explanation for these observations was offered [ 1851. A solid 
second metabolite (330) rapidly turned maroon on exposure to laboratory light 
and an alcoholic solution became intensely coloured under a medium-pressure 

k 
(323) R = nothing ( 

(324) R = 0 
3251 

Me 

(326) 

A C  

:327) 

(328) R = H (330) 
(329) R = O M e  

(331) 
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mercury lamp. The maroon product was isolated and identified as the azoben- 
zene (33 1). Yields were never better than 25 % due to the filtering effect of the 
highly coloured photoproduct. However, a sensitive colour test was developed 
to identify the metabolite in urine [ 1861. 

HYDROCHLOROTHIAZIDE 

The diuretic, hydrochlorothiazide (332), causes skin photosensitization by both 
free-radical and singlet oxygen mechanisms. Also, the compound showed a 
light-activated weak mutagenicity. This suggested that photodechlorination 
gave a radical which damaged DNA. A solution of the drug in methanol was 
irradiated with UV light wavelengths greater than 3 10 nm under nitrogen. This 
gave abcut equal amounts of the dechlorinated material (333) and the ring- 
opened product (335) in addition to the photosubstituted derivative (334). On 
prolonged irradiation both (333) and (335) reacted further to give (336). 
Compound (335) under the same conditions gave an 85% yield of (336). These 
reactions were inhibited by oxygen to run at one-tenth of the rate under 
nitrogen. In water, rapid photodechlorination was followed by ring opening to 
give mainly (336) with a trace of (335). Oxygen again slowed the reaction and 
only (336) was obtained [ 1871. Although the drug is only a weak UV absorber 
in the 300 to 400 nm range, it was completely dechlorinated in 5 h [ 1041. 

( 3 3 2 )  R = C I  (335)  R = CI 
(333)  R = H (336)  R = H 
(334) R = OMe 

NALIDIXIC AND OXOLINIC ACIDS 

The antibacterial, nalidixic acid (337), is associated with a high incidence of 
photosensitivity reactions. Detzer and Huber irradiated a solution in 0.1 M 
sodium hydroxide with a high-pressure mercury lamp and identified four 
photodegradation products : the decarboxylated derivative (338), carbon 
dioxide, ethylamine, and the new dione (339) [ 1881. 

Moore et al. [ 1891 showed that nalidixic acid has a strong intramolecular 
hydrogen bond between the acid proton and the ring carbonyl oxygen. This 
stabilized the molecule and weakened the acid (pK, 6.11). It is interesting in 
view of the previous photodegradation work that radical formation was most 
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(337) R = COOH 
(338) R = H 

(339) 
( 3 4 0 )  

rapid from the unionized form ca. pH 4. However both ionized forms, the 
cation below pH 3 and the anion above pH 6, were more effective photo- 
oxidizers by the singlet oxygen mechanism. 

The related antibacterial oxolinic acid (340, pK, 6.9) also photosensitized 
singlet oxygen production in either of its ionized forms. As oxolinic acid seemed 
not to be very phototoxic, it was concluded that free radicals were the most 
potent photosensitizing agents from nalidixic acid and some other drugs. 

DIPYRIDAMOLE 

Photolysis of the anticoagulant dipyridamole (341) in organic solvents or on 
TLC plates gave the oxidized derivative of one of the piperidine rings (342) 
[ 1901. 

(341) R = H 
(342) R, R = =O 

METHOTREXATE AND FOLIC ACID 

Methotrexate (343) is a powerful antineoplastic agent [ 190a], but has caused 
photosensitization in some patients. A buffered solution at pH 8.3 under 
fluorescent light gave the aldehyde (345), the acid (346) and the primary amine 
(351) (Scheme 2.8). It was shown that the aldehyde could be photo-oxidized 
to the acid [ 1911. Irradiation at 365 nm of an oxygen-saturated solution 
buffered to pH 7 again gave (345) and (346). In addition, aminopterin (347) and 
the azobenzene (352) were isolated. N-(4-Aminobenzoyl)-~-glutamic acid (35 1) 
was not photo-oxidized to (352) because it does not absorb at 365 nm. How- 
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R2 

N+,;rN R3 I d" %Nx!J2R3 
( 3 4 5 )  R2 = NH2, R 3 =  CHO 
( 3 4 6 )  R2 = NH2, R 3 =  COOH 
( 3 4 7 )  R2 = NH2, R3 = CH2NHC&COR' 
( 3 4 8 )  R 2 =  OH, R3= CHO 

( 3 4 9 )  
(350 )  R 2 =  OH, R3=  H 

AN ' 
H2N 

(343)  R2 = NH2, R 3  = Me 
( 3 4 4 )  R2= OH, R 3 =  H 

$ = OH, R 3 =  COOH 

v 
(351)  

( 3 5 2 )  

Scheme 2.8 

ever, the aldehyde (345) was shown to act as a photosensitizer for this reaction 
[ 1921. Methotrexate photoproducts were shown to sensitize the oxidation of 
histidine and tryptophan at 365 nm by a singlet oxygen mechanism. There is 
also evidence that methotrexate is bound to serum albumin by UV light [ 1931. 

Folic acid (344) readily photolysed in 0.01 M acetic acid to the aldehyde 
(348) and a diazotizable amine. The aldehyde was progressively photo-oxidized 
to the acid (349) and photodecarboxylated to (350) [ 1941. 

THIOXANTHINE TRANQUILLIZERS 

The tranquillizers flupenthixol(353), clopenthixol(354), chlorprothixene (355) 
and thiothixene (356) showed batch-to-batch variation in their &/trans isomer 
ratio. 

cis-Flupenthixol was irradiated in aqueous solution with a medium-pressure 
mercury lamp or a mercury-tungsten lamp. Using glass vessels to filter out 

Q 

(353)  R = cF3. Q = CHCH2CH2N/7NCH2CH20H 

(354)  R = Cl, Q = CHCH2CH2NnNCH2CH20H 

(356) R = S02NMep. Q = CHCH2CH2NnNMe 
L/ W 

(357) R = CF3, Q = 0 
L/ 

(355) R = CI. Q = CHCHpCH2NMe2 
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wavelengths below 300nm, the lamps were adjusted to give 3.4-times the 
intensity of natural sunlight. In the absence of oxygen, the drug gave a 1 : 1 
mixture of its cis and trans forms within 15 min. Under aerobic conditions the 
geometrical isomerism was again rapid, but both isomers were slowly oxidized 
to 2-trifluoromethylthioxanthone (357). 

Similar isomerizations of clopenthixol(354) and chlorprothixene (355) were 
observed but, unlike flupenthixol (353), the photostationary states of these 
mixtures differed significantly in their isomer ratios from those of the drugs as 
normally supplied. It was pointed out that the photoisomerizations could affect 
their potencies [ 1951. 

CHLORPROMAZINE AND OTHER PHENOTHIAZINES 

Serious side-effects have been associated with the important psychotherapeutic 
agent, chlorpromazine (358), almost since its introduction. High sensitivity to 
sunburn, pigmentation of the skin and ocular opacity are common phototoxic 
effects [ 1961. In a series of phenothiazines, the chloro-substituted compounds, 
particularly chlorpromazine, prochlorperazine and perphenazine, showed by 
far the greatest phototoxic activity [ 197, 1981. 

Qc:D 
%Me 

ap0 
NMe2 

(362) 

(358) R = C I  
(359) R = H 
(360) R = OH 

(361) 

Felmeister and Discher irradiated chlorpromazine in 0.05 M HCl (pH 1.5) 
with light of 360 to 370 nm and identified chlorpromazine sulphoxide among 
the products [199]. Huang and Sands exposed an open dish containing an 
aqueous solution of chlorpromazine hydrochloride to the atmosphere under a 
UV lamp. It gave a mixture of chlorpromazine N-oxide, chlorpromazine 
sulphoxide and several unidentified products [ 2001. The same investigators 
repeated the irradiation under nitrogen and isolated a different list of products. 
Photodechlorination had given promazine (359), photosubstitution 2-hydroxy- 
promazine (360) and there was an unidentified dimer and a polymer [201]. 
From methanol solutions of chlorpromazine irradiated at 365 nm for 16 h, 
Sharples obtained chlorpromazine sulphoxide, promazine and a dimer [ 2021. 
The nucleophilic photosubstitution was confirmed by reactions in alcohols. 
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Rosenthal et al. irradiated chlorpromazine hydrochloride solutions in methanol 
with wavelengths greater than 300 nm in the absence of oxygen. They identified 
promazine and 2-methoxypromazine [ 1961. Grant and Greene used dilute 
anaerobic solutions of the base, left in sunlight, to produce a series of 
2-substituted promazines from chlorpromazine. For example, in ethanol they 
obtained the 2-ethoxy and in isopropanol the 2-isopropoxy derivatives, respec- 
tively [ 2031. Kochevar and Hom photolysed chlorpromazine hydrochloride 
solutions with a medium-pressure mercury lamp through a filter to cut out 
wavelengths below 280 nm. Five low-molecular-weight products were separat- 
ed by HPLC. Two were promazine and chlorpromazine sulphoxide, but the 
others were not identified. The high-molecular-weight photoproducts were 
separated by Sephadex chromatography into a mixture of dimers and a mixture 
of trimers and other oligomers. Both of these mixtures caused lysis of red blood 
cell membranes. It was suggested that the photoproducts that cause cell 
membrane disruption are dimers and higher multimers [ 2041. Maruchin 
irradiated an oxygenated aqueous solution (pH 6.01) with monochromatic light 
at 303 nm and obtained a dimer of the sulphoxide. Evidence was presented that 
the molecules were joined through an SO-0s bond [205]. 

An aqueous solution of the antihistamine, promethazine (36 1) hydrochloride, 
was photolysed to promethazine sulphoxide, phenothiazine, phenothiazine 
sulphoxide and 3H-phenothiazin-3-one (362) [ 2061. 

Saucin and Van de Vorst investigated the mechanisms of photodegradation 
in 29 phenothiazine derivatives by fluorescence and phosphorescence spectro- 
scopy. They showed that, in the presence of oxygen, singlet oxygen and, more 
important, superoxide ions and cation radicals formed. There was some corre- 
lation between quantum yields of photoionization and in vivo phototoxic 
potency [207]. Decuyper etal.  irradiated solutions of DNA and various 
promazines with a xenon lamp filtered to cut out wavelengths below 290 nm. 
In aerobic or anaerobic conditions, chlorpromazine gave radicals via photo- 
dechlorination which caused breaks in the DNA strands. Promazine, trifluoro- 
promazine and methoxypromazine were less vigorous strand breakers and 
appeared to react through two mechanisms - first by direct reaction of the 
cation radical formed by irradiation and second via superoxide and its derived 
hydroxyl radicals [ 2081. 

Chlorpromazine and prochlorperazine were irradiated by Moore and Tamat 
in methanol and water at wavelengths greater than 300 nm. In methanol, both 
were rapidly photodechlorinated under nitrogen, but oxygen inhibited the 
reaction. The same photodegradation was observed in water under nitrogen 
and this time was only slightly slowed by oxygen [ 1041. Promazine and chlor- 
promazine were tested by Moore and Burt as photosensitizers at 365 nm in 
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micellar solutions. The micelles enhanced both free-radical and photo- 
oxidation reactions. The use of cationic, anionic and nonionic surfactants 
showed that the base form of chlorpromazine is the main photosensitizing 
form. Cation radicals are the major species formed photochemically from 
chlorpromazine and promazine. Photodechlorination accounted for the higher 
reactivity of the former. From this and other evidence, it was concluded that 
free radical reactions may play the major role in photosensitivity and, as the 
drugs were more reactive in a hydrophobic environment, cell membranes or the 
hydrophobic surfaces of proteins or DNA may be the important sites of action 
in photosensitivity [ 891. 

Li and Chignell examined the photochemistry of chlorpromazine and 
its metabolites 7-hydroxychlorpromazine, demethylchlorpromazine, dideme- 
thylchlorpromazine and chlorpromazine sulphoxide. They found that all of the 
compounds except the sulphoxide underwent photodechlorination which was 
more rapid in the absence of air. It was concluded that the yield of dechlorinated 
product was directly related to the degree of phototoxicity [209]. 

7-Hydroxychlorpromazine and chlorpromazine sulphoxide generated hy- 
droxyl radicals when excited at 330 nm under either anaerobic or aerobic 
conditions. It is interesting that phenothiazine sulphoxides and 7-hydroxy- 
chlorpromazine have been associated with ocular opacity. It was suggested that 
the highly reactive hydroxyl radicals may be the cause of this. Chlorpromazine 
does not damage the eye [209]. 

Motton et ul. made a spin-trapping study of the radicals induced by a xenon 
arc lamp from promazine and chlorpromazine. The results suggested that the 
radical from photodechlorination of chlorpromazine was sufficiently more 
reactive than the promazine radical to amount for the order of magnitude 
difference in the potencies of their phototoxicities [233]. 

EMETINE 

The emetic principle of ipecacuanha, emetine (363), has found important 
application against amoebiasis. An aqueous solution of the dihydrochloride 
was irradiated to ca. 50% decomposition at 254 nm. The decomposition 
pattern was qualitatively similar at longer wavelength (300 or 350 nm), but the 
reaction rate was reduced. The products isolated and characterized in an 
impressive piece of work included emetamine (1 ’,2’,3’,4’ -tetradehydro- 
emetine), 0-methylpsychotrine (1 ’ ,12-didehydroemetine), 1 ‘ ,2‘ -didehydro- 
emetine and the dihydroisoquinolines (364) and (365). There were also five 
quaternary ammonium derivatives (366) to (370) isolated as their hydroxides 
[210]. 
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1363) 1364) R = H (366) R = H 
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(3681 13691 1370) 

RIBOFLAVIN 

Riboflavin (vitamin B-2, 371) was so rapidly decomposed by tropical sunlight 
that aqueous solutions had to be screened to reduce the light flux by 90% so 
that the photodecomposition could be studied. Dunlap and Susic found that 
the rate of decomposition was higher in sea water, giving lumichrome (372, 
96%) and lumiflavin (373,4%), than in distilled water, where only lumichrome 
was obtained [ 2 1 13. Riboflavin was photoreduced under nitrogen to dihydrori- 
boflavin. On admission of air, some of the material was reoxidized to riboflavin 
but the rest was converted to a mixture of lumichrome and lumiflavin. It was 
possible to take the compound through several reduction-oxidation cycles with 
accumulation of the dealkylated derivatives [212]. Some of the early work was 
reviewed in 1962 [ 2131. Smith and Metzler used a fluorescent tube to illuminate 
an aqueous solution under vacuum. They obtained a mixture which included 
lumichrome and the acetaldehyde derivative (374) [214]. They showed that 
(374) decomposed in alkaline solution (pH 9.9) to a mixture of lumiflavin, in 
major amount, and lumichrome [215]. In the same laboratory, a new TLC 
system was developed to allow the separation of several new photodegradation 

(371)  R = CH,(CHOH),CH,OH (372) 
( 3 7 3 )  R =  M e  
(374) R = CH2CH0 
(375) R = CHpCO(CHOH)2CH20H 
(37 .5)  R = CH2(CHOH)2COCH20H 
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products [216]. Two were identified as the 2'-ketone (375) and the 4'-ketone 
(376) [217]. In the presence of high concentrations of divalent anions, Jorns 
et al. discovered a new cyclized product in up to 3.5% yield. Irradiation of 
aqueous solutions with a projector lamp (A,,, 445 nm) gave the cyclodehydro- 
flavin (377) [218]. 

Several otherwise stable drugs have been photodegraded in the presence of 
riboflavin. Solutions of 12 sulpha drugs in aqueous methanol exposed to 
fluorescent light for 5 to 60 min degraded only when riboflavin or lumichrome 
was included. Six other sulpha drugs were not damaged by this treatment. It 
was concluded that only those with a heterocyclic moiety and a free 
sulphonamide acidic hydrogen were vulnerable [ 2 191. HowPoH / 

OH 

(378) 

fitodrine (378) hydrochloride was also stable in infusion solutions contain- 
ing glucose, but in the presence ofriboflavin it photo-oxidized top-hydroxybenz- 
aldehyde [220]. See also the photosensitized reaction of pyridoxine. 

DRUGS WITH SEVEN-MEMBERED HETEROCYCLIC RINGS 

BENZODIAZEPINES 

Some of the benzodiazepine group of tranquillizers and hypnotics, for example, 
chlordiazepoxide and nitrazepam, have been shown to be phototoxic [221]. 

Diazepam 

Cornelissen and co-workers found that the products of photodegradation of 
diazepam (379) were different after irradiation at 254nm from those after 
irradiation at wavelengths greater than 300 nm. In simulated natural conditions 

Ph 

'I&= -c'eJ hU hV- ' I d J  

I 
Me 

I 
Me 

I 0  
Me 

(379) (380) (381) 
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using methanol-water at pH 7.4 and irradiation at 300nm, diazepam gave 
2-methylamino-5-chlorobenzophenone and glycine. At 254 nm there was an 
additional product, the 1,4-dihydroquinazoline (380). This became the main 
product when the photolysis was conducted in methanol alone and was slowly 
photoisomerized to the 1,2-dihydroquinazoline (38 1). It was established that 
isolated (380) could be photoisomerized to (381) under the same conditions 

Following a previous prolonged irradiation of diazepam at 254 nm, the same 
group identified the above four compounds and also 2-methylaminobenzophen- 
one, 2-amino-5-chlorobenzophenone, 1-methyld-phenylquinazolinone (382) 
and 6-chloro- 1-methyl-4-phenylquinazolinone (383) [ 2211. Diazepam has been 
shown to be a comparatively weak photosensitizer via singlet oxygen produc- 
tion [222]. However, in vivo experiments and clinical experience suggest that 
it is not phototoxic in man [ 101. 

[ 101. 

M e  

(382) R = H 
(383) R = CI  

Nitruzepum 

The photodecomposition of nitrazepam (384) was first investigated in a series 
of organic solvents under nitrogen with a high-pressure mercury lamp or in 
sunlight. Solvents with transferrable hydrogen atoms (alcohols, tetrahydrofu- 
ran, dioxane, etc.) caused photoreduction of the nitro group to an amino group 
(385) and a photoreductive dimerization to the azo derivative (386) and the 
azoxy derivative (387). It was shown that the reduction intermediate (387) 
could be photolysed to (386). Further, it was recognized that nitrazepam is 
readily hydrolysed or metabolized to 2-amino-5-nitrobenzophenone. Under the 
same photodegradation conditions, this ketone was reduced to 2,Sdiarnino- 

(384) R = NOp 
(385) R = NH2 

(386) R = nothing 
1387) R = 0 
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benzophenone and azo and azoxy compounds equivalent to (386) and (387) 
[ 2231. 

Clearly, any of these degradation products could be the cause of the photo- 
toxicity. Later irradiations, carried out in isopropanol at 350 nm in the presence 
or absence of oxygen, demonstrated that the drug is a photosensitizer for singlet 
oxygen. Under anaerobic conditions, the same photoreductions were seen as 
above. In the presence of oxygen, nitrazepam was stable, but in a series of 
experiments the singlet oxygen produced was accepted by both 2-methyl-2- 
pentene and levodopa. It seemed that the gas was a quencher for the excited 
state of the drug, preventing its photodegradation at the cost of production of 
highly toxic singlet oxygen [224]. 

Chlordicrzepoxide 

Not only does chlordiazepoxide (388) show phototoxicity, but so do  two of its 
metabolites, demethylchlordiazepoxide and demoxepam (389). The first of 
these is formed by N-demethylation of the drug and this is followed by oxidative 
deamination to give demoxepam. Both derivatives therefore retain the N-oxide 
group, which proved to be the seat of the phototoxicity. When irradiated in 
isopropanol at 350 nm for a few minutes, all three compounds gave oxaziridines 
[ 10, 2251. 

In further experiments, chlordiazepoxide (388) was dissolved in methanol or 
methanol-water. Solutions were irradiated at 254, 300 or 350 nm for 50 min. 
Change of wavelength did not alter the products formed, but did change their 

+ 

C I  

Ph 

(392) 
(389 )  
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proportions in the reaction mixture. Initially the oxaziridine (390) was formed 
and this was converted on to the quinoxaline (39 1) and the benzoxadiazocine 
(392) [226]. At 350 nm, up to 80% ofthe chlordiazepoxide was converted into 
oxaziridine with only trace amounts of the secondary photolysis products. This 
was because the oxaziridine has negligible UV absorption at this wavelength. 
When glutathione (GSH) was added to the reaction mixture, the rate of 
decomposition increased and only the alternative products, the reduced benzo- 
diazepine (393) and a conjugate were obtained. The higher rate of reaction 
pointed to the participation of two excited states. The first produced 
oxaziridine, which then reacted thermally with glutathione. The second excited 
state reacted directly with glutathione [ 101. The photosynthetic preparation of 
(391) and (392) by broad-band irradiation of chlordiazepoxide has been scaled 
up and patented [227]. 

It was conclusively shown that deoxychlordiazepoxide (393) had none of the 
phototoxic properties of the parent drug, at least in the rat [225]. Chlordiaz- 
epoxide, demethylchlordiazepoxide, demoxepam and diazepam-4-oxide were 
all phototoxic to a bacterial cell preparation. There was a close relationship 
between the phototoxicities of the N-oxides and the toxicity in the dark of their 
oxaziridines. The reduced forms of the four compounds were not phototoxic 
[ 2281. Kinetic studies demonstrated that the oxaziridine (390) covalently bonds 
to plasma proteins. The half-life of the oxaziridine in the presence of high 
concentrations of protein was about 30 min. It therefore has time not only to 
bind to biomolecules in the skin surface, but also to attack internal organs. This 
was put forward as the explanation of previously observed kidney and liver 
damage in the rat [229]. 

Analysis of benzodiazepines 

It is interesting to note that the N’-alkylbenzodiazepines can be analysed by 
a method that involves photodealkylation. The compounds are acid-hydrolysed 
to benzophenones and run on a plate to separate primary and secondary 
amines. The plate is then exposed to UV light for 10-15 rnin, which causes 
N-dealkylation, and run in the second dimension to identify the primary 
aminobenzophenones [ 2301. 

DOXEPIN AND DOTHIEPIN 

The tricyclic antidepressives, doxepin (394) and dothiepin (399, were photo- 
isomerized when aqueous solutions of their hydrochlorides were irradiated with 
a medium-pressure mercury lamp [ 1951. Doxepin was photodegraded by 
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(394) Q = 0 
(395) Q = S 

(396) X = 0 
(397) X = CHCHO 

sunlight in either dilute hydrochloric acid or buffer (pH 3.6 to 6.5). The drug 
is used as an isomeric mixture, but over 60 days illumination the proportion 
of the cis form increased from 13 % to 23 % in acid and to 45 % in buffers (pH 
4.5 or 6.5). In addition, two new compounds were identified, the ketone (396) 
and the aldehyde (397). The latter showed a cisltrans ratio of 1 : 3 [231]. When 
similar samples were irradiated in glass ampoules with a high-pressure mercury 
lamp, decomposition was much more rapid, but a different pattern of products 
was seen. These compounds, which probably included polymers, were not 
identified [ 2321. 

APPENDIX 

LIST OF COMMON PHOTOREACTIONS OF DRUGS 

Photoreuction Drug Photoreaction Drug 

Cyclization 

N-Dealkylation 

adrenaline 
azathioprine 
calciferol 
chlordiazepoxide 
cholecalciferol 
clomiphene 
dienoestrol Decarbonylation 
isoprenaline 
noradrenaline 
phylloquinone 
stilboestrol 
tamoxifen Decarboxylation 

amidopyrine 
cocaine 
diphenhydramine 
emetine Dehalogenation 
folic acid 
hydrochlorothiazide 

hydroxychloroquine 
levodopa 
methotrexate 
phenylalanine 
tyrosine 

barbitone 
methylphenobarbitone 
pentobarbitone 
quinalbarbitone 

benzoxaprofen 
nalidixic acid 
naproxen 
nicotinic acid 

amiodarone 
chloroquine 
chlortetracycline 

continued 
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Phororeaction 
_____ 

( DehuloXenurion 
c,onrd. ) 

Dehydroxylation 

Dimerization 

Hydrolysis 

H ydroxylation 

Isornerization 

Drug Photoreaction Drug 

chlorpromazine 
demeclocycline 
diazepam 
frusernide 
hexachlorophene 
hydrochlorthiazide 
oxytetracycline 
perphenazine 
prochlorperazine 
tetrachlorosalicylanilide 
thyroxine 

levodopa 

chlorpromazine 
dithranol 
protriptyline 
vanillin 

azathioprine 
benorylate 
diazepam 
diphenhydramine 
frusemide 
furazolidone 
nitrofurantoin 

ergotamine 
phenylalanine 
tyrosine 

calciferol 
chlorprothixene 
cholecalciferol 
clomiphene 
clopenthixol 
dienoestrol 
doxepin 
flupenthixol 
furazolidone 
menaquinone-4 
nitrofurantoin 
nitrofurazone 
norethisterone 
phylloquinone 

Oxidation 

retinoic acid 
stilboestrol 
thiothixene 

a-tocopherol 
amidopyrine 
azathioprine 
chloramphenicol 
chlorpromazine 
cyclobarbitone 
dipyridamole 
dithranol 
doxepin 
emetine 
ethinyloestradiol 
folic acid 
frusemide 
menadione 
menaquinone- 1 
menaquinone-4 
mercaptopurine 
methotrexate 
nalidixic acid 
nicotinamide 
nicotine 
nicotinic acid 
nifedipine 
norethisterone 
oes trone 
phenytoin 
phylloquinone 
pyrithione 
reserpine 
sulpyrine 
tetracycline 

Rearrangement benorylate 
betamethasone 
chlordiazepoxide 
dexamethasone 
diazepam 
diphenhydramine 
metronidazole 
phenazone 
phenytoin 
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Photoreuction Drug Photoreaction Drug 

prednisolone 
prednisone 
proxibarbitone 
thiamin 

Reduction chloramphenicol 
cinchonidine 
cinchonine 
nitrazepam 
physostigmine 
pyrithione 
quinidine 
quinine 

Ring dealkylation cinchonidine 
cinchonine 
pentobarbitone 
quinalbarbitone 

quinidine 
quinine 

Sensitization p-aminobenzoic acid 
amiodarone 
benzoxaprofen 
chlortetracycline 
demeclocycline 
dithranol 
menadione 
mercaptopurine 
methotrexate 
nalidixic acid 
oxolinic acid 
oxytetracycline 
protriptyline 
psoralens 
riboflavin 

1. 
2.  
3. 

4. 
5. 
6 .  

I. 
8. 

Y. 
10. 

11.  
12. 
13. 
14. 

1s. 
16. 
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INTRODUCTION 

The first member of the 1-benzazepine series to be described was 2,3,4,5- 
tetrahydro-1H-1-benzazepin-2-one (1, R' = R2 = H), which was synthesized 
by von Braun in 1907 by cyclization of 4-(2-aminophenyl)butyric acid [ 11. 

5 

R '=H,  halogen; 

R2= H, Me 

( 1 )  

123 
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Extensive studies of the chemistry of 1-benzazepines have since been devel- 
oped. There are available excellent and comprehensive reviews on the chemistry 
of 1-benzazepines by Kasparek [2] and recently by Proctor [3], along with a 
brief one by Moore and Mitchell [4]. The former two cover the syntheses, 
reactions, physical properties and some biological activities of 1-benzazepines 
and their isomeric counterparts. 

Many 1-benzazepines having various substituents possess interesting bio- 
logical actions. It may be mentioned that most of the actions of particular 
interest have been reported in the past decade. Numerous 1-benzazepine 
derivatives fused to an additional ring, especially with an aromatic ring, have 
been reported to exhibit a variety of biological activities, in particular on the 
central nervous system; discussion on these, however, would be beyond the 
scope of this review. Hence, the present review surveys the literature of the 
medicinal chemistry of those I-benzazepine derivatives consisting of a fused 
two-ring system. It sometimes refers to compounds without such framework 
in order to gain a better understanding of drug designs for the 1-benzazepine 
derivatives discussed. Although various traditional names such as homotetra- 
hydroquinoline, benz[ b lazepine, benzlflazepine, benzo[ blhexamethylenimine 
and homodihydrocarbostyril have been used to identify the derivatives, espe- 
cially in the older literature, the systematic chemical names, tetrahydro- 
1-benzazepine and tetrahydro-l-benzazepin-2-one, are used in this review. We 
hope that the most important discoveries to mid-1988 have been covered. 

ACTIONS ON CENTRAL NERVOUS SYSTEM 

A simple benzazepine derivative (1, R' = C1; R2 = H) has been reported to 
show weak antipentylenetetrazole activity in rats [ 51. Other derivatives of (1) 
are claimed to have tranquillizing effect and antagonistic effect against both 
convulsions induced chemically and physically [ 61. The 3-phenyl derivative of 
(1) [R '  = OMe; R2 = (CH,),Me] has no significant effect on the central 
nervous system (CNS) [7]. Some compounds having a phenyl group at position 
5 have been studied. Thus, compound (2, R' = R2 = H ;  R3 = Me) retains 
anti-convulsant activity [5], or is devoid of CNS activity [7]. An analogous 
difluorinated 5-phenylbenzazepine (2,  R' = R2 = F; R3 = H) has been 
reported to have mild stimulant activity at high dosage [S]. 

Studies on the anxiolytic diazepams have been extended to compounds in 
which the imino nitrogen is replaced by a carbon function. A monoaza analogue 
(3) of diazepam was examined for anxiolytic activity by the antipentylene- 
tetrazole test in rats, but it was found to be inactive [ 51. Two 4-methyl deriva- 
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tives (4) have been examined on general behaviour and are shown to have 
sedative properties [ 91. A series of 1,2,4-triazolo[ 4,3-a Jbenzazepine derivatives 
( 5 )  have been evaluated using the general screening method with the main 
emphasis to the central nervous system effects, and a variety of actions has been 
observed [ 101. Similar triazolobenzazepines with other substituents in aromatic 
rings have been claimed as tranquillizers or anxiolytics [ 111. 

R3 
I 

Q 
R Z  

Me 
I X  

C I L y  R 

( 3 )  R = H ;  X - 0  

Q 
F 

( 2 )  R ' = R * = H , F  ( 4 )  R:Me;X=O,H, ( 5 )  

A series of 1-substituted 3-phenylbenzazepines have been evaluated. It was 
found that the aminopropyl derivative (6, n = 3; R' = R2 = Et) counteracted 
amphetamine toxicity, and that the piperazinyl derivative (6) (n = 2; 
NR'R2 = N(CH,CH,), = NCH,CH,OH) gave protection against maximal 
electroshock seizures (MES) [ 121. None of the other derivatives such as the 
2-0x0 derivatives showed any significant effects on the central nervous or 
cardiovascular system, nor did any of them exhibit any  diuretic or hypo- 
glycaemic activity [ 121. Several similar compounds possess antiarrhythmic and 
antihypertensive effects; this will be mentioned in a later section. 

The 4-phenyl and 4-phenyl-2-0x0 analogues of (6, n = 3; R' = R2 = Me) 
have been reported to exhibit sedative properties [ 131. Several carboxamides 
(7) with a 4-phenyl group have been claimed to be useful as tranquillizers [ 141. 
A variety of central effects of the 1-substituted 5-phenyl derivatives (8) has been 
studied [ 101. The 2-(substituted aminomethy1)tetrahydro- 1-benzazepine and 
octahydropyrazino[ 1,2-a 1- 1-benzazepine derivatives have no pharmacological 
activity on the CNS [ 15 1. 1-Substituted tetrahydro-1-benzazepines having an 
aminoalkyl group at position 3 are claimed to potentiate the activity of 
5-hydroxytryptophan [ 161. 

To search for novel neuroleptic agents, attention has been given to structural 
modifications of dibenzoepines such as clozapine (9) [ 171 as a clinically active 
atypical antipsychotic, and its analogous fluperlapine (10) [18, 191 with a 
pharmacological resemblance to clozapine. Some 2-piperazinyl-5-phenyl- 
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n =  2 , 3  

( 6 )  

X: 0, H, 

( 8 )  

4,5-dihydro-l-benzazepines (1 1, R = Me, HOCH,CH,) have been prepared in 
view of their structural similarity to clozapine, but they are devoid of any 
significant CNS activity [20]. The inactivity of these compounds may be 
attributed to their ring system, the azepine conformation of which might be 
different from that of antipsychotic dibenzoepines. As another modifcation of 
dibenzoepines, a series of 2-piperazinyl-3-phenyl-5H- 1-benzazepines (12) have 
been prepared and evaluated as potential antipsychotic agents [2  11. Among 
them, the 3-(4-halophenyl) derivatives (12, R’ = H; R2 = 4-F, 4-C1) were found 
to show potent central depressant effect, and increased brain dopamine turn- 
over rates in animals. The most potent compound (12, R’ = H;  R2 = 4-F; 
R3 = Me) in this series shows the same extent of inhibition as chlorpromazine 
and clozapine in exploratory activity, conditioned avoidance response and 
self-stimulation tests. This compound inhibited, in particular, induced emesis 
more significantly than the above reference drugs. In this action, the 4-chloro 
isomer (12, R’ = H;  R2 = 4-C1; R3 = CH,CH,OH) with the best activity was 
16-times more potent than chlorpromazine. It was suggested that these 
benzazepine derivatives exert a CNS depressant effect through a possible 
antidopaminergic property. They may be expected to show few side-effects due 
to their low cataleptogenic and ptotic potential. Considering their CNS depres- 

( 9 )  R = C I ;  X -  NH 
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sion profile, however, they seem to be substantially closer to chlorpromazine 
than to clozapine. This feature may be attributed to their halogenated position, 
which is not in accordance with that of clozapine or fluperlapine and is rather 
closer to that of chlorpromazine. 

In contrast to these neuroleptic properties, introduction of a chlorine, 
bromine or lower alkyl group into position 7 of (12) brings about potent 
anti-maximal electroshock seizure and anti-tremorine activities. Several 
compounds of this class inhibit convulsions induced both electrically and 
chemically (pentylenetetrazole). The potency of the most active compound (12, 
R' = 7-Br; RZ = H ;  R3 = Me, CH2CH20H) is close to that of carbamazepine, 
a clinically useful antiepileptic. The order of increasing potency with R' is H, 
F < Me, C1< Br. The 5H-1-benzazepine system of (12) is assumed to have the 
same conformation as that of dibenzoepines. A series of these compounds (12) 
have been claimed as CNS agents [22], but the eight-membered 5,6-dihydro- 
benzazocine analogues have been found not to show any significant effect on 
the CNS [23]. 

( 1 3 )  

r-' N 

R2 

( 1 4 )  

The 3-methyl (13) and 4,5-dihydro-3H-3-phenyl (14) derivatives, as 
analogues of (12), have been prepared [23]. It has been found that several 
derivatives of the former analogue (13) show a mild anti-reserpine activity 
(R' = H ;  R2 = H, Me, Et, CH2CH20H) or potent antagonism against 
induced-tremor (R' = H; R2 = Me); however, no significant suppression of 
exploratory activity and of induced convulsions was found for them. Some 
analogues of (14) possess weak anti-reserpine (R' = C1; R2 = H; R3 = Me, 
R' = H; R2 = 4-CI; R3 = Ph, R' = CI; R2 = 4-CI; R3 = Me), anti-exploratory 
(R'  = C1; R2 = 4-Cl; R3 = Me) or antitremorine (R' = H; R2 = 4-C1; 
R 3  = Me) activity. These findings [21, 231 indicate that, in this class of 
compounds, the benzazepine skeleton with a 3-halophenyl group and the 
conjugated 3,4-double bond is essential for a potent neuroleptic effect [23]. On 
the other hand, replacement of the piperazinyl group of (14) with primary amino 
groups results in hypoglycaemic activity, as described later [7]. 
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ACTIONS ON CARDIOVASCULAR SYSTEM 

CARDIOTONIC ACTIVITY 

The most salient pathophysiological features of congestive heart failure (CHF) 
are diminution of ventricular contractility and profound, sympathetically 
mediated vasoconstriction. Agents with both peripheral vasodilating [ 241 and 
positive inotropic [ 251 activities ameliorate the symptoms of CHF. 
4-(3-Pyridazinylphenyl)acetamides (15) possess more in vitro and in vivo ino- 
tropic activity than milrinone (1,6-dihydr0-2-methyl-6-0~0(3,4’ -bipyridine)- 
5-carbonitrile) [26], which is a cardiotonic of a new generation with dual 
(inotropic and vasodilator) activities. This finding prompted the synthesis of 
a series of 7-pyridazinylbenzazepin-Zones (16) in which thep-acetamido sub- 

H 
R = H , M e  

( 1 5 )  

stituent of the compounds (15) was incorporated in the lactam ring. Among 
them, compound (16, R’ = RZ = H) was found to have a more potent positive 
inotropic effect than milrinone and the indol-2-one analogue of (16) in anaes- 
thetized dogs, but less potent than the quinolin-Zone analogue of (16) [27]. 
Some 2-(2-oxobenzazepin-7-yl)-3,4-diazabicyclo[4,n,O]alk-2-en-5-ones (16) 
[R’, R2 = (CH,),; n = 1-31 have been claimed to have positive inotropic and 
coronary vasodilating activities and as possible agents for the treatment of 
cardiac insufficiency [ 281. l-(2-Imidazolinylmethyl)benzazepine, the dephenyl 
analogue of antiarrhythmic compounds described later, has been claimed to 
have cardiotonic properties [ 291. 

ANTIARRHYTHMIC ACTIVITY 

As an extension of the previous study of the 5,6-dihydromorphanthridine 
analogues, a series of benzazepines with an imidazolinylmethyl group at po- 
sition l and analogous compounds have been synthesized and examined for 
antiarrhythmic activity (antifibrillatory activity in unanaesthetized cats) [ 301. 
Reduction of the 2-carbonyl group of the 3-phenyl derivatives (17, X = 0) to 
a methylene group (17, X = H,) enhanced antiarrhythmic activity. This activity 
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is retained when the imidazoline ring is substituted by a methyl group at 
position 4 or enlarged to a tetrahydropyrimidine ring. Introduction of chlorine 
into the 3-phenyl ring caused a considerable increase in the activity. Among 
them, the 3-(4-chlorophenyl) derivative (17, SU-13197, X = H,; R = 4-C1) 
exhibited a high potency and had relatively broad therapeutic range [31, 321. 
The fate of SU-13197 in rat and man has been reported [33]. A number of the 
2-deoxo derivatives were described in the patents [34, 351. 

The antiarrhythmic activity of a series of 1-(2-irnidazolinyl)methyl- and 
1 -(substituted aminoalky1)tetrahydrobenzazepines and their 2-0x0 derivatives 
(18) has been studied 1361; the most favourable ratio of antiarrhythmic activity 
(chloroform-induced fibrillation test in mice) to toxicity is given by (1 8) 
(R' = R2 = R3 = H ;  X = 0; R4 = (CH,),NiPr,), which is, however, less effec- 
tive than ajmaline hydrochloride, diisopramide hydrochloride and quinidine 
sulphate against the arrhythmias caused by the combined injection of light 
petroleum and adrenaline into guinea-pigs. Although almost all compounds 
have the activity in some degree, they also produce epileptoid syndrome in 
conscious dogs and they are devoid of psychodepressant activity in mice. The 
structure-activity study reached the following conclusion: when R' or R2 is 
MeO, both activity and toxicity decrease; when R3 = 4-CIC6H,, both activity 
and toxicity generally increase; when R4 = (CH,),NiPr,, antiarrhythmic activ- 
ity is the most potent. 

The analogous 4- (19, X = HZ) and 5-phenyltetrahydro-I-benzazepines are 
less active than the 3-phenyl isomers [ 301. The corresponding 4-phenyl- 
benzazepin-2-one (19, X = 0) shows moderate antiarrhythmic activity [30] 
and is claimed to be useful for the treatment of neurogenic or carcinogenic 
auricular and ventricular fibrillation and as an antihistaminic or local anaes- 
thetic agent [37] .  Introduction of an aminoalkyl group, such as 2-piperidinyl- 
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ethyl and 3-dimethylaminopropyl group, at position 1 of the 5-phenyltetra- 
hydrobenzazepine skeleton caused a complete loss of activity [ 301. 

ANTIHYPERTENSIVE ACTIVITY 

The development of therapeutically effective inhibitors of angiotensin-convert- 
ing enzyme (ACE, dipeptidyl carboxypeptidase, E C 3.4.15.1) has led to signifi- 
cant advances in the treatment of hypertension. Captopril (20) was the first 
orally effective ACE inhibitor [ 38, 391 and has become established as a useful 
agent for the treatment of hypertension and CHF [40, 411. Because of a 
significant incidence of side-effects associated with captopril therapy, extensive 
efforts have been made to prepare more potent inhibitors that might offer a 
greater therapeutic ratio, for example, modifications of the side-chain [42] and 
reconstructions of the ring to a monocyclic or fused lactam. Efforts leading to 
the design of potent compounds with new ring systems might arouse interest. 

Rupture of the pyrrolidine ring of captopril and reconstruction of the lactam 
ring result in compounds (21) with a carboxymethyl group at N-1 [43-451. The 
mercaptomethyl group of (21) at position 3 was chosen, because it is the 
simplest of zinc ligands for ACE [46]. Testing the ACE-inhibitory potencies 
of (21) has revealed that the potency varied with lactam ring size in a manner 
predicted from molecular modelling studies [46]. Thus, both pyrrolidinone (2 1, 
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n = 0) and piperidinone (21, n = 1) derivatives showed low activity, whereas 
the azepinone isomer (21, n = 2) exhibited a good activity. The homologated 
azocinone isomer (21, n = 3) showed the highest potency in this series, but was 
less active than captopril. 

The observation that severe non-bonded interactions would occur between 
the methyl group and C-5 of the pyrrolidine ring of captopril and the fact that 
the indoline analogue (22) [47,48] was more potent than the parent captopril 
led to another approach. Thus, a series of bicycIic Iactams (23) which were the 
conformationally restricted analogues of (21) were prepared and tested [43]. 
The benzazepine derivative (23, n = 2) exhibited a significant ACE-inhibitory 
activity, which was more potent than that ofcaptopril. However (23, n = 2) was 
slightly less active than the eight-membered benzazocine analogue (23, n = 3) 
and the indoline (22). 

C H 2 C 0  0 H 

n = 2 , 3  

I t  was suggested that the mercapto function of captopril might be a con- 
tributing factor to the incidence of side-effects associated with captopril therapy 
1401. On this account, enalapril (MK-421, 24) a non-thiol inhibitor derived 
from replacing the thiomethyl group of captopril with a glycine derivative, has 
been developed as an important therapeutic agent for the treatment of hyper- 
tension and CHF [42]. Although studies reported on the clinical application 
of enalapril are not as extensive as those with captopril, indications are that the 
incidence of side-effects is low [49-511. The monocyclic (25) and conforma- 
tionally more restricted benzofused lactams (26) [ 52,541 were also synthesized 
and tested for their inhibitory activities in v i m .  In the former series (25) [52, 
531, the eight-membered lactam (25, n = 3) was 4-times more potent than the 
seven-membered isomer (25, n = 2) which has a comparable potency with that 
of captopril(20). For effective binding to the active site of ACE (and the related 
zinc peptidase), an inhibitor or substrate should possess properly oriented 
primary binding functionality (a zinc ligand, a hydrogen bond accepting car- 
bony1 group, and a carboxyl group), as well as correctly oriented hydrophobic 
groups for subsite recognition [ 39,42,55]. These features were found to be well 
accommodated by the 7-9-membered lactams. The lactam design principle for 
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F H2COOH 

n z O - 4  

( 2  5 )  ( 2  6 )  

ACE inhibitors has been extended successfully to benzofused lactams (26). 
Inclusion of the fused aromatic ring of (26) was intended to increase the 
hydrophobic binding at subsite S,’ [ 521. Two fused lactams, namely tetra- 
hydrobenzazepinone (26, m = 1 ; n = 2) and hexahydrobenzazocinone (26, 
m = 1 ; n = 3) derivatives, were more effective (by approximately three orders 
of magnitude) than the tetrahydroquinolinone analogue (26, rn = n = 1) [52, 
541. The IC,, values of these compounds were in a low nanomolar region and 
similar to that of the monocyclic isomer (25, n = 3). 

The effect of variation in the N-1 side-chain of (26) on activity was also 
examined [52]. In the benzazepinone series (26, n = 2), no loss of activity 
occurred on extension of the side-chain from acetic acid (rn = 1) to propanoic 
acid (m = 2). The butanoic acid homologue (rn = 3) resulted in only a slight 
decrease in activity, whereas the next higher homologue (rn = 4) became 1000- 
fold less active. These results imply unexpected degrees of freedom at the 
carboxyl binding site. 

Some optically active compounds have been studied [54]. The 
benzazepinone diacid (CGS 12831, 27) was found to have the best in vitro 
inhibitor potency in a series of lactam compounds, but it showed only marginal 
biological activity following oral administration, presumably because of poor 
absorption. The corresponding monoethyl ester (CGS 14824A, 28) was much 
more potent in vivo [54, 561. This compound (28) was found to produce 
dose-dependent antihypertensive effects in conscious normotensive and spon- 
taneous hypertensive rats, generally similar to those produced by enalapril. 
Evaluation of (28) in healthy volunteers [57, 581 shows that it is an effective, 

CHZCOOH CH,COOH 

( 2 7 )  R - H  

( 2 8 )  R = E t  

n w 
(29)  

(30) R ’ =  H; R~=(CH,), N H ~  
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orally active, long-lasting and well-tolerated ACE inhibitor. The synthesis of 
''C-labeHed (28) have been reported [ 591. A series of compounds, including 
(27) and (28) and those possessing an oxygen function at position 5, have been 
claimed to have hypotensive activity [ 60-631. 

The effect of replacement of the side-chain of (29) with a variety of L-amino 
acids was studied [ 641. It was shown that alkyl, heteroalkyl or aralkyl groups 
(as short as a n-propyl group, as long as (CH2),NHCOOCH2Ph group, or as 
bulky as (CH,),NHCOO'Bu) provide effective substrates for binding to ACE. 
It appeared that the S,  subsite of the ACE-active site [ 5 5 ]  did not have a 
specific structural requirement. Among the series of (29), the compound (CGS 
16617, 30) was found to have promising ACE activity in rats and dogs with an 
indication of a long duration of action. The synthesis of 14C-labelled and two 
stable isotope-labelled analogues of (30) have been reported [65]. It is of 
interest that this compound has good in vivo activity, even without an ester 
function for improving the absorption. This is reminiscent of lisinopril [ 66,67 3, 
which has the same aminobutyl group. 1-Guanidinoethylbenzazepine (3 1) 
shows antihypertensive activity [68] and is claimed as an antihypertensive in 
a patent [69]. The 7-substituted derivative (32) has also been claimed as an 
antihypertensive 1701. Some benzazepinones bearing a triazine moiety at posi- 
tion 8 were claimed to have hypotensive and blood platelet aggregation- 
inhibitor activities [71]. Several 1-substituted 3- (33) and 4-phenylbenz- 
azepinones (34, R3 = H), reminiscent of the antiarrhythmic compound (18), 
have been claimed as hypotensives [72,73]. Analogous benzazepines (34) with 
a variety of ether or acyloxy moieties [74] and those with a variety of alkyl or 
aralkyl moieties [ 751 at each position 3 have been claimed as vasodilators and 
antihypertensives and as cardiovascular agents, respectively. 

R3 

R' 

( 3 2 )  R' = C-CF,; R3= C O P r  
1 ' C  F3 
OH 

l o  

n = 2.3 

1 3 4 )  
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SOME MISCELLANEOUS ACTIONS 

Various compounds bearing a carboxymethyl group at position 1 and a car- 
boxymethylamino function at position 3, including ACE inhibitors (27, 28), 
have been claimed as cholecystokinin (CCK)-antagonists [ 76-78]. Analogous 
compounds with a 3-hydroxy-2-oxopropyl moiety at position 1 are also claimed 
to be useful as antihypertensives and CCK antagonists [79]. 

The 3-phenyl-l-(piperazinyl)ethyl derivative (6) (n  = 2; NR1R2 = 

N(CH,CH,),NCH,CH,OH) has been reported to antagonize the action of 
5-hydroxytryptamine (serotonin) [ 121. The 5-phenyl derivative (2, 
R' = R2 = F; R3 = H) has been claimed to have anorectic and antimicrobial 
activity orally in mice [80]. The 2-0x0 analogue of (2, R' = R2 = F; R3 = H) 
showed hypoglycaemic activity [8] and was also patented [80]. Their in vitro 
antimicrobial activity was weak [8]. Several similar compounds (8) with an 
amine function at position 1 have been claimed to have various pharmacologi- 
cal activities such as antispasmodic, anti-inflammatory, hypotensive, positive 
inotropic, local anaesthetic and antireserpine activities [ 8 11. Some l-substi- 
tuted 5-phenyl derivatives (35) have been claimed to have gastric antisecretory 
activity [ 5,821. The 4,5-dihydro analogues of (35, R = €I; n = 2,3) also showed 
similar properties [ 51. 

R 4 , 
R = H ,  C i ; n = 2 , 3  

( 3 5 )  ( 3 6 )  ( 3 7 )  

R 4  

0 

( 3 8 )  

X I  Y=O.S, N R ,  C H R  
( 3 9 )  
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Some 2-amino derivatives (36) have been reported to show local anaesthetic, 
parasympathomimetic, long-lasting myorelaxant, brief hypotensive and mild 
antiarrhythmic activities [ 831. Analogous cyclic amidines (37) with a 3-phenyl 
group were examined for potential hypoglycaemic agents [7]. Ten of 16 
compounds showed weak to moderate activity in the rat. The most active 
compound was (37, R' = OMe; R2 = R3 = H, R4 = cyclopropyl), although it 
was less active than tolbutamide [84]. 
Tetrahydrobenzazepin-2,j-diones (38, R' = R2 = R3 = R5 = H) with a 

cyclic aniine at position 3 have been claimed to have bactericidal activity [ 851. 
A number of similar diones with a 4-carbamoyl group (38, R4 = H) have been 
claimed to possess anti-inflammatory activity [ 86, 871. Several 1H-2,5- 
dihydrobenzazepine derivatives (39), including the antiallergic 2,5-dione (39, 
R' = R2 = R' = R4 = H; X = Y = 0), have been claimed [88]. A number of 
1-acyl and sulphonyl derivatives (40) have been prepared and claimed for use 
as diuretic, hypoglycaemic, antibacterial and anticonvulsant agents [ 891. 
l-Cyclopropyl-7-methoxytetrahydrobenzazepine, its 5-methyl and 5,5-di- 
methyl analogues have been synthesized and evaluated for analgesic activity 
as congeners of 2-benzazepines; however, they were found to possess no 
significant activity [ 901. Some benzazepin-2-one derivatives with a substituted 
aminoalkyl group at position 1 have been claimed to have analgesic activity 
[91]. A series of 2,j-diones have been examined for antitumour activity on 
Crocker sarcoma 180 [92]. Two compounds, (38, R' = R2 = Me; 
R3 = R4 = RS = H) and the 3,4-dehydro isomer (39, R' = R2 = Me; 
R3 = R4 = H;  R5 = 4-NHC,H4NMe2; X = Y = 0), showed activity 
comparable with that produced by triethanomelamine (triethylenemelamine). 

SYNTHESIS 

A variety of synthetic methods for 1-benzazepines has been reported and 
comprehensively reviewed [2, 31. In this section, the main methods which 
appear to be of preparative value in the synthesis of 1-benzazepines are sum- 
marized. 

The earliest synthetic method for 1-benzazepine derivatives was a ring 
closure of o-substituted anilines by C-N bond formation. Cyclization of 
4-(2-aminophenyl butanoic acid and the corresponding butyl chloride gave the 
lactam (1, R' = R2 = H) [ 11 and the 2-deoxo analogue [93], respectively. 
Thermal cyclization of (41, R '  = R2 = Me; R' = OH) gives 2,5-dioxo- 
benzazepines (38, R' = R2 = Me; R3 = R4 = R5 = H) [94]. Treatment of 
analogous esters with sodium hydride gives the derivatives of (38) [9, 951. 
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Similarly, diniethyl [2-(2-aminophenyl)- 1-phenyl]ethylmalonates undergo ring 
closure to give 3-methoxycarbonyl-4-phenylbenzazepin-2-ones on treatment 
with sodium methoxide (751. 

Allylic carbinols (42, R', R3 = Me,Et; R2, R4 = H,Me) can be satisfactorily 
cyclized to the corresponding benzazepines (43) by C-C bond formation in 
dilute hydrochloric acid [96, 971. On treatment with sulphuric acid, the 
N-tosylates (44, R' = H,Cl; R2 = H,Me) afford 3-oxobenzazepines (45, 
R' = H,Cl; R2 = H,Me) [ 16, 981. The ketal derivative (46, R = H) of aniline 
reacts with l-methoxy-2-buten-3-one to give the enamine adduct (46, 
R = CH=CHCOMe), which undergoes ring closure in acidic media to give 
the 1H-benzazepine (47) (991. The Dieckmann cyclization of the diesters (48) 
(R'  = H, C1, 4,5-(MeO),; R2 = tosyl,Ac,Me; R3,R4 = Me,Et) with a catalyst 

Ts 

MQ 
A c  

( 4 7 )  

( 4 2 )  

C H = C H R 4  

Ts 

N CO(C H ~ ) ~  c O O R ~  

R' aH COOMe 

( 5 0 )  

R 4  

( 4 3 )  

R2 
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( 4 9 )  
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of KOtBu 1100, 101 J, sodium hydride [ 102, 1031 or sodium [ 1041 proceed 
satisfactory to yield the corresponding 5-oxobenzazepines (49, R3 = COOMe, 
COOEt), which can easily be decarboxylated to (49, R3 = H). A similar cycli- 
zation successfully converts the diesters (50, R' = H,4-C1,5-C1,5-F,5-OMe; 
R2 = Me,Et) to 2,5-dioxo-4-carboxylates (38, R' = H,Cl,F,OMe; R2 = H,Cl; 
R3 = R4 = H ;  R5 = COOMe, COOEt) [86, 871. Anthranilic esters con- 
veniently condense with succinic diesters to give (38, R' = R2 = R3 = R4 = H ;  
R5 = COOMe, COOEt) by a concurrent formation of C-N and C-C bonds 
[105, 1061. 

The most widely used route to 1-benzazepin-2-ones involves the Beckmann 
or Schmidt reaction of the easily accessible 1-tetralones. Many biologically 
active compounds described in this review have been prepared on the basis of 
these reactions; they have been fully reviewed [2]. In the Beckmann reaction 
of 1-tetralone oximes, polyphosphoric acid is used as a catalyst-solvent in most 
instances. Aryl migration generally takes precedence over alkyl migration under 
these reaction conditions, and various 1-tetralone oximes substituted on the 
aromatic and/or aliphatic rings can be converted to the appropriate 2,3,4,5- 
tetrahydro-1H-1-benzazepin-2-ones (5 1) [ 5, 20-23, 36, 59, 65, 80, 107-1 121. 
Both courses of the rearrangement occur in some instances, yielding 
1-benzazepin-2-ones ( 5  1) and the isomeric 2-benzazepine- 1-ones, probably 
due to electronic effects of the substituents [90, 113, 1141. 

The Schmidt reaction is also applied to a variety of 1-tetralones, yielding (5 1). 
The use of sodium azide in acetic acid and sulphuric acid [7, 12, 13, 30, 34, 
36, 37, 72, 73, 841 is preferable to the procedure in the earlier stage, in which 
hydrazoic acid, sulphuric acid and chloroform are employed [ 1151. Other 
acidic reagents such as polyphosphoric acid [ 116, 1171, sulphuric acid [ 116, 
1181, methasulphonic acid [ 1191 and trichloroacetic acid [ 1161 are used in 
some cases. Variation of substituents affects the course of the rearrangement; 
6-methoxytetralones are rather liable to afford the isomeric 2-benzazepine- 
1-ones in preference to the desired (51) [7, 116, 1181. The Schmidt reaction is 
also conveniently applied to various 1,4-naphthoquinones and yields a wide 
range of 2,5-dihydro-l-benzazepin-2,5-diones [ 85, 120-1221. 

Some other ring expansions involving the intramolecular amino Claisen 
rearrangement of vinylarylaziridine [ 1231, the Diels-Alder reaction of indoles 
with acetylene derivative [ 124-1271 and the dibromocarbene insertion into 
quinoline enol ethers [ 1281 have been used to prepare 1-benzazepines. On the 
other hand, treatment of 3-chloro-3-phenyl-1,2,3,4,5,6-hexahydro-l-benz- 
azocin-2-ones with piperidine causes a ring contraction to give 2-phenyl-2-( 1- 
piperidinylcarbonyl)-2,3,4,5-tetrahydro-1H-l-benzazepines in an excellent 
yield [23]. 
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CONCLUDING REMARKS 

A number of 1-benzazepine derivatives show a variety of biological activities. 
Among them, of particular interest are central depressant (12) [ 2 11, cardiotonic 
(16) [27], antiarrhythmic (17, 18) [30,36] and ACE-inhibitory (23,26) [52,55] 
benzazepines. However none of them has yet reached the goal. The most 
promising agents are (28) [54,57] and (30) [64], both ACE inhibitors are now 
undergoing clinical evaluation. 
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INTRODUCTION 

The ability of peptides of immune, neural and endocrine origin to affect 
mast-cell function is now well established. Once viewed with only passing 
pharmacological interest and believed to be of little physiological relevance, 
peptides are now recognized as important regulators of mast-cell secretion, 
growth and development. Besides, they are now believed to participate with 
mast cells in allergic disease [ 1-51, in bronchial asthma [6, 71, and in various 
states of inflammation [4, 8, 91. Moreover, the ability of peptides to modulate 
mast-cell function could contribute to the suggested roles for mast cells in the 
control of the microenvironment and in tissue growth and repair [ 10, 11 I. 

Traditionally, mast cells have been studied because of their prominent role 
in the reactions of immediate-type hypersensitivity [ 12-14]. This was clearly 
established by the pioneering studies of Lewis, Dale, Best and others [ 15, 161, 
who demonstrated the importance of antigen-antibody coupling and of 
histamine in allergic reactions, and by the studies of Riley and West [ 161 which 
established the mast cell as a prominent store of histamine. In the allergic 
reaction, IgE antibodies specific to the sensitizing antigen are bound during the 
sensitization period to high-affinity receptors on the mast-cell surface. Sub- 
sequent exposure of the mast cell to the specific antigen results in the binding 
and cross-linking of adjacent cell-bound IgE antibodies. This, in turn, initiates 
a series of biochemical reactions that culminate in the exocytotic extrusion of 
preformed mediators such as histamine, heparin, and chemotactic factors for 
neutrophils and eosinophils, and in de now generation of several metabolites 
of arachidonic acid (various leukotrienes and prostaglandins) and in the gen- 
eration of the phospholipid derivative, platelet-activating factor (PAF) [ 17-19] 
(see Chapter 8). Together, these various agents orchestrate the complex array 
of biological responses that characterize the reactions of immediate-type hyper- 
sensitivity [ 12-14]. Whether other factors such as peptides may be involved 
in modulating the allergic response cannot at this point be stated with certainty. 
However, as this review will show, the conditions for such modulation clearly 
exist; peptides can affect mast-cell function and they are present in sufficient 
quantity in the vicinity of the tissue mast cell. 

