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Preface 
Five topics are reviewed in this volume. Chapter 1 traces the biochemical 
and medical significance of Vitamin D and its derivatives from the first quar- 
ter of this century, a field which continues to promise further valuable results. 
In contrast, the relatively recent development of neurokinin antagonists, 
especially NKI-selective compounds, is surveyed in Chapter 2. These com- 
pounds have potential for the treatment of pain, migraine, emesis and asth- 
ma. A plethora of types of compound structures have recently been found 
to possess selective antagonism for each of the neurokinin receptors. 

Chapter 3 surveys recent progress in our understanding of opioid antago- 
nists and of their therapeutic potentials. Bacterial resistance to antibacterial 
agents and especially chemotherapeutic drugs is of increasing importance. 
Current knowledge of the mechanisms involved in resistance together with 
ways of combating this threat to successful chemotherapy is discussed in 
Chapter 4. 

Much progress has recently been made in our understanding of structure- 
activity relationships of cannabinoids. In view of the current interest in the 
clinical usefulness of these compounds as analgesics, Chapter 5 gives a 
timely survey of present scientific knowledge of these drugs. 

We are grateful to our authors for condensing the vast literature of these 
topics and to owners of copyright material for permission to reproduce, 
and to our publishers for their encouragement. 

September 1997 G. P. Ellis 
D. K. Luscombe 

A. W. Oxford 



This Page intentionally left blank



vii 

Contents 
Preface 

1. Modern View of Vitamin D3 and its Medicinal Uses 
Matthew J. Beckman, Ph.D. and Hector F. DeLuca, Ph.D. 
Department of Biochemistry, College ofAgricultura1 and Life 
Sciences, University of Wisconsin-Madison, 420 Henry Mall, 
Madison, Wisconsin 53 706 

2. Neurokinin Receptor Antagonists 
Christopher J. Swain, Ph.D. 
Merck, Sharp and Dohme Research Laboratories, 
Neuroscience Reseurch Centre, Terlings Park, Hurlow, Essex. 
CM20 2QR, U. K. 

3. Opioid Receptor Antagonists 
Helmut Schmidhammer, Ph.D. 
Institute of Pharmaceutical Chemistry, University of 
Innsbruck, Innrain 52a, A-4020 Innsbruck, Austria 

4. Mechanisms of Bacterial Resistance to Antibiotics and 
Biocides 
A.D. Russell, D.Sc. 
Welsh School of Pharnzacy, University of Wales, Curdig 
C F l 3 X E  UK 

5 Towards Cannabinoid Drugs - Revisited 
R. Mechoulam, Ph.D., L. HanuS, Ph.D. and 
Ester Fride, Ph.D. 
Brettler Medicul Reseurch Center, Faculty of Medicine, 
Hebrew University of Jerusalem, Ein Kerern, Jerusulem 
91 120, Israel 

Subject Index 

Author Index (Vols. 1-35) 

57 

83 

133 

199 

245 

25 1 

255 Subject Index (Vols. 1-35) 



This Page intentionally left blank



Progress in Medicinal Chemistry - Vol. 35 
Edited by G.P. Ellis, D.K. Luscombe and A.W. Oxford 
0 1998 Elsevier Science B.V. All rights reserved. 

1 Modernview of Vitamin D3 and its 
Medicinal Uses 

MATTHEW J. BECKMAN. PH.D. AND HECTOR F. DELUCA, PH.D. 

Department of Biochemistry, College of Agricultural und L f e  Sciences, 
University of Wisconsin-Madison, 420 Henry Mall, Madison, 
Wisconsin 53706 

INTRODUCTION 

METABOLISM OF VITAMIN D3 
Biosynthesis ofvitamin D3 in skin 
Functional m e t d b o h n  of vitamin D1 

REGULATION O F  VITAMIN D ?  METABOLISM 
Hepatic vitamin D3-25-hydroxylase 
Renal 24- and 1 r-hydroxylases: Reciprocal regulation 
Other factors regulating Irx-OHase 
Biological effects of 1,25-(OH)zD3 
Extrarenal metabolism of 1,25-dihydroxyvitamin Dq 

MOLECULAR MECHANISM O F  I .25-DIHYDROXYVITAMIN Dq ACTION 
The 1,25-(OH)2Dq-receptor (VDR) 
Structure and function of VDR 
Mo~eculdr biology of VDR function 1 ,25-(OH)2D3 (response elements) 
Regulation of 1,25-(OH)zD~ responsive genes 

VDR uplahe 
Plrocpliori kt~ton 
Moletulur nioddoj 1,25-(OH/~D~-t lependt~nt  gcne tranrcrtption 

TREATMENT O F  CALCIUM A N D  PHOSPHORUS DISORDERS WITH 

Renal osteodystrophy 
Fanconi syndrome 
X-linked hypophosphataemia vitamin D-resistant rickets 
Vitamin D-dependency rickets type I 
Vitamin D-dependency rickets type I1 
Osteoporosis 

VITAMIN D3 METABOLITES A N D  ANALOGUES 

2 

5 
5 
8 

12 
12 
14 
17 
19 
21 

24 
24 
25 
27 
29 
29 
30 
31 

34 
34 
34 
35 
35 
36 
36 



2 MODERN VIEW OF VITAMIN D3 AND ITS MEDICINAL USES 

VITAMIN D3 ANALOGUES OF CLINICAL IMPORTANCE FOR OTHER 
TYPES OF DISEASES 
Psoriasis 
Immunobiology 
Differentiation 

CONCLUDING REMARKS 

ACKNOWLEDGEMENTS 

REFERENCES 

38 
38 
39 
40 

42 

43 

43 

INTRODUCTION 

The involvement of vitamin D as an accessory food substance in the health 
of individuals has been well-known since the turn of the century stemming 
mainly from studies investigating the cause of rickets. The disease rickets is 
characterized by the failure of mineralization of the bone matrix and/or 
growth plate and is marked by dramatic skeletal deformities. The documen- 
tation of this disease extends back to ancient times, but the sharp rise in the 
incidence of rickets and osteomalacia (the adult form of rickets) in the Uni- 
ted States and Northern Europe at the approximate time of the Industrial 
Revolution stimulated a surge of determined interest in clarifying the aetiol- 
ogy of rickets [ 13. The three most profound determinants contributing to 
the cause of rickets were undernourishment, pollution and the implementa- 
tion of long workdays in factories especially by young growing children. 

Perhaps the most significant of the early classical studies was that of Sir 
Edward Mellanby in 1919 experimenting with dogs. He induced rickets by 
housing them indoors and feeding them oatmeal [2]. Around this time, 
McCollum and his co-workers had discovered a potent substance in cod 
liver oil that he termed vitamin A which was active in preventing diseases 
of deficiency such as xeropthalmia and night blindness [3]. Mellanby demon- 
strated that cod liver oil was also effective in curing rickets in dogs, but he 
considered that vitamin A was the important nutritional factor responsible 
for healing rickets. McCollum et al. destroyed vitamin A in cod liver oil by 
heating and oxidation, but found that the antirachitic factor remained [4]. 
The antirachitic factor was given the name vitamin D by McCollum. In ad- 
dition, other observations provided the rationale indicating that UV irradia- 
tion is beneficial in the healing of rickets. Steenbock and Black tied both the 
nutritional and environmental observations together by demonstrating the 
formation of the antirachitic factor in skin and the fat-soluble fraction of 
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foods by UV irradiation [5]. Hess and Weinstock confirmed Steenbock and 
Black’s results and this led eventually to the isolation and identification of 
ergocalciferol (vitamin D2) from plants [6]. At first, vitamin D2 was thought 
to be the same antirachitic factor of fish oils until it was found to be less ac- 
tive in curing rickets in chickens [7, 81. In 1936, Windaus et al. synthesized 
7-dehydrocholesterol and demonstrated its conversion via UV irradiation 
to cholecalciferol (vitamin D3), the natural form of vitamin D in animal spe- 
cies [9]. Vitamin D3 differs from vitamin D2 by not having a c -24  methyl 
group and a double bond at C-22. From the discovery of Steenbock and 
Black, effective methods were developed to introduce vitamin D into foods, 
eliminating rickets as a major medical problem in developed countries 
throughout the northern hemisphere. 

The relationship of serum calcium and phosphate with rickets was discov- 
ered by Howland and Kramer [lo]. They found that blood from normal 
rats could mineralize rachitic rat cartilage, whereas blood from rachitic rats 
could not. They also provided evidence that a low serum calcium and phos- 
phate status caused rickets. Orr rt al. [l  11 demonstrated that UV irradiation 
stimulated calcium absorption. This study was largely unappreciated for 30 
years until Nicolaysen and Eeg-Larsen [12] and Schachter and Rosen [13] 
demonstrated evidence for vitamin D-induced intestinal absorption of cal- 
cium by an active transport process. 

Up to 1960, there had been several years of study dedicated to the metabo- 
lism of vitamin D3 with practically no breakthroughs resulting in the detec- 
tion of further biologically active metabolites of vitamin D3. Following this 
period a new era of important advances led to a virtual flood of information 
regarding vitamin D physiology and metabolic activation. These advances 
included the chemical synthesis of radioactive vitamin D3 of high specific ac- 
tivity [ 14,151, the development of a number of new chromatographic systems 
[ 16-1 81 and technological advances in high resolution mass spectrometry 
and nuclear magnetic resonance spectrometry that allowed for the accurate 
identification of metabolite structures and facilitated chemical synthesis of 
both the metabolites and their analogues. These notable advances gave way 
to new investigations of vitamin D3 metabolism at truly physiological levels, 
and allowed for the detailed isolation, separation, and characterization of 
many novel metabolites of vitamin D3 (Figure 1. I ) .  

The first indication that vitamin D3 might require further metabolic al- 
teration before it could be active came from experiments showing a lag be- 
tween the time of vitamin D3 administration and the first observed biologi- 
cal response [19]. The lag time could be shortened by intravenous 
administration (9 h) compared with oral administration (1 8 h) of vitamin 
D3, but not completely eliminated [20]. A major polar metabolite fraction 
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Vitamin D3 

OH 

25-OH-D, 24,25-(0H)~-D3 

OH 

1 ~ . 2 5 - ( 0 H ) ~ - D ~  1 ~,24.25-(OH)3-D3 

Figure 1 . 1 .  Nirndiering scheme of the vituniin D j  molecule arid early strurturul ident@a/ion qf' 
several vitamin D.3 metoholites. 

was then separated from vitamin D3 in target tissue extracts and found to 
have significantly greater antirachitic activity and acted more rapidly than 
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vitamin D3 [21, 221. This metabolite fraction was further resolved into two 
fractions and the major component purified and identified as 25-hydroxyvit- 
amin D3 (25-OH-D3) [23]. Despite the initial belief that 25-OH-D3 was the 
metabolically active form [24], it soon was discovered that 3H-25-OH-D3 
could rapidly be metabolized to more polar metabolites [25, 261. A second 
polar metabolite was isolated from chick intestine that possessed potent ac- 
tivity [27], but this metabolite appeared only briefly then and disappeared 
[28] which made the isolation of this metabolite very difficult. Eventually, 
this metabolite too was isolated to purity [29], its structure identified as 
1 ,25-(OH)2D3 [30], and was shown to be produced in the kidney [3 11. 

It is now well established that 1 ,25-(OH)2D3 is the active hormonal form 
of vitamin D3 [32]. The production of 1 ,25-(OH)2D3 in the kidney is regu- 
lated by dietary calcium and phosphate and also by changes in serum cal- 
cium and parathyroid hormone, which clearly highlight the hormonal nature 
of this compound. Functionally, the three classical actions of 1 ,25-(OH)2D3 
are to stimulate intestinal calcium and independently phosphate absorption, 
the mobilization of calcium from bone, and increase renal reabsorption of 
calcium. The focus of this review will be to explore the most recent concepts 
of vitamin D in regard to its metabolism and physiology, and with respect 
to the medicinal applications of vitamin D3 metabolites and analogues. 

METABOLISM O F  VITAMIN D3 

BIOSYNTHESIS OF VITAMIN D7 IN SKIN 

Vitamin D3 is not an essential exogenous micronutrient as such because it is 
made endogenously from a precursor in skin, 7-dehydrocholesterol (provita- 
min D3), by exposure to the high-energy ultraviolet B (UVB)* photons 
(290-3 15 nm) of the solar spectrum [33]. The photons penetrate the epider- 

*The following abbreviations are used in this review: CaBP, calcium-binding protein; DBD, 
DNA-binding domain; DBP, Vitamin D-binding protein; DNFB, 2,4-dinitrofluorobenzene; 
ER, oestrogen receptor; G R ,  glucocorticoid receptor; HPDR, hypophosphataemic vitamin D- 
resistant rickets; LBD, ligand-binding domain; NAF, nuclear accessory factor: NOD, non-obese 
diabetes; OH-D3, hydroxy-vitamin D,; (OH)?D3. dihydroxy-vitamin D3; OHase, hydroxylase; 
PCR, polymerase chain reaction; PCT. proximal tubular cells; PKA, protein kinase A; PKC, 
protein kinase C; PTH, parathyroid hormone; RAF, receptor auxilliary factor; RAR. retinoic 
acid receptor; RARE, retinoic acid receptor response elements; RDA, recommended dietary al- 
lowance; RXR, retinoid X receptor; TR,  thyroid hormone receptor; TRE, thyroid hormone re- 
ceptor response elements; UVB. ultraviolet B; VDDR. vitamin D-dependency rickets; VDR, 
I ,25-dihydroxy vitamin D3 receptor; VDRE, 1,2S-dihydroxy vitamin D3-responsive element. 
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mis and photolyze 7-dehydrocholesterol causing rupture of the B-ring fol- 
lowed by a 1,7-sigmatropic shift, forming the previtamin D3 intermediate. 
During initial exposure to sunlight, provitamin D3 is efficiently converted 
to previtamin D3. Once formed, previtamin D3 undergoes a thermally-de- 
pendent rearrangement of its double bonds at 37°C to form vitamin D3 that 
takes 2-3 days to reach completion [34]. This slow thermal conversion of 
previtamin D3 to vitamin D3 equilibrates to reach a mixture of 96% vitamin 
D3 and 4% previtamin D3 [35]. No more than 10-20% of the initial provita- 
min D3 concentrations ultimately end up as previtamin D3. Continued expo- 
sure to sunlight causes isomerization of previtamin D3, principally to a bio- 
logically dead-end lumisterol (Figure 1.2). Therefore, prolonged exposure to 
sunlight does not result in formation of toxic levels of vitamin D3. 

Transport of vitamin D3 away from the dermal junction of skin is accom- 
plished by a 52 kDa serum vitamin D-binding protein (DBP). Serum DBP 
is a member of the a-fetoprotein-albumin superfamily [36]. DBP has high af- 
finity for vitamin D3, but does not bind to its precursors or the products of 
previtamin D3 side-reactions, lumisterol and tachysterol[37]. Accumulation 
of 7-dehydrocholesterol in skin occurs in sebaceous glands at the malpighian 
layer of the epidermis, mostly in the stratum spinosum and stratum basal 

HF 7-Dehydrocholesterol 
Previtamin D3 

Blood 

H3c740H Tachysterol 

Vitamin D3 

Figure 1.2. Skin hiosynthesis of vitamin 0 3  
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[38]. A significant amount of 7-dehydrocholesterol is also found in the deep- 
er dermis layer, but because most UVB photons are absorbed by the epider- 
mis, very little production of vitamin D3 occurs in the dermal layer. There 
is some evidence that formation of 7-dehydrocholesterol is under the regula- 
tion of the vitamin D3 endocrine system [39]; however, details of this regula- 
tion are not fully understood. 

Aging, sunscreens, seasonal changes, time of day, and latitude also signif- 
icantly affect the cutaneous production of this vitamin-hormone [37, 40, 
411. More darkly pigmented skin interferes with the efficiency of vitamin D3 
formation because melanin effectively competes with provitamin D3 for 
UV irradiation [38]. Persons living at latitudes more northerly than 34 de- 
grees N produce little to no previtamin D3 in the cutaneous layer during 
the months of November-February, and at latitudes as high as 52 degrees 
N, individuals may experience an extended ‘vitamin D winter’ [42]. Because 
vitamin D3 insufficiency or deficiency exacerbates osteoporosis, causes os- 
teomalacia and increases the risk of fracture, dietary supplementation of vi- 
tamin D3 for individuals living at high latitudes may be advisable. For exam- 
ple, an intake of 5 pg vitamin D3 to postmenopausal women living at 42 
degrees N was found to be sufficient to limit bone loss from the spine and 
whole body, but was not adequate to minimize bone loss from the femoral 
neck [43]. 

The recommended dietary allowance (RDA) for vitamin D is 5 pg (200 
IU)/d, but this value includes casual exposure to sunlight without regard to 
lifestyle or climate. For individuals who do not receive adequate sunlight be- 
cause of illness, advanced age, or are otherwise shut in, the actual daily re- 
quirement for vitamin D3 could be as much as 15 pgid. Vitamin D3 defi- 
ciency also may occur with chronic biliary obstruction and steatorrhoea 
limiting intestinal absorption of vitamin D3 and lead to osteomalacia 1441. 
Another factor is the increased use of sunscreens among Western societies, 
that limits the penetration of UV photons to the site of vitamin D3 synthesis 
[41, 45,461. 

Serum levels of calcitropic hormones are often used as predictors of the 
seasonal changes in sunlight-activated vitamin D3 synthesis. In one such 
study, Rosen et al. [47] measured bone mineral density and serum 25-OH- 
D3 of elderly women in the New England area (latitude 45.5) and examined 
the seasonal variations of these factors. In the 24-month observational 
study, significant seasonal changes were demonstrated. During the winter 
months, 25-OH-D3 decreased in correlation with the loss in bone mineral 
content. Increasing vitamin D intake during the second year of the study 
elevated 25-OH-D3 serum concentration slightly. The difference in serum 
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Diet or Skin Biosynthesis a - Kidney 

HO" 
HO" 

Vitamin D3 25-OH-D3 

24-OHase 
Induction 

la,25-(OH)2D3 

Figure 1.3. Scheme oftl ie functional rnetubolisni ofvitumin Dj. 

25-OH-D3 between the first and second winters was the strongest predictor 
of bone accretion during the second year of the study. 

FUNCTIONAL METABOLISM OF VITAMIN D3 

Critical to vitamin D3 action is its further metabolic conversion to more ac- 
tive compounds (Figure 1.3). Via its transport by DBP, vitamin D3 accumu- 
lates in the liver [48]. In rats, as much as 60-80% of an injected or oral dose 
of vitamin D3 locates to the liver [49-511. Intestinal absorption of vitamin 
D3 is in association with the chylomicron fraction via the lymphatic system. 
Vitamin D3 is delivered to the liver in blood from the thoracic duct only a 
few hours post ingestion [44]. A specific portion of hepatic vitamin D3 in 
the rat is converted to 25-OH-D3 by a 25-hydroxylase system in the endo- 
plasmic reticulum of hepatocytes [52,53]. This enzyme (Km lo-' M) is regu- 
lated to an extent by 25-OH-D3 and its metabolites. Higher concentrations 
of vitamin D3 are handled by a second 25-hydroxylase located in liver mito- 
chondria [54]. This enzyme, also known as CYP27, 27-hydroxylates choles- 
terol and thus appears less discriminating than the microsomal 25-OHase 
which does not use cholesterol as substrate [55, 561. In humans, however, 
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the mitochondrial form is the predominant liver form of 25-OHase [57]. 
Furthermore, the mitochondrial enzyme (Km for vitamin D3, M) does 
not appear to be regulated by end-products. Thus, the circulating concentra- 
tion of 25-OH-D3 reflects more accurately vitamin D3 status of an organism 
than serum vitamin D3 itself. 

The affinity of 25-OH-D3 for DBP is much greater than it is for vitamin 
D3. and whereas vitamin D3 accumulates in liver cells, its metabolites are 
cleared completely [58,  591. The half-life of 25-OH-D3 in serum is two to 
three weeks [60], indicating very slow metabolism of this metabolite by cata- 
bolic enzymes. Serum 25-OH-D3 is the major circulating metabolite of vita- 
min D3 and the source from which the active hormonal form of vitamin D3, 
1 ,25-(OH)2D3 is synthesized. The C-1 hydroxylation of 25-OH-D3 to 1,25- 
(OH)2D3 is a highly regulated step that completes the hormonal activation 
of vitamin D3. The proximal renal tubule appears to be the exclusive site of 
25-OH-D3-1 a-hydroxylation under normal conditions [61]. A physiologi- 
cally relevant 1 a-hydroxylase, however, also develops in placental tissue of 
pregnant rats [62]. A firmly established exception to these is in the case of 
chronic granulomatous disorders and some lymphomas [63, 641. Elevations 
in serum 1,25-(OH)2D3 from these disorders is not the result of a defect in 
the renal 1 a-OHase because elevated 1 ,25-(OH)2D3 persists even in sar- 
coidotic patients with end-stage renal disease or nephrectomy [65]. In 
humans, the amount of 1,25-(OH)2D3 produced per day is in  the range of 
1-1.5 pg which maintains a circulating concentration of 25-45 pg/ml. Secre- 
tion of 1 ,25-(OH)2D3 is a continual process that is subject to regulation by 
many endocrine factors and certain physiological stresses that will be dis- 
cussed in detail in this review. 

