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PREFACE 

Volume 19 of Annual Reports in Medicinal Chemistry contains 30 chapters organized in the 
traditional format of previous volumes-in sections titled CNS Agents, Pharmacodynamic 
Agents, Chemotherapeutic Agents, Metabolic Diseases and Endocrine Function, Topics in 
Biology, and Topics in Chemistry and Drug Design. In addition, this year the editors experiment 
with a new section that summarizes worldwide first market introductions of therapeutic agents 
during the previous calendar year. 

In the first six sections are included a mix of literature updates on a broad sweep of drug 
research areas, as well as reviews of highly specialized and newly emerging technologies. 
Topics covered for the first time include CNS autoreceptors, interleukin 2, endogenous natriure- 
tic factors, and enzymic methods in organic synthesis. Phospholipases and collagenases, 
touched on in earlier Annual Reports, receive in-depth coverage in separate chapters in this 
volume. Reviews on recombinant DNA technology and the biology of leukotrienes bring the 
reader up to date in these highly important and active areas. 

In the new section, Worldwide Market Introductions, the chapter “To Market, to Market” 
presents an aspect lacking in the previous 18 volumes of Annual Reports-an organized 
follow-up on market introduction, the ultimate endpoint of the many agents reviewed. The 
accumulation of data for this chapter proved formidable and while a number of sources were 
used, it is inevitable that we missed some drugs. We hope we have not made a major omission! 

Finally, I want to extend my gratitude to the section editors and contributors whose time and 
effort made Volume 19 possible, and in particular to Martha Johnson, whose assistance was 
invaluable in preparing the final copy. 

Denis M .  Bailey 
Rensselaer, New York 

M a y  I984 

... 
XI11 
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Section I - CNS Agents 
Editor: Barrie Hesp, Stuart Pharmaceuticals, 
Division of ICI Americas, Wilmington, DE 19897 

Chapter 1. Analgesics 

0. William Lever, Jr., Kwen-Jen Chang and John D. McDermed 
Wellcome Research Laboratories, Burroughs Wellcome Co. 

Research Triangle Park, NC 27709 

Efforts toward alleviation of pain continue at an intensive pace at 
the clinical, pre-clinical and basic research levels. In this review, 
recent research developments in opioid and non-opioid analgesia are 
presented, along with selected clinical highlights. 

Opioid Receptors and Ligands 

Endogenous opioids and their multiple receptors continue as the focus 

were published,’ and reviews were recently p o ided on 
of vigorous research. The proceedings of the 1983 International Narcotic 
Research Conferenc 

macology and therapeutic implications of enke halins and endorphins, 
cardiovascular effects of endogenous opioids, opioids and the adrenal- 
pituit ry axis, ’’ opioids and the hippocampus, l2 substance in nocicep- 
tion, ’$ potential therapeutic roles for opioid antagonists’‘, roles of 
opioid pept‘des in appetite control, l 5  and autoradiography of opioid 

Shy- opioid peptides,2,$ opioid receptors and their functional roles, 6-8 

receptors. 16 

Biosvnthesis and Metabolism of Opioid Peptideg - Opioid peptide biosyn- 
zhesis was summariz in our previous review nd additional overviews 
of the biosynthesis”-22 and distribution 2o 9 ’ ’ 7 2%25 of endogeneous 
opioids have appeared. Several inhibitors of enkephalin convertase, a 
carboxypeptidase which may liberate enkephalins from immediate precursors, 
were described 2 6 9 2 7  Degradation of enkephalins by peptidases continues 

the analgesic properties of inhibitors of 
as28z54 Thiorphan, N-[(R,S)-3-mercapto-2-benzylpro- 

to be s t ~ d i e d , ~ ~ , ~ ~  
enkephalin metabolism. 
panoyllglycine, is an enkephalinase inhibitor (Ki = 3.5 nM) which also 
inhibits (Ki = 140 nM) angiotensin-converting enzyme (ACE).32 By con- 
trast, the retro-inuerso isomer, retro-thiorphan [(R,S)-HS-CH2-CH( CH2Ph) - N H -  
CO-CH2C02H], does not inhibit ACE but retains potent enkephalinase inhi- 
bition (Ki = 6 nM) and has an inuiuo analgesic potencs2(i.c.v.; mouse hot 
plate, mouse writhing) similar to that of thiorphan. Thiorphan was 
reported to reduce postmyelographic side effects (headache, nausea, 
sciatica) when administered (i.v.) to patients prior to myel~graphy.~~ 
Oral administration of D-phenylalanine, a carboxypeptidase inhibitor, was 
found to be of benefit in patients with certain chronic ain complaints; 
the drug was most effective after 3-5 weeks of therapy. 38 

Opioid Receptors and Pharmacology - The previously defined opioid receptor 
sub-types ( P , ~ , K , E , U )  continue to be studied, and an additional binding 
site, designated the A site, was recently described in rat brain.35 The A 
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- 2 Sect. I - CNS Agents Hesp, Ed. 

sites have a regional distribution in brain different from that of p 
receptors and have a high affinity for 4,5-epoxymorphinans (u., 
morphine, naloxone) and low affinity for non-epoxymorph‘nan p ligands, 
K ligands, 6 ligands, and “universal” ( p , 6 , ~ )  ligands.j5 Evidence that 
u receptors may differ from phencyclidine receptors was provided by the 
report of a naloxone-inaccessible u receptor in rat brain and spinal cord 
which stereoselectively binds (+)-ethylketocyclazocine and (+)-N-allylnor- 
metazocine [(+)-SKF 10,0471 and has drug selectivity and regiona13$istri- 
bution different from those of p, 6 and phencyclidine receptors. 
Additional studies on u agon t and on their phencyclidine-like behav- 
ioral effects were reported. jf-81 The benzomorphan Mr 2034 [ ( - ) - N -  
(2-tetrahydrofurfuryl)normetazocinel, originally proposed as a K liga d 
is more accurately described as a universal (p,6,~,0) opioid ligand. 42 

The nature of opioid binding continues to be e ~ p l o r e d . ~ ~ ’ ~ ~  In rat 
brain and spinal cord, p a@jl 6 sites predominate, and K sites represent 
only 10% of total binding. Both 6 and p receptors mediate antinoci- 
~ e p t i o n . ~ ~ - ~ ~  
reported to be distinguishable inuiuo, 55,5‘ and the affinities of K ago- 
nists for p and 6 receptors invivo in the rat were assessed.55 
depression is caused by opioid agonists but may be mediat b a receptor 
population different from that producing antinociception. 5‘-521 Evidence 
suggesting th t the p sites in mouse vas deferens and guinea pig ileum are 
different, 60,g1 and support for the possibility that opio agonists and 
antagonists interact with different sites on )1 receptors? were also 
presented. 
interaction with pharmacological receptors which are less st 
and less sensitive to naloxone than the analgesic c tors.g5 Attempts 
to purify opioid receptors have progressed slowly. sQ*gFs Additional data 

26,67 
were cited for the coexistence of allosterically coupled morphine an 
enkephalin receptors within an opioid receptor complex in rat brain. 

Newer Endonenous ODioid Peptides - The number of endogenous opioid pep- 
tides continues to grow rapidly. Several fragments of proenkephalin A 
have received recent attention. A u-selective octapeptide fragment, - 
Gly-Gly-Phe-Met-Arg-Arg-Val-NH2, has been isolated from bovine brain6”;nd 
from hygn pheochromo~ytoma~~ and has been designated both as metor- 
phamide and as adren~rphin.~~ Peptide E, a 25-amino acid fragment, 
binds preferentially to 1.1 and K receptors but has minimal analgesic 

tail flick) in The C-terminal hepta- potency (i.c.v., 
peptide fragmen 
rabbit pl sma, 72, rat brain 75-iJ5 and spinal c~rd,~‘,?~ and lung of several 
species.78 A unique high affinity binding site was described in rat lung 
membranes.78 The role of this peptide as a Met-enkephalin pr cursor or a 
transmitter is speculative. The fragment Met5-enkephalin-Arg&-Gly7-Leu8 
is a p- and &-selective ligand which binds poorly to K receptors; 
synthetic extension to incorporate a Lys9 residue improved K affinity 
10-fold but did not alter p or 6 binding or the p,6-~electivity.~~ 

Svnthetic ODioid PeDtide Analonues - Structure-activity studies on 
analogues of the exceptionally selective ligand morphiceptin (Tyr- 
Pro-Phe-Pro-NH2) were reported.g’ One of the most potent analgesics was 
PL017 ( Tyr-Pro-NMePhe-D-Pro-NH2). 6o 
sequence at the N-terminus and the dyn-A 
had high affinity for both p and K sites3 Analogues of 8-endorphin 
containing the dynorphin (5-13) or (6-13) sequences showed excitatory 
behavioral effects in the mouse t had no analgesic properties in the 
mouse tail flick assay (i.c.v. 1 .” By contrast, a 8-endorphin analogue 
with a dermorphin sequence (Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser) in residues 

The antinociceptive pro il s of i.~ and K agonists were 

Respiratory 

The antitussive effects of opioids appear to arise from 
eoselective 

mous: Met -enke h lin-Argg-Phe7, has e n found in human and 

A peptide containing the PL017 
-17) sequence at the C-terminus 
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(1-7) wag2several-fold more potent than B-endorphin (mouse tail flick, 
i.c.v.). A number of additional studies on the dermorphins, potent 
opioid heptapeptides (u., Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-NH2) originally 
isolated from the skin o S th American frogs, and their synthetic 
analogues were reported. 83-gH A heptapeptide is not required for high 
activity. The dermorphin (1-4) analogue H2N-C(NH)-Tyr-D-Ala-Phe-Gly-NH- 
adamantyl, which contains a guanidino N-terminus and an N-adamantyl amide 
moiety, is a powerful p-agonist (mouse tail flick, i.c.v.) with potency 
30,000 and 1000 times that of Met-enkephalin and morphine, re~pectively.~~ 

D-Thr-Gly-Phe-Leu-Thr) ,8g certain enkephalin dimers, l7v g o  and cyclic 
enkephalin analogues containing disulfide-linked penicillamine and cystine 
residues. 91 Possibly the most highly 6-selective ligands reported to date 
are the bis-penicillamine 14-membered cyclic disulfide-containing en- 
kephalin analogues DPDPE (la) and DPLPE (&) ,  which gave 6 4 ~  selectivity 
ratios in isolated tissues of 3164 and 1088, respectively. By contrast, 
the 14-membered cyclic enkephalin analogue 2, as well as a number of 
partial retro-inuerso modifications of this cyclic structure, are p-selective 
ligands 93 
ported 94 1 95 as were enkephalin analogues incorggrating dehydroamino 
 acid^,^^,^^ cyclopropyl-containing amino acids, 
in Phe4,100 ketomethylene replacement of the T r-Gly and Gly-Gly amide 
linka e 

New &-selective li ands have emerged, including deltakephalin (Tyr- 

Other approaches to conformational restriction were re- 

y g 9  p-nitro substitution 

lo' modifications at the C-terminus,182 S-oxidized m t io 
nine, 'Oj'and phosphonate analogues of the C-terminal residues. 7ob - 

!Q R1 = C02H, R 2 =  H (DPDPE) 

- lb R 1  = H, R 2 =  C 0 2 H  (DPLPE) 

- 3 X = N H  

QN3 4 X = NHCO(CH2)2NH 

NO z 

T y r -D -Ala-G I y -P he- Leu - NH-C H, C H,-X 

New Ligands, SAR, Structural Studies - Irreversible opioid ligands are of 
interest as receptor probes. The photolabile enkephalin d r'vatives 3 and 
2, lo5 the chloromethyl ketone Tyr-D-Ala-Gly-Phe-Leu-CH$l, 
fentanyl isothiocyanate 5Io7 all appear to label 6 receptors selectively, 
whereas the etonitazene isothiocyanate 61°7 appears to inactivate only 
p receptors. A variety of epoxymorphinans with alkylatin groups attached 
through amino groups at C-6 are opioid affinity labels. lo' Both B-CNA (1) 
and a-CNA (8)  produce irreversible antagonism at p, K and 6 receptors, 
and a-CNA appears to have an additional irreversible agonist property in 
the guinea pig ileum assay.lo9 Further studies in the ileum with B-FNA 
( 9 )  and B-FOA (lo) led to the suggestigs that 1.1 agonists and antagonists 
interact with distinct receptor sites. Comparisons of isolated tissue 
data for various epimeric antagonist affinity labels indicated that the 
chiralit 
ability. 'lo The configuration at C-6 was shown to determine the ring C 
solution conformations of the oxymorphamines: rinh C is a chair in the 
B-epimer 11 and a twist boat in the a-epimer 12. 

and the 

at C-6 is an important determinant of receptor alkylating 
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7 R1= N(CH2CH2C11 R2=H, R 3 = C H 2 d  (P-CNA) 

- 8 R’= H, R2= N(CH2CH2C1)2, R3= C H 2 U  (a-CNA) 

- 9 R1= NHCOCH= CHC02Me, R2=H, R3= C H 2 - a  (P-FNA) 

2 ‘  - 

- 10 R 1 =  NHCOCH= CHC02Me, R2: H, R3= Me ( 0 ~ 0 ~ )  
- 11 R1= NH2, R2= H, R3= Me 

- 12 R1= HI R2= NH2, R3= Me 

Of four pentazocine analogues in which the N-alkyl group was folded 
back into 6- or 7-membered riyj$,lFgmpound a was the most potent ( .5  X 
pentazocine, mouse writhing). . Conjugate addition of alkyl groups 
to the 8-position of codeinone gave a series of analgesics in which the 
8 - a - e p i m ~ ~ ~  were generally more potent (mouse tail flick) than the 8-B- 
epimers. 
reportjTd 
ing) . 5:11g Compound 14 is a 9-B-epimer and is somewhat more potent than 
the 9-a-epimer, in contrast with precedents from the benzomorphans, 

Syntheses of two isomeric groups of thiazolomorphans were 
which 14 was the most potent (10 X codeine, mouse writh- o 

u - 14 - 15 

There wer r rts of further modifications of ring C of morphine and 
1’i7-ci88 From a large series of active compounds oxet n codeine . 

about 700 X more potent (mouse writhing, s.c.) than morphine. 
Translocation of the hydroxyl group from the 4- to the 1-position 
destroyed activity in N-meth lmorphinan-6-ones. 120 S ntheses of 
6,14-exo-ethen m rphinans, 12’ 2‘-thiobenzomorphans, 12’ r’ng-C-contracted 
morphinanones,82j and more exotic heterocyclic analogs12‘ were described 
without indications of biological activity. A series of fentanyl- 
enkephalin hybrids were essentially inactive in isolated tissue assays. 

was ?18 

125 

The roles of hydrophobic and hydrophilic (amphiphilic) domains of the 
&endorphin surface in relation to ph s’cochemical, biochemical, analgesic 
and binding activities were explored. ‘2‘,127 Studies on four large 
synthetic peptides designed to simulate or modify the surface properties 
of &endorphin led to the conclusion that exact residue homology may be 
less important to bioactivity than the gross physicochemical properties of 

128 
the binding surface. In a complementary approach, a 40-residue peptide 
designed to mimic the binding site of opioid receptors was synthesized. 
It displayed modest but significant affinity for several opioid peptides 
(Leu-enkephalin, KD = 5.8 x and discriminated them from non-opioids. 
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Non-Opioid Analgesia 

Direct modulation of opioid pathways has been thetmajor focus of 
modern analgesic research, but other modalities for antinociception appear 
to involve such pathways only indirectly or not at all. 
traditional Chinese acupuncture and modern electroacupuncture may be 
considered special cases, is one such mode. Early reports of naloxone 
blockade of acupuncture analgesia suggested mediation by endogenous 
opioids. 129 
A superficially related clinical procedure for control of chronic pain is 
electrical transcutaneous or spinal cord nerve stimulation. A doubie- 
blind placebo-control d study indicated that such analgesia is not 
naloxone-reversible. '3' The neurophysiological mechanisms mediating 
stress-induced autoanalgesia complex and depend subtly on the para- 
meters of the applied stress. 's5 Electrical stress-induced analge 
animals apparently involves both opioid and non-opioid substrates. 
Front foot shocks in rats produced naloxone-blocked morphine-tolerant 
analgesia (tail flick) unaffected by h pophysectomy, and therefore 
describable as opioid, non-hormonal. 13y However, similar shocks to the 
hind feet gave analgesia unaffected by naloxone, tolerance, or 
hypophysectomy and therefore non-opioid, non-hormonal. morphtS3 Moreover, the 
footshock regimen influenced the nature of antinociception: prolonged 
intermittent shocks produced opioid-dependent analgesia, whereas br'ef 
continuous shocks produced non-opioid analgesia (rat tail flick). 134 

~ ~ ~ ~ ~ ~ ~ ' i 3 h  though other studies have i licated the raphe nucleus in 

Stress, of which 

However, more recent studies contradict this hypothesis. 130 

7 9 ,  t g 3  

esions of the raphe nucleus attenuated the latter but not the 

mediation of both types of analgesia. 1% 

GABA-ergic mechanisms have been implicated in antinociception. In 
normal volunteers the GABA agonist THIP (16) produced analgesia against 
dental pain without tolerance, atory depression, or other 
characteristics of opiate therapy. resg3S In an open study of cancer patients 
with chronic pain refractory to mild analgesics, THIP (20 mg i.m.) gave 
subjective pain control, but side effects (blurred vision, sedation) were 
dose-limiting. 137 
intrathecally to anaesthetized dogs strongly att n ated nociceptive sympa- 
thetic reflexes to electrical nerve stimulation, '38 Baclofen and other 
GABA agonists have a so en found to be central antinociceptives in ex- 
perimental animals. 139-1'' These effects were generally naloxone-in 
sitive, though indi ct effects o opioid substrates may be present. 
GABA analgesia may"? or  may not144 be cross-tolerant to morphine. 

The GABA;ergic benzodiazepine midazolam (IJ) given 

785- 

N *\  

18 - 16 - 17 HO - 
Intrathecal administration of the -agonist clonidine attenuated 

146 
nociceptive responses in rats and cats. 9L45 Attempts to characterize 
further the receptors involved as a l  or a2 gave inconclusive results. 
Studies with monoamine depletors indicated that intact spinal adrenergic 
and serotonergic fibers are 'nvolved in a complex way in expression of 
morphine analgesia in rats. 147 Adrenergic systems may mediate foot shock 
analgesia (rats, tail flick).148 A study in terminal cancer patients 
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indicated effective control of chronic pain by epidural labetalol, a mixed 
a- and 8-antagonist 
anaesthetic effect. 

though the result might have been due to a local 

Several studies indicate that opioids acti ate erotonergic neurons 
and increase 5-HT turnover in the spinal cord. 130-155 Intrathecal 5-HT 
produced antinociception in mice (tail flick).153 
tonergic neurons in opioid analgesia may be modek-dependent. 152. 
cholinergic fib rs may also mediate analgesia, l5 
and nicotinicl5' agonists produce analgesia in rodents by central 
mechanisms. There is evidence that cholinergic connections m d'ate the 
expression of both endogenous and exogenous opioid analgesia. 754,157 
Meptazinol is one drug in clinical use (videinfra) which appears to take 
fortuitous advantage of the opioid-cholinergic connection. In rodent 
antinociceptive models it displays ph r acology appropriate for an opiate 

The role of sero- 
Central 

and both m~scarinicl~~ 

partial agonist and a cholinomimetic. ?58 

The analgesic properties of cannabinoid derivatives are well known, 
though no such drugs have yet been demonstrated to be substantially free 
from the CNS side eff ct to which cannabissativa owes its popularity as a 
substance of abuse. 15% 7 Igo However, cannabinoid analgesia has appeal due 
to its opioi independent mechanism and its con t failure to induce 
dependence. 1gi .  A series of preliminary reports 'ig'"985 have described the 
syntheses of analgesics modelled on 9-nor-9-8-hydroxyhexa drocannabinol; 
compound 18 was the most potent member (>60 X morphine). 1% 

Clinical Hinhliahts 

ODioid Analgesics - Clinical evaluation of the newer opioi agonist- 
antagonist ugs continues, and theirl@algesic efficacy, lg6 phar a- 
cokinetics, %7 receptor pharmacology, 
recently revi w d. 
of nalbuphin 778 and a compilation of clinical experiences with injectable 
meptazinol 17' were Human pharmacokinetic data for meptazi 01 
were reported. 1729 lSi5 Efficacy studies with epidura pentazocine, 174 
epidural buprenorphine, 175 and parenteral de~ocine'~~ for postoperative 
pain relief were reported. Oral cirayadol was superior to codein 
relief of advanced cancer ain. 177 The clinical pharmacokinetics 
applications in anesthesiaq7g of fentanyl and its derivatives were 
reviewed. 
appeared. 18'e%' For relief of severe episiotomy pain, metkephamid 
acetate (140 mg, i.m.) was superior to mepiridine (100 mg, i.m.) but minor 
side effects wer more frequent; a lower dose (70 mg, i.m.) of metkephamid 
was ineffegbive. '80 The preclinical pharmacology of metkephamid was 
described . ' Intrathecal administration of D-Ala2-D-Leu5-enkephal in 
(DADL) to a single patient showed that DADL could provide a powerful, 
long-lasting analgesic effect, and also is ?@able of producing profound, 
naloxone-reversible respiratory depression. 

Non-Ster%dal Antiinflammatory Drugs (NSA 
cations, - ' O f  clinical pharmacokineticsq and mechanism of action189 
of the peri herally-acting N AIDS were reviewed, and the pharmacology of 
diflunisal 
(400 mg, p.0.) was more effective than z mepirac (100 mg, p . 0 . )  or aspirin 
(600 mg, p.0.) against episiotomy pain, 182 and rectal indomethacin 
(100 mglgfight hourly) provided effective analgesia following thora- 

A dose-r sponse study with i.v. indoprofen for postoperative cotomy . 
pain was reported, 
indoprofen (400 mg, i.v.) appeared equivalent to morphine (10 mg, 

and dependence profileslgl9 were 
A review on the pharmacology and therapeutic efficacy 

ovided. 

77p;nd 

a1 additional reports on enkephalin analogues 

- Therapeutic appli- 

and suprofen 19s were discussed in detail. Ibuprofen 

19f and in women with moderate to severe cancer pain, 
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i.m.). lg5 
fendosal, Ig9  and diclofenac2” were reported. 
NSAIDs in primary dysmenorrh 2@ were rsJ&ewed.201 f202 In preclinical 
studies, propionic acids and 3 were described as effective 
NSAIDs with reduced ulcerogenic properties. 

Additional studies with diflunisal, l g 6 9  l g 7  flurbiprofen, lg8 
Therapeutic applications of 

Migraine - Headache is the most common pain syndrome for which analgesic 
medication is applied and is associated with a large number of disorders 
with different etiologies. Comments here will be restricted to vascular 
headache, particularly migraine, which is probably a symptom of a reactive 
compensatory mechanism occurring late in a poorly understoojofathogenetic 
sequence. A provocative review of this topic is available. A classi- 
cal migraine attack begins with a prodromal phase which i vol es regional 

possibly reduced neuronal 5-HT synthesis. 208’ Onset of the painful 
headache phase is marked by vasodilation,206 which may reflect a defective 
vascular homeostatic mechanism.209 
models, treatment has evolved empirically from clinical experience and has 
traditionally consisted of symptom management. 210,21 

cerebral vasoconstriction leading to hypoxi ischemia, 209-208 and 

Partly because of a dearth of animal 

Most drug treatment in the past focused acutely on the painful 
vasodilation phase. 
results from its vasoconstrictor effects. NSAIDs inhibit prostacyclin 
biosynthes’s a d reduce the intensity, but not the frequency, of 
attacks. 213,214 Newer therapies have addressed prevention of attacks. 
The prophylactic effects of B-blockers have been established, though their 
mechanism of action remains speculative. In a long-term placebo- 
controlled study of propranolol in 245 migraineurs, more than 70% of the 
subjects had fewer and less severe attacks, and 46% reported th t their 
improvement was maintained after discontinuation of medication. $15 
Nadolol was shown to similarly prophylactic, whereas pindolol and 
alprenolol were not. 28g Calcium channel blockers are the most recent 
additions to migraine prophylaxis. Clinical studies with flunarizine, a 
Ca++ blocker with anti-vasoconstrictive and anti-hypoxic effects in 
animals, indicate that it is clearly ophylactic, though its effect on 
severity of attacks is marginal. 217,28‘ Small clinical studies with 
nimodipine, nifedipine, and verapamil indicate efficacy for these also.219 
Nimodipine appears to produce the fewest side effects, probably because of 
its high selectivity for cerebral vasculature. These agents appear to 
prevent migraine attacks by attenuating Ca++-dependent cerebrai vaso- 

The efficacy of dihydroergotamine212 apparently 

constriction irrespective of the nature of the triggering constrictive 
stimulus. 220’ 
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Chapter 2 .  Anti-Anxiety Agents, Anticonvulsants & Sedative-Hypnotics 

Joseph P. Yevich, James S. New and Michael S. Eison 
Bristol-Myers Research and Development, Evansville, Indiana 47721 

Introduction - The prevalence of anxiety and the diverse utility of 
existing anxiolytic drugs continues to promote a broad spectrum of 
research in the anxiolytic area. The challenging basic science of 
anxiolytic drug action and the potential for compounds with profiles 
different from the traditional antianxiety drugs has focused atten- 
tion upon more selective structure activity relationships. Several 
excellent review articles emphasizing medications currently used, 
approaches to new drug discovery, newer agents and theories, 
side-effects and hazards 4-8 and the use of benzodiazepines (BZ) as 
preoperative medications’ have been published. Insights into the 
GABAergic effects of these drugs and their anticonvulsant properties 
continue to grow. 

Animal Models - Conflict tests play a prominent role in anxiolytic 
research, and may be used to demonstrate proconflict, anticonflict, 
and anxiolytic anta onist actions. l5 A chronic conflict paradigm 
has been described. The effects of drugs upon deprivation-induced 
drinking should be considered to avoid false-positive indications. l7 
The susceptability of compounds’ anticonflict effects to blockade by 
BZ antagonists appears to distinguish BZ receptor binders from non- 
displacers. The use of anticonvulsant activity and effects upon BZ 
binding as indices to dissociate pro-drug from directly acting BZ 
effects has been described,lg as has a chronic epilepsy model in 
rats. 2 o  

Drug-discrimination techni ues have revealed that the diazepam 
stimulus complex is specific.” It has been proposed that drug 
discrimination techniques can detect anxiogenic BZ withdrawal 
effects. 22 923 In other behavioral tests, the increase in response 
rates induced by BZ’s to rewarding electrical brain stimulation i s  
facilitated by GABA  antagonist^,^^ and is observed even in rats 
trained on a DRL schedule (rewarding low rates of response).25’26 
Conditioned startle,27 defensive burying,28 and social inter- 
a c t i o n ~ ~ ~ ’ ~ ~  continue to be used to investigate anxiolytic and BZ 
anta onist activity. Quantitative EEG activity in animals31 and 
man3! complement cellular electrophysiological investigations of 
anxiol tic drug Effects of BZs upon memory,35 
sleep ,I6 and electrically-induced head turning37 have been investi- 
gated, as have effects upon feeding and drinI~ing.~~-~O A protective 
action of diazepam against gastric ulceration in rats induced by 
water-immersion or by immobilization stress has been described. 41 
Tolerance developing to anxiolytic drugs ,42 ’ 43  and models of physical 
dependence to BZs in rat44 and dog45 have been reported. 

Benzodiazepine Receptor Neurochemistry and Pharmacology - The concept 
of heterogeneous benzodiazepine (BZ) receptor sites has stimulated 
considerable research in the development of drugs which may be more 
anxioselective than the BZ class. The functional linking of a 
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chloride ionophore, BZ and GABA receptor sites is substantiated 
by their isolation in a supramolecular complex in which GABA stimu- 
lation of [ 3H] flunitrazepam binding (FLU, &) remains intact. 46 
Affinity chromatography has also led to the successful isolation of a 
homogeneous GABA/BZ receptor complex from bovine cerebral cortex. 47 
Data continues to accrue indicating GABA, and its agonists, enhance 
the binding of the BZs to these receptors; diazepam (DZ, l&) enhances 
the binding of GABA and muscimol but has no effect on T€IIP.~~-~O The 
presence of a single class of saturable [3H] muscimol binding sites 
(KD = 23 nM) on a purified BZ receptor is evident.51 The potentia- 
tion of [ 3H]DZ binding is also elicited by ethylenediamine analogues 
in a process mediated predominantly by a change in receptor number 
and not receptor affinitye5* Both [3H]DZ and [3H]GABA binding are 
enhanced by the hypnotics (+)etomidate and pentobarbital, presumabl 

GABAergic ligands were also observed to protect soluble BZ receptors 
from heat inactivation. 54 

through a similar mechanism, which is blocked by GABA antagonists. 545 

BZ Type 1 and Type 2 receptors, initially defined on the basis 
of their different affinities for CL 218,872, have been further 
characterized in rat cerebellum and cerebral cortex. CL 218,872 
preferentially displaced 
[3H]FLU from Type 1 
receptors; Type 1 
receptor binding is - -  
stimulated in a Y 

R' R' - R' Et'Y 
H F H O  la NO. CHI 

lb CI CHI H H H O  
chloride ion dependent H F H S  Ra & CI CHzCFa 

Id CI CHI H H C I O  
H H O  le CI CHzCCFa H 

OH CI H 0 Type 2 sites remain If CI H 
relatively ~naffected.'~~ 1g CI H COOH H H 0 

OH H H O  
H H H O  

- 
manner by ImM sodium 
pentobarbital, while 

l h  CI (CH~)ZN(CZHI)Z H F H 0 
11 CI CHI 
1j NO' H 

- R 
1 

Distinction between 
Type 1 and Type 2 

reported to be possible 
through their 
differential sensitivity to detergent solubilization techniques. 56 
The effects of GABA agonists on [3H]FLU binding to these sites in 
both cerebellar and hi pocampal membranes were found to be broadly 
similar in one study.5q Alternatively, the effect of GABA on FLU 
binding to [3H]FLU and [3H]f3-CCP (2a) labelled Type 1 and 2 receptors 
was found to involve different degrees of GABA regulation dependent 
on the specific brain region.58 

- - receptor populations is - 

SAR studies have examined the f3-carbolines as templates in the 
desi n of more specific, high affinity ligands for the BZ recep- 

[3H)DMCM (b) interacts with high affinity BZ receptors 
with binding properties different. from those of [ 3H]FLU and $-CCP 
which may reflect a subclass selectivity within these receptors 
Intraventricular injections of $-CCE (g) increased the number of 
[3H]DZ binding sites in a variety of brain regions but, in a 
different study, decreased the total number of [3H]GABA binding sites 
in rats habituated to handling  procedure^.^*'^^ f3-CCM (&) has been 
shown to antagonize the anxiolytic effects of the BZs, possess 
convulsant properties, and exhibit anxiogenic properties. 64 

[ 3H] $-CCE binds to a homogenous population of recognition sites in 
rat brain and is completely dissociable by low concentrations of 
B Z S . ~ ~  The $-carboline FG 7142 (2f) was found to induce severe 
anxiety in man.66 Pharmacokinetic factors were studied as a para- 
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meter controlling the convulsant activity of fi-CCM, DMCM, and the 
n~nconvulsant properties of fi-CCE in the rat; a slow rate of degrada- 
tion of these compounds by rat plasma (s vitro) paralleled their 
potencies as convulsants. 67 

BZ receptor heterogeneity has been further delineated from the 
differential affinities observed between pairs of ligands for these 
sites. Subpopulations of [3H]DZ receptor sites are defined by their 
interactions in bicuculline/GABA or barbiturate/pyrazolopyridine 
binding studies. 68 Discrimination between these subtypes was also 
possible with RO 15-1788 (z), but not with CGS 8216.68 A study of 
various BZ receptor ligands, with different biological activities, 
yielded no simple correlation between their biological activity and 
the observed temperature dependence of their binding. 69 

The non-homogeneity of BZ-receptors has generated several models 
which attempt to rationalize their binding characteristics with a 
structurally diverse group of ligands. Kinetic studies suggest these 
receptors exist as a single population in two distinct conformational 
states whose interconversion is affected by BZ agonists, GABA, 
chloride ion, temperature, and the BZ antagonist RO 15-1788.70 An 
allosteric model for BZ receptor function suggests the intrinsic 
activity of an agonist reflects its ability to induce a conforma- 
tional change in the receptor. This approach predicts that ligands 
with high affinity for a binding domain on both the ground state and 
activated conformations of  the receptor will be anxioselective 
agents.71 A definition of the BZ receptor as a coupling unit between 
the GABA receptor and chloride channel, is used to explain its 
interaction with the BZ tranquilizers, the f3-carbolines, RO 15-1788, 
and phenobarbitone. BZ agonists enhance the coupling role of the BZ 
receptor while f3-carbolines block the access of BZ agonists to this 
coupling site. This actually results in a reduced coupling mechanism 
in the receptor and elicits opposing pharmacological effects. The 
fi-carbolines, DMCM (2b) - and f$-CCM ( g ) ,  are referred to as "inverse 

- R' - - -  R' R' R' R' 

2a OnCIH, H H H H  

H H  
H - 2d OCzH, H H H H  

H H  2f NHCH, H H 

- 

R ' ~ c o R '  2 C  OCHI OCHI CZH, H H H OCHI OCHI 
R' - 

2 - 2e OCzHs CHzOCH' OCHzCaHm H H - - 
agonists" in this scheme. This distinguishes them from pure antago- 
nists such as RO 15-1788, which blocks the access of both inverse 
agonists and agonists to the receptor, without inducing a function- 
ally relevant change in it.72 Ethanol and pentobarbital may modulate 
the BZ binding component in the chloride ionophore-BZ-GABA receptor 
complex via the picrotoxinin sensitive site, and a thirsty rat con- 
flict model indicates the anticonflict actions of pentobarbital might 
be mediated through BZ receptors. 73' 74 A peptidoaminobenzophenone, 
450088-S($), was found to effectively inhibit the labeling of BZ 

CHz 
I 

CHI 
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CI 

0 CHI 
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receptors by [3H]FLU in vivo despite a lack of in vitro activit 
and quazepam (2) preferentially binds to BZ Type 1 

-- 

Several lines of evidence indicate RO 15-1788 may not be a 
strict BZ antagonist but may also have some partial agonist proper- 
ties; it abolishes the sedativelataxic effects of DZ, but slows the 
development of kindled seizures, suggesting an anticonvulsant action 
in its pharma~ology.~~ Ro 15-1788 is effective in reversing the 
anticonvulsant effects of DZ and CL 218,872,64’78 and is shown to 
block the cognitive, amnesic, psychomotor and subjective effects of 
DZ in man, without altering the bioavailability of this drug.79 
Psychometric tests sensitive to the effects of BZs showed no intrin- 
sic pharmacolo ical activity associated with RO 15-1788 in man up to 
600 mg orally. l0 

The convulsant BZ RO 5-3663 (5) and RO 15-1788, both antagonized 
the anticonflict effect of chlordiazepoxide, but while RO 5-3663 was 
distinctly anxiogenic, RO 15-1788 displayed some anticonflict proper- 
ties.81 RO 5-4864 (Id), a ligand selective for the BZ low affinity 
(micromolar) and peripheral receptors, registered significant anxio- 
genic action in the social. interaction test which was reversed by 
phenytoin, a ligand €or the low affinity receptors.82 

Benzodiazepine Anxiolytic Agents - A critical review examined the 
concept that multiple BZ receptors underlie the diverse behavioral 
effects which are observed with this chemical class.83 A study 
examining the effects of rapidly increasing doses of halazepam (e) 
and DZ on severely anxious hospitalized patients was reported84 and 
effects of DZ on short term memory” and information processingg6 
were examined. DZ was found to potentiate the behavioral effect of 
neuroleptics in rats, 87 to produce some improvement in neuroleptic 
resistant schizophrenics, 88 and to alleviate symptoms of tardive 
dyskine~ia.~~ The effects of long term DZ therapy and drug with- 
drawal effects were also Clobazam (6) and DZ were 
compared in their differential effects on psychomotor performance9* 
and anxiolytic responses .93 Lorazepam (If) was evaluated for its 
effects on psychomotor performance vs. clobazams4 and DZ;s5 clear 
performance decrements were associated with its use. 96 Several 
studies indicate alprazolam (2) has anxiolytic efficacy comparable 
to DZ but at a lower dose and with a lower incidence of seda- 

Halazepam and clorazepate (la) were shown to not be 
significantly different from each other in treating symptoms of 
anxiety or tension.99 n 

a 713, R = H - 
- 7b, R = C1 
- 9 - 

Sedative -Hypnotics - Midazolam (8) continues to receive substantial 
support as an effective hypnoticToo with neither tolerance effects 
nor rebound insomnia on drug withdrawal.lol A series of papers 
has addressed safetylo2 and psychomotor performance aspects of this 
drug. lo3’ lo4 The clinical literature concerning the hypnotic effi- 
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cacy of flurazepam (a). temazepam (s), and triazolam (2) has been 
reviewed. Triazolam has been researched as a hypnotic for geriatric 
patients. 105-107 Considerable differences were reported for the 
pharmacokinetics of five BZ hypnotics in healthy subjects. lo8 There 
is no distinguishable difference between the nocturnal effects of 
triazolam or flurazepam, however, the "hangover" effects of these two 
drugs are still under evaluation. log' 110 Triazolam appeared superior 
to nitrazepam (Q) in an overall evaluation of sleep.lll The h no- 
tic loprazolam ( 9 )  was found not to be potentiated by alcohol,llYPbut 
no direct correlation was found between its pharmacokinetic data and 
various sleep parameters which were scrutinized. Initial indica- 
tions suggest temazepam may have less hangover potential than nitra- 
zepam, and both nitrazepam and flunitrazepam were well tolerated 
in elderly patients. '15 

Non-Benzodiazepines 

Anxiolytic Agents - Further neurochemical and/or behavioral evalua- 
tions have been reported for 10-13a which have previously been shown 
to exhibit anxiolytic activity in animal models. Electrophysiologi- 
cal and receptor binding studies suggest that etazolate (e) 

N - N - C H I P X  

R' 

ClH. H 
1 3 ~ .  X = CI 

13b, X = H 

- 12~1, X = CHI, Y = NH - lop,  R' N =C(CHdr, R' = H C F ~  

lob, R' = n-CeHm, R' E CHi - 12b, X = NH, Y CHz 11 
- 

- - - 
enhances BZ binding and the effects of GABA by interaction at a site 
distinct from the GABA and BZ recognition sites.l16 The bicuculline- 
and picrotoxin-sensitive blockade of electrically-induced head turning 
in the rat by tracazolate (e) indicates the drug's GABAmimetic 
a~tivity.~? Antagonism of the DZ-induced righting reflex in mice 
by C1 218,872 (11) has been interpreted as evidence for its partial 
agonist activity at the BZ receptor. ll? The quinoline derivatives 
PK 8165 (12a) and PK 9084 (e) have also been hypothesized as 
partial BZXceptor agonists based on their antagonism of the anti- 
convulsant effects of DZ and their competitive inhibition of [3H]FLU 
binding.'18 PK 9084 showed a partial anxiolytic profile in a social 
interaction paradigm in rats, while PK 8165 was ineffective at the 
doses tested. 29 In a pentylenetetrazol-saline discrimination model, 
CGS 9896 (13a) exhibited DZ-like activity which was blocked by pre- 
treatment with the BZ antagonist CGS 8216 (=).l" 

Several clinical studies have shown buspirone (=) to have 
anxiolytic efficacy equivalent to that of DZ with significantly less 
sedation. 120-122 Rats trained to discriminate oxazepam or pentobar- 

bital from vehicle did not generalize to 
buspirone.123 At doses above those which 

: ) ( $ ( C H Z ) ~ - G ? ~  are anxiolytically relevant in man, the drug 
caused a dose-related elevation of plasma 
prolactin in male subjects, and like the B Z ' s  
also increased growth hormone levels. 124 
Buspirone elicits a dose-dependent rise in 

rat striatal dopamine (DA) metabolite and may do so by 
selective antagonism of presynaptic DA autoreceptors with minimal 
postsynaptic effects. 127 Its catalepsy-reversal effects may occur 

0 
14p, R, R = -(CHZ)C 

Mb, R = CHa - 
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via a DA-independent mechanism. 128 The drug increases rat locus 
coeruleus noradrenergic neuronal activity, 129 binds to calf hippo- 
campus serotonin type-1 receptors, 130 enhances L3H]FLU ginding after 
oral dosing iq+rats,131 causes an increase in the K -depolarized 
uptake of 45Ca into synaptosomes, 132 and affords significant brain 
levels of 1-(2-pyrimidinyl)piperazine as a metabolite in the rat. 133 
The mechanistic implications of these findings are as yet unclear. 
The analogue MJ 13805 (=) while equipotent with & in conflict 
testing, has much weaker effects than the latter upon DA neurotrans- 
mission, thus suggesting that DAergic effects may not be important to 
the antianxiety activity of these drugs.134 The SAR of a series of 
aryl and heteroarylpiperazine derivatives including & and b has 
been reported. 135 

A single-blind clinical study of the GABA agonist THIP (G) 
found it to have weak anxiolytic effects at doses at or near 
those which caused sedation and other side effects.136 Members of a 
series of (wpiperazinyla1koxy)indanes (16) exhibited BZ-like potency 
in the fighting mouse test. 13' Various pyrimido[5,4-d]benzazepine 
derivatives (11) showed potent antimetrazol activity and were more 

R' 

16 - 3711, X = Y = CI, R' = R' = H 

17b, X = Y = CI, R' = H, R' * OH 

1sp, X = NH, Y = CHI 

15b, X = CHI. Y i. NH 
- 

- - 
potent in displacing [3H]DZ binding than DZ, with lesser effects 
than DZ on motor coordination and ethanol interaction.13' A member 
of the series (G) has been selected for anxiolytic evaluation in 
man and 17b, its major metabolite (in dog and man), was found to be 
equipotenTwith the parent drug in pharmacological tests. 

Sedative-Hypnotics - The hypnotic and anticonvulsant profile of etomi- 
date (Is) has been reviewed.139 Based on comparative clinical 
effects on the photopalpebral reflex, zopiclone (19) was slightly 
more potent than nitrazepam with more rapid onset, shorter duration 
of action, and fewer side effects.140 A study in insomniac patients 
showed that a 7.5 mg dose of zopiclone improved the quality of sleep 
with a reduction in both sleep onset latency and the number of 
nocturnal awakenings. Following their microiontophoretic applica- 
tion, the "sleep" peptides, delta sleep-inducing peptide and argi- 
nine-vasotocin caused predominantly excitatory actions on neurons in 
the brain stems of rats and rabbits.142 Following its microin- 
jection into the brains of rabbits, the sites of action of the 
sleep-promoting muramyl peptide isolated from human urine were 
found to be in the forebrain region.143 While parenteral administra- 

tion of an adenosine deaminase 
inhibitor, erythro-9-(2- 
hydroxy-3-nonyl)adenine, to 
mice and rats caused profound 

ot-N N-Cnr behavior sedation, the accom- 
panying EEG changes showed 
greatly enhanced time 
awake. 144 

I>CO,CH.CH, g N e N Q  N n 

@CH, 0 -  
19 - 18 - 



Chap. 2 Anti-Anxiety Agents Yevich, New, Eison 1 7  

Anticonvulsants - The effects of several marketed antiepileptic drugs 
including carbamazepine, phenytoin, and sodium valproate, upon 
cognitive function and behavior have been clinically assessed. 14' 
Adenosine receptor binding studies of carbamazepine indicate that its 
anticonvulsant action may be due in part to A1 receptor agonist and A2 
receptor antagonist activities. 146 A computer graphics-based pattern- 
recognition analysis of several series of 5-ethyl-5-substituted 
barbiturates has revealed that the region of occupied space for 
the low energy conformation of  the lipophilic side-chain differs 
between anticonvulsant and convulsant members of the series. 147 
N-g-prppylnorapomorphine was the most potent of a series of apomor- 
phine-related DA agonists in protecting genetically seizure-prone 
mice and baboons. 148 Potential anticonvulsant activity of a-adre- 
nergic agonists was indicated by their in vitro inhibition of inter- 
ictal discharge in rat hippocampal slices; p-adrenergic agonists 
showed proconvulsant actions. 14y Compared with placebo, the GABA- 
ergic drug progabide (20) caused a significant decrease in seizures, 
with mild side effects, in a double-blind clinical trial in "therapy- 
resistant'' epileptic patients. ''' A single-blind evaluation of THIP 
in epileptic patients failed to show significant differences from 
placebo with maximal doses of the drug.lS1 THPO (e), a glial- 
selective GABA uptake inhibitor had anticonvulsant activity in chicks 
but not in adult mice."* Denzimol (21) was shown to have a general 
anticonvulsant profile similar to that of carbamazepine and 
phenytoin in animal models.153 The triazine, LY 81067 (22) protects 
mice against pentylenetetrazol- and bicuculline-induced convulsions 
and enhances both [3H]GABA and [3H]FLU binding. 154'15s Other 
compounds reported to have anticonvulsant activity in various animal 
models include the p-carboline ZK 91296 (g) , lS6 2-phthalimidoethane- 
sulfonamides (c), lS7 eugenol analogues (g), lS8 pyrido[3,4-b] [1,4] 
benzothiazines (25) lS9 and oxoquinazolines (26). 160 
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Chapter 3. Antipsychotic Agents 

Tomas de Paulis and Sten Ramsby, Astra Lakemedal AB, Sweden 

Introduction - Schizophrenia continues to be one of the most fascinating 
and challenging research topics for medicinal chemists and neuro- 
chemists. Tools such as 3H-spiperone binding assays and an under- 
standing of the biochemical abnormalities associated with schizophrenia 
may provide the path to future discoveries Haloperidol-induced 
dopamine (DA) receptor supersensitivity in schizophrenics appears to be 
attenuated by concurrent treatment with lithium.2 Noninvasive radio- 
imaging techniques have brought new insight into the role of the 
regional distribution and receptor binding of antipsychotic agents .3 
Studies of the blood flow in the brains of schizophrenic patients with 
positron-emitting Xenon-133 have revealed an over-activation in the left 
hemisphere during performance of a spatial line orientation test.4 
PET scanning with oxygen-15 (half-life 123 s )  in some schizophrenic 
patients failed to support the hypothesis of reduced blood flow in 
frontal cortex. Enlarged ventricles and sulcal widening were cor- 
related with type I1 schizophrenia, which is characterized by predomi- 
nance of negative symptoms.6 

The DA hypothesis of schizophrenia has been reviewed in the light 
of recent findings.’l Perioral dyskinesias can be induced acutely in 
rats by the DA antagonists spiroperidol and sulpiride, and by the selec- 
tive D agonist SKF 38393, but not by the selective D2 agonist LY 
141865.18 Coadministration of 1.Y 141865 with SKF 38393 did not induce 
dyskinesias, implying that the perioral movements are mediated by the 
D1 receptors and by an imbalance in D1_D2 responsivity.8 It has 
been hypothesized that the D-3 binding site is the high-affinity agonist 
state of the D-1 r e ~ e p t o r . ~  Accumulated experience with depot neuro- 
leptics, such as clopenthixol decanoatelO and pipotiazine palmi- 
tate, l1 has been reviewed. 

Phenothiazines and related riRid compounds - The antihallucinator 

consistent with the DA hypothesis of schizophrenia. No regional site- 
specificity for limbic areas was found with thioridazine or with cloza- 
pine.13 An excellent correlation between daily clinical dose and the 
dose-dependent increase in cocaine self-administration in rats was found 
for seven typical and atypical neuroleptics. Clozapine, however, pro- 
duced a dose-dependent decrease in cocaine intake. l4 

effect of chlorpromazine correlates with serum levels of prolactin, 18 

HH2 calculations of the energies of the butaclamol structure have 
been utilized to suggest that a cisoid trans conformer (1) is respon- 
sible for the DA antagonist activity of this drug.15 The previously 
assumed active conformer was found to have 2.7 kcal/mol higher energy. 

Unlike taclamine, the thiophene analog QM 7184 (2) blocks apomor- 
phine or amphetamine induced stereotypy in the rat.36 It is equi- 
potent with chlorpromazine but less potent than the structurally related 
compound butaclamol. Binding studies showed that QM 7184 is 30-50 times 
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less active than butaclamol or haloperidol in displacing 3H-spiperone 
from rat striatum. In contrast to the reference compounds, Ql4 1184 has 
a high affinity for a-noradrenergic receptors, as shown in binding 
studies with 3H-wB-4101.16. 

1 - 2 

I 
Me 

3 

Attempts to separate the multitude of effects shown by cyprohepta- 
dine have included introduction of nuclear substituents and replacement 
of a benzene ring by a pyrrole ring.17 In an extension of this study 
to include 9-substituted pyrrolobenzapine analogs, compound 3 was found 
to be 2-3 times more potent than chlorpromazine versus G-spiperone 

and also showed high affinity for the serotonin S-2 binding :i:fta The conformational flexibility was higher for these new 
pyrrolo-compounds than for the corresponding cyproheptadine derivatives 
as evidenced from the rates of racemization of the atropisomers. 

The tetracyclic derivative GP 50302 (4) blocks DA receptors in the 
same dose range as chlorpromazine, and also shows strong 5-HT blocking 
properties. Thus in contrast with haloperidol, GP 50302 is much more 
potent h- viva in dis lacing 3H-spiperone from cortical, versus 
striatal, binding sites. lg However, in clinical trials GP 50302 had 
no therapeutic effects in acute schizophrenic patients, but was 
beneficial in withdrawn and apathetic schizophrenics. 2o The imidazole 
derivative CGS 10146 B (21, structurally related to clozapine, blocked 
Sidman avoidance at a dose of 10 mg/kg p.0. in squirrel monkeys.21 
However, 1. did not produce the acute dyskinetic syndrome, characteristic 
of classical neuroleptic agents. In an open multicenter study in 104 
schizophrenic patients, fluperlapine (NB 106-689, 6) showed significant 
improvement from the fifth day of treatment.n Fluperlapine has 
demonstrated little or no effect in a number of tests, such as catalepsy 
and inhibition of apomorphine- and amphetamine-induced behavior, which 
3re considered specific for antipsychotic agents.23 It is a muscle 
relaxant and an uptake inhibitor of norepinephrine. 

Me 

4 5 6 

Diphenvlpiperidines and butyrophenones - Haloperidol decanoate, lOOmg 
once per month, in chronic schizophrenic patients provoked few 
Parkinson-like side effects.24 DA receptor supersensitivity induced 
by chronic pimozide treatment was found to be dependent on the dose and 
not the duration, if measured as an increase in density of spiperone 
binding sites. When the induced supersensitivity was measured as 
increased inhibition of apomorphine-induced stereotypy, it was dependent 
on the duration and not on the dose. Thus, in the absence of pharmaco- 
logically-induced DA receptor stimulation, the functional consequences 
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of neuroleptic-induced supersensitivity at the receptor level remain 
unknown. 25 

X 

2 X =  CF3 R =CH20H 

X = F  R = H  

Structure-activity studies of 1-piperazino-3-phenylindanes led to 
the development of the potent and long-lasting neuroleptic, tefludazine 
(B). The %-isomer of tefludazine has 1/1000 the activity of 71 in 
blocking methylphenidate-induced stereotypy in mice. One member of the 
tefludazine series, the bisfluoro derivative (7&) was resolved: the 
antidopaminergic activities resided in the (+)-enantiomer. The 
(-)-enantiomer, however, proved to be an active uptake inhibitor of 
DA.Z~ 

Spiperone (a) is a highly potent neuroleptic agent. Positron 
Emission Tomography (PET) imaging with lk-labelled N-methyl-spiperone 
(m) (half-life 20 min) was used to study the distribution of DA re- 
ceptors in the human brain. There was a high accumulation of activity 
in the basic ganglia in comparison to the rest of the brain.27 In 
another experiment, using 18F-spiperone (half-life 110 min) admini- 
stered to a baboon 2h before the tomography imaging, it was clearly 
demonstrated that the ratio of binding in striaturn to cerebellum was ten 
times higher for 18F-spiperone than for 18F-haloperidol. 28 

Cyclic oxime ethers of butyrophenones exhibit neuroleptic 
properties. Thus, the benzisoxazole analog of haloperidol, 9, has an 
ED50 of 1.6 lmol kg in blocking apomorphine-induced climbing in 
mice .29 The corresponding benzisoxazole analog of benperidol, HRP 913 
(lo), seems to be a more selective DA antagonist than those presently in 
clinical use. HRP 913 is twice as potent as haloperidol in displacing 
spiperone from striatal binding sites and equipotent in the antiapomor- 
phine stereotypy assay.30 It induces a biphasic atypical catalepsy at 
a dose 45 times higher than haloperidol, resembling thioridazine in this 
respect. A similar isosteric arrangement of the aromatic part of the 
molecule is found in FfJ 13859 (11) which in contrast to buspirone 
exhibits a clear neuroleptic p r 0 f i 1 T ~ ~  

The molindone-butyrophenone hybrid Ro 22-6600 (12) is both a pre- 
and postsynaptic DA-antagonist .32 There are differences in the SAR of 
the Ro 22-6600 series and typical butyrophenones since hydrogenation of 
the chain carbonyl group in the former only halves activity in condi- 
tioned-avoidance response. 33 Milenperone (R 34009, 12) displayed 
antiaggressive activity in a group of mentally retarded patients, with 
no greater incidence of side effects than with placebo.34 Double 
blind studies with timiperone (DD-3480, 14) versus ~locapramine,~~ 
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s ~ l p i r i d e ~ ~  or haloperid01~~ showed an equal or superior efficacy 
against schizophrenia. The separation between catalepsy and anti-a o 

Another new butyrophenone, HR 375 (s), shows weak and short-lasting 
muscle relaxing properties besides being active on neuroleptic para- 
meters such as block of climbing and conditioned avoidance behavior. 
However, it neither blocks stereotypy nor does it induce catalepsy in 
the rat.38 

morphine activity for timiperone in the monkey seems to be small. 87- 

13 - 

Substituted benzamides - The unique behavioral profile in animals of 
substituted benzamide neuroleptics and their selective action on a sub- 
population of D-2 receptors might explain their clinical usefulness in 
the treatment of s c h i ~ o p h r e n i a . ~ ~  The Ki-value for sulpiride dis- 
placement of spiperone binding was approximately 20 times greater than 
the KD value for sulpiride binding in the presence of 120 mM Na+, 
suggesting that sulpiride and spiperone label different receptor 
sites .40 In a comparative study with classical neuroleptics, benz- 
amides were generally 1000 times more potent in stimulating rat prolac- 
tin secretion than would have been predicted from their potencies in 
displacing 3H-spiperone from bovine anterior pituitary membranes .41 

16 - 17 - 18 - 

In structural analogy with the retro-amide i s ~ s u l p r i d e ~ ~  (16). 
the retro-amide of clebopride, BRL-20596 (u), retains the antiapomor- 
phine activity but totally lacks effect on gastric stimulation,43 
thereby showing that separation is possible between the central and 
peripheral activity. Introduction of a methoxy group in the piperidine 
ring of clebopride abolishes the central effects. In a series of 
3-piperidine substituted benzamides, cisapride (R 51619, 18) is a potent 
peripheral 5-HT antagonist which shows high potency in increasing 
gastric p r ~ m o t i l i t y . ~ ~  Another compound, BRL 20627 (E), with potent 
peripheral stimulatory action on the gastric motility of the rat, is 
only a weak central DA receptor antagonist.45 

Conformational studies of clebopride and YH-08050 (m) imply that 
it is the six-membered pseudo-ring, formed by the hydrogen bond between 
the amide proton and the ether oxygen atom, rather than the benzene 
ring, that interacts with the aromatic binding site of the DA re- 
~ e p t o r . ~ ~  YU 09151-2 (m) was the most potent and selective D-2 
receptor antagonist of a series tested: the Ki value for 20b versus 
3H-spiperone binding in rat striatal membranes was 0.1 nUT" X-ray 
studies with Yn 09151-2 have revealed that the tertiary m i n e  nitrogen 
is i n a c c e ~ s i b l e . ~ ~  Thus the active conformer must be different from 
that in the crystalline state if the lone pair on the tertiary nitrogen 
interacts with the receptor. 
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In a double blind study, amisulpride (DAN 2163, displayed the 
same antipsychotic efficacy as haloperidol with favorable effects on 
certain symptoms.49 At low doses in man, amisulpride behaves like a 
DA agonist with stimulating properties, but at doses over 600 mg the 

19 - 

20a R = H 

- 20b R = C H 3  

- 

neuroleptic properties predominate.50 Similar to amisulpride, but in 
contrast to haloperidol, the N-cyclopropylmethyl analog LUR 2366 (m) 
inhibits apomorphine-induced climbing at a 10 times lower dose than that 
which blocks stereotypy: in fact LUR 2366 potentiates the gnawing 
behavior in mice.51 In this series, the n-ally1 substituted sulfone 
derivative alpiropride ( R I V  2093, a) displays the largest separation 
between high-affinity apomorphine (D-4) receptor sites and domperidone 
(D-2) receptor sites, thereby indicating a lack of effect on the pitui- 
tary and no consequent release of p r ~ l a c t i n . ~ ~  

a. clgNHO[ G N 3  f-+m Me N - . y $ N ; e  I Me 

R OMe "*A? M e 0  OMe M e 0  

CBS 
CI 

22a R = H - 
R=CH3 - 23 24 

A tetrasubstituted benzamide, A 32799 (z), was equipotent with 
chlorpromazine in'blocking apomorphine-induced stereotypies in the rat, 
showing that introduction of sterically bulky substituents in the aro- 
matic ring does not abolish antidopaminergic activity. 53 However, the 
pentasubstituted compound, was only 1/50th as active as its cor- 
responding des-4-methyl substituted analog,54 indicating the require- 
ment of a free La= position in this series. The ability of a substi- 
tuted nicotinamide, CGP 11109 (a), to increase the basal tritium out- 
flow from caudate slices of the rabbit preincubated with 3H-DA, was 
comparable to that of s ~ l p i r i d e . ~ ~  The metabolic and pharmacokinetic 
properties of a bis-N-methyl derivative of veralipride, sulverapride 
(24) were investigated in man. No radioactivity was found in the brain, 
indicatin very poor penetration of sulverapride across the blood-brain 
barrier. 5% 

A new substituted salicylamide, FLB 131 (a) exhibited potent 
anti-DA properties in the rat.57 Selective labeling of the striatum 
was demonstrated with both FLB 13158 and the N-methyl analog (25b)59 
in PET imaging experiments in cynomolgus monkeys. In a series of 
3-substituted 6-methoxysalicylamides, compound FLA 965 (26) showed 
optimal activity in displacing 3H-spiperone from rat striatal prepara- 
tions ,60 A remarkable increase in the antiapomorphine activity 
through introduction of an alpha-hydroxyethyl group was demonstrated in 
the substituted benzamide MD 781124 (21). Thus, MD 781124 was 540 times 
more potent in antagonizing apomorphine-induced stereotypy in the rat 
than the corresponding 5-sulfonamide analog, sulpiride. 61 
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The tropylamine derivative tropapride (MD 790501, 28) shows a 
neurophacmacological profile equivalent to that of haloperidol but with 
substantially less sedative, cataleptogenic or dyskinetic proper- 
ties.62 In the rat, i.p., tropapride was four times more potent than 

26 27 - 

haloperidol on antiapomorphine activity. Among a series of azabicyclo- 
(3.3.lJnonylbenzamide derivatives with neuroleptic properties, compound 
29 was one of the most potent agents. Its EDSO value in blocking apo- 
morphine-induced climbing in the mouse was 63 times that of clebo- 
pride. 63 

28 - 30 - 

The weak blocking properties of tiapride (FLO 1347, 30) at 
receptors labelled by various neuroleptics could not be explained solely 
by its poor penetration into the brain.64 Instead it was suggested to 
be due to a specific action of tiapride on receptor sites selectively 
labelled by 3H-sulpiride. Further clinical experience with tiapride 
in the treatment of tardive dyskinesia has shown that it is an effective 
agent. In a double-blind comparison with placebo, tiapride signifi- 
cantly improved dyskinesia in 15 patients who had received neuroleptics 
for 15 years.65 

Miscellaneous compounds - Similar to dihydro-oxypertine (CL 77328) ,66 
the structurally related isochroman derivative U-54537 E, (2) displays 
an atypical neuroleptic profile.67 Both compounds are weak in dis- 
placing 3H-spiperone binding and in antagonizing the behavioral syn- 
drome induced by apomorphine. Yet, U-54537E is three times more potent 
than thioridazine in decreasing conditioned avoidance response and is 
equipotent with chlorpromazine in blocking adenylate cyclase coupled D-1 
receptors.67 A thiazoledione analog MJ 13980-1 (32) of buspirone (MJ 

32 - 33 - 

9022-1, 33) has shown promise as a. potential antipsychotic in that it 
possesses antidopaminergic activity but does not induce catalepsy. In 
fact, MJ 13980-1 is potent in reversing phenothiazine-induced catalepsy 
in the rat.68 The physicochemical parameters of the aromatic ortho- 
substituent do not correlate with the anti-DA activity in this 
series.69 
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A double-blind phase I study of zetidoline (DL-308, 34a) revealed a 
strong sedative effect as judged by self-reported performance scores on 
logical reasoning and coordination tests.70 In an open study in 40 
schizophrenic patients, doses of 10 to 90 mg daily of zetidoline exerted 
a good antipsychotic efficacy with akathisia as the most notable side 
effect.71 Substitution in the aromatic nucleus with a p-hydroxy group 
(E) substantially increases both duration and antiapomorphine activity 
in rodents. IZ 

m 

34a R = H  - 
R = O H  

NHCONEt, 

35 

2-Bromolisuride (35) is the first ergot 
antagonist effect at central DA receptors .73 
peridol, 21 shows ten times larger separation 

derivative with a definite 
In comparison with halo- 

between drug-induced cata- 
lepsy and apomorphine-induced stereotypy in the rat. 74 S(+)-N-propyl- 
norapomorphine shows DA receptor blocking activity75 as was shown pre- 
viously for S(+)-ap~morphine.~~ A new pyrazole derivative 36 also 
exhibits DA antagonist properties as evident from its prolactin elevat- 
ing effect on the pituitary.77 Both molindone and its rigid deriva- 
tive Ro 22-1319 (21) were confirmed to be more active as presynaptic 
DA-antagonists than postsynaptic ,32 thereby indicating an explanation 
for the relatively weak anti-amphetamine activity of molindone. 78 Ro 
22-1319 was equipotent with haloperidol in elevating serum prolactin 
levels in the rat.79 

More receptor-specific agonists and antagonists of DA continue to 
appear. A new benzazepine, SCH 23390 (s) is claimed to be the first 
selective D-1 antagonist and promises to be a useful neuropharmacologi- 
cal tool.80 SCH 23390 is equipotent with flupentixol in displacing 
3H-piflutixol (D-1) binding, but 1200 times less active in displacing 
3H-spiperone (D-2) binding.81 It is virtually free from blocking 
effects on apomorphine-induced hypothermia and emesis and does not cause 
hyperprolactinemia,82 which suggests that these effects are related to 
the D-2 receptor. 

EEDQ (2) is a potent and irreversible D-2 anta onist which ap- 
parently binds covalently to DA receptors in the CNS.8el EEDQ produces 
catalepsy and inhibits both amphetamine-induced stereotypy and condi- 
tioned avoidance behavior. 

HO 

A 
37 - 38 

A six week study with the GABA agonist progabide (SL 76002, g), in 
schizophrenic patients on neuroleptic maintenance therapy, revealed 
improvement on items such as vigilance and affective in~olvement.~~ 
There is evidence that SL 76002 blocks striatal cholinergic neurons 
through a gabergic mechanism. Thus repeated treatment with SL 76002 in 
rats prevents tolerance to the cataleptogenic action of haloperidol .85 
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Unlike TL99 (41) , neither (*)-3-PPP ( 4 3 8 6 9 8 7  nor its (-)-enan- 
thus tiomer 

they do not inhibit evoked release of 3H-DA from rat striatal slices. 
UH 106(-) nappear to be presynaptic agonists in vitro: 

no "omN"" 
HO 

H" 

40 - 42 - 

Instead, both the r a ~ e m a t e ~ ~  and (-)-enanti0mer8~*~~ behave as post- 
synaptic D-2 antagonists in vitro. For example, the latter prevents the 
blocking action of the D-2 agonist LY 141865 on potassium-induced 
release of 3H-acetylcholine from striatum.88 However , the (-)-enan- 
tiomer does behave as a presynaptic DA agonist at low doses in V ~ V O . ~ ~  
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CHAPTER 4. COGNITIVE DISORDERS 
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In t roduct ion  - The treatment of cogni t ive d isorders  remains one of the  
g r e a t  chal lenges facing medicine and science.  In  s p i t e  of impressive 
advances i n  our understanding of the bra in ,  s a f e  and e f f e c t i v e  treatments 
f o r  t h e  major d i sorders  of cogni t ion,  e.g. ,  mental r e t a r d a t i o n ,  learn ing  
d i s a b i l i t i e s ,  amnes t i c  syndromes, and the  dementias, have y e t  t o  be 
demonstrated. 
d i s o r d e r s  and d iseases  of the  c e n t r a l  nervous system (CNS) which have 
cogni t ive  sequelae,  although they are n o t  pr imari ly  cogni t ive  d isorders ,  
e .g . ,  ep i lepsy  and schizophrenia.  

To these major d i sorders  of cogni t ion can be added many 

Research i n t o  human d isorders  of cogni t ion i n  r e c e n t  years  has 
focused t o  a l a r g e  degree upon Alzheimer's d i sease  o r  Primary Degen- 
e r a t i v e  Dementia (PDD) . Recent c l i n i c a l  evidence,1'l6 a long with 
earlier labora tory  s t u d i e s ,  17-21 i n d i c a t e s  t h a t  the  cogni t ive  d e f e c t s  
i n  Alzheimer's d i sease ,  the  primary cause of dementia i n  the  e l d e r 1  
due t o  a l o s s  of funct ioning of chol inerg ic  neurons i n  t h e  
Since many a r t i c l e s  have recent ly  appeared  summarizing chol inerg ic  ap- 
proaches t o  t h e  treatment of dementia,22-26 w e  w i l l  only b r i e f l y  review 
t h i s  a c t i v e  research area and then d iscuss  o t h e r  chemotherapeutic 
approaches which show promise i n  the treatment of cogni t ive  dysfunction. 

are 

The Cholinergic  System - Following the  precedent of 2-dopa therapy f o r  
Parkinson 's  d i sease ,  many s t u d i e s  have attempted t o  treat the  chol inerg ic  
d e f i c i t  presumed t o  account f o r  the  cogni t ive  impairments i n  Alzheimer's 
d i sease ,  by t h e  use of precursors  t o  ace ty lchol ine  (ACh), such a s  chol ine  
c h l o r i d e  o r  l e c i t h i n .  R e s u l t s  from these s t u d i e s  have been almost uni- 
f ormly negative.27-33 One recent  long-term, six-month study using high 
doses of l e c i t h i n  showed b e n e f i c i a l  e f f e c t s  i n  PDD p a t i e n t s  on a mental 
tes t  and a paired-associate  learn ing  task.34 

A r e p o r t  demonstrating g r e a t e r  enhancement of memory i n  aged r a t s  
wi th  a combination of chol ine  ch lor ide  and piracetam than with e i t h e r  
compound a lone  has s timula t e d  s e v e r a l  c l i n i c a l  s t u d i e s  wi th  combinations 
of precursor  therapy and o t h e r  drugs.35 
tam and chol ine  ch lor ide ,  i n  p a t i e n t s  f o r  whom the  diagnosis  was mild t o  
moderate PDD, found g r e a t e r  improvement with the combination therapy than 
with piracetam alone.36 Recently,  the  suggest ion has been made t h a t  
precursor  therapy be combined with chol ines  terase i n h i b i t o r s  i n  a l l  
f u t u r e  trials of the  l a t te r  i n  Alzheimer's d i sease ,  and i n  trials of 
o t h e r  agents  which a f f e c t  chol inerg ic  funct ion,  e.g. n a l o ~ o n e . ~ ~  This  
suggest ion i s  supported by recent  animal s t u d i e s  showing s t r i k i n g  reduc- 
t i o n s  i n  the optimal doses of chol inerg ic  agonis t s  required t o  produce 
improved r e t e n t i o n  on a T-maze task  in 'mice,  when given as two o r  three- 
drug combina ti on^.^^ 
a n t i c h o l i n e s  terases and ACh precursors  have shown l i m i t e d  success.  Ini-  
t i a l  p o s i t i v e  e f f e c t s  were reported i n  e l d e r l y  dementia pa t ien ts ,39  and 
two recent  s t u d i e s  using o r a l  physos tigmine supplemented by l e c i t h i n  

An i n i t i a l  s tudy with pirace- 

However, c l in ica l  trials with combinations of 
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reported o s i t i v e  e f f e c t s  upon cogni t ive performance i n  Alzheimer 
patients.g0,41 Others f a i l e d  t o  f ind  pos i t ive  e f f e c t s  upon cogni t ion 
i n  normal aged s u b j e c d 2  o r  i n  pa t ien ts  with Alzheimer's d i sease  
t rea ted  i n  t h i s  manner.43 
e f f e c t s  i n  pa t i en t s  t rea ted  with an t ichol ines te rases  alone,22,25,44-47 
though o thers  have f a i l e d  to  f ind  improvement i n  cogni t ive performance i n  
similar patients.48949 

Many s tudies  have reported benef ic ia l  

4-aminopyridine (4-AP) and 3,4-diaminopyridine (3,4-DAP) have been 
s tudied i n  animal models f o r  po ten t ia l  e f f e c t s  upon cognition. These 
drugs enhance release of ACh, presumably by blocking potassium channels 
i n  nerve cells, thereby promoting calcium flux.50 
reverses  the d e f i c i t s  i n  ACh metabolism and motor behavior ( t ight-rope 
t e s t )  produced by hypoxia i n  mice.51 
a n  8-arm radial maze i n  aged rats.52 

3,4-DAP p a r t i a l l y  

It a l s o  improved performance on 

Animal Models - Studies of the biochemical and his topathological  changes 
i n  Alzheimer's pat ients ,4- l6  pa r t i cu la r ly  i n  the chol inergic  system, 
have opened new approaches to  developing animal models f o r  t e s t ing  hypo- 
theses and new chemical e n t i t i e s .  Already severa l  s tud ie s  have appeared 
def ining the r o l e  of vent ra l  p a l l i d a l  l es ions  i n  animals. 
a c t i v e  and passive avoidance was impaired i n  rats with u n i l a t e r a l  elec- 
t r o l y t i c a l  l es ions  i n  the ventromedial port ion of the pallidum, an  area 
which corresponds t o  the nucleus basa l i s  of Meynert i n  primates.53 
Responses learned before les ioning were no t  impaired. Ventral  p a l l i d a l  
l e s ions  produced by ibo ten ic  ac id  did no t  a l t e r  performance of rats on a 
ba t te ry  of psychomotor tasks  o r  a f f e c t  s e n s i t i v i t y  to  shock.54 
ever ,  severe d e f i c i t s  i n  re ten t ion  of a passive avoidance response were 
found i n  these lesioned animals. Similar  d e f i c i t s  i n  passive avoidance 
r e t en t ion  were found i n  rats lesioned b i l a t e r a l l y  i n  the ven t r a l  pallidum 
using another exc i ta tory  .neurotoxin, ka in ic  acid.55 
mustard az i r id in iun  ion (AF64A, l-), a neurotoxic chol ine analog, has  been 
shown t o  produce long-lasting hypofunction of c e n t r a l  chol inergic  systems 
i n  mice56 and a reduction of presynaptic chol inergic  markers i n  r a t  
hippocampus57 without a f f ec t ing  post-synaptic muscarinic receptor  
binding. 
model of Alzheimer's disease,  although behavioral evidence to  support  
t h i s  view is  q u i t e  preliminary.58 

Acquisit ion of 

How- 

Ethylcholine 

It has been proposed t h a t  AF64A-lesions may provide an  animal 

Antichol inergicinduced cogni t ive def i c i t s  have a l s o  been used as a 
model of age-related impairments, with agents  being tes ted  f o r  t h e i r  
a b i l i t y  t o  antagonize o r  reverse  t h i s  a c t i v i t y .  Systemically adminis- 
tered a t ropine  has been shown to  produce increases  i n  running time and 
working memory e r r o r s  i n  mice t ra ined on a six-arm r a d i a l  maze.59 
s w i m  maze, a t ropine- t reated rats were impaired with respec t  to  f inding a 
hidden escape platform.60 Similar  d e f i c i t s  were found i n  rats with 
t o t a l  hippocampalectomy.61 
of a l i gh t lda rk  discr iminat ion and a tonelno tone discr iminat ion i n  
ra t s .b2  Physos tigmine, conversely, f a c i l i t a t e d  performance on t h i s  
task.  Anticholinergics are a l s o  e f f ec t ive  i n  disrupt ing memory when 
in jec ted  d i r ec t ly  i n t o  the b ra i11 .~~ ,64  Conversely, chol inergic  agents  
such as arecol ine ,  physostigmine, oxotremorine, and muscarine, a l l  
improved re ten t ion  on an  ac t ive  avoidance task when administered ICV 
a f t e r  t ra in ing  and p r io r  t o  re ten t ion  t e s t ing  one week l a t e r .64  
4-( o-Benzy1phenoxy)-Nme thylbutylamine hydrochloride (MCI-2016, z), was 
found to  reverse  scopolamine-induced impairments of spontaneous a l t e r a -  
t i o n  of responding i n  r a t s  similar t o  the e f f e c t s  of physostigmine, cho- 
l i n e  and a m ~ h e t a r n i n e . ~ ~  

In a 

Atropine was found to  d i s rup t  acqu i s i t i on  
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Old animals continue t o  be used extensively as models of age- 
related cogni t ive  d isorders .  Old mice, f o r  example, were found to  be 
impaired on passive avoidance compared to  young mice.66 
wi th  c l i n i c a l  d a t a ,  phosphatidylcholine i n  the d i e t  enhanced performance 
of o l d  mice i n  a shuttle-box avoidance test.67 
chance l e v e l s  a f t e r  15 t r a i n i n g  t r ia ls  using a 12-arm r a d i a l  maze, where- 
as  young rats had mastered the  task.68 
l a t i o n s  i n  aged rats were found between maze performance and hippocampal 
chol ine  a c e t y l  t ransferase  a c t i v i t y .  Aged primates,  both cebus and rhesus 
monkeys, have been employed i n  s t u d i e s  of age-related memory i m p a i r -  
m e n t ~ ~ ~  and drug e f f e c t s  upon memory.7a Drug tr ials i n  monkeys have 
demonstrated e f f e c t s  with chol inerg ic  agents  and neuropeptides similar t o  
those reported i n  human t r ia ls ,  adding t o  the v a l i d i t y  and u t i l i t y  of 
these models. 71 

In  c o n t r a s t  

Aged rats performed a t  

I n  t h i s  study, p o s i t i v e  corre-  

Biogenic Amines - While chol inerg ic  approaches t o  the  treatment of cogni- 
t i v e  d isorders  have been the  focus of much c l i n i c a l  work, cumulative lab- 
ora tory  da ta  implies  a n  i m  o r t a n t  r o l e  i n  learn ing  and memory f o r  the  
adrenerg ic  nervous ~ y s t e m . ~ ~ , ~ ~  In  addi t ion ,  there  i s  a dramatic l o s s  
of c e l l s  i n  the locus coeruleus i n  bra ins  of Alzheimer p a t i e n t s ,  b u t  n o t  
i n  m u l t i i n f a r c t  dementia, suggest in  that t h i s  d i sease  i s  n o t  simply a 
d i s o r d e r  of chol inerg ic   rigi in.^^,^! There i s  a l s o  a suggest ion t h a t  
c h o l i n e r g i c  inf luences upon memory may involve dopaminergic mecha- 
nisms .76 

C l i n i c a l  trials of amphetamine, methylphenidate, penty lene te t razol ,  
and pipradol  have general ly  f a i l e d  t o  f i n d  s i g n i f i c a n t  e f f e c t s  upon cog- 
n i t i o n  i n  impaired e l d e r l y  s u b j e c t s ,  al though mood improvement and reduc- 
t i o n  i n  f a t i g u e  have been noted.74 
p o s i t i v e  e f f e c t s  upon performance induced by psychostimulant drugs i n  
hyperact ive c h i l d r e n  with a t t e n t i o n a l  d e f i c i t  d i ~ o r d e r . ~ ~ , ~ ~  Only 
Hyderginem, which has both alpha-adrenergic and dopaminergic a c t i v i t y ,  
has  been shown t o  have c o n s i s t e n t  e f f e c t s  i n  improving mental perfor- 
mance i n  dementia p a t i e n t s ,  al though the o v e r a l l  degree of improvement i s  
usua l ly  
repor ted  i n  normal e l d e r l y  volunteers  t r e a t e d  with Hyderginem.80 
r e c e n t  c l i n i c a l  s t u d i e s  have found impairment of co 
s u b j e c t s  t r e a t e d  w i t h  an  t ihyper  tens ive  medica t ion.  r8 

These results c o n t r a s t  with the 

Medical and psychological improvements have a l s o  been 
Two 

i t i v e  func t ion  i n  

In  animals,  propranolol  a t tenuated  both the  memory f a c i l i t a t i o n  and 
amnesia produced by post- t r a i n i n g  s t imula t ion  of f r o n t a l  c o r t e x  i n  r a t s  
t ra ined  using two l e v e l s  of footshock.83 
induced amnesia f o r  one- t r ia l  inh ib i tory  avoidance i n  young r a t s ,  b u t  had 
no e f f e c t  i n  o ld  animals suggesting a change i n  the  neuromodulatory 
inf luence  of catecholamines on memory processes i n  s e n e ~ c e n c e . ~ ~  A s  
has been reported f o r  chol inerg ic  drugs,  combinations of adrenergic  and 
dopaminergic drugs have produced more improvement i n  performance than 
ind iv idua l  drugs alone. The a c t i o n s  of the c e n t r a l  st imulants,  c a f f e i n e ,  
s t rychnine ,  o r  methylphenidate, on r e t e n t i o n  of shuttle-box avoidance i n  
r a t s  were much more ev ident  when combined with o r o t i c  acid.85 p-Chloro- 
phenylalanine f a c i l i t a t e d  learn ing  and/or memory when admins tered i n  con- 

Amphetamine attenuated C02- 
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junc t ion  with caf fe ine ,  s t rychnine,  o r  amphetamine.86 
tec ted  a g a i n s t  the  dis turbances i n  conditioned avoidance responding pro- 
duced by hypobaric h y p ~ x i a . ~ ~  
by adrenalectomy b u t  n o t  by domperidone. 
hippocampally immediately a f t e r  a c q u i s i t i o n  of a br ightness  discrim- 
i n a  t i o n  task  improved re ten t ion  and increased incorpora t i o n  of L-f ucose 
i n  t h e  hippocampus of rats.88 

Apomorphine pro- 

This  a c t i v i t y  of apomorphine was blocked 
Apomorphine i n j e c t e d  i n t r a -  

Neuropeptides - A number of s t u d i e s  have been conducted aimed a t  corre-  
l a t i n g  abnormal l e v e l s  of a p a r t i c u l a r  neuropeptide with Alzheimer's 
disease.  The following neurope t i d e s  have been s tudied  recent ly :  
somatostat in  89990 substance-P,gl neurotensin g2 CCK,g3,g4 
VIP,93 TRH,92 g l ~ c a g o n , ~ ~  and b e t a - e n d ~ r p h i n . ~ ~  
l e v e l s  i n  CSF and b r a i n  appear t o  be reduced i n  r e l a t i o n  t o  the  s e v e r i t y  
of  the d i s e a ~ e . ~ ~ , ~ ~ , ~ ~  
been reported to be elevated i n  d i s c r e t e  b r a i n  regions from Alzheimer 
p a t i e n t s  when compared t o  age-ma tched c o n t r o l s  .97 

t h e  e f f e c t s  of vasopressin on memory99 have been recent ly  reviewed. 
Behavioral  s tud ies  with these pept ides  i n d i c a t e  t h a t  vasopressin en- 
hances, while  oxytocin i m  airs memory,100,101 and that these  effects 
a r e  c e n t r a l l y  mediated. 105 Arginine vasopressin (3) improved passive 
avoidance i n  chickslo3 and l y s i n e  vasopressin (2) was found t o  reverse  
anisomycin-induced amnesia i n  mice. lo4  Recently,  i t  has  been suggested 
that per iphera l ly  administered vasopressin e l i c i t s  i t s  e f f e c t  on memory 
through an  avers ive  property,  r e s u l t i n g  i n  an  a r o u s a l  response. lo5 
C l i n i c a l  s t u d i e s  with vasopressin i n  head-injured106 and Alzheimer 
pat ients107 have f a i l e d  t o  demonstrate d i f fe rences  i n  performance on 
l e a r n i n g  and memory tasks  between drug and placebo-control groups. A 
r e p o r t  that oxytocin produces amnestic e f f e c t s  i n  normal human s u b j e c t s  
has  been r e p l i c a t e d  i n  a r e c e n t  study.108 

Only somatostat in  

Angiotensin convert ing enzyme a c t i v i t y  has 

The neurophysiological e f fec tsg8  of vasopressin and oxytocin and 

A number of c l i n i c a l  inves t iga t ions  have been conducted with the 
vasopress in  analog, 1-desamino-8-D-arginine vasopressin (d esmopres s in ,  
DDAVP, 51, and have yielded c o n f l i c t i n g  results. Pos i t ive  e f f e c t s  on 
learnin- and memory were observed i n  cogni t ive ly  unimpaired sub- 
j e c t s , l E g * l l o  depressed ind iv idua ls , l lO and p a t i e n t s  with d iabe tes  
i n s i p i d u s . l l l  
reverse  the  amnesia i n  p a t i e n t s  receiving elec troconvulsive shock 
therapy.l12 
was used. Other s t u d i e s  of DDAVP i n  ind iv idua ls  with memory d isorders  
f a i l e d  t o  show any s i g n i f i c a n t  i m p r ~ v e r n e n t . l l ~ , ~ ~ ~  One p a t i e n t  devel- 
oped a paranoid-like s chos is  a f t e r  receiving 30 pg of DDAVP by in t ra -  
n a s a l  adminis t ra t ion.  The vasopressin analog, desglycinarnide 
a r g i n i n e  vasopressin (DGAVP, 5)  improved learn ing  i n  rats on a food- 
motivated task.116 However, DGAVP f a i l e d  t o  produce any b e n e f i c i a l  
e f f e c t s  on memory i n  p a t i e n t s  s u f f e r i n g  from Korsakoff 's  Syndrome.l17 

A 25 pg i n t r a n a s a l  dose of DDAVP, however, f a i l e d  t o  

This  may be d u e  t o  the  s i n g l e ,  r e l a t i v e l y  low dose t h a t  

I I 
H-Cis-Tyr-Phe-Gln-Asn-Cys-X Mpr-Tyr-Phe-Gln-Asn-Cys-Pro-D-Arg-Gly-NH2 

X = Pro-Arg-Gly-NH2 3 (Am) - 5 (DDAVP) 

1 

Pro-Lys-Gly-NH2 4 (LVP) (Mpr = Mercapto propionic  ac id)  
Pro-Arg-OH - 6 (DGAVP) 
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Vasopressin may serve a s  the precursor  of smaller  molecules with 
e f f e c t s  on learn ing  and memory. 
i n a l  d ipept ide  of a r g i n i n e  vasopressin ( c  clo-(Arg-Gly)) was found to  
block puromycin-induced amnesia i n  mice. lf8 The C- terminal t r i p e p t i d e  
of oxy t o c i n  (L-prolyl-L-leucyl-glycineamide o r  PLG) has been reported t o  
cause an  enhancement of memory i n  ch icks . l lg  

The cycl ized d e r i v a t i v e  of the  C-term- 

I t  has been suggested t h a t  while vasopressin is  involved i n  memory 
processes ,  the  neuropeptides ACTHIMSH a f f e c t  motivat ional  and a t t e n t i o n a l  
processes.120 However, s t u d i e s  comparing the  e f f e c t s  of a number of 
neuropep t i d e s  on short-  term memory i n  young a d u l t  primates ind ica ted  t h a t  
a-MSH produced some f a c i l i t a t i o n  of memory.lZ1 Use of aged primates 
t o  a s s e s s  the  e f f e c t s  of neuropeptides on memory suggested t h a t  a r g i n i n e  
and l y s i n e  vasopressin produced the b e s t  o v e r a l l  e f f e c t s  followed by 
ACTH4-10. lZ2 
a n  impairment i n  memory i n  half  the  aged animals tested. ACTH4-10 has  
a l s o  been reported t o  be involved i n  r e t r i e v a l  processes of memory. 
rats t r e a t e d  with an t ivasopress in  serum, which d i s r u p t s  s t o r a g e l r e t r i e v a l  
processes ,  ACTH4-10 res tored  the r e t r i e v a l  of memory, possibly by 
increas ing  the  state of arousal.123 

Somatostatin was v i r t u a l l y  i n a c t i v e  and oxytocin caused 

In 

The ACTHq-g analog (ORG 2766) has  been compared to methylphen- 
i d a t e  i n  hyperkinet ic  ch i ldren  with a t t e n t i o n a l  d e f i c i t  d i sorder .  1*4 
Although anecdotal  r e p o r t s  indicated an  improvement i n  the  s o c i a b i l i t y  of 
these ch i ldren ,  there  d id  n o t  appear t o  be a n  improvement i n  a t t e n t i o n .  
ACTHq-g has  a l s o  been administered t o  p a t i e n t s  with severe senile 
dementia. No improvement was observed a f t e r  four  weeks of drug t h e r  
apy.125 There appears t o  be some r e l a t i o n s h i p  between the  behavioral  
e f f e c t s  of both ACTH126 and the ACTHq-g analog127 and the opioid 
s ys tem. 

The r o l e  of enkephalins and endorphins i n  learn ing  and memory pre- 
s e n t s  a somewhat confusing p ic ture .  It has recent ly  bee? suggested t h a t  
t h e  apparent  c o n f l i c t s  i n  the l i terature  may be due t o  the d i f f e r e n t  
doses of o p i a t e s  used i n  p a r t i c u l a r  s t u d i e s ;  high doses appear t o  f a c i l -  
i t a t e  learn ing  while  l o w  doses cause a d e ~ r e m e n t . ~ ~ ~ , ~ ~ ~  
of  the endorphins on animal learn ing  have been recent ly  reviewed, and the 
proposal  made that dis turbances i n  the endor h in  system may l e a d  t o  
a t t e n t i o n a l  d e f i c i t  d i sorders  i n  chi ldren.  138 

The e f f e c t s  

Actions of o p i a t e  an tagonis t s ,  such as naloxone, on learn ing  and 
memory have been s tudied  i n  both laboratory animals and humans. Again, 
c o n f l i c t i n g  results have been reported.  
been reported t o  enhance t h e  s p a t i a l  memory of rats t ra ined  on an  8-arm 
r a d i a l  maze.131 Another inves t iga t ion ,  however, found t h a t  naloxone 
had a d i s r u p t i v e  e f f e c t  on a learned behavior i n  r a t ~ . 1 ~ ~  Cognitive 
impairments were ev ident  a f t e r  infusions of 2 mg/kg naloxone i n  normal 
ind iv idua ls  ; 33 no changes i n  cogni t ive performance were observed a t  
lower doses. Resul ts  from a double-blind, placebo-controlled study of 
naloxone i n  seven p a t i e n t s  with Alzheimer's Disease indica ted  a t  least  
temporary p o s i t i v e  e f f e c t s  on cognition,134 however open-tr ia ls  con- 
ducted a t  four  separate c e n t e r s  did n o t  show any e f f e c t 1 3 . l ~ ~  

Naloxone and diprenorphine have 

nootropic (noos = thought o r  reason; t repo = turn 
drug which s e l e c t i v e l y  a f f e c t s  higher c e r e b r a l  
chemistry and pharmacology of nootropics  have 

been recent ly  reviewed.139 Most examples of t h i s  c l a s s  a r e  comprised 
of  gamma lactams which a r e  chemically related t o  the folded conforma t ion  
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of GABA. 
(CI-879, 9 ) ,  oxiracetam (ISF-2522, 10) and aniracetam (Ro 13-5057, 11).  
The n e u r o ~ h a r m a ~ o l o g i c a l ~ ~ ~ , 1 ~ ~  and neurochemicall42 e f f e c t s  of pra- 
miracetam suggest  t h a t  the compound i s  a cogni t ion a c t i v a t o r .  
study involving computerized q u a n t i t a t i v e  EEG a n a l y s i s  ind ica ted  t h a t  
t h i s  drug a c t s  as  a v i g i l a n c e  enhancer, 143 Preliminary f indings from 
a n  open-label study of pramiracetam i n  Alzheimer p a t i e n t s  with mild t o  
moderate co n i t i v e  dec l ine  indica tea an  improvement i n  goal-direc ted 
behavi o r  . 14& Oxiracetam has a l s o  been s tudied i n  e l d e r l y  p a t i e n t s  with 
organic  b r a i n  syndrome, and p o s i t i v e  e f f e c t s  have been n 0 t e d . 1 ~ ~  Anir- 
acetam improved impaired learn ing  and memory i n  rodents,146 and pro- 
duced some b e n e f i c i a l  e f f e c t s  i n  aged p a t i e n t s  i n  a g e r i a t r i c  nursing 
home s e t t i n g .  147 F ina l ly ,  cogni t ion a c t i v a t i n g  proper t ies  have been 
descr ibed f o r  a series of 3-ary loqpyr id ines .  3-Phenoxypyridine (CI-844, 
- 12)  was found t o  be the most a c t i v e  member of t h i s  series i n  enhancing 
l e a r n i n g  and/or memory i n  a s i n g l e  t r ia l  passive avoidance task  i n  mice 
r e t e s t e d  one week a f t e r  training.148 

These include piracetam (l), etiracetam (8) , pramiracetam 

A c l i n i c a l  

R 

0 0  I I Q 

Q3 no N 

R' -CHCNHR" 

- 7 ,  R = R' = a R" = H 
8, R = R" = H; R' = E t  
9, R = R' = H; 

R" = CH CH N(i-Pr)* 

- 
- 

12 - 11 
10, R 3 OH;2R'2= R" = H - 

Summary and Conclusions - The l a s t  few years  have seen s i g n i f i c a n t  p r o -  
g r e s s  made i n  e f f o r t s  t o  understand and treat  cogni t ive  disorders .  With 
t h i s  progress has come an  even g r e a t e r  apprec ia t ion  of the complexity and 
r ichness  of the  physiological  events  underlying cogni t ive  funct ion and 
the d i f f i c u l t i e s  fac ing  the  physician and s c i e n t i s t  i n  f ind ing  e f f e c t i v e  
treatments f o r  cogni t ive  disorders .  
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Chapter 5 .  Adaptive Changes in Central Nervous System Receptor Systems 

B. Kenneth Koe and Fredric J. Vinick 
Pfizer Central Research, Groton, CT 06340 

Introduction -The phenomenon that repeated (subacute, chronic) administration of drugs can 
induce pharmacological effects that  become progressively at tenuated or accentuated 
compared t o  the original effects of a single (acute) dose is well known. In the past decade, the 
molecular events involved in the rapid loss o f  the ability o f  the norepinephrine (NE) receptor- 
coupled adenylate cyclase system of intact cells to generate cyclic AMP (CAMP) fol lowing 
stimulation o f  P-adrenoceptors by P-agonists have been wel l  studied.l.2 In such cells, 
isoproterenol stimulates the formation of CAMP, but continual exposure t o  this agonist 
induces a refractoriness, characterized by a rapid desensitization of agonist-stimulated 
adenylate cyclase and a slower loss of  P-adrenoceptors. The reduction in sensitivity is 
measured as a change in maximal.response of the adenylate cyclase, while the loss in p- 
adrenoceptors (down-regulation) is ascertained as a decrease in receptor density (determined 
by Scatchard analysis of saturation binding o f  antagonists). The K0.5 values for adenylate 
cyclase activity and the KD values (affinity-1) for antagonist binding are unchanged in  
desensitization and down-regulation, respectively. Prior t o  the irreversible disappearance of 
0-adrenoceptors, an uncoupling process occurs; although the number of receptors remains 
essentially the same, the sensitivity of these receptors t o  isoproterenol is less than that o f  
untreated cells. A rapid and reversible desensitization and down-regulation of the p-receptors 
of rat  cerebral cortex is observed on incubation of tissue slices with isoproterenol3 or 
desipramine (DMI), an NE uptake blocker.4 Similar adaptive changes in the receptors o f  the NE 
system also occur in wiwo in the brain when NE levels are altered. Prolonged NE depletion can 
be effected by drugs (reserpine) or selective lesions (6-hydroxydopamine [6-HDA] or 
electrolytic), whereas prolonged elevation can be achieved by preventing metabolism (MA0 
inhibitors) or increasing synaptic concentrations through inhibit ion o f  reuptake.fi.6 This 
chapter examines the recent literature on adaptive changes in central NE, serotonin (5-HT) and 
dopamine (DA) receptor systems and concentrates on drug-induced effects which could relate 
to therapeutic modes o f  act ion in human diseases. Reviews o f  related topics have 
appeared .7-10 

Norepinephrine Receptors - Depression is a CNS disease believed to be associated with a 
perturbation of central NE transmission. The first effective drugs in depression were M A 0  
inhibitors and tricyclic uptake blockers which increase the concentration o f  neuronal or 
synaptic NE, respectively. With the recognition that the onset of action of antidepressants was 
several weeks, attention turned t o  studying the effects o f  subacute and chronic administration 
of antidepressant drugs. In rats, multiple treatments w i th  antidepressant drugs1 1-14 and 
electroconvulsive shock (ECS)11.15-17 desensitized the NE receptor-coupled adenylate cyclase 
system in limbic forebrain slices and decreased the number of ji-adrenoceptors measured by 
antagonist binding. In contrast t o  the subsensitivity observed after these chronic treatments, 
acute administration showed no effects. In general, antidepressants,6.l1.12.18-34 M A 0  
inhibitors,5.9,21,23.37.38 lithium3536 and REM sleep deprivation39 have all been shown t o  induce 
desensitization andlor down-regulation of NE receptors. 

Administration of multiple daily doses of drug produces down-regulation faster than 
single daily dosing and allows a lower dose per injection.6.29 In a time course study in rats, DMI  
(10 mglkg b.i.d.) elicited maximal desensitization of CAMP accumulation by isoproterenol in 
cortical slices in 5 t o  7 days and down-regulation o f  P-adrenoceptors in cortical membranes 
after 7 days. After DMI  withdrawal, the subsensitive NE receptors returned to normal within a 
week.6 After multiple ECS treatments, 0-adrenoceptors remain down-regulated for at least a 
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week.15 These studies indicate that faster onset of therapeutic effects might be achieved by 
rapidly increasing the dose of antidepressants. Since side effects may preclude such a strategy, 
other ways to  facilitate the desensitization/down-regulation have been investigated. The co- 
administration o f  a2-adrenergic antagonists (yohimbine, d ihydroergotamine or 
phenoxybenzamine) wi th DMI and other antidepressants increased the rate o f  down- 
regulation.a-42 In contrast, the al-antagonist, prazosin, was ineffective in accelerating down- 
regulation.42 Rapid desensitizationldown-regulation of Padrenoceptors by co-administration 
of iprindole and amphetamine occurred at doses of each which were ineffective alone.43.44 
On the other hand, co-administration o f  chlorpromazine with imipramine failed to  enhance 
the down-regulation of 6-receptors observed with imipramine alone, even though this 
combination is reportedly more effective in treating delusional depression.45 Unlike most 
studies, some recent reports claim down-regulation of 6-adrenoceptors following a single ECS 
treatment or single doses of DMI on days 1 and 17.46 

One explanation for the facilitation of down-regulation of  6-adrenoceptors by a2- 
adrenergic antagonists i s  as follows: the expected synaptic build-up of NE after DMI is  
attenuated by concurrent stimulation of a2-autoreceptors, which inhibits NE release. Only 
when these a2-autoreceptors become down-regulated will synaptic levels of NE increase, thus 
accounting in part for the slow onset of therapeutic defects.47 The notion that repeated 
administration of antidepressants or ECS can induce subsensitivity of a2-autoreceptors is based 
on the tolerance to  various actions of low doses of clonidine in mice or rats induced by such 
regimens.48.49 Chronic administration of clorgyline desensitized a2-autoreceptors and down- 
regulated &adrenoceptors before a decrease in the CAMP response to  NE could be observed.38 
The a2-adrenoceptor adaptation elicited by clorgyline reverted to  normal very gradually.50 
One potential disadvantage of using a2-antagonists i s  that autoreceptors may quickly become 
supersensitive. Reduced antagonism of responses to  clonidine after long-term administration 
of mianserin, an a2-antagonist, may be the result of the development of  supersensitive 
autoreceptors.s1,52 Some authors propose that depression may be caused in part by 
supersensitivity of a2-adrenoceptors and report evidence that chronic antidepressant 
treatments elicit down-regulation of these receptors.53.54 In other studies, however, an up- 
regulation of a2-adrenoceptors has been observed.55.56 In contrast, al-adrenoceptor binding 
is not affected by chronic administration of antidepressants.21 

The subsensitive P-adrenergic system resulting from chronic administration of  
antidepressants implies that postsynaptic responsiveness t o  NE is diminished, e.g., long-term 
administration of DMI, clomipramine, maprotiline or tranylcypromine reduced the sensitivity 
of cingulate cortical neurons t o  iontophoretically applied NE.57 Similarly, chronic DMI 
markedly decreased the responsiveness of Purkinje cells in cerebellum to  applied NE.58 In 
contrast, other studies have shown that chronic antidepressant treatments enhanced 
postsynaptic NE and 5-HT responses in the facial motor neurons.59 Possibly related t o  the 
enhanced NE responses is the finding that chronic antidepressant treatment can apparently 
facilitate the interaction of  the guanine nucleotide binding protein wi th  the catalytic 
protein.60 The subgroup of antidepressants comprising the selective 5-HT uptake blockers, 
zimelidine,24.31 fluvoxamine33 and sertraline34 also down-regulate j3-adrenoreceptors. Such 
agents may induce this subsensitivity by the removal of an inhibitory 5-HT constraint on NE 
neurons through inhibition of firing of raphe 5-HT neurons34 or enhancement of  5-HT 
reuptake.6’ The notable exception is  fluoxetine.21.25,26,30 

In rats deprived of a 5-HT input, via lesions with 5,7-dihydroxytryptamine (5.7-DHT) or 
by p-chlorophenylalanine (PCPA), chronic administration of DMI failed to  down-regulate 6- 
adrenoceptors, although the usual desensitization of NE sensitive adenylate cyclase was st i l l  
observed.62.63 When NE receptors were desensitized and reduced in number by the DMI 
treatment, PCPA reversed the decrease of  preceptors without affecting the cyclase.14 These 
persistent &receptors may be “uncoupled”, since their affinity for isoproterenol is reduced.64 
Possibly, the step from uncoupled receptors t o  actual disappearance of  NE receptors is  
interrupted by the loss of  5-HT input. An interesting corollary is the observation that 
depressed patients benefit ing from either imipramine or tranylcypromine showed 
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reemergence of their depressive symptoms when PCPA was administered along w i th  the 
antidepressant.65.66 

Since drugs for the treatment of depression appear t o  increase NE activity, P-agonists 
may be therapeutically effective in this disorder. Antidepressant activity has been reported 
following administration o f  the P-agonist, salbutamol, w i th  a suggestion of more rapid onset 
of acti0n.67~68 The time course of clinical improvement w i th  oral salbutamol paralleled the 
induction of subsensitivity of a plasma NE-sensitive adenylate cyclase.68 Subacute infusion of 
the P-agonist, clenbuterol, was found t o  desensitize isoproterenol-stimulated adenylate 
cyclase and down-regulate P-adrenoceptors in  the rat  cerebellum.69 In contrast, the p- 
antagonist, propranolol, not only blocked the effects o f  chronic DMI but also elicited up- 
regulation of P-receptors and enhanced sensitivity o f  isoproterenol-sensitive adenylate 
cyclase.6 Subacute administration of phenoxybenzamine or propranolol also increased the 
cAMP response t o  NE in mouse limbic forebrain.70 Interestingly, major depressive episodes 
have been reported for several patients on propranolol therapy.71 Unlike the rat experiment 
described above,6 propranolol did not attenuate the therapeutic effects of an antidepressant 
in a human study.72 Pharmacological treatments which deplete neurons of NE,70.73 and 
6-HDA74 or DSP-4 induced lesions,75 increased the cAMP response t o  NE or isoproterenol, and 
j3-adrenoceptor density. Unilateral electrolytic lesions o f  the locus ceruleus prevented the 
desensitizing effects of DMI  or iprindole on the lesioned side only.76 The P-adrenoceptors 
involved in down-regulation or up-regulation in rat cortex belong mainly t o  the p1 subtype.77 
A subpopulation of receptors w i th  neither a nor P characteristics is also coupled t o  the 
adenylate cyclase of rat limbic forebrain78 

Desensitization o f  the P-receptor system by repeated administration of antidepressants 
also occurs in the pineal gland, which i s  innervated by postganglionic sympathetic fibers. The 
stimulation of the P-receptor/adenylate cyclase system increases the synthesis of serotonin-N- 
acetyl transferase, a critical enzyme for melatonin production. Thus, the subsensitivity o f  
pineal P-adrenoceptors found after chronic DMI  or nialamide was accompanied by a fall in 
melatonin formation stimulated by isoproterenol or darkness.79 Chronic administration o f  
amitriptyline, maprotiline and clenbuterol also attenuated the increase of pineal melatonin 
stimulated by isoproterenol, but  iprindole, mianserin, fluoxetine and repeated ECS had n o  
effect80 Attempts t o  detect subsensitivity of the P-receptors in patients treated w i th  DMI  by 
monitoring night-time plasma melatonin levels failed.81 The exclusive P-adrenergic regulation 
of melatonin synthesis seen in rats may not extend t o  man.82 

Stress applied t o  rats (electric foot shock) induced desensitization o f  NE receptor- 
coupled adenylate cyclase in cortical slices.83 This f ind ing  suggests tha t  a similar 
desensitization could be a natural response t o  prolonged emotional stress. Thus, the NE 
receptors in  depressed patients may be unable t o  down-regulate in  response t o  stress, 
necessitating antidepressant therapy.84 In another study, however, the  number o f  p- 
adrenoceptors in rats was not altered by chronic foot shock stress.15 Most studies on adaptive 
changes in the P-adrenergic system focus on cerebral cortex, frontal cortex, limbic forebrain 
and hippocampus. Although ECS did no t  down-regulate P-adrenoceptors i n  str iatum, 
hypothalamus or cerebellum,15 chronic drug treatments do  cause a decrease in the density of 
P-receptors in these brain regions.85.86.69 

Adaptation of NE receptors is also observed after long-term administration of other 
types of drugs. For example, chronic chlorpromazine desensitized cortical NE-sensitive 
adenylate cyclase in rats18 but caused supersensitivity in mouse limbic forebrain.70 Chronic 
haloperidol did not desensitize cortical NE-stimulated adenylate cyclase73 bu t  apparently 
induced up-regulation of a2-adrenoceptors (enhanced locomotor response t o  clonidine) in 
mice.87 The methylxanthines (caffeine,88 pentoxyfylline89), which increase turnover of brain 
NE, caused rapid down-regulation of p-adrenoceptors. 