A widely distributed fixed tissue cell, the mast cell, is particularly prevalent 
in organs with a high percentage of connective tissue [ 201 and is most numerous 
in the skin and in the linings of the respiratory, gastrointestinal and reproduc- 
tive tracts, tissues which interface with the external environment. In these 
various locations, mast cells are frequently found in close proximity to small 
blood vessels and nerves [ 203. This prominence of the mast cell in tissues that 
interface with the external world is strategic to its role as the sentinel cell of the 
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inflammatory response [ 81. Here, initial stimulation by direct injury [21], by 
the peptide cleavage products of the third and fifth components of complement, 
the anaphylatoxins C3a and C5a [22], by specific peptide components of the 
kinin cascade [23], or by any of a multitude of other ill-defined factors [24], 
initiates the secretion of the preformed mediators as well as the de novo gener- 
ation of the arachidonic acid metabolites and PAF [ 17-19]. The hallmarks of 
inflammation - vasodilatation, increased blood flow, plasma extravasation 
from increased vascular permeability, and the accumulation of leukocytes - 
then ensue producing the cardinal signs of an inflammatory response: redness, 
increased temperature, oedema, pain and the accumulation of pus at the site 
of injury [25]. Left untreated, there is often an eventual loss of function. 

Specific interactions between the major systems of control (neural and 
endocrine) and the immune system have been considered for many years, 
backed up by numerous anecdotal accounts linking a healthy emotional state 
to the balance between health and disease. Who, for example, has not heard 
accounts relating the severity of an allergic or asthmatic attack to emotional 
upheavals or has not seen profound urticaria in a nervous public speaker? 
However, direct evidence for such interactions has been lacking. The discovery 
of numerous peptides of neural and endocrine origin that have the ability to 
alter immune function has at last provided the definitive proof for specific 
interactions between the dominant systems of control and that of host defence. 
For example, it is now known that substance P, a peptide of neural origin [ 27, 
281, can affect proliferation of T lymphocytes [29], can promote macrophage 
and neutrophil phagocytosis [ 301, can stimulate secretion from mast cells [ 1, 
271 and can increase the rate of synthesis of C3 complement factor in guinea-pig 
peritoneal macrophages [ 321 ; vasoactive intestinal peptide (VIP), a neural- 
endocrine peptide [ 331, has been shown to influence lymphocyte function by 
affecting the activity of adenylate cyclase [ 341 ; the endogenous opiates, 
b-endorphin and enkephalin [ 3 5 ] ,  are known to increase natural killer cell 
activity [ 363; and the neural-endocrine peptide neurotensin (NT) [ 37, 381 has 
been shown to stimulate phagocytosis in macrophages [39] and to markedly 
affect mast-cell function [37, 38, 401. 

The regulation of mast-cell activity by biologically active peptides is an area 
of research, the rapid growth of which has been sparked in part by this intense 
interest in the interactions between neural, endocrine and immune systems [4, 
26,411 and in part by the recognition that activation of mast-cell secretion as 
a purely allergic IgE-dependent event is undoubtedly too restrictive. The 
involvement of the mast cell in the inflammatory response, for example, has for 
years been suspected to involve a number of non-immunologic, IgE-inde- 
pendent factors [24,42]. Direct evidence for peptide involvement, however, has 



146 PEPTIDE REGULATION O F  MAST-CELL FUNCTION 

been sparse. Recently, in studies using a rat model of arthritis, a close correla- 
tion was observed between the severity of joint arthritis and the extent of 
innervation by substance P-containing primary afferent neurons. Furthermore, 
when substance P was infused into the knee joint, the severity of arthritis 
significantly increased [43]. The authors of this study proposed that the release 
of neuronal substance P, by stimulating the cells of inflammation (for example, 
mast cells, neutrophils, monocytes), increases the severity of arthritis. It is 
worth noting that patients with rheumatoid arthritis have significantly more 
mast cells per blood vessel and a higher total number of mast cells per joint 
area than do patients with no joint disease [44-461. Thus interactions between 
substance P and the synovial mast cell may be important in the etiology of 
arthritis [43]. 

Another area in which peptides and mast cells may interact is in the 
maintenance of local tissue homeostasis by regulation of the microvasculature 
[ 10, 11, 171. In this role, the mast cell must be tonically active yet precisely 
controlled by factors in the local environment. How such control might be 
attained in tissues with vastly different metabolic requirements is uncertain, but 
it could involve neurally released peptides acting on nearby mast cells. Control 
could be enhanced further by a heterogeneity in mast-cell functions. Moreover, 
changes in local pH could, by affecting the net charge on the peptide, further 
contribute to modifying mast-cell secretion. 

Heterogeneity of mast cells is now an area of great interest [47-491 and may 
have important bearing on our interest here. For not only do various subsets 
of mast cells exhibit different morphologic and histochemical features [ 50,511, 
but they appear also to differ in their responsiveness to various peptides [52 ,  
531. In one study, for example, using enzymatically dispersed mucosal mast 
cells from the rat small intestine, only substance P (SP), of a variety of other 
peptides tested, elicited significant histamine release. The other peptides, 
somatostatin, vasoactive intestinal peptide, neurotensin and bradykinin, while 
effective in stimulating peritoneal mast cells that had gone through the same 
dispersal procedure, were without effect on mucosal mast cells [52]. It may be 
significant that, of the various peptides tested, only SP has been convincingly 
identified in nerve terminals which end in the intestinal mucosal in the vicinity 
of mucosal mast cells [ 541. (In addition, it is interesting to note that, of these 
various peptides tested, only SP is blocked (amidated) at the C-terminal end 
and thus would resist the degradative action of carboxypeptidase - a known 
constituent of peritoneal mast cell granules [ 181.) 
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METHODS OF PEPTIDE DELIVERY 

NEURONAL-MAST CELL CONNECTION 

In order to influence mast-cell function, peptides must be made available at 
sites very near to tissue mast cells. One means of accomplishing this is by 
specific peptidergic innervation. This would not necessarily require a classical 
synaptic morphology, but only the termination of nerves within the vicinity of 
mast cells [ 1,3]. Modulation of mast-cell secretion by peptides of neural origin 
is particularly attractive, for it would allow for a restricted, localized expression 
of peptide action in specific target tissues because of the selective distribution 
of each peptide within particular neurones. Moreover, this could be further 
modified and restricted by differing mast cell specificities. (Heterogeneity of 
mast cell responsiveness to peptide stimulation has been well documented [ 52, 
531.) The result would permit a well-localized tissue response without systemic 
manifestation [ 3 1. 

The evidence for a physiological connection between the nervous system and 
the mast cell by way of secreted peptides is now substantial. Some of this is 
summarized below: 
(1) Peptidergic nerves are known to innervate tissues with a high mast-cell 
content and to contain specific peptides which have been demonstrated to 
affect mast-cell function [ 5 ,  54-56]. 
(2) Antidromic stimulation of sensory nerves produces vasodilatation and 
increased blood flow in the skin [57, 581 that is blocked by histamine receptor 
antagonists [59 ]  or by pretreatment with compound 48/80 [60]. 
( 3 )  Neurogenic inflammation induced by chemical irritation of the skin is 
blocked by dorsal root section [61]. 
(4) Direct stimulation of peripheral nerves in skin results in vasodilatation and 
degranulation of skin mast cells [57, 581. 
( 5 )  The sensory neuropeptides, SP, calcitonin-gene-related peptide (CGRP) 
and somatostatin (SOM) rapidly release histamine from rat serosal mast cells 
by a non-cytotoxic mechanism [ 3, 621. 
(6) Substance P, calcitonin-gene-related peptide (CGRP), and neurokinin A 
have been identified by immunocytochemistry in primary sensory neurones and 
in cutaneous sensory nerve terminals and these are often in close proximity to 
mast cells [54, 561. For example, in Lewis rats that were infected with the 
parasitic larvae of iV@postrongyIis brusiliensis in order to induce a proliferation 
of mucosal mast cells, nearly two-thirds of the lamina propria mast cells were 
in intimate contact with peptidergic nerves containing SP and CGRP, while an 
additional 20% of the mast cells were within 2 pm [54]. All three peptides are 
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thought to be released together and while all three cause plasma extravasation 
when injected intradermally 1631, only SP and CGRP have been shown to 
release histamine from isolated mast cells [3]. A similar close spatial relation- 
ship has been observed between mast cells of the rat diaphragm and mesentery 
and SP-containing nerves [ 5 5 ] .  
(7) SP antagonists have been shown to inhibit the vasodilatation and plasma 
extravasation induced by antidromic stimulation of the saphenous nerves or by 
the infusion of SP 1641. In these experiments somatostatin also inhibited the 
effect due to antidromic stimulation but not that induced by infusion of SP. 
Interestingly, the opiate agonist, [ ~ M e t ~ - P r o ’  Ienkephalinamide, also inhibited 
the vasodilatation evoked by antidromic nerve stimulation but not that induced 
by SP infusion [64]. 

An interaction between neuronal stimulation and mast-cell secretion has 
been considered for sometime in neurogenic inflammation 159, 601. Here, it is 
speculated that injury to the skin elicits a characteristic reaction beginning with 
a local reddening at the site of injury which then rapidly spreads out for several 

sensory 
impu lse  

(axonal reflex) ,;/ \!F 
NEUROGENIC 

INFLAMMATION 

CGRP. SP. SOM. OTH 

= .. 4 
st imulus ( i n j u r y )  

Figure 4.1. Model of neurogenic inflammation. Stimulation at the skin initiates orthodromic impulses 
in sensory nerve receptors which elicit antidromic impulses in branching collaterals. The release of 
neuropeptides such as calcitonin gene-related peptide (CGRP). substance P (SP), and somatostatin 
(S0M)from nerve terminals ensues and they in turn stimulate the release of histamine (H) and the 
generation of leukotrienes (L T) from nearby mast cells. These mediators then produce vasodilatation 
and an increase in vascular permeability. In addition, they act on the nerve terminal to produce further 

nerve stimulation. 
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cm (Figure 4.1). This area of flare is then replaced by a localized area of oedema 
(or wheal) with its centre at the site of injury. The intradermal injection of 
histamine produces a similar kind of reaction due, in part, to its ability to cause 
vasodilatation and an increase in vascular permeability. But, in addition, there 
is a spread of erythema beyond the point of injection that cannot be explained 
by diffusion of histamine (either injected or released). Lewis [ 651 demonstrated 
the spread of the flare to be neurogenic, perhaps due to an axonal reflex. 

Recent studies [ 581 of neurogenic inflammation have shown a decrease in 
skin histamine and an increase in vascular permeability (measured by escape 
of '251-albumin) when the saphenous nerve to the rat paw was electrically 
stimulated (30 min). This effect was accompanied by mast cell degranulation, 
but there was no change in venous plasma histamine levels; shorter periods of 
nerve stimulation, while producing no significant change in skin histamine and 
no significant mast-cell degranulation, did produce an increase in vascular 
permeability. The authors [ 581 suggest that the initial phases of neurogenic 
inflammation are mast-cell independent. However, it is possible that small 
amounts of histamine could be released from skin mast cells (with little signifi- 
cant degranulation), thereby causing an increase in vascular permeability. 
Unfortunately, the effect of antihistamines was not tested. 

PEPTIDES FROM IMMUNOCOMPETENT CELLS AND THOSE GENERATED 
LOCALLY FROM CIRCULATING PRECURSORS 

While the majority of attention has focused on peptides contained within the 
nervous system, two other important methods for delivering peptides to the 
vicinity of the mast cell have been established: (1) peptides produced and 
secreted by other cells of inflammation that may affect mast-cell function and 
(2) the local generation of mast-cell-active peptides by secreted enzymes acting 
on circulating protein precursors. Examples of the former include several, as 
yet ill-defined, peptide factors and cationic proteins from other immuno- 
competent cells [66-691, defined lyniphokines such as the interleukin-1 [ 701 
and interleukin-3 [71], and tumour necrosis factor [70]. Examples of the latter 
include bradykinin [ 721 and a recently identified peptide produced by the action 
of acid proteinases on albumin {73, 741. 

PEPTIDES THAT AFFECT MAST-CELL FUNCTION 

The number of peptides that have been shown to stimulate mast-cell secretion 
is impressive (Table 4.1) and it is obvious that the potential for regulation of 
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Table 4.1, IDENTIFIED PEPTIDES AFFECTING MAST-CELL FUNCTION 
See text for appropriate references unless otherwise indicated, RPMC, rat peritoneal mast cell; 
RMMC, rat mucosal mast cell; MBMC, murine bone-marrow derived. 

Peptide Mast cell type Effect 

ACTH [74a] 

Bradykinin 

C5a 

C3a 

Calatonin-gene related peptide 

Crabrolin [74b] (from hornet venom) 

Dynorphin 

/+Endorphin 

Eledosin-related peptide 

Gastrin 

Interleukin 1 

Interleukin 3 

Melanin 

Mastoparan [74b] 

Neurotensin 

Nerve growth factor 

Parathoromone 
Somatostatin 

Substance P 

Thrombin 

Xenopsin 

RPMC 

RPMC 

RPMC 

RPMC 

RPMC 
human skin 

RPMC 
RPMC 
human skin 
RPMC 
human skin 

RPMC 
human skin 

human skin 

human lung 
human basophil 

MBMC 

RPMC 
RPMC 

RPMC 
rat pleural mast cell 
human jejunal 
human skin 

RPMC 
human skin 

RPMC 
RPMC 
human skin 

RPMC, RMMC 
human skin 

MBMC 

RPMC 

stimulation of secretion 
(but only at 3 M) 

stimulation of secretion 

stimulation of secretion 

stimulation of secretion 

stimulation of secretion 

stimulation of secretion 
stimulation of secretion 

stimulation of secretion 

stimulation of secretion 

stimulation of secretion 

stimulation of secretion 

differentiation and growth 
stimulation of secretion 

stimulation of secretion 
(only at > 2-5 pg/ml) 
stimulation of secretion 
(inhibition at low concn.) 

stimulation of secretion 

stimulation of secretion 
stimulation of secretion 
(inhibition at low concn.) 

stimulation of secretion 

stimulation of secretion 

stimulation of secretion 
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mast-cell activity by biologically active peptides is enormous. The following 
sections will first review a number of specific peptides that have been shown 
to directly affect mast-cell function, and will second summarize our present 
understanding of the mechanism of peptide action by reviewing studies on 
binding, on structure-activity relationships and on stimulus-secretion 
coupling. 

NEUROTENSIN 

Neurotensin (NT) is a tridecapeptide (Table 4 . 2 )  first isolated from brain and 
gut by Carraway and Leeman [75] and reported by them to induce a rapid and 
transient hypotension, a cutaneous vasodilatation, and a cyanosis of the 
extremities in the anaesthetized rat. This report, along with others [76-781 
indicating that the NT-induced hypotension and increased vascular per- 
meability could be blocked by histamine receptor antagonists such as mepy- 
ramine [77] or by pretreatment with compound 48/80 [76], suggested that 
endogenous histamine (perhaps released from tissue mast cells) was involved 
in producing some of the biological effects of NT [78]. 

Table 4.2. NEUROTENSIN-RELATED PEPTIDES 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3  

Neurotensin GlpLeu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pr~~r-Ile-leu-Oti 

Neuromedin N H-Lys-Ile-Pro-Tyr-Ile-Leu4 

Xenops i n Glp-Gly-Lys-Arg-Pro-TrpIle-Leu4 

Angiotensin I H-AspArg-Val-Tyr-Ile-His-Pro-Phe-His-Leu-OH 

NRP H-Ile-Ala-Arg-Arg-His-Pro-Tyr-Phe-Leu- 

HR!? H-Ile-Ala-Arg-Arg-His-Pro-Tyr-Phe- 

NT was initially reported to stimulate the non-cytotoxic release of histamine 
from isolated rat peritoneal mast cells by workers in our laboratory [40, 791. 
This observation has now been confirmed and extended by several other 
workers [ 80-851. When added to isolated rat serosal mast cells, NT initiates 
the secretion of histamine which is dependent upon calcium and energy [ 791. 
Secretion begins at about 10 nanomolar NT and reaches an initial plateau of 
some 20% histamine release at 10 pM NT [79] (Figure 4.2) ;  while higher levels 
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of NT cause additional histamine release, this is most likely nonspecific [79]. 
Although histamine release from mast cells stimulated by NT is abolished by 
prolonged exposure of the cells to calcium-free conditions [79], it is markedly 
inhibited by raising the concentration of extracellular calcium (Ca) above 
0.5 mM [79]. This has prompted the suggestion that calcium may compete with 
NT (or other non-immunologic agents) for a common binding site [79]. In 
support of this suggestion is the observation that Ca inhibits the binding of 
Iz5I-NT to the isolated mast cell [86]. This inhibitory effect of extracellular Ca 
may account for the lack of stimulation by NT observed by some workers [ 821. 

Interestingly, pretreatment of isolated rat peritoneal mast cells with NT 
desensitizes the cells to the subsequent stimulation by compound 48/80 (Figure 
4 .3 ) .  However, the desensitized cells are still responsive to stimulation by the 
calcium ionophore, A23187, in the presence of Ca (Figure 4 .3 ) .  A similar 
observation has been made when compound 48/80 and the peptides, 

Figure 4 .2 .  Histamine release from rat mast cells in response to increasing concentrations ofneurotensin 
1791. Mast cells were washed three times and bathed in Ca-Locke solution at 37" C for 10 min. 
Neurotensin was then added and the incubation continued for 10 min. Each point represents the mean 

f S.E.  of mean of n experiments (in parentheses). 
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Figure 4.3.  Histamine release from mast cells bathed in Locke solution andprelreated with neurotensin 
(10 ~ A4) [86a]. Compound 48/80 (0.1 pg/ml) was then added at the times indicated and histamine 
release (76 total) determined 10 min later. NT alone elicited 19 f I .4 % release. The addition of the 
ionophore, A23187 (0.5 pglml), to cells pretreated with N T  for 5 min produced a maximal secretory 
response. 48/80 alone, without NTpretreatment, caused 68 f 1 .O % release. Note that histamine release 

in response to 48/80 declines as the period of pretreatment increases. Mean f S.E.M.,  n = 3.  

bradykinin and polymyxin B [ 871 were used. These observations suggest that 
non-immunologic agents such as various peptides may share a common 
binding site or mechanism of activation. Moreover, they indicate that peptides 
like NT can either activate or suppress mast-cell function depending on the 
available concentration and the duration of action (for more on this aspect, see 
section on somatostatin). 

NT can also stimulate mast cell histamine release in vivo. When given 
intravenously to anaesthetized rats, NT produces a rapid (within 30 s) and 
marked increase in the level of plasma histamine which then gradually declines 
to control values (Figure 4 . 4 )  [79]. This effect of NT is nearly abolished by 
pretreatment of the rats with compound 48/80 [79] or by the simultaneous 
administration of disodium cromoglycate (DSCG) (Figure 4.5). When NT is 
injected into raised skin blisters, it produces a dose-dependent release of 
histamine that is inhibited by DSCG or by pretreatment with low concentra- 
tions of somatostatin [MI. NT has been shown to evoke the release of 
histamine from the isolated perfused rat head [ 891, heart [ 901 and hindquarters 
[91] and these effects, too, are abolished by previous depletion of mast cell 
histamine by compound 48/80 [89-911. Likewise, studies on the perfused rat 
heart have shown that NT has a direct effect on ventricular mast cells; this 
observation is supported by the fact that the secretory effect of NT is inhibited 
by pretreatment with compound 48/80 or with DSCG [90]. 
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Figure 4.4. Plasma histamine levels in response to NTgiven at t = 0. Rats were anaesthetized and NT 
(5 nmollkg) or saline (0-3 ml) given intravenously. Blood was collected at the indicated times. Mean 
2 S.E.M. of mean of n values (in parentheses). Horizontal arrow is the histamine level before NT. 
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Fipre 4.5. Plasma histarnine levels in response to NT in rats pretreated with saline or disodium 
cromoglyrate (100 gg). N T  (S nmollkg) or saline (0.3 ml) was given intravenously. Mean S.E.M. 

of n experiments, quoted with the column. 
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NT, at a concentration of one nanomolar, has also been found to cause a 
significant (57%) degranulation of human mucosal mast cells as judged by 
light microscopic inspection of fixed tissue sections [92-941. This effect, too, 
was inhibited by DSCG. However, in these studies, NT was added to intact 
intestinal tissue, thereby offering the possibility for degradation of NT by 
intestinal proteinases to more active fragments [ 941. 

Some workers have reported a failure of NT to elicit significant histamine 
release (< 5 %  at 10 p M  NT) from isolated peritoneal mast cells obtained from 
Wistar strain rats [82]. In these studies, when NT was added to mast cells from 
the pleural cavity [82] or when the C-terminal octapeptide (NT6-13) or the 
C-terminal hexapeptide (NT8-13) was added to peritoneal mast cells, a signifi- 
cant (> 20% histamine release) secretory response occurred [ 821. In our 
laboratory a significant difference in the responsiveness to NT of peritoneal and 
pleural mast cells from Sprague-Dawley rats has also been found, pleural cells 
eliciting a higher percentage of histamine release than peritoneal cells for an 
equimolar concentration of NT (19.2 k 2% release for peritoneal mast cells 
versus 45 2 6% release for pleural mast cells at 10 pM NT). Moreover, we 
have also observed anecdotally differences between various populations of 
mast cells and between various populations of rats in terms of their respon- 
siveness to the same batch of NT. 

The reason for the failure of NT to elicit a significant secretory response in 
these studies is unclear but may be due to the level of extracellular Ca used 
(>0.5 mM) or to strain differences between rats (most studies showing a 
significant secretory effect of NT have used Sprague-Dawley rats). Alterna- 
tively, it may be that peritoneal and pleural mast cells have dflerent enzyme 
activities and different surface properties. Peritoneal mast cells are known to 
contain a carboxypeptidase within their secretory granules [ 181, which could 
rapidly inactivate NT by cleavage of the C-terminal amino acid (that is, Leu) 
to produce NT,-,,. Mast cells from the pleural cavity may, with different 
enzyme activities, expose the NT6-13 or NT,-,, residues, each of which has 
greater biological activity than NT,-,, [95]. This notion remains, however, to 
be tested. 

SUBSTANCE P 

The hypotensive effects of substance P (Table 4 . 3 )  (SP) were first demonstrated 
in the 1930’s [27, 961. Since then, its tachykinin and sialogogic activities have 
been repeatedly established [27]. Using radioimmunoassay and immunocyto- 
chemistry, SP has been identified in gut, salivary glands and many areas of the 
central nervous system, including high concentrations in the hypothalamus and 
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Table 4.3. SUBSTANCE-P-RELATED PEPTIDES 

1 2  3 4 5 6 7 8 9 1 0 1 1  
.____ 
Substance P Arg-Pro-Lys-Pr~ln-Gln-Phe-Phe-Gly-Leu-P2 

Eledosin pGlu-Pr o-Se r-Lys-~spAl a-Phe- I 1 e-Gly-LCu-?le t-NH2 

Eledosin-related 
peptide (ERP) 

Physalaernin pGlu-Ala-AspPr~Asn-Lys-~-~r-Gly-LCu-Het-NH~ 

Murokinin A His-Lys-Thr-AspSer-Phe-Val-Gly-Leu-Het-NH2 
(Substance K) 

NeurMledin K ASP-Met-His-AspPhe-Phe-Val-Gly-Leu-llet-NH2 

dorsal horn of the spinal cord where stimulus-coupled release of SP which is 
dependent on Ca has been demonstrated [27]. 

The ability of SP to stimulate histamine release from isolated rat peritoneal 
mast cells is now well demonstrated [31, 97-1011. The release is rapid 
(< 1 min), non-cytotoxic, dependent on a supply of Ca and metabolic energy, 
and independent of cell-bound IgE [ 99 1. Moreover, as with other peptides, its 
secretory effect on the mast cell is affected by moderate levels of extracellular 
cations. For example, the addition of Ca to the bathing medium after the 
addition of SP increased the secretory response of the cells, while adding 
calcium (0.1-1 mM), magnesium (1-10 mM) or cobalt (0.01-1 mM) to the cell 
suspension before SP inhibited histamine release, suggesting the possibility of 
cation competition for SP binding [99]. 

Like other peptides, the ability of SP to stimulate histamine release is closely 
related to its ability to mobilize Ca from a cellular pool and to the basic and 
the hydrophobic properties of its N-terminal and C-terminal amino acids, 
respectively. In this regard, intact SP (SF'-,,) is more active than the 
N-terminal tetrapeptide (SP,-, ,) with SP,-, giving a half-maximal response 
at 8 x 10- M and 1 x 10- M producing some 40% release [99]. The 
C-terminal heptapeptide, SP,-6 was inactive [ 991. 

SP produces a pronounced (4-fold) increase in the histamine content of the 
Venus outflow of the perfused rat hindquarters [91] and, when injected 
intravenously in intact animals, it produces a significant increase in the level 
of plasma histamine and in the hematocrit and a pronounced fall in systemic 
blood pressure [ 1021. In these experiments, pretreatment with the steroid, 
dexamethasone, reduced the SP-induced elevations in plasma histamine and 
hematocrit; neurotensin and compound 48/80 were found to be similarly 
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affected. The authors suggested that SP, NT and 48/80 share a common 
mechanism of action in eliciting hypotension in the rat [ 1021. 

In humans, the intradermal injection of SP (10 7-10 - M) produces a flare, 
wheal and itching, and these effects are prevented by pretreatment with 
chlorcyclizine (an antihistamine) or by local pretreatment with compound 
48/80 [ 103, 1041. It causes histamine release from sections of human foreskin 
[ 105 1. These authors suggested that SP is signlficantly less active on isolated 
rat peritoneal mast cells than in human skin. 

SP seems to be the only peptide capable of stimulating histamine release from 
mucosal mast celk [ 521 and generally exhibits a pronounced heterogeneity 
among various tissues and between species [ 1061. 

Because of the demonstrated involvement of SP in eliciting pain [27], there 
has been a great deal of interest in designing SP antagonists. However, their 
ability to block the action of SP on the mast cell has been generally dis- 
appointing due to the often significant histamine-releasing effect of the putative 
SP-blockers [ 107, 1081. For example, in one study [ 1071, four SP analogues 
with reported antagonistic properties were tested for their ability to block the 
effect of SP on the isolated mast cell. Those tested were: [D-pro’; 
 try^.' 1- SP [ ~ - T r p ~ , ’  1- SP [ D-Phe7, D-Trp’ 1-SP and [ Arg5- 
D - T ~ ~ ~ , ’ ] - S P , - ~  Each antagonist produced significant histamine release and 
each was more effective than SP in this regard. Thus, the ED,, value for SP 
was 1.3 x 10V5 M, while the corresponding values for the analogues were 
1.6 x M and 2.5 x l o p 6  M, respectively. 
It may be that because of the pronounced ability of basic peptides to elicit 
histamine release from mast cells, effective SP antagonists will, of necessity, be 
non-peptide in nature. 

M, 3.3 x l o p 6  M, 2.7 x 

SOMATOSTATIN 

Somatostatin (SOM), initially identified by its ability to inhibit the release of 
growth hormone, is known to have inhibitory effects on a variety of cells [ 1091. 
In mast cells and in basophils, SOM, like NT, has inhibitory as well as 
stimulatory effects depending on the concentration used. At high concentra- 
tions (> 10 M), SOM is a powerful stimulus of peritoneal mast-cell secretion 
(from both normal and athymic rats) and resembles other non-immunologic 
secretagogues such as compound 48/80, SP and NT in that it triggers a rapid 
exocytosis that is primarily dependent on cellular Ca [ 1 10,111]. A similar effect 
is seen in vivo; when injected into skin or skin blisters at high concentrations 
(> 10- M), SOM causes a rapid, dose-dependent release of histamine [ 88, 
1121 but when used at concentrations lower than those which elicit a secretory 
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response (10-9-10- l 2  M), SOM is inhibitory. This has been demonstrated for 
rat cutaneous mast-cell histamine secretion elicited by NT and for peritoneal 
mast-cell secretion [MI. Likewise, when added to human basophils and rat 
basophilic leukaemia (RBL) cells, SOM has significant inhibitory effects on 
IgE-independent histamine secretion [ 1131. Furthermore, like SP, NT, and 
compound 48/80, SOM can stimulate histamine release from IgE-dependent, 
desensitized rat mast cells [ 1131, suggesting that its mechanism of action differs 
from that of IgE-dependent activation. 

CALCITONIN-GENE RELATED PEPTIDE 

Calcitonin-Gene Related Peptide (CGRP) is a 37-amino-acid peptide (see 
Table 4 .4 )  which is found in neural tissue [ 54, 56, 114, 1151. It has a range of 
biological activities, including contraction of the guinea-pig ileum, stimulation 
of sympathetic outflow, and vasodilation [62]. CGRP and SP are believed to 
co-exist in dorsal root ganglion cells and in peripheral nerve endings where each 
has been localized by immunocytochemistry [ 54,561. When injected into rabbit 
skin, CGRP was found to enhance the oedema produced by other inflammatory 
mediators [ 1161 and, when injected into human skin at doses of 12.5 to 
50 pmol, CGRP produced a classic wheal and flare reaction [62]. The flare 
(vasodilation) response but not the wheal (plasma extravasation) was inhibited 
by pretreatment with chorpheniramine (an H I  blocker). Interestingly, CGRP, 
but not SP, is effective in producing a delayed erythema and surrounding pallor 
which peaks 10 min after injection and lasts for more than 3 h. This delayed 
response is accompanied by the infiltration of neutrophils which suggests that 

Table 4.4. MISCELLANEOUS PEPTIDES 

Bradykinin Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg 

Somatostatin Ala-Gly-Cys-Lys-Asn-Phe-Phe-TrpLys-'Ihr-Phe-TiIr-Ser-Cys 

Mastoporan Ile-Asn-Leu-Lys-Ala-Leu-Ala-Ala-ku-Ala-Lys-Lys-Ile-L.eu-h'ii2 

Tuftsin 'Ihr-Lys-Pro-Arg 

fakitonin-gcntrt latrd pepti& (-1 

1 Se r-Cys-Asn-Thr-Ala-Thr-Cys-Val-Thr-Hi s-Arg-Leu-Ala-Gly-Leu-Leu-& r-Arg 
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CGRP may be chemotactic for neutrophils or may release chemotactic factors 
from nearby cells (although it seems unlikely that the chemotactic factors would 
be derived from mast cells, since SP also stimulates mast cell secretion 
[ 97-1011 yet does not promote neutrophil infiltration [62]). CGRP (2.5-1 pM) 
also stimulates histamine release from isolated rat peritoneal mast cells [62], 
but in this regard it is about 4-times less potent than SP. Histamine release from 
mast cells in response to CGRP is inhibited by either benzalkonium chloride 
(10,uM) or by the SP analogue,  pro^, D-TI-~~*~, '~]SP, - , ,  (10pM) [62]. 

NERVE GROWTH FACTOR 

Nerve growth factor (NGF), a protein capable of promoting the growth and 
differentiation of sympathetic and embryonic sensory neurones [ 1171, causes 
a dose-dependent release of histamine from isolated rat peritoneal mast cells 
which is dependent upon the presence of extracellular Ca and added phos- 
phatidylserine [ 1181. The secretory response elicited by N G F  is non-cytotoxic, 
slow (5-10 min for maximum release), pH-dependent (maximal at pH 7.4), not 
dependent on cell-bound IgE, and blocked by polyclonal antibodies to NGF. 
It shows no cross-desensitization with antigenic stimulation suggesting that, 
like other peptide secretagogues, it acts by a different mechanism. However, its 
requirement for extracellular Ca distinguishes N G F  [ 1181 from other peptide 
secretagogues of the mast cell which can activate histamine release in the 
absence of extracellular Ca [ 791. Interestingly, the requirement for phosphati- 
dylserine by NGF is also shared by the lectin, concanavalin A, which is believed 
to act through the IgE receptor [ 1191 and phosphatidylserine can enhance the 
secretory effect of antigenic stimulation [ 1201. Moreover, the secretory re- 
sponse elicited by these latter, IgE-dependent secretagogues is also dependent 
upon extracellular calcium [ 1211. 

Recently, NGF has been shown to cause a significant proliferation of con- 
nective tissue mast cells when injected subcutaneously into newborn (day 1) 
rats [122]. This effect of NGF is blocked by DSCG, which suggests that 
products released from NGF-stimulated mast cells are responsible (directly or 
indirectly) for the proliferation or recruitment of other mast cells. In adult rats, 
a similar proliferation of mucosal mast cells in the small intestine is known to 
accompany an infection by intestinal nematode, N.  brasiknsis [ 1231 and has 
also been reported to accompany the repeated injections of compound 48/80 
[ 1241. It may be relevant in this regard that mast cells are frequently prominent 
in a wide variety of fibrotic conditions such as neurofibromatosis where itching 
around the growing neurofibroma is a common symptom [ 1251. Treatment of 
neurofibromatosis with ketotifen, a mast cell stabilizer similar to DSCG, results 
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in a significant improvement in the symptoms including a decrease in neuro- 
fibroma size [ 1251. Key components of these tumours are Schwann cells and 
fibroblasts. Fibroblasts have been shown to promote the growth and differen- 
tiation of murine bone marrow-derived mast cells [ 1261 and Schwann cells are 
a potential source of NGF [127] perhaps capable of stimulating mast-cell 
secretion and proliferation. 

ENDOGENOUS OPIATES 

Dynorphin, a-neoendorphin and P-endorphin each produced a dose-dependent 
( I0  . ' M to 10 ~ M) release of histamine from rat peritoneal mast cells but not 
from rat mucosal mast cells which were isolated following collagenase digestion 
[ 1281. When administered intradermally to the forearms of human volunteers, 
dynorphin, b-endorphin, Leu-enkephalin and morphiceptin each produced a 
wheal and flare reaction at nM concentrations. Mast cell degranulation was 
confirmed by electron microscopy of biopsy samples and by its inhibition by 
hyroxyzine pretreatment [ 1291. 

PARATHORMONE 

Both intact bovine parathormone (PTH) and a biologically active fragment of 
human PTH stimulate a time-dependent release of histamine and serotonin 
from rat peritoneal mast cells that is dependent on the concentration of peptide, 
on the presence of calcium, and on a supply of metabolic energy [ 1301. When 
injected intradermally in the guinea-pig, PTH causes a pronounced increase in 
vascular permeability. While the physiological relevance of these findings is at 
present unclear, it is important to note that blood levels of PTH are elevated 
in advanced uraemia [ 1311, and many of the uraemic patients show a signifi- 
cant increase in the number of tissue mast cells [ 1321 and some clinical signs 
of possible mast-cell involvement such as generalized pruritus [ 1331. 

In other studies, mast cells have been shown to be abundant in the marrow 
of osteoporotic patients, and heparin, which is contained within the secretory 
granules of connective tissue (peritoneal)-type mast cells, has been shown to 
enhance bone resorption and to inhibit bone-cell replication and collagen 
synthesis in vitro [ 1301. Moreover, heparin is known to bind growth factors 
such as fibroblast growth factor and may therefore be important in limiting their 
availability [ 1341. Taken together, these various studies suggest a possible 
involvement of mast cells in the homeostasis of bone, but much more work is 
needed before any definitive conclusions can be drawn. 
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THROMBIN 

The plasma proteinase, thrombin, a procoagulant enzyme with effects on 
platelets, endothelial cells and smooth muscle, has been shown to stimulate 
bone-marrow-derived murine mast cells to release histamine and 8-hexos- 
aminidase [135]. This secretory response is rapid, reaching a maximum in 
1-2 min, and dose-dependent, beginning at about 0.1 U of thrombin and 
plateauing at 0.5 U thrombin. 

Stimulation by thrombin does not lead to the generation of leukotriene C, 
or B,, whereas stimulation of the same mast cells by the calcium ionophore, 
A23187, does. The secretory response elicited by thrombin is prevented by 
preincubation with AT-111, a plasma inhibitor of thrombin, or by hirudin, a 
thrombin inhibitor derived from the leech [ 1351. 

GASTRIN 

Gastrin I (G,,) is released from G cells in the gastric antrum and proximal 
duodenum in response to the ingestion offood [ 1361. Thus, GI, levels in blood 
increase to 10 ~ I" M some 30-60 min after a meal and then gradually decline 
[ 1371. G,, is well known for its stimulatory effect on gastric acid secretion, an 
effect that has been reported to be blocked by antihistamines of the H, class 
[ 1371. Recently, GI, and a synthetic analogue of the carboxy-terminal region 
of gastrin, pentagastrin, have been shown to stimulate histamine release in vitro 
from human cutaneous mast cells at concentrations of 1-100 pM [ 1371. This 
is several orders of magnitude less than the concentrations that are required to 
stimulate histamine release from isolated rat mast cells. Maximum release 
(15%) occurred at 10- lo M GI,, while higher levels of GI, elicited a smaller 
response. The N-terminal tridecapeptide had no effect on histamine 
release, nor did it inhibit G,,-evoked release [ 1371. When given intradermally, 
G,, (10 ~ l2 to 10- l o  M) elicited a significant wheal and flare response in four 
out of six human subjects. The authors suggested that gastrin I may play a role 
in the postprandial episodes of hypotension that often occur in elderly patients 
and in the eating-related urticarias and anaphylactic syndromes that are of 
unknown etiology [ 1371. Further studies will be needed to confirm these 
notions. 

PEPTIDE FACTORS FROM INFLAMMATORY CELLS 

If peptides are involved in the local inflammatory response, one would expect 
their distribution to be ubiquitous. However, the available evidence using 
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immunocytochemical techniques and radioimmonoassay suggests that pep- 
tides such as SP, SOM, NT and CGRP have specific, highly localized distribu- 
tions consistent with their presence in nerve endings or in other specialized 
secretory cells [27, 109, 114, 1381. Thus, aside from a possible role in neuro- 
genic inflammation [ 59,601, the described distribution of these peptides argues 
against their participation in generalized inflammation. 

However, widespread distribution of peptide signals can be readily achieved 
by their production and storage in other cells of the inflammatory response. 
Ranadive and Cochrane [ 1391 were the first to show that neutrophils contain 
cationic peptides within their cytoplasmic granules that are capable of eliciting 
a dose-dependent, exocytotic, secretory response from isolated mast cells. 
More recently, other workers have shown that the eosinophil also contains, 
along with major basic protein (the prominent histologic feature of eosinophils), 
catonic proteins [ 691 that are similar to those identified within the neutrophil 
[ 691. Both of these eosinophilic proteins are capable of stimulating histamine 
secretion from isolated mast cells that is non-cytotic in nature [69]. Moreover, 
we [ 1401, as well as several other laboratories [ 141-1431, have now demon- 
strated an ability of the neutrophil to release products that are capable of 
stimulating mast-cell secretion. Evidence suggests that some of these products 
may be peptide in nature [ 1431. 

Acid : acetone extracts of human and rodent leukocytes (RBL-cells) have 
been found to contain immunoreactive SOM (ISOM) and immunoreactive SP 
(iSP) as determined by radioimmunoassay [ 1441. Quantities of the peptides 
varied from 325pg iSOM/107 cells for human monocytes and 272pg 
iSOM/107 cells for RBL-cells to 4.4 pg iSOM/107 cells for human T cells. iSP 
was highest in murine bone marrow-derived mast cells (64 pg iSP/107 cells) and 
RBL-cells (23 pgiSP/107 cells) and lowest in human T and B lymphocytes (2.5 
and 1.2 pg iSP/107 cells, respectively). Interestingly, the murine bone marrow- 
derived mast cells had the highest ratio of iSP to iSOM. Preliminary chromato- 
graphic results show a large and a small SOM (SOM-28 and SOM-14, respec- 
tively). SOM-14 (3 x 10 ~ M) has been shown to inhibit histamine release and 
LTC, generation from murine bone marrow-derived mast cells stimulated by 
anti-IgE serum [ 1441. 

Several other cell types have also been shown to secrete histamine-releasing 
activity, some of which may be peptide in nature (although more work is 
necessary for a definitive characterization). For example, human lung macro- 
phages cultured for 24 h have been shown to release a soluble factor (12 and 
30 kDa) that stimulates isolated human lung mast cells and human basophils 
to release histamine [ 1451. The generation and release of this factor developed 
over time (> 1 h) and was blocked by cycloheximide, indicating that protein 
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synthesis is required for its generation and/or release. In this regard it is similar 
to other lymphokines such as IL-I [146]. Stimulated human platelets also 
release a soluble, heat-labile substance that causes histamine release from 
human basophils [ 1471 and media derived from human neutrophils contain a 
factor (most likely peptide in nature) that causes histamine release from RBL- 
cells in a dose-dependent manner [ 1481. When injected intradermally, this 
factor causes an increase in vascular permeability in both rats and guinea-pigs, 
and this effect is blocked by antihistamine pretreatment. 

Several other factors - some IgE-dependent, others IgE-independent - have 
been reported to modulate histamine release from basophils and mast cells 
[ 149, 1501. However, these factors, which are produced by mononuclear cells, 
have not been chemically characterized or well defined. 

INTERLEUKIN-I 

Interleukin-1 (IL-1) produced by monocytes and several other celi types [70, 
1461 has a wide array of biological properties, including T cell activation and 
inflammatory interactions with muscle, liver, fibroblasts, brain and bone [ 70, 
1461. IL-1, both natural and recombinant, has been shown to release histamine 
from human basophils and from human adenoidal mast cells [ 70, 146,15 I ]  and 
this release was abolished by an IL-1 antibody. However, the average release 
produced by 10 units of IL-1 was less than 20% and there was considerable 
variability between populations of basophils in the extent of histamine release. 
Moreover, the secretory response elicited was quite slow (within 15 min) com- 
pared with that of other peptides [ 1511. Desensitization of the basophils by 
anti-IgE serum had no effect on the subsequent IL-1 response, suggesting 
different mechanisms of action [ 1511, as has been the case with other peptides. 
Interestingly, the portion of the IL-1 molecule that is responsible for its immu- 
nostimulatory activity appears to be separate from that portion responsible for 
its proinflammatory effects [ 1521. However, that portion of the molecule re- 
sponsible for eliciting basophil and mast-cell histamine release has not as yet 
been defined. 

INTERLEUKIN-3 

Interleukin-3 (IL-3), a glycoprotein lympokine from T cells, stimulates the 
growth of murine mast cells, neutrophils, and macrophages from haemopoietic 
progenitor cells [71, 1531. Thus, cultures of murine bone marrow or spleen cells 
supplemented with IL-3 have been shown to generate cells that have many of 
the characteristics of mucosal mast cells [71, 1531. The release of IL-3 in vivo 
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is achieved when T cells are activated by antigenic stimulation. When the 
antigenic challenge is of sufficient magnitude, such as occurs in some parasitic 
infestations, IL-3 is found in the systemic circulation, although its half-life is 
short [ 7 1, 1531. Whether this increase in IL-3 is responsible for the proliferation 
of mucosal mast cells that accompanies infection of rats with the parasitic 
larvae of N .  brusiliensis is unclear. Likewise, the precise role of IL-3 in regulating 
mast-cell growth and differentiation awaits further experimentation. 

PEPTIDES GENERATED LOCALLY FROM CIRCULATING PRECURSORS 

Specific peptide signals can also be produced locally by the action of secreted 
enzymes on circulating inactive precursors. Well-known examples of such 
peptide signal generation are the renin-angiotensin system [ 1541 and the 
kallikrein-bradykinin system [ 1551. In each, there is ubiquitous distribution of 
the precursor molecule within the vascular compartment and in each, the 
generation of the active peptide (angiotensin I1 or bradykinin) occurs rapidly 
as a consequence of a locally active enzyme (renin-converting enzyme or 
kallikrein) [ 1551. 

B RADY KININ 

Perhaps the best characterized and most familiar locally generated peptide is 
bradykinin (Bk), a nonapeptide (Table 4.4),  generated from circulating high- 
molecular-weight kininogen by the action of plasma kallikrein, an enzyme 
activated from prekallikrein by activated Hageman factor [72, 1551. Bk has a 
variety of biological effects, including stimulation of smooth muscle con- 
traction, increasing vascular permeability, promoting vasodilatation, and the 
stimulation of pain [72, 1551. The intradermal injection of Bk causes a rapid 
vasodilatation and an increase in vascular permeability (but the area of 
erythemia is less than that found with an intradermal injection of histamine 
because there is no axonal reflex involved). These effects are accompanied by 
an intense burning pain centred around the site of the injection [72]. Bk is 
rapidly inactivated by carboxypeptidase N and by a dipeptidase (kininase II), 
so the reliable measurement of Bk in the blood is quite difficult. 

Bk has been shown to stimulate histamine release from isolated peritoneal 
rat mast cells [30, 871 and this secretory response, like that elicited by other 
peptides, requires a source of metabolic energy and is prevented by depletion 
of cellular Ca [ 30, 871. The subsequent treatment of such cellular Ca-depleted 
mast cells with Bk produces an inactivation or desensitization phenomenon to 
the subsequent addition of extracellular Ca (secretion declines as the time 
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between stimulation and the addition of Ca increases) [ 871. Interestingly, mast 
cells inactivated to Bk are also inactivated to stimulation by compound 48/80 
or by polymyxin B, which suggests a common site of action. These inactivated 
mast cells do respond to stimulation by the calcium ionophore, A23 187, in the 
presence of extracellular Ca [87], demonstrating that the exocytotic step in 
these cells is functional and suggesting that inactivation involves steps before 
Ca-dependent exocytosis. 

Bk is thought to be involved in a number of allergic and inflammatory 
conditions [72, 1551. For example, in atopic individuals, kinin levels in the 
nasal secretions have been shown to increase significantly following challenge 
by allergen. Moreover, the severity of symptoms appears to be related to the 
level of kinin [72]. 

PEPTIDES GENERATED FROM ALBUMIN 

Recently, workers in our laboratory, in collaboration with Dr.R.E.Carraway of 
the University of Massachusetts Medical Center, have established the ability 
of specific acid proteinases to generate from albumin biologically active pep- 
tides that can stimulate mast cell secretion [73, 1561. We and others [74] have 
found that treatment of albumin with pepsin generates a neurotensin-related 
peptide (NRP) (also called kinotensin) [ 73, 74 J with the amino-acid sequence 
shown in Table 4 . 2 .  Like NT, with which it shares some sequence homology 
(Tubk 4.2),  NRP can stimulate isolated peritoneal mast cells to release 
histamine (Figure 4 .6)  and can increase vascular permeability when injected 
intradermally [ 731. Moreover, NRP binds to NT receptors from brain with high 
affinity [ 731. Interestingly, when injected intravenously into anaesthetized rats, 
NRP (even at 10 nM) does not cause a significant increase in the level of plasma 
histamine. Thus, the levels of plasma histamine (ng/lO pl) in anaesthetized rats 
as determined by radioimmunoassay [79] 3 min after the intravenous injection 
of NT (0.75 nmol), saline (0.4 ml) or NRP (100 nmol) were 1.32, t 0 . 3  and 
< 0.3 respectively. NRP thus differs significantly from NT in this regard [79]. 
Our studies show that NRP can be generated from human, canine, bovine, 
porcine and rat plasma and that these NRPs have similar amino-acid sequences 
and dose-response relationships when applied to the rat serosal mast cell 
(Figure 4 .6) .  

Importantly, the amino-acid sequence of bovine NRP, with the exception of 
a single substitution of Tyr for Leu at the N-terminal, is contained within the 
reported sequence for bovine albumin residues 137 to 149 [73]. 

Other collaborative work from our laboratories has recently shown a second 
biologically active peptide to be generated by cathepsin D (as well as pepsin) 
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Figure 4.6. Log dose-response relationships for the effects of synthetic neurotensin. synthetic brady- 
kinin, and various preparations of NRF’ on the release of histamine from isolated rat mast cells [73]. 

Each point is the mean obtained for two separate incubations. 

treatment of albumin. This second peptide, called histamine-releasing peptide 
(HRP) because of its pronounced histamine-releasing effect when added to 
isolated mast cells, has a sequence similar to that of NRP (Table 4 .2 )  but is 
generated in some 20-fold excess of NRP by proteinase treatment of albumin. 
We have hypothesized that these peptides may be produced locally at sites of 
inflammation [ 155al. 

This suggestion is supported by our recent observations [ 1561 that medium 
derived from neutrophils stimulated by the synthetic chemotactic peptide, 
Met-Leu-Phe, can generate, in a time- and concentration-dependent manner, 
significant quantities of histamine-releasing activity (HRA) when incubated 
with serum albumin (Figure 4 .7 ) .  This HRA is most likely peptide in nature as 
it is destroyed by carboxypeptidase and is extractable into acid-acetone [ 1561. 
Significantly, its generation is blocked by the addition of pepstatin - an inhibitor 
of acid proteinases like pepsin and cathepsin D [ 1561. Our working hypothesis 
for how NRP and HRP might be involved in an inflammatory response is 
shown in Figure 4.8. In this model, an inflammatory response is initiated by 
stimulation of mast cells by direct injury, by complement fragments, by peptides 
(for example SP, CGRP) released from nerve endings or by other ill-defined 
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Figure 4.7. Histamine release from mast cells in response to various dilutions of HRA generated from 
bovine serum albumin (BSA) by medium derived from stimulated rat neutrophils 11561. Neutrophils 
((SO-tO0) x 106/mQ were stimulated with FMLP (10 ~' M). the medium removed and incubated with 
BSA (10 mglml) at pH 4.5for 18 h at 37" C.  It was then boiled and centrifuged (11,000 x gfor 30 s), 
the supernatant fraction was removed, its pH was adjusted to 7.2 and it was added, at various dilutions, 
to suspensions of must cells. Histamine release was then measured after 10 min. As the amount of 
generated HRA was increased histamine release increased to a maximum at 57 f 4 % .  Mean 

S.E.M.,  n = 5 .  Inset: Time-course of generation of HRA as assayed by histamine release from 
isolated must cells. HRA wasgenerated as before using50 x lo6 neutrophiklml. Aliquots were removed 
at the indicated times and assayed (at 50 % dilution) for HRA. Note that there is a signifcant generation 

of HRA by 2 h. Mean S.E.M., n = 3.  

factors. Mediators released during this initial secretory response produce an 
immediate increase in local blood flow by vasodilation, an increase in vascular 
permeability with accompanying plasma extravasation, and the eventual 
chemotactic emigration of neutrophils (and later monocytes) to the site of 
inflammation. At the site of inflammation, the neutrophil becomes a highly 
efficient phagocyte and in the process releases its granule enzymes (among 
which are cathepsins) to the extracellular space. Once in the tissue space, 
enzymes like cathepsin D can generate biologically active peptides from 
albumin precursors which have entered the tissue space as a result of the 
increased vascular permeability. These locally generated peptides (for example, 
NRP or HRP) can then initiate a second wave of mast cell secretion such as 
occurs in late phase reactions of the allergic response [ 1571. The accompanying 
release of proteinases from secreted mast cell granules could act to degrade the 
peptide signals, thereby modulating the response. These generated peptides 
may also have other biological activities on other cells of inflammation (for 
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Figure 4.8. Hypothesis ,for the local generation of mast-cell-stimulating peptides by the action of 
neutrophil-derived enzymes on albumin. Initial stimulation of the mast cell by any of a variety of agents 
causes the release of preformed histumine (H); neutrophil and eosinophil chemotactic factors (NCF, 
ECF) and enzymes and the de novo synthesis of prostaglandins (PG) and leukotrienes (LT). These 
ugents increase vascular permeability and vessel diameter. As a result, albumin and later neutrophils 
(PMNJ enter the tissue space where the latter undergo phagocytosis and the secretion of proteolytic 
enzymes to the extracellular space where they acc on albumin to generate NRP (neurotensin-related 
peptide) and HRP (histamine-releasing peptide). These newly formed peptides then act as a second 
stimulus 10 the mast ceil. In addition NRP and HRP may affect other immunocompetent cells such as 

monocytes, macrophages or eosinophils. 

example monocytes, neutrophils, or eosinophils) to promote additional media- 
tor release (for example, lymphokines and monokines). The validity of this 
hypothesis awaits further experimentation. 

MECHANISM OF PEPTIDE ACTION 

BINDING 

Evidence for the specific binding of peptides to isolated mast cells is limited. 
The most detailed study to date has been done by Lazarus et al. [ 86, 1581 who 
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studied the binding of 12sI-labelled neurotensin ('251-NT) to isolated rat 
peritoneal mast cells. Using a hypotonic buffer system consisting primarily of 
80 mM sucrose, the binding of labelled NT was determined under equilibrium 
conditions. Specific binding reached a maximum at 10 min with a reported K,, 
of 154 mM at pH 6.8-7.2, which is about 20-fold higher than reported for the 
binding of '251-NT to brain synaptosomes (154 mM versus 1.27 pM) [86]. The 
presence of cations strongly inhibited the binding of NT. For example, Ca and 
Mg, at 1.5 mM and 4 mM (respectively) inhibited the binding of 1251-NT by 
50% and CaC1, and NaCl displaced 60% of the total bound 1251-NT in about 
6 min. When the cells were bathed in physiological concentrations of these 
cations, the specific binding of NT was below detectable limits [86]. 

The reported binding of '251-NT was effectively competed for by BK (100% 
effective) and by xenopsin (60% effective), a peptide with sequence homology 
to that of NT (Table 4 .2 ) .  While both Bk and xenopsin have been shown to 
stimulate histamine release from isolated mast cells [ 30,72,87,159] and to alter 
cutaneous vascular permeability when injected intradermally [ 72, 1591, BK 
does not interact with NT receptors in other systems [ 1601. Other peptides, 
including SP, which has significant histamine-releasing activity [ 30, 1581, and 
SOM, which stimulates histamine release at concentrations greater than 
10 -- M [ 88, 1 10, 11 I] but which inhibits histamine secretion at lower concen- 
trations [88, 1131, showed no competition with NT for binding [158]. 

Changes in the C-terminal region of NT from Pro" to Leu13 greatly reduced 
the binding [ 1581, confirming results obtained from other tissues [38]. On the 
other hand, changes in the residues from pGlu' to Pro7 had little effect on 
binding, while substituting D-Arg for L-Arg at Arg' or at Arg' caused an 
increase or a decrease, respectively, in binding. The hydroxy groups of tyrosine 
are not involved in the interaction of NT with its reported binding site. How- 
ever, the L-configuration of the amino acids is critical. 

In summary, the binding of NT to its reported binding site on the rat 
peritoneal mast cell, as reported by these authors [86, 1581, requires: 
( I )  a free C-terminal carboxyl group; 
(2) a ( +  ) charge at position 8 or 9; 
(3) the residues from Arg8 to Leu13 to be intact (the N-terminal region is not 
required for binding); 
(4) both Arg' and Arg' for optimal recognition, with Arg' being more impor- 
tant than Arg'. 

As the buffer used in these studies [86, 1581 is hypotonic to rat peritoneal 
mast cells, incubations of greater than 10 min result in significant cell swelling, 
a large increase in membrane permeability, as judged by trypan blue staining, 
and eventually cell lysis. This raises some concern as to the location of the site 
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to which the 12'I-NT is binding. It is known, for example, that the mast-cell 
granule matrix has a high capacity to bind positively-charged molecules [ 181. 
Furthermore, the lack of measurable binding at physiologically relevant con- 
centrations of Na + and Ca2 + is difficult to reconcile with the observations of 
detectable secretion induced by low (lo- '  M) concentrations of NT [79]. 

Whether the putative binding sites on the mast cell identified with '251-NT 
are functional - that is, do they mediate the NT-induced histamine secretion 
- cannot at present be directly determined. Structure-activity studies of the 
ability of NT-fragments to release mast-cell histamine from perfused rat hind- 
quarters [ 381 show marked differences with the data obtained from the binding 
studies described above with peritoneal mast cells. Interestingly, the results of 
these structure-activity studies do, however, agree quite well with those values 
derived from NT binding assays using rat brain [38]. This suggests that, if 
l2'I-NT binds to peritoneal mast cell receptors that are functionally involved 
in the NT-induced histamine release, these receptors differ in their recognition 
site from other functional NT receptors and from those on mast cells in the rat 
hindquarters. This implies that either different mast-cell populations have 
pharmacologically distinct NT receptors or the binding sites for NT identified 
on the rat peritoneal mast cell are not involved in histamine secretion [38, 1601. 

We also have attempted to study the binding of a peptide to the isolated rat 
mast cell using 1251-[Tyr1 ]-somatostatin. [Tyr' 1-SOM has histamine-releasing 
activity similar to that of SOM. For these experiments, mast cells 
((1.5-2.0) x 10' cells) were incubated at 4 °C  for 10 min in 100 mM Tris- 
acetate buffer, (pH 7.0) containing BSA (1 mgiml), sucrose (10 mM), bacitracin 
(0.1 mgiml), and EGTA (01. mM). Each binding assay was performed in 
triplicate and each sample contained 5-60 fmol of 1251-[Tyr' ]'-somatostatin. 
The mast cells used for these experiments were metabolically inhibited by 
antimycin A (10 M) and deoxyglucose (10 - M) to prevent both the release 
of granule proteases and the exposure of granule matrix by degranulation. At 
the end of the incubation period, the cell suspension was rapidly filtered using 
Whatman GF/D glass-fibre filters which had been previously equilibrated with 
polylysine (10- M) to reduce nonspecific binding to the filter. The filters were 
then quickly washed (4-5 s) with an excess (40 x ) of cold (4°C) 2% BSA 
solution, dried and counted. As shown in Figure 4.9 the binding of lz51-[Tyr']- 
SOM was saturable, reaching a maximum after 5 min at 3.5 fmol '251-SOM 
boundi2.5 x lo5 mast cells. [Tyr'l-SOM was most effective in competing with 
'251-[Tyr]-SOM for binding, while both NT and SP (each at lo4 excess) failed 
to compete for 1251-[Tyr' 1-SOM binding. Interestingly, compound 48/80 (at 
5 pg/ml) was able to reduce the amount of 1251-[Tyr']-SOM bound by some 
15%. The K ,  for the binding of [Tyr'l-SOM as determined from Scatchard 
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E p r e  4.9. Time-course of'"1- Tyr-SOM binding. Mast cells and SO fmol of '2sI-~Tyr'~somatostaIin 
were incubated and assayed at various time intervals. The results are from one experiment done in 

tripIicate. (Witkowski and Cochrane, unp~~lished results.) 

analysis and from the concentration of unlabelled SOM giving 50% displace- 
ment was 1.52 x 10- '' M. This affinity is within the range of that determined 
for SOM receptors on human mononuclear leukocytes [ 1611 but 10-times 
greater than that determined for guinea-pig and rat pancreatic acinar cells [ 162, 
1631 or for rat anterior pituitary membranes [ 1641. The K D  determined in our 
studies is consistent with the reported findings that SOM, at low concentra- 
tions (about lo- '"  M), has a significant inhibitory effect on the secretory 
response of the cutaneous mast cell to NT [ 881 and on the ability of the human 
basophil to release histamine, while at higher concentrations (> 10 - M) it is 
stimulatory [ 1131. However, in our studies a large amount of nonspecific 
binding was encountered. Thus, the results of these experiments must be 
interpreted with considerable caution, even though they are consistent with 
those reported by earlier workers [ 1611. 