As an endocrine factor itself, 1,25-(OH)2D3 localizes in target sites and 
mediates its biological actions by interacting with a specific nuclear receptor 
protein that, in turn, responds as a transcriptional factor for the activation 
or deactivation of specific genes [66, 671. The expression of the 1,25- 
(OH)2D3-vitamin D receptor (VDR) in tissues identifies these tissues as tar- 
get sites of 1 ,25-(OH)2D3 action. One important biological action of 1,25- 
(OH)ID3 is the potent induction of mitochondrial 1 ,25-(OH)2D3-24-hydrox- 
ylase (24-OHase) [68]. C-24-Hydroxylation is a catabolic step that results 
in diminished action of 1 ,25-(OH)2D3 on target genes and decreases the cel- 
lular half-life of 1,25-(OH)2D3 as well [69, 701. In addition, 24-OHase cata- 
lyzes C-24 hydroxylation of 25-OH-D3 to form 24,25-(OH)2D3 [71]. This is 
specifically regulated in the kidney and is induced by 1,25-(OH)2D3 [72]. 
There are as many as 30 different metabolites of vitamin D3 that exist natu- 
rally. Many of these metabolites are derivatives of either 25-OH-D3 or 1,25- 
(OH)2D3 (Figure 1.4). The only known metabolite of vitamin D3 of any sig- 
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nificant biological importance, however, is 1 ,25-(OH)2D3 [ 731. Therefore, 
most vitamin D3 metabolites are intermediates in the catabolism of the vita- 
min D3 molecule, and pathways which produce these metabolites are in- 
duced by 1 ,25-(OH)2D3 [74]. It is also interesting that expression of the cata- 
bolic pathways appear in all classical target sites of 1,25-(OH)*D3 (bone, 
kidney, and intestine), but in particular 24-hydroxylase activity or mRNA 
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has also been found in many of the nonclassical target tissues of 1,25- 
(OH)*D3. The extrarenal levels of 24-OHase are very low normally, but in- 
crease in a time and dose-dependent fashion in the presence of 1,25- 
(OH)2D3 [75]. As such, it is thought that 1,25-(OH)2D3 plays a role in its 
own destruction at the level of the target cell. 

Over the last 3 decades, several independent investigators contributed to 
an enormous investigation of the metabolism of vitamin D3. Collectively, 
these studies have identified at least two catabolic pathways of relevance for 
1 ,25-(OH)2D3, the C-23 /C-24 pathway and the C-23 /C-26 lactone pathway 
(Figure 1.4) [76]. Serum 25-OH-D3-lactone does bind five times more avidly 
to DBP, but because the lactone end products form primarily as an escape 
from supraphysiological administration of vitamin D3 [77, 781, they are not 
broadly considered as biologically active, despite some reports to the 
contrary [79, SO]. Therefore, the principal physiological pathway of interest 
is the C-23 /C-24 catabolic pathway, consisting of C-24-hydroxylation, 
C-24-keto-oxidation, C-23-hydroxylation and side-chain cleavage to 
24,25,26,27-tetranor-23-OH-D3 [78, 811. Some side reactions also take 
place, but it is not known how these reactions influence the overall metabo- 
lism of vitamin D3. Calcitroic acid is the final excretion product of vitamin 
D3 [82]. It is a highly polar substance that is hydrophilic enough to associate 
with the aqueous fluids of the body and finally be excreted in bile [83]. Hy- 
droxylation of C-26 on 25-OH-D3 can also occur under physiological condi- 
tions forming 25,26-(OH)?Dz [84]. This metabolite can be further metabo- 
lized to 1,25,26-(OH)3D3 by renal la-OHase [85],  and in this form, mimic 
actions of 1,25-(OH)?D3. The caveat here is that C-26 hydroxylation occurs 
only if serum calcium is normal or increased due to excess vitamin D3 [86]. 
Because this circumstance is reciprocal to 1 a-OHase activity, the formation 
of I ,25,26-(OH)3D3 in vivo is negligible and, therefore, probably not of 
meaningful importance. 

Further evidence that C-25 and C- 1 hydroxylation are the activation steps 
of vitamin D3, and that C-24iC-23 and C-23 /C-26-lactone metabolic con- 
versions do not produce physiologically important products is with the use 
of side-chain fluoridated analogues of 25-OH-D3 [87, 881. Studies with these 
analogues were prompted by assertions that 24-hydroxylated or lactone me- 
tabolites are involved or required for such biological actions as: mineraliza- 
tion of bone [89], suppression of parathyroid hormone secretion [90], carti- 
lage metabolism [91], and embryonic development in the chick [92]. It is 
well established that plasma 24,25-(OH)?D3 concentrations (2-5 ng/ml) 
are approximately 50 times greater than those of 1,25-(0H)?D3. Even so, 
24,25-(OH)2D3 has little affinity for VDR. At pharmacological concentra- 
tions, though, 24,25-(OH)*D3 has been demonstrated to compete for VDR 
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binding and stimulate transcriptional activation of a vitamin D-responsive 
gene-reporter system [93]. Perhaps this explains the studies in which 24,25- 
(OH)2D3 has been implicated as having a specific effect but only at extremely 
high M) concentrations [94, 951. Other studies have been directed 
toward the search for a 24,25-(OH)2D3-binding protein or receptor [96]; 
however, this work is far from conclusive. The synthesis and use of 24,24-di- 
fluoro-25-OH-D3 [97] and 26,26,26,27,27,27-hexafluoro-25-hydroxyvita- 
min D3 [88] have provided research tools for examining the functional con- 
sequence of the absence of 24- and 26-hydroxylation. Both of these 
compounds can be further activated by 1 a-hydroxylation, but the presence 
of fluorine groups at C-24 and C-26 blocks hydroxylation at these sites [88]. 
In experiments that were controlled by the use of 25-OH-D3 versus the syn- 
thetic compounds in rats and chickens, dosed with either of the synthetic 
compounds, the animals were completely normal with respect to intestinal 
calcium transport, the mobilization of calcium from bone and the minerali- 
zation of vitamin D-deficient bone [88,98]. Furthermore, animals supported 
on these fluoridated analogues were normal with respect to their reproduc- 
tion, growth, and development [99, 1001. As for parathyroid hormone secre- 
tion, it is now well established that the calcium receptor isolated and cloned 
by Hebert and Brown [loll  is the sensing signal that responds to low serum 
calcium concentration and triggers parathyroid hormone release from para- 
thyroid gland cells [ 1021. Any role for 24,25-(OH)2D3 in this process is not 
convincing. 

REGULATION O F  VITAMIN D3 METABOLISM 

HEPATIC VITAMIN D3-25-HYDROXYLASE 

Under physiological conditions, there is no clear evidence of extrahepatic 
25-hydroxylation of vitamin D3. In avians, however, some evidence exists 
for functional 25-OHase activity in intestine and kidney [103]. In addition 
to its major role of 27-hydroxylation of cholesterol [ 104, 1051, mitochondrial 
CYP27 catalyzes 25-hydroxylation of vitamin D3 and also can catalyze la- 
hydroxylation of 25-OH-D3, thus forming the active 1 ,25-(OH)2D3 metabo- 
lite [106]. Following the cDNA cloning of CYP27, the enzyme was found to 
be expressed in both liver and kidney [107]. These findings have promoted 
speculation that CYP27 might be the activation enzyme of the vitamin D3 
system because a mitochondrial la-OHase has not been purified and cloned 
[ 1081, but there are concrete reasons for opposing this theory. Firstly, 
CYP27 is predominantly a cholesterol enzyme and has very low specificity 
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for vitamin D3 (Km, [53, 1091 and even far less specificity for 25-OH- 
D3 [109]. Therefore, the kinetics would alone prohibit the in vivo formation 
of 1 ,25-(OH)2D3 by this enzyme. Secondly, there is not sufficient evidence 
that renal CYP27 is regulated in conjunction with vitamin D3 or calcium 
status, because it is still expressed in the vitamin D-deficient rat kidney 
[107]. Furthermore, the metabolizing action of CYP27 on the vitamin D3 
molecule occurs only when the level of vitamin D3 ingestion is excessive 
and beyond the capacity of the microsomal25-OHase. 

Excessive ingestion of vitamin D3 leads to toxicity by hypercalcaemia. 
Under conditions of vitamin D3 toxicity, 25-OH-D3 is probably the causa- 
tive agent, because unlike l ,25-(OH)2D3, the production of 25-OH-D3 is 
generally unregulated [l  lo]. High concentrations of vitamin D3 inhibit mi- 
crosomal 25-OHase [53,  l l l], but this regulation does not affect CYP27 
and the 25-hydroxylation function of CYP27 allows for a much greater pro- 
duction of 25-OH-D3 than microsomal 25-OHase. A 50- to 100-fold in- 
crease in dietary vitamin D3 in rats results in a 10- to 20-fold increase in 
blood 25-OH-D3, from 25 ng/ml to 300-500 ng/ml [112]. This increase in 
25-OH-D3 is in the face of reduced 1,25-(OH)2D3 production [113]; yet, it 
leads to increased VDR concentrations in kidney and intestine [ I  13, 1141. 
It is well known that 25-OH-D3 competitively binds VDR at M [ 11 51, 
and 25-OH-D3 acts on bone at high concentrations [ 1 16, 1 171. Furthermore, 
vitamin D toxicity has been demonstrated in an anephric child, in which 
1 a-hydroxyl activation of 25-OH-D was prohibited [ 1 181. 

The fact that vitamin D3 toxicity results from primarily uncontrolled in- 
testinal calcium absorption suggests that it is dietary calcium and not vita- 
min D3 that exacerbates the hypervitaminosis D3 toxicity effect [ l 191. This 
was tested by the interaction of excess vitamin D3 and calcium restriction 
[l 131. Rats fed a calcium-deficient diet and given 25,000 IU of vitamin D3 
three timedweek for 2.5 weeks did not succumb to overt hypervitaminosis 
D3. Simple calcium restriction increased intestinal but not renal 24-OHase 
activity, presumably because of the absence of parathyroid hormone regula- 
tion in the intestine [ I  131. Coupled with vitamin D3, excess intestinal 24- 
OHase increased several fold more. However, when dietary calcium was 
adequate, vitamin D3 excess increased intestinal 24-OHase activity only 
slightly because of a suppressive mechanism regulated in part by increased 
blood calcitonin [120]. 

Another potential regulator of the 25-OHase system is 1,25-(OH)2D3; 
however, this has not been firmly established. Studies do show that blood 
25-OH-D3 concentrations rise and fall in accordance with a variety of phy- 
siological stresses that influence the la-OHase system [121]. Low blood 
1 ,25-(OH)2D3 and high 25-OH-D3 concentrations are found in postmeno- 
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pausal osteoporosis. Long-term treatment with 1 ,25-(OH)2D3 corrected this 
imbalance [122]. Calcium restriction, in otherwise normal vitamin D rats, 
leads to a profound decrease in serum 25-OH-D3 [I231 and 24,25-(OH)zD3 
[ 1 1 3, 1241 concentrations. Because 25-OH-D3 clearance is not significantly 
increased by calcium restriction, it is probable that the endogenous increase 
in blood 1 ,25-(OH)2D3 is responsible for slowing 25-OH-D3 production. 
The opposite occurs with exogenous administration of 1 ,25-(OH)2D3, which 
decreases 25-OH-D3 via metabolic clearance [ 1251. Vitamin D-deficiency 
leads to increased 25-OHase activity in liver homogenates, but small doses 
of vitamin D3, and not 25-OH-D3 or 1 ,25-(OH)2D3, given to vitamin D-defi- 
cient rats, reduces this effect markedly [ 1261. Other studies have shown that 
a rise in intracellular calcium, mediated by I ,25-(OH)2D3, signals down-reg- 
ulation of 25-OH-D3 in hepatic cells [127, 1281. This effect was also pro- 
duced by increasing intracellular calcium with the use of calcium ionophores 
and blocked in the presence of the calcium chelator, EGTA [127]. Despite 
these varied results, reliable in vivo data showing the direct mechanistic ef- 
fect of 1 ,25-(OH)2D3 on hepatic 25-OHase are still lacking. 

Developmentally, microsomal 25-OHase activity is low 3 days prior to 
birth in rat foetuses [129]. After birth, 25-OH-D3 production steadily in- 
creases for the first two weeks of neonatal life and then increases six-fold 
more in the third week. Maternal 25-OH-D3 production increases slightly 
the day of parturition and 22 days postpartum. Therefore, the microsomal 
25-OHase appears to be fully activated in conjunction with the time of wean- 
ing. 

RENAL 24- AND IN-HYDROXYLASES: RECIPROCAL REGULATION 

In the kidney, 25-OH-D3 enters either a pathway of activation by I a-hydrox- 
ylation or catabolism by 24-hydroxylation (Figure 1.5). The regulation of 
these two pathways are under reciprocal control of several integrated calci- 
tropic factors and hormones. The two key enzymes central to this regulation 
checkpoint are 1 a-OHase and 24-OHase. Both are mitochondria1 cyto- 
chrome P450 mono-oxygenases that require NADPH, flavoprotein (ferre- 
doxin reductase) and iron-sulphur protein (ferredoxin) as essential cofactors 
[74]. Because of their similarities, it has been suggested that the renal la- 
and 24-hydroxylases are closely linked or even the same enzyme [ 1301, On 
the contrary, however, the enzymes are quite distinct [75, 13 I]. The two fac- 
tors that link these renal enzymes are parathyroid hormone (PTH) and 
1,25-(OH)2D3. The role of PTH in the reciprocal regulation of 25-OH-D3 
metabolism was first noted by Garabedian et al. [ 1321. PTH can also be influ- 
enced by manipulating dietary calcium concentration [ 1331. At high percent- 
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Figure 1.5. Reciprocal reguhtion (f In-OHuse and 24-OHuse by purutliyroid hormone and 
I .2S-(0H).DI and orgunizuiion oftlie mitoclzondriul P-450 comples. 

ages of dietary calcium, parathyroid hormone secretion is at a minimum, 
thus la-OHase is not stimulated and 24-OHase is activated [72, 1341. This 
situation reverses as blood calcium dips below the typical set-point value of 
10 mg/dl [ 1341. Blood calcium is the trigger that sets off a sensing mechanism 
in parathyroid glands for either stimulation or suppression of PTH secretion 
[101, 1021. Receptors for PTH, located in renal proximal tubular cells 
(PCT) receives the message of hypocalcaemia and extends the signal in two 
ways; first by causing potent down-regulation of 24-OHase, and second by 
stimulating 1 a-OHase [ 1351. Several reports demonstrate quite conclusively 
that c-AMP acts as the second messenger in this reciprocal regulation [75, 
134, 1361, but the actual molecular mechanism is still the focus of investiga- 
tion. 

The half-life of 1 ,25-(OH),D3 in humans is 2-6 h, whereas the half-life of 
24,25-(OH)2D3 is several days [60]. Newly synthesized I ,25-(OH)2D3 then 
localizes in its target sites and elicits its three major actions aimed at reach- 
ing a balance of blood calcium and phosphate to meet the integrated require- 
ments for normal bone mineralization and neuromuscular function. As the 
calcium demand is normalized, the parathyroid gland calcium-sensing trig- 
ger is reversed and PTH secretion is slowed [loll. In renal PCT, the PTH 
suppression on 24-OHase is lifted and these cells revert back to a target- 
type cell of 1,25-(OH)*D3. In this state, VDR increases and potently acti- 
vates the transcription of PCT genes, among which is the 24-OHase [68,75, 
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1371. The increase in 24-OHase by 1,25-(OH)2D3 is further sensitized by 
phorbol esters [ 1381, indicating the involvement of protein kinase C [ 139, 
1401. However, it is unclear whether protein kinase C functions in conjunc- 
tion with 1 ,25-(OH)2D3 by a modification of the ferredoxin subunit [ 1391 or 
by a direct modification of the expression of the 24-OHase cytochrome 
P450 [I  38, 1401. In addition, 1 ,25-(OH)2D3 serves a negative feedback regu- 
lation on the Ia-OHase system [72]. The molecular details of this regulation 
are completely unknown to date. 

The difficulty in studying the reciprocal phenomenon of renal vitamin D 
hydroxylases has been homing-in on the specific cell type of 1 ,25-(OH)2D3 
production, and secondly, developing a system in which one can examine 
all of the calcitropic signals independently. Kawashima et al. [141] per- 
formed microdissection of rat nephrons and used defined nephron segments 
in the measurement of [3H]-24,25-(OH)2D3 or [3H]- 1 ,25-(OH)2D3 produc- 
tion. Both 24,25-(OH)2D3 and 1 ,25-(OH)2D3 are produced in proximal tu- 
bules. Production of 1,25-(OH)2D3 was detected only in PCT of vitamin 
D-deficient rats, and production of 24,25-(OH)2D3 was detected in either 
normal or 1 ,25-(OH)2D3-treated rats but not in vitamin D-deficient rats. 
Thyroparathyroidectomy of vitamin D-deficient rats abolishes la-OHase 
activity [ 1321, and administration of PTH restores diminished 1 a-OHase 
activity [135]. There is a time lag in bringing about both the stimulation and 
suppression of la-OHase that is independent of the rapid changes in serum 
calcium and phosphate in response to these manipulations [72]. Because of 
this, it is likely that the mechanisms involve regulation at the level of tran- 
scription or protein synthesis. 

An intriguing aspect unique to renal physiology in regard to the vitamin D 
endocrine system is VDR regulation. A supraphysiological dose of 1,25- 
(OH)2D3 leads to homologous up-regulation of VDR protein in many target 
tissues [142] due to ligand-induced stabilization of the VDR [143]. This is in 
contrast to the case in vivn where endogenous production of 1,25-(OH)2D3, 
stimulated by nutritional hyperparathyroidism, occurs in the face of renal 
VDR down-regulation [ 1441. Hypocalcaemia results in a marked downregu- 
lation of VDR [ 1 13, 144,1451. Recently, Iida et al. [ 1371 developed a polym- 
erase chain reaction- (PCR) based technique for quantifying gene expression 
from defined microdissections of the rat nephron. With this technique, they 
demonstrated (using models of enhanced 1 ,25-(OH)2D3 production) that 
VDR down-regulation in PCT is permissive of increased 1 cr-OHase activity. 
In these same rat models, expression of VDR and 24-OHase genes in corti- 
cal collecting ducts was not suppressed. The working hypothesis proposed 
from this work is that down-regulation of VDR plays a critical role in pro- 
duction of 1 ,25-(OH)2D3 in renal proximal tubules. Because this regulation 

I 
1 
1 
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is unique to PCT, it is the PCT cells that can be considered the endocrine 
cells of the vitamin D system. 

What causes the VDR down-regulation in PCT is still the subject of great 
curiosity. Reinhardt and Horst [ 1461 obtained evidence that PTH mediates 
this regulation, while other work, including that of this laboratory, has sug- 
gested that calcium is required for normal VDR regulation in kidney [145, 
1471. The same may also be true for the intestine [144]. Clearly, the down- 
regulation of renal VDR is in response to an endocrine signal because of 
the specific nature of this effect and its occurrence only in PCT where the 
synthesis of 1,25-(OH)2D3 takes place [137]. The decrease in renal VDR 
but not intestinal VDR by sex steroids [137], which also are known to regu- 
late 1 ,25-(OH)*D3 production, is further evidence that renal VDR down- 
regulation is under endocrine control. The challenge now will be to address 
the molecular mechanism by which reciprocal regulation of vitamin D hy- 
droxylases in response to PTH occurs. This must be developed in a system 
of proximal kidney tubules responsive to PTH, which has been a practical 
problem in most renal cell culture lines that lose PTH receptors as the cells 
are immortalized. 

OTHER FACTORS REGULATING la-OHASE 

Hypophosphataemia is also an important regulator of 1 a-OHase [148, 1491. 
The major difference in hypophosphataemic and hypocalcaemic induction 
of la-OHase is that PTH secretion is not stimulated in hypophosphataemia 
[ 1501. In thyroparathyroidectomized rats that are otherwise normal, no 
I ,25-(OH)2D3 production can occur and the renal 24-hydroxylation path- 
way is activated [148]. Lowering the dietary phosphate in this circumstance 
leads to increased 1 a-OHase and decreased 24-OHase [ 148, I5 11. The in- 
creased 1 ,25-(0H)*D3 produced by phosphate restriction results in in- 
creased utilization of phosphate from bone to restore blood phosphate. It 
also increases phosphate absorption from the intestine when available. 
Thus, 1 ,25-(OH)2D3 is an important regulator of phosphate metabolism as 
well as calcium. An examination of nutritional hypophosphataeinia and 
VDR regulation in the intestine and kidney by Sriussadaporn et al. [ 1521 re- 
vealed a tissue-specific and time-dependent decrease in renal VDR mRNA 
starting at day 3 and continuing until day 10, which was commensurate 
with the rise in serum 1,25-(OH)2D3 concentration. Contrasting this is in- 
testinal VDR mRNA that rises to its highest level on day 2 of the low phos- 
phate diet and then declines to control levels by day 5. However, it should 
be noted that the mechanism by which low phosphate regulates la-OHase 
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is unknown. One proposed mechanism is by a growth hormone-mediated 
pathway [153, 1541. 