Serotonin Receptors - The relationships between 5-HT receptors and the actions of drugs are 
much less clear than those for NE or DA receptors. Numerous conflicting findings result from 
the inherent difficulties of relating behavioral and electrophysiological effects. Also, the 
aforementioned effects do  not correlate well wi th drug-induced changes in binding sites that 
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are poorly defined functionally. Serotonin receptors are termed 5-HT1 (based on 3[H]5-HT 
bindingso) or 5-HT2 (based on 3[H]spiperone binding in frontal cortical membranes).21.91 The 
latter sites are also labeled by 3[Hlketanserin92 or 3[Hlmianserin.93,94 Serotonin agonists 
exhibit nanomolar affinities for 5-HT1 receptors but only micromolar affinities for 5-HTz 
binding sites. A 5-HT sensitive adenylate cyclase has been characterized, but i t s  connection 
with 5-HT1 or 5-HT2 receptors is not clear.91.95.96 Increases in hippocampalso and cortical21 
5-HT1 receptors are found in rats lesioned w i th  5,7-DHT. Similar lesions increased 
3[H]mianserin binding sites61 but not 3[Hlspiperone97 or 3IHlketanserin binding.98 Chronic 
PCPA treatment effected increases in 5-HT199 and 5-HT2 receptors (3[H]spiperone binding)loo 
and 3[H]mianserin binding sites.61 The binding of 3[H]imipramine to  brain membranes i s  
supposedly associated with 5-HT uptake sites, but there is a question whether 3[H]imipramine 
labels a physiologically relevant site.101 3[Hllmipramine binding sites are decreased in rats 
with 5,7-DHT lesions but remain unchanged in rats following chronic treatment with chronic 
PCPA.61 

The role of serotonergic changes in depression and antidepressant therapy has been a 
subject of intense study. For example, brains of suicide victims exhibited an increase in cortical 
5-HT2 binding sites102.103 and either an increase103 or a decrease104 in ,[H]imipramine binding. 
Furthermore, cortisol secretion stimulated by 5-hydroxytryptophan was found t o  be greater 
for depressed and manic patients than normal controls, suggesting the involvement of 
supersensitive 5-HT receptors.105 Thus, an increased risk to  suicide and depression may be 
characterized by a decrease in serotonergic function.106 If up-regulation of 5-HT receptors is 
associated with suicide and depression, then the question arises as to whether antidepressant 
therapy normalizes 5-HT receptor density. Several investigators have, reported that chronic 
administration of MA0 inhibitors results in a decrease in the number of 5-HT1 receptors (KO 
unchanged) in rat cortex or brain stem,99.107 inhibits the "5-HT syndrome" induced by 5-HT 
agonistslos and attenuates the response of cortical neurons to  microiontophoretically applied 
5-HT.109 However, variable results have been obtained with tricyclic antidepressants. Many 
studies have indicated that chronic administration of these drugs does not down-regulate 
5-HT1 receptors,21-23.lo7.111.112 but there are a few e x c e p t i o n s . ~ ~ ~ ~ ~ ~ . ~ 1 3  One group reported a 
decrease in the  number of  3[H]5-HT binding sites after long-ter DMI, imipramine, 
amitriptyline or dimetacrine treatments.113 Another group found that chronic treatment with 
imipramine or DMI produced high and low affinity 5-HT1 receptors in rat dorsal cortex.112 
Even 5-HT specific uptake blockers have led to  conflicting findings: chronic clomipramine had 
no effect on 3[H]5-HT binding,llo whereas D-fenfluramine led t o  a decrease in 3[H]5-HT 
binding (lowered KD and Bmax).114.115 Fluoxetine was found by several groups not t o  alter 
5-HT1 receptors;l9,2l.lll.l16 however, others have reported either a reduction in the number 
of high affinity 5-HT1 receptors in frontal cortex117 or a decrease in the affinity of 5-HT1 
receptors in dorsal cortex.112 Similarly, one chronic study with zimelidine failed to  show down- 
regulation of 5-HT1 receptors in rat cortex,llE while a different group observed an induction of 
high and low affinity 3[H]5-HT binding sites, amounting to  a "selective down-regulation" of 
5-HT1 receptors.112 Chronic lithium treatment can also alter S-HTI receptors as evidenced by 
the fact that receptor density decreased in the rat hippocampus; no change was observed in 
the cortex.119 The 5-HT autoreceptor blocker, methiothepin, facilitated the down-regulation 
of 5-HT1 receptors induced by imipramine or mianserin, presumably by increasing 5-HT 
release.120 

Chronic administration, of imipramine, DMI, amitriptyline, iprindole or pargyline 
down-regulated 3[H]spiperone-labeled 5-HT2 receptors in rat brain.21.97.121 Pretreatment with 
the serotonergic neurotoxin, p-chloroamphetamine (PCA), did not lessen the effectiveness of 
amitriptyline, which suggests that the drug itself may be interacting with postsynaptic 
receptors. Interestingly, the PCA treatment, while reducing 5-HT uptake drastically, had no 
effect on 5-HT2 receptors.97 Chronic administration of mianserin decreased the number of 
5-HT2 sites (3[H]spiperone binding) in rat cortex.122 Even a single dose of this drug lowered 
5-HT2 binding.100.122 Similarly, amoxapine and loxapine were able to  reduce the density of 
5-HT2 receptors after both acute and chronic treatment.100 Clozapine blocked the binding of 
3[H]spiperone to  frontal cortex in intact mice as effectively as amitriptyline;123 long-term 
administration of clozapine decreased the number of 5-HT2 sites labeled by 3[H]ketanserin.124 
Rats with lesioned 5-HT neurons did not show alterations in 5-HT2 receptor density as 
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measured by 3[H]spiperone,97 3[H]LSDl25 or 3[H]ketanserin binding.98 In contrast, chronic 
PCPA treatment increased 5-HT2 receptor binding.100 Chronic administration of imipramine 
decreased 3[H]ketanserin binding and 3[H]spiperone binding21 without affecting the binding 
of 3[H]mianserin,98 which also labels 5-HT2 receptors.94 Repeated administration of mianserin 
itself did not  down-regulate 3[Hlmianserin binding61 nor did lesions of presynaptic 5-HT 
neurons.93 In fact, up-regulation of these binding sites has been reported after either lesions 
or PCPA treatment61 Electroconvulsive shock, unlike antidepressant drugs, caused an increase 
in the number of 5-HT2 binding sites labeled by 3[H]spiperone in rat cortex.126.127 Receptor 
affinity was unchanged as was 5-HT1 binding.128 Amitriptyline administered together wi th 
the a2-antagonist, yohimbine, decreased 5-HT2 receptor binding after 4 days compared to 10 
days for amitriptyline alone.129 Phenoxybenzamine and dihydroergotamine were also 
effective, whereas the specific al-antagonist, prazosin, was not. Very recently, it has been 
shown that subacute co-administration of imipramine and chlorpromazine produced a greater 
reduction of 5-HT2 binding in rat cortex than either drug alone;130 in contrast, this same drug 
combination had no effect on a2- and 0-receptor densities.45 

Repeated administration of imipramine diminished 3[H]imipramine binding in rat 
hippocampus but not in cereb.ellum or cortex; in the same animals, down-regulation of  p- 
receptors was induced in the latter regions but no t  in the hippocampus.131 The down- 
regulation of 3[H]imipramine binding sites by chronic imipramine was accompanied by an 
increase in 5-HT reuptake in hippocampal slices.61 It was proposed that chronic administration 
of imipramine and DMI may effect the desensitization/down-regulation of 0-adrenoceptors by 
eventually facilitating 5-HT reuptake, thereby attenuating the inhibitory effects of 5-HT on NE 
neurons.61 This diminished 5-HT function could also lead t o  the enhanced responses t o  5-HT 
observed after chronic tricyclics.132 The down-regulation of 3[H]imipramine binding sites IS  

supposedly a reduction in the effector sites for an "endogenous modulator'' (inhibitory) of 
5-HT reuptake.61 It is notable that either deprivation of REM sleep or chronic ECS treatment 
can down-regulate 3[H]imipramine sites as well as P-receptors.39 However, iprindole and 
mianserin, wh ich  produce subsensit ivi ty o f  NE receptors, d o  n o t  down- regu la te  
3[H]imipramine sites.61.131 

Chronic tricyclic antidepressants, but not fluoxetine, femoxetine, or chlorpromazine, 
increased sensitivity of postsynaptic forebrain neurons to microionotophoretically-applied 
5-HT.132 Similar treatments did not affect the sensitivity of raphe 5-HT autoreceptors, as 
assessed by the effect o f  LSD on neuronal f i r ing rates.133 Electrophysiological studies 
fol lowing chronic zimelidine treatment revealed enhanced 5-HT neurotransmission on  
electrical stimulation o f  rat hippocampus but not an enhanced responsivity of hippocampal 
neurons t o  applied 5-HT.134 These results are at variance with the notion that long-term 
zimelidine may attenuate 5-HT transmission112 and w i th  the observation tha t  chronic 
antidepressants increase postsynaptic functional sensitivity.59.132 Acute zimelidine inhibited 
the firing of raphe 5-HT neurons, but the effect became progressively less wi th continued drug 
administration. After 14 days of zimelidine, the f ir ing rate returned t o  normal, but the 
response o f  raphe 5-HT autoreceptors t o  intravenous LSD was much less.134 These findings 
suggest that the autoreceptors mediating the firing rate of 5-HT neurons become desensitized 
by continuat exposure t o  this 5-HT uptake blocker. The postsynaptic 5-HT funct ional  
supersensitivity elicited by chronic clomipramine was no t  blocked by chronic l i th ium 
administration.135 

Acute administration of amitriptyline, imipramine, trazodone, mianserin or viloxazine 
(but not DMI  or iprindole) antagonized the "head-twitch" response t o  5-methoxy-N,N- 
dimethyltryptarnine (5-MeODMT) in mice. Chronic administration o f  the same agents, 
including DMI  and iprindole but excluding mianserin or viloxazine, e l i c i t ed  enhanced 
responsiveness t o  this 5-HT agonist.136 Recently, the head twitch response has been ascribed 
to  5-HT2 receptor stimulation, whereas the 5-HT syndrome may involve activation of 5-HT1 
receptors.137 Antagonism of the head twitch response by acute tricyclic drugs but enhanced 
responses after chronic treatments suggest that "receptors" blocked after one dose should be 
up-regulated by multiple doses. Instead, the effects of chronic tricyclic antidepressants on  
5-HT2 receptors (down-regulation) and the behavior presumably mediated by these receptors 
are opposite. As noted earlier, mianserin can down-regulate 5-HT2 receptors after acute or 
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chronic administration; both treatments also antagonized the head twi tch response in 
mice.122.136 The up-regulation o f  5-HT2 receptors by multiple ECS treatments i s  accompanied 
by enhanced behavioral responses t o  5-HT agonists.126 Thus, the effects on 5-HT2 receptors 
seem t o  parallel a behavioral response for mianserin and ECS but not other antidepressant 
drugs. However, a recent investigation showed parallel increases in the 5-HT head twi tch 
response and 5-HT2 receptor density following chronic DMI treatment.138 Finally, another 
study reported that 5-HT1 receptor binding was unaltered, whereas 5-HT2 binding was 
decreased after chronic administration of clomipramine or fluoxetine. The 5-HT syndrome in 
the clomipramine and fluoxetine-treated rats from 5-MeODMT was also diminished.111 This 
result supports other findings that postsynaptic activity appears t o  be attenuated following 
long-term administration of 5-HT uptake blockers,ll2 but the behavioral subsensitivity t o  5-HT 
agonists is in contrast t o  the supersensitivity t o  microiontophoretically-applied 5-HT in chronic 
clomipramine treated rats.135 Amitriptyline, trazodone and other agents, in fact, may 
function as antagonists of 5-HT at the postsynaptic receptor.139-141 Chronic treatment wi th 
zimelidine induces a lower affinity 5-HT1 site in both rat cortex and hypothalamus, in concert 
wi th the persistent reduction o f  5-HT synthesis. These effects might result in reduced 
presynaptic and postsynaptic activity.112.142 A similar decrease in 5-HT transmission after 
chronic 5-HT uptake blockers could be responsible for their ability t o  desensitize and down- 
regulate P-adrenoceptors.34 Other investigators have proposed that antidepressant drugs 
alter the structure of the postsynaptic 5-HT receptor t o  give a higher affinity 5-HT binding 
form which is inactive, i.e., no longer coupled t o  a 5-HT sensitive adenylate cyclase.143 The 
relevance of these findings to the action o f  antidepressant drugs is  obscure, since M A 0  
inhibitors were ineffective. 

Dopamine Receptors - All antipsychotic drugs (neuroleptics) are known to block DA receptors. 
The number of receptor subtypes claimed for DA, based on binding studies, include "D-1, D-2, 
D-3 and D-4".144.145 However, only the  postsynaptic D-2 receptors ( labeled by 
3[H]butyrophenones) are most consistently relatable t o  the effects of drugs. The D-1 subtype, 
a DA-stimulated adenylate cyclase site, has no clearcut function in brain.146 Recent studies on 
agonist binding disclosed that 3[H]DA binds t o  two  sites, both postsynaptic; one is related t o  
D-2 sites and the other t o  D-1 sites.147 

Changes in DA receptors are of particular relevance t o  three major types o f  CNS 
disorders, schizophrenia, tardive dyskinesia and Parkinson's disease. Strong evidence points t o  
the involvement of the DA system in many of the clinical manifestations of schizophrenia. 
Several studies have been conducted t o  determine whether this disease ultimately causes 
alterations in DA receptors. In one investigation, 3[H]spiperone binding in 19 postmortem 
brains from schizophrenic patients showed an increase in the density of postsynaptic DA 
receptors (D-2) versus a control group.148 A concurrent increase in KD of 3(H]spiperone binding 
was attributed t o  residual neuroleptics. Two patients had never received antipsychotic drugs, 
and five others had been drug-free for at least a year prior t o  death (this latter group had 
normal KI, values). Thus, up-regulation of postsynaptic receptors in the caudate nucleus, 
putamen and nucleus accumbens may be an aspect of the disease process. Another study gave 
similar values, but it was difficult t o  rule out supersensitivity induced by prior neuroleptic 
treatment.149 In Parkinson's disease, DA receptor supersensitivity i s  postulated as a 
compensatory response t o  the degeneration of nigrostriatal DA neurons. Examination of 
postmortem brains of Parkinson patients revealed an increase in 3[H]haloperidol binding in 
the putamen and a similar trend in the caudate.150 In the brains o f  such patients on long term 
L-dopa therapy, 3[H]haloperidol binding was normal. L-Dopa thus normalizes the DA system. 
It was proposed that deliberate up-regulation by decreasing or withdrawing L-dopa treatment 
may be beneficial t o  patients who become refractory t o  this drug due t o  the development of 
subsensitivity.lso.l51 The more disabled Parkinson patients showed a decreased number o f  
striatal D-2 receptors and loss o f  therapeutic response t o  L-dopa.152 In Huntington's disease, 
postmortem brain tissue from patients showed a significant decrease in the number o f  
3[H]spiperone 0-2 sites (unchanged KD) in the putamen, caudate nucleus, and frontal  
cortex.153 This diminished dopaminergic function in the basal ganglia and frontal cortex may 
be a cause of the motor and mental disorders, respectively, in Huntington's disease. 
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Many animal studies have been carried out t o  determine the effects of antipsychotic 
drugs on DA receptors.7.144.145 Rats treated chronically wi th haloperidol exhibited increases in 
3[H]haloperidol binding in the striatum and mesolimbic region.154 Also, 3[H]apomorphine 
binding was increased in the aforementioned brain areas. Enhanced 3[H]haloperidol binding 
after chronic haloperidol, fluphenazine and reserpine was reflected by an increase in receptor 
density, not  in affinity.155 In accord wi th the greater number of D-2 receptors, an augmented 
behavioral response t o  apomorphine,l56.157 amphetamine157 or tranylcypromine + L-dopalss 
was observed. In general, chronic administration of neuroleptics alters the number of D-2 
receptors; except for thioxanthenes, the number of D-1 sites, i.e., DA sensitive adenylate 
cyclase activity, is unchanged.156-158 The thioxanthene, cis-flupenthixol, which exhibits similar 
a f f in i t ies  fo r  D-1 and 0 -2  receptors, up- regu la ted  D-1 receptors a f t e r  chron ic  
administration.l56,159 Longer treatment (18 months) increased the number o f  D-2 sites 
without affecting that of D-1 sites (labeled by 3[H]piflutixol) despite increased DA-sensitive 
adenylate cyclase activity.160.161 Receptor plasticity was demonstrated by the fact that  
withdrawal after 18 months of cis-flupenthixol treatment resulted in the return of enhanced 
apomorphine-induced stereotypy t o  normal and elevated Bmax for 3[H]spiperone binding t o  
control values after 1 month and 3 months, respectively. However, DA-stimulated adenylate 
cyclase activity remained elevated for 6 months, returning t o  normal activity 1 year following 
drug withdrawal.161 Similar e f f e c t s  were found upon continual administrat ion o f  
trifluoperazine (1 year). This drug initially acted as a DA antagonist, but behavioral 
supersensitivity t o  high dose apomorphine, increased density of D-2 receptors and enhanced 
DA-stimulated adenylate cyclase activity was observed at 6 and 12 months and persisted for 3 
months after drug withdrawal.160 These receptor sensitivity changes appeared t o  parallel the 
development o f  drug-induced human tardive dyskinesia. Administration of haloperidol, 
trifluoperazine, fluphenazine or pifluthixol for 6-9 months resulted in an enduring functional 
blockade of DA receptors, as measured by low dose apomorphine elicited responses; D-2 
binding was elevated.162 Other investigators have reported that neuroleptic-induced DA 
receptor supersensitivity can be reversed by chronic L-dopa administration, presumably by 
increasing the concentration o f  DA, which in turn down-regulates the receptors.151.163 
Concurrent chronic treatment of rats w i th  haloperidol and l i thium did not lead t o  the 
development of DA receptor supersensitivity.164 This prophylactic effect .of l i thium in  
preventing up-regulation o f  the DA receptors may be involved in i t s  antimanic properties. 

Studies of receptor regulation have also been useful in attempts t o  understand the 
mechanism of action of antipsychotic drugs. In monkeys, it was found that after chronic 
haloperidol treatment, DA receptor sensitivity t o  a challenge dose of haloperidol is maintained 
in the frontal and cingulate cortex, whereas tolerance is seen in  the  putamen and 
caudate.165.166 Thus, these cortical regions may represent the site of therapeutic action of 
antipsychotic drugs. Furthermore, the unique effects of neuroleptics on the mesocortical DA 
neurons may be caused by the lack o f  autoreceptors i n  this brain region.167.168 In 
electrophysiological studies, DA autoreceptors (substantia nigra) were found t o  be 6 t o  10 
times more sensitive t o  DA agonists than postsynaptic receptors (caudate nucleus); therefore, 
low doses of agonists may act preferentially at autoreceptors t o  inhibit DA release.169 Thus, 
selective autoreceptor agonists could be effective antipsychotic agents; the development of 
tolerance may be a limiting factor.170.171 Conflicting results have been reported regarding the 
effects of chronic antidepressant administration on DA receptors: imipramine and iprindole 
induced subsensitivity o f  autoreceptors,l72 bu t  ef for ts t o  repeat these f indings have 
failed.173-175 Also, some investigators have observed a decrease in D-2 binding fol lowing 
tricyclic antidepressant treatment,lO whereas others have claimed no change.21 

Conclusion - Recent years have witnessed an increased interest in the study of receptor 
plasticity in  the CNS fo l lowing drug administration or in  relation t o  disease processes. 
Generally, stimulation of receptors wi th agonists causes desensitization/down-regulation; 
antagonists produce the opposite effects. The NE system seems t o  exhibit the best correlation 
between therapeutic drug response and receptor alteration. Many contradictions in the 
literature remain t o  be explained. A better understanding of the functional significance of 
receptor subtypes would help answer many questions regarding adaptive mechanisms. 
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Chapter 6. CNS Autoreceptors as Targets for Drug Design 
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Introduction - Several lines of evidence strongly suggest that presyn- 
aptic receptors are of physiological importance. In contrast to somaden- 
dritic receptors, which primarily modulate impulse generation, presyn- 
aptic receptors primarily modulate synthesis and release of transmitter. 
Presynaptic receptors are located on, in or near the axon terminals of 
many neurons. Activation results in facilitation or inhibition of trans- 
mitter release/synthesis, whereas blockade generally induces the opposite 
of a~tivation.l-~ In view of the ubiquity of presynaptic receptors at 
central and peripheral sites,3 this Chapter focusses on the subset of 
presynaptic receptors termed autoreceptors, i.e. presynaptic receptors on 
a particular neuron which are activated by its own neurotransmitter. CNS 
autoreceptors have been postulated for, inter alia, norepinephrine (NE)/ 
epinephrine, dopamine (DA), serotonin (5HT), acetylcholine (ACh), hista- 
mine (H) and y-aminobutyric acid (GABA). 

CNS Autoreceptors for Norepinephrine (NE) - Though the concept of autoin- 
hibition of NE release is not universally a ~ c e p t e d , ~ , ~  the consensus is 
that release of NE from sympathetic nerves is modulated through inhibi- 
tory a2-autoreceptors. By contrast, somadendritic a2-adreno- 
ceptors of central noradrenergic neurons inhibit f i ~ i n g . ~ , ~ ~ ~  Release 
of 3H-amezinium from rat cortical noradrenergic axons has been advanced 
as a model for the study of the a2-autoreceptor h y p o t h e ~ i s . ~  There 
are a number of mechanisms possible for the link between presynaptic 
a2-adrenoceptor activation and transmitter release, in which a 
pivotal role for Ca2+ has been established.3~8 Uore recent data 
implicates inhibition of adenylate cyclase with receptor activation and 
subsequent attenuation of transmitter release. 9*10 

The a-adrenoceptor agonists 8-HT 920 (1) and 933 (z),ll*lz 
UK-14,304 (3) ,11,13 U-7 (9). l4 TL-99 (z),l) DP-6.7-ADTN 
ASL-7022 (9)17 and some =-isomers of Z-amin0-6,7-dihydroxybenzonor- 
bornene preferentially stimulate this type of a-adrenoceptor. 
The antagonists yohimbine and rauwolscine,8 RS 21361 (11) ,19 idazoxan 
(RX 781094 g)20 and derivatives,21 BDF 6143 (u),22 Wy 26392 (14) 

H 

3 2 R = CHa-CH2-i X=O - 

and Wy 26703 (11)23 as well as S K W  86466 (13)24 block a2-adreno- 
ceptors selectively. The stereochemical requirements of a2-adreno- 
ceptors have been described in detail.25. 
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Presynaptic a2-adreqoceptors possibly represent only a minor 
fraction of the total a2-adrenoceptor population in the CNS . 26 
Although the general characteristics of presynaptic (auto) and postsynap- 
tic a2-adrenoceptors with respect to drug selectivity are very 
similar,8 some findings suggest that in rat cerebral cortex the a2- 
adrenoceptors for NE differ from the a2-adrenoceptors located on 
serotonergic terminals .27 Surprisingly, in rat frontal cortex a1- 
adrenoceptors seem to modulate 5HT release.28 The suggestion that dif- 
ferent recognition sites on the presynaptic a2-autoreceptor exist in 

9 - 
4 X = 5,Mi-OH; R = CH3 

X = 6,7-di-OH; R - CH3 

L X = 7-OH; R = n-C3H7 
X = 8-OH; R = n-C3H7 

& X = 6,7-di-OH; R = n-CsH7 7' HozwN-R2 HO 

- 10 R1R2-H orCH3 

4 ? + - 2 ? N j  0 N 

C2H5 - 11 

q - 1  H 

- 12 

- 14 R = n-propyl 

R = i-butyl 
N-S02-R 

CH3 

\ 
OH 

.. 
I H 

CI - 13 

the CNS for imidazoli(di)nes and cat echo la mine^,^^ has not found sup- 
port. 30 Direct labeling of central a2-autoreceptors has been un- 
s u c c e ~ s f u l . ~ ~ * ~ ~  The autoreceptors regulating NE release undergo sen- 
sitivity changes after long-term drug-induced activation or blockade: 
activation typically leads to a decrease in receptor number, whereas 
blockade produces the converse. 33 

CNS Autoreceptors for Dopamine (DA) - DA autoreceptors, probably located 
on dopaminergic nerve terminals, modulate calcium-dependent stimulation 
evoked release of DA a negative feed-back 1 n e c h a n i s m , ~ ~ 3 ~ ~ ~ 5  as has 
been reported for the field-stimulated release of 3H-DA from slices of 
the striatum/caudate nucleus of rats ,36 rabbits37 and cats.36,38 
Presynaptic DA autoreceptors have also been implicated in the regulation 
of the synthesis of DA,39 whereas somadendritic DA receptors inhibit 
the firing of the dopaminergic neurons.40 In the rat, autoreceptor 
regulation of DA synthesis appears more significant in the mesolimbic as 
compared with the nigrostriatal DA pathway, while autoreceptors may be 
absent in the median eminence.41 
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The controversies in 
reviewed. 42 The majority 
major DA receptor classes 
ceptor probably belonging 
sufficiently quantitative 
distinct DA autoreceptor 

the classification of DA receptors have been 
of current receptor binding data supports two 
for the CNS, D-1 and D-2, with the DA autore- 
to the latter.42 However, the data is not 
to assess conclusively whether more than one 
is present on DA neurons.42 Furthermore, in - 

studies with behavioral  models of postsynaptic and neurochemical 
models of presynaptic dopaminergic activity have demonstrated that DA 
autoreceptors and postsynaptic DA receptors are diff ierent . 3 8 * 4 3 9 4 4  
The suggestion that the so-called D-3 binding site corresponds to presyn- 
aptic DA auto receptor^^^*^^ has been refuted both on the basis of 
pharmacological and neurochemical evidence .47 ,48 

Some agents have been proposed as selective presynaptic DA agonists, 
e.g. 3-PPP (17)49,5O, RSD-127 (18) ,51 N.N-dipropyl-2-amino-7-hydroxy- 
tetralin (1)- and the selective a2-adrenoceptor stimulants 
TL-9953 and B-HT 920.54 TL-99 and 1 inhibit the release of 3H-DA 
from brain slices, but 3-PPP is inactive in this in vitro model for pre- 
synaptic DA a ~ t i v i t y . ~ ~ , ~ ~  The apparent DA autoreceptor selectivity of 
TL-99 as assessed in viva may be due at least partially to its a2- 
agonist a ~ t i v i t y . 5 ~ ~ I t  has been hypothesized that the presynaptic DA 
receptors mediating biochemical effects and those mediating effects on 
release are different.48*52 Both isomers of 3-PPP are selective 
agonists for the autoreceptor at low doses. At higher doses postsynaptic 
activity is also observed, with the (+) -  and (-)-enantiomem behaving as 
an agonist and antagonist, r e s p e ~ t i v e l y . ~ ~ - ~ ~  For the more rigid 
analogs of 3-PPP, c7-OBQ (19) and t7-OBQ (B), the prelpost selectivity 
is lost for the trans compound (a),  whereas the compound (19) is in- 
active.61 Inhibition by d-amphetamine of the electrically-evoked 
release of 3H-DA does not involve the activation of presynaptic inhibi- 
tory DA autoreceptors .62*63 

OH 

OCHq ?H 
I 

Effects of chronic neuroleptic administration on cerebral DA recep- 
tor function have been reviewed.64 Following chronic haloperidol 
treatment, the DA autoreceptors modulating 3H-DA release in the rabbit 
caudate develop supersensitivity to a p ~ m o r p h i n e ~ ~  or to DA itself .66 

CNS Autoreceptors for Serotonin (5-HT) - Various experimental findings 
imply that presynaptic autoreceptors modulate the release of 5HT from the 
corresponding neurons in rat brain.67 In rat brain slices, or synapto- 
somes preincubated with 3H-5HT, the CaZ+-dependent stimulation-evoked 
release of the amine is inhibited by 5HT,68*69 5HT  analog^,^^^^^ and 
numerous 5HT receptor agonists. 72 Hekitepine, metergoline and quipa- 
zine are competitive antagonists at the 5HT a u t o ~ e c e p t o r . ~ ~ - ~ ~  The 5HT 
autoreceptors in rat cortical tissue may be different from the presynap- 
tic excitator 5HT U - r e c e p t o r ~ ~ ~  on sympathetic nerve endings of the 
rabbit heart,!O and from the somadendritic 5HT receptors in rat raphe 
nuclei75176 which mediate an inhibition of neuronal-activity. 70 Rank 
orders of 5HT agonists indicate that 5HT autoreceptors, inhibitory pre- 
synaptic 5HT receptors on sympathetic nerve endings of canine saphenous 
vein, and the binding sites of 3H-5HT in rat brain, designated as 
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5HT1 sites, are similar,70,71,77 but relative blocking potencies of 
antagonists show that they are not identi~a1.69,7~,72,~~ In fact, 
5HT1 binding sites in rat brain cortex are not homogenous, since 
various compounds produce biphasic or shallow displacement 
curves.71,79*80 This may be one of the reasons why correlations 
between binding affinity for 5HT1 sites and functional activit 
f requently difficult to interpret .81 Two subtypes of the JH-TE; 
recognition site, designated ~ H T ~ A  (high affinity site) and 5HT18 
(low affinity site), have been recognized from displacement studies with 
spiperone, which exhibits a 3000-fold difference in affinity between the 
two sites.80 Both sites are differentially distributed in rat 
brain.82 A subset of the 3H-5HT binding sites (low affinity, rather 
than high affinity sites, for antagonists) may be localized on the sero- 
tonergic neurons and may correspond to the 5HT autoreceptors. 71 The 
5HT agonist PAT ( 8 )  potently and selectively displaces 3H-5HT from the 
rrported ~ H T ~ A  binding site in rat frontal cortex.83 However. 
H-PAT has been reported to bind to pre and postsynaptic 5HT sites in 

rat b ~ a i n . ~ 4  In the hippocampus, 3H-PAT binding sites have been 
associated with (postsynaptic) 5HT1 sites, 
whereas in the striatum they exhibit some proper- 
ties of 5HT auto receptor^.^^ The agonist activ- 
ity of PAT on the 5HT autoreceptor h vitro 
appears rather limited,85*86 and so the potent 
central effects of PAT on 5HT turnover are un- 

Additional selective 5HT1 (A or B) agonists/ 
antagonists may provide further clarification of 

several discrepancies. The selective 5HT1 agonist RU 24969 (21) may be 
a possible candidate.S8 

H -  *’ likely to be mediated by 5HT auto receptor^.^^ 

Citalopram, a selective inhibitor of 5HT uptake, does not affect per 
- se the stimulation-evoked overflow of 3H-5HT from rat hypothalamic 
slices , but antagonizes the inhibitory effect of LSDg9 and 5-methoxy- 
t ~ y p t a m i n e ~ ~  on 3H-5HT release , indicating an interaction between the 
neuronal uptake mechanism and 5HT autoreceptors. On the other hand, 
stimulation or blockade of 5HT autoreceptors does not modulate the 5HT 
uptake process .91 The autoreceptor regulating 5HT release undergoes 
sensitivity changes after chronic pharmacological activation or block- 
ade. 33 However, long-term treatment with metitepine does not induce 
changes in the sensitivity or function of 5HT autoreceptors in rat hypo- 
thalamus. 92 

CNS Autoreceptors for Acetylcholine (ACh) - Proposals have been made for 
the existence of an inhibitory muscarinic feedback regulation of ACh in 
the CNS, and at certain locations in the p e r i p h e ~ y . l * ~ ~ * ~ ~  Evidence 
for a negative feedback mechanism involving ACh autoreceptors has been 
obtained in both brain slices and s y n a p t o s o m e ~ . ~ ~ - ~ ~  Cyclic 
GWP has been found to act as a second messenger for the muscarinic auto- 
receptor regulating ACh release. 97 *98 Rat hippocampal muscarinic auto- 
receptors become super or subsensitive following chronic in - treat- 
ment with the muscarinic antagonist, scopolamine, or the cholinesterase 
inhibitor, paraoxon, r e s p e c t i ~ e l y .~~ The inhibitory muscarinic autore- 
ceptors in synaptosomes of rat striatal nerve terminals have a markedly 
lower release modulating capacity than autoreceptors in cortical or h i p  
pocampal nerve endings. loo Since autoregulat ion of ACh release through 
muscarinic receptors occurs as effectively in the striatum as in the cot- 
tex or hippocampus, it has been suggested that in the former area the 
autoregulation of ACh release may not necessarily require the activation 
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of autoreceptors on cholinergic nerve terminals .loo Unlike the peri- 
phery,lol the autoreceptors for ACh in the CNS seem to be different 
from postsynaptic muscarinic receptors .94 

CNS Autoreceptors for Histamine (H) - The first experimental evidence for 
histamine autoreceptors in rat brain has been presented tecently.lo2 
3H-Histamine can be released in a calcium-dependent manner with K+ or 
veratridine from pre-labeled pools in slices or synaptosomes from rat 
cerebral cortex. Histamine, as well as its N-methyl and N,N'-dimethyl 
congeners, produces up to 60% inhibition. Other HI- or H2-agonists, 
like 2-methyl and 4-methylhistamine and dimaprit, were ineffective. The 
partial H2-receptor agonist imptomidine also lacked effect, but 
competitively antagonized the action of histamine. The HI-receptor 
antagonists mepyramine, cyclizine and chlorpheniramine were found 
inactive. The H2-receptor blocker burimamide was active, but tiotidine 
was without effect. The relative potencies of agonists and antagonists 
led the authors to suggest that autoinhibition of histamine release in 
rat brain is mediated by an as yet unidentified class of histamine re- 
ceptor, for which they propose the designation H3.1°2 

CNS Autoreceptors for GABA - Studies in vitro have demonstrated that the 
release of GABA is subject to negative feedback control through GABA 
autoreceptors on GABAergic terminals. In rat cortical synaptosomes, GABA 
and muscimol each inhibit evoked release of 3H-GABA, and are blocked by 
b i c u ~ u l l i n e . ~ ~ ~  The K+-evoked release of GABA from rat frontal 
cortex is reduced by GABA, muscimol and 3-amino-propane sulphonic acid; 
the effect of muscimol being antagonized by bicuculline and picro- 
toxin.lo4 The GABA agonist 6-aminolaevulinic acid inhibits K+- 
induced release of GABA from preloaded synaptosomes from rat cerebral 
cortex, and again this effect may be blocked by bicuculline and picro- 
toxin.lo5 Inhibition of the K+-evoked, Ca*+-dependent release of 
3H-GABA from rat substantia nigra has been demonstrated with exogenous 
GABA and muscimol, and antagonism quantified for picrotoxin.lo6 

Bicuculline-sensitive postsynaptic GABA receptors are called GABAA 
receptors, whereas baclofen-sensitive GABA receptors present on eri- 
pheral sympathetic nerve terminals are termed GABAB receptors, 10~-108 
The GABAB site has also been detected in the CNS, but its relationship 
to the presynaptic receptor which modulates transmitter release remains 
uncertain. 109 

Physiological Role of Autorecevtors in the CIS; Targets for Drugs - 
Though autoreceptors play a key role in modulating transmitter release, 
it should be emphasized that many other types of prejunctional receptors 
can influence transmitter synthesis, release, or neuron f i r i n ~ . l - ~  For 
example, NE release can be inhibited by stimulation of muscarinic, 
dopamine, serotonin, histamine, GABA, opiate, prostaglandin and adeno- 
sine receptors located at noradrenergic nerve endings. Furthermore, in 
many cases the net effect of an agonist or antagonist will be the sum of 
presynaptic and postsynaptic actions, since the majority of drugs cannot 
discriminate between both receptor populations. Thus it is frequently 
extremely difficult to interpret the (patho)physiological role of CNS 
autoreceptors or their interactions with drugs. 

Functional and biochemical studies suggest that endogenous depres- 
sion may be related to impaired central noradrenergic transmis- 
sion.llo*lll Drug-induced desensitization of central a2-autore- 
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ceptors, stemming from chronic inhibition of neuronal NE uptake, and 
hence elevated synaptic NE levels, has been postulated to play a key role 
in the mechanism of action of many antidepressants.111 This would lead 
to yet further enhanced neurotransmission, with subsequent down 
regulation of central B-adrenoceptors111 - possibly a ivotal event in 
the induction of the desired therapeutic effect.llf However, the 
situation is far from clear with, on the one hand, conflictin reports as 
to whether chronic desipramine and imipramine do, lf3 or do 
not ,114 9 down regulate presynaptic a2-adrenoceptors in rat 
brain; and on the other, the finding that mianserin treatment results in 
supersensitive a2-adrenoceptors. It has been suggested recently 
that the induction of subsensitive central presynaptic a2-adreno- 
ceptors cannot represent the fundamental mode of action of antidepres- 
sants .'-I1 

Irrespective of the mechanism of action of tricyclic antidepres- 
sants, antagonists of a2-autoreceptors per gg might have a benefi- 
cial effect in depressive illness, since they facilitate noradrenergic 
neurotransmission. Phenoxybenzamine, dihydroergotamine and yohimbine, 
but not the selective al-adrenoceptor antagonist prazosin, have been 
shown to be synergistic with several antidepressants in decreasing 
0-adrenoceptor density in rat cerebral cortex. Thus combined 
administration of an a2-adrenoceptor blocker with other antidepres- 
sants may provide a rapid onset thera~y.11~ RS 21361 produces a more 
rapid onset of 0-adrenoceptor desensitization by itself than desipra- 
mine.120 

Chronically administered antidepressants also down-regulate the 
number of 5HT2 recognition sites in rat b~ain.1~1-123 Inasmuch as 
5HT2 receptors are also implicated in the therapeutic action of anti- 
depressants, blockade of central presynaptic a2-(auto)receptors 
accelerates the down regulation of 5HT2 receptors by antidepres- 
sants. 224 

Desensitization of presynaptic DA receptors followin chronic 
administration of antidepressants has been observed in s0me,185*126 but 
not in other s t ~ d i e s . 1 ~ ~ - ~ ~ 8  However, central DA turnover is unaltered 
by such regimenslll and it is too soon to assess the relevance of these 
findings to the mechanisms underlying the clinical efficacy of these 
drugs. 

Clonidine and some related dru s suppress narcotic withdrawal signs 
in the rat, monkey and in man1299630 possibly via stimulation of pre- 
synaptic a2-adrenoceptors, thereby inhibitin the firing of the locus 
ceruleus through reduction of NE ~ e 1 e a s e . l ~ ~  Clonidine has also been 
found effective in the treatment of alcohol withdrawal states.lS2 

Elevated central NE activity (e.g. in the locus ceruleus) is an im- 
portant correlate of human anxiety, though not the sole one.133~134 
The beneficial effects of clonidine as an antianxiety agent in humans 
could result from its inhibitory action on NE activity by stimulation of 
a2-autoreceptors . , The observation that ohimbine is anxio- 
genic in humans is in accord with this hypothesis. 1 3 7  

The ideal agent €or facilitating central cholinergic transmisson 
would act simultaneously as an antagonist at ACh autoreceptors and as an 
agonist at postsynapttc ACh-receptors .138 It has been suggested13* 
that compounds, with this profile would be of therapeutic value in the 
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treatment of e.g. Huntington's chorea139 and Alzheimer-type demen- 
tia.140 BU-5 (a), an oxotremorine analog, is a presynaptic antagonist 
and a postsynaptic agonist at peripheral and central muscarinic synapses 
-- in vitro.138 

11 3 y 3  
CH3-C - N - C H - C = C - C H z - N  

0 CHQ 

22 - 

The question of a physiological role for GABA autoreceptors remains 
open.3 GABA is involved in many CNS functions. Impaired GABA-mediated 
inhibition may contribute to the pathophysiology and phenomenology of 
epileptic seizures .Irr1 Consonant with this hypothesis, the purported 
GABA autoreceptor agonist 6-aminolaevulinic acid is a convulsant .Io5 
"GABA replenishment" treatment has been advocated for seizures, psycho- 
sis, movement disorders, pain, hypertension and sleep disturbances 
Presynaptic autoreceptors for GABA have yet to be investigated as targets 
for potential drugs (e.g. GABA autoreceptor antagonists). 

The clinical significance of DA autoreceptor stimulation has been 
discussed. 14* Selective DA autoreceptor agonists, which reduce DA syn- 
thesis and release, represent a novel pharmacological approach to the 
treatment of various neurological disorders, including schizophrenia and 
Huntington's chorea, where an overactivity of central dopaminergic 
neurons is believed to be etiologic. Such drugs might lack some of the 
side-effects, e.g. tardive dyskinesia, associated with the currently pre- 
scribed neuroleptic agents, which are postsynaptic DA antago- 
nists Apomorphine, N-pro ylnorapomorphine, and bromocryptine 
have been studied in the clinic.141-148 There is evidence for an anti- 
psychotic effect following acute administration, particularly €or the two 
former agents. However, preliminary evidence suggests that the effect 
tolerates rapidly on repeated administration.149 
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Chapter 7. Ant ihypertensive Agents 

Peter  Sprague and James R. Powell ,  The Squibb I n s t i t u t e  f o r  
Medical Research, P r ince ton ,  New Je r sey  08540 

In t roduc t ion  - Arte r i a l  hypertension cont inues as a major r i s k  f a c t o r  i n  
t h e  development of ca rd iovascu la r  d i sease .  Current ly  i t  i s  not  p o s s i b l e  t o  
prevent e s s e n t i a l  hypertension and t h i s  p r e s e n t s  a chal lenge t o  t h e  c l i n i -  
c i a n ,  pharmacologist ,  and medicinal  chemist t o  d i scove r  adequate t h e r a p i e s .  
The b e n e f i c i a l  e f f e c t s  of drug therapy i n  t h e  management of hypertension 
have been r e c e n t l y  reviewed. 

A number of r ecen t  reviews desc r ibe  t o p i c s  r e l a t e d  t o  hypertension.  
The s i g n i f i c a n c e  of catecholamine l e v e l s  i n  hypertension has  been discussed 
and a caut ionary n o t e  o f f e r e d  t h a t  l e v e l s  i n  mixed venous blood a r e  unre- 
l i a b l e  i n d i c a t o r s  of sympathetic n e u r a l  a c t i v i t y  i n  hypertension.  , The 
r o l e  of t h e  sympathoadrenal a x i s  i n  hypertension has  been r e ~ i e w e d . ~  The 
need f o r  i n t a c t  vascu la r  endothelium f o r  vascu la r  responses t o  a number of 
agents  has  been desc r ibed .5  A r ecen t  review examines t h e  r o l e  of r en in  sub- 
s t ra te  i n  hypertension.  L a s t l y ,  based on t h e  unimodal d i s t r i b u t i o n  of 
blood p r e s s u r e s ,  t h e  e x i s t e n c e  of hypertension as an e n t i t y  has  been ques- 
t i oned .  

Renin I n h i b i t o r s  - A review of progress  made i n  d e f i n i n g  t h e  s t r u c t u r e  of 
mouse submaxillary gland r en in  has  appeared. The presence of two a s p a r t y l ,  
two t y r o s y l  and one a r g i n y l  r e s idues  a t  t h e  a c t i v e  s i t e  h a s  been demonstra- 
t ed .  

Current approaches t o  r e n i n  i n h i b i t i o n  have been reviewed. Monoclon- 
a l  a n t i b o d i e s  with high a f f i n i t y  and s p e c i f i c i t y  f o r  human r e n i n  have been 
developed and s e v e r a l  new pep t ides  modeled a f t e r  t h e  minimal s u b s t r a t e  oc- 
t a p e p t i d e  (1) have been prepared. 

- 1 His-Pro-Phe-His-Leu-Leu-Val-Tyr 
- 2 His-Pro-Phe-His-Leuseu-Val-Tyr 
- 3 Iva-His-Pro-Phe-His-Sta-Ile-Phe-NH2 
4 BOC-Phe-His-Sta-Leu-(4-amido-l-benzylpiperidine) 

H-77 ( 2 ) ,  i; which t h e  Leu-Leu amide i s  reduced t o  an amine, suppresses the  
p r e s s o r  e f f e c t  i n  dogs of i n j e c t e d  dog r e n i n  (ID50=0.06 mglkgjhr) . l o  * 1 1  
Heptapeptide 2, i n  which Leulo-Leu11 i n  1 i s  replaced by s t a t i n e  ( S t a ) ,  i s  
one of t h e  most po ten t  human ren in  i n h i b i t o r s  i n  v i t r o  y e t  discovered ( I ~ o =  
2 nM).12 Fur the r  refinement of t h i s  c l a s s  gave 4, a p ro tec t ed  t e t r a p e p t i d e  
amide w i t h  a 60 picomolar K i  a g a i n s t  human renin.13 

Angiotensin Converting Enzyme I n h i b i t o r s  - An e x c e l l e n t  review on t h e  me- 
chanisms by which i n h i b i t o r s  of ang io tens in  convert ing enzyme (CEI) reduce 
blood p res su re  has  appeared. l 4  Current evidence sup o r t s  t h e  hypothesis  
t h a t  CEI  e x e r t  t h e i r  hypotensive e f f e c t s  p r imar i ly  gy i n h i b i t i o n  of circu- '  
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l a t i n g  and tissue-bound convert ing enzyme. 

Several  new C E I  modeled after e i t h e r  c a p t o p r i l  o r  e n a l a p r i l  have been 
reported.  
-- i n  v i t r o  bu t  only 1 1 4  as a c t i v e  i n  man.I5-l7 Zofenopri l  (k) r e p r e s e n t s  a 
second gene ra t ion  c a p t o p r i l  showing 10-fold g r e a t e r  potency and a longer  
du ra t ion  of a c t i o n .  
similar to 6. 9-2 Tetrahydroisoquinol ine v a r i a t i o n  2 is equ iva len t  i n  ac- 
t i v i t y  t o  c a p t o p r i l . 2 2  SA 446 (z), given o r a l l y ,  i n h i b i t s  ang io tens in  I 
(i .c.v.)-induced hypertension more e f f e c t i v e l y  than  c a p t o p r i l ,  implying de- 
l i v e r y  ac ross  t h e  blood-brain b a r r i e r .  
i s  more po ten t  t han  c a p t o p r i l  w i th  a longer  du ra t ion  of a c t i v i t y . 2 4  Lactam 

P i v a l o p r i l  (RHC 3659, 2) has been shown equ iva len t  t o  c a p t o p r i l  

The dihydroindole  analog 1 (WY 44,221) has  a c t i v i t y  

The s ide-chain benzoyl analog 10 

- 11, 2-fold less a c t i v e  than c a p t o p r i l ,  w a s  developed using a 
a s s i s t e d  molecular modeling approach.25 
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A summary of t h e  pharmacology of e n a l a p r i l  (MK-421) has  appeared 
along with an account of c l i n i c a l  s t u d i e s  done wi th  l i s i n o p r i l  (MK-521) 
which suggest  t h i s  drug w i l l  be s u i t a b l e  f o r  once-a-day an t ihype r t ens ive  
therapy.  26-28 Analogs of e n a l a p r i l  which have appeared inc lude  t h e  perhy- 
droindole  d e r i v a t i v e  12 (SCH 31,846). This compound has  a qu icke r  onse t  of 
a c t i o n ,  b e t t e r  abso rp t ion ,  and g r e a t e r  b i l i a r y  e x c r e t i o n  than  e n a l a p r i l  but  
i s  otherwise i n d i s t i n g u i s h a b l e  i n  vivo. 29-31 Syn thes i s  of t h e  c l o s e l y  re- 
l a t e d  2 has  been reported.32 G l u t a r i c  a c i d  analog g, missing a side-chain 
n i t r o g e n ,  i s  in t e rmed ia t e  i n  a c t i v i t y  i n  v i t r o  between c a p t o p r i l  and enala- 
p r i 1 . 3 3  A r e l a t e d  s i m p l i f i e d  d e r i v a t i v e  15 (CGS 13,945),  i s  much less po- 
t e n t  t han  c a p t o p r i l  i n  man.34 The i n t e r n a l  lactam s t r a t a g y  has  a l s o  been 
employed i n  t h e  e n a l a p r i l  series. Benzazepine 16 (CGS 14,831) i s  po ten t& 
v i t r o  (150’3 nM), and i t s  ester 17 (CGS 14,8248) has  a more r a p i d  onse t  of 
a c t i o n  p l u s  greater potency than  e n a l a p r i l  i n  dogs. 35 9 36 The phenethylphos- 
phinamidate 1 9  refinement o f  t h e  phosphoramidate CEI  3 is 3-fold more po- 
t e n t  i n  ~ i t r o . ~ ~  Compound 20, a d e r i v a t i v e  of benzoyl-Phe-Gly-Pro i n  which 
t h e  sciss i le  amide bond i s  reduced t o  an  amine, is a poorly a c t i v e  C E I . 3 8  

Vasod i l a to r s  - The c e l l u l a r  mechanisms 3y which v a s o d i l a t o r s  lower blood 
p res su re  have been reviewed. 39 One of t h e s e  invo lves  t h e  a rach idon ic  a c i d  
cascade i n  which both t h e  cyclooxygenase and l ipoxygenase pathways play a 
r o l e .  Evidence f o r  i nc reased  s y n t h e s i s  of p ros t ag land ins  (PG) by t h e  r e n a l  
glomerulus of SHR r e l a t i v e  t o  normotensive ra ts  has  been p resen ted .40  The 
use o f  s y n t h e t i c  analogs of n a t u r a l  PG as an t ihype r t ens ive  agen t s  remains 
an active area of research.  The main o b s t a c l e s  t o  overcome are manifold 
s i d e  e f f e c t s ,  s h o r t  du ra t ion  of a c t i o n  and poor o r a l  e f f e c t i v e n e s s .  



Chap. 7 Antihypertensive Agents Sprague, Powell 63 

CL 115,347, a 16-vinyl-16-hydroxy-PGE2 analog, i s  a more po ten t  vasodi la tor  
than PGE2 with less emesis and d i a r r h e a  p ~ t e n t i a l . ~ ~ , ~ ~  The s h o r t  du ra t ion  
of a c t i o n  a f t e r  o r a l  admin i s t r a t ion  i s  overcome by giving t h e  drug topical ly .  
Thiazol idinone 21 i n c r e a s e s  r e n a l  blood flow maximally 5 h r  a f t e r  o r a l d o s -  
i ng  wi th  potency comparable t o  PGE2.43 The ll,l2-seco-PG analog 22, i nc reas -  
ed r e n a l  blood flow a f t e r  o r a l  admin i s t r a t ion  without concomitant i nc reases  
i n  h e a r t  rate o r  blood p res su re .44  Carbacyclin analog ZK 36,374 (23) i s  5- 
f o l d  more po ten t  than PGI2 i n r i t r o ,  and s t a b i l i z e d  eno le the r  24 (CG 4203) 
a l s o  mimics PGI2 i n  animal t e ~ t s . ” ~ , ~ ~  Both compounds have a longe r  dura- 
t i o n  o f  a c t i o n  than PGI2. BW 245C (25) mimics PGD2 i n  i t s  e f f e c t s  on plate- 
l e t s  and i n  vivo has  both PGD2 and PGIZ-like a ~ t i v i t i e s . ~ ~  When given t o  
man by cons t an t  i n f u s i o n ,  25 shows a c t i v i t y  and s i d e  e f f e c t s  similar t o  
PGI2 with a g r e a t e r  du ra t ion  of a c t i o n . 4 8  However, t h i s  compound is  s t a b l e  
only at  high pH and i s  not  a c t i v e  o r a l l y .  

~ e -  1 -CH-(CHA -c>. 0 OOH 

(CH2)-cn-,. m 
36H 

2_2 

MDL 899 (2) i s  a d i r e c t  a c t i n g  a r t e r i o l a r  v a s o d i l a t o r  i n  man, but 
coadmin i s t r a t ion  of a beta-blocker i s  necessary t o  prevent r e f l e x - r e l a t e d  
s i d e  e f f ec t s . l t g  A c l i n i c a l  s tudy wi th  cad ra l az ine  (ISF 2469, 22) shows 
t h i s  compound similar t o  hydralazine with fewer s i d e  e f f e c t s .  50 Two o t h e r  
v a s o d i l a t o r s ,  budralazine (28) and p i n a c i d i l  (2) may owe some of t h e i r  ac- 
t i v i t y  t o  calcium channel blockade. 51  52 Anthranilamide 30 (WIN 48,049) 
lowers blood p res su re  i n  monkeys without  accompanying tachycardia .  This 
compound acts p r imar i ly  as a d i r e c t  v a s o d i l a t o r  bu t  a l s o  has sympatholytic 
and dopaminergic a c t i v i t i e s .  54 Compounds 2 and 2 a l s o  lower blood pres-  
s u r e  by appa ren t ly  d i r e c t  v a s o d i l a t o r  mechanisms. 55 3 56 n 

33 

The 0 - s u l f a t e  22 of minoxidi l  has  been proposed as an important  ac- 
t i v e  me tabo l i t e .57  Unlike minox id i l ,  33 i s  a c t i v e  i n  v i t r o  and i s  more po- 
t e n t  with a f a s t e r  onse t  of a c t i o n  i n  vivo.  Evidence suggests  t h e  dihydro- 
pyrano and dihydrofuranocoumarin v a s o d i l a t o r s  (e.g.  34) exert t h e i r  e f f e c t  
by CAMP phosphodiesterase i n h i b i t i o n .  58 F i n a l l y ,  t h e  p i v a l i c  a c i d  ester of 
i soxsupr ine  35 has  a slower onset  and longe r  du ra t ion  of a c t i o n  than t h e  
pa ren t  phenoT5’ 

Calcium Entry Blockers - I n  t h e  U.S. n i f e d i p i n e ,  verapamil,  and d i l t i a z e m  
are marketed f o r  a n t i a n g i n a l  o r  an t i a r rhy thmic  use ,  though none has FDA 
approval y e t  f o r  use i n  hypertension.  

The p o t e n t i a l  t h e r a p e u t i c  use of calcium e n t r y  blockers  (CEB) i n  the  
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treatment of a t h e r o s c l e r o s i s  has r e c e n t l y  been reviewed. 6o Verapamil and 
n i f e d i p i n e  have been shown t o  suppress  a therogenesis  i n  cholesterol-fed 
r a b b i t s  without a l t e r i n g  serum c h o l e s t e r o l  l e v e l s .  61 9 62  

New evidence suggests  c e r t a i n  CEB a f f e c t  n e u r a l  r egu la t ion  of blood 
v e s s e l s  a t  several sites. S tud ie s  i n  anes the t i zed  dogs i n d i c a t e  t h a t  nifed-  
i p i n e  inc reases  and verapamil decreases  t h e  s e n s i t i v i t y  of c a r o t i d  s i n u s  
baroreceptors  apparent ly  by i n t e r f e r e n c e  with a calcium-dependent and a 
sodium-dependent mechanism, r e spec t ive ly .  A similar inc rease  i n  barore- 
f l e x  s e n s i t i v i t y  w a s  found i n  man t r e a t e d  ch ron ica l ly  with n i f e d i p i n e ,  
which may exp la in  why t h e r e  i s  evidence of sympathetic a c t i v a t i o n  during 
i n i t i a l  therapy. 6 4  Tachycardia and increased l e v e l s  of plasma norepinephrine 
a r e  found during acu te  bu t  not chronic  phases of n i f e d i p i n e  t reatment .65 

During a c t i v a t i o n  of postgangl ionic  sympathetic nerves t h e r e  i s  an 
exocy to t i c  release of norepinephrine which i s  dependent upon t h e  movement 
o f  calcium ac ross  t h e  n e u r a l  c e l l  membrane. The e f f e c t s  of CEB on stimulus- 
s e c r e t i o n  coupling i n  sympathetic nerves  has been s tud ied  i n  s e v e r a l  d i f -  
f e r e n t  p repa ra t ions .  Verapamil does not  a f f e c t  t h e  neu ra l  release of nor- 
epinephrine i n  e i t h e r  i s o l a t e d  c a t  
t he  l a t t e r  model n i f e d i p i n e  blunted inc reases  i n  blood p res su re  due t o  ac- 
t i v a t i o n  of sympathetic nerves  but  d i d  no t  a f f e c t  cardiovascular  responses 
t o  exogenous norepinephrine suggest ing a p r e j u n c t i o n a l  s i te of i n h i b i t i o n .  
A similar p r e j u n c t i o n a l  CEB e f f e c t  w a s  found f o r  d i l t i a z e m  i n  guinea p i g  
mesenter ic  and dog b a s i l a r  ar ter ia l  preparat ions.  6 8  Cinnarizine and f l u -  
n a r i z i n e  were shown more potent  than verapamil,  d i l t i a z e m  o r  n i f e d i p i n e  i n  
reducing t h e  potassium-induced uptake of calcium i n  a synaptosomal prepara- 
t ion.69 

h e a r t  o r  i n  the  p i thed  ra t .66,67 I n  

New s t u d i e s  have examined t h e  i n t e r a c t i o n  of va r ious  CEB with a-adre- 
noceptors  and t h e i r  e f f e c t  on processes  mediated by a-adrenoceptors. 70 The 
(+) and (-) ant ipodes of verapamil,  n i c a r d i p i n e  and (+) D-600 showed s i m i -  
l a r  i n h i b i t i o n  of radiol igand binding t o  al-adrenoceptors,  whereas d i l t i a -  
zem and n i f e d i p i n e  showed a very low level of a c t i v i t y . 7 1  A d i f f e r e n t  pat-  
t e r n  was seen i n  regard t o  a2-adrenoceptors. (-) Verapamil w a s  t h e  most po- 
t e n t  i n h i b i t o r  of binding wi th  (+) verapamil,  ( 2 )  D-600, d i l t i azem,  and n i -  
ca rd ip ine  showing intermediate  a c t i v i t y .  Nifedipine was i n a c t i v e .  Verapamil, 
but  not  d i l t i azem,  impairs t h e  a2-adrenoceptors p re sen t  i n  r a b b i t  hypothal- 
mus which modulate the  release of norepinephrine.  72 The dihydropyridines 
n i f e d i p i n e  (z), nimodipine (x), o r  PY-108-068 (38) ,  a s  w e l l  a s  verapamil 
and d i l t  iazem s e l e c t i v e l y  i n h i b i t  vasoconst r i c t  i o n m e d i a t e d  by a2 -adreno - 
cep to r s  and no t  t h a t  mediated by a]-adrenoceptors. 73-79 Thus, vasod i l a t a -  
t i o n  (and presumably an t ihype r t ens ive  e f f e c t s )  caused by CEB may be due t o  
impairment of a2-adrenoceptor mediated vascu la r  tone. There may be some 
impairment of vascu la r  al-adrenoceptor processes  as w e l l .  78 Nifedipine de- 
c reases  vasopressor  responses t o  norepinephrine i n  man. *O 

uM8GC M b H  

The dihydropyridine CEB f l o r d i p i n e  (2) has pharmacological proper- 
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t i es  u n l i k e  o t h e r  d ihydropyr id ines .  81 F l o r d i p i n e  and n i f e d i p i n e  showed si- 
m i l a r  po tency  i n  v i t r o  i n  r e l a x i n g  potassium-depolarized can ine  v e i n s  bu t  
f l o r d i p i n e  was >lOO-fold less p o t e n t  i n  caus ing  r e l a x a t i o n  of a r t e r i a l  
s t r i p s .  F l o r d i p i n e  w a s  1000-fold less p o t e n t  t h a n  n i f e d i p i n e  i n  caus ing  
depres s ion  o f  f e l i n e  c a r d i a c  t i s s u e .  Thus, f l o r d i p i n e  is a "vascu la r  se- 
l e c t i v e ' '  CEB. I n  SHR, a 30 mg/kg dose o f  f l o r d i p i n e  produced blood p res -  
s u r e  lower ing  which p e r s i s t e d  f o r  24 h r s  and, i n  dogs,  o r a l  doses  from 0.03 
t o  3.0 mg/kg lowered blood p r e s s u r e  due t o  reduced p e r i p h e r a l  v a s c u l a r  re- 
s i s t a n c e .  82 The lowered blood p r e s s u r e  was a s s o c i a t e d  wi th  t a c h y c a r d i a ,  
presumably of r e f l e x  o r i g i n .  O r a l  doses  of 200 o r  300 mg lowered blood 
p r e s s u r e  i n  normotensive human s u b j e c t s  and caused r e f l e x  t achyca rd ia .  8 3  
I n  hype r t ens ive  s u b j e c t s ,  60 mg of f l o r d i p i n e  lowered blood p r e s s u r e  wi th-  
o u t  any accompanying changes i n  c a r d i a c  rate.  I n  a d d i t i o n  t o  calcium e n t r y  
b lockade ,  f l o r d i p i n e  has  been found t o  i n h i b i t  c y c l i c  n u c l e o t i d e  phospho- 
d i e s t e r a s e .  84 Y 8 5  

Another v a s c u l a r  s e l e c t i v e  d ihydropyr id ine ,  FR34235, (40) i s  about  
f o u r  t i m e s  more p o t e n t  i n  v i t r o  than  n i f e d i p i n e  i n  caus ing  r e l a x a t i o n  i n  
potass ium-depolar ized  r a b b i t  a o r t i c  s t r i p s  b u t  50 times less p o t e n t  i n  caus- 
i n g  depres s ion  of r a b b i t  c a r d i a c  t i s s u e .  86 FR34235 a l s o  d i sp layed  s e l e c t i v -  
i t y  f o r  r e l a x a t i o n  o f  a r te r ia l  s t r i p s  from v a r i o u s  v a s c u l a r  beds .87  

Given i .v .  t o  a n e s t h e t i z e d  dogs,  BAY K 8644 (41) caused i n c r e a s e s  i n  
myocard ia l  c o n t r a c t i l i t y ,  blood p r e s s u r e ,  and p e r i p h e r a l  v a s c u l a r  resis- 
t ance .88 ,89  These changes were r eve r sed  by n i f e d i p i n e  b u t  no t  by a- o r  6- 
adrenocep to r  blockade. BAY K 8644 i n c r e a s e d  c a r d i a c  ra te  and c o n t r a c t i l i t y  
and a l s o  caused coronary v a s o c o n s t r i c t i o n  i n  an i s o l a t e d  c a r d i a c  prepara-  
t i o n .  Th i s  compound may be  u s e f u l  as a t o o l  t o  a s c e r t a i n  t h e  f u n c t i o n  of 
CEB i n  t i s s u e s .  

SC-30552 (42) given  o r a l l y  t o  SHR (spontaneous ly  hype r t ens ive  r a t s )  
lowered blood p r e s s u r e  and caused b radyca rd ia .  Tachycardia caused by i so -  
p r o t e r e n o l  w a s  n o t  a f f e c t e d  by SC-30552, whereas i sop ro te reno l - induced  de- 
creases i n  blood p r e s s u r e  were a t t e n u a t e d .  Gangl ionic  b lockade  caused by 
hexamethonium d i d  no t  a f f e c t  v a s o d i l a t a t i o n  caused by t h i s  CEB. A pA2 va lue  
a g a i n s t  calcium-induced c o n t r a c t i o n s  of r a b b i t . a o r t i c  s t r i p s  of 7.42 w a s  
c a l c u l a t e d .  These e f f e c t s  sugges t  42 posses ses  some $2- b u t  n o t  $1- o r  a- 
adrenocep to r  a c t i v i t y  and may depres s  t h e  SA node. 

KB-944 (g), a new type  of CEB,  g iven  t o  normotensive rats o r a l l y  a t  
10-50 mg/kg produced graded r educ t ions  i n  blood p r e s s u r e  and i n c r e a s e d  ca r -  
d i a c  rate.'l The i n c r e a s e d  h e a r t  rate was a p p a r e n t l y  due t o  t h e  barorecep-  
t o r  r e f l e x  as it was b lun ted  by concomitant p roprano lo l  t r ea tmen t .  KB-944 
w a s  i n t e r m e d i a t e  i n  potency (nifedipine>KB-944>diltiazem) as an an t ihype r -  
t e n s i v e  when g iven  t o  SHR, DOCA-NaC1 hype r t ens ive  ra t s ,  and r e n a l  hyper- 
t e n s i v e  ra t s ,  and had a longe r  d u r a t i o n  of e f f e c t .  KB-944 g iven  in t r aven-  
ous ly  t o  a n e s t h e t i z e d  dogs produced n e g a t i v e  dromotropic  e f f e c t s  r e f l e c t e d  
by i n c r e a s e d  AV noda l  conduction t i m e  and 3' h e a r t  b lock  i n  some animals  
and t h u s  KB-944 may be u s e f u l  as an  a n t i a r r h y t h m i c e g 2  

Se ro ton in  Receptor An tagon i s t s  - Ketanse r in  (44) reduced blood p r e s s u r e  i n  
exper imenta l  and c l i n i c a l  hype r t ens ion  a c t i n g  by s p e c i f i c  blockade of sero- 
t o n i n  (5-HT2) r e c e p t o r s .  9 3  However, k e t a n s e r i n  has  been found t o  posses s  
p o t e n t  a-adrenoceptor b lock ing  p r o p e r t i e s  i n  v i t r o  and t h e  an t ihype r t ens ive  
e f f e c t s  of t h i s  compound more c l o s e l y  c o r r e l a t e  w i t h  a-adrenoceptor r a t h e r  
t han  s e r o t o n i n  antagonism. 9 4  LY53857 (45) is a h i g h l y  s p e c i f i c  s e r o t o n i n  
r e c e p t o r  a n t a g o n i s t  which does n o t  lower blood p r e s s u r e  i n  SHR.95  Thus, i t  
appears  t h a t  a n t i h y p e r t e n s i v e  e f f e c t s  of s e r o t o n i n  r e c e p t o r  a n t a g o n i s t s  may 
be due, a t  l e a s t  i n  p a r t ,  t o  a-adrenoceptor blockade. 
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Dopamine Receptor Agonists - Compounds which mimicdopamine can lower blood 
p res su re  by pre- and p o s t j u n c t i o n a l  as w e l l  as c e n t r a l  n e u r a l  mechanisms. 
The R- and S-enantiomers of SKF 82526 (46) are both r e n a l  v a s o d i l a t o r s , b u t  
t h e  R-enantiomer ope ra t e s  i n  hype r t ens ive  rats by a p o s t j u n c t i o n a l  mech- 
anism whereas t h e  S-enantiomer does not .96 LY141865 (47) is  a pe rgo l ide  
(48) d e r i v a t i v e  which lowers blood p res su re  a f t e r  o r a l  admin i s t r a t ion  t o  
SHR.97 LY141865 i n  low doses reduced t h e  hype rmot i l i t y  observed i n  SHR but  
not i n  t h e i r  corresponding normotensive c o n t r o l s .  98 Pergol ide given i . v .  
lowers blood p r e s s u r e  and reduces p e r i p h e r a l  sympathetic nerve a c t i v i t y  
suggest ing a c e n t r a l  nervous system s i te  of ac t ion .99  

a-Adrenoceptor Agonists and Antagonis ts  - MPV295 (49) lowers blood pressure 
bv s t i m u l a t i o n  of a-adrenoceptors i n  t h e  b r a i n s t e m F o o  MPV295 s t i m u l a t e s  
only ca rd iovascu la r  a2-adrenoceptors whereas c lon id ine  s t i m u l a t e s  both al- 
and a2-adrenoceptors.  

I n t e r e s t  cont inues i n  t h e  area of s e l e c t i v e  al-adrenoceptor  blockade 
as a mechanism t o  lower blood p res su re .  Compound 50 w a s  less than 1/10 as 
po ten t  as p razos in  i n  v i t r o  as an a-adrenoceptor blocker  b u t  w a s  n e a r l y  
equ iva len t  i n  lowering blood p res su re  i n  r e n a l  hypertensive rats. l o l  Un- 
l i k e  p razos in ,  t r imazos in  lowered blood p res su re  by some unknown mechanism 
i n  a d d i t i o n  t o  blockade of a1-adrenoceptors. l o 2  Compound 51 showed po- 
tency as an al-adrenoceptor b locke r  i n  v i t r o  less than t h a t  found with 
p r a z o s i n . l o 3  
c e n t r a l  an t ihype r t ens ive  e f f e c t s  due t o  blockade of b r a i n  al-adrenoceptors.  
Like p razos in ,  KF-4942 (52) lowers blood p r e s s u r e  due t o  blockade of vas- 
c u l a r  a1- adrenoceptors.m T iba los ine  (53) i s  a s e l e c t i v e  al-adrenoceptor 
an tagon i s t  with both c e n t r a l  and p e r i p h e r a l  a c t i o n s .  O 5  Tiba los ine  i s  
about 1000 t i m e s  less po ten t  than p razos in  i n  causing blockade of v a s c u l a r  
a l -adrenoceptors  and d i s p l a y s  a n x i o l y t i c  a c t i v i t y  i n  animals and a t r a n -  
q u i l i z i n g  e f f e c t  i n  man.lo6 The S-enantiomer of WB-4101 (54) w a s  more po- 
t e n t  than t h e  R-enantiomer i n  blocking a l -  and a2-adrenoceptors and w a s  
a l s o  more s e l e c t i v e  toward a l - r ecep to r s  i n  p i t h e d  rats. l o 7  

The compound lowered blood p r e s s u r e  i n  SHR and may have 
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P-Adrenoceptor Blocking Agents - Compound 55 d i s p l a  ed n e a r l y  a 9000-fold 
g r e a t e r  a f f i n i t y  f o r  61- than f o r  $2-adrenoceptors. I C I  141,292 (56) 
w a s  a l s o  s e l e c t i v e  €o r  B 1-adrenoceptor mediated ca rd iovascu la r  and metabol- 
i c  responses.  I n t r i n s i c  sympathomimetic a c t i v i t y  w a s  found toward cardio-  
v a s c u l a r  , bu t  no t  metabol ic  61-adrenoceptors. l o g  K-351 (57), an ant ihyper-  
t e n s i v e  agent  i n  SHR, showed non-select ive B-adrenoceptor blockade a- 
adrenoceptor  blockade, and d i r e c t  vascu la r  r e l a x a t i o n  i n  v i t r o .  l l o y  

Miscellaneous Agents - Atr iopep t ins  I and I1 (At1 and A t I I ) ,  two pep t ides  
of a t r i a l  t i s s u e  o r i g i n ,  have been i s o l a t e d  and cha rac t e r i zed .  l 1  
substances are d i u r e t i c ,  n a t r i u r e t i c  and r e l a x  i n t e s t i n a l  (At1 and A t I I )  
and vascu la r  (A t I I )  t i s s u e .  '12 The discovery of t hese  compounds sugges t s  a 
new endogenous c o n t r o l  mechanism involving t h e  h e a r t  and kidneys t h a t  may 
be important f o r  maintenance of normal blood p res su re .  

These 

The r a t i o  of CNS t o  an t ihype r t ens ive  a c t i v i t i e s ,  t y p i c a l l y  from 1 t o  
10 f o r  hypotensive te t rahydrocannabinol  analogs,  has  been inc reased  t o  100 
i n  (58).  - 113 However, tachyphylaxis  w a s  observed f o r  t h e  an t ihype r t ens ive  
a c t i v i t y  . 

U-54,669F (2) lowered blood p res su re  i n  hypertensive and normoten- 
s i v e  rats and monkeys. '14 The compound i n h i b i t e d  sympathetic neuronal func- 
t i o n  and depleted catecholamines i n  c a r d i a c  and o t h e r  t i s s u e s .  However, 
t h e r e  were no e f f e c t s  on p o s t j u n c t i o n a l  organ responsiveness t o  catechola-  
mines no r  e f f e c t s  on blood p res su re  during p o s t u r a l  changes. 
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Chapter 8. Ca rd io ton ic  Agents 
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I n t r o d u c t i o n  - Heart f a i l u r e  is a n  abnormal i ty  i n  c a r d i a c  func t ion  
t h a t  r e su l t s  i n  t h e  i n a b i l i t y  of t h e  h e a r t  to  pump blood to t h e  p e r i -  
p h e r a l  s i t es ,  w i t h  t h e  consequence that  t h e  me tabo l i c  requi rements  of 
t h e  body remain u n s a t i s f i e d .  F a c t o r s  which c o n t r i b u t e  to h e a r t  f a i l u r e  
inc lude  myocardial  i schemia ,  hyper tens ion ,  non-obstruct i v e  cardiomyo- 
pa thy ,  and c o n g e n i t a l  h e a r t  disease. Therapy o f  h e a r t  f a i l u r e  h a s  focus- 
ed  on three approaches: (1) Reduction of volume over load  by d i u r e t i c  
t he rapy ,  (2)  improvement of depressed  c a r d i a c  f u n c t i o n  by s t i m u l a t i o n  of 
myocard ia l  c o n t r a c t i l i t y ,  ( 3 )  r educ t ion  of vascu la r  r e s i s t a n c e  by means 
of sys t emic  v a s o d i l a t o r s .  The p r i n c i p l e s  o f  t r e a t i n g  h e a r t  f a i l u r e  have 
been t h e  subject o f  s e v e r a l  review ar t ic les  i n  r e c e n t  years.1-7 Th i s  
chap te r  is p r i m a r i l y  concerned wi th  t h e  major developments o f  new ino- 
t r o p i c  a g e n t s  over t h e  l a s t  three yea r s .  Compounds which are n o t  re- 
viewed are g lucagonr8  an thop leu r in ,g  ionophores,1° t h e  c a r d i o t o n i c  
p r i n c i p l e s  of g i n g e r , l l  a newly syn thes i zed  ana log  o f  PG12,12 and 
SKF 86466, a s e l e c t i v e  a2-adrenoceptor agonis t .13  

Card iac  g l y c o s i d e s  - Although their c l i n i c a l  u s e f u l n e s s  is  un- 
q u e s t i o n a b l e ,  therapy  wi th  c a r d i a c  g lycos ides  is ,  even today, a s s o c i a t e d  
w i t h  numerous s i d e  e f f e c t s . 1 4 r l 5  Three types  o f  i n t o x i c a t i o n  a r e  
known: a r rhythmias ,  g a s t r o i n t e s t i n a l  d i s o r d e r s  and CNS e f f e c t s .  There i s  
st i l l  a d e b a t e  on t h e  mode o f  a c t i o n  of c a r d i a c  g lycos ides .  The p o s i t i v e  
i n o t r o p i c  a c t i v i t y  o f  t h e s e  a g e n t s  seems to  be due to  t h e  i n h i b i t i o n  of 
myocard ia l  c e l l  membrane Na+-K+-ATPase (Na+-pump) , on t h e  o t h e r  
hand t h e r e  is evidence  t h a t  t h i s  may n o t  be t h e  on ly  mechanism o f  
action.16-18 Pengi toxin  (1) , an  o r a l l y  a c t i v e  ana log  o f  g i t o x i n ,  pro- 
duced a dose-dependent s h o r t e n i n g  o f  s y s t o l i c  time i n t e r v a l s  i n  h e a l t h y  
v o l u n t e e r s .  Fa t igue  and nausea were observed ,  b u t  no arrhythmias.19 
C l i n i c a l  s t u d i e s  i n d i c a t e d  t h a t  it is as e f f e c t i v e  as  d i g i t o x i n  wi th  
t h e r a p e u t i c  plasma c o n c e n t r a t i o n s  o f  17.5 - 37.5 pg/ml; a t  h igher  l e v e l s  
t o x i c  s i d e  e f f e c t s  developed.20 The s t r u c t u r a l l y  r e l a t e d  g i t o f o r m a t e  
(2) h a s  a c a l c u l a t e d  t h e r a p e u t i c  index ( t o x i c i t y  t h r e s h o l d  / ED ) of 
4.6.21,22 - -  I n  v i v o  g i t o f o r m a t e  is hydrolyzed to  g i t o x i n .  B I n  
p a t i e n t s  w i t h  c l i n i c a l  s i g n s  o f  l a t e n t  c a r d i a c  i n s u f f i c i e n c y  ( s t a g e s  11 
and 11-111) p.0. a d m i n i s t r a t i o n  o f  g i to fo rma te  l e d  t o  complete recompen- 
sa t ion .24  N o  s i d e  e f f e c t s  0 c c u r r e d . ~ 5  ASI-222 (2) , a semisyn the t i c  
4-aminosugar cardiac g lycos ide ,  demonstrated a g r e a t e r  i n o t r o p i c  potency 
and t h e r a p e u t i c  index i n  dogs than  its n e u t r a l  R-D-galactose ana log ,  
d igox in  or ouabain.26-28 On t h e  other hand, it is r e p o r t e d  t h a t  2 
c a u s e s  n e u r a l  a c t i v a t i o n  and does  n o t  o f f e r  an improved the rapeu t i c - to -  
t o x i c  ratio,  d e s p i t e  t h e  f a c t  t h a t  i t  is a h i g h l y  polar compound which 
does  n o t  cross t h e  blood-brain ba r r i e r .29  S u b s t i t u t i o n  o f  t h e  R-lacto- 
ne  moiety of d igox in  by a py r idaz ine  r i n g  t o  p rov ide  SC-4453 ( A ) ,  d i d  
n o t  show much d i f f e r e n c e  i n  i n t e r a c t i o n  wi th  t h e  i n h i b i t o r y  s i t e s  of 
Na+- K+-A!rPase.30 The b i o a v a i l a b i l i t y  o f  4 is  h igh ,  t h e  ca rd io -  
a c t i v e  p r o p e r t i e s  are similar t o  those  of d igox in ,  wh i l e  t h e  pharmaco- 
k i n e t i c  parameters  i n  guinea  p i g s  are d i f  f e ren t .3 l832  Meprosc i l l a r in  
(2) showed an  unusual ly  r a p i d  o n s e t  o f  a c t i o n  fo l lowing  i .v.  adminis t ra -  
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t i o n  i n  heal thy volunteers .  Oral 5 is w e l l  absorbed.33 Since 90% i s  
exc re t ed  i n  the  b i l e ,  dosage adjustment i s  n o t  necessary fo r  r e n a l  
func t ion  i m ~ a i r m e n t . ~ 4 * 3 5  A c r i h e l l i n  (lb12.316) (5) is an acy la t ed  
d e r i v a t i v e  of h e 1 l e b r i g e n i 1 - t . ~ ~  Recent r e s u l t s  from e l ec t rophys io log i -  
cal s t u d i e s  on the Purkinje  f i b e r  suggest  a s i g n i f i c a n t l y  smaller 
arrhythmogenic a c t i o n  than o t h e r  known g l y c o ~ i d e s . ~ ~  

RO 1: n=3, R=-COCH3 

CH, 

Q- 
OH 

H2N 

I n  hea l thy  volunteers  s i g n i f i c a n t  i n o t r o p i c  e f f e c t s  developed a f t e r  
0.015 mg/kg p.0. The maximum t o l e r a b l e  s i n g l e  o r a l  dose was found to  be 
0.017 mg/kg.38 P r o s c i l l a r i d i n  and its 14,15-D-oxido analog, HOE-040 
(z), are reported to  have equipotent  p o s i t i v e  i n o t r o p i c  e f f e c t s  i n  dogs. 
The l e t h a l  dose of 1 and the  dose causing arrhythmia are t w o  to  f i v e  
times higher.39 The compound is w e l l  absorbed i n  dogs. The rate of 
d e c l i n e  of plasma l e v e l s  is 100% i n  24 hours.4o 

5 OH OH - 

Besides the well cha rac t e r i zed  compounds L - L, t h e  chemical and 
pharmacological p r o p e r t i e s  of  a v a r i e t y  of novel n a t u r a l  and semisynthe- 
t ic  c a r d i a c  glycosides  were reported.41-46 Recently an endogenous fac- 
t o r  , “cardiodigin I, with d i g i  t a l i s - l i k e  a c t i v i t y  was discovered. 47 I t 
was recovered from t h e  postnuclear  p a r t i c u l a t e  material of bovine, 
guinea p i g ,  and r a t  h e a r t  homogenates. This m a t e r i a l  i n h i b i t e d  Na+- 
K+-ATPase i n  a dose-dependent manner, and had an a f f i n i t y  fo r  the 
d i g i t a l i s  receptor  10-100 times higher than t h a t  of digoxin.  

D-Adrenoceptor St imulants  - Catecholamines inc rease  c o n t r a c t i l i t y  
by s t imu la t ing  postsynapt ic  c a r d i a c  adrenoceptors,  which have been re- 
c e n t l y  reviewed.48 The c l i n i c a l  usefulness  of t h e  s tandard amines, 
such as epinephrine,  norepinephrine,  and i sop ro te reno l ,  i s  l i m i t e d  by 
t h e i r  r e l a t i v e  chronotropic  and pe r iphe ra l  receptor  effects. I t  is the  
g o a l  of c u r r e n t  research t o  reduce these unwanted s i d e - e f f e c t s  and t o  
overcome the l a c k  i n  oral absorption. S tud ie s  i n  the  v e n t r i c u l a r  myo- 
cardium of k i t t e n s  were performed with 23 d i f f e r e n t  adrenoceptor 
a g o n i s t ~ . ~ g  I t  was demonstrated t h a t  t he  i n o t r o p i c  potency i s  de te r -  
mined by both the i n t r i n s i c  a c t i v i t y  fo r  s t imu la t ing  adenylate  cyc la se  
and t h e  a f f i n i t y  fo r  t h e  B-adrenoceptors. I n  a s h o r t  communication the  
role of R-agonists i n  h e a r t  f a i l u r e  was discussed with respect to t h e i r  
receptor  subtype spec i f  i c i  t y  . 

Dopamine and dobutamine (8) have both been approved f o r  t he  i.v.- 
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t r ea tmen t  of conges t ive  h e a r t  fa i lure .  Thei r  c l i n i c a l  u s e  has  been re -  
viewed.51 I n  a c rossover  s t u d y  i n  p a t i e n t s  wi th  c a r d i a c  f a i l u r e s  both 
drugs  were shown to  have comparable b e n e f i c i a l  e f f e c t s .  Maximal doses  
were l i m i t e d  by f r e q u e n t  occur rence  of premature v e n t r i c u l a r  b e a t s  and 
ang ina  pec to r i s .52  The s t e reo i somers  of 8 were ana lyzed  wi th  regard  t o  
t h e i r  a- and R-adrenergic a c t i v i t y  i n  v i t r o  and t h e i r  vascu la r  e f f e c t s  
i n  p i t h e d  ra t s .53 ,54  Ibopamine (2) is  t h e  o r a l l y  e f f e c t i v e  d i i s o -  
b u t y r i c  ester of N-methyldopamine.55 A number o f  c l i n i c a l  e v a l u a t i o n s  
have now been publ i shed .  I n  one  s tudy  t h e  i n v a s i v e  assessment  o f  hemo- 
dynamic parameters  i n  p a t i e n t s  w i t h  s e v e r e  conges t ive  h e a r t  f a i l u r e  (150 
mg p.0) was repor ted .56  I n  another  s tudy ,  50 mg twice a day  f o r  seven  
days  was admin i s t e red  to  e i g h t  p a t i e n t s ,  who a l l  showed symptomatic 
improvement du r ing  therapy.57 Butopamine (10) is  an  o r a l l y  a c t i v e  
ana log  of dobutamine, which has  no ca techolamine- l ike  structure.58 
Af te r  1.v. a d m i n i s t r a t i o n  to  v o l u n t e e r s ,  lo mani fe s t ed  s u b s t a n t i a l  
p o s i t i v e  i n o t r o p i c  e f f e c t s  a t  0.04 - 0.08 mcg/kg/min wi th  p o s i t i v e  
chronot ropy  a t  h igher  doses.59 The s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s  of 
s e v e r a l  aminote t r a l i n  d e r i v a t i v e s  of A-5,6-DIN and A-6,7-D1N (11) , two 
r i g i d  forms of dopamine, were inves t iga ted .60r61  One of  them, ASL-7022 
(u), was found t o  be  more i n o t r o p i c a l l y  s e l e c t i v e  than  dopamine or do- 
butamine.62 TA-064 (2) i nc reased  dp/dt i n  consc ious  dogs f o r  longer  
than  seven  hours  a f t e r  an  oral  dose  o f  0,4 1 n g / k g . ~ 3 , ~ ~  I n  normal and 
d i s e a s e d  human h e a r t s ,  2 improved c o n t r a c t i l e  f u n c t i o n  a t  a dose t h a t  
d i d  n o t  a f f e c t  h e a r t  ra te  and blood pressure .65  

- 8 - F H ( C H ~ ) ~ Q - O H  -OH -OH -H 

CH3 

H 9  - -CH3 -OCOCH(CH3)2 -OCOCH(CH3)2 -H 

R L  

-H -OH 

11 R = -H - 1 4  R = - c H ( c H ~ ) ~  - 

n 
1 5  R = -(CHz)2NHCON - I Q - J 12 R = -CHCH2 \ OH 

CH3 OH 

P r e n a l t e r o l  (14) was in t roduced  a s  an  o r a l l y  a c t i v e  R-adrenoceptor 
a g o n i s t  f o r  t h e  t r ea tmen t  of mi ld  t o  moderate h e a r t  f a i lu re .51  Seve ra l  
r e c e n t  c l i n i c a l  s t u d i e s  were reported.66,67 Its e f f e c t  was no longe r  
s i g n i f i c a n t  a f t e r  t h r e e  t o  s i x  months of t rea tment .68  Recent s t u d i e s  
have d e a l t  wi th  t h e  mechanism of a c t i o n  o f  14 and its recep to r  subtype 
s e l e c t i v i t y . 6 9  The agen t  was c h a r a c t e r i z e d  as  a p a r t i a l  R1-ago- 
nist.'O However, another  s tudy  sugges ted  t h a t  t h e  R1/R2-selecti- 
v i t y  of 14 is t i s s u e  dependent b u t  n o t  r ecep to r  subtype  dependent.71 
From a series of a ry l e thano lamines  and aryloxypropanolamines t h e  o r a l l y  
a c t i v e  xamoterol ( I C I  118,587) (2) was s e l e c t e d  f o r  c l i n i c a l  develop- 
ment because of its p a r t i a l  a g o n i s t  p r o p e r t i e s  and i t s  h igh  ca rd io -  
s e l e c t i v i t y . 7 2 ' 7 3  Xamoterol improved s y s t o l i c  and d i a s t o l i c  l e f t  
v e n t r i c u l a r  f u n c t i o n  i n  p a t i e n t s  w i th  coronary  a r t e r y  d i s e a s e  wi thou t  
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inducing myocardial  i ~ c h a e m i a . ~ *  R e s u l t s  both i n  dog and i n  man showed 
that t h e  drug  is a b l e  to a c t  as a n  a g o n i s t  when sympathe t ic  a c t i v i t y  is  
low, and a s  an  a n t a g o n i s t  reducing  h e a r t  ra te  when a c t i v i t y  is h igh ,  
such as  dur ing  exerc ise .75  I t  appea r s  l i k e l y  that p a r t i a l  81-ago- 
n i s t s  l i k e  5 or w i l l  be used p r i m a r i l y  i n  p a t i e n t s  w i th  mi ld  t o  
moderate h e a r t  f a i l u r e  (class 11 - I11 of NYHA).76 A review o f  t h e  
s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s  i n  R-adrenoceptor-aryloxypropanolamines 
d e a l i n g  wi th  t h e  q u e s t i o n  of op t ima l  s u b s t i t u t i o n  p a t t e r n  f o r  c a r d i a c  
0 1 - s e l e c t i v i t y  was presented.77 A d ibenzoxepine  d e r i v a t i v e ,  
doxaminol (16) , is an o r a l l y  a c t i v e  B-sympathomimetic agen t ,  having 
p o s i t i v e  i n o t r o p i c  a c t i v i t y  wi thou t  obvious  e f f e c t s  on  h e a r t  rate o r  
blood p r e s s u r e  i n  an imals ,  h e a l t h y  v o l u n t e e r s ,  and h e a r t  f a i l u r e  
pa t ien ts .78-81  

P i r b u t e r o l  (17) , a l b u t e r o l  (l8), and t e r b u t a l i n e  (19) have been 
wide ly  used i n  t h e  management of asthma because of t h e i r  well  known 
b e n e f i c i a l  b ronchod i l a to ry  e f f e c t s .  These 132-adrenoceptor a g o n i s t s  
r e l a x  vascu la r  smooth muscles and i n c r e a s e  myocard ia l  c o n t r a c t i l i t y .  
Oral and i.v. a c t i v i t y  o f  17  have been eva lua ted  c l i n i c a l l y  by s e v e r a l  
groups of investigators.51582-84 The drug appea r s  to  be well tolera- 
t ed .  I n  one s tudy  a marked dec rease  i n  lymphocyte R-receptors was obser -  
ved a f t e r  a four  weeks treatment wi th  accompanying tolerance t o  t h e  
hemodynamic e f f e c t s . 8 5  P i r b u t e r o l  was launched i n  t h e  UK wi th  t h e  
claim t h a t  it is  a new s e l e c t i v e  b ronchod i l a to r  wi th  b e n e f i c i a l  e f f e c t s  
on t h e  hear t .86  

16 - 

A l b u t e r o l  h a s  been used i n  a c u t e  myocardial  i n f a r c t i o n  and i n  s e v e r e  
c h r o n i c  h e a r t  f a i l u r e .  I n  a r e c e n t  s tudy  a s u s t a i n e d  improvement o f  
c a r d i a c  f u n c t i o n  was found a f t e r  a s i n g l e  oral  a d m i n i s t r a t i o n  of 4-8 
mg.87 The hemodynamic e f f e c t s  o f  2 were measured i n  p a t i e n t s  wi th  
s e v e r e  h e a r t  f a i l u r e . 8 8  Feno te ro l  (g) , another  R adrenoceptor  
a g o n i s t ,  showed s i g n i f i c a n t  improvement i n  pump f u n c t i o n  i n  seven  
p a t i e n t s  wi th  s e v e r e  conges t ive  heart f a i l u r e  (NYHA I V )  a f t e r  i n t r a -  
venous admin i s t r a t ion .89  A l l  t h e s e  R2-adrenoceptor a g o n i s t s  c a n  be  
c l a s s i f i e d  a s  v a s o d i l a t o r s  which e x e r t  t h e i r  e f f e c t  p r i m a r i l y  due  t o  a 
r educ t ion  i n  a f t e r l o a d  and possess some pos i t ive  i n o t r o p i c  e f f e c t . 9 0  
I n  summary long term s t u d i e s  wi th  c h r o n i c  a d m i n i s t r a t i o n  have s t i l l  t o  
be  performed f o r  a l l  R-adrenoceptor a g o n i s t s  b e f o r e  any o f  them can  be 
advoca ted  f o r  r o u t i n e  maintenance therapy .  

2- 

I n h i b i t o r s  o f  phosphodies te rase  i n c r e a s e  t h e  i n t r a c e l l u l a r  l e v e l  of 
c y c l i c  AMP, which is a s s o c i a t e d  wi th  inc reased  myocardial  c o n t r a c t i l i t y .  
One o f  the  f i r s t  PDE-inhibitors so s t u d i e d  is theophy l l ine  (g) , a n  i m -  
p o r t a n t  drug  i n  t h e  t r ea tmen t  of asthma. Its actions have been exten- 
s i v e l y  reviewed. 91 Several r e c e n t  s t u d i e s  have i n d i c a t e d  t h a t  it might 
s t i m u l a t e  c o n t r a c t i l i t y  a l so  by adenos ine  r ecep to r  a n t a g ~ n i s m . ~ ~  I n  
p a t i e n t s  wi th  c h r o n i c  o b s t r u c t i v e  pulmonary d i s e a s e ,  t h e o p h y l l i n e  
( 1 4  mg/kg, p.0.) improved c a r d i a c  p e r f o r m a ~ e . ~ 3 * 9 4  Severe  a d v e r s e  
side e f f e c t s  were observed.95r96 Many d e r i v a t i v e s  o f  t h e o p h y l l i n e  and 
other p u r i n e  ana logs  were prepared  and t e s t e d  as  PDE-inhibitors and car- 
diac s t i m u l a n t s ,  some of  them being s e v e r a l  times more a c t i v e  than  
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t heophy l l ine  i n  v i t r o  and i n  vivo.97-99 
Buquineran (UK 14.275) (22) showed PDE-inhibiting a c t i v i t y  20 times 

a s  p o t e n t  as theophy l l ine  and a dose - re l a t ed  i n c r e a s e  i n  c a r d i a c  o u t p u t  
and l e f t  v e n t r i c u l a r  dp /d t  i n  a n e s t h e t i z e d  dogs . loO I n  p a t i e n t s ,  2_2 
i n c r e a s e d  c a r d i a c  o u t p u t  and reduced sys temic  and pulmonary v a s c u l a r  
r e s i s t a n c e .  101  S ince  i t  showed a p o t e n t i a l l y  arrhythmogenic e f f e c t  
(p ro longa t ion  of t h e  QT i n t e r v a l )  , no f u r t h e r  c l i n i c a l  development h a s  
occurred .93  Carbazeran (UK 31.557) (3) is  a p o t e n t  i n o t r o p i c  com- 
pound i n  exper imenta l  animal models. I n  v o l u n t e e r s  it showed c a r d i o t o n i c  
and p o s i t i v e  ch rono t rop ic  a c t i v i t y  wi thou t  s i g n i f i c a n t  p ro longa t ion  o f  
t h e  QT i n t e r ~ a 1 . ~ 3 , ~ ~ 2  UK 36.327 (2) produced dose - re l a t ed  i n c r e a s e s  
i n  dp/d t  max. i n  a n e s t h e t i z e d  dogs,  accompanied by t r a n s i e n t  f a l l s  i n  
blood p r e s s u r e  and small i n c r e a s e s  i n  h e a r t  ra te .103  Af te r  oral  ad- 
m i n i s t r a t i o n  an  i n c r e a s e  i n  c o n t r a c t i l i t y  was observed  i n  consc ious  
dogs.  lo4 

22: X = N; Y = CH 
R = NHCONH-n-C4H9 

23: X = CH; Y = N 
R = OCONHC2H5 

24: X = N; Y = CH 
R = CH(CH3)CH2N(CH3)COCH3 

I 
CH3 

R 21 - 

A v a r i e t y  o f  4,5-dihydro-6-phenyl-3 ( 2 H )  -pyr idaz inone  d e r i v a t i v e s  
a r e  PDE-inhibitors.  CI-914 (25) produced c a r d i o t o n i c  e f f e c t s  i n  anes the-  
t i z e d  dogs as  w e l l  a s  i n  consc ious  dogs a f t e r  oral  a d m i n i s t r a t i o n ,  ac- 
companied by on ly  s l i g h t  d e c r e a s e s  i n  blood p r e s s u r e  and moderate in-  
creases i n  h e a r t  rate.1°5-lo7 Oral a b s o r p t i o n  was complete,  and t h e  
i n o t r o p i c  a c t i v i t y  c o r r e l a t e d  well  w i th  plasma l e v e l s . l o 8  PD-112.548 
(g), an  ana log  of CI-914, i s  5-10 times more p o t e n t  i n  consc ious  dogs. 

Pimobendan (UD-CG 115) (22) is another  py r idaz inone  which produces 
c a r d i o t o n i c  a c t i v i t y  by e l e v a t i n g  i n t r a c e l l u l a r  CAMP leve l s .109  By t h e  
i .v.-route,  i t  inc reased  c a r d i a c  c o n t r a c t i l i t y  i n  a n e s t h e t i z e d  cats up 
to  110%,  h e a r t  rate rose o n l y  up t o  21%,  and a r t e r i a l  blood p r e s s u r e  
dec reased  by 34 mm Hg. Oral a d m i n i s t r a t i o n  t o  consc ious  dogs enhanced 
dp/d t  max. up t o  97% f o r  6 t o  10 h r  wi th  l i t t l e  or no changes i n  h e a r t  
r a t e  and blood pressure. Card iac  oxygen consumption was n o t  s i g n i f i c a n t -  
l y  changed , b u t  coronary  blood flow inc reased  s l i g h t l y . 1 1 0  The ca rd io -  
vascu la r  p r o p e r t i e s  o f  OPC-8212 (2) were examined i n  v a r i o u s  i s o l a t e d  
h e a r t  p repa ra t ions .  In t r avenous  and oral a d m i n i s t r a t i o n  produced posi- 
t i v e  i n o t r o p i c  e f f e c t s  i n  consc ious  dogs, w i thou t  s i g n i f i c a n t  e f f e c t s  on 
h e a r t  r a t e  and blood pressure .111  

For sko l in  (a), a n a t u r a l  d i t e r p e n e ,  h a s  become a n  impor tan t  tool 
i n  ce l l  physiology due  t o  its unique mechanism o f  action.112-114 I t  
e x e r t s  its a c t i v i t y  e i t h e r  by d i r e c t  a c t i o n  on t h e  c a t a l y t i c  s u b u n i t  o f  
adeny la t e  c y c l a s e  or by i n d i r e c t  a c t i o n  v i a  a p rev ious ly  unrecognized 
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c y c l a s e  component.113 *115-117 I n  a r e c e n t  s tudy ,  s t r u c t u r a l  ana logs  o f  
- 29 were syn thes i zed  and i n v e s t i g a t e d  i n  a guinea  p i g  a t r i u m  
None was more p o t e n t  t h a n  f o r s k o l i n  (EC50 f o r  t h e  f o r c e  o f  con t r ac -  
t i o n :  2.48 x lom8 M), which is now scheduled f o r  c l i n i c a l  t r i a l s .  

Bay K 8644 (30) is a nove l  1,4-dihydro- 
p y r i d i n e  d e r i ~ a t i v e . l l 9 t ~ ~ 0  I n  c o n t r a s t  8 ";2c& t o  t h e  n i f e d i p i n e - l i k e  dihydropyr i d i n e s  

OH 'OoCH3 which have ca lc ium a n t a g o n i s t i c  a c t i o n s ,  
30 promotes t h e  i n f l u x  o f  calcium i o n s  and 

CH) CH) OH CH3 t h e r e f o r e  produces p o s i t i v e  i n o t r o p i c  and 
v a s o c o n s t r i c t o r  e f f e c t s .  I n  t h e  i s o l a t e d  

e f f e c t  beg ins  a t  loe9 mol/l and reaches  a p l a t e a u  a t  mol/l. I n  
v a r i o u s  models t h e  pharmacological e f f e c t s  o f  30 were found to be com- 
p e t i t i v e l y  an tagonized  by n i f e d i p i n e ,  b u t  n o t  by o t h e r  ca lc ium a n t a -  
g o n i s t s  such as verapami l  or d i l t i a z e m .  

CH3 - -5 I I  '. H 

30 - guinea  p i g  h e a r t ,  t h e  p o s i t i v e  i n o t r o p i c  
2 9  - 

Agents Acting by Novel or Incomple te ly  Defined Mechanisms 
The pharmacological and c l i n i c a l  e f f e c t s  o f  amrinone (s), a b i p y r i d y l  
ana log ,  have been reviewed.121-123 Following in t r avenous  ( 0 , l  -1,0 
mg/kg) and o ra l  (2-10 mg/kg) a d m i n i s t r a t i o n ,  2 produced p o s i t i v e  
i n o t r o p i c  e f f e c t s  i n  exper imenta l  animals.  I n  dogs wi th  acute l e f t  
v e n t r i c u l a r  f a i l u r e  it s i g n i f i c a n t l y  improved hemodynamic parameters .  
These e f f e c t s  are p o s s i b l y  due t o  a n  i n c r e a s e  i n  t h e  Ca++ inward 
c u r r e n t ,  a s l i g h t  h i s t a m i n e r g i c  a c t i o n ,  and a n  i n c r e a s e  i n  i n t r a c e l l u l a r  
CAMP-levels. C l i n i c a l  e f f e c t s  were s t u d i e d  i n  patients wi th  moderate t o  
s e v e r e  conges t ive  h e a r t  f a i l u r e .  Oral 31 (100 mg) inc reased  c a r d i a c  
index  (+29%),  dec reased  pulmonary c a p i l l a r y  wedge p r e s s u r e  (-31%), and 
dec reased  r i g h t  a t r i a l  p r e s s u r e  (-25%). The drug seems to  have s i g n i f i -  
c a n t  b e n e f i c i a l  e f f e c t s  i n  t h e  a c u t e  t r ea tmen t  of c o n g e s t i v e  h e a r t  
f a i l u r e .  S i n c e  a v a r i e t y  of adve r se  r e a c t i o n s  such as g a s t r o i n t e s t i n a l  
d i s o r d e r s  and thrombocytopenia were observed ,  t h e  long  term b e n e f i t s  of 
t h e  drug remain ~ n c e r t a i n . l ~ l * ~ ~ ~  Mil r inone  (WIN-47.203) (2) , an  ana- 
log o f  amrinone, is abou t  30 times more po ten t .  I.v. i n j e c t i o n  (0,Ol-0,l  
mg/kg) and oral doses (O,l-l,O mg/kg) i n c r e a s e d  c o n t r a c t i l e  f o r c e  i n  
dogs by 35 to  99%, wi th  a maximum i n c r e a s e  i n  h e a r t  ra te  o f  40% and no 
s i g n i f i c a n t  change i n  blood pressure .125  Although 2 is a p o t e n t  CAMP 
i n h i b i t o r ,  t h i s  e f f e c t  seems u n l i k e l y  t o  be  r e s p o n s i b l e  f o r  t h e  i n i t i a -  
t i o n  o f  t he  i n o t r o p i c  a c t i o n .  The c l i n i c a l  e f f e c t s  were s t u d i e d  i n  
p a t i e n t s  w i th  s e v e r e  ch ron ic  conges t ive  h e a r t  failure.126-128 I n t r a -  
venous i n f u s i o n  and o ra l  a d m i n i s t r a t i o n  r e s u l t e d  i n  a s i g n i f i c a n t  i m -  
provement o f  hemodynamic parameters.  Since long-term a d m i n i s t r a t i o n  re- 
mained w e l l  tolerated, t h i s  drug  appea r s  t o  be ve ry  promising f o r  treat-  
ment o f  c h r o n i c  c a r d i a c  f a i l u r e .  APP 201-533 (33) is ano the r  ana log  of 

34: R = CH3;  Ar = 4-methoxyphenyl 

S: R = CH3;  Ar = 4-methylthiophenyl 

36: R = C2H5; Ar = 4-pyridyl 

J 

37 - - 
0 

- Ar 
O H  

amrinone which is r e p o r t e d  to  produce p o s i t i v e  i n o t r o p i c  a c t i o n s  i n  
exper imenta l  an ima l s  fo l lowing  in t r avenous  and oral  adminis t ra -  
tion.129*130 Compared t o  amrinone it seems to  be less t o x i c  and to  
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have a broader  t h e r a p e u t i c  range. 
A series o f  4-aroyl-l,3-dihydro-2H-imidazol-2-ones were syn thes i zed  

and eva lua ted  f o r  pharmacological a c t i v i t y  i n  t h e  a n e s t h e t i z e d  dog. 131 
M o s t  o f  t h e s e  compounds produced dose - re l a t ed  i n c r e a s e s  i n  c a r d i a c  
c o n t r a c t i l e  f o r c e  and h e a r t  rate,  and d e c r e a s e s  i n  sys temic  a r t e r i a l  
blood p res su re .  Three (2, 5 and 36) were s t u d i e d  i n  d e t a i l ,  t w o  o f  
them are c u r r e n t l y  undergoing c l i n i c a l  t r i a l s .  RMI-82,249 (2) i nc reased  
f o r c e  and ra te  of c a r d i a c  c o n t r a c t i o n  and dec reased  blood p r e s s u r e  i n  
a n e s t h e t i z e d  dogs.132t133 Oral a c t i v i t y  w a s  demonstrated i n  consc ious  
dogs.134 These e f f e c t s  were n o t  an tagonized  by p roprano lo l  b u t  by 
verapami l ,  sugges t ing  a dependence on  ca lc ium f l u x  v i a  t h e  "slow 
channels" .  MDL-17,043 (5) produced positive i n o t r o p i c  a c t i v i t y  i n  
a n e s t h e t i z e d  dogs and i n  consc ious  dogs.135 The e f f e c t s  were n o t  
a l t e r e d  by r e s e r p i n e  p re t r ea tmen t  or by a- or 8-blockade.136 The drug 
d i d  n o t  a l te r  uptake,  b inding  or release o f  Ca++ from i s o l a t e d  sa rco -  
p l a smic  re t icu lum,  b u t  an  i n h i b i t i o n  o f  dog h e a r t  CAMP-phosphodiesterase 
was observed. I.v. a d m i n i s t r a t i o n  of 35 produced a p o s i t i v e  i n o t r o p i c  
e f f e c t  i n  p a t i e n t s  wi th  reduced l e f t  v e n t r i c u l a r  performance and s e v e r e  
c o n g e s t i v e  h e a r t  fa i lure .137 ,138  The e f f e c t s  l a s t e d  f o r  up to  s i x  
hours  and were n o t  associated wi th  any adve r se  s i d e - e f f e c t s .  MDL-19,205 
(36) is  r e p o r t e d  t o  be  equ ipo ten t  wi th  35, whi le  producing a g r e a t e r  
i n c r e a s e  i n  h e a r t  ra te  i n  a n e s t h e t i z e d  dogs. It s e l e c t i v e l y  i n h i b i t e d  
t h e  l o w  Km CAMP-phosphodiesterase from dog h e a r t  i n  v i t r o .  Oral admini- 
s t r a t i o n  i n  consc ious  dogs produced dose-dependent i n c r e a s e s  i n  
d ~ / d t . 1 3 9 , ~ ~ 0  The drug i s  comple te ly  and r a p i d l y  absorbed ,  and r e n a l  
c l e a r a n c e  i s  t h e  major mechanism of e 1 i m i n a t i 0 n . l ~ ~  

Sulmazole (AR-L 115) (21) , an  imidazopyr id ine  d e r i v a t i v e ,  i nc reased  
dp/dt max. by 5 8 %  and h e a r t  r a t e  by 12  beats/min i n  a n e s t h e t i z e d  c a t s  
a f t e r  1 mg/kg i.v. S y s t o l i c  blood p r e s s u r e  w a s  dec reased  by 1 3  mm 
Hg.142 Oral a d m i n i s t r a t i o n  augmented dp/d t  max. up t o  92% f o r  5 to  12  
hour s  i n  consc ious  dogs.143 Despi te  similar PDE-inhibitory a c t i v i t y  o f  
- 37 and theophy l l ine ,  i t  seems l i k e l y  t h a t  e f f e c t s  o t h e r  t han  PDE-inhibi- 
t i o n  c o n t r i b u t e  t o  t h e  p o s i t i v e  i n o t r o p i c  ac t ion .144  Measurement o f  
t h e  e f f e c t  o f  11 on r e l a t i o n s  between f r e e  Ca++,  bound Ca++, and 
ATPase a c t i v i t y  of dog c a r d i a c  m y o f i b r i l s  i n d i c a t e s  t h a t  t h e  p o s i t i v e  
i n o t r o p i c  a c t i o n s  may invo lve  d i r e c t  a c t i v a t i o n  of m y o f i b r i l s  by a n  
i n c r e a s e d  a f f i n i t y  of . t h i n  f i l a m e n t  r e c e p t o r s  f o r  Ca++.145 Seve ra l  
c l i n i c a l  s t u d i e s  i n  h e a r t  f a i l u r e  showed t h a t  i n  p a t i e n t s  wi th  con- 
g e s t  i v e  cardiomyopathy and wi th  coronary  a r t e r y  d i s e a s e ,  37 improved 
hemodynamics and r e g i o n a l  w a l l  motion v i a  d e c r e a s e  i n  pre- a n d  a f  t e r l o a d  
and i n c r e a s e  i n  c o n t r a c t i l i t y ,  myocardial  oxygen consumption and coro- 
na ry  s i n u s  flow, wi th  no myocard ia l  ischemia.146-149 
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Chapter 9. Agents for the Treatment of Peptic Ulcer Disease 

David E .  Bays and Roger Stables 
Glaxo Group Research Ltd., Ware, Hertfordshire, England 

Introduction - The natural history of duodenal ulcer and its etiology have 
been reviewed, and strate ies for the prevention of the recurrence of 
peptic ulcer described. l-' The consequences of selective gastric and 
parietal cell vagotomy in 685 patients have been assessed. Antisecretory 
agents have been reviewed including a discussion of experimental methods 
used to assess H2-antagonists. 5-7 Parietal cell function, receptors and 
H2-antagonists are some of the subjects discussed in a recent book.8 In a 
review of the use of anticholinergics as inhibitors of acid secretion, a 
tentative classification of cholinergic receptors is presented. The 
mechanisms by which prostaglandins protect the gastric mucosa have been 
comprehensively reviewed. l o  The potential role of intragastric 
nitrosamide formation in the etiology of gastric cancer is discussed in a 
review. 11 

Histamine H,-Antagonists - The clinical development of cimetidine 1 over 
the last 6 years has been briefly reviewed,12 and its pharmacokinetics in 
subjects ranging from healthy volunteers to elderly patients have been 
surveyed. l3 Drug interactions with cimetidine continue to be reviewed. l4 
Post-marketing surveillance for 12 months of 9928 patients produced no 
evidence of any fatal adverse effects. l5 Nitrosocimetidine, unlike 
nitrosomethylnitroguanidine, was not carcinogenic in rats when given in 
drinking water for more than 2 years.16 

Reviews of ranitidine 2 continue to substantiate its clinical 
efficacy and selectivity of action. 17-19 A multicenter trial in America 
has been assessed. 2 o  Drug interactions, pharmacodynamics and 
pharmacokinetics of ranitidine and cimetidine have been compared. 21 ,22 
A broad review of the pharmacokinetic basis for H2-antagonist drug 
interactions includes a discussion of structural features present in 
cimetidine, but not ranitidine, that contribute to binding to the 
cytochrome P450 linked mixed function oxidase. 23 

Ranitidine contracted the rat isolated lower esophageal sphincter at 
high concentrations ( 3 ~ 1 0 - ~  - 1 0 - 3 M ) ,  but had no effect on lower 
esophageal sphincter pressure in man. 2 4 ,  2 5  Cimetidine26 and 
ranitidineZ7 can inhibit human cholinesterases in vitro but ranitidine had 
no such effect in vivo nor have cholinergic side effects been reported in 
patients. 2 8  In the conscious dog using bethanechol as stimulant, neither 
ranitidine nor cimetidine inhibited pepsin secretion and ranitidine was 
more potent than cimetidine in inhibiting acid suggesting a significant 
involvement of histamine in this pathway. 29 Cimetidine and ranitidine 
inhibited cell division in colonic tumors in the rat and the growth of 
xenografts in immune deprived mice. 30 
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i 
R1CH2SCH2CH2NHCNHR2 

, 

C l i n i c a l  r e s u l t s  obtained with r a n i t i d i n e  and c ime t id ine  have 
encouraged d i s c u s s i o n  of t h e  choice of t reatment  of u l c e r  d i s e a s e .  3 1 * 3 2  
Ranitid i n e  (150mg oid) suppressed 24h g a s t r i c  s e c r e t i o n  more e f f e c t i v e l y  
than c ime t id ine  (400mg b id )  i n  hea l thy  s u b j e c t s  and u l c e r  pa t i en t s .33 ,34  
S ing le  d o s e s  of r a n i t i d i n e  (300 mg nocte)  and cimetidine (800mg nocte)  
have a l s o  been compared i n  u l c e r  p a t i e n t s .  A s i n g l e  n igh t  t i m e  dose  w a s  
as e f f e c t i v e  as a bid regime f o r  both compounds (15Omg and 400mg 
r e s p e c t i v e l y )  i n  reducing acid sec re t ion .  This  paper underlined t h e  
importance of c o n t r o l l i n g  nocturnal  s e c r e t i o n  and showed t h a t  nocte  
r a n i t i d  i n e  reduced acid concen t r a t ion  by 85% whereas c ime t id ine  decreased 
i t  by 56%.35 

I n  u l c e r  p a t i e n t s  oxmetidine 3 was e f f e c t i v e  a t  400mg bid.36 High 
d o s e s  of oxmetidine given i n t r a a r t e r i a l l y  d id  not cause p r o l a c t i n  release 
i n  t h e  rat .37 Trials were suspended when a p a t i e n t  on maintenance therapy 
developed jaundice and had elevated l e v e l s  of l i v e r  enzymes.38 

E t i n t i d i n e  4 w a s  s l i g h t l y  more potent  than cimetidine i n  i n h i b i t i n g  
meal st imulated acid s e c r e t i o n  i n  man.39 In t he  dog, t he  o r d e r  of potency 
as i n h i b i t o r s  of acid s e c r e t i o n  w a s  c imet idine < e t i n t i d i n e  < r a n i t i d i n e (  
t i o t i d i n e  5.40 N i t r o s a t i o n  of e t i n t i d i n e  and c ime t id ine  have been 
compared, Ynd t h e  formation of t h e  imidazol ine 5 i s  d i scussed .41  The 
development chemistry on t i o t i d i n e  has  been descr ibed .42 3H-Tiotidine i s  
t h e  most s u i t a b l e  l igand f o r  H2-receptor binding s t u d i e s . 4 3  The 
Yamanouchi group found t h a t  i n  t h e  pouch dog i.v. farnotidine 7, another  
guan id ino th iazo le ,  and cimetidine competi t ively antagonised d i m a p r i t  
induced acid s e c r e t i o n ,  but t h a t  a g a i n s t  pen tagas t r in  t h e  antagonipm was 
n e i t h e r  simply competi t ive nor non-competitive. 44 Famotidine and 
c ime t id ine  competi t ively inh ib i t ed  a his tamine stimulated guinea p ig  
adenylate  cyc la se  with I C  ' 6  of 5 .9~10-~M and The Merck 
group descr ibed famotid i n e  5[MK-208) as a slowly d i s s o c i a b l e  unsurmountable 
H2-antagonist i n  i s o l a t e d  guinea p ig  atria.  I n  t h e  chronic  f i s t u l a  dog i t  
was about 7 times more potent  than r a n i t i d i n e  and when given a t  2.lmg/kg 
p.0. (70 x ED50) i t  s t i l l  inh ib i t ed  acid ou tpu t  by 59% a f t e r  24h.46 I n  man 
a g a i n s t  pen tagas t r in  s t imu la t ion ,  5mg MK-208 was equ iva len t  t o  30Omg 
~ i m e t i d i n e . ~ ~  I n  another  s tudy,  s i n g l e  n igh t  time d o s e s  of c imet idine 
(80Omg), r a n i t i d i n e  (300mg) and famotidine (4Omg) inh ib i t ed  acid s e c r e t i o n  
d u r i n g  t h e  fol lowing day by 10, 55 and 32% r e s p e c t i ~ e l y . ~ ~ , ~ ~  Confusion 
ove r  t h e  s t r u c t u r e  of famotidine gave t h e  Bristol-Myer 's  group an  
oppor tun i ty  t o  comment upon t h e  p o t e n t i a l  advantages of a long a c t i n g  
compound BMY-25260, 8 .50  A new l o n  a c t i n g  compound from t h i s  group i s  
the  cyclobutenedione TBMY-25368, 9) .  55  
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The Merck group a l s o  d e s c r i b e d  8 (L-643,441) as long  a c t i n g .  I n  t h e  
f i s t u l a  dog us ing  h i s t amine  as t h e  s t i m u l a n t ,  it i s  a l i t t l e  more po ten t  
t han  r a n i t i d i n e ,  bu t  a t  15mg/kg p . 0 .  ( ~ 5 0 x E D ~ ~ )  i t  i n h i b i t e d  a c i d  
s e c r e t i o n  by 80% a f t e r  24h. A t  t h i s  dose  r a n i t i d i n e ' s  e f f e c t  had 
d i sappea red  a f t e r  t h i s  t i m e . 5 2  The r e l a t i v e l y  h igh  p . 0 .  t o  i . v .  ED 

f i r s t - p a s s  metabolism. 5 3  

r a t i o  f o r  L-643,441 was a t t r i b u t e d  t o  incomple te  a b s o r p t i o n  and r ap id  5 0  

The t r i a z o l e ,  l o x t i d i n e  (AH23844 10) , i s  l i k e  l a m t i d i n e  (AH22216, 
- 11) long  a c t i n g  i n  t h e  pouch d ~ g . ~ ' + ~ ~ ~ - G i v e n  o r a l l y  t h e y  were about  
f o u r  and e i g h t  t imes  as p o t e n t  as r a n i t i d i n e  a g a i n s t  h i s t a m i n e  induced 
a c i d  s e c r e t i o n ,  and i n h i b i t i o n  of about 20% and 60% was seen  18h a f t e r  
O.lmg/kg p . 0 .  ( 2  t o  4 x ED50). On t h e  guinea  p ig  a t r i a  l o x t i d i n e  w a s  an  
unsurmountable a n t a g o n i s t ,  and t h i s  may be r e l a t e d  t o  t h e  d i s s o c i a t i o n  
energy of t h e  drug-receptor  complex. 54 The i n t e r a c t i o n  of  l a m t i d i n e  wi th  
guinea  p i g  i s o l a t e d  p a r i e t a l  c e l l s  w a s  e i t h e r  non-competit ive o r  
c o m p e t i t i v e  depending on t h e  mathematical  t r ea tmen t  of t h e  r e s u l t s .  56 It 
i n t e r a c t e d  non-compet i t ive ly  wi th  H2-receptors  on human g a s t r i c  cancer  
c e l l s .  5 7  A radioimmunoassay f o r  l o x t i d i n e  and l a m t i d i n e  h a s  been 
developed 5 8  and t h e  metabolism of  l o x t i d i n e  h a s  been i n v e s t i g a t e d  i n  
an imals  . 5  9 

Some formamidines have been desc r ibed  as H2-antagonis t s  20 t o  50 
times a s  po ten t  as c i m e t i d i n e  i n  t h e  r a t  per fused  stomach p r e p a r a t i o n . 6 0  
One, DA4577, (g), showed l i t t l e  c h o l i n e r g i c  e f f e c t  o n  i s o l a t e d  
t i s s u e s  .61 

The r i g i d  phenylene analogue 2 i s  more po ten t  i n  t h e  dog than  t h e  
f l e x i b l e  molecules  c i m e t i d i n e  and t i o t i d i n e  g iven  i . v .  , but  i s  similar t o  
c i m e t i d i n e  p . 0 .  S t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s  are d e s c r i b e d .  6 2  
B i o i s o s t e r i c  d e s i g n  and r e s t r i c t e d  conformat ion  provided t h e  r a t i o n a l e  f o r  
t h e  s y n t h e s i s  of  t h e  t r i a z o l e  14 t h a t  w a s  somewhat more p o t e n t  t h a n  
c ime t id ine .  6 3  

The combined H1/H2-antagonist , SK&F 93319 (2) , h a s  similar a c t i v i t y  
a t  both  r e c e p t o r s  having pA2s of 7.77 and 7.49 i n  t h e  guinea  p i g  i leum and 
a t r i a .  Given i . v .  i t  was more po ten t  a s  a n  i n h i b i t o r  of g a s t r i c  s e c r e t i o n  
t h a n  c i m e t i d i n e  i n  t h e  ra t  and dog. It was less a c t i v e  than  mepyramine 
a g a i n s t  h i s t amine  induced b r o n c h o c o n s t r i c t i o n  i n  t h e  gu inea  p i g ,  and 
behaved as an  a n t a g o n i s t  a t  bo th  H I  and H2-receptors on p e r i p h e r a l  
v a s c u l a t u r e .  6 4  9 6 5  

H 
N 

- 12 h m N = C H N H C H M e 2  



- 84 Sect. 11 - Pharmacodynamic Agents Comer, Ed. 