STRUCTURE-ACTIVITY RELATIONSHIPS 

In their initial studies on the effects of vasoactive peptides on mast-cell 
secretion, Johnson and Erdos [ 3 1 J concluded that the ability of peptides to 
elicit a secretory response from mast cells depended upon the number of basic 
groups a peptide contained, and not on the structure of the N-terminal or 
C-terminal amino acidsper se. They found, for example, that Polistes kinin, with 
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5 positively charged groups, was considerably more active than either Met-Lys- 
bradykinin or SP, each of which have three basic (positive) groups, and these 
two peptides, in turn, were significantly more active than bradykinin, which has 
only two basic groups. Since then, a British team [ 165-1691 as well as several 
other laboratories [95, 99, 104, 108, 170-1751 have used the relationship 
between peptide structure and its activity as a means of understanding peptide- 
secretagogue action. Among the many peptides, associated fragments and 
analogues that have been studied, by far the most is known about SP. 

Studies with SP have determined that the N-terminal basic amino-acid 
residues, Arg' and Lys3, are required for histamine releasing activity [99, 1081; 
substitution of neutral amino acids in the N-terminal region [ 1081 significantly 
reduces histamine-releasing activity (recall that studies with '251-NT had deter- 
mined that the N-terminal region was not required for binding [86, 1581. 
However, while basic amino acids at the N-terminal of the peptide are clearly 
important, the N-terminal sequence is not by itself sufficient for full histamine- 
releasing activity. This is supported by the observations that amino-acid sub- 
stitution in the C-terminal region of SP can give rise to an increase in histamine- 
releasing activity [ 99, 1721, while reducing the length of the C-terminal region 
decreases the ability of the peptide to stimulate histamine release (Figure 4.10). 

u 
001 01 100 1000 

Concentration of peptide (pM) 

Figure 4.10. Dose-relationships for histamine release from rat mast cells induced by a variety ofpeptides 
1991. No calcium was added to the extracellular medium. Each point is the mean of two or more 
determinations: A ,poly(~-lysine) (molecular weight 30,000-70.000); 0. succinylated poly(L-lysine) 
(molecular weight 30,000-70,000j; V, / D - P ~ ~ ~ ] S P , - , , ;  7 ,  /D-Pro', o-Phe7, D-Trp9]SP,-,,; @, 
SP,_, I ; A ,  eledoisin-related peptide; ., eledoisin; 0, N-terminal tetrapeptide of substance P. 
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For example, the N-terminal sequence of SP, (SPl-,) Arg-Pro-Lys-Pro (which 
lacks the C-terminal components) is about 150-times less active than SP,-, , 
itself in eliciting histamine release [99, 1701, while the longer N-terminal 
sequences, SP,-, and SP,-,, show approximately two-thirds of the histamine- 
releasing activity associated with the full molecule (SP1-, ] )  [ 99, 1701. Further 
shortening of the N-terminal region by removal of the next amino acid, Phe’, 
to give SP ,-7, results in a 10-fold loss of activity. Removing the next amino acid, 
Phe’, to give SP,-, causes a 100-fold decrease in secretagogue activity. Thus 
SP,-, > SP,-, > SP,-, > SP,-,, in terms of histamine release (Figure 4.1 1) 
[ 991. Interestingly, substitution at the 7 position with D-phenylalanine (for 
L-Phe) giving [ D - P ~ ~ ~ ] S P ~ - , ,  yields a peptide that is more active than SPl-l,. 
From these experiments, it is clear that both the basic, N-terminal portion as 
well as the C-terminal region of SP are required for full activity and that the 
phenylalanines at positions 7 and 8 are particularly important for full secretory 
activity. 

Concenirotion of peptide (pM) 

Figure 4 .11 .  Comparison of the hirtamine-releasing activity of three fragments of SP with decreasing 
numbers of C-terminal amino acids (991; 0. SP,-,,; 0, SP,-,; A, SP,-,; ., SP,-,. 

The significance of the positive charge at the N-terminus is demonstrated by 
the fact that SP-related peptides (Table 4 .3 )  which lack basic amino acids at 
the N-terminal region (such as SP,-,, or SP,-,,), physalemin, [p-Glu6- 
p-amino-Phe’]SP,-, , and eledoisin (Figure 4 .  lo),  are without histamine- 
releasing activity [ 991. Exposing a basic amino acid at the N-terminal end (as 
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in eledoisin-related peptide) imparts histamine-releasing activity (about 20 % 
that of SP) to a peptide that is otherwise inactive (for example, eledoisin). 

A clue as to why the cationic N-terminal region and the hydrophobic 
C-terminal portion of SP are required for full histamine-releasing activity comes 
from studies of the electrical conductivity of black lipid membranes in the 
presence of peptides. Using SP, these authors [ 1761 concluded that SP prob- 
ably binds by its N-terminal region to negatively charged sites on membrane 
lipids, while the C-terminal portion of the molecule penetrates the hydrophobic 
core of the lipid bilayer, which could induce an increase in membrane permea- 
bility or a slight alteration in membrane conformation. 

Studies with analogues of NT have also shown that a cluster of basic amino 
acids at the N-terminal coupled with a hydrophobic C-terminal region is 
optimal for histamine release [38, 1731, Thus, the C-terminal octapeptide of 
NT, NT6-,3, is more active in releasing histamine than the C-terminal hexa- 
peptide, NT8-13 (the ED,, values being 13 pM and 90 pM, respectively) [95] 
and each is more active than NT,_,, itself [79}. This suggests, first, that Lys6 
and Pro7 are particularly important to the histamine-releasing ability of NT 
and, secondly, that the distance between the basic and hydrophobic regions is 
important. These authors [ 951 have speculated that Lys6 may add the necessary 
positive charge, while Pro’ may affect the tertiary structure of the peptide such 
that the Arg8-Arg’ grouping is oriented in a particular fashion which allows 
optimal binding and thus maximum release. Since they found little histamine- 
releasing activity by the native peptide (NTl-13), they suggested that limited 
proteolysis of NT,-,, to yield shorter fragments (for example, NT6-13, NTBdI3) 
may be an important step in the ability of NT to elicit histamine secretion from 
mast cells. However, recent work from our laboratory together with Dr. R.E. 
Carraway suggests that, while degradation of NT does most likely occur as a 
result of mast-cell enzymes, the C-terminal region of NT is most likely affected 
to give NT,-,,, an inactive fragment. 

Studies from our laboratory using various analogues of NT,-,, have likewise 
found some remarkable differences in histamine releasing activity, when the 
C-terminal amino acid of the molecule is varied. In these experiments, purified 
rat serosal mast cells were incubated for 10 min in Locke buffer containing 
0.2 mM Ca and exposed to the stimulus for 10 min, whereupon histamine 
release was determined. As has been previously reported by others [95], 
NT,_,, was more active (45 % release) than NT,-,3 (21 % release). Substituting 
Val for Leu at position 12 slightly decreased histamine release to 31 2. How- 
ever, decreasing the hydrophobic nature of the C-terminal amino acid signifi- 
cantly altered the histamine-releasing activity. Thus, substitution of Asn, Gly 
or Asp for Leu13 reduced histamine-releasing activity to spontaneous levels 
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(< 4%), while substituting Ile or Val for Leu13 had little effect on activity (39% 
and 36%, respectively). These results provide yet another example of the 
importance of the C-terminal region for the histamine-releasing activity of NT 
and corroborate earlier findings of the importance of the hydrophobic C-termi- 
nal region of NT to its mast-cel1-stimulating activity [95, 99, 104, 108, 

Like NT and SP, the conformation of SOM is critical for optimal histamine 
release. SOM requires a positive charge at the amino terminus (like NT and 
SP) and the amino acids, Lys4 and Lys', appear particularly important to its 
histamine-releasing activity; D-LYS~ substitution reduces SOM activity by 80% 
while D-LYS' substitution increases it some 4-times [ 1711. Cleavage of the 
disulphide bond in SOM results in a 30-50% reduction in its histarnine- 
releasing activity [ 1711. The results of various amino acid substitutions on the 
histamine-releasing ability of SOM analogues are summarized in Figure 4.22 
[ 1711. 

In addition to the necessity for basic amino acids at the N-terminal region 
in eliciting mast cell histamine release, a stereospecific component to peptide 
action has been demonstrated [ 1671. When the core peptide of corticotropin, 

165-1 691. 

Somatostatin and Analogues (pg/ml) 

Figure 4.12. Dose-response curves of somatostatin and analogues on histarnine secretion from punfied 
rat peritoneal mast cells [I 711. Somatostatin ( x ), (D-Ly?]-somatostatin (O), (D-Lys4]-somatostatin 
(O), /Tyr'/-somatostatin (A). Des,(AIa',G?J]-desamino- fCy8j-somatostatin {A), dikydrosomato- 

statin m, and bis-S-ucetamidomethyldihydrosomatostutin (a). 
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which is composed of the basic L-amino-acid sequence, Lys-Lys-Arg- 
Arg-OMe, was replaced by identical D-amino acids, its histamine-releasing 
activity was reduced by 100-fold. Interestingly, pairing the basic amino acids 
(that is, Lys-Lys-Arg-Arg-0-Me) resulted in a greater histamine-releasing 
activity than when the basic amino acids were alternated (that is, Lys-Arg-Lys- 
Arg-0-Me) even though the net positive charge remained the same. This 
suggests that the ability of peptides to stimulate mast-cell histamine secretion 
depends on the presence of L-amino acids, the degree of N-terminal positive 
charge (that is, basic amino acids), and on the hydrophilic-hydrophobic balance 
[ 1671. 

To summarize, the picture that has emerged from these various studies of 
peptide structure-activity is as follows: 
(1) Histamine-releasing activity requires a cluster of basic amino acids at the 
N-terminal region [ 1691, with at least two basic amino acids appearing to be 
essential [ 172, 1741. 
(2) The C-terminal region must be predominantly hydrophobic, as increasing 
the hydrophobic nature by amino acid substitution slightly increases the 
histamine-releasing activity, while increasing the hydrophilic nature of the 
C-terminal decreases histamine-releasing activity [ 99, 169, 170-1761. 
(3) Neither the hydrophilic portion nor the hydrophobic portion of the peptide 
is by itself sufficient for optimal secretagogue activity [99, 104, 108, 165-169, 

(4) The C-terminal hydrophobic region of the peptide has been suggested to 
insert into the lipid bilayer of the membrane, perhaps forming an K-helical 
structure after insertion [ 169, 174, 1751. 
( 5 )  Proper insertion of the hydrophobic C-terminus may enable the cationic 
region at the N-terminus to interact electrostatically with negatively charged 
polar membrane components [ 1751. 
(6) The overall effect of the above interactions could be an aggregation of 
membrane protein components and an overall decrease in their mobility within 
the membrane [ 1741 and ultimately the activation of secretion. 

170-1751. 

STIMULUS-SECRETION COUPLING 

Defining the biochemical mechanisms that couple stimulation at the cell surface 
to secretion by exocytosis is a major focus in biological research. In the mast 
cell, the steps by which immunologic secretagogues (for example, specific 
antigen, anti-IgE antibodies) activate a secretory response have been exten- 
sively studied and there are several reviews covering this area [ 12-14, 16, 121, 
1771. 



D.E. COCHRANE 111 

Peptide secretagogues of the mast cell have not been well studied at the level 
of stimulus-secretion coupling. Evidence [ 87, 1211 suggests, however, that they 
share a common mechanism of action with the classic, well-studied, non- 
immunologic histamine releaser, compound 48/80. Thus, it is my contention 
that what we have learned regarding the action of compound 48/80 in initiating 
mast-cell secretion, may be applied in a general way to the secretagogue actions 
of peptides such as SP, NT, SOM and others. 

Clearly, the most studied aspect of stimulus-secretion coupling is the require- 
ment for calcium. That Ca ions are essential for many cellular processes has 
been known since the days of Sidney Rmger [178]. The eloquent studies of 
Douglas and his collaborators [ 179, 1801 and others [ 1811 firmly established 
the necessity for Ca in exocytotic secretion and set forth the notion that an 
increase in the level of free intracellular Ca, [CaZ + Ii was responsible for 
initiating exocytosis. Evidence for increases in the level of intracellular free Ca 
as prerequisite for initiating exocytosis by cell surface stimulation is now 
available from studies using a variety of systems [ 181-1831. 

In the mast cell, evidence for the mobilization of Ca from either extracellular 
or intracellular pools as an essential step in the initiation of histamine secretion 
comes from the following observations : 
(1) Removal of Ca reduces or prevents secretion initiated by either immu- 
nologic or non-immunologic stimulations [87, 184-1871 and secretion can be 
restored by the reintroduction of Ca but not Mg [87, 184, 1881. 
(2) There is an uptake of 45Ca from the medium that accompanies stimulation 
of the mast cells and this uptake precedes the release of histamine [ 186, 188, 
1891. 
(3) The addition of Ca to the mast cell interior by ionophore [ 185, 190, 1911, 
by iontophoresis [ 1921, or by Ca-filled liposomes [ 1931 initiates a secretory 
response. 
(4) The level of free intracellular Ca has been reported to rise in mast cells [ 1941 
and in RBL-cells [ 1951 as measured by the fluorescent dye, quin2 (although 
there are doubts as to the usefulness of this technique in heavily granulated cells 
like mast cells, since quin2 has been shown to enter the granular matrix and 
to be released upon stimulation [ 1961). 
( 5 )  There is evidence for a transient change in the permeability of the mast-cell 
membrane to Ca ions following stimulation by immunologic [186] or non- 
immunologic [ 87, 1881 secretagogues. Moreover, while results of earlier experi- 
ments using patch-clamp techniques [ 1971 suggested that physiologically 
relevant channels were not involved, the results of recent experiments demon- 
strated the presence of three ionic mechanisms involved in elevating intra- 
cellular free Ca [ 1981. 
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Non-immunologic secretagogues such as peptides and compound 48/80, 
require Ca primarily mobilized from a cellular pool [87, 183, 187, 1981. This 
idea is supported by the following observations: removal of extracellular Ca 
reduces only slightly histamine secretion in response to peptide or 48/80 stimu- 
lation [ 87, 1881 ; prolonged incubation in Ca-free medium containing chelating 
agents abolishes peptide stimulated secretion [ 87, 1881 ; however, this depleted 
cellular pool of Ca can be replenished by a brief exposure (< 5 s) to small 
amounts (< 0.5 mM) of extracellular Ca [ 1991. Single cell analysis using patch- 
clamp techniques and the direct measurement of [ Ca2 + Ii by the indicator dye, 
fura-2, has shown a large increase in [Ca” Ii following stimulation by 
compound 48/80 or SP [ 1981. The location of this cellular Ca pool and the 
mechanisms by which peptide secretagogues activate it are, however, unclear 
(although the recent experiments [ 1981 have implicated cyclic AMP and inosi- 
to1 trisphosphate (IP,)). 

While the pools of Ca required (cellular or extracellular) distinguish non- 
immunologic peptide secretagogues from the classic immunologic secretago- 
gues, peptide (non-immunologic) stimulation of the mast cell differs form 
IgE-dependent (immunologic) stimulation in a number of other important ways 
[ 86a] : 
(1) Stimulation of mast cells by peptides [ 86a] or by compound 48/80 [ 86a, 
2001 is not accompanied by an increase in the methylation of membrane lipids. 
In contrast, IgE-dependent stimulation of the mast cell results in an increase 
in the methylation of specific membrane phospholipids [200, 2011 and IgE- 
dependent stimulation of histamine release is inhibited by agents that block this 
enzymatic methylation [ 200, 20 I]. 
(2) Mast cells desensitized to stimulation by IgE-dependent agents still 
respond to peptide stimulation [ 86al. 
(3) Saturation of the IgE-receptor by IgE or the removal of cell-bound IgE, has 
no observable effect on peptide stimulation of histamine secretion [86a]. 
(4) Desensitization (inactivation) of mast cells to a particular peptide (for 
example, bradykinin) or to compound 48/80, desensitizes the mast cells to 
further stirnulation by another peptide or by compound 48/80 but not to 
IgE-dependent stimulation [3,86a, 871. This suggests that peptides (and 48/80) 
share a common mechanism of action in eliciting histamine secretion and that 
they compete for a common binding site. 
(5) Rat peritoneal mast-cell exocytosis (as monitored by membrane capaci- 
tance measurements) in response to either antigenic stimulation or to the 
intracellular perfusion with guanine nucleotides (for example, GTP[ A S I), 
occurs after a measurable lag period which has been suggested to be due to the 
involvement of a GTP-binding regulatory protein [ 2021. In contrast, stimula- 
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tion by compound 48/80 (100 pg/ml) shows no measurable lag period and thus 
it has been suggested that compound 48/80 acts at a site after the GTP-binding 
regulatory protein [ 2021. However, other workers [ 203, 2041 have found that 
Pertlcvsis toxin, which promotes the ADP-ribosylation of the or-subunit of the 
GNi protein thereby rendering it inactive, causes a concentration-dependent 
inhibition of Ca-induced histamine secretion from ATP-permeabilized mast 
cells to which a non-hydrolyzable GTP-analogue [Gpp[NH]p J was added. 
Similar results were obtained when compound 48/80 was used to stimulate 
intact mast cells. These later results suggest that guanine-nucleotide regulatory 
proteins may in fact be involved in both secretory response elicited by non- 
immunologic agents such as 48/80 and that elicited by Ca. 

In many systems the mobilization of Ca from cellular pools in response to 
cell-surface stimulation is now thought to be accomplished by the enzymatic 
generation of specific inositide phosphates such as inositol trisphosphate (IP,), 
which then act on intracellular compartments (for example, endoplasmic 
reticulum) to release stored Ca [205, 2061. The precursors of the inositide 
phosphates are the myo-inositol phosphates which include: phosphatidyl- 
inositol (PI), phosphatidylinositol 4-phosphate (PIP) and phosphoinositide 
4,s-bisphosphate (PIP, or triphosphoinositiol). While these compounds 
account for less than 10% of the total phosphatides in the cell, PI accounts for 
90% of the inositides [205]). Receptor occupancy has been shown in many 
systems [205, 2061 to result in the hydrolysis of the inositides with the sub- 
sequent release of inositol phosphates such as water-soluble IP, and 1,2- 
diacylglycerol (a lipophilic component). This reaction requires the activation of 
the membrane enzyme, phospholipase C (PIP,-phosphodiesterase), as a result 
of the activation of a G protein complex [205,206]. In general, G proteins have 
been shown to have three polypeptide chains: an c1 chain (with guanine nucle- 
otide binding activity), a p chain, and a 1 chain. When guanine nucleotide 
diphosphate (GDP) is bound to the a subunit, the three subunits are associated 
into an @?,I complex and the phospholipase C enzyme is relatively inactive. 
Receptor occupancy by the appropriate ligand results in the displacement of 
GDP by GTP, which in turn prompts the dissociation of the (x subunit, with 
the subsequent activation of phospholipase C. As a result, IP, and DAG are 
rapidly generated which then mobilize cellular Ca and activate protein kinase 
C, respectively, ultimately leading to the cellular response (for example, secre- 
tion) 1205, 2061. 

It is, however, uncertain whether the above sequence of reactions accom- 
panies peptide stimulation of mast-cell secretion. It is known that changes in 
the levels of key PI cycle intermediates accompany stimulation of mast cells by 
antigen or by compound 48/80 [207,208]. Besides, there is now evidence for 
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the involvement of guanine nucleotides and G proteins in mast-cell secretion 
[ 206, 2091 as well as for the participation of diacylglycerol and protein kinase 
C in antigenic stimulation ofthe murine mast-cell line, PT- 18 [2 101. In addition, 
Penner, Matthews and Neher [198] have recently observed, in a series of 
elegant experiments on fura-2-loaded, patch-clamped rat peritoneal mast cells, 
transient increases in intracellular free ionized Ca, [ Ca2 + I i ,  in response to 
stimulation by SP or 48/80. This increase in [Ca2+ Ii was independent of 
external Ca. The perfusion of IP, into the mast cell induced both a Ca-influx 
and a transient release of Ca from intracellular stores. These authors suggest 
that, in addition to the rapid mobilization of Ca from internal stores, there is 
a later prominent influx of Ca following stimulation that is optimized by the 
interaction between generated IP, and cyclic AMP. Together, these inter- 
mediates produced a sustained phase of elevated [Ca2 + Ii caused by an influx 
of extracellular Ca [ 1981. These recent results thus support earlier observations 
which suggested a transient Ca influx in response to secretagogue stimulation 
[87, 1881 as well as the mobilization of cellular Ca in response to peptide 
stimulation [ 86a, 871. A model for stimulus-secretion coupling in response to 
peptide stimulation of the mast cell is suggested in Figure 4.13. 

Another aspect of stimulus-secretion coupling in the mast cell in which 
specific peptides and compound 48/80 have been studied is the phos- 
phorylation of specific protein bands in response to stimulation [211-2141. In 
these experiments mast cells were pre-labelled with 32P and stimulated, and 

p l a s m a  m e m b r a n e  II I I  

Figure 4.13. Model of peptide initiation of mast secretion. Insertion of the hydrophobic region of the 
peptide into the lipid bilayer properly orients the basic ( i )  groups at the N-terminus for binding to 
negatively charged membrane components. As a result, there is activation of the Gprotein complex with 
the subsequent generation of inositol triphosphate (IPJ and diacylglycerol (DAG). These intermediates 
then stimulate the mobilization of cellular Ca and possibly the transient influx of extracellular Ca as 
well as the activation of protein kinase C. As a consequence, the level of intracellular free ionized Ca 
is maintained at an elevated state. The end result is the exocytotic extrusion of secretory granules. 
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subsequently phosphorylated protein bands were identified by autoradiogra- 
phic analysis of one-dimensional SDS polyacrylamide gels. 

SOM (5 pg/ml for 1 min) was found to promote the same pattern of protein 
phosphorylation as compound 48/80, namely, the rapid phosphorylation of 
three specific bands of 42, 59 and 68 kDa and a slower phosphorylation of a 
78 kDa band [211, 2131. This later band was also phosphorylated by the 
addition of DSCG or the DSCG-like drug, R021-7634 [214]. Significantly, the 
calcium ionophore, A23 187, supported the phosphorylation of the 42, 59 and 
68 kDa bands, but not that of the 78 kDa band [211]. Since this ionophore is 
believed to bypass the steps coupling stimulation at the cell surface leading to 
the appearance of an excess of intracellular free Ca, these results suggest that 
phosphorylation of the 78 kDa band may be involved in non-immunologic 
stimulus-response coupling, while the remaining three bands are most likely 
involved in the events following the mobilization of Ca which lead to exocytosis. 
In these experiments, the simultaneous addition of DSCG and 48/80 to the 
mast cells did not affect the phosphorylation of the 68, 59 or 42 kDa bands 
[212]. It was not reported whether histamine release was inhibited under these 
conditions. 

The relatively slow phosphorylation of the 78 kDa band in response to either 
peptide stimulation or to the addition of DSCG suggests that this particular 
protein band may be involved in the termination of non-immunologically 
activated secretion [211-2141. 

While these observations clearly point to protein phosphorylation in the mast 
cell as an important aspect of stimulus-response coupling, how this may fit into 
the overall picture is unclear. It would be of interest to know, for example, 
whether activators of protein kinase C (for example, 1,2-diacylglycerol) will 
promote a similar pattern of phosphorylation or whether inhibitors of G protein 
involvement (for example, Pertussis toxin) alter the pattern of phosphorylation 
in response to peptide or immunologic stimulation. 
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INTRODUCTION 

Mercuric chloride, nickel sulphate and nickel chloride are water-soluble salts. 
The present knowledge of these compounds regarding metabolism, chemical 
interactions and biological effects on different tissues will be reviewed. 

MERCURIC CHLORIDE (HgCI,, MERCURY BICHLORIDE; 
MERCURY PERCHLORIDE; CORROSIVE SUBLIMATE) 

Mercuric chloride has been a popular antiseptic and disinfectant. The handling 
of mercuric salts in the chemical industry, however, may result in exposure to 
aerosols of inorganic mercury. 

The mercuric ion, Hg2 + , which is obtained after oxidation in the red blood 
cells and other tissues, is able to form many stable complexes with biologically 
important molecules or moieties such as sulphydryl groups. The affinity of 
mercury for sulphydryl groups is a major factor in the understanding of the 
biochemical properties of mercuric compounds, resulting in interference with 
membrane structure and function and with enzyme activity. 
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METABOLISM 

Ingestion 

Less than 10% (probably around 2 2) of ingested mercuric chloride is absorbed 
[ 1-41. Upon high intake, the corrosive action of mercuric chloride may alter 
the permeability of the gastrointestinal tract, thereby enhancing absorption. In 
newborn rats a more effective absorption of mercuric compounds has been 
reported [ 51. 

With an increase in pH, there is an increased absorption of mercuric chloride 
[6, 71, whereas accumulation of mercury in the intestinal tissue decreases. 
Mercury absorption is inversely proportional to its accumulation in the tissue. 
An increase in water absorption due to hypotonicity or an increase in concen- 
tration of sodium ions or urea increases the mercury absorption and accumula- 
tion in the epithelial cell, without change in the intracellular distribution pattern 
[ 81. Thus, the absorption of mercury is thought to accompany the solvent drag 
and to be influenced by pH change in the intestinal lumen. 

Skin uplake 

In animal studies [9], up to 8% of isotopically labelled mercuric chloride 
applied to the skin was absorbed within 5 h. The state of the skin is one factor 
which determines the rate of absorption [ 101. Passive diffusion cannot be the 
only process involved, since the absolute absorption rate of mercury increases 
with increasing concentration up to a plateau value. In addition, skin absorp- 
tion probably occurs transepidermally rather than via the follicular pathway 
[111. 

Trunspori 

After injection into mice, mercuric chloride has been found to be distributed 
equally between erythrocytes and plasma in blood for up to 1 day after the 
administration [ 12, 131. There is, however, a gradual increase in red blood 
cell/plasma ratio. In the erythrocytes, mercury is probably bound to sulphydryl 
groups on the hemoglobin molecule [ 141, though the binding is readily reversi- 
ble [ 151. There is possibly also a binding to glutathione [ 161. 

Virtually all the mercury in plasma is protein-bound [ 17, 181. Haemolyzed 
samples of blood from rats given radioactive mercuric chloride yielded less than 
0.5 % ultrafiltrate mercury. The distribution between different plasma-protein 
fractions varied with dose, time after, and type of, administration [ 19-21]. 
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Three distinct fractions of protein-bound mercury in plasma of rats have been 
identified [22]. The highest proportion of mercury was found in the protein 
fraction containing mainly lipoprotein and benzidine-positive globulins. There 
has also been an association of inorganic mercury with globulin plasma pro- 
teins [20]. 

Distribution 

The rate of uptake from blood and by different organs varies widely, and so 
does the rate of elimination from different organs. Inorganic mercury is charac- 
terized by a markedly non-uniform distribution in the body. Compartmentali- 
zation of mercury within different parts of the organ or in subcellular structures, 
the binding of mercury to various chemical compounds within the cell, and the 
metabolic transformation of mercury, complicate the evaluation of distribution. 

Divalent mercury in rats has been reported to poorly penetrate the blood- 
brain barrier [23]. However, there is an impairment of the blood-brain barrier 
within hours after mercury treatment [24, 251. By means of autoradiographic 
techniques, it was demonstrated [26] that after a single intravenous injection 
of labelled mercuric chloride, large portions of the radioactive mercury were 
detected in the cerebellar grey matter, area postrema, hypothalamus and areas 
near the lateral ventricle of mice. 

Mercuric salts weakly penetrate the placenta barrier; however, they can 
accumulate in placenta [26-291, foetal membranes and amniotic fluid [ 301. In 
mice, mercuric chloride (1.5 mg per kg) injected on day 14 of gestation resulted 
in 0.14% of the injected mercury being transferred to foetal tissues 4 days later 

The dominant mercury pool in the body is the kidney [23, 311. The kidneys 
contained over 85% of the body burden of mercury 15 days or more after a 
single injection of mercuric chloride into rats [32]. Maximum levels in the rat 
kidney were attained in less than a day after doses of mercuric chloride [ 331. 
The renal cortex contained the highest levels [ 34-36], the maximum concentra- 
tions being found in the proximal tubular system, while mercury was close to 
background levels in the glomeruli and collecting ducts. 

A large proportion of the mercury in the kidney is bound to metallothionein, 
which has a capacity to bind mercury strongly [ 37-39]. The role for metallo- 
thionein in the kidney is probably protective [37]. Chronic dosing of rats with 
mercuric chloride over a period of 3 weeks induced an approximately 6-fold 
increase in the renal metallothionein levels, which provides an explanation for 
the almost linear increase of mercury in kidneys over several weeks of daily 
exposure. A protective role of metallothionein would explain findings that the 

~ 7 1 .  
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kidneys can accumulate during chronic exposure to mercury compounds, much 
higher levels of inorganic mercury than the toxic level being observed after a 
single dose, and they do so without any detectable deleterious effects. 

Equilibrium dialysis of homogenates of kidneys of rats given mercuric 
chloride, revealed that over 99% of the mercury was not diffusible [40]. 
Diffusible compounds of mercury have the opportunity to cross the capillary 
membrane and enter the tissue spaces; however, due to chemical affinities for 
cellular binding sites and the diffusible complex, and the ability to penetrate the 
cell membrane, not all diffusible complexes of mercury present in plasma lead 
to tissue accumulation. 

The next largest pool is the liver [26) ,  where the highest concentration is 
found in the periportal areas. Other organs in which mercury is likely to 
accumulate are the mucous membranes, the epithelium of the skin, the spleen, 
the interstitial cells of the testicles, and some parts of the brain. 

As regards cellular uptake, an initial rapid uptake of mercury during the first 
5 min of metal incubation was found in rat hepatocytes, which probably repre- 
sented a non-specific binding of mercury to the cell [41]. This was followed by 
a slower uptake phase, probably representing only the passive uptake of 
mercury. A direct binding of 203HgC1, to the membranes of human thymocytes 
and peripheral blood lymphocytes can be demonstrated early after isotope 
addition [42]. An uptake into the lymphocytes and especially into the nuclei 
was also found with increasing incubation time. A considerable accumuiation 
of labelled mercuric chloride in rat liver and kidney cell nuclei has also been 
reported [43]. By contrast, in neuronal cells, large amounts of mercury were 
localized on the nuclear envelope and other membrane systems, only very 
minimal amounts of mercury being found in the nucleus and nucleolus [ 25 1. 

A 35- to 40-fold incorporation (relative to other fractions) of labelled mercury 
into a nonhistone fraction of rat kidney nuclei has been reported [44]. By using 
flameless atomic absorption, a 12 to 15-fold enrichment of mercury was found 
in the euchromatin fraction of mouse liver nuclei [45, 461. Mercury was not 
detected in the inactive heterochromatin. 

Following a single dose of mercuric chloride to rats, mercury also tended to 
accumulate with time after injection in the lysosome-peroxisome group of 
particles [47]. This accumulation may represent a detoxication process [48]. 

Excretion 

The major part of absorbed mercuric mercury is excreted in urine and faeces 
in about equal parts in rat [49) and man [2, 501. Since absorption rates from 
the lung or gastrointestinal tract do not vary greatly from one animal species 
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to another, variation in the steady-state body burdens in animals chemically 
exposed to the same level of mercury is due mainly to species differences in 
excretion rates. Most investigators recognize at least three different phases in 
half-time excretion rates. Thus, when a single subtoxic dose of mercuric 
chloride is given to rats and excretion is determined by whole body counting 
[32], the initial rapid phase involves 35% of the dose and lasts for a few days. 
Then a slower phase (half-time 30 days) follows, involving 50% of the dose, 
and finally there is a slow phase, accounting for the remaining 15 % of the dose 
and characterized by a half-time of 100 days. 

The weight of evidence indicates that glornerular filtration of diffusible mer- 
cury may not make an important contribution to urinary excretion [51]. After 
injection of mercuric chloride into the renal artery in rat, it was shown [ 521 that 
mercury is taken up by basal tubuli cells from the capillaries. With chicken 
kidney, the ability of divalent inorganic mercury to pass across the tubular wall 
into the urine by direct transport was demonstrated [53]. Using a silver 
amplification method as a mercury-detecting probe and initially after a single 
exposure to a high mercury dose in mice, glomerular filtration of mercury, 
probably bound to plasma proteins, was found to be an important mechanism 
for the excretion of inorganic mercury [ 541. 

Apart from excretion via saliva [ 551, mercury is excreted by the liver through 
the bile [56]. Inorganic mercury is secreted into bile complexed with a Iow- 
molecular-weight substance which appears to be glutathione [57] and the 
mercury secretion is in large part dependent on the biliary transport of gluta- 
thione [58]. 

Biotrunsformation 

A small part of divalent mercury is reduced to mercury vapour. This reduction 
probably accounts for the ability of certain commonly occurring micro- 
organisms to volatilize mercury for biological media [59]. Loss of volatile 
radioactive mercury was observed in rats injected with salts of divalent mercury 
labelled with the '03Hg isotope [60]. Part of the volatile mercury was exhaled 
via the lungs, the remainder by way of the skin and fur. The volatile loss 
accounted for up to 20% of the total rate of excretion of mercury from the 
animals. 

Methylation of divalent inorganic mercury salt has been shown in vivo in rat 
intestine [ 6 11 and in vitro in human intestine [ 621, yet it is seldom followed by 
toxic effects. MeHg has been found in hen tissues [ 631 and probably in rat brain 
[64] after ingestion of divalent mercuric salts. 
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Moreover, there may also be demethylation of organic mercury, giving 
inorganic mercury [ 651 probably by microbiological action. 

CHEMICAL INTERACTIONS 

Mercury is a highly reactive atom. A good correlation exists between the LD,, 
values of metal ions and the degree of chemical softness (potential to form 
coordinate covalent bonds), highly toxic metal ions such as Hg2 + having a high 
degree of chemical softness [66]. 

Proteins 

Although mercurials are highly specific for sulphydryl groups [ 67-69], they are 
highly unspecific in terms of proteins, almost all proteins having sulphydryl 
groups that are metal-reactive. Thus, mercurials can disturb almost all 
functions in which proteins are involved [70]. 

Enzymes are important targets for mercury [ 711, and sulphydryl-group- 
containing enzyme being more sensitive to mercuric compounds than a non 
sulphydryl-group-containing enzyme [ 721. Enzymes reported to be inhibited 
include phosphatases [73,74], dehydrogenases [75,76] and hexokinases [71]. 

Mercury can influence ion, water, and nonelectrolyte transport in different 
cells [ 14, 771. The cell membrane is believed to be the frst point of attack by 
heavy metals ; however, intracellular enzymes and metabolic processes may 
also be inhibited [70, 78, 791. The attachment of heavy metals to ligands in or 
on the plasma membrane may result in changes in passive permeability or 
selective blockage of specific transport processes. Many membrane transport 
systems are known to be sensitive to sulphydryl-group modification [ 14, 80, 
811. 

The inhibition of amino-acid transport has been regarded as the main toxic 
effect of mercury compounds [ 821. The biochemical mechanism underlying the 
inhibition is unclear. In unfertilized sea-urchin eggs an interaction with the 
amino-acid carrier was found, whereas in fertilized eggs inhibition of amino- 
acid transport was indirect and might result from an elevation of the Na+ 
content of the egg caused by the inhibition of the Na + pump [83]. The action 
on the diffusional process could be mediated by an effect on membrane phos- 
pholipids or on membrane proteins, or by interaction with Caz+ which 
stabilizes membrane structure. Mercuric chloride in skate liver cells inhibited 
amino acid transport, decreased Na + /K + -ATPase (adenosinetriphosphatase) 
activity, impaired volume regulatory mechanisms and increased the permea- 
bility of the plasma membrane to potassium [84]. It has been suggested that 
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mercury interacts with ATPase system due to its high affinity for sulphydryl 
groups [85]. The findings are consistent with the hypothesis that the plasma 
membrane is the target organelle. Hg2+ ions could also impair glutamate (a 
neurotoxic excitatory transmitter) transport reversibly at exposure levels that 
do not compromise other vital functions [86]. 

Mercuric chloride is a very effective irreversible inhibitor of sugar transport 
in the intestine [87-911 partly involving a sulphydryl group in the inhibitory 
process [90, 911. 

Mercuric chloride gives a decrease in monoamine [ 85, 921 and choline [ 921 
uptake in brain synaptosomes which may be related to an inhibition of 
Na + /K + -ATPase [ 85, 92-94]. 

Mercuric chloride may induce catecholamine release from adrenals. The 
initial phase may be due to amine displacement by the mercury ion but the 
secondary phase probably involves alteration of membrane structures [ 951. 
Mercury compounds have also been shown to increase the efflux of mono- 
amines from mouse striated slices [ 961 and from adrenergic nerve fibre termi- 
nals [ 971, the effect being attributed to inhibition of Na /K + -ATPase activity 
and(or) disruption of intracellular Ca2 + regulatory mechanisms [ 96 3. 

On the other hand, mercuric chloride decreased both spontaneous and 
evoked transmitter liberation at the frog neuromuscular junction [ 981 as well 
as the release of vasopressin from the pituitary gland [ 991 ; it was suggested that 
these effects are mediated via changes in the intracellular calcium ion concen- 
tration. 

Mercuric chloride is thought to gain access to the intracellular compartment 
through Na + and CaZ + channels in the membrane [ 1001. Sulphydryl reagents, 
including HgZ + , could inhibit K + -stimulated uptake of Ca2 + into rat brain 
synaptosomes in vitro [ 1011. In muscle sarcoplasmic reticulum, HgZ + causes 
inhibition of ATP-dependent Ca2 + uptake and loss of accumulated calcium 
[ 102,1031. However, HgCl, has been found to inhibit ATP-dependent calcium 
uptake more strongly than it inhibits potassium-stimulated uptake [ 1041. 

In sarcoplasmic reticulum, HgCl, inhibited (CaZ+ + Mg2+ )-ATPase, trans- 
port and ionophore activity [ 1051. Mercuric chloride probably inhibited 
ATPase and Ca2 + transport by blocking essential sulphydryl groups; however, 
blockage of Ca2+ transport probably occurred both at sites of essential 
sulphydryl groups and at sites of ionophoric activity. It was later suggested that 
the mechanism of mercuric chloride inhibition of the Ca2 + -ionophore was by 
competition with Ca2 + for the CaZ + 4onophoric site, whereas inhibition of the 
enzyme and Ca2 + -transport was due to the blockage of essential sulphydryl 
groups [ 1061. 

Hg2 + has been shown to interact with calmodulin and H$+ is capable of 
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inactivating calmodulin conformer independent of the presence of calcium on 
calmodulin [ 1071. 

While studying the binding of mercury by chromatin of rats injected with 
mercuric chloride, the nonhistone chromatin proteins in rat and kidney cell 
nuclei were shown to be mainly responsible for the mercury deposition [43]. 
The mercury-binding nonhistone proteins were found to be heterogeneous by 
sodium dodecyl sulphate-polyacrylamide gel electrophoresis. 

Divalent cations are necessary for the phosphorylation of nucleoIar proteins 
in vitro [ 1081. When studying the phosphorylation of nuclear proteins of 
peripheral blood T lymphocytes activated by mercuric chloride, using gel 
electrophoresis and autoradiography, a marked increase of 32P label into 
nonhistone proteins, especially the 30-40 kDa region, together with an increase 
in labelling of histone H4, was found [ 1091. It was postulated that the increase 
in nuclear protein phosphorylation probably reflected an activation of the 
lymphocytes. Most of the nuclear proteins were found to be able to bind 
labelled mercuric chloride [ 1101 ; however, four of the proteins were heavily 
labelled. Of these four proteins, two migrated in the histone region, one 
co-migrating exactly with histone H3. The other two were nonhistone proteins 
with molecular weights of approximately 25 and 43 kDa. These proteins were 
not similar to those which were stimulated in their phosphorylation. 

Mercuric chloride has also been shown to inhibit the enzymatic activity of 
soluble protein kinase A from mice brain, apparently by binding to sulphydryl 
groups of the enzyme [ 11 11. The inhibition was of a non-competitive type with 
respect to H 1 histone. 

Nucleic acids 

The profound and reversible effects of the binding of Hg2 + upon the physical 
properties of DNA has proved to be a complex nature [ 112, 1131. Hgz+ binds 
to the bases of DNA [ 114, 1151 and there is a binding to both double- and 
single-stranded DNA [ 11 5 3. 

HgZ + selectively binds the AT region, apparently due to its great affinity for 
thymine. Thus, Hg” interacts with DNA at nitrogen atoms, replacing 
hydrogen between the thymine and adenine bases [114]. This interaction 
results in increased helix stability and an increased diameter of the double helix, 
approximating the difference between the atomic radius of hydrogen and mer- 
cury [ 1161. 

A binding has also been observed with the RNA of virus [ 1171 and bacteria 
[ 1 181 as well as in several synthetic polyribonucleotides [ 119, 1201, giving rise 
to effects on physical properties. 
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Lipids 

Mercury is known to exert an effect on the synthesis of membrane lipids. 
Mercuric chloride produces lipid alteration in pig kidney epithelial cells 
(LLC-PK, cells), with rapid accumulation of unesterified fatty acids (particu- 
larly arachidonic acid) and lysophospholipids and loss of cellular phospholipids 
[ 12 I]. Mercuric chloride after i.p. administration in mice significantly increases 
the phospholipid content in mouse liver, while the content in kidney is reduced 
[122]. In isolated mouse nerves, the synthesis of all lipids is reduced after 
mercuric chloride, but the cholesterol synthesis is inhibited most strongly [ 1231. 
It has been suggested that these lipid alterations might participate in the 
pathogenesis of membrane damage and cell death. 

Mercuric chloride in a narrow concentration in 3T3 mouse fibroblasts 
stimulated phospholipid hydrolysis and prostaglandin release [ 1241. PGE, 
synthesis was stimulated in rat whole glomeruli and glomerular cells in vitro 
after mercuric chloride [ 1251, and multiple mechanisms were involved. It was 
suggested that, since the mercuric chloride effect at low doses could be 
attributed to the indirect activation of phospholipase, the inhibiting effect of 
lipomodulin on phospholipase was suppressed by mercuric chloride. The latter, 
together with other substances that activate phospholipase A, increase the rate 
of collapse of a proton gradient across the apical membrane of rat kidney 
proximal tubule, giving increased proton permeability of the plasma membrane 
[ 1261. 

Oral or parenteral administration of mercuric chloride promotes lipid per- 
oxidation [ 127-1291, possibly via a reduction of glutathione peroxidase 
activity. However, several studies argue against lipid peroxidation being 
responsible, at least for the early hours of cell toxicity of mercury [ 130-1331. 

Selenium 

Selenium lessens the toxicity of divalent mercury in animals, the protection 
being less at continuous mercury exposure. Selenium has been found to affect 
the distribution of mercuric mercury in mice [ 1341, rats [ 1351, rabbits [ 136, 
1371 and pigs [ 1381. Mercury forms a mercury-selenium protein complex with 
selenium with little biological activity [ 1391. Mercury is thus retained longer in 
the blood, liver and spleen and as a consequence lessens accumulation in the 
kidney. In fish, selenium pretreatment probably retarded mercury uptake rather 
than promoting mercury excretion [ 1401. 

Inorganic mercuric salts inhibit glutathione-metabolizing enzymes and gluta- 
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thioneperoxidase in the kidney of rodents, and this reaction may be inhibited 
by selenium [ 128, 141, 1421. 

Information concerning the effects of selenium in man is lacking and it is 
doubtful whether administration of selenium in man has any effect on the 
toxicity of mercuric mercury. However, mercury and selenium were found in 
the cellular lysozomes in renal tubular cells in two patients with inorganic 
mercury poisoning [ 143 1. 

EFFECTS ON THE NERVOUS SYSTEM 

Vacuolization and fragmentation of neurones are induced by mercuric chloride 
[25]. A large axonal space is created in many axons; vacuolation and collapse 
are observed in many nerve fibres while the regular lamination and periodicity 
of the myelin sheath are preserved. Sensory fibres are more sensitive and 
vulnerable to mercury intoxication. In the cerebellum, extensive coagulative or 
lucid changes in the granule cells are found with degeneration of the Purkinje 
cells at a late stage of poisoning. 

In mouse glioma cells, many kinds ofchanges in cell organelles after exposure 
to 5 x 10 ' M mercuric chloride in vitro could be found [ 1441. Nuclei showed 
pyknotic and irregular shapes; mitochondria lost their normal cristae and 
abnormal electron-dense areas were present within the matrix; polyribosomes 
were dispersed. Numerous electron-dense granules and vacuolations were seen 
in the cytoplasm, especially around the Golgi region. 

An inhibition of DNA and protein synthesis in glioma and neuroblastoma 
cells has been found at the same mercury concentration [ 145, 1461, neurons 
being much more sensitive to mercuric chloride than nonneuronal cells [ 1471. 

In addition, inorganic mercury induces an acute and severe effect on the 
neuronal RNA [25]. Thus, upon prolonged intoxication (1 1 weeks) with mer- 
curic chloride, significant changes are obtained in the RNA base values of the 
spinal ganglion neurones. There is a definite increase of guanine and a marked 
decrease of cytosine levels. Upon prolonged intoxication with mercuric 
chioride, some animals become more tolerant to substantially higher doses of 
mercury, and show signs of recovery from certain neurological symptoms. It 
was postulated that the newly produced RNA might be responsible for these 
phenomena. 

EFFECTS ON THE ENDOCRINE SYSTEM 

Administration of mercuric chloride to rats within the first few days resulted 
in an increase in thyroid function, as observed by an increase in secretion rates 
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[ 1481. Administration for 40 days gave an enhancement of thyroid activity as 
shown by an increase in activity of several indices of thyroid function and 
thyroid weight. A decrease was found in labelling of T, (triiodothyronine), and 
a coupling defect in the synthesis of T,, was indicated. Administration of 
mercury over a longer period, 90 days, gave manifest signs of mercury poisoning 
together with decreased thyroid radioiodine uptake and depression of thyroid 
secretion. It was indicated that the influence of mercuric chloride ingestion on 
thyroid function probably reflected the quantity of mercuric chloride adminis- 
tered and the length of time of exposure. 

Mercuric chloride, given for short time, has been reported to inhibit 
Na + /I( + -ATPase in hog thyroid membranous preparation [ 1491. The blood 
T, (thyroxine) levels were reduced and iodotyrosine deiodinase was inhibited, 
and it was suggested that mercurials might cause a coupling defect in the 
synthesis of iodothyronines. In mouse thyroid serum T4 level was affected by 
mercuric chloride, while serum T, was not [ 1501. It was suggested that thyroidal 
secretion of T4 was inhibited by mercuric chloride, but the peripheral con- 
version of T, to T, might not be affected in the maintenance of an active 
hormone level. 

EFFECTS ON THE IMMUNE SYSTEM 

Lymphocytes 

Depending on inorganic mercury compound concentration, a Stimulated DNA 
synthesis of murine [151] and human [152-1581 lymphocytes has been 
obtained. In addition, blast transformation and stimulation of mitosis index 
were found [ 152-1541. The effects were obtained by concentrations of mercury 
which were close to a toxic level. Both agglutinated and nonagglutinated 
thymocytes were stimulated [ 1591, indicating that both functionally immature 
and mature thymocytes may be target cells for the stimulatory effect. When 
tested on peripheral blood lymphocytes, there was a higher degree of stimula- 
tion than in thymocytes [ 1581 and there was also a tendency to higher reactivity 
to mercuric chloride of thymocytes taken from efferent compared with afferent 
thymic blood [ 1601. No difference in transformation rates between control 
persons and mercuric-allergic subjects has been found [ 1521. 

Mercuric chloride was then tested on human thymocytes and peripheral 
blood lymphocytes, fractionated according to density [ 1611, and it seemed 
possible that mercuric chloride was a polyclonal stimulator of human peripheral 
blood T helper lymphocytes arid thymocytes with characteristics of medullary 
cells. When macrophages were depleted, the stimulation remained at about the 
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same level in the respective thymocyte and peripheral blood lymphocyte popu- 
lations, suggesting that mercuric chloride might act directly on lymphocytes. In 
an earlier study, a stimulation of mercury also on nonadherent cells was 
obtained [ 1541. 

Mercuric chloride-stimulated blood lymphocytes were shown to produce 
migration inhibition in most of the tested autologous leucocyte cultures, while 
a migration stimulation was found in a minority of cultures [162]. With 
mercury, murine splenic lymphocytes were found to display lectin-dependent 
cytotoxicity and to produce acid-labile interferon [ 1631, macrophages being 
needed for these effects. Different concentrations of mercuric chloride also 
enhanced IL-2 interleukin production from splenocytes in ddferent rat strains 
[ 1641. Moreover, mercuric chloride, as well as PHA (phytohemagglutinin), may 
enhance the accumulation of fI,-microglobulin in the medium of human 
leucocytes parallel to a maximum stimulation of DNA synthesis [ 16.51. It was 
suggested that there is a close correlation between lymphocyte stimulation and 
active formation of /3,-microglobulin by the cells. 

Immunosuppressive effects have been obtained in vitro with mercuric 
chloride. A marked inhibition of the mixed lymphocyte reaction in mice as well 
as PFC (plaque forming cell) response to SRBC (sheep red blood cells) by 
mercuric chloride [ 1661 has been reported. Chronic exposure to mercury of 
rabbits gave immunosuppression, measured as low antibody titres to viral 
agents [ 1671. A suppression of antibody production in chickens exposed to 
mercuric chloride has also been reported [ 1681. Furthermore, an inhibition of 
mitogenic response to PHA in lymphocytes by mercuric chloride has been 
obtained [ 1691. 

When tested on cell counts, dye exclusion and fine structure of guinea-pig 
thymocytes, mercuric chloride in concentrations which inhibit DNA synthesis, 
most often caused cell degeneration, with condensed nuclear chromatin and 
disintegrating cytoplasmic organelles [ 1701. 

Polymorphonuclear cells 

Low levels of mercuric chloride in polymorphonuclear cells may profoundly 
alter the cell respiratory burst, measured as chemiluminiscence, oxygen con- 
sumption and H,O, production [ 171-1731, depress phagocytic capacity [ 172, 
173) and enhance release of lysosomal enzymes [ 1721 with minimal loss of cell 
viability. A stimulation of oxygen metabolism in vivo might promote tissue 
injury, via the local production of free oxygen metabolites, in addition to 
depression of host defence [ 1731. 
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Macrophages 

Mercuric chloride can reduce the superoxide anion production by mouse 
macrophages [ 1741, but this effect is probably of little toxicological significance 
in view of the high concentrations required and of its reversibilities. The effect 
has been suggested to result from loss of the reducing properties of cellular 
NADPH. 

Autoimmunity 

Mercuric chloride is able to trigger immune dysregulation in different species 
depending upon the genetic background of the strain tested. In Brown-Norway 
(BN) and MAXX rats, a biphasic immune-mediated systemic disease including 
glomerulonephritis has been found. The initial phase is characterized by IgG 
antibodies against glomerular basement membrane antigens [ 175-1771 includ- 
ing laminin, type IV collagen, heparan-sulphate proteoglycane, and entactin 
[ 1781. It was shown that fixation of linear IgG, IgM and C3 deposits to the 
glomerular basement membrane developed initially [ 175, 177, 179, 1801. A 
nephrotic syndrome appeared. In the second phase of the disease, circulating 
immune complexes [ 175, 180-1821 were followed by subepithelial and 
mesangial granular deposits of IgG and C3 in the glomerulus without cell 
proliferation [ 183, 1841 and at the same time granular deposits containing IgG 
and C3 systematically in most vascular structures [ 1851. Similar findings have 
been reported in the rabbit f 1861. 

The biphasic systemic disease in BN rats was also shown after adminis- 
tration by the respiratory or digestive route [187, 1881. Even mercury- 
containing pharmaceutical products have been shown to induce immune-type 
glomerulonephritis [ 1891. 

In the circulation of the BN rat there is a simultaneous and transient presence 
of antiglomerular basement membrane antibodies and circulating immune 
complexes [ 1751. Another characteristic is a striking increase in total and 
antigen-specific IgE level [ 1901, which also has been found in Hooded Lister 
rats [ 1911, as well as anti-single-stranded DNA antibodies [ 1811 in the BN rat. 
In PVGjC rats [ 192, 1931, mercuric chloride also induced glornerulopathi and 
antinuclear antibodies directed against non-histone nucleoprotein. 

I t  was demonstrated in the BN rat that mercuric chloride induced a 
T-dependent polyclonal activation of B cells [ 1811. Helper/inducer T cells 
exposed to mercuric chloride either in vivo or in vitro could induce the prolifera- 
tion of normal autologous T lymphocytes. Normal syngeneic Ia+  cells were 
necessary for this proliferation [194]. In BN rats lacking T cells, no auto- 
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immunity developed following mercuric chloride injection [ 1951 and T cells 
were thus essential for mercury-induced autoimmunity. 

Mercuric chloride in the BN rat gives a lymphoproliferation in spleen and 
lymph nodes, including B and T helper cells, an increase in the number of Ig 
containing cells resulting in a rise in all serum Ig isotypes and an early thymic 
atrophy [ 1961. The kinetics of the increase in the serum level of various Ig 
isotypes were similar to that observed for IgE, suggesting spontaneous auto- 
regulation, which could involve suppressor T cells [ 197, 1981 and/or auto-anti- 
idiotypic antibodies [ 1991. 

It has been shown that both MHC- and non-MHC linked genes are involved 
in the induction of autoimmune abnormalities in the BN rats [200, 2011. 

Contrary to the findings in BN rats, in Lewis rats [202] mercuric chloride 
induces immunosuppression, the number of suppressor/cytotoxic cells increase 
in the spleen and lymph nodes, an inhibition occurs of T cell responsiveness 
to mitogens and alloantigens and there is a marked reduction of the local graft 
versus host reaction. 

As regards the autoimmune disease produced by mercury in mice, in some 
strains, inducibility of antinuclear and antinucleolar antibodies has been found 
1203-2071. By immunoblot analysis, a single 36 kDa protein of p18.6 has been 
shown to be antigenic for Hg-induced sera [206, 2071. This polypeptide was 
identical with a polypeptide called fibrillarin, being associated with U3 small 
nuclear RNA and against which scleroderma patients may develop antibodies. 
In addition, in SJL mice, serum antibodies giving a weak homogeneous nuclear 
staining in some were obtained, and the antigens underlying this staining 
pattern seemed to be histones [206]. 

In mice, the I region and/or S region of the H-2 complex appeared to be the 
major genetic factor controlling the autoimmune response [204 1. The genetic 
activity is determined by at least two different loci, one of which is located in 
H-2, the murine MHC. In addition, undefined non-MHC genetic factors also 
play a role. Using a popliteal lymph node assay, 21 out of 22 different inbred 
mice strains were found to show immunostimulation by various doses of 
mercuric chloride, as it induced T-cell-dependent enlargement of draining 
popliteal lymph nodes [208]. The responsiveness appeared to be inherited in 
a codominant fashion and there was evidence to the effect that the observed 
genetic differences were determined by both H-2 and non H-2 genes. 

Regarding the cellular phenomenon giving the autoimmune disease in Balb 
mice, the importance of T cells in the induction of the immune-complex disease 
was found while in another strain, SJL mice, a polyclonal B cell activation was 
obtained; however, the importance of T cells could not be excluded [209]. 
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Contact allergy 

Certain strains of inbred guinea-pigs can be sensitized to mercuric chloride, and 
the ability to become sensitized appeared to be transmitted as a dominant 
characteristic which was not sex-linked [210-2121. By the guinea-pig 
maximisation test and using a mercuric chloride concentration of O.l%, a 
sensitization rate of */25 was found and mercuric chloride was graded as a 
moderate sensitizer [213]. 

A sensitization potential of sublimate has also been reported in man [214]. 
In a human assay and using the maximization test, mercuric chloride was found 
to be an extreme sensitizer [215]. Sensitivity to mercury earlier used to be 
common, even in children, but is now rare [216]. An incidence of 13.2% of 
tested children (using 0.1% sublimate) was found in one study [217]; the 
macroscopic-clinically and histologically eczematous test reactions were toxic. 
In addition, many of the reactions to mercuric chloride are of low intensity, only 
a small percentage of positive patients having a history of contact dermatitis 
due to mercury-containing compounds [218]. Mercuric chloride is a notorious 
skin irritant. In concentrations up to 0.1 % it is normally not a primary irritant 
to the skin; however, it may give an irritant patch-test reaction even when 
diluted to a 0.05% solution [218]. Numerous positive tests are likely to repre- 
sent weak, false-positive irritant reactions and thus, mercuric chloride has been 
abandoned as a patch-test material in many countries and replaced by other 
less irritating mercuric compounds [ 2191. 

After skin application with mercuric chloride not giving signs of injury that 
could be detected clinically, changes could be detected at the ultrastructural 
level, with glycogen deposits in cytoplasm of Langerhans cells, lysosome-like 
bodies in keratinocytes and Langerhans cells, and electron-dense deposits in 
these cell types, in addition to melanocytes [220]. There was no apposition of 
mononuclear cells to Langerhans cells at the site of application of a contact- 
irritant concentration of mercuric chloride, while juxtaposition of mononuclear 
cells to Langerhans cells was noted at the site of application of mercuric 
chloride diluted to a clinically non-irritant concentration [ 2211. 

EFFECTS ON THE RENAL SYSTEM 

Mercuric chloride is a potent nephrotoxicant in the adult rat, but has little effect 
on the newborn [222]. There are significant maturational changes in organ, 
cellular and subcellular distribution of mercury during the first 4 weeks after 
birth. With increasing age, mercury is redistributed from the renal cytosolic 
fraction to the nuclear/mitochondriaI fraction, where it may be more damaging. 
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After administration of mercuric chloride to adult rat kidneys, several 
changes were found, for example, pars recta of the proximal tubular segment 
showing fragmentation and disruption of the plasma membrane, basophilic 
staining, vesiculation and disruption of endoplasmic reticulum and other 
cytoplasmic membranes, mitochondrial swelling, loss of mitochondrial dense 
granules and condensation of nuclear chromatin [ 223-2251. 

It has been suggested that mitochondrial injury was a late and possibly 
secondary event in mercury nephrotoxicity in rats [224]. However, com- 
promised mitochondrial bioenergetic function was later proposed to be one of 
the eariiest intracellular effects of mercuric chloride in the production of 
nephrotoxicity [ 226, 2271. 

After administration of mercuric chloride to mice, cell necrosis was found 
to be severest in the S2 and proximal S3 [ 2281 segments of the proximal tubules 
corresponding to the preferential accumulation of mercury, engaging the con- 
voluted part of the proximal tubular segment [229]. Very large mercury- 
containing lysosomes developed in the distal S3 segment. 

In adult male rats, after mercuric chloride injection, in addition to tubular 
necrosis and rise in tubular cell counts, transient elevation of urinary glutamic- 
oxaloacetic transaminase activity has been found 12301. 