The negative feedback regulation by 1,25-(OH)2Dj is another form of 
major regulation imposed on 1 a-OHase. This regulation is observed when 
dietary calcium and phosphate are adequate and 1,25-(OH)2D3 is given exo- 
genously. At the same time, 1 ,25-(OH)2D3 induces 24-OHase. Both of these 
effects are nuclear mediated because they can be blocked in the presence of 
actinomycin D 1155, 1561. It is also of some interest that exogenous 1,25- 
(OH)2D3 acts as a stimulus of 1 a-OHase induction in calcium-restricted 
rats as long as they remain hypocalcaemic [ 1571. Because the production of 
1 ,25-(OH)2D3 in these rats can far exceed production capacity ordinarily 
measured by calcium restriction alone, there must be a role for 1,25- 
(OH)?D3 in combination with PTH and CAMP to induce la-OHase further. 

Other hormones have been reported over the years to control more minor 
aspects of la-OHase regulation. Included in this list are calcitonin [158, 
1591, insulin 11601, prolactin 11611, growth hormone and the sex steroid oes- 
trogen 1162, 1631. The physiological relevance of many of these hormones 
and 1 a-OHase regulation is circumspect, but clearly, the absence of oestro- 
gen in the post menopausal state leads to the release of calcium and phos- 
phate from bone that raises blood calcium and suppresses PTH secretion, 
and hence, 1 a-OHase activity. Administration of oestrogen corrects this 
symptom partly by stimulating 1 a-OHase again [ 164, 1651. 

Certain physiological stresses also play a role in the function of la-OHase. 
During growth, pregnancy and lactation, the body’s requirement for cal- 
cium increases. In response, the circulating concentration of l ,25-(OH)2D3 
increases to facilitate increased intestinal calcium absorption. During preg- 
nancy and lactation, the increase in plasma 1,25-(OH)2D3 may be related 
to an oestrogen-mediated increase in liver DBP production and to effects of 
prolactin on 1 a-OHase [ 166, 1671. 

Because the kidney is the only significant source of la-OHase, inadequate 
formation of 1,25-(OH)2D3 occurs in renal failure 11681. Not only is the 
mass of kidney tissue and therefore of enzyme decreased, but also with renal 
failure, phosphate excretion is reduced and serum phosphate rises. In- 
creased phosphate inhibits la-OHase so that little 1,25-(OH)*Dj is formed. 
Acidosis, a frequent result of renal failure, also impairs la-OHase activity 
[169, 1701. Deficiency of the active form of vitamin D causes osteomalacia, 
a prominent feature of renal osteodystrophy. Therapy is directed toward 
use of 1 ,25-(OH)2D3, reduction of serum phosphate, and correction of 
acidosis, so that residual la-OHase can be expressed. 

A rare disease associated with renal la-OHase is vitamin D-dependency 
rickets type I (VDDR-I), which is an autosomal recessive defect of the renal 
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la-OHase which impairs the synthesis of 1 ,25-(OH)*D3. The molecular de- 
tails of this defect await the cloning of the la-OHase, but the disease locus 
has been mapped to human chromosome 12q14-13 [ I  711, which is near the 
chromosomal location for human VDR also located on chromosome 12 
[ 1721. 

BIOLOGICAL EFFECTS OF I ,25-(OH)?D3 

The intestine is a principal target of 1,25-(OH)*D3, although the hormone 
also affects bone and to a lesser extent kidney. Like other steroid hormones, 
1,25-(OH)2D3 binds with high affinity (lo-'' to 10." M) and specificity to 
its nuclear receptor, VDR, which in turn functions to modulate gene expres- 
sion. The net effect of 1 ,25-(OH)*D3 is to increase intestinal absorption of 
calcium. At a normal calcium intake of 1000 mg about 15% of calcium ab- 
sorption occurs by passive diffusion. The amount of calcium absorbed via 
this mechanism is not sufficient to sustain calcium balance, even when the in- 
take of calcium is significantly increased. The major component of calcium 
absorption occurs by active transport, a process that is activated solely by 
1.25-(OH)2D3 principally in the duodenum and jejunum [173]. The low in- 
tracellular concentration of calcium (pM) relative to extracellular calcium 
(mM) means that calcium entering the cell must be sequestered as it is trans- 
ported from the mucosal surface to the luminal surface where it is extruded 
out of the cell into the extracellular compartment. Calcium is believed to be 
sequestered by a cytosolic calcium-binding protein (CaBP). The CaBP was 
shown by Wasserman et al. [ 174, 1751 to be up-regulated by 1,25-(OH)*D3. 
This protein, also known as calbindin, has a molecular weight of 28,000 dal- 
tons (CaBP-28k) in the avian species and 8,000-1 1,000 daltons (CaBP-9k) 
in mammalian species [ 1761. There are four specific calcium-binding sites 
( M) for each molecule of CaBP-28K and two binding sites for CaBP- 
9K [ 177, 1781. The suggested role of these proteins is to set up an intracellu- 
lar gradient that shuttles calcium across the enterocyte [ 179, 1801. In addi- 
tion, 1 ,25-(OH)2D3 stimulates alkaline phosphatase [ 18 1, 1821 and a cal- 
cium-dependent ATPase [179, 1801. The manner in which all of these 
components come together to increase calcium uptake, transcellular trans- 
port and extrusion ofcalcium is still a matter of investigation, and other proc- 
esses, induced by 1,25-(OH)*D3, are likely to occur as well. 1,25-(OH)*D3 
also increases intestinal absorption of phosphate by an active transport pro- 
cess that is less tightly regulated than that of calcium [ 183, 1841. 

The second major target for 1,25-(OH)ZD3 is bone. The most firmly 
established role of 1 ,25-(OH)2D3 in bone is the mobilization of calcium to 
support serum calcium levels, first described by Carlsson [ 191. This process 
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requires both PTH and 1 ,25-(OH)2D3 [185]. Whether it is mediated by osteo- 
clasts is unknown, and it may be a mechanism involving calcium movement 
by the osteoblasts and bone-lining cells [ 1861. Overall, 1 ,25-(OH)2D3 stimu- 
lates bone mineralization. 

Mineralization of bone is a complex process involving both simple and 
complex molecules in addition to calcium and phosphate. The collagen ma- 
trix at the growing end of long bones is synthesized and secreted by chondro- 
cytes. Influx of calcium and phosphate, as well as other substances to the ex- 
tracellular matrix, is regulated via these cells. Mineralization takes place in 
the extracellular matrix, and crystal growth then fills the matrix with miner- 
al. Blood vessels invade the calcified cartilage matrix and this is resorbed 
and remodeled into trabecular bone. Bone remodeling is a process which 
continues throughout life, long after epiphyseal fusion and cessation of line- 
ar growth [ 1871. Bone remodeling, which consists of osteoclastic-mediated 
bone resorption followed by osteoblastic-mediated bone formation, occurs 
continually, and about one-fifth of bone is replaced each year. 

The primary role 1 ,25-(OH)2D3 plays with respect to bone formation is to 
provide supersaturating levels of calcium and phosphate to form new matrix 
and induce ossification [188-1911. Osteoblasts are the primary cells con- 
cerned with synthesis of new bone. These cells, which cover bone-forming 
surfaces, produce osteoid which will subsequently undergo calcification. In 
addition, osteoblasts are the bone’s target cells of 1 ,25-(OH)2D3 action 
[ 1921, and 1 ,25-(OH)*D3 up-regulates several osteoblast-related genes in- 
cluding osteocalcin (bone-specific glu-protein) [ 1931, osteopontin [ 194, 1951 
and regulates d-procollagen at  the level of transcription [ 1961. Osteocalcin 
is expressed only in the osteoblast cell-type in response to 1 ,25-(OH)2D3 in 
a dose-dependent manner [ 1971. The function of osteocalcin is unknown ex- 
cept that it is thought to be involved in the recruitment of osteoclasts. Osteo- 
calcin is a 49-residue y-carboxyglutamic acid containing peptide that ac- 
counts for 10-20% of the soluble protein during the mineralization of bone 
[197]. In addition, osteocalcin is excreted in urine so it is commonly used as 
a marker of bone resorptive activity. Osteocytes are mature bone cells which 
are less active than osteoblasts. Osteoclasts are multinucleated cells derived 
from macrophages which function to resorb bone. 1 ,25-(OH)2D3 is a potent 
stimulus of osteclastic bone resorption. However, because osteoclasts lack 
VDR, 1 ,25-(OH)2D3-mediated effects on osteoclastic resorption must be 
through an indirect activation pathway@). A primary action of 1,25- 
(OH)*D3 in bone is to induce the differentiation of promyelocytes to mono- 
cytes and further to form osteoclasts from the promyelocytes [198, 1991. In 
conjunction with PTH, 1 ,25-(OH)2D3 stimulates osteoclastic progenitors 
to fuse to form multinucleate osteoclast cells [200]. 1 ,25-(OH)2D3 also acti- 
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Table 1.1. 1,25-(OH)*D3 TARGETCELLS 

Pro wn Putntive 

Intestinal enterocyte 
Bone (osteoblasts / chondroblasts) 
Distal renal cells 
Parathyroid gland (chief cells) 
Skin ketatinocytes 
Bone marrow (promyelocytes, monocytes) 
Lymphocytes 
Colon enterocytes 
Avian shell gland 
Chick chorioallantoic membrane 
Thymus (reticular / T lymphocytes) 
Thyroid (C-cell) 
Breast (epithelial cells) 
Parotid (acinar) 

Pancreatic islet cell (p-cell) 
Stomach 
Pituitary cells (somatomammotroph) 
Placenta 
Epididymis 
Brain (hypothalamus) 
Myoblasts (developing) 
Mammary epithelium 
Aortic endothelial cells 
Skin fibroblasts 
Ovarian cells 
Testis (sertoli / seminiferous cells) 
Muscle (myoblast) 
Uterus 

vates mature preformed osteoclasts, possibly via osteoblast-derived resorp- 
tion factors. It also is a potent immunomodulatory molecule in that 1,25- 
(OH)2D3 suppresses T-cell proliferation and IL-2 production from cells 
with monocytic characteristics [201]. 

In the kidney, 1,25-(OH)zD3 facilitates calcium reabsorption in the distal 
nephron, an effect that is potentiated by PTH [202]. Also, there are several 
tissues that translocate calcium, and for which, the presence of functional 
VDR is well documented, including skin, mammary gland, placenta, and 
the avian shell gland. A current list of 1,25-(OH)2D3 target sites is provided 
in Table 1.1. Although the precise role of 1,25-(OH)2D3 in many of these 
'nonclassical' tissues is uncertain, effects on calcium and phosphate trans- 
port and feedback effects on overall calcium homeostasis are likely. In addi- 
tion, 1 ,25-(OH)2D3 plays a specific role in cellular differentiation [203, 2041. 
Cells of the epidermis and cells of the immune system have VDR [66, 2051, 
alluding to as yet unidentified functions in these systems. A paracrine func- 
tion for 1,25-(OH)2D3 has been suggested from in vitro experiments with 
macrophages but whether this occurs in vivo is unknown [206]. 

EXTRARENAL METABOLISM OF 1,25-DIHYDROXYVITAMIN D3 

A great deal of effort has been expended to examine vitamin D3 metabolism 
as it relates to active metabolites. The kidney, being the site of 1,25- 
(OH)2D3 and 24,25-(OH)2D3 synthesis, is one of the most extensively stud- 
ied organs. The inducibility of 24-OHase by I ,25-(OH)2D3 and the natural 
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formation of 1 ,24,25-(OH)3D3 in intestinal homogenates [207] and other ex- 
trarenal tissues [208] encourages the idea that the 24-OHase serves as a mod- 
ulator of biological potency of 1,25-(OH)2D3 in its target sites [73]. It is 
now known that the 24-OHase gene is one of the most strongly induced of 
all 1 ,25-(OH)2D3-responsive genes [209, 2101. In addition, it has become 
clear that the tissue distribution of 24-OHase extends to nearly every tissue 
where 1 ,25-(OH)2D3 localizes and has VDR-mediated biological actions 
[211]. However, in studies using intestine and bone tissues, PTH does not ap- 
pear to affect 24-OHase regulation as it does in kidney [75,2 121. This is not 
surprising in the intestine which lacks PTH responsiveness, but it is in bone 
cells that show an increase in CAMP production in response to PTH without 
a reduction in 24-hydroxylase [212]. 

Purification of rat kidney 24-OHase was made possible because of the 
great inducibility of the enzyme by 1,25-(OH)2D3. Classification of 24- 
OHase as a cytochrome P450 enzyme was confirmed by the carbon monox- 
ide difference spectrum and UV spectrophotometry at 450 nm of the purified 
protein [2 131. In addition, the enzyme could be reconstituted in the presence 
of cofactors obtained from bovine adrenal glands; adrenodoxin, adrenodox- 
in reductase and NADPH [214]. Following this, antibodies to rat 24-OHase 
were produced and used to clone the cDNA, providing the primary structure 
of 24-OHase [215]. The human 24-OHase was cloned by homology and 
expressed [216]. The chromosomal location of human 24-OHase is 
20q13.2+q13.3 [214], and from all that is presently known of 24-OHase, it 
exists as only one form with wide tissue distribution and tissue-specific regu- 
lation. 

The promoter region of the 24-OHase gene is unique among 1,25- 
(OH)2D3-responsive genes in that it consists of multiple response elements 
that recognize VDR [209, 210, 217, 2181. The rat 24-OHase promoter has 
been the more studied of the 24-OHase genes (Figure 2.6). Zierold et af. first 
cloned a 1 ,25-(OH)2D3-responsive element (VDRE) at -262/ -238 [209]. 
Ohyama et af. [210] found a VDRE at - 151 / -  137. This response element is 
comprised of two direct repeat half-sites, AGGTGAgtgAGGGCG that 
bind VDR and a nuclear accessory factor from COS cells. Zierold et af. 
[209,218] further characterized the rat 5’-flanking sequence of 24-OHase as 
having two functional VDREs at bases - 154/ - 125 and -2621 -238, respec- 
tively. The proximal VDRE (- 154/ - 125) consists of three half-sites each 
separated by three base pairs and was similar to the VDRE discovered by 
Ohyama el af. [210]. The more distal VDRE (-2621-238) consists of two 
half-sites in direct repeat orientation. The intervening 93 base pair sequence 
is not important for full functionality of the 24-OHase promoter, but re- 
moval of one of the five half-site compromises transcriptional activation as 
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determined by a reporter construct [218]. Similar results have likewise been 
obtained for the promoter regions of human [219, 2201 and chicken 24- 
OHase genes (Jehan and DeLuca, unpublished results). 

Studies of the kinetics of 24-OHase show that the enzyme preferentially 
24-hydroxylates 1 ,25-(OH)*D3 (Km, versus 25-OH-D3 (Km, lo-’) 
[221]. Low affinity of 1 ,25-(OH)2D3 for plasma DBP and high affinity for nu- 
clear VDR makes free and not DBP-bound 1,25-(OH)2D3 more readily 
available to its target cells [222]. Therefore, in vitamin D3 target cells, 1,25- 
(OH)2D3 is the likely natural metabolite for 24-hydroxylation, whereas in 
PCT of kidney, the conversion of 25-OH-D3 to 24,25-(OH)1D3 predonii- 
nates. This is also supported by nephrectomy studies that demonstrate the 
contribution of kidney in the production of 24,25-(OH)1D3 [223, 2241. So 
one might envisage extrarenal 24-hydroxylation as serving a modulating 
role for 1 ,25-(OH)2D3 action. Ironically, the sites of richest 24-OHase indu- 
cibility are intestine, bone and kidney -the so-called classical target sites of 
vitamin D3 because of their abundance of VDR and involvement in calcium 
homeostasis. 

Recently the rat 24-OHase cDNA was recombinantly overexpressed in a 
bacterial cell line and reconstituted with its required cofactors [225]. Cell 
fractionation revealed the 24-OHase to be primarily localized in mem- 
branes, with minimum inclusion body formation, and that upon reconstitu- 
tion with adrenodoxin, adrenodoxin reductase, and NADPH, 24-OHase 
activity was apparent. Interestingly, this preparation produced three 
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products with each substrate analyzed by reverse phase HPLC. These 
products were identified as 24-hydroxy-, 24-oxo-, and 24-oxo-23-hydroxy- 
modified side-chains, all members of the C-24/C-23 catabolic pathways for 
vitamin D. In a similar study [226] using recombinant human 24-OHase ex- 
pressed in Spodoptera frugiperda (Sf21 ) insect cells, several further oxidized 
products of 25-OH-D3 were isolated, purified and characterized as: 24,25- 
(OH)*D3; 23,25-(OH)2D3: 24-oxo-25-OH-D3; 24-0~0-23,25-(OH)~D~; and 
24,25,26,27-tetranor-23-OH-D3. The latter product is the immediate precur- 
sor of 24,25,26,27-tetranor-23-COOH-D3, which is one of the final excretion 
products of vitamin D3 metabolism. This system differed from the previous 
bacterial system in that Sfll cells are eukaryotic, and 24-OHase activity 
was reconstituted and restored from solubilized mitochondria1 proteins. In 
the case of wild-type infected Sfl l  cells, no metabolism of 25-OH-D3 took 
place. Therefore, it would appear that the high inducibility of 24-OHase by 
1 ,25-(OH)2D3, its wide-spread tissue distribution, and its apparent multi- 
catalytic activity are strong evidence that extrarenal 24-OHase regulates 
the cellular half-life of 1,25-(OH)2D3, as well as converting it to at least one 
of its final excretion products. 

MOLECULAR MECHANISM OF 1,25-DIHYDROXYVITAMIN D3 
ACTION 

THE 1,25-(0H)zDs-RECEPTOR (VDR) 

The mechanism of 1,25-(OH)*D3 action was not well understood until it was 
learned that it localizes in a specific manner in the nuclei of various target 
site cells [208]. This supported the theory that 1,25-(OH)2D3 participates as 
a hormone analogous to other steroid hormones like oestrogen and gluco- 
corticoids [227]. The first breakthrough came with the clear demonstration 
of a 1 ,25-(OH)2D3 receptor in intestine [ 1 15, 2281. The chick protein was 
used to provide the first reproducible and accurate radioreceptor assay for 
1 ,25-(OH)2D3 in serum [229]. Eventually, the soluble factor, termed 1,25- 
(OH)2D3-receptor (VDR), was purified from chicken intestine [230]. Lim- 
ited proteolysis of intact VDR demonstrated the existence of at least two dis- 
tinct functional domains, an N-terminal DNA-binding domain and a 
C-terminal ligand-binding domain [23 1 ,  2321. These findings provided 
further evidence of the steroid hormone receptor-like nature of VDR. The 
use of sulphydryl-modifying reagents demonstrated the importance of diva- 
lent cations and cysteines for the structural and functional integrity of 
VDR [208]. Finally, the development of monoclonal antibodies [233, 2341 



M.J. BECKMAN AND H.F. DELUCA 25 

to intestinal VDR provided the tools for isolation of a partial length avian 
VDR cDNA [235]. Following this, the full length VDR cDNAs for human 
and rat species were like-wise obtained [236,237]. 

The full length human VDR of 4605 bp was consistent with the mRNA 
transcript size of 4.6 Kb [236]. The open reading frame consisted of 1,281 
bp, encoding for 427 amino acids and yielding a protein of 48,000 daltons. 
In addition, there is a I 15 bp leader sequence leaving 3,209 bp of 3' noncod- 
ing sequence [236]. Sequence alignment of the human, rat, and avian VDR 
cDNAs demonstrates a region in the N-terminal DNA-binding domain 
with 95% identity and another region in the C-terminal ligand binding do- 
main with 93% identity [237]. Even more striking than this, however, is the 
amount of sequence identity the DNA-binding domain of VDR shares with 
other members of the steroid hormone receptor superfamily [227]. Further- 
more, it was shown that transient expression of the human VDR in CV-I 
green monkey cells conferred 1 ,25-(OH)2D3-responsiveness thus confirming 
the essential role of VDR in the transcriptional effects of 1 ,25-(OH)2D3 
[238]. These results unequivocally classified VDR as another member of the 
steroid hormone/thyroid receptor superfamily [236,237]. The biological sig- 
nificance of a functional VDR is demonstrated by the disease, vitamin D-de- 
pendency rickets type 11, wherein mutations in the ligand or DNA binding 
domains cause 1,25-(0H)*D3 resistance [239,240]. 