Inhibitors of H+/K+-ATPase - The development of omeprazole (H 168168, 16) 
has continued. In the Heidenhain pouch dog, orally it was twice as potent 
as cimetidine with a bioavailability of about 15%. Intraduodenaliy the 
bioavailability was around ?O%, suggesting that omeprazole is partially 
degraded by gastric juice. The antisecretory effect after a dose of 
2.5vmol/kg i.d. was still observable after 3-4 days. It also has a long 
duration of action in the rat.66 Infusion of omeprazole directly into a 
Heidenhain pouch produced a dose related reduction of acid in the pouch 
but not in the main stomach, suggesting a local action on the oxyntic 
glands. 67 Given intragastrically, but not parenterally, omeprazole 
prevents mucosal damage caused by aspirin, and at a higher dose, that 
induced by ethanol. 68 It was also effective orally. 69 

The mechanism and site of action of omeprazole has been investigated 
further. Sixteen hours after an i.v. injection of labelled drug into 
mice, high levels of radioactivity remained only in the gastric mucosa 
suggesting that the gastric */K+-ATPase resides in the parietal cells. 70 
The related imidazole picoprazole (H 1-49/94, 17) inhibited astric H+/K+- 
ATPase but not a related Na+/K+-ATPase, even at 10-4~.7f Pepsinogen 
release from rabbit chief cells was not affected by omeprazole, but it did 
affect parietal cell secretion.72 In vitro studies on the action of 
omeprazole, cimetidine and thiocyanate ion provided further evidence for 
its selective action.73 In guinea pig parietal cells the inhibitory 
action of omeprazole was non-competitive but reversible. 74 The different 
mechanism of action of omeprazole and ranitidine is reflected in the way 
each drug modifies the ultrastructure of canine parietal cells. 75 

Omeprazole is effective in man against acid secretion induced by 
pentagastrin, insulin, or a meal in oral doses in the range 20-90mg 
depending on the tria1.76-78 In the Hassle study a single dose of 40mg 
reduced secretion for three days, despite a short drug half-life.76 In 
duodenal ulcer patients intragastric omeprazole inhibited acid secretion 
induced b sham feeding, a cholinergic pathway, without affecting serum 
gastrin. 741 Intragastric acidity over 24 hours was almost eliminated (95%) 
in ulcer patients by omeprazole at 3Omg p.o., whereas cimetidine (lglday) 
and ranitidine (300mg/day) decreased it by 48 and 69%.80 Very good 
healing rates in ulcer patients have been obtained with oral doses of 20- 
60mg given once daily over 28 days.8f'82 Omeprazole, 60mg daily, was 
very effective in seven patients with Zollinger-Ellison syndrome.83 

Tricyclic compounds - The therapeutic use of tricyclic compounds such as 
trimipramine 18 and pirenzepine 2 has been reviewed. 84  Trimipramine 
(50mg nocte) produced similar healing rates to cimetidine in duodenal and 
gastric ulcers, and was effective in maintenance treat~nent.~~,~~ 
Tiredness and dry mouth were side effects. The related antidepressant 
mianserin 20 inhibited acid secretion in volunteers,87 but MCI 2016, 2, a 
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non- t r i cyc l i c  compounl with ant idepressant-Like p r o p e r t i e s ,  prevented 
experimental  u l c e r s  i n  rats without i n h i b i t i n g  g a s t r i c  s ec re t ion .88  The 
mechanism of a c t i o n  of t h e  s e l e c t i v e  an t imusca r in i c  agent ,  pirenzepine,  
has  been d i scussed .  A r e l a t i v e l y  weak i n h i b i t o r  of carbachol-stimulated 
acid s e c r e t i o n  i n  ra t  i s o l a t e d  p a r i e t a l  cel ls ,  i t  was only 5-7 times less  
a c t i v e  than  a t r o p i n e  i n  reducing both acid and pepsin ou tpu t  e l i c i t e d  by 
bethanechol o r  2-deoxy-D-glucose i n  t h e  dog, but was 200-300 times less  
potent  than a t r o p i n e  i n  causing tachycardia .  89, I n  man pirenzepine 
(10mg i . v . )  reduced s a l i v a t i o n  and l ac r ima t ion  as w e l l  as g a s t r i c  
s ec re t ion .  91 C l i n i c a l l y  pirenzepine 50-75 mg bid.  seems as e f f e c t i v e  as 
cimetidine i n  hea l ing  duodenal u l c e r s .  84 Doses causing moderate 
i n h i b i t i o n  of g a s t r i c  s e c r e t i o n  d id  not i nc rease  n i t r i t e  o r  b a c t e r i a  i n  
g a s t r i c  a s p i r a t e s ,  but enhanced g a s t r i c  mucosal blood flow. 9 2 ~  9 3  

Other s t r u c t u r e s  - An imidazopyridine,  SCH 28080 (22) w a s  7-10 t imes more 
po ten t  than cimetidine as an a n t i s e c r e t o r y  agent i n  the  y l o r u s  l i g a t e d  
ra t ,  but was only 0.3 times as a c t i v e  o r a l l y  i n  t h e  dog. B4 It d i f f e r e d  
from cimetidine a d  a t r o p i n e  i n  i t s  a n t i s e c r e t o r y  mechanism of a c t i o n  
being e f f e c t i v e  a g a i n s t  his tamine,  methacholine and c y c l i c  AMP i n  t h e  
guinea p ig  g a s t r i c  m u ~ o s a . ~ ~  SCH 28080 prevented ethanol  l e s i o n s  i n  the  
rat  (ED5' 3.0mg/kg P . O . ) . ~ ~  This  cy top ro tec t ive  e f f e c t  was not blocked by 
indomethacin, and could r e s u l t  from s t imu la t ion  of mucus and bicarbonate  
sec re t ion .95  The development of SCH 28080 w a s  suspended because o f  
unspecif  ied problems i n  toxicology. 9 4  

Some analogues of fenoct imine (McN-4097 23) and i t s  a n t i s e c r e t o r y  
e f f e c t  i n  vo lun tee r s  have been descr ibed .96,47-In the  g a s t r i c  f i s t u l a  
dog t h e  mast ce l l  s t a b i l i s i n g  agent ,  FPL 52694 (g), given t o p i c a l l y ,  i n  
a d d i t i o n  t o  reducing ou tpu t  of acid, increased t h e  ou tpu t  of g a s t r i c  
NaHC03.98 It a l s o  reduced l e s i o n s  induced by cysteamine i n  t h e  ra t .99  
The a n t i s e c r e t o r y  e f f e c t  of WHR-1370 (25) i n  t h e  rat  was probably due  t o  
an a c t i o n  on a - r ecep to r s  s ince  i t  could be blocked by yohimbine.lOO The 
pyridazinones & a d  MUN-114 (27) ,  i n h i b i t  acid s e c r e t i o n  i n  t h e  Shay rat  
and prevent s t r e s s  irduced u l c e r s .  They are a s  o t e n t  as c ime t id ine ,  but 
are n e i t h e r  H2-antagonists nor a n t i c h o l i n e r g i c s .  The urea 28 w a s  t h e  
most a c t i v e  of a series of pyridine d e r i v a t i v e s .  I n  t h e  dog i t  was a t  
least  as potent  as c ime t id ine  a g a i n s t  s e c r e t i o n  irduced by g a s t r i n  
t e t r a p e p t i d e  but not histamine. It decreased the  number of p a r i e t a l  c e l l s  
i n  dogs  when given at  2.5 t o  22.5mgfkg p.0. over t h r e e  months.lo2 The 
quaternary d e r i v a t i v e  29 was one of a series t h a t  i nh ib i t ed  acid s e c r e t i o n  
by an unknown 
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Pros t ag land ins  - The PGEl analogue m i s o p r o s t i l  (SC29333,2) i s  a po ten t ,  
but r e l a t i v e l y  s h o r t  a c t i n g  i n h i b i t o r  of g a s t r i c  acid s e c r e t i o n  i n  
man.104,105 Af te r  2 weeks t reatment  with lOOpg p.0. ( q i d ) ,  p e n t a g a s t r i n  
st imulated acid ou tpu t  was only reduced up t o  2h a f t e r  d o s i n g . l o 4  Food- 
s t imulated acid s e c r e t i o n  was s i g n i f i c a n t l y  inh ib i t ed  f o r  0.5 - 2h, but 
not longer  than  4h, a f t e r  a s i n g l e  dose  of 200pg Lower d o s e s ,  25 
and 50pg q id ,  reduced aspirin-induced g a s t r i c  bleeding. lo6 Misopros t i l  
c o n t a i n s  fou r  s tereoisomers  i n  approximately equal  p ropor t ions ,  but  
s t u d i e s  i n  t h e  dog suggested t h a t  t h e  16-S-16-hydroxy isomer S C  30249 (31) 
w a s  mainly r e spons ib l e  f o r  a n t i s e c r e t o r y  a c t i v i t y .  lo7 Another PGEl 
analogue, C L  115,574 (32) ,  - i nh ib i t ed  g a s t r i c  acid s e c r e t i o n  i n  man a t  
d o s e s  of 500-100Opg P.o., and enhanced mucus ou tpu t . l o8  MDL 646 (33) 
i n h i b i t e d  g a s t r i c  acid s e c r e t i o n  when given i n t r a g a s t r i c a l l y  a t  d o s e s o f  
15-50pg/kg i n  ra ts ,  cats and dogs,  but caused s a l i v a t i o n  and vomiting i n  
dogs a t  100pg/kg i . g . l o 9  

The PGE2 analogue t r i m o p r o s t i l ,  RO 216,937 (34),  i nh ib i t ed  g a s t r i c  
acid s e c r e t i o n  and protected a g a i n s t  g a s t r i c  mucosaldamage i n  animals  and 
man. Ant i sec re to ry  dose  l e v e l s  i n  man were 2.5 - 10pg/kg, but  even a t  
t h e s e  d o s e s  side e f f e c t s  such as e p i g a s t r i c  d i s t r e s s ,  headache, d i z z i n e s s  
and nausea were noted.l1° I n  volunteer  s t u d i e s  basa l  acid ou tpu t  w a s  
reduced by 80% over 6h a f t e r  1500pg p .o . l l l  Doses of 250-3OOOpg p.0. 
i n h i b i t e d  p e n t a g a s t r i n  st imulated g a s t r i c  acid s e c r e t i o n  and increased 
HC03-  s ec re t ion .  112 The s t a b l e  PG12 analogue n i l e p r o s t  (35) i nh ib i t ed  
g a s t r i c  s e c r e t i o n  i n  man by 28% a t  a dose  of 50pg f a g . ,  and a t  1Opg i.g. 
reduced b 46% t h e  f a l l  
a s p i r i n .  1 r 3  

OH OH 
35 

i n  transmucosal p o t e n t i a l  d i f f e r e n c e  caused by 
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The a b i l i t y  of p ros t ano ids  t o  p r o t e c t  t h e  g a s t r o i n t e s t i n a l  mucosa from 
experimental  damage (termed "cytoprotect ion")  cont inues t o  be much 
s tudied.  16,16-Dimethyl PGEZ reduced aspirin-induced g a s t r i c  l e s i o n s  and 
indomethacin-induced i n t e s t i n a l  l e s i o n s  i n  p igs ,  but f a i l e d  t o  m d i f  
g a s t r i c  mucosal damage i n  vo lun tee r s  dosed with lOmM t a u r o c h 0 1 a t e . l ~ ~ ~ ~ ~ ~  
The type of damage t h a t  p ros t ano ids  can i n h i b i t  has  been deba ted . l16  I n  
ra ts  PGE2 o r  t h e  prostaglandin precursor ,  a r ach idon ic  acid, prevented deep 
n e c r o t i c  l e s i o n s  produced i n  t h e  g a s t r i c  mucosa by e thano l ,  but f a i l e d  t o  
a l t e r  the i n i t i a l  desquamation of t h e  su r face  epi thel ium. 117 
However, i n  arachidonic  acid t r ea t ed  animals  a continuous l a y e r  of su r f ace  
epi thel ium had reappeared by 3h, compared t o  15h i n  c o n t r o l s . l l E  
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Mechanisms of  c y t o p r o t e c t i o n  have been t h e  s u b j e c t  of a symposium 
and a r ev iew. l0 ,  119 I n t e r e s t  h a s  cent red  on t h e  "mucus-bicarbonate 
b a r r i e r "  as p r o s t a g l a n d i n s  have been shown t o  s t i m u l a t e  b i c a r b o n a t e  
s e c r e t i o n  i n  both  stomach and duodenum of  rats, cats and dogs.120-123 I n  
t h e  d o g  PGE2, 1 6 , 1 6 6 i m e t h y l  PGE2, PGF2, and a s t a b l e  p r o s t a c y c l i n  
ana logue ,  HOE 892 ( 3 6 ) ,  s t imu la t ed  b i ca rbona te  s e c r e t i o n  when app l i ed  
t o p i c a l l y  t o  p o u c h e s o f  fund ic ,  a n t r a l  o r  duodenal  m ~ c 0 s a . l ~ ~  I n  d o g  
fundus  t h i s  response  may invo lve  a c h o l i n e r g i c  mechanism s i n c e  i t  was 
blocked by a t r o p i n e  o r  t e t r o d o t o x i n .  124 The importance of b i c a r b o n a t e  
s e c r e t i o n  as a c y t o p r o t e c t i v e  mechanism h a s  been d i s p u t e d .  l 2 O Y  125 The 
c a r b o n i c  anhydrase  i n h i b i t o r ,  ace tazolamide ,  prevented t h e  s t i m u l a t i o n  o f  
b i ca rbona te  s e c r e t i o n  by 1 6 , 1 6 6 i m e t h y l  PGE2 wi thout  modifying i t s  
c y t o p r o t e c t i v e  e f f e c t  a g a i n s t  e t h a n o l  damage i n  r a t s . 1 2 6  It w a s  a l s o  
suggested t h a t  h igh ,  l umina l  b i ca rbona te  might enhance mucosal damage. 1 2 7  
Never the l e s s ,  most pape r s  favour  a r o l e  f o r  b i ca rbona te  i n  c y t o p r o t e c t i o n .  

The gas t roduodenal  mucosa i s  covered by a mucus g e l  l a y e r  which not  
o n l y  r educes  €l+ d i f f u s i o n  but t r a p s  sec re t ed  b i ca rbona te ,  r e s u l t i n g  i n  a 
pH g r a d i e n t  from lumen t o  mucosa.128 For example, i n  ra t  stomach and 
duodenum when lumina l  c o n t e n t s  were a t  pH2, a pH of  7 was maintained a t  
t h e  mucus/mucosa i n t e r f a c e .  121, 129 Following a d m i n i s t r a t i o n  of  PGE2 o r  
1 6 , 1 6 6 i m e t h y l  PGE2, t h i s  in t ramucus  pH became a l k a l i n e  and mucus g e l  
t h i c k n e s s  w a s  enhanced. 1213329-131 PGF2@ and cys teamine  s t imu la t ed  
release o f  mucus g l y c o p r o t e i n  a t  d o s e s  t h a t  p ro t ec t ed  a g a i n s t  e thano l -  
induced g a s t r i c  mucosal damage i n  t h e  r a t ,  bu t  t h e  two e f f e c t s  could be 
d i s s o c i a t e d .  132 

Other  mechanisms which have been suggested are increased  s t a b i l i t y  
o f  lysosomes and c e l l  membranes and release of phospho l ip ids .  16,16- 
Dimethyl PGE2 (O.Zpg/kg/day) prevented t h e  d e c r e a s e  i n  mucosal lysosome 
s t a b i l i t y  and t h e  a c u t e  g a s t r i c  e r o s i o n s  fo l lowing  b a c t e r i a l  p e r i t o n i t i s  
i n  dogs.133 PGEZ reduced t h e  f a l l  i n  DNA s y n t h e s i s  i n  human mucosal 
b iopsy  samples caused by i n c u b a t i o n  w i t h  e thano l .  134 However, 16,16- 
d i m e t h y l  PGE2 d i d  n o t  reduce  hemolys is  of  rat  e r y t h r o c y t e s  by 280mEI sodium 
a c e t y l s a l i c y l a t e  o r  14% e thano l .  135 The c y t o p r o t e c t i v e  e f f e c t  o f  
p r o s t a g l a n d i n s  may be d u e  t o  t h e i r  a b i l i t y  t o  i n c r e a s e  mucosal l e v e l s  of  
hydrophobic phosphol ip ids .  Dog f u n d i c  mucosa was more hydrophobic than  
o t h e r  areas of  t h e  g a s t r o i n t e s t i n a l  t rac t ,  a d  damaging a g e n t s  markedly 
reduced t h i s  h y d r ~ p h o b i c i t y . ~ ~ ~  I n  ra ts  a c y t o p r o t e c t i v e  d o s e  of  16,16- 
d ime thy l  PGE2 (0.5pg/kg) inc reased  g a s t r i c  mucosal phospho l ip ids ,  and 
a d m i n i s t r a t i o n  of  a phosphol ip id  suspens ion  reduced t h e  damaging e f f e c t s  
o f  0.6N HC1 on  t h e  g a s t r i c  mucosa.137 

Endogenous p r o s t a n o i d s  may have a r o l e  i n  mucosal p r o t e c t i o n .  The 
a b i l i t y  of  aluminum a n t a c i d s  t o  p reven t  t a u r o c h o l a t e  irduced l e s i o n s  i n  
ra t s  w a s  i n h i b i t e d  by indomethacin,  a s  was t h e  c y t o p r o t e c t i v e  e f f e c t  o f  
low d o s e s  of e t h a n o l ,  H C 1  o r  NaOH a g a i n s t  damage caused by h igh  d o s e s  of  
t h e s e  agen t s .  138, 13' Increased  fo rma t ion  of  pros tanoid  s i n  g a s t r i c  
mucosa was d e t e c t e d  fo l lowing  a n t a c i d s  o r  low d o s e s  of NaOH.138,139 I n  
t h e  dog ,  indomethacin prevented t h e  p r o g r e s s i v e  d e c r e a s e  i n  g a s t r i c  damage 
on repeated exposure  t o  e thanol .140  In  ra ts  t h e  thromboxane s y n t h e s i s  
i n h i b i t o r  OKY 1581 (37) reduced g a s t r i c  mucosal damage by t a u r o c h o l a t e  and 
increased  mucosal g e n e r a t i o n  of PGE and PGI  Accumulation o f  PGE2 
and s t a b l e  m e t a b o l i t e s  of  p r o s t a c y c i i n  a d  tcromboxane Ag w a s  lower i n  
c u l t u r e d  g a s t r i c  mucosal t i s s u e  from duodenal  u l c e r  p a t i e n t s  t han  from 
normal s u b j e c t s .  142 
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Mucosal p r o t e c t a n t s  - S u c r a l f a t e  was t h e  sub jec t  of a symposium, and i t s  
e f f i c a c y  a g a i n s t  e x p e r i m e n t a l  g a s t r i c  e r o s i o n s  b u t  i t s  l a c k  of 
a n t i s e c r e t o r y  a c t i v i t y  was confirmed. 143,144 I n  a double  blind t r i a l ,  
tripotassiumdicitratobismuthate (DeNol) enhanced hea l ing  of g a s t r i c  but 
not  duodenal u l c e r s ,  and i t s  u l t r a s t r u c t u r a l  l o c a l i s a t i o n  i n  t h e  
g a s t r o i n t e s t i n a l  t ract  was descr ibed.  1459 146 Lozilurea (38) inh ib i t ed  
experimental  g a s t r i c  l e s i o n s  i n  the  rat .  It was devoid of a n t i s e c r e t o r y  
a c t i v i t y  but had some seda t ive  r o p e r t i e s  and increased g a s t r i c  l e v e l s  of 
hexosamines and mucoproteins. 147 

- Gut pep t ides  - The i n h i b i t o r y  e f f e c t  of somatostat in  i n  t h e  dog on 
s e c r e t i o n  e l i c i t e d  by t e t r a g a s t r i n  o r  2-deoxy-D-glucose was not due t o  
changes i n  mucosal blood flow o r  c i r c u l a t i n g  gut  hormones.148 I n  t h e  ra t  
somatostat in  inh ib i t ed  bethanechol-induced s e c r e t i o n  poss ib ly  v i a  
endogenous p ros t ag land ins  s ince  it potent ia ted t h e i r  release and was 
blocked by indomethacin.149 In  i s o l a t e d  g a s t r i c  glands and cel ls  from 
r a b b i t  o r  r a t ,  s o m a t o s t a t i n  w a s  i n a c t i v e  a g a i n s t  c a r b a c h o l  b u t  
appeared t o  i n h i b i t  s e c r e t i o n  t o  g a s t r i n  i n d i r e c t l y ,  and t o  his tamine by a 
d i r e c t  e f f e c t  on t h e  p a r i e t a l  c e l l .  150J151 

The presence of o p i a t e  r e c e p t o r s  on p a r i e t a l  cel ls  was suggested by 
binding s tudies .152 However, endogenous o p i o i d s  did not seem t o  be 
involved i n  g a s t r i c  s e c r e t i o n  o r  emptying i n  rhesus monkeys s i n c e  these  
processes  were unaffected by naloxone, a l though they were i n h i b i t e d  by 
metenkephalin. 153 The enkephalin analogue (D-Ala2,MePhe4,Met(0) 501) 

enkephalin (FK33-824), given intracerebroventricularly i n  rats,  reduced 
s t ress  u l c e r s  and g a s t r i c  s e c r e t i o n ,  p o s s i b l y  v i a  p r o s t a g l a n d i n  
release. 154 

I n t e r e s t  i n  g a s t r i n  a n t a g o n i s t s  cont inues,  and C-2-phenylthiotrypto- 
ph a n y 1 - p e n t  a g a s t r i n  i n  h i b i t ed 
pentagastrin-induced s e c r e t i o n  i n  rats. 155 I n  r a b b i t  i s o l a t e d  p a r i e t a l  
ce l l s  g a s t r i n  b i d i n g  and s e c r e t i o n  stimulated by g a s t r i n  were both 
inh ib i t ed  by proglumide 39 and benzo t r ip t  40.156 Proglumide (50mg/kg + 
50mg/kg/h i . v . )  reduced acid hypersecret ion i n  Zol l inger-El l ison p a t i e n t s ,  
but w a s  less e f f e c t i v e  than cimetidine at  2mg/kg.157 A new technique f o r  
s tudying gut  hormone release from i s o l a t e d  glands was desc r ibed .  158 

and C- y - p e n t a ga s t r i n y 1 - h i  s t a m  i ne  
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Chapter 10. Pulmonary and Antiallergy Agents 

John H. Musser, Anthony F. Kreft and Alan 3 .  Lewis 
Wyeth Laboratories, Inc., Philadelphia, PA 19101 

1 Introduction - Reviews dealing with the history of treatment, 
pharmacology ,2 pathogenesis3 and inflammatory mediators4 of asthma have 
appeared. Although no new breakthroughs in pulmonary and antiallergic 
drug development were reported in 1983, the biochemical and 
pharmacologic groundwork for the discovery of new agents based on novel 
mechanisms of action became more apparent. Research areas of 
significant interest included: the role of leukotrienes (LTs) in the 
pathophysiology of asthma, the interactions of LTs with other 
inflammatory mediators and various theories of airway hyperreactivity .5 

Of particular interest, was the finding that LTs can alter the vitro 
reactivity of airways smooth muscle to other bronchoconstrictor agents;6 
also, increased lysophosphatidyl choline may cause various biochemical 
changes associated with airway hyperreactivity? An in vivo model of 
human allergic disease in which nasal challenge with antigen leads to 
physiologic changes together with increased release of inflammatory 
mediators into nasal secretions was described. This may provide a 
valuable means to evaluate antiallergic drugs in man.' 

Leukotrienes and other Mediators - Comprehensive reviews on the 
chemistryp-llbiosynthesis and metaboli~m,~~#~~and pharma~ology1~-160f 
LTs have appeared (see also Chapter 24). 
been employed in the enantiospecific synthesis of LTs C , D4 and E l 7  

LTF and LTF sulfone have been synthesized and their b$ological 
actfvities determined in the guinea pig (GP).l* Total syntheses of LTB4 
(non-carbohydrate based), LTB and 14,15-LTA have been reported: In 
the biosynthesis of LTs in human PMNs, it wai shown that the 7-H (pro-S) 
hydrogen is removed from arachidonic acid (AA) to form 5-hydroperoxy-6E, 
8Z, llZ, 14Z-eicosatetraenoic acid (5-HPETE) and that the 10-D 
(pro-R)-hydrogen is eliminated in the conversion of 5-HPETE into LTA4?'l2 

The availability of synthetic LTs and their corresponding radio- 
labeled analogs has made the study of both receptor and binding site 
interactions possible. 
evidence for two distinct receptors for LTD in the GP tra~hea.'~ 
Separate receptors for LTD and LTB4 and LT6 and LTD in GP lung 
parenchymal strip and a specific receptor fofC LTB4 on human PMNs were 
also described. 5-2 

Chiral starting materials have 

4' 
4 

5 

Schild analysis of FPL 55712 antagonism provided 

4 4 

Evidence for the role of LTs in the pathophysiology of asthma is 
accumulating. 
asthmatics and eosinophils of individuals with hypereosinophilic 
syndrome is greatly above 
effects of LTD 
may explain asthmatic hyperresponsiveness. 
tissue from asthmatics elicits bronchial contraction that correlates 
with release of LTC , D4 and E4." LTC 
lysozyme secretion by human bronchial m u ~ o s a . ~ ~  3When injected 

The production of LTs in neutrophils and macrophages of 

'A clinical evaluation of the 
on the airways of asthmatics has provided evidence which 

4 31 Allergen challenge of lung 

and D increase glycoprotein and 4 
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intracutaneously into humans, LTC4, D4 and E elicit erythema and wheal 
formation whereas LTB 4 
pharmacology and pathophysiology of LTB was recently reviewed.36 It is 
a potent chemotaxin but a weak secretagogue for human PMNB3’ Because of 
the possibility of impure preparations being used in earlier 
experiments, LTB4 may be a more potent chemotactic agent than previously 
reported.38 The chemotactic effect of LTB4 on human lung phagocytes has 
been demonstrated in vivo by measuring the increase in total 
bronchoalveolar lavage cells. 

4 produces neutrophil infiltrati~n.~ 4J3 5The 

4 

3 9  

LT interaction with other mediators was described in smooth muscle 
preparations and cell systems. Both LTC and LTB4 induced contractions 
in GP lung parenchymal strip and LTD4 mebiated bronchoconstriction in 
the GP are attenuated by inhibiting thromboxane A (TxA ) production, 
thus indicating a role for TxA2 in LT induced smooti muscle contractions 
in this species .4 
prostacyclin (PG12) synthesis. 42 Prostaglandins E a:$ E2 (PGE and 
PGE ) inhibit LTB4 release from activated human Ph. Both LT8 and 
plagelet activating factor (PAF) induce the aggregation of rat bMN; 
however, PAF does not induce neutrophil aggregation by releasing LTB 44 

The role of PAF in asthma has recently been re~iewed.~’ Acetylation 
of l-O-alkyl-2-glyceryl-3-phosphorylcholine is an important step in the 

In human endothelial cells, LTD4 promotes 

4’ 

biosynthesis of PAF both in human monocytes and rat alveolar 
ma~rophages ? ~ ~ ~ ~ S p e c i f i c  receptor sites for PAF on rabbit platelet and 
GP ileum have been identified.48 
parenchyma independently of endogenous histamine, AA metabolites or 
platelets trapped within the pulmonary va~culature.~ PAF causes 
inflammation and edema in the lungs of rabbits and dogs, broncho- 
constriction in the baboon and smooth muscle contraction and plasma 
exudation in the hamster cheek pouch.’ O-’ ’ In addition to platelets and 
neutrophils, macrophages now must be included as known target cells for 
the action of PAF since it induces an oxidative burst in elicited GP 
peritoneal macrophage?6 
albumin-elicited GP macrophages in vitro and TxB2 release from rabbits 
-- in V ~ V O . ~ ~ ,  
with respect to neutrophil mi ration in rabbit lung and the wheal an$ 
flare response in humans.59 J 6  ‘PA, and 5-L-hydroxyeicosatetraenoic acid 
(5-HETE) selectively interact to induce degranulation of human 
neutrophils . 

PAF contracts smooth muscle of GP lung 

PAF evokes release of PGE2 and TxB2 from 

A synergistic action has been noted between PAF and PGE 

Inhibitors of LT Biosynthesis and Release - Reviews on the inhibition of 
phospholipase A 
inhibition of dpoxygenase have appeared.6 2-6 
human platelet PLA2 activity reported in the literature may have been 
underestimated, apparently due to the presence of an endogenous inhibitot? 
Activity of microsomal PLAz in rat lung can be inhibited by the 
8-adrenergic drug, fenoterol.6 
ethyl-4-[6-guanidinohexanoyloxy]-benzoate methansulfonate inhibit PLA2 
from rabbit PMN’s.67However, selective inhibitors of PLA have yet to be 
described . 

(PLA2), the modulation of LT biosynthesis and the 
Recent results suggest that 

Certain protease inhibitors, such as 

2 

FPL 55712 was found to inhibit the formation of lipoxygenase (LO) 
products (IC50 of 20.6 PM for 5-HETE) but had no effect on synthesis of 
cyclooxygenase (CO) products in a cell-free homogenate of rat basophilic 
leukemic (RBL) cells. 
antagonists may also be specific 5-LO inhibitors and vice versa. 
analog &was shown to inhibit the formation of 5-HETE and LTB4 from intact 

This finding is significant because o ther SRSA 
Aryl AA 
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human PMN'S.~~ Two dimethyl AAs 2 inhibited the formation of 5-LO products 
5-HETE and 5,lZ-diHETE in RBL cells. 
LT pathway was observed with the allenic 4,5-dehydro AA 3 in RBL cells.71 

An irreversible inhibition of the 

1 - 
a )  R 2 = C H ~ .  R~ = H 

b) R = CH3, R2= H 

- 3 R =  w C 5 H I I  

4 R =  CIOHEl 
1 - * 

- 

The 4,5,8-eicosatrienoic acid 4 was found to have the same inhibitory 
activity as ETYA toward the formation of LTB4 and was twice as potent as 
ETYA toward the formation of 5-HETE using intact human PMN's. 
eicosanoids prepared and tested in GP PMNs for 5-LO inhibitory aFFivity, 
the 5,6-methano LTA 5 was the most potent with an IC of 3 pM. In 
the same study, LTA4, 5-HETE and 4,lZ-diHETE all had 28 s of 2 pM. 
Using a cultured mastocytoma P-815 cell line, compound i'had a 5-LO 
inhibitory activity of 44 uM, whereas the me$$yl ester of 
14-E-5,6-methano LTA4 5 had an IC50 of 6 pM. 
causes a decrease in the formation of LTB 
(8 E and Z) of a series of unsaturated sulfur substituted fatty acids 

72 Of ten 

4 

The secoleuktriene A 7 
in human PMN's. Two membeTs 

I U 
- 6 R'= ,R1= CH3 

inhibit (IC 
ester block5fTB synthesis in human PMN's (ICs0 1.8 and 0.42 pM, 
respectively)? 7$he phenolic natural products quercetin l0, eupatilin 11 
and esculetin 12 are inhibitors of 5-LO. 78-'1Acetylenic phenone 13 
(AA - 861) inhibited the biosynthesis of LTD , LTB and 5-HETE in RBL-1 
extracts at a concentration of 1 pM (70-80% ?nh.).482 Bay 0 8278 
(%)inhibits the formation of LO products 5-HETE, 12-HETE, 15-HETEY LTB4 
and its isomer in rabbit and human PMN's.'~ LC-6 (2) has the ability 
to inhibit AA 5-LO a~tivity.'~ A correlation was observed between known 
antipsoriatic drugs (resorcinol, salicyclic acid, anthralin, AA, ETYA, 
mycophenolic acid, trans-retinoic acid and etretinate) and their 
inhibitory activity with soybean LO.' 
trifluoroperamine, chlorpromazine and diphenylbutlamine inhibited 5-LO 
from RBL-1 cells with potencies (IC 5.6, 9.6 and 8.3 pM, respectively) 
similar to those reported for their58M antagonism.86 
acid (Ro 4-3780) is a selective inhibitor of 5-LO with an IC50 of 9 

3 pM) soybean lip~xygenase.~~ U-60257 2 and its methyl 

Calmodulin (CM) antagonists 

13-& retinoic 

O-N* OH 
' g H l l  
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0 aoH OH 

12 - 

15 

Leukotriene Antagonists - FPL 55712 (16) competitively antagonized LTD 
(pA2 = 7.35) using GP ileum whileeihe longer acting analog FPL 59257 (f7) 
was a non-competitive antagonist. In contrast to its short biological 
half-life when administered i.v. to anesthetized GPs, FPL 55712 
possesses a surprisingly long bifiogical half-life when given via the 
aerosol route (120 min vs LTD ). 
were reported to antagonize the effects of LTs (in the form of SRS-A or 
as the pure substances). 
SRS-A-induced brogchoconstrictigg when administered either i.v. or i.d. 
(ED5o = 1.4 x 10 

- 14 - 

Several compounds of novel structure . 
KC-404 (l8) in anesthetized GPs inhibited 

and 6.5 x 10 mg/kg, respe~tively).'~ 

0 

HO ''Q o Y o  R @tCtl$nC02M P r  

- R=OH n=O M-Na - 17 R=H n.2 M=ltysinelH 

Pr 

18 - 

The pyridoquinazoline (g)-&nhibited both the SRS-A-induced contractions 
in the GP ileum (IC 
in the intact GP (d0mg/kg i.v.). 91 The LT analog (20) antagonized -4 
contractions induced by LTC , LTD4 and LTE 
and also blocked LTD -induc$d bronchoconstjiction and microvascular 
permeability in the fntact GP (5 mg/kg I.V.).~*SKF 88046 (21) which was 
previously thought t o  be a selective antagonist of LTD apparently acts 
indirectly as an end organ antagonist of Tx, PGF 
Tranilast inhibited contragtions induced by LTC = 2.2 x 10-4M) 
and LTD (IC50 5 2.0 x 10- M) in the isolated Gh tra~%ea.'~ Oxatomide 
antagonfzed contractile responses evoked by SRS-A in the sensitized GP 
lung at > 0.1 pM.96 Verapamil, nicardipine and DSCG antagonized the 
effects of LTD 
respectively). 497 

= 10 M) and the LTE4-induced bronchoconstriction 

in the GP trachea at 10 M 

4 and PGD2.93/9r 2 
tIC 

in isolated GP trachea (0.3, 1.0 and 3.0 mg/kg, 
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Mediator Release Inhibitors (MRI) - A comprehensive review of this class 
of compounds has appeared recently. * Non-linear regression analysis of 
a series of 51 drugs active in the rat PCA assay revealed that both the 
conformation of a drug and its capacity to act as an electron acceptor 
in charge-transfer interactions were critical for high activity?’ 
Studies continue to elucidate the mode of action of the prototype MRI, 
disodium cromoglycate (DSCG) and a comprehensive review of the 
pharmacology of DSCG have recently appeared?” In vitro studies on GP 
trachea revealed that DSCG produced functional antagonism of 
antigen-induced mediators in addition to mediator-release inhibition? 
Studies in non-atopic humans revealed that DSCG inhibited immediate and 
delayed skin wheal-f lare responses to PAFt ‘‘The bronchoconstriction 
caused by LTD 
by pretreatment with DSCG. 
deficient in DSCG-b$vding protein revealed that implantation of this 
protein restored Ca 
peritoneal mast cells DSCG appears to activate an endogenous control 
mechanism which is mediated by cGMP.l’ Evidence exists that DSCG may 
inhibit neutrophil chemotactic-factor induced activation of leukocytes 
directly?06Contrary to previous reports, it is claimed that DSCG has 
significant bronchodilator activity in E1A.l’ 7-1 ’ 

was partially or completely inhibited in GPsg7 and shee$03 4 Studies on rat basophils which were 

influx and degranulation capacity.l O 4  In rat 

A number of new orally active MRI’s have been described. The 
oxamic acid (22) (PRH-836-EA) has an ED of 0.6 mg/kg p.0. in the rat 
PCA assay? ’ ‘The quinazoline carboxylate5~~) was orally active (ED5o = 
0.05 mg/kg) against anaphylactic bronchospasm in passively sensitized 
rats and inhibited the antigen-induced histamine release from passively 
sensitized rat peritoneal cells (IC = 0.01 pM):l1 The 

50 naphthinotriazole (24) (BEU 22321) possessed oral activity in the rat 
PCA (ED5o = 0.2 mg/kg) and also relaxed smooth muscle?” Both the 
pyridinecarboxamide (3) (ID = 0.8 mg/kg) and the benzopyranopyridine 
(26) (ID5 = 2.5 mg/kg) show29 good oral activity in the rat PCA model. 
RHC 3288 vz), a structurally novel MRI that contains an oxadiazolone 
as the acidic moeity, inhibited IgE-mediated release of histamine from 
rat mast cells (I = 0.9 pM) and was orally active as an inhibitor of 
IgE-mediated rat %A (ED5o = 1.0 mg/kg).115’116 

m u4 

Lodoxamide (0.1 mg via aerosol) protected against grass pollen 
antigen in asthrnatic~.~’’ The chromone derivative (28) (FPL 58668) 
given via aerosol inhibited Ascaris-induced bronchoconstriction and the 
concomitant increase in plasma histamine levels in laboratory-bred 
monkeys .I1’ The pyrimidine (2) (BL 5255) inhibited mediator release 
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from passively sensitized rat peritoneal mast cells, chopped monkey 
lung and human lung? 
reduced EIA but was ineffective against histamine-induced asthma:20 
Development of tiaramide has been stopped following reports of possible 
epileptiform seizures .1 

The azapurinone (30) (MB22,948) significantly 

Calcium Channel Blockers - The therapeutic value of calcium channel 
blockers for the treatment of asthma remains unclear; however, they are 
important investi2gative tools for the study of airway smooth muscle and 

Nifedipine inhibify$ calcium ionophore-induced cell secretion. 
release of PAF and SRSA from human PMNs. Verapamil and nifedipine 
inhibited PGE , SRSA and 12-HETE synthesis in a dose dependent manner in 
RBL cells?’Ni$edipine, nimodipine and to a lesser extent verapamil 
inhibited histamine release from human basophils stimulated by either 
antigen, anti-IgE or the calcium ionophore, A 23187 Theophylline- 
induced airway smootq2yscle relaxation is enhanced in the presence of 
nifedipine in the GP. Although nifedipine blocked the contraction of 
the rat tracheal muscle to KC1 and CaC12, it did not significantly 
inhibit histamine, methacholine or 5-HT-induced muscle contractions in 
the GP and the methacholine contraction in rats? Diltiazem, verapamil, 
nicardipine and bepridil had a greater antagonistic effect on 
non-physiological agonists (BaC12, KC1, TEA) than on LTD4, ACh, 5-HT and 
Hist in GP trachea? 31 Pretreatment with either nifedipine or verapamil 
provided significant inhibition in lung resistance (\) while neither 
drug affected dynamic compliance (C ) in the dog. However, aerosolized 
verapamil significantly inhibited b% the 

effect>32 In Ascaris 
pretreatment inhibited antigen-induced bronchoconstriction, whereas, 
verapamil did not modify bronchoconstriction produced by aerosols of 
histamine and carbachol? A clinical study showed that verapamil, 
administered either orally or by aerosol, can prevent allergen-induced 
bronchoconstriction. 13‘ Although a bronchodilating effect in large 
airways and a diminution of the diurnal variation of peak expiratory 
flow rate could be shown with nifedipine in patients with chronic 
asthma, no significant long-term bronchodilating effect was observed? 
In asthmatics sensitive to bronchoconstriction induced by cold air, 
nifedipine offered significant protection? 
placebo-controlled, cross-over study, a single dose of 20 mg 
nicardipine did not change the sensitivity or reactivity to carbachol? 
The combination of verapamil and DSCG was superior to DSCG alone in 
inhibiting exercise induced asthma in the patients studied. 

Antihistamines and anticholinergics - The role of histamine and its 
receptors (H1 and H ) in the pathogenesis of asthma was reviewed? 3 8  J 

The effects of antihstamines in rhinitis has attracted attention and 
a combination of H 
preventing either Aistamine or allergen provocation in the nose of 
human~.1~~~~~~Astemizole is a potent and long lasting H 
is without significant 5-HT antagonist, anticholinergic or mast cell 

1 2  - 1 2 5  

antigen whereas a similar concentration of 
sensitized sheep, verapamil (i.v.) 

In a double-blind, 

and H2 receptor antagonists were additive in 

antagonist and 
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protective effects.142 In contrast to other antihistamines it did not 
change the EEG pattern of dogs. 
treatment of seasonal allergic rhiniti~.’~~Aerosolized clemastine 
failed to alter bronchial parameters in asthmatic children.’ 44The 
tripolidine derivative, BW825c, inhibits histamine induced skin flare 
in man without CNS impairment.14’SKF 93319 (32) is a specific H 
H receptor antagonist that inhibits histamine-induced broncho- 
constriction in GPs. 146The pharmacology of the anticholinergic 
bronchodilator oxitropium was reviewed. ’Administered by aerosol, it 
was less effective than either fenoterol or ipratropium in EIA bromide 
(IB).14BThiazinamium chloride, an aerosol bronchodilator with 
anticholinergic and antihistaminic properties, was shown to antagonize 
bronchoconstriction induced by PAF and LTC in guinea pigs, and it also 
inhibited the synthesis of TxB2 from alveolar macrophages. ’ 49‘1 

It was orally effective in the 

and 
1 

2 

6-adrenoceptor agonists - Radioligand binding technology to study 
adrenoceptors has also heightened interest in 8-adrenergic subsensitivity 
in atopic asthma: 5 2  Down regulation of 8-adrenoceptors in lymphocytes 
and PMNs was shown by terbutaline? 52-1541mpairment of small airway 
bronchodilation was reported after 4 week therapy with inhaled 
salbutamol and s.  c. terbutaline;” A selective B adrenoceptor defect 
was observed in all allergic subjects not just asthmatics.’ 56Ketotifen 
was shown to reverse B-receptor tachyphylaxis induced in The 
pharmacology of B-adrenergic pulmonary selective agents has been 
reviewed; furthermore, clinical reports on several of the new 
$ -agonists have appeared: 58115%nhaled bitolterol mesylate, an inactive 
prodrug, produced a longer lasting protection of EIA than isoproterenol’? O 

Procaterol was effective and well-tolerated orally with a long duration 
of action in asthmatics.’611t also produced mild and transient tremor 
and nervousness. 
a number of asthma trialsl.6 ?lerosolized metaproterenol was superior to 
isoetharine, isoproterenol and atropine in terms of onset of action, 
peak reversal of airway obstruction and duration, in a double blind 
trial in chronic asthma. l 6  3Bambuterol (KWD-2183) , a lipophilic 
terbutaline ester prodrug, was shown to be a potent and highly selective 
inhibitor of pseudocholinesterase and acetylcholinesterase. Ir 

2- 

2 

Fenoterol inhalation powder and spray were compared in 

Combination bronchodilator therapy - This topic has been recently 
reviewed.16’ In chronic asthma, the combination of IB and fenoterol was 
more effective administered by a metered dose inhaler than salbutamol. 166 
Aerosol IB when administered concurrently with inhaled fenoterol and 
oral oxtriphylline increased bronchodilation with no detectable 
additional side effects.1671nhalation of IB followed by metaproterenol 
resulted in additive bronchodilation that was greater and longer lastin 

Neither inhaled terbutaline nor DSCG were very effective in cold 
air-induced bronchoconstriction whereas both drugs in combination were 
much more effective. l 6  ’The interaction of methylxanthines and 8-agonists 
continues to be a subject of interest. An increased incidence of 

than IB alone, metaproterenol alone or metaproterenol followed by IB. 1 6 f  
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cardiotoxicity in rats was observed with a combination of aminophylline 
and isoproterenol or terbutaline? 
administered orally to childhood asthmatics interacted to produce 
tachycardia and reduced therapeutic activity but did not result in 
elevated blood theophylline levels.’ 7’ 

Xanthines - The improved efficacy and safety of theophylline formulations 
in asthma was reviewed.’72 However, the mechanism of action of xanthines 
in asthma remains controversial. Since at therapeutic concentrations, 
theophylline is a poor PDE inhibitor but a potent adenosine (Ado) 
antagonist, Ado antagonism is thought to contribute significant1 to its 
bronchodilator as well as diuretic and CNS stimulatory effects. 
The role of Ado as a mediator of asthma has been the focus of attention. 
In asthmatics, but not normals, aerosolized Ado is a potent 
bronchoconstrictor,’74 In vitro, it can inhibit and potentiate IgE- 
mediated histamine release from human lung, mast cells and basophil~!~-~~’ 
Methylxanthines inhibit both forms of the extracellular Ado R-site 
receptors namely A1 which inhibits adenylate cyc1as.e and A2 which is 
found in human lung mast cells and basophils and is associated with an 
increase in adenylate c y ~ l a s e ? ~ ~ ~ ’ ~ ~ ~ ~ ~ ~  Of a series of alkylxanthines 
evaluated for Ado receptor binding, 1,3-dipropyl substituents enhanced 
binding potenc 
theophylline.’’°Compound (33) possessed a K for Ado A receptors of 22 
pM being 70,000 times more potent than theohylline. 
effects of a series of xanthines in carbachol-constricted guinea pig 
trachea showed that substitution in the 1- and 3- positions improved 
relaxant potency.”’ Unsubstituted xanthine and all 9- methyl xanthines 
were weakly active. However, the bronchodilating xanthines lacked 
universal Ado antagonism. 
bronchodilator xanthine (5 x more active than theophylline) that is a 
weak CAMP-PDE inhibitor with negligible ability to antagonize Ado?82j18 
It is well absorbed, has a high renal clearance and a human plasma half 
life of 113 mir~.’’~Af ter oral administration, it produced significant 
bronchodilation at plasma concentrations of 3 i.~g/ml.~~~ It lacks 
theophylline-like extrapulmonary side effects but produces dose-related 
headache and nausea.le4 Thus, Ado antagonism is neither necessary nor a 
desirable property for xanthine antiasthmatics. Inhaled methyl- 
xanthines (including the0 hylline) possessed mild bronchodilator 
activity in asthmatics ‘‘‘a ainst both Ado and histamine but were 
extremely bitter in taste. 

Salbutamol and theophylline 

1 73 

compared with the 1,3-dimethyl substitution in 

‘The relaxant 

Enprofylline (3) is an example of a 

8 8  7 

Miscellaneous - Treatment of severe steroid-dependent asthmatics with 
high daily doses of inhaled steroids in order to reduce oral steroid 
requirements continues to attract at tent ion ! ’ ’ Budesonide was much 
more effective in chronic asthma by inhalation than by oral 
administration.lg Its low oral bioavailability (11%), a short half life 
and extensive liver metabolism may explain why it produces few systemic 
side effects.lgl 
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FKK(35) is one of a series of indazole derivatives found to possess 
oral bronchodilator activity without effect on blood pressure or heart 
rate and is virtually devoid of CNS effects.lg2 Its mechanism of action 
is unknown but it is devoid of anticholinergic, a-adrenergic blocking or 
(3-adrenoceptor agonist properties. Trapidil, a coronary vasodilator, 
possesses bronchodilator activity and also inhibits IgE-mediated 
histamine release from human PMNs .l 
stimulates adenylate cyclase by directly activating the catalytic 
subunit, inhibited acetylcholine, histamine and antigen-induced tracheal 
smooth muscle contractions in vitro and antigen-induced bronchospasm 
vivo in guinea pigs f 9 4 J 1  

E m e d  to be PDE inhibitors and tracheal smooth muscle relaxants. 
Dazoxiben, a thromboxane synthetase inhibitor protective against 
bronchoconstriction in guinea pigs, depressed late phase cutaneous 
allergic reactions in man.l 
this response. 

The diterpene forskolin, which 

TWO series of aminoquinazolines (36) were 
9 6  

However, severe side effects accompanied 

The role of a-adrenergic receptor stimulation in asthma remains 
controversia1.l 98 Inhalation of phentolamine, the a-adrenergic 
antagonist, produced both bronchodilatation and bronchoconstriction in 
extrinsic asthmatics.lg9 However, oral phentolamine partially blocked 
exercise and cold-induced bronchospasm in asthma without affecting 
reactivity to histamine, suggesting a-adrenergic mechanisms may be 
involved in airway cooling. ' ' 
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Chapter 11. Antibacterial Agents 
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General. Highlights of the antibacterial research literature during 1983 featured impressive developments 
in the cephalosporin and quinolone carboxylic acid classes of antibacterial agents. Among these were two 
new oral cephalosporin prodrugs and potent, parenteral cephalosporins possessing the broadest antibacterial 
activity yet observed in this series. An entire issue of Tetrahedron was devoted to recent aspects of the chemistry 
of 0-lactam antibiotics. Fervent interest in the quinolone carboxylic acids was evident in the sixty-two papers, 
featuring seven new agents, which were presented at the 23rd ICAAC. Reviews covering the SAR, pharniaco- 
kinetics and clinical studies of 3rd generation and investigational cephalosporins2 and the antibacterial activity 
and therapeutic use of moxalactam3 and cefotaxime4 were published. Other areas of 0-lactam antibiotics which 
were reviewed include p r o d r ~ g s , ~  discovery in nature,6 penicillin-binding proteins (PBP) and mechanism of 
a ~ t i o n , ~ - ~  antimicrobial therapy,I0-I2 effect of protein binding on antibacterial activity and pharmacology,13 l 4  

0-lactamase inhibitors15 and mechanistic aspects of 0-lactamase inhibitors. I 6  Reviews on new antibacterial 
agentsI7 and antimicrobial agents and various aspects of antimicrobial chemotherapy18-20 were published, as 
were books devoted to antibiotics,21-23 p-lactam  antibiotic^,^^ cephalosporin~,~~ antimicrobial therapy, 26 antibiotic 
pharmac~kinetics~~ and antimicrobial agents and clinical pharma~ology.~~ 

Monobuctums. Like aztreonam, AMA-1080 (Ro 17-2301, 1) and its congener 2 exhibited broad, potent activity 
against Gram-negative bacteria, good 0-lactamase stability and weak activity against Gram-positive and anaerobic 
b a ~ t e r i a . ~ ~ . ~ ~  AMA-1080 is stable to 0-lactamases produced by aztreonam-resistant Klebsiellu oqtocu and Proreus 
vulguris and is active against these pathogens in vitro. 3i32 Incorporation of fluorine in the 4-methyl group 
of aztreonam resulted in slightly reduced potency.33 The syntheses and SAR of 3-acylamin0,~~ 3-methoxylat~d~~ 
and 4-alkylated monobactarn~~~ were reported. Replacement of the -SO3[-] residue of monobactams by 
-OP(O)RO[-I gave increased 0-lactamase stability, but reduced antibacterial potency. 37 A mode of action study 
of monobactams with 3-acylamino side chains corresponding to penicillin G, piperacillin, azlocillin and 
cefotaxime showed that for antibacterial activity, binding to PBP 3 of Escherichiu coli and to PBPs 1, 2 and 
3 of Stuphylococcus uureus were required.38 SQ 26,917, the 4P-methyl congener of aztreonam, was comparable 
in activity to aztreonam in virro with the exception of lower activity against Enrerobucter spp. and Morgunrllu 
motgunii and greater activity against Pseudomon~s.~~ SQ 28,332, SQ 28,502 and SQ 28,503, new nonmethoxy- 
lated rnonobactam antibiotics with oligopeptide side chains at C-3, were isolated from fermentations of a 
Flexibucter sp.40.41 Only the structure of SQ 28,332 (3) has been completely determined.40 
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Cephalospon'ns. The orally active 3rd generation cephalosporin FK On (FR 17027) continued to be extensively 
studied in vitro and in v i v ~ . ~ ~ - "  KY-109 (4), a double prodrug of KY-OW (5), gave high blood levels of 5 
when administered orally to various d a l  species.45 Oral administration of cefuroxime axed, the 1-acetoxyethyl 
ester prodrug of cefuroxime, to human volunteers produced higher peak serum levels than an equivalent dose 
of ampicillin and urinary recovery of 35%.46.47 CM 40874 (a), a new, parenteral cephalosporin 1-S-oxide 
derivative, had potent activity against Gram-negative bacteria, including Pseudomom, but poor activity against 
Sraphylococcm and  anaerobe^.^*,'^ Another cephalosporin 42980 RP (9) possessed a structure and antibacterial 
profile similar to cefotaxime and cef t r iax~ne.~~ A novel oxacephem derivative (6315-S, 7), exhibited broad, 
potent antibacterial spectrum with the exception of activity against Pseud~rnonas.~~ The effect on antibacterial 
activity of a-substituents in the 2-(2-amino-4-thiilyl)acetyl side chain of ceftizoxime was studied.52 Cefotaxime 
analogs in which the 2-aminothiazole moiety was replaced by 5-amino-1,2,4-thiadiazole possessed broad, potent 
antibacterial activity in ~ifro.~~ Among a variety of cefotaxime analogs bearing a tetrazolo[l,5-b]pyridazin-6- 
ylthiomethyl group at C-3', FCE 20485 (10) was of interest because of its good in vifro and in vivo activity 
and its very long half-life in mice.54 Modification of the C-3' substituent of cefotaxime resulted in cephalosporins 
possessing the broadest antibacterial spectra encountered in this class of  antibiotic^.^^-^' 
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HR 810 (11) exhibited more potent activity than cefotaxime or ceftazidime against S. aureus, enterococci and 
Enierobacier spp. and was comparable in activity to ceftazidime against Pseudomonas aeruginosa, s8 s9 Also 
HR 810 possessed good pharmacokinetic properties in several animal species and good activity against 
experimental bacterial infections in mice.6n BMY-28142 (U), another cefotaxime analog, appeared to be similar 
in activity to HR Full papers describing the antibacterial properties of L-640,876 in vitro and in vivo 
and its mode of action were p ~ b l i s h e d . ~ * - ~ ~  The relationship between PBP affinities and antibacterial activity 
for cefotaxime and several closely related analogs was i n v e ~ t i g a t e d . ~ ~ , ~ ~  The effect of various 7a substituents 
(H, OCH,, OC,H,, SCH,, CN, CH,) on the (3-lactamase stability of cephem derivatives and on their affinity 
for PBPs in Morgnnella morganii was described.67 The syntheses and substituent effects on antibacterial activity, 
alkaline hydrolysis rates and infrared absorption frequencies of cephem analogs related to moxalactam (latamoxet) 
were reported.68 SF-1623 (8), a new cephamycin, was isolated from fermentation broths of Strepromyces 
c h u r i r e ~ s i s . ~ ~  Papers were published on the laboratory and clinical studies of ~ e f o t e t a n , ~ ~  cefta~idime,~' 72 

and cefoperazone'' which were presented at their respective symposia. 

Penicillins. BRL 20330 (U), an orally effective prodrug, delivered good blood levels of temocillin after oral 
administration to human  volunteer^.^^ The preparation and pharmacological properties of new prodrugs of 
ampicillin were d e s ~ r i b e d , ~ ~ - ~ ~  and among these KB-1585 (14) was well absorbed after oral administration 
to rats, dogs and  human^.^^,^^ The proceedings of symposia dealing with laboratory and clinical studies of 
amdinocillin (me~il l inam),~~ me~loc i l l i n~~  and azlocillinsn were published. Another symposium was concerned 
with recent developments in oral antibiotic therapy and included an update on bacampicillin.8i 

1 2  R = CH,OCOC(CH,), 
12 R = CH,OCOCH, 

Penems. 
22101, were well absorbed and effective against experimental bacterial 
R-17 and S-17 exhibited antibacterial activity comparable to thienamycin.84 

Carbupenems. ' L644,440 (18) and L646,591 (19) had the same antibacterial profile as imipenem (N-formidoyl 
thienamycin, MKO787) but exhibited much greater resistance to renal dehydropeptidase-I (DHP) and better 
urinary recovery than t h i e n a m y ~ i n . ~ ~ . ~ ~  Carbapenem 20 was 4-5 times more active than thienamycin against 
E. coli, Klebsiella pneurnoniae and Pseudomonas aeruginosa. Although RS-533 was slightly less potent than 
20 in viiro, it was more effective against experimental bacterial infections in mice.84 Total syntheses of 2-aryl 
and 2-heteroaryl carbapen-2-em-3carboxylic acids, with and without a 6-hydroxyethyl side chain, were described 
along with their antibacterial activity and DHP stability.87 In a study of the effect of side chain substituents 
on antibacterial activity and metabolic stability of a series of thienamycin analogs, increased stability to DHP 
was reflected in improved in vivo activity and pharmacokinetic properties in mice.88 The antibacterial activity 
and pharmacological properties of MM 13902 and its congeners, as well as pharmacokinetic studies of MM 
13902 in various animal species and human subjects were reported.89 Syntheses and SAR for a series of 
carbapenems related to C-19393 H, (carpetimycin A) were published.90 Naturally occurring 56-cis-carbapenem 
antibiotics having the E-2-acetamidoethenylsulfinyl or E-2-acetamidoethenylthio side chain at C-2 were con- 
verted to the Z-isomers when refluxed in chloroform containing quaternary ammonium halides9' The Z-isomers 
were slightly less potent against Gram-negative bacteria but were 3-fold more stable to DHP enzyme and some 

After oral administration to mice, FCE 22553 (l5) and FCE 22891 (16), prodrug esters of FCE 
Diastereomeric penems 
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were more effective in vivo. CD spectral studies of the natural 5,6-cis-carbapenem antibiotics bearing the 
E-2-acetamidoethenylsulfinyl side chain at C-2 shuwed that they all possess the R-configumtion of the sulf0xide.~2 
When DHP inhibitor MKDB1 (citastatin 21) was intravenously coadministered with imipenem to human subjects, 
plasma levels and AUC values for imipenem were increased about 20%, half-life was not altered significantly 
and urinary recovery was markedly enhanced to about 72%.93 The novel carbapenam No. 17927D (22) was 
isolated from culture broths of three Streptomycetes strains.94 Two new carbapenem antibiotics, carpetimycins 
C (23) and D (24), possessing broad, potent antibacterial activity were isolated from fermentation broths of 
Streptomyces sp. KC-6643.95 Details of the isolation, structure elucidation and antibacterial activity of 
northienamycin and 8-epi-thienamycin were published. Their N-formimidoyl derivatives exhibited broad 
antibacterial activity but lower potency than i m i p e ~ ~ e m . ~ ~  Syntheses of (-)-carpetimycin A (C-19393 H2)97 and 
(*)-C-19393 H, and several congeners9* were reported, as were studies related to the structures of the olivanic 
acids MM 13902, MM 4550 and MM 17880.99 Papers presented at a symposium on laboratory and clinical 
studies of imipenem were published.lW 

I 

NH 

0-Lactarnuse Inhibitors. The mechanism of action of Ro 15-1903 and the relationship between P-lactamase 
inhibitory activity and C-6 side-chain structure of a series of penams related to Ro 15-1903 were studied. 1a1.102 

Failure of the enzyme level p-lactamase inhibitory activity of Ro 15-1903 to translate into correspondingly 
potent activity at the whole cell level and in vivo was attributed to its instability in testing medium, mouse 
plasma and human sera.103 The (2,3)-P-methylenepenam 25 was comparable to sulbactam and clavulanic acid 
in its ability to protect ampicillin from hydrolysis by P-lactamases from various bacteria, whereas 6P-bromo 
analog 26 and 6a-chlorosulfone 27 were somewhat less active than their penam counterparts.1o4 Varying degrees 
of 0-lactamase-inhibitory activity were reported for: a) clavulanic acid analogs lacking the C-3 carboxyl group;lo5 
b) 6~-sulfonyloxypenicillanic acid derivatives; Io6 c) N-alkylaminopenicillanic acids;'07 and d) 3-ureidopenam 
sulfones. FR 900318 (28), a penicillanic acid derivative isolated from fermentation broths of .4spergillus 
candidus, exhibited 0-lactamase inhibitory activity. log 

25 R = R' = H,n = 2 
22 R = Br, Ri = H, n = 0 
- 
27 R = H, R' = CI, fl = 2 - 
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Aminoglycosides. Biotransformation of kanamycin (KM) A to amikacin by a mutant strain of thc butirosin 
producing suggested an alternative to chemical synthesis of amikacin. The relative importance 
of the amino groups to antibacterial activity in the aminoglycosides (AGs) was the subject of several studies. 
Heptadeoxy KM possessing no hydroxy functionality retained moderate antibacterial activity. With the 
2”-hydroxyl group and introduction of the (S)-4-amino-2-hydroxybutyryl (HABA) moiety, activity improved 
markedly.lL1 Chemical modifications of istamycin B also indicated a predominant role for the amino 
func t i~na l i ty .~~~  Removal of the 1-amino moiety of gentamicin (GM) CL1’ and selective deamination of neomycin 
BL14 resulted in decreased activity. 1-epi KM A and its HABA derivative were much less active than the natural 
epimers.Il5 Substitution of KM and related AGs with l-N-(2-aminoethanesuIfonyl) gave products with improved 
activity against resistant strains.116 The synthesis and SAR of guanidino derivatives of GM and KM Al l7  were 
reported with the major interest related to reducing nephrotoxicity.118 In the fortimicin (FM) series. 
3-0-demethyl-2,3-di-epi FM and the 3-epi isomer were much less active than FM A.119 Similarly, while 
3-amino-3-demethoxy FM A and 2-amino-3-0-demethyl-2-deoxy FM A had activity comparable to FM A ,  
the corresponding 2-amino- 3-0-demethyl-2-deoxy-2-epi FM A was inactive. IZ0 Halogenated analogs of 
lividomycin B were found to possess diminished activity.lZ1 Saccharocin (also KA-5685), a new member of 
the apramycin group, was isolated independently by two groups from Saccharopolyspora sp. L z 2 . L 2 3  Synthctic 
modification at C-6‘ of spectinomycin gave aliphatic side chain analogs with improved Gram positive potency 
and activity against I? aeruginosa. IZ4 

Macrolides. In the 16 membered ring macrolide series the relationship between antimicrobial and ribosome 
binding activities of tylosin and its derivatives was studied.Iz5 Affinity for ribosomes did not directly correlate 
with antibacterial activity and the introduction of amino substituents did not markedly improve potency for 
the strains studied. Hybrid biosynthesis using protylonolide (PT) with daunomycin producer Streptoniyes 
sp. KA-464 did not yield daunosaminylated derivatives but gave instead 19-hydroxy FT and 23-hydroxy PT. 
Conversion of IT to chimeramycins A and B through biotransformation with a S. ambofaciens KA-448 culture 
was reported.lZ8 Further work on isolation and identification of macrolides from blocked mutants of S. fi-udiae 
was also described. 129.130 Two minor mycinamicin components were discovered and their structures 
determined. 131 A procedure was published for the synthesis of 20-dihydro-20-deoxy derivatives of 16-membered 
ring macrolides. L32 Bioconversion of a rosaranolide to incorporate the oral absorption characteristics of 
mycinamicins into rosaramicins was studied.133 The products were less active than the parent antibiotics. Acetal 
analogs of neospiramycin at the 3 andlor 4 position were prepared and found to provide in vivo activity.134 
Microbial transformation of maridomycin I11 by Serratia marcescens gave chemically interesting products that 
possessed poor antibacterial activity. 135 Several new members of the milbemycin family were discovered and 
~ t u d i e d , l ~ ~ - ” ~  as were new 20-membered ring macrolides, the irumanolides I and LI. I4O The biological conversion 
of erythromycin (EM) B produced new macrolides which were less active than EM A, but more stable to 
acid. 141 Chemical conversion of 3-0-mycarosyl EM B into its (8S)-8-fluoro analog was reported.142 Application 
of the mutational biosynthesis approach gave four new (8S)-8- fluoro EM antibiotics with antibacterial activity 
similar to EM A and B but with high acid stability. 143,144 In a comparison of three EM A C-9 oxime derivatives 
with other orally administered drugs, 29 (RU 28965), 30 and 31 exhibited in vitro activity similar to EM 
A, but improved in vivo performance.L45.147 The first report of C-9 functionalization of EM A through carbon- 
carbon bond formation was published,148 and interest in the total synthesis of m a ~ r o l i d e s ~ ~ ~ ~ ~ ~ ~  and new chemical 
methods for macrocyclic ring formation continued. 151.152 
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Polyether Zonophores. Isolation and identification of antibiotic X-14885A was reported. 153.154 Its structure 
is closely related to A-23187 and cezomycin, members of the pyrrolether class of natural ionophores. Aspects 
of the discovery and ionophoric properties of the X-14868 complex were described.ls5 Another new naturally 
derived agent, CP-53607 (32), was reported to be effective against coccidia and as a rumen propionic acid 
stimulant. IJ6 The C-26 urethane analogs of monensin transported both Rb' and Ca2+. 157 Their antibacterial 
and anticoccidial activities were also reported as greater than monensin. Microbial conversion of grisorixin 
by Streptomyces rimosus was found to produce an inactive and detoxified product. A unified stereochemical 
model of polyether antibiotic structure and biogenesis was proposed.1s9 Total synthesis of ionophores continued 
to be of interest160,161 and the unnatural enantiomer of lasalocid A was found to have similar biological properties 
to the natural product.162 

Quinolones. Interest remained high in the synthesis of nalidixic acid analogs. 163-165 Rosoxacin (33) derivative 
Win 35,349 (34) showed good activity in vitro and in vivo against strains of Staphylococcus aureus and 
epidennidus.166,167 Because of improved potency and spectrum, most efforts centered on 6-fluoro analogs of 
pipemidic acid. The broad spectrum and potency of nortloxacin (35), which inhibited conjugal plasmid transfer16* 
and appeared to augment antifungal activity of amphotericin B,169 was mirrored in the discovery of several 
new agents. Ciprofloxacin (36, Bay 0 9867) has broad, potent, antibacterial a c t i ~ i t y ~ ~ O - ~ ~ ~  and appears to exhibit 
the most potent anti-pseudomonas activity yet Enoxacin (AT 2266, CI 919, 37) had good oral 
pharmacokinetics which translated to good in vivo protection in animal models. 173 Ofloxacin (DL 8280, HOE 
280,38) was reported more active than norfloxacin against staphylococci.174~i75 Pefloxacin (1589 RB, 39) pene- 
trated inflammatory cerebrospinal fluid at effective antibacterial levels after oral or parenteral administration 
in patients with bacterial meningitis.176 AM-833 (40), a difluoro quinolone, was similar to norfloxacin in vitr017~ 
but was reported to have superior animal pharmacokinetics and in vivo protection.178 Win 49,375 (41) was 
described as a broad-spectrum, potent, an t iba~ter ia l~~~- '*~  for parentera1182 and oral use. 183 A brief review 
of the ICAAC reports on these agents was published.184 

A R  

35 CH H 
36 CH H 
Z N H  
2 CH CH, 
40 CF CH3 
41 CH CH, 

Glycopeptides. The binding sites of vancomycin and ristocetin A were studied using time-dependent nuclear 
Overhauser difference The structure of vancomycin was reassigned and its rearrangement 
to CDP-I investigated.186 Glycopeptides were featured at an ICAAC symposium and new agents, actaplanin 
(A4696), 187-189 complex A41034 I9O aglycones A41030 and M7934,19L-193 were described. Synthesis of aglyco- 
ristocetin derivatives with antibacterial activity cast doubt on the importance of a basic amino group at the 
N-terminus of ristocetin. 194 Isolation and purification of OA-7653, active against Gram positive bacteria, was 
reported. 195 The antibacterial activity of teichomycin relative to other antibiotics was described. 196-198 

Ansamycins. Synthesis of 25-deacetoxy-25-epi-hydroxy rifamycin S (RF S) was reported. 199 The additional 
hydroxyl function introduced by the transformation did not have the expected effect on antibacterial activity, 
although the proper conformation for interaction with the target enzyme was proved. RF derivatives containing 
3-amidino and 4-aminoimidazolo [4,5c] moieties were prepared and some showed good antimycobacterial 
activity in mice.200 LM 427, a spiropiperidyl RF, was particularly effective in mouse tubercular infection 
models.201 Microbial transformation of RF B to RF 0 and RF S, a key intermediate in the synthesis of rifampicin, 
was reported to proceed in high yield.z02 
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New Antibiotics. 
along with their source, producing organism, and general activity. 

Some novel compounds recently discovered in antibacterial screening are tabulated below. 

TABLE I 

Antibiotic Producing Organism Activity Reference 

LL-B 02964 Streptomyces coeruleorubidus G', G- 203, 204 
Paulomycins Streptomyces paulus G', AA 205 
Y -T0678H Chromobacterium violaceum G- 206, 207 
Thiotetromycin Streptomyces sp. OM-674 AA 208-210 
My xopyronins Myxococcus fulvus G', G- 21 1 
Isohematinic Acid Actinoplanes phillippinensis AA 212, 213 
FR-900109 Streptomyces prunicolor G' 214, 215 
U-56,407 Streptomyces hugronensis G' 216 

G' (Gram-positive), G- (Gram-negative), AA (anaerobic) 
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The previous review of antiviral agents in Annual Reports in 
Medicinal Chemistry emphasized compounds with activity against DNA 
viruses.' 
primarily against RNA viruses. 
in anti-DNA virus agents is provided. Antiviral agents with activity 
against RNA viruses were previously reviewed in the 1981 volume.2 
Neither interferons nor interferon inducers are included in this review 
as they were covered in the 1981 and 1982 volumes, respectively. 
Several reviews have been published that give an overview of the most 
promising clinical and experimental antiviral agents3-5 or provide 
background on viral diseases. 6-8 
with specific drugs are cited in the sections where these compounds 
are discussed. 

The focus of this year's chapter is on agents with activity 
A brief update of this year's advances 

More comprehensive reviews dealing 

VIRAL RESPIRATORY DISEASE 

RNA viruses are the major causative factors of the various forms 
of acute respiratory disease .8 
respiratory tract are probably the most common cause of symptomatic 
human infections. Among both children and adults, acute respiratory 
tract illness results in significant morbidity, lost time from work, 
physician visits, and death. It has been calculated that throughout 
the world over two million deaths occur annually from acute respiratory 
disease.9 
disease comprise the five taxonomically distinct families Orthomyxo- 
viridae, Paramyxoviridae, Picornaviridae, Coronaviridae and 
Adenoviridae. 9 The influenza viruses, which are comprised of types 
A, B and C, belong to the family Orthomyxoviridae. Types A and B have 
been associated with significant increases in mortality during epidemics. 
The disease may be asymptomatic or cause symptoms ranging from the 
common cold to fatal pneumonia. Immunization against influenza has 
been recommended for high-risk groups, and antiviral chemotherapy 
(amantadine) is available for the treatment and prophylaxis of all 
influenza A infections. The family Paramyxoviridae includes respiratory 
syncytial virus (RSV) and parainfluenza virus which are a major cause 
of lower respiratory tract infections. RSV is a factor in severe 
bronchiolitis and pneumonia in infants and young children. Efforts to 
develop a vaccine for RSV have been ineffectual, but recent clinical 
trials with ribavirin as a small particle aerosol have been promising. 
The parainfluenza viruses, of which there are four human serotypes, 
are second only to RSV as a cause of lower respiratory tract illness. 
There is both a great need for and interest in developing a chemo- 
therapeutic agent for treatment of these two viral, respiratory tract 
pathogens. The family Picornaviridae contains the genus Rhinovirus, 
which is composed of over a hundred distinct serotypes. 
viruses are recognized as the most important causative agents of the 

The communicable diseases of the 

The viruses that are causative agents for human respiratory 

The rhino- 
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common cold. 
the many rhinovirus serotypes. Although a number of different chemical 
agents have been tested in man, none has shown much clinical efficacy. 

upper respiratory tract illness although technical difficulties appear 
to have hindered studies on vaccines and antiviral agents. The adeno- 
viruses (family Adenoviridae) are a ubiquitous group of doublestranded 
DNA viruses which are responsible for a wide variety of respiratory 
illnesses. These infections are most common among children, although 
acute respiratory disease and pneumonia are also common among military 
recruits. Two comprehensive reviews of viral respiratory diseases and 
measures for their control and treatment have been recently 
published. 8 p  9 

The development of a vaccine has been precluded due to 

'Coronaviruse (family Coronaviridae) also has an appreciable role in 

AGENTS ACTIVE PRIMARILY AGAINST RNA VIRUSES 

Amantadine (l-adamantanamine) and rimantadine (a-methvl-l-adamantanemethvl- 
aminel - Amantadine (1) and rimantadine (2) are specifically active 

against influenza A virus infections. In 1966 
amantadine was licensed for general use against 

- 1, R=NH, Asian (H2N2) influenza in the United States and 
since 1976 has had FDA approval for the 2 ,  R= CHCH,NH, 
prophylaxis and therapy of all influenza A - 

infections. lo, 11 
widely used in the U.S.S.R. A review of the results of experimental and 
clinical studies performed in the U.S.S.R. with rimantadine has been 
published. l 2  Several placebo-controlled, double-blind clinical trials of 
amantadine and rimantadine in the treatment of influenza A infections 
have been recently completed. In a large-scale trial, both drugs 
were highly effective with no significant differences between the rates 
of illness or infection in the two drug-treated groups. l3 The amantadine 
recipients reported a higher incidence of side effects largely attributed 
to central nervous system (CNS) symptoms. l39 l4 
effects may be a pharmacokinetic phen menon which results in higher 
plasma concentrations of amantadine. lg A controlled study of healthy, 
adult volunteers found 1 and 2 to have minor side effects comparable to 
those of a common antihistamine. l7 
hospital employees receiving amantadine showed a high incidence of CNS 
symptoms. l8 Guidelines for the use of amantadine in patients with 
impaired renal function have been formulated from the results of 
pharmacokinetic studies on amantadine in patients with normal and impaired 
renal fun~tion.19,~~ Since approximately 90% of an oral dose of 
amantadine is excreted unchanged in the urine, patients with renal 
insufficiency can accumulate the drug, resulting in toxic manifestations. 
The mechanism by which 1 and 2 inhibit influenza A virus replication had 
previously been narrowed to a virus-specific event after virus penetration 
but prior to primary transcription. 
with radioactive precursors seems to show that uncoating is a multistep 
process.21 Rimantadine prevents the second step of uncoatin the 
release of matrix (M) protein from ribonucleoproteins (RNP) .$$ This 
blocks the penetration of RNP into the nucleus and prevents the nuclear 
phase of virus reproduction. Amantadine produces the same effect on 
uncoating as rimantadine.21 These adamantyl amines may also have utility 
in the treatment of other types of viral infections. 
been shown to be an effective inhibitor of dengue virus replication & 
- vitr0.~3 The amelioration of post-herpetic neuralgia due to recurrent 
herpes simplex sciatica24 and from acute herpes zoster25 has been 
reported with early administration of amantadine. 

Rimantadine is a closely related analog that has been 

This difference in side 

However, an open study involving 

A recent study with virus labeled 

Rimantadine has 
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Ribavirin (l-~-~-ribofuranosyl-1,2,~-triazole-3-carboxamide) - This 
nucleoside has activity against a broad range of DNA and RNA viruses in 

An tissue culture and in animal model systems.2 
analysis of the status of ribavirin 3) as an 

is still unresolved but may involve guanosine 
nucleotides and inhibition of inosine monophosphate 
dehydrogenase.Z6 In a clinical trial against 
influenza A, oral ribavirin failed to alter clinical 
signs and symptoms of the disease.2 However, it 

OR OR has recently been reported to have a therapeutic 
effect against both influenza A and influenza B 
virus infections when administered to patients by 
inhalation of small-particle aerosol through a face 
m a s k . 2 7 ~ ~ ~  

find utility in those patients at high risk such as the elderly and the 
chronically ill. Ribavirin has also been shown to inhibit respiratory 
syncytial virus (RSV) infection in an animal model when administered 
i.p. or by aerosol treat~nent.~g This in vivo activity has now been 
substantiated in two controlled, double-blind clinical trial~.3~,3~ 
Administration of a continuous aerosol of ribavirin to infants 
hospitalized with lower respiratory tract disease from RSV resulted in 
significant clinical improvement.3 
several antiviral agents against Colorado tick fever virus (CTFV), 
ribavirin inhibited CTFV in vitr0.3~ Ribavirin did not protect mice 
inoculated intracerebrally with CTFV. However, the 2',3',5'-triacetate 
derivative 4 significantly increased the number of survivors when 
administered i.p., which suggests that this lipophilic prodrug of 
ribavirin is able to crass the blood-brain barrier .32 
administration of 2 was also found to protect mice inoculated intra- 
cerebrally with dengue virus, under conditions where ribavirin had no 
significant protective effect.33 In another study, ribavirin reduced 
the growth of four types of dengue virus in vitro, but it had no effect 
on virus replication in human peripheral blood leukocytes (PBL)  which 
have been implicated in the pathogenesis of dengue virus in viv0.3~ 
However, a combination of ribavirin with 6-mercapto-9-(tetrahydro-2- 
furyl)purine, an inhibitor of hypoxanthine-guanine phosphoribosyl 
transferase, resulted in a marked suppression of dengue virus replication 
in human PBL.34 

R antiviral agent has been published. A- Its mechanism 

3 ,  R = H  

- 4 ,  R =  COCH, 

- 

This method of treatment may 

In a study of the effects of 

Intraperitoneal 

Selenazole (2-B-~-ribofuranosylselenazole-4-carboxamide) - The novel 
selenazole carboxamide nucleoside 5 was recently synthesized35, and it 
has been repor ed to have in vitro antiviral activity superior to that 
of ribavirin.38 Selenazole ( 5 )  has broad-spectrum antiviral activity 

against both RNA and DNA viruses, but it was most 
0 active against representative RNA viruses .36 The 

virus families Paramyxoviridae, Reoviridae, 
e Togaviridae, Bunyaviridae and Arenaviridae were 

particularly sensitive with ED50 values typically 

virus was especially sensitive with an ED50 = 
0.005 j.ig/ml. 

found to be cytotoxic towards P388 and L1210 cells 
in culture and exhibited marked activity against 
Lewis lung carcinoma in mice.35 

HO ranging from 1 to 8 pghl, although yellow fever 

Although selenazole was relatively 
OH OH nontoxic for Vero and HeLa ~ e l l s , 3 ~  it was 
- 5 
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Carbocyclic 3-deazaadenosine (C-c3Ado) - The carbocyclic nucleoside 6 
has been reported to inhibit the in vitro replication of 
DNA and RNA viruses1,37. 
vaccinia, reo, measles, parainfluenza and vesicular 
stomatitis viruses (VSV) at concentrations from 
0.2 to 1 pg/ml but exhibited no toxicity for the host 
cells at 400 pg/ml. m, & protected newborn mice 
against a lethal infection of VSV when administered i.p. 
Its spectrum of antiviral activity was suggested to be 
compatible with an impairment of viral mRNA transcription 
and/or processing. 37 

C-dAdo was active against 

OH OH 
6 - 

Enviroxime (LY 122772) - Enviroxime (7 )  is a potent inhibitor of rhino- 
virus replication in cell culture with a uniform level of activity 

against over sixty rhinovirus serotypes ,2 
In clinical trials in England, intranasal 
and oral enviroxime had some beneficial 
effect on rhinovirus infections althou h 

X S02CH(CH3)z the oral form was poorly tolerated. 38 949 
In two U.S.A. based clinical trials, 
prophylactic administration of intranasal 
enviroxime failed to prevent infection or 
to reduce the frequency of colds after 

Enviroxime, as its syn-anti 

- 7 ,  X=NOH-anti 

6 X =  CHCH,-tranr -, 
experimental rhinovirus challenge ,40,41 
mixture, and the propenyl analog 8 (LY 127123) have been reported to be 
highly active against thirteen enteroviruses in vit1-0.~~ When injected 
S.C. into infant mice, both compounds significantly reduced the mortality 
caused by Echo and coxsackie viruses.42 
olefin 8 in which X was equal to groups as diverse as CHCH2CH3, CHCsN, 
CHCONH2, CHCOOCH3 and CHCl were reported to have potent in vitro 
activity against poliovirus with IC50’s ranging from 0.01 to 
0.04 pg/m1.43 Activity is highly specific for the E-isomer, a trend 
that parallels earlier findings in the enviroxime series. 44 

and several analogs has been re~iewed.~5 
activity of 9 against thirteen enteroviruses in comparison with 
enviroxime and in combination with guanidine has been published.42 
mutual synergistic activity of the combination of 9 and guanidine was 
confirmed against Echo and coxsackie viruses in infant mice.42 f46 

A number of analogs of the 

The recent literature on 2-(a-hydroxybenzyl)benzimidazole (HBB) ( 9 )  
The in vitro antiviral 

The 

NH, 

- B 2 

Mono- and diamidinobenzimidazoles such as bis(5-amidino-2- 
benzimidazoly1)methane (BABIM) (lo) possess significant suppressive 
effects on the cytopathology and yield of respiratory syncytial virus 
(RSV).47 The mechanism of action of BABIM ma be related to its 
inhibition of certain trypsin-like proteasesYi7 but a study of 
twenty-four amidine derivatives showed no correlation between RSV-induced 
cell fusion and inhibition of four protease enzymes.48 
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4',6-Dichloroflavan (BW683C) - BW683C (11) is a potent inhibitor of the 
-- in vitro replication of several serotypes of rhino~irus.~g 

value for 11 against serotype 1B is 7 nM. 
However, the sensitivity of the nineteen 
serotypes against which 11 was tested was 
highly variable. 
active when added to the cell culture 
simultaneously with the ~irus.5~ The 
compound does not interfere with virus 
adsorption to cells nor with uncoating of the 

The IC50 

BW683C was found to be most 

11 

viral RNA. 
virus replication immediately following uncoating of the viral RNA.5O 
The compound is relatively nontoxic as no untoward effects were evident 
with HeLa cells at concentrations up to 3.6 pM. In rats, no ill effects 
were observed after oral administration of up to 1000 mg/kg or i.p. 
administration of up to 700 mg/kg.49 
controlled volunteer trial, oral BW683C failed to produce a consistent 
reduction in any of the quantitative indices of rhinovirus infe~tion.5~ 
Administration of this antiviral agent by inhalation may prove to be 
more efficacious.52 

4',5-Dihydroxy-3,3 ,7-trimethoxyflavone (Ro 09-0179) - Ro 09-0179 (g), cH,ofloR inhibitor of the replication Of human 

It appears to bind directly to rhinovirus 1B and may prevent 

In a double-blind, placebo- 

which was originally isolated from a 
Chinese medicinal herb, is a selective 

/ OCH, picornaviruses .53 Its 1~50 against 
twenty serotypes of rhinovirus was 

OCH, 0.1 pg/ml in HeLa or WI-38 cells, and its 
50% cytotoxic dose was about 15 pg/ml. 
The compound does not directly inactivate 
the virus, but it was most effective when 
present in the early stages of virus 
replication. 

R O  

1 2 , R = H  

- 13, R=COCH, 

- 

Although 2 was not active 
in vivo, its diacetyl derivative 
protecting mice from lethal infections with coxsackievirus B1.53 
closely related natural product, quercetin, has antiviral activity both 
-- in vitro and in viv0.5~ 
M virus infected mice have confirmed previous reports of its oral 
efficacy.54,55 

4~-Ethoxy-2~-hydroxy-4,6~-dimethoxychalcone (Ro 09-04101 - An agent 
active exclusively against rhinoviruses has emerged from a synthesis 
program on analogs of the flavone Ro 09-0179 (12). 

(Ro 09-0298) was orally effective in 
The 

Additional studies with quercetin against Mengo 

Ro 09-04 10 (fi) , a 
chalcone, has activity against 
46 of the 53 serotypes tested 
with IC50s ranging from 35ig/ml 
to less than 0.003 pg/ml. In 

OH 0 contrast, fi was inactive 
against nine other DNA and RNA 

viruses at concentrations up to 3 pg/ml. Toxicological studies in 
rodents produced no adverse effects at a daily oral dose of 1000 mg/kg 
for two weeks. 
in humans at the MRC Common Cold Unit in Salsbury, England.57 

2-(3.4-Dichlorophenoxy)-~-nitrobenzonitrile (MDL-860) - MDL-860 (15) is 
a selective inhibitor of picornavirus replication in vitr0.5~ 
concentration of 1.0 pg/ml, 15 caused a reduction in virus yield of at 

C H ~ C H ~ 0 ~ O C H 3  

\ 

- 14 

A phosphate ester (Ro 09-0415) of fi has been evaluated 

At a 
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least ten fold in eight of ten entero- 

rhinovirus serotypes, but it ha no effect 

15 does not directly inactivate the virus nor 

NO, viruses and seventy-two of ninty 

CI CN on six other types of vir~ses.5~ MDL-860 

does it inhibit virus uncoating.59 Although 15 had no adverse effects 
on RNA or protein synthesis of uninfected HeLa cells, it was found to 
inhibit viral RNA synthesis when added shortly after virus absorption. 

Sodium 5-aminosulfonvl-2,4-dichlorobenzoate (M12325) - A broad spectrum 
of activity against RNA viruses in vitro and in vivo 
has been reported for M12325 (fir6qe MICs 
against several strains of influenza virus were 
comparable to the activity of amantadine, but fi was 
less cytotoxic and had a higher LD50. Oral doses of 
- 16 were reported to be effective in reducing 
influenza induced mortality in mice.60 

COON. 

CI 

!! 

Arildone (WIN 38020) - Arildone (17) is a 6-diketone which has broad- 
spectrum activity against several important DNA 
and RNA viral pathogens. v 2  An isoxazole 

reported to have antipicornavirus activity.61 
The isoxazole 18 inhibited plaque formation 
by 24 of 27 human rhinovirus serotypes, 
poliovirus and Echovirus by 50% at concentra- 
tions ranging from 0.03 to 15 pM. It was 
orally effective in protecting mice against 
poliovirus-induced death in a dose-dependent 

manner. Mechanism studies show that revents viral replication by 

l-(5-Tetradecvloxv-2-furanyl)ethanone (RMI 15,731) - RMI 15,731 (B) has 

CH,(CH,);O@CH, vitro.2 In a recent clinical trial, intranasal 

O-(CH,)6-R analog, WIN 49321 (181, has recently been 

0 - 17,  R =CH(CCH,CH,)z 

f i , R =  CH, GH3 1 

inhibiting the virion uncoating process. E l  

been reported to be a rhinovirus specific 
antiviral that directly inactivates virus 

1p. failed to show significant prophylactic 
activity in ex erimental human rhinovirus type 
39 infections. 

0 

!2 
19 - 

DNA VIRUSES 

Significant progress continues to be made in the clinical use and 
development of agents active against DNA viruses. 
(9-(2-h droxyethoxymethy1)guanine) has been the subject of several 
r e v i e ~ s ~ 3 - ~ ~  and of a syrnposium69 during the past year. Clinical trial 
results have been published that attest to the efficacy of oral acyclovir 
in the treatment of primary7O and re~urrent7~ genital herpes simplex 
virus (HSV) infections and in the protection of bone marrow transplant 
patients from herpes infe~tions.7~ 
was highly effective in suppressing recurrent herpes sim lex genitalis 
in a group of patients with unusually frequent episodes.y3 Topical 
acyclovir cream was effective for treatment of recurrent herpes 
labiali~.7~ Considerable progress has been made in evaluating the 
clinical promise of acyclovir; however, there remains much to be learned 
concerning the best use of this drug in clinical practice.75 Some 
studies on candidate prodrug forms of acyclovir have recently been 
published. Several esters of acyclovir were reported to have improved 

Acyclovir 

Chronic, oral acyclovir treatment 
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water ~olubility.7~ 
hydroxyethoxymethyl)purine), which is metabolically deaminated to 
acyclovir by adenosine deaminase,77 has been reported to be better 
absorbed from the gut, resulting in higher plasma levels of acycl0vir.7~ 
Several new reports have further documented the potent antiherpetic 
activity of 9-(2-hydroxy-l-(hydroxymethyl)ethoxymethyl)guanine. This 
compound has been reported to be highly effective in reducing the severity 
of both primary and recurrent lesions of HSV-2 in animal m0dels.79,~~ It 
also appears to hold substantial promise in the treatment of human 
cytome alovirus (HCMV) based on its specific anti-HCMV activity &I 
v i t ro . 8o 9 In an animal model , 9- ( 2-hyd roxy- 1 - ( hydroxyme thy1 ) - 
ethoxymethy1)guanine was shown to be a potent orally active, chemo- 
therapeutic agent against Equid herpesvirus .82 
l-6-D-arabinofuranosylcytosine) has been reported to stabilize cutaneous 
lesions in immunosuppressed patients suffering from acute herpesvirus 
infection.84 A minor metabolite of FIAC, 2'-fluoro-5-methyl-l-f3-~- 
arabinofuranosyluracil (FMAU), is also antiherpetic, but, in addition, 
it has i.p. and p.0. activity against murine leukemias resistant to 
1-6-g- arabinofuranosylcytosine. Pharmacokinetic studies on FIAC and 
FMAU have been p~blished,~5 and the synthesis and & itro anti-HSV 

antiviral activity of BVDU ((E)-5-(2-bromovinyl)-2'-deoxyuridine) and 
other 5-substituted pyrimidine nucleoside analogs has been published ,87 
Several 2',3'-diester and 5'-monoester prodrug forms of ara-A 
(9-(l-B-Q-arabinofuranosyl)adenine) have been evaluated with favorable 
results in HSV-2 induced genital infections in female guinea pigs.88 The 
5'-monophosphate of ara-A was found to be as effective as ara-A in the 
treatment of immunosuppressed patients suffering from varicella-zoster .89 
A carbocyclic analog of ara-A, cyclaradine, and its 5'-methoxyacetate 
ester have been reported to have activity in an HSV-1 encephalitis animal 
model that was comparable to the activity demonstrated by ara-A.gO 
These two compounds may possess some clinical advantage over ara-A due 
to their low systemic toxicity. 
acid (PFA, foscarnet sodium), which is presently in Phase 111 clinical 
trials in Eur0pe,~3 have been discussed in a recent re~iew.9~ 
synthesis and structural requirements for antiherpes activity of a series 
of PFA esters have also been rep0rted.9~ 

A diaminopurine analog A134U (2,6-diamino-9-(2- 

FIAC (2'-fluoro-5-iodo- 

activities of a series of analogs have been reported. k A review of the 

The antiviral effects of phosphonoformic 

The 

APPROACHES TO THE DESIGN OF ANTIVIRAL AGENTS 

Significant strides have been made in the development of clinically 
useful antiviral agents, especially against the DNA viruses of the herpes 
family. Most of these agents are directed against viral nucleic acid 
synthesis and require activation by a virus-induced thymidine kinase. 
Researchers are beginning to focus on other strategies which may produce 
broader spectrum antiviral agents with different mechanisms of action. 
Inhibition of polyamine biosynthesis may serve as a suitable target for 
antiviral drug design. 
bis(guany1hydrazone) and u-difluoromethylornithine, an inhibitor of 
polyamine biosynthesis have recently been reported to inhibit replication 
of human CMV in vitro.43 
methylation reactions. For some viruses, efficient replication is 
dependent on viral mRNA that has been methylated at its 5I-terminal 
guanosine residue. 
effective inhibitor of this cappin 
mRNA( g~anine-'7-)methyltransferase.~~ Another permutation of this theme 
is preservation of cellular S-adenosylhomocysteine (SAH) by inhibition 
of SAH hydrolase. SAH is an endogenous inhibitor of transmethylation 

The polyamine antimetabolite methylglyoxal 

Another target is the inhibition of essential 

Ribavirin 5'-triphosphate has been reported to be an 
reaction which is catalyzed by a 
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reactions in which S-adenosylmethionine is the methyl donor .95 
system i 
effe~t.9~997 There has been substantial interest in exploiting this 
system as an approach to antiviral drug development. 
primarily been aimed at the synthesis of 2-5A core analogs that are 
permeable to cells and stable to degradative enzymes. During the process 
of infection some viruses change the permeability of infected cells. 
This allows cellular penetration by compounds that are normally excluded. 
The selective antiviral activity of hygromycin B supports the suggestion 
that screening for agents which are selectively permeable to virus 
infected cells could result in broad-spectrum antiviral agents .g8 A 
review of the concept of selective delivery of antiviral agents by 
con jugation with protein carriers has been published.99 These 
experiments suggest that the chemotherapeutic index of ara-A for the 
treatment of chronic hepatitis B could be improved by coupling the agent 
to lactosaminated albumin. A number of lipophilic mines of diverse 
structure have in vitro antiviral activity against enveloped viruses 
including Semliki Forest virus Sendai virus, vesicular stomatitis virus, 
and influenza A and B This activity appears to be 
mediated by an obligatory lysosomal step in the uncoating of enveloped 
viruses. Amines such as chloroquine may prevent uncoating by increasing 
the lysosomal pH above a value required for release of the virus 
nucleocapsid into the cytoplasm. A better understanding of this process 
could lead to the development of broad-spectrum antiviral agents. 

The 2-5A 
one of the mechanisms by which interferon exerts its antiviral 

These efforts have 
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Chapter 13. Antifungal Chemotherapy 

Michael B. Gravestock and John F. m l e y  

I C I  Pharmaceuticals Division, Mereside, Alderley Park, Macclesfield, 
Cheshire SKI0 4TG, England 

Introduction - The last two years have seen a continued growth in this 
f ie ld ,  principally due t o  the research interest  in azole antifungal drugs. 
General reviews have been published on the place of imidazole antifungals 
i n  chemotherapy,l,2 t h e i r  place i n  the treatment of systemic fungal 
infections i n  comparison with amphotericin B (AMB)3 and a comparison of 
t h e i r  physicochemical and phamacokinetic properties, potency and 
pharmacological activity.4 The substantial effor t  which has gone into 
the synthesis of imidazole- and triazole-containing potential  drugs and 
plant fungicides i s  i l lus t ra ted  by the 
on the synthesis5 and patent l i teraturei  of I-substituted (1H)-azoles. 

has been the subject of a num e 
management of fungal disease,p,'sg and i t s  efficacy in superficial  and 
systemic infections;lO it was the subject of a number of papers at a 
recent symposium.11 
has been recently reviewed i n  detai1,l 
indications f o r  coccidioido 
of AME3l4 and miconazole (MC) "ST 5 i n  particular have been presented. 

ength of two  substantial reviews 

Ketoconazole (KC) as the first systemically-active azole antifun& 
f reviews including the general 

The use of KC i n  the treatment of coccidioidomycosis 
and paral le l  reviews of the 

cosis treatment i n  general,l3 and the use 

The c l in ica l  pharmacokinetics of the syste 
5-fluorocytosine (5-Fc) , MC and KC were reviewed' with t h e i r  individual 
l imitations and preferred protocols f o r  administration. 
measurement of the act ivi ty  of antifungal drugs  have been assessedl7 and 
the i n  vitm act ivi ty  of nystatin, AMB, FFc and f ive azoles measured 
against 151 yeast s t ra ins  and two strains of Geotrichum candidmela 
discussion of experimental approaches t o  the discovery of antifungal 
drugs with a survey of post-1970 synthetic and natural product chemicals 
with antifungal act ivi ty  has been made.19 

A monograph on fungal infection i n  the compromised patient20 
provides timely infomation on this area of increasing c l in ica l  concern. 
The antifungal action of the intraleukocytic antibacterial  rifampin was 
reviewed2' and the antimycotic act ivi ty  and therapeutic effectiveness of 
5-bromosalicyl-4~-chloranilide and i t s  derivatives assessed in 
laboratory animals and man.22 

New antifungal agents - Bifonazole (Bay-h-4502; 1) showed a broad 
spectrum of act ivi ty  'n v i t ro  with particularly marked fungicidal 
effects  on d e r m a t o p h y t k T o p i c a 1  applications of the drug were 
extremely effective against trichophytosis i n  guinea pigs. Comparison of 
the drug in vi t ro  with MC and clotrimazole (CL) showed that  potency 
relat ive t o  both varied fr m s t ra in  t o  s t ra in  and species t o  species of 
yeasts and dematophy-bes.28 In another i n  v i t m  comparison25 with CL the 
l a t t e r  was 2-4 fold more active against both groups o f  fungi i n  various 
media. 

c antifungals AM6, 

Methods for  

A 

Surveys of the compound's efficacy i n  the topical treatment of 

ANNUAL REPORTS IN MEDICINAL CHEMISTRY--19 
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dermatolqycoses particularly p i tyr ias i s  versicolor and t inea c m i s ,  
have appeared.53,24,26,27 

Bay-n-7133 (2) which i s  orally active has been studied in vitrQ i n  
comparison with ~ ~ , 2 8 , 2 9  MC29 and a chemically related imidazole 

A new 1,2,btriazole- rather than imidaaole-based antifungal 

1 

Bay-1-9139 
spectrum, but &was more potent. 
showed act ivi ty  equal t o  or  less than KC.30 The compound was active 
against m u r i n e  aspergi l losis3~ but less active against murine cand,idosis 
than 3 . 3 2  

Another triaaole-based drug; itraconazole (R51211; 2) shows 
considerable promise as a safe oral ly  absorbed antirungal. 
highly active in vi t ro  against dennatophytes, yeasts, aspergil l i ,  
dematiaceous, dimorphic and various other fungi.33 O r a l  treatment of 
aspergil losis and cryptococcosis i n  mice and sporotrichosis i n  guinea 
pigs w a s  successful as w a s  treatment of disseminated trichophytosis, 
systemic candidosis and superficial mycoses i n  guinea pigs; solution i n  
PEG was necessary f o r  good cure rates  with this rather insoluble 
compound. 
candidosis and pi tyr ias i s  versicolor showed good response at one quarter 
the dose o f  KC f o r  5 days;% a two day dosing schedule was also 
promising. Morphological studies on the yea& t o  mycelial transformation 
of Candida albicans showed similar dose/inhibition properties t o  KC. The 
superior i n  vivo properties may therefore be due t o  phamacokinetic 
fac tors ,  distribution etc.35 

Both new compounds are comparable t o  the standards in 
Antimycotic results i n  vivo for  & 

R5l2l l  was 

Mtial cl inioal  results i n  the treatment of vaginal 

a - b: -CH(CH3)2 

A triazole-based tertiary alcohol I C I  153,066 (4) was shown t o  have 
therapeutic act ivi ty  against vaginal candidosis i n  mice and rats and 
against ringworm in mice and guinea pigs following oral administration.36 
In these animal models the compound was 10-100 times more potent than KC. 
A topical formulation in PEG was 10 times more potent than a oorresponding 
KC o r  Mc preparation. Gross toxicity of the compound was twice that of 
KC, and it showed considerably greater persistence i n  the blood of mice 
and rats. 
of yeasts and dermatophytes was good although certain K C - r e s i s t a n t  
C. albicans strains were a lso  resistant t o  3.37 The efficacy of 4 i n  
experimental coccidioidomycosis i n  mice was compared with KC. 38 Althorn 
the compound showed potency advantages over KC, improved survival times 

The spectrum of aotivity against a rang8 of c l in ica l  isolates  
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only, rather than biocure, were observed with bo-bh agents. 