The proposed mechanism for selective straight proximal tubular injury, 
following in vivo exposure to mercuric chloride, has included tubular concen- 
tration as it progresses to the proximal tubular nits [231], tubular secretion or 
selective accumulation of mercuric chloride by the straight proximal tubule 
[ 2321 and renin-angiotensin-induced ischaemic injury as a feedback response 
to decreased tubular reabsorption of sodium [225]. The injury to the proximal 
tubular segment could also be a result of selective uptake mechanisms for these 
metals by the respective cell types. Alternatively, the distribution of cytoprotec- 
tive mechanisms for the particular metal might be localized to the protected cell 
types, leaving the other regions of the proximal tubule susceptible [233]. As 
another explanation for the mercuric chloride-induced acute renal failure, 
tubular fluid backleak has been suggested [234]. 

EFFECTS ON THE REPRODUCTIVE SYSTEM 

Binding of Hg2 + to DNA may cause degeneration and chromosomal breakage 
of spermatogenic cells [235]. Moreover, mercuric chloride gives a direct inhi- 
bition of sequence synthesis in murine spermatogonial cells and possibly an 
inhibition of essential spermatogenic enzymes [ 2361. 

Mercuric chloride at a dosage of 5 mg/kg daily (i.p.) over a period of 30 days 
strongly inhibited spermatogenesis in rats and hamsters [237]. In addition, 
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testicular degeneration and cellular deformation were observed in both the 
seminiferous tubules and Leydig cells together with a signdicant decrease of 
testicular weights. It was suggested that the inhibition of spermatogenesis might 
be due to inhibition of 3P-hydro~y-6~-steroid dehydrogenase in rats, leading to 
reduction of testosterone synthesis [ 2381. Moreover, high cholesterol and low 
ascorbic acid concentrations have been found in testicular tissue after mercuric 
chloride [239]. 

Mercuric chloride in female hamsters caused inhibition of ovulation [240]. 

TERATOGENICITY 

Practically all of the mercuric compounds are teratogenic in animals [241,242]. 
Mercuric chloride thus induced cataracts and deaths in rat embryos [243]. In 
the human, mercuric chloride has been related to abortion [244,245], possibly 
through the inactivation of placental sulphydryl enzymes. 

GENOTOXICITY 

Low concentrations (10pM or less) of mercury have little effect on cellular 
viability and stimulate RNA and DNA synthesis, whereas higher concentra- 
tions are cytotoxic and inhibit DNA, RNA and protein synthesis [ 145, 146, 
246-2481. Mercuric chloride is able to selectively block CHO (Chinese hamster 
ovary) cells in S phase, which is related to the chemical reactivity and uptake 
into the cells [249]. The cytotoxicity of mercury(I1) compounds is probably 
related to their ability to inhibit DNA polymerase a activity and inhibit not only 
DNA synthesis but also DNA repair [250, 2511. 

On the other hand, mercuric chloride, at a concentration of 50 pM, also has 
been shown to enhance viral transformation of Syrian hamster embryo cells 
[252]. 

DNA-DNA crosslinks develop with time following exposure to HgCl,, 
probably resulting from its ability to interact directly with the DNA bases [253], 
while single-strand breaks may result from the production of oxygen radicals 
by mercuric chloride and also by its interaction with DNA bases [254, 2551. 
The single-strand breaks resemble those induced by X-rays [256]. 

Mercuric chloride at low concentration, in comparison with other metal 
compounds, induced the least DNA repair [ 2571, despite its demonstrated 
potency in producing DNA lesions, causing equivalently effective breakage in 
isolated DNA as well as in DNA from cells previously treated with Hg2 + . The 
degree of modification in DNA repair induced by mercuric chloride may 
explain why this agent is not severely mutagenic or carcinogenic [253]. 



K. NORDLIND 207 

Hg2 + possesses weak mutagenic activity in bacterial and mammalian sys- 
tems [ 258,259 J and may induce a low level of chromosomal aberrations [260] ,  
whereas it does not significantly enhance the incidence of sister chromatide 
exchanges [261]. By contrast, using larvae and embryos of the urodele 
amphibian Pleurodeles waltl, mercuric chloride was found to induce chromoso- 
mal breaks and c-mitosis after in vivo administration [262]. It is concluded that 
mercury salts in these organisms were strongly mutagenic and almost as geno- 
toxic as CH,HgCI. 

NICKEL SULPHATE (NiSO, * 6H,O) AND NICKEL CHLORIDE 
(NiCl, .6H,O) 

The major contribution to ambient nickel originates from the combustion of 
fossil fuels; one of the predominant forms in air is nickel sulphate [263] .  In 
electroplating shops and electro-refining plants, workers are exposed to 
aerosols of dissolved nickel salts ; electroplating using nickel sulphate accounts 
for about 20% of the nickel produced [264]. 

No nickel-requiring enzymes or proteins are known in vertebrates, although 
biological roles of nickel enzymes and cofactors have been found in plants and 
bacteria. Although the role of nickel in human physiology has not been con- 
firmed directly, the evidence strongly suggests that nickel is required by humans 
12633. 

METABOLISM 

Inhalation 

Inhalation and ingestion are the major routes of nickel intake in humans. 
At least 75 % of intratracheally deposited nickel chloride had been absorbed 

72 h after the operation in rats [265]. Nickel chloride was cleared from the 
lungs of rats more rapidly after intratracheal instillation compared with nickel 
oxide [ 2661, the slower clearance being attributed to an increased solubility of 
nickel chloride compared with the oxide. 

Ingestion 

Dependent on the dietary intake, human gastrointestinal absorption of nickel 
may be estimated to fall between a maximum of 4% (165 pg daily intake) and 
a minimum of 1 % (600 pg/day intake) [263]. 4-20% of administered nickel 
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sulphate (equivalent to 0.6-2.5 mg of nickel) was estimated to have been 
absorbed by fasting human subjects [267], while mixing of the nickel sulphate 
with food prior to consumption apparently suppressed its absorption [268]. 

Absorption of water-soluble nickel salts administered to rats and mice is also 
in the range of 3-6% [269]. 

Skin uptake 

Colorimetric, spectrophotometric and histochemical studies have shown that 
the horny layer is the epidermal barrier to nickel absorption [270]. The carboxyl 
groups of the keratin have been found to be important in the binding of nickel 
[271, 2721. 

Nickel salts penetrate very slowly into the human skin [272-2741 and little 
enhancement by sweat or detergents has been observed [272]. In addition, an 
initial rapid phase of uptake through the sweat ducts and hair follicles has been 
suggested [27 1, 2751. 

The permeation rate of nickel chloride has been shown to be higher than for 
nickel sulphate [ 276, 2771, due to a higher nickel ion concentration. 

Even nickel ions under occlusion penetrate the human skin very slowly, with 
a lag-time of about 50 h [276]; there is a reversible binding of nickel to 
epidermis [ 278 1. Nickel permeation is also highly dependent on the choice of 
vehicle [277]; a higher penetration rate of metal ions from a solution than from 
a semisolid suspension has been reported [279]. 

A reversible binding of nickel to dermis has also been shown [280]. 

Transport 

A two-compartment model suggests that cellular and plasma nickel are in 
equilibrium [281]. Nickel(I1) is transported in the human body by way of 
plasma where it is bound to carriers of both high and low relative molecular 
mass. The high-molecular-mass ligand is albumin, and possibly a nickel 
metalloprotein which has been characterized as an a,-macroglobulin, also 
called nickeloplasmin [ 282-2841. The low-molecular-mass component, availa- 
ble for urinary excretion, is likely a nickel@)-amino complex, and of the amino 
acids tested, the predominant Ni(I1)-binding amino acid was histidine [ 285, 
2861. In fact, histidine has been shown to have an affinity for nickel greater than 
that of albumin [285]. On the contrary, it was proposed that Ni(I1)-aspartate 
complex was the main Ni(I1)-binding amino acid complex in serum; however, 
rabbit instead of human serum was used [287]. 

The binding to albumin also includes a ternary albumin-nickel-histidine 
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complex [288], and exchange and transfer of nickel between histidine and 
albumin appears to be mediated by this complex. 

There is no agreement on the exact magnitude of the ultrafiltrable or high- 
molecular-mass fraction of Ni(I1) in human serum. Moreover, pronounced 
species variations in the proportions of ultrafiltrable and protein-bound serum 
nickel have been demonstrated 12891. 

Distribution 

In rodents, after intratracheal installation of labelled nickel sulphate [ 2901 or 
intravenous [ 291 ] or intraperitoneal [ 2921 injections of labelled nickel chloride, 
lungs, trachea, larynx, endocrine glands, liver, kidney and urinary bladder have 
been found to contain the highest concentrations of nickel. In short-term 
experiments, the kidney is the target organ for nickel accumulation, while in 
long-term experiments nickel has been reported to accumulate especially in the 
lungs [ 293,2941. Rodent lungs contain specific nickel-binding proteins that are 
responsible for the pulmonary uptake and retention of nickel [293, 29-51. 
However, in mice given free access to nickel sulphate in drinking water for 180 
days, the kidney was the major organ of nickel accumulation [296]. 

Nickel chloride has been shown to cross the foetomaternal barrier and enter 
the foetus [297-3011. After injection of nickel chloride, a marked uptake of 
nickel already in the 5- and 6-day embryo was obtained [299]. In late gesta- 
tional stages, 63Ni concentrations in most foetuses increase and can even be 
higher in foetal organs than in maternal ones [298]. 

Although available data are limited, the distribution pattern of nickel in 
humans parallels, to some extent, that observed in animal experiments [263]. 
There is little long-term compartmentalization. 

The cellular uptake of Ni(I1) is regulated by the extracellular ligand concen- 
tration. Physiological concentrations in serum of histidine and albumin ate 
effective in regulating the amount of 63Ni(II) accumulated by cells, which has 
been shown for human B lymphoblasts and erythrocytes and rabbit alveolar 
macrophages [302]. However, in one study, cysteine blocked the uptake of 
Ni2 + by CHO cells as effectively as histidine [ 3031. Cysteine also competed 
with bovine serum albumin for 63Ni2 + . Moreover, the ligands have the ability 
to sequester Ni2 + from cells preloaded with this ion. By using human peripheral 
blood lymphocytes, it could be shown that more than 90% of the 63Ni2+ 
accumulated by these cells was removed by three washings with culture medium 
RPMI 1640 [304]. 

The cellular uptake appears to be a passive process, the cellular distribution 
being dependent on cell type. In cultured pneumocytes, the cell membrane was 
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rapidly permeable to nickel chloride [305], nickel then being shown to be 
distributed to three different compartments in the cells, that is, cell membrane, 
cytoplasm and intracellular constituents. Also, endocytosis is an important 
uptake mechanism, as shown for nickel chloride encapsulated in liposomes, 
which facilitates nickel uptake by CHO cells [306]. 

Nickel salts have also been shown by autoradiography to bind to mono- 
nuclear leucocytes [307-3091 and there is also an uptake by these cells 

There is a high affinity of heavy metals for nucleoli. When the distribution 
of some metals in nuclei and nucleoli in rat liver was determined, there was 
a high affinity of nickel to nucleoli, which affinity was more resistant to treat- 
ment with nucleases than that of other metals [310]. 

NiZ + prefers to associate with heterochromatin rather than the genetically 
active euchromatin [ 3061. Using Pseudomonas tabaci light- and electron- 
microscope autoradiography, incorporated 63Ni2 + -label was found central in 
the genetically inactive DNA, while peripheral, actively transcribing DNA had 
little associated radioactivity [ 3 1 11. It was proposed that nickel is important 
stabilizing the in vivo structure of the DNA, particularly in the absence of 
associated histones. 

Renal cytosol of 63NiC1,-treated rats contains five macromolecular 63Ni- 
constituents that may be involved in renal uptake, transport, storage and 
excretion of 63Ni(II) [312]. In rat kidney, a glycoprotein was reported with a 
molecular mass of 15-16kDa which was bound to nickel [313]. It was 
proposed that the protein was either a part of the renal basal membrane or a 
part of the procollagen in the process of its conversion to collagen of the renal 
basement membrane protein. It might play an important role in detoxification 
and excretion of nickel under conditions of excessive nickel intake. In addition, 
nickel is bound to ultrafiitrable constituents [ 312, 3141. 

[ 308-3093. 

Excretion 

The manner of nickel excretion depends on the route of exposure and the 
physiochemical properties of the nickel-containing material. In rodents, the 
major excretion pathway for absorbed nickel is renal; about 90% of an 
administered dose is excreted according to this mechanism [281, 3151. 

In humans, it has been calculated that about 65% of the NiZ+ in the 
glomerular filtrate is reabsorbed by the renal tubular system [263], and after 
absorption, urine is the major route for excretion. 

The half-time for urinary excretion of nickel decreases with increasing dose. 
About 78 % of an injected dose of nickel salts was excreted in the urine during 
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the first 3 days after exposure in the rat and during the first day in the rabbit 
[ 28 1 1. In humans increased nickel excretion was obtained over the days follow- 
ing administration of nickel sulphate orally [3 16, 3 171. 

Only a few percent of an injected dose of nickel is excreted via the gastro- 
intestinal tract in the rat [315]. In humans, there is indirect evidence of a 
significant biliary contribution to nickel excretion 1263 1. 

CHEMICAL INTERACTIGNS 

Ni2+ is designated as a borderline metal ion. It thus exhibits both oxygen- 
seeking and nitrogenlsulphur-seeking ligand preferences. Ni2 + effectively com- 
petes with Ca2+,  Mg2+, Mn2+ and Zn2+;  the consequence of such sub- 
stitutions is either stimulatory or antagonistic in enzymes and physiological 
processes [263, 3021. Thus, much of the known toxicity of Ni2+ may be 
rationalized by its interference with the normal biochemical and physiological 
roles of Mg2 + , Zn2 + and especially Ca2 + . These metal ions are especially 
important in, for example, replication, transcription, translation and repair 
processes [318, 3191. 

True to its borderline character, Ni2+ occurs in a range of donor atom 
environments. Its agonistic/antagonistic relationship to Ca2 + attests to its 
affinity for oxygen donor centres (for exemple, carboxyiate, peptide carbonyl 
and phosphate). Its affinity for mixed oxygen/nitrogen coordination polyhedra 
is typified by its substitution for Zn2 + in proteinases and carbonic anhydrase. 
There is considerable evidence that, in polynucleotides such as DNA and 
RNA, Ni2 + attachment involves both phosphate and base binding. Like Zn2 + , 
Ni2 + exhibits considerable partiality for the imidazole ring nitrogen(s) of 
histidine. In addition, by analogy to Znz+,  Niz+ is known to include sulphur 
donor atoms in nickel-requiring bacterial hydrogenases [ 3201. 

Proteins 

Ni2 + ion thus binds to several proteins at sites which are normally occupied 
by other divalent metal ions [321]. 

Histidine complexes of many metal ions, including Ni2+, are unusually 
strong and often of great importance biologically. The histidine residue in the 
third position is important for nickel binding to human serum albumin, where 
the nickel binding is located to the NH,-terminal region, involving the a-NH, 
nitrogen, imidazole nitrogen, two deprotonated peptide nitrogens, and the 
carboxyl side-chain of an aspartic acid residue (322 1. Most Ni2 + in plasma is 
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bound by histidine in a 2 : 1 complex and exchange of Ni2+ between albumin 
and histidine is slow [286]. 

For a growing list of enzymes, nickel is one of several divalent metal ions 
which is necessary for substantial catalytic activity. Ni2+ is a cofactor in 
jack-bean urease [ 323-3251 which was also suggested to be the first example 
of a nickel metalloenzyme [323]. Induction of heme oxygenase activity occurs 
in renal microsomes following parenteral administration of NiC1, to rodents 
[ 326-3281, Ni2 + may regulate both bacterial hydrogenase activity and hydro- 
genase protein level; no other divalent metal cation tested was able to substitute 
for Ni2.+ in the formation of active hydrogenase [329, 3301. 

Ni2 + bound to deprotonated peptide nitrogens in tri- and tetrapeptides can 
be oxidized to Ni3+ [331-3331. The presence of Ni3+ has been reported in 
bacterial hydrogenases and dehydrogenases [ 334, 3351, which suggests a 
biological role for the Ni3 + /Ni2+ redox couple. 

Nickel ions have been shown to depress the in vivo and in vitro release of 
prolactin [336], while the release of growth hormone was stimulated, and only 
at relatively high ion concentrations. Hyperglycemia occurs in rats following 
intraperitoneal or intratracheal injections of NiC1, [265,337,338]. The mecha- 
nism of action of nickel appears to be inhibition of insulin release; this inhi- 
bition could be related to the extremely high concentration of nickel found in 
the pituitary and the effect on the secretion of the pituitary hormones (growth 
hormone and adrenocorticotropic hormone). 

In isolated nuclei from rat liver and kidney, Ni2 + was bound to chromatin, 
polynucleosomes and to deproteinized DNA [339]. Ni2 + directly interacted 
with stable binding sites on the DNA molecule in chromatin and was asso- 
ciated with histone and nonhistone nuclear proteins [339, 3401. 

Nickel sulphate in peripheral blood T lymphocytes gave a marked increase 
of 32P label into nonhistone proteins [ 1091, especially in the 30-40 kDa region. 
It was postulated that the increase in nuclear protein phosphorylation probably 
reflected an activation of the lymphocytes. 

Nucleic acids 

Metal ions usually bind to the commonly occurring pyrimidine bases at the 
same site, N3, as in the corresponding nucleosides [341]. Adenosine binds 
Ni2+ weakly. 

presence of phosphate groups greatly strengthens Ni2 + binding to adenosine 
nucleotides. 

Nickel binds to multiple high- and low-affinity sites at the DNA molecule. 

Ni2+ is ’ affected profoundly by the phosphates in the nucleotides. The 
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The high-afinity Ni2+ -binding sites at DNA are phosphate groups [ 3421 
Ni2 + , when interacting with DNA in solution, changes the electronic properties 
of DNA, which leads with some probability to base changes. This in turn causes 
changes in the double-helix stability and leads to various defects ofits structure, 
in particular, depurination [ 3431. Thus, NiZ + ions are mutagenous. 

Lipids 

Lipid peroxidation is enhanced by nickel which is demonstrated by increased 
concentrations of lipid hydroperoxides in kidney, liver and lungs of NiC1,- 
treated rats [ 344,345 1, characteristic absorbance spectrum of conjugate dienes 
in hepatic microsomal lipids [ 3451, and increased production of malondi- 
aldehyde and related TBA-chromogens during in vitro incubation of hepatic 
microsomes and brain homogenates from Ni2 + -treated rats [ 346, 3471. The 
findings implicate lipid peroxidation as a molecular mechanism that may con- 
tribute to cell injury and death in acute nickel poisoning. 

Moreover, the involvement of hydroxyl radicals in the nickel mediated 
enhancement of lipid peroxidation has been suggested [ 3481, which may have 
implications in the carcinogenicity of nickel compounds. The enhancement of 
lipid peroxidation might be the result of depletion in the level of hepatic 
glutathione peroxidase. 

EFFECTS ON THE RESPIRATORY SYSTEM 

Nickel salts are highly toxic to the respiratory tract in rodents. After nickel salt 
inhalation or administration to the whole animal or to the tracheal epithelium 
directly, ciliostasis is observed both in vivo and in vitro [349, 3501. 

After intratracheal instillation of nickel chloride or nickel sulphate in rats, 
a modest inflammatory response with increased number of macrophages and 
polynuclear leucocytes was obtained, together with increased activities of 
lactate dehydrogenase and a-glucuronidase in bronchoalveolar fluid (35 11. 
More severe lesions were characterized by type 11 cell hyperplasia with 
epithelialization of alveoli, and in some animals, fibroplasia of the pulmonary 
interstitiurn. By inhalation in rats, the nickel salts produced chronic inflam- 
mation and degeneration of the bronchiolar epithelium [352, 3531. There was 
also atrophy of the olfactory epithelium and hyperplasia of the bronchial and 
mediastinal lymph nodes. Nickel sulphate also produced a low incidence of 
emphysema and fibrosis [353]. 

Nickel chloride, by inhalation in rabbits, produced a slight but significant 
increase in lung weight [ 3541. In addition, enlarged vacuolated macrophages 
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in the alveolar spaces, enlarged and an increased number of vacuolated alveolar 
epithelial type I1 cells and an increase in the concentration of phospholipids, 
mainly due to elevated disaturated phosphatidylcholines, were found. Nickel 
chloride also gave an increase in the number of macrophages in the lavage fluid 
[ 3 5 5 ] .  The surfaces of most macrophages were rich in microvilli and pro- 
trusions. Metabolic activity tended to be elevated at rest, while the capacity to 
kill Staphylococcus aureus in vitro was decreased. In addition, the level of 
lysozyme activity was decreased [ 355,3561 which was probably due to a direct 
effect of nickel on the macrophages [357]. In vitro studies with macrophages 
showed a dose-related inverse relationship between the lysozyme activity and 
concentration of nickel [ 3581. 

EFFECTS ON MUSCULAR TISSUE 

Ni2 + can assume an agonistic or antagonistic relationship with respect to Ca2 + 

function in excitable tissues. 
Hypernickelaemia occurs in patients with acute myocardial infarction or 

unstable angina pectoris [ 3591. Trace amounts of exogenous nickel chloride 
reduce coronary blood flow in dogs or rats by enhancing calcium influx into 
vascular smooth muscle cells and/or by antagonizing the coronary vaso- 
dilatation, which is produced by adenosine [360, 3611. In addition, Ni2' 
perfusion gave markedly altered ultrastructure of rat heart; M caused 
moderate alteration, whereas 10 -4 M caused fundamental changes [ 3621 with 
increase of cytosolic glycogen and presence of glycogen in mitochondria. 

In addition to modification of calcium influx/ef€lux, other mechanisms like 
inhibition of slow inward current [ 3631 and nickel-calcium exchange [364] 
have been suggested to explain the positive inotropic effects of nickel. More- 
over, these inotropic effects might be mediated by an action of nickel on the 
outside surface of the cardiac cell membrane, where nickel inhibits the ATP- 
dependent component of the calcium extrusion, thereby causing contraction- 
enhancement [ 364, 3651. 

Ni2 + exerts a oxytocic effect on rat uterine muscle in vitro [ 3661. Exposure 
to nickel also caused mitochondria1 structural damage and accumulation of 
glycogen. 

EFFECTS ON THE IMMUNE SYSTEM 

Lymphocytes 

Nickel sulphate, at concentrations in the range of 1Q-6-10-8 M, stimulates the 
DNA synthesis of murine lymphocytes cultured in the absence of serum, 



K. NORDLIND 215 

suggesting a non-specific stimulating effect 13671. When tested in children on 
thymocytes and peripheral blood lymphocytes in the presence of serum, nickel 
sulphate stimulates the DNA synthesis of both cell types [ 1581; in peripheral 
blood lymphocytes the degree of stimulation was higher than in thymocytes. In 
addition, a stimulation of nickel on human cord blood lymphocytes has been 
found, supporting a non-specific effect [ 3681. 

When nickel sulphate was tested in nickel-allergic subjects, a marked stimu- 
lated DNA synthesis was obtained; however, a stimulation at a lower degree 
was found in control subjects [369], findings which are in accordance with 
other reports [ 3701. 

Nickel sulphate was then tested on human thymocytes fractionated accord- 
ing to density [371]. A small DNA synthesis stimulation was found in the 
different cell fractions. A nickel-induced stimulation of DNA synthesis was 
found with peripheral blood lymphocytes from nickel-allergic patients when 
recovered at densities of 1.046 and 1.058 g/ml [372], the highest stimulation 
degree being obtained at 1.058 g/ml. Cells from the control group of patients 
also showed a small stimulation at these densities. By using monoclonal anti- 
bodies, cells carrying the specificity of nickel reaction have been found within 
the helper T cell population [373, 3741. The predominant murine splenic 
lymphocytes with cell-type proliferation in response to nickel were T cells with 
the phenotype Thy 1.2 + [ 3751. Cells with phenotype of Ia + were also required 
for the initiation of proliferation. 

Monocytes have been shown to be of importance for an enhanced response 
of human lymphocytes to nickel [376-3791. Shelley and Juhlin [380] found a 
selective uptake of contact allergens like nickel sulphate by the Langerhans cells 
in the epidermis. They postulated that the Langerhans cells form a reticulo- 
epithelial system that clears the epidermis of foreign chemicals, the Langerhans 
cells being the site of hapten binding and antigen formation. 

Nickel-specific human T-lymphocyte clones have been isolated from blood 
[373] and inflammatory infiltrates after nickel application [379, 38 11. 7-15% 
of the CD4 + 8 ~ T-lymphocyte clones appeared to be specific for nickel in a 
proliferation assay [ 3791 ; this proliferation response required the presence of 
antigen-presenting cells and was restricted by HLA class I1 molecules. Nickel- 
specific T cells from each nickel-allergic patient were extremely heterogenous 
with respect to their genetic restriction [ 38 11. Nickel-specific T lymphocytes 
sometimes show unusual genetic restrictions and might even respond to nickel 
without the participation of HLA-I1 molecules. 

No difference in the labelling of lymphocytes with 63Ni could be found in 
lymphocytes from nickel-allergic and control subjects [ 307, 3081, approxi- 
mately 20 % of the lymphocytes being labelled. A difference was found regard- 
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ing the cellular uptake by peripheral blood T cells between nickel-allergic and 
control subjects [ 3081, while such a difference, when studying dithiocarbamate- 
mediated nickel uptake by mononuclear leucocytes, could not be shown [ 3821. 

Production of migration inhibitory factors for leucocytes has been used for 
diagnosis of nickel allergy in vitro [370]. There are conflicting reports as regards 
the results. By using nickel protein-complexes, significant inhibition of leuco- 
cyte migration has been obtained [ 383,3841. However, when a sealed capillary 
migration technique was used, and the migration indices of leucocytes to which 
nickel was added were performed, there was no difference between nickel- 
allergic and control subjects [ 3851. 

Nickel significantly enhanced the synthesis and/or secretion of IL-2 by 
cultured murine splenocytes and also the expression of the receptor for IL-2 
[386]. It was also shown [387] that nickel increased IL-2 production in an 
antigen-specific (ovalbumin) T cell activation system in vitro. 

An enhancement of the mixed lymphocyte reaction in mice by nickel and an 
enhancement of DNA synthesis induced by B cell mitogen lipopolysacharide 
has been found [ 1661; furthermore, nickel was able to enhance the murine 
in vitro PFC response to SRBC [ 166, 3881. 

Nickel salts have also been reported to have immunosuppressive properties 
in rodents, including giving acute thymic involution [ 389, 3901, suppression of 
T lymphocyte response to T cell mitogens [389], suppression of antibody [389, 
391, 3921 and interferon production [393] and suppression of natural killer 
(NK) cell activity [389, 394-3971. 

Contact allergy 

It is believed that nickel penetrates the skin and acts as a hapten, complexing 
with selected peptide and/or amino-acid ligands to distort intercellular or 
cellular proteins, stimulating a type IV delayed (cell-mediated) hypersensitivity 
reaction [ 3981. Nickel water-soluble salts, like nickel chloride and nickel sul- 
phate, are strong sensitizers [213, 2151. The chloride induced in sweat is 
apparently an important factor in dissolving the metallic nickel, permitting the 
soluble nickel salts to act. 

In many countries, nickel is the commonest sensitizer in women, causing 
nickel allergy incidence to be high in a series of reported patch tests [399,400]. 
Since 1930, the emphasis has shifted from sensitization at work to sensitization 
in the home by nickel-plated metal and objects made of nickel alloy. The age 
of onset has altered to teenagers and young women and the source is now cheap 
metal jewellery and fasteners on clothing such as jeans studs. Also 
sensitization in infancy has been reported. Nickel-sensitive patients do not 
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necessarily develop eczema at every site of nickel contact; the production is 
determined by sweating, pressure and friction under each piece of metal, and 
the ease with which the metal releases nickel. A secondary eruption occurs in 
some of the patients; in most, this is symmetrical and affects the antecubital 
fossa, eyelids, sides of the neck or inner thighs and sometimes becomes 
generalized. This secondary spread is not related to nickel contact; it has been 
suggested that the spread is hematogeneous and resembles the ‘id’ reaction of 
a fungus infection. 

A provocation of nickel eczema after oral ingestion of nickel has been 
reported [401, 4021. Ingestion of 2.5 mg nickel as the sulphate aggravated 
chronic dermatitis in 17 of 28 patients [402]. When these patients were put on 
a low-nickel diet, 9 of them showed improvement. 

A diagnosis of nickel allergy is obtained through patch-testing with nickel 
sulphate. Nickel salts are also irritants, particularly to the pores of the sweat 
ducts [399]. At 5 %  concentration, nickel sulphate is a mild irritant, but 2.5% 
is practically non-irritant, at least in adults. The most suitable concentration 
for routine patch testing has been suggested to be 5% nickel sulphate in 
petrolatum and, because of the mild irritant effect, in some patients, the test 
should be repeated by using the 5 and 2.5% concentrations. In children, due 
to the irritant effect, there is a requirement for dilutions of nickel sulphate 
weaker than for adults [403]. In addition, nickel chloride leads to more positive 
allergic and toxic reactions than nickel sulphate [404]. This may be due to the 
higher available content of nickel ions in equal concentrations of nickel chloride 
and nickel sulphate [405]. Even if most investigators use petrolatum as the 
diluent vehicle for nickel sulphate, it has been suggested [406] that distilled 
water is more reliable than petrolatum as a suitable material for patch-testing 
with metal compounds. 

In addition to the patch test for nickel sulphate, intradermal nickel tests have 
been used [407, 4081. The intradermal testing was recommended for con- 
firmation of doubtful patch-test reactions, particularly to disclose false positive 
reactions. 

For in vitro testing of nickel contact sensitivity, the lymphocyte transfor- 
mation test and leucocyte migration inhibition test have been used [ 3701. 

Immediate allergic reactions 

In man, nickel may give occupational asthma due to nickel sulphate inhalation, 
both immediate [409, 4101, late [411] and dual [412] types. Nickel-reactive 
antibodies have been identified in sera of immediate asthmatics by 
haemagglutination tests [413] and by radioimmunoassay [410,412], while they 
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are absent in late asthmatics [411]. Allergic prick test has also shown an 
immediate reaction [409,410]. Increased values in sera for IgG, IgA and IgM 
in workers exposed to nickel have been reported [414]. 

The nature of the antigenic determinant has been characterized in a male 
worker with occupational asthma from nickel [415, 4161; the antibody 
recognized Ni2+ bound at the natural Cu2+/Ni2+ transport site of human 
albumin. The interpretation was deduced from metal ion blocking experiments 
and from the good agreement obtained between the pH dependency of the 
formation of the Ni2 + -albumin complex and the antigen-antibody complex. It 
was suggested that the antibody interaction depended on a special structural 
feature of the interaction of NiZ + with human serum albumin, and perhaps the 
ability to form an octahedral complex affords one explanation [417]. 

Urticaria following internal exposure to nickel has been reported [418] ; the 
urticaria might be due to mechanisms other than delayed hypersensitivity. 
Precipitating antibodies against nickel sulphate bound to human albumin was 
found in some patients with widespread erythema after oral challenge. More- 
over, patients with immediate patch test reactions to nickel and chronic 
urticaria have been reported [419]. 

EFFECTS ON THE RENAL SYSTEM 

Aminoaciduria, proteinuria and morphological kidney lesions can be induced 
in rats with a single [420] dose of NiCI, (2-5 mg Nijkg intraperitoneally). 
Amino-acid protein excretions consistently returned to normal by day 5 after 
exposure. 

After peroral intake of nickel sulphate in mice, kidney damage appeared at 
the corticomedullary junction [296]. There was loss of renal tubular epithelial 
cells and protein loss, giving numerous hyaline casts in the renal tubules and 
collecting ducts, especially prominent in the renal papillae. 

TERATOGENICITY 

The water-soluble nickel salts are less teratogenic than the particulate nickel 
compounds, but also induce prenatal loss. No conclusion can be reached at the 
present time as to whether the embryonic and foetal toxicity of nickel is, in part, 
related to mutagenic properties [421]. 

Some variations exist between the susceptibility of mammalian species to the 
teratogenic action of nickel salts. No detrimental reproductive and develop- 
mental effects have been documented in humans [422]. Yet exposure to nickel 
salts must be assumed to constitute a teratogenic risk. 
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An increase in the frequency of runts and a greater prenatal and neonatal 
mortality were found in rats chronically exposed to nickel chloride or nickel 
sulphate in food or drinking water 1423, 4241. When rats were given single 
(10-30 mg/kg) and repeated (2 mg/kg) intramuscular injections of nickel 
chloride on days 8 or 18 and 6 to 10 ofgestation, respectively, no malformations 
were found, but a reduction in the number of live pups was observed [297]. 

In doses of 1.2 mg Nijkg and up to 20 mg Ni/kg, nickel chloride caused 
increased resorption rates and a number of malformations in murine foetuses, 
specific to the foetal skeletal system, as shown by atomic absorption 14251. It 
was believed that nickel chloride might influence embryos during the passage 
through the oviduct, with subsequent effect on the development after implan- 
tation [426]. Preimplantation mouse embryos have also been used to investi- 
gate toxic effects of nickel chloride on early embryo development in vitro, and 
a dose-dependent effect has been found [427]. 

In addition, nickel chloride has a teratogenic potential in developing chick 
embryos, with malformations such as exencephaly, everted viscera, short and 
twisted neck and limbs, microphthalmia, haemorrhage and reduced body size 
being obtained [428]. 

GENOTOXICITY 

Water-soluble nickel salts enter the cells with relative ease but are less effective 
than crystalline particulates in the cell transformation assay, when using 
hamster cells [429,430]. However, an enhancement of viral transformation of 
cells has been found [431, 4321. In addition, a synergistic effect of cigarette 
smoke extracts, benzo[ alpyrene and nickel sulphate on the morphological 
transformation of hamster embryo cells has also been obtained [433]. It was 
suggested that nickel salts are more potent as promoters than they are as 
initiators [434]. 

Nickel chloride has been reported to induce DNA strand breaks in CHO 
cells [435] in a concentration, which did not significantly injure normal cellular 
division, and DNA-protein cross-links, which were concentration- and time- 
dependent and preferentially occurred in cells in the late S phase of the cell cycle 
[ 4361. The nickel cross-linked proteins included nonhistone chromatin pro- 
teins, nonhistone DNA-binding proteins and a 30 kDa protein that comigrated 
electrophoretically with histone H1. Moreover, blocking of cell growth in S 
phase [249] and induction of DNA repair synthesis in CHO cells [437] and 
reduction in the fidelity of DNA synthesis [438, 4391, have been reported. 

Sister chromatide exchanges in Chinese hamster cells 1261, 4401 and in 
cultured human lymphocytes [441-4431 have been found after nickel salt 
addition. 
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Nickel water-soluble salts were also reported to induce chromosome aberra- 
tions in CHO cells [444, 4451 and in mouse mammary carcinoma cells [260, 
4461. Changes in growth control and chromosome aberrations in human bron- 
chial cells were demonstrated in vitro after exposure to nickel sulphate; the 
changes were insufficient to cause the cells to be tumourigenic [447]. Nickel 
chloride was unable to produce chromosome aberrations in vivo in mammalian 
male germ cells [448]. 

In nickel refinery workers exposed to nickel chloride and nickel sulphate, 
only an increase in chromatide gaps (a doubtful type of structural aberrations) 
was observed [449]. By contrast, there was no increase of the mean sister 
chromatide exchange value in the group of nickel workers, as compared with 
the control group. 

The pathway of delivery seems to be an important determinant in the geno- 
toxicity of nickel compounds in vitro. Regarding X-chromosome fragmentation 
in CHO cells [306, 4441, nickel chloride was reported to be ineffective by 
contrast to crystalline NiS. Delivery and uptake by phagocytosis of NiCI,, 
artificially encapsulated in liposomes, induced fragmentation. 

It is not possible to conclude with certainty that Ni(I1) is mutagenic in 
prokaryotic and eukaryotic cell systems. Results for prokaryotes with water- 
soluble nickel salts have been mostly negative [258, 450-4521. A dose- 
dependent response has been reported for corynebacterium [453] as well as a 
potentiation of the mutagenicity of known alkylating agents by NiC1, in bac- 
terial systems [454]. Nickel sulphate has also been found to be mutagenic in 
Drosophila melunoguster [455]. Positive mutagenic responses with NiSO, or 
NiCl, have been observed in a limited number of mammalian cells, e.g., mouse 
lymphoma cells [456] and Chinese hamster cells [457]. Nickel sulphate gave 
apparent chromosome length shortening in cultured human peripheral lympho- 
cytes [458]. 

CARCINOGENESIS 

Animal experiments have shown that nickel compounds may cause tumours, 
the carcinogenicity being greater the lower the solubility of the compounds in 
water [459]. 

After intramuscular injection, nickel sulphate failed to induce tumours in rats 
[ 4601. However, orally administered nickel chloride had an apparent promot- 
ing effect on chemically-induced renal tumorigenesis [ 461 1. 

Inconclusive evidence exists for respiratory cancer in men working with 
soluble nickel compounds [462-4641, while an increased risk for gastric cancer 
has been suggested [465]. 
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CONCLUDING REMARKS 

A further exploration of the chemical structural interactions of these metal salts 
at the cellular and subcellular level, in addition to a further investigation of 
different biochemical processes of importance for cell functions, is necessary 
to be able to understand their biological effects. 
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INTRODUCTION 

The quinolone carboxylic acids are a class of highly potent and orally active 
broad-spectrum antibacterial agents. Structurally, members of this class are 
defined generally as I-substituted- 1,4-dihydropyridine-3-carboxylic acids with 
a fused ring at the 5- and 6-positions, although very recently, effective replace- 
ments for the carboxylic acid moiety have been reported. These agents are often 
referred to simply as quinolones. The prototypical member of this important 
group of synthetic antimicrobials, nalidixic acid (l), was reported in 1962 [ 11. 
This agent, which shows moderate activity versus Gram-negative organisms, 
has been used primarily for the treatment of urinary tract infections. During the 
period between the discovery of (1) and ca. 1980, structure-activity studies led 
to the development of analogues with moderate improvements in overall 
properties [ 21. The structures of several of these older congeners are shown in 
Figure 6.1. However, early in the 1980’s new agents such as norfloxacin (2a) 

I 
E t  E t  

cinoxacin oxolinic ac id  

p ipe rn id i c  ac id  f lumequine 

Figure 6.1. Representative structures of early nalidixic analogues. 

[3] and ciprofloxacin (2b) [4], possessing both a 6-fluoro substituent and a 
7-piperazinyl group on the quinolone pharmacophore (structural features 
found individually in flumequine and pipemidic acid, respectively) (Figure 6. I ), 
were reported to possess greatly improved potency and antibacterial spectra 
relative to (1). Subsequently, effort in this area became and continues to be 
amongst the most intense in pharmaceutical research. The agents which have 
been marketed recently or are undergoing clinical development generally 
possess a fluoro substituent at the 6-position of the quinolone nucleus and are 
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4 -qu1nolone-3-carboxyl1c (1 1 
acid 

( 2 )  ( 0 )  R = ethyl  
(b) R = cyclopropyl 

often referred to as fluoroquinolones or 6-fluoro- 1,4-dihydro-4-oxo-3-quinol- 
inecarboxylic acids ; this structural feature distinguishes the newer compounds 
from most of the earlier nalidixic acid analogues. 

The therapeutic indications for quinolone antibacterials have expanded 
greatly from their initial role in treating urinary tract infections (UTI). The 
fluoroquinolones show excellent activity against Gram-positive organisms as 
well as Gram-negative species, including Pseudomonas aeruginosa, and have 
been demonstrated to be useful for the oral and parenteral treatment of 
systemic infections other than UTI. As this class of agents has evolved, 
compounds have emerged with antibacterial spectra that also include highly 
potent activity against anaerobes. Some of the newer agents have demonstrated 
clinical efficacy rates as high as 90% [5d]. Furthermore, clinical studies have 
shown that this class of agents is generally very well tolerated while exhibiting 
only few adverse effects. 

During the rapid expansion of this field, several excellent reviews have 
appeared periodically updating progress with respect to medicinal chemical 
studies [ 51 and microbiological issues [ 61 as well as describing biochemical and 
molecular biological approaches to understanding the mechanism of action of 
quinolones and their interactions with topoisomerases and DNA [7a-f]. Also, 
the Computer Automated Structure Evaluation (CASE) program has been 
used to study a series of quinolone antibacterial agents, generating a series of 
molecular fragments relevant to DNA gyrase inhibition and in vitro activity in 
whole cells; the significance of these fragments to biological activity has been 
discussed [ 7gl. 

This article will focus primarily on recent medicinal chemical studies aimed 
at addressing or studying particular issues which include inherent activity 
(versus the enzymatic target as well as in whole cells), in vivo efficacy, phanna- 
cokinetics, physiochemical properties and efforts to elucidate salient features 
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of these molecules responsible for related pharmacological properties ; an effort 
is made to underscore the primary issues driving current research. It should be 
noted that many of the molecular modifications described in this review have 
their fundamental precedent in medicinal chemical research done prior to the 
discovery of the highly potent fluoroquinolones ; these earlier structure-activity 
studies have been the subject of a thorough and comprehensive review [2]. In 
order to place these new studies in their appropriate context, brief sections 
highlighting the current understanding of the mode of action of these agents, 
their present and potential role as therapeutants and their current limitations 
are included. Several excellent reviews in these areas have also been published, 
and these articles are identified in the appropriate sections. 

GENERAL CONSIDERATIONS 

MECHANISM AND MODE OF ACTION 

Although nalidixic acid and its antibacterial properties were reported in 1962, 
it was not until 1976 that the target of the quinolone antibacterials, DNA gyrase 
(bacterial topoisomerase 11), was first isolated from Escherichia coli [ 8, 91. The 
enzyme is a tetramer, containing two A subunits (105 kDa in mass) and two 
B subunits (95 kDa in mass) [ lo] .  The genes (gyrA gene located at 48 min on 
the E. coli map, gyrB gene located at 83 min on the E. coli map) which encode 
the respective subunits have been cloned and sequenced [7d]. DNA gyrase 
catalyzes bacterial DNA supercoiling and appears to be involved in numerous 
other bacterial reactions and processes including catenation-decatenation, 
which mediates the separation of interlocked DNA during chromosome segre- 
gation, and aspects of transcription and DNA repair [7d, 91. The enzyme plays 
an important role in the initiation, elongation and termination phases of DNA 
replication [ 7d]. 

Supercoiling of bacterial DNA is a critical process which allows bacteria to 
accommodate their very long (ca. 1300pm) chromosomes within the cell 
(maximum dimensions of 2 x 1 pm) [ 111 and is essential for the replication of 
circular chromosomes [7f]. The negative supercoiling of bacterial DNA by 
DNA gyrase influences most metabolic processes involving DNA. The energy 
for this process is supplied by ATP hydrolysis [ 121. The steps involved in the 
supercoiling process are summarized in Table 6.1 [9, 13-15]. The B subunits 
of DNA gyrase are believed to be responsible for the energy transduction 
process mediating the introduction of negative supercoils into double-stranded 
DNA. The DNA is nicked by a process involving the A subunits, and a negative 
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Table 6.1. STEPS IN THE SUPERCOILING MECHANISM OF DNA GYRASE 
[9, 13-15] 

(a) DNA gyrase binds to DNA substrate, stabilizing a positive DNA node. 
(b) DNA is cleaved at 4-basepair staggered sites at the node, and covalent linkages are formed 

(c) A remote DNA segment is passed through the cleaved DNA gate, inverting the sign of the 

(d) The DNA break is resealed. 

between a tyrosine group on gyrase subunit A and the 5’-end of the DNA chain. 

node. 

supercoiling run is subsequently completed by a DNA resealing action of the 
A subunits [9, 13-15]. 

The B subunit of the enzyme is the target of coumermycin and related 
antibiotics [ 10, 12, 161. The A subunit is a primary target ofthe quinolones [ 17, 
181, and it has been suggested that these agents inhibit the resealing step of the 
overall supercoiling process (Table 6.1, step (d)). A mechanism of action 
involving the A subunits is clearly involved in the activity of the quinolones. 
However, the overall manner in which these compounds act on gyrase on a 
molecular level is still not well understood. Although the majority of quinolone 
resistance mutations that affect DNA gyrase occur in the gyrA gene [7d], 
mutations encoding nalidixic acid resistance have been identified in the gyrB 
gene [ 191. It is not known whether this effect is related to a direct action of drug 
on this subunit or whether it involves an indirect process through the A subunit. 
An important effect of quinolones on purified DNA gyrase, which has been 
utilized as the basis for a biochemical assay, involves their stabilization of 
double-strand breaks in DNA that are induced by the enzyme at specific sites; 
these sites are subsequently revealed upon addition of a protein denaturant to 
the reaction medium, resulting in cleaved DNA products [20-231. This type 
of action, which prevents the rejoining of DNA by DNA gyrase, both in vitro 
and in vivo, may be a critical mechanism by which the quinolones exert their 
effect in whole cells. 

The quinolones are rapidly bactericidal. Interestingly, this killing effect is 
significantly diminished by agents such as rifampicin which inhibit protein 
synthesis, suggesting that the bactericidal effect may be dependent upon the 
synthesis of one or more proteins [7a]. An excellent discussion of the bio- 
chemical studies concerning the killing effects of quinolones has been published 
[7a]. It has also been suggested that the quinolones may actually form a 
complex with the enzyme that, in effect, poisons the cell [9, 241. Recently, it 
has been shown that quinolones induce the SOS DNA repair system (a DNA 
repair response noted by cessation of cell division and formation of filamentous 
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cells) [ 251, consistent with a possible mechanism involving a quinolone-induced 
DNA gyrase damage of DNA by induction of a lesion that is not reparable or 
caused to be nonreparable upon alteration by repair enzymes [ 7d]. 

Another interesting general observation is that the concentrations of quino- 
lones necessary to inhibit the enzyme are significantly (sometimes more than 
100-fold) greater than the corresponding minimum inhibitory concentrations in 
whole cells. Although this observation has sometimes been interpreted as 
indicating that the intracellular target of the quinolones may involve a site other 
than DNA gyrase, it has been pointed out [ 7d] that such a suggestion need not 
necessarily be invoked. Conditions employed to evaluate inhibition of purified 
enzyme may not reflect the intracellular environment, and the inhibitory event 
within a cell might involve a subtle perturbation of enzymatic activity. 

In general, it has been found that the DNA gyrase isolated from various 
species of bacterium is susceptible to inhibition by the quinolones, although the 
magnitude of the effect of a given agent against the enzyme often varies from 
organism to organism. An example of this phenomenon is found in the 
comparative activities of several agents against gyrase isolated from E.  coli and 
M. lureus, the enzyme from the former having greater susceptibility to the action 
of quinolones [ 17,261. There has been a report that DNA gyrase isolated from 
S.  aureus is not inhibited by the quinolones [27], although another study has 
indicated that gyrase from S .  aureus is sensitive to the quinolones [28]. 

A series of papers concerned with the mechanism of inhibition of DNA 
gyrase by quinolones on a molecular level, leading to the proposal of a coopera- 
tive drug-DNA binding model, has appeared [29-321. Several of the key 
observations leading to the model follow. Initially, it was shown that norfloxacin 
does not bind appreciably to DNA gyrase at concentrations near the drug’s 
supercoiling inhibition constant (Ki), although it binds to DNA to various 
degrees, depending on the structural form of the DNA. Binding of quinolones 
to relaxed double-stranded DNA is weak and unsaturable; binding to linearized 
ColEl DNA, to relaxed circular ColE1 DNA or to the complex formed upon 
addition of DNA gyrase to relaxed DNA in the absence of ATP gives molar 
binding ratios of ca. 1 drug molecule/DNA molecule at a drug concentration 
near the Ki. Studies with a synthetic double-stranded polydeoxynucleotide 
further suggest that the drug does not bind to double-stranded DNA per se. 
Quinolones bind preferentially to single-stranded DNA in a nonspecific and 
noncooperative manner. However, they bind specifically to a saturable site on 
supercoiled DNA in a highly cooperative manner (binding of the drug to this 
site is dependent on a high power of the drug concentration), and it is suggested 
that this site is a small denatured bubble or an easily denaturable region in the 
supercoil and that this binding represents the actual binding mode of quinolones 
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during the inhibition of DNA gyrase. It has also been demonstrated that drug 
binding may be enhanced by the addition of DNA gyrase to relaxed DNA in 
the presence of a nonhydrolyzable ATP analogue. This observation, along with 
other results, suggests that the quinolones bind to a gyrase-induced DNA site, 
which is locally unwound during the intermediate gate-opening step. 

Based on the above observations, as well as other evidence, the proposed 
model (Figure 6.2) has as its essential feature that bound gyrase induces a 

Figure 6.2. 

I 
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\ 
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\ 
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Proposed model for quinolone-DNA cooperative binding in the inhibition 
/32]. (Reprinted with permission; American Chemical Society.) 

of DNA gyrase 

binding site for the drug in the relaxed DNA substrate in the presence of ATP 
in the following manner: (a) DNA gyrase acts first by cutting both strands at 
4-basepair staggered positions, (b) the protruding 4-base single-stranded seg- 
ments, with subunit A covalently attached to the 5’-end, are moved apart to 
allow the strand passing process to occur, and (c) this single-stranded DNA 
gate acts as the drug binding pocket; subsequent binding of drug locks the 
strands in place, inhibiting the enzyme and preventing its turnover. The details 
of the proposed drug interactions at the DNA binding pocket are illustrated in 
Figure 6.3 (TGTG is arbitrarily chosen as the nucleotide sequence at the 
binding site). In this model, drug molecules interact through hydrogen bonds 
between the 4-carbonyl groups of the quinolones and hydrogen bond donor 
sites of the DNA bases on the separated DNA strands. Drug-drug interactions 
include the stacking of two adjacent quinolone rings, oriented such that the keto 
groups point in the same direction, toward the DNA, with the carboxyl groups 
located on opposite sides in order to avoid charge repulsion. Also present are 
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tail-to-tail hydrophobic interactions between the drug molecules hydrogen- 
bonded to the two opposite DNA strands. These types of drug-drug inter- 
action are also present in the nalidixic acid crystal structure [33]. Based on this 
model, explanations for several structure-activity features and biochemical 
observations are suggested. Particularly interesting are the supercoiling inhibi- 
tion results for a series of norfloxacin dimer-like compounds (3) synthesized 
to test this model [ 321 ; the IC,, values for the inhibition of DNA gyrase isolated 
from E.  coli for (3a), (3b) and (3c) are ca. 30, 1.3, and 20 pg ml - ', respectively. 
Based on the interactions of pairs of nalidixic acid molecules in its crystal 
structure and computer modeling studies, it was predicted that (3b), in which 
four methylene groups link the quinolone nuclei, most mimics the norfloxacin 
dimer which is suggested to be involved in inhibiting the enzyme (Figure 6.3), 
and indeed (3b) exhibits an IC,, value roughly equal to that of norfloxacin. The 
results of future biochemical and structure-activity relationship (SAR) studies 
should provide interesting tests as well as refinements for this model. 
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A final important point relating to the mode of action is the issue of selectivity, 
which is so critical to the remarkable success of this class of agents. Although 
human cells also contain type I1 topoisomerases, the quinolones are 100- to 
1000-fold more potent against purified DNA gyrase than mammalian topo- 
isomerase I1 [34, 351; furthermore, the eucaryotic enzyme differs from DNA 
gyrase both structurally and functionally, removing as opposed to inducing 
supertwists into DNA [7d]. Recently, in vitro cleavage assays utilizing topo- 
isomerase I1 isolated from calf thymus have been described as useful for the 
preliminary evaluation of quinolones for their ability to stimulate DNA cleavage 
in mammalian systems [ 36al. Compounds such as nalidixic acid, oxolinic acid, 
norfloxacin and ciprofloxacin are not active in these assays. However, an 
unusual 7-(pyrid-4-yl) derivative (4) more resembles antitumour agents in 
potency in these assays ; the topoisomerase 11-mediated cleavage of DNA by 
this agent is consistent with its clastogenic effect on DNA in cell culture [ 36bl. 

ANTIBACTERIAL SPECTRA 

The increased potency and spectrum of the new fluoroquinolones relative to 
nalidixic acid and its closely related congeners have broadened their use greatly 
beyond urinary tract infections (UTI) to include both the oral and parenteral 
treatment of many other types of systemic infection. There have been several 
excellent reviews on the comparative in vitro antimicrobial properties of these 
agents [ 61. As a class, these compounds show excellent activity against enteric 
bacilli and cocci as well as other Gram-negative species including P. aemginosa, 
Haemophilus infuenzae and Legionella pneumophila. Ciprofloxacin still remains 
among the most potent clinically used agents versus Enterobacteriaceae and 
Pseudomonas and a standard to which newer compounds are compared. 

The first members of the new fluoroquinolone class (such as norfloxacin (2a), 
enoxacin ( 5 ) ,  pefloxacin (6), ciprofloxacin (2b) and ofloxacin (7)), are generally 
somewhat less active versus Gram-positive species than Gram-negative 
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organisms. However, more recent agents have emerged out of the studies 
described in this review which have greatly improved Gram-positive spectra. 
In particular, compounds such as PD 117558 (8) [37], AM1091 (9) [38] and 
tosufloxacin (10) [ 391, have excellent activity versus Gram-positive organisms, 
including Streptococci. The quinolones also possess excellent in vitro activity 
versus bacterial pathogens of the intestinal tract such as Campylobacter jejuni, 
Salmonella spp. and Shigella spp. 

17) 

Recent compounds such as tosufloxacin and AM1091 also exhibit improved 
effectiveness against anaerobes [ 38,391; the earlier fluoroquinolones have MIC 
values against these types of organism suggesting only marginally useful 
activity. Bacteroides species other than B. fragilis are generally resistant to the 
quinolones [ 6c]. The fluoroquinolones also show activity against Neisseria 
gonorrhoeae (including /I-lactamase-producing N .  gonorrhoeae), as well as dif- 
ficult-to-treat pathogens such as rnethicillin-resistant Staphylococcus aureus. 
Chlamydia, Mycoplasrna and Ureaplasma species generally exhibit reduced 
susceptibility to the quinolones [6c]. In addition to their excellent in vitro 
spectra and potency, the quinolones are generally rapidly bactericidal. 

RESISTANCE DEVELOPMENT 

In general, from a clinical standpoint, the development of resistance to the 
quinolones has not emerged as a major problem. Recent reviews have placed 
this issue in appropriate perspective [40]. Resistance to the new quinolones, 
as the result of single-step mutation occurs at a very low frequency (I lop9) ;  
high-level resistance may be obtained by in vitro multiple exposures of organisms 
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to increasing concentrations of a quinolone. Such resistant organisms usually 
exhibit cross-resistance to other fluoroquinolones [ 7d]. Some resistant strains, 
selected in such a manner, also show decreased susceptibility to other anti- 
microbial agents, such as the 8-lactams, suggesting the resistance is related to 
permeability factors ; rarely has high-level resistance associated with alter- 
ation in the A subunit of DNA gyrase been reported [40a]. There have been 
several reports of resistance development in a clinical setting; interestingly, 
cross-resistance does not always occur between the new and the old quinolones 
[41]. Thus far, the most frequent occurrences of resistance to the quinolones 
have involved Serrntia marcescens, S.  aureus and P. aeruginosa, in particular 
Pseudomonas isolates from patients with cystic fibrosis [40a]. Based on the data 
accumulated thus far, it is suggested that it appears that the major problem of 
resistance to quinolones will be in patients with cystic fibrosis and in patients 
with wounds and poor vascular supply, although further careful observations 
will be necessary to determine the clinical frequency of this problem and the 
risk to other patients [40a]. Plasmid-mediated resistance to the fluoro- 
quinolones has not been detected. However, there has been a single report of 
a case of plasmid-mediated resistance to nalidixic acid from Bangladesh 
involving Shigelln dysenteriae; the resistance gene was found on a large plasmid, 
bearing resistance to multiple antibiotics [42]. 

OVERVIEW OF CLINICAL EXPERIENCE AND ADVERSE REACTIONS 

The majority of the clinical data for these agents accumulated thus far, both 
concerning efficacy as well as adverse effects, have derived from experience 
with norfloxacin, pefloxacin, enoxacin, ciprofloxacin and ofloxacin [43]. As a 
class, the quinolones offer the opportunity for the oral treatment of infections 
that have traditionally required parenteral antibiotics. Ciprofloxacin is the most 
potent of these agents in vitro; however, enoxacin, pefloxacin, and in particular, 
ofloxacin appear to exhibit superior pharmacokinetic properties. Among the 
numerous infections against which these compounds have demonstrated 
efficacy are complicated UTI, bacteremia, deep soft tissue infections and 
abscesses, ophthalmological infections, gastrointestinal infections and pul- 
monary infections. These compounds also have shown excellent efficacy, upon 
single dose treatment, against gonorrhoea, including examples against penicil- 
lin-resistant N .  gonorrhoene [44], although comparable with the results observed 
in vitro, they tend to exhibit less efficacy for the treatment of Chlamydia. 
Intravenous pefloxacin has been shown to penetrate human bone and is 
efficacious in the treatment of chronic staphylococcal osteomyelitis [45]. Many 
of the quinolones exhibit excellent tissue penetration; norfloxacin concentra- 
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tions have been measured in several tissues as well as body fluids [46]. 
Long-term ofloxacin treatment has been successful for otherwise resistant 
cases of tuberculosis [47]. Ciprofloxacin and norfloxacin have also been 
demonstrated to be effective for the prevention of infection in immuno- 
suppressed patients [48]. Although effective in the treatment of some 
respiratory tract infections, the quinolones have generally less than optimum 
activity against streptococci and enterococci, limiting their use in such infec- 
tions. This area has represented a weakness of the current agents. However, 
recent studies with temafloxacin (1 1) have shown that it is effective against 
S. pneurnoniae infections, presumably due to a combination of its excellent 
in vitro potency and pharmacokinetic profile [49]. It is also effective versus 
rnethicillin-resistant S. aureus and S. epidermidis [49]. Norfloxacin has been 
shown to be effective for the prophylaxis of traveller’s diarrhoea [50] and 
appears to be promising for the treatment of shigellosis, typhoid salmonellosis 
and Campylobucter and Yersina infections. Several of the quinolones, such as 
ofloxacin and ciprofloxacin, show good in vitro activity versus Campylobacter 
pylori, which has been suggested to be a causative factor in gastritis and 
duodenal ulcers [51]. Trials in this area with ofloxacin resulted in the isolation 
of resistant organisms [ 521 ; however, treatment with a combination of ofloxacin 
and ranitidine affords an enhanced cure rate relative to that observed upon 
treatment with ranitidine alone [ 531. 

‘ k : a 3 O Z H  

Q’ .p 
Me 

F 

The data on the adverse reactions of the fluoroquinolones which have 
received the most extensive clinical evaluation (ciprofloxacin, ofloxacin, 
pefloxacin, norfloxacin and enoxacin), involving about 30,000 patients, have 
been the subject of a review [54a]. An important point noted in this review 
involves the difficulty in detecting an important severe adverse reaction if it is 
of relatively low frequency, until there has been a very large patient exposure 
(some examples are provided in which at least 150,000-300,000 exposures 
would be required to observe the importance of side-effects, resulting in an alert, 
which have been discovered with specific drugs). However, the majority of 
side-effects observed thus far with the fluoroquinolones have been minor, 
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transient and reversible. In the population described above, the overall rates 
of adverse reaction are 4-8%, with 1-2.6% of patients necessitating dis- 
continuation of therapy. For comparison, it is noted that the overall rate of 
adverse reactions associated with the third-generation cephalosporin cefta- 
zidinie is 6.2% [54b]. 

