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Preface 
In this volume, there are five reviews of topical subjects. The availability of 
drugs for the successful treatment of many diseases results in an increase in 
the number of people who live to their eighties and nineties at which time 
Alzheimer’s disease is most prevalent. The steady progress which is being 
made in our understanding of this complex disease and in the development 
of drugs for its treatment are reviewed in Chapter 1. Chemotherapy of an- 
other disease which often resists treatment may have another weapon in its 
armoury if recent work on modifying a naturally occurring anticancer com- 
pound (camptothecin) succeeds in reducing its side-effects; recent efforts in 
this field (described in Chapter 2) may yield a drug of value in treating cancer 
of the colon and stomach. 

Transporting a drug molecule to a specific site of action continues to pre- 
sent a challenge. The use of phosphates and phosphonates to protect the 
drug from hydrolysis or other form of damage en route is reviewed in Chap- 
ter 3. The destruction of pathogenic microbes is of vital importance both in- 
side and outside the human body; this is particularly true of hospitals where 
there has recently been an increase in the diagnostic and surgical use of en- 
doscopy. Sterilization using aldehydes (especially glutaraldehyde) is sur- 
veyed in Chapter 4. 

The difference in biological potency between enantiomers of compounds 
such as adrenaline, ephedrine and morphine is well-known. Manufacturers 
of more complex synthetic asymmetric drug molecules are now turning their 
attention to the merits of offering the patient only the biologically active en- 
antiomer. Chapter 5 is an account of the progress that has been made in 
this expanding area of medicinal chemistry. 

We thank the authors for condensing the ever-expanding literature of 
these topics. We are grateful to publishers who own the copyright of material 
reproduced with their permission and to our own publishers for their en- 
couragement. 

July 1996 G.P. Ellis 
D.K. Luscombe 
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INTRODUCTION 

Effective drug therapy for Alzheimer’s disease is one of the major goals of 
‘the decade of the brain’, proclaimed first in the United States and shortly 
thereafter in Europe. Two countries have already granted marketing author- 
isations for one compound, tacrine (see p. 46) [ 11, indicated for Alzheimer’s 
disease. For those who are not specialists in this area, it is important to 
note that these authorizations recognize the achievements reached during 
the preliminary stages of research and nothing more. Tacrine provides 
symptomatic relief in the early stages of the disease by reducing memory im- 
pairment but does not have any known effect relating to the theoretical cho- 
linergic basis of the disease. This drug is a temporary, partial and modest 
preliminary step in our progress towards finding a truly effective agent which 
is dramatically lacking in our current pharmaceutical armamentarium. 

The history of tacrine does, however, provide an excellent illustration of 
the problems encountered in the development of drugs for use in the wider 
field of dementia and thus merits careful consideration. Both modesty and 
patience are essential when approaching the problem of dementia. How can 
it be otherwise since research to date has been relatively unsuccessful and 
drug development to final clinical proof of efficacy is such a long process? 
Advances will depend on stimulating exchanges amongst researchers in mo- 
lecular biology, genetics, clinical medicine and pharmacology as well as co- 
ordinating the efforts of regulatory agencies. The general international con- 
sensus on the importance of adopting common co-ordinated strategies in 
the fight against Alzheimer’s disease emphasizes the exceptional nature of 
this field of research. 

In addition to discussing possible therapeutic agents, a review of the phar- 
macology and chemistry of drugs with anti-Alzheimer’s disease potential 
would be incomplete without raising a number of major problems facing re- 
search in dementia. We shall therefore examine the clinical symptoms and 
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diagnosis in man, experimental models for screening new compounds, and 
strategies for testing the effect of promising compounds in man. We shall 
also present a critical assessment of several phase I11 trials currently being 
conducted in several countries. It is hoped that this will help to stimulate 
fundamental research and its transcription into the final stages of drug de- 
velopment, and the ultimate goal of marketing a truly safe and effective 
drug responding to the needs of our patients and their families.* 

DESCRIPTION OF ALZHEIMER’S DISEASE 

Alzheimer’s disease is characterized by a progressive deterioration of the 
cognitive functions (dementia) associated with specific histological lesions 
of the cerebral cortex. The disease is age-related. An early form begins be- 
tween the age of 45 and 60 years and occurs in about 0.1% of the population 
at risk. A late form, which has increased in frequency in developed countries 
due to longer life expectancy, is seen in subjects aged over 60 years. Alzhei- 
mer’s disease occurs in about 5-6% of the population over 65 years of age. 
Prevalence is multiplied by a factor of two for every 5 years increase of age 
and consequently in the population over 80 years of age, it reaches 20%. 

The disease always begins insidiously, the three types of symptoms of 
memory impairment, behavioural disorders and failure of specific mental 
functions developing progressively. 

‘The following abbreviations are used in this review: AAMI, age-associated memory impair- 
ment; Ach, acetylcholine; ADAS, Alzheimer’s disease assessment scale; ADRDA, Alzheimer’s 
Disease And Related Disorders Association; ALAT, alanine amino transferase; AMPA, a-ami- 
no-3-hydroxy-5-methyI-4-isoxazolyl propionate; APP, p-amyloid precursor protein; ASLA, as- 
partate amino transferase; Ap, p-amyloid; ATP, adenosine triphosphate; BDNF, brain-derived 
neurotrophic factor; BMAA, p-methylamino-L-alanine; BOAA, 8-N-oxalylamino-L-alanine; 
BPRS, brief psychiatric rating scale; CGI, clinical global impression; CIBIC, clinician’s in- 
terview-based impression of change; DFT, dementia of frontal type; DSM IV, Diagnostic and 
Statistical Manual, 4th edn; DSP-4, N-2-chloroethyl-N-ethyl-2-bromobenzylamine; EEGQ, 
quantified electroencephalogram; FR, free radicals; GLU, glutamate; MI ,  muscarinic-type 1 re- 
ceptor; MAO-B-I, monoamineoxidase type B inhibitors; MAOI, monoamine oxidase inhibitor; 
MMS(E), Mini-mental state (examination); MPTP, l-methyl-4-pbenyl-l,2,3,6-tetrahydropyri- 
dine; N, nicotine; NBM, nucleus basalis rnagnorellularis; NFT, neurofibrillary tangle; NGF, 
nerve growth factor; NINCDS, National Institute of Neurological & Communicative Disorders 
& Stroke; NMDA, N-methyl-o-aspartate; NMRI, nuclear magnetic resonance imaging; 
NSAID, non-steroidal anti-inflammatory drugs; NT, neurotransmitter; PET, positron emission 
tomography; PKIPD, pharmacokinetic/pharmacodynamic relationship; PPA, progressive pri- 
mary aphasia; PRAD, probable Alzheimer’s disease; SAM, senescence-accelerated mouse; 
SPECT, single photon emission computed tomography; THA, tetrahydroaminoacridine. 
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(i) Memory impairment which is limited to recent events is the first symptom 
occurring in 75% of cases and directly affects the patient’s everyday life and 
his or her relationships with family and friends. On examination, the disease 
can be distinguished from age-associated memory impairment. Temporal, 
followed by spatial disorientation occurs early in the disease. The patient is 
unable to recall three words after an interfering event such as counting back- 
wards, and cannot use compensatory association techniques to improve 
memory performance. At onset, these symptoms are highly suggestive of 
Alzheimer’s disease but they also occur in a number of other degenerative 
dementia diseases including Lewy body disease and degenerative diseases 
of the frontal lobe. 

(ii) In 40% of cases, behavioural disorders is the first manifestation of the 
disease, with or without associated memory impairment. Usually, the pa- 
tient becomes self-centred, more or less oblivious to his or her surroundings, 
and appears to be sad or anxious. A diagnosis of depression is often consid- 
ered, but several symptoms are markedly different. In Alzheimer’s disease, 
there is no feeling of guilt or self-accusation. Sensorial pleasures such as eat- 
ing out, music, and affection, for example, with children and grandchildren, 
are not disturbed. On examination, the memory loss is too great to be ex- 
plained by the effects of depression in which temporal and spatial orienta- 
tion is at least partially maintained and processes of associative assistance 
can improve memory performance. Signs of depression may also be ob- 
served in the early stages of certain frontal lobe dementias. Uninhibited so- 
cial behaviour is exceptional in the early stages of Alzheimer’s disease and 
is more often a sign of frontal lobe dementia. 

(iii) In about 5% of cases, the first sign of disease is an isolated dysfunction 
of specific mental functions. The most common manifestation is impaired 
language performance with missing words, often attributed to poor memory 
and having little impact on everyday life. In fact, such progressive manifesta- 
tions of degenerative aphasia comprise a syndrome usually resulting from 
frontal lobe degeneration or focal lobar atrophy. Apraxia is exceptionally 
the inaugural sign but can also be observed in corticobasal degeneration 
and focal lobar atrophy. 

The disease invariably worsens with time but with wide interindividual 
variability. Generally, cognitive impairment as measured on the Mini-Men- 
tal State Examination (MMSE) declines by 3 to 4 points per year. In slow de- 
cliners, however, loss may be less than 1 point per year and, in fast decliners 
loss may be as much as 7 points or more per year. In addition, mental decline 
usually follows a linear pattern or shows temporary plateaux between peri- 
ods of more or less rapid decline. Performance also varies from one day to 
the next and occasionally within a given day. Nevertheless, major long- 
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term variations in mental performance are unusual in Alzheimer’s disease 
and are more suggestive of Lewy body disease. 

Severity is evaluated by assessing the degree of cognitive impairment (for 
example, a MMSE score above 18 defines minor dementia, 10 to 18 moder- 
ate dementia and below 10 severe dementia) or by measuring the loss of in- 
dependence in everyday activities (in minor dementia a certain degree of in- 
dependence is retained, in moderate dementia assistance is required and in 
severe dementia the patient is totally dependent). Specific evaluation scales 
such as the Clinical Dementia Rating [2] or the Global Deterioration Scale 
[3] integrate both types of information. 

Unless histological proof is obtained, diagnosis is a question of probabil- 
ity. The NINCDS-ADRDA [4] criteria are usually used for diagnosis with 
good sensitivity (above 90%) but with low specificity, particularly in early 
stages (about 70%). 

There is no biological marker for Alzheimer’s disease. However, three 
complementary explorations are useful for diagnosis. A computed tomogra- 
phy or nuclear magnetic resonance imaging (NMRI) of the brain can elimi- 
nate vascular dementia or focal brain lesions. Ventricular dilatation or  
widened arachnoid spaces localized in the posterior regions of the 
hemispheres and atrophy of the hippocampal regions are suggestive of Alz- 
heimer’s disease. The electroencephalogram and especially quantified EEG 
usually show a slow basal rhythm. Single Photon Emission Computed 
Tomography (SPECT) is probably the most useful technique but the images 
acquired are not specific. The most characteristic feature is deficient brain 
perfusion, usually in the temporoparietal regions, although different regio- 
nal distributions are seen. The perfusion defect may be asymmetrical or 
even lacking in the early stages of the disease. 

Neuropathological examination of brain tissue reveals three types of ab- 
normality: senile plaques, neurofibrillar degeneration and neuronal loss. Se- 
nile plaques are the most characteristic feature. The centre of the plaques 
contain a deposit of Ap-amyloid protein surrounded by neuronal debris. 
Plaques occur diffusely in layers I and I11 of the cerebral cortex. Neurofibril- 
lar degeneration is an intracellular phenomenon caused by abnormal phos- 
phorylation of the tau proteins in the cytoskeleton. It occurs in layer V, espe- 
cially in the hippocampal regions and in the associative cortex. Neurone 
loss follows synaptic loss and predominates in the same regions. Debate con- 
tinues on two elements: the relationship between these histological abnor- 
malities and clinical signs, and the relationships among clinical signs. There 
is a clear relationship between the degree of dementia and the number of se- 
nile plaques and neurofibrillar degenerations but the relationships or links 
between histological signs are far from sufficient to explain the clinical signs. 
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One frequently suggested theory is based on the fact that the AD protein de- 
posit is the earlier phenomenon which would be followed, in certain subjects 
and in certain specific regions, by neurofibrillar degeneration. These lesions 
would perturb axonal flow, disturb neurotransmission and synaptic activity, 
then finally lead to neurone loss. However, for other authors, senile plaques 
and neurofibrillar degeneration are only markers of a certain type of degen- 
eration and not the cause of the clinical signs which would be related to 
synaptic loss and neurone death. 

Therapeutic goals have been designed on the basis of these concepts. Two 
types of action have been proposed: symptomatic amelioration and attempts 
to retard the clinical course of the disease (pathophysiological action). The 
symptomatic approach is directed specifically at correcting neurotransmis- 
sion abnormalities, in particular, cholinergic dysfunction. Non-specific 
drugs (antidepressants, anxiolytics or neuroleptics) are also used to improve 
behavioural manifestations. This symptomatic action is essential when de- 
mentia is moderate or severe. Attempts to retard disease progression, on 
the other hand, are essential in  the early stages of the disease. They can be 
oriented towards either specific disease mechanisms (drugs aimed at inhibit- 
ing amyloid deposition or development of neurofibrillar degeneration) or 
non-specific mechanisms of cell death. Only drugs in this latter category are 
currently in the developmental stage in man. An awareness of the problems 
caused by impaired cognition on the patients’ personal and interrelational 
life is essential as has been demonstrated by the placebo effect in therapeutic 
trials. 

Well-conducted therapeutic trials are highly dependent on adequate pa- 
tient selection among the wide number of types of dementia. The question 
of differential diagnosis is thus raised. Alzheimer’s disease is responsible 
for approximately 50% of all dementia [ 5 ] .  

Since no reliable biological marker of the disease is currently available, 
and since certain diagnosis requires specific histological evidence, patient 
selection must rely solely on clinical manifestations and a few complemen- 
tary examinations aimed at eliminating secondary dementia. The develop- 
ment of widely accepted diagnostic criteria such as the DSM IV (Table 1.1) 
or the NINCDS-ADRDA [4] has been a major step forward, but these cri- 
teria are actually more adapted to the diagnosis of primary dementia than 
for Alzheimer’s disease since they are largely based on eliminating second- 
ary dementia. Their specificity is excellent in cases with a typical clinical pic- 
ture, but falls to about 70% in less typical presentations [6], a percentage 
which corresponds approximately to the frequency of Alzheimer’s disease 
among presenile degenerative dementia [7]. 

When a clinician examines a patient with primary dementia, he finds him- 
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Table 1 . I .  DSM IV CRITERIA FOR ALZHEIMER’S DISEASE 

A. The development of multiple cognitive deficiencies manifested by both 
1. memory impairment (impaired ability to learn new information or to recall previously 

2. one (or more) of the following cognitive disturbances: 
learnt information) 

(a) aphasia (language disturbance) 
(b) apraxia (impaired ability to carry out motor activities despite intact motor function) 
(c) agnosia (failure to recognize or identify objects despite intact sensory function) 
(d) disturbance in executive functioning (i.e. planning, organizing, sequencing, ab- 

stracting) 

B. The cognitive deficiencies in Criteria Al and A2 each cause significant impairment in social 
or occupational functioning and represent a significant decline from a previous level of 
functioning. 

C. The course is characterized by gradual onset and continuing cognitive decline. 

D. The cognitive deficiencies in Criteria A1 and A2 are not due to any of the following: 
1. Other central nervous system conditions that cause progressive deficiencies in memory 

and cognition (e.g., cerebrovascular disease, Parkinson’s disease, Huntington’s disease, 
subdural hematoma, normal-pressure hydrocephalus, brain tumour) 

2. Systemic conditions that are known to cause dementia (e.g., hypothyroidism, vitamin B 1 2  
or folk acid deficiency, niacin deficiency, hypercalcaemia, neurosyphilis, HIV infection) 

3. Substance-induced conditions. 

E. The deficiencies do not occur exclusively during the course of a delirium. 

F. The disturbance is not better accounted for by another Axis I disorder (e.g., major depressive 
disorder, schizophrenia). 

self in an uncomfortable position, hesitating between an ‘overly’ sensitive at- 
titude where all cases of primary dementia would be considered to be an 
authentic case of Alzheimer’s disease with the risk of misdiagnosis in about 
25% of the patients or an ‘overly’ specific attitude where all atypical cases 
would be considered non-Alzheimer until formal proof is obtained. Indeed 
several clinical presentations can mimic Alzheimer’s disease. We shall not 
discuss here differential diagnosis which can be correctly recognized after 
complementary explorations (in particular, brain scan). Other situations 
raise no particular problem when the neurological examination reveals evi- 
dence incompatible with probable Alzheimer’s disease (such as prion dis- 
ease). 



H. ALLAIN ETAL. 9 

AGE-ASSOCIATED MEMORY IMPAIRMENT 

In 1986, Crook et al. [8] introduced the concept of age-associated memory 
impairment (AAMI), assuming that memory performance declines with 
age and that it is related to age-dependent biochemical and structural 
changes. The criteria proposed were: age over 50 years, memory complaints 
involving everyday life, results on standardized memory tests below those 
obtained by young subjects, lack of global intellectual deficiency and lack 
of an individual cause which could explain the memory complaint. It rapidly 
became clear that the concept as defined by Crook et al. does not correspond 
to a homogeneous clinical entity but rather identifies a large spectrum of 
physiological and pathological situations both in certain normal but anx- 
ious subjects and in certain patients in the early stages of dementia [9]. 

Based on the DMS 111-R criteria, the differentiation between age-asso- 
ciated physiological memory complaints from an authentic early stage de- 
mentia is theoretically clear since, by definition, age-associated memory im- 
pairment remains isolated and has no effect on the patient’s social or 
professional life. These criteria, however, are highly subjective as it is some- 
times quite difficult to identify the isolated nature of the impairment, partic- 
ularly in patients with a low level of general culture. It is generally recom- 
mended that a patient is seen again a few months later in order to evaluate 
changes and identify any possible aggravation. 

PSEUDODEMENTIA DEPRESSION 

The DSM 111-R criteria stipulate that the diagnosis of dementia cannot be 
retained unless no non-organic factor can be identified as sufficient to ex- 
plain the impaired cognitive performance. This is, however, often difficult 
to achieve since signs of depression, frequent in the early stages, may either 
be an indication of the causal element or simply concomitant manifesta- 
tions. Clinical criteria for pseudodementia [ 101 have been proposed but 
have not been validated. It is recommended to start antidepressant treat- 
ment as a test. The situation may be clarified if the signs of depression disap- 
pear, but states of depression severe enough to mimic an authentic dementia 
are usually drug resistant and would require electroconvulsive therapy. 

FRONTAL LOBE DEMENTIA 

Until recently, degenerative dementia with predominant frontal syndrome 
has been considered to be a rare manifestation of Pick’s disease, progressive 
subcortical gliosis, or even certain forms of Alzheimer’s disease. Teams in 
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Sweden [ 1 1, 121 and England [ 131 have demonstrated, on the basis of clinical 
and pathological data, that the frequency of frontal dementia is higher than 
expected, reaching about 10% of the presenile dementias. These authors pro- 
posed the term dementia of frontal type (DFT). Neary et al. [ 141 would ac- 
cept that the underlying substratum is a heterogeneous combination of 
nosologies, with certain DFT actually being Pick’s disease, but the histologi- 
cal lesions are usually non-specific, with associated neurone loss, laminar 
spongiosis and focalized gliosis. Other terms such as presenile dementia 
with motor neurone disease described by Mitsuyama in 1984 [15] and de- 
mentia lacking distinctive histology reported by Knopman et al. in 1990 
[ 161 could be similar to the DFT concept. 

The clinical picture here is different from classical Alzheimer’s disease. 
Behavioural disturbances, diminished social interrelations and impaired 
language of the expression type are the main signs while the instrumental 
cognitive functions remain relatively untouched. Nevertheless, in our opin- 
ion, the DSM 111-R criteria and the NINCDS-ADRDA criteria can be ap- 
plied for these patients: they are often described as forgetful and their psy- 
chic inertia and attentional disorders can make it difficult to identify the 
normality of instrumental functions. The predominant behavioural disor- 
ders, the absence of temporo-spatial disorientation, the absence of a clini- 
cally patent amnesic syndrome, and the spectacular improvement of mem- 
ory performance by indexing are usually sufficient to differentiate this 
clinical condition from Alzheimer’s disease. The fronto-temporal atrophy 
and hypometabolism of the frontal lobes are also significantly different 
from the posterior signs of Alzheimer’s disease. 

PRIMARY PROGRESSIVE APHASIA A N D  OTHER FOCAL ATROPHIES 

The syndrome of progressive primary aphasia (PPA) described in 1982 by 
Mesulam [17], is defined as an isolated progressive deterioration in language 
performance for at  least 2 years. Attention, memory, visuo-spatial capacity 
and behaviour must be preserved during these first two years [18]. This pres- 
entation does not correspond to a homogeneous entity but is a clinical syn- 
drome. The histological lesions of Alzheimer’s disease are only observed in 
30% of the cases. This percentage may be nearly zero in cases with an expres- 
sive type of aphasia. For Mesulam, the most distinctive sign in PPA and 
PRAD (probable Alzheimer’s disease) is the remarkable conservation of 
everyday activities. 

Following Mesulam’s initial work, other signs revealing focal atrophy 
have been described including progressive apraxia [ 191, posterior cortical 
atrophy [20] and progressive prosopagnosia [21]. A common element in 
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these different clinical entities is their occurrence in the proscenium in non- 
demented patients, at least at onset. The underlying nosological entities do 
not comprise a homogeneous group, but usually do not correspond to Alz- 
heimer’s disease. Using the NINCDS-ADRDA criteria, these cases cannot 
be considered to be probable Alzheimer’s disease, but are termed possible 
Alzheimer’s disease. 

The lack of an amnesic syndrome is part of the PPA definition, but care 
must be taken to avoid accepting the patient’s complaint as memory loss 
when actually suffering from an incapacity to find words. The limited nature 
of the neuropsychological picture and the lack of early dementia can some- 
times be difficult to identify even for a well-trained and experienced clinician. 

SEMANTIC DEMENTIA 

This is a new entity, sometimes difficult to differentiate from progressive pri- 
mary aphasia or from probable Alzheimer-type dementia. It was individual- 
ised by Snowden et al. in 1989 [22]. Semantic dementia is a loss of perfor- 
mances which Tulving grouped under the term semantic memory [23]. The 
main clinical feature is the loss of the sense of words, things and persons. 

Here again, the criteria of probable Alzheimer’s disease are undoubtedly 
applicable. Patients fail classical memory, language and recognition tests. 
There are however certain differences between semantic dementia and prob- 
able Alzheimer’s disease [24]. Clinically, these patients are not forgetful, 
nor are they disoriented, or forget what they have done or what they have 
to do. There is no manifestation of visuo-spatial impairment or anosognosia, 
nor loss of self-sufficiency even after a disease course of more than 10 years. 
These patients are capable of using compensatory strategies to overcome 
their deficiency and maintain their areas of interest. The atrophy or hypome- 
tabolism is strictly localized in the temporal or fronto-temporal regions. 
Based on reports in the literature, it would appear that the epidemiological 
data are similar to those for focal atrophy with a clear predominance of pre- 
senile cases and a slight over-representation in males. Finally, among the 
complete observations reported with histological results, two cases were 
found to be Pick‘s disease and in two others only non-specific anomalies 
could be identified. 

LEWY BODY DISEASE 

Lewy’s bodies have been demonstrated in certain patients with Parkinson’s 
syndrome who developed dementia early, not only in the substantia nigra 
but also in the cortex. There is frequent association of the histological fea- 
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tures of Alzheimer’s disease suggesting a possible relationship between 
Lewy’s body dementia and Alzheimer type dementia. 

Clinically, the diagnosis is based on early signs of Parkinsonism, episodes 
of confusion and fluctuating performance and frequent psychiatric symp- 
toms (delirium, hallucinations). If the dementia is relatively isolated, then 
clinically Lewy body disease cannot easily be differentiated from Alzhei- 
mer’s disease. 

In conclusion, there are a large number of diagnostic pitfalls to avoid 
when using the NINCDS-ADRDA or the DSM 111-R criteria. These scales 
are unable to identify the underlying nosology with certainty for every clini- 
cal situation presenting progressive deterioration of cognitive function. Un- 
til reliable biological markers are available, we must rely on the contribution 
of functional imaging, which itself must be validated, to increase the specifi- 
city of clinical criteria. More importantly, Alzheimer’s disease cannot sim- 
ply be considered to be the summation of various symptoms (amnesia + 
aphasia + apraxia). It must be considered as one of the clinical entities exist- 
ing in a continuous clinical spectrum analysed in neuropsychology and so 
well illustrated in the recent book published (in French) by Sabouraud [25]. 

ANIMAL MODELS 

The search for valid animal models capable of predicting human pathophys- 
iology, and applicable to in vivo, ex vivo and in vitro research, is fundamental 
in pharmacology. Despite a certain amount of controversy over the validity 
of extrapolating data from animal models to human physiology, this is an es- 
sential step before carrying out clinical trials in humans. Some of the models 
developed to date for Alzheimer’s disease have proved to be quite useful, 
but unfortunately none can be accepted as truly valid. These models have 
nevertheless enabled us to clarify the cause of the pathogenic process and 
outline potential therapeutic strategies. 

No single animal model of Alzheimer’s disease which perfectly mimicks 
the complex disease in man is known. Most are simple attempts at  reproduc- 
ing certain features of the disease (behavioural deficits, histological stigma- 
ta, metabolic disturbances). Since memory loss and neurotransmitter defi- 
ciency are characteristic features of Alzheimer’s disease, non-transgenic 
models have predominantly focused on lesioning specific pathways in ex- 
perimental animals and relating this to deficits in learning and memory. 
Models have been developed with the aim of mimicking the main risk factors 
in man, for example, ageing, trisomy 21, mutations on the gene encoding 
for the P-amyloid precursor protein APP, and presence of the allele on chro- 



H. ALLAIN ETAL. 13 

mosome 19 encoding for type 4 apolipoprotein E. These models thus use old 
animals or animals with artificially induced anomalies. 

AGED ANIMALS 

Aged non-human primates 

In non-human primates, behavioural disturbances and brain anomalies sim- 
ilar to those seen in aged humans and to a greater extent in individuals with 
Alzheimer’s disease, are known to be age-related. The most appropriate 
model would appear to be the rhesus monkey (Macaca mulatta) which has a 
life span of approximately 35 years. Several Alzheimer-like phenomena in- 
cluding neuron degeneration, abnormal axons, neuritis and amyloid depos- 
its in senile plaques and around blood vessels are all seen in the brains of 
old monkeys. Moreover, the levels of specific neurotransmitter circuit mark- 
ers decrease in some older animals [26, 271. Despite the potential of this 
model, the number of animals available for study and questions of cost limit 
its use for routine research. 

Other aged animals 

While non-human primates may be the most relevant animals, practical and 
economic factors have made rodents the most widely used model. The small 
size of the mouse can be a handicap, but there are several well-defined strains 
which offer a wide range of features. For example, NMRI strain-aged mice 
provide evidence for cognitive impairment (Morris water maze, passive 
avoidance). But in this model, neurochemical changes do not correlate with 
performance in learning and memory tasks [28]. In one specific strain, the 
senescence- accelerated mouse (SAM), age-related changes in learning and 
memory have been reported [29]. 

There has been much work done on the aged rat. For this model, there is a 
complete battery of behavioural tests demonstrating deficient cognition 
and the potentially corrective effects of pharmacological agents. Spatial or 
avoidance learning tasks are typically used to assess Alzheimer-like changes 
in rodents (Morris water maze, 8-arm radial arm maze for example). Hig- 
gins et al. used in situ hybridization to discriminate between different forms 
of the p-amyloid precursor protein transcripts in young adult, non-impaired 
aged, and behaviourally impaired aged rats. They were able to demonstrate 
a rise in the level of Kunitz protease inhibitor (KPI) containing APP 
mRNAs, as compared with APP-695 mRNA, in forebrain neurone, a rise 
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which occurs selectively in the subpopulation of aged rats exhibiting spatial 
memory deficits [30]. 

The comparison between groups of young and aged animals must take 
into account the effect of age-related physical incapacitation or behavioural 
performance (tumours, spontaneous sensorimotor changes, pain sensitivity, 
visual impairment). The fact that aged subjects are only one subgroup of 
the minority of the surviving animals also introduces a selection bias. 

In certain breeds of dog, B-amyloid also accumulates in aged animals. The 
prevalence of diffuse plaques and the absence of dystrophic neuritis has 
also been described, findings similar to the plaques seen in the human cere- 
bellum. There is no significant correlation between the extent of P-amyloid 
deposition and neurone loss. The aged canine brain appears to represent a 
model of early plaque development [3 11. Neuritis plaques have also been ob- 
served in aged bears (a rather inconvenient model) but not in rats and mice. 
The aged animal has the advantage of being an integrated model, but unfor- 
tunately is rather a model of normal than of pathological ageing. 

NEURODEGENERATION MODELS 

Basal forebrain lesions 

The reasons for developing a choline-deficient animal model include the fol- 
lowing arguments [32]: 

(a) A cholinergic effect is most consistently implicated in Alzheimer’s dis- 
ease associated with a loss of cells in Meynert’s nucleus basalis. This region 
contains large cholinergic neurones that project to the amygdala, hippocam- 
pus and the entire neocortex. 

(b) Cognitive deficits have been observed in normal subjects after pharma- 
cological disruption of cholinergic transmission. 

(c) Long-term memory function has been shown to be facilitated after 
treatment with cholinomimetics. 

In the rat, the nucleus basalis magnocellularis (NBM) is considered to be 
analogous to the human nucleus basalis of Meynert. When lesions of this 
structure are induced either by injection of neurotoxins (kainic or ibotenic 
acid) or by electrolytic manipulation or surgery, the expression of choliner- 
gic markers in the brain is decreased in association with profound impair- 
ment in recent memory. But cell destruction is not limited to cholinergic neu- 
rones. Unlike Alzheimer’s disease, this memory impairment frequently 
recovers and drugs that are effective in these animal models are not as effec- 
tive in humans with Alzheimer’s disease. Another glutamate analogue, quis- 
qualic acid, destroys 80-90% of all cholinergic neurones within the NBM 
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without memory impairment, which would raise doubts concerning the cho- 
linergic neurone theory of memory in this structure [33]. 

This type of lesion has also been studied in primates. The conclusions are 
similar: performance usually recovers to the control level, the compounds 
which are effective in the model do not predict a beneficial action in man, 
and memory deficits do not correlate with the degree of cholinergic cell 
loss. Thus, monkeys with basal forebrain lesions may be more useful as mod- 
els of the attentional deficits associated with Alzheimer’s disease than as 
models of learning and memory impairment [34]. 

Another approach is to study trisomy 16 mice (Ts16). Chromosome 16 in 
mice is homologous to chromosome 21 in humans, including the gene cod- 
ing for APP so the Ts16 is an animal model of Down’s syndrome. As Ts16 
mice do not survive birth, researchers [35] have transplanted foetal Ts16 ba- 
sal forebrain tissue into the hippocampus of young adult mice. Ts16 trans- 
plants demonstrated age-related cholinergic neuronal atrophy but A[) amy- 
loid containing plaques were not observed. 

Cholinotoxin 

Ethylcholine aziridinium (AF64 A), a compound with close structural simi- 
larity to choline, acts directly at the cholinergic nerve ending; it is also more 
specific for the cholinergic system. Intraventricular administration of this 
compound induces a long-term choline-deficiency in animals as indicated 
by a significant reduction in all cholinergic biological markers and cognitive 
disturbances. Tests such as the radial arm maze and the T-maze task (test of 
working memory losses due to hippocampal choline-deficiency) performed 
on AF64 A-treated rats should serve as a suitable model for the earlier stages 
of Alzheimer’s disease [32]. 

Glutnmatergic denervntion 

The hypothesis that a glutamatergic deficiency could exist in Alzheimer’s 
disease is a more recent suggestion with less supporting evidence than the 
cholinergic hypothesis. The glutamatergic system may be particularly inter- 
esting because of its implication in excitotoxicity and memorization. Also 
as an alternative, glutamatergic denervation is proposed. In the rat, transec- 
tion in the white matter between the temporal cortex and lateral entorhinal 
cortex resulted in a severe mnemonic dysfunction which is effectively amel- 
iorated by pharmacological methods [36]. 
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Administration of aluminium 

The older hypothesis in which aluminium was said to be involved in the pro- 
gress of Alzheimer’s disease has generated much controversy [37]. It never- 
theless inspired the development of early models for Alzheimer’s disease. 
Intracerebral administration of aluminium in rabbits brings about neurofi- 
brillary degeneration in several brain regions and a decrease of choline ace- 
tyl transferase in the striatum, but not in the cerebral cortex and hippocam- 
pus where the decrease mostly occurs in Alzheimer’s disease [38], no 
amyloid plaques are formed and few changes in other neurotransmitter sys- 
tems and behaviour have been reported [39]. 

TRANSGENIC ANIMALS 

The generation of diseases in animal models by means of genetic engineering 
will revolutionize experimental pathology. The search for overexpression of 
genes expected to be implicated in the genesis of Alzheimer’s disease is a 
promising approach which has not yet become operational. At the present 
time, none of the transgenic animals reproduce the features of Alzheimer’s 
disease-type pathology. All the studies to date have used mice, the idea being 
to transfer human genes to these animals. Gene transfer has focused on the 
genes coding for the different types of APP as shown in the trials discussed 
below (for reviews, see [26,40,41]). 

In transgenic mice expressing a human APP-75 1 cDNA under the control 
of a neurone-specific enolase promotor, it has been possible to detect expres- 
sion of mRNA from the transgenes. Furthermore, certain brain regions of 
the transgenic mice displayed extracellular 8-amyloid immunoreactive de- 
posits [42]. As other authors have been unable to demonstrate such expres- 
sion, these results remain to be confirmed. 

Another line of animals express the C-100 terminal of human APP driven 
by the brain dystrophin promotor. The 4-6 month-old transgenic mice stud- 
ied showed an accumulation of A8 immunoreactive material and mRNA 
from the transgene was detected [43]. 

In another experiment where overexpression of the C-100 fragment was 
driven by the JC viral early region promotor (a human papovirus with 
brain-specific tissue tropism), brain specific expression of mRNA from the 
transgene was also detected and increased AD immunoreactivity occurred 
although no A/3 deposits were observed [44]. Expression of the isoform 
APP-695 under control of the metallothionein promotor led to impaired 
spatial memory without neuropathological abnormalities [45]. 

When the C-99 terminal with APP signal sequence was placed under the 
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control of a cytomegalovirus enhancer and a chick p-actin promotor, high 
levels of mRNA expression from the transgene were described but immuno- 
histochemical and histopathological studies did not reveal differences be- 
tween transgenic and control mice and no neuronal degeneration was found 
in the 13-month-old transgenic animal [41]. 

Most recently, Games et al. [46] published an unusual construct which in- 
cluded the full-length human APP complementary DNA with the APP-7 17 
val-tphe mutation under the control of the platelet-derived growth factor 
promotor. This construct directs much higher levels of APP expression. 
These mice have neuritic plaques and neuronal and synaptic loss with reac- 
tive gliosis with a neuroanatomical distribution as in Alzheimer’s disease. 
There was no evidence of the occurrence of neurofibrillary tangles. This 
model appears to be by far the most promising but as yet an insufficient 
amount of data is available on its usefulness. Two previously published 
mouse models have been retracted, one because it turned out to be an arte- 
fact, the other because a misconducted investigation was suspected [47]. 

There has been some debate as to the reasons why these models of Alzhei- 
mer’s disease have been relatively unsuccessful [48], especially since similar 
transgenic models have been quite useful in other disorders including prion 
diseases, cystic fibrosis and the Lesch-Nyhan syndrome. 

Mice, or rodents in general, might simply be a poor model since these ani- 
mals never develop amyloid plaques spontaneously when ageing. Or perhaps 
the native murine sequence protects against j3-amyloid deposition. All the 
transgenic animals have had APP-derived sequences with artificial promot- 
ors, so the levels of expression of the transgene under these conditions is rela- 
tively low and the constructs are expressed with an inappropriate tissue dis- 
tribution. It is likely that the actual nature of the APP transcript is 
important in pathogenesis. Perhaps the sequences used to date are not the 
best sources of p-amyloid deposition. Finally, it is possible that the role of 
AD deposition in the aetiology of Alzheimer’s disease has been overesti- 
mated. 

In any case, intensive research has been conducted in this field and many 
other possibilites are under study. One method is to introduce into the mouse 
genome genes cloned in yeast artificial chromosomes (YACs) which have 
the capacity to handle full-length genes so the entire APP gene can be used. 
Another possibility is to focus less on the APP gene and try to introduce 
into the mouse the human gene coding for ApoE4, or to render the animals 
deficient for the E4 allele. Homozygous ApoE-knockout mice display signif- 
icant loss of synapses and marked disruption of the dendritic cytoskeleton. 
They also demonstrate poor hippocampal compensatory synaptogenesis fol- 
lowing removal of entorhinal-cortex projections [49]. 
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OTHER APPROACHES 

Other models have been described which reproduce learning impairment 
and memory loss. These models are based on lesioning or pharmacological 
blockade (scopolamine) of specific neurotransmitter pathways, or as in the 
Brattleboro strain of rats where vasopressin production is perturbed due to 
an hereditary disorder. These models will undoubtedly make a contribution, 
but they are aimed at studying memory and do not necessarily elucidate the 
characteristic features of Alzheimer’s disease. 

Different aproaches have been proposed. Several biochemical markers of 
mitochondrial dysfunction have been characterized in Alzheimer’s disease, 
especially a decrease in activity of the mitochondrial enzyme cytochrome 
oxidase in blood platelets. In rats given a chronic infusion of sodium azide, 
an inhibitor of cytochrome oxidase, both spatial and non-spatial learning 
impairment have been demonstrated [50]. 

Another hypothesis is that the P-amyloid protein would be toxic for neu- 
rones. Using this theory, models would not attempt to induce 0-amyloid 
synthesis in the animal but rather be based on injecting amyloid bodies, iso- 
lated from the brains of individuals with Alzheimer’s disease, into the rat 
hippocampus and cortex. Other in vitro investigations focus on neurone cell 
cultures derived from different zones of the brain. The most convincing re- 
sults have been reported using AB peptide injected into the brains of aged 
non-human primates, but have not been reproducible. It is not clear whether 
differences in methodologies for synthesizing or purifying AD peptides ac- 
count for differences in toxicity [51]. 

NEURONAL DEATH 

Why do neurones die? For both acute neuronal diseases and neurodegenera- 
tive pathology, the answer to this fundamental question will provide the key 
to modifying the process which, after a more or less long latency period, 
turns stimulus into cell death. Calcium plays a fundamental and universal 
role. Loss of calcium homeostasis is seen either as the direct cause of neu- 
rone death or as a secondary event resulting from other phenomena (excito- 
toxicity, P-amyloid protein, trophicity, free radicals) suspected to be impli- 
cated in neurone death. Calcium homeostasis is thus the central theme of 
several proposals focusing on the interactive nature of the problem [52, 531. 
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CALCIUM HOMEOSTASIS [54,55] 

In the central nervous system, calcium is implicated in the regulation of 
membrane excitability, neurotransmitter release, axonal transport, dendrite 
morphology and regulation of numerous enzymatic reactions. Intracellular 
concentration of free calcium must be precisely regulated to maintain a 
strong Ca++ gradient between the cytoplasm ( 10-7M) and the extracellular 
space ( ~ o - ~ M ) .  

In the central nervous system, calcium can enter the cell from the extracel- 
lular space via four types of well-defined calcium ion channels [56]. The L 
channels (long-lasting) have a high activation threshold and are slow to inac- 
tivate. They are widely distributed in neurones and are a specific target of 
calcium antagonists. The function of the T channels (transient) are less well 
understood. They are implicated in rhythmic activities. Only synaptic nerve 
endings have N channels (neuronal). These channels are directly implicated 
in Ca++ dependent neurotransmitter release. The P channels (Purkinje) 
were discovered more recently and are the most abundantly found type re- 
lated to synaptic transmission in the mammalian brain. P channels appar- 
ently play an important role in neuronal integration as well as in neuronal 
death. During the ageing process, the ratio of P-channels to calbindin is al- 
tered, an excess of P-channels being found in cells undergoing degeneration 
[57]. Other types and subtypes of receptors (Q- and R-type for example) are 
currently being described in the central nervous system. 

Under conditions of the resting cell, all these voltage-dependent channels 
are closed. Activated by depolarization, they allow huge amounts of calcium 
to enter the cell. These channels are controlled by complex regulation sys- 
tems involving different neurotransmitters. 

The N-methyla-aspartate (NMDA) receptor is an example of a typical 
agonist-dependent calcium channel in the central nervous system. These re- 
ceptors are quiescent in basal conditions and are blocked physiologically by 
magnesium. Their activation requires a strong depolarization to overcome 
the magnesium blockade and the fixation of two ligands, an excitatory ami- 
no acid, usually glutamate, and a co-activator, glycine. When stimulated, 
NMDA receptors modify sodium, potassium and calcium ion conductance. 
They form a highly complex and precisely controlled receptor system, but 
when the regulation mechanisms fail, the intracellular concentration of cal- 
cium rises dangerously and causes a cascade of events leading to neuronal 
death. 

Ca++/Na+ counter-transportation is a reversible mechanism where three 
NaC ions are exchanged for each Ca++ ion. In this reversible electrogenic 
system, Ca++ enters the cell at depolarization. The calcium pump functions 
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using either a high Ca++ affinity ATPase Ca++-dependent mechanism with a 
small transport capacity or a Ca++/Na+ exchange system which allows Na+ 
to enter into the cell. 

Neurones also maintain a large stock of intracellular calcium in the endo- 
plasmic reticulum and mitochondria. Two classes of distinct receptors regu- 
late the mobilization of the intracellular calcium pool contained in the or- 
ganelles. One type is activated by inositol 1,4,5-triphosphate (IP3) and is 
inhibited by cytosolic concentrations of calcium above 0.3 mM and by hep- 
arin. The other receptors are ryanodinelcaffeine-dependent and control 
Ca++-induced Ca++ release [58]. Although the mitochondria can store a 
large quantity of calcium, their Ca++ affinity is low. The mitochondria1 pool 
is only involved in overload situations. Re-storage is regulated by the cal- 
cium pump on cell and organelle membranes. Within the cell, Ca++ is linked 
to specific calcium-binding proteins which have different structures depend- 
ing on the neuronal populations considered (calmodulin, calbindin, parval- 
bumin, calcineurin, etc). These proteins participate in neutralizing free cal- 
cium and thus act as a buffer system. 

CALCIUM, AGEING AND ALZHEIMER'S DISEASE 

It has been suggested that perturbed calcium regulation plays a role in age- 
related neurodegenerative diseases. According to this hypothesis, based on 
very little and controversial evidence, disrupted calcium homeostasis is in- 
volved in both normal and pathological ageing. 

Several convergent age-dependent mechanisms could lead to both a rise in 
intraneuronal Ca++ concentration and to a decreased capacity of the neu- 
rones to eliminate the excess of Ca++. This minimal variation in intracellular 
Ca++ could, after a long latency period, finally lead to effects similar to those 
observed after short-term, but important, perturbations of calcium concen- 
trations. 

Electrophysiological studies have evidenced ageing-dependent alterations 
of Ca++-mediated potentials and currents in hippocampus neurones of 
aged rats. It appears that ageing is associated with a greater voltage-acti- 
vated influx of Cat+ through L-type channels [59]. Findings relating to 
Ca++-binding proteins in Alzheimer's disease have been contradictory. For 
example, some authors have found no changes in the number of parvalbu- 
min-immunoreactive neurones in certain parts of the brain whilst others 
have found a decrease in the number and cell size of these neurones. Inver- 
sely, a decrease in the levels of calbindin-D28K has been found in the tem- 
poral, parietal and frontal cortex of brains of patients with Alzheimer's dis- 
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ease while other authors have reported unchanged calbindin-D28K in RNA 
and protein levels in cortical areas [60]. 

In Alzheimer’s disease, a relationship between /I-amyloid production and 
loss of calcium homeostasis has been postulated, but not demonstrated 
[61]. This rationale is nevertheless the basis of clinical trials using calcium 
antagonists, particularly with nimodipine. 

EXCITOTOXICITY 

The concept of excitotoxicity was proposed as early as 1957 by Lucas and 
Newhouse [62] who demonstrated that glutamate is toxic for retinal cells. 
In the 70s, the work published by Olney and Ho [63] proved that glutamate 
and similar compounds administered to rodents during the neonatal period 
lead to acute neurodegeneration in retinal neurones and periventricular 
structures. Excitotoxicity is related to an excessive flow of calcium into the 
neurone resulting from an overstimulation due to different categories of ex- 
citatory amino acid receptors [64]. An excess of neurotransmitters produces 
several effects: 

1. Overstimulation of ionotropic a-amino-3-hydroxy-5-methyl-4-isoxazol 
propionate (AMPA) receptors causes sodium influx which has three so- 
dium-related consequences: (a) change in osmolarity causing either cell swell- 
ing or even lysis, or simply micro-leakage via the membrane allowing cal- 
cium to enter the cell according to its electrochemical gradient; (b) excess 
intracellular Na+ forces the 3Na+/Ca++ exchange to favour sodium extru- 
sion and thus calcium entry; and (c) the depolarizing entering sodium cur- 
rent activates the voltage-dependent calcium channels and consequently 
further favours calcium entry. 

AMPA receptors were long thought to be impermeable to Ca++. Today it 
is known that only one of the four sub-units of the receptor, Glu-R-B, is im- 
permeable to calcium. The lack of Glu-R-B expression in certain structures 
or its transitory disappearance in particular pathological conditions, indi- 
rectly implicates a phenomenon of calcium overload. 

2. Direct stimulation of the NMDA receptors leads to depolarization 
which inhibits magnesium-related blockade and represents also a major 
pathway for Ca++ entry. 

3. Finally, the activation of metabotropic receptors coupled with phos- 
pholipase C, by inducing a higher level of IP3, mobilizes calcium from the in- 
tracellular stocks and also contributes to disrupted calcium homeostasis. 

The increased intracellular concentration of free calcium triggers a series 
of hyperactive enzyme reactions with deleterious effects [65]. There are sev- 
eral examples: 
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(a) phospholipase A2 causes production of arachidonic acid or platelet-ac- 
tivating factor. Platelet-activating factor stimulates glutamate release whilst 
arachidonic acid inhibits recapture by the glial cells and neurones. The result 
is an excessive neurotransmitter concentration. In addition, the catabolism 
of arachidonic acid generates free radicals which cause lipid peroxidation. 

(b) Nitric oxide (NO) synthases provide another example. The chemistry 
of this gas is complex. It can exist in several states which have different, 
even opposing effects. The nitrosonium ion NO+ links to the redox modula- 
tor site of the NMDA receptor inhibiting its activity, but the reaction be- 
tween NO and the superoxide anion 0; forms peroxynitrite ONOO- which 
decomposes into highly toxic free radicals. The result is a complex system 
and, depending on its site of production and the environment, NO may or 
may not lead to neurone death. 

(c) when activated, endonucleases fragment DNA and initiate apoptosis. 
(d) phospholipase C generates IP3 which induces calcium release from in- 

(e) calpains I and I1 lead to degradation of the cytoskeleton. 
(0 different families of kinases can cause abnormal phosphorylation of 

the tau protein or other cytoskeleton proteins that, in turn, lead to the forma- 
tion of neurofibrillary tangles. Overstimulation of APP phosphorylation 
also modifies proteolytic production of the different, but more or less amy- 
loidogenic, fragments. 

(8) the proteases which in the xanthine dehydrogenase/xanthine oxidase 
equilibrium favour the oxidase form, metabolize hypoxanthine and generate 
free radicals. 

What is the series of events leading to the abnormal glutamate accumula- 
tion that triggers excitotoxicity [66]? Glutamate is essentially stored within 
cells at an intracellular concentration of about 10 mmol/l. The normal extra- 
cellular concentration is about 0.6 pmol/l while the excitotoxicity concentra- 
tion is estimated to be 2-5 pmol/l. Glutamate is recaptured by the astrocytes 
and neurones via a sodium-dependent high-affinity uptake system. Any de- 
fect that impairs the ability of cells to maintain the sodium gradient might 
cause the glutamate-uptake system to fail. Glutamate may also be released 
into the extracellular fluid as a consequence of swelling of the astrocytes. 
For example, energy failure dampens Na+/K+-ATPase activity and there- 
fore increases the intracellular sodium concentration. 

Another possible source of excess glutamate is abnormal release from its 
storage sites in neuronal vesicles. This, for example, is what happens during 
hypoxia, ischaemia or hypoglycaemia. The simplest cause of excess extracel- 
lular glutamate is injury to cells. One of the reasons is excitotoxicity itself, 
which explains why the phenomenon is self-sustaining. This also happens 

tracellular stocks. 
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during trauma. In addition to the effect on Na+/K+-ATPase, energy failure 
and depletion of intracellular ATP impedes the conversion of glutamate to 
glutamine in astrocytes leading to intracellular accumulation of glutamate. 
At some concentration of intracellular glutamate, the capacity of the inward 
glutamate transporter would be overrun causing the concentration of extra- 
cellular glutamate to rise. 

EXCITOTOXICITY AND ALZHEIMER'S DISEASE 

A wide variety of acute and chronic neurological diseases may be mediated, 
at least in part, by a final common pathway of neuronal injury involving ex- 
cessive stimulation of glutamate receptors. Excitotoxicity is known to have 
an important effect on neurone degeneration in certain acute disease states 
such as ischaemia, trauma and epilepsy. For neurodegenerative diseases, it 
is assumed that the same type of effect would occur. There are several argu- 
ments in favour of this hypothesis. 

Dietary consumption of excifotoxins 

Dietary intake of vegetable compounds with a chemical structure similar to 
that of excitatory amino acids has been incriminated in many neurological 
pathologies: P-N-oxalylamino-L-alanine (BOAA) a toxic component of the 
chick pea, triggers neurolathyrism (spastic paraplegia) [67]. The Guam 
island syndrome associating amyotrophic lateral sclerosis, Parkinson's dis- 
ease and dementia have all been associated with the consumption of 
8-methylamino-L-alanine (BMAA) contained in the flour prepared from 
cycade nuts (Cycas circinalis) [68]. Blue mussel poisoning which occurred in 
Eastern Canada in October 1987 was linked to a marine diatom, Nifschia 
pungens, that serves as a foodstuff for blue mussels. The implicated excito- 
toxin was domoate (an agonist of the kainate receptor). Anterograde amne- 
sia was a common persistent finding in the victims. 

Glutamate and neurone plasticity 

Long-term potentiation is considered to be an experimental model of mem- 
ory at the cellular level. In the CAI region of the hippocampus, a low fre- 
quency stimulation frees glutamate which, by activating the AMPA recep- 
tors leads to sodium influx and production of a post-synaptic potential of a 
certain amplitude. Under these conditions, the NMDA receptor is inacti- 
vated, blocked by Mg++ ions. 

Stimulation by a high frequency tetanizing pulse causes a major depolar- 
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izing influx of sodium, inhibiting NMDA receptor blockade and allowing 
calcium to enter the cell. Comparatively, the amplitude of the post-synaptic 
potentials obtained before and after tetanizing stimulation shows that after 
tetanization, the response rises for a period which can last several days. 
This long-term potentiation can be related either to an increased sensitivity 
of the AMPA receptors to glutamate or to increased glutamate release. If 
NMDA receptor antagonists are administered during the high frequency 
stimulation, long-term potentiation does not occur. Induction of long-term 
potentiation is dependent of a rise in intracytosolic calcium concentration. 
A retrograde messenger (arachidonic acid and/or NO) transfers the infor- 
mation from the post-synaptic to the pre-synaptic element. Excitatory neu- 
rotransmission is also involved in developmental plasticity - glutamate 
serves a trophic role on developing neurones - the NMDA receptor may par- 
ticipate in neurone elongation, branching and the refinement of synaptic po- 
sition during early development [69]. 

Due to the crucial role of aminoexcitatory neurotransmission in learning 
and memory and in neurone plasticity, this may have an important role in 
diseases where memory impairment is a major symptom. 

Pre- andpost-excitatory amino acid markers in Alzheimer’s disease [ 701 

Post-mortem studies on human brains have established that many neurones 
of the cortex and hippocampus involved in Alzheimer’s disease are glutama- 
tergic neurones. Many of the neurones that are damaged in Alzheimer’s dis- 
ease utilize excitatory amino acids as neurotransmitters and also receive 
widespread inputs from other excitatory amino acidergic neurones. In addi- 
tion, the concentration of glutamate in regions of the brain damaged most 
in Alzheimer’s disease are lowered and there is a correlation between the glu- 
tamate level in the cerebrospinal fluid in Alzheimer’s disease patients and 
the degree of dementia. 

Post-synaptic receptors are also altered in the brain of patients with Alz- 
heimer’s disease. NMDA and metabotropic receptors are decreased with 
less marked effects on AMPA receptors. These changes occur in areas of 
the brain most pathologically affected by the disease. Several pieces of evi- 
dence are inconsistent with a primary role for excitotoxic mechanisms in 
the aetiology of Alzheimer’s disease, but it is nevertheless probable that 
these mechanisms participate in the pathogenesis of Alzheimer’s disease 
which explains the development of many compounds affecting all levels of 
aminoexcitatory transmission. 
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P-Amyloicl neurotoxicity 

Amyloid deposition is a central event in the aetiology of Alzheimer’s disease. 
The b-amyloid protein comes from a precusor protein containing 695 amino 
acids with a long extracellular segment, a transmembrane segment, and a 
short intracytoplasmic domain. The Ap portion has 28 amino acids situated 
in the extracellular segment and a 12 to 14 amino acid transmembrane se- 
quence. 

APP 695 belongs to a family of proteins including the APP 75 1 and APP 
770 isoforms which contain the Kunitz-like protease inhibitor domain, 
APP 714, and also a shorter form with only 563 amino acids. The soluble 
forms of APP which contain the KPI domains have also been identified as 
heparin-activated inhibitors of coagulation factor Xia and as protease nexin 
11. APP is post-translationally processed by numerous proteolytic pathways 
which lead to secretion of various fragments of APP or intracellular frag- 
mentation and degradation. Proteolytic cleavage by y-secretase (between 
Lys 16 and Leu 17 using APP 659 numbering) produces the Ap amyloido- 
genic protein. The y-secretase cleavage site is integrated into the cell mem- 
brane. It generates an extracellular aminoterminal fragment of APP con- 
taining a complete p-amyloid peptide sequence, potentially amyloidogenic. 
The a-amino-secretase cleavage (between Met 596 and Asp 597) generates 
a soluble fragment which corresponds to the 17-42 residues of the A/? se- 
quence and is not amyloidogenic. Shifts from one pathway to another deter- 
mine the likelihood of AP and presumably senile plaque formation [7 1,721. 