EzmgScidal ac t iv i ty  has been claimed f o r  a novel imidazole-based 
drug zinoconazole (SC 38390; 9 . 3 9  
dermatophytes and C. albicans at levels no greater than the MIC showed 
marked reductions i n  v iab i l i ty  within a few hours of treatment.39,m 

In v i t r o  experiments with 

F 

CI 

- 4 - 5 

The resu l t s  closely resembled e a r l i e r  observations of fungicidal effects  
with high concentrations of CL and MC. 
candidosis and mouse systemic candidosis models produced resu l t s  
approaching KC.40 Topical administration was comparable t o  CL. The 
compound was Bmes test negative. 

Texconazole (R42470; $I) a txiazole analogue of KC with a more 
l ipophilic substituent on the terminal piperidine nitrogen i s  highly 
active i n  v i t ro  against a wide range of yeasts and mycelium-forming 
f u n g i . 4 m h i s  i n  v i t ro  ac t iv i ty  depends largely on the medium used. 
In vaginal candidosis i n  rats and dermatophytosis i n  guinea pigs 2 was 
more potent than CL.43 
treatment of vaginit is  showed that  the two treatments were equally 
effective and acceptable.@ 

O r a l  administration i n  rat vaginal 

A double blind c l in ica l  t r i a l  for  the topical 

- 6 
- 7 

Two other imidazole-based antifungals have recently been 
highlighted, both containing a sulfur atom i n  the side chain. 
(6a) was the best of three dihydrobenzthiophen derivatives (6a; Sch 30566, - 6b; Sch 31498, fk) which showed generally excellent broad spectrum 
ac t iv i ty  i n  v i t r o  and topical act ivi ty  against C. albicans and Trichophyton 

:-osis model showed ac t iv i ty  greater than the former two 
compounds but similar t o  tioconazole ,46 Synthetic procedures and 
structure-activity relationships were also presented.45 
active against Cmtococcus and AS e r  l l u s  species47 and was active 
oral ly  against C albicans i n  mice "$- potency twice that of KC), @st 
C albicans i n  ~ t h e i m i l a r  t o  KC), against cryptococcosis in mice -m KC) and w a s  much be t te r  than KC versus aspergil losis in mice 

Sch 311 53 

o =946 Comparison with CL, MC and tioconazole in  a hamster 

SM-4470 (1) was  
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and T. mentagrophytes in the guinea pig. 

agent has emerged from the naftifine series; SF 86-327 (8) is an 
allylamine with significant advantages over the former compound, showing 
o r a l  activity in the guinea pig dermatophytosis model.& 
activity in vitro against dermatophytes, but much less activity against 
yeasts such as C. albicans. An essential part of the structure is the 
conjugated enyne group with trans stereochemistry. 
data on treatment of dermatophytosis in volunteers and atients showed 
successful control with oral doses of 250 mg/kg b.i.d.$ A comprehensive 
series of papers on structure-activity relationships, synthesis, in vitro 
data, animal data, mode of action (see below), ultrastructural studies on 
T. mentagrophytes and C. albicans, metabolism, phamacokinetics and 
toxicological evaluation were presented recently.@ 

Departing from the azole-based antifungals, an interesting new 

It has high 

Preliminary clinical 

The antifungal nitropyrrole antibiotic pyrrolomycin shows weak 
activity and hi& toxicity. 
optimisation has led to a related tetrazole, CN-146 (2) which has been 
selected for development as a topical antbyc0tic.5~ The compound is 
active topically but not systemically in animal models and also has 
gram-positive/negative antibacterial properties. 

A program of synthesis/structure 

Tioxaprofen (10) was synthesised as a non-steroidal anti- 
inflammatory but has been found to have antbycotic activity against 
T. ment-pw es, T. rubrum, Microsaorum canis and C. albicans.51 
compound appears to act by uncoupling mitochondria1 respiration. 

The 

R ' g  
CH3 H 

H H  

CH3 CH3 

11 
A group of new cyclic peptides containing a fatty acid side chain 

has been isolated.52 
components, sporiofungins A, B and C (Ila.b,g) which are closely related 
to the echinocandin glucan synthesis inhibitors. 

The complex has been separated into three 

The sporioflmgins are 
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active against a broad range of yeasts and filamentous fungi with MIc 
values f o r  Candida spp. i n  the w range. 
and i n  vivo ac t iv i ty  in experimental Candida infections has been 
demonstrated; chronic l i v e r  toxici ty  however precludes development. 

Mechanisms of Action - Some of the factors influencing the C-14 
demethylase act ivi ty  of azoles i n  Candida were investigated; 53 interc  
species var iabi l i ty  i n  enzyme act ivi ty ,  a b i l i t y  t o  penetrate the h g a l  
c e l l  wall as well as  s t ruc tmal  features were found t o  be important. A 
number of papers have reviewed the potency of azoles and. other agents as 
inhibitors of s te ro l  C-14 demethylation although many of the compounds 
considered are plant fungicides.%, 55956 &sAR studies on phenoxy- 
t r iazo ly l  methanes as s te ro l  inhibitors have been made based on MIC 
values against Sacchaxonycopsis lipolytica.57 The resistance of a 
mutant s t ra in  of the plant pathogen Ustilago maydis t o  fenarimol, 
etaconazole, MC and the aza-steroid A2 822B was shown t o  be due t o  a 
deficiency i n  s te ro l  C-14 demethylase.z8 However, two C. albicans 
c l in ica l  isolates  resistant t o  KC and cross-resistant t o  Awere 
apparently res is tant  due t o  c e l l  membrane changes rather than internal  
enzymology.~9 The overall significance of C-I 4 demethylase blockade i n  
the growth inhibit ion of Saccharomyces cerevisiae by CL and MC has been 
challenged following comparative experiments with the 15azasteroi.d 
s te ro l  AI4-reductase inhibitors,  where a demethylase-deficient mutant 
s t ra in  was inhibited by the azoles.60 
ref lect  the additional mode(s) of action often ~ i t e d 5 ~ r ' l  for  the above 
compounds relat ive t o  agents such as KC. 
concentrations, CL and MC are fungicidal t o  S. cerevisiae, apparently 
as a resul t  of direct  membrane damage.61,62 

Acute toxicity i n  mice is  low 

However, this re ult may well 

Thus at higher than MIC 

Possible clues t o  the factors responsible for  this membrane damage 
have emerged from studies on pan-positive bacteria such as 
Staphylococcus aureus which i s  inhibited by some azoles but contains no 
membrane sterols.  Thus MC is  bactericidal at low concentrations and 
causes release of cel lular  K+. 
slows growth only at high ~oncent ra t ions .~3  The hypothesis tha t  Kf 
release i s  due t o  a direct  membrane damaging effect of MC not shared by 
KC is  supported by other studies on Candida species.64,65 
protected against growth inhibitory effects  of MC and KC by unsaturated 
f a t t y  acids, and par t ly  by oleic acid.66 
on KC's  action on C. albicans, 
were more sensitive t o  MC than t o  KC, 
change l i p i d  organis 

KC has l i t t l e  or no such effects,  and 

S. aureus was 

T h i s  acid however had no effect  
Cy-tochrome oxidase and ATPase a c t i v i t i e s  

It was postulated tha t  MC may 
ion whereas KC is  localized in the multilayer 

without such effect. 8 
A study of nystatin, AME3 and f ive imidazole drugs on C. albicans67 

by scanning electron microscopy showed different ia l  effects  on the 
cytoplasmic membrane and. on the form and release of spheroplasts from 
young yeast cel ls .  Ultrastructural changes produced by KC i n  
Cryptococcus neofomans and Sporothrix schenckii were examined.68 
Surface changes, f a t t y  degeneration of the cytoplasm and l y s i s  of 
subcellular org&elles were observed i n  some but not a l l  the cells.  A t  
a concentration of I&/& S. schenckii was more sensitive than 
C. neofomans judged by the numbers of abnormal cel ls .  

The effects  o f  isoconazole on c e l l  membranes i n  several yeasts 
resulted i n  leakage of K+, adenosine, adenine nucleotides and 
a-glucosidase .69 
in tac t  yeast c e l l s  and isolated mammalian mitochondria was inhibited. 

A t  fungicidal concentrations respiration of both 
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In  another study of isoconazole, fungistatic or fungicidal concentrations 
inhibited protein, RNA, DNA, mannan and glucan biosynthesis i n  
C. a l b i ~ a n s . 7 ~  However, no correlation was observed between suppression 
of respiration and the sensit ivity of yeast cells .  
subject of two detailed studies on i ts  c e l l  membrane damaghg effects. 
Effects on rat l i v e r  mitochondria occurred at or above IOclg/ml, the 
degree of damage being assessed by l iberation of acid phosphatase and 
P-glucuronida~e.7~ In S. cerevisiae the attaches 
first t o  ar t iculate  and l a t e r  t o  soluble fractions after penetration into 
the cell.72 The highest concentration was found in the mitochondria, but 
no inhibit ion of mitochondrial enzymes such as cytochrome oxidase, 
succinate dehydrogenase o r  phenylalanyl-tRNA synthetase was observed. 
Biosynthesis of the mitochondrial membrane enzymes was affected without 
that  of the qthetase,  a matrix enzyme or ig ina t ing  i n  the cytoplasm. 
a study of KC on in tac t  human fibroblasts and C. albicans c e l l s  the 
differences i n  sensit ivity observed i n  vivo and i n  v i t ro  correlated w e l l  
w i t h  the effects of KC on s te ro l  synthesis.73 In human fibroblasts, 5096 
inhibit ion of  cholesterol synthesis was achieved at O.7m while the same 
effect on ergosterol synthesis i n  C. albicans was found at a 140 times 
lower concentration. 

Econazole was the 

Sn 

An evaluation of oxiconazole showed a broad fuugistatic spectrum 
and fungicidal act ivi ty  in  selected species - Asperaillus fumigatus, 
C. neoformans, C. albicans and 9. mentagz-ophyt es; JH.4 synthesis w a s  more 
sensitive at sub-inhibitory concentrations than RNA, protein r 
carbohydrate synthesis.74 Studies on a MC derivative, Ff.2457175 and KCT6 
as inhibitors of Ca2+ binding t o  calmodulin fai led t o  show effects  at 
physiologically significant levels i n  skeletal  muscle sarcoplasmic 
reticulum. 
dexamethasone binding i n  c e l l  cytoeol.77 B a s a l  tymsine aminotransferase 
ac t iv i ty  (TAT) was not affected, but par t ia l  antagonism of dexemethasone- 
induced TEC act ivi ty  was noted, which correlated w e l l  with azole 
binding potency. 
therefore seem8 possible.77 

KC and MC were studied f o r  t h e i r  a b i l i t y  t o  inhibi t  

Glucocorticoid receptor antagonism i n  target tissues 

The potential for  antifungal drugs t o  stimulate host defenses as a 
possible component of the i r  fungfcidal action has been considered i n  
e a r l i e r  work, particularly f o r  the polyenes. 
adjuvant and mitogenic effects  f o r  amphotericin B methyl es te r  (AME) was 
considered.78 AMB and AME showed potent m i n e  bnmostimulant and 
&lymphocyte activating activity. 
polyclonal B-cell activator, but only a t  hi& doses. 
suggests that  &cel l  activating properties of BME are not involved i n  the 
cel lular  mechanism of adjuvant act ivi ty  i n  vivo, but there was a strong 
correlation between the i n  v i t ro  polyclonal B-cell activating effects and 
i n  vivo adjuvant effects of AME! in various mouse strains. 
examined for  its abi l i ty  t o  prevent further development of the invasive 
form of C. albicans i n  deep and superficial  infections.79 
host defense cells was demonstrated i n  culture and the compound's 
unexpected potency i n  vivo was ascribed t o  fac i l i t a t ion  of the host 
defense c e l l s  in  view of i t s  relatively poor in v i t r o  potency. This 

8 v s t  
synergism between polymorphonuclear granulocytes and KC 
C. albicans in vi t ro  has been examined in another study, Treatment of 
granulocytes did not Fnfluence the i r  activity,  but treatment of 
C. albicans with KC led t o  significantly higher k i l l e r  act ivi ty  but 
unchanged phagocytosis, 
effects per se rather than immunomodulating properties are responsible 
for the observed synergism.8o 

The relationship between 

The l a t t e r  was a more potent 
The evidence 

KC has been 

Synergism with 

T h i s  result appeass t o  show that antimycotic 
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Naftifine interferes  with s te ro l  biosynthesis i n  C. parapsilosis 
and T. mentagmphyt es. 
content and resulted i n  decreased amounts of s terols  including ergosterol. 
Squalene i s  the only l i p i d  intermediate of ergosterol biosynthesis which 
accumulat i n  treated c e l l s  and resul ts  from the inhibit ion of squalene 
epoxidase?' Dose-dependent ul t ras t ructural  changes i n  C. parapsilosis 
include increased accumulation of l i p i d  par t ic les  i n  the cytoplasm, 
thickening of the c e l l  w a l l  and al terat ions of the plasma membrane.82 
Studies on the mode of action of 8 on C. albicans, C. parapsilosis and 
T. mentagrophytes indicated that  it too acts by inhibit ion of squalene 
epoxidase, and that accumulation of f ree  squalene results i n  the 
extremely low MIC values and fungicidal effects  seen against 
dermatophytes in general.@ 

It produced an increase in ce l lu la r  squalene 

Therapeutic, Pharmacological and Toxicological Studies - The disposition 
of KC i n  patients was studied a f t e r  daily doses of 5 0 - 2 0 0 ~ : ~ 3  peak 
serum concentrations of up t o  50pg/ml and potential  therapeutic - 
concentrations up t o  26 h a f t e r  the higber doses were detected. 
interactions with other drugs, particularly antacids, were investigated; 
they did not significantly affect KC pharmacokinetics. A study of KC i n  
recurrent vaginal candidosis showed 97!?!? cure at follow-up ( 7  d a y s )  and a 
relapse ra te  of 
majority of patients over previously used intravaginal preparations.84 
Other recent c l in ica l  experience with KC has been reviewed including use 
of a topical preparati0n.~5 A study of the drug i n  control of systemic 
C, albicans i n  mice dosed with cytarabine showed good limitation of the 
spread of infection, sug s t ing  prophylactic use i n  patients on 
cytarabine chemotherapy.% The drug has good prophylactic potential  and 
therapeutic efficacy i n  keratomycosis i n  rabbits.87 

Possible 

at 35 days; the oral  treatment was preferred by the 

The use of tioconazole i n  gynecolod8 and i n  the treatment of 
superficial  mycoses89 has been reviewed. 
of dermatophyte infections and w a s  well tolerated i n  animals indicating 
minimal r i s k  of side effects  i n  man.90 The phamacokinetics of CL 
following in t radagina l  administration were studied; a new formulation 
gave fungicidal levels i n  the v a 48 h a f t e r  administration with no 
detectable blood levels a t  72 h y  Topical administration of isoconazole 
inhibited T. mentagrophytes infections on guinea pig ~ k i n . 9 ~  
administration decreased mortality i n  mice having systemic candidosis 
but the kidney infection was not eradicated. The extent of in teespec ies  
variation i n  percutaneous absorption of sulconazole has been investigated 
i n  rabbits, rats, dogs and guinea pigs.93 
patients with % butoconazole cream s owed it t o  be more effective than 

The compound gave good control 

' 

Oral or i p  

A double-blind study in 114 

MC cream against vaginal candidosis.9 8 
Several studies on 5-FC combined with other agents have been made. 

The MIC of 5-Fc serum levels were not affected by the presence of KC.95 
5-Fc against 18 pathogenic fungal isolates  was not a l tered by IOOCrM 
allopurinol or oxypurinol; the potential  f o r  allopurinol reduction of 
5-FU (5-FC metabolite) myelotoxicity in the c l in ica l  se t t ing  was 
discussed.% KC, AMB, 5432 and combinations of these drugs were compared 
in chronic cryptococcal meningitis therapy.97 The addition of KC t o  AMB 
therapy was at leas t  as effective as the combination m/5-FC over a 2 
week period. Other workers have found mutual a n t a g o n i s m  between AMB and 
KC against C. a l b i ~ a n s . 9 ~  

oxiconazole and 
dimethylmorpholine w a s  studied i n  human skin and nails.93 Tinctures were 

The bioavailabil i ty of topically applied econazole 
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bet ter  f o r  nails,  ointments for  skin t o  a id  penetration. 
of the right base in topical ciclopiroxolamine formulations has been 
emphasisedloO and a general review made of i ts topical effectiveness 
versus bifonazole and CL.101 Naftifine was found t o  be an eff c ive 

The importance 

topical agent as a 1% gel i n  the treatment of dennatophytosis. $ E  9 

Isolated reports of l i v e r  toxicity with azoles have oontinued. 
Severe liver toxicity developed i n  one patient on valconasole103 and the 
UK-CSM have issued wa 
I 5  yellow c a d  reports 
USA,105 but it should be emphasised that  a l t h o r n  transient increases in 
l i v e r  enzynes m be detected, symptomatic hepat i t is  occurs i n  only 1 in 
12,000 patients. 
synthesislo8 and as a result  may cause gynecomastia, and with hi& doses 
decreased l ibido and effects on sperm production. 
consequence of these antihormonal effects  is i ts  u t i l i t y  i n  the treatment 
of prostatic cancer.1°9 A potentially dangerous interaotion between KC 
and cyclosporin A, an immunosuppressive drug used i n  kidney and marrow 
transplant patients has been re p 0 ~ $ p ;  o cyclosporin blood levels increase 
and renal impairment develops. 

on the r i sk  of hepat i t is  with KC following 
Similar w a r n i n g s  have been issued i n  the 

KC also blocks testosterone107 and adrenal steroid 

An interesting 
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Chapter 14. Antineoplastic Agents 

Terrence W.  Doyle 

Bristol-Myers Pharmaceutical R &D Division, 
P.O. Box 4755, Syracuse, N . Y .  13221 

Introduction. The search for more selective antitumor agents through 
natural products screening, the synthesis of target-specific compounds 
and analogs of known agents, and by the use of prodrugs and novel 
delivery systems, continued at an increased pace in 1983.  Reviews have 
appeared outlining the preclinical and early clinical data on 4’-epidoxo- 
rubicinl and mitoxantrone. * A comparison of the preclinical and early 
clinical results of four second generation analogs of cis-diamminedichloro 
platinum I1 (cis-DDP) , has been published. The solution chemistry of 
- cis-DDP, its reactions with a-pyridone to form platinum ‘tbluest’, and the 
implications of this chemistry with respect to the mechanism of action of 
platinum antitumor agents was r e ~ i e w e d . ~  

action of the quinone antibiotics (anthracy- 
1 ‘ NH, clines, mitomycins, streptonigrin, and safra- 

mycin) has been published. 

A review of the mechanism of 

In 1983 further details of important new 
techniques for the determination of the binding 
sites of small molecules on naturally occurring 
DNA fragments were published. The two 
approaches to “footprinting” involve partial 
digestion of DNA-drug complexes using MPE Fe 
11, l , 6 s 7  or DNAse I* followed by analysis of 

e sequence  of those portions of the DNA 

\ 
NH 

(iHdJ cy’v th 
NHCoCH, - Fe- 0 protected by drug. The techniques have been 

compared and shown to give complementary 
information concerning drug-DNA interactions. 
A recent review outlines the utility of the 

H 2 N T 0  

\ /  

6 o=c 

1 method. 

Antimetabolites - Two reports on the metabolism of methotrexate (MTX) to 
7-hydroxy-methotrexate (7-OH MTX) have appeared. The major metabo- 
lite of MTX in rabbits was found to  be 7-OH MTX. The clearance of 
7-OH MTX from plasma was slower than that of MTX itself. l 1  In a study 
of the uptake and metabolism of MTX in a MTX-sensitive human acute 
lymphoblastic leukemia cell line, MOLT4, i t  was shown that 7-OH MTX and 
MTX are converted to polyglutamates and that 7-OH MTX interferes with 
MTX accumulation and metabolism.12 In Phase I clinical trials of 10- 
deazaaminopterin, marked leukemic cell kill was noted in CML. l 3  Synthe- 
tic studies on the l-deaza-7,8-dihydropteridines have helped to further 
define the SARIS in this system. Most modifications of the heterocycle or 
4-amino function led to decreased activity; however, the substitution of a 
methyl group in position 7 led to increased activity.14 A report on the 
mechanism of action of 5,8-dideazaisopteroylglutamate (IAHQ) has demon- 
strated that,  unlike MTX, IAHQ polyglutamates inhibit thymidylate syn- 
thase. l 5  
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Further data concerning the mechanism of action of 2-8-D-ribofuran- 
osylthiazole-gcarboxamide 2 (tiazofurin) , in comparison with ribavirin and 
pyrazofurin have appeared. Marked inhibition of DNA and RNA synthesis 
by - 2 was noted.16 Synthesis of the selenium analog of 2 was also report- 
ed. This compound, 3,  was s5 fold more potent than 2 in cell tissue 
culture (P388, L1210 ceils) and showed good Lewis Lung CkAnoma (LLC) 

activity. In order to overcome deactivation 
of ARA-C by cytidine deaminase, the prepara- 
tion of 2'-O-nitro-l-~-D-arabinofuranosyl- 
cytosine (nitrara-C) was undertaken. Nitrara 
C was >15 times less susceptible to the enzyme 
and exhibited comparable antitumor activity in 
L1210 leukemia. l 8  The synthesis of 3'-amino- 

HO OH 2', S'-dideoxycytidine and i ts  otent activity in 
L1210 leukemia was r e p ~ r t e d . ? ~  A comparison 

2 x=s of the - -  in vivo L1210 activity of sangivamycin 
with i ts  2'-deoxy, 3'-deoxy, and 5'-deoxy 3 X:Se 

retained the activity of the 

NHFoh 

H°F 
analogs revealed that only the 3'-deoxy analo 
parent albeit at an enormous loss of potency. fo 

Several papers have appeared detailing the mechanisms by which 
acivicin acts to reduce pyrimidine nucleotide content in affected cells. In 
rats inplanted with hepatoma 3924A (s.c.), acivicin acts to rapidly inacti- 
vate GMP synthetase, CTP synthetase, carbamoyl-phosphate synthetase I1 
and amidophosphoribosyl transferase. In independent studies it was 
shown that acivicin in combination with D-galactosamine produced a syner- 
gistic decrease in UTP content of AS-3OD rat hepatoma cells.22 I t  was 
suggested that the free carboxyl function of acivicin is essential to its 
ability to bind to y-glutamyl transferase and by inference to other en- 
zymes inactivated by the A report of the Phase I1 trial of 
acivicin in heavily pretreated metastatic breast cancer patients indicated 
no activity. 2 4  

Alkylating Agents - Phase I clinical trials of SOAz (1,3,3,5,5 penta- 
kis(aziridino)-lhb , 2 , 4 , 6  ,3h5 ,5A5 thiatriazadiphosphorine-1-oxide) have 
been completed. Cumulative myelosuppression was observed to be dose 
limiting-no responses were seen. 2 5  Metabolic studies on cyclophosphamide 
and ifosfamide have indicated the necessity for metabolic activation at C4. 

A number of putative metabolites of ifosfamide 
have been synthesized and demonstrated to be 
present in the urine of patients receiving 
drug.26 The crystal structures of the iso- 
meric 4-hydroperoxy ifosfamides 4 and 5 have 
been determined. In both isomers The 4- 
hydroperoxy group is axial. 2 7  The synthesis 

Y ' O  NH *Cl and in vivo evaluation of a 1,3-dipalmitoyl- 
glycerol ester of chlorambucil has been report- 
ed. The compound showed reduced toxicity 
and significantly greater activity against ip im- 
planted P388 with oral dosing relative to 
chlorambucil. Evidence was presented for 
selective uptake into the lymphatic system. 2 8  
Analysis of the activity of a series of nitro- 
soureas at the cellular level has shown that 
activity is not influenced by the structure of 
the N 3  substituent , lipophilicity , or carbamoy- 
lating activity. The observed differences in & 
vivo bioactivity can most likely therefore be 

zfi NTp\Z 

Br 4 
- -  

5 YzNH-Cl 2 - 0  

6 - 
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explained by differences in b i o d i ~ t r i b u t i o n . ~ ~  The synthesis of a bis 
bioreductive alkylating agent 6 has been reported.30 The compound is 
inactive in cell tissue culture %ut exhibits good in  -- vivo activity in mice 
inoculated with D98/HRI cells. The authors propose that the compound is 
bioactivated by reduction in the hypoxic core of the tumor. 

Metal Complexes - The Fourth International Symposium on Platinum Coor- 
dination Complexes in Cancer Chemotherapy covered various aspects of 
the synthesis, biochemistry, pharmacology, toxicology and clinical evalu- 
ation of platinum containing drugs.  A study correlating the structure 
of platinum complexes with activity, toxicity, and lability has appeared. 32 
I t  was shown in cultured L1210 cells that growth inhibitory action is 
correlated with the nature of the inert ligands and the toxicity is corre- 
lated with the rate of hydrolysis of the labile ligands. A study reported 
the synthesis and activity of a series of complexes containing 2,3-diamino- 
propanol as  the amine ligand. Both the R and S complexes were prepared 
and their activities compared.33 The R complexes were generally more 
active and potent than the S complexes. I t  has been generally accepted 
that the ability of cis-DDP to interact w i t h  DNA and to form crosslinks is 
responsible for the-bserved antitumor effects. Recently the ability of 
both cis-DDP and trans-DDP to inhibit DNA synthesis in cultured L1210 
cells has been studied.34 I t  was found that the ability of the trans 
isomer to penetrate the cell is 8 fold greater than that of the cis isomer 
and that the ability of both cis- and trans-DDP to inhibit DNA replication 
is approximately equal suggexing that quantitative DNA synthesis inhibi- 
tion is not the whole story, A study of cis- and trans- DDP on RNA 
transcription has also indicated that the trans isomer is more potent in 
vitro and more toxic in This was interpreted as  implying t h a  
S D P  - may react with-a-hly specific D N A  configuration. The use of 
terbium fluorescence as a probe of the interaction of cis- and trans-DDP 
with naturally occurring DNA fragments has indicated that - cis-DDP causes 
the DNA-helix to open up to permit terbium-guanine interaction to 
occur.36 The trans isomer has no effect. Some light may have been 
shed on the remarkable synergism seen between cis-DDP and bleomycin. 
Treatment of two restriction fragments of pBRT2 DNA with cis-DDP 
resulted in the activation of several new cutting sites in G C  rich regions 
of the DNA for bleomycin.37 One concern of cis-DDP therapy has been 
the nephrotoxicity seen in clinical use and thesubsequent  necessity to 
hydrate patients. A report of the Phase I clinical trial of cis-dichloro- 
trans-dihydroxy-bis-isopropylamine platinum IV (CHIP) has s h o w n  that 
this platinum IVYnalog of cis-DDP was devoid of significant nephro- 
toxicity as predicted by pyecliKcal models. 38 

A number of reports of non-platinum antitumor metal complexes have 

ruthenium I1 complexes with cis-DDP .in an LLC 
metathesis model showed that rhodium and ruth- 
enium complexes were as effective as cis-DDP in 
reducing lung metastases. 39 The localization of 
titanium and vanadium metallocenes by electron 
energy loss spectroscopy within Ehrlich ascites 
tumor cells has been reported.40 The drugs 
accumulate in the nuclear heterochromatin. A 
new class of titanium containing compounds was 
reported. Compounds of general formula 7 (X=F, 
C1, B r )  were shown to be curative in L1210 
leukemia.41 The results of a Phase I1 trial of 
gallium nitrate in malignant lymphoma using 

appeared. A comparison of a number of rhodium I ,  iridium I and 

Q 

7 
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heavily pretreated patents showed an 18% response rate.42 The use 
of sodium hexachloroiridate to treat mouse ovarian tumors has been re- 
ported to be curative. 

Natural Products - Research on natural products continued to supply 
interesting new lead structures in 1983. In addition, work on the mecha- 
nism of action of natural products has provided new insights useful in 
analog design. Two papers have appeared which will be quite useful to 
those responsible for the discovery and evaluation of new agents. The 
biochemical prophage induction assay has been developed as a useful 
prescreen for antitumor agents and has been adapted for bioauto- 
graphy.44 A quite useful compilation of data on the properties of 59 
antitumor agents relevant to -- in vitro human tumor stem cell assays has 
appeared. 

The interaction of bleomycin with metal ions and the chemistry 
associated with this interaction has been the focus of numerous studies 
aimed at  elucidating the detailed mechanism of action of this drug. A 
recent paper notes that the interaction of bleomycin with iron gives a 
reactive intermediate which cleaves DNA. 46 Ferrous ion-bleomycin inter- 
action results in chemiluminescence suggesting that the activated interme- 
diate may be electronically excited. Mossbauer studies of the ferrous and 
ferric bleomycin complexes indicated that the latter complex may exist in 
two distinct conformations. 47 In a study of cobalt-bleomycin complexes, 
the existence of a cobalt-bleomycin-hydroperoxide complex capable of 
nicking DNA has been demonstrated. 48 

The isoquinolinequinones related to saframycin have generated a good 
deal of interest in the past few years. A'review covering isoquinoline- 
quinones from both marine and fermentation sources has appeared. 
Several papers reporting saframycin-like antitumor agents having reduced 
quinone rings, or precursors to quinone rings, have been published. 
Details of the structure of saframycin R - 8 and i ts  interaction with 

43 

CHP C Ha @:cHaQ.$: C H,O 
@::; 

HO CN CHa 
NH NH 
COCOCH, COFHCH, 

NH, 
8 B 10 

DNA suggest that cleavage of the glycolic acid function may occur to 
activate the drug.50 The structures of two new compounds related to 
saframycin, i.e. safracin A (R=H) and B (R=OH) 9 have been reported.51a 
Safracin A and B are both active on P388 leukemi; (T/C 150 at 50 mg/kg 
and T/C at 170 1.0 mg/kg respectively). s1 The highly simplified saframy- 
cin-like DC-52 - 10 has also been isolated ( T / C  147 at 12.5 mg/kg in 
P 3 8 8 ) .  52 

A comparison of the antitumor activities of mitomycin C and M-83 
(7-N-(-p-hydroxyphenyl)mitomycin C )  has appeared. 53 Compound M-83 is 
presently in Phase I clinical trials in Japan.The results ,of a structure- 
activity study of @-substituted 7-ethylamino mitomycins have been pub- 
lished. Two analogs, 7-N-8-fluoroethyl mitomycin C and 7-N-8-mercapto- 
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ethyl mitomycin C , gave exceptionally 
good activity in the P388 and B16 murine 
models. 54 The products of reductively 
activated mitomycin C with d(GpC) have 
been isolated.55 The major product was 
derived from reaction of the 0 -6  of 
guanosine at the 1 position of the mito- 
sene derived from mitomycin C .  The 
question of mitomycin C activation by the 
hypoxic component of tumors has received 
a good deal of attention. A recent paper 
concludes that while mitomycin C is active 
against hypoxic cells, it has only minor 
specificity for hypoxic as compared with 
aerobic cells in V ~ V O . ~ ~  The absolute 
configuration oT m'ltomycin C has been 
revised based on x-ray determination of 
the structure of 1-N-(p-bromobenzoy1)- 
mitomycin C .56 

Research into the nature of the 
chromophore(s) associated with the chro- 
mopeptides auromomycin and neocarzino- 
statin has resulted in further insights 
into the mechanism of action of these 
molecules. It has been shown that the 
D N A  cleaving action of auromomycin and 
its chromophore is antagonized by ethi- 
dium bindings7 and further that a free 
radical ma be involved in the DNA 
breakage.5J A partial structure has been 
proposed for the chromophore of neocar- 
zinostatin which accounts for all the 
heteroatoms and proposes the presence of 
a strained oxygen ring (possibly an epox- 
ide). 59 Mechanistic studies on CC-1065 
(7- [ [ 1,6-dihydro-4-hydroxy-5-methoxy-7- 
[ (4,5,8,8atetrahydro-7-methyl-4-oxocyc- 
lopropa[ c]  benzo[ 1,2-b : 4 ,  3-b1] dipyrrol-2 (- 
1H)-yl)carbonyllbenzo[ 1,2-b:4,3-b'ldipyr- 
rol3(2H)-yl]carbonyl] -lf6-dihydro-4-hyd- 
roxy-5-methoxy-benzo[ 1,2-b : 4,3-b11 dipyr- 
role-3 (2H)  -carboxamidel focusing on cell 
cycle effects have indicated a slowing 
through S phase and blockage of cell 
progression from G to M.60 Two papers 
have appeared whit% demonstrate that the 
DNA strand scission is responsible for the 
cytotoxicity of VP-16 (4'-demethylepipodo- 
phyllotoxin-9- (4,6-O-ethylidene- 8-D- 
glucopyranoside) 1. 9 62 Using alkaline- 
elution techniques both single and double 
strand breaks were detected. 61 

The biosynthesis of gilvocarcin V 

Details 
11 has been shown to proceed through a 

polyketide chain with the vinyl z roup  arising from propionate. 63 
of the fermentation, isolation and initial biological evaluation of ravi- 
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domycin 12a have been published.64* 65 The isolation of virenomycin V 
and M 13Tb from Streptomyces albaduncus and their P388 activity were 
p r e s e n t e v  Interestingly, both the vinyl and methyl substituted com- 
pound showed good P388 activity. 

A revised structure for carzinophilin (14)  has been proposed based 
upon a revision of the molecular weight a s  determined by molecular 
secondary-ion mass spectrometry. 67 A screening program of extracellular 
polysaccharides of marine bacteria against sarcoma-180 in mice has led to 
the discovery of marinactin which is a heteroglycan consisting of glucose, 
mannose and fucose (7 : 2:  1) .  68 Marinactan gave 70-90% inhibition of 
growth in solid sarcoma 180 when dosed at 10-50 mg/kg on a QD 1+10 
schedule. The structure determination of kijanimicin, a novel tetronic 
acid, was reported.69 Recently it has been shown to have modest activ- 
ity in P388 and B16 tumor models.70 

Anthrac clines - Two reports of Phase I1 clinical trials with 4I-epido- 
*ED) in a variety of malignancies have appeared. The 
response rate in previously untreated breast cancer patients was 54%. 
Responses were also seen in endometrial carcinoma, cervical carcinoma, 
non-Hodgkins lymphoma, melanoma, and skin cancer. Only a single 
partial responder was seen in 34 evaluable cases of non-small cell lung 
cancer. 72 

The earlier discovery that replacement of the 3'-amino group by a 
morpholine in daunomycin gave a compound significantly more potent than 
the-parent drug has led to an 

I 5  

OH OH 0 

16 

investigation of-the cellular pharma- 
cology of 3'-desamino-3'-morpholinodauno- 
rubicin (3'-MD) in human colon carcinoma 
cells. It has been found that 3'-MD 
preferentially inhibits RNA synthesis vs 
DNA synthesis73 and the cellular u p t a z  
of 3'-MD is approximately 15 times faster 
than that of adriamycin.74 Despite the 
greater bioavailability 3'-MD w a s  less 
cytotoxic in vitro than adriamycin. 
Replacement-of the 3I-amino function of 
adriamycin by a cyano-morpholine group 
led to a compound 15 which has 600 times 
the otency of adrzmycin in P388 leuke- 
mia.P5 The antitumor efficacy of 15 and 
adriamycin are comparable in P388 wTth 15 
being less active in L1210 and B16 melG 
noma. The quinomethide tautomer 16  has 
previously been proposed as a reactive 
intermediate capable of alkylating biolo- 
gical macromolecules. Evidence for the 
existence of 16 has been obtained via 
trapping expesments. 76 The cardiotoxi- 
city of anthracycline antitumor agents has 
been postulated to be due to special 
biochemical conditions occurring in cardiac 

tissue which favor an anthraquinone catalyzed electron shuttle to H 2 0 2  
resulting in the generation of OH radicals.77 A study of liposome-encap- 
sulated adriamycin has indicated that less cardiotoxicity is associated with 
this formulation. 78 

Two new anthracyclines related to nogalamycin have been reported. 
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Arugomycin has seven sugar residues glycosidically attached at the 7 and 
4' positions on the aglycone. 79 Decilorubicin has four sugar residues and 
is missing the phenolic hydroxy at C4 and the C10-carbomethoxy func- 
tion.80 Both compounds contain an unusual nitrosugar in the sugar 
chain. 

Analog studies based on the anthracyclines have resulted in the 
discovery of mitoxantrone (DHAQ) and bisantrene. A comparison of the 
cytotoxicities of several analogs related to DHAQ and bisanthrene 
appeared. 86 Experimental and computer graphics studies of DHAQ 
results consistent with DHAQ being an intercalative binder to DNA.  
comparative study of daunorubicin and DHAQ has shown that DHAQ does 
not cause lipid peroxidation in contrast to daunorubicin. 82 The authors 
postulate that this may explain the relatively low cardiotoxicity of DHAQ. 
It was shown that the phenol groups of DHAQ influence both drug uptake 
and interaction with DNA. 83 The 1,2-dihydroxy analog was equiactive 
with DHAQ although approximately 8-fold less potent at the optimum dose. 
Methylation of the phenol functions led to a substantial loss in potency.84 
Reports of a clinical trial of bisanthrene in metastatic breast cancer 
revealed a 21% partial response rate in heavily pretreated patients. 8 5  

8 yv: 

Miscellaneous Synthetic Agents - Several papers have appeared on the 
mechanism of action and synthesis of new ANISA (4'-[ (9-acridiny1)aminol- 
methanesulphon-m-anisidide) analogs. Evidence has been advanced that 
mAMSA intercalation into DNA induces a type I1 topoisomerase to break 
the DNA.  86 The use of known topoisomerase inhibitors, i.e. novobiocin 
and coumermycin, negated the DNA cleavage activity of mAMSA. A series 
of 3',5'-substituted analogs had lower binding constants with DNA and 
were inactive. 87 The synthesis of a series of 3-substituted-5-carboxamido 
analogs of mAMSA has helped to further define the SAR's of this interest- 
ing class of AMSA derivatives.88 

The mechanism of action of a number of new analogs of eilipticine 
has been the subject of several papers. Activation of (9-OH-NME ) 17 by 
a peroxidase-H202 system gives the quinone imine 2 (R=H) and eventually 

the orthoauinone 19. 89 
Me 

17 

- 
In the presence of 
nucleophiles , sub- 
stitution of H10 was 

Me 

18 

I 9  20 

observed leading to 
the formation of ad- 
ducts 18 (R= methoxy, 
cystein-1, pyridi- 
nium).& Compound 18 
has been shown to 
mutagenic in &I- 
monella.gl A second 
ellipticine analog BD40 
(20) has good anti- 
tumor activity but is 
not mutagenic in 
yeast. 92 Modifications 
of 20 in the sidechain 
or intercalating hetero- 
cycle failed to give im- 
provements in the in - 
vivo activity. 9 3 - 
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The role of retinoids in differentiation and carcinogenesis was the 
Results of a clinical trial of the oral re- subject of a review article.94 

tinoid Ro13-6298 (21a) in the treatment of solar keratoses and squamous 
cell epithelioma have been published. 

'OR Ro13-6298 produced a reduction in the 
number of lesions. The results of an 
SAR study of compounds related to 2 1  
was p ~ b l i s h e d . ~ ~  When tested -- in vit% 
in the differentiation assays using mur- 
ine F9 teratocarcinoma cells and human 

2 l a  R=Et  HL-60 promyelocytic leukemia cells, 
ComDound 21 was more active than its 3- 

- 

cd--" \ 4 

b R = H  methyl an&g in the F9 assay while the 
order of activity was reversed in the 
HL60 assay. 
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Chapter 15. A n t i p a r a s i t i c  Agents 

Bernard J .  Banks, 
P f i z e r  Cent ra l  Research, Sandwich, Kent, England. 

General : A use fu l  i n t r o d u c t i o n  t o  p a r a s i t e  chemotherapy has been 
pub l ished.1  The t a r g e t  s i t e s ,  modes o f  a c t i o n  and mechanisms o f  t he  
s e l e c t i v e  t o x i c i t i e s  o f  drugs used i n  t h e  t rea tment  o f  protozoan, 
p l a t y h e l m i n t h  and nematode i n f e c t i o n s  are  c l e a r l y  presented i n  t a b u l a r  
form. A f u l l e r  account o f  human p a r a s i t i c  diseases has a l s o  appeared? 
Advances i n  t h e  knowledge o f  human i n t e s t i n a l  protozoan and he lm in th  
i n f e c t i o n s  have been reviewed 3 and some c u r r e n t  problems, r a t i o n a l  
approaches and recen t  progress i n  a n t i p a r a s i  t i c  chemotherapy were 
c o n c i s e l y  discussed.4 Ob jec t i ves  and p r i o r i t i e s  f o r  t he  c o n t r o l  o f  
i n t e r n a l  p a r a s i t e s  o f  ruminants i n  t h e  U.S. have been reported.5 
Proceedings o f  t he  F i f t h  I n t e r n a t i o n a l  Congress o f  P e s t i c i d e  Chemistry 
have been pub1 i shed.6 

HELMINTH AND ECTOPARASITE INFECTIONS 

Avermectins: The screening s t r a t e g y  t h a t  l e d  t o  d iscovery  o f  t he  
avermect ins,  t h e i r  f e rmen ta t i on  development and t h e  u t i l i t y  o f  t h e  major  
component o f  t he  complex, avermect in B , (L) has been d e ~ c r i b e d . ~  
Summarized i n f o r m a t i o n  on i ve rmec t in  (22,2?i-dihydroavermectin B1) as an 
agent f o r  t h e  c o n t r o l  o f  animal endo- and ec to -pa ras i tes  has been 
updated.8 Paten ts  have appeared desc r ib ing  new avermect ins ob ta ined by 
fe rmen ta t i on ,  microsomal o x i d a t i o n  o f  e a r l i e r  compoundslO and semi- 
sy n thes  i s. 11 

R R R  R - X-Y -5 -13 -25 - 
1 H A sBu H CH=CH 

3 H  A s B u H  Z 
4 H A sBu H CH2C0 
5 Me A sBu H Z 
7 H B sBu H CH=CH 7 

8 Me B sBu H Z 
9 H A i P r  H CH2CH2 

2 H A sBu OH CH=CH Ck3 

B 

0 
CH3 

10 H H i P r  H CH2CH2 OR5 

I 

o \  6 
-O-- @i CH3 

The metabol ism o f  [3Hlavermect in B1, by s t e e r  o r  r a t  l i v e r  microsomes has 
been studied.1, The major p o l a r  me tabo l i t es  account ing f o r  50-80% o f  t h e  
t o t a l  r a d i o a c t i v i t y  were i d e n t i f i e d  as 2 and i t s  monosaccharide. 22,23- 
Dihydroavermect in B,, gave a s i m i l a r  r e s u l t .  22,23-Dihydro-2 can a l s o  be 
recovered from l i v e r s  o f  s tee rs  g iven i ve rmec t in  subcutane&sly 14 days 
p rev ious l y .  l3 S o i l  m i c r o b i a l  o x i d a t i o n  o f  avermect in B,, (3 )  , r e c e n t l y  
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repor ted l3 e f f e c t i v e  against  the root -knot  nematode, Meloido ne 
incogni ta ,  y i e l d s  the ketone 4. This metabol i te,  a l so  n e m a t d  
shown t o  be more p e r s i s t e n t  than 3 and i s  responsible f o r  t he  prolonged 
a c t i v i t y  o f  3 when app l i ed  t o  son.14 The anthelmint ic  a c t i v i t i e s  and 
potencies o f  a c y l  d e r i v a t i v e s  o f  avermectins have been reported.15 O f  the 
poss ib le  mono- and d i -acetates o f  avermectins B,, and A,, (5)  on ly  the 
4"-O-acetates 2 and g re ta ined  the h igh  potency o f  I and 5 against  a 
Tr ichost rongylus c o l u b r i f o r m i s  i n f e c t i o n  i n  ge rb i l s .  Acy la t i on  o f  the 5- 
o r  23-hydroxyl groups r e s u l t e d  i n  subs tan t i a l  reduct ions i n  potency w h i l s t  
t h e  aromatic d e r i v a t i v e  6 was inac t i ve .  The potencies o f  f u r t h e r  
4"-O-acylated ma te r ia l s  decreased w i t h  increas ing 1 i p o p h i l  i c i  ty  o f  the 
subst i tuent .  No advantage f o r  2 over 1 was found when given o r a l l y  t o  
sheep i n f e c t e d  w i t h  Haemonchus contortus,  Oster tag ia c i rcumcincta,  
- T. -' axei  T. co lub r i f o rm is ,  Cooperia oncophora and Oesophagostomum 
columbianumT Ivermect in,  conta in ing p r i n c i p a l l y  22,23-dihydroavermectin 
B has received approval f o r  use i n  p igs  i n  the  U.K. An i n j e c t e d  dose 
oSa'D.3mg/kg i s  employed f o r  the t reatment and c o n t r o l  o f  nematodes 
(Asca r i s  w, Hyostrongylus rubidus, Oeso ha ostomum and Strongy- 
l o i d e s  ransomi), a d u l t  l u n g w o r m s a s t r o n  *lice l u s  s (Haematopinus 
- suis), and mange mi tes (Sarcoptes scabie i  va r  s u i T l 6  T r i c h u r i s  suis i s  
r e f r a c t o r y  a t  doses up t o  O.5mg/kg.l7 E f f i c a c y  o f  ivermect in  i n  t r e a t i n g  
Onchocerca vo l vu lus  i n f e c t i o n  ( r i v e r  bl indness) i n  man a t  s i n g l e  o r a l  
doses o f  up t o  0.05mg/kg was assessed by determining t h e  number o f  
m i c r o f i l a r i a e  recovered from s k i n  snips. Great reduct ion i n  the numbers 
were seen i n  a l l  subjects rece iv ing  0.03 o r  0.05mg/kg and complete 
e l i m i n a t i o n  was observed i n  6 o f  8 p a t i e n t s  rece iv ing  the upper dose.le 
The p r a c t i c a l  value o f  the m i c r o f i l a r i c i d a l  ac t i on  o f  ivermect in  i n  
endemic areas remains t o  be establ ished. 19J20 

The ac t i ons  o f  avermectins on the GABA receptor-ch lor ide ionophore complex 
have been reviewed.,l Avermectin B,, a t  concentrat ions as low as 50nM i s  
repor ted t o  i n h i b i t  the b ind ing o f  s t rychnine t o  the postsynapt ic  g l yc ine  
receptor  - c h l o r i d e  ionophore complex i n  membrane bound o r  so lub l i zed  r a t  
sp ina l  chord preparations.,, 

Other Endectocides: The s t ruc tu res  o f  the avermectins and the  milbemycins 
were i n t e r r e l a t e d  by the conversion o f  22,23-dihydroavermectin hb (9)  t o  
milbemycin B-41D (10) .23 Compound lo, t he  f i r s t  o f  the C-25 i sop ropy l -  
bear ing m i l b e m y c i n s i s  more potent  as an anthelmint ic  than mixtures o f  
milbemycins a 2  and a 4 .  24 Review a r t i c l e s  descr ib ing the producing 
organism, 25 s t r u c t u r e  determinat ion 26 and b i o ~ y n t h e s i s ~ ~  o f  t he  
milbemycins are a v a i l a b l e  as i s  a b r i e f  account o f  a l l  three aspects.28 

R R R  R R  -1 -2 -3 % -5 -6 

11 Me H Me0 H A i P r  
12 Me H Me0 Me A i P r  
13 Me H Me0 H Me i P r  
14 H Me Me H B E t  

A=COCH=CHC02H; 

B=COCH=CHCONHC=C( OH)CH2CH2C0 
I 

Fermentation-derived lactones w i t h  
proposed s t ruc tu res  11, 12 and 13, 
have been patented as p a r a s i t i -  
c ides e f f e c t i v e  against  insects ,  Me 
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ar th ropods,  nematodes and cestodes. 29 They show a c t i v i t y  a g a i n s t  t h e  f r e e  
l i v i n g ,  s o i l  nematode Caenorhabd i t i s  elegans a t  l e s s  than 30mcg/ml. I n  
common w i t h  t h e  avermect ins they  cause t h e  re lease  o f  GABA f rom i s o l a t e d  
r a t  b r a i n  synaptosomes though the  tapeworm a c t i v i t y  o f  these compounds i s  
n o t  shared by t h e  avermectins. A f o u r t h  l ac tone  o f  t h e  se r ies ,  14 has 
bo th  tapeworm and a n t i p r o t o z o a l  a c t i v i t y  w i t h  G i a r d i a  lamb1 ia-being 
employed t o  d e t e c t  14 d u r i n g  i s o l a t i o n .  3o 

Endoparasi t i c  a c t i v i t y  f o r  t h e  known e c t o p a r a s i t i c i d e  15 was repor ted  
a g a i n s t  a r t i f i c i a l l y  e s t a b l i s h e d  Haemonchus c o n t o r t u s  i n f e c t i o n s  i n  sheep 
w i t h  doses i n  the  range 0.5-1.0mg/kg p r o v i d i n g  90% r e d u c t i o n  i n  he lm in th  
egg excret ion.31 Compound 15 was e q u a l l y  e f f e c t i v e  a g a i n s t  a s t r a i n  o f  
- H. c o n t o r t u s  r e s i s t a n t  t o  th iabendazole,  parbendazole and albendazole. 
S i m i l a r  a c t i v i t i e s  were a l s o  repo r ted  f o r  t h e  c l o s e l y  r e l a t e d  2-ary lazo  
and 2 -a ry l  hyd raz ino im idazo l i ne  32*33 and t h i a z o l  ine34 d e r i v a t i v e s  16-24 vs. 
- H. c o n t o r t u s  i n  sheep as were a c t i v i t i e s  aga ins t  Boophi lus S c E p E  
B i a r r a  s t r a i n .  

X - R - 
16 H NH 
17 CgHgS02 NH 

18 @lC,H4S02 NH 
19 H S 

‘ S  

R R X -1 -2 - 
2 1  Me Me NH 
22 Me Me S 
23 C1 C1 NH 

25 24 C1 Me NH 

The egg l a y i n g  o f  B. m ic rop lus  was comple te ly  i n h i b i t e d  by t h e  t o p i c a l  
a p p l i c a t i o n  o f  a t a  dose o f  lOmcg/t ick. Contac t  i n s e c t i c i d a l  a c t i v i t y  
- vs. L u c i l i a  cup r ina  l a r v a e  was found a t  a dose o f  100mg/m2 o f  compound 
impregnated sur face  and a n t h e l m i n t i c  e f f e c t s  on C. e legans were observed 
a t  a concen t ra t i on  o f  lomcg/ml .35 

Praz iquan te l  : A major  rev iew desc r ib ing  syn thes is ,  SARs, pharmaco- 
k i n e t i c s ,  metabolism, tox i co logy ,  pharmacology, t o l e r a t i o n ,  mode o f  a c t i o n  
and e f f i c a c y  o f  p r a z i  uan te l  vs. trematodes and cestodes was publ ished.36 
F o l l o w i n g  t h e  repor t3$  o f  syn=y f o r  oxamniquine and p raz iquan te l  i n  the  
therapy  o f  Schistosoma mansoni i n f e c t i o n s  i n  mice, a c l i n i c a l  study o f  
p a t i e n t s  i n f e c t e d  w i t h m a n s o n i  and S. haematobium has been 
undertaken.38 Mean egg c o u n t r e d u c t i o n s  o f  95 and 97%, f o r  S, mansoni and 
- S. haematobium, r e s p e c t i v e l y ,  were recorded s i x  months pos t - t rea tmen t  
f o l l o w i n g  the  simultaneous a d m i n i s t r a t i o n  o f  s i n g l e  o r a l  doses o f  oxamni- 
qu ine  (7.5mg/kg) and p raz iquan te l  (15mg/kg). The au thors  conclude t h a t  
t h e  inc idence and s e v e r i t y  o f  s ide  e f f e c t s ,  observed f o l l o w i n g  t rea tment  
w i t h  oxamniquine (30mg/kg) o r  p raz iquan te l  (40mg/kg) i n  areas o f  very  
heavy S. mansoni i n f e c t i o n s ,  a re  reduced by t h e  combinat ion therapy. 

Benzimidazole Carbamates: An ex tens i ve  survey o f  mebendazole and re1 a ted  
5 - s u b s t i t u t e d  benzimidazole a n t h e l m i n t i c s  i s  a v a i l a b l e .  39 The biochemical  
c h a r a c t e r i s a t i o n  o f  a he lm in th  ( A s c a r i d i a  g a l l i )  t u b u l i n ,  t h e  proposed 
b i n d i n g  s i t e  o f  t he  benzimidazole carbamates, has been achieved f o l l o w i n g  
p u r i f i c a t i o n  by column chromatography on D E A E - S e p h a d e ~ . ~ ~  A s i n g l e  peak 
was respons ib le  f o r  bo th  c o l c h i c i n e  and parbendazole b i n d i n g  a c t i v i t y .  

20 CgHgS02 
Me Me 
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Two dimensional polyacrylamide gel  e lect rophores is  o f  helminth and 
mammalian t u b u l i n  revealed a d i f f e rence  i n  t h e i r  a-subunits. Th is  was 
conf i rmed by l i m i t e d  p r o t e o l y t i c  pept ide mapping where i t  was c o n s i s t e n t l y  
observed t h a t  some pept ides were novel t o  each t u b ~ l i n . ~ ~  It was 
suggested t h a t  the d i f f e rence  i n  the cytoplasmic a - t u b u l i n  subuni t  
descr ibed compared w i t h  t h a t  o f  mammalian c e l l s  could account f o r  the 
s e l e c t i v e  t o x i c i t y  o f  the benzimidazole carbamates w i thou t  the need t o  
pos tu la te  d i f f e r e n t i a l  pharmacokinetics between pa ras i te  and host. 

Morantel: The convent ional  use o f  ve te r ina ry  an the lm in t i cs  i s  f o r  the 
therapy o f  e x i s t i n g  i n f e c t i o n s  and does no t  prevent r a p i d  r e i n f e c t i o n  i n  
circumstances o f  continuous environmental chal lenge such as pasture 
grazing. A new sustained re lease morantel t a r t r a t e  d e l i v e r y  system f o r  
c a t t l e  has been described. 42 A s i n g l e  o r a l  treatment administered a t  
t u rnou t  provides p r o t e c t i o n  against  g a s t r o i n t e s t i n a l  nematode i n f e c t i o n  
f o r  the e n t i r e  grazing season. Improved performance compared w i t h  
unt reated o r  convent ional ly  medicated c a t t l e  was a l so  observed. 

Nematodes: Reviews have been pub1 ished descr ib ing the problems o f  drug 
res i s tance  and the  search f o r  more e f f e c t i v e  therapy against  r e s i s t a n t  
nematode disease. 43,44 A1 though pa ras i tes  are being c o n t i n u a l l y  added t o  
t h e  l i s t  o f  r e s i s t a n t  f i e l d  s t ra ins ,  e.g. Nematodirus spath iger  i n  
lambs,45 repo r t s  o f  novel agents have been scarce. A ser ies o f  
2-(perhydro-1,4-thiazepin-4-yl ) -e thy l  benzyl and benzhydryl e thers were 
repor ted t o  be a c t i v e  against  Rhabdi t is  strongyloides, w i t h  compound 6 
causing p a r a l y s i s  a t  a potency approximately one t h i r d  t h a t  o f  
thiabendazole. 46 The SARs o f  a ser ies o f  3,6-diaryl-(7H)-s-triazolo[3,4- 
b][1,3,4lthiadiazines were e luc idated using Ascar is v i t u lo rum -- i n  v i t r 0 . ~ 7  
Some a r y l  c l o p i d o l  d e r i v a t i v e s  (27) were a c t i v e  against  Nippost rongylus 
b r a s i l  i e n s i s  and Hymenolepis nana.48 Poor c o r r e l a t i o n  between potency i n  
the  Nematospiroides dubius model and a c t i v i t y  against  a na tu ra l  mixed 
t r i c h o s t r o n g y l  i d  nematode populat ion i n  sheep was repor ted f o r  2-hetero- 
aromatic-5 o r  6-isocyanato-benzoxazoles and benzthiazoles.49 Two recent  
se r ies  o f  n i  tro-2-naphthofuransso and n i  t r o i n d a z o l e s s l  have shown a c t i v i t y  
against  Syphacia obvelata i n  mice. 

axfi R=Me; X=O; NH C1; 
R /  / CH3 MeO; etc .  

CI 
26 27 

F i l a r i a :  The weak m i c r o f i l a r i c i d a l  e f f e c t s  o f  mebendazole and i t s  
pronounced embryotoxic a c t i o n  on Onchocerca vo lvu lus are synergized by 
levamisole. 52 M a c r o f i l a r i c i d a l  a c t i v i t y  f o r  the combination was no t  
observed. While the mechanism o f  t h i s  synergy i s  unknown, i t  has been 
proposed t h a t  the immunomodul a t i  ng p roper t i es  o f  1 evami so le are 
responsib le  r a t h e r  than a change i n  mebendazole pharmacokinetics. A 
f 1 ubendazole/levamisole combination was w i thou t  s i g n i f i c a n t  e f f e c t  on 
- 0. volvulus.  O f  a se r ies  o f  N-[4-CC4-alkoxy-3-[(dialkylamino)methyll 
p h e ~ o 1 - 2 - p y r i m i d y l ] - N i  -phenylguanidines evaluated e i t h e r  o r a l l y  o r  
subcutaneously i n  j i r d s  c a r r y i n g  i n f e c t i o n s  o f  Litomosoides c a r i n i i  and 
Brugia pahangi, compound 28 was the most promising against  a d u l t  
- L. c a r i n i i  g i v i n g  100% reduct ion i n  l i v e  worm numbers a t  3mg/kg/day 'p.0. 
f o r  5 days. M i c r o f i l a r i c i d a l  a c t i v i t y  was not  observed nor was a c t i v i t y  
- -  vs. B. pahangi, a model thought t o  be more re levan t  t o  0, vo lvu lus  
i n fec t i ons .  The corresponding benzimidazoles 29 were i n a c t i v e  i n  both 
t e s t  sy s tems . 54 



15 1 - Chap. 15 Antiparasitic Agents Banks 

R4 

CI 

H H  

28 29 30 

Fasc io la :  The chemotherapy o f  f a s c i o l i a s i s  has been reviewed.55 O f  t he  
agents c u r r e n t l y  a v a i l a b l e  o r  under development, t r i c l a b e n d a z o l e  
(CGA-89317) shows c l e a r  s u p e r i o r i t y  i n  t h e  c o n t r o l  o f  immature F a s c i o l a  
hepat ica .  55 The obvious advantages o f  e a r l y  c o n t r o l  coupled w i t h  a wide 
s a f e t y  index  a t  t he  recommended dose o f  lOmg/kg cou ld  make t r i c l a b e n d a z o l e  
an a t t r a c t i v e  agent f o r  f a s c i o l i a s i s  i n  sheep and ca lves .  A reduced dose 
o f  5mg/kg removes a d u l t  f l u k e s  from goats.56 Tr ic labendazo le  i s  weakly 
a c t i v e  aga ins t  D ic rocae l  ium and nematodes b u t  can be a p p l i e d  w i t h  o t h e r  
nematoci des . 
The c l o s e l y  r e l a t e d  sulphonyl  es te rs ,  e.g. 30, have been patented.58 

MK-401 (31)  and analogues are  repo r ted  as compe t i t i ve  i n h i b i t o r s  o f  bo th  
3-phosph$ycerate and ATP b i n d i n g  t o  phosphoglycerate k inase i s01  a ted  
f rom hepatica.59 Good c o r r e l a t i o n  o f  i n  v i t r o  and i n  v i v o  potency, and 
t h e  s i z e  o f  t h e  6 - s u b s t i t u e n t  has l e d  t o  a proposed mechanism o f  ac t i on .  

Synergy w i t h  benzimi dazole carbamates has been c l  aimed. 57 

CI 

31 32 33 

Pyre th ro ids :  The spread o f  organophosphate res i s tance  amongst t i c k  
popu la t i ons  and the  recen t  emergence o f  an A u s t r a l i a  t i c k  s t r a i n  r e s i s t a n t  
t o  t h e  amidine a c a r i c i d e s  p rov ide  t h e  background t o  t h e  i n t r o d u c t i o n  o f  
p y r e t h r o i d s  i n t o  the  a c a r i c i d e  market. W h i l s t  some compounds f i r s t  found 
use i n  c rop  p r o t e c t i o n ,  o the rs ,  e.g. f l u m e t h r i n  (32) have been developed 
f o r  a c a r i c i d e  use. They o f f e r  c o n t r o l  o f  r e s i s t a n t s t r a i n s  and t h e i r  h igh  
a c a r i c i d a l  potency a f f o r d s  extended p r o t e c t i v e  pe r iods  (7-15 days) which 
p e r m i t  l e s s  f requen t  d ipp ing .  60*61 I n  c o n t r a s t  t o  the  amidine c lass ,  
p r o t e c t i o n  f rom nuisance f l i e s  i s  achievable,  w i t h  as l i t t l e  as 
200mg/animal o f  c y h a l o t h r i n  (3) g i v i n g  g r e a t e r  than 28 days p r o t e c t i o n  
a g a i n s t  r e i n f e s t a t i o n  by Haematobia i r r i t a n s  exigua.61 

The mechanisms o f  s e l e c t i v e  a c t i o n  o f  p y r e t h r o i d s  have been reviewed. 62 
The s p e c i f i c  b i n d i n g  o f  [ 35S]-4-t-butyl  -l-phospha-2,6,7-trioxabicycl o 
[2.2.2loctane-l-sulphide, a r a d i o l i g a n d  f o r  t h e  p i c r o t o x i n i n  b i n d i n g  s i t e  
o f  t he  GABA r e c e p t o r - c h l o r i d e  ionophore complex, i s  i n h i b i t e d  by 
p y r e t h r o i  d e s t e r s  o f  (S) -a-cyan0-3-phenoxybenzyl a lcoho l  t h a t  cause type 
I 1  syndrome. 62 The i n  v i t r o  potency o f  t h i s  group o f  p y r e t h r o i d s  i n  t h i s  
assay i s  w e l l  c o r r e l a t e d  w i t h  t h e i r  i n t r a c e r e b r a l  t o x i c i t y  i n  mice. Th is  
obse rva t i on  coupled w i t h  the  p r o t e c t i v e  e f f e c t  o f  diazepam f o r  type  I 1  
po ison ing  63 suggests t h e  GABA r e c e p t o r / c h l o r i d e  ionophore complex t o  be a 
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primary t a r g e t  f o r  type 11 pyrethro ids,  w i t h  t h e i r  b ind ing s i t e  c l o s e l y  
associated w i t h  t h a t  o f  p i c ro tox in in .64  The broad e c t o p a r a s i t i c i d a l  
spectrum o f  the py re th ro ids  continues t o  a t t r a c t  a great  deal o f  syn the t i c  
a t t e n t i o n  w i t h  more than 100 patents publ ished dur ing 1983. A usefu l  
summation o f  the vast  l i t e r a t u r e  deal ing w i t h  the wel l -estab l ished 
p e s t i c i d e s  has been pub1 ished which a1 so discusses compound classes t h a t  
a f f e c t  i n s e c t  development ( c h i t i n  synthesis i n h i b i t o r s ,  j u v e n i l e  hormones, 
precocenes and xanthene dyes) and speculates as t o  t h e i r  p o t e n t i a l  
i n s e c t i c i d a l  usage. 65 

PROTOZOAL DISEASE 

Coccidia: A textbook on the b io logy o f  cocc id ia  has been publ ished w i t h  
key chapters descr ib ing the chemotherapy 66 and drug r e s i  stance67 phenomena 
associated w i t h  cocc id ios is .  The use o f  po lyether  ionophores as 
c o c c i d i o s t a t s  i s  increas ing as newer agents l i k e  salinomycin and naras in 
reach the market. Fur ther  agents i n  t h i s  c lass  have been reported68 and 
t h e  pharmacology and tox ico logy o f  the monovalent carboxyl  i c  a c i d  
ionophores have been reviewed.69 

Sporozoi t e s  o f  Eimeria t e n e l l a  surv ive exposure t o  lOOppm o f  monensin, 
sal inomycin or l a s a l o c i d  v i t r o  f o r  a per iod of 30 minutes, a t ime 
s u f f i c i e n t  t o  penetrate host  Merozoi t e s  were r a p i d l y  destroyed 
by pel1 i c u l a r  rup tu re  a t  these concentrat ions.  Prophylact ic-on ly  use o f  
drugs i n  t h i s  c lass  might thus be r a t i o n a l i z e d  since continuous 
admin i s t ra t i on  i s  requi red t o  destroy the p e r i o d i c a l l y  released i n f e c t i o u s  
merozoi tes.  

Me 

The i n  v i v o  a c t i v i t y  of l a i d lomyc in  (2) me Me 
against  t e n e l l a  i s  enhanced by 

the  pr imary hydroxyl group. Urethane 
d e r i v a t i v e s  o f  monensin (2) r e t a i n  the a n t i c o c c i d i a l  a c t i v i t y  o f  the 
parent  compound and the p c h l o r o p h e n y l  analogue had an ED50 o f  2mg/kg when 
evaluated as an an t ima la r ia l  i n  the Plasmodium berghei mouse model. 72573 
Recent novel s t r u c t u r a l  types from fermentat ion sources w i t h  a c t i v i t y  
aga ins t  t e n e l l a  i nc lude  lactones 3 6 T 4  and 37,75 and a l th iomycin (3 ) .76  
I n t e r e s t  i n  syn the t i c  a n t i c o c c i d i a l  agents continues t o  be s t rong and a 
review cover ing the pe r iod  t o  1981 i s  avai lable.77 Ribonucleosides o f  
lH-pyrazoloC3,4-dlpyrimidines are repor ted t o  i n h i b i t  the development o f  
- E. t e n e l l a  fi *.78-80 O f  p a r t i c u l a r  i n t e r e s t  was the c innamyl th io  
analogue 2 which c o n t r o l l e d  tene l l a ,  E. neca t r i x ,  E. b r u n e t t i  and 
-- E .  maxima a t  doses o f  25-100ppm. A dose of 800ppm was however needed f o r  
- E .  acervul  i n a  a c t i v i t y .  N-l-e-Benzophenone d e r i v a t i v e s  o f  6-atauraci  1 are 
h i g h l y  e f f e c t i v e  !& t e n e l l a  i n  v i v o  w i t h  the  most potent  e x h i b i t i n g  
broad spectrum a c t i v i t y .  81 I n  common w i t h  p rev ious l y  repor ted ser ies,  
adverse tox i co logy  precluded development. The reduct ion i n  potency 
against  t e n e l l a  i n  v i v o  found w i t h  the u r a c i l  analogue o f  t i a z u r i l  was 
thought t o  be r e l a t e d  t o  the reduced a c i d i t y  of the imide proton.82 

acy la t i on ,  p a r t i c u l a r l y  bu ty ra t i on ,  o f  35 
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Ma la r ia :  A s u c c i n c t  account o f  t h e  problems i n  ribose 39 
m a l a r i a  t rea tment  p rov ides  a u s e f u l  i n t r o d u c t i o n  
t o  the  topic.83More d e t a i l e d  reviews cover ing  chemotherapeutic advancesF4 
p r o s p e c t i v e  drug  development^,^^ chemoprophyl a x i  s86 and t h e  Seventh Asian 
M a l a r i a  Conference 87 a re  ava i l ab le .  S t r i n g e n t  p recaut ions  have been 
recommended 88189 f o r  t h e  i n t r o d u c t i o n  o f  mef loqu ine  i n  the  t rea tment  o f  
mu1 t i - r e s i s t a n t  f a l c ipa rum m a l a r i a  t o  p r o t e c t  t h i s  agent a g a i n s t  
r e s i s t a n c e  development. Greater b i n d i n g  o f  mef loqu ine  t o  phospho l i p ids  
has been proposed t o  account f o r  i t s  s u p e r i o r i t y  i n  t h e  t rea tment  o f  
c h l o r o q u i n e - r e s i s t a n t  1na la r i a .9~  Cons is ten t  w i t h  t h i s  hypothes is  a re  the  
en r i ched  l e v e l s  o f  p h o s p h a t i d y l i n o s i t o l  i n  ma la r ia  pa ras i tes .  

I n  a ma jor  study, numerous agents f rom the  8-aminoquinol ine c l a s s  were 
found i n a c t i v e  aga ins t  Plasmodium berghe i  y o e l l i / P .  11. n i g e r i e n s g  i n  
rodents  a1 though they  d i sp layed  moderate t o  h igh  a c t i v i t y  a g a i n s t  
- P. cynomolgi i n f e c t i o n s  i n  t h e  rhesus monkey. An abbrev ia ted  s imian  model 
has been proposed as s c i e n t i f i c a l l y  e s s e n t i a l  and economical ly feas ib le .g1  
M o d i f i c a t i o n  o f  e x i s t i n g  cont inuous c u l t u r e  methods f o r  P. f a l c i p a r u m  
a l l o w s  r a p i d  and accura te  de te rm ina t ion  o f  drug a c t i o n  i n  v i t r o  a g a i n s t  
t h e  human pathogen by m o n i t o r i n g  t h e  i n c o r p o r a t i o n  o f  3H-hypoxanthine i n t o  
p a r a s i t e  n u c l e i c  acids.  92 Using t h i s  CH3CH2 

procedure, t he  an t i cance r  drug s p i r o -  
germanium (40) was found a c t i v e  i n  t h e  
range 2.5-40nM/ml , w i t h  ch lo roqu ine-  CHsCH2 

r e s i s t a n t  s t r a i n s  tend ing  t o  be 
one-to-two f o l d  more suscept ib le .  93 

Trypanosomiasis: Wi th  no drugs i n t roduced  f o r  over twenty years,  
a t t e n t i o n  has focussed on p a r a s i t e  b iochemis t r y  t o  i d e n t i f y  new t a r g e t s  
f o r  drug a c t i 0 n . 9 ~  Recent developments i n  Chagas’ d isease and progress 
towards an animal model i n  which Trypanosoma c r u z i  induces a ch ron ic  
i n f e c t i o n  have been reported.95 Antagonism o f  polyamine metabol ism as a 
p o s s i b l e  approach t o  a n t i  trypanosomal agents has r e c e n t l y  been reviewed.96 
Comparison o f  o r n i t h i n e  decarboxylase (ODC) f rom t rypomast igo tes  o f  
T. b r u c e i  b r u c e i  and r a t  l i v e r  show the  p a r a s i t e  enzyme t o  be ove r  s i x t y  
t imes more s e n s i t i v e  t o  the  s u i c i d e  i n h i b i t o r  DL-a-difluoromethyornithine 
(DFM0).97 ODC blockade by DFMO on T. b. b ruce i  i n  r a t s  has been shown t o  
b l o c k  c y t o k i n e s i s  and induce changes i n  morphology resembl ing 
t rans fo rma t ion  of t he  bloodstream trypomast igotes.98 Calcium has been 
i d e n t i f i e d  as the  serum s y n e r g i s t i c  f a c t o r  respons ib le  f o r  t h e  inc reased 
a c t i v i t y  o f  sa l  i c y 1  hydroxamic a c i d l g l y c e r o l  combination.99 The amine 353C 
(41) was approximately 10-20 t imes more e f f e c t i v e  than t h e  g e n e r a l l y  used 
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n i f u r t i m o x  o r  benznidazole i n  producing a 
r a d i c a l  cure of T. c r u z i  i n  rnice.lo0 Well Br 

t o l e r a t e d  neuro lep t i c  phenothiazines could 
prov ide a lead f o r  new t rypanocida l  drugs, 
r a p i d  d i s i n t e g r a t i o n  o f  the p e l l i c u l a r  
l a y e r  o f  microtubules o f  b. b ruce i  
-- i n  v i t r o  having been reported.101- - 
Leishmaniasis: A l i t e r a t u r e  review on the search and development o f  
a n t i  leishmania1 drugs i s  avai lable.102 Pyrazolopyr imidines cont inue t o  be 
a major area o f  i n t e r e s t .  Compounds w i t h  a c t i v i t i e s  against  several 
Leishmania pa ras i tes  have been described 103-107 and t h e i r  metabol ism 
reviewed.108 Neuro lept ic  phenothiazines were repor ted e f f e c t i v e  against  
- L. donovani -- i n  v i t r o J o 9  Impor tant ly  chlorpromazine was found t o  k i l l  
amastigotes w i t h i n  human monocyte-derived macrophages. 

Other i n f e c t i o n s :  Chemotherapy o f  the t i c k - t r a n s m i t t e d  i n f e c t i o n s ,  
Anaplasma, Babesia, Cowdria and The i l e r i a ,  has been reviewed.l1° Halo- 
fuginone a t  l.Zmg/kg p.0. i n  two doses, g iven on the  f i r s t  and f o u r t h  days 
o f  fever,  was c u r a t i v e  i n  c o r r i d o r  disease (T. parva lawrencei  
i n f e c t i o n s ) ,  though recovered animals became 
carr iers .111 CG 10213-GO (42) was super ior  
t o  c u r r e n t l y  used 5 - n i t r o i m ~ d a z o l e s  against  OPN 
hepat ic  and caecal i n f e c t i o n s  o f  Entamoeba 
h i s t o l y t i c a  i n  hamsters 112 and Trichomonas 
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Introduction - Obesity results when energy intake exceeds energy 
expenditure. Since the therapeutic developments in this field were last 
reviewed here, efforts directed at the pharmacological manipulation of  
food intake have continued with an increasing emphasis on peripherally 
acting appetite suppressants. Selective modulation of the intestinal 
absorption of dietary carbohydrate and/or lipid is now possible with 
several new agents. Inhibition of lipid synthesis concomitant with a 
stimulation of lipid oxidation can now be achieved pharmacologically. 
Significant progress to design agents which enhance energy expenditure has 
occurred. Drugs in each of  these mechanistic classes are now undergoing 
early clinical evaluation and will be described in this review. The 
future availability of safe and effective pharmacologic agents with 
different mechanisms of action €or the treatment of obesity is 
encouraging. 

More extensive reviews describing antiobesity drugs which function by 
modulating energy intake, intestinal absorption of dietary carbohydrate or 
lipid, fatty acid synthesis, lipid utilization and energy expenditure have 
appeared recently. 

ANORECTIC AGENTS 

The classical approach to the pharmacological treatment of obesity 
has relied predominantly on the use of  appetite suppressants. These 
agents, primarily phenethylamine derivatives, lower food intake by 
potentiating central dopaminergic, serotoninergic or p-adrenergic 
mechanisms or antagonizing a-adrenergic pathways. Since the last review 
in this series1 several monographs on obesity and appetite regulation have 
appeared. 6-10 However, few studies have been reported on the clinical 
efficacy of new antiobesity agents. 

Anorectics Acting Through Serotoninergic Mechanisms - Fenfluramine pro- 
duces anorexia by mediating the release and inhibiting the reuptake of 
serotonin, although it also affects lipid and carbohydrate metabolism. 
The fenfluramine-induced inhibition of gastric emptying is not antagonized 
by midbrain lesions of the raphe nuclei in free feeding rats, although 
similar lesions antagonize its anorectic effect in food deprived rats. l 1  
These data and the observed absence of a correlation between fenfluramine 
levels and weight loss in patients12 suggest a complex mechanism of action 
which may involve peripheral activity. 

The antidepressant serotonin uptake inhibitor femoxitine (1) 
decreased body weight in obese patients treated for 12 weeks. Femoxitine 

ANNUAL REPORTS IN MEDICINAL CHEMISTRY-I9 
Copyright 0 1984 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 
ISBN 0-12-040519-9 



158 Sect. IV - Metabolic Diseases and Endocrine Function Pawson, Ed. - 

is more effective in patients less t-han 45 years old.13 It remains to be 
determined whether norfemoxitine, a metabolite found in serum of treated 
patients, also has antiobesity activity. Zimelidine (2) decreased 

CH? 
I -  

1 - 2 - 

weight gain and subjective hunger ratings in obese patients.15 Some 
patients treated for depression with bupropion report decreased 
appetite. l6 

RU 25591 ( 3 ) ,  also a potent serotonin uptake inhibitor, suppresses 
food intake in dogs, rats and pigs.'? The trans isomer has no effect on 
food intake in dogs. Tolerance t o  the anorexigenic activity of RU 25591 
developed during a two-week course of treatment. The duration of action 
for the appetite suppression is shorter than that observed for the 
inhibition of serotonin uptake, suggesting the involvement of other 
pathways in its mechanism of action. 

Two recently described anorectics, CM 57373 ( 4 )  and CM 57493 (5 )  
reduce 5-hydroxyindoleacetic acid in rats, suggesting a serotoninergic 
mechanism.l8 The effect of CM 57373 is incompletely antagonized by two 
centrally acting serotoninergic antagonists, metergoline and methysergide, 
whereas the peripheral serotoninergic antagonist xylamidine has no effect. 
The anorectic potency of CM 57493 is decreased in cross-tolerance studies 
with fenfluramine and is antagonized by propranolol, but not by phentol- 
amine or penfluridol. p-Q - CH2 - CH* - CN 

Anorectics Acting Through Dopaminergic Mechanisms - The dopaminergic path- 
way is thought to play a role in the anorectic activities of mazindol and 
amphetamine; which -stimulate the release of dopamine and may also inter- 
fere with its reuptake. '' The involvement of dopaminergic pathways in 
feeding behavior is supported by the observation that gamma-hydroxybutyric 
acid (y-HBA), which decreased the firing rate of dopaminergic neurons by 
increasing the dopamine concentration in nerve terminals, increased food 
intake in rats. 2o Haloperidol antagonizes the increased food intake and 
fixed ratio response rate induced by Y-HBA.~~ RDS-127 (6) produces a 
dose-dependent suppression of food intake in rats trained to a daily 
4-hour meal and is more active than amphetamine, at doses which do not 
increase motor activity.21 Its effect on food intake is antagonized by 
pimozide but not by propranolol or phentolamine, consistent with a 
dopaminergic mechanism. Pimozide but not a-methyl-p-tyrosine antagonizes 
the increased motor activity produced by high doses of RDS-127. Two other 
2-aminoindanes, JPC-60-36 (7) and JPC-211 (g) ,  have little or no anorectic 
effect. 2 1  Another dopamine agonist, SKF 38393 (9) decreases food intake 
in rats without producing any central side effects-.22 
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Piribedil (lo), a dopamine agonist, suppresses food intake in rats 
and this effect is not antagonized by a-methyl-p-tyrosine, metergoline, 
propranolol, phentolamine or domperidone but is blocked by pimozide. 23 
Motor activity is increased at 2 to 3 times the doses needed for food 
intake suppress ion. 

Anorectics Acting Through GABA-ergic Mechanisms - There is some evidence 
that brain GABA (y-amino butvric acid) is elevated in satiated rats:24 
therefore, inhibitors of GABA metabolism would be expected to affect 
appetitive behavior. Ethanolamine-0-sulfate (x) is an inhibitor of 
5ABA-transaminase which increases brain GABA levels and inhibits food 
intake at doses which do not alter locomotor activity in rats.25 The 
intraventricular injection of EOS decreases 2-deoxyglucose uptake in the 
brain at doses which decrease food intake but do not alter sensorimotor 
function o r  startle response.26 The GABA antagonists muscim01~~ and 
THIP27 decrease food intake in rats. The anorectic effect of THIP is 
antagonized by bicuculline but not by the peripheral antagonist 
bicuculline-methobromide. 27 Bicuculline also antagonizes the diazepam- 
induced increase in food intake suggesting the involvement of benzo- 
diazepine receptors in the regulation of feeding behavior by GABA.28 
Another inhibitor of GABA-tfansaminase, BW 357U (11) increases brain GABA 
levels and decreases food intake and body weightwithout producing any 
other behavioral changes.29 y-Vinyl GABA (GVG), also an inhibitor of 
GABA-transminase, decreases food intake in rats in a dose-dependent 
manner. 30 Depletion of brain dopamine with 6-OH-dopamine and sero- 
toninergic blockade with metergoline do not attenuate the anorexigenic 
effect of GVG.30 

Anorectics Acting Through Unspecified Mechanisms - A group of phenyl- 
piperazinyl analogs are potent anorectic agents.31 The most active of 
these compounds, 12 also decreases water intake and produces hyper- 
cholesterolemia inaddition to decreasing food intake in rats. MB 11008 
(13) - decreases food intake and body weight in hens.32 
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A number of 1,3-diaryltriazines show varying degrees of anorexigenic 
activity in rats, dogs and monkeys.33 Chronic treatment with 14 decreases 
food intake and weight gain in several species without producing 
tolerance. A slight depression of motor activity, decreased hematocrit 
values and liver lesions are observed in rats following 30 days of 
treatment. 33 

15 - 14 - 

An imidazolidinone, GYKl 13 380 (s), a putative inhibitor of 
phosphodiesterase activity, produces anorexia in rats without causing CNS 
stimulation or depression. Tolerance to the anorexia does not develop 
during a one-month period of treatment. 34 

Peptide Anorectics - The role of cholecystokinin-octapeptide (CCK-8) in 
the control of appetitive behavior has been reviewed recently3’ ’ 3 6 d  its 
clinical efficacy has been demonstrated in lean and obese  subject^.^^-^^ 
Ceruletide, which is structurally related to CCK-8, decreases solid food 
intake and subjective hunger ratings in patients.40 A smaller fragment of 
cholecystokinin, CCK-4 inhibits food intake in rats at doses approximately 
10-fold greater than those needed to produce the same effect with CCK-8.41 

Bombesin (BBS) decreases food intake in normal4* and obese43 rats. 
In vagotomized animals, it retains its satiating effect44 but it no longer 
inhibits gastric emptying. 45 Litorin, a BBS-like nonapeptide, also 
decreases food intake in rats in a dose-dependent manner at doses which do 
not decrease water intake. 46 Gastric Releasing Peptide (GRP) , believed to 
be the mammalian counterpart of BBS, decreases food intake without 
decreasin water intake in rats. 47 Somato~tatin~~ neurotensin, 49 
satietin,gO calcitonin, 51 TRH, 52  pancreatic polypeptide, 53 glucagonS4 and 
centrally administered insulins5 also reduce food intake and/or decrease 
body weight in a variety of animal models. 

Opioid Anorectics - Comprehensive reviews have been published about the 
importance OI opioids in the regulation of appetite and drinking 

It is known that opioid agonists such as m ~ r p h i n e ~ ~ ’ ~ ~  and 
ethylketocyclazocine60 as well as endogenous opioids such as beta- 
endorphin”’ can stimulate food and water intake. However, the response to 
opioid agonists is not always uniform or consistent and may depend on the 
class of opioid receptors involved. For instance, bremazocine, a kappa 
agonist increases food and water intake in mice while it decreases food 
intake in rats.62 In addition, the ob/ob strain of genetically obese mice 
is moderately resistant to the kappa agonists butorphanol, trifluadom and 
ketocycla~ocine~~ and does not demonstrate greatly elevated food intakes 
in response to subcutaneous injections of these opioid agonists. 

The opioid antagonist naloxone is known to suppress food intake in 
animalss8 and more recently it has been shown to be effective in normal 
and obese humans.64 Subjective hunger ratings and satiety were not 
affected. Obese subjects consume 30% fewer calories during the infusion 
of naloxone than do saline-infused controls. 65 
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A study of the effect of several opioid antagonists on food intake 
and their ability to block opioid agonist-induced behaviors, demonstrates 
a degree of specificity which suggests that the mechanisms for these two 
activities may differ. 66 Naloxone, naltrexone, diprenorphine , Mr 1452 
(16) and Mr 2266 (E) decrease food  intake whereas WIN 4 4 , 4 4 1  (18) does 
not. Diprenorphine is the most potent of these agents in blocking the 
antinociceptive effect of morphine, whereas (g), (17) and (18) - are weaker 
antagonists in this test. 66 
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Peripherally Acting Anorectics - Fenfluramine12 and CCK-836 are known to 
inhibit gastric emptying. (-)-threo-Chlorocitric acid67 (19) is a new 
anorectic which has been shown to inhibit gastric emptying, food intake 
and body weight gain through a selective reduction in body fat.69 
Tolerance to the anorexia does not develop during chronic treatment. Dogs 
are more sensitive than rats to its anorectic action, suggesting species- 
specific effects. It does not appear that the anorexia is mediated 
through CCK-8 since the anorectic effect of CCK-8,36 but not that of - 19 is 
abolished by vagotomy. 

19 - 20 - 

INHIBITION OF THE INTESTINAL ABSORPTION OF CARBOHYDRATES AND LIPIDS 

Inhibition of Carbohydrate Absorption - The concept that retardation of 
the digestion of dietary carbohydrates would lead to a diminished post- 
prandial glycemia, insulinemia and triglyceridemia in patients with 
diabetes and/or obesity has stimulated the development of a number of 
inhibitors. Dietary di-, oligo- and polysaccharides must be degraded to 
monosaccharides by intestinal glucosidases before they are absorbed. 

A number of amylase inhibitors have been reported; these are 
proteins, glycoproteins or pseudo-oligosaccharides isolated originally 
from grains or microorganisms.70-74 Acarbose, Bay g 5421 is the most 
extensively studied of the glucosidase inhibitors. This pseudotetra- 
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saccharide is a potent inhibitor of maltase, sucrase, glucoamylase and 
dextrinase. 7 5  In carbohydrate loading experiments in rats and humans, 
acarbose reduces the postprandial increases in circulating insulin and 
glucose levels. 7 6  Acarbose improves the metabolic status of both 
insulin-independent and insulin-dependent diabetics by lowering the 
hyperglycemia and glucosuria. 7 7  '78 Studies in genetically obese Zucker 
rats75 or diet-induced obese rats7' treated with acarbose show reduced 
body weight gain and decreased sucrose-induced hypertriglyceridemia. 8o 
Symptoms of carbohydrate malabsorption are reported consistently with high 
doses of acarbose. 78 

Recently, a semisynthetic deoxynorjirimycin derivative Bay o 1248 
(g), which is absorbed from the intestine and does not produce 
carbohydrate malabsorption, was reported as a potent glucosidase inhibitor 
exhibiting strong sucrase and maltase inhibitory activity and no amylase 
inhibition.81'82 Administration of 20, which has a longer duration of 
action than acarbose, reduces food intake, body weight gain and epididymal 
fat pad weight in rats.82 

Inhibition of Lipid Absorption - Agents which decrease the absorption of 
dietary lipids specifically by inhibit.ing pancreatic lipase may be 
suitable for the treatment of obesity. The reduced rate of lipid 
absorption produced by fenfluramine in rats is probably due to an 
inhibition of pancreatic lipase.""'84 The structural features of a series 
of phenethylamines, including fenfluramine, required for lipase inhibition 
have been described using partially purified rat and human pancreatic 
lipase. 85 Pluronic L-101, a hydrophobic surfactant is a potent inhibitor 
of pancreatic lipase & vitro and reduces body weight gain and carcass 
lipid after chronic administration to rats. 86 Fecal excretion of dietary 
lipid is enhanced by Pluronic L-101, thus supporting its action as a 
lipase inhibitor. 

A novel inhibitor of pancreatic lipase, Bay n 4605 (21) , was 
described recently. 82 '87 This compound reduces post prandial 
hypertriglyceridemia and body weight in fat-fed rats. 87 
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Another agent used for the modulation of intestinal absorption of 
lipids is sucrose polyester (E), a synthetic lipid which is not 
hydrolyzed by pancreatic lipase and hence is nonabsorbable. By providing 
a persistent lipophilic phase in the intestine, SPE reduces the absorption 
of lipophilic substances such as cholesterol. Mild decreases in low- 
density lipoprotein cholesterol levels were reported in hypercholes- 
terolemic subjects.88 Recently, the substitution of dietary fat with SPE 
in obese hypercholesterolemic patients produced a reduction in calories as 
well as low-density lipoprotein cholesterol levels. 89 These and other 
studies on SPE have been reviewed recently." 
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Inhibition o f  Carbzhsrate and Lipid Absorption - Another recently de- 
scribed deoxynorjirimycin derivative, Ba n 2920 ( 2 2 ) ,  inhibits both 
dietary carbohydrate and lipid absorption. %s isthe case with 20, 
this compound is absorbed almost completely from the intestine of rats and 
recovered in the urine.82 

--.I_ 

INHIBITORS OF LIPID BIOSYNTHESIS 

Since one of the metabolic changes associated with some types of 
obesity in human beings and rodents is increased fatty acid synthesis, 
inhibitors of lipogenesis are sought as antiobesity agents. This area has 
been reviewed recently. 

Ro 22-0654 (z), an inhibitor of fatty acid synthesis, which 
possesses antiobesity activity in the rat has been described. 92 ' 93  

Chronic administration to both lean and genetically obese Zucker rats 
produces a significant reduction in body weight gain, which was accounted 
for by a selective reduction in body fat stores. Rats treated with 2 
become less energy efficient as the amount of weight gained per quantity 
of food consumed is reduced significantly. 
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STIMULATION OF LIPID MOBILIZATION 

Phenoxybenzamine, a non-selective a-antagonist, stimulated lipolysis 
in genetically obese rats,94 and on chronic administration decreased body 
weight gain, food consumption and carcass lipid. 95 Fat cell proliferation 
is reduced during treatment, but returns to obese control levels following 
cessation of drug administration. 

The new thermogenic agents which are described below also produce a 
marked stimulation of lipolysis in addition to their enhancement of energy 
expenditure. 

REGULATION OF THERMOGENESIS 

Excessive food intake does not always lead to obesity nor does 
moderate food intake guarantee leanness, 96'100 Indeed, the high energetic 
efficiency of several obese rodents'" lo6 indicate that obesity can in 
part result. from impaired energy expenditure. Recently, research has 
focused on the relationship between thermogenic activity in brown adipose 
tissue (BAT) and energy balance. 

BAT is specialized for heat production and as such is fundamentally 
different from white adipose tissue which serves primarily as lipid 
stores. When activated by the sympathetic nervous system, lo7 BAT 
mitochondrial substrate oxidation becomes uncoupled from ATP 
f o r r n a t i ~ n . ~ ~ ~ ' ~ ~ ~  This is achieved by operation of a unique and regulated 
proton conductance pathway which permits protons to re-enter the 
mitochondrial matrix independent of ATP synthetase. lo8' log Respiratory 
control is restored & vitro when purine nucleotides block operation of 
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the proton conductance pathway110’l12 by binding to a protein on the inner 
mitochondrial membrane113 which is specific for BAT. 114’115 Measurements 
of GDP binding by BAT mitochondria and the relative amount of the 
uncoupling protein are commonly used as a qualitative index of the 
thermogenic capacity of BAT. 

Recent studies show that BAT thermogenesis can be a significant 
component of overall energy expenditure for rats living in the  old^^^'^^^ 
or during prolonged overfeeding of a palatable diet. 118’119 In contrast, 
many rodents with hypothalamic or genetic obesity exhibit defective BAT 
thermogenesis in response to diet and/or cold. 120’121 

While an extensive body of research demonstrates a causal 
relationship between BAT thermogenesis and energy balance in animals, it 
is not clear whether defective thermogenesis in BAT is relevant to human 
obesity. 121-123 There is histological evidence that BAT is present in 
adult man124’126 as well as in neonates127 and evidence that BAT exhibits 
biochemical properties similar to those of animals , 126’ 12’ but currently 
there is no method available to directly assess the functional capacity of 
BAT in man. 

THERMOGENIC AGENTS 

Pharmaceutical research efforts are seeking thermogenic agents to 
treat obese individuals to counteract defective heat producing mechanisms 
as well as the inevitable reduction in metabolic rate which occurs 
following reducing dietary regimens. The major pharmacological approach 
has been to mimic sympathetic activation of thermogenic tissue by 
developing compounds that selectively stimulate adrenergic receptors or 
increase synaptic levels of noradrenaline by inhibiting its reuptake at 
nerve terminals. 

Noradrenaline Uptake Inhibitors - Ciclazindol (3) 129-134 and its struc- 
tural analog mazindol (25)131’134 136 depress appetite and promote weight 
loss in lean and obese mammals, including man. Acute treatment with 
either c i c l a z i n d 0 1 ~ ~ ~ ’ ~ ~ ~ ’  138 or mazindo1131’134’137’138 increases the 
resting metabolic rate (RMR) of lean rats. While mazindol is more potent 
and efficacious than ciclazindol at stimulating RMR in rats, ciclazindol 
has a far smaller effect on CNS arousa1.134’137’138 The peripheral action 
of mazindol may involve BAT since both mitochondrial GDP binding and 
protein content are increased in the tissue of cafeteria-fed rats. 134 
Although energy balance studies of mazindol-treated rats fed a cafeteria 
diet fail to demonstrate an increase in energy expenditure, metabolic 
efficiency is reduced and the normal decline in RMR which occurs with 
reduced food intake is prevented.134 It is not known whether either of 
these compounds exhibits thermogenic activity in human beings. However, 
ciclazindol induces weight loss in T e I1 diabetics, despite special 
efforts to maintain normal food intake.’ 3 
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-Adrenergic Agonists - BRL 26830A (26), Ro 16-8714 (z), LY104119 (28) 
!nd LY79771 (2) enhance thermogenesis by directly stimulating p- 
adrenoceptors. When chronically administered, these 'drugs cause weight 
l o s s  or reduced weight gain in fa/fa rats, ob/ob mice and the AV/a strain 
of genetically obese mice, but not in their lean controls. 139-143 

n R2 - - R1 - CH3 

R1 - AH ( C H 2 ) n a  R2 CeH4CH(OH)CH2NH - 1 - COOCH3 - 26 

[CSH~CH(OH)CH~J~N - 2 - CONH2 z 
CeH4CH(OH)CH2NH - 2 -CONH2 28 

29 

.hemifmarate 

- .HCI 

CeH4CH(OH)CH2NH - 2 -OH - 

Whole body calorimetry s t u d i e ~ ' ~ ~ - ~ ~ ~ '  143 and measurement of rectal 
temperature14* show that obese rodents exhibit a rise in heat production 
following acute or chronic dosing with 26, 3, 28, or 2. In contrast to 
obese rodents which deplete lipid stores by increasing energy expenditure, 
lean rodents treated with 26, 28, 2 adjust both energy intake and energy 
expenditure to protect body fat content. 139'140 Prolonged dosing of lean 
mice with 28 or 2 promotes increases in both food intake and heat 

The thermogenic effect of these compounds is due to 
direct stimulation of p-adrenoceptors, since propranolol inhibits the rise 
in metabolic rate of lean rats induced by a single dose of either 26 or 27 
and blocks the 28-induced increase in CO, expiration of AYE 
mice. 139'141'143 PGpranolol also blocks the 2-stimulated increase of 
cyclic AMP and lipolysis in white adipose tissue of AV/a mice and their 
lean controls. 144 

Studies show that BAT is an effector tissue for the thermogenic 
action of z, 27 and 2.140'141'145 A single administration of 26 to lean 
rats markedly depletes BAT lipid content and preferentially increases BAT 
temperature.14' Binding of GDP to BAT mitochondria increases in both lean 
and ob/ob mice following administration of 2. Treatment with 26 also 
causes an increase in mitochondrial protein and in the relative proportion 
of uncoupling protein, similar to that of cold-acclimated mice. 140 The 
effect of 3 on BAT metabolism is also well characterized. Respiration is 
stimulated by 27 in isolated brown adipocytes of lean rats and is 
completely blocked by propranolol. As with 26, chronic treatment with 
- 27 causes hypertrophy of BAT and increases mitochondrial GDP binding in 
fa/fa rats and ob/ob mice.141 Compound 2 also exerts its thermogenic 
effects through increased BAT metabolism since it stimulates respiration 
in isolated brown adipocytes of hamsters. 145 

BAT has a substantial capacity for lipogenesis which increases during 
acclimation to 147 and sucrose overfeeding. 14a Administration of 
both 3H20 and U-14C glucose to animals indicates that glucose is a major 
substrate for BAT lipogenesis in cold-acclimated rats. 149 Additionally, 
hexokinase and phosphofructokinase activities are unusually high in BAT of 
rats and increase during cold acclimation. 150 Activities of these key 
glycolytic enzymes are normal in liver, cardiac muscle and skeletal muscle 
of db/db mice, but are markedly lower in BAT than those of control 
mice. 151 However, prolonged administration of 26 to db/db mice increases 
the activities of hexokinase and phosphofructokinase in BAT thereby 
increasing the capacity of this tissue for utilization of blood 
glucose. lS1 
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Christopher A. Lipinski and Nancy J. Hutson 
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INTRODUCTION 

Diabetic Complications and Current Therapy. Research on the potential importance of the 
polyol pathway and the effects of aldose reductase (AR) inhibitors as an approach to the treat- 
ment of diabetic complications has markedly escalated since diabetes mellitus was last 
reviewed in Vol. 16 of Annual Reports1 Accordingly, recent developments in this area con- 
stitute the major focus of this review. Several excellent reviews of the recent advances in the 
understanding of the biochemical events contributing to the pathophysiology of diabetic com- 
plications have recently been published.2-7 A recent comprehensive review summarizes the 
literature on medical approaches claimed to be effective in treatment of cataract.8 A review 
on the biochemistry of the polyol pathway is in preparation.9. 

Diabetes mellitus (DM) which consists of an absolute (Type I or insulindependent, IDDM) 
or relative (Type I1 or non-insulin-dependent, NIDDM) lack of insulin is a disease of increas- 
ing incidence which affects five to six million people in the United States10 and 20 to 30 
million people worldwide. Currently available treatments of the disease can correct acutely 
life-threatening symptoms but do not prevent diabetic complications which are largely 
responsible for the large degree of morbidity and mortality present in the diabetic population. 
Diabetic complications consist of several different types. Diabetes mellitus is responsible for 
loss of vision in 12% of the total blind U.S. population and 84% of diabetic loss of sight is due 
to proliferative retinopathy.11 Diabetics are at greater risk of developing senile cataracts than 
non-diabetics12 and these along with glaucoma and optic neuropathy, account for the remain- 
ing blindness in the diabetic population. Chronic renal failure and peripheral neuropathy, 
which leads to a high incidence of motor, sensory and autonomic dysfunction, are also impor- 
tant and debilitating problems that diabetics develop. Macroangiopathy in medium and large 
arteries make stroke and coronary artery disease two times as prevalent in diabetics. 
Diabetics also have a three or four times greater chance of developing peripheral arterial 
disease and a five times greater chance than the general population of developing gangrene 
which leads to amputation. The end result of all of these complications of the disease is that 
the average diabetic has a life expectancy only two-thirds that of non-diabetics.lO 

Much recent evidence points to the fact that the metabolic consequences of insulin lack 
and, more specifically, hyperglycemia lead to the pathophysiology of diabetic 
complications.13~14 Currently available treatments of diabetes that seek to correct this insulin 
lack and resulting hyperglycemia consist of oral hypoglycemic drugs, diet and insulin injec- 
tion. 

A more recent treatment consisting of constant insulin delivery over 24 hours by a 
mechanized and computerized pump (CSII, continuous subcutaneous insulin infusion), has 
been developed in an attempt to achieve better glycemic control. The efficacy of this relative- 
ly new treatment on the prevention of diabetic complications is still unknown with both 
positive's and negative results16 thus far reported. There is also some risk in achieving strict 
glycemic control as these patients are in danger of developing ketoacidosis which could lead 
to death.17 Pancreatic and islet transplantation are also new methods of treatment, which are 
meeting with limited degrees of success mostly due to the rejection of the transplanted tissue 
and the difficulty of obtaining tissue for transplant.18 Whether successful or not these latter 
two newer treatments are targeted towards the minority of diabetic patients suffering from 
Type I (IDDM) as opposed to the 85-90% of the total diabetic patient population who suffer 
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from Type I1 (NIDDM) diabetes. In summary, none of the currently available treatments ap- 
pear to achieve the necessary control of glycemia (or the appropriate delivery of insulin) to 
prevent the development of diabetic complications in diabetic patients. 

ALDOSE REDUCTASE AND THE POLYOL PATHWAY 

Polyol Pathway. Recently, theories and data have been emerging which implicate aldose 
reductase (AR), increased flux through the polyol pathway due to hyperglycemia and accu- 
mulation of sorbitol and fructose in the pathophysiology of diabetic complications. The 
biological rationale and chemical progress towards design of AR inhibitors constitute the 
major focus of this review. 

The polyol pathway consists of two enzymes, AR and sorbitol dehydrogenase. AR has a 
rather broad substrate specificity for sugars and a fairly high Km for glucose.19-24 These two 
enzymes catalyze the following reactions: 

NAD+ NADH 
Glucose S ' S o r b i t o l  4 Fructose 

Because of the high Km of AR for glucose, it is hypothesized that under normoglycemic 
conditions there is very little flux through the polyol pathway. On the other hand, under 
conditions of hyperglycemia, as in diabetes, the flux through this pathway can be con- 
siderable and the products of the pathway, sorbitol and fructose, are slowly metabolized and 
not freely diffusable through the cell plasma membrane, and thus tend to accumulate in 
tissues.112 The metabolic and biochemical consequences of flux through this pathway and the 
contribution of these consequences to the pathophysiology of diabetic complications are cur- 
rently under intense study. The very extensively studied AR inhibitor, sorbinil (1), has aided 
greatly in the elucidation of the role of the polyol pathway in the etiology of diabetic compli- 
cations. 

Tissue Location and Role of Aldose Reductase in Animal Models of Diabetic Complications. Aldose 
reductase (AR) has been located immunohistochemically in many tissues of the dog and rat, 
most notably, in corneal epithelium, retina, optic nerve, kidney papillae, aortic endothelium 
and smooth muscle cells as well as peripheral nerve and lens.25-28 AR has also been measured 
in human and monkey retinal mural cells.29-30 These cells are thought to provide the struc- 
tural support for retinal capillaries and their loss is the first abnormality seen in clinical 
diabetic retinopathy. In addition, AR-like activity has been reported in a human 
retinoblastoma cell line and sorbinil inhibits this activity in these cells.31 Finally, a recent 
report has demonstrated that AR is present in isolated capillaries from bovine retina and 
cerebral cortex.32 Therefore, AR appears to be present in all tissues which are uniquely 
susceptible to deterioration during prolonged exposure to the hyperglycemia of diabetes. Ac- 
cumulation of the products of the polyol pathway, sorbitol and fructose, has been 
demonstrated in these tissues2 and, where tested, sorbinil and other AR inhibitors have been 
shown to inhibit this accumulation. 

Data have recently been published which enhance the potential importance of the polyol 
pathway in different animal models of diabetic complications. Long-term diabetic dogs (3-5 
years) are the only known animal model which seems relevant for clinical diabetic 
retinopathy. In this model dogs are fed a high galactose diet (galactose is an excellent 
substrate for aldose reductase) and have normal insulin and glucose levels but nevertheless 
develop lesions similar to those in clinical diabetic retinopathy.33 Retinal capillary basement 
membrane thickening is seen in galactose-fed rats and prevention of this with sorbinil treat- 
ment has been reproted by two separate investigators.ul35 While perhaps this animal model is 
not as relevant to retinopathy as the galactose-fed dogs, basement membrane thickening has 
been implicated in the pathogenesis of nephropathy and the generalized deterioration of both 
large and small arteries. In addition, poor wound healing is also a major problem in diabetics. 
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Sorbinil and alrestatin (AY-22,284, 7 )  have been shown to normalize the impaired ability of 
diabetic and galactosemic rats to undergo corneal re-epithelialization after complete corneal 
denudation .36 137 

Polyol Pathway and Neuropathy in Diabetic Animals. Peripheral neuropathy is a common and 
serious complication of diabetes, especially in patients with long-standing disease who are 
poorly controlled. Decreased motor and sensory nerve conduction velocity can be seen in 
diabetic patients of short duration before the appearance of any clinical neurological symp- 
toms, but it is not known if the early electrophysiological abnormalities are directly linked to 
the later neuropathy. The relationship, however, between the early electrophysiological 
changes and abnormalities in nerve membrane phospholipids containing myo-inositol impor- 
tant to nerve transmission is becoming more clearly understood. Chemically-induced 
diabetes in animals leads to increased nerve sorbitol and fructose, loss of nerve myo-inositol 
and decreased motor nerve conduction velocity (MNCV) within two weeks of the onset of 
hyperglycemia.38 It is as yet uncertain if and how these different biological effects of diabetes 
on nerve function and metabolism are interrelated, but recent studies on the biochemical 
effects of AR inhibitors have contributed to further understanding of these relationships. 
First, it has recently been shown that glucose directly inhibits myo-inositol transport in rabbit 
endoneural preparation~3~ and therefore, hyperglycemia itself could directly contribute to 
nerve myo-inositol loss. Sorbinil in vitroin rat endoneurial preparations prevents glucose from 
having this effect.40 

The importance of myo-inositol loss to the overall biochemical and functional changes in 
diabetic nerve is supported by the finding that feeding diabetic rats a relatively high myo- 
inositol diet corrects defects in MNCV,38#41 Na + -K+ ATPase42 and restores myo-inositol 
levels in peripheral nerves even though nerve sorbitol and fructose remain elevated under 
these conditions.43144 There may be a further link between myo-inositol loss and Na + -K + 
ATPase activity since myo-inositol transport is Na + dependent and loss of Na + -K + ATPase 
activity could further reduce the ability of the nerve cell to accumulate myo-inositol.45 

Depending upon the experimental protocol, sorbinil treatment prevents or reverses all of 
these effects of diabetes on rat peripheral nerve, that is sorbinil restores nerve myo-inositol 
and Na + -K+ ATPase activity and corrects impaired MNCV.43+++7 ICI-105,552 (8) reduces 
nerve sorbitol, normalizes nerve myo-inositol and prevents changes in MNCV when animals 
are treated from the initiation of diabetes.dE When given after diabetes was established 8 
moderately inhibited sorbitol and fructose accumulation in nerve, but was unable to restore 
nerve sorbitol accumulation after 2 weeks of treatment in diabetic rats.50 Whatever the 
mechanistic link between sorbitol accumulation, myo-inositol and Na + -K + ATPase loss and 
nerve conduction velocity changes, it is clear from the data that at least with sorbinil all of 
these pathological changes in the diabetic rat can be prevented. These effects of AR inhibitors 
may also translate into prevention or reversal of longer term neuropathic changes. 