In general, the adverse effects associated with these agents have included 
primarily CNS disturbances (such as dizziness, headache, insomnia) and 
gastrointestinal effects (such as nausea, vomiting, diarrhoea or abdominal 
pain). At present, good models do not exist for the prediction of the CNS 
effects; however, some compounds which are less effective at penetrating into 
the CNS, such as NY-198 (12) [55, 5e], might be expected to be less 
predisposed to such occurrences. In this pooled data study [ 54a], the adverse 
reaction profile, in terms of affected body system, is generally similar for all of 
the quinolones. Nausea, vomiting and diarrhoea were the most frequent factors 
resulting in discontinuation of therapy. Skin reactions occurred in 0.5-2.2% 
of the patients, and elevation of hepatic enzymes occurred in 1.8-2.5% of the 
population; these effects were reversible and generally not dose-dependent. 

M e  

The quinolones have been found to cause erosion of cartilage in the joints 
of immature animals [56]. This observation, which has been seen in several 
studies, has resulted in the contraindication of quinolones for the treatment of 
children. A study analyzing the risk-benefit situation for the use of pefloxacin 
in children (clinically, several adverse athralgic effects have been attributed to 
this agent) has appeared [ 571. The underlying mechanism responsible for these 
effects has yet to be established, and the development of an agent which is safe 
for paediatric use would be a major advance in quinolone therapy. Some of the 
quinolones, such as enoxacin, have been shown to interfere with theophylline 
nictabolism [ 5 8 ] ,  and side-effects associated with this agent may be related to 
this property. 

The potential toxicological effects [ 591 as well as an overview of the adverse 
experiences [ 601 for ciprofloxacin have been reported. Since some quinolones 
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have been shown to cause cataracts in animals, special investigations were 
carried out; in addition to routine ophthalmologic examinations and based on 
both animal and human experience, it is concluded that ciprofloxacin should 
not produce cataracts in humans [59 ] .  In animal studies, it was found that 
obstructive nephropathy was observed only when analysis of the urinary 
sediment showed distinct crystalluria [ 591. Clinical experience thus far reported 
suggests that crystalluria related to ciprofloxacin therapy is rare, and only one 
case of interstitial nephritis has been reported [61]. Indeed, although there has 
been a significant general concern with the quinolones over the potential 
development of crystalluria, thus far the problem does not appear to be 
clinically important [ 621. 

A concern with these compounds, based on their mode of action, has been 
the potential for genotoxicity. Several quinolones, including ciprofloxacin were 
found to be active in an in vitro hepatocyte primary culture-DNA repair test, 
suggesting potential genotoxicity [ 631. However, it is reported that in a related 
in vivo assay, the results for ciprofloxacin were negative [ 6 3 ] .  These investigators 
suggest caution in categorizing compounds as genotoxic on the basis of results 
of limited in vitro testing. This area remains the focus of much research as well 
as controversy and requires further study. 

In summary, the adverse effects associated with the quinolones appear 
presently to be mild to moderate in severity and reversible upon discontinuation 
of therapy. Severe systemic adverse reactions are rare [ 623. It is suggested that 
the use of these agents should be avoided, as far as possible, in children and 
pregnant women and that caution be used in their administration to patients 
with a seizure disorder or those taking theophylline or warfarin [62]. Articles 
suggesting the appropriate clinical usage for these important antibacterials have 
appeared [ 641. 

STRUCTURE-ACTIVITY STUDIES 

EARLY 6-FLUORO-7-PIPERAZINYLQUINOLONES: THE DISCOVERIES OF 
NORFLOXACIN AND RELATED COMPOUNDS 

The synthesis and antibacterial properties of norfloxacin (2a) were described 
in 1980 [65 1.  In this key paper in the evolution ofquinolone antibacterial agents, 
a series of 6,7,8-polysubstituted- l-ethyl- 1,4-dihydr0-4-oxoquinoline-3-carb- 
oxylic acids (13) was synthesized, employing previously developed quanti- 
tative structure-activity relationships (QSAR) for the corresponding 6-, 7- and 
X-monosubstituted derivatives versus Escherichia coli. The QSAR analysis 
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indicated that the antibacterial properties of monosubstituted versions of (13) 
correlate parabolically with steric parameters for R' and R3. No correlation 
relating physiochemical constants for R2 and the activities of (13) was found. 
However, it was observed empirically that of the substituents evaluated at this 
position (acetyl, chloro, dimethylamino, hydrogen, methoxy, methyl, nitro and 
piperazinyl), the piperazinyl substituent appears to confer the best antibacterial 
properties. The minimum inhibitory concentrations (MIC) of several 6-substi- 
tuted-7-piperazinyl analogues (13) versus three strains of bacteria are shown 
in Table 6.2. The corresponding data for nalidixic acid (1) and pipemidic acid 

Table 6.2. ANTIBACTERIAL ACTIVITY OF 7-PIPERAZINYLQUINOLONE 
DERIVATIVES (13) [65] 

Minimum inhibitory concentrations (MIC? pg ml- ') 

Compound ~ S. aureus E. coli NZHJ P. aeuruginosa 
N o .  R' RZ R3 209P JC-2 v- 1 

Structure 

F piperazin-1-yl 
CI piperazin-1-yl 
Br piperazin-I-yl 
Me piperazin-1-yl 
SMe piperazin-1-yl 
Ac piperazin-1-yl 
CN piperazin-1-yl 
NO, piperazin-1-yl 
H piperazin-1-yl 

nalidixic acid 
pipemidic acid 

0.39 
1.56 
3.13 
3.13 

25 
I00 
12.5 
25 
12.5 

> 100 
25 

0.05 
0.20 
0.39 
0.39 
0.78 

0.39 
0.78 
0.78 
3.13 
1.56 

100 

0.39 
3.13 

6.25 
12.5 

12.5 
> 100 

6.25 

3.13 
12.5 

100 
12.5 

(Figure 6. I )  are shown for comparison. These in vitro data illustrate the signifi- 
cant enhancement of antimicrobial potency (3-5 log, dilutions) conferred by 
introduction of the 6-fluoro substituent (2a) relative to the 6-unsubstituted 
analogue (1 3h). Even more striking is the remarkable improvement in potency 
with respect to nalidixic acid (1); these representative data also show the lack 
of activity of (1) versus Gram-positive pathogens as we11 as against 
P. ueruginnsa. This structure-activity feature is still considered to be an 
optimum, and all quinolones reportedly undergoing clinical development have 
a 6-fluoro substituent. 

Several other important observations are noted in this study. The de- 
carboxylated analogue (14) and the ester derivative (15a) are devoid of 
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(15) 

(0) 

(b)  
( c )  . R’ = R2 = H. R3 = HzC=CH 
( d ) .  R’ = Me, R2 = H. R3 = E t  
( e )  R’ = MeCO. R 2 =  H, R 3 =  E t  

R’ = H, R2= R3= Et 
R’ = R2 = H. R 3 =  2-FCHzCH2 

.dH I 

E t  
rN 

H N d  

(14) 

significant antibacterial activity. Substituents at the l-position that are sterically 
comparable with an ethyl group, such as in (1 5b) and (1 5c), confer antimicrobial 
potency comparable to that of norfloxacin, while smaller or larger groups at this 
position decrease activity; as is discussed in later sections, several compounds 
possessing substituents at the l-position that are larger than ethyl have been 
found subsequently to exhibit excellent antibacterial properties. It was also 
noted that the N-methylated and N-acetylated piperazine derivatives, (6) and 
(1 5d) possess reduced in vitro potency against P. aeruginosa (particularly 
(1 5d)). The decreased in vitro activity associated with methylation of the 
piperazine moiety appears to be a general SAR feature associated with related 
analogues; however, this modification is also often associated with improved 
pharmacokinetic properties, as Is discussed subsequently. Indeed, pefloxacin 
(6) [66] is a marketed agent. 

A similar study resulted in the preparation and subsequent development of 
the I,&naphthyridine derivative enoxacin (5) [ 671 ; again, the fluoro substituent 
at the 6-position was found to be optimum. The SAR for the C-7 substituent 
closely parallels earlier work with pyrido[ 2,3-d]pyrimidine analogues [ 681. 
Biological data for ( 5 )  as well as several analogues (16) with various sub- 
stituents at N-1 as well as on the piperazine nitrogen are shown in Table 6.3. 
The unsubstituted piperazine derivatives (5, 16b, 16d) are generally more active 
in v i m  than their corresponding N-methylated derivatives (16a, 16c and 16e, 
respectively). However, the N-methylated compounds show comparable or 
superior efficacy relative to their respective N-H counterparts in mouse 
protection tests. This in vivo effect is most pronounced for the pair of l-fluoro- 
ethyl analogues (16d) and (16e). The N-methylated derivatives also show 
increased acute toxicity (p.0. LD,, value, mice). The improved in vivo efficacies 
as well as the enhanced relative toxicities of the N-methylated compounds 
probably reflect superior bioavailability and pharmacokinetic properties. Thus, 
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Table 6.3. BIOLOGICAL PROPERTIES OF NAPHTHYRIDINES (16) [67] 

ED,,, p.0." (MICIb LD,, value 
Structure (mg kg - I ,  p a . )  

Compound S. aureus E. coli P. aeuruginosa 
No. R' R.' 50774 P-5/01 I 2  

( 5 )  H Et 10 (0.78) 1.8 (0.1) 9.0(0.78) > 2000 
(16a) Me Et 4.8 (1.56) 1.2 (3.13) 10.6 (0.2) 210 
(16b) H CH,=CH 33.4(3.13) 1.3 (0.1) 2.4 (0.39) 12000 
( I  hc) Me CH,=CH 10.5(3.13) 1.1 (0.1) 3.7(1.56) 354 
(16d) H FCH,CH, 11.5 (1.56) 3.0 (0.1) 27.2(0.78) > 2000 
(16e) Me FCH,CH, 1.4 (0.39) 0.52 (0.1) 4.2 (1.56) 1866 

the very low acute toxicity of enoxacin (5) was a factor in its selection versus 
(16e) for development. 

In searching for a replacement for the N-1 substituent of earlier agents, 
workers at Sterling-Winthrop discovered amifloxacin (17a) [69]. In 
compounds (17a) and (17b) the ethyl groups in pefloxacin and norfloxacin, 
respectively are replaced by a methylamino moiety. Methylamino and ethyl 
groups have similar steric bulk, with MR (bulk factors) of 10.33 and 10.30, 
respectively [ 701. The comparative biological properties of (17a) and (17b) with 
pefloxacin and norfloxacin are shown in Table 6.4.  These data indicate that 
(1 7a) and (1 7b) exhibit very similar antibacterial properties to pefloxacin and 
norfloxacin, respectively, both in in vitro potency as well as in mouse protection 
tests (Escherichia coli Vogel). Amifloxacin exhibits a superior overall profile 
relative to its unsubstituted piperazine analogue (17b). Several substituted 
amino groups were examined as replacements for the 1-methylamino sub- 
stituent. However, both smaller and larger groups resulted in decreased anti- 
microbial potency. These results, correlating steric bulk and antibacterial 
activity, are also consistent with earlier SAR studies in which alkoxy groups 
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Table 6.4. ANTIBACTERIAL PROPERTIES OF I-METHYLAMINOQUINOLONES (17) 
~ 9 1  

MIC (pgml-I)  ED,, 0% k -  'I  
E. coli Vogel 

E. coli K. pneumoniae P. aeruginosa S. aureus 
Compound No.  Vogel 39645 MGH-2 Smith S.C. p.0.  

Amifloxacin (17a) 0.25 0.25 1 .o 1 .o 0.6 1.0 
Pefloxacin (6) 0.25 0.5 1 .o 1 .o 0.5 1.1 

(17b) 1.0 1.0 1 .o 1.95 0.3 6.4 
Norfloxacin (2a) 0.5 0.5 1 .o 1.95 0.3 5.9 

were investigated as I-position substituents on the quinolone nucleus [71]. It 
was also found that the ethyl ester of amifloxacin (compound (18)), although 
relatively inactive against E. coli Vogel in vitro (MIC = 62.5 pg ml- '), is quite 
active in mouse protection tests versus the same organism (ED,, value = 

4.4 mg kg-' ' s.c.). Presumably, (18) is a prodrug of (17a). 
The discoveries of ciprofloxacin (2b) [ 41 and a conformationally constrained 

1,8-disubstituted quinolone analogue ofloxacin (7) [ 721 demonstrated that a 
group sterically similar to ethyl is neither required nor necessarily optimum for 
antibacterial potency; indeed, the 1-position cyclopropyl group generally 
confers the greatest in vitro antibacterial activity for a given series of 
compounds. Ciprofloxacin is presently the standard agent to which newer 
compounds are compared. Its properties, and perhaps more its limitations, 
provide much of the impetus upon which newer discovery programmes are 
based; these features will be discussed subsequently in the context of more 
recent agents in less advanced stages of development. Ciprofloxacin, as is 
norfloxacin, is currently marketed in the U.S. and in other countries; several 
of the other compounds in these studies are marketed in Japan and Europe or 
are in the later phases of clinical development. 

In 1986, both in vitro antibacterial activities in whole cells and DNA gyrase 
inhibition data were published for several important standard agents (side-by- 
side comparisons) as well as for a series of novel compounds [22]. The results 
for several of these agents are summarized in Table 6.5. Two separate assays 
were employed to determine the potency of these compounds against DNA 
gyrase isolated from Escherichiu coli H560. The first assay monitors the DNA 
gyrase-catalyzed conversion of relaxed plasmid DNA to its native supercoiled 
form, and the value obtained is an I,,, for the inhibition of supercoiling. The 
second assay is specific for the quinolone class (versus the coumermycin type) 
of gyrase inhibitor and monitors the appearance of linear DNA formed from 
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Table 6.5. IN VITRU BIOLOGICAL PROPERTIES OF SEVERAL QUINOLONE 
ANTIBACTERIAL AGENTS [22] 

MIC (pg m l ~  I )  

Gyrase 
150 cleavage E. coli P. aeruginosa S. aureus S. pneumoniae 

Compound (pg ml-I) (pg ml- I)" H560 UI-18 H228 sv-1 

Oxolinic acid 25 10 
Nalidixic acid >I00 50 
Pipernidic acid > 100 50 
Norfloxacin 5.5 1 
Pefloxacin 5.5 1 
Enoxacin 28 5 
Arnifloxacin 6.3 2.5 
Ofloxacin 6.3 5 
Ciprofloxacin 5.3 0.5 
AM-833 3.8 2.5 
Defluoronorfloxacin - 18 
6-Fluoronalidixic acid - 25 

0.2 6.3 
6.3 > 100 
3.1 6.3 
0.1 0.2 
0.1 0.4 
0.1 0.8 
0.025 0.8 
0.1 0.4 
0.025 0.4 
0.1 1.6 
6.3 25 
3.1 50 

1.6 100 
>I00 >I00 

50 > lo0  
0.8 1.6 
0.2 0.8 
3.1 3.1 
1.6 12.5 
0.4 0.8 
3.1 1.6 
0.8 6.3 

> 50 50 
25 >I00 

a Minimum concentration at which cleaved DNA (linear) is observed at  an intensity relative to oxolinic 
acid at 10 pg ml- '. 

denaturing the drug-gyrase-DNA complex; in this cleavage assay, the value 
reflects the amount of drug-gyrase-DNA complex present at equilibrium. For 
the compounds evaluated in this publication, there are correlations between the 
MIC values for E. coli H560 and the I50 and cleavage values. There is a high 
correlation between the I,, values and the gyrase cleavage values. However, the 
authors note that exceptions, such as enoxacin (cleavage value, 5 pg ml - ; I,o, 
27.5 p g  ml- I ) ,  exist; ofloxacin has the same cleavage value but an I,, (6.3 pg 
ml ~ ' ) consistent with the values for other quinolones with low cleavage values. 
It is suggested, since the value is determined by the concentrations of drug 
that give initial inhibition and complete inhibition, that occasionally a drug, 
such as enoxacin, while exhibiting a low concentration for initial inhibition (and 
thereby for the cleavage assay as well), is not as effective in inhibiting completely 
the super-coiling process, thereby raising the 100 % inhibition concentration 
and thus the I, ,  value. Further possible explanations are discussed concerning 
this point. However, the key point is that there are generally excellent qualitative 
correlations between the enzyme assays and the E. coli H560 MIC values. 

The lack of direct proportionality between the MIC values and the gyrase 
inhibition values is suggested reasonably to be related to varying relative 
cell-penetrating properties of the different agents. Thus, enoxacin would appear 
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to have superior cell permeability abilities relative to norfloxacin, based on its 
lower efficiency in the enzyme assays but comparable MIC values. By com- 
paring the whole cell activities to the corresponding enzyme inhibiting properties 
for several 6-fluoroquinolone and defluoro analogue pairs, it is concluded that 
the 6-fluoro substituent, so important to the potency of the modem agents, 
appears to improve both gyrase complex binding and cell penetration, with each 
factor weighted depending on the nature of the C-7 substituent. In the context 
of these results, it is also important to note that there have been reports which 
have also shown differing susceptibilities of purified DNA gyrase from various 
species of bacteria to given quinolone agents [ 17, 261. 

AMINO-SUBSTITUTED ALICYCLICAMINO GROUPS AS REPLACEMENTS FOR 
THE 7-PIPERAZINE SUBSTITUENT 

In 1984, the results of a study investigating amino-substituted alicyclic amino 
groups as replacements for the 7-piperazinyl group, common to many of the 
most potent quinolones, was reported [ 731. This comprehensive study syste- 
matically examined variations at the 7-position of the 1,8-naphthyridine 
nucleus. The in v i m  antibacterial activities for several of these enoxacin 
analogues (19) are summarized in Table 6.6. The most noteworthy feature of 
these data is that replacement of the piperazin-1-yl group with a 3-aminopyr- 
rolidin- 1-yl moiety (compound (19b)) results in an enhancement in potency 

Table 6.6. IN VITRO ACTIVITY OF 7-(AMINO-SUBSTITUTED 
ALICYCLICAMIN0)NAPHTHYRIDINE DERIVATIVES [73] 

MIC (pg ml- ') 

Compound f19) R 

~~ 

S. aureus E. coli P. aeruginosa 
209P JC-1 NIHJJC-2 Tsuch#irna 

3-aminoazetidin-1 -yl 
3-aminopyrrolidin- 1 -yl 
3-aminopiperidin- 1 -yl 
4-aminopiperidin-1 -yl 
4-aminomethylpiperidin- 1-yl 
3-methylaminopyrroEdin- 1 -yl 
3-hydroxyazetidin-1-yl 
3-hydroxypyrrolidin- 1-yl 
3-hydroxypiperidin- I -yl 

0.78 
0.2 
0.78 
0.2 
0.39 
0.39 
0.78 
0.39 
1.56 
0.78 

0.2 0.78 
0.1 0.39 
0.78 6.25 
0.2 1.56 
1.56 12.5 
0.2 1.56 
0.78 3.13 
0.78 0.78 
3.13 25 
0.2 0.78 
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against all of the bacteria investigated. The 3-amino and 4-aminopiperidin- 1-yl 
analogues (19c) and (19d) also show improved activity versus S .  altreus, but 
diminished potency against P.  aeruginosa; the aminoazetidine analogue (1 9a) 
shows activity identical with that obtained with the parent piperazine analogue 
enoxacin. Replacement of the amino group in these analogues with a hydroxyl 
substituent (( 19g)-( 199) results in a significant loss of Gram-negative activity. 
The aminomethyl replacement for amino in the piperidine series also has a 
deleterious effect on in vitro potency. Similarly, introduction of an alkyl sub- 
stituent on the amino group in the pyrrolidine series results in decreased 
potency. In mouse protection tests, the aminopyrrolidine analogue (19b), 
exhibits improved efficacy relative to enoxacin, particularly against S .  aweus 
and P. aeruginosa infections. This series of 7-substituents was also investigated 
in systems with 1-substituents other ethyl. The 1-vinyl analogue of (19b), 
compound (20), shows excellent antibacterial properties ; it is somewhat more 
potent than (19b) in vitro, as well as significantly (approximately 2-fold) more 
efficacious in mouse protection models. 

NHa 
(19) (20) 

I-ARYLQUINOLONES: DIFLOXACIN AND RELATED ANALOGUES 

In 1985, the discovery of potent antibacterial agents possessing a substituted 
phenyl group at the 1-position of the quinolone nucleus was reported, and it 
became clear that electronic and spatial properties as well as steric bulk are 
important in considering the SAR for this position [74]. The in vitro anti- 
bacterial properties for several of these compounds against representative 
bacteria are summarized in Table 6.7. A large number of substituted phenyl 
analogues (21) were synthesized. It was found that the unsubstituted phenyl 
derivative (21 a) exhibits activity comparable with norfloxacin while the 
p-fluorophenyl analogue (2 Ib) (A-56620) is somewhat more active, particularly 
versus Gram-positive organisms. p-Hydroxy (compound (21d)) and o, 
p-difluoro (compound (21e)) were also found to be effective substituents for 
conferring potent antibacterial activity in this system. The other substituents 
investigated show generally a deleterious effect on potency or spectrum of 
activity relative to the unsubstituted congener (21a). Compounds (21b) 
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Table 6.7. IN VITRO ANTIBACTERIAL ACTIVITY OF 
7-P1PERAZINYL-I-(SUBSTITUTED-PHENYL)QUINOLONES (21) [74] 

(MIC) I p s  mi-') 
Structure 

Compound S. aureus S. pyogenes E. coli P. aeuruginosa 
NO. R' R Z  A TCC 6538P 930 Juhi 5007 

@la)  H H 0.39 1.56 0.2 0.78 
(2 1 b) 2-F H 0.2 0.78 0.05 0.39 
(21c) 2-F Me 0.2 1.56 0.2 1.56 
(21d) 4-HO Me 0.05 0.2 0.1 0.39 
W e )  2,4-diF Me 0.1 0.78 0.2 1.56 
(2a) norfloxacin 0.78 3.1 0.1 0.39 

(A-56620) and (2 lc) (difloxacin) were compared with the corresponding 1-ethyl 
derivatives, norfloxacin and pefloxacin in mouse protection tests versus E. culi 
Juhl (Table 6.8). The two 7-(4-methylpiperazin- 1-y1)quinolone derivatives, 
difloxacin and pefloxacin show enhanced oral activity relative to the 
7-(piperazin-l-yl)quinolones, A-56620 and norfloxacin, respectively; the 
absolute improvement in ED,, values in the 1-phenyl series is less dramatic. 
However, it should be noted that difloxacin, the more active agent in vivu, is 
2 log, dilutions less active in vitro. 

Table 6.8. COMPARISON OF 1-@-FLUOR0PHENYL)- AND 
I-(ETHYL)-QUINOLONES IN E. COLI MOUSE PROTECTION TESTS [74] 

(EDml (mg kg- 'l 
E. coli Juhl 

Compound No. MIC (pg ml- I )  S.C. p.0. 

A-56620 (21b) 0.05 0.6 4.3 
Norfloxacin (2a) 0.1 0.6 15.1 
Difloxacin (21c) 0.2 1.6 3.1 
Pefloxacin (6) 0.1 0.5 3.2 

Several replacements for the 7-piperazin- 1-yl substituent were also examined 
in this 1-fluorophenyl series of compounds. The morpholine, thiomorpholine 
and piperidine analogues (22)-(24) also show good antibacterial activity; in 
general, replacing the basic nitrogen of the piperazine moiety with a non-basic 
group results in improved activity against Gram-positive bacteria and slightly 
decreased potency versus Gram-negative species. The aminopyrrolidine 
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(221 x = 0, n = 2 
(23) X = 5, n = 2 
(24) X = C H 2 ,  n = 2 

(211 F (25) X =  C H N H 2 .  n = 1 

analogue (25), exhibits the most potent in vitro antibacterial properties of the 
agents reported in this study. 

tosufloxacin: X = F, R = 3-arninopyrrolidin - 1 - y l  
9" F 

Since enoxacin, the naphthyridine analogue of norfloxacin, was found to 
have increased relative efficacy upon oral administration in systemic mouse 
protection tests, several 1-arylnaphthyridines related to (21) of the general form 
(26) were synthesized and evaluated biologically 1751. Two series of 
compounds (26) were synthesized, one in which X = hydrogen and the other 
in which X = fluoro. In both series of compounds, the in vitro activity against 
Gram-negative organisms increases in the order of R = 3-hydroxypyrrolidi- 
nyl < 4-methylpiperazinyl I 3-methylpiperazinyl < piperazinyl < 3-amino- 
pyrrolidinyl. With respect to Gram-positive organisms, activity increases in 
the order of R = piperazinyl < 3-methylpiperazinyl I 4-methylpiperazinyl < 
3-hydroxypyrrolidinyl I 3-aminopyrrolidinyl. The in vitro antimicrobial prop- 
erties of these naphthyridine agents are comparable with those of the corre- 
sponding quinolone analogues. The antibacterial properties of several of the 
more interesting naphthyridine agents as well as the corresponding data for 
ciprofloxacin are shown in Table 6.9. Comparative data are also shown for the 
quinolone analogue of the naphthyridine (17a), A-56620. The naphthyridine 
derivative exhibits somewhat enhanced oral activity relative to A-56620 in 
mouse protection tests for E. coli and P. aeruginosa and only slightly less oral 
activity in a similar model for S .  aureus, even though it is one log, dilution less 
active against this organism in vitro. Thus, the qualitative trend observed is 
consistent with the earlier observation that enoxacin shows increased oral 
activity against systemic infections in mice when compared with its quinolone 
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Table 6 9. ANTIBACTERIAL PROPERTIES OF 1-ARYLNAPHTHYRIDINE 
DERIVATIVES (26) [75] 

PIP" H 
AMPYRb H 
PIP F 
AMPYR F 

A - 5 6 6 2 0 
ciprofloxacin 

PIP H 
AMPYR F 

A-56620 
ciprofloxacin 

PIP H 
AMPYR H 
PIP F 
AMPYR F 

A-56620 
ciprofloxacin 

S. aureus NCTC 10649 0.25 
0.06 
0.12 
0.03 
0.12 
0.25 

E. coli Juhl 0.05 
0.02 
0.05 
0.02 

P. aeruginosa 5007 0.39 
0.1 
0.39 
0.2 
0.39 
0.1 

1.6 7.5 
0.5 1.6 
0.6 2.4 
0.2 1.4 
1.6 6.5 
1.6 15.5 
1.0 2.8 
0.2 1.3 
0.6 4.3 
0.2 1.9 
6.9 19.9 
7.4 18.2 
4.6 7.0 
3.6 4.9 
1.6 21.4 
2.1 13.3 

I' Piperazin- 1 -yl. 
3-Aminopyrrolidin-1-yl. 

counterpart norfloxacin. Of primary importance in this work was the discovery 
of tosufloxacin (26d) which possesses a 3-aminopyrrolidin-1-yl substituent and 
an 0, p-difluorophenyl group at the 7- and 1-positions of the naphthyridine 
moiety, respectively. This compound exhibits broad spectrum and highly potent 
antibacterial activity. In mouse protection tests, it exhibits superior oral activity 
versus S.  aureus relative to ciprofloxacin (ciprofloxacin is generally less active 
against Gram-positive than Gram-negative organisms, and several recent 
studies have targeted this area for improvement). Furthermore, tosufloxacin 
shows improved oral activity against P. aeruginosa when compared with 
ciprofloxacin, and this agent is presently in advanced stages of clinical develop- 
ment. 

7-(ALKYLAMINOMETHYLPYRROLIDIN-I-YL)QUINOLONES~ CI934 

As discussed above, many of the initial fluoroquinolones, although exhibiting 
exceptional Gram-negative activity, still possess weaknesses in their Gram- 
positive antibacterial spectra. Noting that the piperazine group, although bene- 
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ficial, is not essential for obtaining low MIC values or inhibitory activity against 
DNA gyrase and further that it confers proportionally good in vivo activity to 
those compounds to which it is appended, a study was undertaken to improve 
the spectrum of antibacterial activity without losing the benefits associated with 
this substituent [ 761. Molecular modelling and computer graphics studies 
suggested that the amino group in a 3-aminomethylpyrrolidin-I-yl group might 
mimic the 4-piperazin-1-yl nitrogen in known active drugs (Figure 6.4). 

A r  A (  

Figure 6.4.  3-Alkyluminomethylpy1~olidine us a potential piperuzine replacement. 

Furthermore, the added degrees of freedom associated with the aminomethyl 
group offered the potential of conferring unique properties to such an agent. 
Several 7-(aminomethylpyrrolidin- 1-y1)quinolones of the general structure (27) 
were synthesized and evaluated in in vitro assays (Table 6.10) as well as in 
mouse protection tests (Table 6.11). Compounds (27a-c), in which the sub- 
stituent attached to the aminomethyl group is varied, all show excellent activity 
against Gram-positive organisms in vitro, with MIC values less than those of 
ciprofloxacin. However, these compounds show only marginal activity in 
mouse protection tests (Table 6. 1 1 ). Introduction of an 8-fluoro substituent, 
however, affords compounds (27d-0, which exhibit similar in vitro antibacterial 
properties to their respective 8-defluoro analogues but possess greatly enhanced 
in vivo efficacy. In particular, compound (270 (CI934) exhibits excellent Gram- 
positive activity, both in vitro and in vivo, p.0. Most notable is the oral efficacy 
of (21934 against Streptococcus pneumoniae ; streptococci are often relatively 
resistant to even the most potent quinolone agents. The enhanced oral activity 
of (21934 relative to its 8-defluoro analogue is consistent with the earlier report 
of a similar enhancement of activity associated with the 8-fluoro substituent in 
AM833 (28) [77]. 

Interestingly, this modification is not necessarily general insofar as improving 
in vivo properties relative to an 8-unsubstituted analogue. A series of 6,8- 
difluoro- 1-arylquinolones (29) was reported in 1987 [ 781. Six new compounds, 
consisting of the monofluorophenyl (X = H) and difluorophenyl (X = F) 
derivatives of (29) in which R is 3-aminopyrrolidin-l-y1, piperazin- 1-yl and 
4-methylpiperazin- I-yl, respectively, were evaluated. The 6,8-difluoroarylqui- 
nolones are generally one log, dilution less active than the corresponding 
6-fluoroarylquinolones prepared earlier [ 741. However, when the 7-substituent 
is 3-aminopyrrolidin- 1-yl, the 8-fluoro substituent has a surprisingly deleterious 
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Table 6.10. IN VITRO ACTIVITY OF 7-(3-AMINOMETHYLPYRROLIDIN-l-YL)QUINOLONES (27) [76] 

MIC (pg ml- ') 

8 Compound E. coli E. coli P. aeruginosa S. aureus S. pneumoniae S .  pyogenes Gyrase drug-induced 
No. X R Vogel H560 UI-18 UC-76 SV-1 C203 cleavage (pg  m l ~  I )  a 

3 
(27a) H H 0.8 0.4 1.6 0.05 0.2 0.2 3.0 

(27c) H Et 0.1 0.1 1.6 0.05 0.2 0.1 2.5 
(274  F H 0.1 0.1 0.8 0.1 0.2 0.1 0.5 
(27e) F Me 0.4 0.2 1.6 0. 1 0.1 0.1 0.5 
(270 F Et 0.1 0.1 1.6 0.05 0.1 0.1 2.5 
(2b) ciprofloxacin 0.05 0.025 0.4 0.2 1.6 0.8 0.5 