STRUCTURE AND FUNCTION OF VDR 

Originally, the domain classification scheme for VDR consisted of three do- 
mains designated as C1, C2 and C3. The C1 domain was comprised of a 70 
amino acid portion of the N-terminus of VDR rich in cysteine, lysine and ar- 
ginine residues. The C2 and C3 domains represented small regions in the 
C-terminal domain of VDR that contain the ligand-binding domain (C3) 
and other regions of high similarity for potential protein-protein interac- 
tions (C2). The C2 domain also is a site of high antigenicity [238] and is often 
referred to as the hinge region bridging the DNA-binding (DBD) and lig- 
and-binding (LBD) domains (Figure 1.7). These domains were more finely 
mapped by the use of deletion mutational analysis of VDR cDNA at both 
its 5' and 3' ends [238]. 

The LBD has been defined as residues 114427 at the C-terminal end of 
VDR [241]. Residues 403427 are apparently important for maximal ligand 
affinity, whereas the other 200-300 bases are involved in ligand recognition 
[241]. Forman and Sarnuels [242] performed a sequence comparison of the 
extreme most portion of the C-terminal domain for several steroid receptors 
and found that this sequence is unique to each receptor, which is indicative 
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of the preference each receptor has for its specific ligand. There are also sev- 
eral intradomain tandem repeats of a common structural motif known as 
heptad repeats [242]. They consist of leucine residues at positions 1 and 8, 
and have a hydrophobic amino acid or a charged amino acid with a hydro- 
phobic side-chain at position 5 in the repeat. These classic heptad repeats 
are common among transcription factors that form protein-protein contacts 
through dimerization interfaces, similar to leucine zipper and helix-loop- 
helix motifs. In all, there are nine heptad repeats in the LBD of VDR and 
at least heptads 4 and 9 are qualified as authentic sites of protein-protein 
contacts [242]. 

The mapping of DBD confines this domain to  the first 1 13 amino acids by 
C-terminal deletion mutational analysis [238]. In addition, Sone et al. [243] 
have shown that deletion of the first 21 amino acids from the N-terminal 
end is not deleterious to DNA-binding, delineating the minimum domain 
for DNA-binding between residues 22-1 13. Within the DBD, there are 9 cys- 
teine residues that are absolutely conserved among all steroid hormone/ 
thyroid receptors. Eight of the cysteines are tetrahedrally co-ordinated 
about two zinc atoms forming the zinc fingers that comprise the functional 
portion of the DBD which interacts with response elements of 1,251- 
(OH)2D3-responsive genes [239]. Site-directed mutagenesis of each respec- 
tive cysteine showed that mutations at any of the first eight cysteines dis- 
rupted the structural motif of the zinc finger, impaired VDR interaction 
with DNA, and decreased transcriptional activation of the human osteocal- 
cin promoter in response to 1,25-(OH)2D3 [243]. Mutagenesis of the ninth 
cysteine residue was not detrimental to the functionality of the DBD, delin- 
eating the first eight cysteine residues as the precise residues that comprise 
DBD[243]. 

Delineation of the hinge region between the LBD and the DBD was deter- 
mined to begin at Met 90 and extend to the region between Glu I 14-His 
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166. Internal deletion ofamino acids 103-1 14 abolishes VDR/DNA interac- 
tion and, therefore, appears to be of vital importance [243]. This site over- 
laps with the epitope for 9A7y (anti-VDR) monoclonal antibody [238]. The 
9A7y epitope is highly conserved among human, rat, and chicken species, 
extending from amino acids 89-1 05, which probably explains interspecies 
cross-reactivity of 9A7y. The epitope is located immediately adjacent to the 
second a-helix situated at the base of the more C-terminal zinc finger motif. 
For the retinoid X receptor-alpha (RXRu) and retinoid X receptor-beta 
(RXRB) homologues, the corresponding region to amino acids 103-1 14 of 
VDR has been implicated in RXR homodimer formation [244], and for 
VDR, the possibility exists that this domain is likewise a protein contact site. 

MOLECULAR BIOLOGY OF VDR FUNCTION 1,25-(OH)~D1 (RESPONSE ELEMENTS) 

The basic theme concerning the mechanism of action of steroidhhyroid hor- 
mone receptors is that they mediate the biological actions of the cognate 
hormone by regulating the rate of gene transcription within their respective 
target cells. The genomic actions of 1 ,25-(OH)2D3 are ligand-induced and 
the result of the ligandlreceptor complex interacting with specific DNA se- 
quences or response elements (VDRE) within the promoters of 1,25- 
(OH)2D3-responsive genes. Several 1 ,25-(OH)2D3-responsive genes have 
now been cloned and promoter regions of these genes have been character- 
ized (Rihle 1.2). It is too early to decipher a consensus response element se- 

Table 1.2 SEQUENCE COMPARISON OF THE VITAMIN D DESPONSIVE 
ELEMENTS (VDRE) 

Pronioior VDRE 

human PTH GGTTCA AAG CAGACA 
rat calbindin D-9K GGGTGT CGG AAGCCC 
rat osteocalcin GGGTGA ATG AGGACA 
human osteocalcin GGGTGA ACG GGGGCA 
mouse osteopontin GGTTCA CGA GGTTCA 
rat 24-hydroxylase distal GGTTCA GCG GGTGCG 
human 24-hydroxylas distal AGTTCA CCG GGTGTG 
rat 24-hydroxylase proximal GAGTCA GCG AGGTGA GTG AGGGCG 
human 24-hydroxylase proximal GAGTCA GCG AGGTGA GCG AGGGCT 
chicken carbonic anhydrase-I1 GGGGGA AAA AGTCCA 
mouse calbindin D-28K AGGTGA TGA AAGTCA 
human calbindin D-YK TGCCCTTCCTTATGGGGTTCA 
mouse calbindin D-28K CTGGGGGATGTGAGGAGAAATGAGTCTGAGC 
mouse C:/OS AGGTGA A AGATGTATGCCA AGACGGGGGTTGA AAC 



28 MODERN VIEW OF VITAMIN D3 AND ITS MEDICINAL USES 

quence because not all of the 1,25-(OH)2D3-regulated genes are available for 
analysis. But unlike the response elements of oestrogen and glucocorticoid 
receptors, which are palindromic or inverted repeats of two six-base half- 
sites, VDREs appear to comprise at least two imperfect half-sites in direct 
repeat with three bases of spacing between them [67,245,246]. This is analo- 
gous to retinoic acid receptor response elements (RARE) and thyroid hor- 
mone receptor response elements (TRE) [247]. 

Although among the various known VDREs, there is some flexibility in 
precise sequence mediating 1 ,25-(OH)2D3-responsiveness, specific changes 
in the bases of the half-sites can dramatically affect VDR-VDRE interactions 
[245]. In addition, mutations in the spacer sequence of VDRE can also dis- 
rupt VDR binding [245]. Of great interest is that sequence specificity of a 
VDRE is generally similar to that of a TRE or RARE except that the inter- 
vening spacing of half-sites is 4 bases for a TRE and 5 bases for an RARE 
[227]. It is now understood that a general theme of VDR, RAR and TR is 
one of heterodimer formation with other transcription factors [246], unlike 
the co-operative homodimer formation of oestrogen and glucocorticoid 
receptors. Recent studies, however, with synthetic elements with larger 
spacer regions and inverted arrangements can be demonstrated to confer 
1 ,25-(OH)2D3-responsiveness [247]. Also, there are a few reported natural 
VDREs for which the three-base spacing rule is not obeyed [245-2491, but 
the biological relevance of these response elements is not known. Therefore, 
it is possible that as yet unidentified VDREs may fall into a dissimilar cate- 
gory of the more common theme. One example of this is the VDRE in the 
promoter of the human preproparathyroid hormone gene, which is re- 
pressed by 1,25-(OH)2D3. This VDRE is a 25 bp region from -125 to -101 
and was characterized by Demay et al. [250]. The PTH VDRE consists of 
one half-site that exactly matches the GGTTCA half-site of mouse osteo- 
pontin but in the antisense orientation [195]. When inserted into a reporter 
system in front of a heterologous promoter, the PTH VDRE conferred sup- 
pression in response to 1,25-(OH)*D3 in a cell-type specific manner [250]. 
This indicates that an unidentified factor found in parathyroid gland cells, 
but not in certain other types of cells, plays an interactive role in the suppres- 
sion mechanism. 

Studies are now underway to elucidate the mechanism of VDR interac- 
tion with the VDRE. Liao et al. [251] provided the first evidence that an ac- 
cessory factor is essential for VDR binding to VDRE, by showing that re- 
combinant VDR does not bind to human osteocalcin VDRE without an 
accessory factor from nuclear extract. This result was also found by two 
other independent laboratories [252,253]. The accessory factor, termed nu- 
clear accessory factor (NAF) or receptor auxiliary factor (RAF), is a 55 
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kilodalton (Kd) protein from human cells [254] and somewhat larger from 
porcine intestine [253]. RAF confers high affinity of VDR to VDRE, and 
with a dissociation constant of 0.24 nM for the VDR-RAF-VDRE complex 
[243]. The VDR-RAF interaction in solution can occur in the absence of 
DNA, and the VDR-RAF-VDRE association is markedly enhanced by 
1 ,25-(OH)2D3 [243]. Thus, 1 ,25-(OH)2D3 either initiates heterodimer forma- 
tion or a tighter interaction of the heterodimer with the VDRE [255]. Con- 
comitantly, a purified nuclear factor from HeLa cell extracts that promoted 
the specific interaction of RAR and TR with their corresponding response 
elements was identified as RXRB [256]. It is now realized that other homolo- 
gues of RXR (RXRa and RXRy) are also capable accessory factors to 
RAR, TR and VDR [257]. Antibodies to RXRB were found to be immuno- 
reactive with RAF and to interfere with VDR-RAF heterodimer formation 
[258]. Also, supershifts of specific gel shift complexes consisting of VDRE 
and VDR and highly purified porcine intestinal RAF occur in the presence 
of both anti-VDR and anti-RXR monoclonal antibodies [259]. Thus, it is 
likely if not certain that RAF is an RXR but which one is not certain. 

REGULATION OF 1,25-(OH)?D3 RESPONSIVE GENES 

Several integrated cell-type specific and gene specific factors function in the 
modulation of 1 ,25-(OH)2D3 responsive genes. These factors have become 
too numerous and complex to be comprehensively reviewed here, so the in- 
terested reader is referred to more specific reviews [247, 2601. This review 
will focus attention on more general themes that have arisen over the last 
few years and have enhanced the mechanistic understanding of the way in 
which 1 ,25-(OH)2D3-responsive genes function. 

VDR uptake 

It is well known that occupied VDR is predominantly in the nucleus, but 
how the VDR localizes to the nucleus has long been a controversial issue 
and is still poorly understood. Cell fractionation studies show the VDR to 
be exclusively nuclear [228]. The presence of VDR in both nuclear and cyto- 
solic fractions, however, has been reported with the use of physiological ion- 
ic strength buffers or by gentle fractionation methods [261, 2621. The work 
of Barsony eta/ .  [263] has used immunocytochemical detection to study the 
intracellular compartmentalization of VDR. They report the transcellular 
movement of VDR from the cytoplasm to the nucleus in microwave-fixed 
cells. In the presence of 1,25-(OH)*D3, VDR becomes organized on cyto- 
plasmic fibres that resemble or are microtubules [264] and are oriented in 
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the direction of the nuclear envelope [263, 2651. Within 1-5 min following 
1 ,25-(OH)2D3-treatment, the organized bundles of VDR translocate into 
the nucleus in correlation with 3',5'-cGMP production [266]. By disrupting 
the integrity of monocyte microtubules with colchicine, Kamimura et al. 
[267] showed that induction of 24-hydroxylase mRNA and activity were 
abolished without affecting either total 1 ,25-(OH)2D3 uptake or maximal 
1 ,25-(OH)2D3-VDR binding. Also, in a case study of hereditary vitamin 
D-resistant rickets type 11, a subclass of this disease was identified as having 
no mutations in the VDR open reading frame and functional 1,25- 
(OH)2D3-VDR binding. However, both skin fibroblasts and peripheral 
blood lymphocytes from the afEcted patient showed defective VDR translo- 
cation to the nucleus [268]. All these studies suggest a specific mechanism in- 
volving cytoskeletal matrices to facilitate movement of VDR to the nucleus 
for its more specialized role as a transcription factor. However, these require 
additional investigation before they can be accepted. 

Phosphorylation 

One of the more intriguing aspects of steroid hormone receptor study is de- 
ciphering the role phosphorylation plays in signalling nuclear events 
mediated by steroid receptors. Phosphorylation of the VDR contributes sig- 
nificantly to its functional activity, but the specific mechanisms that mediate 
this regulation are not well understood. Phosphorylation may influence 
DNA binding, ligand binding, and protein-protein interactions, including 
heterodimerization and/or transcriptional activation functions [66, 671. 
The essential elements of the VDR phosphorylation event are that 1,25- 
(OH)2D3 controls the process by activating cellular pathways involving 
protein kinases. The use of phosphatase inhibitors, like okadaic acid, en- 
hance this, whereas agents that specifically block either protein kinase C 
(PKC) or protein kinase A (PKA) have been found to decrease or abolish 
1 ,25-(OH)2D3-mediated phosphorylation [67]. In the case of PKC, 1,25- 
(OH)*D3 causes translocation of PKC-/? to the plasma membrane and 
PKC-M to the nucleus [269-27 11. Both PKC isotypes are calcium-dependent, 
and 1 ,25-(OH)2D3 does not affect the calcium-independent PKC-[ [271]. 
Brown and DeLuca [272] demonstrated that VDR phosphorylation is rapid, 
occurring within 1 h following treatment of 1 ,25-(OH)2D3 of embryonic 
chick duodenal organ culture. In addition, phosphorylation occurred before 
calcium uptake and the 1 ,25-(OH)2D3-dependent increase in calcium-bind- 
ing protein mRNA. Proteolytic digestion of the 1 ,25-(OH)*D3-dependent 
phosphorylation of porcine VDR was mapped and shown to be localized to 
a 23 Kd fragment of the C-terminal domain [273]. 
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A rough delineation of a phosphorylation site was also mapped out by 
Jones et al. [274] by transfecting internally deleted mutants of the human 
VDR into ROS 1712.8 cells in the presence of labelling with ["PI-orthophos- 
phate. This site was assigned to a fragment between Met 197 and Val 234, 
and was previously shown to consist of a putative recognition site for phos- 
phorylation by casein kinase I1 [275], a regulatory enzyme of significance in 
the function of nuclear proteins [275]. Highly purified casein kinase I1 was 
later found to phosphorylate human VDR [276], and the serine at 208 was 
determined to be the substrate site for casein kinase I1 as identified by site- 
directed mutagenesis [277]. However, despite experiments showing a 1,25- 
(OHj2D3-dependent phosphorylation of VDR [272], the phosphorylation 
by casein kinase I1 is 1.25-(OH)2D3-independent [277]. Hilliard et d. [278] 
also have elegantly mapped a casein kinase I1 recognition site in human 
VDR which under their nomenclature is Ser 205. However, blocking phos- 
phorylation of this site did not preclude phosphorylation at other sites by 
casein kinase I1 nor did it affect transcriptional activation. 

Other work has shown that Ser 51 in the DNA-binding domain is another 
potential site of phosphorylation, in this case, a PKC-P dependent phos- 
phorylation [279]. Because Ser 5 1 is between two zinc fingers, modification 
of this residue or flanking residues can alter VDR binding to the human os- 
teocalcin VDRE [280]. In contrast, changing Ser 51 to an alanine, which is 
the residue in the corresponding position of most other steroid receptors, 
eliminated PKC-P phosphorylation but left intact the fully functional speci- 
fic DNA binding activity and transcriptional activation capacity of hVDR 
[280]. 

Despite these results, it is clear that phosphorylation of VDR plays some 
underlying role in the transcriptional activation 1 ,25-(OH)2D3-responsive 
genes [28 11. The signalling pathway by which phosphorylation of VDR is ac- 
complished may occur either by protein kinase C or protein kinase A trans- 
duction [282,283] or by an alternative kinase system [284]. 

Molecular model of I ,25- ( OH)2D3-dependent gene trunscviption 

Regulation of gene function by 1 occurs at  several distinct 
stages involving facets of ligand and protein-protein interactions and prob- 
ably physical modifications of VDR either by a change in its conformation 
or by phosphorylation [246]. The latter two aspects are less well character- 
ized, but indirect evidence exists showing that ligand binding to the oestro- 
gen and progesterone receptors causes conformational changes that in turn 
influence transcriptional activation [285, 2861. Ligdnd binding to VDR sta- 
bilizes the receptor, a function that is important during periods of increased 
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Model for Vitamin D-influenced Target Gene Expression 
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1 ,25-(OH)2D3 production [144, 2871. The affinity of 1 ,25-(OH)2D3 for VDR 
is extremely high, exhibiting a dissociation constant in the range of lo-’’ to 
10 -” M [ 1 15,2881. Measurement of cellular 1 ,25-(OH)2D3 based on this as- 
sumption shows that only 5-7% of VDR is occupied under normal circum- 
stances, and physiological increases in 1 ,25-(OH)2D3 raises this value to 
about 15% [70]. At least some VDR binds to genomic sites in the absence of 
ligand, but 1,25-(OH)2D3 is also important for enhancing the affinity of 
VDR for VDRE and in signalling of gene transcriptional activation [255]. 
The work of Barsony et al. [263] suggests that 1,25-(OH)2D3 has an involve- 
ment in transcellular movement of VDR to the nucleus, and other work 
shows that 1,25-(OH)2D3 functions in the modification of VDR by events 
such as phosphorylation and possibly conformational changes that allow 
for interactions with other proteins [260]. Upon entry into target cells, 1,25- 
(OH)*D3 elicits rapid acting transduction pathways and finds unoccupied 
VDR either nuclear or cytoplasmic and enables a conformational change 
such that the heterodimer VDR-RXR complex can form (Figure 1.8). In the 
nucleus, these heterodimers as larger complexes bind to VDREs of 1,25- 
(OH)2D3-responsive genes. Ligand is then believed to bind to the complexes 
and phosphorylation occurs in  an analogous manner to the progesterone re- 
ceptor [289]. The use of agents such as okadaic acid that block phosphatase 
activity and allow for basal VDR phosphorylation [283], would support 
this theory. The recent evidence that TFIIB, a basal transcription factor 
that aids in the assembly and bridging of the pre-initiation complex to 
many gene promoters, binds to a contact site on VDR in the presence of 
RXR [290] is suggestive of an even more complex model of 1,25-(OH)2D3- 
induced transcriptional activation. Regions in the long carboxyl-terminus 
of VDR are essential for the TFIIB interaction [290]. Future work will un- 
doubtedly reveal other such interacting factors that bind to contact sites on 
VDR or RXR. Indeed, new work has already surfaced demonstrating the in- 
volvement of a ligand-independent co-activator (SRC-1) for certain steroid 
receptors [291] and co-repressors (N-CoR and SMRT) for RAR and TR 
[292-2941. These transcriptional regulators were identified and tested using 
dihybrid systems sensitive to protein-protein contact sites of the interacting 
proteins [295], and similar work is also underway for the VDR and RXR 
components. 
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TREATMENT OF CALCIUM AND PHOSPHORUS DISORDERS 
WITH VITAMIN D3 METABOLITES AND ANALOGUES 

RENAL OSTEODYSTROPHY 

Renal osteodystrophy is a disease resulting from renal failure. The hallmarks 
of this disease are low plasma 1 ,25-(OH)2D3, hyperparathyroidism, and hy- 
perphosphataemia. The loss of kidney function results in phosphate reten- 
tion, and in addition, renal lct-OHase is dysfunctional, causing low serum 
1,25-(OH)2D3 concentrations. Low 1,25-(OH)2D3 results in little to no in- 
testinal calcium absorption for soft tissue needs. Thus, blood calcium can 
be low and secondary hyperparathyroidism develops. The inability to regu- 
late renal handling of phosphate by PTH leads to phosphate-mediated re- 
pression of ionized calcium. Serious osteodystrophic lesions occur because 
of high PTH activity on bone resorption resulting in osteitis fibrosa and os- 
teosclerosis. 

The understanding that parathyroid glands are a bona fide target tissue of 
I ,25-(OH)2D3 led to intensive investigations of 1 ,25-(OH)2D3 action in this 
tissue. It is well known that 1,25-(OH)2D3 decreases PTH secretion but 
more recently it has been demonstrated that 1 ,25-(OH)2D3 also decreases 
expression of preproparathyroid gene [296, 2971. This result was confirmed 
by Demay et al. [250] who showed that aVDRE located in the 5’-flanking se- 
quence of the preproparathyroid hormone gene mediates negative transcrip- 
tional regulation in response to I ,25-(OH)2D3 when linked to a heterologous 
promoter/reporter construct. Further, 1 ,25-(OH)2D3 probably inhibits 
parathyroid gland proliferation. It is now clear why I ,25-(OH)2D3 is so effec- 
tive in the treatment of renal osteodystrophy [298]. Intravenous administra- 
tion of 1 ,25-(OH)2D3 met with excellent success in controlling hyperpar- 
athyroidism, and the same can be said for use of these compounds in renal 
osteodystrophy [298, 2991. The use of 1,25-(OH)2D3 in some patients may 
be limiting due to its potent hypercalcaemic tendency; therefore, the employ- 
ment of less calcaemic analogues of 1 ,25-(OH)2D3 may provide more benefit 
to the patient. 