Polyo1 Pathway and Clinical Diabetic Neuropathy. Recent clinical data strengthens the argument 
for a role of AR in diabetic neuropathy in man. Firstly, elevated fructose and sorbitol and 
lowered myo-inositol levels are fo;nd in post mortem sciatic nerve samples obtained from 
diabetic patients.51 Secondly, current clinical results with two AR inhibitors support common 
mechanisms for the impact of diabetes on nerve function in humans and in animal models of 
diabetes. After nine weeks of treatment, sorbinil significantly improved nerve conduction 
velocity in the peroneal, median sensory and median motor nerves in insulin-dependent 
diabetics.52 This effect disappeared when patients were taken off drug. Recently patients with 
painful diabetic neuropathy previously unresponsive to other drugs, were treated with sor- 
binil, and moderate to marked symptomatic relief was noted after 3 or 4 days of medication. 
On stopping medication, pain returned.53 Similar results have also been reported by another 
investigator? The relatively weak AR inhibitor, alrestatin, when given over 12 wks at high 
doses to diabetic patients with clinical signs of polyneuropathy, produced significant differ- 
ences over placebo for many of the measured variables.55 Improvements in sensory nerve 
conduction velocity were observed when alrestatin was given intravenously for 5 days 56 but 
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in another study no beneficial effect was found.57 Treating diabetic patients with myo-inositol 
has met with limited success in affecting symptoms of diabetic peripheral neuropathy.58*0 
This may be due to difficulty in providing the appropriate dose as too much myo-inositol has 
been shown to be harmful to nerve function in diabetic rats.38 AR inhibition, therefore, may 
provide the more simple and direct approach to the treatment of diabetic polyneuropathy. 

Polyol Pathway and Cataracts. Studies with the orally active AR inhibitor sorbinil at the 
National Eye Institute have demonstrated the importance of the polyol pathway to cataract 
formation. The proposal that the accumulation of sugar alcohol and fructose (via the polyol 
pathway] that occurs in lenses of diabetic or galactosemic animals was the crucial 
biochemical event precipitating the cataractogenic process was not convincingly shown in 
initial studies with less potent AR inhibitors (i.e. alrestatin, quercitrin (21)) which delayed but 
did not prevent sugar cataract formation.61-62 More recently, using sorbinil as the AR inhib- 
itor, the NEI group has been able to substantiate their hypothesis. Sorbinii treatment totally 
prevented cataract development for periods of up to 12 months in both diabetic and galacto- 
semic animals.63-65 A sorbmil analog M79175 (3) also inhibited the formation of cataract in 
galactosemic rats for a period of 30 days and essentially normalized lens sorbitol and fructose 
in diabetic rats.66 The carboxylic acid ICI-105,552 also delayed the appearance of cataract in 
diabetic rats.67 

Biochemical studies support the premise that sufficient AR inhibition can abolish the other 
pathological changes associated with cataractogenesis. For example, data from several 
laboratories shows that sorbinil not only prevents68 but also reverses 69 lens ultrastructural 
changes and prevents the loss of Na+-K+ATPase70 activity and tissue myo-inositol71 that oc- 
curs during sugar cataract formation. The total prevention of galactosemic cataract by sorbinil 
is not associated with a reduction in the increase in nonenzymatic glycosylation of lens pro- 
teins seen under these conditions.72 

In summary, it is yet unknown whether a common pathophysiological mechanism 
underlies all diabetic complications. However, it is clear from the literature that aldose reduc- 
tase inhibition is a therapeutic approach to these chronic disorders. 

ALDOSE REDUCTASE INHIBITOR SAR 

Acidic CycZic Amides Sorbinil (1) represents the prototype member of this class of AR in- 
hibitors. The extensive biological data base on this agent as a probe for the role of AR inhibi- 
tion in treatment of diabetic complications is discussed earlier in this chapter. A chiral syn- 
thesis of the S enantiomer has been described.73 The relative potency of the S to R enantiomer 
is 45 using rat lens AR (RLAR) and 20 using human placental AR (HPAR1.74 The oxazolidine- 
dione (2)  gave in uitro activity (calf lens AR) similar to that of 1 but reduced in uiuo activity as 
measured by prevention of diabetic rat sciatic nerve sorbitol accumulation. As with the 
hydantoin series activity in the oxazolidinedione class was improved by 6-halosubstitution 
and resided in the S enantiomer.75 M79175 (3) inhibits bovine lens AR (BLAR) at low doses, 
inhibits lens sorbitol accumulation in streptozotocin diabetic rats and given orally delays rat 
galactose induced cataract formation.66 The best of the series of isoxazolidine-3,5diones 4 
showed marginal in vivo activity, which was attributed to a pKa significantly different from 
that of sorbiniil.76 3,CDkdkoxy substitution as in 5 gave optimum activity in an extensive 
series of 5-aryl-thiazolidine-2,4diones which inhibited HPAR and swelling in a rat lens 
culture assay.77 Among a series of 1-phenylsulfonyl hydantoins the best activity in inhibition 
of RLAR and BLAR was found for 6. Based on inhibition studies at pH 6 and 7.5, the conclu- 
sion was reached that 5-substituted hydantoins inhibit AR in their ionized forms while 
1-substituted hydantoins inhibit AR in the non-ionized form.78 

Carboxylic Acids Alrestatin (7) was much less active against AR from human brain than 
against AR from calf lens or human pla~enta.7~ The R enantiomer of a methyl alrestatin 
analog showed a slight activity decrease over alrestatin and was only slightly more active than 
the S enan t i~mer .~~  
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ICI-105,552 (8) reduced sorbitol levels in sciatic nerve and lens of streptozotocinized 
diabetic rats, but was without effect on reversing the reduction in myo-inosito1;80~49 however, 
in another study myo-inositol loss was prevented but only when drug was given from the 
onset of diabetes.44 Elevated sorbitol levels were completely decreased in rat sciatic nerve and 
MNCV decreases were prevented."148 ICI-105,552 markedly delayed the onset of cataract 
development in rats in an 11-month study and prevented occular haemorrhage.67 As opposed 
to cataract prevention, retinal sorbitol levels were not significantly decreased with this com- 
pound in diabetic rats after 3 weeks49@ and consistent with this finding retinal lesions were 
not prevented even after 1 year.81 Similarly, even though 8 prevented sorbitol accumulation 
in monkey kidney cells cultured in high glucose medium,82 no inhibition of rat kidney base- 
ment membrane thickening was seen after 1 year of oral therapy.81 Elevations in liver and 
kidney weight were seen both at 3 weeks and 1 year.81 

ONO-2235 (9) is the predominant E,E geometric isomer resulting from condensation of 
a-methylcinnamaldehyde with rhodanine-N-acetic acid and not the E,Z isomer as incorrectly 
shown in reference 83. This agent is a potent inhibitor of RLAR and given orally for two 
weeks markedly reduced sorbitol levels in rat sciatic nerve and improved MNCVSO and has 
completed three months clinical evaluation in neuropathy patients.83 

ICI-128,436 (10) a phthalazine acetic acid inhibits RLAR or human lens AR(HLAR). With 
plasma t'/z in rat of 10 hr, single doses reduced sorbitol and fructose values to the normal 
range in streptozotocin-diabetic rats and chronic doses prevented the development of lens 
sugar cataracts and deterioration of sciatic MNCV.84 

AY-27,773-tolrestat (1 1) is a potent inhibitor of BLAR.and given orally in a galactosemic rat 
model decreases sciatic nerve galactitol; this agent is currently in clinical trials.85 

NSAZ Agents Several carboxylic acids in clinical use as nonsteroidal antiinflammatory 
(NSAI) agents inhibit AR. Sulindac (12) and its human sulfide metabolite 13 inhibit HLAR.86 
Sorbitol accumulation in rat lens or nerve incubated in high glucose media is weakly in- 
hibited by 12. Topical application of 13 to rat eye also weakly inhibits sorbitol build.up.87 
Like HLAR, AR from cataractous human lens is inhibited by 12, which is more active than 
indomethacin or the aspirin metabolite sodium salicylate.88 Aspirin has been proposed for the 
treatment of human cataracts based on epidemiological considerations89 and the fact that it 
penetrates into rabbit lens.90 The lysine salt of the clinical NSAI bendazac (14) has been 
reported to improve visual acuity in cataractous patients in a small double blind study.91~92 
Drug levels in rat lens are far lower than in serum after chronic dosing. A possible 
mechanism based on preventing lens protein precipitation was proposed.93 
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Antiallergy Agents. 7-Dimethylsulfamoyl-xanthone-2-carboxylic acid ( 15) an antiallergy 
agent inhibits rabbit lens ARW and when applied to the closed eye pouch of neonatal galacto- 
semic rats, partially inhibits galactose induced adverse lens changes.95 A correlation has been 
noted between antiallergy activity, xanthine oxidase inhibitory and AR inhibitory activity.96 
Since literature exists correlating antiallergy activity with electron accepting ability of an anti- 
allergy inhibitor carbonyl group, a similar correlation was sought among a series of anti- 
allergy agents which were examined as inhibitors of RLAR and HPAR. Although a quantita- 
tive relationship between carbonyl group electron accepting ability as measured by the 
carbonyl group lowest unoccupied molecular orbital (LUMO] and AR inhibition was not 
observed, the widespread AR activity among several antiallergy series was interpreted as sup- 
porting a charge transfer interaction between an enzyme nucleophile acting as an electron 
pair donor towards an AR inhibitor reactive carbonyl moiety.97 All the inhibitors tested were 
lipophilic and planar carboxylic or enolic acids many of which possessed the molecular frag- 
ment 16. 

CHJ 

H 

12 x=so 
H,C-X 13 X=S 

14 

Among a smaller, more homogeneous series of 44x0-4H-chromens 17, a significant cor- 
relation between LUMO energies and log % inhibition of RLAR was observed and a similar 
charge transfei mechanism was proposed.98 Extension of LUMO calculations to a wide 
variety of structurally diverse AR inhibitors led to a proposed model of the AR inhibitor site 
having as key features two parallel lipophilic regions and a charge transfer pocket. Predic- 
tions were made as to structural features required for effective inhibition.99 
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Phenols. The flavonoids (18) and axillarin (19) are potent in vitro inhibitors of RLAR.100 
3-Substitution with groups as diverse as hydrogen (18), methoxy (19), hydroxy 
(20-quercetin), glycosidic (2 lquercitrin), and acetate (22) is compatible with activity as long 
as rings A and C contain hydroxy or ethereal sulfate groups.86e1" In contrast to this tenuous 
SAR, coumarins and isoflavones are inactive. In addition to RLAR, AR activity of flavonoids 
can be detected using BLAR and HLAR but not with flavonoid (23) when tested against AR 
derived from monkey kidney epithelial cells.S2 The tetrahydroxybenzophenone 70A196 (24) 
active against RLAR orally inhibits xylose induced cataracts in rats albeit at high dose.101 
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Significant differences in susceptibility of AR enzymes to inhibition have been observed. 
No trends can be predicted other than that in general HPAR is less susceptible to inhibition 
than other AR enzymes. From a drug discovery viewpoint fluctuation in inhibitor potency to 
aldose reductase from various sources complicates the discovery of a clinically effective AR 
and may require the use of human aldose reductase from the appropriate target tissue.102 
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Chapter 18. Vitamin D: Metabolism and Mechanism of Action 

Hector F. DeLuca and Heinrich K. Schnoes 

College of Agricultural and Life Sciences 
Madison, Wisconsin 53706 

Department of Biochemistry, University of Wisconsin-Madison 

INTRODUCTION 

This report summarizes the current status of the vitamin D 
endocrine system, focussing on its biochemical aspects. For more 
detailed treatments of the subject and €or discussions of the older 
literature and of clinical and chemical results, earlier reviews should 
be consulted.1-8 

METABOLISM OF VITAMIN D 

Functional Pathways of Vitamin D Metabolism (Figure 1) - The activation 
3 

of vitamin D3 to its hormonal form, la,25-dihydroxyvitamin D 
(1,25-(OH)2D3) involves two sequential hydroxylations - at carbon 25 and 
carbon 1, respectively (Figure 1). The enzymology of this conversion 
has been studied extensively and also reviewed previ~usly?'~ 
principal system for 25-hydroxylation is a microsomal P-450-dependent 
enzyme in liver parenchymal cells 9-1 1 
25-hydroxylase is also knownJ2 but appears unlikely to play a 
significant role in physiological vitamin D metabolism, because of its 
high K and lack of substrate specificity. 

The 

A liver mitochondrial 

m 

The la-hydroxylase of chick kidney, an exclusively mitochondrial 
enzyme, is a three-component system comprising a flavoprotein, 
iron-sulfur protein and cytochrome P-450, the iron-sulfur protein of 
which ia5f$gntical with beef adrenal ferredoxin.l3* l 4  Recent 
reports of a rat cytochrome P-450 functioning as a 
25-OH-D -la-hydroxylase in the absence of the flavoprotein and the 
iron-su?fur protein require further confirmation by definitive product 
characterization. 

There have been several reports of extrarenal la-hydroxylation. 
Removal of kidneys in pregnant rats, for example, does not prevent 
formation of Lx,~~-(OH)~D in w, and 
an extrarenal site of la-gydroxylationJf, 
cells in culture and intestinal cells are capable of 
la-hydro~ylation!~'~~ are inconclusive since it is not clear whether 
cells in culture represent expression in vivo. Results bearing on this 
question have been obtained by two groups who reexamined the in vivo 
synthesis o f  1,25-(OH) D in anephric rats using highly sensitive 
methods. 22-23 No 1,25-?0d) D3 could be detected in the absence of renal 
tissue, whereas animals maie uremic by ureteric ligation but retaining 
kidneys produced massive amounts. Although there may be some in vitro 
synthesis of la,25-(OH) D by cells in culture, it is unlikely that this 
has any physiologic si&i?icance. 

lacenta has been identified as 
Reports that isolated bone 
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1,25-(OH) D is metabolized very rapidly in V ~ V O ? ~ ~ ~ ~  A major 
pathway is sidezciain oxidative cleavage to yield a C-23 acid, 
calcitroic 
in intestine, liver and perhaps elsewhere. 
1,25-(OH)2D3 and calcitroic acid have t et been elucidated, although 

H-38and 1 , 23,25- (OH) 3-24-oxo- compounds such as 1 , 25- (OH) 2-24-oxo-D 
D330,31 (Figure 2), generated in various in vitro systems, may represent 
intermediary stages of side-chain metabolism to the acid. These 
24-0x0-derivatives presumably result from the further metabolism of 
1,24,25-(0H) D3 (Figure 11, a long known”‘ metabolite of 1,25-(OH) D3, 
with apparen2ly no functional role. 
occurs predominantly via the bile into the small intestine; other than 
calcitroic acid and some dehydration products of 1,25-(OH)2D3,32 the 
excretory metabolites in bile remain unknown. 

likely excretory product of 1,25-(OH) D3 formed 
Intermediates begween 

3 

Excretion of vitamin D compoun3s 

HO . 
D, 

CoIcIlroic ocid 

HO 

23 S. 25 -(OH), D, 24  R ,25 -(OH)p D, 25R/S,26-(OH), D, 

OH 
l a 2 5  R/S(?), 26-(OH),-D, 

1 
2 3  S. 25R.  2 6  -(OH), D, 

Figure 1 
P O H  - 

OH HO’”’ 
26 ,23  - Loctol 25R-OH-26,23S - Loctone la, 24R, 25 -(OH),D, 

Pathways of Vitamin D Metabolism t o  Non-functional Metabolites - All 
metabolism thus far studied courses throunh 25-OH-D, (Fiaure 1). An . -  
early result was the demonstration of 26--ydroxylat$on, in kidney and 

p-5 Both the in vivo and the perhaps elsewhere, to form 25,26-(OH) D3. 
-- in vitro product of 26-hydroxylation 2s a (ca. 1:l) mixture of 
C-25-epimers ?3 implying a non-stereospecif ic 26- and 27-hydroxylase , or 
hydroxylation by two different enzymes. 
less active than its precursor and likely does not represent an 
activation form or an intermediate t o  functional metabolites. It can 
serve, in vitro, 
la,25,26-(OH) D 3fp35a1so obtainable by 26-hydroxylation of 
la,25-(OH)2D33(8;gure 1) , has no known function. 

-- 

25,26-(OH)2D3 is considerably 

a substrate for the la-hydroxylase, but the product, 

More receghly, the 23-h droxylation of 25-OH-D to form 
23S,25-(OH)2D3, a precursorr7 to 25-OH-D3-26,23-lactone38~3g 3 was 
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discov re This pathway ap ears to proceed via 26-oxidation to the 
triol, 
intermediates of this sequence (Figure 1) are biologically inactive, and 
the in vivo significance of the pathway which apparently occurs 
predominantly, but not exclusively, in the kidney37,43,44 is far from 
clear. 

then to a lactol $2 and finally oxidation to the lactone?2The 

The major metabolic fate of 25-OH-D3 other than la-h d oxylation '-' For this is 24-hydroxylation to produce 24RY25-dihydroxyvitamin D 
compound functional roles (in mineralization of bone, in regulation of 
parathyroid secretion, in chick embryonic development, and in cartilage 
growth and proliferation) reviewed in more detail elsewhere , 3-5 have 
been proposed, but the experimental evidence in support of a specific 
function for 24,25-(OH) D is inconclusive. 

3' 

2 3  

A very strong argument against a functional role for 24,25-(OH) D 2 3  comes from recent ex er ents with a 24-difluoro-analog of 25-OH-D 
(24,24-F2-25-OH-D ),  559@'a compoun t at is la-hydroxylated -- in vivo, but 
does not undergo 34-hydroxylation. p17-'9 In vitamin D-responsive systems , 
this synthetic analog proved to be at least as active as 25-OH-D 
Of particular importance is that this difluoro compound can support rats 
through two generations as the sole source of vitamin D.53954 These 
animals are completely normal in every respect, with normal growth and 
normal bone minerali~ation.5~ 
24-hydroxylation is not required for any significant function of vitamin 
D. Likewise, the difluoro analog has been shown to be fully active and 
effective in promoting normal egg hatchability and normal chick 
embryonic development, again demonstrating that 24-hydroxylation is not 
required for embryonic development in birds55 9 56 
submitted). In the face of these results, a functional role of the 
24-hydroxylated metabolites in the regulation of calcium homeostasis 
appears highly improbable. The metabolic fate of 24,25-(OH)2D is not 
known in detail, although la-hydroxylation to 1,24,25-(OH) D (Figure 
1) , and side-chain cleavage to the C-24-acid (cholacalcioic acid ,57 
Figure 2) have been demonstrated. 

3 

50-52 
3' 

These results demonstrate that 

(Hart & DeLuca , 

3 3  

Recently, a synthetic 26,27-hexafluoro derivativa8,59 of 25-OH-D3 

Again, the hexafluo o compound is as 
has been used to test whether 26-hydroxylation or lactone formation 
might be of functional importance. 
active as 25-OH-D in the vitamin D-responsive systems. '961 A s  far as 
can be determined today, therefore, the sequence of 25-hydroxylation 
followed by la-hydroxylation to form 1,25-(OH)2D3 is the sole functional 
pathway of vitamin D metabolism. 

3 

Pharmacological Metabolism of Vitamin D (Figure 2) - The techniques of 
metabolite isolation and identification being by now well-defined, there 
has been a notable recent surge of publications- describing the 
characterization of new metabolites. Figure 2 offers a summary of the 
compounds identified. Most of these metabolites have been generated 
either in tissue homogenates in vitro, often at very high substrate 
levels, or in animals dosed with pharmacological amounts of vitamin D; 
hence, their physiological significance is obscure. For example, from 
the pla2fa of chicks dosed with massive quantities of D , 24R-OH-D3, 
25-OH-A -D , 25-OH-24-0x0-D as well as 24,25,26-(OH) 4 and 

peroxy-la tone was obtained from the serum of rats given large vitamin 
D doses 53 The 25-hydroxy-24-0x0-D3 compound has also been generated 
in chick kidney homogenates,64 and further incubation of it with chick 

23,24,25-(0d)3D3 (Figure 2) iave been whereas 3 3  the 

3 
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kidney homogenates leads to either 1aS25-(OH) -24-0xo-D~~ or 
23,25-(OH) 2-24-oxo-D3 and the 23 ,24,25-triol gepending on the D-status 
of animals used as a kidney source.28 
23S,25-(OH) D with kidney homogenates of a D-deficient animal generates 
la,23S325-(8H7 ~ ~ $ 5  whereas the same homogenates from D-replete chicks 
produce 25-0H-33-oxo-D3,66 and the latter, incubated with a D-def icient 
kidney homogenate is 1-hydroxylated as expected to la,25-(OH)2-23-oxo- 
D3 .67 Incubation of the 26,23-lactone (Figure 1) under similar 
conditions gives the corresponding la-hydroxylated derivative43 (Figure 
2), and the la,23,25-(OH) -24-0x0-D as well as la-hydroxylated lactone 3 3 (Figure 2) is produced from various la-hydroxylated precursors in 
appropriate1 -treated intestinal or kidney homogenates, or mucosal 
cells. 309 3f-~80bviously these variations on the same theme can be 
continued endlessly. Conceivably, some of these compounds may be 
metabolic intermediates (i.e. to side-chain degraded excretion products) 
but, given their highly non-physiological mode of production, it is 
equally, and perhaps much more valid to regard these "metabolites" 
simply as interesting structural analogs generated by biochemical means. 

Similarly, incubation of 

The 24- and 25-dehydro compounds (Figure 2) were obtained as minor 
1,25-(OH) D -degradation products from rat bile,32 and the lO-oxo-19- 
nor-5,6-trans-derviative of D2, D and 25-OH-D (structures not shown) 
resulting from the incubation of govine rumen Ilora with the respective 

2 3  

& 24R-OH-0, 

23 moH 25-OH-A -D3 

0 

23.25 -(OH bz- 24-OX0 D3 

*OH 

HO.." P 

m O H  25R-OH-26,235 peroxy-Ioctone 

' 0 0  

y"y' 

ia .235.25 - 
(OH 1, D3 

I a ,  25 -(OH l2 - 
24 -0XO- D3 

la ,  25-(OHbZ- 
23-axo-D3 

la,25R-(OHb - 
26.23s- lactone 

I a - 0 H - A"- D3 

Yji.,, CholaCOlCioC ocid 

Figure 2 
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vitamin D substrates. 69 25-Hydroxy-10-oxo-19-nor-vitamin D 
5,6-trans isomer have also been obtained from kidney cell cultures 
treated with 25-OH-D3.70 

Regulation of Vitamin D Metabolism 
hypocalcemia markedly stimulates la-hydroxylation of 25-OH-D to form 
1,25-(OH)2D3, and that this effect is mediated through paradyroid 
hormone secreted by the parathyroid glands in response to lowered serum 
calcium levels. 2-4 
allowing direct measurement of mammalian 25-OH-D-la-hydroxylase .71-74 
Using these techniques, the role of the 
the la-hydroxylase has been reaffirmed.78 Most important, however, is 
the demonstration that parathyroidectomy results in a rapid change in 
serum calcium concentration with a much delayed response in reduction of 
the 25-OH-D-la-hydroxylase and an increase in the 25-OH-D-24-hydroxy- 
lase.72s75 The change in serum calcium occurs within 2-3 hours, whereas 
the la-hydroxylase requires some 12 hours to fall to low levels. 
Injection of parathyroid hormone results in rapid changes in serum 
calcium and phosphorus, whereas 12-24 hours are required for the 
la-hydroxylase to respond. These results demonstrate that the 
25-OH-D-la-hydroxylase is not involved in the minute-to-minute 
regulation of serum calcium concentration. Instead this function must 
be relegated to the parathyroid hormone working on the systems rendered 
sensitive by previously circulating 1,25-(OH) D . There is reasonable 
evidence to suggest that parathyroid hormone gt?mulation of the 
25-OH-D-la-hydroxylase is mediated by CAMP, since CAMP added to cultures 
of chick kidney cells or kidney perfusates will increase la-hydroxylase 
activity ,T6*77but the exact regulating mechanism remains unknown. 

and its 
3 

- It is well established that 

Several investigators have now developed methods 

arathyroid glands in regulating 

Phosphate deprivatiun increases 25-OH-D-la-hydroxylase by 
approximately 5-fold,2-4*75 yet this mani ulation increases serum 
1,25-(OH) D by substantial amo~nts.~-~,7$ It is likely, but not yet 2 3  
established, that phosphate deprivation modulates circulating 
1,25-(OH) D levels both by increasing la-hydroxylase activity and by 

2 3  
affecting degradation of 1,25-(OH) D 2 3' 

2 3  itself. Administration of this compound to vitamin D-deficient animals 
brings about a suppression of the la-hydroxylase and a stimulation of 
the 25-OH-D-24-hydroxylase .78 
cultures 79s80 and in perfused organs81 Furthermore, agents that block 
transcription appear to block this response, implying a transcriptional 
event in the regulation of the 25-OH-D-la-hydroxylase 3 2  
conditions of hypocalcemia, however, increasing dosages of vitamin D or 
of 1,25-(OH) D do not inhibit the la-hydroxylase but actually increase 
the activity20? this system.83 In fact, circulating levels of 750 pg/ml 
of 1,25-(OH)2D3 can be achieved under hypocalcemic conditions with high 
doses of vitamin D. On the other hand, in animals on an adequate 
calcium, or on a low phosphorus diet, increasing doses of vitamin D 
suppress the la-hydroxylase. 
the la-hydroxylase or suppress it depending upon the calcium status of 
the animals. The complex molecular mechanism of regulation of the 
25-OH-D-la-hydroxylase remains a major area of investigation. 

One of the major regulators of the la-hydroxylase is 1,25-(OH) D 

This can be demonstrated clearly in 

Under 

Thus, 1,25-(OH)2D3 can either stimulate 

THE FUNCTIONS OF 1,25-(OH)2D3 

Certainly one of the major functions of 1,25-(OH) D is the 
stimulation of intestinal calcium and intestinal phosphate transport ?-5 

2 3  
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Of particular importance is the recent observation that 1,25-(OH) D 
stimulates intestinal calcium transport in a complex biphasic man$e?.84 
An injection of 1,25-(OH) D 
a peak value at 6 hours, $ohowed by a decline to a low value at 12 
hours, and a rise to a second maximum at 24 hours, which is sustained 
for several days. A second injection of 1,25-(OH)2D3 after the 24-hour 
period results in a super-induction of the initial response in addition 
to the second response. These findings suggest that there are at least 
two mechanisms of intestinal calcium transport responsive to 
1,25-(OHI2D3. 
activity of existing villus cells, whereas the second response likely 
results from an effect of 1,25-(OH) D 
differentiate and migrate up the viflus region to promote intestinal 
calcium transport. 
phosphate transport .85 

causes a rapid rise in calcium transport to 

The first response undoubtedly represents the transport 

on the crypt cells that then 
3 

A similar biphasic response has been observed for 

Another well-known function of 1,25-(OH) D is the mobilization of 2 3  calcium from bone so as to maintain normal plasma calcium 
This 1,25-(OH) D3-mediated process, however, cannot 

occur unless parathyroid humane 2s present,86 and it is probable that 
parathyroid hormone is responsible for bone mobilization, but re uires 
for its action certain 1,25-(OH) D induced celluEar events. 394J 

2 3- 

The role of 1,25-(OH)2D3 in the kidney is even less well 
understood, although its localization in the distal renal tubule cells, 

3 
specifically in the nuclei, is known.87 
in renal tubular reabsorption of phosphorus has been established, an$ 
this area remains controversial. There is evidence that 1,25-(OH) D 
stimulates renal reabsorption of calcium in the distal tubule but fiztle 
else is known concerning that mechanism.88 

No clear role for 1,25-(OH) D 

The long-standing question of the role of vitamin D metabolites in 
the synthesis of collagen matrix elaborated by osteoblasts or 
chondrocytes of the epiphyseal growth plate, and in the subsequent 
mineralization,3-6 was recently examined directly in completely vitamin 
D-def icient animals .89 9 90 These animals were then infused with calcium 
and phosphorus in the jugular veins to maintain plasma calcium and 
phosphorus in the normal range despite vitamin D deficiency.89 
so maintained showed entirely normal bone growth and normal 
mineralization of both cartilage and bone, a result also confirmed by 
histomorphometric measurements 
D plays no direct role-in the synthesis of the organic matrix of bone, 
in epiphyseal plate cartilage growth and mineralization, nor in the 
mineralization process of bone. O f  considerable interest is that the 
vitamin D-deficient animals infused with calcium and phosphorus 
accumulated calcium and phosphorus in their bones to a much greater 
extent than animals given vitamin DPO This probably is the result of a 
failure of the resorption process in vitamin D deficiency, and suggests 
that vitamin D must play an important role in the bone modeling and 
remodeling process. 

Animals 

These results demonstrate that vitamin 

1,25-(OH) D may play a role in tissues other than those involved 

in endocrine cells of the stomach:9 

2 3  
in calcium transport. In particular, Stumpf and coworkers have shown 
that 1,25-(OH)2D3 specifically localizes in the nuclei of skin cells 
especially the malpighian layer ,9 
in the islet cells of the pancreasF2 parathyroid gland cells93 
certain cells of the pituitary21 and of the brain34 in addition to the 
expected target sites, such as osteoblasts, osteocytes, intestinal 
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villus cells, and renal tubule cells.95 
contain the 1,25-(OH) D 
1,25-(OH) D is suggested. It has been shown, for example, that 
glucose-sEimulated insulin secretion is blunted in vitamin D deficiency 
and restored by 1,25-(OH) D3.97 
this response is the resuft of a change in plasma calcium concentration 
and of changes in food con~umption.9~ 
terol levels in skin in response to 1,25-(OH) D has also been 
demonstrated.99 
parathyroid hormone secretion or synthesis has been difficult to 
establish,100* lol and definitive methods remain to be developed to 
examine this question. 

Since these tissues also 
receptor,g6 a possible functional role for 

2 3  
7 3  

'It is unclear, however, how much of 

An increase in 7-dehydrocholes- 

A significant and physiologic role of 1,25-(OH)2D3 in 2 3  

The recent demonstration that 1,25-(OH) D stimulates the 
differentiation of myeloid leukemia cells (Mf and human HL-60 cells) 
into monocytes in a dose-dependent manner,lO2, 103 suggests a potential 
role for vitamin D metabolites in cellular differentiation. Somewhat 
higher doses of 1,25-(OH) D are required than those effective in 
cultures of embryonic bone or chick embryonic intestine, but the 
compounds that show maximum effectiveness in terms of calcium action 
also show maximum effect in stimulating the differentiation process. 
Low calcium media or calcium channel blockers increase the 
responsiveness of these cells to 1,25-(OH) 2D3.105 These cells contain 
receptors for 1,25-(OH) D3, and mutants low in receptor, are 
unresponsive to 1 , 25-(06) D 
focussed attention on the possibility that some vitamin D compound o r  
analog may be effective in treating certain acute leukemias bv inducing 
the differentiation of malignant cells to non-proliferative monocytes. 
This work has been extended to show the aggregation of monocytes into 
polynuclear cells in response to 1,25-(OH) D 
not yet proven, to represent osteoclastic $'o?kation .lo69 107 

3 

2 3  

treatment .lo5 These exciting results have 
2 3  

a process postulated, but 

Receptors for 1,25-(OH) D have also been found in 60% of the 
breast carcinoma cell lines available.108-110 Addition of 1,25-(OH) 2D3 
to mammary carcinoma or melanoma at low concentrations stimulates 
proliferation, but at higher concentrations, proliferation is markedly 
inhibited.111~ 112 In mutant cell lines lacking receptor , these responses 
do not occur. 

2 3  

Another interesting finding is the possible effect of 1,25-(OH)2D3 
on the carcinogenesis process of skin. The compound is reported to 
suppress papilloma development in skin induced by agents such as 
methylcholanthrene and promoters such as phorbol esters;ll3however, 
1,25-(OH) D 
promoting meth lcholanthrene-induced transformation of Balb 3T3 
fibroblasts!lJ These interactions of 1,25-(OH) D and its analogs with 
malignant cells will certainly receive great atgention in the next few 
years. 

has also been shown to substitute for phorbol esters in 
2 3  

3 

MOLECULAR MECHANISM OF ACTION OF 1,25-(OH)2D3 

This section will be restricted to intestinal calcium transport, 
since it represents the focus of current efforts to understand the 
mechanism of action. Much work has been done to demonstrate the 
existence of a macromolecule that binds 1,25-(OH) D in the target 
tissues. 
sedffenti g at 3.2 to 3.7 S that binds 1,25-(OH)2D3 with a Kd of 5 x 

3 Both chick and mammalian intestines congain a protein 

10- M. 96 The association and dissociation rate constants have been 
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determined for chick and man and for preparations from different 
tissues. 
homogeneity1159 116and monoclonal antibodies have been obtained.117 The 
chick receptor appears to be a single polypeptide chain of about 63,000 
kD.115,116Little is known about its chemistry, except that SH groups 
appear to be involved in hormone bindin 115-119and that it has a DNA- 
as well as a hormone-binding site. ’ ’ , ’ B 9  ’ 2o Extensive work has been 
carried out on the selectivity of this receptor for 1,25-(OH) D ?-4,96 
and it has been used, in fact, as a method of assay of the vizamin D 
hormone because of its marked sensitivity and specificity for 
1,25-(OH)2D3. 12’ There is some question about the intracellular location 
of this receptor, but current evidence, based on cell fractionation work 
from two different groups, supports the idea that the 1,25-(OH) D receP- 

2 3  
tor is predominantly in the nucleus even without ligand.122,123 
Addition of ligand apparently causes a structural alteration and a 
tighter binding to chromatin!24, 125 In animals given adequate amounts 
of vitamin D, approximately 20% of this receptor exists a s  the 
hormone-receptor complex, the remainder being in the free formJ269127 
and the administration of large amounts of 1,25-(OH)2D3 is required to 
convert the bulk of the free receptor to receptor-hormone complex.l27 
A full discussion of the voluminous receptor literature is beyond 
the scope of this review, and readers are directed elsewhere for a more 
detailed treatment. 3-5196, 128 

The receptor from chick intestine has been purified to 

3 

That interaction of 1,25-(OH)2D3 with the receptor is required for 
function is demonstrated by the disease, vitamin D-dependency rickets 
Type 11, an autosomal recessive disorder, which has been shown to be, at 
least in part, a receptor defe~t!~9,’3~ In addition, it has been shown 
that neonatal rats have no active transport of calcium and are 
unresponsive to 1,25-(OH) D until 14-16 days postpartum!31 However at 
14-16 days postpartum, the responsiveness to 1,25-(OH) D appears and 
correlates exactly with the appearance of receptor in fnzestinal 
tissue. 132 Adrenalectomy delays this response , whereas hydrocortisone 
injections cause precocious appearance of receptor and intestiaal 
calcium transport.l33 In fact, incubation of tissue explants at 14 days 
postpartum ith hydrocortisone causes in vitro appearance of the 
receptor. 13‘ These results argue that intestinal calcium transport 
requires interaction of 1,25-(OH)2D3 with the receptor. 135 

functions in intestinal calcium transport through a nuclear-medfa2ed 
mechanism. 2-4 
using intestinal organ cultures which show that cycloheximide or 
actinomycin D can block intestinal calcium transport response to 
1,25-(OH)2D3.136 When the inhibitor is removed by placing the tissue, in 
fresh medium, the responsiveness to 1,25-(OH) D reappears, Thus, 
transcription and translation appear to be in$o?ved in the intestinal 
response to 1,25-(OH) D . Rasmussen and colleagues have postulated a 
liponomic action of 1?2.?-(OH) D in promoting intestinal calcium 
transport , 137based on results2w?th isolated vesicles from brush borders 
of intestinal villus cells in which 1,25-(OH) D caused increased 
calcium transport ,138 and the finding that cholesterol esters and 
phosphatidylcholine and phosphatid lethylolamine levels in membranes are 
altered by 1,25-(OH)2D treatment ?39 The significance of these results 
remains undetermined a? the present time. 

2 3  

There has been considerable debate as to whether 1,25-(OH) D 

This question has been addressed in recent experiments 

3 

A major problem in explaining intestinal calcium transport 
responses to 1,25-(OH) D is the lack of information on the proteins or 

2 3  
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gene products of 1,25-(OH) D action. Only one protein induced by 
1,25-(OH) D has been idenzilied. 
protein i?i zhe chicken140 and the 8,000-12,000 kD protein found in rat 
intestine.l4I Unfortunately, intestinal calcium transport response does 
not correlate well with the appearance and disappearance of these 
calcium-binding pr0teins.1~2 Thus, it appears that more is involved in 
the intestinal calcium transport response than simply the induction of 
calcium binding protein. However, from experiments with embryonic chick 
organ cultures, using two-dimensional gel electrophoresis and 
computer-based spot analysis, it is clear that 1,25-(OH) D3-induced 
calcium-binding protein appears in that tissue sufficiengly early to 
play a role in calcium transport .I431 144Nevertheless, additional gene 
products of vitamin D expression are being sought. 
reports of 1,25-(OH) D -stimulated biosynthesis of actin and other 
labeled proteins, bug without a clear indication that any of these 
proteins are responsible for calcium transport .I45 The development of 
two-dimensional gel electrophoresis, double-label techniques, and 
sensitive computer analysis of these gels should soon yield more 
detailed information on the 1,25-(OH)2D3-induced gene products. 

This is the 27,000 kD calcium-binding 

There have been 

3 

Current information on the role of 1,25-(OH) D in eliciting 
inrestinal calcium transport is fragmentary and incomplete. It is 
unknown how 1,25-(OH) D enters the villus cell, or how it translocates 
t o  the nucleus where it interacts with its receptor. Hormone binding 
undoubtedly induces a change in the receptor, since it can be shown that 
hormone-receptor complex elutes at a higher salt concentration from DNA 
cellulose than does the free receptor.124~125 This receptor-hormone 
complex somehow interacts with the chromatin to elicit expression of 
specific genes that code for calcium and phosphorus transport proteins. 
One of these proteins is the calcium-binding protein discussed above; 
the others remain to be determined. They may function at the brush 
border membrane, in the cytoplasm, in the Golgi apparatus, and at the 
basal-lateral membrane to promote the transfer of calcium. The final 
expulsion of calcium at the basal-lateral membrane involves a sodium 
exchange me~hanisml~~or a calcium ATPase pump mechanism. 147 

2 3  

2 3  
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INTRODUCTION 

In the past ten years it has become clear that the induction phase 
of the immune response of both B and T lymphocytes is regulated by 
macrophages and subpopulations of T lymphocytes which serve to either 
enhance or suppress the immune response. Studies on the mechanisms of 
action of these regulatory processes have shown that, in many cases, the 
regulatory functions are mediated by soluble factors. These mediators 
(e.g. Interleukins 1 and 2, Interferon-y, B cell growth factor and B cell 
differentiation factor) are produced by the regulatory cells and exert 
their enhancing or su pressing effects on the responding precursor cells 
of the immune system.? These soluble factors have been designated 
lymphokines and in most cases have been found to be either proteins or 
glycoproteins ranging in molecular weight from 10,000 to approximately 
150,000.1 
vitro in inducing very dramatic enhancing or suppressing effects in 
immune functions at extremely low concentrations (between and 
1O-I2M). Recently, there have been a number of demonstrations of in vivo 
biological effects of administered lymphokines; thereby, confirming that 
the biological effects observed in in vitro culture systems can, in part, 
be duplicated in intact animals. 

The lymphokines have been found to be extremely potent & 

BIOLOGY OF INTERLEUKIN 2 

Cellular Interactions in the Production of IL-2. One of the best 
characterized lymphokines is Interleukin 2 (IL-2). This lymphokine is - -  
produced by helper T lymphocytes following stimulation with either T cell 
mitogens or various  antigen^.^,^ As with other T cell-derived lympho- 
kines, the production of IL-2 has been shown to be dependent upon a 
cellular interaction between the lymphokine-producing T lymphocyte and 
a'ccessory macrophages. 
signals to the T lymphocyte via antigen presentation and stimulation of 
the T lymphocyte via the secretion of Interleukin l.4 
interaction between the macrophage and the T cell culminates in the induc- 
tion of the lymphocyte to produce and secrete IL-2. Extensive studies 
using lymphocyte populations from both mouse and man have delineated the 
subpopulation of T lymphocytes producing IL-2 as the helper T cell popula- 
tion (Lyt 1'23' in mouse and T 4' in man) although in some instances T 
8' cells have been reported to produce IL-2.5 

These macrophages serve to provide the inductive 

This cellular 

Biological Activities of IL-2. The most commonly used in vitro 
biological assay for IL-2 is the stimulation of IL-2-dependent T cells 
to proliferate.6 
IL-2-dependent, cloned murine cytolytic T-cell line (CTLL) is used as a 
measure of proliferation and is related to the amount of IL-2 present in 
the sample compared to that incorporated by a standard.6 
laboratory variations in the IL-2 standard used (no international IL-2 

Incorporation of tritiated thymidine (3H-Tdr) by an 

Due to 
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standard has been adopted), interlaboratory comparisons of IL-2 activity 
are diffi~ult.~ In some laboratories, the standard, assigned a value of 
1 U/ml, is that amount of IL-2 that will induce 50% of the maximum 
stimulation at a dilution of about l:10.697 IL-2 of human as well as 
murine, rat and ape origin can be measured in this assay.6 Although 
the original experiments utilized IL-2-dependent cytotoxic T cell lines, 
more recent experiments have shown that other subpopulations of T cells 
including suppressor T cells8 and helper T cells9 are also responsive 
to IL-2. Therefore, it appears that IL-2 may serve as a growth factor 
for a variety of subpopulations of T lymphocytes. 

In addition to those studies which have examined the induction of 
growth of T lymphocyte populations by IL-2, a variety of other immunol- 
ogical activities have been observed. Numerous studies have demonstrated 
that IL-2 is able to induce resting cytotoxic T lymphocyte (CTL) precur- 
SOKS to proliferate in response to allogeneic stimulation and culminate 
in the generation of c totoxic T effector cells capable of lysing radio- 
labelled target cells.Yo This property has generally been considered to 
be one of the premier physiological activities of IL-2 and has promoted 
interest in the restorative effects of IL-2 in in vivo models of immune 
deficiency (see below). 
cytotoxic T effector cell precursors is unknown, recent evidence indicates 
that antigen-activated cytotoxic T cell precursors express IL-2 receptors 
on their surface, and that the proliferation-inducing signal to these 
effector cell precursors is mediated through an interaction between IL-2 
and the specific cell surface re~eptor.~ 
that other protein factors distinct from Interleukin 2 may induce 
IL-2-responsive proliferating T lymphocytes to differentiate into 
cytotoxic effector cells.11 

Although the mechanism by which IL-2 stimulates 

Recent information indicates 

In addition to the capacity of IL-2 to augment the induction and 
growth of antigen-specific cytotoxic T cells, IL-2 has also been impli- 
cated as a growth and activation factor for antigen-nonspecific natural 
killer (NK) cells.12 
associated with tumor surveillance. 

These cells have been implicated in immune functions 

In the early studies.conducted in 1978, the potential role of IL-2 
in the induction of antibody-forming B cell responses was shown. l3 
These experiments demonstrated that IL-2 was inseparable from the lympho- 
kine capable of restoring antibody responses of B cells in populations of 
lymphocytes depleted of T helper cells. Although the exact target cell 
of the IL-2 in these studies was not determined, it seems likely that 
IL-2 was either enhancing antibody synthesis indirectly by the activation 
of a particular subset of helper T lymphocytes or directly by activation 
of the antibody forming B cell precursors. Even though the prevailing 
notion is that the IL-2 enhances antibody synthesis indirectly, recent 
experiments indicate that activated B lymphocytes may express receptors 
for IL-2. Therefore, the mechanism by which IL-2 enhances antibody pro- 
duction remains essentially unknown. 

In addition to the above biological activation processes, which 
measure either the proliferative response of the particular target cell 
OK the induction of some terminal effector cell function such as antibody 
formation OK cytotoxic T lymphocyte development, IL-2 has also been 
implicated in the induction of synthetic processes within the target 
populations. 
of T lymphocyte populations to produce gamma interferon. 14, The 
significance of this observation may be broader than initially expected 
in that gamma interferon, which is another glycoprotein lymphokine, 

For example, IL-2 has been shown to induce certain subsets 
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probably mediates important regulatory effects in the induction of both 
NK and antigen-specific CTL populations as well as antibody-forming 
cells.14116 
part, mediates its enhancing effect on these subpopulations of cells 
indirectly through the induction of gamma interferon. Finally, recent 
evidence indicates that IL-2 may induce gamma interferon via an induc- 
tion of the cyclic nucleotide pathway and arachidonic acid cascade 
intermediates.17 
of cyclic GMP as well as leukotrienes were able to mimic IL-2 in the 
induction of gamma interferon. 

These latter results raise the possibility that IL-2, in 

In these studies, it was demonstrated that inducers 

In summary, although the induction of T cell growth probably rep- 
resents one of the primary functions of IL-2, there is mounting evidence 
that IL-2 is also involved in the induction of a number of cellular 
events (synthetic and differentiative) that are separable from cell divi- 
sion. 

CHEMISTRY AND GENE CLONING 

Purification and Biochemical Properties of IL-2. Early approaches to 
the purification of IL-2 involved classical preparative and chroma- 
tographic methods coupled with a search for  T cell lines which did not 
produce other factors (such as colony stimulating factor, B cell 
growth factors, lymphocyte activating factor). IL-2 from the cloned 
human leukemia T-cell line JURKAT has been used for purification and 
characteri~ation,~,l~-~~ monoclonal antibod f0rmation~2~~3 and receptor 
binding studies with radiolabeled material. 3 

Purification of JURKAT-derived IL-2 by Sephadex gel filtration and 
isoelectric focusing gave a single major peak of activity at PI 8.2. 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of 
that peak yielded a single band at 15,500 daltons, which was found to be 
free of other factors and the lectin used to induce the production of 
IL-2.7 Stern et al.24 reported a method by which JURKAT-derived IL-2 was 
purified to homogeneity using reverse phase HPLC. A single band corre- 
sponding t o  the reported molecular weight of IL-2 was obtained by SDS gel 
electrophoresis analysis.24 Biochemical heterogeneity in IL-2 obtained 
from other sources was shown by neuraminidase and glycosidase treatment to 
be due to 0-linked post-translational sialylation and glyc~sylation.~ 
Evidence suggests that the threonine at position 3 (see Figure I) is 
glycosylated. 25 The recent development of a monoclonal antibody immu- 
noaffinity column has afforded single step purification of large quan- 
tities of JURKAT IL-2. The homogeneity of this material was demonstrated 
by SDS-PAGE and reverse phase HPLC.22 
obtained was identical to the sequence predicted by the nucleotide 
sequence determined from gene cloning experiments (see below). 23 Y 26 , 27 

Murine IL-2 from the EL-4 thymoma and the cloned T-cell leukemia 
LBRM-33 cell line was found to exhibit an apparent molecular weight of 
30,000 daltons as determined by gel filtrati0n.~~-3~ 
focusing of the material has demonstrated a spectrum of PI'S between 
4.2 and 5.0. Protein bands retaining IL-2 activity were found in the 
21,000-25,000-dalton range,following SDS-PAGE separation. The molecular 
heterogeneity in mouse IL-2 is apparently due to variable amounts of 
glycosylation since treatment with neuraminidase results in quantitative 
recovery of essentially a single species of IL-2 with PI 5.1.3l 

Cloning of the IL-2 Gene. 
coding for human IL-2 cDNA libraries originally prepared from JURKAT 
IL-2 mRNA. Repetition of that process yielded a clone containing a 
plasmid with an 880 base pair cDNA insert. Approximately 2500 colonies 

The amino acid sequence that was 

Isoelectric 

Taniguchi and. co-workers26 cloned the cDNA 
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Figure I. Nucleotide and Deduced Amino Acid Sequence o f  Human Interleukin 2a.b 

I 
Mrt T y r  A r g  Met Gln Lcu  Leu  S e r  C y s  I l e  A l a  

ATG TAC AGG ATG CAA CTC CTG TCT TGC ATT CCA 

2 0  
LI’U Scr Leu  A l a  Leu Val  T h r  Asn Srr A l a  P r o  T h r  Ser Ser S e r  T h r  Lys  L y s  T h r  G l n  Leu  G l n  Leu  

CTA AGT CTT GCA CTT GTC ACA AAC AGT GCA CCT ACT TCA ACT TCT ACA AAG AAA ACA CAG CTA CAA CTG 

4 0  
G l u  H i s  Leu Leu Leu A s p  Leu  Gln Met I l e  Leu Asn G l y  I l e  Asn  Asn  T y r  L y s  Asn  Pro L y s  Leu T h r  

GAG CAT TTA CTG CTG GAT TTA CAG ATG ATT TTG AAT GGA ATT AAT AAT TAC AAG AAT CCC AAA CTC ACC 

6 0  8 0  
A r g  Met Leu  T h r  Phc  L y s  P h e  T y r  Met Tro L y s  Lys  A l a  T h r  G l u  Leu  Lys  H i s  Leu  G l n  C y s  Leu  G l u  

AGG ATG CTC ACA TTT AAG TTT TAC ATG CCC AAG AAG GCC ACA GAA CTG AAA CAT CTT CAG TGT CTA CAA 

1 0 0  
G l u  C l u  Leu  L y s  P r o  Leu G l u  G l u  Val Leu Asn  Leu  A l a  G l n  S e r  L y s  A m  Phe  H i s  Leu  A r g  P r o  Arg 

GAA GAA CTC AAA CCT CTG GAG GAA GTG CTA AAT TTA GCT CAA AGC AAA AAC TTT CAC TTA AGA CCC AGG 

1 2 0  
Asp Leu i l e  Ser Asn I l e  Asn Val I l e  Val Leu G l u  L e u  L y s  G l y  Ser G l u  T h r  T h r  P h e  Met Cys  G l u  

GAC TTA ATC AGC AAT ATC AAC GTA ATA GTT CTG GAA CTA AAG GGA TCT GAA ACA ACA TTC ATG TGT GAA 

1 4 0  
T y r  A l a  A s p  G l u  T h r  A l a  T h r  I le  Val G l u  P h c  Leu  Asn  A r g  T r p  I l e  T h r  P h e  C y s  G l n  S e r  I l e  I l e  

TAT GC’i GAT GAG ACA GCA ACC ATT GTA GAA TTT CTG AAC AGA TGG ATT ACC TTT TGT CAA AGC ATC ATC 

1 5 3  
S e r  T h r  Leu  T h r  

TCA ACA CTA ACT 

a. ref. 2 0  

b. Cleavage o f  the secretion protein between Ser2O-AlaZ1 gives mature human 
I L - 2  with 133 amino acids. 

were screened t o  i d e n t i f y  t h a t  clone. 
and nuc leo t ide  sequencing allowed the deduction of the amino ac id  
sequence as shown i n  Figure I. The human 1L-2 p r o t e i n  c o n s i s t s  of 153 
amino acid\  with a ca l cu la t ed  MW 17631.7. The hydrophobic N- termina l  
region o f  t h e  deduced sequence is thought t o  be a s i g n a l  pep t ide  which 
i s  cleaved (poss ib ly  between 20Ser and 21Ala) during the  s e c r e t i o n  
process  t o  y i e l d  mature IL-2 con ta in ing  133 amino a c i d s  with MW 15 420.5 
( c o n s i s t e n t  with MW 15,000 reported f o r  JURKAT-derived human IL-2.i8) 
The cloned gene was introduced i n t o  a plasmid appropr i a t e  t o  mammalian 
c e l l s  and was t r ans fec t ed  i n t o  a monkey c e l l  l i n e  C0S-7.26 The IL-2 
a c t i v i t y  thus obtained promoted T-cell  growth i n  the IL-2 bioassay,  was 
n e u t r a l i z e d  by an anti-IL-2 monoclonal antibody and, when p u r i f i e d  by 
Sephadex g e l  chromatography, gave m a t e r i a l  of MW 15,000 which was 
i n d i s t i n  u i shab le  from I t -2  obtained from JURKAT c e l l s . 2 6  DuPont 
workers3q, a l s o  working with JLJRKAT c e l l  mRNA, obtained a cDNA i n s e r t  
whose sequence e s s e n t i a l l y  matched t h a t  reported by Taniguchi e t  a1.26 
f o r  mature IL-2 but  lacked those bases coding for pre-IL-2. Other 
groups have cloned IL-2 cDNA from human splenocyte  mRNAs2’ and human ton- 
s i l l a r  c e l l  mRNAs33934 and conclude t h a t  only one IL-2 gene i s  p re sen t  
i n  the human genome. 

I t -2  Receptor S tud ie s .  
with j’S-met-IL-2 and 3H-leu, 3H-lys-IL-2 prepared by s t imu la t ion  of 

R e s t r i c t i o n  endonuclease cleavage 

S tud ie s  of t he  IL-2 r ecep to r  have been performed 
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JURKAT cells in the presence of the radiolabeled amino acids.7 Binding 
of labeled IL-2 with murine CTLL cells was rapid and dissociation was 
slow. Further, degradation of the receptor-bound labeled IL-2 suggests 
it is adsorbed and internalized by the cells. 
with CTLL cells indicated-a single set of approximately 15,000 receptor 
sites per cell with a Kd'1O-l'. 
increased in stimulated compared to unstimulated lymphocytes. Binding 
of labeled IL-2 to human cell lines has been related to the dependence 
of those cells on exogenous or endogenous IL-L~ 
35S-met-IL-2 binding was observed with a number of factors or mitogens 
including * and pinterferon, lymphocyte activating factor, epidermal 
and nerve growth factors, colony stimulating factor, phytohemaglutinin 
(PHA), concanavalin A (Con-A) and phorbol myristate acetate (PMA). 
Complete inhibition of binding was observed with IL-2 derived from JURKAT 
and human tonsillar cell sources and with the monoclonal antibody 
obtained from immunization of BALB/c mice with microgram quantities of 
1L-2.'~~~ 
IL-2 proliferation bioassay and 3%3-met-IL-2 binding were found to have 
similar dose response curves. 

Binding of 355-met-IL-2 

The number of receptor sites was 

No competition for 

In addition, the biolo ical response for IL-2 in the standard 

IN VIVO ACTIVITY IN ANIMAL MODELS 

Altered Production of IL-2. As described above, IL-2 appears to be a key 
lymphokine in the immunoregulatory circuits of immune responses. Thus, 
an increased or decreased production of IL-2 can cause alterations in 
immune response control mechanisms. In fact it has been suggested that 
a deficiency in IL-2 production may result in an impairment of those 
immunologic control mechanisms which may lead to autoimmune diseases 
such as systemic lupus erythematosus .35 
has been obtained that a deficiency in IL-2 production may be implicated 
in the decreased immune response associated with aging36 and infections 
due to Trypanosoma c r u ~ i ~ ~  and Mycobac terium lepraemurium. 38 
a reduction in the in vitro capacity of cultured spleen cells from mice 
with the above mentioned conditions to produce IL-2 in response to 
stimulation by the T cell mitogen Con A has been noted. However, 
conclusions based on net amounts of IL-2 activity in stimulated culture 
supernatants bear the caveat that the levels of activity can be affected 
not only by the amount of IL-2 produced but also by the amount utilized. 
In addition to the apparent decreased production of IL-2, the impaired & 
vitro proliferative response of these spleen cells to Con A could not be 
normalized by the addition of a source of exogenous IL-2 to the culture, 
suggesting a defect in responsiveness to I L - ~ . ~ ~ , ~ ~  

Using murine models, evidence 

In general, 

The Effects of Murine IL-2 on Cell-Mediated Immunity in Nude Mice in 
vivo. Some of the early experiments on the in vivo effects of IL-2 were 
conducted in athymic nude mice (nu/nu> which lack immunocompetent T 
cells. 
alloantigen (irradiated C57BL/6 mouse splenic lymphocytes) was injected 
subcutaneously (8.c.) into BALB/c nu/nu mice. Simultaneously, semi- 
purified IL-2 was injected either s.~. at the same site or intravenously 
(i.v.1. Within 5 days the spleen and lymph node cells from these mice 
were harvested and shown in vitro to be able to mount an antigen-specific 
cytolytic response against target cells. Thus, IL-2 appeared to be able 
to restore alloreactive CTL responses in nude mice in vivo. Similar 
experiments have been performed to demonstrate that It-2 also restores 
humoral immune reqponses of athymic m i ~ e . 4 ~  
IL-2 restored the IgM, IgG, and IgA responses to sheep red blood 
cells.42 
and treated with IL-2 daily developed antigen-specific T helper cells43, 

In a series of experiments conducted by Wagner et a1.39-41, an 

Treatment of nude mice with 

Similarly, nude mice injected i.v. with sheep red blood cells 



- 196 Sect. IV - Metabolic Diseases and Endocrine Function Pawson, Ed, 

suggesting that IL-2 restored the humoral response indirectly via its 
effects on T cells. IL-2 has also been shown to augment NK cell reac- 
tivity in nude mice.44 

The Effects of Murine IL-2 on Cell-Mediated Immunity in Normal Mice in 
vivo. Scientists at the Fred Hutchinson Cancer Research Center have 
conducted a series of in vivo experiments in normal mice utilizing 
"highly purified" murine IL-2 preparations. 18944-46 
IL-2 was obtained from PHA-stimulated LBRM murine lymphoma cells. The 
IL-2 in the culture supernatant was then purified by ammonium sulfate 
precipitation, gel filtration chromatography, and preparative isoelectric 
focusing. The IL-2 preparations obtained contained no detectable con- 
tamination with other lymphokines. In the in vivo studies conducted 
with this preparation of IL-2, CBA/J mice were given a single intraperi- 
toneal (i.p.) injection of IL-2 in the absence of alloantigen. A signi- 
ficant augmentation of NK cell activity was observed in both splenocytes 
and peritoneal exudate cells (PEC). On the other hand, IL-2 treatment 
did not result in splenic cytolytic activity against NK-insensitive 
target cells. The i.v. administration of IL-2 produced similar results. 

To study whether IL-2 would augment alloreactive CTL generation &I 

In these studies , 

viva, BALB/c mice were immunized with allogeneic EL-4 tumor cells and 
treated with IL-2. A two-fold increase in cytolytic activity against 
EL-4 target cells in both PEC and spleen cells was found, whereas no 
effect on an antigenically distinct tumor cell target (SL-3) could be 
observed. 
to develop CTL activity against EL-4 tumor cells. 
ment of alloreactive CTL activity in both PEC and spleen cells was not 
significantly influenced by the in vivo administration of IL-2. These 
experiments demonstrate that the IL-2-augmented CTL reactivity was speci- 
fic for the immunizing antigen. The augmentation of CTL activity of PEC 
induced by the i.p. administration of IL-2 and alloantigen was dose- 
dependent with a plateau of enhanced CTL activity observed at the highest 
dose (100 U/ml> of IL-2 administered.18 
the in vivo administration of IL-2 completely abolished the induction of 
tolerance to the hapten dinitrofluorobenzene. 

Mice receiving IL-2 alone in the absence of alloantigen failed 
The rate of develop- 

These authors also noted that 

In a recent study, Rosenberg et a1.47 examined two preparations of 
IL-2 (spleen cell-derived and EL-4 thymoma-derived) for their. effects on 
CTL generation in C57BL/6 and DBA/2 mice. The i.p., s.c., or i.v. admi- 
nistration of IL-2 for 3 days to normal C57BL/6 mice or  those primed with 
irradiated P815 mastocytoma tumor cells increased the cytotoxicity of 
spleen cells against the specific allogeneic P815 target. Along similar 
lines, with both C57BL/6 mice immunized with DBA/2 lymphocytes and DBA/2 
mice immunized with C57BL/6 lymphocytes, the injection of IL-2 over a 
three-day period markedly enhanced the generation of specific splenic CTL 
against the immunizing antigen.47 

The Effects of Human IL-2 on Cell-Mediated Immunity in Mice. In a recent 
study, 48 highly purified human IL-2 administered 8.c. to C57BL/6 mice, 
that had been injected with L1210 tumor cells and then immunosuppressed 
with a high dose of cyclophosphamide, restore the lymph node cell 
cytotoxic activity against L1210 leukemia target cells. However, IL-2 did 
not enhance CTL activity in normal C57BL/6 mice.48 
from those of Hefeneider et a1.49 who found that murine IL-2 augmented 
the cytotoxicity of normal spleen cells in vivo. 
apparent discrepancy in the in vivo effect of IL-2 has not been estab- 
lished. 

These results differ 

The reason for this 
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Antitumor Effects of IL-2 in Mice. Inoculation of either the FBL-3, a 
Friend virus-induced leukemia, or EL-4(G-), a chemically induced leuke- 
mia, into syngeneic C57BL/6 mice is lethal 1 
of the mice extended survival time, but all animals eventually died. 
Adoptive chemoimmunotherapy 
cells grown in the presence of IL-2 were performed to determine if 
increased survival time resulted. Spleen cells, obtained from C57BLf6 
mice immunized with irradiated FBL-3 or EL-4(G-) cells in vivo, were 
secondarily immunized to the respective irradiated tumor antigen in vitro 
in the presence of IL-2-rich supernatants. These conditions allowed clo- 
nal expansion of antigen-specific CTL. Treatment of tumor-bearing mice 
with cyclophosphamide and those in vitro-propagated CTL increased sur- 
vival. This type of therapy was specifically effective against the immu- 
nizing tumor in terms of prolonging the median survival time, however, no 
mice were cured. Other workers have also demonstrated varying degrees of 
effectiveness with the use of adoptive chemoimmunotherapy in different 
murine tumor models and employing different preparations of human and rat 
IL-2.52,53 
tive immunotherapy without chemotherapeutic agents .54-57 

Cyclophosphamide treatment 

51 with tumor sensitized spleen 

Antitumor effects have also been shown with the use of adop- 

The antitumor effects of exogenously administered IL-2 have also 
been e~amined.~l,~* 
from the lymphoma cell line LBRM-33, no antitumor effect of daily IL-2 
therapy, either by itself or in combination with cyclophosphamide was 
observed in C57BLf6 mice injected with FBL-3 leukemia cells. However, 
IL-2 administration significantly potentiated the effects of adoptive 
immunotherapy utilizing CTL with 11 of 16 mice being completely cured.50 
Palladino et a1.59 have found that IL-2 in combination with adoptive 
immunotherapy was more effective than IL-2 alone in prolonging the 
survival of CB6F1 mice injected with R d l  leukemia cells. 
have found varying degrees of antitumor effect with the use of mouse,60 
rate1 or EL-4 
as the only therapeutic agent. 

In these studies, using a purified IL-2 preparation 

Other workers 

cell line57 derived IL-2-containing culture supernatant 

IL-2 and Graft Rejection, An immunoregulatory effect of IL-2 has also 
been demonstrated in graft rejection models. Skin from B1O.BR mice .- - 
grafted on to B6AF1 recipient mice was rejected more rapidly if the 
recipient mice were injected i.v. with B6AFl lymphocytes sensitized 2 
vitro to irradiated BlO.BR stimulator cells and allowed to-proliferate 
in IL-2 rich spleen cell culture supernatants.62 In another experinent, 
the survival of cardiac allografts in rats was decreased if the recipient 
rats were given sensitized lymphoc tes plus IL-2-containing Con A-induced 
spleen cell culture supernatants.65 These studies indicate that IL-2 is 
involved in graft rejection and suggest that inhibitors of IL-2 or agents 
which block IL-2 receptors may be of clinical significance in transplan- 
ta tion. 

Pharmacokinetics in Animals. The clearance of murine IL-2 prepared from 
the EL-4 cell line has been studied in DBA/2 mice.57 
IL-2 administered i.v. was rapidly cleared from the serum, (t 1/2=3-5min), 
whereas a more sustained serum level of IL-2 was maintained after i.p. 
administration. An even more sustained and prolonged serum level of IL-2 
was achieved after S.C. a d m i n i ~ t r a t ian.~~,~4,~~ 
i.v. administered IL-2 was also demonstrated in nude mice, in irradiated 
mice, and in splenectomized mice, suggesting that the binding of IL-2 to 
T cells in vivo did not account for its short serum half-life. The main 
site of IL-2 clearance appeared to be the kidney. In another experi- 
ment, a partially purified preparation of murine IL-2, was cleared 
equally rapidly from the blood of normal and T cell-depleted BALB/c 

Partially purified 

The short half-life of 
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mice.66 
adsorption to T cells. 

These results also indicated that IL-2 was not cleared by 

CLINICAL STUDIES 

In Vitro Production and Responsiveness. 
peripheral blood mononuclear cells or lymphocytes in response to & 
vitro stimulation with mitogen or alloantigen was shown to be defective 
in patients with systemic lupus erythematosus ,67-70 

immun~deficiency,~~'~~ and rheumatoid arthritis.70 
restoration of the lymphocyte roliferative response in the presence of 
IL-2 has been d e m o n ~ t r a t e d . ~ ~ ~ ~ ~  These studies suggest that IL-2 is 
implicated in the impaired immune function in certain disease states and 
point out the possible clinical application of this lymphokine. 

The production of IL-2 by 

le romatous 
leprosy,71 bone marrow tran~plantation,~~ solid tumors, 73 T cell 

In some instances , a 

It has been demonstrated that highly purified human IL-2 restored 
the marked decrease in NK cell activity and cytomegalovirus ( C M V ) -  
specific cytotoxicity of peripheral blood lymphocytes obtained from six 
patients with acquired immunodeficiency syndrome (AIDS) and CMV 
infection. 77 

Increased production of IL-2 has been observed in other clinica 
conditions. For example, lung cells (presumably containing T 
lymphocytes) from patients with sarcoidosis and high-intensity alveol 
spontaneously re lease 1~-2.78 

tis 

In Vivo Administration. Recently, Phase I clinical trials utilizing 
both purified natural and recombinant IL-2 were initiated with patients 
having immunodeficiency diseases including acquired immune deficiency 
syndrome (AIDS). In one such clinical trial for which data has been 
published, human IL-2 purified to apparent homogeneity was administered 
S.C. daily to a child with Nezelof's T cell deficiency who was retrospec- 
tively suspected to have AIDS.76 He received 5 escalating doses of IL-2. 
However, his clinical condition deteriorated and he died 8 days after 
initiation o f  IL-2 therapy. At present there are not enough clinical 
data available to evaluate the effectiveness of IL-2 in treating immuno- 
deficiency disease states. 

Pharmacokinetics in Humans. The pharmacokinetics of partially purified 
human IL-2 given i.v. have been studied in two patients with metastatic 
melanoma.79 The clearance of IL-2 from the circulation was exponential 
over one hour and the initial IL-2 blood level was related to the dose 
given. The half-life of IL-2 was -22.5 minutes. Side effects included 
transient rigor, pyrexia, tachycardia, hypotension, hypoglycemia, nausea 
and vomiting, increased cortisol levels, lymphocytopenia, and signs of 
mild intravascular coagulation. There was no significant change in liver 
enzyme leVel8, and no long-term effects were observed. Since the IL-2 
preparation was not purified to homogeneity it is not known if the side 
effects were due t o  IL-2 or to other contaminating components. It should 
be noted that similar side effects using more highly purified prepara- 
tions of IL-2 have not been observed in mice administered IL-2. 

CONCLUSIONS 

Thus, in little more than 5 years, IL-2 research has progressed 
from the initial descriptions of its in vitro biological activities, to 
its purification to molecular homogeneity, gene cloning, demonstrations 
of in vivo activity in mice, and into early efforts in the area of immu- 
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notherapy in man. It is expected that with the availability of recom- 
binant IL-2, numerous phase I clinical trials will begin in earnest in 
patients with various forms of acquired immunodeficiency and malignancy. 
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Chapter 20. The Inactivation of Cytochrome P-450 

Paul R. Ortiz de Montellano, Department of Pharmaceutical 
Chemistry, School of Pharmacy University of California 

San Francisco, California 94143 

Introduction - The inactivation of cytochrome P-450 by enzyme-specific 
agents can alter the metabolism of concommitantly administered xenobiotics 
or can upset essential biosynthetic or catabolic pathways if isozymes 
devoted to the metabolism of endogenous substrates are affected. These 
changes in metabolic activity may be toxicologically significant but may, 
if intentional, be exploited for pharmacological or therapeutic purposes. 
From a heuristic point of view, catalysis-based inactivation can be used 
to elucidate the catalytic mechanism of cytochrome P-450 enzymes. Three‘ 
classes of agents are known that specifically inactivate cytochrome P-450 
enzymes by catalysis-dependent mechanisms: (a) agents that bind covalently 
to the protein, (b) agents that quasi-irreversibly coordinate with the 
heme iron atom, and (c) agents that specifically alkylate or degrade the 
prosthetic heme group.1-7 
that irreversibly N-alkylate (Scheme 1) or otherwise alter the prosthetic 
heme group of cytochrome P-450 and then outlines progress in applying this 
knowledge to the design of isozyme-specific irreversible inhibitors. 

This review summarizes recent work on agents 

r 

Scheme 1 

C02H CO,H 

P-450 

Heme-Destructive Functionalities 

Terminal Olefins and Acetylenes - The first recognized and most studied of 
the suicide substrates for cytochrome P-450 is 2-isopropyl-4-pentenamide 
(AIA).6,8 
approximately once in every 200 catalytic events oxidation of the double 
bond results in covalent attachment of the substrate to the prosthetic 
heme 
phyrin IX with AIA bound to one of the nitrogen a t o r n ~ . ~ , ~ ~  Chemical and 
mass spectrometric evidence identified the N-alkyl group as the five- or 
six-membered lactone expected from intramolecular cyclization of, 
respectively, the y- or 6-hydroxylamide obtained if an oxygen atom adds 
to one end and a porphyrin nitrogen to the other end of the n-bond 

The n-bond of AIA-is normally oxidized to-the epoxide but 

Early work showed that this alkylation yields protopor- 
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(Scheme 2) .lo 
confirmed by an NMR spectroscopic analysis.11 
pentenamide), a structurally related sedative-hypnotic, similarly 

The five-membered lactone strricture has recently been 
Novonal (2,2-diethyl-4- 

inactivates cytochrome 
with the corresponding 
nitrogens .11-12 

/Nn 
N 7 - N  

P-450 and gives rise to a protoporphyrin I X  adduct 
f ive-membered lactone 

N-N 
I 

attached to one of the 

A T - 7  
N-N 
I 

'6 

A I A  and novonal are oxidized by cytochrome P-450 to lactone meta- 
bolites that are structural1 analogous to the N-alkyl group in the 
corresponding heme adduct~.lJt~~ The lactone metabolite of A M ,  as shown 
by 180-studies, arises by intramolecular attack of the amide carbonyl on 
an initially formed epoxide metab01ite.I~ 
the lactone function in the heme adduct, however, derives from molecular 
oxygen and thus must be introduced by the catalytic action of the 
enzyme.ll This rules out interception by the amide of a catalytically- 
activated Ir-bond as a step in heme alkylation because the lactone oxygen 
would be expected to derive from the amide carbonyl group. 

The oxygen incorporated into 

Alkylation of the prosthetic heme of cytochrome P-450 on oxidation 
of a double bond is not limited to struct r s that resemble A I A  but is 
generally observed with terminal a-bonds. '*' In addition to the 47 
olefins and acetylenes listed in a recent review,6 allyl chloride, allyl 
alcohol, and several vinylcycloalkanes have been reported to similarly 
inactivate cytochrome P-450.16-19 
olefins and acetylenes conforms in general to the pattern set by AIA and 
novonal except that lactonization does not occur in the absence of a 
properly positioned carbonyl group. The porphyrin N-alkyl group in the 
heme-addncts that have been characterized to date (ethylene, propene, 
octene, acetylene, fluroxene, vinyl fluoride, propyne, octyne, ethchlo- 
rvynol) is obtained by adding the porphyrin nitrogen to the terminal 
carbon and the oxygen to the internal carbon of the n-bond.6 
alkylation during the oxidation of ethylene thus gives rise to N-(2- 
hydroxyethy1)proto orphyrin IX. The hydroxyl group again derives from 
molecular oxygen.28 Secondary transformations modify the structure of 
the heme adduct, however, if the destructive substrate is an acetylene or 
bears a leaving group on the carbon to which the oxygen is added. The 
N-alkyl enol function obtained .in the reaction with an acetylene 
tautomerizes to the more stable carbonyl structure. 
N-(2-oxopropyl)protoporphyrin 1X.z1  
with fluroxene (2,2,2-trifluoroethyl vinyl ether) and vinyl fluoride 
readily eliminate 2,2,2-trifluoroethanol or hydro en fluoride, 
respectively, to give the same carbonyl product.25 It is assumed but 
still unconfirmed that vinyl chloride, vinylidene chloride, and 
trichloroethylene analogously alkylate the prosthetic heme of cytochrome 
P-450.23, 24 

Heme alkylation by all terminal 

Heme 

Propyne thus yields 
The hydroxyls in the heme adducts 
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Alkylation of prosthetic heme by the epoxide metabolites can be 
excluded because (a) epoxides of active olefins do not inactivate the 
enzyme,9,10,25 (b) the nitrogen and the oxygen add across the 71.-bond in 
a cis rather than trans fashion,*6 and (c) the heme nitrogen adds to the 
terminal carbon of vinyl ethers whereas the internal carbon is by far 
more reactive in the corresponding epoxides. 22 The evidence requires 
activation of the terminal carbon of the n-bond during cytochrome P-450- 
catalyzed transfer of oxygen to the internal carbon. 
an acyclic alkylating species argues persuasively against exclusively 
concerted epoxidation mechanisms. The nature of the reactive intermedi- 
ate, proposed to be a radical, is under continuing investigation.7,22 

4-Alkyl-1,4-Dihydropyridines - DDC (1, R=Me) causes the accumulation of a 
green pigment that competitively inhibits the heme biosynthetic enzyme 
that inserts iron into protoporphyrin IX.27-29 
biguously identified as N-methylprotoporphyrin IX,3O is generated by 
transfer of the &methyl group from DDC to the rosthetic heme moiety 
upon oxidation of the substrate by the en~yme.3~-~~ The in vivo inhibit- 
ion of heme biosynthesis caused by DDC is thus closely linked to its 
inactivation of cytochrome P-450. Cytochrome P-450 is inactivated by DDC 
analogues with an ethyl, propyl, isopropyl, isobutyl, or benzyl moiety in 
place of a 4-mtthyl group but not by those with a 4-aryl group. N- 
alkylated porphyrins, however, do not appear to be formed with the 
4-isopropyl or 4-benzyl anal0gues.33,~~ Oxidation of the 4-ethyl analogue 
(1, R = Et) by microsomal cytochrome P-450 has been shown b spin trapping 
experiments to release the &ethyl group as a free radical.33 The fact 
that the 4-ethyl group appears in the N-ethylprotoporphyrin IX heme adduct 
clearly suggests that the catalytically-released radical reacts with the 
prosthetic heme group and inactivates the enzyme. 

The requirement for 

The green pigment, unam- 

H R  

1 
N 

2 
N 

3 
N 

Hydrazines - Phenelzine, isoniazid, phenylhydrazine and other hydrazines 
inhibit a variety of metabolic pathways. A now classical example is the 
lethal potentiation of me eridine that accompanies inhibition of its 
metabolism by phenel~ine.~5,3~ A recent study of the kinetics of inhi- 
bition of microsomal dealkylation reactions by phenelzine has been inter- 
preted in terms of reversible inhibitory processes but an earlier, more 
definitive study demonstrated that phenelzine irreversibly inactives 
cytochrome P-450.37938 
panied by the hepatic accumulation of N-(2-phenylethy1)protoporphyrin IX 
and, as shown by spin trapping experiments, by oxidative formation of the 
2-phenylethyl free radical.39 Phenelzine is thus also oxidized by cyto- 
chrome P-450 to a free radical that presumably reacts with the prosthetic 
heme group. 

The inactivation of cytochrome P-450 is accom- 
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Phenylhydrazine inactivates cytochrome P-450 in a reaction charac- 
terized by time-dependent formation of a transient com lex with an absor- 
bance maximum at 480 nm and by eventual loss of heme.48 The nature of 
the transient complex and the final fate of the heme group remain ambigu- 
ous but results with other hemoproteins (see below) suggest that the 
complex may involve coordination of the phenyl group with the heme iron 
and heme l o s s  may result from eventual formation of N-phenylprotoporphy- 
rin IX. 

The recently confirmed inhibition of cytochrome P-450 by isoniazid 
and hydralazine does not result from heme alkylation but rather from the 
formation of a transient complex with an absorption maximum at 449 
nm . 41-44 The complex and its inhibitory effect are dissipated by ferri- 
cyanide. The inhibition by isoniazid thus resembles that mediated by 
1,l-disubstituted hydrazines, which also form reversible cytochrome P-450 
complexes absorbing at 449 nm. 45 Studies with metalloporphyrins indicate 
that 1,l-dialkylh drazines are oxidized to aminonitrenes that coordinate 
to the iron atom.16 The coordination of diazene metabolites with the 
heme of cytochrome P-450 also yields complexes with an absorbance 
maximum at 446 m1.4~ 

The reactions of hydrazines with hemoproteins other than cytochrome 
P-450 are more clearly understood because of their greater accessibility. 
The inactivation of hemoglobin, myoglobin, and catalase by substituted 
phenylhydrazines converts their prosthetic heme groups into N-arylproto- 
porphyrin IX derivatives .48-5O The key discovery made with these hemo- 
proteins, however, is that the aryl moiety prior to denaturation of the 
hemoproteins is coordinated to the heme iron atom rather than to the 
nitrogen on which it is found in the isolated add~cts.~l-~~ 
for this formulation includes a high resolution crystallographic structure 
of the hemoproteJn complex generated from phenylhydrazine and myoglobin.53 
The iron-to-nitrogen shift that yields the isolated N-arylporphyrins takes 
place as the hemoprotein complexes d e n a t ~ r e . 5 ~ ~ ~ ~ 9 ~ ~  

The evidence 

Horseradish peroxidase does not give an iron-phenyl complex with 
phenylhydrazine but does react with cyclopropanone and nitromethane to 
yield meso alk lated products (the  me^^ positions are marked by dots in 

cytochrome P-450. The factors that favor alkylation in 
horseradish peroxidase but N-alkylation in myoglobin, hemoglobin, 
catalase, and cytochrome P-450 remain to be elucidated. 

Nitrosamines - Nitrosamines depress 
ions and inhibit xenobiotic metabolism.-Dimethyl-, diethyl-, and 
dipropylnitrosamines have recently been shown to cause the in vivo 
accumulation of abnormal hepatic pigments.59 The pigment obtained with 
diethylnitrosamine, identified as N-(2-hydroxyethyl)protoporphyrin IX, 
did not detectably contain N-ethylprotoporphyrin IX. The demonstration 
that N-ethylprotoporphyrin IX is not a precursor of the N-(2-hydroxyethyl) 
derivative implies that the heme reacts with a preformed 2-hydroxyethyl 
moiety (5-hydroxylation of diethylnitrosamine is known to occur) or is 
alkylated during the oxidation of diethylnitrosamine-derived ethylene. 
The adduct obtained with diethylnitrosamine is the same as that obtained 
with ethylene.60 Ethylene formation from diethylnitrosamine has not been 
reported but alkyl alcohols, which derive from the cationic intermediates 
required for olefin formation, are known as metabolites of dialkylnitro- 
samines.61 
involve a species other than an olefin metab~lite.~g 

No z-alkylated heme adducts have been reported for 

vivo cytochrome P-450 concentrat- 

Heme alkylation by dimethylnitrosamine must, in any case, 
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Benzyne and Cyclobutadiene: Stereoelectronic Activation- - The catalytic 
interaction of cytochrome P-450 with 1-aminobenzotriazole ( L ) ,  a compound 
that releases benzyne when chemically oxidized, results in time-dependent 
enzyme ina~tivation.~~~~3 An unusual prosthetic heme adduct is formed in 
which two vicinal nitrogens of protoporphyrin IX are bridged by an ortho- 
substituted phenyl ring.64 
substituents are placed on the exocyclic amino group of l-aminobenzo- 
triazole, although enzyme inactivation by substituted analogues has not 
been well characterized. 
structure of the heme adduct indicate that inactivation follows oxidative 
release of  benzyne or a benzyne-like species within the active site of 
the enzyme. 

The inactivation reaction occurs even when 

The catalytic role of the enzyme and the 

The chemical decomposition of (2, R = H) yields cy~lobutadiene.~~ 
The cytochrome P-450-catalyzed oxidation of N,N-Q-carbethoxy-2,3- 
diazabicyclo[2,2,0lhex-5-ene (3, R = C02Et) , a relatively stable 
derivative, results in time-dependent inactivation of the enzyme. 66 
inactivation is paralleled by the accumulation of a heme adduct identified 
as N-(2-~yclobutenyl)protoporphyrin IX, a finding that points to a 
catalytically unmasked cyclobutadienoid species as the heme-alkylating 
agent. 

The 

Disubstituted Acetylenes and Allenes - The unequivocal demonstration that 
cytochrome P-450 is destroyed by prosthetic heme alkylation requires 
isolation and characterization of the heme adduct. These criteria have 
been met for the inhibitors described above. Cytochrome P-450, however, 
also catalyzes its own inactivation by mechanisms that destroy the heme 
group but do not yield detectable heme adducts. 
in these instances may give unstable adducts or may degrade the heme by 
entirely distinct mechanisms. The need for caution in attributing cyto- 
chrome P-450 inactivation to heme alkylation is emphasized by the finding 
that terminal allenes and disubstituted acetylenes inactivate cytochrome 
P-450 when catalytically acted upon by the enzyme but, in contrast to 
terminal olefins and acetylenes, do not give detectable heme adducts even 
though the prosthetic heme moiety is 1ost.63a67,68 
difference is not known but may reflect stringent steric requirements f o r  
the N-alkylation of prosthetic heme. 

The destructive reaction 

The reason f o r  this 

Cyclopropylamines - Benzylcyclopropylamines but not benzylisopropylamines 
are catalysis-dependent irreversible inhibitors of cytochrome P-450.69,7* 
The retention of full destructive activity in N-benzyl-1-(methy1)cyclo- 
propylamine argues that enzyme inactivation does not follow oxidation of 
the cyclopropylamine to an exocyclic imine because this transformation 
is blocked by the methyl group. 
that oxidation of the cyclopropyl amine to the imine is accompanied by 
cleavage of the cyclopropyl ring to give a primary homoallylic radical. 
The carbon radical is envisioned to react with the prosthetic heme group 
or the protein to inactivate the e n ~ y m e . 7 ~ 9 ~ ~  
radiolabeled agent to the hemoprotein has been reported and the formation 
of a "green" pigment mentioned in a footnote, but actual evidence that 
the cyclopropyl ring is cleaved or that heme alkylation occurs is not 
available. 71 
P-450 by cyclopropyl amines closely parallels that formulated by 
Silverman to explain inactivation of monoamine oxidase by the same 
 substrate^.^^ 
eytochrome P-450 by cyclopropylamines to inhibition of drug metabolism 
by the MA0 inhibitor tranylcypromine (2-phenylcyclopropylamine) remains 
unknown. 73 

The proposal has therefore been made 

Covalent binding of 

The mechanism proposed for the inactivation of cytochrome 

The relevance of mechanism-based inactivation of 
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Aldehydes - The destruction of cytochrome P-450 b 
accompanied by equimolar l o s s  of microsomal heme.y4r75 Aliphatic 
aldehydes also destroy cytochrome P-450 but, unlike the aromatic analogues, 
only appear to be active in ~ i t r o . ~ ~  
aldehydes is distinguished from that mediated by phthalaldehyde by a 
requirement for NADPH. 75-77 
microsomes from rats pretreated with radiolabeled levulinic acid to tag 
the heme groups causes the formation of a radiolabeled "green" pigment, 
but the electronic spectrum of the pigment lacks the features that 
characterize N-alkylprotoporphyrin IX derivatives.76 

Halogenated Hydrocarbons - The destruction of cytochrome P-450 by CC14, 78 
first attributed to lipid peroxidation, has been shown to occur even 
under conditions where lipid peroxidation is not dete~table.~~-~~ One 
possible explanation for this inactivation is that the trichloromethyl 
radical or a related species obtained by reduction of the halocarbon 
reacts with the heme moiety or the apoprotein. The ill-defined radio- 
labeled porphyrins reported in incubations of labeled CCl4 with hepatic 
microsomes would provide support for a heme alkylation mechanism were 
it not for the conflicting report that fluorescent N-alkylated por- 
phyrins similar to those obtained with AIA are not isolated from CC14- 
incubated microsomes by procedures that result in isolation of the AIA 
adducts .83 ,84 

aromatic aldehydes is 

Enzyme destruction by these mono- 

The incubation of octanal with hepatic 

The mechanism of cytochrome P-450 destruction by CCl4 or the 
related anesthetic halothane must take into account the reductive 
formation of a reversible complex with an absorbance maximum at 454 or 
469 nm, respe~tively.~~-~~ 
demonstrated, that these complexes involve coordination of the prosthetic 
heme iron with halocarbon-derived carbenes or anions. 

It is believed, but has yet to be clearly 

1,2,3-Benzothiadiazoles - The synergistic activity of lY2,3-benzothiadia- 
zoles with insecticides and drugs has been traced to suicidal inactivation 
of cytochrome P-450 paralleled by loss  of microsomal heme but not b 
detectable heme adduct formation or enhanced lipid peroxidation. 
Covalent binding of a radiolabeled 1,2,3-benzothiadiazole to microsomal 
proteins has been claimed but no supporting data was pre~ented.9~ 
mechanism of actian of 1,2,3-benzothiadiazoles remains unknown. 

63,89-91 

The 

Thiocarbonyls and Thiophosphates - A variety of substances with C=S or 
P=S functionalities, including diethyldithiocarbamate and parathion, 
inactivate cytochrome P-450 and resuit in microsomal heme loss when 
catalytically acted upon by the e n ~ y m e . ~ ~ - ~ ~  
mechanistic data is that obtained for parathion which suggests that 
several sulfur atoms are covalently bound but actual loss  of catalytic 
activity correlates with loss of the prosthetic heme g r o ~ p . ~ ~ , ~ ~  It has 
been postulated that catalytically-released sulfur atoms react with pro- 
tein sulfhydryl groups to give hydrodisulfides, one of which subsequently 
reacts with the heme group. This postulate is supported by the demonstra- 
tion that benzyl hydrodisulfide destroys cytochrome P-450 and its 
prosthetic group without a requirement for catalytic turnover of the 
enzyme but the nature of the products formed in the reaction is not 

The most informative 

known. 98 
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Peroxides - The destruction of cytochrome P-450 during lipid peroxidat- 
ion is generally assumed to result from nonspecific degradation of 
microsomal proteins. 
damage and thus falls outside the scope of this review. Evidence 
nevertheless exists that lipid peroxides can inactivate cytochrome P-450 
enzymes with some specificity: (a) lipids extracted from peroxidized 
microsomes destroy the cytochrome P-450 complement of fresh microsomes, 99 
(b) linoleic acid hydroperoxide causes equimolar, concentration-dependent, 
l o s s  of microsomal cytochrome P-450 and heme, and (c) cytochrome b5 and 
cytochrome P-450 reductase are not affected exce t b 

Lipid peroxidation indeed causes general protein 

relatively high 
concentrations of linoleic acid hydroperoxide. 108,101 

The Physiological Importance of Isozyme-Specific Inactivation 

Isozyme Specificity - Work with purified cytochrome P-450 enzymes has 
shown that AIA inactivates the major isozyme from phenobarbital- 
pretreated but not from 3-methylcholanthrene-pretreated rats. 63 
purified phenobarbital-induced enzyme fraction has more recently been 
fractionated into several individual isozymes and one of the two major 
isozymes thus obtained ("PB-4") has been shown to be ten time 

3-methylcholanthrene-inducible isozyme is not inactivated by AIA because 
it does not accept AIA as a substrate but it is readily inactivated by 
other agents (fluoroxene, 1-aminobenzotriazole, 5,6-dichloro-1,2,3- 
benzothiadiazole) and thus is not inherently resistant to inacti~ation.~~ 
A study of the inactivation of eight purified cytochrome P-450 isozymes 
by 1,l-dichloroethylene has established that one phenobarbital-inducible 
isozyme ("PB-B", probably identical to "PB-4") is effectively inactivated, 
and the other five isozymes from variously induced rats are not detectably 
ina~tivated.~~ 
and its ability to oxidize 1,l-dichloroethylene was not found. 
Resistance to inactivation thus can be conveyed by failure to oxidize the 
substrate or by factors intrinsic to the active site that suppress the 
destructive process. 

The 

susceptible to inactivation by AIA than the other ("PB-5"). 103 m;;z 

A clear relationship between inactivation of an isozyme 

Cytochrome P-45OsCc - The demonstration of isozyme selectivity and the 
availability of structure-activity data has triggered efforts to _ _  
construct irreversible inhibitors for biosynthetic cytochrome P-450 
isozymes. Two types of mechanism-based inhibitors have been reported 
for cytochrome P-45OsCc, the adrenal enzyme that oxidizes cholesterol to 
pregnenolone.103,104 
between carbons 22 and 23 of the sidechain (the 20,22-bond is that which 
is normal1 cleaved) inactivates the enzyme by a catalysis-dependent 
mechanism.P03 Replacement of carbon 24 and the attached sidechain 
carbons with a trimethylsilyl group (5) also results in inactivation of 
the enzyme.lo4 

Cholesterol analogue (6) with a triple bond 

" O W  

4 a .  R=C=CCH3 
N 

b .  R=CCCCH$H&HzCH3 

c . R = C CCH,CH,C= CH 

5 R=CH2CH2SiMe, N 
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Aromatase - Inhibition of aromatase, the cytochrome P-450 enzyme that 
oxidizes testosterone to estradiol, offers a means €or the control of 
estrogen-dependent tumors. A number of mechanism-based inhibitors that 
may act through heme-alkylation have been described for this enzyme. 
Three separate laboratories have attached an acetylenic group to the C-19 
methyl that is normally hydroxylated by aromatase in the demethylation- 
aromatization sequence and have shown that the resulting sterols 
inactivate the placental enzyme,105-107 It has also been reported that 
norethisterone, a 17-ethinyl sterol shown earlier to alkylate the 
prosthetic heme of hepatic cytochrome P-450,67 inactivates placental 
aromatase. log ,Io9 
the analogue of androst-4-ene-3,17-dione with an allene moiety instead 
of a methyl group at C-10.105 
inhibitors of aromatase act b mechanisms which probably do not involve 
the pros thetic heme. 107,110-113 

Fatty Acid w-Hydroxylase - Fatty acids, including prostaglandins, 
leukotrienes, and other arachidonic acid derivatives, are hydroxylated at 
the w-position by a cytochrome P-450 isozyme that, at least for some fatty 
acids, is induced by clofibrate but not by classical cytochrome P-450 
inducers.'l4 This w-hydroxylase is inactivated by 11-dodecynoic and 
10-undecynoic acids, 
w and w - 1  carbon atoms. Suppression of fatty acid w-hydroxylation 
occurs without measurable loss of total microsomal cytochrome P-450 and 
thus reflects inactivation of a quantitatively insignificant fraction of 
the total microsomal cytochrome P-450 that nevertheless is responsible for 
all the w-hydroxylation. 

Aromatase is furthermore irreversibly inactivated by 

Other catalysis-dependent irreversible 

acid analogues with a triple bond between the 

Cinnamic Acid 4-Hydroxylase - The p-hydroxylation of cinnamic acid in 
the bios nthesis of lignins by plants is mediated by a cytochrome P-450 
enzyme. 
tubers is preferentially inactivated by 1-aminobenzotriazole in a time- 
and catalysis-dependent manner .lI7 
P-450 enzymes in plants provides a possible avenue for the design of new 
classes of herbicides and other crop-protection agents. 

The cinnamic acid 4-hydroxylase of Jerusalem artichoke 

The specific inhibition of cytochrome 

Summary - The inactivation of cytochrome P-450 during catalytic turnover 
of 2-isopropyl-4-pentenamide, initially thought to be a property of the 
homoallylic amide functionality, is now known to be intrinsic to the 
metabolism of several common functionalities. These include olefins, 
acetylenes, aldehydes, and a growing list of more complex moieties. The 
toxicological consequences of cytochrome P-450 inactivation, notably 
inhibition of the metabolism of co-administered agents and disruption of 
the heme biosynthetic pathway, have been reviewed recently and therefore 
have not been extensively discussed here.6 
evidence that cytochrome P-450 isozymes involved in the biosynthesis and 
catabolism of endogenous substrates can be specifically inactivated, 
however, has been summarized because it implies that specific, nontoxic, 
inhibitors of important (and pharmacologically interesting) physiological 
processes may be developed. These processes include the biosynthesis of 
cholesterol, bile acids, and sterol hormones; the activation of vitamin D; 
the catabolism of fatty acids, prostaglandins, leukotrienes, and 
prostacyclins; the possible biosynthesis of biologically active 
o-hydroxylated arachidonic acid derivatives; and the biosynthesis of 
essential structures and hormones in plants and insects. 

The relatively recent 
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Chapter 21. Phospholipases 

Eduardo C. Lapetina, Department of Molecular Biology, The Wellcome 
Research Laboratories, Burroughs Wellcome Co., Research Triangle 

Park, NC 27709 

Introduction - Phospholipases hydrolyze ester bonds in glycerophospho- 
lipids, and are readily subdivided according to the particular bond 
being attacked (Fig. 1). Hydrolysis of the fatty acylester bond is 
catalyzed by phospholipases of the A-type.1-3 Removal of the fatty 
acid at the sn-1-position is produced by phospholipase A1 (EC 3.1.1.32) 
while removal of the fatty acid at the sn-2-position is due to phospho- 
lipase A2 (EC 3.1.1.4). Both phospholipases induce the formation of a 
lysophospholipid. The subsequent hydrolysis of the fatty acylester 
bond in lysophospholipids is catalyzed by lysophospholipases 
(EC 3.4.1.5), which are now recognized as phospholipases of the 
B type.1-3 

Hydrolysis of the phosphodiester bonds in phospholipids can be 
catalyzed by phospholipase C (EC 3.1.4.311 and phospholipase D 
(EC 3.1.4.4) .1 Mammalian phospholipase C mainly attacks the inositol 

phospholipase A, 

J 

I " J  II 

f A- 

phospholipase A2 CH,OOCR, 

\ I  
R 2 C O O ~  CI.H phospholipase D 

CHZO-P-OR, 

phospholipase C 

Figure 1: Hvdrolvsis of ester linkages in Plvcerovhosvholipids bv 
phosvholivases A i d A 2 ,  C and D. The fatty acid at the sn-l- 
position (R1) is usually saturated while that at the sn-2- 
position (R2) is unsaturated. R3 varies in different phos- 
pholipids and could be choline (phosphatidylcholine), 
ethanolamine (phosphatidylethanolamine),  serine (phospha- 
tidylserine), myoinositol (phosphatidylinositol), myoino- 
sitol-4-monophosphate (phosphatidylinositol-4-monophosphate) 
or myoinositol-4,5-bisphosphate (phosphatidyl inosi tol-4,5- 
bisphosphate). In phosphatidic acid, R3 is a hydrogen at.om. 
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phospholipids such as phosphatidylinositol, phosphatidylinositol-4- 
monophosphate and phosphatidylinositol-4,5-bisphosphate.4,5 This 
enzymatic hydrolysis leads to formation of 1,2-diacylglycerol and, 
according to the particular inositol phospholipid that is being 
degraded, myoinositol l-monophosphate (plus myoinositol 1,2-cyclic 
phosphate), myoinositol 1,4-bisphosphate or myoinositol 1,4,5-trisphos- 
phate. The hydrolysis of phospholipids by phospholipase D yields phos- 
phatidic acid; this enzyme is predominantly found in higher plants .I 

Various reviews on phospholipase A or C have emphasized the 
properties, purification and subcellular distribution of these 
enzymes.1-5 The purpose of this chapter is mainly directed to the 
increasing importance of these enzymes in the regulation of cellular 
functions. 

Acvlation of PhosDho1ipid.s - The esterification of long-chain, 
unsaturated fatty acids in the sn-2-position could be explained by 
different enzyme activities such as specific long-chain acyl-CoA 
synthetases and CoA-dependent or CoA-independent transacylases .6-11 
For example, a long-chain acyl-CoA synthetase has been demonstrated in 
isolated platelet membranes that is specific for arachidonate and other 
long-chain unsaturated fatty acids .6 97 Transfer of arachidonic acid 
between phospholipids has been observed by the action of CoA-dependent 
and CoA-independent transacylases. The CoA-dependent transacylases 
were demonstrated in lymphocytes ,8  pancreatic acinig and liver 
microsomes .lo A CoA-independent transacylase, recently observed in 
platelets, catalyzes the synthesis of arachidonoyl-plasmenyl- 
ethanolamine by acylation of lysoplasmenylethanolamine with arachidonic 
acid derived from phosphatidylcholine.11 

PhosDholiDases A1 and A2 - Phospholipases A1 and A2, respectively, 
catalyze the liberation of fatty acids from the sn-l- and sn-2- 
positions of the diacylglycerolphosphol ipids .  The sn-l-position of the 
diacylglycerolphosphol ipids  is commonly esterified by saturated fatty 
acids while the sn-2-position is predominantly esterified by unsatu- 
rated fatty acids. 

Recently, a great deal of attention has been focused on the 
liberation of unsaturated fatty acids from the sn-2-position of various 
phospholipids by the action of phospholipase A2, based on the fact that 
the liberation of unsaturated fatty acids such as dihomogammalinolenic 
acid, arachidonic acid or eicosapentaenoic acid initiates the formation 
of a wide range of physiologically active metabolites. These three 
fatty acids are referred t o  as eicosanoid precursors since they are 
substrates for cyclooxygenase and lipoxygenases .I2913 The eicosanoid 
precursors are not found as free substances in most cells and 
liberation from the sn-2-position of phospholipids must precede 
metabolic oxygenation.14 The generation of the free eicosanoids from 
phospholipids is thus a rate-limiting process and normally occurs as a 
consequence of the stimulation of specific cell-surface receptors .I4 
Various cell types release eicosanoid precursors from their 
phospholipids in response to specific agonists such as bradykinin, 
angiotensin 11, vasopressin, thrombin, collagen, epinephrine, ADP, 
platelet-activating factor, chemotactic peptides, IgE-Ag, C5a, 
concanavalin A, histamine and phorbol esters.14 Phosphatidylcholine, 
phosphat idylethanolamine,  phosphatidylinositol, phosphatidic acid, 
plasmenylethanolamine and l-~-alkyl-2-arachidonoyl-sn-glycero-3- 
phosphocholine are all known to release arachidonic acid in different 
cells. 1 4-1 6 
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Phospholipase A2 has been detected in almost any cell in which 
its presence has been investigated .1 This activity has extensively 
been studied in liver cells where it is present in different cell 
organelles such as plasma membranes, microsomes, golgi membranes and 
lysosomes.1 With the exception of the lysosomal enzyme, all phospho- 
lipase A2 activities require an alkaline pH (7.8-9.5) and are stimu- 
lated by Ca2+ ions. The lysosomal activity requires acidic pH (4.0- 
5.0) and is inhibited by Ca2+ ions. 

In platelets it seems that two types of phospholipases A2 are 
operative .I 7-1 9 Phosphatidylinositol and phosphat idic acid are 
degraded by a phospholipase A that requires a neutral pH and micro- 
molar concentration of Ca2+.18, 19 On the other hand, phosphatidyl- 
choline and phosphatidylethanolamine are degraded by a phospholipase A2 
that acts optimally at pH 9.5 and millimolar concentration of Ca2+.17 
These two types of phospholipases A2 might be acting sequentially in 
stimulated platelets. The liberation of arachidonic acid from phospha- 
tidylinositol and phosphatidic acid might precede that from phospha- 
tidylcholine and phosphatidylethanolamine .I4 All four lysoderivatives 
have been detected in stimulated platelets.17-19,22 

Phospholioase A2 Activation - The agonist-induced stimulation of 
phospholipase A2 does not seem t o  be regulated in the same way as the 
pancreatic phospholipase A2.3 The inactive zymogen of pancreatic phos- 
pholipase A2 is converted into an active enz me by the removal of a 
heptapeptide from the N-terminus by trypsin.i Such a mechanism may 
only apply for digestive enzymes. However, this mechanism cannot be 
completely disregarded in relation to membrane-associated phospho- 
lipases A .  Trypsin or  thrombin stimulate phospholipase A2 in plate- 

it is not known if this stimulation is due to proteolysis of an 
inactive proenzyme. A serine-protease might be involved in the stimu- 
lation of platelet phospholipase A2 since a protease inhibitor phenyl- 
methanesulphonyl fluoride blocks phospholipase A2 activation in 
plat el e t s s t imula t ed by thromb in. 27 

lets,23,2 6 transformed mouse fibroblasts25 and endothelial cells26 but 

It seems that mobilization of cellular Ca2+ is the most effective 
way for activation of phospholipase A2. Most of the cell activators 
that catalyze the release of eicosanoid precursors also induce Ca2+ 
mobilization. Moreover, the extent of stimulation of phospholipase A2 
by Ca2+-ionophore A23187 in platelets is comparable to the action of 
thrombin or  collagen.l4,15,27 This would indicate that mobilization of 
Ca2+ from intracellular stores to the cytosol would account for the 
increased phospholipase A2 activity. 

It has also been shown that phospholipase A of intact platelets 
requires calmodulin for stimulus activation.2 This calmodulin 
requirement of phospholipase A2 from platelets differs from the 
pancreatic phospholipase A2. This enzyme requires Ca2+ but not 
calmodulin for activity.29 A role for calmodulin has also been postu- 
lated in Ca2+ activation of phospholipase A2 in renal medulla.30 

It has been indicated that the phosphodiesteratic cleavage of the 
inositol phospholipids (phospholipase C activity) precedes and might 
trigger the activation of phospholipase A2 in stimulated plate- 
lets.14,2o121 It seems that some of the products formed during the 
phosphodiesteratic cleavage of the inositides could be related to Ca2+ 
mobilization. One of these products, myoinositol 1,4,5-trisphosphate, 



- 216 Sect. V - Topics in Biology Egan, Ed. 

has been postulated as the second messenger for Ca2+ mobilization.31 
Addition of myoinositol-1,4,5-trisphosphate to pancreatic acinar cells 
that have previously been made permeable with saponine causes a 
transient rise in extracellular Ca2+. This increase is not blocked by 
inhibitors of Ca2+ uptake into mitochondria. These permeable cells 
still rospond to carbamylcholine in an effect which is completely 
inhibited by exogenous added myoinositol-1,4,5-trisphosphate, 
indicating that the same Ca2+ deposit is the target of both agents.31 

1,2-Diacylglycerol is also formed during the phosphodiesteratic 
cleavage of the inositol phospholipids32,33 and recently it has been 
suggested to play a role in the stimulation of phospholipases.34 A 
small percentage of 1,2-diacylglycerol might also be deacylated by the 
consecutive actions of 1,2-diacylglycerol lipase and 2-monoacylglycerol 
lipase for the liberation of arachidonic acid.35 However, most of the 
1,2-diacylglycerol is further phosphorylated to phosphatidic acid in 
stimulated cells.14 Phosphatidic acid has properties of a Ca2+- 
ionophore36-44 and a fusogenic at low concentrations of ~a2+.45,46 
Phosphatidic acid also has a direct stimulatory effect on phospho- 
lipase A2 purified from platelets.47 

PhosDholipase A? Inhibition - The liberation of arachidonic acid in 
stimulated platelets is inhibited by cyclic-AMP.14~24 This action of 
CAMP does not seem to be a direct action on platelet phospholipase A2. 
Cyclic-AMP decreases the levels of free cytoplasmic Ca2+ and reduces in 
this way the availability of Ca2+ for phospholipase A2 activity. 
Trifluoperazine, which is a calmodulin antagonist, also inhibits the 
thrombin- or platelet activating factor-induced mobilization of arachi- 
donic acid from platelet phospholipids.20,48 

In lungs, macrophages, leukocytes, renal papillary tissue, and 
some cell culture systems, phospholipase A2 is inhibited by anti- 
inflammatory steroids .49-52 The inhibitory action of the 
corticoids depends upon unimpaired RNA and protein synthesis .53 8UCyt 
is now clear that the steroids induce the biosynthesis and release of 
an inhibitor of phospholipase A2.49 These phospholipase inhibitor 
proteins have been isolated from glucocorticoid-treated rabbit neutro- 
phils (lipomodulin with a molecular weight of 40,00055,56) and from 
rat macrophages (macrocortin with a molecular weight of 15,00056). 
Partially purified preparati'ons of these proteins have similar 
activities with respect to inhibition of arachidonate release from many 
cells and tissues, and exert anti-inflammatory activity on carrageenan 
induced paw edema and pleurisy .57,58 Recent evidence suggests that 
macrocortin and lipomodulin are closely related.56 A radioimmunoassay 
for lipomodulin demonstrated three species of phospholipase inhibitory 
proteins with molecular weights of 40,000 30,000 and 15,000 in 
material from glucocorticoid-treated rats.d The 40,000 molecular 
weight (lipomodulin) protein has the greatest inhibitory effect on 
phospholipase A2, Although most of the immunoreactive material was 
eluted with the 16,000 molecular weight protein (macrocortin), no 
inhibitory activity could be detected until after de hosphorylation of 
this protein by alkaline phosphatase treatment .5 It has been 
suggested that macrocortin might be the phosphorylated fragment of 
lipomodulin.56 Autoantibodies against lipomodulin have been found in 
patients with rheumatic diseases such as systemic lupus erythe- 
matosus .59 

A recent report indicates that platelets also contain an 
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endogenous inhibitor of phospholipase A2.60 This inhibitor has not yet 
been identified but is quite different from the activity that is 
induced by glucocorticoids in macrophages and neutrophils. The 
platelet inhibitor is heat-stable, trypsin-insensitive and extractable 
by chloroform/methanol, suggesting that it could be a lipid. It does 
not decrease phospholipase A2 by chelating Ca2+. It is not yet known 
if the inhibition results from an interaction of the inhibitor with the 
enzyme or with the substrate. Other reports have also indicated the 
presence of phospholipase A2 inhibitors in platelets ,61 rabbit 
granulocytes62 and leukocytes granules ,63 but the nature of the 
inhibitor(s) is not known. 