(27b) H Me 0.2 0.2 1.6 0.013 0.2 0.1 - 

9 
2 

a Minimum concentration of drug needed to produce linear DNA at an intensity relative to oxolinic acid at 10 pgml- ' .  
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Table 6.11. IN VIVO ACTIVITY OF 
7-(3-AMINOMETHYLPYRROLIDIN-l-YL)QUINOLONES (27) [76] 

~~~ 

E. coli S. aureus S. pneumoniae 
Vogel UC- 76 sv-I 

Compound No. S . C .  p . 0 .  S.C. p.0. S.C. p.0.  

(27a) 25 > lo0  6 > 50 - - 
(27b) 18 >I00 8 > 50 >25 > lo0  
(27c) 15 > loo  3.0 35 - - 

1.2 90 5 100 
(27e) 1.9 6.9 11 37 
(27d) 

(27f) 1 .? 12 1.6 2.8 4.4 20 

- - 
- - 

Ciprofloxacin 0.25 1.2 3 .O 9.5 18 >looa  

* Norfloxacin, pefloxacin, enoxacin and amifloxacin also have ED,, values of > 100 mg kg- in 
this model. 

(27) 

C1934 X = F. R = E t  (28) 
F 

(29) 

effect on in vitro potency, resulting in a 2-4 log, reduction in activity. A 
comparison between the in vivo properties of (29a) (X = H, R = piperazin-1-yl) 
and its 8-defluoro analogue A-56620 (Table 6.12) indicates that the two agents 

Table 6.12. COMPARATIVE PROPERTIES OF (29a) AND A-56620 [78] 

Compound No. 

A-56620 
(29a) 

(29a) 
A-56620 

A-56620 

Organism M I c  (pg m l ~  ') S.C. p.0.  

S .  aureus NCTC 10649 - 1.6 12.5 
0.12 1.6 6.5 

E. coii Juhl 0.1 1 .o 3.2 
0.05 0.6 4.3 

P. aeruginosa 5007 0.78 6.3 25.0 
0.39 1.6 21.4 
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show comparable oral activity in mouse protection tests, with neither agent 
exhibiting a clear advantage. Thus, the results of this study suggest that for 
I-arylquinolones, the 8-fluoro substituent is not beneficial and in some cases 
is detrimental to antibacterial activity. 

SUBSTITUTIONS AT THE 1- AND X-POSITIONS OF THE QUINOLONE NUCLEUS: 
PD 117558 

A related study systematically evaluated a large series of I-cyclopropyl and 
benzoxazine analogues of general structures (30) and (31), respectively 1793. 
The substituents evaluated at the 7-position (10-position of the pyridobenzoxa- 
zine nucleus) included piperazin- 1-yl, 3-aminopyrrolidin- 1-yl, 3-aminomethyl- 
pyrrolidin- 1 -yl and 3-alkylaminomethylpyrrolidin-1-yl. Variations at the 
8-position of the quinolone nucleus included fluoro, chloro, hydrogen, nitro and 
amino groups. Naphthyridine analogues (30, X = N) were also investigated. 
Based on the results of both in vitro and in vivo evaluations, several general SAR 
features are suggested. By examination of the geometric means of the MIC 
values against Gram-negative and Gram-positive organisms, the in vitro activity 
associated with an 8-unsubstituted quinolone (30, X = CH) is comparable with 

that of the corresponding naphthyridine. However, the in vivo potencies of the 
naphthyridines are generally superior, possibly due to the achievement of better 
blood levels. The relative in vitro activities of the 7-substituent amine side- 
chains against Gram-negative organisms are summarized in Figure 6.5. For 
Gram-positive organisms, the order of effectiveness is slightly different: (a) and 

Incorporation of a fluoro substituent at (2-8 (30, X = CF) results in a 2-13- 
fold increase in in vitro potency against Gram-positive organisms relative to 
8-unsubstituted derivatives; Gram-negative activity is retained or improved. 
The increase in in vitro potency correlates well with in vivo efficacy. Incorpora- 
tion of an 8-chloro substituent results in similar improvements in in vitro activity. 
However, in general the 8-chloro derivatives are not as effective as their 8-fluoro 
counterparts, although they are more active than the 8-unsubstituted analogues. 

(c> > (b)? (4, (0 + (g). 
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( e )  ( f )  ( g )  

Fiwre 6.5. Relative effectiveness of 7-substituents for 8-unsubstituted quinolones and I ,8-naphthyridines 
aguinst Gram-negative organisms, in vitro. 

No general trends were observed relative to the naphthyridine series; the 
relative activities are dependent on the particular side-chain as well as organism. 

Introduction of an %amino substituent results in a deleterious effect on both 
in vitro and in vivo activity regardless of the 7-substituent examined. Several 
compounds with an electron-withdrawing 8-nitro substituent were found to 
exhibit in vitro activity comparable with the corresponding 8-amino derivatives ; 
the 8-nitro series is 10-20-fold less active than the 8-chloro and 8-fluoro series. 

The benzoxazine tricyclic compounds, related to ofloxacin, are as a series 
3-20-fold less active than the 8-unsubstituted analogues against Gram-negative 
organisms and exhibit comparable activity against Gram-positive organisms. 
For those compounds evaluated, these tricyclic derivatives (3 1) are generally 
less active in mouse protection tests than the corresponding analogues (30) 
(X = CH or X = N). It is suggested that based on both the in vitro and in vivo 
data, compound (30) (X = CF, R = 3-aminopyrrolidin-1-yl) exhibits the best 
overall antibacterial properties of compounds in this study. 

Very recently, in the context of a QSAR study for the 1-position of the 
quinolone nucleus, the 1-cyclopropyl analogue of CI934, compound (8) (PD 
I 17558) was reported to have significantly improved overall properties relative 
to C1934 [go] .  This compound has excellent broad spectrum activity, both 
in vitro and in vivo. The replacement of the ethyl group in CI934 with a 
cyclopropyl substituent confers a 2-10-fold improvement in in vitro activity 
against Gram-negative organisms and a 2-4-fold improvement versus Gram- 
positive species. The improved in vitro potency translates well into enhanced 
in vivo efficacy. Comparative mouse protection data for (8), CI934, difloxacin 
and ciprofloxacin are shown in Table 6.13. Compound (8) shows the best oral 
activity against streptococci, while C1934 and difloxacin are several-fold less 
active. Ciprofloxacin exhibits ED,, values of greater than 100 mg kg- p.0. for 
both species of streptococci examined. On the other hand, difloxacin and 
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Table 6.13. MOUSE PROTECTION DATA FOR PD 117558 AND SELECTED 
STANDARD AGENTS [80] 

~~ 

E. coli P. aeruginosa S. pyogenes S. pneumoniae 

Compound S.C. p 0. S.C. p.0. S.C. p . 0 .  S.C. p.0. 

PD 117558 1 4 13 40 0.5 2 2 3 
CI934 2 12 76 >200 3 9 4 20 
Ciprofloxacin 0.3 1 5 25 20 > l o o  29 > l o 0  
Difloxacin 2 2 14 14 7 7 13 16 

ciprofloxacin show the best oral activity against the Gram-negative pathogens. 
The data in Table 6.13 also illustrate the outstanding oral absorption properties 
of difloxacin; the subcutaneous and oral ED,, values for the agent are virtually 
identical for all of the pathogens examined. 

(a) R = isopropyl 
(b)  
( c l  R = cyclobutyl 
(d l  R = cyclopentyl 
(el R = cyclohexyl 
( f )  R = phenyl 

R = 1 - methyicycloprop -1-yl 

(32) (g) R = P-fluorophenyl 

In this systematic study, a series of 18 N-1 analogues (32) of CI934 was 
prepared and evaluated for in vitro antibacterial activity and DNA-gyrase 
inhibition. Correlations between the inhibition of DNA gyrase and antibacterial 
potency were established, and a QSAR was derived by using the antibacterial 
potencies against each of 11 strains of bacteria and the Gram-negative mean. 
The equations indicate that antibacterial potency is strongly dependent on 
STERIMOL length and width and the level of unsaturation of the N-1 sub- 
stituent. Some strains of bacteria also show a dependence on the presence of 
heteroatoms in the N -  1 group. No significant correlations, however, were found 
between combinations of these parameters and gyrase inhibition. The authors 
note that, although steric bulk and unsaturation are important descriptors for 
the calculation of potency, how these variables actually a e c t  relative activity 
is not clear. For example, the fact that cyclopropyl and phenyl substituents 
confer superior activity to isopropyl and cyclohexyl groups, respectively, is 
considered. Within the data set examined, no significant differences or trends 
emerge upon consideration of charge density or pK,  of the carboxylic acid. This 
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result is interpreted to imply that the z-electronic character of the N-1 sub- 
stituent does not significantly perturb the electronics of the quinolone ring 
system. Furthermore, molecular modelling studies for ethyl and cyclopropyl 
derivatives indicate a preferential orientation of the group on N-1 above (or 
below) the plane of the quinolone nucleus. A conformation allowing the cyclo- 
propyl group n-electron delocalization through the ring is attainable; however, 
in the case of the phenyl substituent, a conformation allowing delocalization 
between the rings is highly energetically unfavourable. Thus, it is suggested that 
the beneficial effect of the phenyl substituent is mediated through space, 
perhaps through an interaction with the enzyme, and that the same is likely to 
be true for the cyclopropyl group as well. 

As is discussed at a later point in this review, it has been shown that the 
enantiomer (33) of ofloxacin [81]  and the related enantiomer (34) of S-25930 
[ 821 are each significantly more potent antibacterial agents than their respective 
enantiomers; furthermore, the gem-dimethyl analogue (35) is as inactive as the 

( 3 3 )  R = H 
(35)' R = Me 

enantiomer of (33). Thus, in the context of the above discussion, it is noted that 
a substituent above the plane of the quinolone nucleus in these constrained 
analogues (as drawn in (33) and (34)) is beneficial to activity, while the opposite 
configuration is deleterious, suggesting that groups which can fill limited space 
above the plane of the nucleus without occupying simultaneously space below 
will be favoured. Since all two-atom (not including hydrogen substituents) 
groups can fulfill this requirement, most confer activity comparable with that 
obtained with an ethyl group. The observed decreased activities of the isopropyl 
analogue (32a) as well as the 1-methylcycloprop-1-yl derivative (32b) and the 
larger ring analogues (32c-e) are also consistent with this notion. It is suggested 
that the phenyl-substituted analogues (320 and (32g) are less potent than the 
corresponding cyclopropyl derivative because the phenyl group simultaneously 
occupies volume above and below the quinolone plane; however, the phenyl 
group confers enhanced potency relative to the cyclohexyl moiety (comparable 
steric bulk) due to its unsaturation. Finally, it is hypothesized that the out- 
standing relative properties associated with the cyclopropyl substituent may 
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result from a fortuitous optimum blend of through-space electronic interactions 
2nd occupied volume above the plane of the quinolone nucleus. 

Surprisingly, in the light of the results of studies such as those described 
above, the 1-t-butyl analogues (36) exhibit excellent antibacterial properties 
[83]. The results for the in vitro evaluation of these agents relative to cipro- 
floxacin are shown in Table 6.14. Compound (36a), the 1-t-butyl analogue of 

Table 6.14. IN VITRO ACTIVITY OF I-t-BUTYLQUINOLONES I831 

MIC (pg r n l ~  ') 

S. aureus E coli K. pneumoniae E. cloacae 
Compound Smith A9537 A15119 A9664 A9656 

(36a) 0.06 0.06 0.13 0.13 
(36b) 0.25 0.06 0.25 0.25 
(36c) 0.06 0.015 0.13 0.06 
(37) 1 0.5 1 2 
Qprofloxacin 0.13 0.03 0.03 0.008 

M. morganii P. aeruginosa 
A15153 A 9843 

0.25 0.5 
0.5 4 
0.25 1 
0.25 1 
0.0 15 0.13 

- 

ciprofloxacin, and the related naphthyridine derivative (36c) exhibit excellent 
MIC values, although they are significantly less active than ciprofloxacin 
against Gram-negative pathogens. However, the 1-t-butyl analogue (36a) is 
clearly more potent than the 1-isopropyl derivative (37) in whole cells; these 

( 3 6 )  

(a1 X = CH 

( 3 7 )  

( b )  X = CF 
( c )  X = N 

relative activities are difficult to rationalize with respect to the above arguments 
concerning spatial and electronic properties. It is interesting to note that again 
when the 1-substituent is relatively large, as in the case of phenyl, introduction 
of an 8-fluoro substituent (compound (36b)) does not enhance antibacterial 
activity. Both compounds (36a) and (36c) show good activity in mouse 
protection tests; (36c) appears to be somewhat more active than (36a), with 
ED,,, values comparable with norfloxacin versus Gram-negative organisms 
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and better in an S. uurezis model. The naphthyridine analogue (36c) also 
exhibits enhanced aqueous solubility (0.82 mg ml- ’) relative to (36a) (0.13 mg 
rnl ~ I ) ,  although the two agents exhibit similar pharmacokinetic properties 
(C,,,,,, AUC) after oral administration in dog. 

HOMOCHIRAL QUINOLONES 

Quinolones possessing a 7-(3-aminopyrrolidin- 1-yl) substituent are particularly 
potent antibacterial agents. However, they often have very low solubility. Based 
on the observations that the hydroxymethylpyrrolidine (38) is significantly more 
potent against bacteria than its enantiomer (39) (the hydroxymethyl substituent 
in (39) apparently has a deleterious effect on activity while the same substituent 
in (38) has little effect on potency based on comparisons with the unsubstituted 
pyrrolidine analogue (40)) [ 841 and the enantiomer (41) is at least as potent as, 

(38). R’ = R3 = H. R2 = CH20H 
(39). R’ = CH20H. R2 = R3 = H 
(40)’ R’ = R 2 =  R3 = H 

F ( 4 1 ) .  R’ = R2 H, R3 = NH2 

and perhaps more potent than the corresponding racemic mixture, an approach 
was undertaken to utilize the 2-position of the pyrrolidine ring as a handle to 
modify the physiochemical properties associated with highly potent 
7-(3-aminopyrrolidin- 1-y1)quinolones [ 85 1. One may envision two ways of 
hybridizing the substituted pyrrolidine moieties of the active enantiomer (38) 
and (41) (Figure 6.6). This study focused on a series of (4S)-4-amino-2-substi- 

3 c2 

Figure 6.6. Potential 7-(substituted-aminopyrrolidin-l -yl) substituents 
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tuted pyrrolidines (type A) as 7-substituents on the quinolone nucleus, with the 
goal of maintaining the excellent antibacterial activity associated with 
compounds such as (4 l), but with improved physiochemical and oral absorption 
properties. The structures of several of these compounds and their in vitro 
antibacterial activities are shown in Table 6.15. The properties of the unsubsti- 

Table 6.15. STRUCTURES AND ANTIBACTERIAL ACTIVITY OF 
(4S)-7-(4-AMINO-2-SUBSTITUTED-PYRROLIDIN-l-YL)QUINOLONES [85] 

i S. aureus S. epidermidis E. coli P. aeruginosa 
Compound R X ATCC6538P 3519 Juhl 5007 

no-: 

CH 0.1 0.78 0.78 0.78 
(42) c’) N H 2  

(43) Hop> CH 1.56 12.5 3.1 12.5 

NH2 

0.1 6.2 

Me 

CH 0.02 0.2 
(45) P’? NH2 

0.05 3.1 

Me 

(46) @’ CH 0.39 0.78 0.78 5.0 

NH2 
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Table 6.15. continued 

e 
Compound R 

S. aureus S. epidermidis E. coli P. aeruginosa 
X ATCC6538P 3519 Juhl 5007 

Me 
N 0.02 0.05 0.02 0.78 v? (47) 

" 2  

(49) yp'? 
NH 

N 0.2 

N 0.1 

N 0.1 

N 0.05 

0.39 

0.39 

0.39 

0.2 

0.39 12.5 

0.05 0.39 

0.2 1.56 

0.1 0.78 

Tosufloxacin 9'' N 0.02 0.1 0.02 0.78 
NH;. 
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tuted aminopyrrolidine analogue tosufloxacin are shown for comparison. The 
initial pair of diastereomeric analogues prepared, (42) and (43), exhibit the same 
trend as observed for the enantiomeric hydroxymethylpyrrolidine derivatives 
(38) and (39) which provided the basis for this study; the (2R)-analogue (42) 
is significantly more active (approximately 4 log, dilutions) than the (25’)- 
compound (43). However, (42) is appreciably less active than tosufloxacin (or 
the related quinolone, X = CH), which is unsubstituted at the 2-position of the 
pyrrolidine moiety. The 2-ethylpyrrolidinyl analogue (44) shows excellent 
in vitro activity, although it is less active against P. aemginosa than is desirable. 
The 2-methylpyrrolidinyl derivative (45) is perhaps 1 log, dilution more active. 
It is important to note that the epimer of (45), compound (46) (absolute 
stereochemistry at the 2-position of the pyrrolidine ring the same as (39) and 
(43)), shows diminished activity. This result combined with the data obtained 
for the related pairs (38)/(39), and (42)/(43) suggests that the decreased 
activities of (46), (39) and (43) relative to (49,  (38) and (42), respectively, are 
due to some type of negative steric interaction (molecular nature not presently 
understood), as opposed to a negative polar interaction (same trend for 
CH,OH and Me), which affects the ability of these agents to effectively inhibit 
the supercoiling process. The naphthyridine analogue of (45), compound (47) 
(A-65485) is the most potent member of this series, both in vitro as well as in 
mouse protection tests. It has been evaluated against approximately 200 strains 
of bacteria and is generally as potent or more potent than ciprofloxacin against 
all species except for P. aemginosa, against which it is 1 log, dilution less active. 
The related bicyclic analogue (49) also shows excellent antibacterial activity. 

Several of these agents were evaluated for their ability to inhibit supercoiling, 
using DNA gyrase isolated from E. coii (Table 6.16). The most important 

Table 6.16. SUPERCOILING INHIBITION ACTIVITY O F  
(4S)-7-(4-AMINO-2-SUBSTITUTED)QUINOLONES [85] 

Tosufloxacin 
(42) 
(43) 
(45) 
(46) 
(47) 
(48) 
(51) 
Ciprofloxacin 

0.4 
0.4 

0.9 

0.6 
7.5 
0.75 
0.9 

10 

18 
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feature of these data is the difference in activity within each of the pairs of 
epimers (42)/(43), (45)/(46), (47)/(48), indicating that the observed differences 
in MIC values for each of the pairs is related to inherent activity at the 
enzymatic level as opposed to permeability or transport differences. 

In general, the differences in I,* values correspond well with the differences 
in MIC values. However, although the hydroxymethyl analogue (42) has an I,o 
against purified gyrase that is a factor of 2 better than the methyl analogue (49,  
its activity in whole cells is significantly lower than that of (45). This 
discrepancy may be related to a negative effect (on transport or permeability) 
ofthe polar hydroxyl substituent in whole cells. The fluoromethyl analogue (51) 
was prepared as a potential isosteric derivative of the hydroxymethyl derivative 
(42), lacking the polar hydroxyl substituent, and this compound exhibits activity 
quite comparable with (47) against bacteria as well as versus the purified 
enzyme. Similarly, the methoxy derivative (50) also shows improved whole cell 
activity relative to (42). 

Physicochemical (aqueous solubility, log P )  and pharmacokinetic properties 
for several of these compounds axe shown in Tabje 6.17. All of the compounds 
investigated exhibit improved solubility relative to the 2-unsubstituted analogue 
tosufloxacin. Substitution at this position of the pyrrolidine ring apparently 
results in a perturbation of the symmetry of this system that is associated with 
the intermolecular packing (high melting point, low solubility). Therefore, 
introduction of the methyl substituent in (47) results not only in improved 
aqueous solubility but also better solubility in general; although (47) is 
approximately 20-times more soluble in an aqueous medium than tosufloxacin, 
the introduction of the methyl group results in the expected slight increase in 
lipophilicity and log P ( - 0.46 4 - 0.20), indicating that there is an even greater 
increase in lipid (octanol) solubility in going from tosufloxacin to (47) than the 
corresponding increase in aqueous solubility. These results suggest that the 
2-position substituents on the pyrrolidine ring improve solubility not by 
changing the overall polar nature of the molecule but instead by reducing 
intermolecular binding. 

The improved solubility properties of these compounds lead to excellent oral 
absorption properties. Compound (47), which exhibits the best overall 
properties in this study, attains better blood levels in mouse when administered 
at 25 mg kg - ', p.0. than does tosufloxacin at 100 mg kg- ', p.0. It is interesting 
to note that the epimer of (47) (compound (48)), which is less active inherently 
but possesses even better solubility, achieves an outstanding C,,, of 12.4 pg 
ml- I .  Compound (47) also exhibits excellent pharmacokinetic properties after 
oral administration in dog. 

The enantiomers of the tricyclic quinolone ofloxacin and several structurally 
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Table 6.17. PHYSIOCHEMICAL PROPERTIES AND PHARMACOKINETICS OF 
(4S)-7-(4-AMINO-2-SUBSTITUTED)QUINOLONES IN MICE [85] 

Blood level of compound (pg ml- ') at t (h) I 

Solubility ' Dose 2 z Compound (mgml-')" logPb I (mg kg-')p.o. 0.5 1.0 2.0 3.0 6.0 24 

Tosufloxacin 
(42) 
(43) 
(45) 
(46) 
(47) 
(48) 
Ciprofloxacin 

0.008 
0.06 
0.06 
0.053 
0.182 
0.15 
0.34 
0.092" 

- 0.46 
- 0.98 
- 

+ 0.085 
+ 0.03 
- 0.20 
-0.11 
- 1.16 

' 100 
- I 

I 

I 

I 

- ' 25 

' 25 ' 25 

- 

I 25 

- 
- 
3.7 

5.9 
5.3 
1.3 

2.3 1.7 1.7 0.9 - 

3.2 3.3 2.8 1.3 0.2 
12.4 3.7 2.2 1.1 0.0 
0.8 0.3 0.1 0.0 0.0 

I .. 
a Solubility in Ringer's buffer solution. 

Octanol/water partition coefficient. 
Solubility determined in pH 7.4 phosphate buffer solution (0.05 M). 
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related analogues have been prepared and evaluated biologically [81, 82, 86, 
881. In all cases, the (S)-enantiomers (52) are more active than their respective 
(R)-antipodes. In vitro antibacterial activity as well as data for the inhibition of 
DNA gyrase isolated from both E.  coli and M. luteus have been reported for 
the enantiomers of ofloxacin [ 8 lb]. A portion of these data is summarized in 
Table 6.18. Consistent with the results of an earlier study, the (S)-enantiomer 

Table 6.18. BIOLOGICAL PROPERTIES O F  THE ENANTIOMERS OF OFLOXACIN 
P1bI 

MIC (pg m l ~  ') Ki (pg ml- I )  

S.  aureus M. luteus E. coli P. aeruginosa M. luteus E. coli 
Compound ATCC 6538P 9341 H.560 K799/61 

(R)-Enantiomer 9.15 > 9.15 9.75 1.21 105 27 
(S)-Enantiomer 0.30 1.21 0.04 0.07 36 0.9 
Racemic compound 0.39 3.1 0.1 0.1 84 1.6 
Nortloxacin 12 1 .o - - - - 

was found to be 3-8 log, dilutions more potent than the (R)-enantiomer in 
whole cells. Inspection of the inhibition constants against purified DNA gyrase 
reveals not only differences in activity between the enantiomers but also 
significant differences between the respective susceptibilities of the enzyme 
isolated from different species of bacteria. The relative differences in magnitude 
when comparing the enzyme data with the corresponding data in whole cells 
suggest that the chiral preference of the enzyme can be exaggerated or 
diminished by cellular penetration factors. A similar phenomenon is observed 
for the highly potent pyridyl-substituted analogue (53) (CP-92, 121) [87]. While 
this compound is approximately 30-times (5  log, dilutions) more potent than 
its antipode against E.  coli (intact organism), in a bacterial DNA gyrase 
inhibition assay (E. coli), the cleavage endpoint values suggest an enhancement 
in activity of only 4-fold for (53) relative to its enantiomer. The (S)-enantiomer 
of the fluoromethyl derivative of ofloxacin (54) also shows significantly 
enhanced antibacterial activity compared with the corresponding (R)-  
enantiomer [ 881. 

A prototypical series of monocyclic and tricyclic agents with potency in the 
nalidixic acid - oxolinic acid range has been reported [89]. The enantiomers 
of the tricycle ( 5 9 ,  which lacks the ring fused to the 5- and 6-positions of the 
pyridine portion common to most quinolones, have been evaluated in vitro, and 
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(S)  - enantiomer o f :  

f lumequine: R = H. X = CH2 
mithyl f lurnequine'  R = Me, X = CH2 
of loxocin.  R = piperazin -1 -y l ,  X = 0 'AMe 

( 5 2 )  

in contrast to the results observed for the S-25930 and ofloxacin ring systems, 
the (R)-enantiomer is considerably more potent than the (S)-enantiomer. 

In contrast to the large differences in antibacterial and DNA gyrase inhibitory 
properties between the respective antipodes of ofloxacin and related analogues 
and the 7-(2-hydroxymethylpyrrolidin- 1-yl)quinolones (38) and (39) [ 841 de- 
scribed earlier, there have been several studies suggesting diminished chiral 
recognition for substituents at the 3-position of 7-(3-substituted pyrrolidin-1-yl) 
and 7-(3-substituted piperazin- 1-y1)quinolones such as in the agents CI934 
[ 901, tosufloxacin [ 911, temafloxacin [ 921 and the 3-hydroxypyrrolidine deriva- 
tive (56)  [93]. The (S)-enantiomer of ( 5 6 )  is approximately 2 log, dilutions 
more active than the (R)-enantiomer. It is also interesting to note the beneficial 
effect of the hydroxyl substituent on in vivo activity (for both enantiomers) 
relative to the unsubstituted pyrrolidine derivative (57) (Table 6.19); both 
enantiomers of ( 5 6 )  exhibit significantly greater activity in mouse protection 
tests for S. aureus and E. coli, even though the dehydroxyl derivative has 
comparable MIC values with ( 5 6 )  versus these organisms (the in vitro data 
provided are not for the specific strains of bacteria used in the mouse protection 
tests). 

R 
Me 

(55 )  (56 )  R = O H  
F 

(58 )  
(57) R = H 

(S)-enantiomer of tosufloxaci n 
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Table 6.19. EFFECT OF 3-HYDROXYL SUBSTITUENT ON IN VIVO ACTIVITY OF A 
7-(PYRROLIDIN-l-YL)QUINOLONE [93] 

Compound 

ED,*, P.O. (mg kg-') 

S.  aureus 110-803 E. coli KC-14 

The (S)-enantiomer of tosufloxacin (58) is also only moderately more active 
(1-2 log, dilutions) in vitro against aerobic organisms than the (R)-enantiomer 
[91]; it also exhibits an I,, approximately 7-8-fold better than the (R) -  
enantiomer in a supercoiling inhibition assay. Interestingly, there seems to be 
enhanced chiral differentiation for these enantiomers in several strains of 
anaerobes, resulting in larger separations in MIC values for the respective 
antipodes. It was also found that the (S)-enantiomer of this agent exhibits 
improved aqueous solubility properties relative to the racemic mixture in media 
including urine (pH 5.1-7.0) and Ringer's buffer solution. 

The enantiomers of CI934 have been prepared, and it was found that there 
is no significant difference in their potencies at the enzyme or bacterial levels, 
although the (S)-enantiomer (59) shows a consistent trend toward increased 
potency against Gram-positive organisms (the magnitude of the difference is 
within the margin of experimental error) [ 901. The enantiomers exhibit identical 
15" values (2.5 pg ml- ') in an assay for the inhibition of DNA gyrase isolated 
from E .  coli. In mouse protection tests, (59) is approximately 3-fold more 
active, both upon oral and subcutaneous administration, than its enantiomer 
versus S. pneumoniae and S. pyogenes infections. This observation is quite 
interesting and is an excellent illustration of the often surprisingly different 
properties exhibited by optical isomers in vivo. It is likely that the 3-fold 
superiority results not solely because of the slightly better MIC values but also 

Me (59) 

i 
(S)-enant iomer of C1934 

t e  ma f I oxac I n 
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may reflect pharmacokinetic or metabolic differences in the whole animal 
model. 

Similar to the results observed with 3-substituted pyrrolidine derivatives, it 
has also been found that the enantiomers of temafloxacin (a 3-substituted 
piperazine analogue) do not show significantly different antibacterial properties 

In a study aimed at examining both the electronic influence of attaching a 
phenyl ring to the cyclopropyl ring of ciprofloxacin and the tolerance to this 
added stenc bulk, the enantiomeric trans-disubstituted cyclopropane analogues 
(60) and (61) were prepared [94]. In general, the (lS,2R)-enantiomer (61) is 

~921. 

0 

approximately 2 log, dilutions more active against bacteria than (60); (61) 
exhibits comparable in vitro activity with norfloxacin against Gram-positive 
organisms but greatly reduced relative potency against Gram-negative species. 
There is essentially no difference in the inhibitory properties of (60) and (61) 
with respect to enzyme isolated from E. coli (Table 6.20). However, against 
enzyme isolated from M. luteus, (61) is observed to exhibit greater inhibitory 
properties; interestingly, the enantiomer (6  1) is presently the most active 
inhibitor known against this particular enzyme. The relative differences in 
susceptibility of these enantiomers have been discussed in terms of a proposed 
model for the interaction of quinolones and DNA gyrase [32]. 

Table 6.20. INHIBITION OF DNA GYRASE BY PHENYLCYCLOPROPYL 
ENANTIOMERS (60) AND (61)  [94] 

Compound M. luteus E. coli H560 

(60) 
(61) 
Ciprofloxacin 
Norfloxacin 

38 

38 
12 

9.6 
14.2 
12.1 
0.9 
1 .o 
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CONFORMATIONALLY CONSTRAINED ANALOGUES 

In another study concerning the conformational requirements of l-cyclopropyl- 
quinolones and their relationship to DNA gyrase inhibition, the conformation- 
ally constrained cyclopropane derivative (62), related to ofloxacin was prepared 
and evaluated in whole cells and for inhibition of DNA gyrase 1951; the 
gem-dimethyl analogue ( 3 9 ,  discussed earlier in the context of QSAR studies 

P 

relating antibacterial potency and N -  1 substituents, was prepared for compari- 
son. Both compounds show potent inhibition of the target enzyme with I,, 
values the same as that of ofloxacin (3-fold less potent than ciprofloxacin) 
(Table 6.21). These results are quite interesting in light of the gyrase inhibitory 
data reported for the enantiomers of ofloxacin, which seem to suggest that a 
methyl substituent with a-configuration in this series (such as in compound 
(63), the R-enantiomer of ofloxacin) is deleterious to biological activity (in 
whole cells as well as in cell-free systems). However, these results indicate that 
disubstituted analogues, such as (35) or the spirocyclopropyl analogue (62), 
also can be potent DNA gyrase inhibitors. It is thus suggested, based on these 
results, that binding of quinolones to their biochemical target is facilitated by 
a substituent with fi-configuration, while it is not affected appreciably by a 
substituent of a-orientation. Consistent with the earlier discussion concerning 
the overall effects of substituents simultaneously occupying regions of space 

Table 6.21. BIOLOGICAL PROPERTIES OF THE CONFORMATIONALLY 
RESTRICTED SPIROCYCLOPROPYLQUINOLONE (62) [95] 

M r C ( p g m l r l j  150 (M ml- ') 

E. coli P. aeruginosa S.  aureus B. fragilis E. coli 
Compound ATCC 1-25922 ATCC27853 ATCC29213 ATCC25285 arose 

(62) 0.125 4 2 8 1 
( 3 5 )  0.5 32 2 16 1 
Ofloxacin 0.008 0.5 0.25 0.5 1 
Ciprofloxacin 0.004 0.12s 0.25 2 0.3 
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above and below the plane of the quinolone nucleus, the new analogue (62) 
shows greatly reduced antibacterial activity in whole cells relative to both 
ofloxacin and ciprofloxacin. 

A study has appeared aimed at determining the effect of restricting the N-1 
phenyl substituent into a rigid planar conformation on antibacterial activity 
[96]. Generally, the addition of alkyl substituents at the 2-position of the 
quinolone nucleus results in the loss of antibacterial activity. However, based 
on a report that 5-oxo-1,2-dihydro-5H-thiazolo~3,2-a]quinolone-4-carboxylic 
acids are good antibacterial agents [ 971, indicating tolerance to the substitution 
of a sulphur atom at the 2-position of the quinolone nucleus, a sulphur atom 
was employed to bridge the phenyl and quinolone rings, leading to the synthesis 
of the analogues (64). The in vitro antibacterial activities of (64) as well as 
several related analogues are shown in Table 6.22. The conformationally re- 

Table 6.22. IN VITRO ACTIVITY OF CONFORMATIONALLY RESTRICTED 
1 -PHENY LQUINOLONES [96] 

- 

MIC (pg  ml - ') 

S. aureus S. pyogenes E. coli K. pneumoniae P. aeruginosa 
Compound A TCC 6538P 930 Juhl 8045 5007 

~~ ~ ~~ ~ 

(64a) 0.39 0.78 0.2 0.2 1.56 
(64b) 0.39 1.56 0.78 0.39 6.2 
( 6 5 )  0.39 1.56 0.2 0.1 0.78 
( 2 1 4  0.7s 3.1 0.78 0.2 6.2 
(66) > 100 1 1 0 0  > 100 > 100 > 100 
_____ 

stricted analogues (64a) and (64b) exhibit potent antibacterial activity and, 
importantly, activity very comparable to their related nonconstrained phenyl 
derivatives (2 la) and (65), respectively. The 2,6-dimethylphenyl analogue (66) 
exhibits essentially no antibacterial activity; based on molecular models, the 

(64) ( 6 6 )  
(2 la )  R = H l a )  R = H 
I651  R = Me l b )  R = M e  
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phenyl ring in this analogue is presumably approximately perpendicular to the 
quinolone nucleus, avoiding the steric interactions associated with the two 
ortho-substituents. Based on these combined results, it is postulated that the 
favourable biologically active conformation of 1 -arylquinolones may be one in 
which the phenyl ring and quinolone nucleus are close to being coplanar, rather 
than in a perpendicular, relationship. 

(67) 
(a)  R = H 
( b ) '  R = Me (rufloxacin) 

The SAR for a series of pyrridobenzothiazine analogues (67) including 
structures (67a) and (67b) has been reported recently [ 981. This ring system is 
similar to the tricyclic nucleus of ofloxacin. However, the ring oxygen is replaced 
with sulphur, and they lack the ring-methyl present in ofloxacin. Compounds 
(67a) and (67b) (rufloxacin) exhibit overall good antibacterial activity, although 
their respective MIC values (Table 6.23) are clearly diminished relative to 

Table 6.23. ANTIBACTERIAL ACTIVITY OF PYRIDOBENZOTHIAZINE 
DERIVATIVES (67) [98] 

S. aureus E. coli P. aeruginosa P. morganii K. pneumoniae E. clocacae 
Compound 18773 15 2437 27 4 04 1 

(67a) 0.78 0.39 12.5 1.56 i 0.39 t0 .39 
(67b) 0.78 0.78 12.5 1.56 <0.39 < 0.39 
Ofloxacin 0.19 0.19 1.56 0.78 0.39 0.19 

-___- 

ofloxacin. Pharmacokinetic studies indicate that (67b) exhibits a long half-life 
in rat, dog, monkey and man. In the rat, the results of urinary recovery studies 
suggest the presence of active metabolitefs); the SAR studies suggest that the 
sulphoxide or sulphone derivatives of (67) would have significantly diminished 
activity relative to the parent compound. Thus, such oxidized analogues are 
unlikely candidates for the identity of the active metabolites. Compound (67a), 
which is unsubstituted on the piperazine nitrogen, is suggested from urinary 
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recovery studies to be either sparingly absorbed or inactivated by metabolic 
pathways. This observation is consistent with earlier investigations which have 
indicated that N-methylpiperazine analogues show better in vivo efficacy than 
their N-unsubstituted counterparts. In the earlier studies which led to the 
development of ofloxacin, it was reported that a related nitrogen-containing 
tricyclic analogue (versus sulphur in this case) has reduced antibacterial 
properties relative to ofloxacin, particularly versus opportunistic pathogens 
such as Pseudomonas and Gram-positive bacteria [ 991. 

7-HETEROARYLQUINOLONES 

The majority of the new fluoroquinolones undergoing development possess a 
substituted piperazine or pyrrolidine group at the 7-position of the quinolone 
nucleus. As is clear from the above results, very subtle changes in this portion 
of the molecule can have profound effects on potency, spectrum of activity, 
pharmacokinetics and physiochemical properties. Structure-activity studies 
have also indicated that certain heteroaromatic substituents at this position can 
confer excellent antibacterial properties. Based on the structure of rosoxacin 
(68) [ 1001, one of the earlier quinolone antibacterials which lacks a 7-fluoro 
substituent, a series of related naphthyridine analogues (69) was prepared 
which incorporate the fluoro substituent and various N-1 substituents [ 1011. 
The in vitro results for these analogues are summarized in Table 6.24. Based on 
the enhancement in activity ( 2 4  log, dilutions) associated with the intro- 
duction of a 6-fluoro substituent in the naphthyridine analogue defluoroenoxa- 

Table 6.24. ANTIBACTERIAL ACTIVITY O F  7-(4-PYRIDYL)NAPHTHYRIDINE 
ANALOGUES [loll  

S. aureus E. coli P. aeuruginosa 
Compound R 209P JC-1 NIHJ JC-2 12 

0.39 
0.39 

1.56 
0.2 
1.56 
0.78 
0.78 

50 

0.2 
0.2 
1.56 
0.78 
0.1 
0.78 
0.39 
0.2 

3.13 
1.56 

6.25 
0.78 

3.13 
0.78 

50 

12.5 
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cin to give enoxacin, a similar increase in potency was expected in going from 
(70) (naphthyridine analogue of rosoxacin) to its 6-fluoro congener (69a). 
However, the improvement in potency is less dramatic than observed 
previously; in this case, introduction of fluorine results in only a 2 log, dilution 
improvement in antibacterial potency. Comparison of the data for (69a) and 
enoxacin versus these limited organisms suggests that the pyridine replacement 
for piperazine can confer comparable potency (S. aureus, E. coli), although 
there appears to be somewhat diminished activity against the Pseudomonas 
organism investigated. The cyclopropyl derivative (69e) was found to be the 
most potent member of this new series; in mouse protection tests this 
compound exhibits oral activity less than that of enoxacin against E. coli and 
P. aeruginosa and somewhat better against S .  aureus. An example of a highly 
potent (particularly against Gram-positive organisms) 7-(4-pyridyl)quinolone 
is (53) [87], discussed earlier in the context of chiral recognition by DNA 
gyrase, which contains the tricyclic nucleus found in ofloxacin. This compound 
has the following MIC values (pg ml-'): S. aureus, 0.001; E. coli, 0.012; 
P. ueruginosa, 0.2. The corresponding values for ciprofloxacin are 0.39, 0.001 
and 0.05 p g  m l ~  ', respectively. 

Another study concerning heteroaromatic substituents has focused on the 
evaluation of a series of 6-fluoro- and 6,8-difluoro-7-azolylquinolone deriva- 
tives [ 1021. Representative microbiological data for several of these 
compounds are summarized in Table 6.25. Amongst the monofluoro deriva- 
tives (71), the pyrrole analogue (71c) exhibits the most potent activity against 
Gram-positive organisms ; the imidazole derivative (7 la), although less active 
against Gram-positive organisms, exhibits comparable activity with (71c) 
versus Gram-negative species (ca. 1-3 log, dilutions less active than norfloxa- 
cin). The 6,8-difluoro-7-imidazole analogue (72b) exhibits enhanced antibacte- 
rial potency relative to its monofluoro analogue (7 la) with overall spectrum and 
potency comparable with those of norfloxacin (as well as 8-fluoronorfloxacin), 
with the exception of P. aeruginosa. Several substituted imidazole analogues 
were also evaluated, and the 4-methyl derivative (72d) exhibits in vitro potency 
comparable with that of (72b). The enhancement in in vitro activity in going 
from (71a) to (72b) (6-fluoro to 6,8-difluoro) is not observed in the case of the 
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Table 6.25 ANTIBACTERIAL ACTIVITY OF 7-AZOLEQUINOLONES (71) AND (72) [lo21 

S. aureus B. subtilis E. coli K. pneumoniae S. paratyphi P. aeruginosa 
Compound FDA 209P ATCC 6633 NIHJ JC-2 PCI-602 1015 I F 0  3445 

(71a) 6.25 
(7fb) 6.25 
(71c) 0.39 
(71d) 2s 
(72a) 0.39 
(72b) 0.39 
(72c) 6.25 
(72d) 0.78 
Norfloxacin 0.39 

0.78 
0.78 
0.05 

0.05 
0.10 
0.78 
0.05 
0.39 

25 

1.56 

3.13 

3.13 
0.20 
3.13 
0.39 
0.39 

12.5 

25 

0.20 
0.78 
0.20 

0.20 
0.05 
0.39 
0.10 
0.10 

12.5 

0.10 
0.39 
0.10 
3.13 
0.20 
0.05 
0.39 
0.10 
0.10 

12.5 
25 
12.5 
25 
12.5 

25 
6.25 

6.25 
1.56 

(a) R = i m l d a z o l - l - y l  (01. R = p y r r o l - 1 - y l  
( b )  R = pyrazol-1-yl  (b )  R = i m ~ d a z o l - 1 - y l  
( c )  R = pyr ro l -1 -y l  ( c )  R = 2-methyl imidazol-1-yl  
( d )  R = 1.2.4 - t r iazo l -4 -y l  (d)  R = 4-methy l1m~dazoI - l -y l  

samc modification to the pyrrole derivative (71c) (to give 72a); these two 
compounds possess virtually identical MIC values. 

The monofluoro analogues (71) possess very weak oral activity in a mouse 
protection test against E.  coli. On the other hand the difluoro analogues (72b) 
and (72d) were found to be about 2-fold more active than norfloxacin in this 

Table 6.26. PHARMACOKINETIC EVALUATION" OF 
7-(1MIDAZOL-l-YL)QUINOLONES IN MICE [I021 

Blood level of compound (pg r n I - l J  ar t (min) 

Compound 30 60 120 240 

(72b) 44.8 39.3 7.6 1.7 
(72d) 49.2 29.4 10.0 6.3 
Norfloxacin 1.05 0.69 0.40 0.36 

.' Compounds were administered orally at a dose of 50 mg kg- ' 
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paradigm, although they are 2 log, dilutions less active against this pathogen 
in vitro. Pharmacokinetic data for these two compounds are shown in Table 
6.26. These results indicate that the excellent in vivo results obtained with (72b) 
and (72d) are, to a large extent, apparently related to excellent oral absorption 
properties. 

SUBSTITUTIONS AT THE 5-POSITION OF THE QUINOLONE NUCLEUS 

Studies concerning modifications at the 5-position of the quinolone nucleus 
have been relatively limited. However, a recent study suggests that an amino 
group at this position can in some cases significantly enhance antibacterial 
activity [ 1031. In particular, a series of 5-amino-7-(piperazin-l-yl) and 
5-amino-7-(pyrrolidin-l-yl)quinolones of general structures (73) and (74), 
respectively, was investigated ; the in vitro properties of several of these agents 
are summarized in Table 6.27. Data for 8-fluorociprofloxacin (73e) [ 1041 are 
shown for comparison; this agent exhibits comparable activity with ciprofloxa- 
cin in vitro, while showing slightly improved efficacy in mouse protection tests. 
In general, 5-unsubstituted 7-pyrrolidin-1-yl derivatives such as (8) (R' = H, 
R2 = CH,NHEt) (PDll7558) exhibit especially potent activity versus strepto- 
cocci and staphylococci, while the piperazine moiety in similar systems confers 
particularly potent activity against Gram-negative pathogens. Introduction of 
a 5-amino substituent on the nucleus of the 8-fluoro ciprofloxacin analogue 
(73e) to give (73a) confers a 1-4 log, dilution improvement in potency against 
both Gram-negative and Gram-positive organisms ; the authors of this work 
note that this compound exhibits more potent in vitro activity against staphylo- 
cocci and streptococci than any of the piperazine-containing quinolone refer- 
ence agents evaluated in their laboratories and suggest that introduction of this 
group appears to compensate for the relatively weaker Gram-positive activity 
associated with the piperazine group. The N-methylpiperazine analogue (73b) 
also exhibits a 2-4 log, dilution improvement in activity relative to its 5-unsub- 
stituted congener. In the pyrrolidine series (74), introduction of a 5-amino 
substituent affords several agents with excellent antimicrobial activity. How- 
ever, the improvement in activity relative to the 5-unsubstituted analogues 
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Table 6.27. IN VZTRO PROPERTIES OF 5-AMINOQUINOLONE DERIVATIVES [ 1031 

I,, (pg m l ~  ') MIC (pg ml- ') c 
2 

Compound R' R2 DMAgyrase H560 MGH-2 UI-18 H-228 MGH-2 SV-1 C203 z 8 E. coli E. coli K. pneumoniae P. aeruginosa S. aureus S. faecalis S. pneumoniae S. pyogenes 

m 
NH, H 2.8 
NH, Me 2.8 
NHMe H 13.8 

H H  2.8 
NH, NH, 2.6 
NH, CH,NH, 2.9 
NH, CH,NHEt 2.7 

NMe, Me > 200 

0.003 0.025 
0.003 0.013 
0.025 0.1 

0.025 0.05 
0.003 0.006 
0.003 0.025 
0.013 0.05 

2 2 5  >25 

0.025 0.05 0.05 
0.1 0.05 0.1 
1.6 0.8 1.6 

0.2 0.4 0.4 
0.05 0.013 0.025 
0.1 0.006 0.013 
0.4 0.013 0.025 

> 25 > 25 > 25 

> 
0.05 0.2 z 
0.2 0.4 =I 

6 0.8 3.1 
> 25 > 25 

0.8 0.8 m 
0.006 0.025 E 
0.003 0.003 12 
0.003 0.013 
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associated with this modification is much less dramatic than in the case of the 
piperazine analogues. Substitution on the 5-amino group ((73c), (73d)) as well 
as acetylation of this moiety results in greatly decreased activity. 

In general, the introduction of the amino moiety causes little effect on the 
enzyme inhibitory properties ; thus, the effects on antibacterial activity appear 
to be a result of whole cell phenomena. There are only a small number of direct 
comparisons available concerning the in vivo activities of these new 5-amino 
compounds and their unsubstituted analogues, precluding generalizations re- 
garding in vivo efficacy. However, both (73a) and (74c), 5-amino analogues, are 
somewhat less active orally than their respective 5-unsubstituted analogues in 
mouse protection tests for E. coli. Although the 5-amino group appears to be 
beneficial with respect to antibacterial spectrum and potency in 6,8-difluoroqui- 
nolones, the trend is not necessarily general; the 8-amino analogue of ofloxacin 
(75) is substantially less active than ofloxacin. As final points, it is noted that 
the 5-amino group in these structures is non-basic (pK, of (74a); 2.7) and has 
little effect on water solubility. 

7-DIAZABICYCLOALKYLQUINOLONES WITH ACTIVITY AGAINST VETERINARY 

PATHOGENIC BACTERIA: DANOFLOXACIN 

A series of 7-diazabicycloalkyl quinolones has been prepared and found to 
exhibit excellent broad spectrum activity against important veterinary patho- 
genic bacteria [ 1051. The structures of several of these interesting bicyclic 
analogues (76) as well as MIC data are summarized in Table 6.28. Compound 
(76e) (danofloxacin), which also exhibits excellent p.0. and S.C. activity in a 
mouse protection model for Pusteurella multocidu [ 1061, is undergoing develop- 
ment for use in veterinary medicine. It has been shown to exhibit excellent 
bioavailability properties in cattle, swine and poultry [ 1071 and is efficacious 
in models for the treatment of respiratory diseases in food-producing animals 
[ 1081. 
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Table 6.28. 7-DIAZABICYCLOALKYLQUINOLONE ANALOGUES - STRUCTURES 
AND IN VITRO ACTIVITY [lo51 

Compound (76) R E. coli P. haemolytica A. pleuropneumoniae 

< 0.05 i 0.05 < 0.05 

< 0.05 < 0.05 

(e) (danofloxacin) McN3/i <0.05 < 0.05 < 0.05 
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PRODRUGS WITH IMPROVED ORAL ABSORPTION PROPERTIES 

In attempts to improve the oral activity of norfloxacin, prodrug techniques have 
been employed. In an initial approach, the (5-methyl-2-0x0- 1,3-diox-4-yl)- 
methyl group, which had been shown previously to be effective in a novel 
ampicillin prodrug, was investigated as a promoiety [ 1091. However, although 
the ester (77) liberates norfloxacin in the presence of mouse blood, after oral 
administration to mice, it was found that the blood levels of norfloxacin 
achieved are lower (approximately l/2, with respect to C,,,) than those achieved 
upon oral administration of an equimolar dose of norfloxacin, itself. This 
observation has been assumed to be due to an instability of this ester prior to 
absorption rather than an inability to liberate the parent drug after absorption. 

Based on the observation that pefloxacin (N-methylnorfloxacin) exhibits 
enhanced in vivo activity upon oral administration (although it is less active 
in vitrn) relative to norfloxacin, the same promoiety was investigated as an 
approach to blocking the secondary m i n e  group, which seems to be associated 
with reduced oral absorption. Indeed, compound (78) was shown to produce 
about 5-fold higher serum levels of norfloxacin, after oral administration to 
mice than did the parent drug, itself. 

(79) N-ox ide  of ( 7 8 )  

The related derivative (79), obtained by thermal rearrangement of the 
N-oxide of (78), also exhibits excellent prodrug properties [ 1101. This 
compound, when administered orally to mice, liberates excellent levels of 
norfloxacin and is slightly more effective in mouse protection tests than (78) 
and significantly better than norfloxacin. 
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(80) 

(01 R1 = MeCH(OAc) ,  R2 = CH2 
( b l  R’ = M e ,  R2  = CH2 
( c )  R‘=  But, R2 = CH2 
( d )  R’ = Ph, R 2 =  CH2 
(e) R’ = M e ,  R2 = CH()vle) 
( f  I R’ = Me,  R2 = C(Me17 
( g )  R1 = M e ,  R2 = (CH& 

Subsequently, the same group of workers prepared a series of N-(oxoalky1)- 
norfloxacin derivatives (80) as potential prodrugs [ 11 11. In vitro, these 
compounds generally exhibit activity against Gram-positive organisms com- 
parable with norfloxacin and reduced potency against Gram-negative species ; 
compounds (Sob-g) are stable in the same pH buffer solution in which the MIC 
values were determined, although (80a) is not and could not therefore be 
assayed. Mouse protection studies (Table 6.29) indicate that (80b) shows 

Table 6.29. COMPARISON OF THE ORAL EFFICACIES O F  PRODRUG (80b) AND 
NORFLOXACIN IN MOUSE PROTECTION TESTS [ 11 11 

Compound S. aureus Smith E. coli KC-14 P. aeruginosa E2 

(80b) 12.6 0.95 18.5 
Norfloxacin 36.4 4.38 59.0 

greatly improved efficacy relative to norfloxacin. Further investigations in mice 
demonstrate that (80b) not only liberates norfloxacin but also the reduced 
metabolite (Sl), as well as maintaining high blood levels, itself (Table 6.30). 
Interestingly, the metabolite (8 1) is not transformed to either (80b) or norfloxa- 
cin upon oral administration, although it possesses significant in vitro anti- 
bacterial activity, itself. Thus, the significantly enhanced activity of (80b) in 
mouse protection tests appears to be the result of a combination of factors; it 
is absorbed better than norfloxacin, it is active itself and it affords another 
active metabolite. This compound exhibits similar properties upon oral 
administration to rat. 

The 3-formyl analogues of norfloxacin, pefloxacin and ciprofloxacin, (82a-c) 
have also been shown to function as prodrugs of their respective parent 
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Table 6.30. SERUM CONCENTRATIONS OF (80b), (81) AND NORFLOXACIN AFTER 
ORAL ADMINISTRATION TO MICE [ 11 I ]  

Compound 

Serum concentration (pg ml-') at t (h) 

0.5 1.0 2.0 4.0 

(81)  
Norfloxacin 

(Sl)"." (100 mg kg- ') 
(81) 

23.6 7.3 2.7 0.46 
19.5 20.2 6.9 2.8 
6.3 5.7 4.0 2.6 

13.6 27.1 11.8 2.2 
Norfloxacin (100 mg kg- I )  

(norfloxacin) 3.5 2.0 1.1 0.56 

A dose equivalent to 100 mg kg 
Norfloxacin or (80b) was not detected in the serum. 

of norfloxacin. 

= Et, Rz = H 
= E t ,  R2 = Me 
= cyclopropyl, R~ = H 

(82) 

quinolones [ 1121; these compounds exhibit enhanced oral actihty in E. coIi 
mouse protection tests. The log P values of norfloxacin and its formyl analogue 
(82a) are virtually identical ( - 0.57 and - 0.58, respectively). Therefore, it is 
unlikely that the enhanced oral absorption properties are related to a change 
in lipophilicity. It is suggested that the lack of amphoteric properties associated 
with the zwitterionic parent drugs may be a prime factor in the observed 
increased oral absorption of these analogues. 

SUMMARY 

In summary, the last decade has been a highly fertile and productive period in 
quinolone medicinal chemistry, resulting in major improvements in potency, 
antibacterial spectra, oral absorption and pharmacokinetic properties as well 
as an increased knowledge of the molecular features important to conferring 
these various properties. Very recent discoveries concerning replacements for 
the 3-carboxylic acid moiety, previously thought to be uniquely essential for 
activity, to give highly potent antibacterials such as (83) illustrate the potential 
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for new breakthroughs in this field [ 1131. Among the major goals for future 
research remains the understanding of the potential cartilage toxicity associated 
with this class of agents, such that an agent useful for pediatric indications may 
be developed. Future studies can also be expected to further enhance and refine 
the level of current insight into the manner by which these agents inhibit the 
target enzyme on a molecular level. 
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INTRODUCTION 

Aggressive cancer chemotherapy and associated severe nausea and emesis 
have created an urgent need for more effective antiemetic agents, as standard 
treatment based on phenothazines or metoclopramide (low dose) has proved 
to be inadequate. Consequently, research efforts have been initiated particularly 
in the area of benzamides, to improve potency and selectivity of meto- 
clopramide. These efforts lead to the observation that dopamine D, receptor 
antagonism, common to both phenothiazines and benzamides, does not 
provide significant protection against cytotoxic drug-induced emesis in labora- 
tory animals. In clinical investigations, high-dose metoclopramide de- 
monstrated superior protection from emesis compared with more potent 
dopamine D, antagonists. Thus, these findings strongly implicated the 
existence of an alternative mechanism by which metoclopramide controls 
emesis. 

An important advance in this field has been made by the discovery of 
selective serotonin (5-HT3) receptor antagonists that are effective inhibitors of 
cytotoxic drug-induced emesis in laboratory animals. The new agents have been 
found to be free of the undesirable side-effects associated with dopaminergic 
blockade and have shown significant protection from emesis in early clinical 
trials. 

The present review covers progress in medical chemistry, basic mechanisms 
of emesis, role of serotonergic mechanism, and treatment of cancer-chemo- 
therapy-induced emesis. 

MEDICINAL CHEMICAL DEVELOPMENTS 

Most of the antiemetic clinical trials in the last decade have involved metoclo- 
pramide (1) either as a single agent or in combination with other drugs. 
Similarly, most of the chemical modification studies have been designed to 
optimize antiemetic and/or gastroprokinetic properties of metoclopramide and 
to eliminate undesirable CNS side-effects which are the consequence of its 
dopamine D, receptor blockade [ 1-31. 
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MODIFICATION OF 2-SUBSTITUENT OF BENZAMIDES 

Early investigations in our own laboratories in the metoclopramide area indi- 
cated that the dopaminergic D, antagonist activity was highly dependent upon 
2-substituent on the aromatic ring [4]. Replacement of the OMe group with a 
variety of P-functionalized substituents via reaction sequence shown in 
Scheme 7. I resulted in a loss of dopamine D,-antagonist activity both in vitro 

NH2 
(31 

(30) ( B M Y  25801). b o t o n o p r i d e  R = CH2CHMeCOMe 

Scheme 7 1 

([ 'Hlspiperone binding test) and in vivo (catalepsy induction, and antagonism 
of apomorphine-induced stereotypy in rats ; antagonism of apomorphine- 
induced emesis in dogs). On the other hand, antagonism of cisplatin-induced 
emesis in the dog and ferret was retained. Several representative P-keto, P- 
hydroxy and P-methoxy analogues are shown in Table 7.1. 

In general, ketones, alcohols and ethers of formula (3) showed comparable 
protection against cisplatin-induced emesis in the dog and ferret with that of 
metoclopramide. Erythro (cis) alcohols (3c, 3g, 3i) were found to be more 
potent than the corresponding threo-(truns) isomers (3d, 3h, 3j). Optical isomer 
( R )  (3e) was found to be somewhat more potent than its (S)-enantiomer (30 
as an antagonist of cisplatin-induced emesis in the ferret. In the dog, both 
isomers showed similar activity. A number of heterocyclic analogues were also 
studied but with the exception of (3k), all were inferior in potency as antiemetic 
agents compared with other compounds (3) shown in Table 7.1. Lead 
compound, BMY 25801, batanopride, (3a) is presently under clinical investi- 
gation. 

Whereas modification of the 2-substituent of metoclopramide was fruitful, 
similar modification of2-substituent of alizapride (4a) [ S ]  was not, as illustrated 
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Table 7.1. ANTAGONISM OF CISPLATIN-INDUCED EMESIS BY 2-SUBSTITUTED 
ANALOGUES (3) OF METOCLOPRAMIDE 

- 
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( 4 a )  R = M e  
(4 b )  R = CH2CHMeCOMe 

by (4b), which was virtually inactive as antiemetic in the ferret. Alizapride was 
also inactive in the same test and clinically less effective than metoclopramide 
[ 31. Similarly potential amide isosters (5), (6), substituted amide (7) and cyclic 
analogues, in which 2-oxygen atom is bridged to amide nitrogen (8), (9) or basic 
nitrogen atom (lOa), (lob), displayed low to moderate activity in the ferret; 
none was considered to represent a significant lead. Similar results were 
obtained by cyclization of (3a) to give benzofuran analogue (11). 

( 1 0 a l  X = CHp 
(lob) X = 0 

(11) (1 2 )  

Replacement of 2-OMe group with alkylsulphinylalkyl substituents as illus- 
trated by general formula (12) also resulted in a loss of dopamine D, antagonist 
activity [ 61. However, enhancement of gastro-intestinal motility was retained. 
The synthesis of a lead compound, BMY 25989 (14) is depicted in Scheme 7.2. 
In pharmacological tests BMY 25989 was shown to be devoid of dopamine 
D,-receptor antagonist activity and free of CNS side-effects. BMY 25989 was 
relatively ineffective as antagonist of cisplatin-induced emesis in the ferret [ 61. 
In assays for gastroprokinetic activity (field-stimulated guinea-pig ileum con- 
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tractions and rat stomach emptying), BMY 25989 was comparable with meto- 
clopramide, cisapride and BRL 20627. Developments in the gastroprokinetic 
field have been reviewed recently [7]. 

MODIFICATION OF THE BASIC SIDE-CHAIN AND AROMATIC SUBSTITUTION 

Modification of the basic side-chain of metoclopramide has been the subject 
of numerous investigations. Earlier work led to the synthesis of YM 09151-2 
(15a) [8], clebopride (15b) [9], dazopride (15c) [ 101 and cisapride (15d) [ 111. 
Modification of the basic side-chain and aromatic ring substitution led to the 
synthesis of alizapride (4a) [ 5 ] ,  sulpiride (16a) [ 121 and cinitapride (16b) [ 131. 
Although a number of analogues have found clinical use for various indications, 

(1601 I 1 6 b l  
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primarily enhancement of gastrointestinal motility, none have been found to be 
equal to metoclopramide as an antagonist of chemotherapy-induced emesis. 

More recently, in a study designed to investigate a conformationally 
restricted side-chain of metoclopramide, a number of quinolizidine analogues 
(21) were synthesized as depicted in Scheme 7.3 [ 141. In total, eight isomers 
were screened for gastroprokinetic and dopamine D, receptor antagonist 
activity. Only compounds with the benzamide moiety at position 2 of the 
quinolizidine ring (BRL 20627 (21 a) and (21b)) retained gastroprokinetic 
activity. 

Scheme 7 3 a. R = Me; b. R = H 

Spectroscopic evidence was used to assign conformation of the quinolizidine 
ring in (2 1 a) and (2 1 b) as trans chair-chair with a benzamide group in an axial 
orientation. This line of research has been extended to the 4-amino-9-methyl-9- 
azabicyclo[ 3.3. llnonane system to give BRL 24924 (22) [ 151, a more restricted 
analogue of metoclopramide and more potent gastroprokinetic agent [ 161. This 
approach culminated in the synthesis of zacopride (23) [ 171 which is a bicyclic 
analogue of metoclopramide with restricted freedom of nitrogen to invert. 

Another approach combined modification of the 2-substituent yielding dihy- 
drobenzofuran and pyrrolidinemethyl side-chain with unsubstituted (seconda- 
ry) nitrogen to give ADR 851 (24) and ADR 847 (25) [ 181. Both were reported 
to be somewhat more effective than metoclopramide as antagonists of cisplatin- 
induced emesis in the dog. In addition, ADR 847 enhanced gastric emptying 
~ 9 1 .  
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NONBENZAMIDE ANTIEMETICS 

Parallel with the developments in the benzamide area, progress was also made 
in several nonbenzamide series of compounds. MDL 72222 (26) [20], atropine 
ester of 3,5-dichlorobenzoic acid, was the first selective 5-HT3 receptor anta- 
gonist and a potent antagonist of cisplatin-induced emesis in the ferret [21]. 
ICS 205-930 (27) [22,23], the tropine ester of 3-indolecarboxylic acid, exhibited 
similar pharmacological and antiemetic profiles. 

A number ofpotent 5-HT3 receptor antagonists has been reported (test used: 
Bezold-Jarisch reflex) in the indazole series as indicated in Scheme 7.4 [24]. 
Indazole-3-carboxylic acid (28) was esterified with tropine to give ester (29a), 
and condensed with 3a-tropylamine to give the corresponding amide (29b). 
Alternatively, N-methyl analogues were synthesized via a three-step reaction 
sequence, that is, exhaustive methylation of (28) to give a mixture of the 
corresponding methyl esters of the 1- and 2-methylindazole-3-carboxylic acids. 
The esters were separated by chromatography, hydrolyzed and condensed with 
3a-tropylamine to give (30) and (3 l), respectively. The regiochemistry of 
N-methyl groups was determined by spectroscopy and confirmed by X-ray 
crystallographic analysis of the final products (30) and (31). 

Compounds (29) and (30) were found to be comparable in potency to (27) 
as 5-HT3 receptor antagonists; analogue (3 1) was substantially less potent. The 
loss of activity found with (31) was attributed to steric interactions of the 
N-methyl group and amide NH as well as the ethylene bridge of the tropane 
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(28) ( 2 9 a )  X = 0 
(29b) X = NH 

II 

~N ' P i  
I 

Ck ,N-Me 

b e  

(30) (31) 

Scheme 7.4 

ring system. Examination of X-ray structures showed that (30) in the solid-state 
adopts the extended conformation, whereas (3 1) adopts the folded confor- 
mation. The extended conformation of (31) is precluded by the above- 
mentioned steric interactions. 

In the I-methylindazole series the synthesis of a potent 5-HT3 receptor 
antagonist BRL-43694, granisetron, (32) has also been reported [25, 261. 

Further divergence from classical benzamide structure is represented by the 
synthesis of ondansetron (GRF 38032F, (33)), a potent 5-HT3 receptor 
antagonist where the basic nitrogen atom is part of an imidazole ring and the 
aromatic ring is part of tetrahydrocarbazolone ring system [27]. 

The indole analogue GR 65630 (34) has been used as a radioactive ligand 
in studies of binding of various 5-HT3 receptor agonists and antagonists [28]. 

I 
Me Me Me 

( 3 2 )  ( 3 3 )  (34) 
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NEUROPHARMACOLOGY OF EMESIS 

The classical review by Borison and Wang [29] on the neuropharmacology and 
neurophysiology of vomiting stands out even after 30 years. Recent comprehen- 
sive reviews add to the continuous in-depth coverage of this area [30, 311. 

Prior to the advent of 5-HT3 antagonists, Borison and McCarthy [32] 
suggested a multifactorial etiology of emesis involving endogenous opioid pep- 
tides and neurotransmitters, as originally proposed by Peroutka and Snyder 
[ 331. The distribution of classical and putative neurotransmitters in the dorsal 
vagal complex of the medulla oblongata, an area closely associated with emesis, 
has been reviewed [34]. However, the unique effectiveness of 5-HT3 anta- 
gonists as antiemetics focused attention on 5-HT mechanisms [ 351. 

The reader is referred to comprehensive reviews and monographs on the 
subject matter: neuroanatomy and functions of the area postrema [ 361, nausea 
and vomiting mechanisms and treatment [ 37 J and a recent multidisciplinary 
symposium on vomiting [38]. 

Fipre 7. I .  Vomiting Mechanisms. The afferent nervous (peripheral and centralj and humoral inputs 
converge to the medullary area. Here the signals are examined and integrated and may lead to emesis 
(expulsion of gastrointestinal contents). The efferent output involves respiratory muscles, visceral organs, 
cardiovascular system. visceral and cutaneous vasculature. The endogenous factors are released into 

the systemic circulation. 
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VOMITING AMONG ANIMAL SPECIES 

Vomiting is a protective reflex of high complexity and integration involving 
autonomic and somatic nervous system components which results in an 
ejection of the gastrointestinal (GI) contents. This reflex is widely distributed 
among animals, including some insectivores [ 391, but absent in laboratory 
rodents [40]. 

There are marked species differences in susceptibility to specific emetogens. 
For example, dog and man are very sensitive to apomorphine [40], while the 
rhesus monkey is completely resistant [41]. The ferret exhibits intermediate 
sensitivity to apomorphine, but there may be some controversy regarding this 
species [42-441. On the other hand, the ferret shows high sensitivity to 
radiation-induced emesis [44] followed by dog, man, monkey and cat. The cat 
in general is more resistant to apomorphine and radiation-induced emesis than 
dog or man [40, 451. 

The following discussion deals with basic mechanisms involved in the 
vomiting reflex and Figure 7.1 represents a simplified diagram of this complex 
response. 

SOMATIC AND AUTONOMIC EFFERENT OUTPUT 

Vomiting is a predominant somatic event involving thoracic and abdominal 
skeletal muscles [46-481 which create pressure gradients affecting the GI tract 
and its motility patterns, leading to ejection of GI contents. This should not 
imply that the GI tract plays a passive role, merely responding to pressure 
changes created by skeletal muscles. In fact, there are numerous functional 
electrophysiological and motility correlates (pauses, retroperistalsis) exhibited 
by enteric smooth muscle which are mediated by the vagus nerve, intrinsic 
myoneural plexi, and humoral factors [ 49-5 11. In addition, there are significant 
vagal and sympathetic outputs affecting cardiovascular responses (heart rate, 
blood pressure, cutaneous vascular resistance). 

AFFERENT INPUT 

The abdominal vagus and sympathetic nerves are the most important afferent 
inputs involved in vomiting induced by chemotherapy and radiation [ 3  11. The 
input from vestibular nerves and the cerebellum plays an important role in the 
motion disease [ 521. The afferent inputs from vagal, trigeminal and glossopha- 
ryngeal nerves terminate eventually in the nucleus solitarius tract located in the 
medulla oblongata which has neuronal connections with other medullary areas 
involved in emesis, for example, area postrema 1531. 
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AREA POSTREMA 

In view of the universal role of the area postrema (AP) in emesis among animal 
species, including man [ 541, an analysis of this structure in terms of receptors, 
neurotransmitters and neurophysiological responses is indicated. The AP has 
also been implicated in several other functions (cardiovascular, caloric intake, 
osmotic water balance) unrelated to emesis [55]. The reader is referred to 
general and comprehensive references on this neuronal structure [ 36, 37, 561. 

It is a circumventricular organ resting bilaterally on the 
floor of the caudal end of the IV ventricle. It is highly vascular, with ependymal 
and neuronal components interfaced, thus uniquely fitted to monitor humoral, 
cerebrospinal and subarachnoid fluids [ 571. Structurally and functionally, the 
AP is located outside the blood-brain barrier. The main neuronal afferents are 
vagal, glossopharyngeal, trigeminal nerves, dorsal hypothalamus and possible 
inputs from cortical and vestibular sites [ 531. The neuronal efferents lead to the 
parabrachial nuclei, trigeminal sites, nucleus tractus solitarius and dorsal vagal 
nucleus. 

Recent studies on the AP have revealed recognition sites 
for several receptors: D, [ 58,591, muscarinic, enkephalin [ 591 and 5-HT3 [ 60, 
611. It is noteworthy that the AP had the highest density of 5-HT3 receptors 
by a factor 30 or greater in comparison with other brain sites. On the other 
hand, the AP had negligible levels of H ,  receptors, although histamine and 
L-histidine decarboxylase were readily detectable [ 591. There were several 
other neurochemical markers : catecholaminergic, gabaergic, opioid, serotoner- 
gic and substance P [59,62]. 

Neuronal responses to a variety of endogenous sub- 
stances administered electrophoretically to the AP were recorded in the 
anaesthetized dog [63]. Normally, these neurons are quiescent but they were 
activated by numerous neurotransmitters or substances (glutamate, 5-HT, 
norepinephrine, dopamine, apomorphine) and peptides (angiotensin 11, 
neurotensin, TRH, VIP, gastrin, vasopressin, substance P, leucine-enkephalin). 