AD amyloid deposits occur in two morphological classes: the non-fibrillar 
diffuse plaques, non-congophilic, or pre-amyloid which are not associated 
with significant neuronal pathology, and the mature fibrous senile or neuritic 
plaques (end-stages of the distinct a-amino-and p secretase pathways?). 

Is amyloid deposition a causal agent or merely a secondary event resulting 
from neuronal damage? To date, there is no answer to this question, nor to 
its corollary: is 8-amyloid neurotoxic? The initial evidence of APs potential 
neurotoxic activity was reported by Yankner et al. [73] on transfected PC 12 
cells with the C-terminal sequence of APP including AD. In vivo, the results 
of AD injections are contradictory. Kowal et al. applied the p1-40 fragment 
directly to rat brain parenchyma and showed that the neurodegenerative ef- 
fect was antagonized by substance P [74]. But microinjection of synthetic 
amyloid protein in monkey cerebral cortex failed to produce neurotoxicity 
[75]. It has also been proposed that AD generally causes little direct neuro- 
toxicity by itself but can enhance the vulnerability of neurones to a variety 
of other insults such as excitotoxicity or peroxidative damage. For other 
workers, Ap would act as a trophic factor [76, 771. The same questions were 
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raised during earlier attempts to create Alzheimer's disease in animal mod- 
els using AD. There appears to be at least three variables involved [78].  
Firstly, although the peptides cannot be differentiated on the basis of their 
physical or chemical properties, the aggregation of AD varies according to 
its source of preparation, the aggregation state of the peptide being crucial 
for the manifestation of degeneration. Secondly, the density of the exposed 
cells also affects cytotoxicity, high-density cultures being more resistant. 
Thirdly, all investigators have reported that the injection of vehicle alone 
causes some degree of tissue damage and that this effect is not easily distin- 
guishable from the degenerative effect induced by an AD solution. 

Mattson et al. developed a promising though speculative theory relating 
APP mis-metabolism to loss of calcium homeostasis [79-8 11. Normal APP 
metabolism is regulated by the action of secretases producing soluble APP 
fragments which would play a physiological role in Ca++ regulation via spe- 
cific receptors. The transduction mechanism would implicate GMPc. When 
activated, these receptors would cause a drop in [Ca"]i and thus be impli- 
cated in neuroprotection and synaptic plasticity. A contrario, in Alzheimer's 
disease, mutations, overexpression or age-related changes may favour 
P-amyloid peptide formation and generate AD aggregates which themselves 
destabilise [Ca"Ii, alter neurite outgrowth, and render neurones vulnerable 
to excitotoxicity. 

According to Pollard et a1.[82], the AD forms cation-selective channels 
which are capable of transporting calcium and some other monovalent ca- 
tions when incorporated in artificial phospholipid bilayer membranes. 
Whether such an effect occurs in intact cells requires further study. These 
theories assume that AD is a substance not normally produced by cells but 
only in brain tissue of certain aged mammals and in patients with AD-type 
amyloidosis. This assumption would be in contradiction to recent reports 
which show that in cell cultures, under normal metabolic conditions, soluble 
AD is produced. Establishing a functional role for AD remains a challenge. 

Probably, AD deposition is a necessary, but not sufficient factor for the 
pathogenesis of Alzheimer's disease. Perhaps there is a chronic imbalance 
between AD production and clearance leading to the gradual accumulation 
over decades of AD deposition far in excess of those produced during ageing. 
When AP reaches a critical local concentration, an aggregation of mono- 
mers followed by oligomers may occur, leading to fibril formation (see [61] 
for review). 

We have discussed briefly a very complex and constantly changing subject. 
Other studies will be needed to clarify the situation. Nevertheless, it can be 
stated that the formation of amyloid plaques is a pathogenetically critical 
feature of the disease. A pharmacological strategy which could interfere 
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with one or more steps in this complex cascade remains to be developed. 
Molecules that inhibit the proteinases that produce the P-amyloid protein 
from APP, block assembly of soluble monomeric AB to insoluble aggregated 
AP, or interfere with the toxic response of neurones and other cells that con- 
tribute to the chronic inflammatory process around the neuritic plaques of- 
fer a potential therapeutic target for Alzheimer’s disease [83, 841. 

NEUROTROPHIC FACTORS 

Neurotrophic factors are chemical substances secreted by target post-synap- 
tic cells into synaptic clefts. They are taken up by the pre-synaptic terminal 
and transported retrogradely along the axon to the cell-body where they 
modify neuronal metabolism, often by affecting protein synthesis. Experi- 
mental blockade of neurotrophic factors results in nerve cell damage or 
death. 

Neurotrophins play an important role in the normal development of the 
nervous system, but their function in the mature central nervous system is 
poorly understood. Nerve growth factor (NGF) is necessary for the survival 
and maintenance of the basal forebrain cholinergic system. 

NGF is secreted by neurones in the hippocampus and is transported via 
the fimbria fornix to basal forebrain cholinergic neurones. In Alzheimer’s 
disease, a disruption in NGF production could explain the degenerations 
of the nucleus basalis of Meynert. In Alzheimer’s disease, neurones are only 
lost from the rostra1 part of the locus ceruleus where neurones are responsive 
to cortical neurotrophic factors [85].  Actually, it appears that NGF produc- 
tion in the brain of patients with Alzheimer’s disease is normal. Inversely, 
decreased expression of brain-derived neurotrophic factor (BDNF) has 
been detected in post-mortem Alzheimer patients’ brains. Furthermore, 
NGF receptor density has been shown to be significantly reduced. Loss of 
neurotrophin receptors may result in neuronal degeneration, as available 
factors are unable to convey trophic support to dependent neurones. In addi- 
tion, possible interactions between trophic factors and amyloid protein de- 
posits have been investigated. Administered in vitro, NGF would potentiate 
8-amyloid neurotoxicity. The gamma subunit of the 75 NGF complex ap- 
pears to possess peptidase activity and could contribute to APP mis-metabo- 
lism [86]. 

Another completely different approach has been seen with epidemiologi- 
cal studies [85] emphasising the role of trophic factors. In the region around 
Shanghai, in China, two subgroups of population have been formed: one 
subpopulation of illiterate persons and another subpopulation of educated 
persons. In the first group, the prevalence of Alzheimer’s disease is higher 
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whilst in the second group, onset comes earlier. Experimental studies sug- 
gest that learning is associated with increased numbers of cortical neuronal 
synapses and elevated levels of neurotrophic substances. Thus, a longer 
time is required for the Alzheimer’s disease process to interfere sufficiently 
with the enhanced levels of neurotrophic factors to result in neuronal death. 

An ideal neuroprotective agent would act to prevent death by halting the 
progression of degenerative changes and, in addition, initiate trophic events 
that repair and reverse the inflicted damage [87]. Several studies have shown 
the protector effect of NGF in a model of cerebral ischaemia [88] or hypogly- 
caemia [89] where NGF would antagonize neurone death in the hippocam- 
pus. 

The use of trophic factors as a therapeutic approach has been envisaged 
but the number of obstacles is substantial. NGF does not cross the blood- 
brain barrier and possible undesirable effects are still poorly investigated. 
The high cost of recombinant NGF is also of significant importance. 

NEUROFIBRILLARY TANGLES 

Neurofibrillary tangles (NFTs) together with the protein P-amyloid, are the 
major pathological features of Alzheimer’s disease. NFTs consist mainly of 
paired helical filaments which result from the assembly of abnormal protein 
tau. Normal protein tau links to microtubules, thus contributing to the sta- 
bility of the cytoskeleton which is essential to neurone function. The tau pro- 
tein’s ability to bind to microtubule segments is partly determined by the 
number of phosphate groups attached to it. NFTs carry many more phos- 
phate groups than cover the normal protein, including many at sites not or- 
dinarily phosphorylated. Extra phosphate might derail the normal process. 
The masses of NFTs may further obstruct cellular transport and damage 
the neuron. The cause(s) of these abnormal phosphorylations is(are) poorly 
understood [90]. 

Reduction in activation of phosphate enzymes removes phosphate groups 
from tau. In fact it seems that phosphatases are suppressed in the neurones 
of Alzheimer’s victims. A role for aluminium has also been suspected. Alu- 
minium salts could link to phosphate groups modifying the molecular con- 
formation of the protein, rendering it less accessible to enzymes. 

A relationship with transmission of the ApoE4 allele has also been estab- 
lished. The ApoE3 binding to tau may regulate the function of tau. ApoE3 
may act as a beneficial cofactor or a sequestration agent to prevent phos- 
phorylation for a portion of the tau pool. This regulation would not be pres- 
ent in individuals who express only E4 protein [91]. 
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EARLY PHASES O F  CLINICAL DEVELOPMENT O F  DRUGS FOR 
ALZHEIMER’S DISEASE 

The term ‘early phase’ in the clinical development of drugs includes work in 
the classical Phases I and 11, the first stages of administration to man and 
the detection of the first pharmacological effects as a function of dose and 
drug kinetics. The question raised here is whether, when developing drugs 
with potential effects in Alzheimer’s disease, these early phases have any spe- 
cificities. Whatever the answer to this question, it is obvious that the objec- 
tives in these early phases are similar to those for other classes of drugs. 
They are predominantely aimed at evaluating acceptability, determining 
the precise pharmacokinetic characteristics of the studied compounds in 
healthy volunteers (young and elderly) and identifying the dose-effect and 
pharmacokinetic/pharmacodynamic relationships (PK/PD) after repeated 
administration. We shall focus on the problems which a priori appear to be 
specific for drugs with potential effects in Alzheimer’s disease, excluding 
compounds which would act on the associated non-cognitive signs such as 
depression, agitation and dyssomnia. Such an approach may appear rather 
theoretical for at least two reasons. First, a multitude of drugs of doubtful ef- 
ficacy and for which early studies appear to be lacking have been proposed 
(at least in France) for cognitive impairment in senility (‘nootropic’ drugs, 
for example). Second, most of the compounds for which a priori there ap- 
pears to be a promising therapeutic possibility have been administered to pa- 
tients (as treatment) without any of the prerequisites regularly expected for 
other classes of drugs. The example of tacrine for which the question of 
dose was raised almost at the same time as the marketing authorization 
was delivered is quite instructive! Today it is urgent to emphasize the manda- 
tory nature of early phase trials, the necessity of standardization, and that 
early phase trials are time-saving (for patients) and money-saving (for so- 
ciety) and should be conducted within the framework of a rational develop- 
ment scheme. 

REQUIREMENTS FOR INITIAL CLINICAL TRIALS 

The decision to undertake trials 

This highly complex decision is generally based on the preclinical assess- 
ment of product toxicity, the biological basis of the mechanism of action 
and on animal test results. This apparently obvious first- step often creates 
a good many problems. Indeed there are large numbers of sometimes contra- 
dictory potential pharmacological targets for such drugs [92]. For example, 
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transmission of memory messages depends mainly on glutamate which is si- 
multaneously a source of excitotoxicity. Current trends in research also influ- 
ence decision-making since it is quite tempting to work on the most recent 
advances in biology. Inversely, there are few animal tests capable of provid- 
ing a positive effect on cognition and the tests which do exist often tend natu- 
rally to give overly optimistic results. It is no exaggeration to state that the 
decision to initiate a phase I trial is basically a question of industrial man- 
agement with a goal of choosing compounds with the best probability of 
reaching the marketing phase. 

Theoretical basis of mechanism of action 

Phamacologists recognize that drugs do not have a unique mechanism of ac- 
tion and that, in the case under consideration, the mechanism of action cho- 
sen to justify a potential interest in a product is either the one most evident 
in in vitro or animal tests or the one which is currently the most fashionable. 
There are many examples. Drugs stimulating neurone metabolism, whilst 
totally ineffective in Alzheimer’s disease, correspond to the regional hypo- 
metabolism suspected a few years ago and widely confirmed by new techni- 
ques of neuro-imaging. For tacrine, a cholinesterase inhibitor, the pro-choli- 
nergic effect is emphasized although the drug also affects histamine and 
potassium channels [I]. It is also important to mention that transduction 
mechanisms are sometimes modified in Alzheimer’s disease, as is the case 
for cholinergic receptors [93]. 

But opposite situations are also seen. For example, S12024, a drug acting 
on vasopressin and noradrenaline (norepinephrine) passed through the early 
phases rapidly and has already reached comparative phase I11 trials [94]. 
The traditional calcium antagonists are also in phase 111, even if it is clearly 
demonstrated (recently) that they cannot affect the specific neuronal calcium 
channels implicated in the massive calcium influx incriminated in neuronal 
death [95]. A final example concerns free radicals. This old and latent theory 
is still quite active today. It led to the development of a powerful scavenger 
molecule, exifone [96], which was quickly withdrawn due to its hepatotoxi- 
city and especially because this mechanism of action is no longer in the 
main stream of thinking in international neurology. Here again we see that 
the mechanism of action is not necessarily a sound basis for discussion and 
that the relationship between mechanistic theory and production of proof 
of clinical effectiveness is not always easy to perceive (Table 1.2). 
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Table 1.2. MECHANISTIC APPROACH IN THE DEVELOPMENT OF DRUGS FOR 
ALZHEIMER‘S DISEASE 

Mechanism Pharmacology 

1. Apolipoprotein (Apo) 
Lack of Apo E3 
Alteration of protein tau 
Contribution to NFT 
Microtubules instability 

Presence of Apo E4 
Amyloid insolubility 
Deposit in the plaques 

2. Loss of neurotransmitters (NT) 
Acetylcholine 
GABA 
Nicotinic receptors 
Glutamate (Glu) 
Other NT 

3. Celldeath 
Calcium overload 
Trophicity 

4. Oxidative stress 

5 .  Other mechanisms 
Amyloid; protein tau 
Hormones 
Inflammation 
Circadian rhythm 

Supplementation in Apo E3 

Blockade of Apo E4 

THA, M,  agonists 
AntiGABA, receptors 
Agonists 
Glu antagonists (NMDA) 
M A 0  inhibitors. S12024 

Calcium antagonists 
Neurotrophic factors 

MAO-B inhibitors 
Free radical scavengers 

Effect on kinases or proteases 
Oestrogens 
NSAIDs; glucocorticoids 
Melatonin agonists 

Symptomatic action versus aetiopathology 

It is often stated that early phase studies are impossible in Alzheimer’s dis- 
ease because the corrective action of a truly effective drug on the inevitably 
long progression of the physiological process would be too slow. On this ba- 
sis, levodopa, which is so important for Parkinson patients, would still be 
on the laboratory shelf. For the same reason, deprenyl (MAOI-B) - initially 
developed for its purely symptomatic effect - is now being studied for its pos- 
sible cytoprotector action [97, 981. In Alzheimer’s disease, there has been 
discussion (and some efforts at verification) as to whether drugs initially con- 
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sidered to give symptomatic relief might also have a cytoprotector effect. The 
question raised is to determine whether early-phase studies can provide 
short-term evidence for the detection of a ‘pharmacodynamic’ effect, which 
in turn would predict a protector effect slowing the progressive nature of 
the disease. This is the typical question in clinical pharmacology, whatever 
the disease under consideration (notion of intermediary criteria, surrogate 
endpoints). This type of discussion is somewhat disorientating and not very 
convincing for pure clinicians. Nevertheless, the answer is yes, surrogate 
endpoints are useful, even if no reference drug is available to provide ulti- 
mate proof. Stated clearly, this means that intermediary criteria (discussed 
below) are the expression of a product’s pharmacodynamic activity which 
will finally (as verified in phase I11 trials) be shown to be therapeutically use- 
ful. Schematically, the debate between symptomatic action (supposedly im- 
mediately verifiable) and aetiopathogenic action (which can only be verified 
after long-term trials) appears, in pharmacology, to be an artificial one. 
This can easily be demonstrated in other classes of pharmaceutical agents 
dealing with less sensitive diseases. 

Methodology 

According to Drachman and Sweater [99] in their book on ‘Guidelines for 
drug trials in memory disorders’, it is obvious that methodology problems 
have contributed to discredit the pharmacological class of cognitive en- 
hancers. We agree that these early-phase studies must comply with the strict 
rules required for all drugs by the regulatory authorities (double-blind, pla- 
cebo, several doses, single and repeated doses), and that all instruments 
(EEG, psychometry, biology) are validated beforehand. In these same guide- 
lines [loo], attention is drawn to the risk of using methods of questionable 
value such as the administration of scopolamine (an anticholinergic agent 
assumed to have an effect on memory) or hypoxia (successful tests with pira- 
cetam derivatives). Finally, the biomathematic approach to early trials in 
Alzheimer’s disease does not raise any further questions if the conditions 
stated above are clearly taken into account, if the assessment tools are vali- 
dated beforehand and if the effect has been shown to be quantifiable within 
the range of desired variability. Consequently, the nature of early trials in 
Alzheimer’s disease would not appear to be specific and would not limit their 
application since the goal is to quantify pharmacodynamic effects compared 
with placebo and to verify that the product is well tolerated. 
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AN EXAMPLE: THE HIPPOCAMPUS IN ALZHEIMER’S DISEASE 

There are a number of arguments which imply that a dysfunction in the hip- 
pocampus could be the inaugural event in Alzheimer’s disease. Unlike Par- 
kinson’s disease, the clinical signs of Alzheimer’s disease are apparent 
when the cholinergic loss is still moderate (-35%). Pathology findings (senile 
plaques, neurofibrillary tangles) [ 1011, neurochemistry and even anatomy 
(thickness of the medial temporal lobe) are inaugural clues pointing to the 
fact that memory is one of the first functions to be affected in the early stages 
of Alzheimer’s disease. 

The mechanistic aim ofpharmacology 

Here, the objective is to halt the pathophysiological process occurring in the 
hippocampus and to re-establish the normal function of this anatomical 
and functional element of the central nervous system. More precisely, the 
anatomical target could be the gyrus dentatus, the focal point between the 
cortical and subcortical afferents and the hippocampus. Increased choliner- 
gic activity and stimulated cell response in this structure should be the prin- 
cipal objective. One well documented fact should be recalled here, namely, 
that cholinergic transmission is a phasic rhythmic phenomenon suggesting 
that tonic stimulation (the usual effect of an agonist for example) could not 
mimic this type of neurotransmission. This would be the explanation for 
the indirect pharmacological approach to these cholinergic neurones via 
functional interactions between neurotransmitters: opiates, dopamine, glu- 
tamate, GABA. Experimentally, blockade of GABAA receptors (with fluma- 
zenil for example) amplifies cholinergic rhythmic activity, favouring mem- 
ory and spatial orientation as well as theta activity on the EEG. Basing 
research on drugs with this mechanism means that the compounds to be as- 
sessed will have an impact on memory and orientation and that an effect at 
this level will be observable using ‘hippocampus-specific’ criteria. 

‘HiPPocarnpus-spec~c’endpoin ts 

(a) Psychometry. This raises the delicate question of ‘hippocampus-specific’ 
tests. Psychometric tests evaluate a capacity more than a specific anatomical 
structure; for example, the Wisconsin card sorting test explores the capacity 
to develop a strategy and adaptation much more than the frontal lobe strict0 
sensu. According to such reasoning, all tests capable of evaluating functions 
which primarily involve the hippocampus could provide surrogate endpoint 
criteria. Essentially, the tests available explore different components of 



34 PHARMACOLOGY OF ALZHEIMER’S DISEASE 

memory, components which are chronologically impaired in the initial 
stages of Alzheimer’s disease. Batteries of reliable standardized tests (Can- 
tab, SM9, BEM144, Wechsler-memory ...) which can be repeated without a 
learning phenomenon should be favoured over global tests in order to assess 
the effect of drugs over time. 

The search for the pharmacological activity of a (new or old) product thus 
requires the use of a battery of tests in volunteers and patients in the early 
stages of the disease. These tests evaluate different types of memory (Table 
1.3) and are always reinforced by careful follow-up of attention and vigi- 
lance. These tests are sensitive to the deleterious action of drugs (mainly psy- 
chotropic agents) but have been shown to be sensitive to pro-memory agents. 
Using such a battery of tests, our team was able to demonstrate that a no- 
otropic drug, EGb761 [102], a D2 dopaminergic agonist (piribedil) and a re- 
versible MAOI-A, (moclobemide) [lo31 all have a positive impact on delayed 
recall of words and/or images. In our opinion, the fact that positive effects 
can be obtained in man, associated with recognized effects in experimental 
animal models, justifies continuing clinical development and relates the 
dose range to a recognized effect. 

Table 1.3. 

1. Memory Digit span 

MAIN PSYCHOMETRIC TESTS USED IN EARLY PHASE EVALUATIONS 

(declarative/episodic/procedural) Benton’s visual retention test 
Buschke’s task 
Associated pair learning test 
Word list learning test 
Posner’s memory test 
Dual coding task 
SM9 battery 
SM5 battery 
Toronto/Hanoi’ tower test 

2. Attention, vigilance 

3. Anxiety, inhibition, stress 

Continuous performances task (CPT) 
Phasal alert task 
Divided attention task 
Tracking task 
Critical flicker fusion point 
CRT 
DSST 
SKT 

DRL task 
Gonogo’s task 
Stroop’s task 
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(b) Electrophysiology. Quantified electrophysiology (EEGQ) appears to 
be an excellent intermediate criterion reflecting activity both quantitatively 
and qualitatively. For the hippocampus, it would be useful to verify the im- 
pact focusing on this structure (theta activity). Spectral analysis of modifica- 
tions in different frequency bands (compared with placebo) provides infor- 
mation of the product pattern requiring prudent interpretation [for 
example, increased slow activity (4-8 MHz) and rapid activity (20-30 
MHz) reflects drug facilitating cognitive tests, particularly memory]. In ad- 
dition to EEGQ, other more precise but less applicable techniques, including 
evoked cognitive potentials [9] and magneto-encephalography [ 1041, have 
been developed to provide objective evidence of pro- cognitive activities. 
This type of intermediary criteria can also provide quantification of the 
duration of cerebral activity for the drugs studied. In practice, these electro- 
physiological criteria are highly dependent on changes in neuro-imaging 
techniques (SPECT, PET-scan) and are not easily applicable to clinical re- 
search where repeated measurements are required on a large number of sub- 
jects. 

(c) Biology. Besides the mandatory biological tests to detect possible toxi- 
city, several other tests could, exceptionally, be carried out in early phase 
studies. For example, plasma assays of certain substances may provide in- 
direct proof of the mechanism of action of a drug, for example, prolactin 
and dopamine, or erythrocyte esterases and anticholinesterases. 

Choice of representative subjects 

We have emphasized the importance of recruiting both young and elderly 
[I051 healthy volunteers in early clinical trials. It is also important to evalu- 
ate, again with the same criteria as presented above, the pro-memory action 
in groups of subjects with the precise deficit of episodic memory impairment. 
A real problem is to select the correct type of patients. Age-associated mem- 
ory-impairment (AAMI) as defined by the criteria described by Crook et 
al. [8] could define a target population for phase I1 trials despite the fact 
that recent debate now questions the validity of such a clinical entity [9]. In 
our experience, besides healthy elderly volunteers (70-85 years), hospital- 
ized patients with disturbed mental function should be enrolled with the 
aim of detecting drug activity rather than a therapeutic effect (which in any 
case would be evidenced by large sample sizes). This particularly fragile pop- 
ulation would provide valuable information on product tolerance not only 
in the short-term, but also more realistically, after 1 or 2 months treatment 
(again versus placebo). In selecting the test population, elimination of differ- 
ent pathologies such as depression and vascular dementia is essential with 
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long-term evaluation being based on specific or global scales (MMS, Ha- 
chinski, SCAG, SKT ...). 

Conclusion 

It thus appears that the hypothesis of setting a target structure, such as the 
hippocampus, beforehand is only an approximate approach, at least for 
now, to a specific strategy for drug development. The choice of intermediary 
criteria alone responds to the question raised (memory tests, EEGQ). The 
mechanisms of action of hippocampus-targeted drugs would not appear to 
be particularly pertinent, at least for the time being, although the advent of 
genetic therapy and the possibility of in situ gene vectors could considerably 
change the situation. 

PERSPECTIVES 

The lack of early phase studies of compounds for the treatment of Alzhei- 
mer’s disease appears as a historical gap in drug development. This concept 
can largely be explained by the speculative nature of the pharmacology of 
Alzheimer’s disease, dominated for too long by results obtained in animal 
studies and by considerations about mechanism of action. The modern ap- 
proach in some centres undertaking Alzheimer’s disease research is aimed 
at developing real strategies for conducting phase 111 trials of drugs in man. 
The importance of supporting such research into reliable intermediary cri- 
teria for Alzheimer’s disease is obvious and illustrated by recent progress in 
cognitive psychology of memory [106, 1071. The development of a drug 
with a certain, even if minor, efficacy is urgently needed in our search for 
new drugs to treat Alzheimer’s disease since it would provide a reference 
which is so lacking at present. Considering the populations which could be 
included in this type of clinical trial, it is important that the assessment cri- 
teria be compatible with computer processing and remain accessible for sub- 
jects with a certain degree of degradation. Later phase I11 trials for Alzhei- 
mer’s disease are both a subject of discussion and of active research and 
explains why some international consensus is beginning to be developed or 
at least being encouraged in directives from the official authorities [ 1081. A 
new chemical entity could receive marketing authorization if two phase 111 
clinical trials with patient follow-up of at least 6 months have shown positive 
results compared with placebo. In addition, a significant clinical improve- 
ment should be recorded using a validated scale (for example, the ADAS- 
Cog), an assessment of daily quality of life and a global assessment by rela- 
tives and the caregivers. A consensus meeting has recently been held in 
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Canada where the research options have been established in this field. Parts 
of this report have been published [ 108aI. The authors comment on the mag- 
nitude of the problems faced by Canadian society as a result of an aging pop- 
ulation. The most important issues are, on the one hand, an increasing inci- 
dence of dementia and Alzheimer’s disease, and on the other, the present 
limited therapeutic options available. Guidelines are required for optimizing 
the development of new compounds. The different steps (from Phase I to 
Phase IV) are described as well as the methods of measuring drug efficacy. 
It is recommended that an indication for symptomatic treatment of Alzhei- 
mer’s disease must be supported by a demonstration of efficacy within at 
least one of the individual domains affected (cognition, behaviour, function). 
For an indication of disease stabilization, a global staging of efficacy would 
be mandatory. Phase IV studies should complement pre-marketing studies 
by the collection of long-term clinical and pharmaco-economic data. 

It is probable that the main assessment criteria to be included in phase 111 
clinical trials will evolve rapidly. They would take into account the socio- 
economic benefit obtained or the improvement in the most characteristic 
signs of Alzheimer’s disease, these symptoms not necessarily or uniquely 
being cognitive signs. 

DRUGS AND ALZHEIMER’S DISEASE 

GENERAL PRINCIPLES 

To attempt to review the drugs indicated or potentially useful in Alzheimer’s 
disease is a risky process for a number of reasons. The list is long: (1) in 
1995, only one compound, tacrine, had been initially authorized for market- 
ing in two countries, France and the United States; (2) few compounds are 
currently in the development stage and they belong to quite different chemi- 
cal and pharmacological classes; (3) the final therapeutic objective (symp- 
tom relief or halting the pathophysiological process) is not always clear; (4) 
neurochemical targets of the main drugs currently being assessed in clinical 
trials do not correspond to the most characteristic features of the disease 
(/-amyloid deposition, neurofibrillar degeneration); (5) few potential drugs 
have been assessed in phase I11 trials using acceptable methodologies, most 
being screened in so-called ‘pilot’ studies with an insufficient population 
sample; (6) the imbalance between disease stage and sensitivity to measuring 
instruments is a classical problem despite the fact that slow progression of 
the disease at onset (and thus the difficulty in measuring small variations) 
and the acceleration of the clinical signs in the moderate stages (MMS be- 
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AchE 

Figure 1.  I .  Schematic mechanisms of action of the main anti-Alzheimer drugs (seepage 3for key to 
abbreviations). (-), antagonism; (i), agonism. 

tween 12 and 18) is well known; (7) the nearly total absence of clinical phar- 
macology studies (dose range, assessment of undesirable effects, detection 
of psychometric actions other than memory effects, interactions such as 
foodldrug interactions). 

The slow degradation at the beginning of the disease together with the dis- 
crete nature of the clinical signs means that a symptomatic effect, even if 
non-specific, could be demonstrated (improved vigilance, memorisation, 
etc) without the compound being a true anti-Alzheimer agent. This type of 
reasoning should be adapted every time a symptom-targeted product is as- 
sessed in the early stages of the disease. 

Schematically, certain areas of research are considered to be highly prom- 
ising. These include MAO-B inhibitors, enhancers of cholinergic transmis- 
sion, and calcium antagonists. Other areas such as free radical scavengers, 
glutamate blockers or modulators, and anti-inflammatory agents remain hy- 
pothetical. Finally, other areas appear to have recently been abandoned, for 
example, nootropic drugs, stimulation of cell metabolism or products with 
membrane properties (Figure 1.1). Entirely new areas (for example, gene 
therapy) are in the animal experimentation stage. While there is complete 
agreement between theoretical and neurobiological data, solutions to cer- 
tain questions of ethics and technical difficulties need to be resolved before 
development of such therapeutic procedures in this area can proceed. 

In the following section, we have attempted to avoid the pitfall of over- 
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emphasizing ‘potentially’ promising agents which are more a question of 
fashion than of effectiveness. We shall focus on molecules which have 
already reached a stage of development such that they can be looked upon 
as treatments for the ‘immediate future’. 

SELEGILINE 

Medicinal chemistry 

Selegiline [(R)(-)-N,a-dimethyl-N-(2-propynyl)benzeneethanamine, Elde- 
pryl, Deprenyl, 11 is a phenethylamine derivative: which is pharmacologi- 
cally active in the lev0 form. It is indicated as adjuvant treatment with levo- 
dopa in Parkinson’s disease, and is supplied as a 5 mg tablet of selegiline 
hydrochloride. It belongs to the class of type B inhibitors of monoamine oxi- 
dase (MAOI-B). At high doses (>40  mg/day in man), selegiline loses its 
MAOI-B specificity and also inhibits MAO-A. 

PhCH2CHMeNMeCH2C = CH 
(1) 

Justijication for use in Alzheimer’s disease 

The main property of this drug is to inhibit catabolism of certain amino 
acids (phenylethylamine, dopamine). The compound is assumed to improve 
amine-dependent neurotransmission systems and is thus appropriate for 
certain symptoms of Parkinson’s disease. More importantly, MAO-B inhibi- 
tion opposes an age-related increase in enzyme activity which could rise by 
as much as 20 to 30% per decade, particularly in certain structures of the 
central nervous system (thalamus, nucleus caudatus, hippocampus, amygda- 
la, cingulum). This effect could be the reason why rats treated with selegiline 
live longer than control animals [ 1091. MAO-B inhibition in the mitochon- 
dria antagonizes oxidation due to both endogenous and exogenous agents 
(neurotoxins such as MPTP) and the production of free radicals. This argu- 
ment is applicable to Alzheimer’s disease since MAOIs can be considered 
to be potential enhancers of cognition and neurocytoprotectors [ 1101. This 
mechanism has been fruitful in another degenerative disease, Parkinson’s 
disease, where the two therapeutic effects, symptomatic relief [ 11 11 and pro- 
tection against motor decline [112], have been proven. 
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Pharmacological properties 

The symptomatic action of MAO-B inhibitors is mediated by blockade of 
the MAO-B enzyme involved in dopamine degradation, which results in in- 
creased dopamine availability at  the synapse. This is not, however, the only 
mechanism of action. The symptomatic effect is also mediated by inhibition 
of amine uptake and a major increase in phenylethylamine concentrations 
in the striatum. Phenylethylamine is a trace amine which can amplify dopa- 
minergic transmission. In addition, it has been proposed that blocking 
MAO-B metabolism of N-acetylated polyamine derivatives could modulate 
the activity of inhibitor glutamatergic efferents at the subthalamic level. 
The exact role of selegiline in amphetamine metabolism is not clearly under- 
stood. 

The neuroprotector role of selegiline is of particular importance as it not 
only protects against the toxic action of MPTP, but also leads to less neuro- 
nal damage induced by other exogenous agents (6-hydroxydopamine, dihy- 
droxytryptophan). Why should we not therefore imagine that this drug could 
have the same effect on potential environmental toxins analogous to 
MPTP? Several pesticides and insecticides which occasionally drain into 
well-water have been incriminated not in Alzheimer’s disease, but in Parkin- 
son’s disease, although epidemiological studies have not been able to con- 
firm this. It should also be noted that while the MPTP intoxication model re- 
produces all the clinical features of Parkinson’s disease, it does not 
reproduce the neuropathology so that it would be erroneous to imagine 
that the disease is caused by simple exposure to  exogenous toxins. 

The more interesting hypothesis is that endogenous oxidative stress is par- 
ticularly damaging to dopaminergic neurones and is related to hydrogen per- 
oxide production during enzymatic degradation of dopamine in the MAO- 
B catalyzed reaction. Beyond this action on dopamine metabolism, selegi- 
line could increase dismutase superoxide and catalase activity, and reduce 
the concentration of oxidized glutathione in the long term [ 1 131. In addition, 
an increase in N-acetylated polyamines by MAO-B inhibition could de- 
crease calcium-related cytotoxicity generated by glutamatergic receptors. 
All these suggestions, although hypothetical, reinforce the idea that MAO- 
B inhibition has a multi-faceted effect. Furthermore, selegiline not only pre- 
vents toxicity due to several exogenous and endogenous substances, but 
also protects against DSP-4 toxicity, apparently by a mechanism indepen- 
dent of its MAO-B inhibitory effect. Lastly, it has been suggested that selegi- 
line has a neurotrophic effect by increasing survival of neurones which have 
already been submitted to a potentially lethal effect. It should be noted that 
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selegiline appears to significantly increase Trk C (neurotrophin T3 receptors) 
in the frontal and parietal cortex. 

Pharmacokinetics 

When administered orally, selegiline is completely and rapidly absorbed, 
maximal concentration being reached in 0.5 to 2 hours. Amphetamine me- 
tabolites are produced on its first passage through the liver. Selegiline is 
strongly linked to proteins (albuniin/globulins) with more than 90% being 
in a bound form. The volume of distribution is 300 litres. Rapid tissue pene- 
tration is facilitated by its basic and lipophilic characteristics [114] . 

Elimination occurs mainly via renal filtration in an unmetabolized form, 
but also as amphetamine derivatives (desmethylselegiline, Lamphetarnine, 
and 1-metamphetamine). The elimination half-life is short (0.5 hours) and 
the half-life of its derivatives is relatively long: 2-5 hours for desmethylselegi- 
line, 20 hours for I-methamphetamine and I-amphetamine. The role of the 
amphetamine derivatives is still subject of debate. It is known that racemic 
transformation does not occur and that the I-amphetamine derivatives are 
much less active than the d-amphetamine derivatives, but it is possible these 
derivatives participate in the clinical action of selegiline. Current work based 
on selective MAO-B inhibitors with no amphetamine metabolites (Ro 
19-6327) should provide answers on this point. 

Cerebral uptake of radiolabelled “ C  selegiline is rapid. Peak uptake oc- 
curs after 2 to 3 minutes and is followed by progressive elimination if the 
dextro form is administered or if the subject had received the compound be- 
forehand. Conversely, in subjects having no prior exposure to the com- 
pound, the levo form produces a retention plateau. Action then occurs on 
cerebral MAO-B. A 10 mg dose of seligiline totally inactivated cerebral 
MAO-B and, since selegiline is an irreversible enzyme inhibitor, inhibition 
lasts for the enzyme turn-over period which varies with the brain structure 
implicated but which can be as long as 40 days. After a single dose of selegi- 
line, detectable MAO-B activity reoccurs in platelets after 2 days at the ear- 
liest and 4 to 5 days at the latest [ 1 151. 

Clinical trials in Alzheimer’s disease 

One must appreciate that before conducting clinical trials for any drug in- 
tended to have a symptomatic effect or a protective effect in Alzheimer’s dis- 
ease, methodological difficulties have to be resolved. Indeed an apparent 
‘stimulating’ effect on disease symptomatology may be mistaken for a cyto- 
protector effect (the difference can only be determined by reference to the 



42 PHARMACOLOGY OF ALZHEIMER’S DISEASE 

placebo effect at the end of the study). Several clinical trials with acceptable 
methodologies have recently been reviewed by Wiseman and McTavish 
[116]. At 10 mg/day, patients treated for 2 to 6 months showed significant 
improvement in cognitive functions. In the study reported by Mangoni et 
al. [I 171, 112 patients given selegiline for 3 months showed significant im- 
provement in Blessed’s dementia scale, scores of activities of daily living 
and on items of orientation, memory and concentration. However, these en- 
couraging results could not be reproduced by Burke et al. who reported 
upon two studies [118, 1191. These latter authors used less sensitive global 
scales (clinical dementia scale, MMS, BPRS, geriatric evaluation by rela- 
tives) in 39 patients over a 15 months study period. A later trial provided in- 
teresting results which demonstrated that combining daily doses of selegiline 
(10 mg) with tacrine (80 mg) improves cognitive function as assessed by the 
Alzheimer’s disease assessment scale [ 1201. The findings reported in these 
trials suggest that selegiline at a dose of 10 mg/day can be beneficial for pa- 
tients. Hopefully, current trials will confirm the clinical effectiveness of sele- 
giline in the treatment of Alzheimer’s disease. 

Selegiline given to Alzheimer’s disease patients does not induce any more 
undesirable effects than it does when administered to Parkinson’s patients. 
No behavioural disorders other than a few cases of hallucinations, confusion 
or insomnia, are observed. 

Perspectives of MAO-B inhibitors 

Selegiline has certainly opened a new area of therapeutic research in Alzhei- 
mer’s disease. The aim of using MAO-B inhibitors is to prevent progressive 
decline. The intense research activity in this area is demonstrated by the list 
of drugs which have been examined, although few have reached phase I11 
trials in Alzheimer’s disease. At present, it would be premature to differenti- 
ate between the different products (for example, mofegiline or lazabemide) 
either in terms of clinical effectiveness or acceptability. The role of mono- 
amine oxidases on nervous system physiology is highly complex and must 
be related to other systems suspected of playing a pathogenic role in Alzhei- 
mer’s disease, such as amyloid substance [121]. The following are some of 
the many MAO-B inhibitors which are being developed; milacemide, Ro 
16-6491, and MD 220-661 (reversible for MAO-B); J 508/AGN 1133 and 
AGN 1 135 (irreversible for MAO-B), eutonyl (partly selective MAO-B), al- 
moxatone and MDL 72 638 (exhibit enantiomeric selectivity), MDL 72 145 
(potentiates levodopa) and Ro 19-6327 (short acting). 
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Medicinal chemistry 

Nimodipine (Nimotop, 2) is a dihydropyridine: the isopropyl 2-methoxy- 
ethyl diester of 1,4-dihydro-2,6-dimethyl-4-(3-nitrophenyl)-pyridine-3,5-di- 
carboxylic acid. This molecule is marketed in a 30 mg oral formulation (as 
Nimotop) and is indicated for use in vascular diseases, particularly cerebro- 
vascular diseases due to its high lipid affinity and the fact that it easily crosses 
the blood-brain barrier. 

Nimodipine is a calcium antagonist. In this pharmacological class, di- 
hydropyridines are blockers of voltage-dependent L-type calcium channels. 
These ion channels facilitate Ca++ ion movement through cell membranes. 
The channels are found throughout the organism, occur in several types, 
can interact [ 1221 and are involved in cell death [ 1231, neurocytotoxicity 
[ 1241 and in the consequences of cell phenomena due to hypoxia/ischaemia, 
particularly in the brain [ 125-1 271. 

This pharmacological class is one of the most complex since its members 
act on a variety of newly discovered calcium channels within the central 
nervous system with either synaptic or somatic localization and numerous 
functions. Little is known about the impact of calcium antagonists on chemi- 
cal neurotransmission, neuronal functions and intracellular calcium home- 
ostasis, particularly in neurones and glial cells. This wide area of research 
and the action of these drugs on cerebral vascularization have been the sub- 
ject of a number of recent reviews [95,  128-1301. For dihydropyridines, it is 
also important to note the peripheral (cardiovascular) effects which in turn 
affect the central nervous system. 
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Justijication for use in Alzheimer’s disease 

Based on a mechanistic approach, the initial question is to determine 
whether the possibility of re-establishing calcium homeostasis, apparently 
perturbed in Alzheimer’s disease, using direct access to the brain with dihy- 
dropyridine, has a beneficial effect. While neuronal calcium accumulation 
can be demonstrated in the physiological ageing process [131], the situation 
in Alzheimer’s disease is far from clear [ 1321. According to Heizmann and 
Braun [ 1331, Ca++-binding proteins would be the site of characteristic 
anomalies in neurodegenerative diseases. However, there is little evidence 
to suggest that dihydropyridines such as nimodipine act at this level. One re- 
cent theory assumes the opposite effect that moderate increases in free 
Ca++ protects against apoptosis [ 1341 and that voltage-gated Ca++ channel 
blockers induce apoptosis in cortical neurones [135]. Likewise, the effect of 
calcium channel blockers on synapse function as reported by Dunlap et al. 
[ 1301 opens up a new unexplored area of research, such as the role of nickel 
in blocking E-channels [ 1361. 

Pharmacological proper ties 

Nimodipine exerts its major pharmacological properties on blood vessels, 
particularly in the brain [ 1371. These spasmolytic and vasodilator effects 
which are predominantly responsible for the anti-hypoxic effect of dihydro- 
pyridines, have not been specifically studied in Alzheimer’s disease. Like- 
wise, the fact that calcium antagonists can only express pharmacological 
properties in pathological situations or specifically act either on the endo- 
plasmic reticulum or on calciproteins, has not been clearly explored in de- 
mentia [138, 1391. The typical behavioural and cognitive pharmacological 
effects have, on the other hand, been clearly demonstrated in animal models. 
In the early 1980s [140], the specific effects on memory, recall and training 
were demonstrated in the rabbit and rat [ 141-1451. These pharmacological 
properties are those classically required in preclinical studies when selecting 
drugs for further development in Alzheimer’s disease. 

Pharmacokinetics 

The pharmacokinetic constants of nimodipine have been carefully deter- 
mined: strong protein affinity (98%), hepatic elimination (clearance 850 ml/ 
min), half-life elimination (60 min), hepatic metabolism, and plasma con- 
centration at equilibrium (27 k 2 ng/ml). Compared with other dihydropyri- 
dines, it is important to recall its high lipid affinity and slow renal elimina- 
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tion in elderly subjects. These data explain why clinical trials with nimodi- 
pine given orally require 3 daily doses of 30 to 60 mg. 

Clinical trials in Alzheimer j. disease 

Several preliminary trials have shown that nimodipine has cognition stimu- 
lating effects in man, particularly in the elderly subject with cognitive impair- 
ment of various origins (vascular and degenerative). For example, Parnetti 
et al. [146] reported on 352 patients given 30 mg three times a day of nimodi- 
pine for 3 months and 403 patients for 6 months. Likewise, Ban et al. [147] 
showed the greater effect of 90 mg nimodipine compared with placebo in 
178 elderly subjects treated for 3 months, as also did Tollefson [148] on 227 
Alzheimer patients given 30 mg nimodipine three times a day for 3 months 
versus placebo. These results are in agreement with animal data, and prelim- 
inary results obtained with pharmaco-EEG data [149]. These results are 
ample justification for conducting new multicentre clinical trials and appear 
promising since the objective criteria needed today were positively affected 
by the treatments (CGI, MMS, scales of cognitive degradation, scales of dai- 
ly activity). The results of two large multicentre trials being carried out in 
Europe using standardized methodology are awaited shortly and will hope- 
fully justify the use of nimodipine in Alzheimer’s disease at oral doses of 
about 180 mg/day. These trials have already verified the safety of the product 
when given to a particularly fragile elderly population. The side-effect most 
frequently reported have been dizziness (28%), hypotension (1 9%) [ 1501, pol- 
lakiuria. and headache with flush. 

Perspectives for calcium antagonists 

The large number of molecules in this class is not matched by an equivalent 
number of known trials in Alzheimer’s disease. Undoubtedly, most pharma- 
ceutical firms are awaiting the shortly-to-be-published results of the two 
clinical trials mentioned above. It is clear however that calcium antagonists 
have one common property, that of providing improvement in symptoms 
for certain cognitive functions in elderly subjects. The precise mechanism 
of action is still a matter of uncertainty although the hypothesis that these 
drugs result in the pharmacological correction of cerebral vascular anoma- 
lies (with marked regional specificity well-described in Alzheimer’s disease) 
is often emphasized [ 15 11. 
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TACRINE 

Medicinal chemistry 

Tacrine (THA, Cognex, 3), velnacrine (4) and SM 10888 (5) are members of 
the 9-amino- 1,2,3,4-tetrahydroacridine family [ 11. They have one common 
pharmacological property, that of selective inhibition of acetylcholinester- 
ase in the central nervous system. Compared with classical anticholines- 
terases used in the treatment of myasthenia gravis, tacrine easily crosses the 
blood-brain barrier. 

(3) R = H 
(4) R = OH 

Tacrine causes reversible allosteric inhibition of acetylcholinesterase and 
butyrylcholinesterase in vitro by binding to a hydrophobic region near the 
anionic a or g sites on the surface of the enzymes [152]. A mixture of compe- 
titive and non-competitive inhibition has been recorded [ 1531. In therapeutic 
use, these enzyme inhibitors can be generally termed anti-myasthenic agents 
[ 1541. The following recall of the properties of these agents is useful to ex- 
plain the potential peripheral effects of tacrine and the characteristic prob- 
lems raised by this class of pharmacological agent. 

Justijkation of use in Alzheimer’s disease 

The initial rationale for the use of tacrine in Alzheimer’s disease is based on 
solid arguments favouring a depopulation of specific cholinergic neurones 
in Alzheimer’s disease. This neurone loss, particularly in the nucleus basah  
of Meynert, has been correlated with the degree of cognitive deficit in man, 
the basis of the cholinergic theory relating to Alzheimer’s disease [ 155, 
1561. This theory has been widely corroborated by the results of numerous 
pharmacoclinical studies which have shown the deleterious effects of anti- 
cholinergic substances such as scopolamine on memory and orientation in 
young and elderly healthy volunteers [ 157-1 591. Episodes of memory im- 
pairment, artificially induced by anticholinergic agents, are the initial signs 
of Alzheimer’s disease [ 1601. Furthermore, acetylcholinesterase hyperactiv- 
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ity and butyrylcholinesterase hyperactivity in senile plaques and neuron- 
tangles occur in cortical, limbic and subcortical structures in patients with 
Alzheimer’s disease [ 16 11. Finally, inhibition of acetylcholinesterase in the 
nervous system leads to an increase in synaptic acetylcholine which is as- 
sumed to induce an agonist effect on all central cholinergic receptors, not 
only muscarinic but also nicotinic receptors. These central nicotinic recep- 
tors are strongly suspected of playing a role in the genesis of the pathophys- 
iological process of Alzheimer’s disease and in the function of numerous 
cognitive activities such as memory, attention, vigilance and visual discrimi- 
nation [ 162-1 641. An ultimate argument in favour of the cholinergic theory 
of Alzheimer’s disease results from a better understanding of factors con- 
tributing to cholinergic neuron survival, particularly factors such as NGF 
[ 1651. 

Pharmacological properties 

The pro-cholinergic effect by inhibition of acetylcholinesterase has been 
proven, but is not the only action of these compounds (Table 1.4). In their re- 
view of the subject, Wagstaff and McTavish [l] discussed the therapeutic po- 
tential of the different properties of tacrine and recalled that it is impossible 
to attribute the clinically observed phenomena exclusively to one or other 
of this drug’s properties. Certain features would suggest there is a possible 
cytoprotector action (anti-glutamate effect [ 166, 1671, an M A 0  inhibitor 
effect and a cytoskeleton effect) associated with the symptomatic effect cur- 
rently in the limelight resulting from the action initially described for neuro- 
transmitters. 

Table 1.4. PHARMACOLOGICAL EFFECTS OF TACRINE 

Inhibits acetylcholinesterase and butyrylcholinesterase activity 
Inhibits muscarinic and nicotinic receptor binding 
May restore density of nicotinic receptors in patients with Alzheimer’s disease to control values 
Increases synthesis and release of acetylcholine under certain conditions 
Inhibits cyclic AMP phosphodiesterase 
Inhibits potassium-evoked release of excitatory amino acids 
Inhibits monoamine oxidase activity 
Affects noradrenaline (norepinephrine), dopamine and serotonin (5-hydroxytryptamine) up- 
take and release 
Inhibits histamine-N-methyltransferase, increasing histamine levels 
Blocks potassium, sodium and calcium ion channels 
Stimulates insulin secretion 
Increases glucose metabolism 
Alters the physical properties of membranes 
Inhibits glutamate/NMDA toxicity 
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In animal models of behavioural disorders, tacrine has been shown to be 
effective for reversing memory deficiency, improving learning and orienta- 
tion performance at effective doses from 0.3 to 10 mg/kg. These dose-depen- 
dent effects sometimes show an inverted bell-shaped curve, characteristic of 
many agents with effects on cognition. 

Pharmacokinetics 

As for any drug causing enzyme inhibition, interpretation of concentration/ 
effect or pharmacokinetic/pharmacodynamic relationships must be consid- 
ered with caution. This is particularly true for tacrine since enzyme inhibi- 
tion is not its only property. Several important features should be em- 
phasized: (1) there are wide interindividual variations in the main 
pharmacokinetic parameters, (2) correlations have been established be- 
tween bioavailability and improvement in clinical scores and even with 
pure memory tests, (3) there appears to be a correlation between plasma lev- 
els and increase in liver enzymes, (4) a typical gender effect is present, and 
finally (5) a possible explanation for the presence of non-responders is the 
fact that these patients exhibit low bioavailability. The pharmacokinetic 
properties of tacrine can be summarized as: bioavailability 17 to 24%, peak 
plasma concentration at 1.3 to 2.0 hours, distribution volume ranging from 
3.7 to 6.8 I/kg, protein binding approximately 75%, predominant hepatic 
metabolism by cytochrome P450 IA2 and secondarily by cytochrome P450 
IID6 resulting in five main metabolites including 1 -hydroxytacrine (velna- 
crine) with a peak half-life of 0.5 to 1.5 hours after oral administration. The 
plasma elimination half-life is 1.4 to 2.8 hours after single oral dose and 2.9 
to 3.6 hours after repeated oral doses. Plasma clearance occurs at a rate of 
144 to 168 l/h. Urinary elimination predominates. 

There are few data available on the kinetic effect except those obtained 
with pharmaco-EEG (increase in alpha, decreased theta and delta corre- 
lated with efficacy) or PET scan [ 1681. These data were reviewed by Freeman 
and Dawson [ 1521 and by Schneider [ 1691. 

Clinical trials in Alzheimer's disease 

Since the inaugural publication by Summers et al. in 1986 [170], there have 
been a large number of clinical trials carried out throughout the world which 
have given rise to much discussion [171-1741. It would be unreasonable to 
reconsider all this information here. Nevertheless, it is important to under- 
score the rather disorganized nature of this body of knowledge which actu- 
ally contains little phase I and phase II data and has varied greatly in the 
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choice of the optimal dose, frequency of administration or treatment dura- 
tion. Only the more recent trials, including the study reported by Knapp et 
al. [ 1751 deserve more careful analysis. These authors enrolled 663 subjects 
and obtained evaluable data in 263 at the end of the 30 week trial. At 18 
weeks treatment in 338 patients, tacrine given at a daily dose of 120 mg 
(n = 171) was effective compared with placebo (n = 136) using the CIBIC 
and ADAS cognitive scales. Likewise, patients who completed the study 
with 160 mg had a mean improvement in the ADAS-Cog of 4.1 points and 
2.6 points on the MMS scale compared with placebo. Schematically, when 
the official authorities accepted tacrine for marketing authorization, it was 
considered to be effective when compared with placebo, with an active daily 
dose of 80-1 60 mg, and a 12 month period in which could be observed such 
pertinent improvements as attention, memory, word recognition and lan- 
guage [ 1761. 

Drug sajety 

In common with other anticholinesterase agents, tacrine induces a number 
of peripheral parasympathetic effects including nausea, vomiting, diar- 
rhoea, abdominal cramps (940%), pollakiuria (6-25%), diaphoresis 
(3-17%) and ptyalism (3-lo%), whilst agitation (5%), insomnia (6%) and 
confusion (3%) are rarely observed. 

The rise in ASATand ALAT induced by tacrine is a frequent feature (50% 
or less) and reflects hepatotoxicity which limits its use in Alzheimer’s dis- 
ease. These dose-dependent rises in liver enzymes generally regress in one 
month and are related to the effect of tacrine on hepatic cytochrome P450 
[ 1771. Several cases of symptomatic acute hepatitis have been reported. The 
precise mechanism of liver toxicity is currently under study in order to ex- 
plain, among other things, why the rechallenge doses of tacrine are higher 
than those given initially which cause a transaminase rise. Trials which at- 
tempt to minimize this hepatotoxicity through dose optimization have be- 
gun in France (co-therapy with sylimarin). Confirmation of tacrine’s toxicity 
will come from an intensive follow-up of the first 5,000 patients treated 
with the drug currently being carried out by the French Pharmacovigilance 
Group (the PAC0 study). 

PERSPECTIVES FOR THE CHOLINERGIC APPROACH 

An ti-cholinesterases 

There are several anti-cholinesterase agents (e.g., Donpezil, Metrifonate, 
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Eptastigmine, alanthamine, and MDL 73,745) currently in phase I11 clinical 
trials based on the tacrine experience. It would appear reasonable to predict 
that a product with a minimal efficacy but without the undesirable pe- 
ripheral effects and especially without the risk of hepatotoxicity would be 
an interesting alternative to tacrine [178]. 

HOCHCOOH 
I 

MeCHNMe, I H&HCOOH 

SDZ ENA 713 (ENA 713, (+)(S)-N-ethyl-3-[( 1-dimethylamino)ethyl]-N- 
methylphenyl carbamate hydrogen tartrate, 6) is an acetylcholine esterase 
inhibitor of the carbamate type. This carbamate inhibitor mimics acetylcho- 
line as a substrate for acetylcholine esterase but produces a carbamoylated 
enzyme, unlike tacrine which inhibits both competitively and non-competi- 
tively. The slow hydrolysis of carbamoylated acetylcholine contributes to 
the long duration of action of SDZ ENA 7 13. This compound is more potent 
in inhibiting acetylcholine esterase in rat cortex and hippocampus than in 
other brain regions such as the striatum, pons and medulla. SDZ ENA 7 13 
is highly brain selective. When the brain enzyme is inhibited by SO%, the 
acetylcholine esterase activity in peripheral organs such as liver, lung and 
heart is only marginally affected (less than 20%). In the alert non-mobile- 
behavioural model in animals, SDZ ENA 713 is 16 times more potent than 
tacrine given orally. Based on hippocampal EEG data, the drug has been 
shown to have a long duration of action (> 6 hours). The drug has been ad- 
ministered to over 700 patients with Alzheimer's disease in a daily dose 
range of 1-12 mg being well tolerated by the majority of patients. Significant 
liver enzyme elevations (three times the upper limit of normal) are extremely 
rare (1.8%) compared with tacrine. 