In the last few years much attention has been directed to finding 
new drugs that will specifically inhibit phospholipase A2 activity. 
This search has not yet been fruitful. The antimalarial drug, 
mepacrine, does not seem to have a direct effect on phospholipase A2 
and requires high concentrations .64 Bromophenacylbromide seems to be 
more effective for pancreatic phos holipase A2 activity than for 

phospholipase A2 inhibitors such as local anesthetics, chloropromazine 
and propanolol are also not very effective.67 

Phospholipase C (Phosphodiesteratic Cleavage of the Inositol 
Phospholipids) - Mammalian phospholipase C catalyzes the hydrolysis of 
the glycerophosphate ester bond of phosphatidylinositol, phosphatidyl- 
inositol-4-monophosphate and phosphatidylinositol-~,5-bisphosphate 
(Fig. 2) .4,5,20 This hydrolysis yields 1,2-diacylglycerol and the 
corresponding mono-, bis- or trisphosphate myoinositols (Fig. 2). The 
enzyme is mainly present in the soluble fraction, requires Ca2+ ions 
and an acidic pH (5.0-6.0) for maximal activity.l7,18,32,68-83 
Evidence from platelets and heart indicate that a single enzyme may be 
attacking the three inositol phospholipids .84 85 Phosphodiesteratic 
cleavage of the inositol phospholipids is induced by a wide range of 
cellular activators acting on cell surface receptors.4,86 Recently, a 
number of investigators have found that the initial receptor activated 
event may be a breakdown of phosphatidylinositol-4,5-bisphosphate 
rather than phosphatidylinositol.87-91 In platelets, it seems that the 
cytosolic activity degrades the membrane-bound substrates which are 
only made available to the enzyme during cellular activation.83184 The 
regulatory action for degradation of the inositol phospholipids may 
then not involve the enzyme directly, but rather the "unmasking" of the 
substrate that mi ht be closely associated to the specific receptors in 
the cell surface.83 

membrane-associated phospholipase A2. B 5,66 Other compounds used as 

Role of Phospholipase C in Stimulated Cells - Cell activators that 
induce the phosphodiesteratic cleavage of the inositol phospholipids 
also evoke cellular Ca2+ mobilization.4 In rece..t years it has been 
suggested that some of the products that derive from this phospho- 
diesterase activity might mobilize Ca2+. 1,2-Diacylglycerol is rapidly 
phosphorylated to phosphatidic acid and the latter has been shown to 
have Ca2+-ionophoretic properties .36-46 However, the ionophoretic 
properties of phosphatidic acid might not be generalized to all cell 
systems. Recently a report indicates the failure of phoaphatidic acid 
to facilitate Ca2+ fluxes across 1 iposcmal rnembranes.92 

More recently, myoinositol-1,4,5-trisphosphate has been postu- 
lated as a second messenger for mobilizing intracellular calcium.31 
The effect of myoinositol-I ,4,5-trisphosphate on Ca2+ mobilization has 
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Figure 2: Phosphodiesteratic cleavage (phospholipase C) of phospha- 
tidvlinositol-4.5-bisphosphate. Phosphatidylinositol and 
phosphatidylinositol-4-monophosphate are also hydrolyzed in 
a similar manner yielding 1,2-diacylglycerol and the corre- 
sponding myoinositol phosphates such as myoinositol-l-mono- 
phosphate (plus myoinositol-1,2-cyclic phosphate) and 
myoinositol-bnonophosphate. P indicates phosphate groups. 

been studied using pancreatic and liver cells that have been made 
permeable in various ways.31,93 Upon addition of micromolar 
concentrations of myoinositol-1,4,5-trisphosphate, there is a large 
increase in calcium that seems to originate from an ATP-dependent pool 
believed to be endoplasmic reticulum.31,93 There was no release in 
response to myoinositol-1,4-bisphosphate, myoinositol-1-monophosphate 
or myoinos itol- 1 ,2-cycl ic phosphate. 3 1 

1,2-Diacylglycerol is another product of the phosphodiesteratic 
cleavage of the inositides that has recently acquired enhanced 
importance. 1,2-Diacylglycerol activates a phospholipid- and Ca2+- 
dependent protein kinase C which is implicated in transmembrane signal- 
ling, tumor promotion and cellular differentiation.%,% 1,2-Diacyl- 
gl cerol dramatically increases the affinity of protein kinase C for 

the Ca2+ concentration.95,96 Phorbol esters and exogenous 1,2-dioleyl- 
diacylglycerol or 1-oleoyl-2-acetyl-glycerol activate protein kinase 
directly without interaction with cell surface receptors.97 In human 
platelets, it has been demonstrated that there exists a strict temporal 
and quantitative correlation between the activation of protein kinase C 
(detected by the phosphorylation of a 40,000 molecular weight protein), 
phosphatidic acid production (index of activation of the phospho- 
diesteratic cleavage of the inositol phospholipids) and shape change 
following stimulation with platelet-act ivat ing factor, 98 arachidon ic 
acid99 or thrombin.21 This might reflect the stimulation of kinase C 
by 1,2-diacylglycerol formed by the activation of phospholipase C by 
these agents. That would indicate that phospholipase C is the initial 

Ca 3 +-ions, and thereby activates the enzyme without a net increase in 
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response, whilst phosphorylation of the 40,000 molecular weight protein 
is an epiphenomenon of the formation of 1,2-diacylglycerol. 

Phospholipase D - Phospholipase D cleaves the phosphoester bond between 
phosphatidic acid and the alcoholic moiety of different phospholipids. 
It is widely present in plants but few reports have indicated the 
presence of phospholipase D in mammalian tissues.1 In rat brain a 
phospholipase D that converts phosphatidylcholine to phosphatidic acid 
has been studied.100 Eosinophils also contain a phospholipase D 
activity.101 A lysophospholipase D activity seems to have an absolute 
specificity for I-alkyl-sn-glycero-3-phosphoethanolamine or -cholinel02 
and it is present in microsomes of rat brain,l03 kidney, intestine, 
lung, testes and liver.104 A recent report indicates that a phospho- 
lipase D might be activated in human and rabbit neutrophils stimulated 
with chemotactic peptides.105 This activity would induce a net loss of 
phosphatidylinositol with a net gain in phosphatidic acid. However, 
this activity has not yet been characterized and its function is not 
known. 

Summary - In the last few years, it has become apparent that products 
derived from the action of phospholipases A2 and C are involved in the 
regulation of important cellular functions. Activation of 
phospholipase A2 catalyzes the liberation from phospholipids of 
eicosanoid precursors which lead to the formation of a wide range of 
physiologically active metabolites. Products derived from 
phospholipase C activity, which cleaves only the inositol phospho- 
lipids, are related to transmembrane signalling and can modulate 
reactions such as protein phosphorylation and the intracellular 
mobilization of Caz+-ions. 
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Chapter 22. Vaccine Synthesis by Recombinant DNA Technology 

Dennis G .  Kleid, Department of Vaccine Development, Genentech Inc., 
460 Point San Bruno Blvd., South San Francisco, California 94080 

Introduction - The conventional human and animal viral vaccines are of 
two types, live-attenuated vaccines and killed-inactivated vaccines. 
The live-attenuated vaccines are produced initially by passaging virus 
many times in tissue culture cells until a weakened virus is obtained. 
Vaccination with a live-attenuated vaccine gives a mild or inapparent 
infection which leads to the induction of virus neutralizing antibodies. 
These antibodies protect the vaccinated individual from a subsequent 
infection with the normal pathogen. The protection is generally long 
lasting and quite effective for many human diseases such as polio, 
mumps, measles, rubella, yellow fever. The widespread inoculation of a 
live-attenuated vaccinia virus (that may have originated from cow pox) 
has caused the eradication of small pox. The second type of vaccine, 
inactivated virus vaccines, consists of concentrated whole virus 
preparations derived from growth in either eggs, tissue culture cells 
or animal tissues. These materials have been inactivated by treatment 
with chemical agents and combined with adjuvants such as aluminum 
hydroxide. These products contain antigenic proteins from the surface 
of the virus which when injected subcutaneously induce virus 
neutralizing antibodies. Vaccines for viral diseases such as influenzae 
and bacterial diseases such as diphtheria, pertussis and tetanus have 
been produced by this approach. Recently, subunit vaccines or "split 
virus" vaccines have been investigated which contain only parts of the 
virus. The most important immunogenic proteins from the virus, the 
viral surface proteins, are included in these preparations. 

Many different animal diseases are kept under control by use of 
vaccines produced with technologies similar to those described above. 
Over one billion doses of live-attenuated Newcastle disease vaccine are 
used each year to protect fowl from this disease. Many other veterinary 
vaccines such as those for Marek's disease, infectious bovine 
rhinotracheitis, transmissible gastroenteritis, etc., are in common use. 
Recently, the trend in veterinary medicine has been toward the killed 
products, especially in the cattle and swine production industries. One 
reason is that some of the recently introduced vaccine products contain 
as many as seven antigens from different viruses in a single mixture. 
These multiple vaccine combination products seem to give more successful 
results when inactivated virus preparations are used, probably because 
of interference between viruses. In summary, work on prevention of 
infectious diseases continues to be a thriving area of research using 
the traditional technologies. However, with the introduction of new 
techniques of recombinant DNA or "gene splicing", combined with a 
resurgence of work on adjuvants, this area has received a great deal 
more interest from both researchers and commercial enterprises. 

Recombinant DNA technology has allowed researchers to employ 
vastly different technologies to the process of vaccine production. 
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These new methods are currently under development: (A)  biosynthesis of 
immunogenic proteins and antigenic sites in bacteria; (B) genetically 
modified eukaryotic cells that synthesize and secrete viral surface 
proteins; (C) live vaccines that have been genetically attenuated using 
recombinant DNA methods; and (D) genetically engineered live vaccines 
that possess genes and express antigens from other viruses. A few of 
these new technologies have already been applied to products that are 
now commercially available. Table 1 gives some examples and references 
fo r  each of these new approaches to vaccine production using recombinant 
DNA technology. 

Table 1. Vaccine Developments from Recombinant DNA Technology that have 
been tested for induction of neutralizing antibodies. 

(references 1 

A. Biosynthesis of inmunogenic proteins and antigenic 
sites in bacteria 

1. Influenza B virus - heamagglutinin 
2. Hepatitis B virus - surface antigen 
3. Rabies virus - glycoprotein G 
4 .  Herpes simplex virus - glycoprotein D 
5. Vesicular Stomatitis Virus - glycoprotein D 
6. Foot-and-Mouth disease virus - VP1 protein 

B. Genetically modified eukaryotic cells that synthesize 
and secrete viral surface proteins. 

1-4 
5-10 
11 
12 
13 
14-16 

1. Hepatitis B virus surface antigen gene in yeast 17-19 
2. Hepatitis B virus surface antigen gene in tissue 20-25 

3. Influenza virus heamgglutinin gene in tissue culture 26-28 
4. Vesicular Stomatitis Virus glycoprotein gene in 29 

6. Herpes virus glycoprotein D gene in tissue culture 30,31 

culture 

tissue culture 

C. Live vaccines that have been genetically attenuated using 
recombinant DNA methods. 

1. Herpes simplex virus 

D. Genetically engineered live vaccines that possess genes 
and express antigens from other viruses (33-35). 

32 

1. Vaccinia virus vaccine with incorporated herpes 36 

2. Vaccinia virus with incorporated hepatitis surface 37 

3. Vaccinia virus vaccine with incorporated influenza 38,39 

antigen gene 

antigen gene 

antigen gene 
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(A) Biosynthesis  of immunogenic p ro te ins  and a n t i g e n i c  s i t e s  i n  
b a c t e r i a  - The approach t h a t  has  received the  most e f f o r t  has  been the 
production i n  b a c t e r i a l  systems of immunogenic p ro te ins  t h a t  can induce 
p r o t e c t i v e  an t ibod ie s  when incorporated i n t o  vaccines.  This approach 
involves  f i r s t  the i s o l a t i o n  of the genes f o r  v i r a l  o r  b a c t e r i a l  
s u r f a c e  p ro te ins .  The genes a r e  e i t h e r  copied from the  v i r a l  RNA o r  
i s o l a t e d  from the genome then "cloned" by inco rpora t ing  i n t o  s p e c i a l  
- -  E .  c o l i  plasmids a s  descr ibed below. The t o t a l  nuc le i c  ac id  sequence 
of t he  cloned gene i s  determined by DNA sequencing methods and thus by 
deduct ion the amino a c i d  sequence of the su r face  p r o t e i n  i s  
determined. The gene of i n t e r e s t  i s  then recovered from the E. & 
plasmids using r e s t r i c t i o n  endonucleases and reintroduced i n t o  o t h e r  
plasmids c a l l e d  expression vec to r s .  The following reviews a p ro jec t  
involving the  b iosyn the t i c  vaccines  under development f o r  
Foot-and-Mouth Disease. This p ro jec t  i l l u s t r a t e s  most of t he  concepts 
and problems involved with the  development of t hese  materials f o r  use 
i n  vaccines .  

Biosynthet ic  Foot-and-Mouth-Disease vaccine - Foot-and-mouth d i sease  
(FMD) i s  a h igh ly  contagious d i s e a s e  t h a t  a f f l i c t s  pr imari ly  
cloven-hoofed animals. There a r e  seven FMD types (A, 0, C ,  ASIA1, 
SAT1, SAT2, and SAT31 a s  wel l  a s  numerous subtypes.  The d i sease  i s  
c o n t r o l l e d  by ex tens ive  use of i nac t iva t ed  vaccines  and by l i m i t a t i o n s  
on c a t t l e  t r anspor t .  Export of f r e sh  meat and l i v e s t o c k  from coun t r i e s  
t h a t  have the  d i s e a s e  t o  d i sease - f r ee  coun t r i e s  such a s  the United 
S t a t e s  and Aus t r a l i a  i s  seve re ly  r e s t r i c t e d .  The FMD v i r u s  ( a  
picornavirus)  i s  composed of a posi t ive-s t rand RNA genome of about 
8,000 nuc leo t ides  wi th in  an icosahedral  p a r t i c l e  about 25nm i n  
diameter.  The p a r t i c l e  su r face  i s  composed of four  d i f f e r e n t  v i r u s  
s t r u c t u r a l  p ro t e ins  c a l l e d  VP1, VP2, VP3, and VP4. One of t hese  
p ro te ins ,  VP1 (formerly designated VP3)*, when p u r i f i e d  and i n j e c t e d  
i n t o  animals induces the production of v i rus -neu t r a l i z ing  
antibody.15 The gene coding f o r  t h i s  p r o t e i n  has been i d e n t i f i e d  and 
i s  loca ted  nea r  t he  c e n t e r  of t he  v i r a l  genome. This knowledge was 
used t o  i s o l a t e  and t o  c lone the s t r u c t u r a l  gene f o r  VP1 and t o  
subsequently produce the p r o t e i n  b i o s y n t h e t i c a l l y .  The procedures f o r  
syn thes i z ing  and cloning copies  of a gene from an RNA molecule have 
been descr ibed i n  d e t a i l  and a r e  ou t l ined  below.40 

The FMD v i r a l  RNA from each s t r a i n  of i n t e r e s t  was i s o l a t e d  and 
annealed t o  a s y n t h e t i c  o l igonuc leo t ide  t h a t  contained a sequence t h a t  
hybr id i zes  t o  a region of t he  genome t o  the  3 '  s i d e  of t he  VP1 gene. 
The sequence of the s y n t h e t i c  o l igonuc leo t ide  was chosen based on 
nuc leo t ide  sequencing experiments involving the e n t i r e  FMD genome. In 
the presence of t he  enzyme reve r se  t r a n s c r i p t a s e ,  the RNA was copied 
i n t o  DNA (cDNA) beginning with the primer and subsequently i n t o  
double-stranded cDNA (ds-DNA) by treatment with DNA polymerase, The 
ds-cDNA was t r e a t e d  with the  enzyme S1, which d i g e s t s  s ingle-s t randed 
regions,  and the ds-cDNA was i s o l a t e d  by polyacrylamide g e l  
e l ec t rophores i s .  Segments o f  ds-cDNA g r e a t e r  than 2,000 base p a i r s  

*The fou r th  FMD v i r u s  capsid polypeptide t r a n s l a t e d  has  been designated 
VP3, VP1,  o r  VPthr, due t o  i t s  v a r i a b l e  migrat ion i n  d i f f e r e n t  
polyacrylamide g e l  e l e c t r o p h o r e s i s  systems. This p r o t e i n  w i l l  be 
r e f e r r e d  t o  a s  VP1 as recommended a t  the  1982 American Society o f  
Virology meeting a t  I thaca ,  NY. 
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were t r e a t e d  with an enzyme, deoxynucleotidyl t r a n s f e r a s e ,  i n  t he  
presence of dCTP, t o  c r e a t e  polymers of c y t i d i n e  on both ends of t he  
cDNA molecules. These segments were annealed t o  l i n e a r i z e d  plasmid 
pBR322 previously t r e a t e d  t o  g i v e  polymers of guanosine on both ends. 
The plasmid and the  ds-cDNA now annealed toge the r  were mixed with 
- -  E .  c o l i  i n  the presence of calcium ions and b r i e f l y  heated,  causing 
some plasmid t o  e n t e r  t he  b a c t e r i a .  The b a c t e r i a  were p la t ed  on media 
con ta in ing  t e t r a c y c l i n e  (Tc). This a n t i b i o t i c  e l imina te s  b a c t e r i a  no t  
"transformed" to t e t r a c y c l i n e  r e s i s t a n c e  (TcR) with the plasmid, and 
upon r e p l i c a t i o n  al lows growth of s e l e c t e d  b a c t e r i a l  co lon ie s ,  each 
con ta in ing  numerous copies  of a s i n g l e  plasmid with i t s  ds-cDNA 
i n s e r t .  Plasmids with incorporated ds-cDNA i n s e r t s ,  were i s o l a t e d  from 
ind iv idua l  b a c t e r i a l  co lon ie s  and were analyzed by r e s t r i c t i o n  enzyme 
mapping and nuc leo t ide  sequencing Some of t he  i n s e r t s  contained the 
gene coding f o r  t he  VP1 protein.'15 Once the gene sequence f o r  the 
immunogenic p ro te in  was determined, t he  gene was put back i n t o  E. coli 
so  t h a t  it i s  e f f i c i e n t l y  copied i n t o  mRNA t r a n s l a t e d  i n t o  protein.  
This was done with another  plasmid, c a l l e d  an expression vec to r ,  t h a t  
con ta ins  f i v e  e s s e n t i a l  g e n e t i c  elements: 1) a n  RNA polymerase binding 
s i t e  c a l l e d  the promoter; 2)  a c o n t r o l  element f o r  the l e v e l  of mRNA 
produced c a l l e d  an ope ra to r ;  3 )  a sequence f o r  d i r e c t i n g  the p r o t e i n  
s y n t h e s i s  c a l l e d  the  ribosome binding sequence; 4 )  a codon f o r  t h e  
beginning of t r a n s l a t i o n  of t he  mRNA i n t o  p r o t e i n  c a l l e d  t h e  i n i t i a t i o n  
codon; and 5) a gene coding f o r  p a r t  o f  an  E. p r o t e i n  t h a t  w i l l  
comprise a po r t ion  o f  a s t a b l e  fus ion  protein.  The expression v e c t o r  
used i n  t h i s  s tudy contained these  g e n e t i c  elements from the  E. coli 
t ryptophan operon.15 This  operon has  a c o n t r o l  element ( i . e . ,  t he  
ope ra to r )  t h a t  responds t o  the  concen t r a t ion  of tryptophan i n  the  
growth medium. In t h i s  system t h e  b a c t e r i a  are grown t o  a high d e n s i t y  
be fo re  p ro te in  s y n t h e s i s  i s  induced. This e l imina te s  the d e l e t e r i o u s  
e f f e c t s  t h a t  some foreign gene products have on b a c t e r i a l  c e l l  growth. 
The v e c t o r  a l s o  con ta ins  an e f f i c i e n t  o r i g i n  of r e p l i c a t i o n  (derived 
from pBR322) so  t h a t  many copies  of t he  plasmid reproduce i n  the hos t  
c e l l ,  and an a n t i b i o t i c  r e s i s t a h c e  gene (TcR) so t h a t  transformed 
- E .  c o l i  can be s e l e c t e d  simply by adding the a n t i b i o t i c  t o  the  growth 
m e d Z 5  

In the  s tudy descr ibed by Yansura e t  a1.16, only t h e  p a r t  of t h e  
VP1 gene containing the  major a n t i g e n i c  s i t e  was incorporated i n t o  t h e  
expression vector .  The p a r t  of t he  gene t h a t  con ta ins  the  a n t i g e n i c  
region (amino a c i d s  130-157) was modified by introducing s y n t h e t i c  DNA 
molecules t o  the ends of t he  gene fragment. This r e s u l t e d  i n  a gene 
fragment t h a t  was s u i t a b l e  f o r  i n t roduc t ion  i n t o  an expression vec to r  
designed t o  b iosyn thes i ze  a fus ion  protein.  In t h i s  plasmid 
cons t ruc t ion  the  codon reading frame was maintained so t h a t  when t h i s  
plasmid was incorporated i n t o  E. a fus ion  p ro te in  was produced 
t h a t  was made up of 190 amino a c i d s  from the  expression v e c t o r  l inked 
t o  27 amino a c i d s  from the  VP1 p ro te in  from FMDV type A24 Cruzeiro.  
The p r o t e i n  accumulated i n  the c e l l  i n  high l e v e l s  with a t  least  20 
percent  of t he  t o t a l  p r o t e i n  of the b a c t e r i a  being the  d e s i r e d  p ro te in  
product.  The ma te r i a l  was i s o l a t e d ,  p u r i f i e d  and formulated with 
incomplete Freund's o i l  adjuvant.  This was shown t o  induce n e u t r a l i z i n g  
a n t i b o d i e s  i n  c a t t l e ,  and p r o t e c t  t he  animals from FMD i n  a v i r u s  
chal lenge experiment. 

A t  p re sen t  t he  only success fu l  v i r u s  chal lenge experiments reported 
using a recombinant DNA der ived fus ion  p r o t e i n  an t igen  as a vaccine 
have been with F'MD It is i n t e r e s t i n g  t h a t  only a very 
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sma l l  p o r t i o n  of t h e  immunogenic p r o t e i n  w a s  r equ i r ed  t o  induce 
n e u t r a l i z i n g  an t ibody  i n  c a t t l e .  These a r e  t h e  on ly  s t u d i e s  t h a t  have 
demonst ra ted  t h a t  an imals  can  a c t u a l l y  be p ro tec t ed  u s i n g  t h i s  approach. 
A t  t h i s  time i t  i s  no t  known how many o t h e r  vacc ines  can  b e n e f i t  from 
t h i s  technique .  

Seve ra l  o t h e r  t ypes  of  expres s ion  v e c t o r s  have been r e p o r t e d  which 
e x p r e s s  t h e  p r o t e i n  of i n t e r e s t  i n  d i f f e r e n t  ways. There a r e  v e c t o r s  
des igned  t o  produce t h e  p r o t e i n  d i r e c t l y ,  by i n c o r p o r a t i n g  t h e  
he t e ro logous  s u r f a c e  p r o t e i n  gene l i nked  d i r e c t l y  t o  b a c t e r i a l  gene 
c o n t r o l  s i g n a l s .  There a r e  v e c t o r s  des igned  t o  produce s p e c i a l  f u s i o n  
p r o t e i n s ,  where t h e  gene coding  f o r  t h e  s u r f a c e  p r o t e i n  i s  l inked  i n  
t h e  same read ing  frame wi th  a gene coding f o r  a b a c t e r i a l  p r o t e i n  t h a t  
i s  expec ted  t o  be  r e l e a s e d  from t h e  b a c t e r i a  and thus  p r o t e i n  recovered  
from t h e  b a c t e r i a l  growth media. 

I t  was n o t i c e d  by many r e sea rch  groups t h a t  some p r o t e i n s ,  
e s p e c i a l l y  those  having  p r o t e i n  domains wi th  h igh  h y d r o p h i l i c  o r  
hydrophobic c h a r a c t e r i s t i c s  could  no t  be syn thes i zed  i n  b a c t e r i a l  
sys tems e f f i c i e n t l y .  The growth r a t e  of  t h e  b a c t e r i a  i s  d r a m a t i c a l l y  
slowed o r  t h e  p r o t e i n  i s  e x t e n s i v e l y  degraded. I n  o t h e r  experiments 
t h e  recovered  p r o t e i n s  d i d  n o t  c o n t a i n  a l l  of t h e  a n t i g e n i c  s i t e s  o f  
t h e  n a t i v e  p r o t e i n .  Th i s  may be due t o  t h e  i n a b i l i t y  of  E. & t o  
form t h e  r e q u i r e d  d i s u l f i d e  bonds c o r r e c t l y ,  or due t o  l a c k  of  
g l y c o s y l a t i o n ,  o r  due t o  i n s o l u b i l i t y  problems. These problems have 
been overcome f o r  some p r o t e i n s  by u s i n g  v e c t o r s  des igned  f o r  expres s ion  
and a n t i g e n  p roduc t ion  i n  e u k a r y o t i c  c e l l s .  

(B) G e n e t i c a l l y  modi f ied  e u k a r y o t i c  c e l l s  t h a t  s y n t h e s i z e  and s e c r e t e  
v i r a l  s u b u n i t  p r o t e i n s  - I n  t h i s  approach t h e  genes coding  f o r  t h e  
s u r f a c e  p r o t e i n s  a r e  l i nked  t o  euka ryo t i c  gene c o n t r o l  elements and 
d i r e c t l y  expressed .  I n t r o d u c t i o n  of t h e  v i r a l  gene under t h e  c o n t r o l  
o f  a e u k a r y o t i c  gene c o n t r o l  e lements  a l lows  f o r  t h e  product ion  of t h e  
p r o t e i n  i n  a e u k a r y o t i c  h o s t  c e l l  environment much more s i m i l a r  t o  t h a t  
where i t  i s  normal ly  syn thes i zed .  Seve ra l  examples of t h e  p roduc t ion  
of a n t i g e n i c  v i r a l  p r o t e i n s  i n  t r a n s i e n t  t i s s u e  c u l t u r e  expres s ion  
sys tems us ing  a v i r a l  v e c t o r  based on SV40 have been r e p o r t e d  ( s e e  
Table 1 ) .  Recent ly  cont inuous  c e l l  l i n e s  have a l s o  been d e s c r i b e d  
t h a t  produce v i r a l  a n t i g e n s  t h a t  a r e  u s e f u l  as vacc ines  ( s e e  Table 1). 
An impor tan t  example of  t h i s  i s  t h e  product ion  of  t h e  Herpes gD p r o t e i n  
i n  Chinese hamster  ovary  c e l l s  (CHO  cell^).^^,^^ 

B i o s y n t h e t i c  Herpes s implex  vacc ine  - Herpes simplex v i r u s ,  o f  which 
t h e r e  a r e  two t y p e s  ( type  1 and type  2 1 ,  cause  a number of  human 
d i s e a s e s ,  i nc lud ing  co ld  s o r e s ,  eye  and g e n i t a l  i n f e c t i o n s ,  and 
e n c e p h a l i t i s .  The he rpes  s implex  v i r i o n  i s  a n  enveloped DNA v i r u s  wi th  
a genome of  about 100,000 base  p a i r s .  Contained on t h e  v i r a l  envelope 
a r e  fou r  d i s t i n c t  g l y c o p r o t e i n s  des igna ted  gAB, gC, gD, and gE. One o f  
t h e s e ,  gD, h a s  been shown t o  s t i m u l a t e  t h e  product ion  of type-common 
v i r u s - n e u t r a l i z i n g  a n t i b o d i e s .  The genes coding  f o r  t h e  gD p r o t e i n s  
from t y p e  1 and 2 have been  i s o l a t e d  from v i r a l  DNA and c loned  i n t o  
b a c t e r i a l  plasmids.  By n u c l e o t i d e  sequencing  methods t h e  gene sequences 
and t h u s  t h e  amino a c i d  sequences of t h e  t h e s e  p r o t e i n s  have been 
determined. The p r o t e i n s  c o n t a i n  a hydrophobic amino-terminal l e a d e r  
p e p t i d e s  t h a t  a r e  processed  from t h e  mature g l y c o p r o t e i n  du r ing  
s y n t h e s i s  and t r a n s p o r t  t o  t h e  c e l l u l a r  membrane. The p r o t e i n s  a l s o  
have hydrophi l i c  and hydrophobic carboxyl - te rmina l  pep t ide  sequences 
t h a t  cause  the  p r o t e i n  t o  be a t t a c h e d  t o  t h e  c e l l  membrane and d u r i n g  
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v i r u s  envelope production become embedded i n  the  su r face  of t he  v i r u s .  
These s u r f a c e  p ro te ins  induce the production of an t ibod ie s  which, when 
combined with complement and o t h e r  f a c t o r s  i n  t h e  sera, i n a c t i v a t e  the  
v i r u s  and/or  i n fec t ed  c e l l s .  

The paper of Berman e t  al.30 desc r ibes  the cons t ruc t ion  of a 
plasmid vec to r  t h a t  con ta ins  the  Herpes gD from type 1. The gD gene i s  
l inked t o  the promoter of t h e  SV40 v i r u s  VP1 protein.  This gene 
c o n t r o l  element i s  very e f f i c i e n t  and has  been o f t e n  used t o  express  
va r ious  p ro te ins  i n  eukaryot ic  systems. Also contained on t h e  vec to r  
i s  a gene coding f o r  d ihydro fo la t e  reductase (DHFR) l ikewise l inked t o  
an SV40 promoter. The plasmid con ta ins  the  necessary genes t o  a l low 
f o r  r e p l i c a t i o n  and s e l e c t i o n  i n  E. a, so t h a t  q u a n t i t i e s  of t he  
plasmid can be produced. The plasmid was introduced by calcium 
phosphate t r a n s f e c t i o n  i n t o  Chinese hamster ovary c e l l s  (CHO c e l l s )  
t h a t  have a mutation i n  the DHFR gene. Cells containing the plasmid 
were s e l e c t e d  f o r  DHFR+ by growing the c e l l s  i n  media d e f i c i e n t  i n  
hypoxanthine, g lyc ine  and thymidine. I s o l a t e d  from t h i s  s e l e c t i o n  was 
a continuous c e l l  l i n e  t h a t  produces the gD p ro te in  on i t s  
surface.30 In  a similar manner a gD gene with the  carboxyl-terminal 
hydrophilic/hydrophobic transmembrane domain removed by a gene d e l e t i o n  
w a s  introduced i n t o  the same vector.31 Removal of the nuc leo t ide  
sequences t h a t  encode the  carboxyl-terminal 93 amino ac ids ,  including 
the  transmembrane domain, causes  the p r o t e i n  t o  be unable t o  a t t a c h  t o  
t h e  c e l l  membrane but  i n s t ead  s l i p  through it .  A c e l l  l i n e  constructed 
with t h i s  plasmid synthesized and exported the p r o t e i n  i n t o  t h e  media. 
The r e s u l t  was a continuous c e l l  l i n e  producing a herpes  gD glycoprotein 
i n  a t runcated form. After  recovery of t he  p ro te in  from the media and 
p u r i f i c a t i o n ,  t h e  p r o t e i n  was combined with Freund's adjuvant and shown 
t o  induce n e u t r a l i z i n g  an t ibod ie s  and p r o t e c t  mice from an otherwise 
l e t h a l  chal lenge with Herpes simplex type 2 v i r u s .  

(C) Live vaccines  t h a t  have been g e n e t i c a l l y  a t t enua ted  u s i n g  
recombinant DNA methods - Another use of recombinant DNA methods has  
been the  c r e a t i o n  of novel a t t enua ted  v i r u s e s  o r  b a c t e r i a  by the  
s p e c i f i c  removal of genes o r  gene sequences t h a t  cause the v i r u s  t o  b e  
pathogenic. The only example of t h i s  has  been r e c e n t l y  reported by 
Roizman e t  a l .  concerning Herpes simplex virus.32 The production o f  
vaccines  from these  m a t e r i a l s  i s  expected t o  fol low c l o s e l y  t h a t  of 
t r a d i t i o n a l  vaccines.  

(D) Gene t i ca l ly  engineered l i v e  vaccines t h a t  possess genes and 
express  an t igens  from o the r  v i r u s e s  - A very i n t e r e s t i n g  concept has  
l e d  t o  the c r e a t i o n  of new v i r u s  spec ie s  t h a t  con ta in  genes from o t h e r  
v i r u s e s .  For example, t he  vacc in i a  v i r u s ,  formerly used a s  smallpox 
vaccine,  has  been modified t o  con ta in  the  h e p a t i t i s  B v i r u s  s u r f a c e  
an t igen ,  t he  inf luenza B haemagglutinin, and the  Herpes type I gD 
p r o t e i n  (see Table 1). The gene f o r  these an t igens  were l inked t o  gene 
c o n t r o l  elements from vacc in i a  genes and incorporated by recombination 
i n t o  the  vacc in i a  v i rus .  

Gene t i ca l ly  Engineered Vaccinia Virus - The vacc in i a  v i r u s e s ,  o r  pox 
v i r u s ,  cause a number of d i s e a s e s  cha rac t e r i zed  by s k i n  l e s i o n s  i n  both 
humans and animals. With some pox v i r u s  types,  f o r  example v a r i o l a  
(smallpox) , the  l e s i o n s  can be considerably disseminated and deadly.  
The v i r u s  is an enveloped DNA v i r u s  with a l a r g e  genome (180,000 base 
p a i r s )  coding f o r  over a hundred p ro te ins .  The v i r u s  has  i t s  own RNA 
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polymerase and it r e p l i c a t e s  using i t s  own unique promoters and gene 
c o n t r o l  elements. The v i r u s  has  i t s  own thymidine kinase (TK) gene. 
Vaccinia which a r e  TK- can be s e l e c t e d  f o r  i n  TK- t i s s u e  c u l t u r e  
c e l l s  by a d d i t i o n  of 5 - b r o m o d e o ~ y u r i d i n e . ~ ~  It i s  a l s o  known, by the  
work of Nakano e t  a l . ,  t h a t  vacc in i a  can recombine with DNA transformed 
i n t o  t i s s u e  c u l t u r e  ce l l s .34  I f  the DNA con ta ins  an a c t i v e  TK+ the 
c h a r a c t e r i s t i c  can be reintroduced i n t o  vacc in i a  by recombination. 
This i s  a process c a l l e d  marker rescue.33-36 It i s  these f e a t u r e s ,  
marker rescue and TK- s e l e c t i o n ,  t h a t  have been u t i l i z e d  i n  the  work 
o f  P a n i c a l i  e t  a l .36 and Mackett e t  a1.37 The thymidine kinase 
gene of t he  vaccine s t r a i n  of vacc in i a  ( s t r a i n  WR) has  been cloned and 
cha rac t e r i zed  by r e s t r i c t i o n  enzyme mapping. Also cha rac t e r i zed  a r e  
o t h e r  vacc in i a  v i r u s  genes,  f o r  example, t he  gene coding f o r  a h igh ly  
expressed p r o t e i n  with a molecular weight of 7.4 k i l o d a l t o n s  has been 
cloned and the nuc leo t ide  sequence determined. The promoter f o r  t h i s  
gene and the ribosome binding sequence adjacent  t o  i t  were l inked t o  
the  H e p a t i t i s  B su r f ace  an t igen  gene previously i s o l a t e d ,  cloned and 
sequenced from the H e p a t i t i s  B v i rus .  The hybrid gene, p a r t  vacc in i a  
v i r u s  and p a r t  h e p a t i t i s  B s u r f a c e  an t igen ,  were i n s e r t e d  i n t o  t h e  
middle of the vacc in i a  thymidine kinase gene thus i n t e r r u p t i n g  the 
coding sequence. A l l  of  t h i s  was incorporated i n t o  a plasmid t h a t  was 
cons t ruc t ed  and produced i n  E. a. A sample of t he  plasmid was used 
t o  t r a n s f e c t  c e l l s  (using the calcium phosphate procedure) t h a t  are 
s u s c e p t i b l e  t o  vacc in i a  v i r u s  (CV-1 c e l l s ) .  The CV-1 c e l l s  were then 
i n f e c t e d  with vacc in i a  v i r u s  and subsequently v i r u s  w a s  recovered. 
Some of t he  v i r u s  recombined with the  plasmid and now contained an 
i n t e r r u p t e d  (and thus i n a c t i v e )  thymidine k inase  gene. These recombined 
vacc in i a  v i r u s  were i s o l a t e d  by growth on TK- 143 c e l l s  i n  the  
presence of 5-bromodeoxyuridine, which k i l l s  c e l l s  containing an a c t i v e  
thymidine kinase enzyme. In t h i s  way g e n e t i c a l l y  engineered vacc in i a  
v i r u s  (TK-) w e r e  obtained t h a t  contained an expressed H e p a t i t i s  B 
su r f ace  an t igen  i n  the middle of the vacc in i a  TK gene.37 Research 
groups a t  both the and a t  the New York S t a t e  
Department of Health i n  A l b a n y 3 4 ~ 3 6 ~ 3 8  have demonstrated t h a t  v i r u s e s  
cons t ruc t ed  i n  t h i s  way can accept  a number of d i f f e r e n t  an t igen ic  
p ro te ins  from d i f f e r e n t  v i r u s e s .  The g e n e t i c a l l y  engineered v i r u s e s  
can i n f e c t  r a b b i t s ,  mice and guinea pigs and induce p r o t e c t i v e  
an t ibod ie s  from a number of d i f f e r e n t  v i r u s e s  inc lud ing  in f luenza ,  
h e p a t i t i s  B and herpes  simplex. 

Summary - There a r e  s e v e r a l  advantages t o  vaccines  derived from 
recombinant DNA technology: 1 )  t h e r e  i s  a p o t e n t i a l  f o r  h ighe r  margin 
of s a f e t y ;  2 )  t h e  products may be less expensive due t o  savings r e l a t e d  
t o  production methods, s t a b i l i t y ,  and q u a l i t y  c o n t r o l ;  3) i t  should be 
p o s s i b l e  t o  produce vaccines  f o r  d i seases  not  amenable t o  cu r ren t  
technology; 4 )  some of these products can be incorporated i n t o  
formulat ions not  poss ib l e  with the c u r r e n t l y  a v a i l a b l e  m a t e r i a l s ;  and 
5) s i n c e  many of the methods required t o  develop these  vaccines  were 
beyond t h e  technology of t h e  t i m e ,  i t  should be poss ib l e  t o  develop 
p r o p r i e t a r y  vaccine products.  

Thus the  fu tu re  of t h i s  l i n e  of research i s  su re  t o  lead t o  many 
important d i scove r i e s  and products t h a t  a r e  u s e f u l  f o r  the p ro tec t ion  
o f  people and animals from pathogenic organisms. A t  t h i s  t i m e  i t  i s  
no t  p o s s i b l e  t o  specu la t e  as t o  which of the above descr ibed new 
technologies  w i l l  u l t i m a t e l y  be the  most success fu l ,  however i t  i s  
c l e a r  t h a t  each w i l l  l i k e l y  f i n d  a place.  
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Chapter 23. Collagenases in Tumor Cell Extravasation 
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I ~ ~ ~ I O N  - Metastasis is a complex multistep process in which tumor 
cells escape from the p r i q  t m r ,  enter the hematogemus and lymphatic 
vascular channels, and are transported to distant organs. (Figure 1) 

The circulating tumor cells arrest in the precapillary venules by 
passive embolization due to clurping or by active attachment to the 
lumenal vascular surface. In order to form metastases the tumor cells 
must penetrate the vascular wall to enter the interstitial strm. 
penetration is thought to be an active process rather than a passive 
bursting of the vessel due to grmth pressurel. 
the vascular wall which are mechanical barriers to tumor cell penetration 
are the endothelium and the mntinuous basement membrane (BM).  
structural studies indicate that t m r  cells m y  traverse the endothelium 
by a) moving between endothelial cell bodies2 or b) by destroying the 
entire endothelial cell3. The t m r  cell is then held up at the basement 
m&rane for a period of time ranging from 2 to 8 hours243. The next 
step is local dissolution of the basement membrane which occurs at the 
point of t m r  cell contact2r4. 
degradative enzymes which lyse the CQllPonents of the basement mrane. 

Such 

The two mnponents of 

Ultra- 

Such dissolution m y  be mediated by 

PRIMARY METASTASES 
TUMOR 

Circulating 
Tumor Cells 

lntravasation Extravasation 

Figure 1: Diagram of the metastatic cascade. Tumor cells 
invade at the p r i q  t m r  site and enter the interstitial 
stram. 
dissemination. W r  cells invade the vascular wall and are 
dislodged into the circulation in single cells and clumps. 
Circulating tunnor cells arrest in the precapillary venules 
of the target organ by adherence or mechanical wedging. 
They must then exit the circulation to initiate a secondary 
tumor colony called a metastasis. 

They thereby gain access to blood vessels for further 
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The basement merbrane is an insoluble mshwork w i t h  type N collagen 
comprising the major structural supporting scaffold. Tfius, a limiting 
factor i n  the degradation of the basement mertbrane is lysis of type IV 
collagen. C l a s s i c  collagenases which cleave interstitial collagens fail 
to degrade basement &am type I V  Collag@n. Type V collagen, which is 
associated with the basement membrane interface w i t h  the strana, is d s o  
resistant to  classic interstitial collagemse. merefore, separate classes 
of proteases are required to  degrade basement menbram associated 
collagens. One m i n  objective of this review W i l l  be to smmrize the 
current biochemical i n fomt ion  W i t h  regard to type specific collagen- 
olysis. A second objective w i l l  be to extrapolate this i n f o m t i o n  
into diagnostic and therapeutic applications for patients W i t h  metastatic 
cancer. 

lm types of cells, inflamnatory cells and malignant cells, are kmm 
t o  possess the biochdcal machinery for  actively migrating thmugh blood 
vessel walls. 
involving attachment to endotheliwn or basement nmbram follmed ky active 
invasion and migration of cells thrcugh vascular BM and adjacent peri- 
vascular connective tissue strum. "YE m e c h m  'm for extrawmaticn of 
i n f l m t o r y  cells and tunx cells may be similar. The present review 
w i l l  focus on t w r  cell extravasation. 

Cellular extravasatian is a carplex cascade of events 

Active penetration of tumor cells into the extracellular matrix is 
facil i tated by enzymatic degradatim of various matrix oonponents. One 
of m y  proteolytic enzymes involved i n  the metastatic process degrades 
collagen, the major s t ruc tu ra l  rmponent of the extracellular matrix. 
Collagenases are metallaproteases that digest native collagen at  neutral 
pH. Separate collagenases have been found to  w a d e  different t p s  of 
collagen, i.e. types 1-111, collagen type IV~, a d  type v collagen7 (Table 
I).  They control mechanism for production of collagenases is still un- 
k m  but the presence of specific collagenase inhibitors in tissues 
possibly lays an important role i n  regulating the aollagenolytic 
a c t i v i t y f  me concept that collqenases are involved in  t m r  cell 
extravasation is supported by a number of studies that show elevated 
collagenase activi-tie6 i n  various malignant hunan and animal tuanors 
as w e l l  as in cultured t m r  cells9-23. 

The extracellular matrix and cel l inatr ix  interactions - me extracellular 
matrix is a dense meshwrk of colla em118 and noncollagenws glyco- 
proteins, elast in  and prot~iyc-14-31. matrix cxqosit ion varies 
greatly amording to the special function of the tissie24-31. 
akrundant matrix protein, collagen, provides the major physical structure 
t o  connective t i s sues .  
collagen are known that differ  i n  their pr imry structure and t issue 
d i ~ t r i b u t i o n 3 ~ .  
membranes which are dense linear structures produced by parendhymal and 
edothelial cells at the interface w i t h  the connective t issue 
sta~25r27-30,33,34. 
f ine filamentous aggregates of molecules that are hi hly crosslinked 

collagemu8 matrix glyccproteins are fibronectin35 and l d n i n 2 * .  
act as &orage for the resident matrix cells to  the structural 
canponents, such as collagen35-37. 
protein for a variety of cells but laminin specifically mediates attach- 
ment of epithelial and endothelial cells to  J3M mllagen36. 
and laminin greatly influence grawth and differentiation of the mtrix 
cells. Other matrix roteins include e r ~ t a c t i n ~ ~  and elastin38, different 

 he mt 

A t  least seven genetically different types of 

lJpe IV collagen is specifically folnad i n  basement 

"ype IV collagen is organized into a netwrk of 

through disulfide and lysine derived covalent borads 31 . ?he main non- 
They 

Fibronectin serves as an adhesive 

Fibrrmectin 

glycosaminog~Y- 39% and protq1Fm24. 
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Table I. Tissue Distribution of the Different Collagen Types 

Cell Types that 
Collagen Type Tissue mation Synthesize Collagen 

Type1 bone , tendon I skin , fibroblasts, osteo- 
dentin, corneaI fascia blasts, smoth 

mscle cells, 
epithelial cells 

carti lage , cornea , 
vitreous b d y  

chrondrocytes , 
neural retinal cells 

skin, lung, liver fibroblasts, yoblasts Type I11 

basement membrane epithelial cells, 
endothelial cells 

all types of connective 
tissue except hyaline chondrocytes 
cartilage . 
uterusr placental villi, 
skin 

smooth m c l e  cells, 

Type VII fetal mmbranes 

1 , 2 1 3 ,  cartilage 
HMV, w, = 

In malignant transformtion the molecular caposition of the 
extracellular matrix as wll as the cell-mtrix interactions are often 
altered. Malignant cells enerally produce less mtrix ccmponents than 
their n o m l  counterparts4~-45. As an example is fibronectin synthesis 
which is greatly reduced in mlignant cells. 

The properties of mlignant cells that help them m e  across tissue 

One 
bundaries include: 
matilitfi7, angiogenesis factor(s)& and enzymatic acti~ities49-~~. 
of the most insoluble connective tissue barriers that tumor cells mst 
encounter at different stages during the Mastatic process is the BM. 
Tumor cells must traverse the epithelial EN as they progress frcm -- in situ 
to invasive carcirrcpM as well as during extra- and intravasation. The 
first step in t w r  cell penetration of the vascular BM is laminin mediated 
attachment to the exposed BM36*37#52. 
attahent requires a resence of a specific receptor protein for laminin 
on the cell surface53-{6. The second step involves focal proteolytic 
degradation of the BM in the invasion front2r4r14t57-60. It has been 
derpnstrated that both inflan'cratory cells and t m r  cells form pseuCbp3ia 
that contain enough of the degradative enzymes to cause focal defect in 
the €361162. The third step is migration of t m r  cells through the focal 
defect in the BM3144. 
have demnstrated that both t m r  cells and host cells m y  be able to 
produce type I collagenase. Rwever, the host-derived cells released 
the enzyme only during limited n m r  of passages while the t m r  cells 
continued to produce collagenase 122163. In sane cases cocultures of 
t m r  cells and normal cells have secreted more enzyme activity than each 
line could produce individ~ally64,~~. These studies suggest that the 
tumor cells m y  stimlate the norm1 host cells to produce collagenase. 

decreased cell adhesivenessM, increased cell 

Recent studies indicate that the 

Studies of cells cultured from t m r  explants 
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Collagenase 1-111 - The dense network of collagen fibers of the extra- 
cellular matrix is inpenetrable to mst cells. 
inflamnatory cells and tumor cells produce matrix degrading enzymes in 
order to cross tissue bcxlndaries. 
matrix during tumor invasion has been observed histologically and ultra- 
structurally 66~67. 
elahorate collagemlytic en~s~'~3, l5, l61 lS2O, 22, 23. The vertebrate 
collagenase was first described by Gross and Lapidre in 1962@. 
neutral pH optim and cleaves the interstitial collagen types at a single 
locus near the C-terminal end of the collagen mlecule producing 75% 
and 25% fragments. 
the initial cleavage and are then susceptible to gelatinases and other 
nonspecific proteinases5. 
itself can further degrade the collagen fragments at physiological 
temperature69. 
but not types IV and V collagen51~~,~2,~+~~. The rate of degradation 
for type 11 collagen is considerably slmer than for I and 111. 
Vertebrate collagenases isolated fran different sources may also have 
different preferences in their types of substrates e.g., human granulocyte 
mllagenase degrades type I collagen faster than type 11173. 

Invasive cells, such as 

Destruction of the extracellular 

various types of t m r  cells have been found to 

It has 

The collagen fragments are thermally denatured after 

It has also been suggested that the collagenase 

The vertebrate colla enases degrade types I, I1 and I11 

The 

The level of type f collagemlytic activity associated with mlignant 
tumor cells often correlates with the malignant behavior of these 
tumors9112113115116,18120,23*74. 
has also been denmistrated in experimentally induced tumors by chemical 
carcinogens75 or in cells treated with t m r  pmnoters76. 
collagenases that have been partially purified and characterized are 
similar to the vertebrate collagenase5, 81 10,691 711 73 I 77-82. 

Increase of the collagenase I activity 

m r  cell 

Basement membrane degrading collagenases - Type IV collagenase is inhibited 
by EMA, and is thus a metallo protease. It specifically degrades basement 
membrane collagen, and cleaves procollagen IV into t w  segments .which 
camprise 1/4 and 3/4 of the total length of the ~01~~1~6.83 (Figure 2) 
The cleavage site is located near the N-terminal end of the collagen 
mlecule and the cleavage produces a W l e x  containing the highly 
disulfide-linked "7-S. resion" ioined with the residual parts of the four 

procollagen nonnal migrating N N-terJninal cells and ends. metastatic Type N tumor collage cells l % ~ l ~ f 8 3 ~ 4 5 3 ~ 8 # ~  
The enzyme is secreted into the culture media in a latent form which 
can be activated with trypsin and pladn. 
purified fran a mouse t m r  (hllmonary metastasis of the T241 
~arccma)~,~~. The enzyme migrates as a doublet on polyacrylamide gel with 
a molecular weight of approximately 62,000 and 68,000. 
genase activity of culture supernatants or cell lysates is assayed by 
using biosynthetically labelled, acid extracted HIS sarcoma type IV colla- 
gen ~ubstrate6,~~. Vascular dissemination of t m r  cells is critical 
in the cascade of events that lead to metastases. Therefore, type N 
collagenase might be one of the mst important factors although not suf- 
ficient, for metastasis formation. Type N collagenolytic activity of 
many metastatic tunor cell lines studied has been shown to mrreclate 
with their malignan~y~~r~~,~~. Nevertheless, it is unlikely that there 
is a strict quantitative relationship between the enzyme level and the 
metastatic capacity in all types of malignant tumors since there are 
many other cellular and host factors that are involved in the metastatic 
process86f82. 
collagenase but are also highly susceptible to host defense factors, 
could be poorly metastatic. 

Type IV collagenase has been 

Type IS7 colla- 

For example, t m r  cells that secrete large mnounts of 
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Figure 2: 
by sodium doclecyl s u l f a t e  polyacrylamide ge l  electrophoresis 
(after reduction). The EHS muse  t m r  t y - p  IV procollage$* 

w a s  incubated with enzyme 5h (a) : 18h (b) : and a t  3OoC (c) . 
The cleavage y i e lds  peptides a r r e s p d i n g  to 2/3 (C1 and C2) 
and 1/3 ( N 1  and N2) of the procollagen molecule. I n  pepsin 
digested placenta type IV collagen6 (a); the  placenta type 
N a l l a g e n  plus  enzyme (e), two cleavage products are produced, 
consis tent  with a s ingle  site of cleavage. 

Type v collagenase has been ident i f ied  i n  alveolar macrophages 

Type IV collagen degradation products ident i f ied  

and i n  t m r  cells7. 
of murine reticulum sarcana cells (M5076) and appears to be a doublet on 
polyacrylamide ge l  with a mlecular e i g h t  of about 80,000. It degrades 
type V collagen, but not type IV collagen7. 

Regulation of collagenases: 
f a r  p r l y  understood. Considering the present knowledge the three  
possible  control  mechanisms for  mllagenases  include: 1) secre t ion  
of mllagenases  as latent forms a d  t h e i r  act ivat ion,  2) production of 
spec i f i c  mllagenase inhib i tors ,  and 3) f ac to r s  t ha t  stimulate collagenase 
secre t ion  by cells. 

(p rml l aqenases )  l6 21 83 8 89. Proco a nases can be act ivated by 

nonenzymatic methods using amnonium s u l f  te f r  ct ionat ion,  thiol-blocking 
reagents and ion-exchange chranatography 71,78,80, or by long incubation 
periods a t  3 7 0 ~  (spontaneous act ivat im171.  

It has been p a r t i a l l y  p r i f i e d  fran cul ture  media 

The genet ic  m n t r o l  of collagenases is so 

1) Collagenases are found both i n  act ivated and l a t e n t  forms 

proteases such as t rypsin or plasmin %,7f . They can also be act ivated by 

Activation of the a l l a g e n a s e  involves a spli t  off  of a 
a lmer mlecular weight active collagenase71,83,89,91,9~ Plasmin is 
proposed to be the mt important enzyme i n  the  biological  ac t iva t ion  of 
wllagenases. 
activators, which are ser ine  proteases. 
sham high levels of plasminogen ac t iva tors ,  t ha t  o f ten  correlates wi th  
enhanced collagenase activitieslgr21,76,93. 

ptide and y ie lds  

It is derived f r a n  serum plasminogen by plasminogen 
A varient  of tumor cell l i n e s  have 
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2) Scme tissues contain tissue collagenase inhibitors, tha t  bind to 
t h e  mllagenases and, thus, local ly  regulate the rate of collagenolysis. 
These inhibitors are generally of law molecular weight, diffuse easi ly  
through the extracellular matrix and are released into tissue culture 
supernatantsg4r95. They have been r i f ied  fran many tissues such as 

enzymeinhibitor omplex that is often irreversible so that  t r y p i n  treat- 
ment cannot reactivate the en~yme95. Several concepts on the role of 
mllagenase inhibitors i n  the regulation of collagenolysis have been 
p r o p e d 8 .  One possibi l i ty  is that the  same cell produces both the active 
collagenase and the inhibitor a t  different  times. Thus, i n  the absence of 
collagen b r e a k d m  there would be an excess inhibitor arrd the collagenase 
production could be ini t ia ted on demand. On the other hand, the collagen 
activating enzymes su& as trypsin would also inactivate the inhibitors8. 
Studies of collagenase inhibitors in brain tumor tissues have revealed 
that  l,ffs inhibitors are present i n  the invasive than the m i n v a s i v e  
t m r  In v i t r o  studies have also shown that  bovine carti lage derived 
inhibitors retard turnor cell invasion of a human amnion EM5'. 
amtains  at least two types of collagenase inhibitors i.e. a non-specific 
protease inhibitor, a2-macroglobulin which canprises over 90% of the 
serum collagenase inhibitory capacity, and more specific 61-anticolla- 
genaselOO,lOL 

cells respond to chemotactic factors i n  vitro. 
discovered to date include: the f i f t n t  of ampleinent102, N- 
formylmethionyl-le~l-cyl-phenylalanine (FMLP) 07, b ~ n e  resorption f a ~ t 0 P 4 ,  
and f i b r ~ n e c t i n ~ ~ ~ .  In  response to chemotactic stimuli e migrating 
epidermal arrd endothelial cells secrete collagenases 8 4 ~ 8 .  Cultured 
fibroblasts 
interleukin 
that store the enzymes i n  cytoplasmic granules, t w r  cel 
very little mllagenase but produce and secrete on demand 
Conclusions : 

1. brtravasation of t m r  cells is an important s tep i n  the 

sking6, aorta97r98, tendcp199, bone9 Y and cartilage57. They form an 

. 
Plasna 

3) Recent work has demnstrated that t m r  cells l i k e  inflannnatory 
The chemotactic factors 

rease their  collagenase production when stinndated by 
In  contrast to inflamnatory cells and endothelial cells 

robably store i8Bp . 

metastatic process. It involves various tumor cell factors as w e l l  as 
special properties of extracellular matrix amnponents. Proteolytic 
enzymes secreted locally at  the  point of tumor cell penetratim degrade 
the extracellular matrix to make roan for invading cells. Although 
t m r  cell invasion is facilitated by their mn proteolytic ac t iv i t ies ,  
proteases produced by host cells may also play a role i n  tmr cell 
invasion. 

2. Bas- mnbranes c o n s t i t u t e  the main structural  support to 
blood vessels and provide a mecham 'cal barrier to t w r  cell extravasation. 
Type IV mllagenase produced by various tmr cells i n  culture is considered 
to be necessary for proteolytic destruction of the BM during the metasta- 
zation. 
metastatic process the collagenolytic activities do rrot always correspond 
w i t h  metastatic behavior although a minim1 enzyme ac t iv i ty  is necessary 
to  degrade 

Since many other cel lular  and host factors are involved i n  the 

for  extravasation of tumor cells. 

3. Prior to  penetration of the vessel wal l  tmr cells mst attach 
to  the BM. 
through laminin Which is o m  of two  major glycopmteins of the extracellular 
matrix. Laminin binds to a cell surface receptor that was recently prified 
and characterized. 

For many types of tmr cells, this attaclunent is mediated 
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4. Collagenases usually are secreted as procollagemses which are 
activated by other proteases such as plasmin and trypsin. 
inhibitors are possibly involved in local regulation of collagenase 
activities. 
regional balance between enzyme and inhibitor. 

produce collagenase and migrate in response to chetmtactic factors. 
may play in role in the organ selectivity of metastatic spread of different 
tumors observed in vim. 

Potential clinical Applications - The mjor cause of treatment failure 
in patients with solid tmrs is metastasis. 
usually be eliminated by current therapeutic techniques. 
the patients with a newly diagnosed tumor will already have clinically 
silent micrametastases. Thus major goals of cancer research are to develop 
improved methods to predict whether an individual patient's tumor has 
already metastasized, and to provide strategies for prevention or localiza- 
tion of metastases. Biochemical information about tumor collagenases 
m y  ultimately be applied to approach these goals. 

subpoplations of invasive tmwr cells in histologic sections of humn 
tumors 1*,45. 
such antibdies could conceivably be used to localize micrcnnetastases 
in lynph node sections. 
Subpopulations of highly metastatic tumor cells m y  preexist in the 
tumor. 
cascade. 
cells in a histologic section of a patient's tumor may relate to the 
clinical aggresiveness of the tumor. Measurement of collagenase by 
radioimmssay may also have prognostic value if applied to t m r  
sanaples or serum. 
could be the localization of clinically silent micrometastases in the 
patients. 
already been developed to localize monoclonal antibodies injected 
into patients. 

Finally, collagenase inhibitors could also play a future role 

Collagemse 

Collagenolytic activities m y  therefore be determined by the 

5. In vitro studies have demonstrated that tumor cells are able to -- 
This 

The primary tumor can 
-ever, half 

Antibodies directed against collagenases can be used to localize 

Since these proteases may be aqnented in metastatic cells, 

primary tumor cell populations are heterogeneous. 

These metastatic cells m y  be selected out during the metastatic 
Therefore, the percent of collagenase positive staining t m r  

A further application of collagenase antibodies 

Appropriate radionuclide scanning techniques have 

in the therapy of tumor invasion. 
been Shawn to inhibit tumor invasion in vitro. 
m y  also be developed which block t h e 5 E t e  binding dcanain, 
conpetitively, or irreversibly inhibit the enzyme itself. 

Wtural collagenase inhibitors have 
Synthetic inhibitors 
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Chapter 24. Biology of Leukotrienes 

William Kreutner and Marvin I. Siege1 
Schering-Plough Corporation 
Bloanfield, New Jersey 07003 

Introduction - Leukotrienes are potent mediators of allergic, inflamnatory 
and other pathologic events. Studies with murine mastocytana cells, 0 2  

rat basophilic leukemia cells,304 guinea pig lung5 and human lung6 have 
elucidated the biosynthetic pathway of slow-reacting substance of 
anaphylaxis (SRS-A), and identified it as leukotriene C4 (LTC4, - 1) and/or 
leukotriene D4 (LTD4, 2). 

PH 

- 2 ;  R=H 

Principal steps in sulfidopeptide leukotriene biosynthesis involve 
the release of arachidonic acid (AA) from membrane phospholipids in 
response to various cellular signals, the addition of mlecular oxygen to 
AA to form 5-hydroperoxyeicosatetraenoic acid (5-HPE;TE) by a 
5-lipoxygenase, dehydration of 5-HPETE to an unstable epoxytriene, LTA4, 
and addition of the thiol group of glutathione across the epoxide ring to 
give LTC . 
which, i4 turn, yields LTE by a loss of glycine. LTA4 can also be 
enzymatically hydrated to hB4 (55,12R=dihydroxy-62,8E, 10E, 142- 
eicosatetraenoic acid) or hydrolyzed non-enzymatically to the diastereo- 
iscmers, %,12R,-dihydroxy-6E,8E,10E,14Z-eicosatetraenoic acids 
(5,124iHEEs): Other important lipoxygenase pathways yield 15-HPETE in 
neutrophils, eosinophils and reticulocytes and 12-HFE”E in platelets 
and lymphocytes. 
the corresponding hydroxy fatty acids (HETEs). 

1 4 > 1 5  macrophages 
including humans, produce leukotrienes fran either added AA or from endo- 
genous AA in the presence of specific stimulants such as the2yhemotactic 
peptide, F-met-leu-phe, platelet-activating factor (PAF) , phorbol 
myristyl acetate and IgE directed antigens. 23.24 Leukotrienes 
then produce a physiological response by interacting with specific, high 
affinity, receptors. Anti-inflamnatory steroids inhibit AA release while 
aspirin and other non-steroidal anti-inflantnatory drugs (NSAID) block the 
prostaglandin pathway.25 As yet, there is no approved drug, which is an 
effective inhibitor of leukotriene biosynthesis or an antagonist of 
leukotriene action. 

LTC4 is further metabolized to LTD4 by removal of glutamate 

These hydroperoxides are reduced by peroxidases to 

Various inf lamnatory cells includi leukocytes, eosinophils , 
and mast cells 3,19 f ran several species, 
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Effects of kukotrienes on Respiratory Function 

1) 
varies among species. Rats are often resistant to the effects of 
leukotrienes, but aerosolized LTD causes a bronchospasn in an inbred 
strain with bronchial hyperresponbiveness. 
inbred strain with hyperreactive airways, develop an atropine-inhibitable 
bronchospasm to inhaled LTD while there is no response in mongrel dogs. 27 
Furthermore, aerosolized LTh4 is 300-900 times more potent than histamine 
in causing a bronchospasm in Ascaris-sensitive rhesus monkeys, whereas 
non-allergic monkeys are relatively non-responsive. * 
response in monkeys to aerosol LTD4 is inhibited by inhaled FPL-55712 
while intravenous FPL-55712 is inactive. 
atria of monkeys, LTC4 causes a bronchospasm and a transient increase in 
atrial pressure followd by a prolonged hypotension. 

In healthy humans, inhaled LTC4 and LTD4 are more potent than 
histamine at causing a decrease in maximum expiratory flow rate.31’32 
effect of LTD4 is independent of the production of cyclooxygenase 
products. 
asthnatics, there is no increased sensitivity to inhaled LTD4. 3 3  

A2, in the bronchospastic response to leukotrienes depends on the species 
and route of administration. The bronchospasn resulting from intravenous 
LTCq in guinea pigs3’ and LTD4 in cats3 
inhibitors. The response to inhaled LTC 
inhibited or is enhanced by cyclooxygenade blockade. 

In Vivo Actions - The in vivo pulmonary response to leukotrienes 

Basenj i-Greyhound dogs , an 

The bronchial 

Administered into the right 

’ 

The 

In contrast to airway hypersensitivity to histamine among human 

?he importance of cyclooxygenase products, particularly thranboxane 

is blocked by cyclooxygenase 
in guinea pigs is either not ,’ 

2) In Vitro Actions - Studies using a superfusion technique suggest that 
a major portion of the contractile response of guinea pig lung parenchymal 
strips to LTC and LTD is due to the generation of thrcmboxane A2.37 
contrast, rabhit and r& parenchymal strips do not develop a marked 
contractile response or synthesize thromboxane A2 in response to LTC4 or 
LTD4. More recent work has shown that under non-flow conditions, the 
contractile responses of guinea pig parenchyma to LTC and LTD4 are 
indepedent of thrclmboxane A generati~n.~*’~~ LTB ib 5-10 times more 
potent than histamine in con&acting guinea pig ludg  strip^.^ ’ 
Intravenous or aerosol administration of LTB4 to guinea pigs produces a 
bron~hospasm.~~ 
to the generation of cyclooxygenase products. 

response by FPL-55712 &ring ikxbation with guinea pig trachea has been 
reported. 4 2  This LTD4-induced contraction may utilize predaninantly 
intracellular calcium stores because it is inhibited by 1MB-8, an 
inhibitor of intracellular calcium mobilization, but not by nifedi~ine.~ 
In contrast, on the guinea pig ileum, the slowness of the contractile 
response to LTD4, compared to histamine, and the sensitivity to blockade 
by a slow calcim channel blocker, D.600, suggests that LTD4 utilizes 
extracellular calcium.4 

In 

These in vitro and in vivo effects of LTB4 are secondary 

Conversion of LTC to LTD and subsequent blockade of the contractile 

The Merck-Frosst group prepared the sulfones of LTC4, LTD4 and LTE4 
and found that they are almost equipotent to the sulfides on contracting 
guinea pig trachea and intravenous administration to guinea pigs produces 
an indanethacin and FPL-55712 inhibitable bronchospasm. 14 The 
contractile activity of LK4 and LTD analogs has been examined. 
order of potency is similar on guine4 pig trachea, lung parenchyma and 
ileum where the 5R, 65 isaners have 0.01-times the potency of the natural 

The rank 
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5 S ,  6R i~aners.~~~48 Eight biosynthetically formed sulfidopeptide 
leukotrienes (LTC3, 8,9-LTC3, LTC4, 11-trans LIT4, LTC5, LTD4, LTE4 and 
11-trans LTE ) were studied for contractile activity on guinea pig lung 
parenchyma.sif All canpounds are full agonists and 5000-times more potent 
than histamine. There is no potency difference between 11-cis and 11-trans 
ismrs of LTC4 or LTE4. 
gm-glutamyltranspeptidase results in the formation of LTF .50 

equipotent to LTD on guinea pig trachea, but only 0.01-timed as potent on 
ileum and in v~vo!’~ 

Incubation of LTE4 with glutathione and 
LTF4 is 

Purified human lung mast cells release SRS-A upon stimulation with 
anti-IgE. 52 
with ionophore A-23187 5 3  and platelets (rabbit) release leukotrienes on 
stimulation with thranbin or PAF.54 
peritoneal macrophages 5 6  stimulated with A-23187 release LTC4 and LTB4, 
but not LTD4. 
also been demon~trated.~~ 
alveolar but not peritoneal rat macrophages.55 
challenged with antigen, releases sufficient amounts of LTC4, D4 and E4 to 
cause contraction of human bronchi in v i t r ~ . ~ ~  

Eosinophils (horse) release leukotrienes upon stimulation 

Rat alveolar macrophages 5 5  and human 

The production of LTB4 by human alveolar macrophages has 
IgE mediated release of SRS-A occurs with 

Sensitized h w n  lung 

A major finding has been the importance of lipoxygenase products in 
the secretion of airway mucus. 
bronchi in culture is stimulated by l o w  concentrations (1-10 nM) of 
various H!iTEs, with 12- and 15-HETE mst active.59’60 
mucus release is inhibited by the lipoxygenase inhibitors ETYA, 
nordihydrcguiaretic acid and alpha naphthol.59 
significant decrease in mucociliary clearance after oral ingestion of 
aspirin by healthy volunteers.61 This effect presumably is due to an 
augmented production of lipoxygenase products after cyclooxygenase 
inhibition. Other reports have shown increased secretion of mucus after 
intraarterial injection of LTC4 or LTD4 into  dog^,^^-^' 
administration of LTC4 into cats 6 5  or in vitro addition of LTC4 or LTD4 
to human bronchial mcosa .6 

Leukotriene Actions in the Gastrointestinal System - Large species 
differences have been found in the response of gastrointestinal tissue to 
sulfidopeptide leukotrienes. Human gastrointestinal muscle (ileum, 
stanach, jejunum, colon) does not contract to SRS-A fran guinea pig 
lung.67 In contrast, both LTCq and LTD contract the rat stomach and 
colon but not the duodenum or ileum6’ 4LTC4, D4 and E4 produce 
cyclooxygenase independent-Sontractions of the guinea pig gall bladder .6 

At high concentrations (10 MI, LTC4 and LTD also provoke acid secretion 
from isolated rabbit gastric parietal cell~.~7~ A role for leukotrienes in 
inflamnatory bowel disease is suggested by the release of SRS-A fran 
antigen challenged sensitized colonic muco~a.~~ 

Mucus glycoprotein secretion fran human 

Antigen-provoked 

A recent report claims a 

intratracheal 

Lipoxygenase products may also be essential for insulin release by 
pancreatic islets. 
lipoxygenase inhibitors, including BW-755CI nordihydrcquairetic acid and 
15-HETE.72,73 Also, 5-HETE augments insulin release triggered by low 
concentrations of glucose.73 Rat pancreatic islets produce 5-, 12- and 
15-HETE fran arachidonic acid.73 

Actions of Leukotrienes on Cardiovascular Tissue - Purified SRS-A 
generated fran guinea pig lung has been shown to increase vascular 
permeability in guinea pig skin, especially if injected together with a 
vasodilator like EGE2.74 

Glucose-induced insulin release is inhibited by 

Intradermal LTC4 and LTD4 cause a wheal and 
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flare75C76 and increase microvascular blood flow 77 in human skih. In a 
hamster cheek pouch preparation, law concentrations of LTC and LTD4 cause 
intense arteriolar constriction followed by a marked incretse in vascular 
permeability. 78 Airway edema associated with an anaphylactic reaction may 
be a leukotriene dependent response, since local application of LTC4, D4 
or E to guim7$ pig trachea in vivo produces an increase in microvascular 
perm8abili ty . 
beating of rat heart cells in hlture. 
-- et al. for a role of leukotrienes in cardiac anaphylaxis. 
dysfunction associated with anaphylaxis is partially duplicated by 
addition of LTC , D4 or E4. A l l  leukotrienes produce a negative inotropic 
effect, decreasi coronary flow of isolated guinea pig heart, and decrease 
the contractile force of pectinate muscle fmn human heart. 
potentiates the tachycardia and arrhythnias caused by histamine. 
Sulfidopeptide leukotrienes also appear to be potent contra:\ile agents on 
canine renal arteries8* and rat and cat coronary arteries. These 
effects are independent of thronboxane A2 generation. 

are quite canplex. 
an initial transient increase in systemic blood pressure followed by a 
sustained systemic hypotension after a bolus of 1-10 pg/kg of LTCq or 
LTD4. 84-86 Intravenous LTC4 decreases cardiac output and rate while 
increasing total peripheral resistance. ’ Pretreatment with indmthacin 
potentiates the initial increase in blood pressure and attenuates the 
sustained hypotension and changes in cardiac function due to LTC . 
doses of LTD4 injected into the left circmflex coronary artery 8f sheep 
result in coronary vasoconstriction and impaired ventricular function.a7 

Low concentrations of LTD (1-lOnM) cause a reversible cessation of 

The cardiac 
Evidence was presented by Burke 

LTD4 also 

The in vivo effects of leukotrienes on blood pressure and heart rate 
Generally, there is a biphasic response consisting of 

Low 

Leukotrienes may also play a pathogenic role in hypxic pulmonary 
hypertension. 
reversed by FPL-55712. LTC and LTD are present ‘in lung lavage fluid 
obtained from human newborns &th a clfnical diagnosis of persistent 
pulmonary hypertension and hypoxemia. 

Hypoxic pulmonary vasoconstriction in sheep is prevented or 

Leukotrienes in Inflamnatory Disorders - Leukotrienes are produced by 
cells ( W s  and macrophages) that are present in large numbers at 
inflmtory sites. If stimulated with the calcium ionophore A-23187, 
PMNs produce LTB4, which has potent chemokinetic activity and is also an 
aggregating agent for neutrophilsPl 
agent is similar to that of the canplement ccmponent C5a40r the synthetic 
peptide F-met-leu-phe. 2- 

leukocytes to vascular endothelim. 76 ’78 Evidence has also been presented 
that LTB4 is eosinophil chemotactic factor (ECF).95 However, ECF 
stimulates the migration of eosinophils, but not neutrophils while LTB4 is 
equally chemotactic for both cell types. 96 The neutrophil chanotactic 
activity of LTB 
injection of Ld4 (0.2-1.5 mle) into human skin caused an imnediate 
erythema and wheal followed by a delayed reaction of erythema and 
induration at 1-4 hr with perivascular neutrophil infiltrates. 76 

The potency of LTB as a chemotactic 

In a hamster cheek pouch preparation, LTB4 causes adhesion of 

is blocked canpetitively by acetyl LTB . 97 Intradermal 

LTB has been shown to cause the release of enzymes fmn human 
p M B .  98.4 9 9  Canpared to C 
secretogcgue and is active’8nly at concentrations 14-fold greater t h a n  

and F-met-leu-phe, LTB is a weak 
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needed to stimulate chemotaxis or adherence of neutrophils. 
degranulation caused by LTB4 is inhibited by LTB4-dimethylamide (KD = 0.2 
p M ) .  
hundulatory activity . For example, LTJ3 appears to cause 
specific suppression of human lymphocyte function, possibly by inducing 
suppressor cells. 
activity. These latter activities may play important roles in chronic 
inflamnatory disease. Injection of LTJ3 into rabbit skin,lo6 rabbit 
eye,l07 guinea pig peritoneal cavityg4 4and human skin results in 
leukocyte accumulation at the injection site. In a hamster cheek pouch 
preparation, the movement of leukocytes through the vascular endothelium 
as a result of the local application of LTB has been directly observed.lo6 
The increase in vascular permeability due t8 LTB4 is augmented by the 
co-administration of a vasdilator prostaglandin and is dependent upon the 
presence of neutrophils . 

The role of LTB4 as an inflammatory mediator is supported by studies 

Neutrophil 

In addition, it has recently been reported that LTB4 may have 

4 

Moreover, LTB4 augments natural cytotoxic cell 

showing high amounts of LTB4 in the skin c h e  fluid of involved skin 
from psoriatics and in gouty effusions. In contrast, LTC4 and 
LTD4, but not LTB4, are detected by bioassay and HPLC in carrageenan- 
induced pleurisy in rats. 112 Leukotrienes may also be involved in the . 
modulation of pain in inflamnatory lesions. In the rat paw, LTB4 causes 
slight hyperalgesia. 
is not understood. 

However, the mechanism of action of this response 

Leukotrienes C4, D4 and E4 may also be important mediators of 
inflamnatory processes. LTD4 and LTE4 influence vasopermeability in 
guinea pig skin and their activities are potentiated by the presence of 
prostaglandin vasodilators. In addition, LTC4 and LTD increase 
neutrophil adherance and may also affect release reaction4 of 
macrophages . 

Elevated levels of both LTBq and LTC4 are found in psoriatic lesions 
in man.114’11 
an accumulation of neutrophils in mucosal sites. 
inflamed sites in such patients contain elevated levels of LTB4. 
addition, these samples have an increased ability to synthesize 
5-lipoxygenase products ccmpared to normal tissue. 
rheumatoid arthritic or gouty patients also contain large numbers of 
neutrophils and elevated levels of LTB4. 

Receptor Binding of Leukotrienes - Initial reports suggested the presence 
of tissue specific heterogeneity of LTD4 receptors.ll* This is supported 
by more recent experiments on guinea pig trachea utilizing FPL-55712.119 
The availability of high specific activity radiolabeled LTC4 and LTD4 has 
permitted t p  detection of specific binding sites 1~ lung for these 
ligands. 
to membrane3+of gy)nea @g lung.lz0 
cations (Ca , Mg , Mn 1 and inhibited by Na . LTE , but not LTC , has 
high affinity for the binding site suggesting qat Ld4 and LTD4 ineeract 
at different sites. High affinity binding of [ HI-LTC was also 
demonstrated on lungs from rat 
snooth muscle cell line, DITl MF-2, derived fran Syrian hamster vas 
deferens.lZ4 
sites.120’122 The KD for FPL-55712 is greater against LTC than &D4. 
Binding of LTD4, but not LK4 is altered in the presence o# guanine 
nucleotides. 

Ulcerative colitis has among its characteristic features 
Samples of tissue f m  

In 

Synovial fluids from 

[ Hl-LTDq exhibits high affinity (K,,= 10 OM), saturable binding 
Binding i$ enhanced by divalent 

and guinea pig 122,923 and on an intact 

The LTC4 binding is biochemically distinct from LTD binding 
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Evidence has also been presented that LTB interacts with a specific 
cell receptor. 93-125 The difference in chemot&ic and secretogogue 
activity of LTB4 has been explained in tern of the former being 
associated with high affinity receptors and the latter with lcw affinity 
receptors. 

Pharmacology of Leukotriene Biosynthesis Inhibitors and Antagonists 

1) 
of the lipoxygenase and cyclooxygenase pathways 127,128 aEd inhibit - in 
vitro anaphylactic contractions of airway smooth muscle fran guinea 
7127c129 P 1gs ’ W 7 5 %  inhibits SRS-A, but not histamine, release fran 
antigen challenged sensitized human lung 1 3 0  and when given by inhalation, 
attenuates antigen-induced bronchospasm in Ascaris-sensitive monkeys. 1 3 1  

Bw-755C inhibits prostaglandin synthesis in inflamnatory exudates but 
does not inhibit PGI synthesis by gastric mucosa.132 BW-75% also 
reduces the concentr&ion of Lm4, thrclmboxane B2 and PGE2 in exudates 
derived fran the subcutaneous implantation of carrageenan impregnated 
sponges in rats. PMN migration into the inflamnatory exudate is also 
decreased. BW-75%, but not indanethacin, reduces the size of a 
myocardial infarct produced in dogs by coronary occlusion followed by 
reperfusion. The mechanism may involve inhibition of lipoxygenase to 
reduce the production of LTC and LTDq which constrict coronary arteries 
and of LTB4 which is c h m t a h  for inflamnatory cells. 

Biosynthesis Inhibitors - BW-75% (3-1 and phenidone (4 )  are inhibitors 

Me 

5 - 3 r 
At concentrations lower than those needed to inhibit either 

lipoxygenase or cyclooxygenase, BW-75% enhances lymphocyte activation by 
mitogens. 
prevent the induction of epidermal ornithine decarhxylase caused by 
application of the tumor p m t e r  12-0-tetra-decanoyl phorphol-13- 
acetate. 

BW-755C and phenidone, applied topically to mouse skin, 

Nafazatrm (2) inhibits 5- and 12-lipoxygenases but not the 
cyclooxygenase of B16a tumor cells and also inhibits tumor 
proliferation. ’ Other studies have shown nafazatran increases FG12 
synthesis by aortic strips and has antithrclmbotic activity.138 

Benoxaprofen (5) has antiinflmtory activity and also inhibits the 
At a concentration of 100 pM, benoxaprofen inhibits release of SRS-A.139 

a 5-lipoxygenase in guinea pig peritoneal cells and HL-60 cells with no 
effect on the 12-lipoxygenase of h m n  platelets or a soybean 
15-lipoxygenase.l’+O In rat Rulhis, benoxaprofen is a better inhibitor of 
cyclooxygenase than 5-lipoxygenase. 
is consistent with these results, because inhibition of edema occurs at 
lower doses than inhibition of cellular influx to inflamed sites. 
Benoxaprofen is claimed to be ineffective clinically to inhibit 
aspirin-induced bronchospasm 141 but has shown beneficial activity in the 
treatment of psoriasis,142c14 a disease associated with the presence of 
increased levels of lipoxygenase products in epidermal lesions. 

Its in vivo activity in animal models 
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6 - 
OH 

7 - 
U-60,257 (7) is an inhibitor of glutathione-S-transferase 144 but its 

principal action seems to be inhibition of a 5-lipoxygenase. 1 4 5  U-60,257 
inhibits SRS, but not histamine, release from human lung, competitively 
antagonizes the contactile effects of LTC4 and LTD on guinea pig ileum 
and inhibits lysosamal enzyme release frcm human F d N s .  In Ascaris 
sensitive mnkeys, U-60,257 given by aerosol (0.05-1%) or intravenously 
(0.01-5 q/kg) inhibits antigen-induced bronchoconstriction. l 4  

2) Leukotriene Antaqonists - FPL-55712 (8) consistently inhibits 
contractile responses to LTD4, but its effect on responses to LTC4 are 
less clear. 
guinea pig parenchymal strips. llr7 On trachea and bronchus, FPL-55712 
antagonizes responses to low concentrations of LTC , but potentiates 
responses to high concentrations of LIT4. Krell afso showed that 
antigen-induced bronchospasn in dogs is not inhibited by i.v. or aerosol 

Krell -- et al. claim that FPL-55712 does not antagonize LTC4 on 

0 0 
FPL-55712. 

8 - 
Limited studies with FPL-55712 have been conducted in humans. 

Inhaled FPL-55712 in 4 allergic astbtics gave inconclusive results. 1 4 9  

'Jho of the four patients s h m d  improved FEV1. Tracheal mucous velocity 
is decreased in asthtics challenged with antigen. 5 0  Inhalation of 
0.5-1% FPL-55712 prevents the decrease in mucous velocity but does not 
inhibit the bronchospasn. 
induces coughing which is blocked by aerosol FPL-557f2. 1 5 1  In Basenji- 
Greyhound dogs, the bronchospasn to inhaled citric acid is associated with 
increased plasma levels of SRS (but not histamine) and is partly blocked 

Inhalation of LTC4 or LTD by normal subjects 

by FPL-55712. 1 5 2  

Much of the pharmacology of FPL-55712 is ascribed to its antagonism 
of SRS-A; however, at concentrations only slightly higher than those 
needed to inhibit SRS-A, FPL-55712 also inhibits thrmboxane synthetase' 
and lipoxygenase in broken cell, but not intact cell preparations. 
FPL-55712 also inhibits the extensive necrosis of liver parenchymal cells 
and death in animals injected with endotoxin and D-galactosamine. 

4R,%,62-2-nor LTD (4R-hydroxyl-5S-cysteinylglycyl-6Z-nonadecenoic 
acid) is an analog of Lh4 which at a concentration of 100 ~ J M ,  antagonizes 
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the contractile response to LTD4, LTC and LTE4 on guinea pig 
airways. 1s6*157 The effects of histdine are not blocked. 
constrictor effects of LTD4 on guinea pig pulmnary artery are also 
blocked. 
bronchoconstrictor response to LTD4 given 1 min later. 
also has antagonist activity while 4R, 5S, 62-nor LTCl and 4S, 5R, 6E-nor Ldl 
are agonists. 

Summary - The leukotrienes are a group of biologically active mediators 
derived from arachidonic acid. 
and may mediate inflamnatory reactions, L'k and LTD are predaninantly 
snooth muscle contractile agents with an &lied rod in allergic 
diseases. 
activity that inhibit the biosynthesis or actions of leukotrienes (Chapter 
11, hlmonary and Antiallergy Agents) will greatly facilitate our 
understanding of the role of leukotrienes in pathological conditions. 
Steroids with antiinflatmatory activity prevent the release of arachidonic 
acid and, thereby, inhibit the subsequent generation of both cyclo- 
oxygenase and lipoxygenase products. 
shared @ aspirin-like drugs may, therefore, be due to an inhibition of 
leukotriene formation. 

The vaso- 

In vivo, an intravenous dose of 5 mg/kg inhibits the 
4R,5S,6Z-nor LTE 

While LTB is a potent chemotactic agent 

The availability of pharmacological agents with in vivo 

Same of the effects of steroids not 
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Chapter 25. Endogenous N a t r i u r e t i c  Agents 

Mary Anna Nap ier  and Edward H. B l a i n e  
Merck Sharp and Dohme Research Labora to r ies  

Rahway, NJ 07065 and West P o i n t ,  PA 19486 

I n t r o d u c t i o n  - Endogenous n a t r i u r e t i c  f a c t o r s ,  which a re  impor tan t  i n  t h e  
maintenance of t h e  e x t r a c e l l u l a r  f l u i d  volume, have been de tec ted  i n  
plasma and u r i n e  and have been e x t r a c t e d  from b r a i n  t i s s u e  and f rom 
ca rd iac  a t r i a .  Expansion o f  t h e  e x t r a c e l l u l a r  f l u i d  volume leads  t o  
inc reased sodium i o n  e x c r e t i o n  ( n a t r i u r e s i s )  by t h e  k idney, independent 
o f  changes i n  g lomeru la r  f i l t r a t i o n  r a t e  (GFR) and o f  t h e  ren in -ang io -  
t ens in -a ldos te rone  system.l 
expansion (VE) i n  l a b o r a t o r y  animals and i n  man causes t h e  re lease  o f  a 
humoral n a t r i u r e t i c  f a c t o r ,  which i s  exc re ted  i n  t h e  u r i n e .  One such 
agent t h a t  appears t o  be an endogenous i n h i b i t o r  o f  t h e  sodium t r a n s p o r t  
system has been r e f e r r e d  t o  as n a t r i u r e t i c  hormone (NH). Many s t u d i e s  
have i m p l i c a t e d  NH i n  t h e  pathogenesis o f  hyper tens ion  i n  man and e x p e r i -  
mental  animals.2-6 A second substance, i s o l a t e d  from c a r d i a c  a t r i a l  
t i s s u e  and des ignated  a t r i a l  n a t r i u r e t i c  f a c t o r  (ANF), does n o t  a f f e c t  
Na+,K+-ATPase and i s  s t r u c t u r a l l y  d i f f e r e n t  f r o m  NH. 
b lood  p ressu re  c o n t r o l  o r  hyper tens ion  may r e l a t e  t o  ca rd iac  a t r i a l  
recep to rs  t h a t  a r e  presumed t o  be s e n s i t i v e  t o  changes i n  i n t r a a t r i a l  
p ressure ,  p o s s i b l y  r e s u l t i n g  i n  re lease  o f  ANF.' Th is  chapter  w i l l  
r ev iew  t h e  i s o l a t i o n ,  t h e  c h a r a c t e r i z a t i o n  o f  t h e  chemical  and b i o l o g i c a l  
p r o p e r t i e s ,  and t h e  p o s s i b l e  r o l e s  o f  these agents i n  t h e  c o n t r o l  o f  
e x t r a c e l l u l a r  f l u i d  volume and development o f  hyper tens ion .  
d e t a i l e d  reviews o f  t h e  n a t r i u r e t i c  hormone have appeared recent ly .2 -6  

N a t r i u r e t i c  Hormone - A humoral f a c t o r  which causes n a t r i u r e s i s  when 
c ross  c i r c u l a t e d  t o  r e c i p i e n t  animals has been demonstrated i.n VE donor 
a n i r n a l ~ . ~ , ~ ~ ~ * ~ ~  E x t r a c t s  o f  b l o o d  o r  u r i n e  f rom VE sub jec ts  a l s o  causes 
n a t r i u r e s i s  i n  assay animals,  i n d i c a t i n g  a t r a n s f e r a b l e  n a t r i u r e t i c  sub- 
~ t a n c e . ~  Th is  agent i s  e i t h e r  l e s s  a c t i v e  o r  unde tec tab le  i n  nonexpanded 
sub jec ts .4  
t i s s u e  o f  VE animals, b u t  no t  f rom k idneys  o f  hydropenic a n i m a l s . l l  The 
evidence suggests t h a t  NH inc reases  sodium i o n  e x c r e t i o n  by i n h i b i t i n g  
reabsorp t i on  as a r e s u l t  o f  d i r e c t  i n h i b i t i o n  o f  t h e  rena l  Nat,K+-ATPase, 
t h e  energy - requ i r i ng  sodium i o n  t r a n s p o r t  pump.12 A h i g h  c o n c e n t r a t i o n  
o f  t h e  Na+,Kt-ATPase i n h i b i t o r ,  d igox in ,  produces n a t r i u r e s i s  by  i m p a i r -  
i n g  t h e  c e l l u l a r  pump o f  t h e  rena l  tubu le .12  

Considerable evidence i n d i c a t e s  t h a t  volume 

The r o l e  o f  ANF i n  

More 

A n a t r i u r e t i c  substance has been e x t r a c t e d  f rom k idne  

An unknown pressor  agent has been observed i n  t h e  b lood  o f  animals 
and man w i t h  VE, l ow  r e n i n ,  h y p e r t e n ~ i 0 n . l ~  Suppressed Na+,K+-ATPase 
a c t i v i t y  i n  ca rd iovascu la r  t i s s u e s  o f  an ima ls  w i t h  e i t h e r  one-kidney 
rena l  , deoxyco r t i cos te rone  ace ta te  o r  reduced rena l  mass hyper tens ion  
suggests t h a t  t h i s  p ressor  substance i s  an i n h i b i t o r  o f  t h e  Na+,Kt-ATPase. 
By i n h i b i t i n g  t h e  Nat,K+-ATPase o f  vascu la r  smooth muscle, i t  i s  p o s s i b l e  
t h a t  such an agent c o u l d  c o n t r i b u t e  t o  inc reased vascu la r  r e s i s t a n c e  o r  
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r e a c t i v i t y  assoc ia ted  w i t h  hypertension.14 
a r t e r i  a1 pressure  has been observed f o l l  owi ng i n j e c t i o n  o f  d i g i t a l  i s 
prepara t i ons  i n  i n t a c t  animals15 as w e l l  as i n  exc ised a r t e r i a l 1 6 , 1 7  and 
venous16 ti ssues , 

A s u b s t a n t i a l  inc rease i n  

A t h e o r e t i c a l  r o l e  f o r  a s a l t - e x c r e t i n g  hormone i n  hyper tens ion  was 
proposed by Dahl e t  a1.l8,lg and expanded by Blaustein,20 Haddy e t  a1.,14 
and deWardener.21-B=60d pressure  i s  a f u n c t i o n  o f  b o t h  t o t a l  v o l u m e o f  
t h e  b lood and t h e  res i s tance  t o  i t s  f l o w  th rough t h e  c i r c u l a t o r y  system. 
The r e s i s t a n c e  t o  f l o w  i s  determined by t h e  degree of  c o n s t r i c t i o n  o f  t h e  
a r t e r i o l e s .  A p r imary  de fec t  i n  t h e  k idney  t h a t  reduces i t s  a b i l i t y  t o  
exc re te  sodium r e s u l t s  i n  inc reased b lood volume, re lease  o f  n a t r i u r e t i c  
hormone, t h e  i n h i b i t i o n  o f  t h e  rena l  Nat,Kt-ATPase and increased u r i n a r y  
sodium exc re t i on .  A t  t h e  same t ime,  however, t h e  vascu la r  t i s s u e s  would 
be exposed t o  t h e  same Nat,Kt-ATPase i n h i b i t o r ,  causing increased non- 
s p e c i f i c  s e n s i t i v i t y  t o  c o n s t r i c t o r  agents such as ang io tens in ,  vaso- 
p r e s s i n  o r  n0rep inephr ine .2292~ 
leads t o  inc reased l e v e l s  o f  i n t r a c e l l u l a r  Cat' i n  b lood vessels,  e i t h e r  
by a Nat-Cat+ exchange mechanism20 o r  by p a r t i a l  d e p o l a r i z a t i o n  o f  t h e  
c e l l  membranes inc reas ing  t h e  p e r m e a b i l i t y  t o  ~ a l c i u r n . 1 ~  Th is  increases 
t h e  s e n s i t i v i t y  t o  c i r c u l a t i n g  pressor  agents and r e s u l t s  i n  enhanced 
c o n t r a c t  i o n  and i ncreased b lood pressure.  

I n h i b i t i o n  o f  t h e  vascu la r  Nat,Kt-ATPase 

Another mechanism proposed by Buckalew and Gruber i n v o l v e s  a more 
d i  r e c t  r o l e  o f  t h e  sympathet ic nervous ~ y s t e m . ~  
i n d i v i d u a l s ,  NH i n  con junc t i on  w i t h  o t h e r  n a t r i u r e t i c  fo rces ,  inc reases  
rena l  sodium e x c r e t i o n  and main ta ins  normal plasma volume. Since NH can 
cause n a t r i u r e s i s  w i t h  no e f f e c t  on b lood pressure,  volume can be regu- 
l a t e d  i n  normal i n d i v i d u a l s  w i t h o u t  causing hypertension24. 
t e n s i v e  sub jec ts ,  rena l  response t o  NH i s  b lun ted ,  causing NH l e v e l s  t o  
become h i g h e r  t h a n  i n  normotensive i n d i v i d u a l s .  
NH l e v e l s  l ead  t o  inc reased b lood pressure  e i t h e r  by a c t i v a t i n g  t h e  
sympathet ic nervous system, by i n c r e a s i n g  vascu la r  r e a c t i v i t y ,  o r  both.  
The increased b lood pressure adds another n a t r i u r e t i c  f o r c e  h e l p i n g  t o  
overcome t h e  d e f e c t  i n  rena l  sodium e x c r e t i o n .  Thus, hyper tens ion  i s  a 
r e s u l t  o f  t h e  need t o  r e g u l a t e  volume i n  t h e  presence o f  a de fec t  i n  
rena l  sodium exc re t i on .  Cont ro l  o f  NH re lease by a c e n t r a l  s i t e  was 
suggested by impa i red  n a t r i u r e s i s  and impa i red  s e c r e t i o n  o f  NH i n  r a t s  
w i t h  l e s i o n s  o f  t h e  an te roven t ra l  t h i r d  v e n t r i c l e  (AV3V) reg ion  o f  t h e  
bra in .25  

I n  nonhypertensive 

I n  hyper-  

P a t h o l o g i c a l l y  e leva ted  

Evidence t h a t  NH may be an endogenous Nat ,Kt-ATPase i n h i b i t o r  
i n c l u d e s  t h e  i n h i b i t i o n  o f  sodium t r a n s p o r t  i n  an anuran membrane, a 
model o f  t h e  rena l  d i s t a l  t ~ b u l e , ~  and i n  i s o l a t e d  r a b b i t  c o l l e c t i n g  
tubule.Z6 N a t r i u r e t i c  u r i n e  e x t r a c t s  a l s o  d i s p l a c e  3H-ouabain f rom rena l  
N ~ ' , K + - A T P ~ s ~ . * ~  D i r e c t  i n h i b i t i o n  o f  Nat,Kt-ATPase i n  v i t r o  has a l s o  
been repo r ted  w i th  e x t r a c t s  o f  p l a ~ m a ~ ~ , ~ ~  and ur ine .46  m y n  e t  a l .  
show a s i g n i f i c a n t  c o r r e l a t i o n  between t h e  Nat,Kt-ATPase i n h i b i t o r y  
a c t i v i t y  i n  t h e  plasma and t h e  mean a r t e r i a l  p ressure  o f  t h e  donor 
pa t ien t .29  A cytochemical assay f o r  i n h i b i t i o n  o f  guinea p i g  rena l  
Nat,Kt-ATPase30 has been used t o  show t h e  presence o f  a c i r c u l a t i n g  
i n h i b i t o r y  a c t i v i t y  t h a t  i s  25-t imes g r e a t e r  i n  t h e  plasma o f  sub jec ts  
on h i g h  s a l t  than those on low s a l t  d iets.31 Plasma from hyper tens ive  
p a t i e n t s ,  plasma w i t h  r e n i n  values below normal, and plasma from o l d e r  
sub jec ts  e x h i b i t e d  h ighe r  l e v e l s  o f  Nat,Kt-ATPase i n h i b i t o r y  a c t i v i t y . 3 2  

uremic35 humans was a l s o  shown t o  i n h i b i t  t h e  Nat,Kt-ATPase i n  p i g  rena l  
A n a t r i u r e t i c  e x t r a c t  o f  u r i n e  f rom normal o r  ~ a l t - l o a d e d 3 3 9 3 ~  and 
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t u b u l a r  membranes. The i n h i b i t i o n  i s  g r e a t e s t  i n  t h e  prox ima l  and d i s t a l  
t ubu les  and i n  t h e  t h i c k  ascending l i m b  o f  t h e  l o o p  o f  Henle,30 and t h e  
e x t r a c t  i s  a n t i n a t r i f e r i c  on t h e  serosa l  su r face  o f  f r o g  sk in .31  Plasma 
induced i n h i b i t i o n  i s  s i m i l a r l y  d i s t r i b u t e d  w i t h i n  t h e  rena l  t u b u l e .  
U r i n e  f rom VE dogs and uremic p a t i e n t s  has a l s o  been repo r ted  t o  c o n t a i n  
an NH- l i ke  a ~ t i v i t y , 3 ~ - 3 8  and a n a t r i u r e t i c  f a c t o r  has been desc r ibed  i n  
t h e  serum o f  p a t i e n t s  w i t h  c h r o n i c  ~ r e m i a . ~ ~ - ~ ~  

Buckalew and Gruber hypothes ized t h a t  a n t i b o d i e s  aga ins t  a Na+,K+- 
ATPase i n h i b i t o r ,  such as d igox in ,  c o u l d  be used as probes f o r  n a t r i u r e t i c  
hormone on t h e  b a s i s  t h a t  an t i bod ies  t o  drugs t h a t  b i n d  t o  s e c i f i c  
r e c e p t o r s  migh t  recogn ize  and b i n d  t o  t h e  endogenous l igand.$8  I n  two 
o f  t h e i r  s tud ies ,  c ross  r e a c t i v i t y  o f  t h e  i n h i b i t o r  o f  Nat,Kt-ATPase w i t h  
a n t i - d i g o x i n  a n t i b o d i e s  was o b ~ e r v e d . ~ ~ , ~ ~  Rudd _ _  e t  a l .  showed t h a t  t h e r e  
was s i g n i f i c a n t l y  more Na+,K+-ATPase i n h i b i t i o n  and d i g o x i n  immuno- 
r e a c t i v i t y  i n  t h e  plasma o f  VE dogs compared t o  hydropenic dogs.42 
plasma e x t r a c t  w i t h  d i g o x i n  immunoreac t i v i t y  f rom VE dogs i s  a l s o  n a t r i -  
u r e t i c  i n  r a t s .  D igox in  immunoreac t i v i t y  i s  found i n  t h e  plasma o f  
Rhesus and A f r i c a n  Green monkeys w i t h  2 -k idneyY 1 - c l i p  G o l d b l a t t  hyper- 
t ens ion .  The hyper tens i ve  monkeys have two- t o  t h r e e - f o l d  h i g h e r  l e v e l s  
o f  d i g o x i n  immunoreac t i v i t y  t han  t h e  normotensive c o n t r o l s . 4 3  Increased 
e x c r e t i o n  o f  a d i g o x i n - l i k e  hormone i n  r a t s  d u r i n g  s a l t - l o a d i n g ,  which 
i s  f u r t h e r  enhanced d u r i n g  t h e  development o f  hyper tens ion  and adapta- 
t i o n  t o  c h r o n i c  rena l  f a i l u r e ,  has been r e p o r t e d  recen t l y .44  
t o  these  s tud ies ,  Hamlyn _ _  e t  a1 . d i d  n o t  observe any a n t i - d i g o x i n  immuno- 
r e a c t i v i t y  i n  plasma samples f rom normal o r  hyper tens i ve  pa t i en ts .29  

The 

I n  c o n t r a s t  

Impa i red  sodium e f f l u x  was measured i n  l eukocy tes  f rom p a t i e n t s  
w i t h  e s s e n t i a l  hyper tens ion .  I ncuba t ion  o f  normal leukocy tes  w i t h  plasma 
from hyper tens i ve  p a t i e n t s  caused impa i red  sodium t ranspor t .45  
more, p a r t i a l l y  p u r i f i e d  f r a c t i o n s  f rom plasma, as w e l l  as u r i n e ,  i n h i b i t  
sodium e f f l u x  f rom pe r iphe ra l  b lood  l e ~ k o c y t e s . ~ ~  
d e f e c t  i n  l eukocy te  c a t i o n  t r a n s p o r t  i s  i n v e r s e l y  r e l a t e d  t o  t h e  plasma 
r e n i n  a c t i v i t y  and i s  g r e a t e s t  i n  p a t i e n t s  w i t h  e s s e n t i a l  h e r t e n s i o n  i n  
whom t h e  r e n i n  response t o  sodium r e s t r i c t i o n  was a t y p i c a l  .$? Although 
these  s t u d i e s  suppor t  t h e  hypothes is  t h a t  NH i s  a d i g i t a l i s - l i k e  substance 
which i n h i b i t s  Na+,K+-ATPase i n  numerous t i s s u e s  i n c l u d i n g  t h e  k idney ,  i t  
remains t o  be determined whether t h e  n a t r i u r e t i c  e f f e c t  o f  NH i s  due 
e x c l u s i v e l y  t o  i n h i b i t i o n  o f  r e n a l  Na+,K+-ATPase. 

It has been proposed t h a t  t h e  hypothalamus might  sec re te  a sub- 
s tance which c o n t r o l s  sodium exc re t i on .48  
i s  impor tan t  f o r  r e g u l a t i n g  b lood  pressure ,  s i n c e  i t s  d e s t r u c t i o n  p reven ts  
seve ra l  forms o f  h y p e r t e n ~ i o n . ~ ~  Furthermore, l e s s  Na+ i s  excre ted ,  t h e  
b l o o d  l e v e l  o f  Na+ i s  e leva ted ,  and NH i s  absent i n  animals w i t h  AV3V 
1 es ions  Consequently, severa l  groups have prepared hypothalamic or  
b r a i n  e x t r a c t s  and s t u d i e d  t h e i r  a n t i n a t r i f e r i c  o r  Na+,Kt-ATPase i n h i b i -  
t o r y  p r o p e r t i e s ,  b u t  n a t r i u r e t i c  a c t i v i t y  was n o t  repor ted .  On t h e  o t h e r  
hand, an acetone e x t r a c t  o f  t h e  r a t  hypothalamus ( b u t  no t  ce reb ra l  c o r t e x ,  
p i t u i t a r y ,  o r  o t h e r  t i s s u e s )  possessed very  po ten t  Na',K+-ATPase i n h i  b i -  
t o r y  a c t i v i t y  which was increased 1 5 0 - f o l d  i n  animals on a h i g h  sodium 
d i e t . 5 2  
i n h i b i t o r y  a c t i v i t y ,  w i t h  seven- fo ld  more a c t i v i t y  i n  t h e  plasma o f  t h e  
r a t s  on t h e  h i g h  sodium d i e t .  Aqueous-acetone e x t r a c t i o n  o f  r a t  b r a i n ,  
i n  t h e  presence o f  n i t r o g e n ,  r e s u l t e d  i n  a s p e c i f i c  Na+,K+-ATPase i n h i b i -  
t o r . 5 3  A l o w  molecu la r  we igh t  "ouaba in - l i ke "  f a c t o r ,  which i n h i b i t s  i n  
v i t r o  Na+,Kt-ATPase a c t i v i t y ,  b locks  3H-ouabain b i n d i n g  t o  b r a i n  m ic ro -  
soma1 Na+,Kt-ATPase o r  i n h i b i t s  86Rb uptake i n  human e ry th rocy tes ,  has 

F u r t h e r -  

The s e v e r i t y  o f  t h e  

The AV3V r e g i o n  o f  t h e  b r a i n  

The plasma from these animals a l s o  con ta ined  Na+,K+-ATPase 
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been p a r t i a l l y  p u r i f i e d  f rom bov ine  h y p ~ t h a l a m u s , ~ ~ , ~ ~  guinea p ig56 and 
ra t5 '  b r a i n .  