Only a few substances were inactive, for example, acetylcholine, somatostatin 
and cholescystokinin. In general, there was correlation between positive elec- 
trophysiological response in the area postrema and emetic liability of an agent 
when administered systemically. The ablation of AP eliminated emesis to 
apomorphine, neurotensine, leucine-enkephalin and angiotensin 11. Thus, these 
results reveal a broad-spectrum sensitivity of this organ to endogenous sub- 
stances. However, there might be species differences and procedural aspects 
which may limit assessment of the biological significance of these observations. 
It is noteworthy that 2-Me-5-HT administered directly onto the AP failed to 
induce emetic response in the ferret [64]. 

Neuroanatorny. 

Neurochemistry. 

Neurophysiology. 
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ROLE OF AREA POSTREMA AND AFFERENT INPUTS 

The relative importance of these two functional systems can be readily demon- 
strated. For example, apomorphine-induced emesis was entirely dependent on 
the intact AP in the dog and cat, and was not affected even by removal of the 
GI tract. In contrast copper-sulphate-induced emesis was completely depen- 
dent on an intact abdominal vagus [29]. 

Sympathectomy and vagotomy alone or combined did not have any effect 
on radiation-induced emesis in dogs, while ablation of the AP abolished it 
[65-671. On the other hand, a triple intervention (ablation of area postrema 
and nerve sectionings) was required to prevent delayed emesis [ 651. The rhesus 
monkey was similar to the dog, that is, the radiation-induced emesis was 
prevented by ablation of the area postrema [41]. 

Ablation of AP did not prevent radiation-induced emesis in cats, while 
abdominal vagotomy did [ 681. In contrast, the cisplatin-induced emesis re- 
quired the intact AP in the same species [69]. 

Abdominal vagotomy antagonized radiation-induced prodromal emesis 
without having any effect on delayed emesis in ferrets [70].  In the same species, 
a combination of vagotomy and sympathectomy abolished cisplatin or cyclo- 
phosphamide-induced emesis. Sympathectomy alone had no significant effect, 
while vagotomy prevented vomiting but facilitated retching [71]. There are no 
reports on the AP ablation and incidence of emesis in the ferret. 

Thus, there are significant differences among species in terms of relative 
sensitivity to specific emetogens and functional roles of the AP and afferent 
vagus in emetic process. It is safe to conclude that the vagal input plays a 
definite modulating role; however, it is not a necessary condition because 
vomiting (retching) can occur even after removal of GI tract [29]. It is obvious 
that all these factors may contribute to difficulties in selection of proper experi- 
mental animal model, and extrapolation of results to other animal species or 
proposing of unifying mechanism of emesis. 

VOMITING CENTRE AND FUNCTIONAL CONSIDERATIONS 

The existence of anatomically defined vomiting centre has been discussed. 
Borison and Wang [72] induced emesis in cats from sites located in the 
dorsolateral medulla closely associated with the AP and inspiratory centre. 
Miller and Wilson [73] did not reproduce these observations and questioned 
the existence of a vomiting centre. In fact, the site from which emesis can be 
induced should not be readily equated with the vomiting centre. For example, 
projectile vomiting could be induced by stimulation of the forebrain, which has 
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neuroconnections with the parvicellular reticular formation (PCRF) [ 521. It 
was concluded that the PCRF is an important structural substrate for the 
vomiting reflex because of the proximity and neuronal connections to visceral 
pathways involved in emesis without commitment to the concept of a vomiting 
centre. 

The control of such a complex phenomenon as emesis cannot be explained 
in terms of ‘central black box’ but might rather be envisioned as the expression 
of the integrated activity of the numerous nuclei which ordinarily serve the 
separate functions of the phenomena in question, that is, vomiting [45]. The 
existence of the vomiting centre remains to be demonstrated unequivocally by 
the means of electrical stimulation, which in turn results in vomiting ac- 
companied by all the other signs. Alternatively, the sequential activating model 
assumes that various physiological components are activated in temporal se- 
quential fashion without necessarily leading to emesis. Only when summation 
of these individual events exceeds threshold does vomiting result [45]. 

5-HT MECHANISMS IN EMESIS 

This discussion will be limited to the neural serotonin 5-HT3 receptors which 
came to the forefront with the advent of antiemetic agents exhibiting 5-HT3 
antagonist properties. At the present time, there is no evidence that 5-HT, and 
5-HT2 receptors play an important role in vomiting [64]. 

The biochemistry and pharmacology of 5-HT receptors have been reviewed 
[ 741, therapeutic implications presented [ 75, 761, and functional classification 
proposed [ 771. Recently, the neuroanatomy, physiology and pharmacology of 
5-HT3 receptors have been reviewed [78]. It is evident that major advances 
have been made since the Gaddum and Picarelli proposal to subdivide 5-HT 
receptors into ‘D’ (dibenzyline sensitive) and ‘M’ (morphine sensitive) types 
[79]. Subsequently, the ‘D’ and ‘M’ receptors have been identified as 5-HT2 
and 5-HT3 type, respectively. 

ROLE OF D2-DOPAMINE AND 5-HT3 MECHANISMS 

Metoclopramide, administered at doses higher than those required to inhibit 
apomorphine-induced emesis, was more effective than haloperidol in antagon- 
izing cisplatin-induced emesis in dogs [SO]. This was observed despite the fact 
that metoclopramide was considerably weaker than haloperidol as a D,- 
dopamine antagonist [43]. Subsequently, antiemetic efficacy of metoclo- 
pramide administered at high doses has been reported in cancer patients 
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Table 7.2. RELATIONSHIP BETWEEN 5-HT3 RECEPTOR AFFINITY AND IN V W O  
FUNCTIONAL TESTS 

Compound 

GR 65630 
BRL 43694, granisetron 
ICS 205-930 
Zacopndc 
GR 38032F, ondansetron 
MDL 72222 
Metoclopramide 
BRL 24924 
BMY 25801, batanopride 

5-HT, receptor 
aflnity 
K,, nM 

1.4 [93] 
2.7 [93] 
2.0 [93] 

4.8 [93] 
55.0 [28] 

326.0 [93] 
8.1 1981 

241.0' 

2.0 I931 

B-J 
refrex 

i.v. = 

- 
0.7 [26]  
0.4 [99] 
0.1 [99] 
0.4 [loo] 

42.0 [99] 
390.0 [43] 

70.0 [43] 
3.7 [loll  

Antiemetic activity 
appr. ED 90 pglkg, i.v. 

100 [64] 
50 [lo21 

100 [I031 
28 1171 

100 [lo41 
1000 [64] 
2500 [43] 
1500 [83] 
1000 [43] 

.' Inhibition of Bezold-Jarisch reflex in rats. 
'' Antagonism of cisplatin-induced emesis in ferrets and dogs. 
' L.M. Pinkus, personal communication. 

receiving cisplatin [8 I ] ,  while the clinical efficacy of D,-dopamine antagonists 
in this area remains to be established. In general, the latter agents were either 
inactive or marginally effective against cisplatin or radiation-induced emesis in 
laboratory animals [43, 82, 831 in contrast to the high efficacy observed with 
5-HT3 antagonists (Table 7.2). Thus, these findings strongly suggest that 
presence of D2-dopaminergic blocking properties is not essential for anta- 
gonism of emesis induced by cancer chemotherapeutic agents or radiation. 

FUNCTION AND LOCALIZATION OF 5-HT3 RECEPTORS 

Functionally and anatomically 5-HT3 receptors are associated with peripheral 
neuronal structures such as the vagal nerve, nodose ganglion, superior cervical 
ganglion, sympathetic nerves and enteric nerves [77]. Recently, they have been 
identified in hippocampal cells where they may function in membrane conduc- 
tance [ 841. They function in nerve depolarization or impulse conduction, 
transmitter release and vagal sensory reception (for example, Bezold-Jarisch 
rcflex). They also play a role in pain transmission in the spinal cord [ 851 or skin 
[ 2 2 ]  or are involved in peripheral vasodilation [86]. They may function in 
reinforcement mechanisms for morphine or nicotine [ 871 or processes under- 
lying anxiety. For example, GR 38032F was found to be active in selected 
laboratory anxiolytic tests [ 881. Originally, metoclopramide [ 891, MDL 72222 
[ 201 and ICS 205-930 [22] were described as functional antagonists of 5-HT3 
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receptors in periphery and 2-Me-5HT was identified as a selective 5-HT3 
agonist [ 221. 

There was a time lapse between functional description and identification of 
5-HT3 recognition sites in the brain. It should be mentioned that 5-HT3 
antagonists show high selectivity and affinity to the 5-HT3 recognition sites 
with negligible affhity to other receptors. Almost simultaneously, SHT, recep- 
tors were identified in the neuroblastoma-glioma [90] and rat brain [28], 
respectively, using [ 3H]ICS 205-930 and [,H]GR 65630 as radioligands. High 
afhity and selective binding of [3H]quipazine [ 911, quaternized [,H]ICS 
205-930 [ 921 and [ 3H]zacopride [ 931 were demonstrated in the rat cortex. The 
5-HT3 recognition sites have been identified in human brain (amygdala and 
hippocampus) using [ 3H]zacopride as a ligand [ 941. However, Peroutka [ 951 
failed to demonstrate any specific binding of [,H]quipazine in brain cortex of 
several animals (mouse, guinea-pig, dog, rabbit), including man. These negative 
results remain to be replicated employing different radioligands in view of 
positive finding in the man [94]. 

A directly proportional correlation has been reported [ 281 between 5-HT3 
binding and inhibition of 5-HT-induced nerve depolarization with selected 
compounds: BRL 43594, GR 65630, GR 38032F, quipazine, ICS 205-530, 
MDL 72222 and metoclopramide (listed in order of decreasing potency). Thus, 
a linkage between functional and receptor affinity has been established in vitro. 

There were regional differences [ 281 in 5-HT3 receptor densities in various 
brain areas : entorhinal, cortex, amygdala, frontal and cingulate cortex, hippo- 
campus and nucleus accumbens (listed in order of decreasing density). Glaum 
and Anderson [ 961 identified 5-HT3 binding in dorsal spinal cord. The 5-HT3 
receptors were visualized autoradiographically [ 971 in selected medullary areas 
(spinal tract of trigeminal nerve, vagal nuclei, nucleus solitarius) in the mouse. 
High density of 5-HT3 receptors has been demonstrated in the area postrema 
in rats and ferrets and the right vagus in rats [60, 611. The relative ligand 
binding in these structures was considerably higher than previously reported in 
the brain. Thus these observations indicate a close anatomical and possible 
functional relationship between 5-HT3 recognition sites and medullary neuro- 
nal structures involved in emesis. 

5-HT3 RECEPTOR AFFINITY, INHIBITION OF BEZOLD-JARISCH REFLEX AND 
ANTIEMETIC ACTION 

There was a direct correlation between 5-HT3 receptor affinity and antagonism 
of 5-HT induced-depolarization of vagal nerve in vitro [28]. It is pertinent to 
examine a relationship between in vitro findings (5-HT3 receptor affinity) and 
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in vivu functional tests: antagonism of 5-HT-induced Bezold-Jarisch (B-J) 
reflex and antiemetic activity. The literature results are summarized in Table 
7.2. 

In general, test compounds exhibited a similar rank order in antiemetic 
potency in several animal species (ferret, dog, cat) and there was a direct 
positive correlation between these three specific activities (Table 7.2) [ 1051. 
For example, BRL 43694, ICS 205-930, GR 38032F and zacopride were potent 
antiemetics, exhibited high activity in B-J reflex and had relatively high 5-HT3 
receptor affinity. Metoclopramide, which had the lowest binding affinity, was 
also least potent in other two tests. MDL 72222, a moderately active antiemetic, 
exhibited appropriate correlation between these three parameters. BMY 2580 1 
showed the expected correlation between inhibition of B-J reflex and 
antiemetic activity and binding affinity. Interestingly, the high 5-HT3 affinity 
and inhibition potency on B-J reflex observed with BRL 24624 did not carry 
over to antiemetic activity to the same degree as seen with other compounds. 

Selected compounds were tested on radiation-induced emesis in ferrets or 
dogs and found to be active: metoclopramide and BMY 25801 [43], BRL 
24924 [83], GR 38032F [I041 and BRL 43694 [102,106]. 

5-HT3 AGONISTS AND EMESIS 

Despite the fact that 5-HT3 antagonists are effective antiemetics, there is no 
positive evidence that 2-Me-5-HT, the specific 5-HT3 agonist, is emetogenic. 
It failed to produce emesis (up ot 0.2 mg/kg i.v.) in the dog and ferret [ 1071. 
Even direct intraventricular administration of this agent did not induce a 
well-defined emesis in the ferret [ 641. Thus, exogenous 2-Me-5-HT was not 
emetogenic. On the other hand, 5-HT, which is a potent but not selective 5-HT3 
agonist, administered iontophoretically directly to the area postrema excited 
about 60% of neurons measured in the anaesthetized dog 1631. Thus, the 
biological significance of these observations and the functional relationship to 
emetic response remains unclear. 

SITE OF ACTION OF 5-HT3 ANTAGONISTS 

There are a few reports on possible sites of action of 5-HT3 antagonists. Low 
doses of zacopride administered directly into the fourth ventricle (i.c.v.) 
antagonized cisplatin (i.v.)-induced emesis in the cat [ 1081. A similar 
antagonism was demonstrated when routes of drug administration were inter- 
changed. Similarly, GR 38032F, GR 65630 and MDL 72222, administered 
i.c.v. onto the area postrema at very low doses, antagonized cisplatin-induced 
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emesis in the ferret, while ketanserin and methiothepin were inactive [ 641. 
Thus, these findings support a functional role of 5-HT3 receptors in emetic 
mechanisms involving neuronal structures in this medullary region. The in- 
volvement of the area postrema is supported by ablation experiments because 
its destruction prevented cisplatin-induced emesis in the cat [ 691 or radiation- 
induced emesis in the dog [ 65-67]. So far, no ablation experiments have been 
reported in the ferret. 

ROLE O F  ENDOGENOUS 5-HT 

Involvement of endogenous 5-HT in emesis was investigated. It was found that 
reserpine, p-chlorophenylalanine (PCPA) and fenfluramine antagonized cis- 
platin-induced emesis in the ferret [ 1091. The real role of 5-HT was difficult 
to assess, as all these agents with a possible exception of PCPA, depleted 5-HT, 
dopamine (DA) and noradrenaline (NE), unselectively. Cisplatin, the potent 
emetogenic agent, moderately increased brain levels of DA and decreased NE, 
while it had no significant effect on 5-HT or 5-hydroxyindoleacetic acid. 

Several compounds affecting various 5-HT functional parameters (uptake 
inhibition (fluoxetine), metabolism (tranylcypromine) or synthesis (5-OH 
tryptophan, 5-HTP)) had no effect on subemetic doses of cisplatin [ 1101. In 
fact, tranylcypromine and 5-HTP antagonized emesis of cisplatin. Thus these 
results would favour an inhibitory role of 5-HT instead of emetogenic. It is 
conceivable that an excess of 5-HT may desensitize 5-HT3 receptors that may 
result in a reduced sensitivity to emetogenic stimuli. 

GR 38032F had no significant effects on brain levels of DA or 5-HT or their 
oxidative metabolites in various brain regions in rats [ 11 I]. However, this 
compound selectively antagonized DA metabolism in rats with activated meso- 
limbic system. 

It had been reported that 5-HT and 2-Me-5-HT released DA in striatal slices 
[ 1121. The functional importance of this response is unknown, because the 
D,-dopamine antagonists are not efficient antiemetics against radiation- or 
chemotherapy-induced emesis. 

It can be concluded that direct evidence linking endogenous 5-HT to emesis 
is not convincing. On the other hand, selective effectiveness of 5-HT3 
antagonists as antiemetic agents and presence of 5-HT3 receptors in the area 
postrema and vagus nerve do implicate 5-HT mechanisms. 

GASTROPROKINETIC EFFECT AND ANTIEMETIC ACTION 

A functional relationship may exist between gastrointestinal responses and 
antiemetic action, because selected 5-HT3 antagonists, zacopride [ 171, BRL 
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24924 [ 16 J or GR 38032F [ 1131, have an effect on both parameters. Secondly, 
functional 5-HT3 receptors in the GI  tract have been demonstrated [22]. 
Therefore, this question deserves a more detailed analysis. 

Dazopride, which was more potent (6-times) than metoclopramide in pro- 
moting gastric motility, was weaker against cisplatin-induced emesis in dogs 
[ 101. Similarly, BRL 24924, which was about up to 100-times more potent than 
metoclopramide on gastric emptying [ 161, did not exhibit any potency advan- 
tage as an antiemetic [ 831. In contrast, zacopride [ 171 and GR 38032F [ 1131, 
which were more potent than metoclopramide as gastroprokinetic agents, were 
also more potent as antiemetics 117, 1041. The primary involvement of GI  tract 
effects in antiemetic action of the latter compounds is not very likely, because 
they exhibited a rapid onset of protection following i.c.v. administration at very 
small doses [64, 1081. 

On the other hand, BMY 25801 [ 1141, while lacking significant gastric 
prokinetic activity, was more potent than metoclopramide as an antiemetic 
(Tuble 7.2). Finally, BRL 43694, while inconsistently active in gastric emptying 
and motility tests 126, 115, 1161, was one of the most potent antiemetics [ 102, 
1061 in laboratory animals, including the dog. In this species, it failed to 
demonstrate any significant gastric motility activity. 

A combined administration of metoclopramide and anticholinergic agent to 
reduce dystonic reactions of metoclopramide, did not diminish antiemetic 
efficacy in dogs 11171. Thus, the inhibitory effect on GI  smooth muscle by 
cholinergic blockade had no significant impact on antiemetic activity of meto- 
clopramide. 

There were a few experiments where emesis and gastric events were recorded 
simultaneously in the same animal. Domperidone, a potent D,-dopamine 
antagonist and gastric-motility-enhancing agent, antagonized radiation- 
induced emesis in dogs but had no effect on gastric emptying delay [ 1181. In 
monkeys, domperidone did not protect against radiation-induced emesis and 
had no effect on various gastric functions [ 1191. In the same experiments, no 
clear temporal relationship between emesis and gastric motility slowing could 
be observed. On the other hand, zacopride antagonized both emesis and gastric 
stasis in monkeys exposed to radiation [ 1201. In general, these observations 
do not suggest an obvious functional interdependence between antiemetic 
action and gastrointestinal effects. 

TREATMENT OF CANCER-CHEMOTHERAPY-INDUCED EMESIS 

There is an increasing need for more efficient antiemetic therapy because of 
more aggressive anticancer treatment designed to achieve higher survival or 
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remission rates. The randomized study with metoclopramide versus placebo 
and prochlorperazine by Gralla's group [81] was an important milestone in 
development of novel and efficient antiemetic agents. It is an example of a 
definitive study where dose size, frequency of administration and selection of 
patients were properly controlled. In general, most previous antiemetic studies 
were inclusive because of design deficiencies. Even now there are no definite 
clinical studies on the therapy of radiation-induced emesis [ 1211. 

The following overview is limited to control of emesis induced by cancer 
chemotherapy and presents more important developments in the last decade. 
The reader is referred to more extensive reviews and monographs on this 
subject [30, 37, 122-1261. 

CANNABINOIDS 

The active ingredient of marijuana, A9-tetrahydrocannabinol (THC, also 
known as A'-THC) proved to be superior to placebo and prochlorperazine 
against emesis induced by anticancer agents [127, 127al. However, it was 
inferior to metoclopramide against cisplatin-induced emesis [ 1281. The canna- 
binoid CNS side-effects, sedation and disorientation, were the main factors 
limiting clinical utility of THC. Synthetic cannabinoids (nabilone, levonantra- 
dol) did not offer a significant advantage over THC [ 1291. 

PHENOTHIAZINES AND BUTYROPHENONES 

These compounds belong to a broad class of pharmacological agents 
possessing D,-dopamine blocking properties which are responsible for 
dystonic reactions. Prochlorperazine, the most widely used phenothiazine, was 
more effective than placebo but did not offer advantage over the cannabinoids 
or butyrophenones [ 1231. It was less effective than metoclopramide against 
cisplatin [81]. 

Haloperidol and droperidol were effective in cancer patients, including those 
receiving cisplatin [ 1231. A comparative study revealed that haloperidol was 
slightly less effective than metoclopramide [ 1301. Droperidol combined with 
dexamethasone was effective against cisplatin emesis ; however, cardiovascular 
toxicity was a limiting factor [ 13 11. In general, the efficacy of butyrophenones 
against high-dose cisplatin has not been established. Recently, haloperidol was 
compared with prochlorperazine, both combined with dexamethasone, in 
breast cancer patients ; however, their antiemetic efficacy was not impressive 
[ 1321. 
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DOMPERIDONE 

Domperidone [ 1331, one of the most potent D,-dopamine blockers and anta- 
gonists of apomorphine-induced emesis with limited brain-blood barrier per- 
meability, did not establish a position as an antiemetic, especially against 
cisplatin [ 1341. Recently, the use of domperidone as a parented antiemetic has 
been discontinued because of serious cardiovascular toxicity. 

METOCLOPRAMIDE 

A review by Gralla [ 1351 on metoclopramide outlined progression from animal 
studies to clinical trials using high intravenous doses of the compound [81]. 
Metoclopramide was superior over prochloroperazine and THC, especially 
against high-dose cisplatin. Subsequently, these studies have been confirmed 
by numerous investigators and metoclopramide became the standard agent 
against chemotherapy-induced emesis. The success rate in major control of 
emesis with metoclopramide was not complete and exhibited a rather wide 
range (50-80%). Therefore, attempts were made to optimize its efficacy by a 
means of various drug combinations [129, 136, 1371 to minimize dystonic 
side-effects (diphenhydramine), increase its antiemetic effects by adding other 
drugs acting by different mechanisms (dexamethasone) or prevent anticipatory 
emesis (lorazepam or diazepam). Recent trials with oral metoclopramide com- 
bined with dexamethasone proved to be effective in controlling delayed emesis 
[ 1291. 

CORTICOSTEROIDS 

Antiemetic activity of dexamethasone against cancer chemotherapy-induced 
emesis including cisplatin has been reported [ 138-1401. However, some inves- 
tigators found negative results against high-dose cisplatin [ 1411. One therapeu- 
tic value of dexamethasone or other steroidal drugs is their combined use with 
metoclopramide to increase overall efficacy of antiemetic regimens [ 129, 1421. 
They are also used against anticancer agents exhibiting low emetogenic poten- 
tial. 

BENZODIAZEPINES 

These compounds alone do not have significant antiemetic activity. Their main 
value is the adjunct use with other agents to decrease anxiety and anticipatory 
emesis in cancer patients [ 1291. 
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5-HT3 ANTAGONISTS 

Metoclopramide may be considered as a prototype 5-HT3 antagonist because 
its antiemetic efficacy both in animals and man could not be adequately 
explained by D,-dopamine blockade. In fact, metoclopramide was con- 
siderably weaker as a D,-antagonist than haloperidol or domperidone and yet 
it was effective against emesis induced by anticancer agents both in animals [43, 
801 and cancer patients [ 1351. 

Recently, several 5-HT3 antagonists have been identsed and found to be 
effective as antiemetics in animals (Table 7.2). These compounds as a class 
have been proven to be free of D,-dopamine blocking properties which are 
responsible for dystonic side-effects seen with metoclopramide. 

There are numerous antiemetic studies with these compounds in cancer 
patients undergoing chemotherapy and examples are listed in Table 7.3. The 

Table 7.3. CLINICAL ANTIEMETIC ACTIVITY OF 5-HT3 ANTAGONISTS 

Compound Chemotherapy Dose CP" MPb Ref 

BRL 43694 cisplatin 
Granisetron several agents 

cisplatin combined 

GR 38032F several agents 
Ondansetron several agents 

including cisplatin 
cisplatin (high dose) 

BMY 25801 cisplatin 
Batanopride 

ICS 205-903 cisplatin, other agents 

0.04-0.1 mg/kg, i.v. 45 65 143 
0.04 mg/kg, i.v. 55 85 144 
0.04 mg/kg, i.v. 57 100 145 

4 mg, i.v. + 4 mg, p.0. x 3 93 93 146 
0.04-0.35 mg/kg, i.v. x 3 54 76 147 

0.18 mg/kg, i.v. x 3 35 55 148 

1-7 mg/kg, i.v. x 3 42 67 149 

10-40 mg, i.v. x 2 59 90 150 

a Complete protection (no vomiting). 
Major protection (< 3 emesis). 

clinical trials are progressing at a fast pace, but most studies reported are open 
label and preliminary. In general, 5-HT3 antagonist antiemetics antagonized 
emesis induced by various agents, including cisplatin. So far, their side-effect 
profile has not reveded any specific patterns. Thus they could be differentiated 
from cannabinoids, phenothiazines or butyrophenones. The final verdict on 
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their therapeutic efficacy remains to be established in comparative double-blind 
trials with appropriate reference agents (for example, metoclopramide). Inferior 
response in anticipatory emesis was observed with BRL 43694 [ 1431 as pre- 
viously seen with metoclopramide. Likewise, the success rate against more 
severe emetogenic agents (for example, high-dose cisplatin) may be less satis- 
factory, probably necessitating the use of drug combinations. 
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ADDENDUM 

ICS 205-930, MDL 72222 and zacopride were inactive against motion- 
induced emesis in cats. J.B. Lucot, Pharmacol. Biochem. Behav., 32 (1989) 
207. 

Metoclopramide (low oral doses-10, 20 mg) was inactive against motion 
sickness in human models. C.M. Lathers, J.B. Charles, and M.W. Bungo, 
Trends Pharmacol. Sci., 10 (1989) 243. 

The 5-HT4 receptor has been identified in mouse brain (positively coupled 
to adenylate cylcase) and guinea pig ileum (associated with gastroprokinetic 
activity) [ 1511. 
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INTRODUCTION 

The existence of a platelet-activating substance was first suggested between 
1966 and 1969 when evidence was obtained for a complement-independent, 
antigen-induced activation of rabbit leukocytes that in some way resulted in 
histamine release from platelets [ 1-31. Subsequently, it was proposed that a 
fluid-phase mediator from leukocytes of immunologically sensitized rabbits 
might be involved [4, 51. This observation was confirmed [6, 71 and the name 
platelet-activating factor (PAF) was attributed to the substance [7], which was 
determined to be a lipid-like molecule [ 81. The structure of PAF was elucidated 
in 1979 by semi-synthetic approaches. Two groups working in the platelet and 
leukocyte field simultaneously reported the structure of PAF as l-O-alkyl-2- 
acetyl-sn-glyceryl-3-phosphocholine [ 9, 101. Independently, the same structure 
was deduced for the anti-hypertensive polar renomedullary lipid [ 111. In 1980, 
the structure was confrmed by the analysis of natural PAF from IgE-stimulated 
rabbit basophils [ 121. 

CH20(CH2)nMe 
I 

AcOCH 
I F )  0 
CHzO~O(CHz)zNMe3 

00 

(1) Platelet-activating factor (PAF) 
(n 15 usually 15 or 17) 

Although the basic structure of PAF (1) is firmly established, some con- 
troversy exists regarding the composition of the 1-0-alkyl chain. For example, 
with human Ca2 + ionophore A23 187-stimulated neutrophils, some investiga- 
tors have found evidence for only 1-0-hexadecyl-PAF [ 131, while others have 
detected 16 : 0, 17 : 0 and 18 : 1 1-0-alk(en)yl chains [ 141. It is interesting to 
note that the molecular variation in PAF is species-specific [ 15, 161 and is 
independent of the cell stimulus and the composition of the 1-alkyl-2-acyl- 
glycero-3-phosphocholine (1-alkyl-2-acyl-GPC) pool. Knowledge of the de- 
tailed composition of the PAF species may be important, because the length 
and degree of unsaturation of the 1-alkyl chain influences the biological activity 
[ 17-20]. Recently, molecules exhibiting PAF activity but differing by the polar 
head group have been also described [21]. 

PAF synthesis can be demonstrated upon the appropriate stimulation of a 
diverse range of cells, including rat and mouse peritoneal macrophages [ 221, 
mouse bone marrow-derived mast cells [23, 241, rat kidney cells [25], human 
cultured lymphoid cell lines [26] and endothelial cells [27-291, human and 
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rabbit neutrophils [30, 311, eosinophils [32], monocytes [33], natural killer 
(NK) cells [34] and platelets [35]. 

The synthesis of PAF upon cell stimulation is generally accepted to involve 
a deacylation of the precursor molecule l-alkyl-2-acyl-GPC by a phospholipase 
A, (PLA,) and a subsequent acetylation of the 2-lyso-PAF to the active PAF 
molecule by a specific acetyltransferase [36]. The activity of PLA, may be 
regulated by lipocortin [ 371, or lipocortin-like proteins as demonstrated in 
rabbit platelets [ 381. Phosphorylation, most likely by protein kinase C ,  regu- 
lates the activity of lipocortin [ 391 and the acetyltransferase involved in PAF 
biosynthesis [40-421, and thus it may be an important regulatory step in PAF 
production. However, a large proportion of the fatty acid released upon con- 
version of the l-alkyl-2-acyl-GPC to lyso-PAF is arachidonate, and this 
molecule is an endogenous inhibitor of PLA, [43]. Thus, PLA, may be re- 
gulated by several mechanisms including Ca2 + concentration, lipocortin or 
lipocortin-like proteins and/or free fatty acid availability. 

Since the identification of PAF in the early 1970’s, the autacoid has steadily 
emerged as a crucial mediator of diverse pathologies. Indeed, PAF is a potent 
mediator of anaphylaxis and inflammation and is also implicated in shock, graft 
rejection, renal disease, ovoimplantation and certain disorders of the central 
nervous system (CNS) [36,44]. There is also accumulating evidence that PAF 
is capable of modulating the immune response [45, 461. 

The importance of the pathophysiological role of PAF has been more fully 
elucidated only since the discovery in the early 1980’s of compounds capable 
of specifically antagonizing PAF-induced bioactions. These compounds are 
specific and displace the PAF molecule from its receptor-binding sites, in most 
cases without themselves initiating any response. Their action is therefore a 
receptor-mediated process, competitive and generally reversible. The fact that 
PAF is involved in such a diverse range of pathologies means that specific PAF 
antagonists may be of considerable medicinal value as therapeutic agents. In 
this review, we will consider the pharmacology of the various specific PAF 
receptor antagonists. These compounds can generally be classified as (i) syn- 
thetic antagonists, either related or not to the PAF framework, and (ii) natural 
antagonists and their derivatives. In addition to the present article, PAF 
antagonists have been the subject of several extensive reviews [47-501. For a 
detailed insight into the synthesis, metabolism and general pathophysiological 
role of PAF, the interested reader is referred to numerous publications re- 
viewing this subject area [36, 44, 51-56]. 
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CHARACTERISTICS O F  PAF BINDING SITES 

Before focusing our attention on PAF antagonists, it is important to consider 
the specific process with which they interfere: the binding of PAF to its cellular 
receptors. 

The existence of specific binding sites for PAF was first indicated by the 
demonstration that only the naturally occurring (R) stereoisomer was effective 
in stimulating the aggregation and degranulation of platelets and neutrophils 
[57-611. Additional evidence comes from the observations that very low 
concentrations of PAF (usually lower than 0.1 nM) are necessary to trigger 
biological effects, that specific desensitization takes place after exposure of the 
tissue to the mediator, and that PAF antagonists evoke specific inhibition. 

The presence of PAF receptors has recently been confirmed by binding 
experiments using [ 3H]PAF. High-affinity receptors have been detected in 
human [ 62-65] and rabbit platelets [ 63, 661, human neutrophils [ 671, human 
lung membrane [68], gerbil brain [69], rat retinal tissue [70] and pigmented 
rabbit iris and ciliary body [71]. Investigations with specific PAF antagonists 
have also revealed binding sites for the mediator in guinea-pig platelets, macro- 
phages and polymorphonuclear leukocytes (PMNL) [72, 731, rabbit PMNL 
[ 741 and rabbit and guinea-pig smooth muscle membrane [ 66). The affinity and 
number of these receptors is dependent on type of cell, tissue and species. It 
is thus apparent that many of the cells and tissues generating the mediator are 
themselves targets of PAF-induced bioactions [ 751. Interestingly, rat platelets 
do not aggregate, secrete or demonstrate Ca2 + uptake in response to PAF [ 76 J 
or possess high-afhity binding sites for the mediator [63]. In platelet plasma 
membranes, a heat-labile and proteinase-sensitive PAF receptor has been 
described { 66,771. Accordingly, exposure of platelets to PAF for 5 min at 37 O C 
leads to desensitization and decrease in specific binding and aggregation [78, 
791. 

There is no correlation between the effects of PAF on platelet aggregation 
and various physical properties of pure dipalmitoylphosphatidylcholine bi- 
layers as detected by differential scanning calorimetry [ 661, indicating that PAF 
receptor sites may not be phospholipids. Indeed, Valone [77] has presented 
evidence that the high-affinity PAF binding site on human platelets may be a 
protein. Using chromatography of membrane preparations on a Sepharose 
column loaded with PAF associated to human serum albumin, the latter author 
attempted to characterize the high-affinity PAF binding site present in this cell 
type. Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis of the 
eluted material revealed a single protein with an apparent molecular mass of 
180 kDa. Subsequently, the isolation of a 160 kDa PAF-binding protein from 
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the same source was reported [SO], this being obtained by sequential chromato- 
graphy of [ 'HIPAF-binding proteins. However, lack of a consistent procedure 
to solubilize the membrane-binding protein and a reliable method to prepare 
high-titre specific antibodies to PAF [81] has hampered more detailed 
biochemical characterization of the PAF receptor. 

Monovalent and divalent cations and GTP regulate the specific binding of 
PAF to platelet plasma membranes. It has been demonstrated that inhibition 
of [ 'HIPAF binding to rabbit platelets is sodium-specific, with an ED,, value 
of 6 mM [66]. High concentrations of Li+ inhibit binding (ED,, 
value = 150 mM) while K + , Cs + and Rb + and the divalent cations Mg2 + , 
Ca2 + and Mn2 + have an enhancing effect. A total inhibition of PAF-induced 
aggregation is caused when H,O is replaced by D,O in the incubation medium, 
although binding is not affected [66]. Whereas the unnatural ( S )  enantiomer 
is inactive up to lOpM, (R)-PAF stimulates hydrolysis of GTP [66, 821, 
suggesting that the receptor may be linked to the adenylate cyclase system via 
an inhibitory guanine nucleotide regulatory protein. 

QSAR studies with various agonists, including variations on C,,  C,  and 
C, of the PAF glyceryl framework, have suggested a putative conformation of 
high-affinity membrane binding sites for the autacoid [44, 491. Three inter- 
actions may be of particular importance in the binding process: (a) the long 
fatty chain of PAF deeply enters the membrane in a hydrophobic area 
exchanging hydrophobic bonds with the vicinity; (b) membrane activation may 
possibly derive from an electronic transfer from oxygen doublets of the 
etheroxide function to an unknown membrane target (possibly a G protein 
subunit). The presence of non-delocalized doublets could be made necessary 
by a possible protonation from the active site; (c) the short chain on C, may 
take part in the anchorage of PAF to its receptor, using a small hydrophobic 
area of < 6.5 A in length. The membrane receptor protein may subsequently 
stimulate a GTP-binding protein, leading to hydrolysis of GTP and activation 
of phospholipase C. The resultant phosphoinositide breakdown may be accom- 
panied by formation of the second messenger's inositol trisphosphate and 
diacylglycerol [ 831 and increased cytosolic calcium. This latter process may 
open Ca2 + -independent K + channels, as observed in PAF-activated mouse 
macrophages [ 841. On the other hand, diacylglycerol may induce protein kinase 
C activation, leading to phosphorylation of specific cellular proteins, which 
contribute to processes such as secretion and proliferation. 



330 PAF ANTAGONISTS 

NON-SPECIFIC PAF ANTAGONISTS 

Although this review is devoted mostly to specific PAF antagonists, it is 
interesting to note the wide range of compounds capable of antagonizing 
PAF-induced effects in a non-specific manner. Indeed, the first compounds 
reported to have PAF antagonistic properties were non-specific inhibitors. 
Sulphinpyrazone exerts a suppressive effect on PAF-induced bioactions [ 851, 
while non-specific antagonism of PAF-induced effects is elicited by a combi- 
nation of aspirin, indomethacin or salicyclic acid with mepyramine and 
rnethysergide [ 861. Aminophylline also antagonizes PAF-induced broncho- 
constriction at doses which do not affect the unrelated bronchoconstrictor 
agents, arachidonic acid and serotonin [ 871. 

The cell response to PAF, both in vitro and in vivo is dso counteracted by 
various drugs acting on intracellular calcium, either directly by calcium channel 
antagonists [ 88-92], calmodulin inhibitors [ 93-95], calcium chelators [ 911 
and local anaesthetics 1961, or indirectly by compounds such as salbutamol, 
which modulate the level of cyclic nucleotides [97]. In addition, PAF effects 
are antagonized by various compounds such as cromoglycate [ 981, thyro- 
tropin-releasing hormone and its analogue MK 771 [ 991, naloxone, ticlopidine 
[ 1001, atropine [ 1011, doxepin, an antidepressant agent [ 1021, some 
quaternarized derivatives of promethazine [ 1031 and C-reactive protein [ 1041. 
Similar non-specific inhibition takes place with phospholipase [ 1051, throm- 
boxane and leukotriene [ 106-1081 inhibitors. 

SPECIFIC PAF ANTAGONISTS O F  SYNTHETIC ORIGIN 

We first direct our attention to specific PAF antagonists of synthetic origin. The 
majority of these compounds are modified derivatives of the PAF framework, 
the glycerol backbone (or modified glycerol backbone) either being non- 
constrained, as is the case with CV-3988 [109], Ro 19-3704 [110, 1111, 
SRI 63-1 19 [ 1121 and RU 45703 [ 1131, or constrained, as in SRI 63-072 
[ 1141 and SRI 63-675 [ 1151. There are relatively few antagonists of synthetic 
origin unrelated to the PAF structure, although 48740 RP and 52770 RP [ 1161 
deriving from a (3-pyridyl)-1H,3H-pyrrolo[ 1,2-c]thiazole framework and the 
pharmacological agents, alprazolam, triazolam [ 1171, brotizolam, WEB 2086 
and WEB 2170 [ 118, 1191 show potent PAF-antagonistic properties. 
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NON-CONSTRAINED PAF FRAMEWORK-RELATED ANTAGONISTS 

These antagonists derive directly from the PAF structure and are open chain 
analogues of the mediator. CV-3988, (2; Takeda) was the first product 
described in this series. Incorporating an octadecyl carbamate in position 1, a 
methoxy in position 2 and a thiazolium-ethyl phosphate in position 3, this 
compound was discovered during an investigation of carbamate analogues of 
lysophospholipids as potential anti-fungal and cytotoxic agents [ 1091. The Ki 
values of CV-3988 for the specific binding of [3H]PAF to human, rabbit and 
guinea-pig platelets are, respectively 0.16, 0.12 and 0.18 pM [ 1091, showing it 
to be an orally active and potent antagonist. A weak agonistic activity has also 
been described, but only at high doses. The first report by Terashita et al. [ 1091 
claimed that CV-3988 specifically inhibited PAF-induced platelet aggregation ; 
however, more recent studies have shown that at higher concentrations, the 
compound also displays antagonistic properties against arachidonic acid, ADP 
and collagen [ 1201. 

(2) cv 3988 

CV-3988 effectively antagonizes endotoxin-induced shock in the rat [ 1211, 
the related gastrointestinal damages [ 1221 and disseminated intravascular 
coagulation [ 1231. This compound also counteracts the decrease in blood 
pressure induced by unclipping of renal artery in the one-kidney, one-clip 
hypertensive rat [ 1241 and evokes a dose-dependent inhibition of the vascular 
permeability increase induced by PAF in rat skin [125]. The antagonist 
prevents the alteration of mucus secretion, respiratory and circulatory changes 
caused by administration of the mediator in the ferret [ 1261 and the airway 
hyperresponsiveness observed in beagles subjected to ozone inhalation [ 1271. 
Human volunteers who received an i.v. infusion of CV-3988 (750-2000 pg/kg) 
in a double-blind, placebo-controlled study, showed reduced platelet sensitivity 
to PAF. Blood pressure, pulse, and respiratory rate were unaffected, while a 
small but clinically insignificant change in plasma haemoglobin and serum 
haptoglobin was observed [ 1281. 

CV-6209 (3), is an analogue of CV-3988 where the phosphate group has been 
replaced by an acetylcarbamate group. This modification produces a marked 
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increase in PAF inhibitory activity and the compound is some 80-fold more 
active than CV-3988. The analogue specifically inhibits PAF-induced aggre- 
gation of rabbit and human platelets (IC,o values = 75 nM and 0.17 pM, 
respectively) and abolishes PAF-induced hypotension in rats [ 1293. 
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SRI 63-1 19 (4a), a compound recently described by Sandoz, is a non-phos- 
phorous thiazolium PAF receptor antagonist that inhibits PAF-induced human 
platelet aggregation with an IC,, value of 3.8 pM [ 1301. It also counteracts 
PAF-induced hypotension in the rat [ 13 11, haemoconcentration, bronchocon- 
striction [132] and microvascular leakage in the guinea-pig [133], and 
haemoconcentration in the primate [ 1341. In addition, studies in the rat have 
demonstrated that the compound effectively inhibits effects produced by endo- 
toxin and PAF-induced bowel necrosis [ 1351. The ( +  )- and ( -  )-forms of 
SRI 63-1 19 are equipotent against PAF-induced bronchoconstriction and 
haemoconcentration in the guinea-pig, indicating a lack of enantiomeric selec- 
tivity [ 1361. It is interesting to note, however, that SRI 63-1 19 only partially 
inhibits dermal extravasation in the reverse Arthus reaction, suggesting the 
involvement of vasoactive mediators other than PAF [ 1371. 

Replacement of the phosphoryl moiety of CV-3988 with a heptamethylene 
thiazolium yields another series of antagonists, among which Ono-6240 (4b) 
is the most potent [ 1211. This compound protects against PAF-induced 
guinea-pig platelet aggregation (IC,,, value = 0.2 pM), and at 0.1-1 mg/kg i.v. 
prevents hypotension and bronchoconstriction in rats and guinea-pigs [ 1381. 
Ono-6240 also partially prevents the decrease in cardiac output and systemic 
arterial pressure in the E. coii endotoxin sheep model [ 1391. 

Other modifications of the non-constrained PAF framework have led 
Hoffmann La Roche’s group to develop a further series of antagonistic 
compounds. The two closely related tetramethylene derivatives, both designat- 
ed Ro 19-3704 (4c), are the most efficient and inhibit PAF-induced rabbit 
platelet aggregation with an IC,, value of 3.0 and 0.4 pM respectively [ 1131. 
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These compounds inhibit PAF-induced aggregation of rabbit, human and 
guinea-pig platelets, as well as bronchoconstriction, hypotension, thrombocy- 
topenia, leukopoenia and vasopermeation in the guinea-pig [ 1401. In addition, 
they prevent PAF-induced activation of alveolar macrophages, and the for- 
mation of thromboxane by isolated and perfused PAF-stimulated guinea-pig 
lungs. Although this antagonist fails to counteract bronchoconstriction of 
homologous passive systemic anaphylaxis, it does inhibit bronchospasm due 
to aerosolized antigen [ 1401. 

Replacement of the PO, group in CV-3988 with COCH, and alteration of 
the OCH, moiety leads to the structures Ro 18-8736, Ro 19-1400 and Ro 18- 
7953 (5a,b,c) [ 11 11. These antagonists have IC,, values against PAF-induced 
human platelet aggregation of 0.5, 0.4 and 0.7 pM respectively [ 1411. The 
closely related Hoechst-Roussel compound, RU 45703 (5d), is obtained by 
substitution of the phosphoryl group by an ester linkage. This antagonist is a 
potent inhibitor of PAF-induced rabbit platelet aggregation with an IC,, value 
of 8 pM and also protects against PAF-induced bronchoconstriction and 
hypotension in vivo. 

Very recently, two further series of non-constrained PAF-related antagonists 
have been reported. The Sankyo product, designated 137-224 (6) and 
structurally defined as 2-([N-acetyl-N-[3-(heptadecylcarbamoyloxy)-2-(3- 
isoxazol y1oxy)propoxy ]carbonyl]aminomethyl]- I-ethylpyridinium chloride 
[ 1421 is a potent PAF antagonist which inhibits PAF-induced hypotension in 
rats (ID5o value = 0.004 mg/kg i.v.) and PAF-induced rabbit platelet aggre- 
gation in vitro (IC5, value = 0.081 pM). The compound displays good duration 
of action and bioavailability, and a variety of glycerol derivatives of the parent 
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structure have been synthesized to establish structure-activity relationships in 
this series. 

Finally, researchers from Leo Pharmaceuticals have reported the synthesis 
oftwo new achiral PAF antagonists, GS 1065-180 (7a) and GS 1160-180 (7b) 
from 2-methyleneprobane-l,3-diol [ 1431. In vitro platelet aggregation experi- 
ments with platelet-rich plasma (PRP) from rabbits revealed GS 1160-180 as 
the most effective PAF antagonist (EC,, value = 0.25 pM) being twice as 
active as GS 1065-180 and 80-times more active than CV-3988 in their 
experimental system. Neither GS 1065-180 nor GS 1160-180 induced platelet 
aggregation at concentrations I M, or exhibited any inhibitory effect on 
platelet aggregation induced by collagen or adenosine diphosphate (ADP). 

In vivo experiments with PAF-induced bronchoconstriction in guinea-pigs 
demonstrated that GS 1160-180 (ED,, value = 0.1 mg/kg i.v.) was twice as 
active as GS 1065-180 and 35-times more active than CV-3988. In this system, 
the difference in activity was less marked than with PAF-induced hypotension 
in rats, the two antagonists being equipotent (ED,, value = 0.5 mg/kg i.v.) and 
only twice as active as CV-3988 [ 1431. 

CONSTRAINED PAF FRAMEWORK-RELATED ANTAGONISTS 

Cyclization of parts of the PAF molecular backbone produces the second 
family of PAF-related antagonists, those with a constrained framework. For 
example, insertion of a tetrahydrofuran ring has led to derivatives such as 
SRI 63-072 (8), SRI 63-441 (9a), SRI 63-675 (9b) and BN 55009 (10). The 

(9a) SRI 63-441 
(Yb) SRI 63-675 

R = H 

R = Me 
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inclusion of a 1,3-dioxolane has given rise to BN 52111 (11) and analogues, 
while Roche have synthesized a series of 1,4-dioxane-2-one antagonists, exem- 
plified by (12). Other constrained framework inhibitors, (13a) and (13b), 
contain a tetrahydropyran ring, while inclusion of a piperidine produces the 
Roche inhibitor, SRI 63-073 (14). Incorporation of a 2-oxo-1,3,2-dioxaphos- 
phorinane gives (1 5) and related antagonists. Finally, Sandoz have also synthe- 
sized an antagonist containing a piperidine, designated SRI 62-586 (16). 

SRI 63-072 (8) [ 1141 is an inhibitor of PAF-induced guinea-pig, rabbit, dog, 
baboon and human platelet aggregation with IC,, values of 1.4,4.7, < 100, 19.0 
and 22.3 pM, respectively [ 1441. The antagonist also prevents PAF-induced 
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bronchoconstriction and haemoconcentration in the guinea-pig [ 1361 and 
haemoconcentration in the cebus appella primate [ 1341. In the rat, SRI 63-072 
abolishes not only PAF-induced ischemic bowel necrosis [ 1451, but also PAF-; 
endotoxin- and human IgC-induced hypotension [ 1461. In the primate, the 
antagonist also protects against the PAF-induced airways response [ 1471. 
Further studies have shown that SRI 63-072 partially inhibits dermal extra- 
vasation in the reverse, passive Arthus reaction in guinea-pigs [ 1481 and rats 
[ 1491, and also in this latter species diminishes glomerulonephritis induced by 
immune complexes. SRI 63-072, similar to SRI 63-1 19, does not exhibit 
enantiospecificity either in vitro or in vivo [ 1361. 

The closely related cis-2,5-disubstituted tetrahydrofuran analogue, 
SRI 63-441 (9a), is a more potent PAF antagonist. It inhibits PAF binding to 
human platelets with an IC,, value of 0.35 pM [ 1501 and PAF-induced guinea- 
pig, rabbit, dog, baboon and human platelet aggregation with IC,, values of 0.3, 
0.8, 10.2, 0.3 and 3.3 pM, respectively. In vivo SRI 63-441 effectively inhibits 
many of the PAF responses in the guinea-pig, rat, dog and primate [151]. 
However, the antagonist does not block the acute IgE-mediated airways re- 
sponse to Ascaris mum [ 1521 and has no effect on the allergen reaction in awake 
dogs with natural asthma [ 1531. It also fails to prolong renal xenograft survival 
and function in a model of pig-to-dog heterotransplantation [ 1541. 

SRI 63-675 (9b), the cis-2,5-dimethyl analogue of SRI 63-441, shows a 
similar profile of activity against PAF-induced bioactions both in vitro and 
in vivo [ 1151. For example, at doses of 0.1 mg/kg i.v., SRI 63-675 prevents 
PAF-induced airway microvascular leakage of colloidal carbon tracer in the 
tracheobronchial region of conscious guinea-pigs [ 1551. We have also recently 
developed a series of tetrahydrofuran-containing antagonists as exemplified by 
BN 55009 (10) and the pharmacological activity is currently being investigated. 

BN 521 11 (1 1) and related analogues which contain a 1,3-dioxolane ring are 
another series of PAF inhibitors developed by our laboratories [156]. 
BN 521 11 inhibits [3H]PAF binding to its rabbit platelet membrane receptor 
and PAF-induced aggregation of this cell type with IC,, values of 0.35 pM and 
0.4 nM, respectively. The antagonist also blocks PAF-induced aggregation of 
rat neutrophils in vitro value = 0.5 pM), prevents calcium mobilization 
evoked by PAF in washed rabbit platelets and enhances binding of benzodiaze- 
pine to their receptors in the rat cortex. When supplied intravenously, 
BN 521 11 and analogues prevent PAF-induced thrombus formation in the rat 
mesenteric artery and counteract PAF-induced bronchoconstriction and hypo- 
tension in the guinea-pig [ 1561. However, the antagonists in this interesting 
series are inactive when administered orally and also show a high degree of 
toxicity, and thus are not likely to constitute future pharmacological agents. 
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Interestingly, moderate PAF antagonism has also been reported for a series of 
1,4-dioxanes, of which (12) is representative [ 11 11. 

Developed by Sankyo, the tetrahydropyran-based constrained framework 
antagonist (1 3a) inhibits hypotension induced by PAF (ED,, 
value = 0.8 mg/kg, i.v.) or endotoxin (ED,, value = 0.058 mg/kg, i.v.) in the rat 
[ 1571. The related oxethane derivative (13b) also displays similar PAF anta- 
gonistic activity. 

The novel piperidine derivative SRI 63-073 (14) was designed by including 
a polar head of thiamine phosphate in the modified PAF framework [ 1581. This 
compound has a relatively low potency, inhibiting PAF-induced aggregation of 
human and guinea-pig platelets with IC,, values of 37 and 15 pM, respectively. 
Although five-membered cyclic phosphorodiamidic-derivatives of this 
compound are devoid of any PAF-antagonistic activity, six-membered cyclic 
phosphates, especially the equatorial isomer, Ro 18-6977 (15), has an IC,, 
value of 2.1 pM against PAF-induced rabbit platelet aggregation [ 1591. 

Finally, with respect to the family of constrained antagonists, the Sandoz 
piperidine derivative SRI 62-586 (16) shows moderate inhibition of PAF- 
induced human platelet aggregation (IC,, value = 32.6 pM) and [3H]PAF 
receptor binding (IC,, value = 22.7 pM) [ 1121. Administered to guinea-pigs at 
2.45 mg/kg i.v., it inhibits PAF-induced haemoconcentration by 70% and 
increase of pulmonary inflation pressure by 85% [ 1121. 

SYNTHETIC ANTAGONISTS UNRELATED TO THE PAF FRAMEWORK 

There are relatively few PAF inhibitors which are not structurally related to the 
mediator itself or to the various naturally occurring antagonistic compounds. 
However, although small, this significant group contains antagonists including 
48740 RP, which derives from a (3-pyridy1)- 1H,3H-pyrrolo[ 1,2-c]thiazole 
framework, the calcium channel blocker, diltiazem [ 159a], and various ben- 
zodiazepine-derived pharmacological agents such as WEB 2086, which exhi- 
bits highly potent PAF antagonistic properties 

48740 RP (17a) inhibits PAF-induced human (IC,, value = 69 pM) and 
rabbit (IC,, value = 16 pM) platelet aggregation, binding of t3H]PAF to rabbit 
platelets (Ki = 2.3 pM) [ 116, 1601 and PAF-elicited elastase release by human 
neutrophils [ 161 1. At 10 mg/kg i.v., the antagonist suppresses PAF-induced 
bronchoconstriction in the guinea-pig [ 1601 and thrombocytopenia in the rabbit 
[ 1161. Recently, a more potent analogue has been reported; 52770 RP (17b) 
inhibits [3H]PAF binding on crude rabbit membranes preparation with a Ki 
of 7 nM [ 162, 1631. The ( +  )-52770 RP isomer is ca. 300-times more potent 
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than the ( - )-isomer at displacing [3H]52770 RP from intact rabbit platelets 
[ 1641. 

Diltiazem (18), a drug used clinically as a Ca2 + antagonist, shows selective 
and competitive inhibition of PAF-induced aggregation of human (1C5, 
value = 28 pM) and rabbit (1C5, value = 13 pM) platelets and inhibits 
[3H]PAF binding to human platelets (1C5, value = 47 pM) [ 1651. The PAF 
antagonistic properties of diltiazem and other Ca2 + channel blockers suggest 
that the PAF receptor and membrane Ca2+ channels may be linked in some 
way in the platelet [ 1651. 

The triazolobenzodiazepines alprazolam (19a) and triazolam (19b) are 
widely used psychotropic drugs. These compounds are also specific inhibitors 
of PAF-induced human platelet aggregation with respective IC,, values of ca. 
5 and 3 pM [ 1171, rabbit platelet aggregation with IC,, values of 2.5 and 
0.6pM [166], and [3H]PAF receptor binding on human platelets (1C5, 
values = ca. 5 pM and 1 pM) [ 1191. The inhibitory activity oftriazolam against 
PAF-induced platelet aggregation is not blocked by the benzodiazepine recep- 
tor antagonist Ro 15-1788, indicating that the PAF and CNS properties can 
be separated [ 167 1. Pretreatment with triazolam (20-100 mg/kg p.0.) inhibited 
the intrathoracic accumulation and aggregation of '' 'In-labelled platelets in the 
guinea-pig after a PAF challenge [168]. 

Brotizolam (20a) is a thieno[ 3,2-f]-1,2,4-triazolo[4,3-a][ 1,4]diazepine 
which is clinically useful as hypnotic agent. It inhibits PAF-induced human 
platelet (IC50 value = 0.54 pM) and neutrophil (1C5, value = 0.21 pM) aggre- 
gation [ 1681, and [3H]PAF receptor binding (IC50 value = 0.5 pM) [ 1671. 
Administered at 0.05-1.0 mg/kg i.v. or 1.0-10.0 mg/kg P.o., brotizolam dose- 
dependently inhibits PAF-induced bronchoconstriction in the guinea-pig, hy- 
potension in the rat and intrathoracic accumulation of 'In-labelled platelets 
in the guinea-pig [ 1691. Interestingly, the PAF inhibiting activity of brotizolam 
is not blocked when co-administered with the benzodiazepine receptor anta- 
gonist Ro 15-1788 [167]. Etizolam (20b), another clinically useful drug 
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administered for relief of anxiety, inhibits PAF-induced rabbit platelet aggre- 
gation (I& value = 1.3 pg/ml) and at doses of 0.01-1 mg/kg i.v. or 
1-1 0 mg/kg p.0. prevents PAF-induced bronchoconstriction in the guinea-pig, 
hwotension in the rat, and lethal shock in the mouse [ 1701. 

A separation of the CNS and PAF antagonistic properties in the 
thienotriazolodiazepine series has been achieved with the synthesis of 
WEB 2086 (2 1). This compound selectively inhibits PAF-induced human 
platelet (IC5, value = 0.17 pMj and neutrophil aggregation (IC,o 
value = 0.36 pM) and [3H]PAF receptor binding (K ,  = 0.15 pM) [171]. 
WEB 2086 inhibits PAF-induced bronchoconstriction (I& 
value = 0.07 mg/kg, p.0. and 0.017 rng/kg, i.v.), hypotension (IC,o 
value = 0.066 mg/kg, p.0. and 0.015 mg/kg, i.v.), thrombocytopenia and neu- 
tropenia in the guinea-pig [ 1691 and hypotension (ED,, value = 0.052 mg/kg, 
i.v.) in the rat [ 1681. It also protects against PAF-induced gastric lesions in the 
rat and mortality in the mouse [ 1691 and intrathoracic accumulation of "'In- 
labelled platelets in the guinea-pig [ 1721. In addition, the antagonist protects 
against E.  coli endotoxin-induced hypotension in the rat [ 1721, decreases bron- 
choconstriction and leukopenia induced by antigen in mepyramine-treated 
passively sensitized guinea-pigs, and decreases the ovalbumin-induced 
anaphylatic effects in the mouse and guinea-pig [ 1691. In the rat isolated lungs, 
WEB 2086 dose-dependently inhibits the increase in PAF-induced pulmonary 
artery perfusion and bronchial inflation pressure [ 1691. 

Restricting the rotation of the alkylene side-chain in WEB 2086 by forming 
a cyclopentane ring between the LYC carbon and C-7 produces WEB 2170 (22a) 
and the CH, analogue STY 2108 (22b). Both WEB 2170 and STY 2108 inhibit 
PAF-induced human platelet aggregation (I& value = 0.30 and 0.04 pM, 
respectively) with no significant effect on that induced by ADP, adrenaline, 
collagen, 5-HT, or arachidonic acid [ 1671. In vivo, WEB 2170 and STY 2108 
inhibit PAF-induced bronchoconstriction (ED,, value = 0.008 mg/kg i.v., 
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0.16 mg/kg, p.0. and 0.007 mg/kg, i.v., 0.033 mg/kg p.0. respectively) in the 
guinea-pig, and hypotension (ED,, value = 0.01 1 mg/kg i.v. and 0.013 mg/kg 
i.v., respectively), in the rat [ 1731. E.  coliendotoxin-induced hypotension in the 
rat was also blocked in a dose-dependent manner by both compounds [ 1681. 

Recently, a series of N-[  (heteroaryl)alkyl]pyrido[ 2,l-b]quinazolines have 
been synthesized and evaluated for their PAF antagonistic properties [ 1741. 
The most potent compounds in this series were found to be pyrido[2,1-b]- 
quinazoline-8-carboxamides possessing a 4- or 6-carbon chain between the 
carboxamide N and a 3-pyridinyl or 5-pyrimidinyl moiety. The most potent 
antagonists were found to be the racemic compound 2-( 1-methylethyl)-N-[ 1- 
methyl-4-(3-pyridinyl)butyl]- 11 -0x0- 11H-pyrido-[2,1 -b]quinazoline-8-car- 
boxamide (23)  and the corresponding ( R  )-enantiomer. These compounds 
inhibited the binding of [3H]PAF to its receptor on dog platelets with IC,, 
values of 0.4 and 0.25 pM, respectively. The former of these antagonists (23), 
also inhibited transient PAF-induced thrombocytopenia and decreases in 
blood pressure in guinea-pigs after i.v. or oral administration and has a duration 
of action of over 5 h after an oral dose of 200 mg/kg. Thus, these compounds 
represent prototypes of a new class of orally active PAF antagonists. 

Finally, with regard to synthetic structurally unrelated PAF antagonists, it 
has been recently reported that a series of 5-aryl-2,3-dihydroimidazo[2,l-a]iso- 
quinolines, as represented by (24), display PAF antagonistic properties [ 1751. 
However, the effectiveness of these compounds in inhibiting the binding of 
[ 3H]PAF to its various receptors remains to be reported. 
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NATURALLY OCCURRING PAF ANTAGONISTS AND THEIR 
DERIVATIVES 

The second class of PAF antagonists are natural products and their synthetic 
derivatives. Indeed, it appears that PAF antagonists may have been amongst 
the first indigenous natural drugs utilized by man. The Chinese, in particular, 
have always placed great importance on herbal medicines and still use a 
considerable number of plants for their medicinal properties. One of the oldest 
of these natural therapeutic agents is a leaf-extract of the fossil tree, Ginkgo 
hiloba. This tree has apparently always been part of the traditional Chinese 
pharmacopoeia, being referred to in the medicinal book, Chen Noung Pen 
T'sao, published in 2800 BC. In the modern Chinese pharmacopoeia, Ginkgo 
is still recommended as beneficial for the heart and lungs and inhalation of a 
decoction of the leaves is used to alleviate asthma. Another plant of therapeutic 
value is Piper futokadsurae, which is widely used in Southern China for its 
antirheumatic and anti-allergic properties. 

These plants are of particular importance to the present review; Ginkgo 
biloba provides the only natural source of the unique C,, cage molecules, the 
ginkgolides, while kadsurenone and other lignans with interesting pharma- 
cological properties have been isolated from Piper futokadsurae. These two 
groups of chemicals, together with some gliotoxin-related compounds produced 
by various fungi and bacteria, constitute the three groups of naturally occurring 
PAF antagonists. Indeed, the traditional medicinal properties of the plant 
extracts can be largely explained by modern pharmacology in terms of their 
inhibition of PAF-induced bioactions. 

GINKGOLIDES 

Ginkgolides (25a-e) are unique twenty-carbon cage molecules, incorporating 
a t-butyl group and six 5-membered rings A to F including a spiro[4.4]nonane, 
a tetrahydrofuran ring and three lactone rings. The cis-fused cyclopentanoid 
rings F,A,D and C are folded in such a way that a semi-spherical cavity of 
significant size is formed (ca. 4 A wide x 5 A deep). In relative molecular 
terms, the cavity is sufficiently large to receive most atoms (for example, Fe2 + , 
Ca2 + ) or organic moieties (for example, the trimethylammonium group). The 
two parallel sides of the cavity are defined by the C, and C,, lactone carbonyls 
included in the F and C rings, respectively. The head or the cap of the cavity 
is defined by rings A and D. The tetrahydrofuran ring (D) occupies a central 
position in the cage; its ethereal oxygen, along with F and C ring ester oxygens 
and the C,, hydroxy oxygen constitute a polydentate system similar to that 
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observed in the crown ether series. This electron rich cavity is ideally suited to 
the charged binding of cationic or positively polarized molecules. It is important 
to note that the t-butyl group is very prominent outside the main framework. 
Due to the shape of the cavity, if binding does occur, it may well be stereo- 
specific. 

These compounds were first isolated in 1932 by Furukawa [ 1761 from the 
bitter principles of Ginkgo biloba, but their structures have been resolved only 
recently. In 1967, Nakanishi’s group reported their structures and called them 
‘Ginkgolides A, B, C and M’ (25a,b,c,e) [177-1811. These are termed 
BN 52020, BN 52021, BN 52022 and BN 52023, respectively, in IHB nomen- 
clature. A new ginkgolide, ‘J’ (BN 52024; 25d) has been recently identified 
[ 1821. All these compounds differ only by the number and the position of 
hydroxy groups, which may be present on C,, C, or C ,  of the spirononane 
framework. 

( 2 s )  ginkgolides A. 0. C. J, M. and the l ~ m e t h o x y  and I-ethoxy derivates of ginkgolide B 

The ginkgolide structures, which were deduced mainly by chemical methods 
[ 177, 1801, have been confirmed by 500 MH NMR and X-ray crystallography 
[ 1831. Recently, very-high-field proton-and I3C-NMR experiments have been 
carried out to determine the unequivocal structural assignment [ 1841. These 
high-field studies confirmed the structures already reported, but showed that 
the stereochemistry of the H/R2 arrangement at the 1-position of the A ring is 
the reverse of that previously described. This feature may be important, as 
OH-OH interactions of the C ,  and C,, positions may influence conformational 
changes during binding. The structures of compounds (25a-e) presented 
diagrammatically are those unequivocally determined by high-field I3C-NMR. 

While Ginkgo biloba achieves total biosynthesis of ginkgolides with great 
ease, it is only recently that chemical synthesis of these compounds has been 
accomplished. Initially, only the synthesis of hexahydro-5H-dicyclopen- 
ta[b,c]furan-5a(6H)-ol, which represents the main framework of ginkgolides 
(rings A,B,D), was achieved [ 1851. Recently, however, using a sophisticated 
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and elegant synthetic pathway, comprising more than twenty steps, the first 
total synthesis of ginkgolide B has been accomplished [ 1861. 

Structure-activity relationshipf of ginkgolides 

Ginkgolides inhibit the binding of t3H]PAF to its membrane platelet receptor 
[ 187, 1881. This inhibition is competitive, ginkgolides displacing [3H]PAF in 
an excess of unlabelled PAF. The vaIues obtained are 0.25,0.74,7.1 and 
54.0 pM for BN 52021, BN 52020, BN 52022 and BN 52024, respectively 
[ 1871. Characterized by the presence of two hydroxy groups on C ,  and C,, 
ginkgolide B is the most powerful antagonist. Conversely, BN 52022 and 
BN 52024 which have a hydroxy group on C,, in the a position of the lipophilic 
t-butyl moiety, are less active. As for BN 52024, the loss of the hydroxy group 
on C, further decreases the activity in comparison with BN 52022. The 
I-methoxy (BN 50580; 250 and l-ethoxy (BN 50585; 25G) derivatives of 
BN 52021 have also been prepared and show activity similar to that of the 
natural product (P. Braquet, unpublished data). 

A substantial loss of antagonism is also apparent after opening of the 
ginkgolide lactone rings. Relative to the natural product, the inhibitory activity 
of BN 5202 1 (1 0 pM) with opened lactone rings on PAF-induced rabbit platelet 
aggregation is decreased by 64% and the IC,, is shifted to 0.2-0.8 mM (M.T. 
Domingo, personal communication). 

It is interesting to note that the ginkgolide structure bears a close resemblance 
to that of bilobalide, another sesquiterpene found in Ginkgo biloba which 
contains three y-lactone rings and a t-butyl group but which is devoid of the 
spiro[4.4]nonane nucleus and tetrahydrofuran cycle [ 1891. Interestingly, 
bilobalide does not inhibit PAF-induced platelet aggregation, suggesting the 
importance of the two latter moieties for activity (P. Braquet, unpublished 
data). 

The fact that BN 52021 displaces the [3H]PAF from its receptor like unla- 
belled PAF in both human [l20, 1901 and rabbit [187] platelets further 
demonstrates its high specificity as an antagonist. The potent binding capacity 
of BN 52021 to PAF receptors is also evidenced by the fact that platelets 
pretreated with the antagonist and then washed do not respond to further 
stimulation by PAF [120, 1901. 

These binding data are further corroborated by the results on the inhibition 
of PAF-induced aggregation of washed human [ 120, 1901 and rabbit [ 1871 
platelets. BN 52021 is the most eficient compound with IC,, values of 1.8 and 
0.18 pM for human and rabbit platelets, respectively. BN 52022 is the least 
effective, with IC,, values of 12.1 and 1.53 pM, respectively, for inhibition of 
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aggregation of the above cell types. The antagonism induced by ginkgolides is 
specific for PAF; they do  not inhibit other pro-aggregating agents such as ADP, 
collagen, arachidonic acid, thrombin and A23 187. 

Pharmacological properties 

BN 52021 and related ginkgolides are the most advanced PAF antagonists in 