Furthermore, there have been no drug withdrawals due to enzyme eleva- 
tions in patients treated with SDZ ENA 71 3 while approximately 25% of pa- 
tients treated with tacrine discontinue due to liver enzyme elevation. There 
appear to be no associated cardiac, renal or central nervous system adverse 
effects. The most commonly reported adverse effects are nausea, vomiting 
and diarrhoea of mild intensity. 

Efficacy of SDZ ENA 71 3 has been established in an analysis of patients 
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considered valid in two independent multicentre studies. In the first multi- 
centre study conducted in Europe, in 402 patients with Alzheimer’s disease, 
fixed doses of 3 mg twice daily were shown to be significantly superior to pla- 
cebo for the clinical global impression test and a variety of other psycho- 
metric measures after 12 weeks of treatment. A subsequent multicentre trial 
was conducted in 114 patients with Alzheimer’s disease in Europe and Can- 
ada. Significantly more patients given fixed daily doses of 6 ,9  or 12 mg twice 
daily for 8 weeks were judged to be ‘responders’ based on ratings of the CI- 
BIC-plus compared with patients treated with placebo. 

M I  muscarinic agonists 

It would appear logical to select a drug for Alzheimer’s disease which acts 
directly on post-synaptic muscarinic receptors (MI type receptors) rather 
than using enzyme inhibitors. Indeed, many such products are currently in 
phase 111 in the United States. Xanomeline (7) followed modern schemes of 
product development as explained above. Two French products, miramelin 
and SR 46559A (8) are in phase 11. The affinity of SR 46559A for M I  recep- 
tors is 6 times greater than for M2 receptors and apparently does not carry 
a risk of a ‘cholinergic syndrome’. In preclinical pharmacology, several M 1 

agonists are under study. All have been effective in animal models of cogni- 
tion impairment. One such compound is AF102B, a quinuclidine derivative 
[ 1791. SB 202026 is also a powerful partial agonist of M I  receptors [40 times 
more powerful than RS86 (9)] and can be used in humans at daily doses be- 
tween 100 and 150 pg. 

Nicotinic agents 

Despite a very negative connotation, nicotine is recognized as having posi- 
tive effects on memory, attention, anxiety and even depression [180]. In clini- 
cal pharmacology, improvement in several cognitive performances has 
been demonstrated [ 18 1, 1821. The lack of a tolerance phenomenon has also 
been proven. These results have been reproduced in patients with Alzhei- 
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mer’s disease with improved word recall, attention and information pro- 
cessing [183, 1841. 

Nicotine stimulates central nicotine receptors and also affects other neu- 
rotransmission systems, increasing tyrosine hydroxylase activity and elevat- 
ing noradrenaline (norepinephrine) release from the hippocampus [ 1851. 
These effects have surprising kinetics since induced modifications persist 
long after treatment withdrawal. The administration of nicotine to patients 
raises certain problems, but this line of research has resulted in the develop- 
ment of compounds without the undesirable effects of nicotine itself and are 
referred to as cholinergic channel activators (for review see [ 1861). 

Nicotine agonists form a very active new field of pharmacological re- 
search in the central nervous system, especially since the neuroprotector 
properties have been clearly demonstrated [ 1871. These facts should be ex- 
amined in the light of epidemiological data which suggest a dose-related pro- 
tector effect of smoking in Alzheimer’s disease [ 1881. Recent discussion has 
focused on the risk of Alzheimer’s disease, smoking and certain genotypes. 
Apparently the allele at Apo E is not associated with risk of Alzheimer’s 
disease [ 1891. 

GLUTAMATERGIC APPROACH 

Medicinal chemistry 

A large heterogeneous series of chemical compounds has been recognized as 
having an effect on excitatory amino acid transmission. For the time being, 
none of these compounds has reached phase 111 clinical trials in Alzheimer’s 
disease. We shall approach this question by speculating on the possibilities 
offered by three of them: riluzol(2-amino-6-trifluoromethoxybenzothiazole, 
10) (a phase I11 study in amyiotrophic lateral sclerosis), sabeluzol (1 1) and 
memantine (3,Sdimethyl- 1 -adamantarnine) [ 1901. 

y&yNH2 CF30 
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These drugs limit or block glutamatergic neurotransmission by various 
mechanisms (decreased release, receptor blockade, effect on synthesis). 
They do not belong to a single pharmacological class, and the action on glu- 
tamate is rarely unique (ion channels almost always being affected). This ex- 
plains their wide spectrum of pharmacological effects and thus the variety 
of their potential uses. 

JustlJication of use in Alzheimer’s disease 

Theories on the processes leading to neurodegenerative diseases often impli- 
cate glutamate, but there are many questions to be answered. One line of 
thought in amyotrophic lateral sclerosis [ 1911 has contributed to the prefer- 
ential development of riluzol with very encouraging phase I11 results. Inver- 
sely, for Alzheimer’s disease, the glutamatergic approach is still highly spec- 
ulative [ 1921 or at least can only be based on very fragile arguments: loss of 
NMDA receptors in hippocampus of patients [ 1931, development of NFT 
in glutamatergic neurones [ 1941, stimulation of glutamate neurotoxicity by 
amyloid substance [195], raised glutamate levels in cerebrospinal fluid in pa- 
tients [ 1961. Excessive glutamatergic transmission as an acute phenomenon 
appears to be accepted but can hardly explain a chronic process such as Alz- 
heimer’s disease [ 1971. Furthermore, glutamate is required to consolidate 
the trace of memory, and since memory impairment is one of the first mani- 
festations of Alzheimer’s disease, blocking the system would appear to be 
antagonistic [ 1981. This observation has led certain authors to propose that 
drugs capable of modulating glutamate release rather than focusing directly 
on receptors [ 199,2001 would be most useful in treating Alzheimer’s disease. 

Pharmacological properties 

Riluzol antagonizes glutamatergic transmission via different mechanisms: 
indirect blockade of NMDA receptors (modification of receptor phospho- 
rylation status), inhibition of excitatory amino acid release by an agonist 
effect on an unknown receptor bound to protein G or interaction with vol- 
tage-dependent sodium channels (depressor effect on neurones with a high 
tonic activity spontaneously). The pharmacological properties of the com- 
pound can be explained by these mechanisms: anti-seizure, anti-ischaemia, 
antagonism of MPTP cytotoxicity [201]. 

Sabeluzol is a substance which stimulates learning processes and recall, 
has an anti-hypoxic and anti-seizure effect. The two enantiomers contribute 
to the pharmacological activity. This compound increases long-term poten- 
tiation at 2.5 mg/kg in the rat and counteracts chronic glutamate toxicity in 
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neurone cultures ( 10-8M). Binding studies indicate interactions with several 
classical neurotransmission systems as well as with sigma receptors and cal- 
cium-dihydropyridine sites. Three double-blind trials have been conducted 
in Alzheimer’s disease at doses between 10 and 20 mg twice daily [202]. 

Memantine has been known since 1963 and was used in several human 
diseases such as Parkinson’s disease and stroke. This compound affects sev- 
eral transmitters [203] and has an anti-hypoxia and anti-ischaemia effect. It 
is a non-competitive antagonist of NMDA receptors and blocks Ca++ entry 
through serotonin operated channels and binds to the phencyclidine recog- 
nition site in the NMDA-operated Ca++ channel [204,205]. 

Perspectives for  the glutamatergic approach 

It is difficult to judge the desirability of the glutamatergic approach since no 
pure glutamatergic compound has been found to be effective in Alzheimer’s 
disease. The data currently available suggest that these compounds would 
be more effective in stroke. Finally, the toxicity of certain ligands has been 
studied in vitro and has dampened the enthusiasm of many clinicians. 

Conversely, a new line of inquiry examined glutamatergic activity, not as a 
blocker of neurotransmission but as an agonist of AMPA type receptors. A 
new class of compounds, called ampakines, act as long-term boosters of the 
learning process. Aniracetam [206] is considered as the major product in 
this series. It improves performance in all classical behavioural tests in ani- 
mal models. The question which has to be answered is whether these com- 
pounds simply have symptomatic effects on memory processes or whether 
they have complementary properties such as inhibition of cell death [207]. 
Furthermore, certain compounds currently classed as ampakines such as 
oxiracetam and piracetam have not been shown to be effective in Alzhei- 
mer’s disease. Others, such as nefiracetam (1 2) are in the animal experimen- 
tation stage and appear to be promising because of their impact on the neu- 
ronal cell adhesion molecules (NCAM) [208] and their effect on synapse 
plasticity. 

Me‘ 
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FREE RADICAL SCAVENGERS 

There is an abundant body of literature on the role played by free radicals in 
cell-death and their interaction with other deleterious compounds such as 
glutamate, iron and calcium [209-2 1 11. However, in Alzheimer’s disease, 
the arguments favouring the free radical theory are not particularly solid 
and are all based on indirect actions [212]. Lack of evidence contrasts with 
the large number of chemical compounds counteracting over-production of 
free radicals: the series of aminosteroids (lazaroids including U-74006F), 
alpha-tocopherol (vitamin E) and a whole series of compounds which, in 
Europe, are classed as cognitive enhancers. In our experience, only exifone 
(1 3), a powerful scavenger, has been shown to be effective in a study of 38 pa- 
tients tested for 6 months. Effectiveness was judged on the basis of MMS 
scores versus placebo (unpublished results). This drug, which has since 
been withdrawn (from the French pharmacopoeia 6 months after authoriza- 
tion) because to liver toxicity, was found to be superior to placebo for cogni- 
tive impairment in Parkinson’s disease [2 131. The contrast in results, inspired 
by this same free radical theory, has led certain groups to assess the effect 
of tocopherol or desferoxamine (chelator of aluminium and iron) in Alzhei- 
mer’s disease [214]. These theories, more in fashion in Parkinson’s disease 
[215] have not been abandoned by those convinced that free radical metabo- 
lites have a potential neurotoxic role in Alzheimer’s disease. More recently, 
the melatoninergic theory, based on the capacity to oppose overproduction 
of free radicals, has been debated and agonists of melatonin synthesis are 
currently under study [216]. 

OH 

OH 

COGNITION ENHANCERS 

The pharmacology of substances capable of non-specific stimulation of cer- 
ebral function and of improving cognitive performances have dominated 
neuropsychopharmacology since the beginning of the decade [2 171. There is 
an impressive list of compounds known to be active in animals via various 
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mechanisms [2 181. Certain drugs such as hydergine, piracetam, pentoxifyl- 
lin, ganglioside and vincamine have dominated the market for the ‘aged 
brain’ [219]. In fact, the use of all these drugs raises two questions: firstly, 
there is a gap between the biological and neurochemical effectiveness and 
the almost imperceptible effects observed in man. Secondly, the indications 
for which these cognition enhancers should be used remains unclear [220]. 
For the moment, correctly conducted trials in Alzheimer’s disease have 
been unable to demonstrate any objective proof of efficacy for piracetam 
(and is derivatives), for ginkgo biloba, or for hydergine [221]. These failures 
need to be discussed and analyzed, especially since the principal mechanism 
of action in dementia (that is, to simulate neurone metabolism) is in agree- 
ment with the theoretical data most recently obtained with neuroimaging 
techniques. In vivo NMR spectroscopy and PET scan have confirmed that 
focalized metabolic perturbations occur in the brain of patients with Alzhei- 
mer’s disease. These anomalies are precisely those which would be corrected 
by cognition enhancers [222]. 

To further complicate the picture, it is important to recall that several of 
these compounds were found to be active in phase I1 clinical trials either in 
healthy young or elderly volunteers or in dementia patients. In our experi- 
ence, these beneficial results in the early stages of development can only be 
interpreted as proof of cognitive action, but not as sufficient evidence for 
proposing their use in Alzheimer’s disease. 

OTHER STRATEGIES 

Certain therapeutic strategies currently under assessment should be men- 
tioned because they offer innovative options (Table 1.5). S12024 is now in 
phase 111 in an international multicentre trial. This compound which affects 
adrenergic and vasopressinergic neurotransmission (a pathophysiological 
mechanism rarely put forward in Alzheimer’s disease) has been shown to 
have a pro-memory effect in animal tests and to be non-toxic. It was thus sat- 
isfactorily studied in early clinical trials [223, 2241. A recent study including 
404 patients (phase IIb, treatment for 3 months) has just demonstrated that 
at a dose of 100 mg, S12024 is superior to placebo for 3 officially recognized 
criteria. The development of such a compound is highly instructive since it il- 
lustrates that pharmacological innovation outside established theories parti- 
cularly fashionable at a given moment can be useful. 

Non-steroid anti-inflammatory drugs (NSAIDs) are also being studied in 
Alzheimer’s disease. This approach is novel since it was based initially on 
epidemiological data which showed an inverse association between NSAID 
consumption and the occurrence of Alzheimer’s disease [225,226]. It is evi- 



Table 1.5. MAIN THERAPEUTIC AVENUES IN ALZHEIMER'S DISEASE 

Drug Main pharmacological Dosage per day Positive effects in Longest duration of Problems 
ejjeect in humans phase III studies blinded follow-up 

SELEGILINE inhibition of MAO-B 10 mg Yes 

NIMODIPINE 

TACRINE 

S 12024 

MIRAMELINE 
SR 46559 A 
XANOMELINE 
AF102B 
SB202026 

L-Type calcium channel 90-1 80 mg Yes 
blocker 

Inhibition ofcentral 80-160 mg Yes 
acetylcholinesterase 

Increase of neurotrans- 10&200 mg No (phase 11: yes) 
mission (vasopressine; 
alpha adrenergy) 

MI agonists, increase of 
muscarinic activity 

No 

RILUZOLE Glutamatergic transmission No 
SALBELUZOLE No 
MEMANTINE antagonists No 

24 weeks Symptomatic effect or cyto- 
protection 
Right dosage? 

Vascular or neuronal action? 24 weeks 

30 weeks Peripheral cholinergic side 
effects 
Hepatotoxicit y 

12 weeks Dosage choice 

Extra CNS toxicity 

Developed in ALS 
Many other properties 

v, .I 
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dent that NSAIDs slow down the Alzheimer’s disease process. MMS, the 
Boston naming test and delayed condition of the Benton visual retention 
test have shown in 28 patients that objective assessment measures are af- 
fected by NSAIDs [227]. 

The beneficial effect of oestrogenotherapy in Alzheimer’s disease is based 
on several factors. Oestrogen receptors in the brain have a distribution 
which is similar to the histological lesions of the disease (basal telencepha- 
lon, cerebral cortex and hippocampus). Oestrogens reinforce the synthesis 
of NGF receptors [228]. 17-Beta oestradiol favours non-amyloidogenic pro- 
cessing of APP [229]. Certain retrospective studies [230] have shown that 
menopausal women who have taken substitution oestrogen therapy have a 
lower risk for Alzheimer’s disease and that among the patients with the dis- 
ease, the degree of cognitive impairment is less in those who had taken hor- 
mone substitution therapy. To our knowledge, there has been no prospective 
study aimed at confirming the potential of oestrogen therapy on the course 
of Alzheimer’s disease once the disease has begun. 

CONCLUSION 

To those interested in gene therapy, the approach to discovering and devel- 
oping drugs for use in Alzheimer’s disease which is presented here may ap- 
pear old-fashioned compared with recent advances in cell biology, cell tro- 
phicity and cell-death [23 ll. We nevertheless have focused our discussion on 
the considerable delays (with the corollary of cost for society) which result 
when developing a drug for this condition. In one sense, Alzheimer’s disease 
is a concrete example of the pharmaco-economic debate [232]. The ideal 
drug for Alzheimer’s disease should limit the social and economic devasta- 
tion caused by this disease. However, this aspect of the problem has been 
timidly expressed by the health authorities who have recommended quality 
of life measurement and drug benefit scales for daily life activities to be car- 
ried out in phase 111 clinical trials. This debate was recently emphasized in 
an article in the French literature where the author noted the continuous de- 
celeration in current research despite the exponentially growing number of 
researchers and funds devoted to research [233]. The acceleration in basic, 
fundamental and consequently ‘pre-competitive’ research without a specific 
therapeutic application, appears to be typical in Alzheimer’s disease. Piece- 
meal knowledge of this disease and of neurodegenerative diseases in general 
is certainly a major obstacle to much needed pharmacological progress. 
What is clear today is that the lesions causing dementia are not diffuse le- 
sions but involve, at least at onset, a limited number of susceptible sites 
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[25]. Thus, Alzheimer’s disease is only one of the neurodegenerative diseases 
affecting the most noble functions of the individual. The analysis of these dis- 
eases (and thus their assessment) must call upon analysis-dependent plans 
interacting with logical technical, social and ethical considerations [234]. Fi- 
nally the pathophysiological mechanisms, whether dependent or indepen- 
dent of an individual’s genetic make-up, have been identified (neurofibrillary 
degeneration, metabolism of the P-amyloid protein, abnormal phosphoryla- 
tions) and should thus become designated targets for drugs. Modern phar- 
macology has yet to resolve the difficult problems raised by a multifocal ap- 
proach, in other words, to re-establish harmonious function between the 
brain structures (frontal lobeiassociative cortex) typically damaged in Alz- 
heimer’s disease. The present response, which will most certainly be judged 
to have been poorly adapted, is an attempt to affect the mechanisms assumed 
to be initiating,or which are common to degenerative diseases (free radicals, 
calcium, excitotoxicity, trophic factors). The impact on the major neuro- 
transmission systems (if i t  is assumed that the receptors function normally) 
appears to be a logical approach. The rest of the story will be of a more gen- 
eral nature and concerns the means of correctly and rapidly assessing the ef- 
fects of new potentially useful drugs. This is the justification for the emphasis 
in this review on early phase clinical trials in Alzheimer’s disease and the ref- 
erence to pilot studies using small samples but rigorous objective assess- 
ment measures. It is impossible to finish without mentioning the role played 
by the regulatory bodies (FDA, European Medicines Evaluation Agency) 
in drug innovation in dementia. Many industrial firms in Europe have in- 
itiated major phase I1 trials using the efficacy criteria dictated by the author- 
ities. This means that in 10 years from now these drugs will appear on the 
market with perhaps a rather outmoded mode of action. The idea would 
thus be to incite more innovative methodologies from these bodies (for ex- 
ample, more formal requirements for phases I and 11, earlier medico-eco- 
nomic analysis, revisions of assessment criteria for phase 111, directives in 
terms of biotechnological products or corresponding to gene therapy). A co- 
ordinated approach by the pharmaceutical industry and public research or- 
ganisations is, in our opinion, the only guarantee for future progress in the 
treatment of Alzheimer’s disease. 
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INTRODUCTION 

The discovery of new agents with novel mechanisms of action is the result of 
continual progress in the search for efficacious drugs for use in cancer chem- 
otherapy. Although the rate of successful outcomes of chemotherapy is not 
yet satisfactory, especially in the treatment of malignant solid tumours, the 
discovery of epoch-making agents, such as doxorubicin (adriamycin) and 
cisplatin, has improved the clinical efficacy of chemotherapy. It has taken al- 
most three decades for camptothecin to be recognised as a major cancer 
chemotherapeutic agent. Camptothecin (1) (Chemical Abstracts name: 
4-ethyl-4-hydroxy-(S)- 1 H-pyrano[3’,4’:6,7]indolizino[ 1,2-b]quinoline-3,14- 
(4H, I2H)-dione [numbered as in ( 1  a)]), was first isolated from the stem and 
bark of a Chinese tree Camptotheca acuminata and the structure of camp- 
tothecin was determined by Wall et al. in 1966 [l]. Preclinical studies demon- 
strated the remarkable antitumour activity of camptothecin against LI 21 0 
mouse leukaemia and the rat Walker 256 carcinosarcoma [ 1, 21, and its po- 
tent inhibition of DNA and RNA synthesis in L1210 mouse leukaemia cells 
[3-51. 

In the late 196O’s, demonstration of the impressive activity of camptothe- 
cin opened the door to clinical investigations. Clinical studies were initiated 
with the sodium salt of camptothecin (2) because of the lack of water-solu- 
bility of the parent compound. However, these studies were discontinued 
owing to the unpredictable occurrence of myelosuppression and severe hae- 
morrhagic cystitis [6-91, in spite of the fact that promising antitumour re- 
sponses were observed among patients with gastric and colon cancer. The 
discontinuation of these early clinical studies slowed down the progress of 
camptothecin research. 

In the late 1980’s, however, the discovery that type I DNA topoisomerase 
(topoisomerase I: Top0 I) is an intracellular target of camptothecin and 
that camptothecin is a specific inhibitor of Top0 I [lo-131 paved the way 
for further progress in research on camptothecin. Most of the renewed inter- 
est in camptothecin focused on investigation of the antitumour activity of 
water-soluble analogues which were expected to reduce the unpredictable 
toxic effects of the parent compound. Based on detailed studies of the struc- 
ture-activity relationships of camptothecin analogues synthesized during 
the 1970’s and 1980’s [14-201, further modification of the camptothecin 
molecule was explored in order to find an effective compound with clinical 
potential. As a result, irinotecan (CPT-11) (3) [21, 221 and topotecan (hy- 
camtin, 5) [23], both semisynthetic, water-soluble analogues of camptothe- 
cin, were introduced into the clinic in the early 1990’s [24-271, and, in 1994, 
irinotecan, the first anticancer agent derived from camptothecin was ap- 
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CQNa 

Camptothecin ( 1 )  Camptothecin sodium salt (2) 

IrinOteCan (CPT-11) (3) R’=Et, R2=R4=H R3=00CN 

SN-38 (4) R’=Et, R2=R4=H, R3=OH 

Topotecan (5) R’=R4=H, R2=CH2NMe2, R3=OH 

9-AC (6) R’=R3=R4=H. R2=NH2 
r\ GG-211 (7) R’ =H2CNUNMe R‘=H, R3=R4=OCH2CH20 

proved in Japan for the treatment of lung, cervical, and ovarian cancer. 
More recently, clinical studies of 9-aminocamptothecin (9-AC) (6) [28], oral- 
ly-administered camptothecin [29], and GG-211 (7) [30] were also initiated. 
This review concentrates on advances in the medicinal chemistry and phar- 
macology of camptothecin and its analogues in the period 1990-1995. Sev- 
eral excellent reviews of research on camptothecin and Top0 I have been 
published, and the reader is also referred to these [31-381. 

CHEMISTRY OF CAMPTOTHECIN 

ISOLATION OF CAMPTOTHECIN 

Camptothecin ( 1 )  was first isolated from Camptothecu acuminata Decne 
(Nyssaceae) [ l ,  391 which has been used for many years as a traditional Chi- 
nese medicine. Extensive studies of the natural distribution of this unique al- 
kaloid led to its isolation from several plant families: Nothapodytes,foefida 
[ 40-4 31, Oph ior rh iza m ungos [ 441, Er va tm ia h eyn eana [ 4 51, Merr illioden dron 
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megacarpum [46], and Ophiorrhiza pumila [47, 481. Regarding the biosyn- 
thetic pathway for camptothecin, the 'post-strictosamide biosynthetic 
events' were proposed by Hutchinson [49] to be preceded by oxidative trans- 
formation of the indole ring system of strictosamide (8) to a quinolone ring 
system to give the quinolone glycoside. In 1989, two new glucosidic alka- 
loids, pumiloside (9) and deoxypumiloside (10) were isolated from 0. pumila 
together with camptothecin [47]. Pumiloside (9) has also been isolated inde- 
pendently from C. acuminata [39] and N .  foetida [42]. The fact that both pu- 
miloside (9) and deoxypumiloside (10) were isolated from the same plant as 
camptothecin provides strong evidence in support of Hutchinson's proposal 
for the biosynthesis of camptothecin. 

Strictosamide (8) Pumiloside (9) Deoxypumiloside (10) 

TOTAL SYNTHESIS OF CAMPTOTHECIN 

A number of synthetic strategies for the preparation of camptothecin were 
developed in the 1970's and early 1980's [49-551, and these efforts culmi- 
nated in several successful total syntheses, the first by Stork and Schultz 
[56]. Discontinuation of the early clinical studies of camptothecin dramati- 
cally reduced the research effort devoted to investigating new methodologies 
for the total synthesis of this alkaloid. In the late 1980's, however, the discov- 
ery of the unique biological mode of action of camptothecin, and the devel- 
opment of water-soluble derivatives such as CPT-11 [21] and topotecan 
[23], revived interest in the development of practical methods for the syn- 
thesis of camptothecin. 

In 1992, novel methodology for the construction of the camptothecin 
molecule was reported by Curran et al. [57-591. They have applied a novel 
(4 + 1) radical annulation reaction to the construction of rings B and C of 
camptothecin. Reaction of N-propargylpyridone (1 1) with phenyl isonitrile 
and hexamethylditin under irradiation with a sunlamp gave the tetracyclic 
compound (1 2), which was readily converted to (20RS)-camptothecin (1 3) 
(Scheme 2.1) using Danishefsky's procedure [60]. The synthesis of key com- 
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pound (12) requires only six steps starting from dimethyl acetonedicarbox- 
ylate, and the overall yield is 13%. 

Brq PhNC 

CQMe 
Et 

(1 2) (20R.S-Camptothecin (13) 

Scheme 2. I 

Danishefsky et al. [61] reported an improved route to (2OR5')-camptothe- 
cin in connection with their original total synthesis [60, 62-64]. Reaction of 
tricyclic compound (14) with sodium hexamethyldisilazide and benzalde- 
hyde afforded a 90% yield of the benzylidene acid (1 5). A mechanism similar 
to a Stobbe condensation with participation of the methoxycarbonyl func- 
tion on the pyridone ring is suggested for this reaction step. Ozonolysis of 
this compound (1 5) (Scheme 2.2) afforded a 96% yield of the acid (1 6) which, 
upon esterification, provided (1 7) in 8 1 % yield. Compound (1 7) is readily 
converted to (2ORS)-camptothecin. 

As for the synthesis of racemic camptothecin, another convergent ap- 
proach has been reported by Rao et al. [65]. 

(14) (15) 

Scheme 2.2 

( 1  6) R=H 
(17) R=Me 

Although several enantioselective syntheses of camptothecin have been 
reported [66-691, there are some major limitations when considering a prac- 
tical method for the preparation of the biologically active (20S)-isomer. In 
1987, the first asymmetric synthesis of (205')-camptothecin was reported by 
Ejima et al. [70]. They attempted an asymmetric alkylation of an indolizine 
derivative (1 8 )  (Scheme 2.3) employing (R)-tosylproline as a chiral auxiliary. 
Thus, ethylation of compound ( 1  8) with ethyl iodide in the presence of 
NaH [64% diastereo excess (de)], followed by treatment with propanol pro- 
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vided the optically pure (8-isomer (1 9) in 56% yield. (209-Camptothecin is 
easily obtained from compound (1 9) in several steps [67]. 

Scheme 2.3 

In 1992, a more efficient asymmetric synthesis of (20S)-camptothecin was 
reported by Comins et al. [71]. The key reaction of their procedure is addi- 
tion of the lithiated pyridine derivative (21) to an a-keto-phenylmenthyl es- 
ter (Scheme 2.4). Trapping of the lithium alkoxide intermediate with 4-phe- 
nylbenzoyl chloride (87% de) and recrystallization gave diastereomerically 
pure compound (22) in 60% yield. The intermediate (23) was prepared from 
(22) in three steps, and (23) was coupled with quinoline derivative (24) to 
give (25). Intramolecular Heck reaction of (25) gave (208-camptothecin in 
12% overall yield from the starting material, 2-chloro-6-methoxypyridine. 
The same authors have also reported a nine-step synthesis of (209-camp- 
tothecin [72] and a six-step convergent method for the preparation of 
(20RS)-camptothecin [73], using a modified version of their original meth- 
od. 

OMe ____t 

L 

(21 

+ 

N O  
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The first asymmetric synthesis of (20S)-camptothecin using catalytic asym- 
metric induction was achieved by Fang e l  ul. in 1994 [74]. They carried out 
a catalytic enantioselective synthesis of Comins’s intermediate (23) in order 
to avoid the use of the expensive chiral auxiliary, 8-phenylmenthol, or simi- 
lar compound. Intramolecular Heck reaction of pyridine derivative (26) 
gave the cyclic olefins (27) and (28) in a ratio 1 : 8. The allylic ether (27) can 
be isomerized to (28) upon treatment with Wilkinson’s catalyst [75]. Asym- 
metric Sharpless dihydroxylation of (28) proceeded successfully when 2,5- 
diphenyl-4,6-bis(9-0-dihydroquinidyl)pyrimidine [(DHQD)2-PYR] was 
used as the chiral catalyst [76], and subsequent oxidation gave (29) in 94% 
er. Treatment of (29) with acid gave the target molecule (23, Scheme 2.5), 
which was converted to (20S)-camptothecin in 2 steps using the Comins’s 
procedure [73]. 

Jew eta/.  [77] have also successfully applied the Sharpless catalytic asym- 
metric dihydroxylation to the preparation of the homochiral intermediate 
(30) in a synthesis of (20S)-camptothecin [67-691. 

OMe OMe 

ANALOGUES AND STRUCTURE-ACTIVITY RELATIONSHIPS 

EFFECTS OF THE INTRODUCTION OF SUBSTITUENTS 

Since the initial isolation and structure determination of camptothecin in 
1966 [I], numerous studies of the synthesis of analogues of this potent alka- 
loid have been carried out in order to define structure-activity relationships. 
The history of advances in camptothecin research may be divided into two 



16 CAMPTOTHECIN 

periods, prior to and following the year 1985, when the molecular target of 
camptothecin was identified as a Top0 I [lo]. In the late 1970’s and early 
1980’s, various camptothecin analogues were synthesized, both by semi- 
synthesis and total synthesis, in racemic and optically active form. Most of 
these analogues were water-insoluble and their biological activities were 
evaluated by in vitro cytotoxicity measurements and in vivo by their antitu- 
mour activity in mice. These early studies provided the basic information 
for the structure-activity relationships of camptothecin derivatives, which 
can be summarized briefly as follows: (i) the conjugated fused ring ABCD 
is required for both in vitro [78] and in vivo activity [52, 53, 791, (ii) the S con- 
figuration at position 20 is necessary for antitumour activity, because race- 
mic (20RS)-camptothecin analogues have half the potency of corresponding 
(20S)-analogues [14, 15, 67, 681, (iii) the intact lactone ring E is essential 
for activity, because the sodium salt of camptothecin has one tenth of the 
antitumour activity of camptothecin [14, 801, (iv) substitution at position 9 
or 10 in the A ring enhances biological activity [15, 161, (v) although substi- 
tution at position 11 results in either only moderate activity or total inactiv- 
ity, substituents of limited size may be acceptable [17], (vi) substitution at po- 
sition 12 decreases activity significantly [ 161. 

In the late 1980’s and early 1990’s, based on the results of these early stud- 
ies, a novel trend in camptothecin research became apparent, especially the 
search for a clinically useful analogue with aqueous solubility. Steady prog- 
ress in the methodology for the synthesis of camptothecin derivatives has 
also facilitated this trend and made it possible to prepare a wide variety of 
optically pure analogues with an (20S)-configuration. The assay for Top0 I 
inhibition has also become an important primary screen for evaluating the 
antitumour activity of camptothecin analogues. It has been shown that 
camptothecin produces protein-linked DNA breaks in the presence of puri- 
fied Top0 I [lo], and does not bind to isolated DNA or to the isolated enzyme 
[lo, 81-83]. An extensive investigation of the mechanism of inhibition of 
Top0 I by camptothecin has revealed that camptothecin binds reversibly to 
a Top0 I-DNA cleavable complex to form a stable ternary complex [82], 
although its exact structure is still under investigation. 

A large number of camptothecin analogues are active in the assay for 
Top0 I inhibition, indicating that Top0 I is the major cellular target for 
camptothecin and that inhibition of this enzyme is responsible for the antitu- 
mour activity of camptothecin anlogues [ l l ,  19, 84-86]. However, the po- 
tency of Top0 I inhibition does not always correlate with cytotoxicity against 
tumour cells or in vivo antitumour activity. Jaxel et al. [19] showed that the 
correlation between Top0 I inhibitory activity and in vivo antitumour activ- 
ity against mouse leukaemia is good. However, other studies showed that 
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North East 
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Figure 2. I 

no quantitative relationship between Top0 I inhibitory activity and cytotoxi- 
city or in vivo antitumour activity seems to exist [22, 861. These results indi- 
cate that cellular uptake or pharmacokinetics of the agent probably play a 
significant role in determining the observed cytotoxicity and in vivo anti- 
tumour activity, especially in the case of compounds with a hydrophilic or a 
labile substituent [86, 871. 

Introduction of a hydrophilic substituent into a potent pharmacophore, 
such as 10,l I-methylenedioxycamptothecin, is the major trend in synthetic 
studies aimed at obtaining a water-soluble analogue of camptothecin with 
significant antitumour activity. 

In order to summarize the structure-activity relationships of camptothe- 
cin analogues, we have divided the camptothecin molecule into four regions, 
i.e. north east (NE), north west (NW), south east (SE), and south west 
(SW) regions, and describe the distinctive features of each region. 

North East region (NE). The north east region includes positions 4, 5, and 
16a. It is quite difficult to define a structure-activity relationship for this re- 
gion, because there are relatively few examples of the modification of these 
positions. One study showed that hydroxymethylation of position 5 of camp- 
tothecin results in a drastic loss of potency for Top0 I inhibition and cyto- 
toxicity in both the cr-isomer and /?-isomer (3 1) [88]. The formation of a hy- 
drogen bond between the hydroxymethyl substituent at position 5 and the 
pyridone moiety, or possibly steric hindrance may result in a loss of recogni- 
tion by the binary Top0 I-DNA complex. This result is consistent with the 
early observation that substitution at position 5 via a single bond, as when 
introducing groups such as methyl, methoxy or hydroxy, reduces the antitu- 
mour activity of camptothecin [83, 891. These studies suggest that the subti- 
tuent at position 5 must have minimal steric bulk otherwise it will probably 
be perpendicular to the molecular plane of camptothecin, resulting in loss 
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of activity. However, if the substituent at position 5 is co-planar with the rest 
of the molecule, functionalization of this position may be tolerated. For ex- 
ample, introduction of an ethylidene group at  position 5 of camptothecin, 
which avoids the generation of an a$-epimer, gave compound (32) with the 
same order of potency as camptothecin in the P388 in vitvo assay [90]. This 
result indicates that the enzyme-DNA complex might have some tolerance 
for substituents of moderate size at position 5 ,  but only if they are in plane 
with the camptothecin core. 

The NE region appears to be specifically recognized by a narrow groove 
on the binary enzyme-DNA complex, and both steric and electronic con- 
straints of the indolizine ring system are therefore crucial for the potent 
Top0 I inhibitory activity of camptothecin. 

South East region (SE). The south east region, including positions 3, 
1419,  and 20, is also highly sensitive to modification by a substituent. The 
lack of activity of compounds which have a lactam (33) [18, 841, thiolactone 
(34) [ I  81, or N-aminolactam (35) [91] replacing the lactone in ring E provides 
strong support for the requirement for an intact a-hydroxy lactone for potent 
biological activity. The importance of a hydroxy group at position 20 is also 
supported by the low activity of 20-aminocamptothecin (36) [84, 921, which 
was initially supposed to be able to mimic the hydrogen-bonding character- 
istics of the a-hydroxy lactone. It is possible that hydrogen bonding with 
the enzyme-DNA complex, or with the lactone carbonyl of ring E is an es- 
sential function of the 20-hydroxy group, resulting in potent Top0 I inhibi- 
tion [ 181. 

An ethyl group at position 20 also appears to be specifically recognized by 
the enzyme-DNA complex, because no modifications of this group have in- 
creased activity. It should be noted that compound (37), in which the exocy- 
clic methylene group was expected to provide a more electrophilic alkylation 
target, exhibited potent camptothecin-like inhibition of Top0 I activity [93]. 

Although there is little information about the modification of position 14, 
the steric requirements of the group at this position for good Top0 I inhibi- 
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tory activity have been partly explored in a study of the 14-methoxycarbonyl 
analogues of camptothecin [94]. It seems that a bulky substituent at  position 
14 tends to reduce activity. 

In general, the south east region appears to be recognized by a specific re- 
gion on the Top0 I-DNA complex and is therefore not the most suitable 
part of the molecule for introduction of substituents which might enhance 
biological activity. 

0 

NH2 0 
(33) X=NH 
(34) x=s 
(35) X=N-NH2 (36) (37) 

South West region (SW). The south west region, including positions 1, 2, 
11, 12, and 13, is the most sensitive to modification. It has been reported 
that substitution at either position 11 or 12 results in dramatically decreased 
activity [14, 171. In particular, most of the analogues which are modified at 
position 12 show entire loss of activity, regardless of the properties of the 
substituent. The relatively high potencies of 1 1 -hydroxycamptothecin (38) 
and 1 1-cyanocamptothecin (39) in the in vivo L1210 mouse leukaemia assay 
suggest that a substituent with low steric bulk is acceptible at position 11 
[17]. Introduction of a fluorine atom at position 11  significantly enhances 
the biological activity of camptothecin [95]. The difference in potency be- 
tween the highly active 10,l I-methylenedioxycamptothecin (40) and the in- 
active 10,ll-dimethoxycamptothecin (41) [16] is remarkable and may be ex- 
plained by the intrusion of 1 1-methoxy group into the south west region. 

From these observations, it can be concluded that the south west region is 
mostly buried in the Top0 I-DNA complex and that positions I ,  2, and 12 
are on the inside of the binary complex while position 11 is probably at the 
edge of the complex. 

(39) A’=H. R’ZN 

(41) R’=OMe, R2=OMe 

(40) R’R~=OCH,O 
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North West region (NW). The major conclusion of research into the struc- 
tural requirements for biological activity of camptothecin is that the north 
west region, including positions 6,7,8,9 and 10, appears to be the most suit- 
able for manipulating the substituents whilst retaining potent antitumour 
activity. For example, substitution at position 7 ,9  or 10 with amino, methyl, 
hydroxy, or halogeno groups provides highly active analogues in the Top0 I 
inhibition assay [16, 19, 86, 941. These results suggest that theTopo I-DNA 
binary complex forms a relatively large and flexible binding pocket around 
this region and therefore tolerates a variety of substituents. 

The majority of studies of camptothecin analogues during the late 1980’s 
and early 1990’s focused on the introduction of hydrophilic substituents at 
position 7, 9 or 10 in efforts to improve the aqueous solubility of the mole- 
cule without loss of biological activity [23, 87, 96, 971. Thus, substitution at 
position 7, 9 or 10 by various amino groups has been explored in order to 
improve aqueous solubility by permitting the formation of a salt with an ap- 
propriate acid, which is chosen so as to avoid opening of the lactone ring E. 
In a comparison of Top0 I inhibitory activity among the 7-, 9- and 10-ami- 
noalkylcamptothecins, both compound (42) and compound (43) are more 
potent than the 10-aminomethyl analogue (44) [23] .  These results show that 
there is a larger degree of tolerance for a bulky group at position 7 or 9 than 
at position 10, and that a larger substituent in position 10 as well as position 
11 probably perturbs the south west region, hence diminishing biological ac- 
tivity. Tanizawa et al. reported that the stability of the Top0 I-cleavable com- 
plexes, conferred by camptothecin derivatives, may be important for drug 
activity [98]. Comparison of the stability among the Top0 I-cleavable com- 
plexes conferred by camptothecin itself, SN-38 (4) (an active metabolite of 
CPT-I l), and 10-hydroxycamptothecin, reveals that both the hydroxy group 
at position 10 and the ethyl group at position 7 enhance the stability of the 
cleavable complex. It is suggested that these sustituents may enhance inter- 
actions with the drug receptor site and drug affinity at the Top0 I-DNA inter- 
face [98, 991. 

In conclusion, these results suggest that a combination of the introduction 
of a hydrophilic substituent at position 7 or 9 to improve aqueous solubility 
and introduction of substituents at position 10 or 1 I to increase activity is 
the best methodology for finding potent analogues with a good solubility 
profile. 

Among the four regions, the north west region is the most suitable for the 
introduction of substituents which enhance both biological activity and 
aqueous solubility. 
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(42) R1=CH2CH2NHMe, R2=R3=H 

(43) R'=R3=H, R2=CH2NMe2 

(44) R'=R2=H, R3=CH2NH2 

NEW CAMPTOTHECIN-LIKE STRUCTURES 

Many attempts at modification of rings A, B, C, D, and E of camptothecin 
have been made in order to try to define the minimum essential structural 
components for biological activity or to create novel structures which show 
favourable biological activity and solubility profiles [ 16, 18, 84, 941. Most of 
these studies, however, only succeeded in demonstrating the necessity of 
the intact pentacyclic ring system for potent biological activity [90, 1001. 
However, some hexacyclic analogues of camptothecin, which have an addi- 
tional fused ring adjacent to the original ring A or ring B, showed higher po- 
tency than camptothecin itself [ 16, 10 l ,  1021. It should also be noted that 
the des-B ring analogues of camptothecin cause complete DNA fragmenta- 
tion in the cleavable complex assay [ 1031. Studies of the modification of the 
ring system of camptothecin are summarized in this section. 

MODIFICATION OF RING A 

Previous studies have shown that the planarity of rings A and B of camp- 
tothecin appears to be essential for antitumour activity [78]. It is proposed 
that ring A may have to fit in a narrow pocket in the enzyme-DNA complex 
[94]. Among the ring A modified compounds which have been reported, 
lo-, 11- and 12-azacamptothecins show modest activity in the mouse leu- 
kaemia assay [14, 16, 901. Uehling et al. showed that 1 1-azacamptothecin is 
approximately two-fold more potent than camptothecin in the Top0 I-cleav- 
able complex assay [ 1041. Structure-activity relationship studies of 1 1 -aza- 
camptothecin analogues provide rather different information from that of 
camptothecin about substitution at position 10. The 1 O-aminomethyl-7- 
ethyl-I 1 -azacamptothecin (45) is two-fold more potent than 7-ethyl- 1 1 -aza- 
camptothecin (46), while 10-aminomethylcamptothecin (47) is about 12- 
fold less potent than camptothecin in the Top0 I-cleavable complex assay 
[23]. It is possible that formation of a hydrogen bond between the 10-amino- 
methyl group and the nitrogen atom at position 11 maintains the co-planar- 
ity of the substituent in the 1 1-azacamptothecin series. These studies led to 
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the identification of the water-soluble 1 0-aminohydroximinomethyl deriva- 
tive (48), which showed comparable in vivo antitumour activity to GG-211 
(7) against HT-29 xenograft. 

f 

(46) R=H 
(48) R=C(NH2)=NOH (47) 

MODIFICATION OF RING B 

Although ring B of camptothecin is also considered to be a critical moiety 
for biological activity, there are few examples of the modification of this 
ring. Replacement of quinoline ring AB with quinoxaline or indole results 
in either only moderately active or inactive analogues of camptothecin (49, 
50) [90]. The oxodihydroindolylidene derivatives (5 l), which are B-ring- 
modified camptothecin analogues, were prepared and evaluated as Top0 I 
inhibitors in the cleavable complex assay by Lackey et al. [103]. Maintaining 
both co-planarity and the E-geometry of the double bond appear to be criti- 
cal for the retention of biological activity in this series of compounds. 

(RS)-Isomer of compound (51) causes complete DNA fragmentation in 
the cleavable complex assay, but the (,!+isomer (5 I )  showed slightly more 
potent activity (ICso = 4.0 pM, ICso for camptothecin is 0.7 pM) than the 
(RS)-isomer, while the @)-isomer is inactive. Taken together, these results 
suggest that the mode of interaction of these oxodihydroindolylidene deriva- 
tives with Top0 I is similar to that of camptothecin itself. Introduction of a 
fluorine atom into ring A gave compound (52), which showed comparable 
activity to camptothecin. 

(49) 
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MODIFICATION OF RINGS C, D, A N D  E 

Very little information about the modification of ring C or D is available, 
which probably reflects the difficulty of obtaining new analogues which 
show potent biological activity by modification of these rings. Both C- 
homo camptothecin (53) [90] and C-nor-4,6-secocamptothecin (54) [ 1051 
are significantly less active, probably because of the lack of planarity of 
camptothecin skeleton. Although the shape of the D-benzo derivative (55) 
is virtually identical with camptothecin in a molecular model, it is 60 times 
less potent than (20RS)-camptothecin in the assay for cytotoxicity against 
the 9KB cell line [84]. This study suggests that the pyridone carbonyl group 
at position 16a might play a pivotal role in the interaction of camptothecin 
with Top0 I-DNA binary complex and that the pyridone ring D is essential 
for potent biological activity. 

New types of ring E-modified camptothecin analogues (56) and (57) were 
found to be cytotoxic against L1210 mouse leukaemia cells [ I  81. However, 
the cytotoxicity of these compounds is not related to inhibition of Top0 I ,  be- 
cause DNA single strand breaks caused by these analogues apparently were 
not associated with the formation of Top0 I covalent complexes. 

(53) 

HEXACYCLIC ANALOGUES OF CAMPTOTHECIN 

Most of the studies on modification of the camptothecin ring system have 
demonstrated the necessity of the intact skeleton of camptothecin for potent 
biological activity. However, by adding another ring to the intact pentacyclic 
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ring system, several potent hexacyclic analogues have been discovered [ 16, 
101, 1021. The most suitable position for the fusion of an additional ring 
seems to be the site adjacent to ring A or B within the northwest region of 
the camptothecin molecule. 

In an early study of hexacyclic analogues of camptothecin, benzbl- 
(20RS)-camptothecin ( 5 8 )  demonstrated the same order of potency as 
camptothecin [ 141, while 10,l l  -methylenedioxycamptothecin (40) showed 
significantly greater antitumour activity than camptothecin in mouse leu- 
kaemia assays [16]. The relatively low activity of compound (58) may be 
due to steric effects on the south west region or alteration of the electronic 
distribution caused by the fused benzene ring. 

Another study has revealed that in the cleavable complex assay, 10,l l-  
methylenedioxycamptothecin (40) has about 25 times the Top0 I inhibitory 
activity of camptothecin [86]. It is suggested that the fused 1,3-dioxolane 
ring system adjacent to ring A may stabilize the camptothecin molecule 
through hydrophobic interaction with the Top0 I-DNA complex [99]. It is in- 
teresting to note that the activity varies depending on the location of the fu- 
sion of an additional ring in ring A. Thus, 10,l l-methylenedioxycamptothe- 
cin (40) is 5 times more active than 9,lO-methylenedioxycamptothecin (59) 
in the Top0 I-cleavable complex assay [86], while pyrazolo[3,4y’l-(20RS)- 
camptothecin (60) shows only one-third the cytotoxicity of pyrazolo[4,5-i]- 
(20RS)-camptothecin (61) against P388 mouse leukaemia [90]. Co-planarity 
of the additional ring also appears to be crucial for increasing antitumour 
activity, because 10,ll -ethylenedioxycamptothecin (62) is seven-fold less 
potent than (40) in the Top0 I-cleavable complex assay [86]. 

As mentioned before, the north west region, especially position 7 or 9, ap- 
pears to have a relatively high degree of tolerance for bulky substituents. 
However, larger substituents at  these positions tend to decrease the antitu- 
mour activity. It is likely that the lower activity shown by these compounds 
is not only due to the size but also the flexibility of the substituent and there- 
fore conformational restriction of substituents at positions 7 and 9 is neces- 
sary for biological activity. These considerations led us to synthesize the 
novel hexacyclic analogues of camptothecin (shown in 63), because cycliza- 
tion at positions 7 and 9 was expected to define the position of the substit- 
uents [ 10 I]. All kinds of hexacyclic analogues, which contain additional, 
fused 5-, 6-, or 7-membered rings, with or without a hetero atom, have since 
been demonstrated to show superior activity to camptothecin. Structure- 
activity correlations for these hexacyclic analogues are very similar to those 
for the pentacyclic series, although the potency is somewhat higher. For ex- 
ample, the introduction of a fluorine atom at R2 significantly enhanced 
both Top0 I inhibitory activity and cytotoxicity [ 1061. 
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r? 

(59) 

(63) 
X=CH2, S, 0. NH 

WATER- SOLUBLE AN A LOG U ES 0 F CAM PTOTH EC I N 

The major strategy of structural modification, with the objective of enhanc- 
ing the aqueous solubility of a compound, is the introduction of a highly po- 
lar function, preferably one which has the ability to form a water-soluble 
salt. In the case of camptothecin, however, the introduction of an acidic 
function such as a carboxylic acid or a sulphonic acid group is not feasible, 
because under basic conditions opening of the lactone ring E readily occurs 
to produce the salt of a hydroxy acid, which is considerably less potent than 
the closed lactone form [14, 801. The majority of synthetic efforts to prepare 
camptothecin analogues with increased solubility have focused on the intro- 
duction of a substituent with a basic amino group, in a position chosen so 
as to retain the potent biological activity. These amino analogues generally 
have enhanced aqueous solubility under acidic conditions which maintain 
the closed lactone ring E. Positions 7 and 9 of camptothecin, the north west 
region, are considered to be the most suitable for the introduction of an ami- 
no group because they are relatively free of steric and electronic constraints. 
The scope for variations at other positions is severely limited. For example, 
in addition to substantially lower tolerance for large groups, induction of 
the inhibition of acetylcholinesterase also occurs when an amino substituent 
is introduced at position 10 [lo71 (see following section). 

The conclusion from these studies was the identification of GG-211 (7), 
and a novel hexacyclic analogue of camptothecin, DX-895 1 (64) which has 
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lipophilic substituents in ring A and an amino group at position 1, corre- 
sponding to position 7 in a pentacyclic ring system. Comparison of the bio- 
logical activity of both compounds with topotecan shows that GG-211 is 
2.5 times more potent in the Top0 I cleavable complex assay and about 5 
times more potent in the cytotoxicity assay against five tumour cell lines 
[ 1081, while DX-895 1 is I0 times more potent in the Top0 I inhibition and is 
28 times more potent in the cytotoxicity assay against 32 tumour cell lines 
[ 1091. Both compounds are unaffected by the multidrug resistance P-glyco- 
protein, and exihibited significant in vivo antitumour activity [ log,  1091. 
The pattern of anticellular activities of DX-8951 against 32 malignant cell 
lines was almost similar to that of SN-38, topotecan, or camptothecin itself 
(Figure 2.2) [109]. This suggests that these compounds might have the same 
mechanism of action. 

In the course of our investigation of more water-soluble hexacyclic analo- 
gues, we found that the Top0 I inhibitory activity does not always correlate 
with cytotoxicity as was found in the case of pentacyclic analogues [106, 
1 101. Thus, the 3-amino-4-hydroxy-analogue (73) shows more potent Top0 I 
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Table 2 1, CYTOTOXICITY AND TOP0  I INHIBITORY ACTIVITY OF HEXACYCLIC 
CAM PTOTHECI N ANALOGUES 

Cj~ioto\icrtv (P388) Kip0 I rnliihiiion 

NH2 H H Me F 
NH2 H H CI H 
NH2 H H H F 
NH2 H H Me H 
NH2 H H OH H 
NH2 H H NH2 H 
H NH2 H Me H 

H H NH2 Me H 
H H NHZ OH I3 

H NH2 H OH H 

H H NH2 H H 

IC.tll ( n d t ? i l )  

0.58 
1.77 
0.98 
2.36 

112 
29. I 

8.46 

2.86 

5.52 

275 

94.7 

0.12 
0.50 
0.54 
0.56 
0.59 
0.37 
1.60 

0.43 
0.80 
1.39 

0.80 

* DX-895 I 

inhibitory activity than the 3-amino-analogue (74), while the cytotoxic po- 
tency of (73) is much lower than that of (74). These phenomena were ob- 
served in almost all analogues which have two or more hydrophilic polar 
substituents, such as hydroxy or amino groups at any of the positions 1 
through 5. 

Microinjection of compounds (73) and (74) into human SW-480 cells 
showed that both compounds have the same order of potency for inhibition 
of DNA synthesis, while the cytotoxic potency against SW-480 of (73) is 
less than that of (74) [ 1061. This result strongly supports the supposition 
that intracellular uptake plays a significant role in determining the level of 
antitumour activity shown by camptothecin analogues. 
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2 

Table 2.2. EFFECTS OF MICROINJECTION OF COMPOUNDS (73) AND (74) INTO 
SW-480 CELLS UPON DNA SYNTHESIS 

Inhibition (%) of DNA synthesis* 
Concentration (mg/ml) 

Cytotoxicity ( S  W-480) 
Compound GO (ng/ml) 0.1 I 

(73) 
(74) 

11.7 
0.763 

41 
29 

58 
58 

x 100 * Inhibition (%) of DNA synthesis = - YO BrdU labelled microinjected cells 
% BrdU labelled background cells 

PHARMACOLOGY OF CAMPTOTHECIN 

CAMPTOTHECIN AND TYPE I DNA TOPOISOMERASE 

For a long time, the mechanism of action of camptothecin was unclear. In 
1985, almost 20 years after the discovery of camptothecin, Hsiang et al. first 
reported that this compound possesses inhibitory activity against type I 
DNA topoisomerase derived from calf thymus [ 101. DNA topoisomerases 
are regarded as essential nuclear enzymes for resolving topological problems 
of DNA caused by DNA processes such as replication and transcription 
[ 11 13, and are classified into two major types (type I and type 11). In high 
eukaryotic cells, type I DNA topoisomerase (topoisomerase I: Top0 I) and 
type I1 DNA topoisomerase (topoisomerase 11: Top0 11) relax supercoiled 
DNA through transient DNA single-strand breaks and DNA double-strand 
breaks, respectively. In this transient state, broken DNA strand possesses 3‘ 
and 5’ ends at the cleaved site, and Top0 I covalently links to this 3’ end re- 
sulting in the formation of a Top0 I-DNA cleavable complex. Camptothecin 
stabilizes this cleavable complex and inhibits DNA rejoining [lo, 11, 821. 
This inhibition of DNA rejoining is considered to cause DNA single-strand 
breaks in cultured cells [I  1, 85, 1 121. Andoh et al. established a camptothe- 
cin-resistant RPMI 8402 human lymphoblastic leukaemia cell line and 
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Top0 I purified from this cell line was highly resistant to camptothecin [113]. 
This mutation of Top0 I might arise from the substitution of Asp533 (GAC) 
with Gly (GGC) [I 141. Top0 I-deficient yeast strains showed no sensitivity 
to camptothecin [ 1 15, 1 161. Moreover, the growth inhibitory effects of camp- 
tothecin derivatives on tumour cell lines correlate with their inhibitory activ- 
ities against Top0 I-mediated DNA relaxation [19] and to their abilities to 
accumulate Top0 I-DNA cleavable complex [ 121. These discoveries con- 
firmed that the antitumour effect of camptothecin and its derivatives result 
from Top0 I inhibition. 