The chemical s t r u c t u r e  o f  NH has n o t  been determined and t h e r e  i s  
no assurance t h a t  t h e  a c t i v i t i e s  asc r ibed  t o  t h e  va r ious  e x t r a c t s  a r e  
caused by t h e  same substance. Furthermore, t h e r e  i s  no s tandard ized 
assay which a l l  t h e  i n v e s t i g a t o r s  agree i s  bes t  f o r  d e t e c t i n g  NH. 
However, t h e r e  i s  general agreement t h a t  t h e  substance i s  low molecu la r  
we igh t  (< 1000 da l tons ) ,  a c i d i c ,  water  s o l u b l e  and heat  s tab le .4  The 
presence o f  two n a t r i u r e t i c  f a c t o r s  i n  t h e  plasma and u r i n e  o f  volume 
expanded sub jec ts  has been repor ted  ,58 One f a c t o r  causes n a t r i u r e s i s  
i n  r a t s  a f t e r  a 20 min de lay  and appears t o  be l a r g e r  t h a n  t h e  second 
f a c t o r  which produces immediate n a t r i u r e s i s .  The low molecu la r  we igh t  
f a c t o r  i s  a n t i n a t r i f e r i c  ( i n h i b i t s  i o n  f l u x  i n  i s o l a t e d  f r o g  s k i n  o r  toad 
b ladder  membrane p repara t i ons )  w h i l e  t h e  h ighe r  mo lecu la r  we igh t  f a c t o r  
i s  no t .  
plasma f o l l o w i n g  i n c u b a t i o n  f o r  30 minutes a t  room temperature supports 
t h e  presence o f  an NH precursor.59 Evidence f o r  t h e  pe t i d e  na tu re  o f  NH 
i s  i n d i c a t e d  by i t s  s e n s i t i v i t y  t o  enzymatic d iges t i on39~39 ,40~60 ,61  and 
i t s  behav io r  d u r i n  chromatography by techn iques  used f o r  t h e  i s o l a t i o n  
o f  smal l  peptides.t2 Buckalew and coworkers have s tud ied  a heptapept ide  
w i t h  sequence homology t o  a fragment o f  ACTH/a MSH (Met-G1 u-Hi s-Phe-Arg- 
Trp-Gly [ o r  Asp]), which may be r e l a t e d  t o  an endogenous NH s ince  i t s  
b i o l o g i c a l  e f f e c t s  mimic those o f  NH.63-66 The pep t ide  i n h i b i t s  Na+,K+- 
ATPase i s  n a t r i u r e t i c  a t  low doses, and i s  hyper tens ive  a t  h i g h  
d 0 s e s . 6 2 , ~ ~  Others, however, do no t  b e l i e v e  t h e  f a c t o r  t hey  i s o l a t e  
from u r i n e  o f  salt-expanded dogs i s  a p e p t i d e . 4 ~ ~ 2 ~ 6 0  
repo r ted  c ross  r e a c t i v i t y  o f  NH with a n t i - d i g o x i n  an t i bod ies ,  NH does n o t  
appear t o  be a s t e r o i d ,  s ince  i t  i s  i s o l a t e d  i n  aqueous s o l u t i o n s  and i s  
s u s c e p t i b l e  t o  a c i d  h y d r o l y s i  s .4 

These r e s u l t s  and t h e  f i n d i n g  t h a t  NH a c t i v i t y  inc reases  i n  

I n  s p i t e  o f  t h e  

Expansion o f  t h e  e x t r a c e l l u l a r  f l u i d  volume, r e s u l t i n  i n  a n a t r i -  
u r e t i c  response a f f e c t s  proximal t u b u l e  sodium resorption.6yP68 How- 
ever,  i n h i b i t i o n  o f  sodium r e s o r p t i o n  a t  a more d i s t a l  nephron s i t e  such 
as t h e  c o l l e c t i n g  duc t ,  a l s o  occurs d u r i n g  expansion o f  t h e  e x t r a c e l l -  
u l a r  f l u i d  volume and i s  a major determinant o f  t h e  magnitude o f  n a t r i -  
u r e ~ i s . ~ g , ~ ~  R e c o l l e c t i o n  mic ropuncture  techn iques  were used t o  show a 
s i g n i f i c a n t  decrease i n  f r a c t i o n a l  sodium r e s o r p t i o n  i n  t h e  prox ima l  
t u b u l e s  o f  t h e  s u p e r f i c i a l  nephrons o f  uremic r a t s  when a n a t r i u r e t i c  
response occurred f o l l o w i n g  t h e  a d m i n i s t r a t i o n  o f  a serum der i ved  NH.71 
I n  r a b b i t ,  t h e  rena l  c o l l e c t i n g  duc t  ( t u b u l e )  has been i m p l i c a t e d  as an 
impor tan t  s i t e  f o r  t h e  r e g u l a t i o n  o f  a c t i v e  sodium t r a n s p o r t  by t h e  
n a t r i u r e t i c  f a c t o r .  A n a t r i u r e t i c  sample a p p l i e d  t o  t h e  p e r i t u b u l a r  
su r face  o f  t h e  i s o l a t e d  per fused c o r t i c a l  c o l l e c t i n g  t u b u l e  i n h i b i t e d  t h e  
p o t e n t i a l  d i f f e r e n c e  and decreased t h e  n e t  sodium f l u x  from t h e  lumen t o  
t h e  p e r i t u b u l a r  surface.26 Th is  i s  c o n s i s t e n t  w i t h  r e s u l t s  from s t u d i e s  
on t h e  i s o l a t e d  toad b ladder  (a  s t r u c t u r e  w i t h  many s i m i l a r i t i e s  t o  t h e  
d i s t a l  nephron) which have shown t h a t  NH a c t s  a t  t h e  serosa l  su r face  and 
i n h i b i t s  t r a n s e p i t h e l i a l  t r a n s p o r t  by reduc ing  sodium movement across t h e  
serosa l  b a r r i e r .  44 

A t r i a l  N a t r i u r e t i c  Fac tor  - Evidence has accumulated which suggests t h a t  
t h e  ca rd iac  a t r i a  migh t  f u n c t i o n  as a sensor f o r  d e t e c t i n g  changes i n  
e x t  race l  1 u l  a r f 1 u i  d vo l  ume . Indeed , numerous exper imental  procedures 
which a l t e r  i n t r a a t r i a l  pressure o r  s t r e t c h  t h e  a t r i a l  w a l l  r e s u l t  i n  
s i g n i f i c a n t  changes i n  water and e l e c t r o l y t e  exc re t i on .  Such a l t e r a t i o n s  
i n  i n t r a a t r i a l  p ressure  should r e f l e c t  changes i n  and p rov ide  a means f o r  
r e g u l a t i  ng e x t  race l  1 u l a r  f 1 u i d  vo l  ume . 7  ,72 
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Changes i n  water  e x c r e t i o n  t h a t  a r e  secondary t o  a l t e r e d  i n t r a -  
a t r i a l  p ressure  can be a t t r i b u t e d  l a r g e l y  t o  changes i n  t h e  s e c r e t i o n  o f  
vasopress in  by t h e  p o s t e r i o r  p i t u i t a r y  gland. Th is  r e f l e x  has been 
documented b o t h  i n  exper imenta l  animals and i n  man, and t h e  r e l e v a n t  da ta  
has been reviewed r e c e n t l y  by Bie.73 On t h e  o t h e r  hand, i t  has n o t  been 
p o s s i b l e ,  u n t i l  r e c e n t l y ,  t o  account f o r  t h e  inc reased u r i n a r y  Nat excre-  
t i o n  assoc ia ted  w i t h  changes i n  a t r i a l  pressure.  

o f  r a t s  which, when i n j e c t e d  i n t o  o t h e r  r a t s ,  r e s u l t s  i n  a 3 0 - f o l d  
i nc rease  i n  u r i n a r y  Na+ e x c r e t i o n  and a 1 0 - f o l d  i nc rease  i n  u r i n e  
volume.74 
Numerous independent l a b o r a t o r i e s  have now conf i rmed t h e  i n i t i a l  obser-  
v a t i o n  o f  a t r i a l  n a t r i u r e t i c  f a c t o r  (ANF).75-88 T h i s  a c t i v i t y  has been 
observed i n  t h e  a t r i u m  o f  a l l  mammalian spec ies  s tud ied ,  i n c l u d i n g  
man.83~89,90 The s p e c i f i c  a c t i v i t y  appears t o  be h i g h e s t  i n  r a t  a t r i a .  
The d i s t i n c t i o n  between t h i s  m a t e r i a l  and NH r e s t s  on seve ra l  c r i t e r i a :  
1 )  t h e  minimum mo lecu la r  we igh t  f o r  ANF i s  a t  l e a s t  3000 d a l t 0 n s 8 ~  
w h i l e  NH i s  p ropor ted  t o  be l e s s  t h a n  1000,12 2 

t o  be hyper tens i ve  w h i l e  ANF c l e a r l y  lowers  b lood  p r e s ~ u r e . ~ , 7 4  

c a r d i a c  a t r i a  which c l o s e l y  resemble t h e  s to rage granu les  o f  o t h e r  
p e p t i d e  hormone s e c r e t i n g  t i s s u e s .  These granu les  c o - p u r i f y  w i t h  
ANF92393 and immunocytochemical s t u d i e s  c o n f i r m  t h e  a s s o c i a t i o n  
between t h e  s p e c i f i c  a t r i a l  g ranu les  and ANF.94995 
h i g h e s t  concen t ra t i ons  o f  a n t i g e n i c  m a t e r i a l  a r e  l o c a l i z e d  i n  t h e  
s u b p e r i c a r d i a l  a rea  o f  t h e  a t r i a l  a ~ p e n d a g e s . 9 ~  D i r e c t  b ioassay o f  
d i s s e c t e d  a t r i a  c o n f i r m  these h i g h  l e v e l s  o f  ANF a ~ t i v i t y . 9 ~  

and s e c r e t i o n  o f  ANF, b u t  a l t e r a t i o n s  i n  body f l u i d  volume appear t o  
change g ranu le  d e n s i t y  and e x t r a c t a b l e  a c t i v i t y .  
markedly i n  response t o  s a l t  o r  water  d e p r i v a t i o n  and decreases when 
e x t r a c e l l u l a r  f l u i d  volume i s  expanded secondary t o  desoxyco r t i cos te rone  
treatment.97 
o f  t h e  a t r i a  and t h e  amount o f  e x t r a c t a b l e  ANF.g8 
t h e  s t o r a g e  fo rm o f  ANF under these c o n d i t i o n s  may n o t  be a c t i v e ,  and 
f u r t h e r  p rocess ing  i s  r e q u i r e d  b e f o r e  b i o l o g i c a l  a c t i v i t y  can be 
expressed. Al though e x t r a c t a b l e  ANF i s  reduced i n  t h e  a t r i a  o f  spontan- 
eous ly  hyper tens i ve  r a t s ,  i t  i s  n o t  known whether t h i s  change i s  r e l a t e d  
t o  t h e  e leva ted  b lood  pressure.99 

b u f f e r e d  s a l i n e  e x t r a c t  o f  whole a t r i a . 7 4  
found t o  be a c i d  stable.75,87,88,100,1*1 
and heat759101 s t a b l e ,  t r y p ~ i n , ~ ~ , 8 9 , 9 3  as w e l l  as o t h e r  p r o t e o l y t i c  
e n z y m e ~ 7 ~  such as chymotrypsi  n, ami nopept i dase  A and carboxypept idases  
B and C des t roy  n a t r i u r e t i c  a c t i v i t  . 
pept idase A o n l y  b l u n t e d  a c t i v i t y , 7 g  and concanava l in  A had no e f f e ~ t . 7 ~  
These obse rva t i ons  a re  c o n s i s t e n t  w i t h  ANF be ing  a smal l  pep t ide .  

P u r i f i c a t i o n  o f  ANF from r a t  a t r i a  by severa l  independent l abo ra -  
t o r i e s  u t i l i z i n  d i f f e r e n t  i s o l a t i o n  procedures conf i rmed i t s  p e p t i d i c  
n a t u r e . 8 5 ~ 1 0 2 ~ 1 ~ 3 , 1 0 4  An amino a c i d  compos i t ion  w i t h o u t  sequence was 
repo r ted  from two l a b o r a t o r i e s 8 5 ~ 1 0 2  b u t  t h e  t o t a l  number o f  res idues  

de Bo ld  -- e t  a l .  have e x t r a c t e d  a substance from t h e  c a r d i a c  a t r i a  

S i m i l a r  e x t r a c t s  o f  c a r d i a c  v e n t r i c l e  were w i t h o u t  e f f e c t .  

NH appears t o  i n h i b i t  
Nat,Kt-ATPase w h i l e  ANF has no such a c t i v i t y , 4 ~  I and 3) NH i s  t hough t  

" S p e c i f i c  granules"ql have been desc r ibed  i n  t h e  myocytes o f  t h e  

Furthermore, t h e  

It i s  n o t  understood what f a c t o r s  c o n t r o l  t h e  syn thes i s ,  s to rage  

G r a n u l a r i t y  inc reases  

However, t h e r e  i s  no c o r r e l a t i o n  between t h e  g r a n u l a r i t y  
It i s  p o s s i b l e  t h a t  

Po ten t  n a t r i u r e t i c  a c t i v i t y  was e v i d e n t  i n  a s imp le  phosphate 

Whi le t h e  e x t r a c t  i s  b o t h  a c i d  
Subsequently, t h e  m a t e r i a l  was 

However, t rea tmen t  w i t h  carboxy- 
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d i f f e r e d  cons ide rab ly  (49 and 36) and t h e r e  were d i f f e r e n c e s  i n  composi- 
t i o n .  f o r  r a t  ANF was repo r ted  e s s e n t i a l l y  s imu l -  
taneous ly  by F1 nn e t  a l . ,  loS C u r r i e  e t  a1 . , lo5  Kangawa and Matsuo,1o6 
Seidah -- e t  a1 .loJ and Napier e t  a1 .87,* T h e  longes t  pep t ide  repo r ted  has 
t h e  33 amino a c i d  sequence shownbelow, 1, which con ta ins  t h e  C s12-Cys28 
d i s u l f i d e  br idge,  and i s  t h e  Tyr a c i d  raFher  than  t h e  amide.87,{8,107 

H- Leu -A1 a- G1 y- Pro-Arg5- Se r- Leu- A r g  - Arg - Se r 10- Se r- Cy s- Phe- 61 y- 
Gly15-Arg- Ile-Asp-Arg-Ile20-Gly-Al a-G1 n-Ser-Gly25-Leu-Gly-Cys- 

A~n-Ser3~-Phe-Arg-Tyr-OH 

An amino a c i d  sequenc 

1 

Other sequences a r e  N-terminal  t r u n c a t e d  ve rs ions  o f  t h i s  pep t ide  (22,28, 
31,32 residues).87,88,103,107 C u r r i e  e t  a l .  have p u r i f i e d  two a t r i a l  
pep t ides  ( a t r i o p e p t i n s  I and 11) o f  2 1 a n T 2 3  amino ac ids . lo5  The l o n g e r  
o f  these i s  i d e n t i c a l  t o  t h e  10-32 fragment o f  1. Kangawa and Matsuo 
have i s o l a t e d  ANF from human a t r i a  and determined t h e  amino a c i d  sequence 
o f  a 28 amino a c i d  pep t ide  which d i f f e r s  f rom t h e  r a t  ANF sequence o n l y  
a t  p o s i t i o n  17 where I l e  i s  r e  laced by Met.1o6 Based on t h e  sequence 
d iscovered by Seidah e t  a1.,lug s y n t h e t i c  m a t e r i a l  was made and t h e  
impor tan t  c o n f i r m a t i o n  o f  t h e  n a t u r a l  m a t e r i a l  was obtained. The syn- 
t h e t i c  pep t ide  composed o f  t h e  8-33 sequence o f  Seidah e t  a l .  has f u l l  
b i  ol  og i  c a l  a c t  i v i  ty.lU7 

be n a t r i u r e s i s .  Most i n v e s t i g a t o r s  repo r ted  30 t o  4 0 - f o l d  inc reases  i n  
u r i n a r y  sodium e x c r e t i o n  w i t h  l e s s e r  e f f e c t s  on u r i n a r y  K+ e x c r e t i o n .  
Al though t h e  mechanism o f  t h e  n a t r i u r e s i s  has n o t  been s t u d i e d  ex ten-  
s i  ve l  y , r e p o r t s  us ing  m i  c ropunc ture  and m i  c r o c a t h e t e r i  z a t i  on techn iques  
suggest t h a t  i n h i b i t i o n  o f  Na+ t r a n s p o r t  i n  t h e  f a r  d i s t a l  nephron ( i . e .  
c o l l e c t i n g  d u c t )  i s  t h e  p r i n c i p a l  mechanism o f  a c t i o n . 7 7 ~ 1 0 8  These da ta  
must be i n t e r p r e t e d  cau t ious l y ,  however, because t h e  magnitude o f  t h e  
n a t r i u r e t i c  response would argue f o r  a more prox ima l  s i t e  o f  a c t i o n .  
Indeed, a recen t  r e p o r t  by Seymour e t  al. ,  i n  which s y n t h e t i c  ANF was 
i n f u s e d  d i r e c t l y  i n t o  t h e  rena l  a r t e r y  o f  anes the t ized  dogs, i n d i c a t e d  
t h a t  f r a c t i o n a l  sodium e x c r e t i o n  exceeded 10% d u r i n g  maximal n a t r i  u re -  
sis.109 Based on what i s  c u r r e n t l y  known about sodium d e l i v e r y  t o  t h e  
v a r i o u s  nephron segments, t h i s  would argue f o r  a s i t e  o f  a c t i o n  a t  l e a s t  
i n  t h e  c o r t i c a l  d i l u t i n g  segment (a s i t e  s i m i l a r  t o  t h i a z i d e  d i u r e t i c s ) .  
Nevertheless,  t h e  d a t a  do not exclude m u l t i p l e  s i t e s  o f  a c t i o n ,  o r  
changes i n  rena l  hemodynamics o r  nephron he te rogene i t y .  Some evidence 
a l s o  suggests t h a t  changes i n  g lomeru la r  f i l t r a t i o n  a re  impor tan t  i n  t h e  
n a t r i u r e t i c  res  onse, b u t  these s t u d i e s  were conducted i n  i s o l a t e d  per -  
fused k i  dneys . lP0 Other s t u d i e s  i n  i n t a c t  animals have no t  demonstrated 
major  changes i n  e i t h e r  g lomeru la r  f i l t r a t i o n  o r  rena l  b lood f low.74,78~79 

I n  a d d i t i o n  t o  t h e  po ten t  n a t r i u r e t i c  a c t i v i t y ,  ANF has s i g n i f i -  
can t  r e l a x a n t  e f f e c t s  on vascu la r  and perhaps o t h e r  smooth muscle t i s -  
~ u e s . 8 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  C u r r i e  -- e t  a l .  observed r e l a x a t i o n  o f  r a b b i t  a o r t a  
and c h i c k  rectum, which had 
and carbachol ,  r e s p e ~ t i v e l y . ~ ~  They use t h i s  spasmoly t i c  a c t i o n  t o  
m o n i t o r  ANF a c t i v i t y  and a r e  t h e  f i r s t  group t o  separate smooth muscle 
r e l a x a n t  a c t i v i t y  o f  s i m i l a r  pept ides  i s o l a t e d  from ca rd iac  a t r i a ,  a l -  
though bo th  pept ides  a re  n a t r i u r e t i c . l o 5  A recen t  r e p o r t  by Winquist  
-- e t  a l .  has d e t a i l e d  t h e  vascu la r  smooth muscle r e l a x i n g  e f f e c t  o f  synthe- 
t i c  ANF u s i n g  a v a r i e t y  o f  agon is t s  and d i f f e r e n t  vascu la r  smooth muscle 
p repara t i ons . l 14  Based on these observa t ions ,  ANF appears t o  have 
spasmolyt ic p r o p e r t i e s  s i m i l a r  t o  sodium n i t r o p r u s s i d e .  

- 

I n i t i a l l y ,  t h e  p r i n c i p a l  b i o l o g i c a l  a c t i v i t y  o f  ANF was thought  t o  

r e v i o u s l y  been con t rac ted  w i t h  ep inephr ine  
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ANF has po ten t  e f f e c t s  on c y c l i c  GMP (cGMP) l e v e l s .  I n  v i t r o ,  
a d d i t i o n  o f  a t r i a l  e x t r a c t s  t o  minced k idney  t i s s u e  o r  t o  p r i m a r y i d n e y  
c e l l  c u l t u r e s  r e s u l t s  i n  inc reased l e v e l s  o f  ~ G M p . 1 1 ~  
a n e s t h e t i z e d  r a t s  r e s u l t e d  i n  a 4 - f o l d  i nc rease  i n  plasma cGMP l e v e l s  and 
a 2 8 - f o l d  i nc rease  i n  u r i n a r y  e ~ c r e t i 0 n . l ~ ~  Sodium n i t r o p r u s s i d e  a l s o  
causes i nc reased  cGMP l e v e l s  i n  t r e a t e d  t i s s u e s ,  b u t  p robab ly  a c t s  
d i r e c t l y  th rough s t i m u l a t i o n  o f  guany la te  cyc lase .  
be done t o  c l a r i f y  t h e  r o l e  o f  cGMP i n  t h e  vasore laxant  and t h e  n a t r i -  
u r e t i c  a c t i o n s  o f  ANF. 

I n j e c t i o n  i n t o  

F u r t h e r  s t u d i e s  must 

The p o t e n t  n a t r i u r e t i c  a c t i v i t y  o f  ANF has i n e v i t a b l y  l e d  t o  com- 
pa r i sons  w i t h  known d i u r e t i c s .  
t h a t  probenecid b l u n t e d  t h e  n a t r i u r e t i c  a c t i v i t y  o f  ANF.lm B e c a u s e  
probenec id  i n t e r f e r e s  w i t h  t h e  n a t r i u r e t i c  a c t i v i t y  o f  most o t h e r  d i u r e -  
t i c s  by  competing w i t h  t h e i r  s e c r e t o r y  t r a n s p o r t  i n t o  t h e  nephron lumen, 
these  au thors  suggest t h a t  ANF m igh t  be a c t i n g  as an endogenous d i u r e t i c .  
Furosemide i s  t h e  d i u r e t i c  most f r e q u e n t l y  c i t e d  as s i m i l a r  t o  ANF, w i t h  
r e g a r d  t o  e l e c t r o l y t e  e x c r e t i o n .  ANF promotes sodium, potassium and 
ca l c ium e x c r e t i o n  w i t h  c h l o r i d e  as t h e  p r i n c i p a l  anion. Al though fu rose -  
mide has been a re fe rence  s tandard  i n  a t  l e a s t  one paper,89 i t  shou ld  be 
p o i n t e d  o u t  t h a t  r i g o r o u s  dose-response s t u d i e s  comparing ANF t o  o t h e r  
d i u r e t i c s  have no t  been conducted. The most d e f i n i t i v e  s t u d i e s  suggested 
a c e i l i n g  s i m i l a r  t o  t h e  t h i a z i d e  d i u r e t i c s ,  a maximum f r a c t i o n a l  sodium 
e x c r e t i o n  o f  about lU%.109 
i n h i b i t  NaCl t r a n s p o r t  i n  b u l l  f r o g  cornea, an analog o f  t h e  medu l l a ry  
t h i c k  ascending l i m b  o f  t h e  l o o  o f  Henle whereas a t r i a l  e x t r a c t s  a r e  
i n a c t i v e  i n  t h i s  p repara t i on . l l !  

One r e p o r t  by Sonnenberg e t  a l .  i n d i c a t e d  

Also,  l oop  d i u r e t i c s  such as furosemide 

Because o f  t h e  p o t e n t i a l  f o r  ANF t o  be i n v o l v e d  i n  b lood  pressure  
c o n t r o l  , severa l  i n v e s t i g a t o r s  have s t u d i e d  i t s  e f f e c t s  on t h e  c a r d i o -  
vascu la r  system o f  normal and hyper tens i ve  animals.  I n  anes the t i zed  
normotensi  ve and spontaneously hyper tens i ve  r a t s  , a t r i a l  e x t r a c t  de- 
creased a r t e r i a l  b lood  pressure  i n  a s s o c i a t i o n  w i t h  a decrease i n  bo th  
t o t a l  p e r i p h e r a l  r e s i s t a n c e  and ca rd iac  c o n t r a c t i 1 i t y . l l 6  Also,  a 
n e g a t i v e  ch rono t rop i c  e f f e c t  has been r e p o r t e d  i n  r a t s . l 1 7  Dahl s a l t -  
s e n s i t i v e  r a t s  appear t o  have g r e a t e r  amounts o f  ANF i n  t h e i r  a t r i a ,  b u t  
a re  hyporesponsive when exogenous m a t e r i a l  i s  i n jec ted .90  Resu l t s  f rom 
t h i s  s tudy  a l s o  suggest an i nc rease  i n  rena l  p a p i l l a r y  plasma f l o w  and a 
washout o f  t h e  medu l la ry  osmot ic g r a d i e n t ,  f a c t o r s  which c o u l d  c o n t r i b u t e  
s i g n i f i c a n t l y  t o  t h e  assoc ia ted  n a t r i u r e s i s  and d i u r e s i s .  Inc reased 
medu l l a ry  and i n n e r  c o r t i c a l  b lood  f l o w  a l s o  were repo r ted  i n  normotensive 
r a t  s . I18  

___ Summary - I n  t h e  case o f  n a t r i u r e t i c  hormone, t w e n t y - f i v e  years  o f  r e -  
search have f a i l e d  t o  c h a r a c t e r i z e  a pure  substance t h a t  has n a t r i u r e t i c  
a c t i v i t y  and i s  an i n h i b i t o r  o f  Nat,Kt-ATPase, al though, a vas t  body o f  
c i r c u m s t a n t i a l  evidence does favor  t h e  ex i s tence  o f  such a substance. 
A t r i a l  n a t r i u r e t i c  f a c t o r ,  on t h e  o t h e r  hand, i s  a recen t  d i scove ry  which 
y i e l d e d  r e a d i l y  t o  chemical c h a r a c t e r i z a t i o n  and syn thes i s .  I t s  b i o l o g -  
i c a l  p r o f i l e  suggests t h a t  i t  may be a component o f  t h e  va r ious  c o n t r o l  
systems subserv ing  f l u i d  volume and p ressu re  r e g u l a t i o n .  However, no 
c o n v i n c i n g  evidence has y e t  been o f f e r e d  t h a t  a t r i a l  n a t r i u r e t i c  f a c t o r  
p lays  an impor tan t  p h y s i o l o g i c a l  r o l e  i n  p ressure  o r  volume homeostasis. 
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Chapter 26. Enzymic Methods in Organic Synthesis 
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Introduction - Enzyme-based synthetic chemistry has continued to grow 
rapidly in recent Technical problems, which have inhibited the 
widespread use of enzymes as catalysts, have been much reduced by the 
introduction of new procedures for enzyme immobilization and stabiliza- 
tion and for in situ cofactor recycling. A widespread interest in asym- 
metric synthesis has focussed attention on the demonstrated utility of 
enzymic catalysis in producing chiral fragments. In fact, the major 
hindrance to the widespread use of enzymic catalysis is the residual 
unfamiliarity of many classically trained synthetic chemists in the 
techniques of enzyme isolation, manipulation, and assay. This last 
barrier is disappearing as biochemistry and enzymology become an ac- 
cepted part of the education of an organic chemist. 

This review emphasizes procedures which use partially or highly 
purified enzymes to catalyze organic reactions potentially useful in 
medicinal chemistry. Biochemical procedures using microbiological 
transformations or cell culture are not discussed. 

General Techniques - More than two thousand enzymes are known,' and 
several hundred can be obtained commercially. Many other enzymic activ- 
ities are available through straightforward isolations or small-scale 
fermentations. Increasing attention is being paid to large-scale pro- 
duction of enzymes;8 Kula has developed efficient methods based on 
liquid-liquid extractions. Given sufficient demand, many enzymes 
can be produced in quantity by recombinant DNA techniques. 

We note that highly purified enzyme preparations are not always 
necessary in synthetic applications since contaminating enzymes may have 
no effect on the reactants and products present in the reaction mix- 
ture. If an enzyme to be used in synthesis has intrinsically low spe- 
cific activity (units of catalytic activity per weight of protein), 
crude preparations can cause practical problems by requiring large 
volumes of immobilization medium and correspondingly large reactor 
volumes. The use of microbial cells in enzyme-catalyzed synthesis 
represents a limiting case in purification; since no purification is 
involved, their manipulation is straightforward. The activity of these 
preparations may be low. In favorable cases, however, they represent 
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the simplest basis for enzyme-catalyzed reactions, and several success- 
ful industrial processes have been developed using immobilized whole 
cells. 12 

Enzyme Immobilization - Enzymes used in synthetic applications are 
commonly immobilized in or on insoluble materials because immobilization 
enhances their stability and allows their recovery and reuse. While 
bench-scale experiments are most conveniently carried out as batch 
processes, industrial processes often depend on long-lived immobilized 
enzymes in continuous processes. 

Many immobilization methods have been developed. 12-14 Only a few 
of these techniques deserve explicit comment. Glutaraldehyde is the 
most commonly used bifunctional reagent in immobilization, l2 forming 
covalent linkages of still incompletely defined nature between amino 
groups. It is used to bind enzymes to solid supports or cross-link 
enzymes adsorbed on a support, and to cross-link enzymes with carrier 
proteins or with themselves to form insoluble aggregates. Immobiliza- 
tion procedures for industrial applications based on functionalized 
ceramics cross-linked with enzyme via glutaraldehyde have been devel- 
oped. 1 4 ,  l5 Wood et al. have developed an immobilization procedure using 
polyurethane-based membranes. l6 Whitesides et al. have developed an 
immobilization method based on polyacrylamide-E-N-acryloxysuccinimide 

17 cross-linked with triethylene tetramine in the presence of enzyme. 
This method is particularly useful with the relatively delicate enzymes 
useful in‘ organic synthesis. Kula et al. have used membrane reactors 
containing soluble enzymes. l8 The enzymes are not immobilized, but 
reactor performance has been good. 

Enzyme Stabilization - Enzyme stabilization is a concern before, during, 
and after immobilization. Immobilization often greatly increases the 
stability of  enzyme^.^'-^^ Reasons for this stabilization are not 
clearly understood. Enzyme deactivation during the immobilization pro- 
cess is often troublesome. Addition of substrates or inhibitors of the 
enzyme during immobilization helps to occupy and protect the active 
site, and increases yields on immobi1i~ation.l~ A number of strategies 
are useful in maintaining activity in soluble and immobilized enzymes 
during use. 23-26 Thiol reagents (dithiothreitol, D-mercaptoethanol , 
1,3-dithiopropan-2-01) maintain the reduced state of catalytically 
essential thiols in the enzyme. Chelating agents inhibit metal ion 
catalyzed oxidations of en~ymes.~’ The stability of soluble enzymes can 
be enhanced by the addition of 01 ols, salts, and certain polymers, and 
by chemical modification. 23, 2zp-3H Thermally inactivated immobilized 
enzymes have been reactivated by thiol reagents and reversible heat 
treatment. 33 

Cofactor Regeneration - About 70% of enzymes use nucleoside triphos- 
phates, nicotinamide derivatives [NAD(P)(H)], or CoA as cofactors. 
These enzymes include many of those of greatest interest in the syn- 
thesis of fine chemicals. Since these cofactors are too expensive to be 
used stoichiometrically, it has been necessary to develop recycling 
systems for them. The problem of recycling the nucleoside triphosphates 
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34-38 is essentially solved at the level of laboratory-scale synthesis, 
and that of recycling NAD derivatives is well-advanced toward solu- 
tion. 39-46 None of these schemes has been tested on a production scale, 
although they work satisfactorily for syntheses of several moles of pro- 
ducts. Recycling of ATP from ADP or AMP rests on the development of 
practical syntheses of the phosphate donors acetyl phosphate37 and phos- 
phoen~lpyruvate~~ to be used with the enzymes acetate kinase and pyru- 
vate kinase, respectively. Acetate kinase is also applicable to recyc- 
ling of GTP, UTP, CTP and the corresponding 2’-deoxy-nucleoside tri- 
phosphates.’ ,34 Regeneration of these species from nucleoside mono- 
phosphates is not truly practical since adenylate kinase is specific for 
AMP, but relatively few reactions generate nucleoside monophosphate. 
CoA recycling has not been explored. Recycling of S-adenosyl-l-methi- 
onine, a cofactor in enzyme-catalyzed transmethylations, is currently 
difficult .47 The conversion of reduced nicotinamide cofactors [NAD(P)H] 
to the oxidized form [NAD(P)], developed by Jones et al., is the most 
widely used procedure for this transformation, but suffers from the need 
for large amounts of flavin and from slow reaction rates.39 Oxidative 
regeneration based on the conversion of a-ketoglutarate to lutamic acid 
works well and does not require the presence of oxygen. “ The best 
system for reductive regeneration of NADH from NAD is based on formate 
dehydrogenase. 18,46*48 This procedure works very well, although the 
enzyme does not accept NADP as a substrate and is relatively expen- 
sive. The most practical procedure for regeneration of NADPH uses 
glucose-6-phosphate dehydrogenase. 42 

Equilibrium Manipulation - Enzymes are catalysts and therefore serve 
only to accelerate attainment of equilibrium. In many instances the 
equilibrium constant for a given reaction in water does not adequately 
favor the desired product or water acts as an undesired reactant. Some- 
times product can be favored using excess starting material, or by 
reacting the product in an irreversible manner.49 Occasionally precipi- 
tation of product will drive an unfavorable reaction, but precipitation 
can foul immobilized enzymes. Kinetic control of a reaction can some- 
times be used to maximize yields.49 In cases where less polar materials 
are being manipulated, water miscible organic cosolvents have been used, 
but this technique can reduce enzyme activity. 50-53 Careful selection 
of cosolvent can, however, maintain enzyme activity and dramatically 
shift equilibrium. 54 A more general approach for working with less 
polar compounds is the use of a two-phase system incorporating a water- 
immiscible organic solvent. This approach has been discussed extensive- 

55-59 ly by Martinek and coworkers. 

Enzyme Mediated Processes 

Simple Hydrolases and Isomerases - These are enzymes requiring no added 
cofactors, and which catalyze hydrolyses, isomerizations, some conden- 
sations, and related reactions. Such enzymes are among the simplest to 
use and are the most widely used in industry (Table 1). A valuable 
introduction to processes using these enzymes has been published. 12 
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Table 1. Selected Industrial Applications of Enzymes. 

ref. 

penicillin-G 
fumaric acid 
fumaric acid 

- 6-aminopenicillanic acid 12,60,61 
-L-aspartic acid 12,62 
~ L - m a l i c  acid 12,63 

starch - glucose 
glucose - fructose 
N-acetyl-D,L-amino acids - L-amino acids 
L-arginine - L-citrulline 

30,64 
30,65,66 
12 
12 

Amidases - Acylase is used in continuous production of L-amino 
acids." 

e -acyl-D ,L-lysine. Penicillins have been synthesized from 6-amino- 
penicillanic acid with penicillinase. 69 

It has been used to resolve D,L-phenylalanine6' and a-formyl- 

Esterases - Esterases from several sources have been used in stereose- 
lective and regioselective hydrolysis of esters in the preparation of 
chiral esters, acids, and alcohols. Sih and coworkers have developed a 
valuable theoretical treatment for quantitative analysis of such 
biochemical kinetic resolutions relating the extent of conversion (c) of 
racemic substrate, the optical purity (ee) of the starting material and 
products, and the enantiomeric selectivity of the enzyme.70 Recycling 
of enantiomerically enriched substrate can greatly increase ee. Racemic 
threo ester L w a s  hydrolyzed with pig liver esterase (PLE) to (-)-acid 1 
(64% ee). Reesterification and incubation to 80% c resulted in 1_ with 
>90% ee. Erythro ester 2 was treated with Gliocladium roseum to hydro- 
lyze the 2&,32isomer. At 70% c the remaining ester had 95% ee. 

(4 3 /+ CO,CH, 
(4 I ,  R=CH, 

OH OH 
/ l \ r C 0 2 R  1-1 2 ,  R = H  

PLE was used in the enantiotopically selective hydrolysis of diethyl-@- 
methylglutarate to the half-ester 2. Reduction, derivatization and 
resolution raised the ee of 2 from 69% to 91%. 70 

R02C C02Et 

4,RzEt; 5 ,R=H 6(69 %eel 6 (91% eel 
Substituent effects have been studied in PLE-catalyzed hydrolysis of a 
range of symmetrical dicarboxylic acids and a model has been developed 
to determine absolute configuration in the monoester  product^.^' 

Esterases have successfully resolved compounds 7-2. Imidazolone 
- 7 was converted to (+)-biotin.72 Dimeth 1-2,4-dimethylglutarates 2 and 
- 9 were resolved with PLE and 5. r~seum.~' Dimethyl-b-aminoglutarate 2 
was used as starting material for syntheses of &- and S=4-[(methoxycar- 
bonyl)methy1]-2-azetidinone~,~~ useful nuclei for carbapenem p-lactam 
antibiotic synthesis. &-Esters of 3-hydroxy-3methylalkanoic acids 11 
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were prepared for testing as inhibitors of 3-hydroxy-3lnethylglutarylCoA 
reductase and in compactin analogue syntheses.75 Schneider and cowork- 
ers have used PLE-catalyzed hydrolyses in asymmetric syntheses of (1R 

and in syntheses of disubstituted monoalkyl malonates7/nd 1 2-cycloal- 
kane dicarboxylate monomethyl esters. 

3&)-chrysanthemic 12, permethrinic 13 and caronic acid 14  derivatives, 7 6  

78 

i;' 0 
PhbNKNAPh ' yy 

H++i MeO,C C0,Me Me0,C CO,Me Me0,C C o p e  
nPrOzC C0,nPr 8 9 10 

7 

Me OH R' 12, R = H ,  R's CH=CMe2 

& C o p  6% 13, R =  H, R'= CH=CCI, 

R I I  cOzR 14, R =  Me, R'. CO,H 

Cambou and Klibanov7' have used transesterif ications catalyzed by 
PLE and yeast lipase to resolve a variety of alcohols with great effec- 
tiveness. Their novel approach employed a biphasic system of aqueous 
enzyme solution absorbed in a porous solid phase placed in a mixture of 
"matrix ester'' (methyl propionate or tributyrin) and racemic alcohol 
(Scheme I). 

Scheme I. 
0 

0 &O-(-)-R chiral ester 
t 

esterase 
chiral alcohol 

matrix r a cemic 
ester alcohol 

+ 
Me OH 

The low water content of this system simplified subsequent purification 
and effectively suppressed ester hydrolysis. Lipases have also been 
applied to resolutions of chloroglycerol derivatives, 80181 3-acetylthio- 
cycloheptene,82 and 2-chloromethyl-1-propyl propionate .83 Cholinester- 
ases have been used to resolve D,L-carnitine. 84 

Proteases - Proteases have been applied to several synthetic purposes 
the most important of which are peptide bond synthesis and protein 
semisynthesis. Recent extensive reviews cover this area.85,86 Prote- 
ases have been used in ester synthesis87 and resolution. 88 Semi syn- 
thesis of human insulin has been achieved by enzymic removal and 
replacement of one amino acid in porcine in~ulin.~~,~' All peptide 
bonds in the N-terminal octapeptide of dynorphin [H-Tyr-Gly-Gly-Phe-Leu- 
Arg-Arg-Ile-OH] have been formed using proteases. 91 A precursor of  
aspartame has been made by themolysin-catalyzed condensation of 
benzyloxycarbonyl-L-aspartic acid and L-phenylalanine methyl ester. 92 

~- 

Aldolases - Aldolases catalyze reversible aldol condensations of su- 
gars.y' A well-studied enzyme is fructose-lY6-diphosphate aldolase from 
rabbit muscle. This enzyme exhibits a high specificity for dihydroxy- 
acetone phosphate as the nucleophile, but tolerates a range of aldehydes 
as electrophiles (Scheme 11) .94 This broad specificity allows synthesis 
of sugars such as 6-deoxyfructoseg5 and isotopically labeled glucose 
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derivatives .94 
ities for possible application to preparative sugar synthesis. 

Other aldolases exist with different substrate specific- 

Scheme 11. 

Other - Farnesylpyrophos hate synthetase has been used in asymmetric 
synthesis of isoprenoids.g6 Potato acid phosphatase has been applied to 
mild hydrolysis of polyprenyl pyrophosphates. 97 Sulfatase-catalyzed 
hydrolysis of &naptho1 sulfate has been used to separate a- and 
B-napthol~.~~ NADg9 and flavin adenine dinucleotide“’ have been made 
by enzymic coupling reactions. 

Cofactor Requiring Enzymes 

Phosphorylation - Enzymic phosphorylation with coupled in situ ATP 
regeneration has been used to prepare g l u c o s e - 6 - p h o s p h a t e ~ ~ - g l y -  
cerol-3-phosphate, lo* creatine-phosphate, lo3 and 5-phosphoribosyl-l- 
pyrophosphate. 104 

Chiral Redox Chemistry - Nicotinamide cofactor dependent oxidoreductases 
have been applied in chiral synthesis. Enantioselectivity is often only 
moderate, but in certain cases excellent results have been obtained. 
Horse liver alcohol dehydrogenase (HLADH) is the most widely explored 
enzyme for these purposes with most of the work in this area having been 
done by Jones and coworkers. lo5 HLADH has been studied sufficiently 
thoroughly to allow modeling of the active site. - Cis-3-( 2-hydroxy- 
ethy1)cyclopentanol 2 was oxidized by HLADH to (+)35-(2-hydroxyethyl) 
cyclopentanone 16 with 97% ee; the remaining diol had 70% ee.lo7 

2-Substituted tetrahydropyran-4-ones were reduced to (-)trans alcohols 
with 100% ee. lo8 Remaining (+)ketones had 51-86% ee. HLADH-catalyzed 
oxidation of monocyclic mesodiols xproceeds to bicyclic lactones g i n  

high yield with complete stereotopic selectivity. log 
selectivity is seen in oxidation of the trans diols. =-decalin-2,7- 
dione - 19 is reduced specifically to (-)(7S-,92,10&)-7-hydroxy-&-dec- 
alin-2-one 20 llo*lll which can be converted to (+)4g-twistanone 21 in 
51% yield from the dione. D- and L-lactic dehydrogenases reduce 
chloropyruvic acid Z t o  D- and L-chforolactic acids 23; these can be 

Essentially no 
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H H 

0 OH 

converted to epoxyacrylic acids 24. 'I2 Progesterone has been reduced to 
ZO-B-hydroxy-pregn-4-ene-3-one with 20-P-hydroxysteroid dehydrogenase 
using reversed micelles in organic solvent and H2 as ultimate reduc- 
tant . Microbial reductions have been used in intermediate steps in 
syntheses of natural brefeldin-A, ' 1 4  (+)compactin 'I5 and L-carni- 
tine . L-leucine dehydrogenase has been used in the reductive 
amination of a-ketoisocaproate to L-leucine18 in a membrane reactor. 
NAD was covalently modified by attachment of polyethylene glycol to make 
it unable to cross the membrane. 

Multi-Enzyme Cofactor Requiring Processes - A more complex level of 
applied enzymology is reached in the use of multi-enzyme schemes to 
synthesize complex molecules. Examples of such syntheses include ribu- 
10se-l,5-diphosphate,~~ im ortant in the study of ribulose-diphosphate 
carboxylase; lacto~amine,'~~ from the first use of the Leloir pathway 
enzymes in synthesis; and S-adenosyl-L-methionine. 47 

Oxidations - Enzymes which functionalize inactivated carbon are often 
difficult to obtain and handle. Many examples exist of oxidations using 
microbial e.g. for steroids, and recently in olefin 
oxidation. Such preparative transformations have not been achieved 
with purified enzymes and are unlikely to be amenable to large-scale 2 
vitro approaches because of instability and complexity of the enzyme 
systems. Klibanov and coworkers, however, have developed systems with 
horseradish peroxida~e'~~,~~' and xanthine oxidaset2' for oxidation of 
aromatic alcohols and amines, for use in syntheses and waste water 
treatment. Hydroxyphenyl compounds can be oxidized to dihydroxy deriva- 
tives. L-DOPA has been made from L-tyrosine in this manner. 
hexanone was oxidized to t-caprolactone with a bacterial oxygenase. 

lZ3 c clo- 
1 2 4  

The Future - Enzymic synthetic methods will see increased use in re- 
search and industry. Numerous examples exist of preparations of useful 
quantities of chiral compounds for use in synthesis, and the use of 
hydrolytic enzymes for simple synthesis. More importantly, enzymes will 
allow the facile synthesis of complex molecules important in biological 
research. Immunology, neurobiology, endocrinology, molecular genetics, 
membrane biology, and plant and insect biology are areas becoming more 
molecular in scope. Research in such fields will increasingly depend on 
biologically active compounds not readily accessible by more convention- 
al chemistry. Molecules that are water soluble, or highly functional- 
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ized such as carbohydrates, nucleic acids, lipids, and proteins may 
prove available by enzymic synthetic methods. Enzymology will be useful 
in modifications of poly- and oligosaccharides and proteins. Enzymes 
will also see growth in applications in medical diagnostics and treat- 
ment, and in food chemistry. 125 

Recombinant DNA and RNA methods rely on enzymes, and as these 
methods are developed,the op ortunity for enzyme engineering of synthe- 
tic catalysts will grow. 126* p27 Enzyme-based synthetic methods will be 
an important part of future organic synthesis, especially in synthesis 
of new pharmaceutical products. 

Acknowledgement - We acknowledge financial support from the National 
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Chapter 27. Stable Isotopes in Drug Metabolism and Disposition 

Thomas A .  Baillie and Albert W. Rettenmeier, Department of Medicinal 
Chemistry, University of Washington, Seattle, WA 93195 
Lisa A .  Peterson and Neal Castagnoli, Jr., Department of Pharmaceutical 
Chemistry, University of California, San Francisco, CA 94143 

Since the 1977 review in Annual Reports,' the applications of stable- 
isotope-labeled compounds to biomedical research have increased dramatic- 
ally. Three international conferences devoted to the use of stable iso- 
topes in the life and one to synthesis and general applica- 
t i o n ~ ~  have been held. Review articles have focused on mass spectrome- 
tric-based analytical methods, 13''  on applications of stable isotopes in 
clinical8-'' and pharmacological research , "-' and on more specific 
studies concerning groblems in drug metabolism, l r  '15 pharrnacokinetics16 ' 
and synthesis. "' ' The present review covers mainly the literature 
published since 1981 and focuses on recent developments in the use of 
stable isotopes for investigations of drug metabolism and disposition. 

Metabolite Structure Elucidation 

Isotope Clusters - The isotope cluster (isotope doublet, twin ion) techni- 
que has proved to be a powerful method for the detection and structural 
identification of drug metabolites in complex biological matrices. An 
equimolar mixture of [8-13C;1,3-15N~]caffeine and unlabeled caffeine was 
used to establish that the acetyl group of the metabolite, 4-acetyl-6- 
amino-3-methyluracil, did not contain the original C-8 carbon atom since 
it In this and a related studyYZL 
[ 2-14C]caffeine was co-administered to aid in monitoring the excretion of 
drug metabolites. Although a useful adjunct to the stable isotope cluster 
technique, the administration of radiotracers in human research is limited 
on ethical grounds, particularly in pediatric and obstetric populations. 
Studies on the biotransformation of theophylline in premature newbornsz2 
and on the placental transfer and fetal metabolism of this compound in 
humansz3 relied exclusively on the use of [ 2-1 3C; 1 , 3-15N2 Itheophylline as 
tracer. The stable isotopes of carbon and nitrogen also have been success- 
fully applied to ion cluster metabolism studies of [ 13C, "N~]hexobar- 
bital. " 

was labeled with two 15N atoms only." 

Although the use of deuterium in drug metabolism involving the isotope 
cluster technique may be complicated by isotope effects, 2 5  both cost and 
convenience have led most workers t o  rely on this isotope. Recent exam- 
ples include reports on arninopyrine , z 6  pencycuron , '' phencyclidine , '' "' 
fentanyl, 3 0  and diethylstilbestrol. 3 1  In the case of steroids and their 
derivatives, ion cluster studies have been performed exclusively with 
deuterium-labeled substrates. Examples include investigations with 
[ 'H5 Iethynylestradiol , 3 z  [ 'H2 ]4-hydroxyandrost-4-ene-3, 17-dione, [ 'H2 ]- 
ursodeoxycholic acid, 3 y  and [ 'H~lbudesonide. 3 5  

ANNUAL REPORTS IN MEDICINAL CHEMISTRY-19 

Copyright 0 1984 by Academic Prebs, Inc. 
All rights of reproduction in any form reserved. 

ISBN 0-12-040519-9 



- 27 4 Sect. VI - Topics in Chemistry and Drug Design Allen, Ed. 

The isotope cluster technique has proved valuable in the identifica- 
tion of metabolites similar or identical to endogenous compounds present 
in the biological extracts. Use of a hexadeutero variant of valproic acid, 
a short-chain fatty acid, led to the identification of a new biotransfor- 
mation product, 2-g-propyl-4-oxopentanoic acid. 36 A similar approach was 
used to reveal a novel pathway of benzoic acid metabolism in the 
horse. 37-39 Metabolites of rutin, a flavinol glycoside, were identified in 
the urine of rats" and humans'l given [2',5',6'-2H3]rutin. Deuterium- 
labeled phenylephrineW2 has been used in a similar fashion. 

Derivatization of samples with an equimolar mixture of labeled and 
unlabeled reagents to produce ion clusters has been applied recently to 
the characterization of the bleomycins by FD and FAB mass ~pectrometry.'~ 
A variation of this technique utilizes a mixture of labeled and unlabeled 
reagent gases { pyridine/[ 2Hs]pyridine , " trimethylchlorosilane (TMCS)/ 
[ 2H9]TMCS, '' tetramethylsilane (TMS)/[ 2H12 ]TMS," and NH3/N2H3" ' r 7  1 in 
conjunction with CI mass spectral analyses. 'lhe isotope cluster technique 
also may be exploited with the newer ionization methods of SIMS48 and 
FAB" through the addition of appropriate counter-ions (for example , 
Ag'"), 

Work continues on the development of computer software for automatic 
screening of large amounts of mass spectral data for specified isotope 
clusters. O '' 

The Shift Technique - The stable isotope shift technique refers to a pro- 
cedure in which the mass spectrum of an unlabeled compound is compared 
with that of a stable-isotope-labeled counterpart. The observed differ- 
ences in masses between corresponding ions in the two spectra provide 
valuable information on ion composition and hence on molecular structure. 

This technique may be used in two distinct ways. The drug may be 
labeled at a specific site(s) and the mass spectra of metabolites derived 
from the labeled compound compared with those obtained from the unlabeled 
drug. Recent examples of this application include reports on the metabo- 
lism of oxybutynin, 5 2  tocainide, Alternatively , a heavy 
isotope (usually 'H) is introduced into the metabolite of interest by 
reaction with a labeled derivatizing reagent. For example, perdeutero- 
methylation results in a mass difference of 3 daltons between labeled and 
unlabeled derivatives per methyl group. Structures of metabolites ob- 
tained from caffeine" and phenytoin5' have been confirmed by this tech- 
nique. Tri(deuteromethy1)silylation has been employed in the identifica- 
tion of metabolites of carbama~epine~' and afloqualone. 

NMR Studies - The applications of stable isotopes coupled with NMR 
analysis have multiplied as higher field magnets and sophisticated com- 
puter techniques have increased sensitivity. A recent review which dis- 
cussed NMR studies employing stable isotopes is available. 5 9  

and ketamine. 54 

Natural abundance 13C-NMR spectroscopy has been applied to the struc- 
ture analysis of several metabolites derived from acetaminophen." The 
structures of metabolites of prenaltero16 and trans-sobrerol" have been 
studied. 13C-NMR analyses of metabolites derived from I3C-enriched ami- 
triptyline, 6 3  BHT," propachl~r'~ and aminopyrine66'67 have been 
reported. 
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Mechanistic Studies 

Cytochrome P-450 Catalyzed Reactions - Studies with "02 have established 
that the cvtochrome P-450 mediated hvdroxvlation of camDhor bv the bacter- 
ial enzymk68 and the enzyme purified from rat liver6' reshts in the 
incorporation of atmospheric oxygen in the 5-*-hydroxylation product. 
Cumene a 
variety of compounds which serve as substrates for mammalian cytochrome P- 
450." AS expected, " 0 2  served as the oxygen source for the bacterial 
cytochrome P-450 catalyzed epoxidation of 5 , 6-dehydrocamphor . 7 1  N-Hydroxy- 
methylcarbazole, formed by the cytochrome P-450 catalyzed oxidation of N- 
methylcarbazole , incorporates " 0  exclusively from dioxygen. 7z ' Under 
anaerobic conditions cytochrome P-450 may catalyze the intramolecular 
transfer of oxygen present in tertiary amine N-oxides. a Mechanistic 
studies on S-dealkylation and S-oxidation reactions also have used " 0  
tracer methods.7' 

[ "02]hydroperoxide will transfer its peripheral oxygen atom to 

The oxidation of 1,2-dideuterocyclohexene by both cytochrome P-450 
and model chemical systems gave cyclohexenol with various degrees 
of allylic rearrangement of the deuterium atoms, suggesting a mechanism 
involving caged radical intermediates. The bioactivation of terminal 
olefins by cytochrome P-450 leads to the alkylation of the heme prosthetic 
group. Mechanistic studies using trans-1-[ 'Hloctene as substrate demon- 
strated that the trans-stereochemistry is retained in both the heme alkyl- 
ation product and the epoxide. This result is inconsistent with heme 
alkylation occurring by reaction with octene oxide itself. 76 The struc- 
tures of heme adducts produced from several olefins now have been deter- 
mined and it has been established, using oxygen-18, that the adducts 
contain an atom of oxygen derived from the atmosphere." Mechanistic 
studies with deuterium-labeled arenes have provided evidence against a 
proton abstraction or direct insertion mechanism for the hydroxylation of 
certain benzenoid systems at the meta p~sition.~' 

Finally, "N-labeling has been employed in an investigation of the 
process through which metabolism of 3,5-diethoxycarbonyl-l,4-dihydrocolli- 
dine by cytochrome P-450 leads to self-destruction of the enzyme and 
formation of N-methylprotoporphyrin IX. 7 9  

Metabolic Pathways - Compounds labeled at specific sites with stable iso- 
topes have been employed in the identification of short-lived, potentially 
toxic metabolites. The metabolic formation of reactive episulfonium 
ions from the conjugation of 1,2-dihaloethanes with glutathione has been 
studied with deuterium-labeled substrates."' 8 2  The detection of imino- 
cyclophosphamide from cyclophosphamide was aided by deuterium and oxygen- 
18 labeling techniq~es.'~ Quantitative studies on the a-hydroxylation 
bioactivation pathway of carcinogenic nitrosamines were approached by 
measuring 'N2 evolution from doubly "N-labeled N-nitrosodimethylamine 
and N-nitrosomethylaniline from rat liver homogenates. " The evolution of 
I3CO from l3Ccl4 could be distinguished from unlabeled CO derived from the 
destruction of heme and lipid per~xidation.'~ The two isotopes of chlor- 
ine (35Cl and 37Cl) have been used t o  probe the origin of electrophilic 
chlorine species generated during the metabolism of CClt, in hepatic micro- 
soma1 preparations. 8 6  Reductive dehalogenation of Cc11, to the trichloro- 
methylperoxy radical has been proposed as the initial event which leads to 
the electrophilic chlorine  specie^.'^ In a study using oxygen-18 as a 
metabolic tracer, the porphyrinogenic agent allylisopropylacetamide was 
shown to undergo biotransformation to three different chemically reactive 
intermediates which appear to alkylate different cellular constituents ." 
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Using ''02 Anderson et al. showed that the two major phenolic metabo- 
lites of N-phenyl-2-naphthylamine produced by liver enzymes are likely to 
be derived via arene oxide  intermediate^.'^ The mechanism by which bromo- 
benzene is converted to 4-bromocatechol in isolated rat hepatocytes was 
shown with " O z  to proceed via dehydrogenation of a dihydrodiol inter- 
mediate rather than by two successive hydroxylation reactions of the 
substrate. Similar studies have been performed on chlorpromazine. 9 1  

Using 'H-labeled drugs, arene oxides have been implicated in the 
metabolism of phenytoing2 and propranolol. Deuterium-labeled variants 
of propranolol also have been used to study stereoselective aspects of its 
metabolism and disposition. 9 3  '" Spontaneous decomposition of anti-neo- 
plastic agents such as the 2-haloethylnitrosoureas to give reactive alky- 
lating and carbamoylating intermediates has been examined with deuterium 
and oxygen-18 labeled compounds. 9 5 - 9 7  Studies of the enterohepatic recy- 
cling of ' 3C- and 2H-labeled mercapturic acid conjugates of propachlor have 
been reported. 6 s  ' '-' 
Deuterium Kinetic Isotope Effects - The analysis of deuterium kinetic 
isotope mechanisms 
of Recent studies of deuterium iso- 
tope effects on cytochrome P-450 catalyzed reactions have led to a general 
consensus that these types of oxidations proceed by hydrogen radical 
abstraction, with the transient formation of a carbon radical prior to 
recombination with a hydroxyl radical to form the final product. ' ' 4-1 ' 
Cytochrome P-450 catalyzed oxidative N-dealkylations tend to proceed with 
modest isotope effects at best.107-'og Studies with 5-['H~]phenyl-5- 
phenylhydantoin showed that no isotope effect was observed for both para- 
and s-hydroxylations with rat liver microsomes. "' Analogous results 
were obtained with deuterium-labeled ~arfarin,~' suggesting that these 
biotransformations occur by an addition-rearrangement mechanism. In vitro 
kinetic isotope studies have been reported with monoamine oxidas7" "12 

and epoxide hydrolase.ll3 The introduction of deuterium at C-6 of peni- 
cillanic acid resulted in a significant increase in its a-lactamase inhi- 
biting properties. 

effects provides a useful tool for the elucidation of 
drug metabolism and toxicity. l o  '-lo 

- -  vivo alterations in rates of metabolism and excretion of In deuter- 
ium-labeled versus unlabeled drugs have been discussed. I' Such changes 
in metabolic patterns can influence the pharmacological properties of some 
drugs such as the increased potency of the hexadeuterated analog of the 
gastric antisecretory agent N,N-dimethyl-"-[ 2-(diisopropylamino)ethyl]- 
N'-(4,6-dimethyl-2-pyridyl)urea. l 6  Substitution of deuterium in the N- 
methyl groups of imipramine caused a decrease in systemic clearance, 
increase in half life and, upon oral administration, an increased bio- 
availability. ' 1 7  The uptake, clearance and brain levels of the hallucino- 
gen N,N-dimethyltryptamine were potentiated upon deuterium substitution at 
the ct and f3 positions of the side chain. 'I8 degrada- 
tion deu- 
terium-labeled analog,' which apparently was responsible for alterations 
in the observed biochemical , ' ' behavioral , ' " and spontaneous motor ac- 
tivity effects of the drug."' Kinetic isotope effects also have been 
used to aid in the elucidation of the in vitro and in viva metabolic 
pathways iso- 
tope effect studies have been conducted in an effort to characterize. 
critical bioactivation steps which may be responsible for the toxicity of 
xenobiotics. Examples include investi ations on the metabolism of ally1 
alcohol, '23 methoxyflurane, BHT, 12' 1,2-dibromoethane9 l Z 6  chloro- 

The in vivo rate of 
of the antidepressant phenelzine was found to be retarded in a 

of the anticancer agent 6-mercaptopurine. 12' A variety of 

and carcinogenic nitrosamines. 129-134 form 12 7 9 12 8 
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Pharmacokinetic Investigations 

Quantitative Applications - The use of stable-isotope-labeled compounds as 
internal standards for the quantitation of drugs and metabolites in bio- 
logical fluids offers a unique combination of sensitivity and selectivity 
of detection for pharmacokinetic studies. The principles of the technique 
have been outlined, and applications up to 1981 have been compiled.135 
Specific aspects of the isotope dilution method, e.g. its utility as a 
reference technique' and associated procedures for handling the data 
generated from the use of multiple isotope tracers simultaneously, l 3  'have 
been discussed. Examples of isotope dilution methods used in clinical 
psychopharmacology have also been reviewed. 3 8  

Deuterium continues to be the most widely used isotope for prepar- 
ation of labeled standards and appears to be well suited for this purpose. 
However , certain 'H-labeled compounds have been found to become diluted 
with the protio forms upon storage, presumably due to isotope exchange 

Stable isotopes other than deuterium have been employed with increasing 
frequency for internal standards. A sensitive assay for glyceryl trini- 
trate in human plasma by GC-negative ion CIMS made use of two multiply- 
15N-labeled analogs of the drug. The [l5N3] variant was employed to 
minimize absorption of glyceryl trinitrate on the GC column and a 
[2H5,15N3] s ecies served as internal standard for quantitative pur- 
poses. l Y 0  [ 3C 15N3]Guanfacine has been used as an internal standard for 
guanfacine14' "'*'and [ 2H3, 13C6]dexamethasone for the corresponding unla- 
beled corticosteroid. 1 4 3  

phenomena. A case in point is [ 3,3,4 , 4-2H4 ] 6-oxoprostaglandin Fla, 1.59 

P 

In certain situations, "0 may be suitable for labeling pur- 
p o s e ~ ~ ~ ~ ~ ' " ~  and some exploratory work has been carried out with poly- 
chlorinated compounds enriched at > 90% excess with 37C1.146y127 In the 
latter case, greatly simplified molecular ion clusters were evident in the 
mass spectra of 37C1-labeled compounds such as heptachlor and related 
organochlorine insecticides. Although ' S  is available commercially , com- 
pounds enriched in this isotope do not appear to have been used as yet in 
the field of drug metab~lism."~ Lithium is important in the treatment of 
manic depressive illness and a stable isotope dilution assay for 6Li, 
using 'Li as internal standard , has been published. l4 

Where preparation of stable-isotope-labeled drug metabolites is re- 
quired, an economical approach is to administer the labeled drug to a 
suitable animal species and to isolate the corresponding labeled metabo- 
lites from urine samples. Deuterium-labeled metabolites of antipyrine 
were obtained in this manner , '' while deuterated metabolites of 6-0x0- 
PGFla were prepared by incubation of the labeled parent prostaglandin with 
Mycobacterium rhodochrous. ' ' 

The "soft" ionization MS techniques of FD15* and FAB"3-155 have been 
employed successfully for quantitative applications with stable-isotope- 
labeled internal standards and interesting developments in the use of 
microwave plasma discharges, either alone or in combination with mass 
spectrometic detection, promise to extend the utility of stable isotope 
labeling methods in quantitative studies of drug dis New 
methods have been reported for the measurement of lgN enrichment in am- 
monia, based on conversion into hexamethylenetetramine, ' 5 8  and for the 
analysis of ' 3C0 by combustion to "C$. ' ' '' 
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Pharmacokinetics Determined under "Steady-State" Conditions - Administra- 
tion of a single "pulse dose" of a stable-isotope-labeled analog is an 
effective method for defining the kinetics of a drug which is being given 
chronically, there is no need to interrupt the dosage regimen to con- 
duct the study.11'16 The value of this technique for use in clinical 
pharmacology is illustrated convincingly by work on the changes in val- 
proic acid pharmacokinetics which take place during pregnancy. These 
parameters were determined by following the disappearance of a bolus dose 
of [ 1,2-13C2]valproic acid given to a pregnant epileptic patient. 16' For 
ethical reasons, this type of study could not have been carried out by 
alternative methodology using radioactive isotopes. A similar investiga- 
tion of valproic acid pharmacokinetics in non-pregnant humans was per- 
formed using a deuterium-labeled variant of the drug. l b 2  

as 

It is essential that the labeled species chosen for administration be 
demonstrated to be pharmacokinetically equivalent to its unlabeled coun- 
terpart. The likelihood for non-equivalence is remote when 13C or 15N is 
employed. Re orts have appeared in which investigators have validated the 
use of [ 13C,P5NN]phenobarbital'63-16s and [ 13C,'5N2]phenytoin166 for such 
applications. Concern over apparent differences in vivo between phenytoin 
and a deuterium-labeled analog led Poupaert et - &. -' to synthesize 
[ ' 3C6]phenytoin for pulse dose studies. Nevertheless, when properly vali- 
dated, drugs labeled with deuterium can be used for administration in 
kinetic experiments. Recent examples of the latter have involved studies 
on the influence of long-term infusions of lidocaine on the kinetics of 
this agent 16' to investigations of methadone kinetics during maintenance 
treatment, l6 17' and to stereoselective aspects of the disposition of 
methadone enantiomers in humans given the racemic drug. 17' The single- 
dose kinetics of A'-tetrahydrocannabinol were studied in light and heavy 
cannibis users with the aid of a 'H3-1abeled variant of the drug.172 

Bioavailability abso- 
lute or relative bioavailability offers a number of important advantages 
over the conventional "cross-over" approach in which different (unlabeled) 
formulations are administered on separate occasions. l1 " ' l7 " 74 This is 
especially true for drugs which are subject to extensive first-pass elimi- 
nation, since these compounds usually exhibit the greatest variation in 
bioavailability as a function of time. l7 The absolute bioavailabilities 
of timol01~'~''~~ and bepridil17' have been studied by the simultaneous 
oral and intravenous administration of unlabeled and 13C-labeled forms, 
respectively. The bioavailability of a standard formulation of clovox- 
amine fumarate was compared with that of a slow-release preparation using 
[ '3C]clovoxamine as the reference dosage form. 17' The absolute bioavaila- 
bilities of verapamillso and methadone'" have been investigated with the 
aid of specifically deuterated analogs, and the results of a ilot study 

Studies - The use of stable isotopes in studies of 

on the oral bioavailability of captopril have been published. 1P2 

Additional examples of the use of stable isotopes in measurements of 
drug bioavailability include the study of stereoselective increases in 
propranolol bioavailability during chronic dosinglB3 and the influence of 
urinyq: pH and route of administration on meperidine disposition in 
man. the conversion of 
prodrugs into the active species in vivo, as illustrated in a study on 
prodrugs of indomethacin. lE5 

This technique also can be employed to quantify 
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C o n c l u s i o n s  

S t a b l e  i s o t o p e  t e c h n i q u e s  o f f e r  a number o f  s i g n i f i c a n t  a d v a n t a g e s  
o v e r  a l t e r n a t i v e  methods f o r  i n v e s t i g a t i o n s  of  drug  metabol i sm and d i s -  
p o s i t i o n .  some of which  have  been  h i g h l i g h t e d  i n  t h i s  
b r i e f  r e v i e w ,  a r e  becoming more w i d e l y  a p p r e c i a t e a a n d  w i t h  t h e  growing 
a v a i l a b i l i t y  of mass s p e c t r o m e t e r s  s u i t a b l e  f o r  t h e  measurement of iso-  
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Chapter 28. Drug Discovery at the Molecular Level: 
A Decade of Radioligand Binding in Retrospect 

Michael Williams and David C. U'Prichard 
Nova Pharmaceutical Corporation 

P.O. Box 21204, Wade Avenue 
Baltimore, MD 21228 

Introduction - In the design of new therapeutic entities, the medicinal 
chemist works from information Erom known active compounds or from the 
structure of the putative neuroeffector agent thought to be involved in 
the etiology of the disease state under study.' The search for novel 
chemical entities which have therapeutic potential has become 
increasingly more complex;2 thus any rational strategy that will 
increase the probability O E  finding a new drug is of considerable 
interest to those involved in drug research. One such approach is that 
utilizing radioligand binding assays , 3  which permits the evaluation of 
compounds for their direct interaction with cell surface recognition 
sites (receptors) independent of events distal to the actual recognition 
process. Structure-activity relationships generated using radioligand 
binding assays theoretically reflect the actual physicochemical 
properties required for receptor recognition, and thus provide 
information directly pertinent to the improvement of specificity and 
potency. In addition, receptor assays require only small amounts of 
compound and animal tissue, and are relatively rapid to perform. 
However, like classical pharmacological screens, these assays have 
certain drawbacks. They take no account of compounds that require 
metabolic activation, and generally measure only relative potency rather 
than efficacy, so that it is difficult to assess whether a compound 
interacting with a ligand binding site is an agonist or antagonist. 
These issues, and the advances and insights gained through the technique 
of radioligand binding, are the subject of this review. 

The Binding Technique - The radioligand binding assays developed to date 
are based on the fact that compounds known to interact with given 
receptors, when labeled to high specific radioactivity (10 Ci/mmole or 
greater) with 
preparations from mammalian tissue with high affinity (Kd 'lo-' M) in a 
reversible, saturable manner. The difference between total and non- 
specific binding, the specific binding, can then be used to measure 
compound interactions with the receptor. Ideally, specific binding 
should represent 70% or greater of the radioactivity bound. However, 
50% specific binding, if not ideal, is acceptable. Binding assays where 
specific binding is only 20-30% of the total, present problems in 
'signal-to-noise' reliability for routine screening purposes. In 
general for screening purposes, compounds with Icso values greater than 

M can be deemed 'inactive,' especially if at other recognition 
sites, they have ICso  values in the lo-' M range. 

H or 1251, bind to such sites in membrane or intact cell 

The large majority o f  radioligand binding assays make use of brain 
tissue because of its ease in preparation, and i ts  richness in receptors 
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on a weight per weight basis.3 Other tissues which have known physio- 
logical responses to a given agonist tend not to be good targets for 
radioligand binding because of the low density of receptors present as 
compared to CNS tissue.3 The ease with which CNS tissue can be utilized 
should not, however, preclude examination of peripheral tissue radio- 
ligand binding, since it is highly likely that subtle pharmacological 
and biochemical nuances exist among receptors of a given type as a 
function of their tissue source. For instance, despite considerable 
effort, the nicotinic antagonist, mecamylamine, which is exceedingly 
potent in autonomic ganglia, has no demonstrable binding in the CNS. 
Furthermore, ligands specific for dopaminergic receptor subtypes in the 
CNS have not proven suitable for labeling the subtypes present in 
pe r i phera 1 tissues . 
Validation of Receptor' Binding Assays - There has been considerable 
concern that because of the non-physiological conditions used to examine 
radioligand binding, the sites labeled may represent in vitro artifacts. 
Such conditions include the use of hypoosmotic buffers; long incubation 
periods, which are inconsistent with the millisecond time courses 
related to the proposed physiological actions of neurotransmitter 
analogues and antagonists; and the use of non-physiological assay 
temperatures. These basic criticisms have some validity, but in 
general, like many in vitro test paradigms, reflect the interface 
between the complexity of nature and mankind's necessarily simplistic 
approaches. 

4 

Several criteria have been proposed5 to validate a binding assay. 
These are saturability, indicating a finite number of binding sites; 
reversibility, consistent with a biological process involved in 
information transfer; correlation of binding affinity with the 
demonstrated concentration of the neurotransmitter or drug under 
physiological conditions; tissue and subcellular distribution of binding 
consistent with the known localization or target site of the ligand; 
agonist and antagonist pharmacology of the binding site corresponding to 
the known properties of the compound from other pharmacological tests; 
and finally, correlation of binding data with biological dose-response 
curves in identical tissue preparations. Most binding assays currently 
used fulfill a good many of these criteria. 

With these guidelines in mind, the status of the radiollgand 
binding assays currently in use will be considered. In many cases the 
initial observations of relatively simple recognition sites has 
progressed to the delineation of receptor subtypes. While offering 
exciting possibilities in terms of drug development, many of the assays 
for receptor subtypes have a weak pharmacological basis and in some 
instances do not fulfill many, if not all, of the criteria listed above. 

Binding and Receptor Subtypes 

a) Dopamine receptors - Recognition sites for this monoamine, 
which is implicated i n  the etiology of both schizophrenia and 
Parkinsonism, have been labeled with more than 20 iigands.6 
more distinct receptor subtypes have been described; of these, only 
those designated D-1 and D-2, which activate and inhibit adenylate 
cyclase activity, respectively, are considered tangible entities. 
Apomorphine, spipelone, and domperidone label both D-1 and D-2 
recognition sites. While newer antagonists such as S$H 23390 (1) 
appear to be selective for the D-1 receptor in vitro, 

Five or 

7 

in vivo this 
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distinction is not apparent.” Newer agonists, such as RDS127’l (2) 
and PHNO 
autoreceptor agonists, such as 3-PPP and TL-99, have generated 
considerable interest 
pharmacological procedures have provided definitive evidence that either 
of these compounds has absolute selectivity for presynaptic dopamine 

distinct pharmacological, as opposed to anatomical, entities is a matter 
for  further investigation. 

(?), appear to be selective D-2 ligands. Putative dopamine 

Unfortunately, neither binding nor i,n viva 

Whether pre- and post-synaptic receptors represent 

I - - 2 3 - 

b) Alpha-adrenoceptors - A stronger association has been 
established between radioligand binding sites and functional receptor 
entities for epinephrine and norepinephrine. Alpha-1 and alpha-2 
receptors were originally discriminated by location, being post- and 
pre-junctional respectively.16 Subsequently, alpha-2 receptors were 
shown to be negatively coupled to adenyiate cyclase, while alpha-1 
receptors stimulate PI turnover and Ca2 entry.17 Among antagonist 
radioligands, peptide ergots (e.g. dihydroergocryptine) and phentolamine 
label both receptors with equal affinity,” while prazosin 
aminotetralone, HEAT (RE 2254)” are highly potent and selective 
alpha-1 ligands; WB-4101 i s  partially selective for the alpha-1 
receptor,’l while yohimbine and its isomer, rauwolscine, are somewhat 
alpha-2 receptor selective.” 
antidepressant- induced down-regulation of beta- and 5HT-2 receptors, 
and are currently the subject of intense intere~t.’~ 
alpha-2 antagonist, the imidazoline, RX 781094, has been successfully 
used as a radi~ligand.’~ Several catecholamines and imidazolines 
selectively label high affinity states of the alpha-2 receptor.25 
and postjunctional components of alpha-2 receptor binding have been 
identified, but no differential pharmacological characteristics have yet 
been observed. 

and the 

Alpha-2 antagonists appear to accelerate 

The selective 

Pre- 

c) Beta-adrenoceptors - These have been readily labeled with 
antagonists such as dihydroalprenolol, carazolol, iodohydroxybenzyl- 
pindolol ,26,27 cyanopindolol and pindolol.” 
originally subdivided into beta-1 and beta-2 types on the basis of 
differential agonist and antagonist pharmacology and tissue location. ’’ 
Ligand binding studies corroborate the pharmacological subclassification 
quite precisely. Since the above mentioned antagonists are not subtype- 
selective, estimates of subtype relative abundance and competitor 
preference have relied on the generation of biphasic competition curves, 
with computer-assisted curve-fitting. These have not, however, been 
without problems; IPS 339 (4-1, a beta-1 selective antagonist as judged 
by computer assisted binding data3’ ,has little subtype selectivity in 
other tissue receptor assays. 

Beta receptors were 

3 1  
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The biochemical characterization of beta receptors and their 
coupling to adenylate cyclase has been intensively studied 32 using 
agonist radioligands (epinephrine, hydroxybenzylisoproterenol) to label 
high affinity receptor conformations, especially of the beta-2 receptori3 
more hydrophilic antagonists (e.g. CGP 12177 (5)) to label cell surface, 
but not internal, receptor populations (especially useful for examining 
regulation of beta receptors in cell culture); 34and photoactivated, 
irreversibly binding antagonists such as p-azidobenzylcarazolol, to tag 
the receptor during purification to apparent homogeneity.35 

d) Serotonin receptors - These have been labeled with serotonin 
itself and LSD,36 spiperoneg7using cortical tissue, and more recently, 
ketanserin.38 Serotonin receptors in brain tissue appear to exist in 
two distinct forms termed 5HT-1 and 5HT-2. The former, which can be 
labeled with serotonin, have been further subdivided Into 5-HT-1A and 
5-NT-1B sites.39 Both spiperone and ketanserin label 5-HT-2 receptors 
in cortical and other brain regions. Interestingly, the pharmacological 
actions of ketanserin are mediated via alpha-1 receptor blockade. 4 0  The 
5-HT-2 receptor has been implicated in depression, chronic treatment 
with the tricyclic, amitriptyline, reducing the number of 5-HT-2 binding 
sites in rat frontal cortex.41 The physiological relevance of the 
receptor has, however, been questioned since atypical antidepressants 
such as mianserin can reduce the density of serotonin-2 sites when given 
acutely.42 The relationship of central serotonin binding sites to those 
designated as M (excitatory; blocked by morphine) and D (inhibitory; 
blocked by dibenyline) is unclear at the present time. 

e) Muscarinic cholinergic receptors - Many highly potent and 
selective antagonlsts have been used to label muscarinic receptors in 
central and peripheral tissues, including N-methylscopolamine, 
3-quinuclidinyl benzilate (QNB), N-methyl-4-piperidinyl benzilate, and 
the covalent ligand, benzylcholine mustard. Excellent correlations 
have been obtained between affinities at these binding sites and pA 
values in classical organ preparations such as guinea pig ileum.43 
Agonist competitors at antagonist binding sites exhibit complex, 
heterogeneous interactions manifested by very "shallow" competition 
curves; these can be partitioned into "super- high" (SH), "high" (H) and 
"low" (L) affinity states. Agonist ligands (*-methyl- dilvasene, 
acetylcholine, oxotremorine-M) preferentially label, and improve 
resolution of, the SH state of the receptor. 44 
of these three "states" was found to differ markedly in different 
tissues and brain areas. 44 I t  has become apparent, however, that there 
exist two pharmacologically distinct types of muscarinic receptor, 
designated M-1 and M-2. 
pirenzepine (L),46 
selective agents are known. Given the apparent tissue specificity for 
the two receptor types (M-1 in most brain regions and autonomic ganglia; 

The relative proportion 

The agonist McN-A-343 (a), 4 5  and antagonist 
are selective for M-1 receptors; no M-2 receptor 
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M-2 in peripheral effector organs such as heart), there is considerable 
interest in the development of subtype-selective agents. 

(CH,),~CH~C=CCH,OCONH -Q 
- 6 

\ 
CI 

7 
- 8 

f )  Nicotinic cholinergic receptors - Acetylcholine (ACh) receptors 
sensitive to the alkaloid nicotine have been labeled in Torpedo tissue 
and in autonomic and central nervous system using radiolabeled ACh,47 
nicotine and alpha-bungarotoxin (BTX).49 BTX is, however, not a good 
ACh antagonist in mammalian nervous tissue. 50 The classical ganglionic 
blockers, hexamethonium and mecamylamine do not displace these ligands 
from CNS tissue, a finding which may indicate that agonist and 
antagonist binding sites are distinct entities. Mecamylamine shows no 
speci€ic binding in brain tissue. The neuromuscular blocker, 
dihydro-beta-erythroidine (DBE; (S))  does label central nicotinic 
recognition sites. DBE binding is insensitive to ganglionic blockers, 
suggesting that the nicotine recognition site in mammalian brain is more 
selective for neuromuscular type than ganglionic receptor blockers.4 

4a 

50 

g) GABA receptors - These have been labeled with tritiated GABA51 
and muscimol.’L 
tissue have led to the discovery of two distinct types of GABA re~eptor:~ 
the GABA-A site, which is labeled by GABA and muscimol and which is 
sensitive to blockade by bicuculline; and the GABA-B site,which can be 
selectively labeled by baclo€en and is insensitive to blockade by 
bicuculline. The GABA-B receptor may be linked in a modulatory manner 
to a membrane bound adenylate ~ y c l a s e . ~ ~  

Electrophysiological and binding studies in mammalian 

h) Excitatory amino acids - As many as four excitatory amino acid 
receptor subtypes have been described. These are sensitive to the 
agonists, N-methyl-D-aspartate (NMDA), kainic acid, quisqualic acid and 
APB (2-amino-4-phosphonobutyric acid) .5 
been termed ‘excitotoxins’ and can cause cell death in a manner similar 
to that seen in Huntington’s disease.55 
the various ligands used to label excitatory amino acid recognition 
sites in mammalian brain tissue are low compared with other putative 
neurotransmitter recognition sites, with Kd values around M.55 

Excitatory amino acids have 

In general, the affinities of 

i) Purinergic receptors - Receptors for the purines may be divided 
into P-1 and P-2 subtypes.’b 
cyclase-linked, while P-2 receptors are ATP-sensitive, affect prosta- 
glandin synthesis, and have no effect on cyclic AMP production. Two 
subtypes of the P-1 receptor exist; 57’5%he A-1 or Ri and A-2 or Ra, 
which, respectively, inhibit or  activate adenylate cyclase. Both A-1 
and A-2 receptors are sensitive to blockade by xanthines such as 
caffeine and theophylline. To date, ligand binding assays have only 
been described for the A-157’5%nd P-2 5 9  receptors. 
led to the description of further subtypes which show species 
dependence. Functional differences in A-1 receptor function have 

P-1 receptors are adenosine-sensitive and 

Binding studies have 

6 0  
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also been reported. 61'62 The 5'-N-ethylcarboxamide. of adenosine, NECA, 
may show preferential selectivity for A-2 sites. 6 3  

j) Histamine receptors - Mepyramine has been extensively used to 
label H-1 receptors,ss while tiotidine has been shown to demonstrate 
specific binding consistent with the labeling of an H-2 receptor. 
recently described irreversible H-2 blocker, L-643441 (z), may be an 
ideal ligand for this receptor subclass.66 In view of the profound 
effects of histaminergics on CNS tissue function and the search for 
second generation antiulcer agents, it seems highly appropriate that a 
reliable H-2 binding assay should be available for drug screening. 

6 5  The 

k) Opiate receptors - Binding assays for opiates have contributed 
significantly to the discovery and characterization of the enkephalins 
and endorphins. At least four, and perhaps five opiate receptor 
subtypes are amenable to study by radioligand binding techniques. 
mu-receptor can be labeled with dihydromorphine (DHM) and by the 
enkephalin analog, DAGO. 
spinal analgesia, is labeled with the enkephalin analog, DADLE. The 
kappa receptor, thought to be involved in the psychotomimetic effects of 
some opiate partial agonists, es ecially benzomorphans, can be labeled 
with ethylketocyclazocine (EKC) or bremazociyf (10). The sigma 
opiate receptor can be labeled with SKF 10,047. 
can be labeled with beta-endorphin, although this is controversial at 
this time. 
been reported to interact with a subtype of the mu receptor, mu-1 which 

inference, the mu-2 receptor is responsible for the respiratory 
depression and inhibition of gastric motility associated with opiate 
action. Radiolabeled meptazinol has not proven to be a satisfactory 
ligand because of its lipid solubility. 

67 
The 

The delta receptor, which is involvedsin 

6 B  70 

The epsilon receptor 

Meptazinol (c), a newly introduced analgesic agent, has 

72 
is responsible for the central analgesic actions of the opiates. BY 

- 9 0 

Hd 
lo 

1) Benzodiazepine (BZ) receptors - Using 311-BZs, up to three 
subclasses of BZ receptors have been described;73 two central receptors, 
BZ-1 and BZ-2, which have been reported to mediate the anxiolytlc and 
sedative/ataxic actions of the BZ's, respectively,74 can be labeled 
with clonazepam; a third peripheral type receptor, which has low 
affinity for clonaeepam, can be labeled with the BZ, Ro 5-4864.75 
Whether the two central receptors are distinct entities or different 
forms of a single receptor remains to be determined.76 
BZ antagonist or 'inverse agonist' can be used to label central BZ 
receptors.77 Using the central BZ binding assay, several non-BZs with 
anxiolytic potential have been reported. 
pyrazoloquinoline, CGS 9896 78and the triazolopyridine, CL 218872, 74 
which displace BZ binding; and the pyrazolopyridine, etazolate,79 which 
enhances binding. The BZ receptor is somewhat unique in that it exists 
as a receptor complex involving a GABA recognition site and chloride 
ionophore, the latter being responsible for the physiological actions of 
the B Z S . ~ ~  

Ro 15-1788, the 

These include the 
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m) Peptide receptors - Many neuromodulatory peptides in addition 
to the enkephalins and endorphins have been discovered in both the gut 
and brain which have a common embryological, origin. Radioligands have 
been used to identify the cell surface recognition sites for peptides. 
The classical peptides first studied were insulin 5 and glucagon; assays 
for Substance P, cholecystekinin, neurotensin, bombesin, angiotensin, 
and arginine vasopressin have been described. 8 0  Although some progress 
has been made in delineating substance P receptor subtypes using binding 
criteria, radioligand binding assays for peptides and other related 
entities such as the leukotrienes 8 2  should at the present time be 
described as recognition site, rather than receptor assays. 
Nonetheless they are exceedingly useful screening tools. 

!2 !3 

n) Receptors-for calcium agonists and antagonisAs- - While calcium 
antagonists bind to ion channels and cannot be considered as receptor 
antagonists per se, the binding of three classes of such agents has been 
described: the dihydropyridines 8 3  (DHP) (e.g. nifedipine and 
nicardepine); the nitrilesE4 (e.g. verapamil and D-600); and the benzo- 
thiazepines (e.g. diltiazem). Binding assays for the DHPs have been 
characterized in brain and visceral tissue. Verapamil, D-600 and 
diltiazem are weak, partial displacers of DHP binding, which may imply 
the existence of either distinct calcium channels or a 'receptor' 
complex with different recognition sites. A binding assay for verapamil 
has been described re~ently.'~ 
can reverse the inhibitior, of binding seen with tiapamil. 8 6  

recently DHPs have been described which facilitate calcium entry 
including Bay K 8644 8 7  (2) and CGP 28392 (2). 8 8  While calcium 
antagonist binding sites are present in brain, their pharmacological 
significance is unclear since they do not appear to affect calcium 
fluxes in synaptosomal  preparation^.^^ 

Diltiazem can stimulate DHP binding and 
More 

Potpourri - A variety of ligand binding sites are unassociated with 
defined receptors but are useful in the drug screening process. These 
include the proteins, labeled by antidepressants, which are associated 
with reuptake processes for 5-HT ( H-imipramir~e~,~ H-paroxetine 9 9  and 
norepinephrine ( H-desmethylimipramine 1. Other potentially 
important sites are those for the psychotomimetic phencyclidine (PCP) 9 3  

and the atypical antidepressant, trazodone. 9 4  The potential 
significance and usefulness of these and other such sites must remain in 
limbo until a relevant biochemical or cellular function has been 
attributed to them. Specific 'drug' recognition sites need not, 
however, be invoked for each and every novel compound with therapeutic 
potential. The search for unique binding sites using radiolabeled 
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probes and tee extrapolation to a search for the "endogenous ligand" may 
lead to unnecessary complications. 

A potentially useful therapeutic agent may have a distinct 
'non-receptor,' but still locus specific, site of action. An example of 
this in the anticonvulsant/central sympathomimetic/anxiolytic MK 801g5 
(E), which has in vivo activity but has no appreciable activity in 
several ligand binding assays. The pharmacological activity of a 
compound may also be dependent on activity at more than one recognition 
site. The example of ketanserin, an in vitro ligand for the 5HT-2 
receptor but a alpha-1 antagonist in vivo has been cited.40 
serotoninomimetic, MK 212 (g), is another instance where the binding 
profile of the compound and its in vivo activity do not c ~ r r e l a t e . ~ ~ ' ~ ~  

The 

Ligand binding methods have facilitated the study of receptor 
alterations in disease states, whether secondary or presumptively 
etiological examples incude human postmortem brain tissue obtained from 
patients with neurodegenerative (Parkinsonism, Huntington's Chorea, 
Alzheimer's Disease) or psychiatric (Schizophrenia) disorders ,'* and in 
formed blood elements obtained from patients before, or during, drug 
treatment (e.g. platelet alpha-2 receptors and H-imipramine binding 
sites; white cell beta receptors). Especially in the realm of neuro- 
psychiatric disorders, a variety of receptor data has been amassed that 
is at this stage primarily phenomenological and as yet of little value 
with regard to etiological issues or rational therapy. 

Conclusion - The future of radioligand binding methods for research on 
receptors and their function can be predicted to follow several 
directions: (a) the increased use of receptor autoradiography with 
computer-assisted quantitative imaging to combine biochemical precision 
with high morphological and spatial resolution;100 and (b) an increased 
emphasis on isolation and purification of receptors, facilitated by the 
use of covalent affinity probes, to allow controlled reconstitution of 
receptor-effector systems, and to facilitate development of receptor 
antibodies which in turn will be used as probes to determine specific 
receptor RNAs and DNAs. 
understanding of receptor expression, and the effects of drugs thereon, 
and to cloning of receptors in host cells on a scale large enough to 
provide sufficient material to study in depth the physico-chemical 
properties of the ligand-binding "active site" of receptor proteins, 
allowing for truly rational drug design. 

99 

This will ultimately lead to a better 
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Chapter 29. Forskolin and Adenylate Cyclase: New Opportunities 
in Drug Design 

Kenneth B. Seamon, National Center for Drugs and Biologics, FDA 
Bethesda, MD 20205 

Cyclic AMP is synthesized by the membrane-bound enzyme adenylate 
cyclase which is present in almost all mammalian tissues. Hormonal 
regulation of adenylate cyclase is initiated by the hormone binding to 
cell surface receptors. The resulting hormone-receptor complex interacts 
with either stimulatory regulatory proteins, (Ns), or inhibitory 
regulatory proteins, (Ni), which bind guanine nucleotides and interact 
with the catalytic subunit (C) of adenylate cyclase to modulate the 
enzyme activity. 

ATP CAMP 

-FO RS KO LI N 

GTP > 40nm / 
/ 

INHIBITION STIMULATION 

Hormone receptor agonists and antagonists have been used for years as 
therapeutic agents which affect cyclic AMP levels by acting at 
receptors. Although there has been much progress in the isolation and 
purification of the hormone receptors and the regulatory proteins, Ns 
and Ni, there has been less progress in the purification and 
characterization of the catalytic subunit of adenylate cyclase. 
Forskolin (l), the major pharmacologically active diterpene isolated 
from the roTts of Coleus for~kohlii,l-~ can directly activate the 

1 - 15 
0 

H3C CH3 OH 

catalytic subunit of adenylate cyclase, and is offering new insights 
into the regulation of this complex enzyme system. This review will 
discuss the unique properties of forskolin as an activator of adenylate 
cyclase which are of potential interest to the medicinal chemist. 

ANNUAL REPORTS IN MEDICINAL CHEMISTKY- 19 

Copyright 0 1984 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 

ISBN 0-12-0405 19-9 



Sect. VI - Topics in Chemistry and Drug Design Allen, Ed. - 29 4 

Activation of Adenylate Cyclase - Metzger and Lindner first 
demonstrated that forskolin activates adenylate cyclase in rabbit heart 
and liver membranes .4 9 Subsequent studies demonstrated that forskolin 
could activate adenylate cyclase in rat brain membranes,6 and in 
membranes from most mammalian  tissue^.^ 
activation is generally between 211M and 101~M. 
activation varies among different tissues and cells. Adenylate cyclase 
in membranes from rat liver is activated 20-f0ld,~ while adenylate 
cyclase in turkey erythrocyte membranes is activated only 3-fold over 
basal  level^.^ 
the presence of cyclic AMP phosphodiesterase inhibitors and does not 
require the presence of calcium or calmodulin.6 Forskolin activates 
solubilized adenylate cyclase with similar EC50's and maximal 
activations as observed for membrane-bound enzyme .l0-12 
increases the Vmax of adenylate cyclase with little or no effect on the 
Km for the substrate, MgATP or MIIATP.~~ Forskolin has no effect on the 
Ka for MgC12 in activating liver or platelet adenylate cyclase.*r13 

The EC50 for forskolin 
The maximal extent of 

Forskolin activation of adenylate cyclase is observed in 

Forskolin 

Forskolin can protect adenylate cyclase in membranes from human 
platelets, 549 lymphoma cells, and rat brain against thermal 
denaturation, proteolytic inactivation, and inactivation with 
N-ethylmaleimide (NEM) .I3 Solubilized preparations of adenylate cyclase 
are also protected against thermal denaturation by forskolin. l1 These 
include preparations which do not contain functional Ns protein. 

f ~rskolin.~~ 
associated with Ns or Ni proteins. Forskolin can activate sperm 
membrane adenylate cyclase when extracts from human erythrocyte 
membranes are added to sperm membranes; however, it is not clear if the 
reconstitution is revealing adenylate cyclase activity in the human 
erythrocyte membrane or adding back a factor required for forskolin 
stimulation of the sperm membrane adenylate ~yclase.~5,16 

Aden late cyclase from sperm or testis is not stimulated by 
These enzymes are not hormonally responsive and are not 

Aden late cyclase from invertebrates such as mollusks 17-20 and 
insects21sH2 is stimulated by forskolin. Adenylate cyclases from 5. 
Pertussis,23 - -  E. C ~ l i , ~  Neuro~pora,~~ and - D. Discoidium7 are not 
stimulated by forskolin or Ns. 

Interaction with the Catalytic Subunit - Forskolin stimulates adenylate 
cyclase in membranes from the S49 c c- 1 phoma cell about 20-fold with 
an EC50 of about 25 micromolar.10~23,25-~ As this mutant of the S49 
lymphoma cell line does not contain a functional Ns subunit, it was 
proposed that forskolin is activating adenylate cyclase by an 
interaction at the catalytic subunit or other closely associated 
protein.1° 
which are unresponsive to hormones or guanine nucleotides and do not 
contain functional Ns protein. These include detergent solubilized 
preparations of aden late cyclase from rat striatum,ll cortex,12 
heart,12 and liver.3B In the absence of a functional Ns protein, it is 
necessary to include Mn2+ in the assay to measure the activity of the 
catalytic subunit. 
catalytic subunit. 

Forskolin can activate other adenylate cyclase preparations 

Forskolin does not require Mn2+ to stimulate the 
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The 7-0-hemisuccinate-7-desacetyl derivative of forskolin has been 
Solubilized adenylate coupled to Sepharose to form an affinity resin.12 

cyclase from rat brain and heart, but not pigeon erythrocytes, binds to 
this resin and can be eluted from the resin when forskolin is included 
in the buffer. Preparations of adenylate cyclase devoid of Ns 
activity are recovered from this column consistent with the proposai 
that forskolin binds to the catalytic subunit(s). Adenylate cyclase 
preactivated with guanosine-5',3,y-imidodiphosphate (GppNHp) also binds 
to the forskolin-Sepharose column and elutes from the column as a 
complex of the catalytic subunit(s) and the activated Ns protein.31 

Potentiation of Forskolin Stimulation by the Ns Protein - Forskolin 
stimulation of adenylate cyclase can be potentiated by guanine 
nucleotides and the Ns protein. Forskolin stimulation of adenylate 
cyclase in wild type S49 lymphoma cell membranes exhibits a time lag and 
biphasic kinetics indicative of low (Ka=22.OllM) and high (Ka=0.35uM) 
affinity sites of a ~ t i o n . ~ ~ , ~ ~  
cyclase in S49 cyc- membranes, which do not contain Ns protein, has 
kinetics consistent with one site of action with a Ka of 244pM. The 
high affinity component for activation of the adenylate cyclase in S49 
membranes by forskolin requires the Ns protein. The lag time in 
activation of the wild type S49 adenylate cyclase by forskolin is also 
associated with the presence of the Ns protein and is not observed in 
the presence of isoproterenol. 

Forskolin stimulation of adenylate 

Preparations of the catalytic subunit which do not have functional 
Ns protein can be stimulated by the addition of Ns and GppNHp and 
forskolin can potentiate this stimulation.ll This potentiation requires 
that forskolin, Ns, GppNHp, and the catalytic subunit be present at the 
same time. Preactivated Ns (Ns-GppNHp) and forskolin are only additive 
in their stimulation of the catalytic subunit when they are present in 
the assay at the same time. 

Forskolin can potentiate GppNHp stimulation of adenylate cyclase 
in membranes from some tissues. This potentiation can be observed when 
the effect of the Ni protein is suppressed by treatment with pertussis 
toxin,33 or by including manganese chloride in the assay medium.34 

Activation of Cyclic AMP Generation in Intact Cells - Forskolin 
activates adenylate cyclase in intact cells and tissues with similar 
characteristics as those observed for activation of the enzyme in 
membranes and solubilized preparations. These include preparations of 
rat35 and human36 adipocytes , human 

secretory tissues. 39 
lymphoma cells,25p32 rat astrocytomas 40341 rat pheochromoc toma 
cells , 42 cultured pituitary cells , 43-28 cardiomyocytes , 49 9 51; cultured 
leydig cells, 51 and cultured kidney cells. 52 * 53 
intracellular cyclic AMP rapidly with an EC50 of about 10uM, and 
results in elevations of cyclic AMP over basal levels which range 
between two and fifty-fold, depending on cell type and tissue. 
Increases in intracellular *cyclic AMP by forskolin occur rapidly and are 
reversible. Increased levels of cyclic AMP are maintained in tissue 
culture over long periods of time when forskolin is kept in the culture 
media. Cyclic AMP phosphodiesterase inhibitors augment the increases in 
intracellular cyclic AMP elicited by forskolin. 

latelets , 37 tissue slices from 

Forskolin stimulates adenylate cyclase in S49 
brain and other peripheral tissues, 315 and various endocrine and 

Forskolin increases 
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Paralleling membrane studies, forskolin elicits increases in 
intracellular cyclic AMP in the cyc- mutants of the S49 lymphoma cell 
line which are about ten-fold less than the increase elicited in wild 
type S49 lymphoma cells.25 Similar results are seen in the H21a mutant 
which contains a lesion in Ns impairing its coupling to the catalytic 
subunit. A maximal stimulation of cyclic AMP synthesis by forskolin in 
S49 cells requires the presence of a functional Ns protein. 

Forskolin stimulation of cyclic AMP synthesis in C6-2B rat 
astrocytoma cells is decreased after the cells are grown in the presence 
of cycloheximide, a protein synthesis inhibitor .4O 
the loss of isoproterenol or cholera toxin stimulated adenylate cyclase. 
It was suggested that the cycloheximide blocks the synthesis of a 
protein which has a high turnover rate and is required for forskolin 
stimulation of adenylate cy~lase.~o 

This occurs without 

Potentiation of Hormone Action - Low concentrations of forskolin (<1uM) 
which elicit only small increases in cyclic AMP can markedly potentiate 
hormonal responses. This was first observed in rat brain slices, where 
low concentrations of forskolin markedly potentiated the maximal increase 
in cyclic AMP and decreased the EC50 for stimulation by a number of 
neurotransmitters including nore inephrine, vasoactive intestinal 
peptide, PGE1, and aden~sine.~,~~ Receptors coupled to adenylate 
cyclase which are otentiated by forskolin include 
B - a d r e n e r g i ~ ~ ~ , ~ ~  9s6,48*54,55 A2-adeno~ine,~~ P G E I , ~ ~  s56 ACTH,57 and 
TSH58-61. A typical response is illustrated by studies using intact 
platelets37 having prostaglandin receptors coupled to adenylate cyclase . 
PGD2 increases cyclic AMP levels 10-fold in the absence of forskolin 
with an EC50 of about 5 micromolar. 
forskolin PGD2 increases cyclic AMP levels about 60-fold with an EC50 of 
0.5pM. In a similar manner low concentrations of prostaglandins can 
potentiate the forskolin elicited increases in cyclic AMP. 

In the presence of 0.1 micromolar 

Potentiation of hormone responses in membranes has been more 
difficult to observe. Forskolin can potentiate prostaglandin 
stimulation of adenylate cyclase in human platelet membranes62 and 
isoproterenol stimulation of adenylate cyclase in membranes from wild 
type S49 lymphoma cells27 and rat adip~cytes.~~ 
not nearly as large as those seen in intact cells and tissues. 

These potentiations are 

Inhibition of Forskolin-Stimulated Activation of Adenylate Cyclase - 
Inhibition of forskolin-stimulated adenylate cyclase in membranes and 
cells has been observed with a2-agonists in platelets,37 ,62*63 and 
adipocytes; 36 9 64 muscarinic-cholinergic agonists in cardiac cells ; 65 
A1-adenosine agonists and insulin in rat adip~cytes;~~ somatostatin in 
S49 lymphoma ~ e l l s ~ 9 , ~ ~  ~6~ and pituitary;47 and dopamine D2-agonists 
in pituitary.68 The inhibition varies between 50 and 75%. 

Inhibition of forskolin stimulated adenylate cyclase in membranes 
by guanine nucleotides can be observed when a functional Ni subunit is 
present and has been shown in membranes from rat brain,34 S49 lymphoma 
cells, 28,66 rat adipo~ytes,~~ and human platelets.62 
inhibition can be observed with GTP, GppNHp, or GTP-yS (guanosine 
5'-(3-0-thio)triphosphate), is blocked by GDP or GDP-0s (guanosine 
5'(2-0-thio)diphosphate), and does not require the presence of an 
inhibitory hormone. 
is not competitive with forskolin and is not observed when membranes are 

This 

Guanine nucleotide inhibition of adenylate cyclase 
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treated with agents that inhibit the action of the Ni protein, NEM and 
MnC12. Inhibition of forskolin stimulated adenylate cyclase by GTP is 
not observed when the Ni protein is ADP-ribosylated by pertussis 
toxin .70 

Adenosine analogs inhibit adenylate cyclase by binding to the 
adenosine P-site associated with the catalytic subunit. 
Dideoxyadenosine, a potent P-site agonist, inhibits forskolin activated 
adenylate cyclase in cells,60,71,72 membranes,30 and solubilized 
 preparation^.^^ 
The affinity of adenylate cyclase for inhibitors at the adenosine P-site 
is higher when the enzyme is maximally activated, regardless of whether 
the enzyme is stimulated by forskolin or activated Ns.~O 

This inhibition is not competititive with forskolin. 

Calcium (>50uM) inhibits basal, hormone-stimulated GppNHp 
stimulated, and forskolin stimulated adenylate c y ~ l a s e . ~ ~  
inhibition is not competitive with forskolin and has been suggested to 
be due to the interaction of the metal ion at a cation binding site on 
the catalytic subunit. 

concentrations of detergents and low molecular weight alcohols. 74 ~~5 
Inhibition of forskolin stimulated adenylate cyclase by ethanol can be 
observed at 0.2M and results in 50% inhibition at 1.OM. Butanol and 
propanol are more effective at inhibiting forskolin stimulated adenylate 
cyclase than ethanol. Dimethyl sulfoxide inhibits the stimulation of 
adenylate cyclase by forskolin much less than ethanol .75 

This 

Forskolin activation of adenylate cyclase can be inhibited b high 

Physiological Effects of Forskolin - Forskolin elicits physiological 
effects consonant with its ability to stimulate adenylate cyclase and 
increase intracellular cyclic AMP-. 
different tissues and cells and a complete description of all systems is 
beyond the scope of this review. Secretory responses which are elicited 
by forskolin include: chloride-secretion across rat colon descendens, 76 
acid and pepsinogen secretion from 
secretion from pituitary cells y43 *4f luteinizing hormone secretion from 
pituitary,79 renin secretion from perfused kidney,80 insulin release 
from pancreatic cells,81 ACTH release from pituitary  cell^,^^,^^ and 
amylase secretion from pancreatic acinor cells .82 
are elicited by forskolin and have been associated with increased 
intracellular cyclic AMP include li 01 sis in adipocytes ,35 ~ 3 6 ~ 5 4  
inhibition of platelet aggregati~n,~~ pT2 ,83 relaxation of smooth 
muscle,2,3,84 and stimulation of steroidogenesis.57 ,85 Forskolin 
increases cyclic AMP content in oocytes and inhibits progesterone 
induced meiosis. 86-92 
in cultured epitheliag3 and bicarbonate transport in choroid 
plexus.94 Reduction of intraocular pressure b forskolin has been 
observed in rabbit, human, and monkey eye.95,9g Forskolin stimulates 
transcription of the prolactin gene in pituitaryg7 and increases the 
biosynthesis of enkephalin in bovine chromaf in cells .98 
elicited physiological responses are usually potentiated by the natural 
hormone consistent with the hormonal potentiation of forskolin elicited 
increases in cyclic AMP. 

This has been studied in many 

astric gland ,77 ~ 7 8  prolactin 

Other responses which 

Forskolin increases sodium transport 

Forskolin 

Forskolin has been shown to affect enzymes other than adenylate 
cyclase indirectly. Treatment of rabbit cardiac slices with forskolin 
results in the inhibition of the membrane bound Na+ K+ ~ ~ p ~ ~ ~ . 9 9  
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The inhibition of the ATPase is probably due to a cyclic AMP mediated 
phosphorylation. Tyrosine hydroxylase is activated in striatal 
slices treated with forskolin,lOO also due to a cyclic AMP mediated 
phosphorylation. 

Structure Activity Relationships for Forskolin Analogs - Forskolin makes 
up 1% of the dry weight of the roots of Coleus forskohlii and is the 
major diterpene that is isolated from the plant. Other structurally 
similar diterpenes that occur naturally in the plant include 
6-acetyl-7-desacetylforskolin (k), 7-desacetylforskolin (5), 
1,9-dideoxyforskolin (7), and 9-deoxyforskolin @). A numEer of 
semisynthetic derivatiTes of forskolin have been prepared.101,102 
These and the naturally occurring analogs of forskolin have been tested 
for their ability to activate adenylate cyclase.103 
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The 1-and 9-hydroxyl groups define an important area for forskolin's 
action. The 1,9-dideoxyderivative (L) is totally inactive and the 
1,9,6,7-dicarbonate (9), and 1,9 sulfonate are very weak at activating 
adenylate cyclase. OtFer structurally related compounds which are unable 
to activate adenylate cyclase are 1,6-diketoforskolin, the 14,15-oxide 
(12), virescenol-B, abietic acid, podocarpic acid, retene, gibberellin, 
and other diterpenes(l3-15) -- 023983 
antagonize forskolin stimulation of adenylate cyclase. Derivatives of 

None of the inactive diterpenes 
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forskolin which are partially active include a number of 7-acyl 
derivatives. The most active of these include the 7-ethylcarbonate ( 3 )  
and the 7-propionate (2) which are almost equipotent with forskolin. 
The 7-formyl, 7-desacetyl (z), and 7-hemicsuccinate are less potent than 
forskolin with EC50's that range from 50pM to 150pM. 
derivative (4) is much less potent than the other 7-acyl derivatives. 
The 14,15-diKydroforskolin (11) and llphydroxy-forskolin (10) are 
less potent than forskolin wzh EC50's of about 50 pM. The activity of 
forskolin analogs does not correlate with lipophilicity. 

12-t3H] forskolin (sp. act. 27 Ci/mmol) has been s nthesized and 
used to determine forskolin binding sites in membranes .Io4 12-[3H] 
forskolin binds to rat brain membranes with high affinity, Kd = 27nM, 
Bmax = 275 fmol/mg protein. The ability of forskolin analogs to compete 
for these binding sites correlates with their ability to activate 
adenylate cyclase. 

- 

The 7-tosyl 

Therapeutic Potential - Forskolin is a potent hypotensive agent due to 
its peripheral vasodilatory properties. Reduction in blood pressure is 
observed in dogs (20ug/kg i.v.), renal hypertensive rats (50uglkg i.v.), 
and spontaneous hypertensive rats (10 mg/kg, p.0.) .2s105 

also a potent positive inotropic agent as observed in isolated guinea 
pig heart and atrial preparations, and in dog and cat hearts 
~ i t r o . ~  ,Io5 
ranging from 5ug/kg to 100ug/kg, i.vm2 
or acetylcholine induced bronchoconstriction making it a potent 
bronchodilator .lo6 ,Io7 Forskolin inhibits platelet aggre ation in vitro 
and -- in vivo, making it a possible anti-thrombotic agent.3$,72,83- - 
Forskolin produces a rapid and long lasting reduction in intraocular 
pressure upon topical application to the eye, and would appear to be a 
valuable agent to treat glaucoma .95 9 96 Forskolin has been shown to 
inhibit pulmonary tumor colonization in mice b B16 murine melanoma 
cells and is a potential antimetastatic agent . log 

Forskolin is 

Cardiac output in anesthesized dog was increased at doses 
Forskolin antagonizes histamine 

Summary - Forskolin activates hormone sensitive adenylate cyclase in a 
completely unique manner. Its ability to potentiate hormonally induced 
increases in cyclic AMP provides a new mechanism to potentiate hormonal 
responses in vitro and in vivo; The exact site of action of forskolin 
still remains unclear, and it is possible that forskolin acts directly 
at the catalytic subunit of adenylate cyclase or at another subunit 
which has not yet been identified. The possibility still remains that 
an endogenous forskolin compound might exist, which would have the 
ability to either stimulate adenylate cyclase directly or to put the 
enzyme in a potentiated state which would be exquisitely sensitive to 
hormonal stimulation. It also remains to be determined if in vivo 
effects of forskolin are due to the direct stimulation of adenylate 
cyclase by forskolin or to the potentiation of the action of natural 
hormones which are in the circulation. Binding sites for forskolin in 
membranes can now be studied using the radiolabelled forskolin, 
providing an easy assay to search for forskolin agonists and 
antagonists. The radiolabelled forskolin should also provide a tool to 
study the metabolism and disposition of forskolin after in vivo 
administration. 