terms of pharmacological and clinical investigation. A complete description of 
their pharmacology is beyond the scope of the present review and thus in this 
section their effects on processes such as airway hyperreactivity, shock, cellular 
immunity, cardiac anaphylaxis, kidney physiology and cerebral ischaemia are 
only briefly considered. For a more extensive review of the effects of BN 52021 
on the above pathologies and other biological processes, the interested reader 
is referred to a recent publication edited by Braquet [ 1911. 

The importance of PAF in airway hypersensitivity has been confirmed by the 
protective effect exerted by BN 52021 and related ginkgolides [ 1921 in: 
(i) PAF-induced bronchoconstriction and airway hyperreactivity in both 
humans and animals; (ii) various models of immune anaphylaxis and airway 
hyperreactivity in animals; and, as we shall discuss later (iii) antigen-induced 
bronchial provocation tests in asthmatic patients. 

BN 52021 given i.v. (0.5 to 2 mg/kg) or orally ( 5  to 15 mg/kg) dose-depen- 
dently antagonizes both the cardiovascular impairments and the bronchocon- 
striction induced by PAF [ 187, 1931. For example, BN 52021 administered at 
a dose of 2 mg/kg i.v. almost completely prevents the lowering of blood pres- 
sure, alterations in heart rate and the bronchoconstrictive effect on PAF. 
Furthermore, BN 5202 1 significantly inhibits the PAF-induced airway vascular 
permeability [ 194, 1951 and hypertension and oedema in isolated perfused 
lungs [ 1961. The effect of BN 52021 results from its high binding capacity to 
the PAF lung receptor. Interestingly, synthetic products which are better inhibi- 
tors of the binding of [3H]PAF to platelets such as L-652731, L-653150, 
SRI 63441 and KO 193704 have a lower affinity for pulmonary PAF receptors, 
suggesting the existence of a receptor subtype in the lungs different from that 
detected in platelets. This may explain why BN 52021 is more effective than 
other antagonists in immune lung anaphylaxis [ 1971. 

BN 5202 1 also antagonizes PAF-induced airway hyperresponsiveness in 
guinea-pigs, its effect again being greater than those of other PAF antagonists 
like L-65373 1, kadsurenone, 48740 RP (C.  Touvay, unpublished data). 
BN 5202 1 also dose-dependently prevents thrombopenia, leukopenia and the 
increase in circulating thromboxane induced by PAF [ 1981. The antagonistic 
activity of BN 52021 seems to be long-lasting, since bronchoconstriction is still 
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markedly inhibited after 40 min [ 1991. In these studies, the order of anta- 
gonistic activity observed is: BN 52021 > BN 52020 > BN 52022 > 
BN 52024. 

In isolated perfused lungs, PAF activates the arachidonic acid cascade with 
a dose-dependent generation of thromboxane, suggesting that the lungs stimu- 
lated by PAF participate in the production of lipidic substances which are 
detrimental to the cardiovascular and respiratory functions [200]. BN 52021 
suppresses the PAF-induced generation of thromboxane without affecting the 
conversion of arachidonic acid [201,202]. Thus it seems likely that BN 52021 
does not interfere with cyclooxygenase but rather at an early step involving PAF 
receptors and phospholipase activation. 

Eosinophil infiltration is a major feature of asthma and allergic reactions 
[203]. These cells are not abundant during the acute phase of the response, but 
increase in number and account for 10430% of the total cell infiltrate during 
the late phase. Furthermore, major basic protein (MBP), which is released from 
eosinophil granules, causes respiratory epithelial damage [ 2041. Since PAF is 
a potent activator of eosinophil functions [205], BN 52021 may interfere with 
the late phase response. 

Ginkgolides also inhibit antigen-induced pulmonary impairments. BN 5202 1 
given i.v. (0.1 to 2 mg/kg) or orally (10 to 15 mg/kg) significantly antagonizes 
both homologous [206, 2071 and heterologous [186] passive anaphylaxis in 
guinea-pigs. This antagonist (2 to 4 mg/kg, i.v.) also prevents mortahty and 
counteracts the sustained bronchoconstriction observed in actively sensitized 
guinea-pigs [ 1991. 

The protective effect of BN 52021 and other ginkgolides (mainly BN 52020) 
on immune bronchoconstriction is associated with the return to normal of 
blood pH, po,  and thromboxane B, (TxB,) levels impaired by antigen 
challenge [ 2011. Interestingly, in passive anaphylaxis, BN 52021 moderately 
antagonizes the antigen-induced thrombopenia but the accompanying 
leukopenia is unaffected [ 193,2071. BN 52021 also antagonizes immune bron- 
choconstriction when antigen is given by aerosol in passively sensitized guinea- 
pigs [140]. 

BN 52021 inhibits antigen-induced TxB,, 6-keto-PGF1,, and prostaglandin 
E, (PGE,) formation by isolated lungs from both passively [207] and actively 
[208, 2091 sensitized guinea-pigs. This effect of the antagonist is not due to 
thromboxane synthetase or cyclooxygenase inhibition, since the drug is com- 
pletely inactive against the arachidonic acid (AA) cascade when AA is used for 
lung challenge [ 1981. In active anaphylaxis of guinea-pig isolated lung, leu- 
kotriene B, and D, (LTB, and LTD,) formation is also antagonized by 
BN 52021 [210]. The protection exerted by BN 52021 seems to  result from 
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either a specific, PAF independent effect, since it blocks IgE-induced histamine 
release in rat mast cells [211] or a PAF-dependent phenomenon, as the 
mediator and LTD, may be able to evoke histamine release in lung tissue of 
sensitized animals [212]. Formation of PAF by a lung component may thus 
contribute to histamine release in anaphylaxis and BN 52021 may exert a 
protective effect by modulating this process. 

In addition to air hyperreactivity, ginkgolides also protect against endotoxin 
and IgG-induced shock. In endotoxic shock, BN 52021 provides significant 
protection both preventively and curatively. In rats treated preventively (5 to 
15 mg/kg, s.c.; 10 to 30 mg/kg, p.0.) 30 min before injection of Salmonella 
enteritidis endotoxin (16 mg/kg, P.o.), a significant dose-dependent inhibition of 
the lethality is observed, complete protection being provided by the highest dose 
of the antagonist [213, 2141. The other ginkgolides, BN 52020 and BN 52022 
do not afford any protection at 20 mg/kg (orally, 30 min before endotoxin). 
However, they do act synergistically with BN 52021 (A. Etienne, unpublished 
data), an effect also observed with a combination of BN 52021 and indometha- 
cin. In guinea-pigs injected with Salmonella thyphimurium endotoxin, protection 
by BN 52021 is also observed [215,216], this being accompanied by a partial 
inhibition of the associated thrombopenia and leukopenia. In platelet-depleted 
animals, BN 5202 1 affords total protection against the drop in arterial pressure, 
suggesting that platelets contribute to hypotension by the release of an un- 
known factor, not inhibited by ginkgolide B [215, 2161. 

Administered curatively in the late phase of shock, BN 52021 (6 mg/kg, i.v.) 
is able to restore arterial pressure, the latter parameter returning to basal levels 
immediately following injection of the antagonist [215, 2161. An identical 
curative effect is observed when BN 52021 is administered after injection of 
PAF or aggregates of human IgG [217]. In the dog kidney, BN 52021 signifi- 
cantly restores the functional alterations induced by a local injection of endo- 
toxin in the renal artery in vivo (A. Etienne, unpublished data), while in the 
guinea-pig lung, the antagonist dose-dependently inhibits platelets accumula- 
tion after endotoxin aerosol [218]. BN 52021 (5 mg/kg, i.v., 5 min before 
challenge) also inhibits the haemodynamic changes induced by i.v. injection of 
40 mg/kg of human IgG aggregates in rats [217]. This protection is ac- 
companied by a significant inhibition of plasmatic extravasation and mortality. 

Recent studies with BN 52021 have demonstrated that PAF can modulate 
various immune processes. BN 52021 can inhibit the suppressive effect of PAF 
on T-lymphocyte proliferation and cytokine production. When PAF is added 
to human peripheral blood lymphocyte cultures (containing 5-10% mono- 
cytes) stimulated with phytohaemaglutinin (PHA) or concanavalin A (Con A), 
a non-toxic concentration-dependent inhibition of lymphocyte proliferation is 



D. HOSFORD AND P. BRAQUET 341 

observed [219]. This effect is prevented by BN 52021. The antagonist also 
reverses the PAF-induced suppression of interleukin 2 (IL-2) production by 
human lymphocytes [219, 2201. PAF inhibition of lymphocyte proliferation 
and IL-2 production appears to be due to the activation of T-suppressor cells 
[221]. Thus, it is interesting to note that BN 52021 itself generates some 
suppressor cell activity, although to a lesser extent, than the mediator [221]. 
BN 52021 also counteracts the effects of PAF on IL-1 production by lipopoly- 
saccharide (LPS)-stimulated human monocytes, inhibiting both its enhancing 
effect on IL-1 production at low concentrations (1.0 pM to 0.1 nM) and its 
suppressive action at high concentrations (0.1 nM to 1.0 pM) [222, 2231. 

Cell-mediated graft rejection is another area in which BN 52021 has been 
studied. The antagonist increases cardiac allograft survival in rats, acting 
synergistically with azathioprine and cyclosporin A (CSA) [224]. BN 52021 
also prevents CSA-induced nephrotoxicity without altering the immunosup- 
pressive effect of the drug [225]. In addition, concomitant treatment with CSA 
and BN 52063 (a ginkgolide mixture of BN 52020, BN 52021 and BN 52022, 
weight ratio 2 : 2 : 1) produces greater immunosuppression than that induced by 
CSA alone [226]. Both of these results suggest that PAF may be generated in 
response to CSA treatment. Although the precise mechanism of ginkgolide 
protection in graft rejection remains to be defined, it is apparent that these 
compounds may offer considerable therapeutic potential for treatment of this 
condition [227]. 

Studies with BN 52021 are also leading to an improved understanding of the 
role of PAF in the generation ofcytotoxic lymphocytes. The ginkgolide poten- 
tiates alloantigen recognition in primary and secondary mixed lymphocyte 
cultures and enhances the generation of cytotoxic lymphocytes in vitro [ 2281, 
its presence throughout the duration of the culture period having the greatest 
enhancing effect on cell proliferation. Similar effects are observed in mixed 
cultures employed to generate cytotoxic T lymphocytes. Again, the presence of 
BN 52021 throughout the entire culture period produces an enhanced level of 
cell-mediated cytotoxicity. This potentiating effect of BN 52021 on alloantigen 
recognition is not due to an enhanced production of IL-2 in the antagonist- 
treated cultures [228]. Recently, the effect of BN 52021, on in vitro rat splenic 
lymphocyte-induced cytotoxicity of Langerhans islets has been examined 
[229]. When these latter cells are pretreated with BN 52021 almost total 
inhibition of cellular destruction relative to the control is observed, representing 
a direct effect of BN 52021 on the target cells. When splenic lymphocytes are 
pretreated with BN 52021, the inhibition of islet destruction is significant with 
respect to the control cytotoxicity, but slightly lower than that in the above 
circumstances. As cytotoxic and/or suppressor T lymphoblasts have been 
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shown to accumulate around Langerhans islets and thus may participate in 
development of diabetes, the results [ 2291 provide further support for the use 
of PAF antagonists in the prevention of the autoimmune form of this disease. 

BN 52021 has also been examined in cardiac anaphylaxis. The PAF-induced 
decrease in myocardial contractility and coronary flow in the perfused guinea- 
pig heart is antagonized by BN 52021 and BN 52020 [230-2321. BN 52021 
considerably reduces the decrease in contractile force and the rise of perfusion 
pressure due to antigen challenge of perfused hearts from passively sensitized 
guinea-pigs [233]. In hearts from actively sensitized animals, BN 52021 also 
inhibits the antigen-induced increase in coronary perfusion pressure, this pro- 
tection being accompanied by a decrease in the release of histamine and TxB, 
[234]. It should be noted, however, that reduction in histamine and TxB, 
release is not a consistent feature of protection by BN 52021 against PAF- 
induced bioactions [234]. 

The discovery that PAF is operative in kidney pathophysiology has led to 
a number of studies on the effects of ginkgolides on kidney disorders. PAF is 
released by isolated perfused rat kidneys and glomeruli, as well as by sus- 
pensions of medullary cells, although not by tubules, upon stimulation with the 
calcium ionophore A23 187 or antigen, when the organ originates from immun- 
ized animals [25, 2351. Indeed, the mesangial cells appear to be the major 
source of PAF in the glomerulus [236, 2371. BN 52021 and other ginkgolides 
effectively inhibit PAF-induced release of TxB, and prostaglandins from pri- 
mary cultures of human and rat glomerular mesangial cells [238]. BN 52021 
also inhibits PAF-induced formation of reactive oxygen species from cultured 
mesangial cells and the decrease in planar surface of the glomeruli [239]. In 
addition, this antagonist inhibits PAF-induced decreases in renal blood flow, 
glomerular filtration and urinary sodium excretion [ 240, 2411. 

Evidence for the involvement of PAF in renal immune injury has been 
provided by the observations that PAF is released during kidney hyperacute 
allograft rejection [242]. It has been proposed that PAF participates in glome- 
rular immune complex deposition in experimental serum sickness [243] and in 
systemic lupus erythematosus [33]. The use of BN 52021 upholds this assump- 
tion, since the antagonist reduces proteinuria and the histopathological lesions 
in models of nephrotoxic serum in rabbits [244]. Given preventively, or even 
curatively, BN 5202 1 (5 mg/kg, i.p.) abolishes the adriamycin-induced lethality 
and proteinuria in rats [244]. This protection is associated with a significant 
reversal of the ultrastructural glomerular alterations induced by the drug. Also 
in this species, BN 52021 (1 mg/kg preventively, or curatively, 6 h after chal- 
lenge) prevents acute renal failure induced by glycerol injection [245]. 

As we have seen, a potential role for PAF in the central nervous system was 
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first suggested by the discovery that pharmacological agents such as doxepin 
[ 1021, alprazolam and triazolam [ 1171 and WEB 2086 [ 118, 1191 antagonize 
PAF. Results obtained with BN 52021 and related ginkgolides confirm the 
involvement of PAF in panic disorders [246]. In mice, administration of 
ginkgolides does not modify the behavioural pattern (open field, tetrabenazine 
test, electroconvulsive shock) or induce myorelaxation. However, in the despair 
test, even at very low doses (1 mg/kg, P.o.), BN 52021 significantly reduces 
the immobility of the animals [247], a similar result being obtained with 
imipramine. The range of antagonist activity in this test is BN 52021 > 
BN 52020 > BN 52022 > BN 52024, which corresponds to the same range of 
activity as that reported for the inhibition of [3H]PAF binding to its receptor. 

In rabbits, PAF injection induces a rapid and transient biphasic 
(decrease/increase) impairment ofpO2 and cerebral blood flow, a phenomenon 
antagonized by BN 5202 1 (R. Bourgain, personal communication). PAF 
injection in brain also induces a substantial extravasation which is also 
prevented by BN 52021 [248]. Ginkgo biloba extract (GBE 761) improves 
cerebral metabolism [247] and protects brain against hypoxic damage [249] in 
various models of cerebral ischaemia. Again, this protection appears to be 
mainly due to the PAF antagonistic properties of the ginkgolides. In gerbils, 
BN 52021 and related ginkgolides, given preventively (10 mg/kg, P.o.), signifi- 
cantly antagonize cerebral ischaemia produced by bilateral ligature of the 
common carotid arteries [250]. 

As observed in cerebral ischaemia, BN 5202 1 antagonizes lipid peroxidation 
in intestinal ischaemia [251]. Oxygen free-radicals play a very important role 
in ischaemic diseases and there is much evidence that degradation of membrane 
lipids and accumulation of free fatty acids (FFA) contributes to the pathologi- 
cal consequences of brain injury [252]. PAF is a potent amplifier of the 
leukocyte respiratory burst since at very low doses (0.10 fM to 10 pM), it 
dramatically potentiates the release of 0; - and OH' from PMNL induced by 
various stimuli [253]. BN 52021 can inhibit this activity and this may explain 
why the PAF antagonist, which is not a direct free radical scavenger, inhibits 
lipid peroxidation occurring in post ischaemic lesions. It has recently been 
demonstrated that in the gerbil brain BN 52021 attenuates ischaemic injury- 
induced activation of phospholipase A,, which mediates the release of polyun- 
saturated fatty acids. Phospholipase C activity also appears to be reduced as 
levels of phosphatidylinositol 4,5-bisphosphate (PIP,) are increased in 
BN 52021-treated animals [254]. 
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LIGNANS 

Natural lignans and neolignans are an immense chemical family formed by the 
oxidative dimerization of various C,C, phenols [ 2551. The distinction between 
the terms lignan and neolignan has led to much confusion over the years, since 
at least two conflicting definitions have been proposed. Traditionally, the term 
lignan was reserved for compounds in which the two C,C, units are linked by 
a bond connecting the central P-carbon atoms of each side-chain [256]. The 
term neolignan was introduced to designate compounds in which the two C,C, 
units are not linked by a P-pbond [257,258]. Recently, however, lignans have 
been defined as being formed by oxidative coupling of cinnamyl alcohols and/or 
cinnamic acids, while neolignans as originating from oxidative coupling of 
propenylphenols and/or allyl phenols [259]. As pointed out by Ward [260], in 
an extensive review of the synthesis of these compounds, the latter definition 
does not identify any fundamental chemical dlfference between the two series 
of compounds and thus the former definition is preferred. 

Lignans and neolignans have attracted much interest over the years because 
of their widespread occurrence in nature and broad range of biological effects. 
Several lignans and neolignans are known to exhibit antitumour activity 
[261-2651 and inhibit fungal growth [266, 2671. 

Benzojurunoid lignuns 

A neolignan isolated by the Merck group from the plant Piperfutokadsurae, was 
the first natural product discovered as a potent inhibitor of the binding of 
[ 'HIPAF to rabbit platelet membrane preparation with an IC,, close to 0.1 pM 
[268]. Named kadsurenone (26), it was also shown to be a specific and potent 
inhibitor of PAF-induced rabbit platelet aggregation with an IC,, value of 
0.99 pM. 

This result reflects the potent effect of kadsurenone in inhibiting the binding 
of [ 'HIPAF to both its platelet and lung receptors [269,270]. The weak activity 
of several related compounds isolated from the same plant (for example, 
kadsurin A, kadsurin B, and piperenone; 27, 28 and 29, respectively) and 
several synthetic analogues with altered stereochemistry or ring substituents 
demonstrate the chemical specificity of kadsurenone. Only the dihydro deriva- 
tive, obtained by hydrogenation of the allyl side-chain, retains full activity 
[271]. The inversion of the configuration at either the 2- or 3a-position results 
in a significant decrease of activity. Furthermore, the 6-0x0 group appears 
fundamental for antagonism, since the related methoxyamino or alcohol ana- 
logues are only weak inhibitors. Interestingly, desallylkadsurenone is relatively 
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Me0 

Me0  

(26) kadsurenone 
(mirandin series) 

(27) kadsurin A 

Me0 

Me0 

(28) kadsurin B (29) piperenone 

inactive, indicating the contribution of a lipophilic allyl or propyl side-chain at 
the 5-position [49]. 

Kadsurenone inhibits PAF-induced aggregation and degranulation of hu- 
man neutrophils [ 2681. In the Langendorff preparation of isolated guinea-pig 
heart perfused at constant pressure, kadsurenone (1 pM) effectively anta- 
gonizes the PAF-induced decrease in contractility and coronary flow [ 2721. 
The neolignan is also active in antagonizing various PAF-induced phenomena 
such as increases in cutaneous permeability in the guinea-pig [273] and 
elevated hematocrit and circulating N-acetylglucosaminidase levels in the rat. 
Kadsurenone also partially antagonizes endotoxic shock in this species [ 2741. 
However, the compound has a relatively short duration of action, with a 
half-life from 30 min to 2 h in animals. In a study on rhesus monkeys, 
metabolism has been observed by alkyl side-chain oxidation and glucuronide 
formation (K. Thompson, personal communication). 

Recently, the structure-activity relationships of the benzofuranoid series has 
been extended [275]. Generally, placement of the allyl chain on position 3a of 
the benzofuranoid framework (kadsurenone (26), burchellin (30) and 

(30 )  burchellin series (31) chrysophyllin Series 
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chrysophyllin (3 1) series), decreases activity. A similar result is obtained by 
changing the position of the aryl group from C, (mirandin (kadsurenone, 26) 
and burchellin (30)) to C, (chrysophyllin series ( 3  1)). In agreement with these 
considerations, megaphone, a benzofuranoid lignan extracted from Aniba 
megaphylla, displays only a moderate activity (A. Esanu and P. Braquet, 
unpublished data). 

Substituted furanoid lignans 

Several structures in this lignan series are also potent PAF-antagonists such 
as some tetrahydrofuran compounds belonging to types A (32) and C (33) 
lignans in Haworth’s classification. Isolated from Bursera microphylla A 
(Burseraceae), burseran (34) is a moderate specific inhibitor of PAF-induced 
rabbit platelet aggregation. Similar results are obtained with 2,3,4,5-tetra-sub- 
stituted furanoid lignans such as some furoguaiacidin derivatives isolated from 
Guaiacum offieinale L. or Guaiacum sanctum L. (Zygophyllaceae) or Nectandrin 
A (BN 52010) and Nectandrin B (BN 52011) isolated from the Brazilian 
Nectandra rigida. Magno-salicin (BN 52004), a 2,3,4-trisubstituted furanoid 
lignan isolated from Magnolia salicifolia and used for treating nasal allergy in 
China, also has specific PAF antagonizing properties. 

(34) burseran 

Shen’s group syn-hesized a series of dinor type C tetrahydrofuran lignans 
((35) and related compounds). trans-2,5-Bis(3,4,5-trimethoxyphenyl)tetrahy- 
drofuran (L-652731; (35a)) is orally active and several times more potent than 
kadsurenone in vitro and in vivo 12761. With an IC,, value of 19 nM, it inhibits 
[,H]PAF binding and is a very potent inhibitor of PAF-induced rabbit and 
human platelet aggregation. The trans isomers are generally 10-fold more potent 
than the corresponding cis isomers in this series. The IC,, value for inhibition 
of [,H]PAF to its platelet receptor is increased by three orders of magnitude 
with the cis analogue of L-652731 (22 pM). As demonstrated by Hwang and 
colleagues [ 2761, aromatic ring substitutions are also relatively specific, with 
a decrease in OMe substitution generally leading to reduced activity ((35b) and 
(35~)). With a different methoxy substitution of the phenyl rings (for example, 
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Compound I R R‘ R2 R3 R‘ R5 R6 R7 EDSo’ 

0 H OMe OMe OMe H OMe OH OMe 2 ~ 1 0 - ~ M  
h 0 H H OMe OMe H H OEf OMe 2 ~ 1 0 - ’ M  

0 H OMe OMe OMe H OMe H OMe 8xlO-’M 
I 0 H OMe OEI OMe H OMe H OMe 4xIO-’M 

0 H OMe 01-Pr OMe H OMe 01-Pr OMe 3 ~ 1 0 - ~ M  
t 0 H OMe OMe OMe OMe H OMe OMe <30pM 

g 0 OMe OMe OMe H OMe OMe OMe H l ~ l o - ~ M  
h 0 H OMe OMe OMe H S0,Me OPr OMe ~ X ~ O - ~ M  

S H OMe OMe OMe H OMe OH OMe Z X ~ O - ~ M  

j CHZ H OMe OMe OMe H OMe OH OMe P X ~ O - ~ M  

’ ED50 values for inhibition of [31 PAF binding to rabbit plalelet membranes 

(35) and related COmPOUndS 

positions 2,3,4), the bistrimethoxyphenyl isomer of L-65273 1 (35g) is three 
orders of magnitude less efficient than the corresponding bis-3,4,5-trimethoxy- 
phenyl analogue. Similarly, the substitution of methoxy groups by isopropyloxy 
moieties significantly reduces activity (35e). 

The most potent member of this series synthesized to date is truns-2-(3- 
methoxy- 5-methylsulphonyl-4-propoxypheny1)- 5 -(3,4,5- trimethoxypheny1)te- 
trahydrofuran (L-659989; (35h)). This inhibits 3H-binding to rabbit platelet 
membranes with an ED,, value of 3 nM and prevents PAF-induced extra- 
vasation and lysosomal enzyme release in rats when the antagonist is infused 
i.v. 1 min before PAF administration [277]. L-659989 is also orally active in 
female (ED,, value = 0.2 mg/kg), but not in male rats, with an oral duration 
of action of 12-16 h when given p.0. at a dose of 1 mg/kg. The origin of this 
gender difference is presently unknown. 

Recently, the thioisoster of 35a, truns-2,5-bis(3,4,5-trimethoxyphenyl)tetra- 
hydrothiopene, was synthesized [278 1. Denoted L-653150 (359, it was found 
to inhibit the binding of 1 nM [3H]PAF to isolated rabbit platelet membranes 
with an IC,, value of 19nM. In addition, it inhibited the rat basophilic 
leukaemia cell 5-lipoxygenase catalyzed transformation of [ ‘‘C]arachidonic 
acid to 5-HETE with an IC,, value of 5 pM [278]. The superior efficacy and 
longer duration of action of L-653 150 as compared with those of L-65273 1, was 
demonstrated in a variety of in vitro (PAF-induced human neutrophil degranu- 
lation and aggregation of rabbit platelets, human PMNL and guinea-pig 
PMNL) and in vivo (PAF-induced enzyme release, vascular permeability and 
hypotension) assays. In addition to the thioisoster of (35a), Chaing et ul. [ 2791 
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have reported that the cyclopentane isoster (35j) and derivatives are also 
specific PAF antagonists. The substitution of H borne by CH, in position 1 
with various groups possessing a heteroatom (N or 0) can reinforce the 
inhibitory activity, providing the steric hindrance is relatively small and lipo- 
philic. In contrast to these data, we have recently observed that other lignan 
series such as tetralines, dibenzo[4,5,6,7]cyclooctadienes (stegane-derived 
compounds) and furo[ 3,4-c]furanoids do not have any significant effect on 
PAF-induced rabbit platelet aggregation (P. Braquet, unpublished data). 

Dibenzylbutyrolactone (butano1ide)-derived lignans 

Most lignans originate from higher plants ; recently, however, these compounds 
have also been identified in human and animal urines [280,281]. These lignans 
(see (36) and related compounds) are characterized by the presence of a 
dibenzyl-y-butyrolactone framework and one meta-OH group in each aryl ring 
[282]. The main lignan identified in mammalian urine is enterolactone [280, 
2811. Methyl derivatives have also been detected in minor quantities [281]. 
These lignans are weak inhibitors of PAF-induced rabbit platelet aggregation 
with an ICs0 value of 1 mM [283]. 

R3 

Enterolactone and ofher mammalian lignans 

Enlerolaclone Mammalian urines 

(36) and related compounds 

The biological role of mammalian lignans has never been clearly evaluated ; 
however, their renal excretion increases during the luteal phase of the menstrual 
cycle and pregnancy in woman and the vervet monkey [280,281]. In contrast, 
decreased levels are observed in postmenopausal women and during breast 
cancer [284]. It is also of interest to note that some lignans may exert a 
protective effect against intestinal cancer [285]. Various authors have drawn 
attention to the structural analogy between mammalian lignans and digitalis, 
since these two classes of compounds have a common lactone cycle, a 
butanolide and butenolide, respectively [ 471. These chemical similarities 
suggest that mammalian lignans could interact at the digitalis receptor site of 
the Na + /I( + pump. Indeed, these lignans have been reported to inhibit this 
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pump in human erythrocytes and human and guinea-pig hearts [286], 
suggesting that PAF may influence K' movements [84]. In a detailed study 
of their action on the Na + fK  + pump in human erythrocytes, an inhibition by 
3-O-methylenterolactone, prestegane B and enterolactone with decreasing po- 
tentiality values ranging from 0.5 to 9.0 mM) was noted [286]. In the 
same system, the IC,, value for ouabain (0.7 pM) was not modified by the 
lignans, indicating a non-competitive inhibition. It thus appears that these 
compounds do not act at the digitalis receptor site. As the level of mammalian 
lignans is high during early pregnancy [280, 2811, it has been postulated that 
these compounds may produce a negative feedback against PAF and plasmino- 
gen released during pregnancy [47]. However, at the present time, their physio- 
logical role and possible relationship with PAF or the proposed, but unidenti- 
fied, endogenous digitalis is still unknown. 

GLIOTOXIN-RELATED PRODUCTS 

Gliotoxin (37) and other epipolythiodioxopiperazines (ETPs) are toxins pro- 
duced by a wide range of fungi. This group of chemicals has received consider- 
able attention due to their various biological activities [287]. Indeed, the 
inhibitory effects of gliotoxins on fungal growth were frst  reported by Weindling 
in 1932. The biological effects of ETPs include inhibition of proliferation of 
some viruses, bacteria, fungi and mammalian cells. The structural feature 
common to this group of toxins is the ETP nucleus, and the critical role of the 
sulphur bridge in the biological activity has been demonstrated by chemical 
modifications (methylation or elimination of the sulphur) which diminish the 
effects of the toxins on virus, bacteria and eukaryotic cell growth [288-2901. 

CHzOH 

(37) gllotoxln (38) FR 49175 

With the biological activities of the ETP series being well-defined, it is of 
particular interest to note that researchers of the Fusijawa Pharmaceutical 
Company recently isolated some PAF antagonists, structurally related to the 
ETPs from the fermentation products of certain fungi and actinomycetes 
[ 291-2951. Most of these products possess ' a  dialkylthiopiperazinedione 
skeleton and are derived from bis(dethio)bis(methylthio)gliotoxin (FR 49 175 ; 
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(38)). This was originally isolated from the wood fundus G.  delquescens as a 
minor metabolite [296], but its PAF inhibitory activity was not reported. 

The three most potent antagonists have been designated FR 49175 (38) [ 292, 
2931, FR 106969 (39) [297] and FR 900452 (40) [294,295]. Isolated from the 
culture filtrate of Penicilliurn terlikowskii, P. citrinum and Streptomyces 
phaeofaciens, FR 49175, FR 106969 and FR 900452, inhibit PAF-induced 
rabbit platelet aggregation with IC,, values of 4.9, 16.9 and 0.26 pM, 
respectively. FR 49 175 and FR 900452 slightly inhibit collagen-induced aggre- 
gation but are inactive against aggregation induced by ADP or arachidonic 
acid. Interestingly, these compounds do not possess a closed bridge across the 
ETP nucleus, as the sulphur groups are methylated. Thus, while the sulphur 
bridge is critical for the toxic properties of the ETPs, its absence is desirable 
for PAF antagonistic activity. Indeed, FR 49175 is a far more potent PAF- 
antagonist than gliotoxin, which is relatively inactive. 

(391 FR 106969 (40) FR 900452 

Structure-activity relationships 

Various structure-activity relationships have been deduced from studies using 
synthetic analogues in PAF-induced in vitro platelet aggregation [ 2971. 
Cleavage of the C-N bond of FR 49175 leads to compounds of the FR 106969 
type such as (41) and (42). The IC,, values of these compounds are 12.3 and 
9.7 pM, respectively, similar to that shown by FR 106969. Alterations at the 
para position of the phenyl ring produce (43a,b,c). The IC,, values of these 
decline from 16.9 to 5.2 pM, indicating that hydrophobic, electron-donating 
substituents in this position are desirable for activity. Replacing the methylthio 
groups of (43a) with phenylthio groups to give (44a) doubles the activity. When 
the phenyl ring para position of this compound is substituted as shown 
(44a,b,c), a similar effect on the resulting IC,, values is observed, which decline 
from 5.2 (44a) to 0.69 pM (44c). 

Compound (45) is also inhibitory with an IC,, value of 14.5pM, only 
2.8-times less potent than compound (44c). This latter compound (FR 65049) 
is 6-fold more potent than the natural product, FR 49175, and thus, is the most 
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Me 0 
MeS. N--r( 

X 

(43a) X = H. R ~ Me (44a) X = H. R = Ph 
(43b) X = Cl. R = Me (44b) X = Ci, R = Ph 
( 4 3 ~ )  X = OMe R = Me ( 4 4 ~ )  X = nMe. R = Ph 

active compound in this series. In addition, it is a specific PAF inhibitor, as 
it has no effect on rabbit platelet aggregation induced by other trigger factors. 
From a comparison of the structure of FR 900452 with those of (39) and (44c), 
it was deduced that the oxocyclopentyl residue could be removed in favour of 
the simpler diketopiperazine itself and further, that the oxyindole moiety could 
be replaced by other similar aromatic nuclei such as N-methylindole and 
1-naphthalene without loss of activity [297]. These findings indicate the 
importance of the substitution of the (R) configuration at the C ,  position and 
the irrelevance of the substitution on the diketopiperazine nitrogens group for 
the biological activity. 

The length of the alkylsulphide chain on the piperazine skeleton also modu- 
lates the activity. Thus, the methionine derivative (46e), shows an activity 
superior to (46a), while the compound without the alkylsulphide is inactive. 
Antagonistic activity towards PAF is also conferred by the stereochemistry of 
the tertiary carbon bonded to the aromatic nucleus. Hence, (46g (R) configu- 
ration) possesses an IC,, value of 0.18 pM and is 10-times more active than 
the corresponding ( S )  configuration (46h), and (460 which has no methyl group 
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Configuration 
Compound X R n ___ c-3 c 6  1% ~ L M *  

a NMe ti 1 S R 7 9  
b NMe H 1 R R 36 0 
C NMe ti 1 R S >250 
d NMe ti 1 S S 142 

e NMe H 2 R R 2 1  
f (CH& H 2 R R 1 4  

g (CH& (R)-Me 2 R R 0 18 
h ( C H Z ) ~  (SIMe 2 R R 1 9  

' IC5o values for inhibition of PAF-induced rabbit platelet aggregalion 

(46) and related comoounds 

at this carbon. Compound 46g (FR 721 12) is the most potent derivative in this 
series, being a specific antagonist of PAF-induced platelet aggregation and 
1.5-times more active than the natural product, FR 900452. From the studies 
on the structure-activity relationship of chemically synthesized derivatives, it 
can be concluded that the stereochemistry of the diketopiperazine moiety is the 
most important structural requirement for PAF inhibitory activity [297]. 

Pharmacological properties 

The pharmacology of these PAF antagonists have been examined in various 
animal models of inflammation and allergy. FR 49175 signlfcantly inhibits 
PAF-induced bronchoconstriction in guinea-pigs (ED,, value = 0.26 mg/kg 
i.v.) but fails to prevent PAF-induced hypotension in rats, vascular permeability 
increase in mice and immune anaphylaxis in guinea-pigs [294,295]. FR 900452 
is also inactive on antigen-induced increase of airway resistance or hypotension 
[297]. The effect of FR 900452 was also evaluated on carrageenan oedema, 
passive cutaneous anaphylaxis (IgE-mediated) and the Arthus reaction in rats, 
where at 10 mg/kg i.v., it does not show any signlficant activity in these models. 
However, antigen-induced hypotension in passively sensitized adrenalectom- 
ized rats is inhibited by 40% with pretreatment by FR 900452 (10 mg/kg, i.v.). 
Thus, although this compound appears to be a specific inhibitor of PAF- 
induced hypotension, it does not suppress that evoked by acetylcholine, his- 
tamine, bradykinin or isoproterenol [ 293, 2941. 
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The antagonistic properties of FR 900452 have also been examined in a 
model of endotoxin shock, the haemodynamic and haematological manifes- 
tations of this condition closely resembling the changes induced by PAF. FR 
900452 (10 mg/kg, i.v.) almost completely prevents PAF (1 pg/kg, i.v.)-induced 
thrombocytopenia and leukocytopenia in rabbits [295]. It also significantly 
inhibits endotoxin (E .  coli LPS, 30 pg/kg, i.v.)-induced thrombocytopenia but 
not leukocytopenia. The same dose of FR 900452 also causes the decreased 
arterial blood pressure to return to normal in the endotoxin-induced rat hypo- 
tension model, an effect also reported for other PAF inhibitors [121, 2741. 
Finally, FR 900452 has been tested for its therapeutic effect on rat nephrosis 
induced by aminonucleoside (puromycin, 100 mg/kg, i.p.). At 100 mg/kg twice 
a day orally for 6 days, the agent significantly reduces urinary protein loss in 
nephrotic rats [298]. 

With regard to the most potent synthetic derivatives, FR 721 12 (46g) showed 
significant effects on both rat hypotension and mouse vascular permeability 
tests. This compound inhibited PAF-induced hypotension by 5 1 % (3 mg/kg, 
i.v.) and the increased vascular permeability by 40% (10 mg/kg, i.v.). However, 
FR 69049 ((44c); 10 mg/kg, i.v.) failed to inhibit PAF-induced hypotension in 
rats, suggesting the existence of at least two types of PAF receptor in vivo, that 
is, a platelet type and a vascular type. 

Given the recent interest in the potential immunomodulatory properties of 
PAF, it is interesting to note the specific effects of the ETPs on immune 
function. The most potent in vitro effects of the ETPs are inhibition of 
proliferation of some RNA viruses [299] and cytopathic effects on mammalian 
cells in culture [300]. Mason and Kidd [288] reported that exposure of trans- 
plantable murine lymphosarcoma cells to gliotoxin, prior to injection of the cells 
into recipient mice, completely inhibited the subsequent growth of the tumour 
cells in vivo. It has also been demonstrated that gliotoxin, at concentrations 
lower than 0.1 p M  ml- I ,  inhibits a number of immune and immune-related 
functions in vitro, including mitogen stimulation of lymphocytes, induction of 
alloreactive and major histocompatibility complex-restricted cytotoxic T-cell 
responses in mixed lymphocyte reactions and phagocytosis by macrophages 
[ 2901. These latter authors suggested that the in vitro immunomodulating 
activities of gliotoxin may be due to specific effects on macrophages which have 
an essential role in the induction of cytotoxic T-cell responses. 

Although no direct immunoregulatory effects have been reported for the PAF 
antagonistic bis(dethio)bis(methylthio)gliotoxin derivatives, these compounds 
may express immunoregulatory activity via their inhibitory effects on PAF. The 
toxic action of the ETPs may be mediated by molecular oxygen, the oxidation 
of the dithiol leading to the production of superoxide anion (O;), and subse- 
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quently to other cytotoxic oxygen species [301]. The unbridged gliotoxin- 
related compounds may thus be rendered non-toxic by the inability to generate 
superoxides. However, these compounds are able to antagonize PAF, which 
itself is a potent inducer of free-radical generation from various cell types. Since 
various members of this interesting group of natural products show either 
cytotoxic activity or PAF antagonistic properties, they may prove to be of 
potential therapeutic value. 

CLINICAL TRIALS WITH PAF ANTAGONISTS 

It is thus apparent that a diverse range of natural and synthetic compounds 
antagonise PAF-induced effects in various animal models. Whether any of the 
existing classes of PAF antagonists constitute therapeutically valuable drugs in 
man is currently under investigation in various clinical trials. It is interesting 
to note that the ginkgolides and WEB 2086, which are most advanced 
compounds in terms of clinical investigation, are antagonists structurally unre- 
lated to PAF. Indeed, PAF analogues with antagonistic activity generally show 
poor oral absorption, short half-life, irritation at the site of injection, haemolysis 
and can exhibit potential agonistic activity. Thus, although many PAF-related 
antagonists are potent and can be synthesized in bulk, their clinical develop- 
ment may be delayed until the former problems can be overcome. 

BN 52063 (a standardized mixture of ginkgolides BN 52020, BN 52021 and 
BN 52022, molar ratio 2 : 2 : 1) was the first drug demonstrated to be a potent 
PAF antagonist in man [ 3021 and is currently undergoing phase 2 clinical trials. 
Studies have demonstrated the effectiveness of the drug in preventing various 
effects of PAF in human volunteers, for example, ex vivo PAF-induced platelet 
aggregation, skin test and bronchoconstriction [ 3031. In the skin test in atopic 
patients, BN 52063 inhibits the infiltration of both eosinophils and mononu- 
clear cells induced by PAF challenge. In addition, BN 52063 also counteracts 
antigen-induced bronchoconstriction in asthmatic patients and antagonizes 
antigen-induced skin tests. Asthmatic patients treated with BN 52063 require 
6-times more allergen to provoke the same degree of bronchial response as 
those not receiving the drug [ 3031. Further studies on asthmatics have shown 
that the ginkgolide mixture administered orally alleviates the prolonged re- 
duction in peak expiratory flow rates observed during asthma. In addition to 
this effect, when BN 52063 is provided either orally (240 mg) or by inhalation 
(5 mg) it diminishes the increase in plasma concentrations of platelet factor 4 
(PF4) and P-thromboglobulin (B-TBG) observed in exercise-induced asthma 
(P. Guinot, personal communication). 
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An open study has also shown that 1 month’s treatment of severe asthmatic 
patients with BN 52063 improves both FEVl and inhibits eosinophil infiltra- 
tion induced by PAF in the skin test [ 1881. In another study, severely asthmatic 
children were treated with the Ginkgo extract, GBE 761 (1 drop/kg three times 
a day). Complete recovery was observed in 60% of the children as determined 
by both clinical and spirometric (FEV1) parameters. Of the remainder, 30% 
showed moderate improvement and only 10% were resistant to therapy [ 188 1. 

Very promising preliminary results have also been obtained in various types 
of shock: the perfusion of IPS 200 (the lyophilized Ginkgo extract for parental 
use) in patients suffering from Atkinson’s syndrome (monoclonal gammapathy) 
led to a very significant improvement in the clinical outcome with normalization 
of the respiratory functions and decreased requirement of resuscitative fluid 
[188]. 

Preliminary studies in man substantiate the in vivo immunomodulatory 
activity of BN 52063 demonstrated in experimental animals. In a randomized 
double-blind pilot study, 18 healthy male volunteers were treated for 15 days 
with BN 52063 (80 or 240 mg/day) or placebo (n = 6, in each group). Results 
showed a dose-related reduction in the CD4 i- /CD8 + cell ratio on days 4, 8 
and 15 in individuals receiving BN 52063, but no change in the control group. 
With 240 mg/day BN 52063, there was a 43 % decrease in the CD4 + /CD8 + 
T-cell ratio at day 15, a 17.5% decrease with 80 mg/day and a 2.5% decrease 
with the placebo. The CD4 + jCD8 + T-cell ratio returned to normal values 
after the end of treatment (P. Guinot, personal communication). This effect 
may explain the potentiation recorded when the ginkgolide mixture is 
associated with cyclosporine for the prevention of graft rejection. BN 52063 
also counteracts the effects of the benzodiazepine, flunidrazepam, in normal 
patients, again conforming the findings obtained in animal models which show 
a decrease of tritiatated benzodiazepine binding in the brain of animals treated 
with BN 52021 [ 1881. 

Recently, BN 52063 has been demonstrated to be effective against mastocy- 
tosis [304], a condition which was previously incurable. This suggests that 
PAF, as well as mast cell degranulation, may have arole in systemic mastocyto- 
sis. The injectable (pure) form of BN 52021 is much more powerful than 
BN 52063. Preliminary clinical investigations have shown a long and intense 
inhibition of ex vivo PAF-induced platelet aggregation. The injectable form is 
now under clinical trials in graft rejection, stroke, haemodialysis and shock. 

Very recently, preliminary clinical investigations have commenced with 
WEB 2086. In a double-blind and placebo-controlled phase 1 clinical trial, the 
drug completely inhibited PAF-induced ex vivo platelet aggregation 45 min 
after single oral administration of 20-400 mg [305]. The effect of single 
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increasing intravenous doses infused over 30 min or single increasing inhaled 
doses of WEB 2086 to human volunteers on ex vivo PAF-induced platelet 
aggregation was also studied in a placebo controlled group comparison with 
increasing doses [306]. Infusions of 0.5-50 mg WEB 2086 resulted in signifi- 
cant inhibition of platelet aggregation. Even in the lowest group (0.5 mg), 
PAF-induced platelet aggregation ex vivo was inhibited by 68 % [ 3061, dose of 
10, 20 or 50 mg exhibiting complete inhibition. Inhalative administration of 
0.5 mg or 1 mg WEB 2086 inhibited PAF-induced ex vivo platelet aggregation 
by 46% and 6 4 2 ,  respectively, whereas inhalation of single doses of 0.05 mg 
or 0.25 mg had no significant effect [307]. 

Dose dependency and duration of PAF-antagonistic action of peroral 
WEB 2086 in man was also studied in a randomized double-blind, placebo- 
controlled cross-over study in 12 healthy male volunteers receiving oral doses 
of 5, 30 or 90 mg of the antagonist. WEB 2086 counteracted ex vivo PAF- 
induced aggregation at all doses tested, maximum inhibition occurring between 
1 and 2 h after administration [ 3081. Magnitude and duration of inhibition was 
dose-dependent; a significant effect was still detectable 10 h after adminis- 
tration at all three dose levels, and at 12 h after administration at the two highest 
doses (30 and 90 mg) [308]. In further multiple oral dose tolerance studies, 
administered at 40 or 100 mg three times (dose interval 8 h), both doses of 
WEB 2086 caused almost complete inhibition of PAF-induced ex vivo platelet 
aggregation throughout the 7 day study period [309]. 

With regard to the structural relationship of WEB 2086 to triazolo- 
diazepines, it is interesting to note that up to the highest dose tested (400 mg) 
no diazepine-characteristic central nervous adverse effects were observed, 
confirming in man the dissociation of PAF- and benzodiazepine-like effects 
reported in animals. 

Finally, with regard to clinical trials, a 7-day clinical study in four human 
volunteers administered with 48740 RP at 1000 mg/day orally gave more than 
60% inhibition of PAF-induced platelet aggregation and a slight inhibition of 
TXB, production in ex vivo studies [310]. 

CONCLUSION: TOWARDS A MECHANISM O F  PAF 
ANTAGONIST ACTION 

In this article, we have presented an overview of the development and pharma- 
cology of the different classes of PAF antagonists. These compounds counter- 
act diverse pathologies in various animal models and are now undergoing 
clinical investigation in human disease, where the initial results seem en- 
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couraging. The numerous studies on PAF antagonists reviewed here raise the 
fundamental question: why are these compounds effective in such a broad 
range of pathologies? To attempt to answer this question, we must consider the 
role of PAF in the inflammatory process, the way in which it interacts with other 
vectors of intercellular communication and how these mediators combine to 
modulate the activity of the various inflammatory cell types. 

Inflammation is usually a tightly controlled process which confines tissue 
damage, prevents infection and assists in cellular regeneration. However, when 
the inflammatory response becomes unregulated, this normally beneficial local 
event may escalate into a wider malignant activity, characterized by endothelial 
injury, excessive cell infiltration and vascular leakage. These phenomena lead 
to microcirculatory damage, which is a common factor underlying pathologies 
such as shock, sepsis, asthma, ischaemia and graft rejection [311]. Neutrophils 
(PMN) appear to play a particularly important role in these conditions. In the 
inflammatory microenvironment, PMN become activated by various agonists, 
adhere to the endothelial surface and release lysosomal proteases. Activated 
PMN also undergo a respiratory burst, which results in the reduction of 
molecular oxygen to superoxide. This latter product is rapidly converted to 
hydrogen peroxide and toxic free radicals which damage the endothelium. As 
we have seen, PAF is a potent chemotactic agent for neutrophils, inducing 
superoxide release, aggregation and degranulation in this cell type [ 3 1 I]. PAF 
is also one of the most active chemotactic factors for eosinophils, cells from 
which it elicits the release of major basic protein (MBP), free radicals and 
leukotriene C, (LTC,), products extremely damaging to microvascular integrity 
[ 3 1 1 3.  Eosinophil infiltration is another prominent feature of certain inflamma- 
tory lesions and may play a particularly important role in asthma and graft 
rejection. 

In addition to directly eliciting cell chemotaxis and free-radical production, 
PAF can also induce the release of various inflammatory cytokines, amongst 
which tumour necrosis factor (TNF) is of particular importance [ 3 121. We have 
recently shown that PAF stimulates TNF production from peripheral blood 
derived monocytes and at picomolar concentrations amplifies lipopoly- 
saccharide (LPS)-induced TNF production, effects inhibited by various PAF 
antagonists [3 131. PAF also acts synergistically with interferon-y (IFN-y) to 
increase the monocyte cytotoxicity. Furthermore, PAF can modulate the pro- 
duction of both interleukin 1 and interleukin 2 (IL-1, IL-2) from rat monocytes 
and lymphocytes, respectively [222, 2231, cytokines which in turn elicit the 
release of other mediators and growth factors. 

Similarly to PAF, TNF also enhances neutrophil superoxide production and 
adherence [ 3 141. TNF may also indirectly regulate eosinophil cytotoxicity via 
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its effect on the release of other cytokines and growth factors. In addition to 
directly modulating PMN activity, at very low concentrations both PAF and 
TNF can prime PMN to respond in an enhanced manner to subsequent 
agonistic stimuli that would otherwise be ineffectual. Amplified responses such 
as aggregation, adhesiveness and superoxide production have been reported 
using N-formylmethionylleucyl phenylalanine (FMLP) as the inducing agonist 
following priming with PAF [ 3 151. Furthermore, we have shown that PAF can 
amplify TNF-induced superoxide generation by human PMN [ 3 161, the effect 
of the mediator being completely abolished by BN 5202 1, kadsurenone, 
BN 52111 and WEB 2086. The PAF antagonists also decrease by 50% the 
superoxide production elicited solely by TNF, indicating that TNF-induced 
superoxide generation is partially mediated by a mechanism involving endo- 
genous PAF [311]. 

Apart from inducing vascular damage via infiltration and degranulation of 
various blood cells, PAF and T N F  exert also direct effects in the endothelium. 
In vitro, both substances cause contraction of endothelial cells, which may 
partially account for the increased vascular permeability and plasma extra- 
vasation observed in many species following PAF or T N F  administration 
[311]. While it has been known for some time that endothelial cells produce 
PAF when stimulated with various agonists such as thrombin, it has recently 
been established that T N F  and IL-1 also induce cultured endothelial cells to 
synthesize PAF, the majority of which remains associated with the cells [3 171. 

Thus, it is apparent that numerous interactions exist between the mediators 
and cells involved in the inflammatory response. The fact that PAF is only one 
of the many components in this process cannot be overemphasized. Indeed, 
we propose that the effectiveness of PAF antagonists is not due to the individual 
importance of PAF as a mediator of inflammation, but rather because PAF is 
part of a complex integrated system. The fact that PAF, IL-1 and T N F  can 
induce the release of each other indicates that self-generating positive feedback 
cycles may become established. PAF and T N F  may play pivotal roles in the 
formation of initial loops, which subsequently recruit other cytokines and 
growth factors into the feedback network [3 18-3211. For example, it is possible 
to envisage that PAF primes the release of IL-1 and T N F  from activated 
monocytes and leukotriene and free radical production from stimulated poly- 
morphonuclear cells. PAF may also activate platelets to form (i) platelet factor 
4 (PF,), platelet-derived growth factor (PDGF) which may account for 
eosinophil chemotaxis and (ii) thrombin and ATP which in turn, as IL-1 and 
TNF, act on the endothelium to produce more PAF resulting in increased 
PMN chemotaxis. These cells may then be primed by TNF for PAF-induced 
superoxide generation. In addition, PAF generated by the endothelium may 
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amplify the TNF- and IL-1-activated production of IL-6 and granu- 
locyte/monocyte colony-stimulating factor (GM-CSF) from endothelial cells. 
GM-CSF, which is also produced by stimulated monocytes, potently enhances 
release of superoxide and LTC, by eosinophils. Furthermore, in combination 
with interleukin 3 (IL-31, it elicits monocyte cytotoxicity by inducing TNF 
secretion from this cell type [322]. Feedback processes between PAF and 
proteinase activity may also be important for destabilization of the endo- 
thelium. 

The priming ability of these mediators indicates the extreme sensitivity of the 
inflammatory process and the rigid controls which must usually operate to stop 
excessive inflammatory responses. It may be that an equilibrium exists between 
the mediators involved in the priming and feedback processes and internal 
mechanisms which down-regulate these loops and confine cytotoxic reactions 
to a specific site. Indeed, several endogenous inhibitors of PAF, TNF, IL-1 and 
1L-2 have been reported [311, 321). Under normal physiological conditions, 
a balance may be maintained between cytotoxic and inhibitory mechanisms, 
which would strictly control the inflammatory process and prevent endothelial 
injury. In contrast, in pathologies where there may be an overloading of the 
system by excessive mediator production or a critical reduction in inhibitory 
factors, it is possible that the feedback cycles may become unregulated and the 
toxicity converted into a systemic process, resulting in free-radical production, 
endothelial damage, cell infiltration, vascular leakage and microcirculatory 
collapse. 

This fine balance between the protection and destruction of the processes 
maintaining life is a reminiscent of the catastrophe theory proposed by JZene 
Thorn in the early 1970's [323]. We are currently applying mathematical 
modelling to this biological feedback system in order to establish its relationship 
with the catastrophe hypothesis. 

Support for the PAF-cytokine feedback system is not only provided by our 
in vitro data demonstrating that PAF antagonists drastically reduce TNF- 
stimulated PMN superoxide generation, but also by the in vivo observations of 
Sun and Hsueh [324] who have shown that the PAF antagonist SRI 63-119 
prevents TNF-induced bowel necrosis in the rat. 

We propose that the effectiveness of PAF antagonists in protecting against 
shock, sepsis, graft rejection, ischaemia and bronchial anaphylaxis is due to the 
interdependence of the various components of the inflammatory response [ 3 1 1, 
3211. Because PAF is an integral part of this system, the ability of PAF 
antagonists to inhibit PAF priming and PAF-dependent feedback processes 
may be sufficient in certain pathologies to prevent escalation of auto-generated 
inflammatory damage. 
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Thus, PAF antagonists may constitute valuable drugs in pathologies 
involving microvascular damage such as acute ischaemia, graft rejection, 
shock, organ preservation, and pulmonary hyperreactivity where control of the 
inflammatory response has to be reinstated therapeutically. However, it should 
be emphasized that PAF antagonists alone are capable of blocking only those 
pathological processes directly or indirectly dependent on PAF, no matter how 
diverse they may be. It seems likely that more successful therapy of the above 
conditions will involve treatment with a combination of drugs, possibly 
including Ca2 + and prostaglandin I, (PGI,) antagonists, interleukin and 
growth factor inhibitors, anti-TNF antibodies, proteinase inhibitors and PAF 
antagonists. Only the results of further experimental and clinical investigations 
will reveal whether the mechanism of action of PAF antagonists proposed 
above is correct and whether these drugs offer extensive therapeutic potential 
in man. 

APPEND I X 

RECENTLY REPORTED PAF ANTAGONISTS 

Amongst these are synthetic compounds which are heterocyclic analogues of 
1,4-benzodiazepines: WEB 2347 (47) [ 3251, Ro 24-4736 (48) [ 3261 and 
Y 24 180 (49) [327]. In addition, a pyrrolo[ 1,2-c]thiazole-7-carboxamide 
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derivative, RP 59227 (50) inhibits PAF-induced human platelet aggregation 
and has an IC,, value of 0.05 pM [328]. Another synthetic compound, 
SCH 37370 (5 l), antagonizes both PAF and histamine; its inhibits PAF- 
induced human platelet aggregation (IC5, value = 0.6 pM) [ 3291. 

Work on naturally occurring compounds has uncovered several which are 
of potential interest as PAF antagonists. Analogues (52) of khellactone show 
activity as inhibitors of PAF-induced rabbit platelet aggregation in platelet-rich 
plasma and are more selective in inhibiting this aggregation than that induced 
by ADP, AA or collagen [350]. A compound code-named L-652469 (53), 
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isolated from Tussilago fa fara  and which is a traditional Chinese treatment for 
asthma, inhibits binding of [ 3H]PAF to rabbit platelet membranes (IC50 
value = 4 pM) [331]. Irreversible inhibition of binding of [ 3H]PAF to human 
platelet membranes is claimed for the diepoxide futoxine (crotepoxide, 54) 
isolated from haifenteng (Piper futokudsuru) [ 3321. Several diphenylcyclopen- 
tane sulphones ( 5 5 )  inhibit PAF binding to human platelet membranes [333]. 
Finally, tetranortriterpenoids (56) and (57) from Swietenia mahogani, a 
traditional Indonesian medicinal plant, inhibit PAF-induced rabbit platelet 
aggregation in platelet-rich plasma [ 3341. 
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BBM-928, 22, 31 

antibacterial action, 31 
Benorylate, photodegradation, 57 

photostahility, 54 
1 -Benzazepines, 123 

actions on cardiovascular system, 128 
actions on CNS, 124 
enzyme inhibition, 131-134 
gastric secretory inhibition, 134 
hypoglycaemic action, 135 
miscellaneous actions, 135 
serotonin antagonism, I34 
synthesis, 135 

I-Benzazocines as drugs, 131, 132 
1,4-Benzodiazepines, antiemetic action, 3 17 

Benzofurans, antiemetic, 303, 304 
photodegradation, 109 

Benzoxaprofen, photodegradation, 75, 88 
Betamethasone, photodegradation, 80 
Bezold-Jarisch reflex, test for antiemetic 

Bithional, as photoallergen, 54 
BMY 25801, antiemetic agent, 299, 313, 318 

comparative potency, 31 1 
BMY 25989, antiemetic agent, 301, 302 
BN 52004, PAF antagonist, 352 
BN 52010, PAF antagonist, 352 
BN 52011, PAF antagonist, 352 
BN 52020, PAF antagonist, 345-349 
BN 52021, PAF antagonist, 343-349 
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Corticosteroids, antiemetic action, 3 17 
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Doxepin, antagonism of PAF, 330, 349 
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Droperidol, antiemetic action, 316 
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neuropharmacology, 305 
radiation-induced, 309 
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Emetine, photodegradation, 107 
Emorfazone, 3-5 
Enalapril, 131 
Endocrine system, effect of Hg salts, 199 
B-Endorphin, 150 
Enoxacin, 243, 246, 253, 280 

313-319 

side-effects, 247, 251 
structure-activity relationships, 250, 257 

Enzymes, effect of Hg salts, 195 
Ephedrine, photodegradation, 59 
Epinephrine - see Adrenaline 
Ergoline derivatives, tranquillizers, 13 
Ergotamine, photodegradation, 92 
Ethinyloestradiol, photodegradation, 78 
Etizolam as PAF antagonist, 338 

Flumequine, 236, 274 

Fluoroquinolones, adverse reactions, 245 
methyl-, 274 

antibacterial properties, 235, 237 
bactericidal action, 239 
clinical studies, 245 
conformationally constrained, 277 
effect of rifampicin, 239 
mode of action, 238 
N-oxide, 287 
prodrug, 287 
resistance to, 244 
spectrum of action, 243 
spiro analogues, 277 
stereoisomers, 265, 267, 271-276 
structure-activity relationships, 248, 254 

Flupenthixol, photodegradation, 104 
Fluperlapine, 125, 127 
Folk acid, photodegradation, 103 
FR 49174, PAF antagonist, 355-359 
FR 65049, PAF antagonist, 356 
FR 721 12, PAF antagonist, 358, 359 
FR 106969, PAF antagonist, 356 
FR 900452, PAF antagonist, 356-359 
Frusemide, photodegradation, 80 

Furazolidone, photodegradation, 8 1 
Furosemide - see Frusemide 
Futoxine, PAF antagonist, 368 

phototoxicity, 54 

GABA, antagonists, 16 
blocking uptake of, 14 
transmission, 15 

Gastrin, 150, 161 
GBE 761, PAF antagonist, 361 
Ginkgolides, 341, 360 

Gliotoxin, PAF antagonist, 355 
synthesis, 342 

stereoisomers, 357 
structure-activity relationships, 356 

comparative potency, 3 1 1 

comparative potency, 3 11, 3 18 

GR 38032F, antiemetic agent, 305, 311-315 

GR 65630, antiemetic agent, 305, 312 

Grafinin, synergy with emorfazone, 5 
Granisetron, comparative potency, 31 1, 318 
GS 1065-180, PAF antagonist, 333, 334 
GS 1160-180, PAF antagonist, 333, 334 



INDEX 385 

Haloperidol, antiemetic action, 3 10, 3 16 
Hexachlorophene, photodegradation, 65 
Histamine, in mast cells, 144 

Hydrochlorothiazide, photodegradation, 102 

4-Hydroxy-3-methoxybenzaldehyde, photo- 

Hydroxychloroquine, photodegradation, 100 
5-Hydroxytryptamine (5-HT), antagonist, 

release by peptides, 148, 159 

photostability, 54 

degradation, 57 

134 
emesis and, 298 
role of, 3 14 

pyridazines as, 13 

135 

Hypnotics, photodegradation, 95, 101 

Hypoglycaemic agents, I-benzazepines as, 

ICS 205-930, antiemetic agent, 304, 312, 313 

Imidazo[2,l-~]isoquinolines, PAF antagonist, 

Immune function, effect of peptides, 145 
Immune system, effect of Hg salts, 200 

Immunosuppressants, photodegradation, 91 

Indapamide, photodegradation, 89 
Indoles as PAF antagonist, 355-359 
Interleukins, 149, 150, 163, 363-366 
Ionophores and Hg salts, 196 
Isamfazone, 6 
Isoniazid, photodegradation, 94 
Isoprenaline, photodegradation, 60 
Isoproterenol - see Isoprenaline 
Isopulsan, 1 1  

comparative potency, 311, 318, 319 

340 

effect of Ni salts, 214 

pyridazinones as, 24 

Kddsurenone, PAF antagonist, 344, 350-352 
Kadsurms, 350 
Kantor, I 1  
Ketanserin, 313 
Khellactone analogues, PAF antagonists, 

Kidneys, effect of Hg or Ni salts, 204, 218 
Kinotensin, 165 

367 

L-652469, PAF antagonist, 367 
L-652731, PAF antagonist, 352 
L-653150, PAF antagonist, 353 
L-659989, PAF antagonist, 353 
Leukotriene in anaphylaxis, 345 
Levodopa, photodegradation, 59 
Lignans, benzofuranoid, 350 

butanolide, 354 
PAF antagonist, 350 
structure-activity relationships, 351 

reaction with Ni salts, 213 

135 

Lipids, reaction with Hg salts, 198 

Local anaesthetics, 1-benzazepines as, 134, 

Lu 23051, platelet aggregation inhibitor, 18 
Luzopeptin, 3 1 
Lymphocytes, effect of Hg salts, 200 

effect of Ni salts, 214 

M 73101, analgesic, 3 
Magno-salicin, 352 
Malazin, 26 
Mast cells, arthritis and, 146 

binding of peptides, 168 
blocking of histamine release, 346 
histamine in, 144, 179 
hypersensitivity, role in, 144 
inflammatory response and, 145, 161, 166 
locations, 144 
morphology, 146 
nervous system and, 147 
peptides as regulators and, 145, 149 
regulation of function, 144 
secretion-stimulation coupling, 176, 178 

Mastoparan, 150, 158 
MDL 72222, antiemetic agent, 304, 312 

Melantin, 150 
Menadione, photodegradation, 70, 72, 73 
Menaquinone-1, photodegradation, 7 1 
Mercaptopurine, photodegradation, 90 
Mercaptopurine. phototoxicity, 54 
Mercury(I1) chloride, absorption through 

comparative potency, 3 1 1, 3 19 

skin, 191 
biological properties, 190 
clearance, 193 
effect on mice and rats, 203 
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genotoxicity, 206 
in organs, 192 
in plasma, 191 
interactions, 195 
tcratogcnicity, 206 

Metamfazone, 8 
Methaqualone, metabolite and photodegra- 

dation, 54 
photodegradation, 101 

Methiothepin, 313 
Methotrexate, photodegradation, 103 
Methoxsalen, photodegradation, 91, 92 
Methoxypsoralen, photodcgradation, 9 I ,  92 
Methylflumequine, 274 
Methylphenobarbitone, photodegradation, 98 
Methyprylone, photodegradation, 95 
Metoclopramide, 298, 299, 312, 313 

analogues, 299, 302 
antiemetic properties, 310, 315, 316-319 

Matronidazole, photodcgradation, 85 
Milrinone, 128 
Minaprine, 11, 12 
MK-421, antihypertensive drug, 131 
Monoamine oxidase inhibition, 12 
Motapizone, antithrombotic action, 17 
Muscle relaxants, pyridazinediones as, I5  

Muscular tissue, effect of Ni salts, 214 
pyridazinoncs as, 15 

Nalidixic acid, 236, 253 
photodegradation, 102 
phototoxicity, 54 

Naloxone, antagonism of PAF, 330 
Nandron, 5 
1 &Naphthyridines, antibacterial, 250, 25 1, 

Naproxen, photodegradation, 75 

NAT 05-239, antithrombotic action, 17 
Nectandrin, 352 
Neolignan, definition, 350 
Nerve growth factor, 150, 159 
Nervous system, effect of Hg salts, 199 
Neurokinin A, 147, 156 
Neuroleptics, I-benzazepines as, 125 

pyridazinones as, 12 
Neuromedin K. 156 

254-258,262 

phototoxicity, 54 

Neurotensin, 146, 150, 151 
Nickel(I1) sulphate and chloride, carcino- 

genesis, 220 
clearance, 210 
genotoxicity, 219 
intake routes, 207 
interactions, 21 1 
skin allergy, 216 
teratogenesis, 218 

Nicotine, photodegradation, 82 
Nicotinic acid, photodegradation, 94 
Nifedipine, photodegradation, 96 
Nifurprazine, 26 
Nitrazepam, photodcgradation, 110 
5-Nitrofurans, photodcgradation, 8 1 
Nitrofurantoin, photodegradation, 8 1 
Nitrofurazone, photodegradation, 8 1 
5-Nitrofurfural and derivatives, 27 

Noradrenaline, photodegradation, 60 
Norepinephrine - see Noradrenaline 
Norethindrone, photodegradation, 77 
Norethisterone, photodegradation, 77 
Norfloxacin, 236, 240, 246, 252, 287 

photodegradation, 81 

analogues, 248, 288, 289 
comparative potency, 253, 255, 266, 281, 
282, 287 
dimer, 242 

Nortimic, 11 
Nucleic acids, reaction with Hg salts, 197 

reaction with Ni salts. 212 

Oestrogens, photodegradation of synthetic, 

Oestrone, photodegradation, 78 
Ofloxacin, 243, 246, 253, 277 

comparative potency, 263,264, 279, 285 
enantiomers, 265, 271-274 
prodrug, 287 

Ondansetron, 305 
comparative potency, 311, 318 

Ono-6240, PAF antagonist, 332 
Opiates, 145, 160 
Oxolinic acid, 253, 273 

Oxytetracycline, photodegradation, 76 

61  

photodegradation, 102, 103 
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Paracetamol, synergy with emorfazone, 5 
Parathormone, 150, 160 
PDI 17558, antibacterial agent, 244, 264, 283 
Pefloxacin, 243, 246, 250, 252 

analogues, 288 
comparative potency, 253, 256, 287 

Penicillins containing pyridazine, 30, 3 1 
Pentobarbitone, photodegradation, 98 
Pentoil, 5 
Pentoyl, 5 
Peptides, binding to mast cells, 168 

C3a and C5a, 150 
delivery at mast cells, 147 
effect on mast cell function, 149, 150 
from albumin, 165 
from inflammatory cells, 161 
histamine release by, 146 
immune function and, 145 
mechanism of action, 168 
secretion by mast cells, 147 
structure-activity relationships, 171 
vasoactive intestinal, 146 

Perphenazine, photodegradation, 105 
Phenazone, photodegradation, 82 
Phenothiazines, antiemetic action, 316 
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