Malignant tumours of colon [20] and ovary [ 1 171 have a higher level of ac- 
tivity of Top0 I than benign tumours and normal parts of the same tissues. 
Ovarian cancer treated with cisplatin and cyclophosphamide possesses the 
same Top0 I activty as the untreated one [ 1 171. Acute leukaemia also highly 
expresses Top0 I [118]. These observations give an advantage to camptothe- 
cin and its derivatives, because cancers with higher Top0 1 activity are re- 
garded as being sensitive to the Top0 I inhibitors. 

CAMPTOTHECIN A N D  DRUG RESISTANCE 

Drug resistance in cancer is one of the main therapeutic difficulties. The 
best-known mechanism of drug resistance is multidrug resistance (MDR) 
overexpressing MDRI gene encoding P-glycoprotein, and camptothecin de- 
rivatives are little or not at all affected by MDR [ 1 19-1 231. There is an idea 
that charged camptothecin derivatives may be more sensitive to MDRI 
than non-charged ones [120, 1241. However, to a MDR cell line, some non- 
charged camptothecin derivatives as well as topotecan (a charged derivative) 
are less toxic than to the wild-type cell line [ 1221. Furthermore, Mitsui et al. 
demonstrated that DX-895 1 (64), a charged derivative, overcomes P-glyco- 
protein overproduction as much as SN-38, a non-charged one [109]. Some 
MDR cell lines overexpressing MRP (multidrug resistance-associated pro- 
tein) gene showed no or little cross-resistance to camptothecins [ 125-1 281. 
Camptothecin is also effective on another phenotype of MDR, atypical 
MDR (at-MDR), in which Top0 I1 activity is depressed [ 1291. Top0 I1 is in- 
hibited by many kinds of anticancer agents such as amsacrine (m-AMSA) 
[ 1301, doxorubicin [ 13 I] and epipodophyllotoxins (etoposide, teniposide) 
[132], and MDR or at-MDR cells are usually cross-resistant to these agents. 
Therefore, Top0 I inhibitor camptothecin and its derivatives are expected to 
be active against cancer cells refractory to many other anticancer drugs. 

Nowadays, several camptothecin derivatives such as CPT-11 and topote- 
can are launched or under development. Therefore, investigations of mech- 
anisms of camptothecin resistance in mammalian cells (except for resist- 
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ant cells established by gene transfection) in comparison with parental cells 
are important to enhance their clinical efficacies. As mentioned above, it 
was reported that CPT-K5 cell line derived from RPMI 8402 human lymph- 
oblastic leukaemia cell line was 300 times more resistant to CPT-11 than its 
parent cell line and Top0 I from CPT-K5 was 125-fold less sensitive to camp- 
tothecin than that from RPMI 8402 [ 1 131. An amino acid change at residue 
533 from Asp to Gly was considered to be predominantly responsible for 
the difference in camptothecin sensitivity between parent and resistant cell 
lines [114]. Some other papers reported that Top0 I from camptothecins- 
resistant mammalian cell lines were less sensitive to camptothecins than 
that from their parent cell lines [133-1421. When the sensitivity of Top0 I in 
mammalian cells to camptothecin or its derivatives were reduced, amino 
acid mutations were often observed (Tyr729 to Ala [143], Glyso5 to Ser 
[ 1441, Phe361 to Ser [ 1381, to Ser [ 1411 ). Other mechanisms of resist- 
ance to camptothecin include the decrease in the amount or activity of 
Top0 I [113,133-137, 141, 143, 145-1531 and the reduction of drug uptake 
[135, 1541. The suppression of conversion of CPT-11 to SN-38 was some- 
times demonstrated in CPT-11-resistant cells [134, 140, 1551. 

CAMPTOTHECIN DERIVATIVES AND ACETYLCHOLIN ESTERASE INHIBITION 

Early and delayed onset diarrhoea is often induced by CPT-11 [25, 156, 1571, 
and can be a dose-limiting factor for this drug. Delayed onset diarrhoea is 
not a rare adverse effect when using anticancer agents, but the early onset 
observed during or immediately after injection is almost specific to CPT- 
11. It is important to clarify the mechanism(s) of this toxicity in order to ob- 
tain a less toxic camptothecin derivative. 

It was reported that acetylcholine-like action is observed in pharmaco- 
logical studies using guinea-pig ileal and tracheal preparations treated with 
CPT- 1 1 [ 1581. Gastrointestinal motility [ 1591 and secretion of chloride ion 
[ 160-1 621 are enhanced by cholinergic agents, and may result in diarrhoea 
[ 1631. Takasuna et al. demonstrated that CPT-1 1-induced early onset diar- 
rhoea in rats was partially inhibited by atropine, an anticholinergic agent 
[ 1641. On the other hand, salivation and abdominal pain [24, 157, 1651 were 
reported in early clinical studies and these symptoms possibly arise from a 
cholinergic mechanism. Therefore, CPT- 1 1 probably possesses acetylcho- 
line-like activity. In fact, it was shown that CPT-11 and some of camptothe- 
cin derivatives inhibit acetylcholinesterase activity with ICsO (concentration 
inducing 50% inhibition) values of 1.6 pM or less [ 1071. Inhibition of this en- 
zyme causes an increase in acetylcholine level and induces cholinergic ac- 
tion. After a 90 min intravenous infusion of CPT- 1 1 at 50-1 50 mg/m2 in hu- 
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mans, the peak plasma concentration of this drug ranged from 0.6 to 3 pg/ 
ml (from 0.8 to 4 ,uM) [25]. When patients were infused intravenously with 
100 mg/m2 of CPT-11 for 30 min, the plasma concentration maximally 
reached 1.87 pg/ml (ca. 2.5 pM) [24] and it was about 0.6 pM and about 
0. I5 ,uM at 8 h and 24 h after infusion, respectively. These values are greater 
than the Ki (inhibition constant) value of 0.2-0.3 ,uM for CPT-1 I against 
acetylcholinesterase [ 1071. Therefore, it is likely that acetylcholinesterase in- 
hibition by CPT-11 is one of the mechanisms which causes early onset diar- 
rhoea and other cholinergic responses. Nowadays, as reported by Gandia 
et al. [157], it is known that anticholinergic agents such as atropine and 
scopolamine at least partially relieve some of the clinical acute side-effects 
induced by CPT-I I ,  such as early diarrhoea and salivation. In this section, 
the profile of acetylcholinesterase inhibition by CPT-11 and the structure- 
activity correlations between camptothecin analogues and their acetylcho- 
linesterase inhibitory effect are described. 

In 1990, we reported [ 1661 that CPT- 1 1 inhibits acetylcholinesterase activ- 
ity. In the paper, the rate of thiocholine (TCh) production from acetylthio- 
choline iodide (ATChI) by acetylcholinesterase was analyzed with Line- 
weaver-Burk plots (Figure 2.3). This kinetic analysis indicated that CPT- 1 1 
noncompetitively inhibited acetylcholinesterase. In this case, the apparent 
Michaelis constant (Km) and inhibition constant (Ki) ranged from 63 to 68 
pM and from 0.221 to 0.300 pM, respectively (Table 2.3). The same analysis 
revealed that the Ki value of physostigmine (a potent acetylcholinesterase 

Table 2.3. INHIBITORY EFFECT OF CPT-I I ,  SN-38, AND PHYSOSTIGMINE ON 
ACETY LCHOLINESTERASE 

Concentration Vmax" Km' Ki' 

Agent I@) ( A  /min) (PM) (PM) 

CPT-I 1 0 0.312 67.2 - 
0. I 0.234 62.6 0.300 
0.2 0.177 65.9 0.262 
0.4 0.111 68.3 0.221 

SN-38 0 0.309 64.7 - 

100 0.253 65.3 452 
250 0.21 1 67.2 538 

Physostigmine 0 0.325 79.1 - 

0.02 0.224 76.8 0.0444 
0.05 0.143 82.3 0.0393 

a Maximum velocity of production of TCh from ATChI by acetylcholinesterase. 
Michaelis constant. 
Inhibition constant calculated from Vmax. 
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Figure 2.3 

inhibitior) was about 0.04 pM (or 7 times more potent than CPT- 1 1). SN-38, 
however, gave a Ki value of approximately 500 pM. This result indicates 
that the urethane group of physostigmine appears to be indispensable for 
its acetylcholinesterase inhibitory activity [ 1671; CPT-11 also has an ure- 
thane group at position 10 but SN-38 does not. Therefore, it is suggested 
that this structural difference between CPT-11 and SN-38 might be responsi- 
ble for their differential effects on acetylcholinesterase. In order to confirm 
this point, the inhibitory activity against this enzyme of various camptothe- 
cin derivatives were examined. 

Table 2.4. summarizes the acetylcholinesterase inhibitory activity (%) of 
each analogue at  a concentration of 1 pg/ml. As shown in this table, com- 
pound (75) which has no urethane group at position 10 strongly inhibits 



Y. KAWATO AND H. TERASAWA 93 

Table 2.4. INHIBITORY ACTIVITIES OF CAMPTOTHECIN DERIVATIVES AGAINST 
ACETY LCHOLINESTERASE 

AChE inhibition 
Cornpound R' R' R' % at I jig/tnl" 

CPT- 1 1 H Et 9 1-95 
SN-38 OH H Et 7 
Topotecan OH CH2NMe2 H 0 
(75) (20RS) H Et 95 

H CH2NH2 0 

A Ch E inhibition 
Compound R' R2 R-+ % nt I &ml" 

Me H 
OH H 
Me NH2 
OH NH2 
H NH2 
OMe NH2 
H H 
OMe H 
Me H 
Me H 
OH H 
CHzNH, H 
H2NHMe H 
CH2NMe2 H 
CH2NMe3 H 
O(CH2)?NMe2 H 

H 
O(CHd2NH2 H 

h 

NH2 
NH2 
H 
H 
H 
H 
NH2 
NH2 
NHMe 
NMe2 
H 
H 
H 
H 
H 
H 
H 
H 

38-48 
9-17 

19-25 
14-24 
29-48 
30-34 
24-28 
17-24 
9-15 

0 
79-82 
70 
85 
86 
99 
72 
78 

3-8 

Acetylcholinesterase (AChE) activity was determined by spectrophotometry using ATChI as 

NHC = NH 
a substrate. 

I 
NH2 

acetylcholinesterase activity. All compounds which have an amino substitu- 
ent at position 10 or at position 4 of hexacyclic analogues exert a relatively 
strong inhibitory effect on acetylcholinesterase with inhibition values of 
50% or greater. However, the other compounds tested inhibit this enzyme 
by less than 50% at 1 ,ug/ml, even if they possess an amino substituent at 
any position other than position 10 or position 4 of hexacyclic series. For ex- 
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ample, inhibiton of acetylcholinesterase is 0% for topotecan and compound 

In hexacyclic derivatives with an amino group at position 1 or 3, a hy- 
droxy group at position 4 tends to reduce inhibitory activity against acetyl- 
cholinesterase in comparison with a hydrogen, a methoxy or a methyl group. 
Among the derivatives which have a methyl group at position 4 and an ami- 
no group at position 1, the primary amino compound (67) is the strongest in- 
hibitor, followed by the secondary amino derivative (80) and the tertiary 
one (81) in order of potency. 

CPT- 1 1 and 4-aminomethyl hexacyclic analogue (83) induced defecation 
within 4 h after intravenous administration to dogs, whereas dogs treated 
with 4-hydroxy analogue (82) never showed such an adverse effect [107]. 
These results suggest that the inhibition of acetylcholinesterase by camp- 
tothecin analogues which have an amino substituent at position 10 or at po- 
sition 4 of hexacyclic analogues possibly relates to the early onset of defeca- 
tion or diarrhoea. With regard to inhibitory activity against Top0 I, 
compound (82) is more potent than CPT-11 or (83). It is demonstrated that 
there is no correlation between inhibition of acetylcholinesterase and inhibi- 
tion of Top0 I [ 1071. Therefore, it is expected that we will be able to synthe- 
size more potent tumouricidal derivatives than CPT-11, without the severe 
gastrointestinal tract side-effects, which appear during and immediately 
after CPT-11 injection. 

(76). 

MECHANISM AND TREATMENTS OF DELAYED ONSET DIARRHOEA 
INDUCED BY CPT-11 

In early clinical trials in Japan, the dose regimen of CPT- 1 1 was 200 mg/m2 
once every 3 weeks, but later, dose regimens using 100 mg/m2 once every 
week and 150 mg/m2 once every 2 weeks were introduced. These new regi- 
mens were expected to reduce the peak plasma concentration of CPT- 11 
and to decrease the incidence of early onset diarrhoea. Prolongation of 
CPT-11 infusion time also appears to decrease the incidence of diarrhoea 
[ 1681. These changes in dosage resulted in relief of early onset diarrhoea in 
clinical study in Japan. At the present time, the more critical side-effect is de- 
layed onset diarrhoea. This type of diarrhoea is usually considered to be a 
typical adverse event associated with some anticancer agents and is hardly 
avoidable. However, some on-going investigations are attempting to define 
the CPT-1 1-specific mechanisms of delayed onset diarrhoea and conse- 
quently to reduce this adverse effect. 

SN-38, the main active metabolite of CPT-11, has significantly more po- 
tent cytocidal activity than CPT-l l [169, 1701 and is likely to damage the in- 
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testinal mucosa. This active metabolite is glucuronized once and excreted in 
the bile [ 169, 17 1, 1 721, then hydrolysed by intestinal microflora to regener- 
ate SN-38 [171]. Recently, it has been demonstrated that more severe diar- 
rhoea seems to correlate with a higher ratio of SN-38 to glucuronized 
SN-38, and total CPT-I 1 [ 1731, and that the AUC of SN-38 correlates with 
episodes of diarrhoea better than that of CPT-I 1 [174]. Therefore, SN-38, 
especially the non-glucuronized compound, is regarded as a dominant cause 
of delayed onset diarrhoea. Narita et al. showed that P-glucuronidase is re- 
sponsible for this hydrolysis and that this enzyme is inhibited by some natu- 
ral glucuronides found in Chinese herbal medicines [ 1751. In a clinical com- 
bination study of Hange-shashinto (TJ- 14), a Chinese herbal medicine, and 
CPT-11, nine of 19 evaluable patients developed no or weak symptoms of 
diarrhoea [ 1761. Although this approach is highly original, further studies 
are required in order to clarify the value of such herbal medicines. In rats, it 
was demonstrated that baicalin, an inhibitor of P-glucuronidase, TJ- 14, and 
TJ-114, another herbal medicine, significantly decreased the delayed onset 
of diarrhoea symptoms, and the herbal medicines exerted protective and 
healing effects on intestinal epithelium [ 1771. 

Abigerges et al. suggested that the combined use of loperamide, a syn- 
thetic opioid considered to be an enteric ,u opioid receptor agonist, with 
CPT-I 1 reduced the severity of diarrhoea and raised the dose intensity of 
CPT- 1 1 [ 178, 1791. More recently, the same group reported that acetorphan, 
an enkephalinase inhibitor, dramatically reduced the incidence of diarrhoea 
during and after treatment with CPT-I 1 and also that it seemed to potentiate 
the anti-diarrhoea1 effect of loperamide [ 1801. Because the modulation of a 
secretory system(s) is regarded as one of the dominant mechanisms of anti- 
diarrhoea1 action of loperamide and acetorphan, it is supposed that delayed 
onset diarrhoea partly arises from abnormal secretion in the intestine. 

Another study speculates on the attribution of diarrhoea induced by CPT- 
11 to effects on secretion. In this study, thromboxane synthase inhibitors 
such as indomethacin and a thromboxane A1 receptor blocker depressed 
the short-circuit current caused by CPT-11 [181]. This current depends on 
the presence of C1- ions and is considered to reflect the amount of secretion 
of these ions. Therefore, it was postulated that CPT-11 induces secretion of 
C1- ions mediated by eicosanoid and this secretion may be related to the oc- 
currence of diarrhoea. 

Recently, it was also suggested that CPT-11 induced apoptosis and cell 
differentiation in the mucosa of mouse ileum and caecum, and thus causing 
diarrhoea [ 1821. As shown above, CPT- 1 1 may induce diarrhoea through 
complex mechanisms and these findings will contribute to the relief of the 
diarrhoea. 
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Table 2.5. RECENT RESULTS OF PHASE I STUDIES ON CAMPTOTHECINS 

Agents" Route Scheduleh' DLT') MTD or RD" Reference 

Camptothecin p.0. qd x 21dq4w Diarrhoea 8.7 mg/m2/d 29 

Topotecan i.v. 21d C.I. q4w Myelosuppression 0.53 mg/m2/d 189 
i.v. 120h C.I. q3w ditto 0.87 mg/m2/w 190 
i.v. 72h C.I. q3w ditto 1.08 mg/m2/w 190 
i.v. 24h C.I. q3w ditto 8.4 mg/m2/d 191 
p.0. Single ditto 14 mg/m2 192 
p.0. b i d .  x 21d q4w Diarrhoea 0.6 mg/m2/d 193 

GG211 i.v. qd x 5q3w Myelosuppression 1.2 mg/m2/d 194 
i.v. 72h C.I. q3w ditto 1.2 mg/m2/d* 194 

9-AC (DMA) i.v. 72h C.I. q2w Neutropenia 0.84 mg/m2/d 195 
i.v. 72h C.I. q3w ditto 1.1 mg/m2/d 195 

In this table, the results on CPT-I 1 and on daily x 5 schedule of topotecan are omitted. 
a) 9-AC (DMA): Dimethylacetamide formulation of 9-AC 
b, qd: every day, qnw: every n weeks, d: days, C.I.: Continuous infusion, b.i.d.: twice a day 

dl MTD: Maximum tolerated dose, RD: Recommended dose, 
DLT Dose limiting toxicity 

*: 2.0 mg/m2/d for minimally pretreated or untreated patients. 

CLINICAL SUMMARY 

Table 2.5 summarizes the recent results of phase I studies on orally adminis- 
tered camptothecin, orally administered and continuously infused topote- 
can, GG-211, and a dimethylacetamide (DMA) formulation of 9-AC. Sev- 
eral excellent review articles on phase I studies of CPT-11 [183-1851 and of 
topotecan [183, 185, 1861 have been published and the reader is referred to 
these. 

Up to the end of 1995, many results of phase I1 clinical studies on CPT- 1 1 
and topotecan administered intravenously have been presented and sum- 
marized [183, 184, 187, 1881. In phase I1 studies of CPT-11 against solid tu- 
mours, the most popular dosage schedules were 100 mg/m2/day once weekly 
or 150 mg/m2/day once every 2 weeks in Japan, 125 mg/m2/day once weekly 
in U.S.A., and 350 mg/m2/day once every 3 weeks in Europe. On the other 
hand, topotecan was infused for 30 min at doses of 1.25-2.0 (dominantly 
1.5) mg/m2/day once for 5 consecutive days every 3 weeks. Usually, the 
dose-limiting toxicity of CPT- 1 1 is myelosuppression (mainly neutropenia) 
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Table 2.6. EFFICACY O F  CPT-I 1 (IRINOTECAN) IN PHASE I1 STUDIES 

Response Dosuge scheduledJ Reference 
TumouP' Prior rhemoh' CR+MR/jiid ') rute (%) (mglm'/day) 

NSCLC N 0+41 I3 31 200 q3-4w 196 
Y 0+3122 14 ditto 196 
N 0+23172 32 100 qw 196a 
Y 0+0126 0 ditto I97 
N 0+41 1 1 36 350 q3w 198 

SCLC N 0+4/8 so I00 qw 197 
Y 2+7/21 33 ditto 197 
Y 0+7/15 47 ditto 199 
y (ref) 0+8116 so ditto (pilot study) 200 

Cervix N(19pts.)+Y 5+8/55(6/19)  N32,Y 19 IOOqw 20 1 
N 
CDDP-ref. 

Ovary N 
Y 

Stomach N 
Y 

Colorectal N 
Y 
Recurrent 
N(48 pts.)+Y 

1+4134 
O + O /  I4 

0+1 /3  
o+ 121 52 

0+5/1S 
0+9/4S 

0+4112 
0+13/51 
0+4/ 10 
4+281178 

N 
N 
Y 
5-FU-ref. 

Pancreas N 
Y 
N 

Breast N 
Y 
Y 

SCC(skin) N+Y 

MM N+Y 

Renal cell N+Y 

NHL Y 

HL Y 

0+6/19 
(2/13) 
(S/21) 
1+10/44 

0+4121 
0+0114 
0+3/32 

0+1/4 
1+13/61 
1+0/12 

2+11/33 

0+3/32 

0+0/23 

9+17/62 

0+0/4 

I S  350 q3w 202 
0 125 qw x 4+2w rest 203 

33 1 so q2w 20 1 
23 ditto 20 1 

33 100 qw, IS0 q2w 204 
20 ditto 204 

33 100 qw, 1 so q2w 20s 
2s ditto 20s 
40 100 qw 206 
N 19,Y 18 3SOq3w 207 
32 125 qw x4+2w rest 208 
I S  ditto 209 
24 ditto 209 
2s 125 or IS0 qw x4+2w 210 

rest 

19 I00 qw, 150 q2w 21 1 

9 350 q3w 212 
0 ditto 21 I 

25 100 qw 213 
23 ditto 213 
8 350 q3w 214 

39 100 qw 21s 

9 100 qw 21s 

0 100 qw x 3-4+2w rest Unpublished 
150 q2w x 2-3+3w rest 

42 (40 x 3d)qw 21 6 

0 ditto 216 
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Table 2.6. (CONTINUED) 

Response Dosage scheduled’ Reference 
Turnouf) Prior chemoh’ CR+MR/pts.“ rate (%) (mglm’lday) 

ATL Y 1+4/13 39 ditto 217 

ALL Y 0+2/17 12 ( 15 or 20 x 2/d x 7d) 21 6 

AML Y 0+0/24 0 (15or20x2Idx7d)  216 

q 2 - 4 ~  

q 2 - 4 ~  

Most of the results of early phase I1 studies in Japan are omitted. 
a) NSCLC: Non-small cell lung cancer, SCLC: Small cell lung cancer, SCC: Squamous cell car- 
cinoma, MM: Malignant melanoma, NHL: Non-Hodgkin’s lymphoma, HL: Hodgkin’s lym- 
phoma, ATL: Adult T-cell leukaemia-lymphoma, ALL: Acute lymphocytic leukaemia, AML: 
Acute myelogenous leukaemia 
b, Y treated with prior chemotherapy, N: untreated with prior chemotherapy, ref: refractory 
‘) CR: Complete response, PR: Partial response, pts.: No. of evaluable patients 
d, qw: every week, qnw: every n weeks, d: day(s) 

Table 2.7. EFFICACY OF TOPOTECAN IN PHASE 11 STUDIES 

Response Dosage scheduled) Reference 
Tumour“) Prior chemo” CR+MR/pts.C) rate (%) (mg/m2/day) 

NSCLC N 0+0120 
N 0+5/38 
N 0+2/37 
N 0+5/37 

Ad N 0+1117 
SCC N 0+4/ 11 

SCLC N 0+7/ 18 
Y 2+5120 
Y 5+7/57 
Etoposide-ref. 0+3/25 
N (1 8/47) 
Y (sensitive) 5+ 12/43 
Y (resistant) 1+2143 

Ovary CDDPICBDCA-ref. 0+4/28 
Y 1+3116 
Y 1+14177 
Y 1+5/24 
Y 5+24/65 

0 
13 
5 

14 
6 

36 

39 
35 
21 
12 
38 
40 

7 

14 
25 
19 
25 
45 

(2 x 5d) q3w 
(1.5 x 5d) q3w 
(1.3x3dC.I.)q4w 
(1.5 x 5d) q3w 
ditto 
ditto 

(2 x 5d) q3w 
(1.5 x 5d) q3w 
ditto 
(1.25 x 5d) q3w 
(1.5x5d)q3w 
ditto 
ditto 

ditto 
ditto 
ditto 
ditto 
ditto 

218 
219 
219 
220 
220 
220 

22 1 
222 
223 
224 
* 
* 
* 

225 
226 
* 
* 
* 
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Table 2.7. (CONTINUED) 

Response Dosage scheduled' Reference 
Tumour"' Prior chemo"' CR+MR/pts cl rate (%) (mglm2/day) 

H & N  

Colorectal 

Pancreas 

Breast 

MM 

Renal cell 

Prostate 

MG 

STS 

PM 

CLL 

N 

Y 

N 
N 

N 
N 

N+Y 

N 

N 

Hormone-ref. 

N(3pts.)+Y(9pts.) 

N 

N 

Y 

0+4/ 15 

0+0/19 

0+4/57 
1+0/16 

0+0/15 
0+4/ 34 

0+5/14 

1+0/17 

0+0/14 

0+2128 

1+1/12 

0+2/ 16 

0+0/22 

0+0/12 

27 

0 

7 
6 

0 
12 

36 

6 

0 

7 

17 

13 

0 

0 

ditto 221 

ditto 228 

ditto 228a 
(0.6 x 21d C.I.) q4w 229 

(1.5 x 5d) q3w 230 
ditto 

ditto 23 1 

ditto 232 

(1.5x5d)q4w 233 

(1.5 x5d) q3w 234 

ditto 235 

ditto 235 

ditto 236 

(2 x 5d) qm 237 

* 

a) NSCLC: Non-small cell lung cancer, Ad: Adenocarcinoma, SCC: Squamous cell carcinoma, 
SCLC: Small cell lung cance, H & N: Head and neck, MM: Malignant melanoma, MG: Malig- 
nant glioma, STS: Soft tissue sarcoma, PM: Pleural mesothelioma, CLL Chronic lymphocytic 
leukaemia 
b, Y treated with prior chemotherapy, N: no prior chemotherapy, ref refractory 
') CR: Complete response, PR: Partial response, pts.: No. of evaluable patients 
d, qnw: every n weeks, qm: every month, d: days, C.I.: Continuous infusion 
* Data presented by Verweij, J. (1 995) [6th Conference on DNA Topoisomerases in Therapy] 

and/or diarrhoea, and that of topotecan is myelosuppression (neutropenia 
and thrombocytopenia). Their efficacies in phase I1 studies are listed in Table 
2.6 and Table 2.7. Also now in progress are phase I1 studies of GG-2 1 1 given 
daily for 5 consecutive days every 3 weeks, phase I study of this agent admin- 
istered orally, and some combination studies of these camptothecin deriva- 
tives with conventional anticancer drugs such as cisplatin, etoposide, and 
5-FU. 
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CONCLUSION 

In 1995, irinotecan (CPT-11) was approved in Japan for the treatment of 
colorectal, stomach and breast cancer, squamous cell carcinoma and non 
Hodgkin’s lymphoma, in addition to first approval for the treatment of 
lung, cervical, and ovarian cancer. This reveals that camptothecin essen- 
tially has broad spectrum antitumour activity and that Top0 I is the attrac- 
tive target for cancer therapy. Moreover, the search for other uses of Top0 I 
inhibitors possibly as an anti-retroviral[238] or an anti-trypanosomal agents 
[239, 2401 is under investigation. Many efforts devoted to the research on 
camptothecins and Top0 I have clarified the structure-activity relationships 
and mechanistic differences of camptothecin analogues, i.e. DNA sequence 
selectivity for cleavable complex formation, stability of cleavable complex 
[98,99], and the stability of lactone ring E with respect to the binding to hu- 
man serum albumin [241-2431. It is expected that determination of the 
three-dimensional structure of drug-DNA-Top0 I ternary complex will offer 
more effective methodology for the design of novel Top0 I inhibitors. 
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INTRODUCTION 

The phosphate group has an important role in virtually all of the major me- 
tabolic pathways in nature. However, there is little therapeutic scope for un- 
derivatized phosphate and phosphonate analogues because they are doubly 
ionized at physiological pH and are unable to cross cell membranes by pas- 
sive diffusion. Only a few compounds can utilize active transporter path- 
ways: these include the antiviral phosphonoformate (1) which shows some 
affinity for inorganic phosphate transporters [ 1, 21, the herbicide bialaphos 
(2 )  which is transported by a peptide carrier [3], and the antibiotic fosfomy- 
cin (3) which utilizes the 3-phosphoglycerate transport pathway [4]. Phos- 
phate monoesters are also prone to rapid hydrolysis by phosphatases, an- 
other property which makes them unsuitable drugs. However, this 
instability coupled with their high aqueous solubility makes phosphate 
monoesters ideal prodrug modifications of drugs which have low aqueous 
solubility. Although tetracationic compounds with two diquaternary 1,4- 
diaza[2,2,2]bicyclo-octane units form a 1 : 1 complex with nucleotide 5'-tri- 
phosphates and transport the triphosphates across liquid organic mem- 
branes, the cationic carriers break the liposomal structure, by their detergent 
action, rather than facilitate transport across liposomes [5]; therefore, lipo- 
philic cations have limited uses in drug delivery. Hence, there is interest in 
designing prodrugs by covalent modification to mask the negative charges 
of phosphates or phosphonates to facilitate passive transport through cell 
membranes. 

A prodrug is described as a pharmacologically inactive derivative of the 
parent drug; it has improved delivery properties and spontaneously or enzy- 
matically releases the active drug within the body [6] (Figure 3.1). Ideally, a 
prodrug should be quantitatively converted to the parent drug, specifically 
at  the site where the drug is required. 

Prodrug design is concerned with overcoming some undesirable element 
of the parent drug, for example: 

(a) enhancement of bioavailability and passage through various biological 
barriers 

(b) increased duration of pharmacological effects 
(c) increased site-specificity 
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Figure 3. I 

(d) decreased toxicity and adverse reactions 
(e) improvement of stability and solubility properties. 
Recent advances towards the design of prodrugs of phosphates and phos- 

phonates are discussed in this review. One such class of therapeutically 
important compounds are the anti-viral and anti-cancer nucleosides, for ex- 
ample, AZT,* ddC, ddI and FdU. For inhibition of HIV, the antiviral nu- 
cleosides are successively phosphorylated by host kinases to yield the nu- 
cleoside triphosphate which inhibits HIV reverse transcriptase. The first 
phosphorylation step can be rate-limiting for these nucleosides [7, 81, and 
therefore there is interest in delivery of the nucleoside monophosphate. 
Three recent reviews have discussed progress in the area of prodrugs of 
AZT [9] and nucleotides [ 10, 1 11, and part of this review covers similar mate- 
rial. 

‘The following abbreviations are used in this review: A, adenine; acyclovir, 9-[(2-hydroxyeth- 
oxy)methyl]guanine; ADEPT, antibody-directed enzyme prodrug therapy; ADP, adenosine 
5’-diphosphate; AIDS, acquired immune deficiency syndrome; ara-A, adenine P-D-arabinofur- 
anoside; ara-C, cytosine 8-D-arabinofuranoside; ATP, adenosine 5’-triphosphate; AZT, 3’-azi- 
do-3’-deoxythymidine; BVDU, (E)-5-(2-bromovinyl)-2’-deoxyuridine; c-AMP, adenosine 3’:s’- 
cyclic monophosphate; c-GMP, guanosine 3’:5‘-cyclic monophosphate; CMV, cytomegalo- 
virus; ddA, 2’,3’-dideoxyadenine; ddC, 2’,3’-dideoxycytidine; ddI, 2’,3’-dideoxyinosine; ddT, 
3’-deoxythymidine; ddU, 2’,3’-dideoxyuridine; d4T, 2’,3’-didehydro-3’-deoxythymidine; dT, 
thymidine; DTE, dithiodiethanol; FdT, 2’,3’-dideoxy-3’-fluorothymidine; FdU, 5-fluoro-2‘- 
deoxyuridine; FdUMP, S-fluoro-2’-deoxyuridine 5’-monophosphate; 5-FU, 5-fluorouridine; 
HIV, human immunodeficiency virus; HPMPC, (S)-l-(3-hydroxy-2-phosphonylmethoxypro- 
py1)cytosine; HSV, herpes simplex virus; Nu, appropriate nucleoside without 5’-H; PAF, plate- 
let-activating factor; PMEA, 9-(2-phosphonylmethoxyethyl)adenine; RPMI, Roswell Park 
Memorial Institute; SATE, S-acylthioethanol. Nucleosides are attached through the 5’-posi- 
tion, and therefore the 5’-H is absent. 
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LIPOPHILIC PRODRUGS 

MONOALKYL ESTERS 

In 1975, Revankar and coworkers synthesized the monomethyl phosphate 
ester of the antiviral nucleoside ara-A (4) which showed activity comparable 
with that of the parent drug [12]. Rosowsky and coworkers [13] then pre- 
pared a range of 5’-phosphate diester analogues of the anti-cancer nucleo- 
side ara-C. The simple alkyl derivatives (5, R = Et, n-Bu, n-hexyl, n-octyl or 
n-hexadecyl) were not active against the kinase-deficient L1210 leukaemic 
cells in culture, whereas the 5’-glyceryl analogue (5, R = CH2CH(OH)- 
CH20H, EC50 0.35 pM) showed activity comparable with ara-C (EC5o 
0.65 pM). 

The hexadecyl and cholesteryl esters of d4T monophosphate (6, R = 
(CH2), 5Me and cholesterol-3/?-OCH2CH2) have been synthesized [ 141. The 
palmitoyl ester showed little activity, whereas the cholesteryl ester (ECSo 
0.02 pM) showed greater inhibition of HIV replication in CEM-C113 cells 
than D4T (EC50 0.08 pM). 

Cyclic 3’,5’-phosphates of ara-A (7, B = adenyl) [ 121, ara-C (7, B = cytosyl) 
[15] and thioinosine (8, R = H) have been synthesized [16]. The acylated 
thioinosine derivative (8, R = Me(CH2)14C0, EC50 6 p M )  has been shown 
to readily enter S49 mouse lymphoma cells and then be metabolized to thioi- 
nosine 5’-monophosphate catalyzed by phosphodiesterase and deacylation. 
More recently, the cyclic phosphonate analogue (9) of the antiviral (S)-l-(3- 
hydroxy-2-phosphonylmethoxypropyl)cytosine (HPMPC) has been pre- 
pared and shown to have comparable activity against HSV-2, both in vitro 
in MA-104 and MRC-5 cells and in vivo in a mouse encephalitis model, to 
that of the parent drug [17]. The cyclic phosphonate (9) was converted to 
HPMPC inside the cells, before phosphorylation to the active diphosphate. 
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ypB 
o=y-o 

0 -  
(7) (9) 

DIALKYL ESTERS 

Jones and coworkers first prepared some 6-membered ring cyclic triesters of 
FdU (10). Analogues (10, R' = R2 = H) and (10, R '  = H, R2 = OH or 
OCH2Ph) were found to be too stable towards chemical hydrolysis, whereas 
the difluoro analogue (10, R '  = R2 = F) was easily hydrolyzed at room tem- 
perature. The difluoro analogue was the most active prodrug against L1210 
leukaemia (ID50 0.003 pg/ml), showing comparable activity to FdU (IDSO 
0.001 ,ug/ml) and its 5-monophosphate (IDSo 0.002 pg/ml). However, the di- 
fluoro analogue was less active against L1210 leukaemia in a thymidine ki- 
nase-deficient cell line, suggesting that the prodrug releases the nucleoside 
and not its 5'-monophosphate [18]. 

OH 

McGuigan and coworkers [ 191 prepared a range of acyclic 5'-dialkyl phos- 
phate triester derivatives of the anticancer drug ara-C (1 1, B = cytosyl, 
R = Et, n-Pr, n-Bu, n-pentyl or n-hexyl). These triesters inhibited DNA 
synthesis and their efficacy improved with increasing lipophilicity. This re- 
sult suggested that these triesters were membrane permeable; however, their 
mechanism of inhibition of DNA synthesis was unresolved. In a similar 
study, inhibition of DNA synthesis also increased as the lipophilicity of the 
phosphate triester of the anti-viral nucleoside ara-A (1 1, B = adenyl, R = Et, 
n-Pr, n-Bu or n-pentyl) increased [20]. The dibutyl phosphinate analogue 
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(12, B = adenyl), bearing more stable C-P bonds, also inhibited DNA syn- 
thesis, although it was less active than the isosterically similar di(n-propyl) 
phosphate triester analogue [21]. The phosphinate is unable to degrade to 
the 5'-monophosphate, therefore its inhibitory properties have been attrib- 
uted to the release of ara-A. In contrast, the higher activity of the phosphate 
triester can be accounted for by some metabolism to the 5'-monophosphate. 

Simple dialkyl phosphate triesters of AZT were inactive against HIV [22], 
whereas the di(2,2,2-trihaloethyl) phosphate analogues (halo = F or C1) 
were active [23]. The finding that functionalized alkyl groups increased activ- 
ity led McGuigan and coworkers to prepare phosphate triesters of AZT 
which contained both a simple alkyl group and either an ethyl glycolyl or a 
methyl lactyl group. The most active analogues were ( I  3) and (14), with 
ED50 values of 0.5-0.6 pM against HIV-1 [24]. Triesters containing two 
methyl lactyl groups (1 5, R '  = R2 = Me), or one methyl lactyl and one ethyl 
glycolyl group (15, R'  = H, R2 = Et) were 100-fold more active against 
HIV-I replication than the triesters bearing only one substituted ester; how- 
ever, they are 10-fold less active than AZT. Although their mechanism of ac- 
tion is unclear, the antiviral and hydrolysis studies are consistent with intra- 
cellular formation of AZT 5'-monophosphate [25]. 

Sergheraert and coworkers [ 141 prepared some d4T phosphate triesters 
(16, R '  = cholesteryl or n-hexadecyl, R2 = CH2CH2CN). The cyanoethyl 
group of the triesters was susceptible to hydrolysis catalyzed by plasma en- 
zymes, showing half-lives in the region of 12 hours. Although the triesters 
showed an increased cell penetration, there was no increase in antiviral ac- 
tivity of these compounds, presumably because the R' group of the diester 
metabolite was too stable. 

Huynh-Dinh and coworkers have prepared phosphate triesters of the anti- 
cancer nucleosides, 5-FU and ara-C, bearing a lipophilic hexadecyl chain 
and a hydrophilic mannose residue (17, Nu = 5-FU or ara-C). These pro- 
drugs were designed to interact with the membrane bilayer to facilitate their 
transport by passive diffusion, prior to their hydrolysis to the nucleoside 5'- 
monophosphates [26]. The triester analogue of AZT (17, Nu = AZT) has 
also been prepared [27]. In mice, the prodrug had a half-life of 24 h giving 
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rise to AZT 5'-monophosphate, mannose and hexadecanol. This prodrug 
modification is potentially useful for delivery to the brain, as high levels of 
AZT 5'-monophosphate were detected in the CNS [28]. 

The combination of antiviral and antibiotic drugs may be useful in the 
treatment of AIDS, and simple esters (1 8, R = hexyl or hexadecyl) of nucleo- 
tide dimers containing both AZT and the antibiotic cordycepin have been 
prepared as potential prodrugs. For the hexadecyl derivative, the diastereo- 
isomers were separated, and the S, isomer was slightly more active than R, 
against HIV- I ;  however, all of the compounds were substantially less active 
than AZT [29]. 

0 

9 
Me( H,C) -7-5'-Nu 

? 9 
RO-?-5'-AZT MeO-?-5'-ddC 

Cordycepin 5'-ddC 
OH 

In many studies, the metabolic fate of the prodrug is not investigated and 
the proposed mechanism of action is based solely on antiviral results. In con- 
trast, Imbach and coworkers [30] have thoroughly evaluated the fate of the 
prodrugs in biological media. By HPLC, they showed that the methyl ester 
of the 5',5'-dimer of ddC (19) hydrolyzed slowly (6% in 5 days) in either cul- 
ture medium or CEM cell extract at 3"C, to give only the nucleotide dimer. 
The dimer was stable in RPMI culture medium, but in the presence of 10% 
foetal calf serum, it hydrolyzed with a half-life of 22 h to give ddC and its 
5'-monophosphate, the reaction being catalyzed by phosphodiesterase. The 
5'-monophosphate of ddC was subsequently converted to ddC, catalyzed 
by phosphatases. In contrast, (19) was stable towards CEM cell extract, 
which led the authors to conclude that its anti-HIV activity can mainly be at- 
tributed to the extracellular release of ddC under the cell culture conditions. 
Many prodrug studies do not include hydrolysis information and Imbach 
and coworkers suggested that the antiviral activity observed in some studies 
may simply be attributed to release of the nucleoside in culture medium [30]. 

ARY L ESTERS 

Aryl phosphate esters are more reactive towards chemical hydrolysis than 
simple alkyl esters, and their rate of degradation can be controlled by the 
presence of substituents in the aromatic ring [31]. The aryl group has there- 
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fore been used in prodrug design: Farrow and coworkers [32] evaluated a se- 
ries of aryl bis(3'-O-acetylthymidin-5'-yl) phosphate derivatives designed to 
cleave to the nucleotide dimer under physiological conditions. The 4- 
(methylsulphony1)phenyl substituent was selected, and the 5',5'-linked nu- 
cleotide dimers (20) of BVDU (Nu = BVDU) and acyclovir (Nu = acyclovir) 
were shown to have comparable activity to BVDU and acyclovir, respec- 
tively, against HSV-1 and HSV-2, both in vivo and in vitvo. The BVDU analo- 
gue (20, Nu = BVDU) was stable in human serum, giving sufficient time for 
cell penetration, but it hydrolyzed slowly, with a half-life of 17 h at pH 7.7 
and 37"C, to the nucleotide dimer. This intermediate cleaved to BVDU, the 
hydrolyses being catalyzed by phosphodiesterases and phosphatases present 
in the serum. This study has been extended to the synthesis of the 4-(methyl- 
sulphony1)phenyl derivatives of 5',5'-nucleotide dimers containing d4T or 
ddA, which showed comparable activity to the parent nucleosides against 
HIV-I and HIV-2 in MT-4 cells [33]. 

0 
M e - ~ ~ - ~ - 5 ' - N u  R1O-y-5'-AZT ? P h O + J o d  

0 5'-Nu OR2 OPh 

McGuigan and coworkers have prepared two phenyl phosphate esters of 
AZT, (21, R' = Ph, R2 = CH2CC13, ICso 0.2 pM) and (21, R' = R2 = Ph, 
IC50 0.3 pM), however both were less active than AZT (ICsO 0.008 pM) 
against HIV-1 in C8166 cells. In contrast, triester (21, R'  = R2 = p-02N- 
Ph, ICso 0.0032 pM), bearing the more reactivep-nitrophenyl leaving group, 
was three-fold more potent than AZT; however, it was significantly more 
toxic [34]. The other nitrophenyl isomers (21, R '  = R2 = o-02N-Ph or 
m-02N-Ph) have also been prepared and the meta isomer was the most ac- 
tive against HIV- 1. However, all of the isomers showed little activity against 
HIV- 1 in thymidine kinase-deficient cells, which suggested that these deliv- 
ery forms gave the nucleoside rather than its 5'-monophosphate [35]. 

A range of substituted diphenyl prodrugs has been reported for the anti- 
viral acyclic nucleoside analogue, 9-[2-(phosphonomethoxy)ethoxy]ade- 
nine, which shows only 2% oral bioavailability in rats [36]. The preferred pro- 
drug was the crystalline hydrochloride salt of the diphenyl ester (22): this 
increased the oral bioavailability to 50% in rats and showed activity against 
Rauscher murine leukaemia virus in mice. 

Phosphonate (23, R = H) is a potential antihypertensive agent as it is a po- 
tent inhibitor of neutral endopeptidase. However, it has low oral bioavail- 
ability, whereas the diphenyl analogue (23, R = Ph) has been shown to be 
an orally active prodrug [37]. The chemical hydrolysis of prodrug (23, R = 
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Ph) in potassium hydroxide (pH 13.65) or potassium carbonate (pH 12.01) 
was rapid at 25”C, giving only the monophenyl ester. Surprisingly, when 
the hydrolysis was conducted in potassium bicarbonate buffer (pH 8.78), re- 
moval of the first phenyl group (half-life 8.19 h) was significantly slower 
than removal of the second (half-life 0.52 h). Although this requires further 
investigation, it is speculated that at pH 8.78 the intermediate bearing one 
phenyl ester, exists predominantly in the ammonium form, which increases 
the susceptibility of phosphorus towards nucleophilic attack and forms an 
ion-pair with the nucleophilic bicarbonate anion. In human plasma, re- 
moval of the first phenyl group (half-life 1.4 h) was three-fold faster than re- 
moval of the second (half-life 4.2 h). Studies with heat-inactivated plasma 
and plasma from other species suggests that the hydrolyses are enzyme cata- 
lyzed. Prodrug (23, R = Ph) is currently being evaluated in clinical trials. 

(23) 0” 

A range of triesters (24) and diesters (25) of the antiviral phosphonofor- 
mate has been synthesized. Compounds with simple alkyl groups showed 
no antiviral activity, which was attributed to their inability to undergo com- 
plete hydrolysis to phosphonoformate. In contrast, the more labile phenyl 
esters were active against HSV- 1, with the triphenyl(24, R = Ph) and diphen- 
yl(25, R = Ph) esters giving ICs0 values of 39 and 52 pM, respectively [38]. 

PHOSPHORAMIDATES 

Phosphoramidates have been explored as prodrug modifications because of 
the potential cleavage of the P-N bond by chemical or enzymatic hydrolysis, 
or metabolic oxidation. Early research in this area was partly inspired by 
the mode of bioactivation of the anticancer drug, cyclophosphamide (26) 
[39] which undergoes metabolic oxidation to (27), cleavage to the aldehyde 
(28) and subsequent degradation to the alkylating agent (29) and acrolein 
(Scheme 3.1) [40]. This led Jones and coworkers to prepare the correspond- 
ing 5’-cyclic phosphoramidate of FdU (30), a potential prodrug of the 5‘- 
monophosphate of the anticancer drug, 5-fluoro-2’-deoxyuridine [41]. Phos- 
phoramidate (30) was not active against lcukaemia L1210 and was only 
slightly active against sarcoma 180, suggesting either that (30) is not an en- 
zyme substrate or that the enzymes which metabolize cyclophosphamide 
are not present. This result led the team to prepare the corresponding 5- 
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Scheme 3 .1 

membered ring phosphoramidate (3 1, X = 0) and phosphorodiamidate (3 1 ,  
X = NMe) derivatives, and due to strain in the ring, one P-N bond cleaved 
readily by chemical hydrolysis under physiological conditions. The phos- 
phorodiamidate (31, X = NMe) was active aginst L1210 leukaemia [42]. 

0 

McGuigan and coworkers have prepared a range of acyclic phosphorami- 
dates. Phosphoramidate (32, Nu = AZT) [43] and phosphorodiamidate (33, 
Nu = AZT) [44], analogues of AZT, are both good inhibitors of HIV. In con- 
trast, the 2',3'-dideoxy-3'-fluorothymidine (FdT) phosphoramidates (32, 
R = Pr' or Me, Nu = FdT, ED50 both 0.3 pM) and phosphorodiamidate 
(33, Nu = FdT, ED50 5 pM) were substantially less active than FdT (EC50 
0.005 pM) against HIV-1 in a human T-cell line, suggesting that prodrug 
modification will need optimization for each nucleoside [45]. The 2,2,2-tri- 
chloroethyl phosphoramidate analogue of d4T (32, Nu = d4T) was equally 
active (EC5o 0.2 pM) against HIV-1 in both C8166 cells and thymidine ki- 
nase-deficient JM cells. In contrast, d4T was more active in (28166 cells 
(EC5o 0.08 pM) than in the thymidine kinase-deficient JM cells (EC50 0.8 
pM), these data being consistent with intracellular release of d4T 5'-mono- 
phosphate from prodrug (32, Nu = d4T). The phosphoramidate (32, 
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Nu = d4T) also showed a four-fold increase in selectivity (2500), when com- 
pared with d4T (625) [46]. 

This study has been extended to similar phosphoramidate analogues of 
AZT, in which the 2,2,2-trichloroethyl group has been replaced by a substi- 
tuted phenyl group (34) [47]. The compounds were screened against HIV-1 
in thymidine kinase-deficient JM cells for which AZT is inactive (EDs0 100 
pM). In contrast, phosphoramidates (34, Z = MeO, Et, F o r  H) were active, 
with EDSO values ranging from 0.32 to 0.8 pM, these results being consistent 
with hydrolysis of both the P-N bond and phenyl ester to give an intracellu- 
lar release of AZT 5’-monophosphate. These compounds were also tested 
in another laboratory, where phosphoramidates (34) were an order of mag- 
nitude less active than AZT against HIV-1 and HIV-2 in CEM and MT-4 
cells. However, in agreement with the previous testing data, the phosphor- 
amidates were more active (ECS0 3.0-12 pM) than AZT (ECSO > 100 pM) 
in thymidine kinase-deficient CEM cells [48]. 

(34) Q 
2 

Et 

(35) 

Orotidine 5’-monophosphate decarboxylase is a target for antiviral or 
antitumour chemotherapeutic agents, and 6-azauridine-5’-monophosphate 
has been shown to be a competitive inhibitor. Gabrielson and coworkers uti- 
lized McGuigan’s phosphoramidate prodrug methodology in an attempt to 
obtain a membrane permeable analogue of this phosphate [49]. Prodrug 6- 
azauridine-5’-(ethyl methoxyalaninyl) phosphate (35) was less active than 
6-azauridine in vitro against a range of RNA virus. However, prodrug (35) 
showed improved activity against Punta Tor0 virus in mice when compared 
with 6-azauridine, indicative of metabolism of (35) to 6-azauridine 5’-mono- 
phosphate [49]. 
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PHOSPHOLIPID ESTERS 

A promising class of prodrugs for mono-, di- and tri-phosphates are 
based on the phospholipids and Hostetler's group have applied this 
prodrug approach to a range of antiviral compounds. Two prodrugs of 
AZT, AZT 5'-monophosphate 1,2-dimyristoylglycerol (36, R' = 5'-AZT, 
R2 = Me(CH2)12) and AZT 5'-diphosphate 1,2-dipalmitoylglycerol (37, 
R' = 5'-AZT, R2 = Me(CH2)14) [50] have been prepared. The I ,2-dimyris- 
toylglycerol 5'-monophosphates of ddC and ddT (36) are also reported. In 
liposomes these compounds showed antiviral activity against HIV- 1 in 
U937 and CEM cells with IC50 values ranging from 0.7 to 12 pM. Although 
their activities were lower than AZT (ICs0 0.2 pM) and ddC (0.04-0.60 
pM), these lipid prodrugs provide a depot from which the drug is slowly 
released by cellular metabolism. Biodegradation of (36, R' = 5'-AZT, 
R2 = Me(CH2)12) proceeded by deacylation to give glycero-3-phospho-5'- 
AZT catalyzed by phospholipases, followed by hydrolysis catalyzed by 
phosphodiesterases to give AZT and its 5'-monophosphate [5 11. 

Prodrugs of AZT 5'-monophosphate have also been prepared by com- 
bination with an antiviral ether lipid [52], with the intention that the deriva- 
tive would be active against two steps of the HIV replicative cycle. The 
most active compound was (38) with an IC50 of 0.03 mM and a selectivity 
of 1793. Although this prodrug is less active than AZT (ICsO 0.004 mM), 
the selectivity for AZT was lower (128 1).  

0 

ro %R2 

The 5'-diphosphate 1,2-dipalmitoylglycerol derivatives of ara-C, ara-A 
and tubercidin (37, R' = 5'-ara-C, 5'-ara-A or tubercidin, R2 = Me(CH2)14) 
have been synthesized [53]. The ara-C analogue is more active against 
L1210 leukaemia in mice than ara-C. After uptake into cells, the diphos- 
phate is metabolized to active ara-C 5'-monophosphate and natural L-a- 
phosphatidic acid. 

In a related study, Hostetler and coworkers prepared acyclovir diphos- 
phate dimyristoylglycerol(37, R '  = acyclovir, R2 = Me(CH2)12) [54], which 
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showed activity (ICS0 0.25 pM) against acyclovir-resistant thymidine kinase- 
deficient HSV strains to which acyclovir or its 5'-monophosphate was inef- 
fective (ICso > 100 pM). This phospholipid prodrug is cleaved by a mito- 
chondrial pyrophosphatase enzyme to give L-a-phosphatidic acid and the 
active acyclovir 5'-monophosphate. Similarly, ddT 5'-diphosphate dimyris- 
toylglycerol (37, R'  = 5'-ddT, R2 = Me(CH2)12) has been shown to be 18- 
to 50-fold more effective than ddT against HIV-infected CEM and HT4-6C 
cells. Nucleoside ddT is only poorly phosphorylated by cellular thymidine 
kinase, and the higher activity of the phospholipid prodrug has been partly 
attributed to a by-pass of thymidine kinase. Indeed, the prodrug showed ac- 
tivity against HIV in thymidine kinase-deficient cells [55]. 

AZT 5'-triphosphate 1,2-distearoylglyceroI (39, R = Me(CH2),,) inhibits 
HIV-1 replication in CEM cells 0.33 mM). The triphosphate prodrug 
has been shown to give AZT and its 5'-monophosphate in a rat liver mito- 
chondrial enzyme preparation [56]. 

a-ACYLOXYALKYL ESTERS 

The rate of hydrolysis of prodrugs needs to be predictable and controlled by 
the use of suitable bioreversible protecting groups. The most common pro- 
drugs are those requiring a hydrolytic cleavage mediated by enzymatic catal- 
ysis, such as cleavage of carboxyesters by esterases. In other cases, active 
drugs are regenerated by biochemical oxidative or reductive processes [6]. 