FANCONI SYNDROME 

Fanconi syndrome develops from a generalized defect in the proximal renal 
tubule limiting the transport of glucose, several minerals, and organic acids, 
as well as low molecular weight proteins. The syndrome represents global 
manifestations in proximal tubulopathy, and therefore, has many associated 
disorders including defective phosphate reabsorption causing phosphaturic 
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hypophosphataemia and associated skeletal defects. Treatment with 1 a-OH- 
D3 often corrects the skeletal symptoms related to fanconi syndrome [300]. 

X-LINKED HYPOPHOSPHATAEMIA VITAMIN D-RESISTANT RICKETS 

X-Linked hypophosphataemia, hypophosphataemic vitamin D resistant 
rickets (HPDR), is an X-linked dominant trait [300] with the mutant gene 
being located in the distal part of the short arm of the X-chromosome, 
Xp22.31-p21.3 [301, 3021. A similar mutation has been identified in the 
mouse (Hyp) [303], which has provided a useful model to study this disease 
in greater detail. The hypophosphataemia of HPDR is a consequence of a 
primary inborn error of phosphate transport at the location of the proximal 
tubules [304]. One hypothesis in regard to HPDR is that the proximal tubu- 
lar Na(+)-Pi transporter plays a role in the murine form of X-linked hypo- 
phosphataemic vitamin D-resistant rickets 13051. The gene expression of 
the Na(+)-Pi transporter is up-regulated by phosphate restriction in normal 
mice but displays abnormally low transcription in Hyp mice [306]. The mo- 
lecular mechanisms for this response, however, are unclear. Other interest- 
ing features in the Hyp model is the uncoupling of renal 25-OH-D3 metabo- 
lism in response to dietary phosphate restriction where there is the 
inappropriate increase in 24-OHase and no increase in la-OHase activity 
[307, 3081. It is not known whether the same defects in renal enzymes occur 
in human HPDR, but a higher than normal catabolism of 1,25-(OH)2D3 is 
suspected [309]. Treatment of HPDR can be accomplished by supplementa- 
tion with phosphate salts combined with the administration of oral 1,25- 
(OH)2D3 (1-2 pg/day), which both suppresses PTH secretion and combats 
hypocalcaemia caused by the phosphate supplementation [309]. 

VITAMIN D-DEPENDENCY RICKETS TYPE I 

Vitamin D-dependency rickets type I (VDDR-I) is an autosomal recessive 
inheritance that was first described by Prader et al. [3 101. The disease devel- 
ops owing to a defect in the 1 a-OHase. Though molecular details await pu- 
rification and/or cloning of human la-OHase, the phenotype for VDDR-I 
has been temporarily mapped to chromosome 12q 1 4  13 [ 17 1, 1721. A var- 
iant of VDDR-I was recently identified and reported in a strain of pigs which 
may provide an animal model for the study of VDDR-I [3 1 I]. Treatment 
strategy is to provide the missing vitamin D hormone at 0.5-1 pg dose/day 
[312]. In the past, large doses of vitamin D brought about high levels of 25- 
OH-D3 that acted as an analogue of 1 and were used for treat- 
ment but management was more difficult [3 131. 
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VITAMIN D-DEPENDENCY RICKETS TYPE I1 

Vitamin D-dependency rickets type I1 (VDDR-11) is a rare heritable end- 
organ resistance disorder [314] caused by one of several genetic defects in 
the VDR [3 151. There are five major classifications of VDR defects including 
hormone binding [316], binding capacity [317], binding affinity [318], defi- 
cient nuclear localization [319], and decreased affinity of the hormone/ 
VDR complex for heterologous DNA [239,240]. The disease is not vitamin 
D-dependent as such because patients are not responsive to any form of vita- 
min D3 therapy. In more severe cases, total alopecia occurs [320], indicating 
a potential role of 1 ,25-(OH)2D3 in hair growth. In these patients, remission 
even with extremely high doses of vitamin D3 is not likely. Remission of 
non-alopecic patients is carried out by administering massive regimens of vi- 
tamin D, (6 pg/kg body weight or a total of 30 to 60 pg for a duration of 
3-5 months) for sufficient new bone mineralization to occur. In addition, 
supplemental calcium up to 3 g of elemental calcium per day can augment 
calcium absorption by passive diffusion. Patients are best treated by calcium 
and phosphorus infusion [321]. 

OSTEOPOROSIS 

Osteoporosis is a general decrease in bone mass. In America alone, 25 mil- 
lion individuals, most women, are affected to some degree by this bone-thin- 
ning disease. Unfortunately, if more attention is not given to communicating 
appropriate preventative strategies, osteoporosis and its related costs will 
continue to escalate. The three most important interacting factors are diet, 
exercise and oestrogen. For women the primary risk factors include North- 
ern European descent or Caucasian, petite body size, cigarette smoking, a 
sedentary life-style, a family history of osteoporosis, life-long low calcium 
intake, the first 5-1 0 years following menopause, and oophorectomy [322]. 
Throughout the world, the prevalence of osteoporosis is increasing as the 
population and life-expectancy both increase, and is becoming a substantial 
burden to society in general. 

Bone size and mass are genetically determined, but can also be influenced 
by a range of calcitropic factors that are most critical throughout the first 
three decades of life. Peak bone mass is attained by age 3040.  The two ma- 
jor forms of osteoporosis, senile involutional and postmenopausal, occur in 
women over the age of 50, with a significant proportion of the male popula- 
tion being afflicted by the age-dependent form of osteoporosis. In addition 
to the sedentary aspects brought on by advanced age for some, such as limb 
disuse and less than appropriate exposure to sunlight, certain biochemical 
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functions also decline. The best example of this is intestinal calcium absorp- 
tion which becomes less responsive to 1 ,25-(OH)2D3 around the sixth dec- 
ade of life [323]. The same pattern can be demonstrated in the rat model 
and this trend appears to correlate with decreased VDR numbers in the in- 
testine [324]. The reason for this tissue resistance is unclear, but may relate 
to a lower calcium demand following the attainment of peak bone mass. 
Also in rats, there have been some reports of lower renal la-OHase with ad- 
vancing age and poor localization of 1,25-(OH)2D3 in bone [325], but this 
is not clearly established in adult humans [326]. In cases where there is a de- 
ficiency of vitamin D or calcium, secondary hyperparathyroidism acceler- 
ates the rate of bone loss from cortical zones and eventually hip fractures de- 
velop. Treatment with I ,25-(OH)2D3 has potential usefulness in the 
management of hyperparathyroidism, whereas supplementation with cal- 
cium and vitamin D3 can be important for preventing cortical bone loss 
[327]. 

During menopause, rapid bone loss occurs in the first five years in direct 
correlation with lost synthesis of oestrogen [328, 3291. The same effect can 
be generated by oophorectomy in the rat [330] which has been an effective 
model for examining the efficacy of treatment modalities [33 I]. Oestrogen 
replacement is effective in avoiding profound loss of trabecular bone, which, 
if untreated, leads to vertebral crush fractures [332]. Oestrogen therapy is 
also useful for restoring lost bone, and the administration of oestrogen is fre- 
quently in combination with progestins to lower the risk of endometrial can- 
cer [333], a potential side-effect of long- term treatment with oestrogen. 

Glucocorticoid treatment for arthritis or other ailments can very quickly 
produce a form of osteoporosis caused by the inhibition of bone formation 
[334]. In such cases, the decrease in bone mass may be as much as 10-20%, 
but examination of trabecular bone reveals a much greater (30-40%) de- 
crease in this component of bone [335].  Combination therapies with vitamin 
D and bisphosphonates, calcitonin or fluoride can be effective [336]. Therapy 
employing vitamin D or 1 ,25-(OH)2D3, the latter being highly calcaemic, 
should also include serum calcium monitoring and the use of thiazide diure- 
tics as appropriate. 

Polymorphisms in the VDR gene may be related to bone mineral density 
and predispose an individual to osteoporosis [337]. The use of restriction 
length fragment polymorphism (RFLP) analysis and other markers of 
VDR polymorphisms could be an additional early assessment parameter 
for the future risk of developing osteoporosis. Identification of the defective 
allele also referred to as BB or bb, depending on the laboratory from which 
the studies first originated, has been correlated to an increased risk of pri- 
mary and secondary osteoporosis and primary hyperparathyroidism. But 
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not all studies agree with these conclusions [338], so more work is necessary 
on the relationship of VDR polymorphisms to the incidence of osteoporosis. 
The b allele is potentially linked to a decreased transcriptional activity or 
mRNA stability leading to reduced VDR expression, which over the long 
term may have impending effects on bone density [339]. However, the power 
equations used to determine these relationships are still under scrutiny. De- 
spite these findings, all individuals should be urged to recognize the impor- 
tance of regular dietary intake of recommended levels of calcium and vita- 
min D3. 

The use of 1,25-(OH)*D3 and 1 a-OH-D3 has had considerable success in 
the treatment of osteopenia associated with osteoporosis. In Japan, 1 @-OH- 
D3 has been a highly successful treatment of osteoporosis [340, 3411. 
Further, 1 ,25-(OH)2D3 has been successfully applied to the treatment of os- 
teoporosis in Japan and Italy [342]. Tilyard et al. [343] have also provided 
strong evidence that 1 ,25-(OH)2D3 reduces the fracture rate in an extensive 
clinical trial in New Zealand. Other successes have been reported by Gal- 
lagher [344] and Aloia [345]. Ott and Chesnut failed to find efficacy of l ,25- 
(OH)*D3 when given at 0.4pg/day [346] but reported efficacy at  higher doses 
[0.5 &day] [347]. Because of low calcium intakes in Japan, larger doses of 
1,25-(OH)2D3 or la-OH-D3 are possible, accounting for their higher success 
level. There is little doubt that 1 ,25-(OH)2D3 and its analogues are useful in 
the treatment of osteoporosis. However, in high calcium-intake countries 
like the United States, it is likely that their use will wait the development of 
an analogue with a greater window of efficacy to toxicity. 

VITAMIN D3 ANALOGUES OF CLINICAL IMPORTANCE FOR 
OTHER TYPES OF DISEASES 

As has been discussed, 1,25-(OH)*D3 carries out a broad range of actions in 
many nonclassical target tissues, including immune cells and several leukae- 
mia cell lines in addition to its central role in bone and calcium metabolism. 
Also, 1 ,25-(OH)2D3 has been demonstrated to have important general ef- 
fects on cell proliferation and differentiation including cancer cells, epider- 
mal keratinocytes, and activated lymphocytes. 

PSORIASIS 

In skin, 1 ,25-(OH)2D3 inhibits epidermal proliferation and promotes epider- 
mal differentiation. The life cycle of a normal skin cell is about 28 days, com- 
pared with 4 days for a psoriatic cell. Sunlight of the UVB range is a known 
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deterrent to skin cell proliferation, but the reason for this is not understood, 
even though it is a commonly used treatment in the healing of psoriasis. Be- 
cause epidermal cells in skin also contain significant numbers of VDR, the 
application of 1 ,25-(OH)2D3 to treat psoriatic skin was conceived. Clinical 
evaluation of 1 ,25-(OH)zD3 and its synthetic analogues 1,24-(OH)*D3 and 
MC-903 (calcipotriol) have proven efficacious in slowing chronic epidermal 
proliferation and healing psoriasis via topical application [348, 3491. 1,25- 
(OH)zD3 can cause hypercalcaemia at the levels sometimes used to treat 
psoriasis [350]. MC-903, on the other hand, has equal affinity for VDR but 
once it enters the blood stream it is rapidly metabolically cleared [35 I], and 
thus is far less calcaemic than 1,25-(OH)2D3. The mechanism by which 
1 ,25-(OH)*D3 and its analogues heal psoriasis remains unknown. 

IMMUNOBIOLOGY 

Receptors for 1,25-(OH)2D3 are found throughout the immune system in 
many different cell types including monocytes and activated (but not resting) 
lymphocytes and also in specific subsets of thymocytes [352, 3531. An inten- 
sive study of 1,25-(OH)2D3 function in these cells over the past 10 years has 
revealed many important immunomodulatory properties of 1 ,25-(0H)*D3 
in v i m  and in v i w  [354]. In particular, 1,25-(OH)1D3 has potent ability to 
stimulate differentiation of monocytic cells of both normal myeloid and ma- 
lignant lineage to become macrophages [355, 3561. Both humoral and cell- 
mediated immune effects can be demonstrated by 1,25-(OH)*D3 action. In 
T-cells, 1 ,25-(OH)2D3 decreases IL-2 mRNA [201] and secretion [357], and 
suppresses interferon-)! gene expression [201, 3581. In theT-helper cell popu- 
lation, 1 ,25-(OH)*D3 selectively decreases cell proliferation; however, VDR 
is equally represented in both helperlinducer and suppressorlcytotoxic 
T-lymphocyte subsets [359]. Furthermore, in the presence of 1,25-(OH)*D3, 
T-helper cell induction of immunoglobulin production by B-lymphocytes is 
blocked [360]. Other effects of 1 ,25-(OH)2D3 include increasing the anti- 
gen-presenting and phagocytic activities of macrophages [361, 3621. 1,25- 
(OH)*D3 also inhibits activated macrophage growth in response to colony- 
stimulating factor-1 [363, 3641, thus representing a possible autocrinelpara- 
crine action of 1 ,25-(OH)2D3 within the immune system. 

Supraphysiological doses of 1 ,25-(OH)2D3 produce immunosuppressive 
effects by causing depletion of thymocytes and decreased iminunoglobulin 
production in mice [365]. A further study of these effects by 1 ,25-(0H)*D~ 
showed that hypercalcaemia, induced by 1 ,25-(OH)2D3 treatment (20 ngid 
for 4 days) markedly decreased thymus weight, thymocyte number, and in 
particular caused atrophy of immature thymocyte subpopulations which re- 
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side in the cortical region of the thymus gland [366]. This same dose of 1,25- 
(OH)2D3 in calcium restricted mice had relatively no effect on cortical 
T-cell populations. 

Further evidence of the vitamin D role in immune function comes from 
studies of vitamin D deficiency. In humans, vitamin D deficiency has been 
associated with reduced levels of serum immunoglobulins [367], and im- 
paired phagocytic activity [368], neutrophil migration [369], and a delayed 
inflammatory response [370,37 11. In some cases, patients suffered recurrent 
bouts by infectious agents causing bronchitis, bronchopneumonia or tuber- 
culosis [372]. In a recent study, HIV-infected patients with abnormally low 
serum 1,25-(OH)2D3 concentrations (< 25 pg/ml) suffered shorter survival 
times than other HIV-patients. In this case, however, low serum 1,25- 
(OH)2D3 was independent of vitamin D status [373]. In vitamin D-deficient 
mice, characterized by severe hypocalcaemia and undetectable blood 25- 
OH-D3, a reduced delayed hypersensitivity response to the skin contact anti- 
gen, dinitrofluorobenzene (DNFB), was observed in comparison with vita- 
min D-sufficient animals [374]. This indicates impairment to cell-mediated 
immune mechanisms. Prolonged treatment of these vitamin D-deficient 
mice with 1 ,25-(OH)2D3 restored a normal hypersensitivity response to 
DNFB, and the ability of T-lymphocytes to respond to mitogenic treatment 
[374]. 

The immunosuppressive effects of 1 ,25-(OH)2D3 in such diseases as dia- 
betes in non-obese diabetic (NOD) mice [375], and the autoimmune diseases 
murine lupus [376] and encephalomyelitis [377] reveal potentially important 
and novel uses for vitamin D treatment. However, it is clear that noncalce- 
mic immunopotent vitamin D analogues will have to be employed to prevent 
hypercalcaemia caused by 1 ,25-(OH)2D3. 

DIFFERENTIATION 

One of the more recent major developments in the vitamin D field is that 
1 ,25-(OH)2D3 plays an important role in regulating cellular growth and dif- 
ferentiation of cells of myeloid lineage [378]. This now has become an impor- 
tant area of study because of the potential benefit that the use of 1,25- 
(OH)2D3 or an analogue of 1,25-(OH)2D3 might be in suppressing cancer- 
ous growth by causing differentiation [379]. This concept has been tested in 
vivo where 1 ,25-(OH)2D3 treatment markedly decreased the growth of 
breast cancer tumours [380,381], and in vitro in a host of normal and malig- 
nant cell lines [382], in which the effect of 1 ,25-(OH)2D3 is both antiprolifera- 
tive and prodifferentiative. These results agree well with a number of epide- 
miological studies that suggest a relationship exists between solar radiation 
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exposure and the prevention of cancer diseases [383], as well as, the impor- 
tance of adequate dietary vitamin D3 and sufficient blood levels of calcium 
and vitamin D metabolites in reducing the incidence of colon and prostate 
cancers [384, 3851. 

Both genomic and nongenomic pathways have been explored in the regu- 
lation of 1 ,25-(OH)2D3 effects on the processes of cellular growth and differ- 
entiation; however, the evidence supporting the genomic pathway is more 
conclusive. In many cell lines, the degree of 1 ,25-(OH)?D3-induced differen- 
tiation or growth inhibition correlates extremely well with the level of nu- 
clear VDR [386, 3871. Also, in proliferating cells that do not express VDR, 
I ,25-(OH)2D3 is neither capable of suppressing growth nor differentiating 
these cells, whereas, recombinant expression of VDR into cells of this type 
is permissive of a 1,25-(OH)2D3 effect on differentiation [388]. In experi- 
ments with prostatic cells, where functional VDR expression is blocked by 
antisense RNA, the effect of 1 ,25-(OH)2D3 on differentiation is impaired 
[388]. In addition, the end-result of the differentiation of mononuclear pha- 
gocytes and preosteoclasts by 1 ,25-(0H)?D3, is a disappearance of VDR 
with the emergence of the mature osteoclasts [389]. All of these data are indi- 
cative of VDR expression being crucial to carrying out the effects of 1,25- 
(OH)?D3 on the regulation of cell growth and differentiation. Other cellular 
events involving fluxes in membrane fluidity [390], membrane coupled 
G-protein signal transduction [39 11, changes in the intracellular Ca2+ gradi- 
ent [392] and protein phosphorylation cascades have been considered [393]. 

The most widely studied model for examining the mechanism of 1,25- 
(0H)?D3-induced differentiation and inhibition of cell proliferation has 
been the human promyeloid leukaemia cell line (HL-60), characterized by 
deficiency of the tumor suppressor gene p53. 1 ,25-(OH)2D3 rapidly sup- 
presses the c-myc protooncogene and the retinoblastoma gene products 
[394]. Both of these oncogenes are known to be positively associated with 
cell proliferation. In the case of c-myc, 1 ,25-(OH)2D3 decreases the mRNA 
stability of the c-myc transcript [395]. Other oncogenes, c-fos and c-fes, are 
influenced by 1 ,25-(OH)?D3 and may also play a role in the differentiation 
process mediated by 1,25-(OH)?D3 [396]. In addition, 1 ,25-(OH)2D3 up- 
regulates c-fms receptor expression with subsequent induction of tyrosine 
auto-phosphorylation of c-fms and amelioration of HL-60 differentiation 
[397]. Gene expression of myeloblastin, a serine protease associated with de- 
creased proliferation and increased differentiation, is also stimulated by 
1,25-(OH)?D3 [398]. Other 1 ,25-(OH)2D3-regulated factors related to HL- 
60 cell differentiation include up-regulation of markers of cell surface attach- 
ment, vitronectin, U V ~ V  integrin, and talin [399], as well as, increased syn- 
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thesis of thromboxane [400] and increased secretion of plasminogen activa- 
tor [401]. 

The HL-60 VDR protein has been studied by Goto et al. [402] and found 
to be identical with VDR from human intestine and T47-D breast carcinoma 
cells based on nucleotide structure and 100 per cent immunoprecipitation 
of [3H]-1 ,25-(OH)2D3 binding to HL-60 nuclear extracts. This demonstrates 
the unlikelihood of a receptor isotype of VDR mediating 1 ,25-(OH)2D3 ef- 
fects in HL-60 cells. More specifically, the affinity of vitamin D3 analogues 
to HL-60 VDR parallels the ability of each analogue to induce differentia- 
tion [403]. Furthermore, l ,25-(OH)2D3-mediated differentiation of HL-60 
cells was demonstrated to be calcium-independent [404]. Other differentia- 
tion agents such as dimethyl sulphoxide [405] and retinoic acid [406] induce 
HL-60 cell differentiation to granulocytes, while phorbol esters induce a 
monocytic pathway of differentiation [407]. In contrast, I ,25-(OH)2D3- 
mediated differentiation of HL-60 cells is assessed by induction of phagocy- 
tic activity, nitro blue tetrazolium reduction, and an increase in nonspecific 
esterase activity [408]. 