-- -- 

-- 

-- 
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In over 300 articles in the past three years forskolin has been 
established as a powerful tool to study adenylate cyclase in vitro and 
in vivo. It is also anticipated that potential new uses of forskolin as 
a therapeutic agent will continue to be investigated. Studies with 
forskolin have thus provided medicinal chemists with a new target in the 
design of therapeutic agents, the adenylate cyclase enzyme. 
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Chapter 30. Recent Progress  i n  the  Rat ional  Design of Pept ide Hormones 
and Neurotransmit ters  

Victor  J. Hruby, John L. Krstenansky, and Wayne L. Cody 
Department of Chemistry, Universi ty  of Arizona, Tucson, AZ 85721 

In t roduc t ion  - Any e f f o r t  t o  d i scuss  progress  i n  " r a t i o n a l  design" of pep- 
t i d e  neu ro t r ansmi t t e r s  and hormones ( h e r e a f t e r  r e f e r r e d  t o  as pept ide hor- 
mones) poses c e r t a i n  d i f f i c u l t i e s .  Pept ide hormones gene ra l ly  produce 
t h e i r  b i o l o g i c a l  e f f e c t s  by i n t e r a c t i o n  with membrane bound r ecep to r s ,  but 
w e  know l i t t l e  about t h e  s p e c i f i c  chemical and physical  ( t h r e e  dimen- 
s i o n a l )  p r o p e r t i e s  of t hese  binding sites. Thus any r a t i o n a l  design must 
u t i l i z e  our  a b i l i t y  t o  deduce t h e  p r o p e r t i e s  of the  r ecep to r  system ( h o s t )  
by using w e l l  designed pept ide hormone analogs (gues t s ) ,  and c a r e f u l  chem- 
i c a l  and phys ica l  a n a l y s i s  of t he  s t r u c t u r e ,  conformation and dynamic pro- 
p e r t i e s  of t hese  analogs i n  r e l a t i o n  t o  b i o l o g i c a l  a c t i v i t i e s .  

---- 

Ultimately hormone-receptor i n t e r a c t i o n s  are t h r e e  dimensional i n  
na tu re ,  i n  which two complementary topo log ica l  rsurfaces i n t e r a c t  t o  pro- 
duce a b i o l o g i c a l  response. 
examined by conformational r e s t r i c t i o n  of t he  pept ide hormones. 1-8 
l a r g e r  pept ide hormones 020 r e s i d u e s ) ,  design of ex tens ive  secondary 
s t r u c t u r e s  such as amphiphilic h e l i c e s  can provide important i n s i g h t s  i n t o  
membrane binding, r ecep to r  binding, and o t h e r  a spec t s  of b i o l o g i c a l  recog- 
n i t i o n .  
discussed here. Rather we w i l l  concentrate  on smaller pept ides  (<20 resi- 
dues)  which a r e  conformationally f l e x i b l e .  

These t h r e e  dimensional f e a t u r e s  o f t e n  can be 
For 

This approach has r ecen t ly  been reviewed9-11 and w i l l  not  be 

Considerable i n s i g h t  i n t o  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s  f o r  t he  

This approach has been though t fu l ly  discussed by Rudinger12 and 
smaller pep t ides  has been made by c l a s s i c a l  f u n c t i o n a l  group modifica- 
t i ons .  
Schwyzer13, and gene ra l ly  i s  a necessary prelude t o  r a t i o n a l  design based 
on conformation-biological a c t i v i t y  r e l a t ionsh ips .  
such s t u d i e s  has been t h e  determinat ion of those elements of s t r u c t u r e  
c r i t i c a l  f o r  binding (potency),  and those necessary f o r  t r ansduc t ion  
( e f f i c a c y ) .  This r equ i r e s  a c a r e f u l  choice of bioassay systems, which 
allow c r i t i c a l  eva lua t ion  of potency and e f f i c a c y  over s e v e r a l  o rde r s  of 
magnitude concentrat ion.  Rat ional  design must u t i l i z e  the  assay r e s u l t s  
with a c r i t i ca l  understanding of the complexities of r ecep to r  systems, 
l es t  important a spec t s  of func t ion  such as p a r t i a l  agonism o r  antagonism, 
superagonism, etc. be missed. I n  add i t ion ,  i f  conformation-activity rela- 
t i o n s h i p s  are t o  be used f o r  r a t i o n a l  design, it is c r i t i ca l  t h a t  su f -  
f i c e n t  c o n s t r a i n t s  be incorporated i n t o  the  pept ide so  t h a t  t h e r e  can be 
some expec ta t ion  t h a t  t he  conformational f e a t u r e s  w i l l  remain when the  
pep t ide  i n t e r a c t s  with i t s  receptor.  14, l5 Furthermore, conformational 
models f o r  b i o l o g i c a l  a c t i v i t y  which a r e  pos tu l a t ed  must be t e s t a b l e .  

An important goal  of 

F i n a l l y ,  an a d d i t i o n a l  complication must be addressed. V i r t u a l l y  a l l  
pept ide hormones have mul.tiple r ecep to r s  of physiological  and pharmaco- 
l o g i c a l  importance, and t h e r e  is overwhelming evidence t h a t  gene ra l ly  each 
of t hese  r ecep to r s  u t i l i z e s  d i f f e r e n t  s t r u c t u r a l  and conformational pro- 
p e r t i e s  of t he  hormone. Thus r a t i o n a l  design rmst be d i r e c t e d  a t  s p e c i f i c  
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r ecep to r s ,  d i s t i n g u i s h i n g  those f e a t u r e s  of s t r u c t u r e  and conformation 
important t o  a p a r t i c u l a r  receptor.  

Oxytocin - In  a d d i t i o n  t o  being t h e  f i rs t  pep t ide  hormone whose s t r u c t u r e  
was e l u c i d a t e d  and then prepared by t o t a l  syn thes i s ,  oxytocin (OT) was 
a l s o  t h e  f i r s t  pept ide hormone f o r  which a conformation-biological acti-  
v i t y  model was proposed.16 
w i t h i n  i t s  s t r u c t u r e ,  H-Cyp-Tyr-Ile-Gln-Aen-Cyp-Pro-Leu-Gly-NH2, it has 
considerable  conformational f l e x i b l l i t  
ex t en t  i n  dimethylsulfoxide  solution^.'^ Based on a proposed conformation 
and known s t ruc tu re - func t ion  r e l a t i o n s h i p s  f o r  OT, Walter e t  al .  pro- 
posed a model f o r  t h e  r e l a t i o n s h i p  of conformation t o  b i o l o g i c a l  a c t i v i t y  
a t  the  rat u t e r i n e  r ecep to r ,  which w a s  later r e f ined  t o  the  "co-operative" 
model.18 The b a s i c  f e a t u r e s  of t h i s  model were two-fold: t he  hydrophobic 
s i d e  chains  of Ile3, Gln4, Pro7, and Leu8 were proposed t o  be a t  t h e  cor- 
ne r s  of 0 t u rns ,  p r imar i ly  important a s  "binding elements" (address ,  bind- 
i n g  message); t h e  Tyr2 and Asn5 s i d e  chains  i n t e r a c t  across the  2O-mem- 
bered r i n g  i n  a manner which Is cr i t ical  f o r  i n i t i a t i n g  t h e  oxytocic  res- 
ponse ( t r ansduc t ion ) .  For earlier e f f o r t s  t o  test t h i s  model see reviews 

a g o n i s t s  w i th  f u r t h e r  conformational r e s t r i c t i o n s  have been reported.  

Though oxytocin has a 20laembered c y c l i c  r i n g  

i n  aqueous17 and t o  a lesser 

by Spatola19 and Hruby' t pZo). I n t e r e s t i n g l y ,  few s t u d i e s  with oxytocin 

Recently,  however, t h e  cycloleucine-221 and cycloleucine-8 analogs of 
OT have been examined. 
(cLeu),  i ts conformation is r e s t r i c t e d  t o  near  t he  a-hel ix  regions of con- 
formational  space.22 As expected [ ~ L e u ~ ~ o x y t o c i n  was a f u l l  agonis t .  
However, 
of oxytocin a l s o  was a f u l l  agonist .21 Recently Schwartz and 
co-workers 23L27 have i n v e s t i g a t e d  whether t h e  intramolecular  hydrogen 
bonds proposed i n  t h e  "cooperative model" were necessary f o r  b i o l o g i c a l  
a c t i v i t y ,  and have found t h a t  none are. On t h e  o the r  hand, t h e  very high 
b i o l o g i c a l  a c t i v i t i e s  of t he  A3Pro7-analog of oxytocin,  and the  b i o l o g i c a l  
p r o f i l e s  of t he  g-Tyr2, E - ~ l n ~ ,  Thr4 and modified Pro7 
support  some aspec t s  of t h e  f i r s t  f e a t u r e  of t he  co-operative model. 

Due t o  t h e  quaternary a-carbon atom of cycloleucine 

[cLeu2]oxytocin, though a weak agon i s t  (about 1/100 the  potency 

 analog^^^-^^ a l l  

The conf ormational  p r o p e r t i e s  of r e s t r i c t e d  penicil lamine-1 (Pen') 
ana lo  s of 
a l .  4,f49219q3-3Q A proposal f o r  t h e  conformational and s t r u c t u r a l  roper- 
t i es  important t o  an tagon i s t  a c t i v i t y  at  t h e  uter ine r e ~ e p t o r , ~ ,  l 4 y g o  and 
a proposal f o r  a "dynamic mo el" f o r  oxytocin agonis t  and an tagon i s t  

pe r  model" of Burgen e t  s~~~ 
postulated5,  14,34 that conformational,  dynamic, and s t r u c t u r a l  p r o p e r t i e s  
of t h e  s i d e  chains  in pos i t i ons  2 and 5 are cr i t ical  f o r  t h e  t r ansduc t ion  
process  and considerable  evidence i n  support  of t h i s  aspect  of the model 
has been obtained.14,20-21,33-36,3g-41 The model a l s o  pos tu l a t ed5 ,  l4 t h a t  
t h e  conformational and s t r u c t u r a l  p r o p e r t i e s  of the  s i d e  chains  i n  posi-  
t i o n s  2, 3, 4, 7, and 8 are important f o r  an tagon i s t  binding. Recent s tu -  
d i e s  have provided evidence t h a t  Pen-1 an tagon i s t s  u t i l i z e  d i f f e r e n t  
s t r u c t u r a l  and conformational f e a t u r e s  than agon i s t s  i n  o s i t i o n s  2 and 8 
of t h e  hormone on binding t o  t h e  u t e r o t o n i c  r e c e p t ~ r . ~ * ~ ~ ~ ~ ~  

Vasopress& - Examination of poss ib l e  conformational f e a t u r e s  of a r g i n i n e  
vasopressin (AVP) l e d  Walter e t  al.43 t o  propose a "b io log ica l ly  a c t i v e  
conformation" f o r  vasopressin a t  the  kidney a n t i d i u r e t i c  receptor .  The 
key r e s idues  f o r  r ceptoz binding were p s t u l a t e d  t o  be the l i p o p h i l i c  
s i d e  chains  of Phe', Gln , Pro7, and Arg8 i n  vasopressin (H-Cy's-Tyr-Phe- 
Gln-A~n-Cys-Pro-Arg-Gly-NH2)~ while  t h e  key "ac t ive  elements,' f o r  t r ans -  

xyt  cin have been ex tens ive ly  inves t iga t ed  by Hruby e t  

a c t i o n  havebeen a d ~ a n c e d . ~ , '  B ,37 This model is cons i s t en t  with the  "zip- 

In t h e  case of OT, t h i s  model 
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duct ion were pos tu l a t ed  t o  be t h e  Asn5 s i d e  chain and t h e  basic moiety on 
t h e  s i d e  chain of Arg8. 
numerous, though t h e  s t u d i e s  thus f a r  'v2' are compatible wi th  the  Walter 
model. Recently,  a series of e x c e l l e n t  papers have appeared i n  which a 
l a r g e  number of vasopr s s i n  an tagon i s t  analogs were synthesized f o r  t he  
a n t i d i u r e t i c  receptor .  ''-50 Conformational s t u d i e s  of t hese  analogs have 
n o t  been reported,  though a l l  a r e  conformationally r e s t r i c t e d .  

Analogs d e s i  ed t o  test  t h i s  model have not been 

Somatostat in  - Considerable i n t e r e s t  has developed i n  the  use of soma- 
t o s t a t i n  (NH2-Ala-Gly-Cj.s-Lys-Asn-Phe-Phe-Trp-Ly*-Thr-Phe-Thr-Ser-C;~- 
COOH) ( I )  f o r  t he  c o n t r o l  of diabetes .  Unfortunately,  somatostat in  was 
not  b i o l o g i c a l l y  s t a b l e  and the re fo re  not s u i t a b l e  f o r  c l i n i c a l  s tud ie s .  
Therefore  r a t i o n a l  design of somatostat in  analogs has been d i r e c t e d  a t  
ob ta in ing  small, b i o l o g i c a l l y  s t a b l e  molecules (potency of analogs synthe- 
s i z e d  w i l l  be compared with the in v i t r o  i n h i b i t i o n  of GH r e l e a s e  s tandar-  
dized t o  somatos t a t in  = 1). Rat ional  design of s y n t h e t i c  somatostat in  
analogs based on NMR51-54 and computer-based molecular modeling, 55 has l ed  
t o  the  s y n t h e s i s  of small conformationally r e s t r i c t e d  analogs with high 
a c t i v i t y  ( f o r  a review of e a r l i e r  work see 56). 

r L y s 4 - A s n 5 - P h e 6  1 r L y s 4 - C y s  5-Phe6 Aha=l-aminoheptanoic 

R R=-Phe7-D-Trp8-Lys9- - 
a c i d  4 P 1 111 I Thr lo-. 

S e r  3-Thr 2-Phe1 ' Ser 13-Cys 2-Phe 

1 
Aha 

3 - 5 - 4 - 

The s y n t h e s i s  of analog 1,57 with potent  and prolonged a c t i v i t y  l ed  
t o  f u r t h e r  conformational r e s t r i c t i o n s  which were based upon molecular 
modeling.55 Models suggested t h a t  t h e  $-carbons of Asn5 and Thr12 and the  
$-carbons of Phe6 and Phe" a r e  i n  c l o s e  proximity in space,  and i t  w a s  
a t t r a c t i v e  t o  bu i ld  a covalent  r e s idue  between these  p a i r s  of r e s idues  v i a  
a d i s u l f i d e  bridge. Compounds L a n d  3 employed these  modif icat ions,  and 
both exh ib i t ed  high potency (2, GH = 0.37 and 2, GH = 0.88).57 The high 
a c t i v i t y  of compound 2 suggested t h a t  t he  8-carbons of r e s idues  5 and 12 
i n  somatos t a t in  were i n  c lose  proximity t o  each o t h e r  upon binding t o  t h e  
receptor .  It a l s o  showed t h a t  t h e  7-10 sequence of t he  n a t i v e  hormone was 
important  f o r  b i o l o g i c a l  a c t i v i t y , w h i l e  t h e  amino a c i d s  i n  p o s i t i o n s  5, 6, 
11, and 12 probably were not. This i dea  was f u r t h e r  supported by previous 
data,which suggested t h a t  e i t h e r  Lys4 o r  Ser13 can be de le t ed  without s i g -  
n i f  cant  l o s s  of a c t i v i t y .  This l e d  t o  t h e  syn thes i s  of k i n  which the  

methylene groups (GH = 0.93)": Furthermore, incorporat ing information 
l ea rned  in t h e  s y n t h e s i s  of 2, compound kwas f u r t h e r  modified by incor-  
po ra t ing  a d i s u l f i d e  br idge between r e s idues  6 and 11 t o  form the  b i c y c l i c  
analog 5.58 Compound 5 showed very high b i o l o g i c a l  potency in a l l  bfo- 
a s says  (GH = 1.24, glucagon i n h i b i t i o n  = 2.66, and i n s u l i n  i n h i b i t i o n  = 
3.50) with r e spec t  t o  somatos t a t in  and compound 4 f u r t h e r  support ing t h e  
hypothesis  t h a t  Phe6 and Phe l l  s e rve  only t o  s t a b i l i z e  t h e  $-turn s t r u c -  
t u r e  v i a  s t ack ing  of t he  aromatic r ings .  

Lys t and Ser13 are de le t ed  i 2 and t h e  d i s u l f i d e  br idge is replaced with 

This analog a l s o  showed high 
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b i o l o g i c a l  s t a b i l i t y  and prolonged a c t i v i t y .  58 
7-10 sequence l e d  t o  a series of potent  analogs by locking t h e  (7-10) 
t e t r a p e p t i d e  (g-Trp8) i n t o  a 8-tUrne5’ In most cases,  low b i o l o g i c a l  
a c t i v i t y  was observed, t he  exception being cyclo-(N-Me-Ala-Phe-2-Trp-Lys- 
Thr-Phe)“ (GH = 3.5),which incorporated both Type I1 and VI 8-turns i n  
t h e  Phe-D-Trp-Lys-Thr and t h e  Thr-Phe-N-Me-Ala-Phe fragments, r e spec t ive ly .  
Conformarional a n a l y s i s  of t h i s  compound has l ed  t o  t h e  s y n t h e s i s  of t he  
r e t r o  enantiomeric analog cyclo-(2-Ala-D--Phe-E-Trp-Lys-g-Thr-N-Me-D-Phe) 
(GH = 0.88) which showed t h e  f u l l  a c t i v i t y  of t he  n a t i v e  hormoneglT 
F i n a l l y ,  an i n t e r e s t i n g  hexapeptide analog based on t h e  potent  analog 
cyclo-(Pro-Phe-2-Trp-Lys-Thr-Phe) (GH 
t u t e d  f o r  Phe6,resul ted i n  a compound wi th  lower a c t i v i t y  (GH = 1.12).62 

Further  a n a l y s i s  of t h e  

1.74),in which a Az-Phe is s u b s t i -  

a-Melanotropin (a-MSH) - a-Melanotropin has been t h e  sub jec t  of ex tens ive  
c l a s s i c a l  s t ruc tu re - func t ion  s tud ie s .  13,63-65 a-MSH is a l i n e a r  pep t ide  
( Ac-Se r -Ty r-Se r -Me t -Glu-Hi s -Phe-Ar g-Trp-Gly -Ly s -Pro-Val-NH2 ) , i s  highly 
conformational ly  f l e x i b l e  and apparent ly  has l i t t l e  secondary s t r u c t u r e  i n  
so lu t ion .  13s66 

f u n c t i o n  r e l a t i o n s h i p s  l ed  Schwyzer t o  postulate13 t h a t  a-MSH is  a 
“sychnological ly“ organized pept ide hormone. U n t i l  r ecen t ly  most s t r u c -  
t u r e - a c t i v i t y  s t u d i e s  were based on classical amino a c i d  replacement s t u -  
d i e s .  
(ACTH) analogs with highly potent  behavioral  a c t i v i t i e s  (reviewed by Van 
Nispen and G r e ~ e n ~ ~ ) .  

These p r o p e r t i e s  and o t h e r  a s p e c t s  of i t s  s t r u c t u r e -  

A major success  of t hese  s t u d i e s  have been t h e  development of a-MSH 

D e s p i t e  t h e  ex tens ive  s t ruc tu re - func t ion  s t u d i e s  on a-MSH, very 
l i t t l e  has been done u n t i l  r e c e n t l y  on conformation-activity r e l a t i o n s h i p s  
of a-MSH at any of i t s  receptors .  Schwyzer suggested13 t h a t  ACTH may u t i -  
l i z e  one f a c e  of an a -he l ix  segment spanning residues 4-10 f o r  i n t e r a c t i n g  
w i t h  the  c o r t i c o t r o p i n  r ecep to r  and another  f a c e  f o r  i n t e r a c t i n g  wi th  t h e  
melanotropic receptors .  To our knowledge, t h i s  hypothesis has not been 
t e s t e d  by s y n t h e s i s  of conformationally constrained analogs. Recently,  
however, a t tempts  have been made t o  examine t h e  conformational r equ i r e -  
ments f o r  a-MSH a c t i v i t  at i t s  per ipheral68 and p u t a t i v e  c e n t r a l  nervous 
system (CNS) r ecep to r s .  ‘’ These i n v e s t i g a t i o n s  have l e d  t o  a number of 
a-MSH analogs wi th  super  potency and excep t iona l ly  prolonged i n  v i t r o  and 
i n  vivo b i o l o g i c a l  a c t i v i t i e s .  

It w a s  observed many years  ago7’ t h a t  hea t - a lka l i  t r e a t e d  a-MSH d i s -  

-- 

played high potency and prolonged a c t i v i t y  i n  melanocyte d i ~ p e r s i o n . ~ ~  
was hypothesized t h a t  racemization r e s u l t e d  i n  s p e c i f i c  conformational 
e f f e c t s ,  which were re spons ib l e  f o r  t h e  prolonged b i o l o g i c a l  a c t i v i t y .  72 
Q u a n t i t a t i v e  c h a r a c t e r i z a t i o n  of t h e  chemical e f f e c t s  of hea t - a lka l i  
t reatment73 and conf ormational  consideration^^^ l e d  t o  t h e  design of 
[ N l e 4 ,  D-Phe’ a-MSH which was found t o  have super  potency i n  s e v e r a l  
assay sFstemsj2, with e x t r a o r d i n a r i l y  prolonged a c t i v i t i e s  both i n  v i t r o  
and i n  v ~ v o . ~ ~  
of a-MSH, Ac-[Nle4, g-Phe7]-a-MSH4-11-NH2, i n  which 5 of the  13 re s idues  
of a-MSH were d e l e t e d  r e t a i n e d  most of t h e  b i o l o g i c a l  a c t i v i t i e s  of t he  
f u l l  1-13 a n a l ~ g . ~ ~ , ~ ’  Other fragment analogs of varying l eng ths  have 
been designed which d i f f e r e n t i a t e  t h e  d i f f e r e n t  r ecep to r  systems both with 
respect t o  potency and prolonged b i o l o g i c a l  a ~ t i v i t y . ~ ~ - ~ ’  
have been designed7’ which have very low potency, but very prolonged acti- 
v i t y .  
l o g i c a l  a c t i v i t y  can be a receptor-related event not  dependent on enzyme 
s t a b i l i t y  o r  t i s s u e  d i s t r i b u t i o n ,  but r a t h e r  on f e a t u r e s  of s t r u c t u r e  and 
conformation important f o r  r e v e r s a l  of bound-transduced and bound- 
an tagon i s t  8 tates .’ s 6 , 80 

It 

More recen t ly ,  i t  has  been shown t h a t  t h e  fragment analog 

Analogs a l s o  

These r e s u l t s  suggest  t h a t  prolonged i n  v l t r o  and i n  v ivo  bio- 
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These r e s u l t s ,  a l s o  l ed  t o  suggest ions t h a t  high potency and pro- 
longed a c t i v i t e s  had t h e i r  b a s i s ,  at l e a s t  i n  p a r t ,  on s p e c i f i c  confor- 
mat ional  f e a t u r e s .  
developed based on var ious conformational  consideration^,^,^,^^ and i t s  
v a l i d i t y  was examined by preparing conformationally constrained analogs.  

A conformational model f o r  a-MSH a c t i v i t y  was 

These cons ide ra t ions  l e d  t o  a design based on conformational restric- 
t i o n  by c y c l i z a t i o n  and by "pseudo-isosteric" replacement of t he  Met-4 
( s i d e  chain = -CH2-CH2-S-CH$and Gly-10 ( s i d e  chain = H) r e s idues  by a 
Cys4, Cysl' c c l i c  d i s u l f i d e  ( s i d e  chains  = -CHZ-S-S-CH~-).~~ 

f r o g  s k i n  r ecep to r  system, with high t o  moderate a c t i v i t  i n  t he  l i z a r d  
s k i n  and mouse melanoma adenylate  cyclase assay systems." Subsequent 
s t u d i e s  have shown t h a t  t he  N-terminal t r i p e p t i d e  Ser-Tyr-Ser has only 
minor e f f e c t s  on t h e  potency of the a-MSH analog in a l l  t h r e e  assay 
systems,82 a r e s u l t  compatible with the  r e s u l t s  with [ N l e 4 ,  D-Phe7]-a-MSH 
fragment analogs.  
t r i p e p t i d e  -Lys-Pro-Val- one or more a t  a time had somewhat d iEfe r ing  
e f f e c t s  on a c t i v i t y  than found i n  t h e  [ N l e 4 ,  D-Phe7] series.83 In addi- 
t i o n  it has been found t h a t  both [ N l e 4 ,  D-Phe7]-a-MSH and Ac-[CyY4, D-Phe7, 
3slo]-a-MSHq-12-NH2 were very s t a b l e  t o  de r ada t ion  by serum enzymes, and 
both had prolonged b i o l o g i c a l  a c t i ~ i t y . ~ ~ , ~ ~ , ~ ~  This prolonged a c t i v i t y  
i s  maintained f o r  t h e  4-11 analog, Ac-[Nle4,  D-Phe7]-a-MSH~-11-NH2.J7 

I_- Enkephalins ----.-- - Many enkephalin (H-Tyr-Gly-Gly-Phe-Met(Leu)-OH) analogs have 
been designed with the i n t e n t  of determining t h e  a c t i v e  c ~ n f o r m a t i o n . ~ ~  
Based on previous work, i t  appears t h a t  a bent conformation is important 
f o r  binding t o  t h e  o p i a t e  receptors .  Therefore,  r a t i o n a l  design e f f o r t s  
have centered on conformational c o n s t r a i n t s  which might mimic var ious 
folded conformations. 

The analog 
obtained,  [cys A4 >ysl0]-a-MSH, is  a highly potent melanotropin in t he  

On t h e  o t h e r  hand, removal of t he  amino ac ids  i n  the  C- 

One approach has been t h e  r e s t r i c t i o n  of backbone o r  s i d e  chain ro t a -  
t i o n s .  For example, i n t roduc t ion  of Aib in pept ides  has been shown t o  
induce reverse turns .  Thus, [Aib2]-, h b 2 ,  Aib3]-, and [Aib3, Met5]- 
enkephalinamides have been synthesized (Aib = a-aminoisobutyric ac id ) .  
The f i r s t  two analogs,  which can induce a r eve r se  t u r n  a t  t he  second and 
t h i r d  r e s idues ,  e x h i b i t  g r e a t e r  i n  vivo a c t i v i t y  i n  mice than the co r re s -  
ponding Gly2, Gly3 analog. The K b T a l o g ,  which cen te r s  t h e  B-turn a t  
t h e  t h i r d  end f o u r t h  residues,  has s l i g h t l y  less act ivi ty .86 Reaction of 
t h e  enkephalins with acetaldehyde r e s u l t s  i n  c c l i z a t i o n  between t h e  a- 

i n  a considerable  l o s s  of a c t i v i t y  i n  t h e  guinea p ig  ileum and mouse vas 
deferens assays.87 Side chain r e s t r i c t i o n  of t h e  t y r o s i n e  r e s idue  (e.g. 
s u b s t l t u t i n g  2-amino-6-hydroxytetralin-2-carboxylic ac id  o r  2-amino-5- 
hydroxyindane-2-carboxylic a c i d  f o r  Tyr) r e s u l t s  i n  analogs t h a t  are inac- 
t i v e  when adminis tered S.C. o r  i.c.v. i n  t h e  mouse hot-plate  test. 
However, while t h e  indane analog shows considerably less a c t i v i t y  i n  the  
guinea pig ileum and mouse vas deferens assays than [ L e ~ ~ l e n k e p h a l i n ,  t h e  
t e t r a l i n  analog is nore a c t i v e  i n  t h e  guinea p ig  i leum (p-receptor)  assay 
and much less a c t i v e  i n  t h e  mouse vas deferens (6-receptor) assay than 
[Leu5]enkephalin, implying an inc rease  of r ecep to r  s p e c i f i c i t y  by t h i s  
conformational r e s t r i c t ion .88  The use of dehydro amino a c i d s  t o  induce 
r i g i d i t y  and i n c r e a s e  hydro hob ic i ty  of t h e  enkephalins has r e s u l t e d  i n  

APhe , L e ~ ~ ] e n k e p h a l i n . ~ ~ - ' ~  
or  y ,  y t u r n  s t r u c t u r e  i n  DMSO d i  n have s u f f i c i e n t  aqueous solubi-  
l i t y  t o  allow b i o l o g i c a l  t e s t i n g .  "," Cyc l i za t ion  v i a  s i d e  chain 
moiet ies ,  not involving the  ty ros ine  amino group, has proven t o  be more 

amine of Tyr' and t h e  n i t rogen  of t h e  Tyrl-Gly s amide bond, and r e s u l t e d  

t h e  8 - se l ec t ive  [aAla2, Leu !3 Ienkephalin and t h e  6 - se l ec t ive  [ p A l a 2 ,  

Cyclo-[Leu5]-enkephalin which adopts a B & y 
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f r u i t f u l .  

r ecep to r  s e l e c t i v i t y  as w e l l  as considerable  a c t i v i t y  in t h e  guinea p i g  
i leum assay. It is  i n t e r e s t i n g  t o  note  t h a t  t hese  s t r u c t u r e s  are incom- 
p a t i b l e  with a 4-1 o r  5-2 hydrogen bonded $-bend i n  t h e  e ~ ~ k e p h a l i n . ~ ~ - ~ ~  

i ed [E 
Pen I F t  , ~ - c y s 5 ] - ,  to these [D-Pen , cyssl- ,  [E-Pen , g-~en5] - ,  a n d 9 & g m n 5  ] - 
enkephalins e x h i b i t  except tonal  6 receptor  s e l e c t t v i t y .  Conf orma- 
t i o n a l  d i f f e r e n c e s  a s soc ia t ed  with t h e  Pen r e s idues  appear t o  be respons- 
i b l e  f o r  t h e  high r ecep to r  s e l e c t i v i t y .  F i n a l l y ,  a series of c y c l i c  r e t r o -  
i nve r so  enkephalins have been designedloo t o  inco rpora t e  f avorab le  conf or- 
mat ional  r e s t r i c t i o n  and increased r e s i s t a n c e  t o  enzymatic degradation. 

The d i s u l f  i d e  bridged [E-C;s2, g-C's5]-enkephalinamide as w e l l  
as a series of cyclo [g-a,w-diamino acid2,  Leu 3 lenkephalins exh ib i t ed  p- 

W n d s ,  t h e  yr; c o n f y n a t i o n a l l y  co 

7 - 

1 

- 8a R= -Leu-OEt 
- 8b R= -Phe-Leu-OEt 
8c R= -Gly-Phe-Leu-OEt j/r-NH 
- 

Another approach t o  t h i s  problem i s  the  s y n t h e s i s  of non-peptide 
enkephal in  analogs,  which are intended t o  mimic conformationally 
r e s t r a i n e d  enkephalins.  Based on e x i s t i n g  s t r u c t u r e - a c t i v i t y  r e l a t i o n -  
s h i p s  f o r  t h e  enkephalins,  computer modeling and comparison with o p i a t e s ,  
one group deduced a $-turn model f o r  t he  a c t i v e  enkephalin conformation. 
U t i l i z i n g  t h e  Merck Modeling System and t h e  Compare program55, a perhydro- 
naphthalene enkephalin d e r i v a t i v e  (6) was designed t o  mimic t h i s  proposed 
"active" conformation. This a roach yielded analogs which exh ib i t ed  only 
weak o p i a t e  receptor  binding. lBP Another group, synthesized a semi-rigid 
[Leu5]enkephalin analog, (-I> which mimics a 5-2 B-bend conformation and 
obtained weak a c t i v i t y  i n  t h e  guinea p i g  i leum assay.lo2 
series of Bentley compounds @ a - c )  were synthesized i n  an at tempt  t o  com- 
p a r e  how t h e  r i g i d  o p i a t e s  r e l a t e d  t o  t h e  enkephalins active conformation. 
Compound La was active i n  several of t h e  s tandard o p i a t e  assays,  but s t i l l  
doesn' t  r e so lve  t h e  ques t ion  of how t h e  r i g i d  o p i a t e s  t opo log ica l ly  
resemble t h e  enkephalins.  lo3 

F i n a l l y ,  a 

I---I Leutienizing__Ho_rmone Releasing Hormone (LHRH) - St ruc tu re -ac t iv i ty  rela- 
t i o n s h i p s  of LHRH (pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2) have been 
examined by determining t h e  e f f e c t s  of systematic  modif icat ion of each 
r e s idue  on b i o l o g i c a l  a c t i v i t y .  104-109 
e f f e c t s  of t hese  modif icat ions have been examined,llO-lll but  only a few 
a t t empt s  have been made a t  s p e c i f i c  conformational r e s t r i c t i o n .  

The poss ib l e  conformational 

A y-lactam r i n g  has  been incorporated a t  the  Gly6, Leu7 amide bond t o  
provide a backbone r e s t r i c t i o n  i n t o  LI-IRH. 
t h a t  t h i s  modif icat ion w i l l  induce a Gly6-Leu' centered B-bend i n t o  t h e  
molecule. This  LHRH analog exh ib i t ed  8.9 times the LH r e l e a s i n g  a c t i v i t y  
of LHRH i n  v i t r o  and 2.4 times the LH r e l e a s i n g  a c t i v i t y  of  LHRH i n  adu l t  
ovariectomized female rats. l 1 2 p 1 1 3  
d i c t i o n s  based on minimum energy c a l c u l a t i o n s ,  a aeries of a-methyl  amino 
a c i d  s u b s t i t u t e d  and d i s u l f i d e  cyc l i zed  LHRH analogs were synthesized. 

Computer modeling has shown 

I n  o rde r  t o  test conformational pre- 
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While none of t he  analogs displayed enhanced a c t i v i t y  over t h e  r e l a t i v e l y  
less conformationally constrained analogs which they mimicked, they d id  
s e r v e  t o  show t h a t  an a - h e l i c a l  bend a t  pos i t i ons  2 and 3 i s  compatable 
wi th  LHRH an tagon i s t  a c t i v i t y . l l 4  

It  has been shown t h a t  t he  potencies  of LHRH agon i s t s  c o r r e l a t e  with 
t h e i r  r e t e n t i o n  times on reverse-phase high performance l i q u i d  chromato- 
graphy (RP-HPLC), which relates t o  t h e i r  o v e r a l l  hydrophobic character .  
With t h i s  i n  mind, Hansch a n a l y s i s  was appl ied t o  LHRH an tagon i s t s  t o  
opt imize those f a c t o r s  required f o r  receptor  recognition. This approach 
y i e lded  a series of potent  analogs whose r e t e n t i o n  times on RP-HPLC corre-  
l a t e  with i n  vivo a c t i v i t y  b e t t e r  than binding a f f i n i t y  and i.n v i t r o  a c t i -  
v i t y .  This i m p l i e s  t h a t  t h e  e f f e c t  of l i p o p h i l i c i t y  i n  LHRH an tagon i s t s  
i s  r e l a t e d  t o  t h e i r  a v a i l a b i l i t y  t o  the  r ecep to r ,  whereas the  receptor  
i t s e l f  may have d i f f e r e n t  r e q ~ i r e m e n t s . ' ' ~  Based on thp importance of 
l i p o p h i l i c i t y  f o r  LHRH an tagon i s t s ,  a series of $, NG -dialkyl-homoArg6 
analogs were synthesized r e s u l t i n g  i n  [N-Ac-D-Nal(2)', D-pC1-Phe2, q-Trp3, 
- D-h0moArg-(Et2)~, - D-AlalO] LHRH, a highly potent antagonis t . l16 

Conclusion - Development of r a t i o n a l  approaches t o  t h e  design of pept ide 
hormone analogs with u s e f u l  b i o l o g i c a l  and phys ica l  p rope r t i e s  is  s t i l l  in 
i t s  infancy. Yet, conformational and topo log ica l  cons ide ra t ions  already 
have provided new i n s i g h t s  i n t o  the  chemical-physical b a s i s  f o r  t he  biolo-  
g i c a l  a c t i v i t y  of t hese  compounds. However, even f o r  t he  most comprehen- 
s i v e  systems s t u d i e d  t o  da t e ,  any model f o r  a "b io log ica l ly  a c t i v e "  con- 
formation a t  a receptor  must be viewed a s  t e n t a t i v e .  On t h e  one hand, 
even t h e  most r i g i d  pept ide hormone analogs s t i l l  possess some confor- 
mat ional  f l e x i b i l i t y  both with r e spec t  t o  backbone and t o  s i d e  chain con- 
formations.  Thus on i n t e r a c t i n g  with the  r ecep to r ,  s p e c i f i c  i n t e r a c t i o n s  
between t h e  pept ide hormone and the receptor  could lead t o  unexpected con- 
formational  pe r tu rba t ions  of t h e  hormone. On t h e  o t h e r  hand, w e  have 
l i t t l e  o r  no information regarding the  conformational and dynamic proper- 
t i es  of r ecep to r s ,  and progress  i n  t h i s  a r ea  is  urgent ly  needed. 
Nonetheless, new i n s i g h t s  i n t o  the  chemical-physical b a s i s  f o r  b i o l o g i c a l  
information t r a n s f e r  i n  these  systems has emerged from the  conformational 
approach. Continued development of t he  gene ra l  s t r u c t u r a l  and confor- 
mat ional  p r i n c i p l e s  of design reviewed here ,  and of new p r i n c i p l e s  which 
w i l l  emerge as these  approaches are expanded, should provide t h e  b a s i s  f o r  
a n  inc reas ing ly  r a t i o n a l  approach t o  the  design of pep t ide  hormones and 
neuro t r ansmi t t e r s .  
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Chapter 31. To Market, To Market - 1983 

Richard C. Allen, Hoechst-Roussel Pharmaceuticals Inc., Somerville, NJ 08876 

The ultimate goal of each of us engaged in the multidisciplinary fields of 
drug discovery and development is the introduction of the fruit of our efforts into 
the marketplace. Such a milestone may represent the validation of a scientific 
hypothesis and perhaps an indication of a new era in therapy, or simply, the emer- 
gence of an alternative to existing therapy, with or without measurable advan- 
tages. In all cases, such a market introduction represents an accomplishment of 
some magnitude in the face of formidable odds. 

The new chemical entities (NCEs) recently introduced into the US market- 
place are by no means an accurate and timely reflection of these milestones; of 
the 20 NCEs appearing on the US market in 1983, only four represent first time 
introductions into the world marketplace-some were introduced 5-10 years ago in 
other markets and are certainly not an indication of what is new! 

An attempt has therefore been made to compile information on the first 
market introductions of NCEs for human therapeutic use in the world as a whole 
during 1983. I t  is hoped that this information will be useful to the reader as an 
accurate reflection of past accomplishments and perhaps future directions. A 
short summary of the profile, advantages/uniquenes, and utility of each com- 
pound is given; several leading references are offered for the reader interested 
in additional information. 

Acetohydmxamic Acid (hypoam monuric)l ,2 

Country of Origin: USA 

First Introduction: USA 
Originator: Research Organics; Baylor Unk. 

Introduced by: Uro-Research; Mission Pharrnacal 
Trade Name: LITHOSTAT 

Acetohydroxamic acid is a potent, non-competitive and irreversible inhibitor of 
bacterial urease (Ki zlO-7M). This enzyme, which is widely distributed in plants 
and bacteria, but not in mammalian cells, catalyzes the decomposition of urea to 
ammonia. Elevated urinary ammonia levels can reduce the antibacterial effec- 
tiveness of a number of agents. Thus, acetohydroxamic acid is useful as adjunc- 
tive therapy to decrease urinary ammonia and alkalinity in patients with chronic 
urea-splitting urinary infection. Such infections are a leading cause of recurring 
complications and death in paraplegics. 

Afloqualone (muscle relaxant)3,4 

Country of Origin: Japan 
Originator: Tanabe 

First Introduction: Japan 
Introduced by: Tanabe 

Trade Name: AROFUTO 

ANNUAL REPORTS IN MEDICINAL CHEMISTRY- 19 
Copyright 0 1984 by Academic Press, Inc. 

All rights of reproduction in any form reserved 
ISBN 0-12-040519-9 
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Afloqualone is a centrally acting muscle relaxant useful in the management of 
various spastic conditions, including cerebral palsy, cervical spondylosis, and 
multiple sclerosis. It is closely related to the hypnotidsedative methaqualone. 

Alfentanil Hydrochloride (analgesic) 5 9  

Country of Origin: Belgium 0 CH 20CH 3 
Originator: Jansseu CH3CH2~)+H2CH2<*-4>*’ 

First Introduction: Netherlands 0- \ r c o c H 2 ~ ~ 3  
Introduced by: Janssen 

*4*-\* 
/ ‘HC1 *H20 Trade Name: RAPIFEN 

‘a=* 
Alfentanil is a narcotic analgesic with a 
more rapid onset and shorter duration of 
action than its structural relative fentanyl. The primary utility of alfentanil is in 
surgical analgesia/anesthesia, especially for cardiac compromised patients and in 
procedures of short duration. 

Alminoprofen (ana1gesic/antiinflammatory)’7 

Country of Origin: France 

First Introduction: France 
H3\ .404\ JizOOH p 2 = \  /* 

Originator: Labs. Dr. E. Bouchara 

Introduced by: Labs. Dr. E. Bouchara 
*=a H2C 

Trade Name: MINALFENE 

Alminoprofen is an arylpropionic acid analgesic/antiinflammatory agent indicated 
for the short term management of dental, traumatic and postpartum pain. 

Amrinone (cardiotonic)8,9 

Country of Origin: USA 

First Introduction: Phillipines 

%.A 
I ! *  

H2(\*/ \.4 ‘* 

‘ s f  *\. 

Originator: Sterling-Winthrop 

Introduced by: Sterling Drug 
Trade Name: INOCOR 

Amrinone is a positive inotropic agent useful in the management of severe conges- 
tive heart failure. It is effective even in unresponsive, fully digitalized patients. 

Astemizole (antihistamine)lO,ll 

Country of Origin: Belgium 
Originator: Janssen 

I 

/* First Introduction: United Kingdom 

Trade Name: EISMANAL .r\* Introduced by: Jaasslen 

;*=/ 
Astemizole belongs to  the second-generation class of non-sedating, non-anti- 
cholinergic antihistamines. Its non-sedating properties appear to result from its 
poor penetration of the blood brain barrier. As a result it shows no potentiation 
of CNS depressants, including alcohol. Its long half-life allows once-daily dosing. 

YH flCOCH 3 
Auranofii (chrysotherapeutic)l~~13 

Country Originator: of Origin: USA Smith Kleiu (Ir French 

Introduced by: Smith Kleia & French 

/*-rAu+P ( C 2H 5 ) 3 

First Introduction: W. Germany cH3oc&\rzf/ 

Trade Name: RIDAURA ~ C O C H ~  



Chap. 31 To Market, To Market Allen 315 

Auranofin is the first orally effective gold compound to be marketed for the 
treatment of severe rheumatoid arthritis. It is better tolerated and more 
convenient than gold sodium thiomalate, which is administered intramuscularly. 
Refunolol Hydrochloride (antiglaucoma)l4,15 

Country of Origin: Japan 
Originator: Kalcen 

First Introduction: Japan 
Introduced by: Kaken 

Trade Name: BENTOX 

Befunolol hydrochloride is the newest of the 8-adrenergic blockers to be introduced 
for the treatment of glaucoma. It is reportedly devoid of intrinsic sympathomi- 
metic activity, with lower membrane-stabilizing activity than propranolol. 

Betaxolol Hydrochloride (8-adrenergic blocker; antihypertensive)16,17 

Country of Origin: France 
First Introduction: France 

Originator: Synthelabo 
Introduced by: Robert & Carriere 

Trade Name: KERLONE 

Betaxolol hydrochloride is a cardioselective 8-adrenergic blocker, reportedly de- 
void of intrinsic sympathomimetic and membrane stabilizing properties. Its long 
duration of action permits once-daily dosing in mild to moderate hypertension. It 
is also being evaluated in glaucoma. 

Bifonazole (ant if ung al) 18919 

Country of Origin: W. Germany 
Originator: Bayer 

First Introduction: W. Germany 
Introduced by: Bayer 

Trade Name: MYCOSPOR 

Bifonazole represents the first topical broad spectrum antimycotic approved for 
once daily administration. Its in vitro activity appears equivalent to  its structural 
relative clotrimazole, being effective against dermatophytes, other filamentous 
fungi, dimorphic fungi and yeasts. 

Brotizolam (hypnotic/sedative)20,21 

Country of Origin: W. Germany 

First Introduction: Switzerland 
Originator: Boehringer Ingelheim 

Introduced by: Boehrhger Ingelheim IlJI 
\ ;  

A*P 
7 1  
*\*/ 

i* Trade Name: LENDORMIN 

Brotizolam is a hypnotic/sedative approximately 60-1 00 times 
more potent than flurazepam. As with other short-acting, annu- 
lated benzodiazepines (e.g., triazolam), cited advantages include 
lack of adverse effects on sleep and performance after arousal. 

Budralazine (antihypertensive)22,23 

Country of Origin: Japan 

First Introduction: Japan 
Originator: Daiichi 

Introduced by: Daiichi 
Trade Name: BUTERAZINE 



- 316 Sect. V I I  - Worldwide Market Introductions Allen, Ed. 

Budralazine is an antihypertensive agent which is somewhat less potent than 
structurally related hydralazine, and reportedly produces less tachycardia. 

Butyl Flufenamate (topical ant i inf lamrnat~ry)~~ 

Country of Origin: Japan *A* A* 
Originator: Hokaariku ' I  i '  

First Introduction: Japan *+*/ \.8icp3 
h 0 2 C 4 H B  

Introduced by: Hohnitu; Tokyo Tanabe 
Trade Names: FENAZOLE; COMBEC 

Butyl flufenamate is a topical, non-steroidal antiinflammatory agent indicated 
for the treatment of acute and chronic eczema; contact, seborrheic, and atopic 
dermatitis; and herpes zoster. 

Cadexomer Iodine (wound healing agent)25 

Country of Origin: United Kingdom 
First Introduction: United Kingdom 

Trade Name: IODOSORB 

Originator: Perstorp 
Introduced by: Stuart 

Cadexomer Iodine is a hydrophilic, modified starch polymer containing 0.9% 
iodine within the helical structure; it is used in the treatment of decubitus and 
venous leg ulcers. Applied to a wound surface as a powder, it is reported to 
accelerate healing, stimulate granulation, clean the ulcer surface, relieve pain . 
and reduce bacterial counts. 

Cefmenoxime Hydsochldde ( a n t i b i o t i ~ ) ~ ~ , ~ 7  

GOOH CH3 

Country of Origin: Japan 
First Introduction: Japan 

Originator: Takeda 
Introduced by: T- Nippon Roche 

Trade Names: TACEF; BESTCALL 

Cef menoxime hydrochloride is a third generation cephalosporin antibiotic. 
Structurally, it possesses the (1-methyl-lH-tetrazol-5-y1)thiomethyl moiety in 
the 3-position; like several other compounds containing this structural element 
(moxalactam, cefoperazone, cefamandol), bleeding linked to vitamin K interaction 
has been reported. Cefmenoxime has activity similar to cefotiuime, ceftizoxime 
and moxalactam against E. e, C. diversus, Klebsiella, g. Mirabilis, Salmonella, 
Shigella, Neiseria spp., 5. pyogenes, 5. Pneumoniae, and g. influenzae. It is 
relatively ineffective against Pseudomonas and Bacteroidea. 

Ceftddime ( a n t i b i o t i ~ ) ~ ~ , ~ 9  

Country of Origin: United Kingdom t:2-CH2< +/*-.\ ,* 
Hz\*/S* "*+ '/ e=* 

I 
Originator: Glaxo 

Introduced by: Glau, 
First Introduction: United Kingdom ~ - J ~ ~ o m ~ l l l l l ~ 3 , d *  

Trade Name: PORTAM OC (CH3)  2CO 2H 

Ceftazidime is the latest third generation cephalosporin to reach the market. It 
has one of the broadest spectrums of the cephalosporins, similar in many regards 
to that of cefotaxime. It is particularly active against Pseudomonas aeruginosa, 
being perhaps 4-5 times more potent in vitro than moxalactam and cefotaxime. 
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Celiprolol Hydrochloride ( 8-adrenergic blocker)30,31 

Country of Origin: Austria 

First Introduction: Austria 
Originator: Chemie Linz 

Introduced by: Chemie Linr 
/-\ 

(C2H5)  2NCONH-.( ).-OCHz 
a=. 

Trade Name: SELECTOL 'HC1 

Celiprolol hydrochloride is a once-daily, cardioselective padrenergic blocker 
useful in the management of hypertension, angina pectoris and hyperkinetic heart 
syndrome. It is also being evaluated in glaucoma. 

Chenodiol (anti~holelithogenic)~~,~3 

Country of Origin: USA 

First Introduction: USA 
Originator: Rowell 

Introduced by: Rowell 
Trade Name: CHEWM 

,COOH 
'a 

Chenodiol is the first agent to be introduced into the US market for the treatment of 
radiolucent gallstones. Large scale clinical trials have demonstrated the safety and 
efficacy of this agent. Chenodiol reduces the biliary concentration of cholesterol 
relative to that of bile acids and phospholipid, reducing the saturation and thus the 
lithogenicity of the bile. Success rates in dissolving gallstones are in the range of 
50-70% within 4-24 months of treatment. Continuation of the drug after stone dis- 
solution may be required to  prevent reoccurrence. Chenodiol is the 7a-isomer of 
ursodeoxycholic acid which was introduced into the European market in 1978. 

Cyclosporine (ciclosporin) (immunosuppressant)34,35 

H3)xf H,.)CH3 

x$H 

C H 2 T  p H  

4 5 y6 7 8  
-CO-Abu-MeGly-+leLeu-Val-+leLeu 

l 1  1 R 

Country of Origin: Switzerland 
First Introduction: Switzerland 

Originator: Sandoz 
Introduced by: Sandoz 

Trade Name: SANDIMMUN 

Cyclosporine is a cyclic polypeptide with potent, partially selective immuno- 
supressive activity. Isolated from the species Cylindrocarpon lucidium and 
Trichoderma polysporum, cyclosporine is useful in the prevention and treatment 
of graft/host disease and the prevention of rejection following organ trans- 
plantation. It appears to act by preferentially suppressing T-lymphocytes. 
Cyclosporine lacks myelotoxicity, although impaired renal and liver function have 
been observed. Initial administration is via the intravenous route, followed by 
oral maintenance therapy. 
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Ehocitabine (ant ineoplast ic)36,37 
O\ 

Country Originator: of Origin: Japan Asahi ""2\0/\/"(:>0*co (CH2) 2OCH3 

\ TI First Introduction: Japan 

Hb-. 
Introduced by: Topp Jozo 

Trade Name: SUNRABIN 

Enocitabine is an antileukemic agent closely related to cytarabine. It appears 
more resistant to deamination than cytarabine, thus allowing greater in vivo 
phosphorylation into an active cytotoxic metabolite. 

EperisomeHydmchbn 'de (muscle re la~ant)3~,39 

Country of Origin: Japan . .--. Originator: Eisai 
First Introduction: Japan /-*\ 

C2Hg-*' k . 0  HCH2 

Introduced Trade Name: by: E M  MYONAL 'o=o' ZH3 '0-0':~~~ 

Eperisone hydrochloride is a centrally acting muscle relaxant useful in the 
management of various spastic conditions including cervical spondylosis and 
cerebral palsy. It is structurally related to tolperisone. 

Epoprostenol sodium (platelet aggregation inh ib i t~ r )~O,~ l  

Country of Origin: United Kingdom 

First Introduction: United Kingdom 
Originator: Burroughs Wellcome 

Introduced by: Burroughs Wellcome; Upjohn 
Trade Names: FtoLAN; CYCLO-PROSTIN 8 H  

Epoprostenol sodium (prostacyclin) is a naturally occurring prostaglandin indicated 
for the preservation of platelet function during cardiopulmonary bypass, preven- 
tion of platelet aggregation during charcoal hemoperfusion of patients in hepatic 
failure, and as an alternative to heparin during renal dialysis. 

Fenbuprol (choleretic)4&43 

Country of Origin: W. Germany 

,8"8 Originator: Klinge Pharma 
First Introduction: W. Germany , /.-O-CHz HCliflC4Hg 

Introduced by: Rhom Pharma .=. l H  
Trade Name: VALBIL 

Fenbuprol produces an increase in the volume of bile secretion. It is useful in 
patients having symptomatology associated with biliary tract dysfunction. 

Flutamide (antineoplastic)%45 

Country of Origin: USA 

First Introduction: Chile 
Originator: scheting ( CH 3 2 

Introduced by: Schering 
Trade Name: DROGENIL 

Flutamide is an orally active, non-steroidal antiandrogen indicated for the treat- 
ment of prostatic cancer in both castrates and noncastrates. 
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Fluvoxamine Maleate (serontonergic antidepressant)46-48 

Country of Origin: Netherlands 

First Introduction: Switzerland F3C-0, / 3i-CH2-CH2-CH2-CH2-0-CH3 
Originator: Duphar p*-*\, 

N-O-CH 2-CH 2-NH 2 Introduced by: Kali-Duphar .=. 
Trade Name: FLOXYFRAL ‘ C 4 H 4 0 4  

Fluvoxamine maleate is the most recent of the serotonin-specific antidepressants 
to reach the market. In vitro and in vivo animal experiments have shown 
fluvoxamine to  have a marked effect on 5-HT mediated processes and little effect 
on norepinephrine. Clinical trials suggest similar efficacy to  imipramine and 
clomipramine with a somewhat lower incidence of side effects, especially anti- 
cholinergic effects. Fluvoxamine, in contrast to the tricyclic antidepressants, 
does not appear to produce heart rate increase, postural hypotension or pro- 
longation of the intraventricular conduction t ime and QT interval. 

Gallopamil Hydrochloride (antianginal)49 

Country of Origin: W. Germany 
Originator: Knoll 

First Introduction: W. Germany 
Introduced by: Chem. Werke 

Trade Name: PROCORUM 
Minden CH 30 

Gallopamil hydrochloride is a somewhat more potent methoxy analog of calcium 
channel blocker verapamil with a similar profile. It is useful in the treatment of 
angina and auricular arrhythmia. 

Gemeprost ( a b ~ r t i f a c i e n t ) ~ ~ , ~ ~  
o\*-.P+*\ */*\ */’\*/ CO 2CH 3 

/ 
Country of Origin: Japan 

Originator: On0 
First Introduction: MalaysiaJSingapore 'a-• 

Introduced by: May & Baker Ho\+’ 1.4 \*/ \*/ \*/ 
Trade Name: CERVAGEM d H  

Gemeprost, a metabolically stabilized analog of PGE1, has been demonstrated to  
reliably induce termination of early pregnancy when administered as a vaginal 
suppository. Its effect is presumably due to both uterine contraction and rapid 
decline of steroid hormone levels. Minimal side effects have been reported. 

Guanadrel Sulfate (antihyper t ensive)%53 

Country of Origin: USA 

First Introduction: USA 
Originator: Cutter 

Introduced by: Penuwalt 
Trade Name: WLOREL 

Guanadrel sulfate is an antihypertensive belonging to  the class of adrenergic 
neuron blocking drugs. It diminishes sympathetic vasoconstriction by inhibiting 
norepinephrine storage and release from neuronal storage sites. It appears similar 
in effectiveness and side effect profile to its structural relative guanethidine. 
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Halometasone (topical antiinflammatory)%55 

Introductions 

a 

Country of Origin: Switzerland 
Originator: Ciba-igy 

First Introduction: Switzerland 
Introduced by: Ciba-Geigy 

Trade Name: SICORTEN 

Halometasone is a Dotent, topical steroid useful in a variety of acute and 

Allen, Ed. 

chronic . -  
eczematous dermaioses and psoriasis. It is reportedly devoid of skin toxicity and 
systemic effects. 

Hydrocortisone Butyrate Propionate (topical antiinflammat0ry)5~ 

GH flCOCH 2CH 3 

Country of Origin: Japan 
Originator: Taiaho 

First Introduction: Japan 
Introduced by: Taisho 

Trade Name: PANDEL 

Hydrocortisone butyrate propionate is a potent, topical steroid reported to possess 
minimal systemic side effects. It is indicated in the treatment of various acute 
and chronic contact, eczematous, and atopic dermatoses and psoriasis. 

Jndalpine (serotonergic a n t i d e p r e ~ s a n t ) ~ ~ - ~ g  

Country of Origin: France /. Originator: Pharmuka .’ ‘0-. 

\*/ y 
! B c r  First Introduction: France 

Introduced by: Labs. Fournier Freres 
Trade Name: UPSTENE H 

Indalpine is a non-tricyclic antidepressant with a serotonin selective profile. It is 
6-7 times more potent than fluoxetine and clomipramine in inhibiting serotonin 
reuptake in vitro in rat brain synaptosomes. Statistically significant clinical 
effects within one week of onset of treatment have been reported. An anxiolytic 
effect may accompany the antidepressant effect. Indalpine appears devoid of 
anticholinergic and cardiovascular side effects and does not promote weight gain 
or affect appetite. 

 sox xi cam (antiinflammatory)6&62 

Country of Origin: USA 

First Introduction: W. Germany 

Trade Name: PAC= 

Originator: Warner-Lambert 

Introduced by: Warner-Lambert 

Isoxicam is a non-steroidal antiinflammatory agent useful in the treatment of 
various forms of rheumatoid arthritis, osteoarthritis and musculoskeletal dis- 
orders. It is about one-tenth as potent as its structural relative sudoxicam; 
its similar long TQ (>30 hrs.) allows once-daily dosing. 
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Loprazolam Mesylate (hypnotic/sedative)63,64 *-a 

Country of Origin: United Kingdom p< ) N C H 3  
*-a 

‘a<b 

*/ ‘*/C‘ 

Originator: R o w e l  
First Introduction: United Kingdom 

Introduced by: Roussel ,a 

Trade Name: DORMONOCT a’ ‘a 

’ /. *CH3S03H 
Loprazolam mesylate is a potent hypnotic/sedative 
belonging to  the second generation of annulated-l,4- 
benzodiazepines. The T+ of loprazolam (-6 hr.) is 

02daaa/ ‘ 
longer than those of triazolam and midazolam, but 
shorter than the “effective” T% of flurazepam. 

! U  
a /  

Meglutol ( h y p ~ l i p i d e r n i c ) ~ ~ , ~ ~  

Country of Origin: India 

First Introduction: Italy HO2CCH2 C H 2 C 0 2 H  p:“ Originator: Aligarh Muslim Univ. 

Introduced by: Ausonia 
Trade Name: LIPOGLUTAREN 

Meglutol (B-hydroxy- 6-methylglutaric acid; HMG) is a hypolipidemic agent that 
acts via the inhibition of cholesterol synthesis a t  the stage of HMG-CoA- 
reductase, blocking the conversion of HMG-CoA to mevalonate. This conversion 
is the rate-limiting step in cholesterol biosynthesis and is the point of 
physiological feedback control; as such, it appears to be the ideal locus of action 
for a hypolipidemic agent. Investigational compounds that act by this mechanism 
include the natural products compactin and mevinolin. 

Meptazinol Hydrochloride 

i / C 2 H 5  
/ \  r3 

1 
\a-a/ \ * H C 1  

Country of Origin: United Kingdom 

First Introduction: United Kingdom 
Originator: Wyeth a 

*Aa 
‘ I  

Introduced by: Wyeth 

‘OH 
Trade Name: MEPTID 

Meptazinol hydrochloride is an injectable narcotic analgesic with antagonist 
properties; it is similar in potency to meperidine. Meptazinol appears to have a 
low propensity toward respiratory depression and other opiate-like side effects, 
possibly due to selective interaction with the mu-1 receptor. Also somewhat 
unique for an analgesic, it interacts with central cholinergic receptors. An oral 
form of meptazinol is under development. 

Muzolimine (diuretic)70-72 
/c 

H 2 ‘ a v  \a=./ 

Country of Origin: W. Germany 3 /*-a\ g-*/ \a<] Originator: Bayer 

I 
First Introduction: Italy 

Introduced by: Bayer .-a 

Trade Name: EDRUL b 
Muzolimine is a structurally novel, pyrazolone diuretic with a high-ceiling profile. 
It is somewhat slower in onset than furosemide, but has a more prolonged effect, 
similar to  the thiazides. Muzolimine has been shown to be effective in edema of 
cardiac, hepatic and renal origin. It also appears to be effective as an anti- 
hypertensive agent. 
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Nitrefazole (alcohol deterrent)73,74 

Country of Origin: W. Germany 
Originator: E. Merck 

First Introduction: W. Germany 
Introduced by: E. Merck 

Trade Name: ALTIMOL 

Nitrefazole is an inhibitor of aldehyde dehydrogenase useful in the management of 
alcoholism. Cited advantages over disulfiram include longer duration of action, 
higher specificity (no inhibition of dopamine 8-hydroxylase) and fewer side 
effects. It is generally recognized that the efficacy of such agents with respect 
to permanent abstinence is low. However, temporary abstinence and/or 
controlled drinking may facilitate supportive psychotherapy and/or delay the 
onset of severe alcoholic diseases. 

Norfloxacin (ant ibac t erialI7 597  

Country of Origin: Japan 

First Introduction: Italy 
Originator: Kyorin 

Introduced by: Merck 
Trade Name: NOROXIN 

Norfloxacin is the first of the third generation nalidixic acid analogs to reach the 
marketplace. It exhibits potent in vitro and in vivo activity against Pseudomonas, 
enteric gram-negative rods and gram-positive cocci. Norfloxacin is orally 
effective in the treatment of urinary tract infections, including those due to 
organisms refractory to many other agents. 

~xaprozin (antiinflammatory)77,78 

CO H Country of Origin: United Kingdom 

First Introduction: Fbrtugal 
Originator: Wyeth C~H~oAo~o\o/  2 

1-4 
c6d 

Introduced by: Wyeth 
Trade Name: DURAPROX 

Oxaprozin is a non-steroidal antiinflammatory agent indicated for use in various 
forms of rheumatoid arthritis, osteoarthritis, and ankylosing spondylitis. A long 
T$ allows once/twice daily dosing. Structurally it is somewhat unique, being a 3- 
substituted, rather than a 2-substituted propionic acid. 

Oxiconazole Nitrate (antifungal)79 

Country of Origin: Switzerland 

First Introduction: Switzerland 
Originator: Siegfried 

Introduced by: Sauter; Siegfried 
Trade Names: OCERAL; MYFUNGAR c 1  

Oxiconazole nitrate is a broad-spectrum antifungal agent indicated for the 
treatment of skin infections due to yeasts, dermatophytes, yeast-like fungi and 
molds, and gram positive organisms. 
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Oxitropium Bromide (bronchodilat or) 80-8 2 

Country of Origin: W. Germany 

First Introduction: W. Germany 
Originator: Boehringer Ingelheim 

Introduced by: Dieclcmann 
Trade Name: TERSIGAT 
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Oxitropium bromide is an analog of the anticholinergics methscopolamine bromide 
and ipratropium bromide, useful in the treatment of bronchial asthma. Cited 
advantages include a long duration of action and lack of cardiovascular effects. 

Promegestone (progestogen)83,84 

H3C FOCH2CH3 
Country of Origin: France a I am*CH3 

a’ ‘.’ \a 
I l l  First Introduction: France a-a 

Originator: Roussel 

Introduced by: Labs. Cassenne a/ag\a/ 
I ! !  

/\*/ La/ 
Trade Name: SURGESTONE 

Promegestone is a potent progesterone-like agent devoid of androgenic properties, 
and thus masculinizing side effects. It is useful in the treatment of various 
gynecological conditions due to luteal insufficiency, such as premenopausal 
disorders, dysmenorrhea, and premenstrual syndrome. 

sodium Cellulose Phosphate (hypocalciuric)85 

Country of Origin: USA 
First Introduction: USA 

Originator: University of Texas 
Introduced by: Mission Pharmacal 

Trade Name: CALCIBIND 

Sodium cellulose phosphate (SCP) is an insoluble, non-absorbable ester of cellulose 
containing 34% inorganic phosphate and 11% sodium. It is capable of binding 
calcium in the intestinal tract, reducing absorption of this ion, as well  as 
magnesium. SCP is indicated only for the treatment of absorptive hypercalciuria 
type I with recurrent calcium oxalate or calcium phosphate nephrolithiasis. 

~ufe~tanil (analgesic)86,87 

a-a E(~-)~,CHZOCH 3 
Country of Origin: Belgium 1 1-CH2CH2 

First Introduction: Netherlands 
Originator: Jaassen \d *-a ) C O C H ~ C R ~  

Introduced by: Janssen 
Trade Name: SUFENTA 

Sufentanil is a narcotic analgesic with a greater potency and therapeutic ratio 
than its structural relative fentanyl. It appears to  produce fewer cardiac effects 
and less respiratory depression than fentanyl, and thus is especially useful as an 
analgesic/anesthetic in open heart surgery. 
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Suprofen (analgesic/an t iinflam mat ory)88-90 

Country of Origin: Belgium .Ao/ 2H 

First Introduction: Switzerland 

Trade Name: MALDOCIL 

I;--! I 1 
\s/ \./ \./. 

8 

Originator: Janssen 

Introduced by: Cilag 

Suprofen is an arylpropionic acid analgesic/antiinflammatory agent with close 
structural resemblance to ketoprofen. It is more potent in many assays than 
indomethacin and ketoprofen and appears better tolerated. 

Terconazole (antifungal)gl 

Country of Origin: Belgium \.A/ 
Originator: Janssen 

First Introduction: Switzerland 

Trade Name: FUNGISTAT 
introduced by: Cilag 

Terconazole is an antifungal agent somewhat more potent than clotrimazole and 
useful in the topical treatment of vaginal dermatophytosis and candidiasis. 

Tianeptine Sodium (serotonergic antidepressant)9&93 

Country of Origin: France 

First Introduction: France 
Introduced by: Servier 

‘ L 1  I ’  
Originator: Sci. Union et Cie .\./ Lo/ \./. 

Trade Name: STABLON h ( C H 2 )  &O 2 N a  

Tianeptine sodium is a structurally novel, serotonin specific antidepressant. It is 
useful in the treatment of neurotic and reactive depressions, as well as depressive 
states accompanied by anxiety. 

Tioconazole (antifungal)g4 
71 

Country of Origin: United Kiugdom fo)?-CH2[HDCH2T’ /. ‘7 
Originator: Pfieer 0-0 0-- 

First Introduction: Switzerland / \p 
Trade Name: TROSYL .\./ Introduced by: Pfizer i i  

Tioconazole is an antifungal agent, closely related to 
miconazole. Tioconazole is effective in the topical 
treatment of superficial fungal infections and appears to be more potent than 
miconazole against Candida and Trichophyton species. 

Tiropramide Hydrochloride (antispasmodic)95-97 

A1 

Country of Origin: Italy ( C 2H5 2N( CH2 ) 2 0 4 ’  ‘.+Xi2 €ICON( C 2 

First Introduction: Italy .HC1 
Originator: Rotta Research L C O C &  

Introduced by: Rotta ResearCa; Rarer 
Trade Name: MAIORAD; ALFOSPAS 

Tiropramide hydrochloride is a smooth muscle relaxant indicated for the treat- 
ment of spastic conditions of the gastrointestinal and urogenital systems. It 
appears to act by increasing intracellular levels of c-AMP. 
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AA-861, 95 
acetohydroxamic a c i d ,  31 
a c i v i c i n ,  138 
a c r i h e l l i n ,  72 
acy l o v i r ,  122 
C-c'Ado ( c a r b o c y c l i c  3-deazaadeno- 

s i n e ,  120 
ad renorph in ,  2 
adr iamycin ,  142 
AF64A ( e t h y l c h o l i n e  mustard a z i r i -  

dinium i o n ) ,  32 
a f l o q u a l o n e ,  274, 313 
AH 22216 (Lamt id ine ) ,  82 
AH 23844 ( L o x t i d i n e ) ,  82 
a l b u t e r o l ,  74 
a l f e n t a n i l ,  314 
a lminoprofen ,  3 14 
a l p i r o p r i d e  (Riv 20931, 25 
a lp razo lam,  14 
a l p r e n o l o l ,  7 
a l r e s t a t i n  (A4-22,284), 171, 172 
a l th iomyc in ,  152 

amantadine ,  117, 118 
a m d i n o c i l l i n  (mec i l l i nam) ,  109 
b i s  (5-amidino-2-benzimidazolyl) - 
1-aminobenzot r iazole ,  20 
3'-amino-2' ,3 ' -d ideoxycyt id ine ,  138 

AMA-1080 ( R O  17-2101), 107 

methane, 120 

ASL-7022, 51, 73  
aspar tame,  267 
a s t e rn i zo le ,  98, 314 
a t r i a l  n a t r i u r e t i c  f a c t o r ,  253 
a t r i o p e p t i n  I ,  67 
a t r i o p e p t i n  11, 67 
au ranof  i n  , 314 
auromomycin, 141 

l a '  avermect in  B 
avermect in  B 
a x i l l a r i n ,  ?it; 
AY-22,284 ( a l r e s t a t i n ) ,  171, 172 
AY-27,773 ( t o l r e s t a t )  , 173 
p -az idobenzy lca razo lo l ,  286 
a z l o c i l l i n ,  109 
A1 34U [2,6-diamino-9-(2-hydroxy- 

e thoxymethy l )pu r ine ] ,  123 
A25822B, 131 

BABIM [bis(5-amidino-2-benzimid- 

b a c a m p i c i l l i n ,  109 
bac lo fen ,  5 ,  287 
Bay-b-5097 ( c l o t r i m a z o l e )  , 127, 

Bay-h-4502 ( b i f o n a z o l e ) ,  127, 134 
Bay k 8644, 65, 76 ,  289 
Bay-1-9139, 127, 128 
Bay-n-7133, 127, 128 

147 
147 

A 32799, 25 

azo ly l )me thane ,  120 

129, 131, 133 

2-amino-6,7-dihydroxybenzonorbornene, Bay n 2920, 163. 
51 

6-aminolaevul in ic  acid,  55, 57 
3-aminopropane su lphon ic  a c i d ,  55 
4-aminopyridine,  32 
amisu lp r ide  (DAN 2163) , 25 
amoxapine (CL 67,7721, 44 
amphoter ic in  B ,  127, 13.1-133 
amrinone, 76 ,  314 
AMSA (4'-[ (g-acr id inyl )amino]-  

androst-4-ene-3,17-dione, 208 
an i r ace t am (Ro 13-50571, 30 
APB (2-amino-4-phosphonoheptanoic 

me thane - su lphon-pan i s id ide l ,  143 

a c i d ) ,  287 
APP 201-533, 76 
ARA-A, 123 
ARA-C, 138 
a r a c h i d o n i c  a c i d ,  214, 218 
a r e c o l i n e ,  32 
a r g i n i n e  vasopres s in ,  304 
a r i l d o n e  (Win 38,0201, 122 

arugomycin, ( su lmazo le ) ,  142 
AR-L 115, 77 

ASI-222, 71 

Bay n 4605, 162 
Bay o 1248, 162 
Bay o 8278, 95 
Bay 8751 (va lconazo le )  , 134 
BD40, 143 
BDF 6143, 51 
BE 2254 (HEAT),  285 
b e f u n o l o l ,  315 
bendazac,  173 
benoxaprofen, 247 
b e n z o t r i p t ,  88 
benzy lcho l ine  mustard,  286 
N-benzyl-1-(methy1)cyclopropyl 

4-(o-benzylphenoxy)-N-methylbutyl- 

b e p r i d i l ,  98 
b e t a x o l o l ,  315 
BHT, 274 
B-HT 920, 51, 53  
B-HT 933, 51 

amine, 205 

amine H C 1  (MCI-20161, 32 

b i c u c u l l i n e ,  287 
b i f o n a z o l e  (Bah-h-45021, 127 , 134, 315 
b i s a n t r e n e ,  143 
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BL 5255, 97 
bleomycin, 139, 140 
BM-5, 57 
BMY-25260 (L-643,44 1 ) , 82 
BMY-25368, 82 
BMY-28 14 1, 109 
bombesin, 160 
bone r e s o r p t i o n  f a c t o r ,  236 
bremazocine, 160, 288 
BRL 20330, 109 
BRL-20596, 24 
BRL 20627, 24 
BRL 22321, 97 
BRL 268308, 165 
bromocryptine, 57 
2-bromolisuride,  27 
brot izolam, 315 
budesonide, 100, 273 
budralazine,  63, 315 
a-bungarotoxin (BTX) , 
buprenorphine, 6 
bupropion, 158 
buquineran ( U K  14,275 
burimamide, 55 
buspirone, 15 
butaclamol,  21 
butoconazole,  133 
bu topamine, 73 
b u t y l  f lufenamate,  3 
BVDU,  123 
BW 245C, 62 
BW 357U, 159 

287 

1 75 

6 

BW 683C. ( 4 '  ,6-dichlorof lavan) ,  121 

BW 825C, 98 
C-19393H2 (carpetimycin A ) ,  110 
cadexomer iod ine ,  316 
c a r d r a l a z i n e  (IS 24691, 63 
carpetimycin C ,  110 
carpetimycin D ,  110 
c a l c i t r o i c  acid,  180 
calmodulin,  215 
c a p t o p r i l ,  278 
c a r a z o l o l ,  285 
carbamazepine, 16 
carbamylcholfne, 216 
carbazeran,  75 
carbocy l i c  3-deazaadenosine 

carpetimycin A (C-19393H2), 110 
c a r z i n o p h i l i n ,  141 
CCK, 34 

BW-755C, 246 

9 (C-c Ado), 120 

CCK-4, 160 
CCK-8, 160, 161 
cehenoxime,  3 16 
cefotaxime, 107 
cefoperazone, 109 
ce fo te t an ,  109 
cef tazidime,  109, 316 

cefuroxime a x e t i l ,  108 
c e l i p r o l o l ,  317 
c e r u l e t i d e ,  160 
CG 4203, 62 
CG 10213-90, 154 
CGA 64151 (etaconazole) ,  131 
CGA-89317 ( t r i c l abendazo le )  , 151 
CGP 11109, 25 
CGP 12177, 286 
CGP 28392, 289 
CGS 8216, 13, 15 
CGS 9896, 15, 288 
CGS 10746 B,  22 
CGS 13,945, 62 
CGS 14,825A, 62 
CGS 14,831 62 
chenodiol,  317 
chlorambucil ,  138 
( - ) - th reo -ch lo roc i t r i c  acid,  161 
cho laca lc io i c  acid, 181 
CI-844 (3-phenoxypyridine) , 36 
CI-879 (pramiracetam), 36 

c i c l a z i n d o l ,  164 
ciclopiroxolamine (HOE-2961, 134 
c i l a s t a t i n  (MK0791 1, 110 
4-(Cinnamylthio)l-@-D-ribofuranoxyl- 

1H-pyrazole [3,4-d]pyrirnidine, 152 
c ime t id ine ,  81, 82 
ciramadol,  6 
cisapride (R 516191, 24 
ci ta lopram, 54 
CL 115,347, 62 
CL 115,574, 86 
CL 218,872, 12, 13, 15, 288 
c l e n b u t e r o l  (NAB 3651, 43 
clobazam, 14 
c l o f i b r a t e ,  208 
c lo razepa te ,  14 
clomipramine ( G  345861, 42, 44, 46 
clonazepam, 288 
c lon id ine ,  5 ,  56 
c lopen th ixo l  deconoate, 21 
c lo t r imazo le  (Bay-b-50971, 127, 

clovoxamine, 278 
clozapine,  21, 44 
CM 40874, 108 
CM 57373, 158 
CM 57493, 158 

a-CNA, 3 
B-CNA, 3 
c7-OBQ, 53 
compactin, 267, 269 
coumermycin, 143 
CP 45,634 ( s o r b i n i l ) ,  170-172 
cromolyn sodium (FPL 6701, 
cyanopindolol,  285 

CI-914, 75 

129, 131, 133 

CN-146, 130 

96, 97 
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c y c l a r a d i n e ,  123 
c y c l i z i n e ,  55 
cyc lo- (arg-g ly)  , 35 
c y c l o s p o r i n e ,  317 

DA 4577, 83 
DADLE , 6 ,  '288 
DACO, 288 
daunorub ic in ,  143 

D-600, 64, 289 

2-(2,3-dimethylphenoxy)-methyl- 
imidazo l ine ,  1.49 

2-(2,3-dimethylphenyl)-2,3,5,6-tetra- 
hydroimidazo[2,1-b]thiazole, 149 

d i m e t r a c i n ,  44 
d ip renorph ine ,  35, 161 
N,N-dipropyl-2-amino-7-hydroxy- 

dobutamine. 73 
t e t r a l i n ,  53  

, . -  

dazoxiben ,  101 domperidone, 34, 284 
(DBE) d ihydro-be ta-ery thro id ine ,  287 doxaminol, 74 

- cis-DDP(*-diaminedichloroplatinum dynorphin ,  2 
111, 137, 139 dynorphin ( 1-8 1, 267 - trans-DDP, 139 econazole  (R148271, 131-133 

DDAVP (desmopress in ) ,  34 e l l i p t i c i n e ,  143 
10-deazaaminopterin,  137 e n a l a p r i l  (MK-4211, 62 
d e c i l o r u b i c i n ,  142 @-endorphin,  2 ,  4 
d e l t a  s leep- inducing  p e p t i d e ,  16 enkepha l in ,  1-3 , 6 
denzimol,  17 e n o c i t a b i n e ,  318 
deoxynor j i r i m y c i n ,  162, 163 e n p r o f y l l i n e ,  100 
dermorphin,  2 ,  3 enviroxime (LY 122772 1, 120 
3~-desamin0-3~-morpholinodaunorabicin e p e r i s o n e ,  318 

desmopress in  (DDABP), 34 8-epi-thienamycin,  110 
dezoc ine ,  6 epopros t eno l ,  3 18 
DFMO (DL-a-difluromethyl-ornithine) , e taconazo le  (CGA 64251),  131 

DC-52, 140 DP-6,7-ADTN, 51 

(3'-MD), 142 4 ' ep idoxorub ic in ,  137, 142 

. _ _  
153 e t a z o l a t e ,  15,  288 

DCAVP, 34 4'-ethoxy-2'hydroxy-4 ,6  
DHAQ, 143 cha lcone  (Ro 09-0410 
2,5-diamino-9-2-(hydroxyethoxymethYl) e tomida te ,  12, 16 

pur ine  (A134U1, 123 e t o n i t a z e n e ,  3 
3 ,4-d iaminopyr id ine ,  32 e t h y l c h o l i n e  mustard a z  
- c is  -diamined i ch lo rop la t inum 11 i o n  (AF64A), 32 

(*-DDP) , 137 e thy lke tocyc lazoc ine ,  
d i b e n y l i n e ,  286 e t i n t i d i n e ,  82 
- cis-dichloro-trans-dihydroxy-&- etiracetam, 36 

i sopropylamine  p la t inum V I  ( C H I P )  farnotidine,  82 
139 FCE 20485, 108 

416-d ich lo ro f l avan  (BW683C), 121 FCE 22553, 109 
2- ( 3 ,4  -d i ch lo ro  phenoxy -5-n i t ro-  FCE 22891, 109 

d i c l o f e n a c ,  7 f enbupro l ,  318 
5,8-dideazaisopteroyltlutamate f e n d o s a l ,  7 

d i f l u n i s a l ,  6 ,  7 f enoc t imine ,  85 
DL-a-d i f luoromethylorn i th ine  (DFMO), f e n o t e r o l ,  74 

153 f e n t a n y l ,  273 
d i 'hydroa lprenolo l ,  285 f i b r o n e c t i n ,  236 
22,23-dihydroavermectin B l a ,  147 FG 7142, 12 
d ihydroergotamine ,  7 ,  42, 45,  56 FIAC, 123 

b e n z o n i t r i l e  (MDL-860), 121 femoxetine,  45, 157 

( I A H Q ) ,  137 f en f lu ramine ,  44, 157, 

4' ,5-dihydroxy-3,3' ,7-trimethoxy- FK 027 (FR 17027),  108 
f l avone  (Ro 09-0179), 121 FK 33-824, 88 

la,25-dihydroxyvitamin D [ (1 ,25-  FKK, 100 
(OH) D 11, 179 FLA 965 

24, R-25Zd?hydroxyvitamine D~ , 18 1 FLB 13 1 ,  25 
d i l t i a z e m ,  63, 64, 98, 289 f l o r d i p i n e ,  64 
d i m a p r i t ,  55 f l u m e t h r i n ,  151 

f l u n a r  i z  i n e  , 7 

-dimet h 
, 121 

r id in ium 

60 

161, 162 

XY- 
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f luni t razepam, 11, 14 2-(or-hydroxybenzyl)benzimidzole 
c i s - f lupen th ixo l  (N-70091, 47 (HBB), 120 
f l u p e r l a p i n e  (NB 106-6891, 22 hydroxybenzylisoproterenol, 286 
f luphenazine,  47 9- [2-hydroxy-l- (hydroxymethyl) - 
5-f luorocytosine (Ro 2-9915) ethoxymethyllguanine, 123 

( f l u c y t o s i n e ) ,  127, 133 7-hydroxy-methotrexate (7-OH M T X ) ,  
f l u o x e t i n e ,  42, 43, 4 4 ,  45, 46 137 
f lurbiprophen,  7 B-hydroxy-B-methylglutaric a c i d ,  321 
f lutamide,  318 erythro-9-(2-hydroxy-3-nonyl)- 
fluvoxamine, 42, 3 19 adenine,  16 
FMAU, 123 25-hydroxy-10-oxo-19-norvitamin D 
FMLP (N-formylmethionyl-leucyl- 183 

B-FNA, 3 ibuprophen, 6 
B-FOA, 3 ICI-105,552, 172, 173 
N-formimidoyl thienamycin, (imipenem, ICI-1 18.587 (xamoterol) ,  74 

3' 

phenylalanine) ,  236 ibopamine, 73 

MK0787), 110 

a l a n i n e  (FMLP), 236 
N-formylmethionyl-leucyl-phenyl- 

f o r s k o l i n ,  76,  101, 293 
FPL 670 (cromolyn sodium), 96, 97 
FPL 52694, 85 
FPL 55712, 93, 94, 96, 242, 244, 

FPL 58668 (p rob ic romi l ) ,  97 
FPL 59257, 96 
FR 17027 (FK 0271, 108 
FR 34235, 65 
FR 900318, 110 
ga l l i am n i t r a t e ,  139 
gal lopamil ,  319 
gemeprost, 319 
g i l v o c a r c i n  V ,  141 
g i to fo rma te ,  71 
glucagon, 34 
GP 50302, 22 
guanadre 1, 3 19 
guanfacine,  277 
G Y K l  13 380, 160 
H-77, 61 
H 149/94 (p i coprazo le ) ,  84 
H 168/68 (omeprazole), 84 
halofuginone, 154 
halometasone, 320 
halazepam, 14 
HBB 2-(or-hydroxybenzyl)benzimida- 

HEAT (BE 22541, 285 

HOE-296 (ciclopiroxolamine) ,  134 
HOE 892, 87 
HR 375, 24 
HR 810, 109 
HRP 913, 23 
hydrocortisone bu ty ra t e  propionate ,  

4-hydroperoxy i fosfamide,  138 
4-hydroxyandrost-4-ene-3,17-dione, 

246-8 

z o l e ,  120 

HOE-040, 72 

320 

27 3 

ICI-128 ;436, 173 
ICI-14'1,292, 67 
ICI-153,066, 128, 131 
idazoxan ( R X  7810941, 51 
ifosfamide, 138 
IL-2 ( i n t e r l e u k i n  2 ) ,  191-198 
imipenem (N-formimidoyl thiena-  

i nda lp ine ,  320 
in t e r l euk in -2  (IL-21, 191-198, 236 
indoprophen, 6 
iodohydroxybenzylpindolol , 285 
ipratropium, 98, 99 
i p r i n d o l e ,  42, 43, 4 4 ,  45, 47 
IPS 339, 285 
ISF 2469 ( c a d r a l a z i n e ) ,  63 
1 ~ ~ - 2 5 2 2  (oxiracetam),  36 
isoconazole ,  131-133 
2-isopropyl-4-pentenarnide (AIA), 

201, 207 
isoxicam, 320 
i t r aconazo le  (R512111, 128 
ivermect in ,  147 

mycin, MK07871, 110 

JPC-60-36, 158, 159 
JPC-211, 158, 159 
K-351, 67 
KB-944, 65 
KB-1585, 109 
KC-404, 96 
ke tanse r in ,  65, 286 
ketoconazole,  127-1 34 
k i j an imic in ,  142 
KF-4942, 66 
KY-087, 108 
KY-109, 108 
L-640,876, 109 
L-643,441 (BMY-25260), 82, 288 
1,644,440, 109 
L646,591, 109 
l a b e t a l o l ,  6 
laidlomycin,  152 
l amt id ine  (AH222161, 82 
LC-6, 95 
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L H R H ,  308 
l i s i n a p r i l  (MK-521), 62 
l i t o r i n ,  160 
lodoxamide tromethamine (U-42,585E), 

loprazolam, 1 4 ,  321 
lorazepam, 14 
loxapine,  44 
l o x i t i d i n e  (AH 238441, 82 
l o z i l u r e a ,  88 
4R,5S,6Z-2-nor LTD1, 248 
LUR 2366, 25 
LY 53857, 65 
LY 79771, 165 
LY 81067, 17 
LY 104119, 165 
LY 122771 (enviroxime),  120 
LY 141865, 21, 66 
M-7, 51 
M-83 [7-N-(p-hydroxyphenyl)mito- 

mycin-Cl, 140 
M 79175, 172 
M12325 (Sodium 5-aminosulfonyl- 

macrocort in ,  216 
mapro t i l i ne  (Ba-34,276), 42 
mar inac t in ,  142 
mazindol, 164 
MB11008, 159 
M & B 22,948 ( z a p r i n a s t ) ,  97 
MCI-2016 (4-(o-benzy1phenoxy-N- 

97 

2,4-dichlorobenzoate),  122 

methylbutylamine H C L ) ,  32, 84 
McN-A-343, 286 
MD 781124, 25 
MDL 646, 86 
MDL-860 (2-(3,4-dichlorophenoxy)- 

5 - n i t r o b e n z o n i t r i l e ) ,  121 
MDL 899, 63 
MDL-17,043, 77 
MDL-19,205, 77 
mebendazole, 149, 150 
mecamylamine, 287 
mecillinam (aminoc i l l i n )  , 109 
mefloquine, 153 
meglutol,  321 
a-melanotropin,  306 
merpacrine,  317 
meprosc i l l a r in ,  72 
meptazinol,  6, 288, 321 
metergol ine,  53 
N-methyl-D-aspartate ( N M D A ) ,  287 
- cis-methyldi lvasene,  286 
N-methyl-4-piperidinyl b e n z i l a t e  , 

met i t ep ine ,  53 
metkephamid, 6 
metorphamide, 2 
m e z l o c i l l i n ,  109 
mianserin,  43, 4 4 ,  45, 56, 84,  286 

286 

miconazole (R148891, 127-129, 131- 

midazolam, 5 ,  14 
milbemycin, 148 
milenperone (R 34009), 23 
milr inone,  76 
minoxidi l  o - su l f a t e ,  63 
misopros t i l  (SC29333), 86 
mitocymin c ,  140 
mitoxantrone, 137, 143 
MJ 13805, 15 
MJ 13859, 23 

MK 212, 290 

MK-421 ( e n a l a p r i l ) ,  62 
MK-521 ( l i s i n a p r i l ) ,  62 
MK 801, 290 
MK 0787 IN-formimidoyl thienamycin, 

MK 0791 ( c i l a s t a t i n ) ,  110 
MM 4550, 110 
MM 13902, 109, 110 
MM 17880, 110 
monensin, 152 
morantel ,  150 
morphiceptin,  2 
moxalactam, 107 
MPE Fe 11, 137 
MPV295, 66 
M r  1452, 161 
Mr 2034, 2 
M r  2266, 161 

133 

MJ 13980-1, 26 

MK-401, 151 

(imipenem)], 110 

CI-MSH, 35, 256, 306 
MUN-114, 85 
muscimol, 159 
muzolimine, 321 
myoinositol-1,4,5-triphosphate, 

216, 218 
nado lo l ,  7 
nafazatrom, 247 
n a f t i f i n e  (SN 105-8431, 133, 134 
nalbuphine,  6 
NECA, 288 
neoca rz inos t a t in ,  141 
neurotensin,  34 
n i t r a r a  C ,  138 
nitrazepam, 14 
n i t r e f a z o l e ,  322 
n i t r e n d i p i n e ,  289 
2 -0-nit ro- 1 -B-D-arabinofuranosyl- 

cy tos ine  ( n i t r a r a - c ) ,  138 
n i ca rd ip ine ,  64, 96, 98, 289 
n i f e d i p i n e ,  7 ,  63, 64, 98, 289 
n i l e p r o s t ,  86 
nimodipine, 7 ,  64, 98 
nogalamycin, 142 
norfemoxitine,  158 
no r f loxac in ,  322 
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northienamycin, 110 
novobiocin, 143 
NTA-194 ( t i a r a m i d e l ,  97 
n y s t a t i n ,  131 
1 ,25- (OH2 1 D3 ( l a  ,25-dihydroxyvitamin 

D ) ,  179-187 
1,23,15-(OH)3-24-oxo-D 180 
la-25-(OH)2-24-oxo-D3, ' 182 
1,25-(OH)2-24-0~0-D , 180 
23s ,25- (OH )2-D3, 180 
23,25-(OH)224-oxo-D , 182 
25-0H-D3-26,23-lact&1e, 180 

OKY 1581, 2873' 
omerprazole (H 168/68), 84 

25,26-(0H) -D 180 

ONO-2235, 173 
OPC-8212, 76 
ORG 2766 (ACTH4-91, 35 
oxamniquine, 149 
oxaprozin,  322 
oxatomide (R 35,4431, 96 
oxiconazole (Ro 13-89961, 132, 

oxiracetam (ISF-2522), 36 
oxitropium bromide, 323 
oxmetidine,  82 
oxybutynin, 274 
6-oxo-PGFla, 277 
parathione,  4,  206 
pa roxe t ine ,  289 
PAT, 54 
PD 112,548, 75 
pencycuron, 273 
pengi toxin,  71 
pe rgo l ide ,  66 
2-( perhydro-l,4-thiazepin-4-y1)- 

permethrinic  a c i d ,  267 
PFA (phosphonoformic a c i d ) ,  123 
PGD2, 296 
PGE1, 296 
phenezine , 276 
phenidone, 246 
3-phenoxypyridine (CI-8441, 36 
phenylmethanesulphonyl f l u o r i d e ,  

215 
PHNO, 285 
phosphonoformic a c i d  (PFA), 123 
phosphatidylinositol-4,5-bisphos- 

phate ,  213, 214, 217, 218 
phosphatidyl inositol-4-mono- 

phosphate, 213, 214, 217, 218 
phosphatidyl s e r i n e ,  213 
picoprazole  (H 149/94), 84 
p i f l u t h i x o l ,  47 
pimobendan (UD-CG 1151, 75 
p i n a c i d i l ,  63 
pindolol ,  7 
p ipo th iaz ine  pa lmi t a t e ,  21 

133, 322 

ethylbenzyl  e t h e r ,  150 

piracetam, 31, 36 
p i r b u t e r o l ,  74 
pirenzepine,  84, 286 
p i r i b e d i l ,  159 
p i v a l o p r i l  (RHC 36591, 6 
PK 8165, 15 
PK 9084, 15 
PLG, 35 
PL017, 2 

pramiracetam (CI-879), 36 
p razos in ,  42, 45, 56, 285 
p r e n a l t e r o l ,  73, 274 

probicromil  (FPL 586881, 97 
progabide (SL 760021, 16, 27 
proglumide, 88 
promegestone, 323 
propachlor ,  274, 276 
N-propylnorapomorphine, 57 
p ros t acyc l in ,  318 

pyrazofuran, 137 
pyrrolomycin, 130 
QM 7184, 21, 22 
q u e r c i t r i n ,  172, 175 
3-quinucl idinyl  b e n z i l a t e  (QNB) , 286 
quipazine,  53 
q u i s q u a l i c  a c i d ,  287 
R14827 (econazole) ,  131-133 
R14889 (miconazole), 127-129; 

131-133 
R24571, 132 
R 35,443 (oxatomide) , 96 
R42470 ( t e r conazo le )  , 129 
R51211 ( i t r a c o n a z o l e ) ,  128 
r a n i t i d i n e ,  81, 82 
rauwolscine,  51 
ravidomycin, 141 
RDS 127, 158, 159, 285 
13-cis r e t i n o i c  a c i d  (RO 4-37801, 

RHC 3288, 97 
RHC 3659 ( p i v a l o p r i l ) ,  62 
r i b a v i r i n ,  117, 119, 137 
2-~-D-ribofuranosylthiazole-4-car- 

boxamide 2 ( t i a z o f u r a n )  , 137 
r imantadine,  118 
R M I  15,37 1 ( 1 - (5-tetradecyloxy- 

2-furanyl)ethanone),  122 
R M I  82,249, 77 
Ro 2-9915 (5-f luorocytosine,  f l u -  

Ro 4-3780 ( 1 3 - e  r e t i n o i c  a c i d ) ,  

3-PPP, 53, 285 

PRH-836-EA, 97 

PY-108-068, 64 

- 
95 

c y t o s i n e ) ,  127, 133 

95 
RO 5-3663, 14 
RO 5-4864, 14, 288 
Ro 09-0410 (4'-ethoxy-2'-hydroxy- 

4,6'-dimethoxychalcone), 121 
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Ro 09-0179 (4' ,5-dihydroxy-3,3' ,7- 

Ro 13-5057 (an i race tam)  , 36 

Ro 13-8996 (ox iconazo le ) ,  132, 133 

t r ime thoxyf l avone ) ,  121 

RO 13-6298, 143 

RO 15-1903, 110 
RO 15-1788, 13, 14, 288 
RO 16-8714, 165 
RO 17-2301 (AMA-1080), 107 
RO 22-0654, 163 
RO 22-1319, 27 
RO 22-6600, 23 
Ro 216,937 ( t r i m o p r o s t i l ) ,  86 
RS-533, 109 
RS 21361, 51, 56 

RU 24969, 54 
RU 25591, 158 
RX 781094, 51, 285 
SA 446, 62 
s a f r a c i n  A, 140 
saf ramycin  R, 140 
sa lbu tamol ,  43 
sa l inomycin ,  152 
sangivamycin,  138 
sapon ine ,  216 

RSD-127, 53 

SC-4453, 71 
SC-30552, 65 
sc 29333 ( m i s o p r o s t i l ) ,  86 
SC 30249, 86 
SC 38390 ( z inoconazo le ) ,  128, 129 
Sch 23390, 27, 285 
Sch 28080, 85 
Sch 30566, 129 
Sch 31153, 129 
Sch 31498, 129 
Sch 31,846, 62 
s e l e n a z o l e ,  119 
s e r t r a l i n e ,  42 
SF-1623, 109 
SF 86-327, 129, 130, 133 
SKF 10047, 288 
SKF 38393, 21, 158, 159 
SKF 82515, 66 
SKF 86466, 51 
SKF 88046, 96 
SKF 93319, 83, 98 

SN 105-843 ( n a f t i f i n e ) ,  133, 134 
Sodium 5-aminosulfonyl-2,4-dichloro- 

benzoate  (M12325), 122 
sodium c e l l u l o s e  phosphate,  323 
sodium h e x a c h l o r o i r i d a t e ,  139 
sodium v a l p r o a t e ,  16 
s o m a t o s t a t i n ,  34, 88, 296, 305 
s o r b i n i l  (CP 45,6341, 170-172 
sp ipe rone ,  284, 286 
spor io fung ins  A, B d( C, 130, 131 
spirogermanium, 153 

SM-4470, 129 

SQ 26,917, 107 
SQ 28,502, 107 
SQ 28,503, 107 
SQ 28,332, 107 
s t r e p t o n i g r i n ,  137 
subs t ance  P, 1 ,  34 
s u f e n t a n i l ,  323 
su lconazo le ,  133 
s u l i n d a c ,  173 
su lmazole  (AR-L 1151, 77 
su lp i r i . de ,  24 
s u l v e r a p r i d e ,  25 
supro fen ,  6, 324 
TA064, 73 
t e f l u d a z i n e ,  23 
t e r c o n a z o l e  (R424701, 129, 324 
1-(5-tetradecyloxy-2-furanyl)- 

e thanone ,  (RMI 15,7311, 122 
t e t r ahydrocannab ino l ,  278 
3,3a,5,llb-tetrahydro-7-hydroxy- 

5-propyl-2H-fur0 [3,2-b]naphtho- 
[2,3-d]pyran-2,6,11-trione, 152 

thiazinamium c h l o r i d e ,  99 
t h io rphan ,  1 
THIP, 5, 15, 16, 159 
THPO, 16 
t i a n e p t i n e ,  324 
t i a p a m i l ,  289 
t i a p r i d e  (FLO 13471, 26 
t i a r a m i d e  (NTA-1941, 97 
t i b a l o s i n e ,  66 
t imipe rone  (DD-34801, 23, 24 
t i o c o n a z o l e  (UK 20,3491, 129, 

t i o t i d i n e ,  55, 82, 288 
t i oxapro fen ,  1.30 
t i r o p r a m i d e ,  324 
TL-99, 51, 53, 285 
t7-OBQ, 53 
t o c a i n i d e ,  274 
t o l r e s t a t  (AY-27,773), 173 
tomazepam, 14 
t r a c a z o l a t e ,  15 
( n - 5 ' ) t r a n i l a s t ,  96 
t r a p i d i l ,  100 
t razodone ,  45, 46, 289 
TRH, 34 
t r i c l a b e n d a z o l e  (CGA-893171, 151 
t r i f l uadom,  160 
t r i f l u o p e r a z i n e ,  47, 216 
t r imazos in ,  66 
t r imip ramine ,  84 
t r i m o p r o s t i l  (Ro 216,9371, 86 
t r o p a p r i d e  (MD 790501), 26 
TSH, 296 
U-42,585E (lodoxamide tromethamine),  

97 
U-54537 E, 26 
U-54,669F, 67 

133, 324 
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U-60257, 95, 247 
UD-CG 115 (pimobendan), 75 
UK 14,275 (buquineran) ,  75 

UK 20,349 ( t i o c o n a z o l e ) ,  129, 133 
UK 36,327, 75 
ursodeoxychol ic  a c i d ,  273 
va lconazole  (Bay 87511, 134 
v a l p r o i c  a c i d ,  274, 278 
vasopres s in ,  304 
verapami l ,  96, 98, 278, 289 
v i l o x a z i n e  ( I C I  58 , 834) , 45 
y -v iny l  GABA, 159 
V I P ,  34 
virenomycin,  14 1 
VP-16 (4'demethylepipodophyllotoxin- 

9- (4 , 6-O-ethylidine-f3-D-gluco- 
p y r a n o s i d e ) ) ,  141 

UK-14,304, 51 

WB-4101, 67 
WHR-1370, 85 
Win 38,020 ( a r i l d o n e )  , 122 
Win 44,441, 161 
Win 48,049, 63 
Win 49,321, 122 
Wy 26392, 51 
Wy 26703, 51 
Wy 44221, 62 
xamotero l  ( I C I  118,5871, 74 
YC-93 ( n i c a r d i p i n e  hydroch lo r ide ) ,  

96 
YM-08050, 24 
YM-09151-2, 24 
z a p r i n a s t  (M h B 229481, 97 
z e t i d o l i n e  (DL-308) , 27 
z ime l id ine  (M 102/09), 42, 4 4 ,  45, 

46, 158 
z inoconazole  (SC 383901, 128, 129 
ZK 36,374, 62 
Z K  91296, 17 
z o f e n o p r i l ,  62 
zomepirac,  6 
zop ic lone ,  16 
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a d e n y l a t e  c y c l a s e ,  
a d e n o s i n e ,  neuromoduia tor ,  18, 1 
a d j u v a n t s ,  9, 244 
a d r e n a l  s t e r o i d o g e n e s i s ,  2 ,  263 
B - a d r e n e r g i c  b l o c k e r s ,  
a f f i n i t y  l a b e l i n g ,  - 9 ,  2 5  
a l c o h o l  consumpt ion ,  d r u g s  and d e t e r r e n c e ,  
a l d o s e  r e d u c t a s e ,  19, 169 
a l k a l o i d s ,  
a m i n o c y c l i t o i  a n t i b i o t i c s ,  12, 110 
a n a l g e s i c s  ( a n a l g e t i c ) ,  

a n e x h e t i c s 7  1, 30; 2 ,  24; 3 ,  28; 4, 28; 1, 39; 8, 29, lo, 30 
a n i m a l  models, a n x i e t y ,  15, 51 
a n i m a l  models ,  memory and-rearn ing ,  
a n o r e x i g e n i c  a g e n t s ,  
a n t a g o n i s t s ,  c a l c i u m ,  
a n t a g o n i s t s ,  GABA, 1 3 , T l ;  3, 4 1 ;  
a n t a g o n i s t s ,  n a r c o t i c  
a n t a g o n i s t s ,  n o n - s t e r o i d a l ,  
a n t a g o n i s t s ,  s t e r o i d a l ,  
a n t h r a c y c l i n e  a n t i b i o t i c s ,  2, 288 
a n t i a g i n g  d r u g s ,  9, 214 
a n t i a l l e r g y  a g e n t s ,  

11, 51; l2, 70; 3; 51; l4, 51; 2, 59; 17, 51; 3, 61; 3, 93 
a n t z n g i n a l s ,  - 1 ,  78; - 2 ,  69, 1, 71;  5 ,  63; 1, 69; 8,  63; 9, 67; l2, 39; 

17, 71 
a n t i a n x i e t y  a g e n t s ,  

9 ,  1 ;  10,  2; 11, 13; 12, 10; 12, 21; 3, 22; 3, 22; g ,  31; 17, 1 1 ;  
18, 1 1 7 3 ,  11 

a n t G r r h y t h m i c s ,  
a n t i b a c t e r i a l  a g e n t s ,  I, 118; - 2,  112; - 3,  105; 4, 108; 5 ,  87; 6 ,  108; 

17, 107; - 18, 109; l9, 107 
a n t z i o t i c s ,  

- 7 ,  217; 8 ,  704; 9 ,  35 ;  2, 109, 246; 11, 89; 2, 271; - 127 101,170; -9 13 
103, 149: 1 4 ,  103; 15, 106; l'J, 107; l8, 109 

6,  233; - 6,  227; l2, 172; 3, 293 

10; 51; 2, 81 

4, 246 

1,  3 1 1 ; 1 ,  358; 4, 322; 5 323; 6 ,  274 

1 ,  E; 2, 33; 3,  36; 4, 37; 3,  31; 6 ,  34; 1, 31; 
- 8 ,  20; 9 ,  11;  10, 12; 3, 23; 2, 20; 2, 41 ;  l4, 31; 2, 32; 16, 4 1 ;  
17, 21;-18, 5 1 7 2 ,  1 

2, 30 
1, 51; 2, 44 ;  3 ,  47; 2, 40; 8, 42; 11, 200; 3, 172 - 

16,  257; 17, 71; 2, 79 

7 ,  31; 8, 20; 9, 11; lo, 12; 11, 23 
1 ,  191; 3 ,  184 

1,  273; 2 ,  208; 3 ,  207; 4, 199 

1 ,  92; 2, 83; 3 ,  84; 1, 89; $2, 85; 2, 85; lo, 80; 

1, 1; 2, 1 ;  3 ,  1; 4, 1 ;  5 ,  1; 6 ,  1 ;  1, 6; 8, 1; 

- - 

1 ,  85; 6 ,  80; 8, 63; 9, 67; 12, 39; 2, 99 

1,  109; 2 ,  102; 3 ,  93; 4, 88; 5,  75; 5,  156; 6 ,  99; 7 ,  99; 

a n t i b o d i e s ,  d r u g  carriers and t o x i c i t y  r e v e r s a l ,  
a n t i b o d i e s ,  monoclonal ,  16, 243 
a n t i c o n v u l s a n t s ,  

2, 11 
a n t i d e p r e s s a n t s 7  1 ,  12; 2 ,  1 1 ;  3,  14;  4, 13; 5 ,  13; 6 ,  15; 1, 18; 8, 

l5, 233 

1 ,  30;?, 24; 3,  28; 4, 28; 1, 39; 8, 29; 10, 30; 11, 
13; 12, 10; 13,-21; 3 7  22; 13, 22; 16, 31; 17, 11; 3, 

- -  11;  1 1 ,  3; 12, 7; 12, i; 2, i; 3, 1; g ,  1; 17, 4 1 ;  - 18, 41 

a n t i  f u n g a l s  , 
a n t i h y p e r l i z d e m i c s ,  15 1 6 2 ; 7 8 ,  161 
a n t i h y p e r t e n s i v e s ,  

9 ,  107; 10,-;20; - 11; 101; 13, 113; 3, 139; 3, 139; 2, 127 

1Tb; 2,  m; 3, 53; 4 ,  47; 5 ,  49; 6 ,  52; 1, 59; 
- 8 ,  52; 9 ,  57; 2 , - 6 1 ;  - 125 60; a, 71; 2, 61; 3, 79; 3, 73; 3, 
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a n t i v i r a l  agen t s ,  

1, 136; 1 ,  150; 2, 131; 2, 147; 3,  126; 3,  140; 4, 126; 

6 ,  42; 9, 19 

1, 324; 2, 330; 3 ,  327; 3,346 

1, 7% 8, 73; 2, 75; 3, 99; l2, 80; 3, 71; 17, 79 
1, 1297 2, 122; 3,  116; 4, 117; 5, 101; 6 ,  118; 

- 7, 119; 8, 150; 9, 128; lo, 161; ll, 128; 2, 133; 2, 149; l6, 149; 
18, 139;-2, 117- 

apoGhine  chemistry,  2, 331 
arachidonate  lipoxygenase , 16, 2 13 
arachidonic  ac id  cascade, 
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c a n z b i n o i d s ,  9, 253'- 
carboxyl ic  acid: metalated,  2, 278 
ca rc inogen ic i ty ,  chemicals, 12, 234 
ca rd io ton ic  agents ,  
cardiovascular  a g e n t s 7  lo, 6 1  
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5,  2107 1, 194; 8, 204; lo, 202; ll, 158; 16, 199 
1, 213; - 2, 208, 3,  207, 4, 199 

- 
8, 160; 2, 146; l8, 149 

1, 30; - 2, 24;-3, 28; 4, 28; 1, 39; 5,  29; lo, 30; ll, 13; 
12, 10; 17, 21; 3, 22;-3, 22; 3, 31; 17, 1 1 ;  l8, 1 1 ;  - 19, 1 1  



- 338 CUMULATIVE CHAPTER TITLES KEYWORD INDEX 

immunity, c e l l u l a r  mediated,  3, 191; l8, 265 
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i n h i b i t o r s ,  p l a t e l e t  agg rega t ion ,  60 
i n h i b i t o r s ,  p r o t e o l y t i c  enzyme, 13; 261 
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o p i z d s ,  endogenous, 
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3, 264; 4, 270; l2, 249; l4, 42; 3, 303 

1 ,  224; 2 ,  217; 3 ,  215; 4, 207; 5 ,  225; 
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p i t u i t a r y  hormones, 
plasma membrane pa thophys io logy  , 
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