The first use of the acyloxymethyl substituent as a bioreversible phosphate 
protecting group was demonstrated by Farquhar and coworkers [57, 581 
who prepared bis(acyloxymethy1) phosphate triesters of the model com- 
pounds, phenyl and benzyl phosphate (40, R 1  = Ph or Bn, R2 = Me, Pr' or 
But). After cell penetration, the triesters are designed to undergo esterase- 
catalyzed cleavage of one acyloxymethyl ester to give the hydroxymethyl 
analogue (4 1). This intermediate is labile and spontaneously eliminates for- 
maldehyde to give diester (42). A repeat of this bioactivation gives phenyl 
or benzyl phosphate (43) (Scheme 3.2). The rate of chemical hydrolysis of 
triesters (40, R '  = Ph) in phosphate buffer at pH 7.4 and 37°C decreases as 
steric crowding of the acyl group increases, as exemplified by the half-lives 
of 3.2 h (R2 = Me), 8.9 h (R2 = Pr') and 14.3 h (R2 = Bu'). Slow chemical hy- 
drolysis of the second acyloxymethyl ester group to give the phosphate 
monoester was also observed. Porcine liver carboxyesterase or plasma cata- 
lyzed hydrolyses of the triesters (40, R '  = Ph) was also sensitive to the nature 
of the acyl group, and similarly the first acyloxymethyl group was cleaved 
at a rate substantially faster than the second. This bioreversible protection 
method has been evaluated for the delivery of a range of biologically active 
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(43) 

Scheme 3.2 

compounds containing a phosphate or phosphonate group, and these stud- 
ies are discussed. 

Although the 5’-triphosphate of ddU is a potent inhibitor of reverse tran- 
scriptase, the parent nucleoside is inactive because it is a poor substrate for 
thymidine kinase. In an attempt to by-pass this phosphorylation step, the 
bis(pivaloyloxymethy1) triester of ddU 5’-monophosphate (44, Nu = 5‘- 
ddU) was prepared [59]. This membrane-permeable prodrug is active 
against HIV- 1 in either MT-4 or thymidine kinase-deficient CEM cells, and 
it has been shown to release the 5’-monophosphate of ddU in both cell lines. 

In an approach to improve the delivery of the anticancer nucleotide, 
FdUMP, Farquhar and coworkers [60] have prepared bis(pivaloy1oxy- 
methyl) 2’-deoxy-5-fluorouridine 5’-monophosphate (44, Nu = 5’-FdU). In 
the presence of porcine liver carboxyesterase, the phosphate triester (44, 
Nu = 5’-FdU) was converted quantitatively to diester (45, Nu = 5’-FdU). 
However, the diester was a poor substrate for esterase and after 24 h only 
trace quantities of FdU 5’-monophosphate was observed. In contrast, in 
mouse plasma the triester was rapidly metabolized first to the diester and 
then to FdU 5‘-monophosphate, suggesting that removal of the second piva- 
loyloxymethyl group may be catalyzed by phosphodiesterases. The prodrug 
showed similar cell growth-inhibitory properties to FdU in Chinese hamster 
ovary cells in vitro, and in mice implanted with P-388 leukaemia. Moreover, 
the prodrug was active against FdU-resistant cell lines both in vitro and in 
vivo, suggesting that triester (44, Nu = 5’-FdU) is an effective membrane- 
permeable prodrug of FdU 5’-monophosphate. 
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The hydrolysis of bis(pivaloyloxymethy1) AZT 5'-monophosphate (44, 
Nu = 5'-AZT) has also been evaluated [61]. In culture medium containing 
10% foetal calf serum and in CEM-cell extract, the triester hydrolyzes to 
the diester with half-lives of 170 and 30 min, respectively, supporting intra- 
cellular release of the diester by esterase catalysis. Under the same condi- 
tions, the diester hydrolyses to AZT 5'-monophosphate with half-lives of 30 
and 133 min. Anions are typically poor substrates for esterases, and there- 
fore similar rates of hydrolysis for the triester and diester suggests that hy- 
drolysis of the diester is catalyzed by phosphodiesterase. 

Tsien and coworkers have isolated both diastereoisomers of N6,2'-0-di- 
butyryl c-AMP acetyloxymethyl ester (46) as prodrugs of the second mes- 
senger, c-AMP [62]. At pH 7.4, the triesters had half-lives of 36h, whereas 
in the presence of carboxyesterase they degraded readily to c-AMP. These 
cell permeable analogues were shown to cause intracellular release of c- 
AMP in three biological systems. 

The acyclic nucleoside phosphonate, PMEA, is a potent broad spectrum 
antiviral agent; however, its oral bioavailability is low (7.8% in rats). A range 
of esters and amides were evaluated as prodrugs of PMEA [63]. The most 
promising were the bis(acyloxymethy1) esters (47, R = Et, Pr' or But) which 
gave improved oral bioavailabilities in rats of 15.4, 14.6 and 17.6%, respec- 
tively [63]. The bis(pivaloyloxymethy1) ester was 50- and 150-fold more ac- 
tive than PMEA against HSV-1 and HSV-2 in vero cells, respectively, 
whereas PMEA and the prodrug showed comparable activities against HIV 
and CMV[64]. 

Fridland and coworkers have shown that the bis(pivaloyloxymethy1) es- 
ters of three acyclic nucleoside phosphonates, including PMEA, have im- 
proved antiviral activity and selectivity when compared with the corre- 
sponding phosphonic acid [65]. Using radiolabelled material, in cells the 
PMEA prodrug (47, R = But) hydrolyzed rapidly to PMEA after which it 
was phosphorylated to the active diphosphate. In contrast, the prodrug had 
a half-life of over 24 h at pH 2.0, suggesting that it may be stable in gastric 
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juices. Indeed, oral administration of (47, R = But) to monkeys gave - 30% 
PMEA in circulation [66]. Oral administration of (47, R = But) to severe 
combined immune-deficiency mice has been shown to be as effective as sub- 
cutaneous PMEA in delaying Moloney murine-induced tumour formation 
[67] and in the inhibition of Friend leukaemia virus-induced splenomegaly 
[68]. Upon oral administration of prodrug (47, R = But), pharmacokinetic 
studies did not detect any prodrug, which suggested rapid hydrolysis to 
PMEA, 48% of which could be detected in the plasma [68]. 

A range of prodrug modifications have also been reported on another 
antiviral acyclic nucleoside analogue, 9-[2-(phosphonomethoxy)ethoxy]ade- 
nine, which shows only 2% oral bioavailability in rats [69]. Amongst the 
most promising prodrug was the bis(pivaloyloxymethy1) derivative (48) 
which increased oral bioavailability to 30% in rats. The bis( 1 -acyloxyethyl) 
esters (49, R = Pr' or Bu'), bearing a methyl group on the a-carbon, were pre- 
pared as mixtures of diastereoisomers and these compounds showed oral 
bioavailabilities of 24 and 74%, respectively. Upon bioactivation with ester- 
ase these prodrugs would give acetaldehyde (rather than formaldehyde), 
which should have an improved toxicity profile. Although the But analogue 
showed the highest oral bioavailability of all analogues, it was not selected 
for further evaluation because of the presence of diastereoisomers and its 
physical properties. 

With the intention of applying the methodology to the delivery of phos- 
phorothioate oligonucleotides, the diastereoisomeric S-acyloxymethyl es- 
ters of the thymidine nucleotide dimer (50, R = Et, Pr' or But) have been pre- 
pared [70]. In plasma, hydrolysis of the Sp and RP diastereoisomers was 
stereospecific and gave rise to the Sp and RP analogues of the nucleotide 
dimer, respectively, this being consistent with a mechanism proceeding by 
hydrolysis of the carboxyl ester. In plasma, hydrolysis of the Sp diastereo- 
isomer was -four-fold faster than hydrolysis of Rp, with half-lives of 335 
and 1980 min, respectively, for the But analogue. In contrast, with porcine 
liver carboxyesterase, the RP isomer hydrolyses faster than Sp. The three 
phosphorothioate diester linkages in a central stretch of a dodecathymidyl- 
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ate oligonucleotide analogue bearing terminal methylphosphonate residues 
have been derivatized with S-acyloxymethyl groups [7 11. This analogue has 
a half-life of only 40 min in RPMI culture medium containing 10% foetal 
calf serum, and greater stability would be required for prodrugs of oligonu- 
cleotides. 

The antiviral phosphonoformate (Foscarnet) has poor transport through 
membranes, and bis(acyloxymethy1) alkoxycarbonylphosphonates (5 1, 
R '  = Me, Pr' or But, R2 = Me, Et, Ph or 2,4-C12C6H3) [72,73] were prepared 
as potential prodrugs. Chemical hydrolysis of (51, R' = Me, R2 = Et) was 
rapid giving diester (52). This diester was fairly stable in buffer (20% hydroly- 
sis in 22 h), but in the presence of porcine liver carboxyesterase the second 
acyloxymethyl group was readily cleaved to give the monoester. Further hy- 
drolysis of the ethyl carboxyester was not observed; in contrast, phosphono- 
formate was released from (51, R' = Me, R2  = 2,4-CI&H3) bearing the 
more reactive 2,4-dichlorophenyl carboxyester, and this analogue showed 
activity against HIV-1 in H9 cells in vitro. 

The bis(aroyloxymethy1) esters (53, Ar = Ph, 2-MeC& or 2,4,6- 
Me3C6H2) of the model compound, benzylphosphonate (R = Bn), and the 
methyl ester of the antiviral, phosphonoacetate (R = Me02CCH2) have 
been prepared, with ortho-methyl substitution being introduced to control 
their rate of bioactivation [74]. All derivatives were stable towards chemical 
hydrolysis under physiological conditions. In the presence of porcine liver 
carboxyesterase, cleavage of a benzoyl or a 2-methylbenzoyl group from 
(53, R = Bn, Ar = Ph or 2-MeC6H4) was fast, with only slow hydrolysis of 
the second benzoyl group to give benzylphosphonate. For the phosphono- 
acetate analogues (53, R = Me02CCH2, Ar = Ph or 2-MeC&), there was 
competition between hydrolysis of the aroyl and methoxycarbonyl ester 
groups. For the benzylphosphonate and phosphonoacetate analogues (53, 
R = Bn or Me02CCH2) containing the hindered 2,4,6-trimethylbenzoyl 
group (Ar = 2,4,6-Me3C6H2), esterase-catalyzed hydrolysis was not ob- 
served. 
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The role of D-myo-inositol 3,4,5,6-tetrakisphosphate [Ins(3,4,5,6)P4] in 
the uncoupling of chloride anion secretion from intracellular calcium levels 
was confirmed with experiments using a membrane-permeable analogue. 
After cell penetration, derivative (54) with the four phosphate groups 
masked as acyloxymethyl esters and the two hydroxy groups as butanoyl es- 
ters, was cleaved by intracellular esterases to give Ins(3,4,5,6)P4 which 
caused inhibition of chloride anion secretion [75]. 

One problem with the bis(a-acyloxyalkyl) prodrugs of phosphates and 
phosphonates is that the second a-acyloxyalkyl group is cleaved at a signifi- 
cantly slower rate than the first. This has been attributed to the mono(a-ac- 
yloxyalkyl) intermediate being a poor substrate for the esterase because of 
the close proximity of a P-0- group to the site of hydrolysis. A successful ap- 
proach to increase the distance of the P-0‘ group from the carboxyester 
and make the cleavage of both bioreversible protecting groups proceed at 
similar rates has been observed with the bis[3-(2’-acetoxyphenyl)propi- 
onyl]oxymethyl esters of the model compounds phenyl phosphate (55 ,  R = 
OPh) and phenylphosphonate (55,  R = Ph). Hydrolysis of the acetyl group 
is catalyzed by esterase, and the resulting phenol ( 5 6 )  spontaneously cleaves 
to give the lactone, dihydrocoumarin (57), formaldehyde and the phospho 
anion (58), this being repeated to cleave the second group (Scheme 3.3) [76]. 

4-ACYLOXY- 1,3,2-DIOXAPHOSPHORINANE ESTERS 

Farquhar and coworkers investigated the use of 2-phenoxy-2-oxo-4-pivalo- 
yloxy-1,3,2-dioxophosphorinane (59, R = OPh) as a prodrug of the model 
compound phenyl phosphate [77]. The prodrug was reasonably stable at 
pH 7.4, with a half-life of 3.5 h, however in the presence of 20% human plas- 
ma, (59, R = OPh) was converted into phenyl phosphate with a half-life of 
15 min. The decomposition is thought to require a single metabolic step as 
outlined in Scheme 3.4.  This requires an esterase-catalyzed hydrolysis to 
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give the hemi-acetal (60, R = OPh) which ring opens to aldehyde (61, R = 
OPh). Spontaneous elimination of acrolein gives phenyl phosphate. 

This approach has been applied to the delivery of the 5‘-monophosphate 
of anticancer nucleoside, 2’-deoxy-5-fluorouridine (FdU) [78, 791, in which 
prodrug (59, R = 5’-FdU) cleaves to FdU 5’-monophosphate and acrolein 
in the presence of carboxyesterase. The prodrug inhibited DNA synthesis 
in both Chinese hamster ovary cells and thymidine kinase-deficient mouse fi- 
broblasts; this effect has been attributed to intracellular metabolism to 
FdU 5’-monophosphate and subsequent inhibition of thymidine monophos- 
phate synthase. The prodrug was also as effective as 5-fluorouracil in 
prolonging the life-span of mice with P-388 leukaemia. The prodrug was tol- 
erated better by mice when administered with 2-mercaptoethanesulphonic 
acid, a scavenger for the toxic by-product, acrolein. 

(61) 
Scheme 3.4 
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BENZY L ESTERS 

o-Nitrobenzyl phosphate esters (62, R’ = H or Me) have received consider- 
able attention as ‘caged’ analogues of a range of biological phosphates. 
Upon photolysis there is rapid formation of a high concentration of phos- 
phate (63) together with 2-nitrosobenzaldehyde (64, R’ = H) or 2-nitroso- 
acetophenone (64, R’ = Me) by the route outlined in Scheme 3.5 [80, 811. 
o-Nitrobenzyl esters are useful more as biochemical tools than for drug de- 
livery, and applications have included the generation of ATP by photolysis 
of (62, R’ = Me, R2 = ADP) [82], c-AMP and c-GMP by the photolysis of 
(65, B = adenyl or guanyl) [83] and inositol 1,4,5-trisphosphate by the photo- 
lysis of a mono[ 1 -(2-nitrophenyl)ethyl] ester at  either the 1 ,4  or 5-phosphate 
group (62, R’ = Me, R2 = InsP2) [84, 851. 

Me0 Mh 
‘NO, 6 

The bis(4-acetoxybenzyl) ester of the model compound, methylphospho- 
nate (66, R’ = R2 = Me) [86] has been prepared with the rationale that the 
second 4-acyloxybenzyl protecting group may be removed more easily than 
a second acyloxymethyl substituent: compounds bearing a negative charge 
are poor substrates for esterases and the slow removal of the second acylox- 
ymethyl group could be attributed to the presence of the P-0- group in the 
active site. For the 4-acetoxybenzyl derivative, the site of esterase attack is 
4A (the length of an aromatic ring plus a C-C bond) further removed from 
the negative charge when compared with the acyloxymethyl analogue. The 
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Scheme 3.6 

(69) 

diester (66, R' = R2 =Me) shows high chemical stability (half-life 55.4 h at  
36.4"C), whereas in the presence of porcine liver carboxyesterase, hydrolysis 
of the acetyl group gives intermediate (67), the electron donating 4-hydroxy- 
benzyl group of which promotes C - 0  bond cleavage leading to the formation 
of monoester (68). Hydrolysis of the second 4-acetoxybenzyl group was 
slower, but the formation of methylphosphonate (69, R2 = Me) was ob- 
served (Scheme 3.6). Hydrolysis of (66, R' = R2 = Me) in H2I80 gave 
methylphosphonate (69, R2 = Me) without incorporation of '*O label; this 
evidence supports a mechanism by C - 0  bond cleavage without nucleophilic 
attack at phosphorus, as outlined in Scheme 3.6 [87]. Although some of the 
quinone methide intermediate (70) reacts directly with water, the majority 
reacts first with the phosphate buffer to give 4-hydroxybenzyl phosphate 
(71) which hydrolyzes to 4-hydroxybenzyl alcohol with a half-life of 1 h 
(Scheme 3.7). 

To explore the scope of the 4-acyloxybenzyl approach, bis(4-acyloxyben- 
zyl) esters of the methyl carboxyester of the antiviral phosphonoacetate 
(66, R2 = Me02CCH2) [87] have been prepared. The acyl group has been 
varied (R' = Me, Et, Pr, Bu, Pr' or But) to influence the esterase catalyzed 

O a =  H0P032) H O G  0 -P-0  f - 

Scheme 3.7 
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hydrolysis to the parent drug, the Pr and Pr' analogues being the most 
reactive. The formation of methoxycarbonylmethylphosphonate (69, 
R2 = Me02CCH2) was observed in porcine liver carboxyesterase, human 
plasma and porcine brain, but further hydrolysis to phosphonoacetate was 
not detected. 

The 4-acyloxybenzyl delivery strategy has been applied to the antiviral nu- 
cleoside AZT, with the synthesis and evaluation of bis(4-acyloxybenzyl) 
AZT 5'-monophosphate (66, R2 = 5'-AZT) [88]. Hydrolysis, catalyzed by 
porcine liver carboxyesterase, gives the 5'-monophosphate of AZT. 
Although as active as AZT in C8166 cells, these triesters were not active 
against HIV- 1 in the thymidine kinase-deficient cell line, which suggests 
that their antiviral activity may be attributed to a release of AZT from its 
5'-monophosphate catalyzed by phosphatases. The 4-acyloxybenzyl esters 
of the 5',5'-nucleotide dimer of AZT (72, Nu = 5'-AZT), and the mixed nu- 
cleotide dimer between AZT and ddI (72, Nu = 5'-ddI) were also prepared 
[89]. Metabolism studies showed that the triesters degraded first to the nu- 
cleotide dimer, with further metabolism being catalyzed by phosphodies- 
terases and phosphatases, giving AZT and/or ddI and their 5'-monophos- 
phates. The AZT nucleotide dimers were significantly more active than 
AZT against HIV- 1 in a thymidine kinase-deficient JM cell-line, suggesting 
some intracellular delivery of AZT 5'-monophosphate. 

O w &  R O-P-5'-AZT s xQ7 0+-5'-AZT f 
5'-Nti 5'-AzT 

(72) (73) 

Meier and coworkers have prepared a range of substituted benzyl esters 
(X = 4-Me, H, 4-C1, 4-CN or 3-NO2) of the 5',5'-nucleotide dimer of AZT 
(73) [90]. The triesters hydrolyzed cleanly to the nucleotide dimers in either 
phosphate buffer (pH 7.5) or RPMI culture medium/ 10% heat-inactivated 
foetal calf serum, at 37°C. The rate was dependent on the benzyl substituent, 
with half-lives ranging from 22 min (4-Me) to 9 days (3-NO2) in the RPMI 
culture medium. The triesters showed activity comparable with AZT against 
HIV-1 and HIV-2 in CEM cells. However, the triesters were not active 
against HIV-2 in a thymidine kinase-deficient cell line, suggesting the release 
of AZT rather than its 5'-monophosphate. 

Glazier and coworkers [91, 921 have prepared prodrugs of methylphos- 
phonate bearing an a-substituted benzyl ester group (74, R2 = Me) for 
which there is an internal mechanism for deactivation of the reactive, poten- 
tially toxic reactive quinone methide intermediate. Upon hydrolysis of a 4- 
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Scheme 3.8 

acyloxy ester of (74), the 4-hydroxy substituent of intermediate (75) pro- 
motes cleavage of the C - 0  bond to give the phosphonate monoester (76) to- 
gether with ethyl 4-hydroxycinnamate (77), a food preservative (Scheme 
3.8).  Repeat of this bioactivation gives methylphosphonate. This prodrug 
system has been applied to AZT 5'-monophosphate, with the phosphate tri- 
ester analogue (74, R2 = 5'-AZT) showing activity against HIV-1 and hepa- 
titis B. 

Meier has prepared cyclic prodrugs (78, X = OMe, Me, H, Cl or NO*, 
Nu = 5'-ddT or 5'-d4T), bearing both an aryl and a benzyl phosphate ester 
[93]. Chemical hydrolyses of (78) at pH 7.5 and 37°C proceeded by reaction 
of the aryl ester to give (79), the o-hydroxy substituent of which promotes 
cleavage of the benzyl ester to give the salicyl alcohols (80) and the nucleo- 
side 5'-monophosphate (8 1 )  (Scheme 3.9). With electron-donating substitu- 
ents (X = OMe, Me), the hydrolyses of (78) were slow (half-lives 9.33 and 
7.00 h, respectively) with cleavage of the aryl ester being rate -determining. 
In contrast, with electron-withdrawing substituents (X = Cl, NOz), the hy- 
drolyses of (78) were rapid (half-lives 1.56 and 0.2 h, respectively), and cleav- 
age of the benzyl ester was rate-determining. The nature of the substituent, 
X, allows fine tuning of the rate of chemical hydrolysis of this prodrug mod- 
ification. 

S-ACYLTHIOETHYL AND DITHIODIETHYL ESTERS 

Imbach and coworkers [94] have reported two ways in which the unstable 
thioethyl phosphate ester can be formed following bioactivation with en- 
zymes. Using ddU as a model nucleoside, the bis(S-acetylthioethanol) 
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FI X cHoH -I- - 0-?--5'-NU 
0 -  

Scheme 3.9 

(SATE, 82, R = Me, Nu = 5'-ddU) and bis(dithiodiethano1) (DTE, 83, 
Nu = 5'-ddU) derivatives have been prepared. The SATE prodrug undergoes 
bioactivation with esterase, whereas the DTE analogue requires a bioreduc- 
tive reaction (Scheme 3. l o ) ,  each giving rise to the thioethyl phosphate tri- 
ester (84). This intermediate is unstable and it spontaneously decomposes 
to the corresponding diester (85) and ethylene sulphide. Repetition of these 
bioactivation reactions or reaction with phosphodiesterases would give 
ddU 5'-monophosphate (86, Nu = 5'-ddU). Whereas ddU was inactive, the 
prodrugs (82, R = Me, Nu = 5'-ddU) and (83, Nu = 5'-ddU) were active 
against HIV-1 in both normal and thymidine kinase-deficient cells, and hy- 
drolysis studies confirmed the formation of ddU 5'-monophosphate after 
cell penetration [95]. 

R 9 
O--P-5,-NU esterase/bioreducti 

I or phosphodiesteraE 
0 -  
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These prodrug strategies have been reported for a range of nucleoside analo- 
gues. The bis(DTE) analogues of AZT (83, Nu = 5'-AZT) and the acyclic nu- 
cleotide phosphonate analogue PMEA (87) [95] have been evaluated. For 
AZT, the prodrug showed HIV-1 activity in a thymidine kinase-deficient 
cell line, whereas AZT was inactive, suggesting that AZT 5'-monophosphate 
is released intracellularly. For PMEA, prodrug (87) exhibited greater HIV- 
1 activity than the parent nucleotide, which was attributed to enhanced cel- 
lular uptake of the prodrug followed by intracellular release of PMEA. Bis- 
(SATE) esters of AZT 5'-monophosphate (82, Nu = 5'-AZT, R = Me, Pr', 
But or Ph) also inhibited HIV-1 in a thymidine kinase-deficient cell line, 
with the acetyl analogue being the most active (ECSo 0.049 pM). Hydrolysis 
studies showed that increasing the bulk of the acyl group decreased the rate 
of esterase-catalysed hydrolysis, which could be used to control the rate of 
intracellular delivery of AZT 5'-monophosphate [96, 971. The bis(SATE) 
analogue of the antiviral nucleotide phosphonate PMEA (88) has also been 
prepared as an approach to improve its oral bioavailability [98]. 

0 

HOJS-'\ o j  RFs\ .J" 
HO Js-'U RFsxO 

(87) (88) 

O=pJ 0 O=bJ 

Similarly, the bis(SATE) ester of ddA 5'-monophosphate (82, Nu = 5'- 
ddA, ECS0 1 1 nM) was an effective prodrug of ddA 5'-monophosphate. Pro- 
drug (82, Nu = 5'-ddA) showed activity comparable with AZT and was 
1000-fold more active than ddA against HIV in MT-4 cells [99, 1001. In con- 
trast, the DTE and SATE triesters of the 5'-monophosphate of the anti-can- 
cer nucleoside FdU (82 and 83, Nu = 5'-FdU) and the 3',5'-cyclic mono- 
phosphate of FdU (89, R = Ac or HOCH2CH2S-) showed lower or similar 
anti-tumour activities to FdU, suggesting that these prodrugs are ineffective 
at the intracellular delivery of FdU 5'-monophosphate [ 1011. 

0 
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The DTE group has been applied to the nucleotide dimer of ddC (90) [95]. 
The triester had half-lives of 56 h and 50 h in phosphate buffer (pH 7.2) and 
culture medium, respectively, showing that it was reasonably stable under 
the antiviral assay conditions. In contrast, in CEM extract the triester had 
a half-life of only 0.5 h giving rise to the nucleotide dimer upon reductase-ac- 
tivation, which suggested that intracellular cleavage would occur. However, 
further metabolism of the nucleotide dimer was not observed. Similarly, the 
SATE esters of the phosphorothiolate and phosphorodithiolate nucleotide 
dimers of thymidine (9 1, R = Me or But, X = 0 or S )  have been shown to de- 
grade to the nucleotide dimer in CEM cell extracts, and this approach could 
be further extended to design prodrugs for the delivery of oligonucleotides 
[102, 1031. 

U-HYDROXY BENZY LPHOSPHONATES 

A novel prodrug strategy based on the a-hydroxybenzylphosphonate group 
has recently been developed by Meier [ 1041. a-Hydroxybenzylphosphonate 
diesters (92) can either spontaneously rearrange to a benzyl phosphate tri- 
ester (93) or cleave to give the H-phosphonate (94) and benzaldehyde under 
physiological conditions. The pathway choice can be controlled by the sub- 
stituent on the aromatic ring: the former pathway is promoted by strongly 
electron-withdrawing substituents, whereas the latter pathway is promoted 
by weak electron-withdrawing or electron-donating substituents. The tri- 
ester (93) can be cleaved by hydrolysis and the H-phosphonate (94) can be 
oxidized, both giving diester (95) (Scheme 3.11), which can be cleaved to 
the phosphate monoester by phosphodiesterase enzymes. This approach 
has been applied to the delivery of nucleotide dimers of ddT [ 1041 and AZT 

X 

(94) 

Scheme 3.11 
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[ 105, 1061, and chemistry has been developed to incorporate these into oligo- 
nucleotides [ 1071. 

ACYL PHOSPHATE ESTERS 

The prodrug, acyl methyl phosphate benzylpenicillin (96), can release ben- 
zylpenicillin by hydrolysis of the acyl phosphate (half-life 90 h at pH 7.5 
and 25°C). Moreover, (96) can also interact with p-lactamase by two mech- 
anisms: it can either be a substrate, with the hydroxyl group of serine-70 of 
8-lactamase cleaving the lactam ring or can act as an irreversible inhibitor. 
The amino side-chain of Lys-234, which normally stabilizes the carboxylate 
group of the antibiotic, can react at the acyl group to form a covalent amide 
bond to the protein, with methyl phosphate as the by-product [ 1081. 

Nucleoside analogues require phosphorylation to the 5'-triphosphate by 
cellular kinases prior to their inhibition of DNA synthesis. However, most 
studies have focused upon prodrugs of monophosphates, whereas for some 
nucleosides (for example, AZT) the formation of the diphosphate is rate lim- 
iting. Huynh-Dinh and coworkers [109, 1101 have recently prepared P-acyl 
esters of 5'-di- (m = 1) and tri-phosphates (m = 2) of both AZT and d4T 
(97, n = 6, 10, 12 or 14, Nu = 5'-AZT or 5'-d4T). The lipophilic acyl chain 
should facilitate passive diffusion across cellular membranes. Chemical hy- 
drolyses at 37°C and physiological pH showed that the acyl phosphates 
were cleanly converted to the corresponding nucleoside di- and tri-phos- 
phates. 

H-PHOSPHONATES 

5'-H-Phosphonates of nucleosides are only weakly acidic and they may dif- 
fuse through cell membranes before oxidation to the 5'-monophosphate. 
The H-phosphonate of AZT (98) has been evaluated by two groups. Imbach 
and coworkers [111] have shown that (98) was metabolized to AZT in both 
cell culture medium and CEM cell extract. Consistent with this observation, 
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they reported that (98) was inactive against HIV-1 in a thymidine kinase-de- 
ficient cell line. In contrast, Boa1 and coworkers found that (98) was metabo- 
lized to AZT 5'-monophosphate in U937 cells [ 1 121. 

0 

WATER SOLUBLE PRODRUGS 

A simple and effective method of increasing the aqueous solubility of a drug 
containing an alcohol group is to derivatize it as a phosphate monoester. 
The parent drug is released by hydrolysis of the phosphate prodrug in the 
presence of phosphatases. This approach has been applied to a number of 
drugs. The water soluble 21-phosphates of a range of steroids, for example, 
the anti-inflammatory steroid cortisone, have been used for intravenous ad- 
ministration. Hydrolysis of the monophosphate to give the steroid is cata- 
lyzed by phosphatase [113]. Derivatization of the PAF antagonist (99) with 
a phosphate group increases the aqueous solubility from < 100 pg/ml to 
> 30 mg/ml, and gave a very active compound in vivo (EDSo 6.5 mg/kg, i.v. 
in rats) which could be administered intravenously [I  141. A dopamine pro- 
drug, N-methyldopamine 4-phosphate (100) has also been reported [ 1 151. 

Pre-clinical evaluations of the anticancer drugs pancratistatin and com- 
bretastatin A-4 have been hampered by their very low aqueous solubilities. 
In each case phosphorylation of the phenolic position to give (101) and 
(1 02) substantially increased their solubilities in water [ 1 16, 1 17, 1 181 and 
these phosphate salts are currently in pre-clinical development. 

Me,+ - 

iH2 
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Similarly, etoposide 4'-phosphate (103) is a clinically active, water soluble 
prodrug of the clinically approved anticancer drug etoposide [ 1 191. Phase 1 
studies have shown that etoposide 4'-phosphate is rapidly converted into 
etoposide and that the maximum tolerated dose (150 mg/m2/day) and toxi- 
city (myelosuppression) are similar to those of etoposide [ 1201. 

I 

? 
O=P-0 - 

(103)b- 

One of the major problems associated with the anticancer compound pa- 
clitaxel (Taxol@, 104) [121] is its low aqueous solubility and to overcome 
this, a variety of phosphate derivatives have been prepared. The group at  
Bristol-Myers Squibb first synthesized the simple phosphate derivatives of 
paclitaxel at C-7 (1 05) and C-2' ( 106). These compounds were soluble in 
water, stable towards plasma and alkaline phosphatase, and showed no anti- 
tumour activity in vivo [ 1221 or in a tubulin polymerization assay [ 1231. The 
finding that (105) and (106) were only poor substrates for phosphatase was 
attributed to the attachment of the phosphate group too close to the pacli- 
taxel nucleus, and the next generation of compounds had a linker between 
paclitaxel and the phosphate group. Derivatives bearing the (2-phosphate 
pheny1)propionic ester group on either C-7 (107) or C-2' (108) also showed 
good aqueous solubility and prodrug (107) exhibited antitumour activity 
comparable to that of paclitaxel against the M109 murine tumour model 
[124]. Both prodrugs generated paclitaxel in the presence of alkaline phos- 
phatase by initial cleavage to the 2-hydroxy derivative (1 12) (Scheme 3.12). 
Cyclization to the lactone, hydrocoumarin (1 13) is assisted by the presence 
of the 3,3-dimethyl substituents [124]. In the presence of phosphatase these 
prodrugs promoted and stabilized tubulin polymerization [ 1231, consistent 
with the mode of action of paclitaxel. 
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(105) R' = PO:. R2 = H 
I 

OAc 
PhCOHN 0 , 

OR' 

(106) R ' = H  R'=PO:- 

(110) R ' =  R' = -CO,Et 

(107) R ' =  '-03p0P 0 

opop 

In a subsequent study, this prodrug modification was applied to paclitax- 
el-2'-ethylcarbonate with the synthesis of 7-phosphate (109). Related pro- 
drugs (1 10) and (1 1 1) were also prepared. These derivatives cleaved in a sim- 
ilar way to (107), (108) and (109), with initial hydrolysis of the phosphate 
group catalyzed by phosphatase and subsequent lactonization to give phtha- 

C-7 or C-2'-Taxol z M ; h o s . p h a t a s e  ~ C-7 or C-2'-Taxol 

o M e  Me Me 

(107) (108) 

Scheme 3.12 
Taxol + O W M e  

Me Me Me 

(113) 
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lide from (1 10) and 2-coumaranone from (1 11). Compounds (109), (1 10) 
and (1 1 1) were soluble in water, and (109) and (1 10) showed comparable ac- 
tivity to paclitaxel [ 1251. 

Phosphoryloxymethyl carbamates (1 14, X = NH) and carbonates (1 14, 
X = 0) have also been evaluated as linkers to make phosphate derivatives 
of drugs containing amines and hindered alcohols, respectively. The carbon- 
ates were too unstable towards chemical hydrolysis, whereas the carbamates 
were more stable and should release the amine (for example, benzocaine) in 
vivo in the presence of phosphatase [ 1261. 

In an attempt to achieve higher tumour selectivity, antibody-directed en- 
zyme prodrug therapy (ADEPT) has been applied to phosphate prodrugs 
of the anticancer drugs etoposide, doxorubicin, mitomycin and phenol mus- 
tard [127, 1281. The prodrugs release the parent drug at the tumour by hy- 
drolysis catalyzed by alkaline phosphatase linked to a tumour-selective anti- 
body. 

CONCLUSION 

A wide range of prodrug modifications have been utilized in the design of 
lipophilic triesters of phosphates or diesters of phosphonates. Cleavage to 
the parent drug can occur by chemical hydrolysis or be catalyzed by a range 
of enzymes, including carboxyesterases and phosphodiesterases. Esterase 
cleavage of the a-acyloxymethyl, 4-acyloxy-l,3,2-dioxaphosphorinane, 4- 
acyloxybenzyl and S-acylthioethyl phosphate and phosphonate esters give 
the toxic metabolites, formaldehyde, acrolein, quinone methide and ethylene 
sulphide, respectively, and therefore the toxicology of these prodrugs would 
need to be thoroughly evaluated. A variation of the 4-acyloxybenzyl prodrug 
has been reported in which the quinone methide intermediate is trapped as 
the non-toxic food preservative ethyl 4-hydroxycinnamate. Phospholipid es- 
ters are also promising prodrugs as the byproducts, for example, L-a-phos- 
phatidic acid, are naturally occurring. Some of the prodrugs discussed have 
been used as biochemical tools, and others, for example, bis(piva1oyloxy- 
methyl) PMEA will be evaluated in the clinic. 
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Phosphate derivatives of the anticancer drugs, for example, paclitaxel and 
etoposide, have been used to dramatically increase their water solubilities, 
and in the presence of phosphatase, the phosphate groups are cleaved. Tu- 
mour targeting is also possible with these analogues through ADEPT. 

Prodrug design for phosphates and phosphonates will continue to be an 
active research area. Future objectives will focus on the design of new biore- 
versible moieties and on the development of prodrugs of oligonucleotides 
for gene therapy and of nucleoside triphosphates. 
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INTRODUCTION 

Aldehydes have long been recognized for their biocidal properties. Disinfec- 
tion and sterilization procedures with formaldehyde as the active agent in 
aqueous solution or as a gas have been used for many years [I]. Glutaralde- 
hyde was first synthesized in 1908 [2] by boiling the ozonide of cyclopentene 
with water to give several products, including the aldehyde. Nevertheless, 
glutaraldehyde remained virtually unknown until research proved its suit- 
ability as a leather tanning agent [3]. The commercial availability of glutaral- 
dehyde led to subsequent use as a fixative in electron microscopy [4] and as 
a cross-linking agent for proteins and enzymes [ 5 ] .  Its sporicidal properties 
were established in 1963 [6, 71 and the compound was thus introduced into 
the field of sterilization and disinfection. Other aldehydes have also been 
evaluated for biocidal activity, but have shown varying degrees of efficacy 

Prior to the introduction of aldehydes, few chemical agents had the ability 
to kill spores within a relatively short period of time. Low temperature sur- 
face sterilization in liquid phase was largely restricted to formaldehyde, 
although contact times of up to 20 hours were required for sterilization [9], 
and had disadvantages such as irritation and toxicity. Glutaraldehyde, in 
contrast, was considered safer and more efficient, although its toxicity has 
been increasingly recognized since early reviews [5, 101. This awareness has 
caused problems in practice, and an evaluation of aldehydes as biocides 
must necessarily take such health risks into account.* 

Today, aldehydes are used for purposes other than as biocides, for exam- 
ple, in leather tanning and electron microscopy. This review is concerned ex- 

PI. 

'The following abbreviations are used in this review: AIDS, acquired immune deficiency syn- 
drome; AOAC, Association of Official Analytical Chemists; APase, alkaline phosphatase; 
BATH, bacterial adherence to hydrocarbons; cfu ml-', colony forming units per millilitre; 
EDTA, ethylenediaminetetra-acetic acid; HBV, hepatitis B virus; HIV, human immunodefi- 
ciency virus; kD, kilo Daltons; LPS, lipopolysaccharide; LTSF, low temperature steam with for- 
maldehyde; MAI. Mycohucterium uvium-intrucrllz~lure; mg I - '  , milligrams per litre; ppm, parts 
per million; RH, relative humidity; SDS-PAGE, sodium dodecyl sulphate polyacrylamie gel 
electrophoresis; w/v, weight by volume; wiw, weight by weight. 
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clusively with biocidal aspects and concentrates mainly on glutaraldehyde 
and formaldehyde since the vast majority of publications focus on these 
two compounds. Reference to other aldehydes is made where appropriate. 

CHEMICAL PROPERTIES 

Glutaraldehyde (1,5-~entanedial) is a 5-carbon dialdehyde, empirical for- 
mula C5H802. Its industrial production involves a two-step synthesis from 
acrolein (1) and vinyl ethyl ether (2) via an ethoxy dihydropyran (3) to yield 
glutaraldehyde (4) and ethanol (5) (Scheme 4.  I). The two aldehyde groups re- 
act readily under suitable conditions, particularly with proteins, to form bi- 
sulphite complexes, oximes, cyanohydrins, acetals and hydrazones [ 1 1-1 31. 
In the ultraviolet region, pure glutaraldehyde exhibits a single absorption 
maximum at 280nm, although a second peak at 235nm is often observed in 
commercial solutions due to impurities or polymers [ 141. The appearance 
of polymers depends on storage temperature [ 151, and the rate of polymeri- 
zation depends on temperature and pH [16, 171. Analysis of the vapour 
evolved from aqueous glutaraldehyde solutions using gas chromatography, 
Fourier transform infra-red spectrometry and high-performance liquid 
chromatography suggests that the main component is monomeric glutaral- 
dehyde with smaller amounts of butyraldehyde and methanol [ 181. 

CH2= CHCHO + CH2= CHOE t 

(1) (2) 

- 
E t OH + OHC (CH2)3CH0 J 
(5) (4) 

Scheme 4.1. Industrial production ojglutaraldehyde. 

The state of the glutaraldehyde molecule in solution remains controver- 
sial. In its simplest form, glutaraldehyde exists as a monomer (6) which is 
thought to exist in equilibrium with a cyclic hemiacetal (7) and an acetal- 
like polymer (8), with small amounts of mono- (9) and di-hydrates (10) [19, 
201. An increase in temperature produces more free aldehyde groups in acid 
solution, while in alkaline solution loss of reactive aldehyde groups is possi- 
ble. Progression to the higher polymeric form (1 2), via an aldol-type polymer 
( 1  1) [20] can occur with increased time and pH, since there is extensive loss 
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(6) CHO CHO 

OHC CHO 
I I  

OHC (CH2)3CH = CCH2C = CH (CH2)3CH0 (11) 

I n t e r m e d i a t e s  

F H O  1 C H O  

HO (CH2)3CH = C (CH&CH = C (CH2)2CH0 (12) 

L _I" 

of aldehyde groups from polymerization in alkaline solution [3]. This may 
explain the rapid loss of biocidal activity of alkaline solutions on storage. It 
is considered that polymers in the alkaline range are unable to revert to the 
monomer, whereas those in the neutral and acid range revert easily [ 191. In- 
creased biocidal activity of the acid solution through heat or ultrasonics 
[21] may be due to displacement of equilibrium towards the monomeric 
form. The interrelationship between pH, time, temperature and the state of 
the glutaraldehyde molecule, and hence its biocidal activity, is depicted in 
Figure 4.1 [20]. 

Glutaraldehyde is a highly reactive molecule. It reacts with various en- 
zymes and proteins, but does not alter them sterically to inhibit all activity. 
The rate of reaction is pH-dependent, with an optimum over the range pH 
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A c i d  ( p H  4 )  T e m p e r a t u r e  
g l u t a r a l d e h y d e  

T e m p e r a t u r e  i n c r e a s e  

p H  i n c r e a s e  A l k a l i n e  ( p H  8) 

g l u t a r a l d e h y d e  T i m e  i n c r e a s e  
b 

P 

G o o d  
b i o c i d a l  
a c t i v i t y  

P o o r  
b i o c i d a l  
a c t i v i t y  

Figure 4.1.  Influence of time. temperature andpH on the hiocidal activity of acid and alkuline solu- 
tions (see [IY]). 

4-9 [22]. Glutaraldehyde prevents the dissociation of free ribosomes [ 5 ] ,  but 
under the normal conditions of fixation [23], little reaction is apparent be- 
tween nucleic acids and the aldehyde. 

Formaldehyde (14) is a colourless gas with a typical unpleasant odour. 
The affinity of the gas for water is high, and at room temperature a solution 
of c. 37% w/w formaldehyde can be obtained [24]. Formaldehyde is pro- 
duced industrially from methanol (1 3) by using a silver catalyst, or reacting 
it with oxygen in the presence of molybdenum and iron oxides [25]. The reac- 
tions are summarized in Scheme 4 . 2 .  

Ag 
MeOH F H C H O  + H 2  

(13) (14) 

Mo,  Fe 
F H C H O  + H20 
o x i d e s  

MeOH + O2 

(13) (14) 

Scheme 4.2. Industrial production offormaldehyde (14)  from methanol (13)  

At temperatures below c. 80"C, formaldehyde gas polymerizes readily to 
various solid polymers. Trioxane (1 5) is the cyclic trimer of formaldehyde 
and is a colourless, crystalline water-soluble solid [25]. Paraformaldehyde 
(16, n = - 12-30) is the most common polymer and vapourizes at room tem- 
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perature to the monomeric form [25]. Paraformaldehyde is therefore often 
used as the source of formaldehyde gas [26] for disinfecting large areas. For- 
maldehyde in aqueous solution is normally marketed as formalin (c. 
34-38% formaldehyde) containing 6-1 5% methanol as a stabilizer to prevent 
polymerization [25]. Formaldehyde vapour may also be released from for- 
malin by the addition of potassium permanganate [13]. The activity of the 
vapour depends on aldehyde concentration, temperature and relative hu- 
midity. 

O A O  
HO (CH20),H b, 

Noxythiolin (oxymethylenethiourea, 1 -hydroxymethyl-3-methylthiourea, 
17) is a bactericidal agent [27-291 that is believed to achieve its action by 
the release of formaldehyde [27, 301; 

MeNHCSNHCH20H -+ MeNHCSNH2 + HCHO. 

The amino sulphonic acid taurine has been used as the starting point for the 
antibacterial agent taurolin (4,4’-methylenebis(tetrahydro-1,2,4-thiadia- 
zine- 1 , 1 ,l ’, 1 ’-tetraoxide), 18) which is a condensate of two molecules of 
taurine and three of formaldehyde. Taurolin is water-soluble and stable in 
aqueous solution [3 1, 321. It was considered to act as a non-toxic formalde- 
hyde carrier, donating methylol groups to bacterial protein and lipopolysac- 
charide [32]. Taurolin was alleged to have lower affinity for formaldehyde 
than bacterial protein, but greater affinity than animal protein, resulting in 
selective lethal effects. However, more recent evidence suggests that such a 
scheme. is incorrect. When taurolin is dissolved in water, two molecules of 
the monomer (tetrahydro-l,2,4-thiadiazine 1 ,1-dioxide, GS204, 20) and its 
N-hydroxymethyl derivative ( 19) are released together with hydrated for- 
maldehyde (21) [33], as illustrated in Scheme 4.3.  The antibacterial activity 
of taurolin is greater than that of free formaldehyde [33, 341 and therefore 
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the activity of taurolin is not due entirely to the action of formaldehyde. 
Since GS204 has little antibacterial activity, the carbinolamine must have 
an important role. 

H 

(20) (21 1 

Srhenie 4 3 Postulrited equilibrium qf taurolin in solution 

Another formaldehyde-releasing agent is hexamine (hexamethylenetetra- 
mine, methenamine). Hexamine is microbiologically inactive but breaks 
down by acid hydrolysis to release formaldehyde [34]. 

Other formaldehyde-releasing agents are the resins melamine formalde- 
hyde (22) and urea formaldehyde (23). Melamine formaldehyde is produced 
from formaldehyde and melamine under alkaline conditions and urea for- 
maldehyde is a mixture of monomethyloyl urea and dimethyloyl urea. These 
compounds release formaldehyde at raised temperatures, the rate of release 
being a function of time and temperature, These agents are, however, much 
less effective as sterilizing or disinfecting sources of formaldehyde than 
paraformaldehyde [35]. There is much greater release of formaldehyde va- 
pour from paraformaldehyde than from the resins at various temperatures, 
and the biocidal activity is strictly a function of the available formaldehyde 
vapour. 

Dantoin (1,3-di( hydroxymethyl)-5,5-dimethylimidazole-2,4-dione, 24) is 
an imidazolone derivative. The compound is water-soluble, stable and non- 
corrosive with a slight odour of formaldehyde. Its mode of action is attribut- 
ed to its ability to release formaldehyde. Its rate of release is greater at higher 
pH values, although it is more stable in the range pH 6-8 [ 131. 

Formaldehyde interacts with protein by attaching itself to the primary 
amide as well as the amino group [36] and gives intermolecular cross-linkage 
of protein amino groups with phenolic or indole residues [37, 381. In addi- 
tion to reacting with many terminal groups in proteins, formaldehyde also 
reacts extensively with nucleic acids [39]. It appears to react by an initial 
loose binding, followed by a firm attachment after extensive reaction. For- 
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MeOCH2HN y,~y NHCH20Me 

NY NHCH20Me (22) 

HOCH2NHCONHCH20H 

maldehyde reacts with the amino groups of bases, but is much less reactive 
with DNA than with RNA. A stable product results from the formation of 
methylene bridges with adenosine [39, 401. Sublethal concentrations of for- 
maldehyde inhibit the synthesis of cytoplasmic and nucleic acid material in 
bacteria [41-431 but subsequently the aldehyde is metabolized to carbon di- 
oxide, allowing the resumption of cellular growth [44]. Formaldehyde also 
prevents the dissociation of ribosomes [45], although it is likely that the reac- 
tion here is with ribosomal protein, thus leading to the formation of cross- 
links between the protein subunits. 

ANTIMICROBIAL ACTIVITY 

LEVELS OF BIOCIDAL ACTIVITY 

The categories of biocidal activity have been described in various publica- 
tions [46-491 and are summarized in Table 4. I. High level biocides are active 
against all known microbial life forms, with the possible exception of large 
numbers of bacterial spores. Intermediate-level biocides are active against 
non-sporulating bacteria, fungi and most viruses, but not bacterial spores. 
Low level biocides lack activity against acid-fast bacilli (tubercle bacilli) 
but retain activity against most vegetative bacteria, some fungi and some 
viruses. The data presented in this review establish the two major biocidal al- 
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Table 4.1. LEVELS OF BIOCIDAL ACTIVITY 

Level qjbiocide Biocidal action against 

High 
Intermediate 
Low 

Spores', tubercle bacilli, vegetative bacteria, fungi' and viruses 
Tubercle bacilli, vegetative bacteria, fungi2 and viruses' 
Vegetative bacteria, fungi2 and viruses' 

' Prolonged periods of time may be necessary 
' Prolonged periods may be required for fungal spores 
' Virucidal activity may be limited against non-lipid viruses 

dehydes, glutaraldehyde and formaldehyde, as high-level biocides. Other al- 
dehydes may be more properly regarded as intermediate-level biocides. 

FACTORS INFLUENCING ACTIVITY 

The activity of biocides depends on three main factors; (a) the nature of the 
physical environment, (b) the nature and condition of the micro-organism, 
and (c) the ability of the organism to render the biocide inactive. These proc- 
esses have been extensively reviewed [50] and only those specific aspects rele- 
vant to the aldehydes will be discussed here. 

The most significant factors influencing the activity of aldehydes include 
time of contact, temperature, concentration, pH and the presence of organic 
matter (for example, in soiled material). Biocidal efficacy increases with in- 
creasing concentration and as the period of contact with micro-organisms 
lengthens, although there is considerable variation in activity with different 
organisms. Thus, 2% alkaline glutaraldehyde kills vegetative bacteria more 
rapidly than bacterial spores and a concentration of 0.02% inhibits Escheri- 
chin coli and Stnphylococcu.~ nureus and 0.5% is fungicidal [51]. Suspension 
tests using commercial glutaraldehyde-based disinfectants have shown that 
formulations containing 2% of the aldehyde are effective whereas those with 
1 % glutaraldeyde have diminished activity [52]. Formaldehyde shows a simi- 
lar range of activity although it is less effective against spores than glutaral- 
dehyde [53]. 

The complex relationship between the parameters of temperature, pH and 
concentration for glutaraldehyde has been mentioned previously. The pH 
level has been proposed as the single most important factor for understand- 
ing the reaction of glutaraldehyde with the microbial cell (see [49]) and has 
significant effects on the stability and biocidal activity of the aldehyde [ 13, 
5 1, 54-6 11. Alkaline glutaraldehyde solutions become unstable and lose bio- 
cidal activity over time (Figure 4. I). Freshly prepared solutions, for which 
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chemical instability is irrelevant, are much more active at alkaline pH, sug- 
gesting that the increased biocidal activity is due to changes in the microbial 
cell surface rather than the dialdehyde molecule (see [49]). The number of re- 
active sites to which glutaraldehyde binds is increased with an increase in 
pH, resulting in a greater biocidal effect. 

Maximum antimicrobial activity at 20°C resides at alkaline pH. A 99.99% 
reduction in viable count of Bacillus anthracis spores was obtained by 2% al- 
kaline glutaraldehyde, whereas the acid solution caused a 50% reduction in 
the same time interval [62]. A similar pattern was observed by McGucken 
and Woodside [63], who exposed E. coli to 0.01% alkaline or acid glutaralde- 
hyde. As temperature increases, this difference between alkaline and acid so- 
lutions is reduced [64, 651. At 7 0 T ,  both solutions were found to be equally 
effective, producing a complete kill of Bacillus subtilis spores within 5 min- 
utes [64], possibly due to a breakdown in polymeric forms to yield more 
free aldehyde groups at such an elevated temperature [20]. Indeed, there is 
little difference in activity at temperatures above 40°C, although the alkaline 
formulation tends to be less stable at higher temperatures [ 10, 5 1, 661. 

Glutaraldehyde interacts strongly with the constituents (especially pro- 
teins, due to reactions with amino groups) of nutrient culture media at neu- 
tral to slightly alkaline pH, effectively resulting in a loss of 'free' aldehyde 
[5, 10, 49, 511. It is therefore possible to obtain values for MICs in broth 
against particular organisms which are significantly greater than the mini- 
mum bactericidal concentration in a broth-free environment measured 
over a shorter time period [49]. It has therefore been suggested that MIC val- 
ues of glutaraldehyde are meaningless [49]. The interaction of amino groups 
with glutaraldehyde has nevertheless been applied in experiments designed 
to assess its antimicrobial activity. Glycine, at a concentration of 2% w/v, 
can be used to neutralize glutaraldehyde to reduce carryover in the subse- 
quent determination of biocidal effects [8]. Glycine itself may exert an anti- 
bacterial action against certain organisms [ 10, 491 and proper controls 
should be applied to test its lack of antimicrobial action under the appropri- 
ate conditions. Sodium bisulphite also reacts with glutaraldehyde via forma- 
tion of a proposed glutaraldehyde-bisulphite complex, and, because of its 
lack of microbiocidal activity, has been proposed as a suitable alternative 
neutralizing agent [67,68]. 

The interaction between glutaraldehyde and amino acids (and therefore 
proteins), would lead one to expect that the presence of organic soiling mate- 
rial would greatly reduce its effectiveness [5, 101. However, numerous reports 
contradict this hypothesis, suggesting that the relationship between organic 
material and glutaraldehyde is complicated. Gelinas and Goulet [69] re- 
ported a high resistance of glutaraldehyde to neutralization by organic mat- 
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ter. The presence of 20% blood serum [70] or 1% whole blood [71] does not 
appear to adversely affect activity of glutaraldehyde. However, a 60% de- 
crease in free aldehyde concentration occurs when alkaline glutaraldehyde 
is added to malt extract broth [72], although this occurs over 6 hours at 
37°C. These authors propose that organic matter may not appear to affect 
activity adversely since the reaction is slow compared with the rapid rate of 
uptake of the aldehyde by cells. Thus, higher concentrations of glutaralde- 
hyde may be reduced to a certain extent, but loss of activity will become 
more apparent when lower concentrations are used. Nevertheless, a com- 
mercial recovery medium has been described which effectively neutralizes 
the antimicrobial activity of glutaraldehyde [73]. 

In the liquid phase, time-survival curves of bacterial spores treated with 
formaldehyde have been reported to show initial shoulders, irrespective of 
whether aqueous or alcoholic solutions are used [62, 741, although this phe- 
nomenon has not been observed by other workers [75]. Various alcohols 
have also been shown to reduce the sporicidal activity of glutaraldehyde 
[62, 631. 

The bactericidal activity of formaldehyde, and formaldehyde-releasing 
disinfectants, is influenced significantly by temperature, with extensive spore 
inactivation at temperatures of 40°C and above [75-771. pH does not seem 
to influence the antimicrobial efficacy of formaldehyde, or any other alde- 
hyde with the notable exception of glutaraldehyde [8]. 

In the vapour phase, there is a linear relationship between the concentra- 
tion of formaldehyde and the killing rate, but little effect on disinfection 
rate from variation in temperature over the range 0-30°C [78]. However, 
the rate of killing of spores exposed to formaldehyde vapour has been re- 
ported to increase in the range 10-70°C [I]. The addition of formaldehyde 
to steam under subatmospheric pressure at temperatures below 90°C signif- 
icantly enhances the sporicidal activity of steam alone [79], with deep pene- 
tration into fabrics [80]. At temperatures below 80"C, formaldehyde tends 
to polymerize, resulting in the condensation of paraformaldehyde, impart- 
ing an irritant smell to the products being treated, a toxological hazard to 
personnel and a gas concentration lower than expected [24]. 

Organic matter (blood, sputum or soil) reduces the rate of formaldehyde- 
induced bacterial inactivation [ 11. As with ethylene oxide, spores can be pro- 
tected from formaldehyde vapour by their inclusion within a crystal mass 
[811. 