The use of 1,25-(OH)2D3 in the treatment of cancer in vivo is not appropri- 
ate because of calcaemic consequences at the dose level required for efficacy. 
In light of this, a major pharmaceutical effort, over the past several years, 
has generated and tested nearly 400 analogues [409] of 1,25-(OH)2D3 in a 
quest to identify the structural basis for the calcaemic actions of 1,25- 
(OH)2D3 and form super analogues that are noncalcaemic but retain an 
equal or improved potency in effecting cellular differentiation and inhibiting 
cell growth [410]. From this collective work only a handful of synthetic ana- 
logues have been developed that retain potentially useful properties of l ,25- 
(OH)2D3 in vitro, but exhibit less calcemic activity in vivo or in organ culture. 
The testing of these compounds for their therapeutic utility must be consid- 
ered at several levels of competence in comparison with I ,25-(OH)2D3, in- 
cluding binding affinity to plasma DBP, metabolic clearance, cellular up- 
take, affinity for VDR, induction of metabolism, as well as ability to inhibit 
cancer growth and stimulate differentiation. 

CONCLUDING REMARKS 

An enormous volume of information is now available concerning the action 
and involvement of 1 ,25-(OH)*D3 in biological systems. Much headway 
has been made with the use of 1 ,25-(OH)2D3 and its analogues in the man- 
agement of several bone diseases. However, the greatest advances in their 
uses are yet to come. The presence of high concentrations of VDR in cancer- 
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ous tissues and the initial success in curing these abnormalities using 1,25- 
(OH)2D3 or its analogues underscores a renewed and vital interest in the de- 
velopment of vitamin D-based anti-cancer agents. Finally, there also ap- 
pears to be great potential for treating several immune-related diseases and 
in exploring heretofore unanticipated functions of 1 ,25-(OH)2D3. 
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INTRODUCTION 

A number of extensive reviews have been published which cover much of the 
current literature on receptor distribution, in vitro and in vivo pharmacology, 
potential clinical utilities of neurokinin (NK) receptor antagonists and the 
patent literature [ 1-51. Neurokinin receptors are currently divided into three 
main populations. The endogenous agonists are a family of peptides that 
share the common C-terminal sequence ‘Phe-X-Gly-Leu-Met-NH2’. The 
preferred mammalian neurokinin agonist for each of the receptors is sub- 
stance P (SP) for NKI ,  neurokinin A (NKA) for NK2 and neurokinin B 
(NKB) for NK3, However, each of the agonists can act as a full agonist at  
each of the receptors albeit with reduced affinity. It is possible that under 
physiological conditions the actions of each agonist may be mediated by 
more than one receptor type. 

Mammalian Tachykinins 

Substance P Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met -NH2 
Neurokinin A His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met -NH2 
Neurokinin B Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met -NH, 

All three human receptors have been cloned and expressed in cell lines fac- 
ilitating rapid screening of novel agents for receptor selectivity [6a-c]. The 
cloning of the human receptor was of particular importance, because there 
are considerable species differences with respect to antagonist affinities. 

BIOLOGICAL ACTIONS OF NEUROKININS AND NEUROKININ 
ANTAGONISTS 

SUBSTANCE P-MEDIATED ACTIONS 

Substance P and the related tachykinins neurokinin A and neurokinin B are 
mainly found in neurons, particularly unmyelinated sensory somatic and 
visceral fibres, in enteric sensory neurons and in a number of pathways with- 
in the brain. The release of tachykinins from the peripheral ends of these 
neurons may play an important role in the neurogenic inflammatory re- 
sponses to local injury and inflammation by promoting the release of hista- 
mine from mast cell degradat ion,  and the release of cytokines from invad- 
ing white cells, as well as acting directly upon blood vessels to produce 
vasodilation and plasma extravasation. Neurogenic inflammation within 
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the dura mater, a pain-producing intracranial tissue [7], has been hypothe- 
sized to be the source of migraine headache pain (Figure 2. I )  since it is inhib- 
ited by current clinically effective anti-migraine agents [8]. Within the CNS, 
at the central terminals of primary sensory neurons in the brainstem, cranial 
nerve nuclei and spinal cord dorsal horn, substance P may function as a sen- 
sory neurotransmitter or neuromodulator particularly with regard to the 
central input to pain pathways from unmyelinated C-fibres involved in noci- 
ception. This central antinociceptive site of action may be critical to the 
speed of onset and the effectiveness of NK, antagonists for the acute treat- 
ment of migraine since they would be abIe to block headache pain rapidly 
and directly. Substance P-containing afferent nerve fibres also innervate the 
brainstem in the region of the nucleus tractus solitarius, a CNS area in- 
volved in the control of emesis (Figure 2.2) which is indicative of a role for 
central NKI  receptor antagonists as antiemetics [9,10]. Confirmation of 
this central site of action has come from studies using the non-CNS pene- 
trating NKI  antagonist L743310 [ l l ] .  It has also been hypothesized that 
tachykinins within the CNS may have a role in modulating the activity of 
norepinephrine and dopamine pathways [ 121 that are involved in affective 
disorders and responses to stress. The presence of SP and NKA in the res- 
piratory tract of various mammalian species has been shown using radioim- 
munoassay and immunohistochemical techniques; this suggests a possible 
therapeutic role for NKI and/or NK2 antagonists in airways disease [12]. 

NKA-MEDIATED ACTIONS 

NK2 receptor antagonists have been claimed to have anxiolytic properties in 
preclinical assays [ 131. However, until very recently it had not been possible 
to demonstrate the existence of NK2 receptors in brain tissue from adult 
rats (although present in neonatal tissue) using radioligand-binding tech- 
niques. However, new autoradiographic evidence for the existence of NK2 
receptors in adult rat brain using localization of a radiolabelled NK2 recep- 
tor selective antagonist, [3H]-SR48968 has been disclosed [ 141. 

NKB-MEDIATED ACTIONS 

The presence of NK3 receptors in the CNS of man has not yet been con- 
firmed. However, a number of CNS effects have been demonstrated in other 
species. NK3 receptors have been shown to modulate central monoamine 
function suggesting that agonists or antagonists may be clinically useful for 
the treatment of schizophrenia, Parkinson’s disease and depression. NK3 re- 
ceptors have been shown to modulate the activity of dopaminergic cell 
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Figure 2.1. A diagrammatic representation ofthe pathophysiological mechanisms thought to be in- 
volved in the development of migraine heudache and the potential sites ofaction of NKl-receptor an- 
tagonists. In preclinical studies. NKl-recep tor antagonists antagonize the effects of substunce P re- 
leased from the perivasculur sensory neurons (possibly via blockade of receptors located on the 
endothelial cells) resulting in u reduction in vasodilation and extravusution. Furthermore, NK,-re- 
ceplor antagonists inhibit immediate early gene (IEG) expression in the trigeminal nucleus caudalis 
indicating inhibition of neuronal activation which may also contribute to a central antinociceptive 

action of these agents. 
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bodies in the ventral tegmental area and substantia nigra in rodents suggest- 
ing that an NK3 receptor antagonist may exhibit antipsychotic activity [ 151. 
On the other hand, central infusion of the peptide NK3 receptor agonist 
senktide in rats elicits the 5-HT behavioural syndrome [16] and increases re- 
lease of norepinephrine suggesting that NK3 agonists may have utility as 
antidepressants. 

NKi RECEPTOR-SELECTIVE NON-PEPTIDE ANTAGONISTS 

DIAMINES 

Pfizer discovered the first non-peptide NKI receptor antagonist CP96345 (1) 
in 1991 [17]. An investigation of the structure-activity relationships within 
this series of quinuclidines highlighted the crucial importance of the ortho- 
methoxy substitution of the benzylamine side-chain [IS], removal of the 
methoxy group resulting in a 20-fold drop in affinity. Whilst (1) is a potent 
antagonist of substance P in vitro and in vivo, it also has significant affinity 
for a number of ion channels which compromise its use in vivo [19]. 

Ph 

R IC5o (nM) 

(1) OMe 0.77 

(2) H 16 

(3) CI 33 

(4) Et 17 

More recently, the piperidine analogue CP99994 (5) was reported to have 
excellent affinity and selectivity in vitro [human NKi receptor (hNKi), hu- 
man NK2 receptor (hNK2), human NK3 receptor (hNK3)] (hNKI ICSo 
0.6 nM; hNK2 ICSO > 1000 nM; hNK3 ICs0 > 1000 nM) and considerably 
reduced ion channel activity compared with (1) [20]. However, CP99994 
apparently has poor oral activity in a number of species. The poor oral bio- 
availability of CP99994 would now appear to have been addressed with the 
discovery of CP122721 (6), which is a potent and selective NK1 antagonist 
(hNK1 ICSO 0.14 nM) but has significant affinity for the L-type calcium 
channel (390 nM) [21]. CP122721 is active in assays of NKI agonist-induced 
dermal extravasation (0.01-0.05 mg/kg P.o.), substance P-induced locomo- 
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tor hyperactivity (0.2 mg/kg) and against cisplatin-induced emesis (0.3 mg/ 
kg i.v.) 1221. 

Pfizer and others have continued to explore novel bicyclic diamines. This 
approach has been used successfully by a number of groups [23, 241, 
although the resulting highly rigid cage structures appear not to show any 
advantage over the simpler diamines. 

Glaxo postulated that the 5-position of the aromatic ring, para to the 
methoxy, was a likely site for hydroxylation. Introduction of a variety of sub- 
stituents into the 5-position in an effort to block metabolism resulted in the 
discovery of the tetrazole GR203040 (7) which had an improved in vivo pro- 
file over CP99994 [25]. In particular, there is a considerable reduction in 
clearance (CP99994: 94 mL/min/kg; GR203040: 24 mL/min/kg) and im- 
provement in oral bioavailability in dogs (CP99994: < 10%; GR203040: 
76%). GR203040 has excellent in vitro affinity (hNK1 IC50 0.06nM). In fer- 
rets, GR203040 (0.1 mg/kg s.c.) significantly reduced emesis induced by a 
wide range of emetogens including X-irradiation, cisplatin and morphine. 
Interestingly, while the isomeric tetrazole (8) and the pyridine (9) afford ex- 
cellent affinity they have reduced in vivo potency [25]. GR203040 was initi- 
ally selected for clinical evaluation in emesis and migraine but has now 
been replaced by GR205171 (10) which also has excellent in vivo activity in 
the ferret against X-irradiation induced emesis (0.03 mg/kg s.c.) [26]. 
GR205 171 is now believed to be in Phase I1 trials for emesis and migraine. 

R PKI 

R 
I 

,,,NH OMe 

10.3 

9.9 

10.2 

10.6 

The tetrazole has also been utilized in the corresponding benzofuran ana- 
logue ( l l )  which is reported to be active against radiation-induced emesis 
in ferrets (0.3 mg/kg s.c.) 1271. 

AMINO ETHERS 

Since the first publication by the Merck group disclosing a novel series of 
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amino ether-based NKI antagonists (12), structure-activity relationships in 
this series together with a summary of the mutagenesis studies that have 
helped to define the pharmacophore have been reviewed [28]. On the basis 
of the structure-activity data for the amino ethers and the data available for 
the corresponding amines, four key features of the pharmacophore have 
been identified and are depicted in Figure 2.3. Firstly, an interaction with 
the protonated bridgehead nitrogen; whilst there are a number of acidic resi- 
dues within the transmembrane region, there is no evidence to suggest that 
any of these form an ion-pair with the protonated nitrogen. Secondly, the 
benzhydryl group forms a key element of the structure of the high affinity 
NKI  antagonists; however, only one of the phenyl rings is necessary for 
binding to the receptor, with the second ring probably acting as a conforma- 
tional anchor. Thirdly, mutagenesis studies have suggested that His-l 97 
forms an amino-aromatic interaction with one of the phenyl rings. Finally, 
single point mutations have also shown that Lys-193 and Glu-194 are in the 
binding pocket of the benzhydryl group [29]. The heteroatom of the benzyl 
ether probably acts as a hydrogen bond acceptor, and recent results suggest 
that Gln- 165 may be involved in this interaction. The interaction of the third 
aromatic ring with the receptor appears to be different for the two classes 
of quinuclidine antagonists. It is possible that in the case of the benzyl ethers, 
an edge-to-face aromatic-aromatic interaction stabilises a conformation 
which accesses a lipophilic pocket containing His-265. In contrast, the ben- 
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zylamines adopt a face-to-face conformation, perhaps allowing the ortho 
methoxy to engage a second hydrogen bonding interaction, while mutagen- 
esis studies have failed to identify the residue involved, a possible interaction 
with the peptide backbone cannot be excluded. 

The issue of calcium channel-binding was elegantly addressed [30] in the 
amino ether series by modulation of the pKa of the amine. Introduction of 
polar electron-withdrawing groups reduce affinity for the L-type calcium 
channel while retaining high affinity for the NK, receptor. The 3,5-bis(tri- 
fluoromethy1)benzyl ether is also present in the N-substituted 2-phenyl- 
3-benzyloxypiperidine series, for example, the triazole (1 3) and the tria- 
zolinone L741671 (14) [31]. Both compounds have excellent affinity (13), 
(hNKI IC50 0.18 nM); (14), (hNK, IC50 0.1 nM), and block the extravasa- 
tion induced by substance P (0.5 pmol) injected into the dorsal skin in the 
guinea-pig [(14) ID50 0.007 mg/kg p.0.1. They are also active in the trigem- 
inal dural extravasation model of migraine (10-100 pg/kg) and block cis- 
platin-induced emesis in ferrets (ID50 0.3 mg/kg). The corresponding mor- 
pholine, L742694 ( 1  5) (hNK I IC50 0.1 nM) has also been described and has 
similar affinity but an improved duration of action [32]. L742694 is a highly 
CNS-penetrating compound and is a potent anti-emetic (ID50 0.1 8 mg/kg 
i.v.) [33]. 

p 
I R 

(13) X=CH2 
’ CF3 

(14) X=CHZ 

(15) X=O I 

R= (7( 
N’ 
H 

R= #y 
N’ 
H 

0 4  

PERHYDROISOINDOLES 

Since the discovery of the perhydroisoindole-based NK I antagonist 
RP67580 (16) which showed excellent affinity for the rat NKI  receptor but 
25-fold reduced affinity for the human NK I receptor, continued exploration 
of this series has identified compounds with excellent affinity at the human 
NK, receptor [34]. 
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The key structural changes that confer increased affinity for the human 
NK, receptor appear to be modification of the ketone function and replace- 
ment of the amidine linking group by amide. The ortho methoxy has also 
been changed to an alkylamino group but this may be intended to improve 
water solubility. These compounds are claimed to be active in models of an- 
algesia: (17) (ED50 3 mg/kg P.o.), (18) (ED50 1.7 mg/kg p.0.); they inhibit 
septide (a selective NKI agonist) induced extravasation (17) (ED50 0.7 mg/ 
kg s.c.), (18) (ED50 <0.1 mg/kg s.c.) [35]. Further modifications of the ke- 
tone functionality have now been disclosed in which a fourth aryl ring has 
been introduced to afford the tertiary alcohol RPR100893 (19). Interest- 
ingly, it is now the opposite enantiomer that has high affinity. The in vitro 
and in vivo pharmacological profiles have been extensively evaluated 
[36,37]. In IM9 cells, RPR100893 has an affinity for the hNKl receptor of 
30 nM, whilst in rat brain the affinity is 1417 nM. Compound (19) was active 
in models of analgesia (formalin paw, ED50 3.1 mg/kg s.c., ED50 1 1 mg/kg 
P.o.), inflammation (septide-induced extravasation, ED50 30.1 mg/kg i.v., 
ED50 0.33 mg/kg P.o.), and migraine (dural extravasation, ED50 2.5 ng/kg 
i.v., ED50 0.5 mg/kg p.0.). Recent work has resulted in removal of the gem 
diphenyl moiety and the introduction of polar substituents at the 5-posi- 
tion of the perhydroisoindoline ring [38], in particular, 5-cyanomethyl 
(RPRlll905,20) (hNK1 IC50 0.3 nM). This compound shows good oral ac- 
tivity (dural extravasation, EDs0 0.09 mg/kg p.0.) but poor CNS penetration 
(formalin test, ED50 17mg/kg p.0.). 
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4-AMINO-2-BENZY LPIPERIDINE AMIDES 

On the assumption that the two aromatic residues in truncated C-terminal 
analogues of substance P were essential so as to retain modest affinity, 
Ciba-Geigy designed a series of 4-amino-2-benzylpiperidine amides [39]. 
3,5-Disubstitution on the benzamide ring was found to increase affinity and 
at least one small substituent on the exocyclic nitrogen is necessary for 
good affinity. A compound from this series, CGP49823 (21) which has rela- 
tively modest affinity (1 1nM) was reported to be active in the rat social inter- 
action and forced swim tests for anxiolytic and antidepressant activity, re- 
spectively [40,41]. CGP49823 is reported to be in Phase I clinical trials as a 
potential treatment for anxiety disorders. Recently, analogues (22) and (23) 
of CGP49823 with additional N-acyl substituents have been described in pa- 
tents [42,43]. As with other recent patent filings in this series, the preferred 
compounds are 3,5-bis(trifluoromethyl)benzamides. 
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PIPERIDINE AMIDES 

A novel N-acylated 3-(3,4-dichlorophenyl)piperidine, SR 140333 (24) that 
displays high affinity both for rat and human NK, receptors (rat NKI  1% 
0.02 nM, human NKI ICso 0.01 nM) has been identified by Sanofi scientists 
[44]. This compound is structurally related to NK2 and NK3 antagonists 
that have also been disclosed by the same group but shows excellent selectiv- 
ity for the NK, receptor. Selectivity for the NKI receptor was achieved by 
introduction of the conformational restraint imposed by the piperidine ring 
and replacement of the benzoyl group by phenacyl. In the rat, (24) given in- 
travenously strongly inhibited the plasma extravasation induced by sciatic 
nerve stimulation, mustard oil application and substance P [45]. 
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SR140333 is reported to be in Phase I trials for inflammation and mi- 
graine but would be expected to show poor CNS penetration due to its qua- 
ternary nitrogen moiety. 

QUINOLINE AND 1 ,?-NAPHTHYRIDINE AMlDES 

A new class of amide-based N K I  antagonists (25) and (26) have been de- 
scribed by scientists at Takeda, again bearing the 3,5-bis(trifluoromethyl) 
substitution and the detailed SAR in this series has recently been published 
[46]. While a variety of benzyl substitutions gave excellent in vifro affinity 
(25 )  (hNKI ICso 0.21 nM), only compounds containing the 3,5-bis(trifluoro- 
methyl) group showed good oral activity in assays of capsaicin-induced 
extravasation (25) (0.017 mg/kg i.v., 0.068 mg/kg p.0.) compared with 
CP99994 (5) (0.017 mg/kg i.v., 8.7 mg/kg p.0.). 

TRYPTOPHAN ANALOGUES 

Tryptophan esters 

Directed screening of compound libraries has identified several novel struc- 
tural classes of N K I  antagonists. Merck identified a novel series of trypto- 
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hNK1 ICs0 (nM) 
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phan esters (27) and the structure-activity relationship of this series has been 
described in detail [47]. Interestingly, the 3,5-bis(trifluoromethyl) substituted 
ring again gives the highest NK1 affinity and in vivo activity. Subsequent 
work showed that it was not the benzyl ether oxygen that was required for 
binding to the receptor but the carbonyl oxygen of the ester. Consequently, 
the corresponding ketones, with a variety of groups linked to the nitrogen 
[Table 2.1 (28-3 I)], have now been described [48]. Of particular importance 
to our understanding of the site of action of NKl antagonists has been the 
non-CNS penetrating quaternary amine L7433 10 (3 1). 

Comparison of the pharmacological profile of L741671 (14) and L7433 10 
(31) showed that they have similar receptor affinity, and have equivalent 
functional activity in the periphery (IDSOs of 1.6 and 2 ,ug/kg i.v., respec- 
tively) as measured by inhibition of plasma extravasation evoked in the 
oesophagus of guinea-pigs by resiniferatoxin (7 nmol/kg i.v.). In contrast, 
when tested against cisplatin-induced emesis in ferrets, L741671 (14) was a 
potent anti-emetic (IDs0 0.3 mg/kg i.v.) whilst L743310 was inactive at 3 
and 10 mg/kg i.v. [I l l .  Moreover, direct injection of (14) or (31) (30 mg) 
into the vicinity of the nucleus tractus solitarius inhibited vomiting induced 



70 NEUROKINlN RECEPTOR ANTAGONISTS 

by cisplatin. The results indicate that CNS penetration is essential for the 
anti-emetic activity of NKI antagonists. 

Tryptophan amides 

Using a similar screening strategy, based on the assumed importance of key 
aromatic residues, a team at Lilly discovered a range of N-acylated trypto- 
phan amides and esters [49], including compound (32) (hNKI ICs0 68 nM). 
This compound probably defines the point of divergence between the medic- 
inal chemistry efforts of Merck and Lilly with Merck concentrating on com- 
pounds with a backbone carbonyl and Lilly investigating the N-acetyl ana- 
logues. A limited study of aromatic substituents suggested that it is the 2- 
methoxy substituent that is preferred in this series. Interestingly, in contrast 
to the Merck tryptophans, it is the opposite R-isomer that is clearly the 
most active. The in vivo evaluation of LY303870 (33), shows it to be a potent 
NK, receptor antagonist (hNKI 0.2 nM) with good selectivity (> 1pM vs. 
70 other receptors and channels, including calcium channels). Using a new 
technique to assess dural extravasation in guinea-pigs, (33) was equipotent 
with the 5-HTID agonist sumatriptan when administered intravenously. 
LY303870 was more potent than sumatriptan when given orally (IDSo 
0.1 mg/kg vs 3 mg/kg), and as an aerosol, (33) completely inhibited dural 
extravasation at 10 mg /kg [50]. 