The activity of formaldehyde vapour is dependent on RH. Various RH 
levels for optimum antibacterial activity have been proposed. An optimum 
RH of 80-90% but with no great increase in disinfection above 58% has 
been reported [78, 821. Another study found an increase in the rate of kill 
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up to 50% RH with little effect thereafter [l], although others suggest there is 
no bactericidal effect unless the RH is 70% or more [83]. A confusing report 
suggests that formaldehyde is effective at RH values below 50%, and that for- 
maldehyde generated from paraformaldehyde is more active than an equiva- 
lent amount generated from formalin solution [84]. More recent studies sug- 
gest that the optimum RH for formaldehyde activity lies in the range 
75-100% [24]. 

The biocidal activity of aldehydes tends to be inversely proportional to the 
length of the methylene chain separating the aldehyde groups [8,21]. Glutar- 
aldehyde is the exception and it is the most effective sporicide in the aldehyde 
series. It has been proposed that the excellent sporicidal activity of glutaral- 
dehyde may be due to optimum spacing of the aldehyde groups [8] in terms 
of cross-linking reactions with spore components. Aldehydes of lower mo- 
lecular weight (for example, formaldehyde, glyoxal) may penetrate the spore 
more readily, but may not be as efficient in cross-linking. Aldehydes of high- 
er molecular weight (for example, butyraldehyde) may be affected by the 
length of the side-chain [8]. The properties of various aldehydes are summar- 
ized in Table 4.2. 

BACTERICIDAL ACTIVITY 

Vegetative bacterial cells are readily susceptible to glutaraldehyde. A 0.02% 
w/v aqueous alkaline solution is rapidly effective against Gram-positive 
and Gram-negative species, whilst a 2% w/v solution is capable of killing 
many species including S. aureus, E. coli, Proteus vulgaris and Pseudomonas 
aeruginosa within 2 minutes [7]. E. coli is completely killed in 10 minutes by 
0.01% alkaline glutaraldehyde compared to a 45% kill by the aqueous acid 
solution [63]. A summary of earlier reports lists killing times of less than 1 

Table 4.2. PROPERTIES OF SOME ALDEHYDES 

Aldehyde Chemical Name Chemical Formulae Sporicidal Activity 

Formaldehyde Methanal HCHO Good' 
Glyoxal Ethanedial CHOCHO Good' 
Malonaldehyde Propanedial CHOCH$2HO Slight 
Succinaldehyde Butanedial CHO(CH2)2CH0 Slight 
Glutaraldehyde Pentanedial CHO(CH2),CH0 High3 
Adipaldehyde Hexanedial HO(CH2)4CHO Slight 

'More effective when combined with low temperature steam 
'At 10% concentration 
'Prolonged periods of time may be required 
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minute for 2% aqueous glutaraldehyde solution and inactivation factors of 
lo4, > lo6 and lo4 after 20 minutes against S. aureus, E. coli and P. aerugino- 
sa respectively [5 11. Glutaraldehyde is effective in suspension tests and in car- 
rier tests against Listeria innocua and L. monocytogenes in the presence of 
serum but ineffective when challenged with milk (2% fat) [85], though it has 
been found to retain activity against pre-dried Salmonella gallinarum cells 
in animal feed [86]. At low concentrations (0.5-1 .O mM), glutaraldehyde in- 
hibits the production of sulphide without affecting the growth of sulphate- 
reducing bacteria [87]. Growth is inhibited at glutaraldehyde concentrations 
of 25-50 mM [87]. 

Mycobacteria are becoming increasingly important once more as the 
cause of serious disease in man, particularly with the re-emergence of tuber- 
culosis and the emergence of other mycobacterial infections in AIDS pa- 
tients [88]. Mycobacterial cell walls are unusual, containing a unique 
peptidoglycan and a mycolate of arabinogalactan [89]. The lipid-rich, hydro- 
phobic layers of the cell wall are responsible for acid-fastness and resistance 
to many biocides [90]. These layers are thought to represent a barrier to the 
intracellular entry of many biocides [9 1,921. Many biocides that are bacteri- 
cidal lack activity towards mycobacteria [90, 931. The mycobactericidal ac- 
tivity of aldehydes has been the subject of many conflicting publications. 
Good tuberculocidal activity was attributed to glutaraldehyde in early publi- 
cations [7, 701, although subsequent reports showed it to have slow action 
against Mycobacterium tuberculosis [62], being less effective than formalde- 
hyde [94]. More recent studies have undoubtedly demonstrated that alde- 
hydes are indeed mycobactericidal agents. A 2% alkaline glutaraldehyde so- 
lution is effective against M. tuberculosis, M. smegmatis, M. fortuitum and 
M. terrae [95-991, although there is variation in resistance of strains to form- 
aldehyde and glutaraldehyde [ 1001. Undoubtedly, the MA1 group tend to be 
more resistant than M. tuberculosis to aldehydes [101, 1021. M. gordonae is 
more resistant than virulent tubercle bacilli to inactivation by glutaralde- 
hyde, whereas other strains, including M. smegmatis and M.  fortuitum, 
were highly sensitive [97]. Various formulations (2% alkaline glutaraldehyde, 
3.2% alkaline glutaraldehyde and 0.5% glutaraldehyde-0.03% phenol) were 
effective in removing lo8 cfu m1-I of M. gordonae after 20 minutes at 2 0 0 ~  
and after 10-12 minutes at 25°C [103]. M. terrae has a similar sensitivity as 
M. tuberculosis to glutaraldehyde [98] and has thus been proposed as an indi- 
cator organism for determining tuberculocidal activity [49]. It is worth not- 
ing that in studies with 2% alkaline glutaraldehyde, the recovery medium 
exerts a significant influence on the recovery of glutaraldehyde-treated my- 
cobacteria [ 1041. Although 2% alkaline glutaraldehyde can be considered 
an effective mycobactericidal agent, a significant decline in activity occurs 
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at lower concentrations [ 1051, highlighting the importance of maintaining 
in-use solutions at the correct concentrations. A recent report, however, 
highlights flaws in current protocols for the mycobactericidal testing of bio- 
cides, including a lack of proper quantitation, excessive contact times at 
above ambient temperatures, absence of a suitable organic load, ineffective 
neutralization of the biocide, unsuitable surrogates for M. tuberculosis, un- 
suitable recovery media and inappropriate types of carriers [ 1061. 

A recent study has examined the antimicrobial activity of various alde- 
hydes against M. tuberculosis [ 1071. Pentenal, benzaldehyde and phthalalde- 
hyde showed a kill greater than 1 O5 cfu ml-' in 5 minutes, though benzalde- 
hyde was only active in the presence of 2% glutraldehyde. Substituents 
(nitro, chloro, methyl and methoxy) on the benzaldehyde ring reduced this 
synergism, but still showed increased activity over 2% glutaraldehyde alone 

Formaldehyde is well established as a bactericidal agent [ 131, although 
most of the research has focused on its sporicidal effects [24, 741 which are 
therefore considered in more detail in the following section. 

[ 1071. 

SPORICIDAL ACTIVITY 

Relatively few antibacterial agents are actively sporicidal [ 108-1 101. Many 
agents may be inhibitory to germination or outgrowth of bacterial spores, 
yet not necessarily kill them [ 1081. Actively sporicidal agents include the al- 
dehydes [ l l l], although it must be noted that much higher concentrations 
are required than for bactericidal activity [49]. 

A 2% alkaline glutaraldehyde solution has long been considered to pro- 
vide the minimum concentration and conditions necessary for relatively 
rapid sporicidal activity. This solution tends to have greater activity than 
8% formaldehyde [lo]. At the use-diluton of 2%, glutaraldehyde is capable 
of killing spores of Bacillus globigii, B. subtilis, Clostridium tetani and C. per- 
fringens in 3 hours [7, 701. A 99.99% kill of spores of B. anthracis and C. teta- 
ni in 15 and 30 minutes respectively has also been reported [62]. A number 
of authors, using time-survivor measurements and aqueous suspensions of 
B. subtilis spores, indicated that a three-hour exposure to the aldehyde re- 
sulted in approximately a 6-log drop in viable count [64, 112-1 151. Experi- 
ments using the AOAC sporicidal test and vacuum-dried spores showed 
that 10 hours were necessary for a complete kill of B. subtilis and C. sporo- 
genes spores [19, 1161. Dilution of the aldehyde below 2% results in loss of 
sporicidal activity [ 1 161. Not all spores are equally susceptible to glutaralde- 
hyde [ 11 71. B. subtilis and B. pumilis spores appear to be the most resistant 
whereas spores of C. dzficile are very susceptible to the aldehyde [6 1, 1 171. 
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Formaldehyde solution is rapidly sporicidal to B. subtilis, but C. sporo- 
genes spores are not affected after 2 hours [ 1 181. Borax-formalin and formal- 
dehyde-alcohol have been found to destroy B. unthracis, C. tetani and C. per- 
fringens spores within 3 hours, although some of these experiments failed 
to neutralize formaldehyde in the growth media [ I  191. Failure to control 
sporostasis in subculture media can lead to the survival of spores even after 
long periods of exposure to formaldehyde. Spores of various clostridia can 
survive even after 8 hours exposure to formaldehyde solution, and B. suhtilis 
spores can survive a four-hour treatment with 8% formaldehyde [120, 1211. 
A similar lack of sporicidal activity of 8% formaldehyde has been described 
by other workers [6]. More recent work has shown formaldehyde to be a 
good sporicidal agent, although not as effective as alkaline glutaraldehyde 
[8]. 8% formaldehyde treatment of aqueous suspensions of B. subtilis resulted 
in a 3-log kill in 3 hours at room temperature, compared to a 5-log kill for 
2% alkaline glutaraldehyde [8]. The biocidal activity of formaldehyde is not 
greatly modified by changes in pH [62] and the addition of 0.3% sodium bi- 
carbonate solution does not potentiate its activity as it does to glutaralde- 
hyde [8]. 

The sporicidal activity of aldehydes other than glutaraldehyde and for- 
maldehyde has not been examined in much detail. Glyoxal has been found 
to possess good activity against aqueous suspensions of spores of B. subtilis 
[8,49], producing a 2-log reduction in 3 hours at room temperature. Butyral- 
dehyde was found not to have any activity against B. subtilis spores [8]. As 
with formaldehyde, the addition of 0.3% sodium bicarbonate solution does 
not potentiate the sporicidal activity of these aldehydes [8]. The potentiating 
effect of bicarbonate on glutaraldehyde is not due to simple changes in pH. 
The addition of sodium hydroxide does not increase the biocidal activity of 
acid glutaraldehyde to the same extent as sodium bicarbonate. Since the lat- 
ter is not itself sporicidal, its action is thought to be primarily on the spore 
outer layers [ 121, 1221, with subsequent alterations aiding interaction and/ 
or penetration of glutaraldehyde with potential substrates such as proteins, 
enzymes and peptidoglycan [8]. The spacing of the aldehyde groups in glu- 
taraldehyde has been proposed to be optimal for its interaction with sodium 
bicarbonate and sporicidal activity [8,21]. 

Some commercial formulations have combined aldehydes with other 
compounds to enhance sporicidal effects. Gigasept (succinaldehyde plus for- 
maldehyde) has been recommended for the disinfection of endoscopes 
[123]. The formulation effects a 2-log and 5-log reduction at concentrations 
of 5% and 10% respectively against aqueous suspensions of B. suhtilis spores 
[8] and is therefore more effective than formaldehyde alone. 

Sporicidin (glutaraldehyde plus phenol plus phenate) achieved a 6-log kill 
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in 3 hours and was more effective than glutaraldehyde alone [8]. It is not 
sporicidal at a recommended dilution of 1 : 16 for disinfection [8, 1241. Var- 
ious reports suggest it is a better disinfectant than 2% alkaline glutaralde- 
hyde alone [125-1301 in terms of biocidal activity, stability and reduced toxi- 
city (at a 1:16 dilution). However, there is no mention of an appropriate 
neutralizing agent for glutaraldehyde (for example, glycine) and the use of 
0.5% Tween 80 is unsatisfactory for neutralization of residual phenol, since 
plate counts were often higher in more dilute suspensions during sporicidal 
tests [8]. The sporostatic activity of phenol is well documented [74, 1311 and 
is thought to inhibit germination [130]. It is therefore evident that an over- 
estimation of the sporicidal efficacy of Sporicidin could occur due to an in- 
adequate enumeration procedure [8]. Mixtures of glutaraldehyde and form- 
aldehyde are found to be ten times more effective than either aldehyde alone 
[ 1321. 

Germinating and outgrowing spores are much more susceptible than ma- 
ture spores to the lethal effects of sporicidal aldehydes, their susceptibility 
being equivalent to that of vegetative cells [109, 1 lo]. 

FUNGICIDAL ACTIVITY 

Glutaraldehyde has been shown to have both fungistatic [133] and fungicidal 
activity [7, 10, 133-1 351. Growth of Trichophyton interdigitale is inhibited 
by a 5 minute exposure to 2% alkaline glutaraldehyde [7]. At the time, this 
was more potent than the commercial formulations available [7]. A 1% solu- 
tion of glutaraldehyde is also fungicidal [133], but porous surfaces contami- 
nated with Candida albicans and Microsporium gypseum are significantly 
more difficult to disinfect than are smooth surfaces [ 1361. This observation 
is likely to be applicable to all liquid biocides and should not be considered 
an inherent property of glutaraldehyde. 

Aspergillus niger is more resistant than other fungi to glutaraldehyde [62, 
1341. As with other fungal species, however, mycelial growth and sporula- 
tion are inhibited by 0.5% alkaline glutaraldehyde while spore swelling is en- 
tirely halted [lo, 1341. Fungicidal activity is also apparent with a 2-log kill 
in 60 minutes when exposed to 0.5% alkaline glutaraldehyde [134]. The acid 
solution is much less potent with a 1 -log kill after 60 minutes and little reduc- 
tion in viable count thereafter [ 1341. 

Formaldehyde is as effective in killing C. albicans as vegetative Gram- 
negative bacteria [137]. The conidia of A. niger are more resistant than C. 
albicans, but are equally sensitive to S. aureus [137]. A natural aldehyde, 
3-[4-hydroxy-3-(3-methyl-2-butenyl)phenyl]-2-(E)-propenal has been iso- 
lated from the peel of citrus fruits and found to have antifungal activity [138]. 
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There has been little more of note to report in recent years [49], although 
this is true for all types of biocides. The following general conclusions on 
the effects of biocides have been drawn recently [53]: (a) fungicidal concen- 
trations are often much higher than those needed to inhibit growth [139]; 
(b) moulds are sometimes, but not always, less sensitive than yeasts [I 371; 
and (c) non-sporulating bacteria (except mycobacteria) tend to be more sen- 
sitive than fungi to biocides [ 1401. 

VIRUCIDAL ACTIVITY 

The virucidal activity of aldehydes has been acknowledged for many years 
[5, 10, 141, 1421. In recent years, there have been additional reports of their 
effectiveness against HIV, HBV, poliovirus, herpes viruses and other viruses. 

Studies with reverse transcriptase indicated that concentrations of glutar- 
aldehyde greater than 1% inactivated HIV [143]. It has been suggested that 
methods based on monitoring residual viral enzyme activity are not appro- 
priate alternatives to tests for infectious viral particles [49, 1441. Both 1% 
and 2% alkaline glutaraldehyde have been demonstrated to inactivate cell- 
free HIV within 1 minute, and 2% to inactivate cell-free virus in serum within 
2 minutes, with 1% having no effect after I5 minutes [ 145, 1461, presumably 
due to the interaction of glutaraldehyde with the amino groups present in 
serum (see earlier). Cell-associated HIV is also inactivated within 2 minutes 
at the higher concentration [145]. The margin of safety for the inactivation 
of HIV by glutaraldehyde is less than had previously been thought [ 1431. 
Freshly prepared solutions of 2% alkaline glutaraldehyde remain effective 
[145, 1471, but efficacy is lost when solutions become too old or diluted and 
would not be appropriate for inactivating HIV associated with organic mat- 
ter [49]. 

Formalin, at a concentration of O.l%, can inactivate HIV, although 48 
hours are required to halt the production of reverse transcriptase [ 1431. 
Paraformaldehyde can inactivate the virus at concentrations below those 
used in routine disinfection [148]. 

HBV is often regarded as possessing greater resistance to biocides than 
other viruses, although Russell [49] suggests that this may be due, in part, 
to the methods used to assess residual viral activity. In a chimpanzee model 
system, where animals are observed for signs of infection for nine months 
after injection with the treated material, 2% alkaline glutaraldehyde is viru- 
cidal within 5 minutes [149, 1501. In the presence of organic matter, such as 
dried plasma, the time for inactivation doubles to 10 minutes [149]. Alterna- 
tive test methods based on alterations in HBV antigenicity, 2% alkaline glu- 
taraldehyde produced approximately a 60% reduction in surface antigen 
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(HB,Ag) and 90% reduction in core antigen (HB,Ag) activity [ 15 I]. These re- 
sults were superior to those obtained with formaldehyde, and the authors 
proposed that glutaraldehyde should be used for disinfection of items ex- 
posed to HBV in place of formaldehyde or hypochlorite solutions. However, 
the authors did point out that more direct approaches to determine viral in- 
fectivity after exposure were required. The aldehyde is thought to interact 
with lysine residues present on the most exposed structural protein of hepa- 
titis Avirus [ 1521 and it is feasible that this interaction occurs also with HBV. 

Alkaline glutaraldehyde (2%) produces a 6-log reduction of herpes sim- 
plex virus dried onto surfaces within 1 minute [ 1531. Similar results are ob- 
tained with poliovirus (non-lipid enveloped), although it is generally more 
resistant to disinfectants than herpes simplex virus [49, 1541. The high viruci- 
dal activity of glutaraldehyde toward enteroviruses has also been demon- 
strated by other workers [155-158]. Glutaraldehyde (0.1%) is effective 
against poliovirus, producing a 3-log reduction in virus titre at pH 7.2, with 
greater efficacy at alkaline pH but no activity at acid pH [ 1561. 

Human rotaviruses are inactivated in suspension tests and dried on sur- 
faces by glutaraldehyde within 1 minute, in the presence of both high and 
low organic load [ 159, 1601, with morphological changes induced by the al- 
dehyde [ 1611. Formaldehyde (8%) was effective in abolishing the infectivity 
of human rotaviruses after 5 minutes exposure [ 1621. 

A solution of 2% alkaline glutaraldehyde at pH 7.4 and 25°C reduced the 
titre of infectious coxsackie virus by 2-log in 1 minute. The efficacy of the al- 
dehyde was not affected by the presence of high concentrations of organic 
matter [ 1631. Other workers have confirmed the efficacy of glutaraldehyde 
against coxsackie virus and also shown it to be completely virucidal for 
echovirus [ 1641. 

Alkaline glutaraldehyde (2%) inhibits the transduction of P. aeruginosa 
P A 0  by bacteriophage FI 16, but is less effective in inactivating the phage 
[ 1651. Lower concentrations of the aldehyde (0.5%) reduce the titer of MS2- 
and K-coliphage by a factor of 1 O4 within 20 minutes [ 1661. 

Aldehydes have also been shown to be effective against animal viruses. 
Swine vesicular disease virus is completely inactivated by formaldehyde 
after 30 minutes at 25°C [ 1671. Glutaraldehyde (0.25%) inactivates the virus 
over a period of 1 1 days at 22-26°C [ 1681. 

Solutions of glutaraldehyde (2%) and formaldehyde (8%) have been shown 
to be effective against porcine parvovirus after 20 minutes, and pseudorabies 
and transmissible gastroenteritis viruses after 5 minutes’ exposure [ 1691. 
Aleutian disease virus of mink was inactivated by formalin only after 30 
minutes exposure, but glutaraldehyde inactivated 4-log of infectious virus 
within 5 minutes at 23°C [ 1701. Formalin (0.2%) was found to be ineffective 
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against infectious pancreatic necrosis virus (isolated from rainbow trout) 
after 60 minutes exposure [ 17 11. Formalin and glutaraldehyde can inactivate 
4-log of equine infectious anaemia virus within 5 minutes at 2 3 T ,  although 
their action is slower than phenolic and halogen disinfectants [172]. 

MECHANISM OF ACTION 

Most studies on the mode of action of biocides have examined vegetative 
bacteria, although recent work has also provided information about the in- 
activation of spores. Other micro-organisms have perhaps been more ne- 
glected, although there are some data on the mechanism of action of alde- 
hydes against fungi and viruses. 

VEGETATIVE BACTERIA 

Considerable cross-linking of the abundant peptidoglycan in the cell wall 
has been shown to occur in Gram-positive bacteria, resulting in a strength- 
ening and sealing effect [ 1731. Glutaraldehyde-treated peptidoglycan is less 
sensitive to lysis than the untreated polymer. The dialdehyde reacts with 
30-50% of the NH2 groups in isolated peptidoglycan and it was proposed 
that two tripeptide side-chains could be linked when free amino groups are 
available [ 1731. Pretreatment with glutaraldehyde of peptidoglycan in S. 
aweus reduces lysis on subsequent exposure to lysostaphin [ 1741. Intermo- 
lecular bonding of teichoic acid chains [ 1731 and interaction with cell wall 
protein could also contribute to the aforementioned effects. 

Earlier work suggested that glutaraldehyde does not penetrate to the pep- 
tidoglycan layer of the Gram-negative cell [ 1751, but exerts its effect by a par- 
tial sealing of the outer layers or lipoprotein and an inactivation of cell 
wall-associated or periplasmic enzymes. The extent of possible sealing was 
investigated by comparing the transport of a low molecular weight amino 
acid in glutaraldehyde-treated and untreated cells [ 1751. Glutaraldehyde 
was proposed to act mainly on the outer region of the cell because transport 
was reduced by 50% in treated cells. Evidence for the reaction of glutaralde- 
hyde with the outer layers has also been provided by other workers [63, 
1211. However, since 99.99% kill of E. coli is obtained with 0.01% glutaralde- 
hyde in the time taken for these cellular effects, it is unlikely that sealing of 
the cell envelope is the only cause of biocidal action. 

At concentrations having little effect on viability, glutaraldehyde inhibits 
dehydrogenase activity [ 12 I].  Various concentrations inhibit several peri- 
plasmic enzymes, including APase [175]. Studies on the interaction of a 
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mammalian enzyme, a-chymotrypsin, indicate that an initial cross-linking 
reaction occurs due to intra-molecular cross-links, whereas later particle for- 
mation is due to inter-molecular cross-links [176]. A similar reaction with 
bacterial enzymes is feasible. The inhibitory effect of the dialdehyde on 
RNA, DNA and protein synthesis is complete within 10 minutes of exposure 
[63]. These workers had proposed that this effect was not due to direct action, 
but because of inhibition of precursor uptake as a consequence of glutaral- 
dehyde-protein reactions in the outer structures of the cell. 

A review [5 11 of early studies draws the following observations: (a) strong 
binding of glutaraldehyde to outer cell layers, (b) the prevention of lysis by 
sodium lauryl sulphate (E. coli), lysostaphin (S. aureus) and EDTA-tris-lyso- 
zyme (P. aeruginosa), (c) the inhibition of sphaeroplast lysis in hypotonic 
media, (d) the inhibition of RNA, DNA and protein synthesis, and (e) the in- 
hibition of cell enzyme activity by low concentrations [49]. 

The extensive interaction with outer cell layers is still considered to be a 
major factor in the bactericidal activity of glutaraldehyde [5  11. Moderate 
changes in pH tend to have little effect on the chemical nature of glutaralde- 
hyde over short periods of time, but significant effects on its antimicrobial 
action. Unprotonated amines on the cell surface are thought to represent 
the reactive sites for glutaraldehyde action [177]. Current thinking suggests 
that as the external pH is altered from acid to alkali, more reactive sites are 
formed at the cell surface leading to a more rapid bactericidal effect. The 
cross-links so produced mean that the cell is unable to undertake most of 
its essential functions [49]. It should be borne in mind, however, that the 
chemical used to increase pH may have some effect, as discussed previously. 
With prolonged contact times, the effects of increase in pH become less sig- 
nificant [ 1771. Cell walls, lipopolysaccharide, proteins, nucleic acids and lip- 
ids have all been implicated in reactions with glutaraldehyde, and it is possi- 
ble that more than one reaction leads to cell death [ 1781. Known reactions 
of glutaraldehyde with e-amino groups of lysine also implicate cell wall com- 
ponents such as porins and membrane transport proteins as lethal targets 
for the aldehyde [ 1781. Glutaraldehyde reacts with lysine residues in the mo- 
lar ratio 4:l [179]. One hypothesis suggests that aldol-type polymers formed 
in alkaline solution react with the amino groups to give an imino bond stabi- 
lized by resonance with the ethylenic double bond, and that the aldehyde re- 
acts with proteins as an unsaturated polymer rather than in its free form 
[ 1801. However, the tanning effects of purified and unpurified solutions are 
virtually identical indicating that potential cross-linking reactions are not 
dependent on the initial presence of unsaturated species [ 12, 18 1, 1821. The 
products of the reaction between glutaraldehyde with 6-aminohexanoic 
acid and with a-N-acetyl-lysine are tetrasubstituted pyridinium salts and it 
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has been suggested that such structures are present in the cross-linked prod- 
ucts formed in the reaction between glutaraldehyde and proteins [ 18 1, 1821. 

Alkaline glutaraldehyde reduces or prevents lysis of E. coli cells and cell 
walls by sodium lauryl sulphate at 35-40°C [ 1831. This protection is due to 
interaction with lipoprotein and is greater with whole cells than isolated 
cell walls and with alkaline than with acid glutaraldehyde. The aldehyde in- 
hibits, but does not prevent the liberation of reducing compounds from E. 
coli cell envelopes treated with acid [63]. Glutaraldehyde reduces lysis of S. 
nureus and P. aeruginosa cells by lysostaphin and EDTA-lysozyme respec- 
tively [174, 1841 and strengthening of the outer layers of sphaeroplasts has 
also been reported [185]. These observations indicate a strong binding of glu- 
taraldehyde to outer cell surfaces. 

Cell agglutination occurs on exposure of various micro-organisms to al- 
dehydes and is thought to be due to the formation of intercellular bonds 
[ 1861, confirming a strong interaction with the outer cell layers. The unusual 
colour development in bacteria treated with glutaraldehyde is thought to be 
due to a reaction with amino groups in the outer layers, and the greater col- 
ouration observed with Gram-negative organisms may correlate with the 
suggestion that interaction with lipoprotein is responsible [ 186, 1871. 

The extent of possible sealing of the outer cell layers has been determined 
by comparing the transport of the amino acid a-aminoisobutyric acid- 
i-l4C in untreated cells of E. coli and those treated with 0.01% glutaralde- 
hyde [175]. The extent of cell envelope penetration was also assessed using 
glutaraldehyde-treated and untreated mureinoplasts of E. coli. These cell 
forms lack the outer lipoprotein layer and therefore have the peptidoglycan 
layer exposed to the environment [188]. Glutaraldehyde tends to act mainly 
on the outer regions of the cell envelope, resulting in only a 50% reduction 
in transport of the amino acid. Cell volume and protein content are reduced 
by 10-1 5%, suggesting that deep penetration does not occur [ 1751. 

Studies on cell enzyme activity have shown that dehydrogenase activity is 
inhibited at concentrations of glutaraldehyde which have minimal effects 
on cell viability [ 1891, possibly because reaction at the outer layers prevents 
access of substrate to enzyme. Glutaraldehyde also prevents the selective 
release of some enzymes from the cytoplasmic (inner) membrane of Micro- 
coccus lysocteikticus [ 1901 and inactivates several periplasmic enzymes 
[191-1931 including APase [175, 1931. Glutaraldehyde fixation causes a shift 
of APase from the periplasmic space to the cell surface [ 1941. The inactiva- 
tion of cell enzymes would therefore seem to play an important role in the 
biocidal activity of glutaraldehyde. One presumes that similar mechanisms 
underly the mycobactericidal action of glutaraldehyde, although no specific 
studies have been completed [90]. 
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A solution of formalin (0.012%) has been shown to induce cell lysis in 
E.coli, staphylococci and streptococci [ 1951. Autolytic enzymes are presum- 
ably not inhibited at such low concentrations, and this action has thus been 
compared with that of penicillin, a cell wall-acting antibiotic [ 1951. 

A relatively specific reaction occurs between formaldehyde and nucleo- 
tides, with the amino groups of the purine and pyrimidine rings being con- 
sidered the likely reactive sites [ 1961. Binding of formaldehyde to DNA is ir- 
reversible at 100°C at alkaline pH [197] compared with binding to RNA 
which is reversible if the reaction has not proceeded for longer than 2 hours 
[39]. After 2 hours, the reaction is slowly reversible only after dialysis [39]. 
The reaction is thought to be due to the formation of methylene bridges, 
NHCH2NH, between bases containing amino groups [ 1781. Reactions of 
this type can occur with cellular amino groups other than those in nucleic 
acid molecules. Sublethal concentrations of formaldehyde inhibit the syn- 
thesis of cytoplasmic and nuclear material, but subsequent recovery of the 
cells occurs, with the aldehyde being metabolized to carbon dioxide [41-441. 

The reactivity of aldehydes with NH2, COOH and SH groups inevitably 
means that there are multiple targets in the bacterial cell; this makes the elu- 
cidation of specific lethal targets an extremely complex proposition. The dif- 
ferent efficacies of various aldehyde molecules are likely to reflect differences 
in chain length and composition [21, 1981 which may result in altered abil- 
ities to bind to specific sites in the cell. 

BACTERIAL SPORES 

There are several components of bacterial spores that could be implicated as 
sites for sporicidal action of aldehydes. These include the spore coat, the cor- 
tex, the spore membranes and the spore core. Low concentrations of gluta- 
raldehyde (0.1%) inhibit the germination of spores of B. subtilis and B. pumi- 
lis, while higher concentrations (2%) are sporicidal [65]. The aldehyde, at 
acid and alkaline pH, appears to interact considerably with the outer layers 
of bacterial spores. This interaction reduces the release of DPA from B. pu- 
milis and of peroxide-induced lysis of spores subsequently treated with thio- 
glycollic acid [65].  The small differences in results obtained with acid and al- 
kaline glutaraldehyde with respect to interaction with the spore coat do not 
correlate with the much greater sporicidal effect of the aldehyde at alkaline 
pH [ 101. The explanation has been advanced that acid glutaraldehyde inter- 
acts and remains largely at the spore surface, whereas alkaline glutaralde- 
hyde penetrates into the spore [lo, 741. Acid glutaraldehyde causes marked 
changes in the electrophoretic mobility of spores whereas alkaline glutaral- 
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dehyde causes much smaller changes [5, 1211, lending support to the theory 
that acid glutaraldehyde interacts mainly at the cell surface. 

Spores of B. cereus become heat-sensitive in the presence of high concen- 
trations of salts. Cations are thought to interact with the loosely cross- 
linked, electronegative peptidoglycan unique to spores to cause a collapse 
of the cortex [199]. The replacement of mobile counterions and a consequent 
fall in the osmotic dehydration of the core leads to a reduction in resistance. 
In this respect, replacement of sodium bicarbonate by divalent metal chlo- 
rides produces a rapid sporicidal effect [ 171. This indicates a role for bicar- 
bonate in facilitating penetration and interaction of glutaraldehyde with 
proteins, enzymes and peptidoglycan in the cortex [lo]. High concentrations 
of glutaraldehyde (10%) at alkaline pH interact powerfully with one or 
more layers of the spore coat producing an extremely tough sealed structure. 
This interaction is much slower at acid pH [200]. 

Vegetative bacterial cells tend to bind more glutaraldehyde than resting B. 
suhtilis spores, with the degree of aldehyde adsorbed directly proportional 
to the sensitivity of the micro-organism to the disinfectant [201]. Uptake is 
greater during germination and outgrowth but is less than that by vegetative 
cells [201]. The greater sporicidal activity of alkaline glutaraldehyde com- 
pared with the acid solution is not reflected by differences in uptake, which 
are small, although this reflects binding and not the degree of penetration 
into the spore [201]. At higher concentrations, uptake of the alkaline solu- 
tion increases after a relatively short plateau, whereas a long plateau is ob- 
served with an acid solution [20 1,2021. The second rise observed in alkaline 
glutaraldehyde uptake curves is probably due to the exposure of fresh bind- 
ing sites due to the action of sodium bicarbonate. The long plateau observed 
with the acid solution indicates that a high energy barrier must be overcome 
before additional adsorption to new sites can occur [202]. This energy can 
be supplied by heat, which probably accounts for the comparable activities 
of acid and alkaline formulations at high temperatures [64, 651. It has thus 
been proposed that the alkaline form penetrates beyond the coats in intact 
spores, whereas the acid formulation is confined to the outer layers [lo, 511. 

An alternative hypothesis concludes the exact opposite to the above [ 1771. 
Acid glutaraldehyde will kill spores, albeit at a much slower rate than the al- 
kaline solution. The hypothesis envisages the acid form penetrating the 
coat and reacting with the cortex, whereas alkaline glutaraldehyde interacts 
with the coat, destroying the ability of the spore to function solely as a conse- 
quence of this surface interaction. There is as yet no evidence to prove or dis- 
prove this hypothesis. 

Spores of Bacillus spp. possess hydrophobic surface characteristics as op- 
posed to the essentially hydrophilic nature of vegetative cells [203]. Pretreat- 
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ment of B. subtilis spores with low concentrations of glutaraldehyde in- 
creases their surface hydrophobicity as determined by the BATH technique 
[204]. This is probably due to the extensive interaction of the aldehyde with 
the outer layers of bacterial spores [lo]. The proteinaceous spore compo- 
nents [205] are potentially hydrophobic and any glutaraldehyde-induced 
conformational change leading to the exposure of more hydrophobic resi- 
dues is likely to account for these observations [201]. The greater effect of al- 
kaline glutaraldehyde may again be attributed to the action of sodium bicar- 
bonate (or the equivalent activator in commercial formulations). Increased 
penetration into the spore is likely to result in increased exposure of hydro- 
phobic residues and therefore an overall increase in hydrophobicity. These 
observations would tend to support the hypothesis that alkaline formula- 
tions penetrate more into the spore than the acid solution. 

Low concentrations of both alkaline and acid solutions inhibit germina- 
tion, as determined spectrophotometrically [201]. The involvement of the 
spore coat in germination is established [206] and therefore interaction of 
glutaraldehyde with the surface layers, even with little penetration is prob- 
ably sufficient to achieve an inhibitory effect. At low concentrations of glu- 
taraldehyde, binding of ~-['~C]-alanine to the spore is not affected [207]. 
L-Alanine triggers the germination of bacterial spores [208, 2091. At these 
low concentrations, glutaraldehyde seems to act at the level of the trigger 
reaction of germination [2 101, inhibiting the stimulatory effect of L-alanine. 
There is no difference between acid and alkaline glutaraldehyde, indicating 
that the effects at these concentrations are attributable to the glutaraldehyde 
molecule itself, and not to any pH effects [207]. The effects have been attrib- 
uted to sealing of the spore outer layers, with cross-linking of spore compo- 
nents physically preventing germination reactions [207]. At higher glutaral- 
dehyde concentrations (1 %), binding of L-alanine is significantly reduced 
[207]. No significant differences were observed between acid and alkaline 
glutaraldehyde, indicating that inhibition of germination is not directly cor- 
related to the sporicidal action of the aldehyde. 

Formaldehyde interacts with protein to give intermolecular cross-links [5] 
and it is considered to be sporicidal because it can penetrate into the interior 
of the spore [21 I]. Formaldehyde also inhibits the germination of B. subtilis 
spores. The inhibition is concentration-dependent and reversible [75], again 
indicating that inhibition of germination is not related to the sporicidal ac- 
tion of aldehydes. 

Formaldehyde is an extremely reactive chemical, reacting with protein, 
DNA and RNA in vitro [212]. Its interaction with protein results from a com- 
bination with the primary amide as well as with amino groups, although 
phenol groups bind little of the chemical [46, 2131. Its extensive reactions 
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with nucleic acids [39] have been proposed as the reason for mutagenic ef- 
fects [214], and its reactions with COOH, SH and OH groups class it as an 
alkylating agent as with other aldehydes [215]. 

It has been proposed that glutaraldehyde-treated spores might, in fact, be 
fixed rather than inactivated so that they would be unable to function prop- 
erly [216]. In this context, it is interesting to note that aldehyde-treated 
spores can be revived under certain conditions. Sodium hydroxide has been 
used to revive spores of B. subtilis treated with a variety of aldehydes, with 
an optimum range of 20-50 mM [217-2191. Sodium hydroxide increases 
the permeability of bacterial spores to germinants [220] and alkali is known 
to remove protein from spore coats [221-2231. Of the glutaraldehyde formu- 
lations examined, 2% alkaline glutaraldehyde and Cidex (a similar commer- 
cial formulation) have similar sodium hydroxide-induced revival frequen- 
cies (1 O-6).  No revival was observed at glutaraldehyde concentrations 
greater than 4% [218]. Sporicidin shows a decreased frequency ( 1  0-7), 
although as mentioned previously, difficulty was experienced in neutralizing 
residual phenol [2 171. The highest frequency of sodium hydroxide-induced 
revival is observed with glyoxal Minimal revival is observed with 
10% Gigasept and none with 8% formaldehyde solution [217]. It is interest- 
ing that the phenomenon of alkali-induced revival seems to be linked to dial- 
dehyde inactivation. Glutaraldehyde and glyoxal are both dialdehydes, 
whereas formaldehyde is a monoaldehyde. Heat-induced revival of formal- 
dehyde-treated spores has been reported [137] but the effect is much reduced 
with glutaraldehyde [219, 2241. This implies a difference in the mechanism 
of action of mono- and di-aldehydes. The interaction of aldehydes with pro- 
teins to give molecular cross-links and their ability to penetrate into spores 
has been discussed earlier. It is possible that the mode of cross-linking of di- 
aldehydes differs from that of monoaldehydes. The presence of two aldehyde 
groups linked by a chain of carbon atoms may result in a form of intermolec- 
ular bridging not achieved by a molecule containing a single aldehyde group, 
such as formaldehyde, and this may be reflected by the varying successes of 
different revival treatments 

Differences in revival frequencies of dialdehydes may be due to the dis- 
tance between the aldehyde functions [217] which is thought to be a factor 
in the biocidal activity of aldehydes [2 11. The aldehyde groups in glutaralde- 
hyde may be spaced at a distance which results in more effective cross-links 
than glyoxal. Removal of subsequent inhibition would therefore be easier 
with glyoxal. Revival of Gigasept-treated spores is interesting. No revival 
was obtained with 5% Gigasept whereas a proportion of spores were revived 
after exposure to a 10% solution [217]. Gigasept contains butan-1,4-dial 
and formaldehyde. It is possible that at the lower concentration the majority 
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of sporicidal activity is due to formaldehyde, and hence no sodium hydrox- 
ide-induced revival would be expected. At a concentration of lo%, a greater 
proportion of the sporicidal action may be due to the dialdehyde, and the ob- 
served revival may be attributed to those spores inactivated mainly by bu- 
tan-l,4-dial [217]. 

Some proposals have been forwarded to explain the phenomenon of alka- 
li-induced revival [219]: (a) the high pH dissolves alkali-soluble proteins 
from the spore coat [225], allowing easier access to germinants, (b) the alkali 
may act as a trigger for germination, substituting for nutritional germinants, 
(c) the alkali may desorb aldehydes from treated spores, and (d) a simple 
pH effect. Little protein is released from glutaraldehyde-treated spores on 
exposure to sodium hydroxide [218]. However, the proportion of revived 
spores is small, compared with the initial inoculum, and it may be that only 
a tiny proportion of aldehyde-treated spores is susceptible to alkali treat- 
ment, accounting for the small amount of protein solubilized from the spore 
coats. 

The proposal that sodium hydroxide acts as a germination stimulant is 
untenable since untreated spores do not germinate in its presence [219]. 
Treatment with alkali may result in the desorption of aldehyde from some 
spores, sufficient to allow access of germinant [219]. However, the assay em- 
ployed to monitor glutaraldehyde levels [226] is not sufficiently sensitive to 
reach a definite conclusion. A simple pH effect is unlikely since a high pH is 
known to inhibit germination [227]. 

FUNGI 

Inhibition of fungal spore germination and sporulation by aldehydes has 
been demonstrated [lo]. Little research has been conducted into the mode 
of action of aldehydes on these organisms, although an examination of the 
chemical nature of fungi indicates a possible mechanism. The major struc- 
tural component of fungal cell walls is chitin which resembles bacterial pep- 
tidoglycan and is thus a potential reactive site [134]. Fungal enzymes are 
also located in their cell walls and other reactive sites might include the poly- 
saccharide-protein complexes, found in yeasts, and in which cystine residues 
(-S-S-bonds) are abundant [lo]. Glutaraldehyde has been shown to aggluti- 
nate cells of C. lipolytica and Saccharomyces carlsbergensis and to increase 
their settling rate, as a result of an effect on the outer cell layers [ 1861. These 
effects are probably due to the formation of intercellular bonds (see earlier) 
and could well be an important factor in causing cell death [lo]. 
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VIRUSES 

Glutaraldehyde is a highly effective virucidal agent. Its mechanism of action 
has been the subject of recent publications. The dialdehyde reduces HBsAg 
and, particularly, HBcAg activity in HBV [151]. It also interacts with lysine 
residues on the surface of hepatitis A virus [ 1521. Alkaline glutaraldehyde 
(0.1%) is effective against purified poliovirus, whereas poliovirus RNA is 
highly resistant to concentrations up to 1% at pH 7.2 with a low inactivation 
rate at pH 8.3 [156]. Thus, intact virus particles are much more sensitive 
than poliovirus RNA, from which it may be deduced that capsid changes 
are responsible for the loss of infectivity after exposure to the aldehyde 
[156]. Capsid proteins of poliovirus and echovirus react with low concentra- 
tions of glutaraldehyde (0.05% and 0.005% respectively), the differences in 
sensitivity reflecting major structural variations in the two viruses [ 1571. 

The differential activity of glutaraldehyde against transduction by bacte- 
riophage F116 and inactivation of the infective particle [I651 implies the al- 
dehyde has distinct cellular target sites. Electron micrograph studies of glu- 
taraldehyde-treated F116 showed an increase in the number of phage 
particles with empty heads [228], suggesting the aldehyde effects inactivation 
by causing loss of nucleic acid. There is also evidence that glutaraldehyde al- 
ters SDS-PAGE protein patterns of F116 though a correlation with phage 
inactivation is unclear [229]. 

A recent report divides aldehydes into those with cross-linking activity 
and those lacking such activity [230]. Aldehydes with specific protein-DNA 
cross-linking ability disrupt simian virus 40 DNA replication, causing fail- 
ure of the replication fork by the 40s intermediate pathway. Replicating viral 
genomes become inactivated and torsionally stressed [23 11. In contrast, al- 
dehydes with no cross-linking properties had no effect on viral DNA replica- 
tion, from which it can be inferred that protein-DNA cross-links block either 
DNA polymerase or the entire replication complex [23 11. Replication failure 
by the 40s pathway is known to initiate recombinational events in damaged 
viral replicons, possibly resulting in mutations. Formaldehyde and acrolein 
also caused accumulation of catenated (topologically linked) virus daughter 
chromosomes, which is characteristic of the inhibition of DNA topoiso- 
merase I1 [23 I]. 

A recent interesting article examined the effects of peptide aldehydes on a 
hepatitis A virus enzyme [232]. Picornaviral 3C proteinases are a group of 
closely related thiol proteinases responsible for processing viral polyprotein 
into its component proteins. These proteinases adopt a chymotrypsin-like 
fold [233, 2341 and display an active site configuration similar to those of se- 
rine proteinases. The peptide aldehydes were based on the preferred peptide 
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substrates for hepatitis A virus 3C proteinase and were synthesized by reduc- 
tion of a thioester precursor [23 11. Acetyl-Leu-Ala-Ala-(N, N’-dimethylglu- 
taminal) binds slowly and reversibly to the hepatitis A 3C proteinase but is 
50 times less active against the rhinovirus enzyme, whose substrate specifi- 
city is slightly different, suggesting a high degree of selectivity [231]. NMR 
spectrometry of the adduct of the radiolabelled peptide aldehyde with the 
enzyme indicates that a thiohemiacetal is formed between the enzyme and 
the aldehyde carbon as has been reported previously for peptide aldehyde in- 
hibitors of papain [234,235]. 

MECHANISMS OF RESISTANCE 

The mechanisms of resistance to biocides are relatively poorly understood in 
comparison with antibiotics. Bacterial resistance to antibiotics is normally 
considered to be of two types: (a) intrinsic (innate, natural), a natural prop- 
erty of the organism, or (b) acquired, either by chromosomal mutation or  
by the acquisition of extraneous DNA, usually acquired as plasmids or  
transposons [53,236, 2371. 

INTRINSIC RESISTANCE 

Intrinsic resistance is the most common form of resistance to biocides and is 
considered to involve exclusion of a biocide as a consequence of imperme- 
ability. Additionally, physiological adaptations of an organism in response 
to changes in the growth environment can modulate sensitivity to biocides, 
a classical example of which is biofilm production [236]. 

Gram-positive bacteria 

The cell wall of staphylococci is composed of peptidoglycan and teichoic 
acids. Compounds of high molecular weight can traverse the wall readily, 
which provides an explanation of the sensitivity of these organisms to alde- 
hydes [53]. Biocides must penetrate the outer and cytoplasmic membranes 
of Gram-negative bacteria and it is unlikely that the Gram-positive bacterial 
cell wall presents as much of a barrier to the entry of antibacterial com- 
pounds as does the lipid-rich envelope of Gram-negative organisms [50]. 
However, most reports on aldehydes fail to distinguish significant differ- 
ences between the sensitivities of Gram-positive and Gram-negative organ- 
isms [7, 51, 631. Indeed, one report indicates that S. aureus is more resistant 
than E. coli to the action of glutaraldehyde [ 5  I]. 
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Gram-negative bacteria 

The outer membrane of Gram-negative bacteria plays an important role in 
limiting access of susceptible target sites to antimicrobial agents [237-2411, 
which means that Gram-negative organisms tend to be less sensitive to 
many biocides than Gram-positive bacteria [236]. However, as discussed 
previously, this does not seem to present a barrier to the action of aldehydes, 
presumably because of the ready availability of reactive moieties (for exam- 
ple, proteins) in both types of cell wall. However, there are differences in sus- 
ceptibility of different Gram-negative organisms to aldehydes. Thus, P. aeru- 
ginosa is more resistant than E. coli to the action of glutaraldehyde [51]. 
The high Mg2+ content in the cell envelope of P. aeruginosa is thought to 
produce strong LPS-LPS links [236] which may account for the increased re- 
sistance of these organisms. 

Mycobacteria 

Mycobacteria are generally considered to be of intermediate resistance to 
biocides, including aldehydes, between bacterial spores and other vegetative 
cells [90]. Formalin, aqueous formaldehyde solution and glutaraldehyde are 
mycobactericidal, although some mycobacterial strains show increased re- 
sistance [90, 101,2361. 

The cell walls of mycobacteria are complex and contain a covalent skele- 
ton consisting of two covalently linked polymers (peptidocglycan and an 
arabinogalactan mycolate), free lipids which can be removed by neutral sol- 
vents, and peptides which can be removed by proteolytic enzymes [236]. 
The intrinsic resistance of mycobacteria to many biocides, including alde- 
hydes, is thought to be related to the amount of waxy material present 
[242]. The waxy, and therefore hydrophobic, outer layers are believed to limit 
the access of biocides to sensitive target sites [236] and, in the case of alde- 
hydes, may not present as many reactive sites, although the evidence for 
this is limited. Furthermore, it is difficult to define a correlation between 
cell wall composition and biocide resistance or sensitivity [236]. Clearly, 
further investigation is required into these hypotheses. 

BioJilrrts 

The interaction of bacteria with surfaces is initially reversible and then pro- 
ceeds to an irreversible state. The association of bacteria with solid surfaces 
leads to the formation of a biofilm, which has been described as a consor- 
tium of bacteria organized within an extensive mucopolysaccharide exopol- 
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ymer or glycocalyx [243]. Bacteria within such a biofilm reside in a specia- 
lized microenvironment that differs from cells grown in batch culture under 
standard laboratory conditions [237]. Changes in growth rate and nutrient 
limitation result in the modulation of the cell envelope of Gram-negative 
cells and the cell wall of Gram-positive organisms [238, 244-2461. Bacteria 
existing in different regions of the biofilm are exposed to different nutrient 
environments so their physiology, and hence their phenotype, is affected in 
different ways. This physiological adaptation can lead to changes in sensitiv- 
ity to biocides, and can be considered as an expression of intrinsic resistance 
brought about by exposure to environmental conditions [236]. P. aeruginosa 
biofilms, for example, are more resistant than planktonic cell suspensions 
to 2% glutaraldehyde [247]. 

Thus, sessile bacteria within a biofilm may be significantly different phys- 
iologically from the same cells grown planktonically under standard lab- 
oratory conditions. Bacteria in different regions of the biofilm are also likely 
to grow at different rates, factors which are well-known to affect physiology 
and therefore biocide resistance [243, 2441. Additionally, the glycocalyx 
may prevent the biocide from reaching the bacterial cell surface and thus its 
target site [236]. This will depend on various factors relating to the nature 
of the biofilm and the properties of the biocide. Table 4.3 summarizes the 
likely mechanisms involved. The measurements of biocidal action on differ- 
ent micropopulations within a biofilm have not been elucidated, mainly be- 
cause of technological limitations, and thus many of the proposed mech- 
anisms remain hypothetical. 

Bacterial spores 

Bacterial spores are invariably the most resistant forms of bacteria to bio- 

Table 4.3. RESISTANCE OF BIOFILMS TO BIOCIDES 

Mechanism of resistance Remarks 

Exclusion or reduced access of biocide 

Modulation of microenvironment 

Increased production of degradative enzymes 

Depends on: 
nature of biocide 
binding capacity of glycocalyx 
rate of growth of microcolony relative to 
biocide diffusion rate 
Associated with: 
nutrient limitation 
growth rate 
Physiological adaptation? 
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cides [74, 2481. Mechanisms of biocide uptake into spores are poorly under- 
stood, but the spore coat and cortex appear to prevent many compounds 
from reaching the spore core [53]. 

Three techniques have proved particularly useful in studying the resist- 
ance of spores to aldehydes: (a) the removal of outer spore layers by chemical 
means [217], (b) the use of mutants of B. subtilis 168 which cannot proceed 
beyond defined points in spore development [248], and (c) a ‘step-down’ pro- 
cedure in which vegetative cells growing in a rich medium are transferred 
into a nutritionally poor medium, when 90% synchronous sporulation is 
achieved during subsequent incubation [249]. Coat removal methods utiliz- 
ing urea plus dithiothreitol with or without sodium lauryl sulphate at alka- 
line pH are known to remove a significant amount of the spore cortex too 
[249], with the subsequent addition of lysozyme enhancing this effect [53]. 

There are seven well-defined stages in the development of a bacterial spore 
from a vegetative cell [248]. Of these, stages VI and VII are most often asso- 
ciated with reduced sensitivity to biocides. On the basis of such experiments, 
it is clear that resistance to formaldehyde arises as an early event in sporula- 
tion (Stage III/IV) which coincides with the encystment of the forespore 
and the formation of the cortex [74]. The spore cortex would therefore seem 
to endow spores with their intrinsic resistance to this aldehyde. Resistance 
to glutaraldehyde, however, does not manifest itself until much later, com- 
mencing at late stage V and being fully developed by the end of stage VI 
[217]. These stages correspond to the synthesis of the spore coats with subse- 
quent maturation, where the coat material becomes more dense and an in- 
crease in refractiljty typical of mature spores is observed [74]. Clearly, the 
spore coats are major factors in the intrinsic resistance of bacterial spores 
to glutaraldehyde. Unlike formaldehyde, the spore cortex does not seem to 
have an important role in resistance to glutaraldehyde. This may reflect dif- 
ferent abilities to penetrate into the spore of different aldehydes as discussed 
earlier. 

Fungi 

The same two basic mechanisms of resistance, intrinsic and acquired, can be 
envisaged for fungi [250, 25 I]. Fungi tend to be less sensitive than vegetative 
bacterial cells (except mycobacteria) to aldehydes [ 146, 25 I]. Various types 
of polymers are found in fungal cell walls: chitin and chitosan (Zygomy- 
cetes), chitin and glucan (mycelial forms of Ascomycetes and Deuteromy- 
cetes) and glucan and mannan (yeast forms of Ascomycetes and Deuteromy- 
cetes) [251]. The exclusion of aldehydes and other biocides by such 
structures remains to be determined but the possibility is feasible in theory. 
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Glucan chains have been shown to play an important role in the exclusion of 
the polyenic antibiotic, amphotericin B, in C, albicans [252], acting as a bar- 
rier to the penetration of the antibiotic to its target site at  the membrane. 
Studies using protoplasts of S. cerevisiae have shown that they are lysed rap- 
idly by low concentrations of other biocides and that glucan might act as a 
barrier restricting the entry of these biocides [253]. The principle may be ap- 
plied to other biocides, including aldehydes, although further studies are re- 
quired to support this contention and to examine other factors such as up- 
take which may influence biocidal efficacy. 

There is no evidence associating the presence or acquisition of plasmids 
with resistance to biocides in fungi, although acquired resistance (non-plas- 
mid) of yeasts to organic acids has been demonstrated [254]. 

Viruses 

Conflicting results are often reported about the action of biocides on differ- 
ent types of viruses [255]. It is suggested that the structural integrity of a 
virus is altered by an antimicrobial agent reacting with viral capsids to in- 
crease viral permeability, so that a ‘two-stage’ disinfection could offer an effi- 
cient means of viral inactivation [255]. This would overcome the possibility 
of multiplicity reactivation [53], which accounts for an initial reduction fol- 
lowed by a subsequent increase in titre of biocide-treated bacteriophage ob- 
served in some experiments. 

The relative sensitivities and resistances to biocides of viruses have been 
postulated as relating to whether the virus contains lipid or not [256]. Viruses 
have been classified into three groups: A, lipid-containing; B, non-lipid pi- 
cornaviruses; and, c, other non-lipid viruses (larger than the picorna- 
viruses), and biocides into two groups, broad spectrum biocides that inacti- 
vate all viruses and lipophilic biocides that fail to inactivate picornaviruses 
and parvoviruses [256]. The aldehydes would tend to be classified in the for- 
mer group since they are capable of inactivating all types of viruses (see ear- 
lier). Nevertheless, there are differences in susceptibility. Poliovirus (non- 
lipid enveloped) tends to be more resistant than herpes simplex virus (envel- 
oped) to glutaraldehyde [49, 153, 1541, presumably because of differences in 
the outer layers affecting the penetration of the aldehyde into the viral parti- 
cles. The ability of aldehydes to cross-link protein and DNA has also been 
shown to be important in the activity against simian 40 virus [230]. The 
cross-linking abilities are likely to relate to optimal spacing of reactive 
groups in the virus and CHO groups in the aldehydes, and it can therefore 
be envisaged that different structures in different viruses will affect the 



E.G.M. POWER 181 

cross-linking abilities of aldehydes. Evidence is required to support this con- 
tention. 