In contrast to the excellent activity of LY303870 in peripheral assays of 
NKI  receptor function, very high doses were required to obtain activity in 
CNS assays [51]. Doses of up to 30 mg/kg were required to inhibit NKI ago- 
nist-induced hyperalgesia and formalin-induced nociception in rats, and 
even higher doses (up to 60 mg/kg ) were needed to inhibit amphetamine- 
induced locomotor activity in mice [ 5  11. 

PEPTIDE-DERIVED ANTAGONISTS 

Scientists at Fujisawa have replaced the cyclic peptide FK224 (34), pre- 
viously in development for asthma, with a highly modified tri-peptide 
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FK888 (35) because of its superior pharmacological profile [52]. FK888 in- 
hibited substance P-binding in guinea-pig lung with a Ki  of 0.69 nM and an- 
tagonized the airway constriction induced by 10 nmoltkg substance P with 
an ED50 of 0.0032 mg/kg i.t. but was inactive p.0. [53]. This work was con- 
tinued, in particular in modifying the central proline residue to afford a pyr- 
rolidone (36) (hNK, 1.37 nM) and the terminal heterocycle (37) [54]. 

NMe, 

DUAL NKI /NK2 RECEPTOR ANTAGONISTS 

A number of groups have used the NK2-selective antagonist SR48968 (38) 
as a starting point to devise dual NKI  /NK2 antagonists for the treatment 
of asthma. This approach was highlighted by Merck who reported a series 
of compounds in which the substituted piperidine ring has been replaced by 
a spiro system in L743986 (39), (hNKI I C ~ O  3 nM, hNKz I C ~ O  12 nM, 
hNK3 ICso 220 nM) [ 5 5 ] .  This compound was active in vivo, in a guinea-pig 
model of plasma extravasation evoked by resiniferatoxin, which is known 
to be mediated through the NK,  receptor; L743986 displayed 67% inhibition 
20 min after a 0.3 mg/kg intravenous dose. In addition, L743986 was dosed 
orally in this model, and proved to be active, with an ID50 of 3 mg/kg 1 h 
after dosing. 
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A related series was reported by Marion Merrell Dow [56], including 
MDL105212 (40), a novel non-selective neurokinin receptor antagonist 
(hNKI ICso 3.1 nM, hNK2 ICSo 8.4 nM, hNK3 ICso 21 nM). Molecular 
modelling studies using low-energy conformations of MDL103220 (41) 
(NKI 161 nM, NK2 2.2 nM) with CP96345 (1) suggested an overlap of the 
benzamide moiety of (41) with the 2-methoxybenzylamine of (1). Introduc- 
tion of a 3-methoxy substituent into (41) afforded an increase in NK,  
affinity, and a subsequent study of methoxy substitution identified 
MDL105212 (40). 

NK2 RECEPTOR-SELECTIVE NON-PEPTIDE ANTAGONISTS 

In 1992, workers at Sanofi reported the first NK2-selective non-peptide an- 
tagonist SR48968 (38) [57]; in vitro SR48968 displays excellent affinity 
(NK2 0.5 nM) and selectivity (> lpM NK1 and NK2). 

More recently, a novel class of NK2 antagonists have been reported by 
Glaxo and an example of this class [GR 159897 (42)] has been evaluated in 
some detail [58]. This compound shows high affinity and good NK2 receptor 
selectivity with the affinity of the R-enantiomer of the sulphoxide being 
some 10-fold higher than the S-enantiomer. From the assignment of NK2 
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subtype selectivity based on the Menarini tissue assays, this compound 
would be a NKZb selective agent. In vitro the compound showed excellent ac- 
tivity on rat colon pA2 = 10, human bronchus = 8.6, human ileum = 9.5. 

F 

Compound (42) given in vivo (3 mmol/kg i.v.) blocks bronchoconstriction 
induced by the selective NK2 agonist GR64349 [59]. Claims for anxiolytic 
activity with NK2 receptor antagonists in preclinical assays were originally 
made by Glaxo [13]. Continued assessment of the role of NK2 receptors in 
anxiety paradigms has shown that in the social interaction test, injection of 
the NK2 agonist GR64349 (100 pmol) into the dorsal raphe nucleus of the 
brain gave a reduction in activity under low light conditions that was taken 
to be predictive of an anxiogenic action. The same work has also shown in 
the elevated plus maze that (42), given directly into the dorsal raphe nucleus 
of the brain at doses of 3-300 pmol, produced dose-related anxiolysis with 
an effect as large as that produced by systemic benzodiazepines. The black 
and white box was also used to test for anxiolysis and in this test both (42) 
and the Sanofi NK2 antagonist SR48968 (38) [60] were active at systemic 
doses of < 1 p g / k g  S.C. In the marmoset human threat test, both were anxio- 
lytic at 50pglkg s.c., with a ceiling of effect 60% of that produced by a benzo- 
diazepine. Independent support for the involvement of NK2 receptors in 
anxiogenesis came recently from Calixto and colleagues [6 11 who showed 
that the NK2 receptor antagonists SR48968 and GR100679 had anxiolytic- 
like effects when administered either by direct central injection into the 
raphe nucleus, or sytemically at very low doses and across a wide dose range 
(0.02 to 200 pg/kg s.c.). 

NK3 RECEPTOR-SELECTIVE NON-PEPTIDE ANTAGONISTS 

Given the high affinity but structurally related NK, and NK2 antagonists 
identified by workers at  Sanofi, it is perhaps not surprising that they should 
report the first non-peptide NK3 antagonist SR142801 (43) [62]. In vitro, 
(43) has excellent affinity and receptor selectivity (hNK3 0.21 nM) and in 
vivo, it shows CNS activity blocking the turning behaviour induced by in- 
trastriatal injection of the NK,-selective agonist senktide in gerbils. 
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NK3 receptors have been characterized in several animal species, but 
there is some debate as to their importance in man, and hence the possible 
clinical utility of NK3 antagonists [63]. SmithKline Beecham has continued 
to show the most active interest in the identification of NK3 selective com- 
pounds. A new patent extends the company’s coverage of quinolines as 
NK3 antagonists for the treatment of CNS disease, pulmonary disorders, 
and dermatitis [64]. The specified compound (44) is reported to have an affin- 
ity at the NK3 receptor of 150 nM. Another paper [65] describes the SAR 
of the quinolinecarboxamide series. The methoxy derivative (49,  which 
was originally designed to be an NKI  antagonist, was found to have no affin- 
ity for the NK, receptor, but was moderately active at the NK3 receptor 
(hNK3 533 nM). Subsequent work led to the identification of (46), which is 
a potent and selective NK3 receptor antagonist (hNKI >100,000 nM; 
hNK2 144 nM; hNK3 1 nM) with no affinity for a range of other receptors 
and ion-channels. Compounds such as (46) should be valuable for defining 
the utility of NK3 receptor antagonists. 

CLINICAL STUDIES 

NKI receptor antagonists have long been proposed to have potential clinical 
utility in a wide range of pathological conditions, including pain, anxiety, ar- 



C.J. SWAIN 15 

thritis, asthma, emesis, migraine, cancer, and schizophrenia. To date, re- 
ported clinical trials have focused on the use of neurokinin antagonists in 
asthma, pain, migraine and emesis. 

Early clinical trials for the treatment of asthma with Pfizer’s selective NKI  
antagonist CP99994 (5) (hNKI 0.48 nM) gave disappointing results. In asth- 
matic subjects treated with hypertonic saline to induce bronchoconstriction 
and coughing, CP99994 (0.25 mg/kg i.v.) showed no inhibition of cough or 
bronchoconstriction and no significant bronchodilator response [66]. The 
dose resulted in plasma concentrations of 30-70 ng/mL which, based on 
preclinical data in the guinea-pig, should have adequately blocked human 
airway NK! receptors. A possible explanation for the lack of efficacy is that 
saline challenge does not activate the neurokinin system. A second clinical 
trial with CP99994 in painful peripheral neuropathy also showed no signifi- 
cant efficacy over placebo at doses of up to 0.2 mg/kg i.v. [67]. However, a re- 
cent paper describes two placebo-controlled studies of the same compound 
in dental pain following oral surgery [68]. The study compared CP99994 
(0.75 mg/kg i.v. over 5 h starting infusion 2 h prior to surgery) with ibupro- 
fen (600 mg1p.o. 30 min prior to surgery) and placebo in 60 patients under- 
going oral surgery. Treatment with CP99994 resulted in significantly less 
pain than placebo at 90 min post surgery; however, the analgesic effect pro- 
gressively decreased with time and pain levels became comparable with pla- 
cebo from 150-240 min post surgery. In a variation of this study, 18 subjects 
received the same regimens of CP99994, ibuprofen or placebo 30 min prior 
to surgery in order to maximize drug levels during pain onset. CP99994 alle- 
viated pain at 60,90 and 120 min but was less effective than ibuprofen. This 
study demonstrated that CP99994 was analgesic immediately postsurgery 
but that the analgesic effect was not long lasting. This is presumably a conse- 
quence of the poor pharmacodynamic profile seen with CP99994 and em- 
phasises the need for a good duration of action in any potential clinical can- 
didate. 

This trial provides the first clinical evidence that blockade of N K I  recep- 
tors results in analgesia in man. The dose used in the earlier study of painful 
peripheral neuropathy was considerably lower than the dose used in this 
trial, raising the possibility that the result was a false negative and that the 
outcome may have been different had higher doses been administered. 

Pfiier have now replaced CP99994 in the clinic with the 5-trifluoro- 
methoxy derivative CPl22721 (6).  This compound has approximately 
three-fold higher affinity than CP99994 for the NK,  receptor (hNK, 0.14 
nM) and is orally bioavailable. CP122721 has significant ion channel activ- 
ity (390 nM, L-type calcium channel) which may compromise high dose i.v. 
administration in the clinic. It has recently been evaluated in a dose-ranging 
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antiemetic clinical trial [69]: 12 patients with advanced solid tumours re- 
ceived CP122721 (20, 100 and 200 mg/p.o.) in conjunction with a 5-HT3 an- 
tagonist and dexamethasone. An additional 5 patients received CP122721 
(200 mg/p.o.) alone. Treatment was administered 30 min prior to receiving 
a high dose of cisplatin (100 mg/m2). All five patients receiving CP122721 
vomited (median 1 emetic event; range 1-3 events). Delayed emesis occurred 
in 3/ 17 patients - much fewer than anticipated. Control of acute vomiting 
was maintained or improved in those patients receiving combination ther- 
apy. No side-effects were reported and further trials are in progress. 

Rhone Poulenc Rorer have developed RPR 100893 (1 9), a selective NK I 
receptor antagonist (hNKI 13 nM) which is active in pre-clinical migraine 
assays in guinea-pigs (capsaicin-induced dural extravasation: IDso 0.008 
mg/kg p.0.). However, RPR100893 has been reported to be ineffective at  
doses of up to 20 mg in Phase I1 clinical trials for the treatment of migraine 
[70]. Oral doses of 1, 5 and 20 mg RPR 100893 were reported to be no better 
than placebo; no plasma drug levels or evidence of functional activity at 
these doses were disclosed. On the assumption that the doses used produced 
reasonable plasma drug levels, this lack of activity against migraine may be 
related to the poor brain penetrability of RPR100893. This result suggests 
that a peripheral NK,  antagonist action alone may not be sufficient to give 
headache relief especially within the 2 h time-frame used for efficacy evalua- 
tion in clinical trials. Thus, NK,  receptor antagonists may rely for their 
anti-migraine effects on inhibition of central nociceptive pathways in the tri- 
geminal nuclei where headache pain could be blocked rapidly and directly. 
Further clinical trials with more potent, brain-penetrating development can- 
didates, as well as trials to test the efficacy of neurokinin antagonists in the 
prophylactic relief of migraine should resolve this issue. 

Goldstein [71] reported that the results of Lilly’s NKI antagonist lanepi- 
tant LY303870 (33) in acute migraine trials were clearly negative. The doses 
used were 30, 80 and 240 mg. However, absorption in patients was only 7% 
of that seen in volunteers with only low ng/ml levels of drug seen in plasma. 
Since this compound is thought to be very poorly brain-penetrating, these 
results do not rule out the possibility that an NKI antagonist must act cen- 
trally to evoke an acute anti-migraine effect. In a second trial, lanepitant 
was ineffective in providing pain relief in osteoarthritis patients at 10, 30, 
100 and 300 mg twice daily. 

The chronic symptoms of asthma (inflammation and mucus secretion) are 
thought to involve NK, receptors, while the acute bronchoconstriction com- 
ponent is mediated via the NK2 receptor [72]. There have been efforts by 
many companies to develop dual NKI  INK2 antagonists to treat both the 
acute and chronic symptoms. Fujisawa’s cyclopeptide dual NKI  /NK2 an- 
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tagonist FK224 (34) (hNKI ICs0 37 nM; hNK2 IC50 72 nM) has been evalu- 
ated in two models of bronchoconstriction. In an early placebo-controlled 
study [73], FK224 (4 mg by inhalation) inhibited bradykinin-induced 
bronchoconstriction and coughing in subjects with stable asthma. Since 
FK224 has no significant affinity for the bradykinin receptor, this supports 
the theory that tachykinins are involved in the bronchoconstriction re- 
sponse. However, a recent study [74] using a similar protocol examined 
bronchoconstriction induced by neurokinin A, the endogenous ligand with 
affinity for both the NKI  and NK2 receptors. As before, the compound was 
administered by inhalation 30 min prior to the NKA challenge. In this study, 
FK224 had no significant effect on baseline lung function and offered no pro- 
tection against neurokinin A-induced bronchoconstriction. 

The authors interpreted the results as follows: FK224 is a dual NKI  /NK2 
antagonist in a variety of animal assays; however, the reported affinities are 
quite low (substance P-induced contraction of guinea-pig ileum, pA2 6.88; 
NKA-induced contraction of rat vas deferens, pA2 7.50). These data suggest 
that the dose of FK224 used in the clinic may have been too low to effectively 
block neurokinin receptors in the airways and casts doubt on the interpreta- 
tion of the earlier bradykinin study. 

Interestingly, FK224 has been superseded in development by the NKI  se- 
lective tripeptide FK888 (35) (hNK, ICS0 0.7 nM), which is also targeted at 
asthma and pulmonary disease [l]. FK888 is currently in Phase I1 trials 
and has recently been evaluated in asthmatic patients. The double-blind, pla- 
cebo-controlled crossover trial showed that FK888 (2.5 mg by inhalation) 
had no effect on acute exercise-induced airway narrowing, but caused a sig- 
nificant reduction in recovery times [75]. Plasma levels of 6-1 8 ng/mL were 
achieved 20 to 70 min after administration, which should be adequate to 
block NKI  receptors in the airways. The authors suggested that the mecha- 
nism of action of FK888 may be via blockade of N K I  receptors leading to in- 
hibition of vascular engorgement and airway wall oedema rather than any 
bronchodilator response. 

CONCLUSIONS 

The search for selective neurokinin antagonists has uncovered an unparal- 
leled diversity of structural classes affording high affinity receptor antago- 
nists. This, coupled with knowledge provided by molecular biology, has pro- 
vided an exciting insight into the molecular interactions involved in 
binding. The new selective, high affinity antagonists have improved our un- 
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derstanding of neurokinin pharmacology which has provided the rationale 
for the ongoing clinical trials. 
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INTRODUCTION 

The pharmacological concept of receptors, based upon the observation of 
rigid structure-activity relationships, stereospecificity, and the observation 
of maximal pharmacological responses goes back to the turn of the century. 
More than a hundred years ago, Fischer [ I ]  proposed the lock-and-key mod- 
el for the enzyme-glycoside system. Later, Langley [2] and Ehrlich [3] further 
developed this model which can be applied to receptors as well. 

In the early 1950s, the determination of structural requirements of semi- 
synthetic opioids led to the hypothesis of Beckett and Casy [4,5] that they in- 
teracted with specific binding sites. Opioid structure-activity relationships 
established for literally thousands of compounds [6-91 revealed very rigid re- 
quirements for activity, including strict stereospecificity [lo, 1 11. Further- 
more, both in vivo testing and bioassays clearly fulfilled the other criteria 
expected of a receptor-mediated action, including cross tolerance and de- 
pendence. The synthesis of the pure opioid antagonist naloxone as well as 
the mixed agonist-antagonist nalorphine, and their ability to reverse opioid 
analgesia and respiratory depression, also provided strong evidence for a re- 
ceptor-mediated interaction. With such strong pharmacological evidence in 
favour of a receptor mechanism of action, it was not surprising that many 
groups of workers attempted to label it biochemically. In 1973, three labora- 
tories reported the biochemical demonstration of opioid binding sites using 
tritium-labelled naloxone (Pert and Snyder [ 12]), tritium-labelled dihydro- 
morphine (Terenius [ 13]), and tritium-labelled etorphine (Simon el al. [ 141). 

Martin [15] first proposed the existence of multiple types of opioid recep- 
tors on the basis of interactions of morphine and nalorphine, and of detailed 
structure-activity relationship studies which had been carried out by Por- 
toghese [lo, 161. The demonstration of specific opioid binding sites in many 
species suggeseted the existence of endogenous substances for these binding 
sites. Hughes, Kosterlitz and their collaborators [17] first described such en- 
dogenous substances, which are peptides containing five amino acids, and 
called them enkephalins (‘in the head’). 

Subsequently, numerous peptides with opioid-like effects have been found 
in the central nervous system and in peripheral tissues. These endogenous 
opioid peptides vary in size, but their amino terminals mostly share a similar 
enkephalin sequence of amino acids. Currently, four separate, individually 
gene-derived families of endogenous opioid peptides are recognized: the en- 
dorphins, the enkephalins, the dynorphins and the endomorphins [ 17al. 
/%Endorphin interacts predominantly with p and 6 receptors, Leu-enkepha- 
lin and Met-enkephalin interact predominantly with 6 receptors, dynorphin 
shows preference for K receptors [ 17b], while endomorphins 1 and 2 exhibit 
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selectivity for p receptors. Endomorphins 1 and 2 differ from the conven- 
tional endogenous opioid ligands in their N-terminal sequence (Tyr-Pro vs. 
Tyr-Gly). 

With the recent cloning and sequencing of opioid receptors, it is now well 
established that there are at least three types of G protein-coupled opioid re- 
ceptors @, K and 6) which show high sequence homology [ 181. Opioid recep- 
tors are involved in the modulation of a variety of physiological effects via in- 
teraction with opioid peptides [ 191. Therefore, it has become increasingly 
evident that receptor-selective opioid antagonists are valuable tools for iden- 
tifying receptor types (and also subtypes) involved in the interaction with 
opioid agonists. A major advantage of selective opioid antagonists over se- 
lective agonists is their utility in probing the interaction of endogenous 
opioid peptides and new opioid agonists with opioid receptor types. In addi- 
tion to their use as tools, selective opioid antagonists have potential clinical 
applications in the treatment of a variety of disorders where opioid peptides 
play a modulatory role. These include, for instance, food intake, shock, con- 
stipation, immune function, behaviour, CNS injury, alcoholism and mental 
disorders [20]. 

DETERMINATION OF RECEPTOR SELECTIVITY AND 
ANTAGONISM 

Receptor selectivity can be determined using radioligand binding assays. 
Receptor binding selectivity can be determined by displacement of relatively 
selective radioligands from receptor sites in membrane suspensions pre- 
pared mostly from either rat or guinea-pig brain. Nowadays, cloned p ,  K 

and 6 receptors can be used instead of the brain membrane preparations 
[21-24]. Recently the GTP-ase assay [24a] and the [35S]GTPyS binding test 
[24b, c] in cell membranes or cloned opioid receptors have been introduced 
as functional assays for the determination of agonism and antagonism. 
Bioassays are being used to assess both receptor selectivity and antagonist 
(agonist) potency. These bioassays are based on inhibition of electrically 
evoked contractions of the guinea-pig ileum (GPI), mouse vas deferens 
(MVD), hamster vas deferens (HVD), rabbit vas deferens (LVD) and rat 
vas deferens (RVD). Whereas the HVD and LVD contain homogenous pop- 
ulations of K and 6 receptors, respectively, the opioid receptor populations 
in the other three tissues are heterogenous. In the GPI, p and K receptors ex- 
ist and the MVD contains both p and K receptors in addition to the predomi- 
nant 6 receptors. In the RVD, p receptors and, possibly, epsilon receptors 
mediate opioid effects [25]. In vivo tests in mice or rats (flick tail, hot plate, 
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R 

(1) R = allyl, natoxone 
(2) R = cyclopropylmethyl, naltrexone 

writhing) can also be used to assess antagonist potency and selectivity (meas- 
ured against selective agonists). 