The penetration of biocides into viruses of different types has not been ex- 
amined in any detail, nor has the interaction between viral protein and nu- 
cleic acid [53]. It is therefore difficult to provide cogent theories to explain 
the relative sensitivities or resistance of different types of virus to aldehydes. 

ACQUIRED RESISTANCE 

Acquired resistance to biocides arises by the acquisition of extrachromoso- 
ma1 genetic elements (plasmids and transposons) or as a consequence of a 
chromosomal gene mutation [53,236,237]. Acquired resistance to chromo- 
somal mutation can arise when bacteria are sequentially exposed to increas- 
ing concentrations of a biocide. 

There are few reports of acquired resistance to aldehydes in bacteria. For- 
maldehyde-resistant yeasts and bacteria have been found to produce extre- 
mely high formaldehyde dehydrogenase activities [257-2591. The yeast De- 
haromyces vanriji produces formaldehyde dehydrogenase constitutively and 
increases its production in the presence of formaldehyde [257,259]. The bac- 
terium P. putida only forms the enzyme in the presence of formaldehyde 
[258, 2591. The enzymes from these two organisms have virtually identical 
specific activities; both require reduced glutathione for their activity and 
yield S-formylglutathione as a product of the dehydrogenation reaction 
[259]. Formaldehyde and methylglyoxal are substrates for these enzymes 
[259]. Aldehyde dehydrogenases are common enzymes in many biochemical 
pathways [260-2621, since aldehydes are often products of alcohol and sugar 
metabolism, and it is therefore not surprising that increased production of 
aldehyde dehydrogenases, presumably by mutation, leads to increased re- 
sistance to aldehydes. Nevertheless, there have been no other reports of 
overproduction of dehydrogenases resulting in resistance to other aldehydes. 

Transferable resistance to formaldehyde and formaldehyde-releasing 
agents has been reported in Serratia marcescens [239, 2631. Although the 
mechanism of resistance is unclear, it is proposed that changes in cell surface 
components are induced in resistant cells, which carry a plasmid [263]. The 
changes do not involve the LPS but rather the proteins in the outer mem- 
brane. These changes in outer membrane proteins have been demonstrated 
in experiments with sensitive, plasmid-less cells which contain a higher pro- 
portion of 40 and 45kD proteins than resistant strains harbouring a plasmid 
[239, 2631. An alternative suggestion is that resistant strains take up less for- 
maldehyde than the isogenic plasmid-less strains and, coupled with metabo- 
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lism of the aldehyde by native dehydrogenases, a reduction in the efficacy of 
formaldehyde is the end result [237]. 

Generally, however, there is minimal experimental evidence that plasmids 
are responsible for the development and spread of resistance to aldehydes, 
and, indeed, this is largely true for most biocides [53,237]. 

BIOCIDAL USES OF ALDEHYDES 

It is important to draw a distinction between the uses of biocides in liquid 
and gaseous forms. Liquid chemical biocides are sometimes used for sterili- 
zation purposes, but are normally employed as disinfectants. Gaseous 
chemical biocides are often employed as sterilants. Thus, 2% alkaline glutar- 
aldehyde is capable of acting as a sterilizing agent but only after prolonged 
contact times [264]. In clinical practice where the dialdehyde is employed to 
‘sterilize’ medical equipment, the process is actually one of disinfection 
[265-2761. 

In a clinical environment, it is essential to consider the types of medical 
devices and items and the classification of the infection risk when assessing 
whether disinfection or sterilization is necessary. Items and surfaces are 
classified according to the following scheme: (a) high risk (or critical) - items 
that are in close contact with breaks in the skin or mucous membranes or 
are introduced into sterile body areas or the vascular system, for example, 
surgical instruments, laparoscopes, catheters and syringes, (b) intermediate 
risk (semi-critical) - items which are in contact with intact mucous mem- 
branes and do not enter sterile body areas or the vascular system, for exam- 
ple, gastrointestinal endoscopes, bronchoscopes, respiratory and anaes- 
thetic equipment and thermometers, and (c) low risk (non-critical) - items 
in contact with normal skin or remote from the patient, for example, hand- 
basins, trolley tops and bedding [277,278]. 

The main uses of aldehydes as biocides in a clinical environment must be 
considered in this context, particularly with devices coming in the intermedi- 
ate risk category such as endoscopes. Autoclavable endoscopes are available 
[273], but there is insufficient time for a full sterilization cycle between pa- 
tients and thus autoclaving tends to take place at the end of the day. Addi- 
tionally, many endoscopes (or some of its components) are sensitive to heat 
and thus the use of aldehydes as high level disinfectants is relevant. The ma- 
jority of cases of endoscope-acquired infection arise from inadequate clean- 
ing and disinfection [265,270,279-28 13, with particular problems for immu- 
nocompromized patients [279]. Adequate disinfection is required before 
and after each endoscopy, since each patient might be at risk [282], although 



E.G.M. POWER 183 

cross-infection apparently remains uncommon, despite the increase in use of 
flexible fibreoptic endoscopes [283]. Nevertheless, reports confirm the occur- 
rence of bacterial (especially mycobacterial) contamination of endoscopes 
and other medical equipment even after disinfection with suitable agents 
such as glutaraldehyde [284-2891. Precleaning of flexible fibreoptic endo- 
scopes is essential prior to disinfection with aldehydes in order to remove 
as many organisms as possible plus any organic matter that could reduce 
the efficacy of the aldehyde [265, 270, 2901. In fact, a recent report suggests 
that high-level disinfection with glutaraldehyde is not associated with a 
higher infection rate than sterilization [29 11. Numerous aldehyde formula- 
tions are on the market [8, 277, 2901 containing, singly or in combination, 
glutaraldehyde, formaldehyde, succinaldehyde and phthalaldehyde as the 
most common aldehydes. Of these, glutaraldehyde is by far the main chemi- 
cal aldehyde disinfectant used in hospitals [49]. 

A 2% alkaline solution of glutaraldehyde kills most vegetative bacteria 
and viruses (including HIV) within 2 minutes, although a 4-minute exposure 
is recommended to minimize the risk of infection by HBV [56] .  Mycobacte- 
ria present more difficulties, with concern that tuberculosis could be trans- 
mitted during bronchoscopy from patients who have tubercle bacilli in their 
sputum [280]. Aerosols are the most common route of transmission of tuber- 
culosis [280]. Recommended exposure times of 30 minutes for 2% alkaline 
glutaraldehyde are recommended, with adequate precleaning [56]. Others 
have suggested that an exposure time of 20 minutes should be sufficient [49, 
280, 2921. Practical situations, however, often bear little relation to theoreti- 
cal scenarios and two surveys in the USA found that most hospitals used glu- 
taraldehyde-based disinfectants for longer than 20 minutes or for less than 
10 minutes [278, 2901. Other reports confirm the lack of standard practices 
regarding glutaraldehyde use in hospitals [293]. In certain hospitals in the 
UK, the lack of sufficient funds has meant that endoscopes are disinfected 
with glutaraldehyde for a maximum of 4 minutes between patients. 

The decontamination of arthroscopes and laparoscopes, or articles such 
as biopsy forceps, remains problematic because these items penetrate intact 
skin and are therefore in the high risk category [272, 2941. However, disin- 
fected rather than sterilized laparoscopes have been in use for the past 30 
years or so [269]. Nevertheless, current concern that viruses such as HIV 
may be transmitted due to inadequate disinfection are justified. A technique 
described for the disinfection of laparoscopes involves precleaning, followed 
by autoclaving of heat-resistant parts at  270°C for 4 minutes [269]. Heat-sen- 
sitive parts containing rubber, plastic fibreoptics and lenses are soaked in 
2% alkaline glutaraldehyde for 10 minutes [269, 2721, although this should 
be increased to at least 20 minutes if M. tuberculosis might be problematic 
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[272,295]. These authors have suggested that glutaraldehyde- and succinal- 
dehyde-based products are the only disinfectants suitable for the decontami- 
nation of endoscopes [272], although a recent report proposes the use of 
0.5% phthalaldehyde, which achieves a 5-log reduction in bacterial load, 
does not require dilution and does not emit irritating vapours as with other 
aldehydes [296]. Alternative agents have also been proposed in experiments 
designed to evaluate the efficacy of disinfection of bronchoscopes contami- 
nated with M. tuberculosis or MA1 [297]. 

Glutaraldehyde-based formulations currently remain the disinfectants of 
choice for the chemical decontamination of endoscopes, although problems 
of toxicity are evident [298].These will be addressed in the following section. 
In the absence of suitable alternatives, stringent safety precautions are nec- 
essary for its optimal use, and include the use of automatic, enclosed, clean- 
ing and disinfection machines and improved local ventilation [282-2961. 
Evidence suggests that automated disinfection of endoscopes is more effi- 
cient than manual cleaning and less likely to lead to contamination [299], 
but it is important to monitor solutions to ensure that adequate concentra- 
tions are maintained [300]. 

Glutaraldehyde is also used for high-level disinfection of biopsy forceps 
[301], peak flow meters [302] and, as an alternative to formaldehyde, of hae- 
modialyzers [303-3051, though there is continued criticism of the latter prac- 
tice due to an increased risk of infection and chronic exposure of patients to 
aldehydes [303, 3061. Glutaraldehyde is the only chemical found to be effec- 
tive in the disinfection of composite polishing instruments in dentistry [307]. 

Glutaraldehyde and formaldehyde (as formalin) have been used topically 
for the treatment of viral warts [308-31 I]. A 10% solution of glutaraldehyde 
in ethanol was found to be most effective, with a cure rate of 73.5% [312]. 
Other topical applications have included the treatment of hyperhydrosis 
[3 131 and onchomycosis, a fungal infection of the nails [3 141. 

Aldehydes have also been the subject of a patent application for the pre- 
vention of dental calculus formation and for reducing dental caries forma- 
tion [315]. Glutaraldehyde has also been described as an ingredient of a 
chewing gum with anti-caries activity [3 161. Aldehydes, particularly formal- 
dehyde (as formocresol) and glutaraldehyde, are used to disinfect and decon- 
taminate the root canal during certain dental procedures [317, 318, 3191 
and to disinfect items such as dental stone casts, impressions and dentures 
[320-3241. 

Still in the medical field, gaseous formaldehyde, usually in the form of a 
formaldehyde-releasing agent such as paraformaldehyde, was used for fumi- 
gation of large areas although this practice has been discontinued because 
it was found to be of little value [325]. Nevertheless, its use is still recom- 
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mended for small areas where liquid disinfectants are inappropriate, such as 
for safety cabinet disinfection, or for respiratory or suction equipment not 
protected by filters [277]. 

A related use of formaldehyde (usually as formalin), and sometimes glu- 
taraldehyde, is the detoxification of toxins, whole bacterial cells and viruses 
for the production of vaccines [326, 3271. The aldehyde interacts with its tar- 
gets in such a way as to nullify the pathogenic properties while retaining 
their immunogenicity, presumably due to a combination of cross-linking 
and fixation. With the more recent development of vaccines that are detoxi- 
fied by genetic manipulation, for example, peptide vaccines and genetically 
engineered strains, formaldehyde has a new role as a stabilizer of such ge- 
netically detoxified antigens [326]. Stabilization is thought to arise from the 
cross-linking properties of the aldehyde. 

An important use of formaldehyde is in LTSF sterilization procedures, 
mainly used for packaged heat-sensitive rigid endoscopes and devices made 
from rubber, plastic and other heat-labile materials [277]. This specialized 
application deserves further comment. The sporicidal (and hence sterilizing) 
effect of adding formaldehyde to low-temperature steam, at sub-atmos- 
pheric pressure, was demonstrated over 90 years ago [328], although the 
process was not adapted for hospital use until the 1960s [80,329]. The proc- 
ess requires specialized equipment, which originally took the form of modi- 
fied autoclaves 13301, but has since developed into LTSF sterilizers, where 
formalin vapour is introduced into the chamber with a series of air removal 
steam pulses [330]. This method is typical of the machines currently in use 
in the UK [330,33 11. A wide range of cycle parameters for LTSF procedures 
have been reported [330], but current guidelines recommend a temperature 
of 73°C for up to 3 hours [277]. The measurement of physical parameters as- 
sociated with sterilization by LTSF is often impractical, and routine testing 
normally relies on the use of biological indicators to assess the biocidal effi- 
cacy of the process [24, 3301. When sterilization is required, biological indi- 
cators should be included with every load, but for small-scale use, where re- 
liable disinfection rather than sterilization is required, the biological 
indicator should be used at regular intervals or when changes in routine pro- 
cedures occur [24]. Spores of B. stearothermophilus, impregnated on paper 
strips, are usually employed as the biological indicator [304]. These spores 
are among the most resistant to formaldehyde, although B. subtilis spores 
are also acceptable [24]. A suitable recovery medium and conditions for the 
recovery of treated spores are most important to ensure the LTSF process 
is accurately assessed [330]. As discussed earlier, polymerization of formal- 
dehyde, with subsequent condensation and deposition of solids on surfaces, 
will impede the penetration of formaldehyde vapour and therefore reduce 
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the efficacy of the process. A flushing procedure with water has been devised 
to prevent blockage of valves and delivery tubing [330, 3321. The minimum 
amount of formaldehyde necessary to achieve a successful spore test result 
should be employed to minimize condensation and reduce the hazard to the 
operator and the immediate use of the processed equipment [24, 330, 3321. 
Guidance on commissioning, recommissioning and routine testing of 
LTSF has been issued by the Department of Health [333]. 

The biocidal properties of aldehydes have been applied in fields other than 
those related to medicine. In the poultry industry, glutaraldehyde has been 
used for the sterilization of poultry processing equipment and as a disinfec- 
tant in the immersion chilling of poultry [334, 3351. In cosmetics, it has 
been recommended for disinfection of production equipment [336] and as a 
preservative [337]. Glutaraldehyde and formalin have also proved effective 
as fungicides in fish culture [338, 3391, though glutaraldehyde was toxic at a 
concentration of 62 mg 1-' [338]. 

Glutaraldehyde and formaldehyde have also been assessed as disinfec- 
tants in sugar beet extraction installations [340]. Formaldehyde was more 
effective for microbiological control under the operating conditions con- 
cerned. Glutaraldehyde was also less resistant to invertase activity. 

Aldehyde-releasing agents, particularly those which release formalde- 
hyde, find application in a number of processes as preservatives, such as in 
cutting-oil emulsions and latexes [325]. Formaldehyde may be applied to 
natural keratin fibres in the leather and textile industry to prevent problems 
of anthrax contamination [341], in paints as preservatives [342] and in the 
construction industry as toxic washes to prevent microbial growth on large 
surface areas [343] or as additives in concrete itself [344]. Formaldehyde 
has long been used as a preservative for natural history specimens in, for ex- 
ample, museums, to prevent biodeterioration and maintain the structure of 
organs and tissues [345]. 

Glyoxal, glutaraldehyde and formaldehyde are all effective in increasing 
the decay resistance of wood, though the relative efficacies of the aldehydes 
depended on the type of wood treated [346-3481. 

TOXICITY AND SAFETY ASPECTS 

The toxicity of aldehydes is well recognized [lo, 349-3521. Direct contact 
with aldehydes can result in irritant dermatitis and the vapour may irritate 
mucous membranes of the nose, throat and eyes, with effects on the respira- 
tory tract producing cough and bronchospasm [353-3641. Aldehydes can 
also act as allergic sensitizers, producing true allergic asthmas and allergic 
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dermatitis following exposure [355,357,365-3691. Other recorded effects of 
aldehydes include headache, dizziness, nausea, metallic taste and dis- 
colouration of the skin [355] and colitis or proctitis following endoscopy 
procedures [370-3751. Formaldehyde, in particular, has been shown to be a 
carcinogen in rats at levels of 10 ppm or more [376]. However, the results at 
lower levels of exposure are less clear, and other species of rodents seem to 
be less sensitive to the carcinogenic potential of formaldehyde. Epidemiolog- 
ical studies on humans have yielded conflicting results, and doubts as to 
methodologies have been expressed [357, 3761. Nevertheless, the carcino- 
genic effects in animal models mean that strict adherence to safety precau- 
tions is a prerequisite for handling this compound. There is concern that 
other aldehydes might display carcinogenic effects since they share the 
same reactive groups as formaldehyde, and most are mutagenic in various 
test systems. Butyraldehyde and crotonaldehyde induce polyploid cells in 
mice by a mechanism which may involve cell or nuclear fusion [377]. Acetal- 
dehyde causes DNA damage and mutations in cultured human epithelial 
cells and fibroblasts [378]. It forms DNA-DNA and DNA-protein cross- 
links and decreases the activity of the DNA repair enzyme 06-methylgua- 
nine-DNA methyltransferase in epithelial cells and causes significant levels 
of 6-thioguanine resistance mutations in skin fibroblasts. This range of cyto- 
pathic effects is associated with multistep carcinogenesis [378]. Glutaralde- 
hyde, glyoxal and formaldehyde are all mutagenic in Ames tests using Sal- 
monella typhimurium TA 102 [379-38 11 and induce chromosome loss in the 
yeast S. cerevisiae [382]. Glutaraldehyde is also mutagenic in cultured mam- 
malian cell assays [383] and has been shown to cause damage to the upper 
respiratory tract of mice at levels of I .O ppm [384]. Furfural and methylfur- 
fural are recognized dietary mutagens [385-3881. Furfural induces three 
times as many strand breaks as methylfurfural in calf thymus DNA, 
although only in the case of methylfurfural treatment does depurination 
lead to the degradation of DNA [385], possibly due to the alkylation of 
DNA bases and phosphates. Plasmids treated with furfural are found to 
have a decreased capacity to transform cells of E. coli, as a function of alde- 
hyde concentration and time of exposure [386, 3881. The plasmids were 
found to have undergone DNA alterations including deletions [388], caused 
by single strand breaks in duplex DNA predominantly in AT base pairs. Fur- 
fural has also been shown to inactivate bacteriophage lambda, by inducing 
strand scissions in bacteriophage DNA [387]. Acrolein acts as a direct muta- 
gen in Drosophila melanogaster and can also be metabolized by the oxidative 
activities of cytochrome P450 into an active metabolite, thought to be glycid- 
aldehyde [389]. Interestingly, acrolein has also been shown to possess anti- 
mutagenic activity in E. coli cells exposed to UV radiation [390]. Antimuta- 
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genic activity occurs at 30°C in wild-type cells but only at higher tempera- 
tures in excision repair-deficient strains [390]. 

The health risks posed by aldehydes have caused significant concern. 
However, in the medical field, for example, there is no viable alternative to 
glutaraldehyde for the high level disinfection of medical devices in the inter- 
mediate risk category [255]. Numerous recommendations have been pro- 
posed to minimize the risks associated with the use of aldehydes. In the 
UK, COSHH regulations [39 11 require employers to assess the risks to the 
health of staff of exposure to chemicals such as aldehydes, to avoid such ex- 
posure where reasonably practicable and otherwise to ensure adequate con- 
trol. Engineering means of control must be used in preference to personal 
protective equipment [255, 3911. A working party of the British Society of 
Gastroenterology Endoscopy Committee has made various recommenda- 
tions on the use of aldehydes in hospitals [355]. Most mention glutaralde- 
hyde specifically, but are applicable to all aldehydes. The main recommenda- 
tions are that: (a) heat-stable items should be autoclaved where possible, (b) 
heat-labile items should be disinfected within automated washerldisinfec- 
tors, (c) local exhaust ventilation must be used to control glutaraldehyde va- 
pour, (d) endoscope disinfection should be performed in a dedicated room 
equipped with control measures to maintain the concentration of glutaralde- 
hyde vapour below current occupational exposure standards (0.2 ppm for 
glutaraldehyde, 0.75 ppm for formaldehyde), and (e) monitoring of at- 
mospheric levels should be performed by trained personnel. The full list of 
recommendations, and the reasoning behind them, can be found in the 
working party report [355]. Additionally, many institutions now implement 
health surveillance for employees exposed to chemicals such as aldehydes 
[392]. 

Monitoring of aldehydes would thus seem particularly important to con- 
firm that control measures are adequate and effective. An accepted techni- 
que for the atmospheric sampling of glutaraldehyde is the OSHA64 method 
[393] in which air is drawn through two filters impregnated with 2,4-dinitro- 
phenylhydrazine and phosphoric acid. The stable glutaraldehyde derivative 
is trapped on the filter and eluted to be analyzed by high performance liquid 
chromatography. Diffusive samplers based on this technique have been de- 
veloped [394, 3951. Commercially available glutaraldehyde meters are less 
reliable and subject to interference from other vapours in the atmosphere 
such as alcohol, perfume and aftershave [355]. 

A number of methods for monitoring formaldehyde levels in air have also 
been assessed [396]. These include commercial monitors based on ‘passive’ 
methods and established ‘active’ methods based on three different chemicals; 
chromotropic acid, 2-(hydroxymethy1)piperidine and 2,4-dinitrophenylhy- 
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drazine, with subsequent analysis by high-performance liquid chromatogra- 
phy. The monitors were tested for short-term and time-weighted average 
monitoring for formaldehyde at concentrations of 0.3, 0.5 and 1 ppm [396]. 
Only the monitor based on 2,4-dinitrophenylhydrazine met the Occupa- 
tional Safety and Health Administration's criteria for monitoring at a 0.3 
ppm ceiling [393, 3961. 

A recent article describes the use of various aldehyde derivatives to 
determine the amount of volatile aldehyde in air 13971. Aldehyde pentafluo- 
robenzyloximes were superior to the recommended 2,4-dintrophenylhydra- 
zones in terms of volatility and sensitivity to detection by gas chromatog- 
raphy and may be useful to monitor aldehyde levels in terms of their 
contribution to air pollution [397]. 

Methods of monitoring aldehydes in food and pharmaceutical samples 
have also been reported. A semiautomatic method by a stopped-flow flow in- 
jection analysis technique was successful in identifying the presence of fur- 
fural and 5-hydroxymethyl-2-furfuraldehyde in several commercial pharma- 
ceutical preparations and food samples [398]. The analysis is based on the 
reaction of the aldehydes with 2-thiobarbituric acid, with determination of 
the derivatives. 

Finally, levels of furfural and 5-hydroxymethyl-2-furfuraldehyde have also 
been monitored in processed fruit juices by a high performance liquid chro- 
matography method using a reversed-phase macroreticular column and 
phosphate buffer as eluent [399]. These aldehydes are degradation products 
of L-ascorbic acid. The detection limit of this method was reported as 0.05 
mg 1-' which was insufficiently sensitive to detect the presence of furfural. 

CONCLUSIONS 

The extensive use of aldehydes as biocides has perhaps diminished in recent 
years with increasing knowledge and awareness of the health risks asso- 
ciated with their application. Increasing targeting of their biocidal action 
has become evident, for example, for heat-labile medical devices such as en- 
doscopes, where there are no viable and less toxic alternatives retaining the 
range and potency of the aldhydes. Additionally, the safety measures neces- 
sarily imposed on their use adds significant cost implications for hospitals 
whose budgets might already be limited. Nevertheless, there remains a niche 
for aldehydes as biocides which is currently unoccupied by potential substi- 
tutes. The exciting development of new compounds such as the peptide alde- 
hydes which are targeted at specific microbial enzymes offers the potential 
of a new class of antimicrobial agent. The advent of untreatable diseases 
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such as AIDS and the emergence of multiple antibiotic resistance in bacteria 
makes the development of novel biocidal agents all the more imperative. 
An increased understanding of the biocidal mechanisms of aldehyde action 
and resistance can only serve to increase those options. 
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GENERAL PRINCIPLES AND RANGE OF AVAILABLE CHIRAL 
METHODOLOGIES 

NEED FOR SINGLE ISOMER DRUGS 

Almost every pharmaceutical R&D programme nowadays involves chiral 
compounds. While initial screens for biological potency of new chemical en- 
tities can rationally use racemic mixtures provided one enantiomer does 
not antagonize the other, as soon as selectivity for one desired target against 
another becomes an issue, then it can become essential to work with pure en- 
antiomers. Indeed, it has been asserted by Ariens that much in vivo work on 
racemates has generated ‘sophisticated nonsense’ [ 11. For instance, pharma- 
cokinetic data of a racemate may be dominated by a longer lasting or more 
bioavailable inactive component suppressing the information sought on the 
active component. Work with pure enantiomers is also necessary to gain a 
fuller understanding of molecular modelling against an enzyme or receptor. 
Another factor to be taken into account is regulatory policy; the US Food 
and Drug Administration (FDA) requires that clinical studies on a mixture 
of isomers must include pharmacokinetic and pharmacodynamic studies 
on each of the isomeric components [2,3]; thus, while the FDA does not ac- 
tually prevent racemates being developed as drugs, it makes it expensive to 
register a new racemate. 

Analysis of trends in drug development shows an increasing tendency to 
move towards synthetic drugs in single enantiomer form as shown in Figure 
5.1 [4]. Thus, from 1982 to 1991 the proportion of drugs sold as a synthetic 
single enantiomer is reported to have increased from 3.4% to 16.6%. This in- 
crease is partly the result of the quest for drugs of greater target specificity, 
and so fewer side-effects and increased safety. This inevitably leads to a 
greater structural complexity and a greater likelihood that chirality will be 
a feature of the drug entities. Another way of viewing this is to consider 
Pfeiffer’s rule which states that the lower the effective dose of a drug, the 
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Figure 5. I .  Trends in the ratio of achiral, racemic and single-enantiomer drugs. 

greater the difference between the pharmacological effect of its optical iso- 
mers is likely to be [5 ] .  Essentially this indicates that as a drug becomes a bet- 
ter fit for its target, its enantiomer is likely to be a worse fit; similarly, an 
achiral mimic can not be expected to fit as well, and thus it is inevitable that 
the number of chiral drugs will increase. 

A further point is that the synthetic accessibility of single isomers has im- 
proved markedly over the last decade. This chapter aims to provide an over- 
view of methodologies used to make single enantiomers to assist medicinal 
chemists in preparing the desired single enantiomer. In addition, we review 
methods used to manufacture single enantiomers of pharmaceutical agents 
and emphasize the different requirements of a synthetic procedure to make 
the first amounts of material and to manufacture a drug in bulk.* 

*The following abbreviations are used: ACE, angiotensin-converting enzyme; AIBN, a,d-azoi- 
sobutyronitrile; BINAP, 2,2’-bis(diphenylphosphino)-l,l’-binaphthyl; Boc, tert-butoxycarbo- 
nyl; BOP reagent, benzotriazol-l-yloxy-tris(dimethylamino)phosphonium hexafluoropho- 
sphate; COD, 1,5-cyclooctadiene; DABCO, 1,4-diazabicyclo[2.2.2]octane; DEAD, diethyl 
azodicarboxylate; DIOP, 1,4-bis(diphenylphosphino)- 1,4-dideoxy-2,3-O-isopropylidenethrei- 
tol; DiPAMP, 1,2-di[phenyl(2-rnethoxyphenyl)phosphinyl]ethane ; DMAP, 4-(dimethylamino)- 
pyridine; EDAC, I-(3-dimethylaminopropyl)-3-ethylcarbodi-imide; HMDS, hexamethylsila- 
zide; Ipc, isopinocampheyl; LDA, lithium di-isopropylamide; MOM, methoxymethyl; NCE, 
new chemical entity; Ra-Ni, Raney nickel; SAMP, (S)-amino-2-(methoxymethyl)pyrrolidine; 
TBDPS, tert-butyldiphenylsilyl; TFA, trifluoroacetic acid; TMS, trimethylsilyl; Z ,  benzyloxy- 
carbonyl. 
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RANGE OF METHODOLOGIES FOR SINGLE ENANTIOMERS 

Methodologies for single enantiomers can be divided into three basic types: 
(i) chiralitypool: the product is made by synthetic modification of an avail- 

able single-enantiomer raw material with maintenance or transfer of stereo- 
chemical integrity throughout the synthesis. 

(ii) resolution: a synthetic racemic mixture is separated into its enantio- 
mers. 

(iii) asymmetric synthesis: control is at the point where the chirality is cre- 
ated by asymmetric modification of a prochiral substrate. 

All methods for providing a single enantiomer, whether chemical or bio- 
chemical, can be considered as being comprised of one or more of the above. 
For instance, a fermentation may involve a microbial strain effecting an 
asymmetric synthesis, etc. 

USE OF THE CHIRALITY POOL 

The most straightforward way to obtain a single enantiomer of a pharma- 
ceutical agent may be by chemical modification of a chirality pool material. 
The most important of these are the natural L-amino acids and sugars, 
although in effect any starting material can be considered as being of the 
chirality pool if enough is available to produce the desired single enantiomer 
in the amount required. An example of a chirality pool-based synthesis 
would be of an oligopeptide pharmaceutical containing L-cyclohexylala- 
nine, where this amino acid is produced by hydrogenation of the aromatic 
ring of the natural amino acid L-phenylalanine [6].  A common disadvantage 
of a chirality pool approach is that many synthetic steps and awkward func- 
tional group protection may be required. Also, in each of the steps it may 
be necessary to carry out detailed experiments to verify the maintenance of 
necessary centres of chirality or the configuration of any new chiral centres 
created in the molecule. In such cases, the benefit of using the chirality pool 
has to be weighed against that of a synthesis based on resolution or asym- 
metric synthesis as discussed below. 

RESOLUTION VS ASYMMETRIC SYNTHESIS METHODS 

It is worth comparing the kinetic consequences of operating either a kinetic 
resolution or an asymmetric process. These may be represented by the gener- 
alized conversions shown in Scheme 5.1 where in a kinetic resolution two 
substrates A1 and A2 which are enantiomers are converted into correspond- 
ing products B1 and B2 respectively at different rates, while in an asym- 
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Scheme 5. I .  Generalized resolution and asymmetric synthesis. 

metric synthesis one prochiral substrate A is converted into the enantio- 
meric products. For an asymmetric synthesis, the enantioselectivity (9) may 
be represented by the ratio of the rate constants (kl, k2) of the two paths as 
q = kl  /k2 [7] and the enantiomeric excess (ee) of the product formed is theo- 
retically constant throughout the conversion and given by the equation: q = 
(l+ee)/(l-ee) or ee = (q-l)/(q+l). Selke et al. have shown that in comparing 
different catalysts in an asymmetric process, it is more informative to com- 
pare the ratios of the q values rather than the product ee values [7]. The equa- 
tion d(dGS)=RTln(q) then gives the free energy of activation difference be- 
tween the transition states of the two enantiomeric reaction paths needed 
to provide a given selectivity. Thus, a free energy of activation difference of 
3 kcal/mol gives a q value of 158 at 25°C (250 at  0°C) and a product of 
98.8% ee. The situation with kinetic resolutions is more complicated since 
the enantiomeric composition of the reactants change as the resolution pro- 
gresses. The ratio of the rate constants kl /k2, which is the enantiospecificity, 
has been referred to as an E value [8,9] and is theoretically given by the equa- 
tions: E = ln[(l-c)(l-ees)]/ln[(l-c)/(l+ee~)] or E = ln[l-c(l+eep)]/ 
In[( I-c(l-eep)] where c is the extent of conversion ( 0 to 1 ) and ees and eep 
are the fractional enantiomeric excesses ( 0 to 1 ) of the substrate and prod- 
uct, respectively. These equations, which are used very frequently for biocat- 
alytic resolutions, are expressed graphically for given different values of E 
in Figure 5.2, and the following points can be made: 

(i) The enantiomeric excess of the product declines as the resolution pro- 
gresses and for acceptable enantiomeric purity a resolution with E ) 100 is 
generally sought. Only initially is the enantiomeric excess of the product 
the same as that given by an asymmetric synthesis having the same ratio of 
rate constants kl  /k2. 
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(ii) The enantiomeric excesses of the product and residual reactant is the 
same at 50% conversion. 

(iii) The enantiomeric excess of the residual reactant rises to approach 
100% ee for any value of E as conversion extends to over 50%. This is one 
of the benefits of the resolution method when a very high enantiomeric ex- 
cess of material is needed. 

There are various points to be considered when choosing an asymmetric 
or resolution method leading to a given product. A resolution method has 
the advantage that it will generally give both enantiomers of the material re- 
quired, as is often needed in early pharmaceutical evaluation, and resolution 
methods can often be accomplished with less effort than an asymmetric 
synthesis. Upon scale-up, however, the problem with resolution is utilization 
of the incorrect enantiomer. If it can be recycled back into the process, then 
resolution can be a preferred method of manufacture. For asymmetric 
synthesis, a high degree of enantioselectivity is essential. For initial evalua- 
tion work, frequently a method such as recrystallization can be found to 
raise the enantiomeric purity of the product. However, on scale-up, any un- 
wanted isomer which is produced cannot generally be reused. A further de- 
velopment is the concept of dynamic resolution (known also as a second or- 
der asymmetric transformation), in which a kinetic resolution is effected 
under conditions where the substrate racemizes rapidly. Thus, by reference 
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to the diagrams of Scheme 5.1, the substrates A1 and A2 become one and the 
process obeys the kinetics of an asymmetric synthesis. 

ANALYTICAL METHODS FOR SEPARATING ENANTIOMERS 

In the synthesis of single enantiomers of pharmaceutical agents, the avail- 
ability of methods to determine the optical purity of the intermediates is 
paramount. It is therefore comforting that analytical methods for separating 
enantiomers have developed greatly over the past decade [ 101. Analytical 
methods that might be used in the determination of enantiomeric composi- 
tion are: optical rotation, nuclear magnetic resonance (NMR) spectrometry, 
high performance liquid chromatography (HPLC), gas chromatography 
(GC) and capillary zone electrophoresis (CZE). Optical rotation measure- 
ment by polarimetry is not recommended as an accurate measure of enan- 
tiomeric purity since it cannot measure small levels of the minor enantio- 
meric component and is too sensitive to the chemical purity and, in 
particular, contamination by other optically active components. NMR spec- 
troscopy is a versatile method, especially using chiral lanthanide shift re- 
agents, solvating agents, or derivatization with a chiral auxiliary, but it can 
be difficult to get good resolution in relation to the broadness of peaks and 
the minor enantiomeric component can easily be lost within other peaks on 
the baseline. Nowadays, chromatographic methods based on chiral station- 
ary phases in the case of HPLC (and its recent development of supercritical 
fluid chromatography), GC, or chirally modified mobile phase in the case 
of CZE are becoming the methods of choice; they readily allow detection of 
0.5% or less of an undesired enantiomer, and appropriate equipment and ex- 
pertise are becoming increasingly available commercially. 

CRYSTALLIZATION TECHNIQUES FOR SEPARATION OF ENANTIOMERS 

When faced with a single-enantiomer target to synthesize, it is tempting to 
be drawn by the latest developments in asymmetric chemical methodology. 
However, it is often most important to be pragmatic and in this regard tech- 
niques based on resolution by crystallization are usually relatively simple to 
employ and can frequently be a first choice, especially where a racemate to 
be separated bears a salt-forming function (for example, amine or carboxylic 
acid) in the vicinity of a chiral centre, so that separation of enantiomers can 
be accomplished through formation of a diastereoisomeric salt with a re- 
solving agent in the so-called classical resolution. Details of crystallization 
techniques are described in appropriate specialized texts (for example [ 1 13). 
Unless optical purity in a synthesis can be guaranteed, then perhaps for any 
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synthesis of a single-enantiomer agent, it is of value to determine how crys- 
tals of the intermediate behave. A racemate might exist either in crystals 
containing equal amounts of both enantiomers (called a racemic compound) 
or as a mechanical mixture (conglomerate) of crystals of its separate enantio- 
mers. In the latter case, recrystallization will give crystals of increased enan- 
tiomeric excess and it may be effective to resolve the racemate through selec- 
tive entrainment of one enantiomer by seeding with that enantiomer. In the 
former case of a racemic compound, there will generally be a composition 
(enantiomeric excess) that is a eutectic of minimum melting point and high- 
est solubility. Generally, material of higher enantiomeric excess than this 
can be recrystallized towards enantiomeric purity and that may be necessary 
after either an inefficient diastereoisomeric salt resolution or after an asym- 
metric synthesis of limited enantioselectivity. 

STRATEGY IN SINGLE-ENANTIOMER SYNTHESIS 

The strategy adopted in a single-enantiomer synthesis is to a large extent de- 
termined by whether the purpose is to produce a small amount of a material 
quickly for biological evaluation or whether it is for the production of kilo- 
grams or greater amounts of product. In the former case, it is often most 
convenient to modify a synthesis of a racemate through resolution of an ap- 
propriate intermediate or final product or through effecting diastereoselec- 
tive control via attachment of a chiral auxiliary. In a medicinal chemistry 
programme based on developing an array of candidate entities around a 
core chiral framework (a chiral template approach), a route through a single 
generic chiral synthon is preferable to making each target as a racemate 
which is individually resolved. For a scaled-up process where economics be- 
comes a consideration, a first question is whether the incorrect enantiomer 
can be recycled through racemization; if it can, then a late stage resolution 
is viable; otherwise resolution should be as early as possible or else an asym- 
metric synthesis should be developed. A particularly important case is 
when an entity contains more than one chiral centre that causes it to be 
formed as a mixture of diastereoisomers as well as enantiomers. In that 
event, early stage provision of single-enantiomer components which are 
then coupled becomes a better strategy than the use of racemic components 
which could lead to a complex mixture of isomers of the final product. 

REQUIREMENTS OF CHIRAL METHODOLOGY FOR DRUG DISCOVERY 
OR FOR DRUG MANUFACTURE 

The requirements of medicinal chemistry used for drug discovery and for 
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manufacture are quite distinct and are summarized as follows: a route used 
for the former will not generally be that preferred for manufacture. Indeed, 
the initial route is often not appropriate for provision of quantities of the or- 
der of a kilogram as needed for early clinical trials. It is important to consid- 
er this at  an early stage of a drug’s development as it is all too easy to push 
a medicinal chemistry-generated route too far so that either the route breaks 
down and causes delays to perhaps toxicology or a clinical trial, or that reg- 
ulatory pressure to fix the route may cause a route to be adopted that is far 
from economical. However, what is common to both approaches is the re- 
quirement for a product of high purity. 

Routes used in drug discovery should ideally be rapid, reliable, lead to un- 
ambiguous configuration for both isomers and be applicable to the synthesis 
of generic synthons. Manufacturing processes should ideally be safe, scale- 
able, give high yields at ambient conditions, use cheap materials and consist 
of a minimum number of steps from which the product may be easily iso- 
lated (preferably without using chromatography) with a minimum of efflu- 
ent. It is appropriate to have the above issues in mind when considering the 
specific applications discussed in the following sections. 

CHIRAL METHODOLOGIES USED IN MEDICINAL CHEMISTRY 
FOR DRUG DISCOVERY 

CLASSICAL RESOLUTION 

In cases where chiral synthons are not commercially available and have to be 
prepared by the medicinal chemist, classical resolution remains the most 
widely used of available methodologies. Despite its low technology image, 
in the research laboratory it is highly suited to the provision of multigramme 
quantities of single enantiomers from racemic compounds bearing a salt- 
forming residue proximal to an element of chirality. Advantages include the 
ready availability of cheap resolving agents, often in both enantiomeric 
forms, facilitating so-called mirror-image resolutions, as exemplified below. 
On the whole, synthetic resolving agents such as 1 -phenylethylamine and 
the diaroyl tartaric acids have superseded many of the alkaloids, including 
toxic compounds such as brucine, which are prevalent in the early literature. 
In individual applications, preliminary screening is usually required in order 
to identify a combination of resolving agent and solvent which confer fa- 
vourable crystallinity and solubility characteristics, and thereby maximize 
the separation of diastereomeric salts. Subsequently, preparative resolutions 
can be accomplished quickly, easily and at low cost. 
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The remainder of this section focuses on a variety of cases where classical 
resolution has been applied to good effect in drug discovery programmes 
(Schemes 5.2-5.6). For comprehensive information, including guidelines on 
screening for suitable resolving agent-solvent combinations, the reader is di- 
rected to the recent definitive monogragh by Eliel and Wilen [12] and an ear- 
lier review by Wilen et al. [ 131. In addition, a compendium of resolution pro- 
tocols from the primary literature is available [14]. 

Palkowitz and coworkers [ 151 reported classical resolution of the imidazo- 
lyl carboxylic acid (1) with (-)-cinchonidine, as part of an integrated ap- 
proach to triacid angiotensin I1 antagonists. The (R)-enantiomer of (1) thus 
obtained was then subjected to peptidic coupling with amino ester (2), pre- 
pared from trans-4-hydroxy-~-proline, a widely available chirality-pool ma- 
terial. 

Reagents (I) 0 5 mol equivalent (-)-anchonidine, crystalbation, (11) 1N HCI 

Scheme 5.2. Classical resolution of a synthon for angiotensin Ilantagonists. 

Scheme 5.3 illustrates the principle of mirror-image resolution, as used by 
Roques and coworkers [16] in work directed at dual inhibitors of neural en- 
dopeptidase and ACE. 2-[Acetylthiomethyl]-3-phenylbutanoic acid (3) was 

C O ~ H  (iii,iv,ii) (iii,v,ii) (ii,vi,ii) 

(iii) 1 (iii) (iii) (iii) 
(3) 

, , ~ C O ~ H  .+OzH p h y 0 2 H  Ph 0(/W ~ 

'SAC SAC SAC 'SAC 

Reagents (i) (S)-PhCHMeNHz; (ii) cfystalliralion; (iii) 1N HCI; (iv) (R)-PhCHMeNH,; 
(v) (S)-(l-Naphthyl)CHMeNHZ; (vi) (R>(l-Naphthyl)CHMeNHz 

Scheme 5.3. Mirror-image resolution of 2-acetylthiomethyl-3-phenylbutanoic acid. 
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Reagents (I) rnaleic acid, crystallization. (11) 2N NaOH 

Scheme 5.4.  Separation of diastereoisomers by crystallization ofsalt forms. 

separated into its four constituent stereoisomers by iterative treatment with 
four different resolving agents, comprising antipodes of 1 -phenylethylamine 
and 1 -( 1 -naphthyl)ethylamine. Between crystallizations, the soluble fraction 
was washed with aqueous acid to recover the mixture of residual stereo- 
isomers. Osayu et al. [ 171 faced the similar challenge of separating four dia- 
stereoisomers of the pyridyl pentanamide (4), an anticholinergic agent of po- 

Me*@H NKCHPh2 0 

(S)-PhCHMeNY gives (R)-enantiorner [21] (S)-PhCHMeNY gives (R)enantiomer (221 

J y C 0 * H  

Br 

(R)-PhCHMeN!+ gives (S)enantiomer , 
(S)-PhCHMeNh gives (menantiorner [23] 

(R)-PhCHMeN!+ gives (-)-enantiomer; 
(+)-enantiomer recovered from mother liquor [24] 

Figure 5.3. Classical resolution of acids for use as pharmaceutical inrermediates. 
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Reagents (i) (2s,3s)-dl-ptoluovltartarlc acid; (11) (2R.3R)dl-ploluovltanarlc add 

Scheme 5.5. Classical resolution of a racemate containing a chiralplane. 

tential use in the treatment of overactive detrusor syndrome (Scheme 5.4). 
This was achieved by crystallization of the maleic acid salt to afford race- 
mates (5) and (6), which were individually subjected to resolutions with 
(2S,3S)- and (2R,3R)-dibenzoyltartaric acids. Simpler cases of mirror image 
resolutions, as applied to racemic compounds with a single chiral centre, 
are included in Figures 5.3 and 5.4. 

Classical resolutions are not restricted to racemic compounds containing 
tetrahedral chiral centres, a point exemplified by Phillips et al. [ 181 in work 
directed at clozapine analogues as potential neuroleptic agents. The 5 H-di- 
benzo[a,djcycloheptene (7), which exists as configurational enantiomers by 
virtue of planar chirality [19], was resolved using (2S,3S)- and (2R,3R)-di- 
p-toluoyltartaric acids (Scheme 5.5) 

When a specific enantiomer is required, one way of improving atom utili- 
zation in classical resolution is by a process of asymmetric transformation, 
whereby crystallization of one diastereomeric salt is accompanied by contin- 

+oOH 

H & H q+ 
0.. N "Ph 

H 
(2R,JR)-dibenroyitartaric acid gives (2S,JS)-enantiomer 
(2S,3S)-dibenzoyltararlc acid gives (ZR,3R)-enantiomer [26] 

0- 
(S)-rnandelic acid gives (-)-enantiorner [25] 

H a .. 

H H A  
(2R,JR)-dibenroyitartaric acid gives (2S,JS)-enantiomer 
(2S,3S)-dibenzoyltararlc acid gives (ZR,3R)-enantiomer [26] 

0- 
(S)-rnandelic acid gives (-)-enantiorner [25] 

Me ' W N H  

bh 

N-acetyl-D-leucine gives (+)-enantiomer 
Kacetyl-L-leucine gives (-)-enantiomer [27] 

(ZR,JR)-Iartaric acid gives (ZR)-enantiomer 
(ZS,JS)-tartaric acid gives (2s)-enantiomer [28] 

Figure 5.4.  Classical resolution of amines jiw use as pharmaceutical intermediates 
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a "NH2 Reagents (I) D-pymglutarnic aud, 5-n1lra8al1~1aldnhyde (14) NH,OH 

H O  

Scheme 5.6. Asymmetric transformation of a synthon for growth hormone secreiatogues 

uous in situ racemization of the undesired enantiomer. In principle, it is 
thereby possible to convert a racemate to 100% of a single enantiomer. In 
practice, such a process is only feasible if the chiral centre is configuration- 
ally labile, or can be made more so by the presence of additives. This strategy 
was used by chemists at Merck who required the (R)-enantiomer of the bi- 
cyclic a-aminolactam (8) as a synthon for novel growth hormone secretago- 
gues [20]. Optimum conditions for the desired racemization/resolution 
(Scheme 5.6) involved treatment of the racemate with D-pyroglutamic acid 
and 5-nitrosalicylaldehyde (3 mol %), the latter to assist racemization of the 
unwanted (9-enantiomer via reversible formation of an imine intermediate. 
Compound (8) could also be prepared by asymmetric catalytic hydrogena- 
tion of the cyclic enamide (9), although this approach added several steps. 

Further examples of the resolution of acids and amines are summarized in 
Figures 5.3 and 5.4 

BIOCATALYTIC RESOLUTION 

Biotransformations are now firmly established in the synthetic chemist's 
armoury, especially reactions employing inexpensive hydrolytic enzymes 
for the resolution of racemates and for the desymmetrization of prochiral 
substrates. From a practical viewpoint, biocatalytic resolution is arguably 
the simplest method available to obtain synthetically useful quantities of 
chiral synthons. As an illustration of this point, many racemic secondary al- 
cohols ROH can be resolved without prior derivatization by combining 
with a lipase and a volatile acyl donor (usually vinyl acetate) in an organic 
solvent, to effect irreversible transesterification; once the desired degree of 
conversion has been reached, routine filtration to remove the enzyme and 
concentration of the filtrate affords the optically enriched products ROAcyl 
and ROH directly. 
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>95% ee 56% ee 

Reagents (i) Pseudomonas cepacia Iipase, vinyl acetate 

Scheme 5.7. Bioresolution of a 4-allylazetidinone 

The vast body of empirical information amassed, together with guidelines 
for predicting stereoselectivity based on active-site models, mean that bio- 
catalytic resolution can be used with greater confidence and can be an im- 
portant element during the planning of a synthesis. An exhaustive review 
by Santaniello et al. [29] and a recent monograph by Wong and Whitesides 
[30] attest to the broad applicability of biotransformations, and at the non- 

q Ac 

(single enantiorners) 

Reagents: (i) Candida cylindmces lipass. aq. phosphate buffer, pH 6.9 

Scheme 5.8. Bioresolution of d u e  ton congener precursors. 
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Reagents: (i) Lipase PS30, n-BuOH; (ii) hexanethtol. I-BuOK 

Scheme 5.9. Bioresolution of (R)-2-hrornodecanoic acid. 

specialist level a laboratory manual by Roberts et al. [3 11 provides detailed 
experimental protocols. 

In spite of these trends, cases in which novel biocatalytic resolutions (as 
opposed to utilization of established enzyme-substrate combinations) are re- 
ported as part of drug discovery programmes are relatively few compared 
with classical and other non-biological resolution techniques; Schemes 
5.7-5. I I show examples from the 1994 literature. 

In research directed at chiral synthons for carbacepham antibiotics, 
Oumoch and Rousseau [32] demonstrated the non-destructive resolution of 
several 4-allylazetidinones, for example (lo), by enantioselective acylation 
of the N-hydroxymethyl group (Scheme 5.7). 

Preparation of optically enriched secondary alcohols by enzymatic hydro- 
lysis of 0-acyl derivatives was used by Galeazzi et al. [33] en route to several 
optically pure congeners of the racemic drug zilueton, an inhibitor of arachi- 
donate 5-lipoxygenase. In their general approach (Scheme 5.8), running an 
initial biotransformation to at least 50% conversion provided enantiopure 
(-)-0-acetates (1 1 ; configuration unassigned), and further optical enrich- 
ment of the alcohol antipode (1 2) was achieved by reacylation and a second 
biotransformation under identical conditions. 

McCarthy and coworkers [34] used two methods to prepare (R)-2-bromo- 
decanoic acid (1 3), required as a synthon for inhibitors of acyl-coenzyme 
A:cholesterol acyl transferase (Scheme 5.9). As an alternative to diazotiza- 
tion of commercially obtained (R)-2-aminodecanoic acid, racemic bromo 
acid was esterified directly under lipase catalysis to provide unreacted (1 3) 
in 76% ee; the enantiomeric purity of the downstream thio acid (14) was im- 
proved by recrystallization of its dicyclohexylamine salt. 

One of the most versatile classes of commercially available enzyme are the 
aminoacylases, which effect the cleavage of N-acetyl and N-haloacetyl deri- 
vatives of a large number of (3-a-amino acids, thereby providing an efficient 
means of resolving the corresponding racemates [35]. Hagiwara et al. [36] 
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used biotransformations of this type to prepare novel (5')-arylalanine com- 
ponents of substance P antagonists (Scheme 5. lo). 

When planning a biotransformation, identification of a bifunctional pro- 
chiral substrate provides a clear benefit over conventional resolution since 
up to 100% of a desired enantiomer can be obtained by enzymatic desymme- 
trization. This feature is exemplified in the work of Achiwa and coworkers 
[37] in the area of 1,4-dihydropyridine calcium channel blockers (Scheme 
5.12). Hydrolysis of the bis(pivaloyloxymethy1)ester (1 5 )  gave enantiopure 
monoacid (16) which was used to correlate the absolute configuration of 
the novel agent (1 7) with that of (5')-(-)-felodipine (1 8). 

DIRECT SEPARATION OF ENANTIOMERS BY CHROMATOGRAPHY 

One area of chirotechnology which is undergoing rapid development is chir- 
a1 HPLC, whereby the use of chiral stationary phases (CSPs) permits the di- 
rect separation of racemic compounds into constituent enantiomers. De- 
spite the capital outlay required, for example, for columns costing upwards 
of E 3000, the use of preparative chiral HPLC in drug discovery has a num- 
ber of benefits. After development of an appropriate method based on a pre- 
viously defined analytical separation has been carried out, rapid and quanti- 
tative separation of racemates can be achieved, with evaporation of solvent 
from column fractions affording pure enantiomers directly. Although pre- 
parative chiral HPLC is less amenable to scale-up than other resolution 
techniques, it may be ideal for preliminary screening of both enantiomers 
in circumstances where manipulation of small quantities of material, for ex- 
ample, by crystallization, is impractical and prone to contamination prob- 
lems. 

Reagents (I) Ammo acylaae 15000, aq phosphate butler. pH 7 5 

Products include: 

Scheme 5.10. Synthesis of (S)-arylalanines by bioresolution. 
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POMOzC 

H H 
(15) (16) 

Reagents (I) Lipase AH, water, ditsopropyl ethei 
POM = Pivaloyloxymethyl 

act ’ CI 

C02i-Pr COzEt 

H o 2 c X O C O N H ~  H H 
(17) (18)  

Scheme 5. I I .  Enzymutic desymnnetrization ofl,4-dihydropyridine-3.5-rliester.~. 

Although a bewildering range of CSPs have been reported in the specialist 
literature since the mid 1960s [38], in practice only a relatively small number 
are utilized in commercially available preparative columns. The most widely 
used classes of CSP are those based on cellulose and cyclodextrin frame- 
works, with chemically modified hydroxyl substituents to allow operation 
in either normal phase or reverse phase mode, and so-called Pirkle CSPs, 
comprising a chiral recognition moiety linked via an achiral spacer to a silica 
carrier. The latter type encompass a range of structural subtypes, of which 
N-3,5-dinitrobenzoyl a-amino acids covalently bonded to 3-aminopropyl si- 
lanized silica are most frequently used in preparative applications. Since a 
detailed exposition of the area is beyond the scope of this article, the reader 
is directed to recent monographs [ 10, 391 and a review of the area [40]. 

Compared with other resolution techniques utilized in drug discovery, 
preparative chiral HPLC is normally applied to the separation of relatively 
complex materials such as polycyclic compounds containing two or more 
chiral centres. The method is frequently employed after preliminary biologi- 
cal screening of racemates and diastereomeric mixtures to identify lead com- 
pounds. After a second round of biological tests have identified a single en- 
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Precursor of anglomnaln I1 
receptor antagonist (411 
column Chiralcel OD-R 

&-?, wlumn Chlralwl OD 

Me 

N 
N' 
I 

\ CPh, 

Cannsbinoid ~ g o n i i l  1431 
column' Chiralcel OD 

OM9 

Conformstionally locked Human 61emd 5a-red~Cta38 
nuCleO8lde analcgua 1441 inhibitor [45] 
column Chlralcat OD cnlumn Chlrslpak AS 

Precursor of endothelm 
rewptor anlpgonlst [46] 
wlumn ChimlQak AD 0 

I a 

NMDA receptor-channel complex anIegOniP I481 
wlurnn Chymslna A 

NOncnmpellIwe NMDA mtagonlst [49] 
column Tnscety cellulose 

Figure 5.5. Examples of compounds separated by preparative chiral HPLC. 

antiomer having favourable activities, only then is it necessary to devise new 
processes amenable to scale-up, where chirality is established at an earlier 
stage. Figure 5.5 summarizes selective applications of preparative chiral 
HPLC from the 1994 medicinal chemistry literature for the provision of be- 
tween 5 milligram and gram quantities of single enantiomers [41-491; for 
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clarity, only one enantiomer is shown in each case. The recent review by 
Francotte [40] includes a more extensive listing. 

Reagents: (i) n-BuLi, CF$CH2)2COCI, (ii) LDA, Mel. (iii) LAIH, 

I \ '#, , , ,  lQQTh 

(24) (25) 
Reagents 
(I) ally1 iodide, NaHMDS, (it) aq LiOH. H202: (111) Me2NH.HCI, BOP reagent, (iv) 12, aq KHC03,, (v) 12. H20 

Scheme 5.12. Use vjvxazolidinone-based chiral envlates to prepare pharmaceutical intermediates. 
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USE OF COVALENT CHIRAL AUXILIARIES 

Stereoselective synthesis of individual enantiomers 

The strategy of using a covalently bound chiral auxiliary to influence the 
creation of further stereogenic centres can be a very effective one, allowing 
a chosen enantiomer of a target compound to be synthesized in a controlled 
and predictable fashion, without resort to laborious separation techniques. 
Arguably the most widely used class of auxiliary are those which allow the 
generation and face-selective reaction of geometrically defined chiral eno- 
lates, the best known examples being the prototype oxazolidinone auxili- 
aries of Evans, first reported in the early 1980’s [50] and Oppolzer’s cam- 
phorsulphonyl bornane-l0,2-sultams [5 11. Although the versatility of these 
chiral enolates has been demonstrated in diastereoselective aldol additions 
[52] and in reactions with heteroatom-based electrophiles [53], examples 
found in the medicinal chemisty literature have been largely concerned with 
simple C-alkylation reactions. 

The synthesis of both (R)- and (9-enantiomers of 4,4,4-trifluoro-3- 
methyl-1-butanol (19,20) by Jacobs et al. [54] as building blocks for leuko- 
triene antagonists (Scheme 5.12), demonstrates how oxazolidinone auxili- 
aries (21) and (22), derived from L-valine and (lS,2R)-norephedrine, respec- 
tively, impart complementary selectivity in alkylation of chelated (2)- 
enolates. Similarly, Trova et al. [55 ]  have utilized the N-acyl oxazolidinone 
(23), from L-phenylalanine and 3-phenylpropanoyl chloride, for the con- 
struction of diastereomeric lactones (24) and (25) as synthons for HIV-1 
protease inhibitors (Scheme 5.12). Following allylation and hydrolytic re- 
moval of the auxiliary, stereocomplementary iodolactonization reactions of 

Reagents’ (I) n-BuLi, PhzCHBr ( ~ 9 5 %  de); (ii) 0.5 N HCI: (iii) aq. LiOH 

Scheme 5.13. Alkylution of u chirulglycinute equivalent derived,from bornane-10,2-sultam. 
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Reagents: (I) n-BuLi. bromoallyl bromide: (ii) I N  HCI, MeOH: (iii) Boc20 

Scheme 5.14. Preparation ofa functicinalized (S)-cc-amino ester using a hislactam ether glycinate 
equivalent. 

the acid (26) and its N,N-dimethyl carboxamide (27) gave synthons (24) and 
(23 ,  respectively. 

Oppolzer’s bornane-l0,2-sultams have been used by Josien et al. [56] in 
the synthesis of a series of conformationally restrained arylalanines [for ex- 
ample, (28), Scheme 5.131 as binding probes for the tachykinin NK-1 recep- 
tor. Highly diastereoselective alkylation of the chiral glycinate equivalent 
(29) was followed by sequential acid- and base-catalyzed hydrolysis reaction 
to yield the unprotected a-amino acid (28). 

Schollkopf‘s bis-lactim ether (30) is one of the most versatile glycinate 
equivalents available, providing a ready-made template for the construction 
of unnatural (8-a-amino acids [57]. For example, lithiation and alkylation 
of (30) followed by methanolysis and N-protection affords the vinyl bromide 
(31), which was used by Papageorgiou et al. [58] to construct a cyclosporin 

\/ 

0 1 
“0 (0 - 

Reagents (I) BnOCH2COCl, Et3N (33) OMe 

Me0 DN 
(32) 

(34) R = CHO, CH=CHz, COCH2Br 

’OMe 

Scheme 5.15. Asymmetric ketene-imine cycloaddition used in the synthesis of C-3' tuxol analogues. 
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derivative with improved binding affinity for the receptor protein cyclophy- 
lin A (Scheme 5.14).  Alternatively, the chloro-derivative of compound (30) 
can serve as a glycine cation equivalent for utilization in face-selective reac- 
tions with carbon nucleophiles [57]. 

Cycloadditions are another category of reactions for which covalently 
bonded chiral auxiliaries can confer impressive levels of asymmetric induc- 
tion. For the preparation of a large series of taxol analogues in which the 
C- 13 side-chain is modified at C-3' whilst retaining a syn-a-hydroxy-D-ami- 
noacyl structural motif (Scheme 5 . 1 9 ,  Li et al. [59] used the thermal 2+2 cy- 
cloaddition of benzyloxyketene and the chiral imine (32), to afford the azeti- 
dinone (33) as a chiral template suitable for further elaboration via 
downstream intermediates (34). 

Azetidinone precusors of taxol analogues have also been prepared by es- 
ter enolate-imine cyclocondensation, which can be regarded as non-con- 
certed equivalent of the Staudinger cycloaddition in the case above [60]. An 
advantageous feature of these reactions is that the chiral auxilary initially 
borne on the ester component is displaced during ring formation and not in 
a separate operation. In an application reported by Georg et al. [61], directed 
at the synthesis of several C-3'-heteroaromatic taxol analogues (Scheme 
5.16), the glycolate ester (35) of (-)- 1 0-dicyclohexylsulphamoyl-D-isoborneol 
was condensed with N-TMS imines to afford azetidinones (36) as single dia- 
stereoisomers but with variable levels of enantioselectivity (3 l-95% ee). Of 
the analogues prepared by coupling N-benzoyl derivatives of (36) with the 
tetracyclic baccatin core, the 3'-(2-furyl) compound (37) exhibited higher in 
vitro activities than taxol itself. 

I (i) Reagents: (I) LDA, (E)-TMS-N=CHR 

NHBz 0 

& 
(37) 

Scheme 5.16. Asymmetric ester enolute-imine cyclocondensation used in the synthesis of C-3' 
taxol analogues. 
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Reagents: (I) cydopenladiine, TICI,; (ii) aq. LiOH; (ill) MeOH. TsOH; (lv) NaOMe. M H ;  (vl I, aq. NaHcOJ 

Scheme 5.17. Diels-Alder reactions of'chiral ucrylutes en route to novel cyunoguunidines 

In the synthesis of a diastereomeric series of N-(6-amino-3-pyridyl)-N'- 
bicycloheptyl-N"-cyanoguanidine derivatives (38) as novel potassium-chan- 
nel openers (Scheme 5.Z7), Eda et al. [62] utilized Diels-Alder reaction of 
butadiene with chiral acrylates (39) and (40) [63] to prepare individual anti- 
podes of endo-bicyclo[2.2. I]hept-2-ene-5-carboxylic acid. The correspond- 
ing exo-isomers were obtained from the latter by base-catalyzed equilibra- 
tion at C-5 and removal of residual endo-isomers by iodolactonization. 
Hoffman rearrangement of each acid, to afford the corresponding amine, 
was used en route to the target compounds (38). After biological screening, 
the (1 S,2R,4R)-diastereoisomer of (38) was selected for development as an 
antihypertensive agent. 

Asymmetric conjugate addition is a developing methodology [64], encom- 
passing the use of chiral ligands with organocopper reagents, and more com- 
monly, Michael acceptor-nucleophile combinations in which one compo- 
nent carries a chiral auxiliary. Iqbal et al. [65] have used the latter approach 
to prepare individual enantiomers of the novel 1,4-dihydropyridine calcium 
channel modulator (41) from (9- and (R)-valine. In the sequence commenc- 
ing from (3-valine (Scheme 5.18), the aminocrotonate (42) is metallated 
and reacted with enone (43) to afford, after hydrolysis and cyclocondensa- 
tion with ammonia, a single detectable enantiomer of (41). This degree of 
asymmetric induction is remarkable in view of the distance of five bonds be- 
tween the chiral centres in the initially-formed Michael adduct. 
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Separation of diastereoisomers by physical techniques 

In contrast to the strategy described in the previous sub-section, in which 
specific enantiomers of target molecules are individually synthesized, chiral 
auxiliaries can also be used to resolve racemic mixtures by formation of a 
temporary covalent linkage and physical separation of the resultant pair of 
diastereoisomers, either by chromatography or less commonly by crystal- 
lization. This is especially valuable in cases where the absence of salt- 
forming ionisable moieties precludes separation of racemates by classical 
resolution, or where ionisable residues are present but are remote from 
asymmetric centres. In common with other resolution methods this strategy 
allows individual optical isomers to be accessed without having to devise 
elaborate synthetic routes which deviate from an established racemic synthe- 
sis. As the following cases demonstrate, it is imperative that the extra steps 
required to attach and subsequently remove the chiral auxiliary are high 
yielding and compatible with additional functionality present in the sub- 
stance being resolved. 

As part of studies directed at  leukotriene B4 receptor antagonists, Djuric 
et al. [66] resolved the chromanone (44) by derivatization of the ketone func- 
tionality with Enders’ SAMP auxiliary [67] and separation of the resulting 

(i-iii) Reagents: (i) LDA; (ii) aq. NH,CI; (iii) aq. NH40Ac, MeOH. reflur 

(41) single enantiorner, configuration at C-4 unassigned 

Scheme 5.18. Synthesis of a 1.4-dihydropyridine calcium channel modulator via an asymmetric 
Michael reaction. 
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racernic 

H 

U 

single enantiomers 

/ 

Reagents. (I) SAMP; (11) chromatography; (ill) Mei; (IV) 2N HCI 

Scheme 5.19. Resolution o j u  chromanone via derivatisation with SAMP 

diastereomeric hydrazones by flash chromatography (Scheme 5.19). Regen- 
eration of single enantiomers of (44) was effected by N-methylation and 
acid hydrolysis. 

Resolution of a labile alcohol is exemplified in the synthesis of novel leu- 
kotriene analogues by Grke and coworkers [68] (Scheme 5.20). Acylation of  
compound (45) with the chiral tricarbonyliron complex of sorbic acid [69] 
gave a mixture of chromatographically separable diastereoisomers which 

Reagents: (i) (E,E)-MeCH=CHCCH=CHCO,HIFe(CO)~, 
DCC; (ii) chromatography; (iii) NH20H; (iv) DiEAL-H (45) 

Scheme 5.20. Resolution ofa rucrmic alcohol via acylation with chiral tricarhonyliron 
complex. 
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racemic 

&NH2 (47) 

( o  CONH t-Bu 

single enantiomers 

'CONH t-Bu 

diastereomeric mixture 

d (iii-v) 

Reagents: (i) Boc-L-Phe. EDAC (11) HCI: (ill) chromatography: (lv) PhNCS; (v) TFA 

Scheme 5.21. Resolution of an amino benzaepin-2-one via amidution with Boc-L-Phe. 

were individually transformed to enantiopure oximes (46; only one enantio- 
mer depicted). 

For the synthesis of cholecystokinin-B receptor antagonists by Lowe I11 
and coworkers [70], the amino benzazepin-2-one (47) was resolved into sin- 
gle stereoisomers by the protocol shown in Scheme 5.21 (for clarity, only sin- 
gle stereoisomers depicted). The notable feature in this instance is the selec- 
tive removal of the L-phenylalanine auxiliary by Edman degradation in the 
presence of additional amide linkages. 

A tactical variant in the utilization of chiral auxiliaries is illustrated in 
cases where a portion of the auxiliary is used to form permanent skeletal 
bonds whilst the remainder provides a temporary chiral handle to facilitate 
separation of distereoisomers. Construction of the pyrrolidine ring in tetra- 
cycle (48) (Scheme 5.22; for clarity, only single stereoisomers depicted), re- 
quired by Davis et al. [7 11 en route to bisindolylmaleimide inhibitors of pro- 
tein kinase C ,  was accomplished by combining the racemic dimesylate (49) 
with (9- 1 -phenylethylamine, prior to chromatographic separation of dia- 
stereoisomers and scission of the exocyclic N-C bond by transfer hydrogena- 
tion. A second example is found in the study of enantiopure 6,l l-ethanoben- 
zo[b]quinolizinium salts as N-methyl-D-aspartate antagonists, by Mallamo 
and coworkers [72]. As shown in Scheme 5.23, dienophile (50)  incorporates 
a (2R,4R)-pentanediol residue to faciliate HPLC separation of diastero- 
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%- OMS 
- - 

MsOi 
(49); racernic 

(iijii) - q -N H 

(48); single enantiorners 

Reagents: (i) (S)-PhCHMeNH,; (ii) chromatography. (iii) HCO,NH,, Pd-C 

Scheme 5.22. Use of (S)-I-phenylethylamine to access single stereoisomers of a fusedpyrrolidine. 

meric cycloadducts (5 1 )  and (52) ,  although to obtain multi-gramme quanti- 
ties of the corresponding diethyl acetals this approach was superseded by 
classical resolution with antipodes of 0,O-dibenzoyltartaric acid. 

x 
/ / /  + &+#,,,, 

c104- 

(51 1 (52) 

Scheme 5.23. Use of a chiral dienophile to access single stereoisomers of henzo[hjquinolizinium 
salts. 



230 SYNTHETIC METHODS FOR ENANTIOMERS OF DRUGS 

SYNTHESIS FROM CHIRALITY POOL MATERIALS 

Of the three basic types of methodologies employed for the provision of chir- 
a1 target molecules in optically enriched form, synthesis from chirality pool 
materials can often be the method of choice, providing that (i) suitable start- 
ing materials are readily available at reasonable cost, and (ii) it is not neces- 
sary to introduce extra steps which would otherwise be avoided, in, for ex- 
ample, the synthesis of an easily resolvable racemate. A distinct advantage 
of chirality pool synthesis over resolution techniques is the facility to corre- 
late absolute configuration of the product with that of the starting material. 

One strategy for the use of chirality pool material simply entails the main- 
tenance of pre-existing chirality throughout a synthesis, with transforma- 
tions of other regions of the molecule by either formation of new skeletal 
bonds or interconversion of functional groups. The obvious application of 
this approach, and one which will be excluded from the examples provided 
below, is the construction of synthetic peptides from protected derivatives 
of proteinogenic amino acids by standard coupling reactions [73]. Alterna- 
tively, pre-existing chirality can provide a control element for the creation 
of new stereogenic centres by so-called substrate-directable reactions [74]. 
Such reactions may either involve complete transfer of chirality from one 
centre to another, or non-sacrificial asymmetric induction to increase the 
number of chiral centres. 

Chirality pool materials have been subdivided into five categories [75]: 
proteinogenic a-amino acids, hydroxy acids, carbohydrates, terpenes and al- 
kaloids. The bulk of this section focuses on &-amino acids and carbohy- 
drates, which have the broadest applicability as synthons for chiral NCEs. 
This list of naturally occurring substances can be augmented by considering 
the so-called new pool comprising man-made compounds which are pro- 
duced in bulk as commodity chemicals, and also natural products for which 
industrial synthesis now constitutes the principal source. Examples of new 
pool materials employed recently during drug discovery are enantiopure C3 
and C4 chiral synthons such as glycidyl tosylate [76] and derivatives of malic 
acid [77]. Since the demand for new medicines provides the impetus for de- 
velopment of manufacturing processes of such compounds, the range of 
new pool materials which will be available in the future is certain to increase. 

a-Amino acids and their simple protected derivatives are extremely versa- 
tile synthons, especially when additional functionality is present in the side- 
chain. Synthetic transformations of individual a-amino acids have been re- 
viewed in monographs by Coppola [78] and Jones [73]. Workers at Ciba- 
Geigy [79] have reported an asymmetric synthesis of (4-arylpheny1)alanines 
(53, Ar = arene, heteroaryl) by palladium(0) catalyzed cross-coupling of 
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Po" - (i) ph 
BocHN C02Me BocHN C02Me 

(53) 
Reagents: (i) ArB(OH),, (Ph3P)4Pd. K ~ C O ~  

I 

steps 

II H 
0 0 

(55) 
(54) 

Scheme 5.24. Synthesis of (4-ary1phenyl)alanines from L-tyrosine by Pd(0)-catalyzed 
cross coupling. 

aryl boronic acids with diprotected L-tyrosine triflate (Scheme 5.24). (S)-(4- 
Phenylpheny1)alanine benzyl ester (54), obtained in this way, was used by 
De Lombaert et ul. [ S O ]  as a chiral template for the synthesis of N-phospho- 
nomethyl dipetides (for example, 55) as prodrugs for inhibition of neutral 
endopeptidase. 

(i,ii) ~ 1 i H  
NH2 

- \ 
H 

(57) 

Scheme 5.25 Synthesis of benzazepines via ozonolysis of N-acetyl 1.-tryptophan 
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Reagents: (I) LIHMDS. farnesyl bromide steps 

Scheme 5.26. Homologation ofprotected L-glutamic acid by alkylation nt C-4. 

Another of the arylalanines, L-tryptophan, was used at the same labora- 
tories [81] for the synthesis of novel benzazepines (56)  as dual inhibitors of 
ACE and thromboxane synthase (Scheme 5.25). Ozonolysis of N-acetyl L- 

tryptophan to effect scission of the indole ring followed by N-protection 
gave the 4-keto acid (57) as a cyclization precursor. Downstream transfor- 
mations included diastereoselective reduction of the ketone functionality 
and reductive alkylation of the amine substituent with ethyl 2-0x0-4-phenyl- 
butanoate. 

In suitably protected form, L-glutamic acid can be homologated by selec- 
tive enolate generation and alkylation at C-4 [82]. This methodology has 
been used by Bhide and coworkers [83] to prepare the farnesyl derivative 
(58; 1 : 1 mixture of epimers) as an inhibitor of farnesyl protein transferase 
(Scheme 5.26). In v i m  evaluation of compound (58) indicated only modest 
activity against this oncogenic protein, but provided the groundwork for 
the design of more potent analogues. 

L-Threonine provides two chiral centres for synthetic manipulation, a fea- 
ture demonstrated in work by Rohl and coworkers [84] directed at confor- 
mationally constrained inhibitors of ACE and neutral endopeptidase 
(Scheme 5.27). Nucleophilic substitution of 2-fluoro- 1 -nitrobenzene with 
the alkoxide generated from N-Boc-L-threonine, followed by hydrogenation 
and cyclocondensation gave the key benzoxazepine intermediate (59). An 



R. MCCAGUE AND G. CASY 233 

identical sequence commencing from N-Boc-allo-L-threonine (60) gave the 
epimer (61). D-Threonine has been used by Tsubouchi and coworkers1 [85] 
to prepare novel 2-oxaisocephems (62) with improved activity against Sta- 
phyococcus aureus (Scheme 5.28). In a one-pot operation, the two compo- 
nents of ketene-imine cycloaddition were generated respectively from acyl 
chloride and amine precursors, and after desilylation and esterification the 
key 8-lactam intermediate (63) was isolated as the major adduct (1 1: 1 dia- 
stereomeric ratio). 

truns-4-Hydroxy-~-proline (64), a commercially available product of col- 
lagen degradation, has found numerous applications in the synthesis of bio- 
logically active compounds and also as a source, via thermal decarboxyla- 
tion [86], of widely used 3-substituted pyrrolidine synthons. Venkatraman 
et ul. [87] have used compound (64) to prepare epimeric oxadiazolidines 
(65) and (66), as analogues of quisquailic acid, a potent neuroactive agent 
(Scheme 5.29). Conversion of the N-Boc methyl ester of compound (64) to 
the cis-Chydroxy derivative (67) via sequential oxidation-reduction [88] 
was followed by a Mitsunobu reaction and further steps to produce truns-ox- 
adiazolidine (65). In a separate sequence leading to cis-oxadiazolidine (66), 
diastereoselective reductive amination of the 4-keto ester (68) was the key 
step. The use of Mitsunobu reactions to access and derivatize individual op- 
tical isomers of N-Z-4-hydroxyproline was reported by Steinberg and co- 
workers [89] en route to the eight diastereoisomers of octanamide (70) for 
evaluation as angiotensin I1 receptor antagonists (Scheme 5.30; for clarity 
only single stereoisomers are depicted). 

The carbohydrate pool provides a rich source of chiral templates for the 
construction of biologically active compounds. A large body of general syn- 
thetic methods in this area has been amassed in the literature [90,91], a useful 
starting point being Hanessian’s influential monograph on The Chiron Ap- 

Scheme 5.27. Synlhesis of benzoxazepines from L-rhreonine und aNo-L-threonine, 
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Reagents: (i) Et3N: (ii) PnCH=CHCHO. bis(trimethylsilyl)acetamide; (lii) Hi, MeOH; (iv) Ph2CN2 

Scheme 5.28. Synthesi.9 of 2-oxaisocephems via asymmetric ketene-imine cycloaddition. 

proach [91] published over ten years ago. Methodology concerned with the 
selective manipulation of polyol functionality, dependent on both conforma- 
tional control factors and the differential reactivity of primary and second- 
ary hydroxyl groups, is pivotal to the successful utilization of carbohydrate 
starting materials. Set against these benefits are the perceived over-reliance 
on protecting groups and the extra steps needed to remove chiral informa- 
tion, since in many applications the target molecule has fewer chiral centres 
than the starting material. Although such considerations may not augur 
well for the use of carbohydrate starting materials for manufacturing pur- 
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Reagents: (I) Boc,O; (ii) MeOH. Hi; (iii) RuO., NalO,; (iv) NaBH,; 

(v) PhC02NHOC0,Ph, DEAD, PPh3; (vi) NH,OH, MeOH; (vll) BnNH,, NaBH,CN 

Scheme 5.29. Svnrhesis ofepimeric oxadiazolidines from trans-4-hydroxy-~-proline 

poses, they are less of a limitation during the NCE discovery ph?.se, as exem- 
plified in the following cases. 
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U 

Scheme 5.30. Angiotensin II receptor antagonists from trans-4-hydroxy-~-proline. 

Starting from L-arabinose, Chamberlain and coworkers [92] synthesized 
the (I?)-enantiomer of ganciclovir monophosphate (7 1) (Scheme 5.31), the 
racemic form of which had been shown previously to be an effective inhibitor 
of human cytomegalovirus replication. Ten steps were required to convert 
L-arabinose to the key C4 building block (72), prior to coupling with the dia- 
cetylguanine and additional steps. 

Another of the pentoses, L-xylose, was used by Marquez and coworkers 
[93] in a seventeen-step synthesis of the heptanolide (73), for evaluation as 
a conformationally constrained diacylglycerol surrogate effecting activation 
of protein kinase C. Six steps were required to access the diprotected trio1 

L-arabinose 

(v-vii) 

OTBDPS 
Reagents: 
(i) TBDPS-CI. imidazole; (ii) MezC(OMe)2. TsOH. (iii) PhOCSCI, DMAP; 
(iv) Bu3SnH, AIBN, (v) aq. AcOH: (VI) NalO,; (Vii) NaBH,; (viii) CCI,. P h p  

Ox) CHZ(OMe), 

(viii-ix) 

HZN OTBDPS 

(72) 
03HZ 

Scheme 5.31. Synthesis of (R)  -ganciclovir monophosphatefrom L-arabinose. 
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PMB 

L-xylose (74) (73) 

Scheme 5.32. Synthesis of a constrained diacylglycerol analogue from L-xylose 

(74) (Scheme 5.32), suitable for transformation of each of the functional 
groups in a controlled sequence, including radical deoxygenation at C-2 
and Wittig homologation at C- 1. 

Falck’s synthesis of the (R)-enantiomer (75) of the eicosanoid 12,20-di- 
HETE [94], for evaluation of its vasodilatory properties, required a masked 
synthetic equivalent of (2E,4R)-4-hydroxy-2-hexenedial (Scheme 5.33). For 
this purpose the masked bislactol(76), derived from D-glucuronic acid [95], 
was used. 12(S)-20-DiHETE (77), which proved to be the source of all vaso- 
dilatory activity of the racemate, was secured by Mitsunobu inversion at 
the penultimate stage of the synthesis. 

i steps 

H 

Reagents. (0 TBAF. (II) NeOH, MeOH: (111) PhCO?H. DEAD, PPn3. (IV) NaOMe. MeOH 

Scheme 5.33. Use a masked hislactol derived from D-ghCMrOniC acidfor the synthesis of ( R )  - 
and (S)  -12320-diHETE. 
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Outside the amino acid and carbohydrate pools, derivatives of natural and 
unnatural tartaric acid (L- and D- respectively) merit attention as chiral syn- 
thons, in addition to their more familiar applications in classical resolution 
and asymmetric synthesis. Biologically active compounds prepared from 
tartrates (Scheme 5.34) include the symmetry-based HIV protease inhibitor 
(78) [96] and the endotoxin inhibitors (79) [97]. 

ASYMMETRIC SYNTHESIS WITH CHIRAL REAGENTS AND CHIRAL CATALYSTS 

Preparation of enantiopure chiral molecules by transformation of prochiral 
substrates can offer the most elegant of available approaches, especially 
when the source of chirality is a man-made chemical catalyst rather than a 
reagent used in stoichiometric quantitites. Tremendous effort has been de- 
voted to the development of asymmetric synthesis methodology, with nota- 
ble success in the fields of asymmetric hydrogenation [98], hydride reduction 
of ketones [99], epoxidation [loo] and dihydroxylation [ lo l l  of alkenes. In 
constrast to the enzymes which are used in organic synthesis, man-made 
chiral catalysts [ 1021 are much simpler molecular entities and are routinely 
available in both enantiomeric forms. Since reactions employing such cata- 
lysts usually follow a predictable course, the correct form can be chosen for 
the desired product configuration. 

Development of an individual methodology needs to reach a certain effi- 
ciency before application to new substrates will reliably result in high enan- 
tiomeric purities. For applications in drug discovery, this criterion is para- 
mount, since any shortfall in enantiomeric purity will often be carried 
through to the product, unless additional manipulation is carried out to 
boost ee levels. If in such a case the product is a solid and the ratio of enan- 

L-tartaric acid 

J \ 

' -N+MB~RC,~H~~ 
(79) R = H, Me Ph 

0 
(78) 

Scheme 5.34. BiologicalIy active compounds prepared from tartraies. 
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(80) 

Reagents: (i) EuJSnH, AIEN; (ii) IpcEH,; (111) H,O,, NaOH IpcEH, = H2B 

Scheme 5.35. Synthesis o j u  jurunoinrloline viu asymmetric h,ydrohorution 

tiomers is higher than that defined by its eutectic composition [ 1031, recrys- 
tallization provides the simplest expedient. Otherwise, less convenient meas- 
ures may be needed, which will further reduce the efficiency of the process. 
For example, in work by Mohamadi and coworkers [lo41 directed at novel 
antineoplastic agents, radical-mediated cyclization of the alkynyl benzofu- 
ran (80) gave a 3-methylene indoline, which without purification was sub- 
jected to asymmetric hydroboration using a stoichiometric quantity of 
monoisopinocamphenylborane (Scheme 5.35). This process was only moder- 
ately enantioselective, giving a 3:l mixture (50% ee) of (R)- and (9-enantio- 
mers, and crystallization of the (R)-0-acetylmandelate derivative was re- 
quired to obtain an enantiopure sample of @)-(8 I). 

Because the priority during the first phase of drug discovery is rapid ac- 
cess to target molecules, the use of chiral reagents and chiral catalysts is 
fairly uncommon, with successful applications confined to a small number 
of well developed methodologies. Pre-eminent amongst these is the Sharp- 
less epoxidation of allylic alcohols, which was first reported as a stoichio- 
metric method in 1980 [I051 and later adapted into a practical catalytic var- 
iant [ 1061. 

In a collaborative programme directed at novel deoxynucleosides as inhib- 
itors of HIV reverse transcriptase, Shutalev et al.[107] employed an asym- 
metric approach to 3’-fluoro-3’-methyl-2’,3’-dideoxythimidine (82) (Scheme 
5.36). Key steps in the construction of the fluoropentose moiety were Sharp- 
less epoxidation of the (@-hydroxy acetal (83) under catalytic conditions 
[lo81 followed by ring opening of the resultant epoxide (95% ee) with fluo- 
ride, although the latter step gave only 38% of the desired regioisomer (84). 
Since epoxidation of (@-alkenes is known to proceed at a faster rate than 
the corresponding (a-isomers, the presence of residual (a-hydoxy acetal 
(ca. 2%) in the starting material (83) was not detrimental to the efficiency of 
the process. 
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L C H ( 0 E t ) z  - &CH(OEt)2 (ii) 

".O 
HO HO 

(83) 

HO &CH(OEt)p ~ - steps - How (82) 

Reagents: (1) tBuOOH, 15 mol% di-lsopropyl D-tartrate. TI(OCPr)4, molecular sieves; (ii) TI(OCPr),F, 

Scheme 5.36. Synthesis of 3'-fluoro-3'-methyl-2',3'-dideoxythimidine via Sharpless epoxidation. 

Ghosh and coworkers [lo91 have reported the development of a novel 
class of HIV-1 protease inhibitors which incorporate a cyclic sulphone moi- 
ety for binding to the P2 subsite. For the provision of cis-2-alkyl-3-hydroxy- 
tetrahydrothiophene building blocks (for example, 85),  Sharpless epoxida- 
tions of Q-4-methyl-2-penten-1-01 under catalytic conditions with (+)- 
diethyl L-tartrate and gave epoxy alcohol (86)  of 90% ee (Scheme 5.37). Sev- 
eral steps were then required to access compound (85) ,  including cyanide-in- 
duced Payne rearrangement and introdution of sulphur by a double nucleo- 
philic substitution. The (S,S)-antipode of compound (85) was accessed via 
Sharpless epoxidation using (-)-diethy1 D-tartrate. 

As a final example, enantiocomplementary Sharpless epoxidations of the 
ally1 alcohol (87) were used by Saksena et al. [110] to prepare epoxyalcohols 
(88) and (89) of around 90% ee (Scheme 5.38). Elaboration of these synthons 
to furnish the individual stereoisomers of broad-spectrum azole antifungals 

(i) (ii) 
F H  - OH - 
0 4 ( i i i - v i i )  - 4 

(85) 

Reagents: 

(I) tBuOOH. 6 mol% diethyl L-tartrate, Ti(Oi.Pr),, molecular sieves; 

(11) NaCN, H,O, then Hi; (ill) MOM-CI; (iv) L A H  (v) MsCI; (vi) Na2S; (Mi) PhSH, BF3.Eh0 

Scheme 5.37. Use of the Sharpless epoxidation toprepare teirahydrothiophene synthons for  
HIV-I protease inhibitors, 
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Reagents: 
(I) 1-BuOOH. diethyl L-tartrate, Ti(OCPr),: 
(i) 1-BuOOH. diethyl D-tartrate, Ti(ObPr),; 
(iii) sodium triazole 

Scheme 5.38. Use ojthe Sharpless epoxidation to prepare azole antlfungal agents. 

(for example, 90) included epoxide ring opening with sodium triazole and re- 
crystallization of the resultant diols (for example, 91) to boost enantiomeric 
purity to > 98% ee. Development of processes based on enzymatic transes- 
terification to target compound (90), the most efficacious stereoisomer, 
have subsequently been reported by workers at the same laboratories [ 1 1 11. 

CHIRAL METHODOLOGIES USED FOR MANUFACTURE 

ISSUES IN MANUFACTURE 

As introduced above in the first section, the requirements for a manufactur- 
ing process to a single-enantiomer pharmaceutical agent can differ widely 
from those of initial lead generation in medicinal chemistry. Thus the pri- 
mary consideration should be the scaleability and economy of a route which 
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can depend on maximizing yields and minimizing waste streams. Often a 
choice of synthesis is made on the basis of availability of raw materials speci- 
fic to the required target such that two structurally closely related pharma- 
ceutical agents might best be made by entirely different routes. The princi- 
ples applied to the industrial synthesis of single enantiomers have been 
presented in detail in recent texts [I  12,1131 and the purpose of this review 
in this regard is to summarize the key issues with regard to a range of impor- 
tant examples. 

Generally for maximizing economy and minimizing waste streams, cata- 
lytic processes are preferred over ones that use stoichiometric reagents or 
auxiliaries. However, such processes may take substantial resource to devel- 
op and this has to be weighed against the need to have a process fixed before 
a drug can be marketed. Even for a given route it has to be borne in mind 
that the process development involved will generally far outweigh the lab- 
oratory work that led to the design of that process. Often it is worthwhile 
to commence process research for route selection well before it is certain 
that the pharmaceutical agent is going to progress to a clinical trial. Consid- 
er for instance the use of biocatalysis. Often, readily obtainable enzymes 
are expensive and might not give the enantiocontrol or be sufficiently active 
to give a viable process. However, with screening of microbial strains, a bet- 
ter activity might be identified, and the enzyme recovery and use, which 
could include immobilization, optimized to give a highly economic bulk 
process. Similar considerations can apply to the development of a chemical 
catalyst for asymmetric synthesis. 

For large scale processes the emphasis is on simplicity and a result is that 
excellent processes might use techniques developed over a century ago; thus 
classical resolution with diastereoisomeric salts plays a large part in manu- 
facturing processes. However, an important issue in all resolution-based 
processes when used in manufacure is the utilization of the incorrect enan- 
tiomer. If possible, it should be racemized and recycled and this is straight- 
forward for instance for esters of 2-arylpropionic acid (anti-inflammatory 
agents) that are racemizable with base. Where this is not possible, a resolu- 
tion should be effected as early as possible in a synthesis as it is uneconomic 
to carry material through process steps where half is eventually discarded. 
An interesting case of the drive to utilize the incorrect enantiomer is with 
the anti-infective thiamphenicol where a route has been developed to invert 
both of the chiral centres in an intermediate [ 1141 (Scheme 5.39), though the 
economics of such a sophisticated procedure are questionable. The issue of 
wrong-enantiomer utilization is a recurring issue in the manufacture of sin- 
gle-enantiomer pharmaceuticals and is considered in many of the examples 
to follow. 
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Ar = MeS-CsH4-; Reagents. (I) 
(n) DABCO. (v) NaBH,, (vi) CH3COCI. NEt3, (vii) (CH3CO)20, MeS03H. (viii) NaOH (Aq) 

Me2C0, (ii) MeCOCI, (iii) (COCI)2, Me2S0, 

Scheme 5.39. Inversion qfu thiumphenirolprecursor. 
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TYPES OF CHIRAL PROCESSES AMENABLE TO SCALE-UP 

The types of chiral processes that have been most often used in manufacture 
are (i) fermentation, (ii) biotransformation by enzymes, (iii) crystallization- 
based methods and recently (iv) asymmetric chemical catalytic processes. 
As indicated above, a preferred method for enantiomer manufacture may 
take a substantial resource to develop. Natural amino acids are now mostly 
made by fermentation methods [ 1151. Biocatalytic methods using isolated 
enzymes or microbial strains are also often appropriate to manufacture 
since the methods are catalytic and readily scaled up if the biocatalyst is de- 
rived from a microbial strain that can be grown up to whatever biomass is 
necessary [ 1 161. Crystallization methods continue to be developed, for ex- 
ample, where a racemate exists as a conglomerate of its enantiomers. While 
only a fraction of a single isomer may be recovered in a cycle by entrainment 
with seeds of a single isomer, repetition of cycles can be automated; such a 
process has the benefit of its simplicity as there is no resolving agent to re- 
cycle; recycling can be costly in terms of vessel utilization on a plant. Exam- 
ples of compounds that exist as conglomerates separable by entrainment 
are: glutamic acid (93) [117], the chloramphenicol intermediate (94) 
[ 1 18,1191 and the alkaloid narwedine (95) [ 1201. In the latter case, the com- 
pound undergoes spontaneous racemization in the presence of an amine 
base, so that upon entrainment the in situ racemization allows all the materi- 
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a1 to be converted into a single enantiomer in a single cycle. Such a process is 
known as a crystallization-induced asymmetric transformation and has 
been used mostly with classical diastereoisomer resolution. Examples of 
this are in production of D-proline (96) from L-proline [121] with tartaric 
acid and for a benzodiazepinone (97) [ 1221 with camphorsulphonic acid, in 
each case in the presence of an aldehyde to effect racemization through imine 
formation with the amine function. 

SPECIFIC EXAMPLES OF THE MANUFACTURE OF CHIRAL DRUGS 

A selection of syntheses used to produce chiral drugs and their intermediates 
is discussed in this section. These syntheses serve to illustrate the points dis- 
cussed in previous sections but are not intended to be comprehensive. 

D iltiazern 

Diltiazem (98) is an antihypertensive agent marketed as the single enantio- 
mer. The earliest route by Tanabe chemists [ 1231 uses a relatively late stage 
resolution of the carboxylic acid intermediate (99) with cinchonidine 
(Scheme 5.40). This means that a substantial amount of material is lost as 
the incorrect enantiomer which cannot be cyclized. It is more economical 
to resolve earlier in the synthesis and this has been done at the glycidate ester 
intermediate (1 00) by means of a lipase-mediated kinetic resolution, where- 
by the unwanted isomer forms the carboxylic acid [124]. A complication 
with this procedure is that the carboxylic acid rearranges with decarboxyla- 
tion to give an aldehyde product that inhibits the enzyme. However, process 
development was able to solve this problem through the inclusion of sulphite 
in the biotransformation medium which converts the byproduct to a non-in- 
hibitory bisulphite complex. Even then, half of the material from the resolu- 
tion is wasted. The racemic glycidate ester is produced cheaply by Darzens 
condensation between methyl chloroacetate and p-anisaldehyde; it would 
therefore be attractive to have an asymmetric Darzens condensation. How- 
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Scheme 5.40. Synthesis of diltiuzem. 

ever, application of this method using the enantiomeric 2-phenylcyclohexyl 
chloroacetate [ 1251 gave a moderate diastereoisomeric excess and the auxili- 
ary serves as much to allow the required isomer to be crystallized to purity. 
It is important to note that the costs of using and recycling the auxiliary are 
likely to make the process more expensive than the enzymic resolution meth- 
od. The ideal synthesis of diltiazem could be envisaged to start with a cataly- 
tic asymmetric Darzens condensation but this has not yet been achieved. 

Cuptopril 

Captopril (101) is an antihypertensive ACE inhibitor. Syntheses of note in- 
volve classical resolution of the acetyl/3-mercaptoisobutyric acid to provide 
the (R)-enantiomer (102) [ 1261, and secondly, generation of the isobutyrate 
component following the asymmetric hydroxylation of isobutyric acid by a 
microbial strain [127] (Scheme 5.41). The important point is to have the iso- 
butyrate component resolved prior to the coupling with proline, so that the 
proline is fully utilized. 

Enulupril 

Enalapril (103) is another ACE inhibitor though its L-homophenylalaninyl 
component is common to many other ACE inhibitors such as benzapril 
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(iv, vii) f c;;bbp;' 

Reagents: (i) AcSH. (ii) resolution. (ui) SOCI,, (iv) L-proline 

(v) deacylatc. (vi) C. rugosa cells, (vii) NaSH 

Scheme 5.41. Syntheses of captopril. 

and lisinopril. The original Merck route [128, 1291 involves condensation of 
the ketoester (104) with the alanine-proline dipeptide (105) and then cyano- 
borohydride or Raney nickel-catalyzed hydrogenation of the resulting imine 
(Scheme 5.42). Usefully, this gives a reasonable excess (70%de) of the re- 
quired diastereoisomer which can be recystallized as its maleate salt to give 
enalapril. Of many other known routes, an alternative is to couple the ala- 
nine alone and attach the proline unit last [ 1301. Another interesting ap- 
proach is addition of the alanine unit onto PhCOCH=CHCO,Et which 
also gives the required diastereoisomer [131]. For a fuller range of ACE 
inhibitors of this type, a generic synthon for the phenylbutyrate component 
has been sought. A mass of work by Ciba Geigy directed towards benzapril 
on asymmetric reduction of the ketoester [ 1321 is noteworthy, either through 
microbial reduction, heterogeneous asymmetric hydrogenation over plati- 
num-alumina-cinchonidine or homogeneous asymmetric hydrogenation 
with rhodium-phosphines. Replacement of the hydroxyl function by the 
ala-pro component is carried out effectively via the m-nitrobenzenesulpho- 
nate [ 1321. A complementary approach starts with L-homophenylalanine 
[133] but then the issue is to make this amino acid in single-enantiomer 
form. 

Naproxen 

Naproxen (106) is one of a family of arylpropionic acid anti-inflammatory 
agents including also ibuprofen and ketoprofen, though naproxen is the 
only one of these that has always been marketed as the single (S)-enantio- 
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Reagents: (i)(105), (ii) I+, Ra-Ni. 
(iii) recrystallize maleale. (iv) various 
reduction methods. (v) rn-nosy1 chloride 

(105) 

Scheme 5.42. Syntheses of enalupril 

mer. It has been accessed by quite a variety of resolution and asymmetric 
synthesis methods. Late-stage resolution in this case is a viable economic 
proposition since the undesired enantiomer is readily racemized, for in- 
stance, as an ester with base. Also the racemate is readily produced, for ex- 
ample, following reaction of the Grignard reagent from 2-bromo-6-methox- 
ynaphthalene with the magnesium salt of 2-bromopropionate [ 1341. Thus, a 
resolution of naproxen with alkylglucamines has been reported by the origi- 
nal manufacturers Syntex [135]. Enzymic resolution of the ester has been 
shown with Candida cylindracea lipase [ 1361 which provides the required 
Q-naproxen directly, leaving the @)-ester that is readily recycled. Esterases 
with the opposite enantiospecificity are easily found but yield a less efficient 
process. An alternative enzymic approach uses a nitrile hydrolysing micro- 
bial strain though this yields the (R)-amide and (,!+acid rather than leaving 
@)-nitrile that would be preferred for recycling [ 1371. Amongst asymmetric 
approaches, there is catalytic asymmetric hydrogenation of the 2-arylacryl- 
ate [ 1381 and asymmetric hydroformylation of the arylethene [ 1391. In such 
cases, the substrate for the asymmetric methodology tends to be less easily 
accessed by synthesis than the racemic substrate for resolution. Ideally, the 
asymmetric step should replace a step in a synthesis rather than add to it. 
In this connection, an interesting and elegant process has been developed 
by Zambon, as depicted in Scheme 5.43, whereby a tartrate acetal of the aryl- 
propiophenone is asymmetrically brominated and rearranged to the aryl- 
propionate (106) [ 1401. 
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Reagents: (i) dimethyl tartrate, (ii) Br,, (iii) hydrolysis, (iv) H+, H,O, (v) H2, Pd 

Scheme 5.43. The Zumbon asymmetric synthesis ojnuproxen. 

D-Phenylglycine and D-4-hydroxyphenylglycine 

The unnatural amino acids D-phenylglycine (1 07) and D-4-hydroxyphenyl- 
glycine (108) are used in large quantities attached to penicillanic acid to pro- 
vide the semisynthetic antibiotics ampicillin and amoxicillin, respectively. 
Resolution can be by salt crystallizaton methods [141,142]. However, excel- 
lent routes to both of these proceed through hydantoin intermediates pre- 
pared from benzaldehyde, cyanide and urea for the phenylglycine hydantoin, 
and from phenol, glyoxylic acid and urea for the 4-hydroxyphenylhydantoin. 
The enantiospecific hydrolysis of the hydantoins can be effected with D-hy- 
dantoinases which are abundant in micro-organisms where naturally they 
cleave the pyrimidine nucleoside bases. A useful feature of the hydantoins is 
that once one of its enantiomers is hydrolyzed, that remaining undergoes fa- 
cile racemization via an achiral (aromatized) tautomer. The racemization is 
catalyzed either by base or by racemase enzymes; either way, the result is 
that all the substrate is converted into D-isomer product in a dynamic resolu- 
tion (a second order asymmetric transformation). As indicated in the earlier 
sections, a dynamic resolution is as good as an asymmetric synthesis. The 
product from hydantoinase action is the carbamoylamino acid which may 
be cleaved either chemically by nitrous acid diazotization [ 1431 or microbio- 
logically with a strain containing a carbamoylase. For this latter case, a mi- 
crobial system has been identified by Recordati chemists that effects both 
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Scheme 5.44. A synthesis of ~-(4-hydroxyphenyl)glycine 

the hydantoinase and carbamoylase steps [I441 and thus a complete syn- 
thesis of D-hydroxyphenylglycine is achieved as represented in Scheme 5.44. 

Levodopa and other arylalanines 

Levodopa ( 109) is used in the treatment of Parkinson's disease and its indus- 
trial synthesis demonstrates the emergence of asymmetric chemical hydro- 
genation catalysis in manufacturing chemistry. A process was developed in 
1975 by Monsanto [I451 of hydrogenating the enamide ( 1  10) (Scheme 5.45) 
by the rhodium complexes of the bisphosphine ligand DiPAMP (1  1 I), which 
gives much improved specificities over the early catalytic asymmetric hydro- 
genation work with the ligand DIOP [ 1461. The ligand DiPAMP is difficult 
to prepare and in this regard it is noteworthy that other ligands have 
emerged in recent years that are much easier to obtain such as a bisphosphi- 
nite derived from glucose [ 1471. 

There are of course other ways of obtaining single-enantiomer unnatural 

HO Hoq 
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Lp&R" (0-An = ortho-anisyl) 

I (111) 

Scheme 5.45. Monsuntok usymmetric hydrogenation approuch to levodopu 

amino acids like levodopa. Enzymes that modify amino acids and peptides 
are abundant and an effective means to resolve amino acids is through acyl- 
ase treatment of the racemic acetyl amino acid that gives the L-amino acid 
generally in high enantiomeric excess [148,149]. Alternatively, an amino 
acid ester can be cleaved with a protease. 

tert-Leucine 

tert-Leucine (L-tert-butylglycine) (1 12) is an unnatural hydrophobic and hin- 
dered amino acid that has applications in oligopeptide chemistry [ 1501. An 
effective route to this compound, as with other amino acids, is dependent 
on the availability of raw materials. A route developed by Degussa starts 
with the readily available pinacolone which is oxidized to the ketoacid and 
this converted to the L-tert-leucine through a dehydrogenase action on the 
imine in a coupled enzyme reaction to recycle the enzyme's cofactor (Scheme 
5.46) [ 15 I]. An alternative route is a lipase biotransformation on the racemic 

(113) 

Reagents: (i) KMn04, (ii) NH,. dehydrogenase. (iii) lipase, n-BuOH. (iv) KOH 

Scheme 5.46. Routes to L-tert-leucine 
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oxazolinone (azlactone) (1 13) with n-butanol where the L-enantiomer is 
transformed and the D-isomer undergoes in situ racemization to provide a 
dynamic resolution comparable to that mentioned above with hydantoins 
[ 1521. 

Curhapenem intermerliute 

The intermediate ( 1  14), for which there are two competitive syntheses 
(Scheme 5.47), is the core building block for carbapenem antibiotics such as 
thienamycin. The Kanegafuchi method (cf. captopril above)[ 127,1531 begins 
with a microbial hydroxylation of n-butyric acid to the (R)-3-hydroxybuty- 
rate which is modified in preparation for the key diastereoselective [2+2] cy- 
cloaddition with chlorosulphonyl isocyanate. Takasago’s route is based on 
the asymmetric hydrogenation methodology of Noyori using catalysis by a 
BINAP-ruthenium complex. The key reaction is notably not only an asym- 
metric ketone reduction but is a dynamic resolution in converting only one 
enantiomer of the ketoester precursor of the target [154]. 

P-Adrenergic antugonists 

Most P-adrenergic antagonists such as propranolol are presently used as 
racemates but technology is available for their manufacture in single-enan- 
tiomer form. The key building block is a glycidol arylsulphonate, where the 
sulphonate and epoxide functions can be respectively regioselectively dis- 
placed by a phenolate and then the amine component [155]. A biocatalytic 
route to the glycidol by a lipase resolution of the butyrate [ 1561 has been de- 
veloped industrially, as also has the Sharpless epoxidation of ally1 alcohol. 

OH A i )  
/ 

%:HCOPh - (iv) & h H C O P h  E0,Me 

Reagents: (I) nucrobial strm, (c) various steps, (iil) CISO,NCO, (iv) Ru-BINAP, H, 

(ii) 0 (1 14) 

Scheme 5.47. Routes to (I curhapenem svnthon. 
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(9-Propranolol 

Reagents: (i) t-BuOOH, Ti(OiPr),, di-isopropyltartrate, (ii) I-naphtholate, (iii) iPr,NH 

Scheme 5.48. A route to (S)-proprcmolol. 

It is noteworthy that while the Sharpless method gives only a little over 90% 
ee glycidol, the tosylate of the product can be recrystallized to optical purity 
[ 1571 (Scheme 5.48). 

Carbocyclic nucleosides 

Carbocyclic nucleosides where the ribose oxygen has been replaced by a 
methylene group are increasing in importance as therapeutic antivirals and 
as cardiac vasodilators. They have the advantage of greater metabolic stabil- 
ity than the ribose-based nucleosides but as total synthesis is generally nec- 
essary, the synthesis must accommodate the need for a single enantiomer. 
This has been done through biocatalytic resolution [ 1581 of the key bicyclic 
lactam (1 15) starting material (Scheme 5.49). It is important to note that as 
in this example, where effective recycling of the undesired enantiomer is not 
available, it is best to perform the resolution as early in the synthesis as pos- 
sible. Resolution has also been moved slightly further down the pathway by 
enzyme resolution on the methyl ester benzoylamide (1 16)[ 1591. A third ap- 
proach uses a lipase resolution of a bicyclic hydroxylactone where palla- 

Q 
(1 15) MeO2CWNHCOPh Carbovir 

(116) 
Reagents: (i) Ts-CN, (ii) AcOH. (iii) microbial lactamase. (iv) MeOH. H+, (v) 
(vi) lipase 

Scheme 5.49. Routes to the untivirulugent (-)-curhovir. 
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(117) 

Scheme 5.50. Swthcvis  of terrcrhyrlrolip~tatin 

dium-catalyzed allylic substitution methodology can access the required 
substitution pattern [160]. 

Tetrahydrolipstat in 

Tetrahydrolipstatin (1 17) is a pancreatic lipase inhibitor for the treatment of 
obesity and is being developed by Hoffman La Roche. A variety of ap- 
proaches to this target have been published [161] but of particular utility 
and interest is the introduction of the chirality is through asymmetric reduc- 
tion of 3-ketomyristate [ 1621 (Scheme 5.50). For catalytic homogeneous 
asymmetric hydrogenation, Roche developed their own ligand as an alterna- 
tive to BINAP; in either case the ruthenium complex gives a high enantio- 
meric excess of the alcohol. However, the preferred approach [ 1621 was to 
use Raney-Nickel modified by tartaric acid [163]. Although this gives a low- 
er ee (86%), the product can be recrystallized to optical purity and the pro- 
cess overall is simpler to operate. 

CONCLUDING REMARKS 

Synthetic methods for enantiomers in a drug discovery programme differ 
appreciably from those used in their manufacture but the same basic princi- 
ples are useful in both, for example, resolution by physical, chemical, or 
biocatalytic means, asymmetric synthesis, or use of the chirality pool. Gen- 
erally, the method of choice ultimately used in manufacture of a pharmaceu- 
tical will be quite different from that first used to obtain the single-enantio- 
mer material in a drug-discovery programme. 

From our survey of the recent literature, classical resolution is probably 
the most widely used method in drug discovery by virtue of its simplicity. 
Perhaps for this reason it has attracted a low-technology image, but it can 
be utilized in sophisticated ways, for instance to separate complex mixtures 
of diastereoisomers as well as enantiomers, and its usefulness should never 
be underestimated when compared with the lure of the latest exotic chemis- 
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try. Biocatalysis is a powerful method for separation which is broadly appli- 
cable and often a method of choice for separating chiral secondary alcohols, 
but it is probably underused in drug discovery, perhaps because the synthetic 
training of medicinal chemists tends to underestimate this technique. Direct 
separation by chromatography is another technique which is developing 
rapidly with the increasing availability of effective chiral stationary phases 
based on cellulose or cyclodextrins. Although presently beset by high equip- 
ment and stationary phase costs, this technique is bound to increase in im- 
portance as could other physical methods of separation such as those based 
on membrane systems. Covalently bound chiral auxiliaries are valuable 
either for giving derivatives of enantiomers which are separable diastereo- 
isomers, or by mediating asymmetric chemistry. The auxiliaries of Evans 
and Oppolzer are the most widely used in the latter context. However, the 
use of auxiliaries adds complexity to any synthesis and the increasing effec- 
tiveness of more direct enantiomer separation methods may reduce the pop- 
ularity of auxiliary-based methods in the future. The chirality pool, on the 
other hand, stands to become more important as a source of single enantio- 
mers simply because this pool is in effect growing with the increasing com- 
mercial availabilty of single-enantiomer materials from synthetic sources. 
Lastly, we see the emergence methods of catalytic chemical asymmetric 
synthesis where those that have proven reliability such as the Sharpless oxi- 
dation methods are attracting increasing use by medicinal chemists. 

For scale-up and manufacture, quite a wide variety of synthetic methodol- 
ogies are amenable. Resolution methods involving crystallization will con- 
tinue in importance with perhaps more emphasis on methods of in situ recy- 
cling of undesired enantiomer, in which case the approach becomes as 
effective as an asymmetric synthesis. Catalytic methods have obvious eco- 
nomic advantage over the use of stoichiometric reagents or auxiliaries, and 
in this respect, both biocatalytic and asymmetric chemical methods are ef- 
fective. The use of asymmetric catalytic hydrogenation (Noyori) and asym- 
metric epoxidation (Sharpless) in scaled-up processes is significant although 
there is need for additional scaleable asymmetric methods and it is hoped 
that these will emerge. Also, the availability of increasingly reliable methods 
should overcome the long process development time associated with chemi- 
cal asymmetric catalysis, a problem that may compromise a pharmaceutical 
development programme. There is a desire to be able to directly extend the 
methods used in medicinal chemistry to scale-up and this will further propel 
the growth of physical methods of enantiomer separation including chroma- 
tography on chiral stationary phases (for example, [164]), use of membrane 
systems, or separation using chiral inclusion complex formation [ 1651. Per- 
haps completely new methodologies for enantiomers of pharmaceuticals 
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will be discovered and put to practical use in the coming years, but already 
we are at the position where it can be concluded that in almost all cases, syn- 
thetic inaccessiblity is a poor excuse for developing a racemate. 
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