UNIVERSAL OPIOID RECEPTOR ANTAGONISTS 

Naloxone ( 1 )  was the first pure opioid antagonist to be detected and it has 
become an indispensable tool in opioid research. Both naloxone and its 
N-cyclopropylmethyl analogue naltrexone (2) are competitive antagonists 
at p, K and 6 opioid receptors with some preference for p receptors. The ma- 
jor criterion for the classification of an agonist effect as being opioid recep- 
tor-mediated is the ability of these antagonists to competitively antagonize 
this effect [26]. The unnatural (+)-isomer of naloxone exhibits 10,000-fold 
less affinity for opioid receptors than does the (-)-isomer [27] and is inactive 
as an opioid antagonist [28]. 

Naloxone is being used to reverse the potentially lethal respiratory depres- 
sion caused by neurolept analgesia or opioid overdose. Among other phar- 
macological effects, naloxone antagonizes the blood pressure drop in various 
forms of shock [29-321, reverses neonatal hypoxic apnoea [26], counteracts 
chronic idiopathic constipation [34], reduces the food intake in humans [35, 
361 and shows beneficial effects in CNS injuries [37]. 

Naltrexone appears also to be a relatively pure opioid antagonist, but with 
higher oral efficacy and a longer duration of action than naloxone [35]. This 
is probably due to biotransformation to the active metabolite 6P-naltrexol 
(Scheme 3, I ) ,  which can cross the blood-brain barrier, contributing to cen- 
tral opioid receptor blockade. These properties make naltrexone suitable 
for the management of opioid dependence and provide a new and effective 
modality for the physician treating addicts [36, 381. Alcoholism is another 
addiction which can possibly be treated with naltrexone [38]. 

The main metabolite ( > 70%) of naltrexone biotransformation in man is 
6P-naltrexol[39] which is pharmacologically active as an opioid antagonist. 
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Scheme 3.1 

2-hydroxy-3-methoxy-6~-naltrexol, 2-hydroxy-3- 
methoxynaltrexone and N-noroxymorphone. The latter has agonist activity 
and was found in very low concentrations [40]. One major metabolite of na- 
loxone is 6a-naloxol, which shows considerable agonist activity [41] and 
consequently may reduce the oral activity of naloxone. 

Naloxone and naltrexone are prepared from thebaine in several steps. The 
first of these is the introduction of the 14-hydroxy group which can be ac- 
complished by peroxy acid treatment of thebaine to yield l4g-hydroxycodei- 
none (3) [42, 431. Catalytic hydrogenation affords 14P-hydroxydihydroco- 
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Thebaine 

Scheme 3.2 

deinone (oxycodone, 4). Recently, an improved synthesis of oxycodone has 
been reported. Since the performic acid treatment of thebaine also affords 
the N-oxide of 14P-hydroxycodeinone as a by-product, which can be easily 
reduced by catalytic hydrogention to oxycodone, the crude reaction product 
of the performic acid treatment of thebaine was hydrogenated catalytically 

to afford oxycodone in ca. 10% higher yield [44]. Ether cleavage of oxyco- 
done with 48% HBr yields 14P-hydroxydihydromorphinone (oxymorphone, 
5) [45], which is 3,14-di-O-acetylated to give ( 6 )  prior to a von Braun N-de- 
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(3) 

methylation with cyanogen bromide to give the N-cyano compound (7). 
Acid hydrolysis of the N-cyano derivative (7) affords N-noroxymorphone 
(8), which is converted to naloxone (1) on treatment with allyl bromide [46] 
and to naltrexone (2) on treatment with cyclopropylmethyl bromide [47] 
(Scheme 3.2). 

14-0-Methylation and 14-0-ethylation of naloxone or naltrexone did not 
significantly alter binding affinities, antagonist potency or oral efficacy. The 
four naloxone and naltrexone analogues (9a-9d) appear also to be essentially 
devoid of any agonist activity in the MVD agonist assay. In vivo (hot-water 
tail flick test determined in rats) they were pure opioid antagonists [48]. 

The key step in the preparation of (9a)-(9d) was the alkylation of 14p-h~-  
droxycodeinone (3), achieved by treating the sodium salt of (3) in dimethyl- 
formamide with a dialkyl sulphate to afford (1 Oa) and (1 Ob). Catalytic hydro- 
genation [to (1 1 a) and (1 1 b)] followed by N-demethylation using the vinyl 
chloroformate method [49] gave the N-nor derivatives (1 2a) and (12b), which 
were N-alkylated with allyl bromide and cyclopropylmethyl bromide respec- 
tively, to afford compounds (1 3a)-( 13d). 3-0-Dealkylation using boron tri- 
bromide [5O] yielded the 14P-0-alkyl naloxones and naltrexones (9a)-(9d) 
(Scheme 3.3). 

Another universal antagonist is the naltrexone-derived nalmefene (1 4). 
This 6-methylene derivative of naltrexone shows higher K opioid receptor af- 
finity [51, 521. Nalmefene is a potent, orally active opioid antagonist with a 
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(1 4) Nalmefene 

long duration of action, as proved in rats using the tail flick test, morphine- 
induced catalepsy and loss of righting reflex and the GPI. In the tail flick 
test, i.v. nalmefene was about twice as potent as i.v. naltrexone, whereas 
both exhibited similar potency after oral administration [53, 541. It has 
been shown to significantly improve functional neurological recovery after 
spinal cord trauma [55] .  It was further found that nalmefene is able to im- 
prove cellular bioenergetics after traumatic brain injury, which may in part 
account for the neuroprotective effects of this compound [56]. 

Nalmefene can be synthesized by a Wittig reaction of naltrexone with tri- 
phenylphosphonium bromide in dimethyl sulphoxide with sodium hydride 
as base [57]. 

/3-Chlornaltrexamine (a-CNA, 15) another naltrexone derivative modi- 
fied at C-6, is a nonequilibrium antagonist which blocks irreversibly the 
three major opioid receptor types @, K and 6). Portoghese and his collabora- 
tors have developed this compound as the first affinity labelling agent of its 
class [58-611. Compound ( 1  5) has an alkylating function at C-6 (classic ni- 
trogen mustards) able to bind covalently to opioid receptors. In the tail flick 
assay in mice, P-CNA inhibited morphine-induced antinociception for 3-6 
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days after a single i.c.v. injection. At higher doses, P-CNA showed little ago- 
nist effect of its own. 

8-CNA can be prepared in two steps from naltrexone. Reductive amina- 
tion using diethanolamine and sodium cyanoborohydride gave the 6P-ami- 
no derivative (16) (the 6cr-amino isomer was not formed). The conversion 
of (1 6) into (1 5) was effected by a modification of the triphenylphosphine- 
CC14 procedure [62] in dimethylformamide. 

,u OPIOID RECEPTOR SELECTIVE ANTAGONISTS 

PEPTIDES 

Competitive antagonists 

A series of cyclic conformationally constrained peptides related to somato- 
statin were designed, synthesized and tested for opioid receptor interaction 
by Hruby and his collaborators. Compounds (17)-(22) were found to be 
pure opioid antagonists (GPI) with high affinity (ICSO = 1.2 to 4.3 nM) and 
exceptional selectivity for ,u over 6 opioid receptors (Table 3.1) and with 
minimal or no somatostatin-like activity (ligand binding assays)[63-651. 

(22a) D-Phe (22b) D-TIC 

Table 3.1. BINDING AFFINITIES (AS ICs0, NM) AND SELECTIVITIES OF 
COMPOUNDS (17)-(22) IN COMPETITION WITH [3H]CTOP AND [3H]DPDPE USING 

RAT BRAIN HOMOGENATES MINUS CEREBELLUM [65] 

Antugonut.c [3H]CTOP(p) [3H]DPDPE[dJ p Idselectivity 

CTP( 17) 3.7 1153 312 
CTOP( 18) 4 3  5598 1301 
CTAP( 19) 2. I 5314 2530 
TCTP(20) 1.2 9324 7770 
TCTOP(2 1 ) 1.4 15954 I1396 
TCTAP(22) 1.2 1214 1060 
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The peptides (17)-(22) were prepared by the usual solid-phase method of 
peptide synthesis utilizing different resins. The structures of D-Phe (22a) 
and its conformationally restricted phenylalanine analogue D-Tic (tetrahy- 
droisoquinoline-3-carboxylic acid, 22b) positioned at the N-terminal posi- 
tion of the somatostatin analogues are shown. 

H-D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Pen-Thr-NH2 (CTP, 17) 

H-D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 (CTOP, 1 8) 

H-D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP, 19) 

H-D-Tic-Cys-Tyr-D-Trp-Lys-Thr-Pen-Thr-NH2 (TCTP, 20) 
I I 

H-D-Tic-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 (TCTOP, 2 1 ) 

H-D-Tic-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (TCTAP, 22) 

Irreversible antagonists 

The chloromethyl ketone of [D-Ala2,Leu5]enkephalin (DALECK) [66, 671 
showed moderate preference for p receptors over 6 receptors in rat brain 
and was used for covalent labelling of opioid receptors [67, 681. Somewhat 
higher ,n selectivity was displayed by the tetrapeptide derivative H-Tyr-D- 
Ala-Gly-MePhe-CHzC1 (DAMK), which labelled irreversibly and selec- 
tively high-affinity p binding sites [69]. 

NON-PEPTIDIC LIGANDS 

Competitive antagonists 

Cyprodime [(-)-N-cyclopropylmethyl-4,14~-dimethoxymorphinan-6-one, 231 
was reported by the author and his collaborators as the first non-peptidic, 
competitive pure opioid antagonist with high selectivity for p receptors [70, 
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Table 3.2. BINDING AFFINITIES (ICs0, NM) AND SELECTIVITIES OF CYPRODIME 
AND REFERENCE DRUGS IN COMPETITION WITH [3H]NALOXONE 01). 

['HITIFLUADOM (K) AND ['HIDADLE (6) USING RAT BRAIN HOGOMENATES 
MINUS CEREBELLUM 1711 

Antugoriists [-'H]Nulo.uonr(p) ['HI Tifluuduni( I i  ) ['HI DA DLE( 6 )  

Cyprodime 4.5 170 628 
Naloxone 2.0 9.0 127 
Naltrexone 0.5 2.6 12 

7 11. The pure and selective p opioid antagonism of cyprodime was verified in 
vitro in opioid receptor binding assays (Table 3.2), in bioassays (GPI, MVD 
and RVD; Table 3.3) and in vivo (e.g., acetic acid writhing test in mice, 
opioid-type withdrawal jumping precipitation test in morphine-dependent 
mice). Cyprodime showed an antagonist potency of about one-tenth of that 
of naloxone in v i va  In receptor binding, cyprodime exhibited about one 
half the affinity of naloxone, and in MVD, about one-fourtieth of the ,u po- 
tency of naloxone, but in contrast to naloxone, it showed good tclp and espe- 
cially good d / p  selectivity ratios. Cyprodime was able to antagonize 
sufentanil-induced respiratory depression in the dog. It was found that the 
onset of cyprodime, in contrast to that of naloxone, is less abrupt and that 
cyprodime does not exhibit sympathicotonic stimulation as does naloxone 
(E. Freye, personal communication). Although cyprodime shows less p affin- 
ity than naloxone, its highp selectivity makes it a very valuable tool in opioid 
research [7 la-el. Cyprodime has recently been radiolabelled with tritium 
[71fl. 

Table 3.3. POTENCIES OF CYPRODIME AND NALOXONE (K,,nM) IN THE GPI, 
MVD AND RVD [71] 

s~lr r i rv i ty  ratio 
Aritugorzists N M " ( p )  E K C " ( x )  DADLE'[G] K I ~  s ip  

Cyprodime 
GPI 31 1157 37 
MVD 55.4 1551 6108 28 110 
RVD 61.6 4556 74 

MVD I .4 15.9 9.6 1 1  7 
Naloxone 

"NM = normorphine hEKC = ethylketocyclazocine 'DADLE = [o-Ala', o-Leu']-enkephalin. 
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R & 
OMe 0 

(23) cyprodime, R = cyclopropylmethyl 
(24) R = Me 
(25) R = C02CH2CC13 
(26) R = H 

The first reported synthesis of cyprodime utilized as starting material the 
highly potent opioid agonist 4,14~-dimethoxy-N-methylmorphinan-6-one 
(24) which is available from oxymorphone in six steps [72]. N-Demethyla- 
tion was achieved with the 2,2,2-trichloroethyl carbamate to give (25) which 
was cleaved reductively with activated zinc and ammonium chloride to af- 
ford N-normorphinan (26). Alkylation with cyclopropylmethyl chloride 
provided cyprodime (23). 

Recently, a new and efficient synthesis of cyprodime from naltrexone (2) 
has been reported [73]. Firstly, the tetrazolyl ether (27) was formed by reac- 
tion of naltrexone with 5-chloro- 1-phenyl-1 H-tetrazole [74]. Catalytic hy- 
drogenation afforded 3-deoxynaltrexone (28) which was methylated with di- 
methyl sulphate to give the enol ether (29). Acid hydrolysis gave the known 
morphinanone (30) [75] which was treated with activated zinc and ammo- 
nium chloride to yield the phenol (3 1). 4-0-Methylation with phenyltri- 
methylammonium chloride afforded cyprodime (23, Scheme 3.4) [75]. 

In an attempt to enhance the p affinity and/or p selectivity of cyprodime 
while retaining its antagonist purity and in order to further elaborate on 

(32) R = n-Bu, X = 0 
(33) R = Me, X = H2 
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(2) R = OH 

(28) R = H 
(27) R = phenyltetratolyloxy 

(31) R = H 

Scheme 3.4 

structure-activity relationships of 14-alkoxymorphinans, an extensive study 
of the synthesis and biological evaluation on cyprodime-related compounds 
was accomplished. The 4-n-butoxy analogue (32) showed higher p affinity 
than cyprodime (I& 21 nM against normorphine) while the good ~ / p  and 
6 / p  selectivity ratios and antagonist purity were retained. The synthesis of 
compound (32) was similar to the first synthesis of cyprodime "751. 

Removing the 6-carbonyl function in cyprodime to form compound (33) 
produced only a small decrease in ,u antagonist potency in the MVD, but 
was accompanied by an increase in K and 6 antagonist potency, resulting in 
a much less p-selective compound. There was no measurable change in ago- 
nist activity, compound (33) behaving as a pure antagonist under the test 
conditions used. Compound (33) was prepared from cyprodime by Wolff- 
Kishner reduction [76]. 

A series of 3-hydroxy-substituted analogues [compounds (34)-(38)] of cy- 
prodime has been synthesized in order to evaluate the role of a hydroxy 
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group at C-3 concerning p opioid antagonist selectivity [77]. Antagonism of 
p receptor-mediated responses induced by the p selective agonist DAMGO 
afforded equilibrium dissociation constants in the MVD (K, values; Table 
3.4) for compounds (34)-(38) which agreed closely with their affinities as de- 
termined by opioid receptor binding assays (Ki values; Table 3.5). 

Table 3.4. ANTAGONIST KE VALUES (K,", NM) OF COMPOUNDS (34)-(38) 
DETERMINED IN THE MVD [77] 

srlectiviry rario 
Antagonis/s DAMGO(1i) C 1 9 7 7 ( ~ )  DPDPE(G) K I ~  d l p  

(34) 5.62 368 316 65 56 
(35) 24.9 174 > 10000 7 > 400 
(36) 4.60 4.67 2272 1 494 
(37) 2.92 233 106 80 36 
(38) 93.8 243 8922 2.6 95 
Cyprodimeb 55.4 1551 6108 28 110 
Naloxone' 1.4 15.9 9.6 11 7 

"K, = [antagonistIDR-I, where DR is the dose ratio (i.e., ratio of equiactive concentrations of 
the test agonist in the presence and absence of the antagonist). 'Taken from [71]. 

Table 3.5. BINDING AFFINITIES [K, (nM)] O F  COMPOUNDS (34)-(38) IN 
COMPETITION WITH [3H]DAMG0, [3H]U69593 AND [3H]DPDPE USING 

GUINEA-PIG BRAIN HOMOGENATES [77] 

Anlugonists ['HIDA MGO(p)  ['HI (/69593(K) [-'H]DPDPE(G) 

(34) 6.15 4.18 13.8 
(35) 10.9 13.0 42 
(36) 7.29 25.4 25.6 
(37) I .42 5.46 21.4 
(38) 54.4 23.0 334 
Cyprodime 23.7 105 61.1 

Table 3.6. ANTAGONIST K," VALUES (NM) FOR 3-HYDROXYCYPRODIME (34) IN 
THE MVD AND GPI AGAINST K AGONISTS [77] 

K Agonists MVD GPI 

C1977 
U69593 
Ethylketocyclazocine 
Dynorphine 1-13 
Tifluadom 

368 
354 
910 
450 
N D ~  

284 
97.5 

3.95 
ND' 
1009 

"K, = [antagonistIDR-1, where DR is dose ratio (i.e. ratio of equiactive concentrations of the 
test agonist in the presence and absence of the antagonist). bNot determined 
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R’ 

Differences were apparent at K and 6 receptors. Although the compounds 
had high affinity for both K and 6 receptors in opioid receptor binding, they 
were very poor at antagonizing agonist responses mediated by K and particu- 
larly 6 agonists in the MVD. A 14-hydroxy group instead of a 14-alkoxy 
group leads to a reduction in affinity at all three binding sites. None of the 
compounds tested showed agonist potency in the MVD or the GPI. Using 
3-hydroxycyprodime (34), and employing both MVD and GPI, the low affi- 
nity of this compound at K receptors was confirmed by determination of the 
K, values against a variety of K agonists (Table 3.6). 

The results suggest that the affinities of cyprodime and its 3-hydroxy ana- 
logues (34)-(38). measured in binding assays and by bioassay, agree for the 
,u receptor site but not for K and 6 receptor sites. A possible explanation is 
that the receptors in guinea-pig brain and the isolated tissues may be differ- 
ent and are distinguishable by this series of compounds. 

The synthesis of 3-hydroxycyprodime (34) started from the oxymorphone 
derivative (39) [72]. Reductive cleavage of the 4,5-oxygen bridge was 
achieved with activated zinc and ammonium chloride to give phenol (40), 
which was 0-methylated with phenyltrimethylammonium chloride to yield 
compound (41). N-Demethylation was accomplished with 1 -chloroethyl 
chloroformate [78], and subsequent cleavage of the carbamate (42) in reflux- 
ing methanol afforded N-normorphinan (43). Alkylation with cyclopropyl- 
methyl chloride gave (44) from which the benzyl protecting group was 
removed by catalytic hydrogenation to yield 3-hydroxycyprodime (34, 
Scheme 3.5). 



98 OPIOID RECEPTOR ANTAGONISTS 

(39) (40) R' =Me, R2 = CHzPh, R3 = H 

(41) R1 = R3 = Me, R2 = CH2Ph 

(42) R1 = C02CHCICH3, R2 = CH2Ph, R3 = Me 

(43) R1 = H, R2 = CHzPh, R3 = Me 

(44) R1 = CPM, R2 = CH2Ph, R3 = Me 
CPM = Cyclopropylmethyl 

Scheme 3.5 

Long-acting and irreversible ligands 

P-Funaltrexamine (P-FNA, 45) synthesized and biologically characterized 
by Portoghese and his collaborators, is an irreversible p opioid receptor an- 
tagonist [79-8 11. The design rationale for P-FNA, a C-6-methylfumaramido 
derivative of naltrexone, was based on the corresponding nitrogen mustard 
analogue P-CNA ( I  5)[58-611, which possesses potent nonequilibrium an- 
tagonist properties at all three receptor types. As the aziridinium ion derived 
from the nitrogen mustard is highly reactive, the authors reasoned that a Mi- 
chael acceptor, such as the fumarate group, attached at an identical position 
would (because of its lower reactivity) confer greater selectivity in covalent 
bond formation with opioid receptors. 

In the GPI, P-FNA produced a potent reversible agonist response, but 
upon incubation of the ileum preparation, it gave rise to an irreversible an- 

V 

(45) fJ-FNA 
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tagonist action. P-FNA exhibited an irreversible antagonism against the 
p-mediated effects of morphine, without affecting K agonist actions. Its 
MVD responses suggested also p opioid antagonism [8 1, 821. The antinoci- 
ceptive actions in the mouse writhing and tail flick tests were of short dura- 
tion and appeared to be K receptor mediated [80, 811. 

8-FNA was synthesized by reaction of p-naltrexamine (48) with the 
monomethyl ester of fumaroyl chloride [79]. Amine (48) was prepared first 
from naltrexone by reductive amination with sodium cyanoborohydride in 
the presence of ammonium acetate to give 6a- and 6P-epimers (ratio ca. 
2: 1). Separation was achieved by fractional crystallization [83]. An im- 
proved synthesis of (48) was reported via the dibenzyliminium salt of nal- 
trexone (46; easily accessible from naltrexone and dibenzylamine) which 
was reduced with sodium cyanoborohydride to give exclusively the 68-epi- 
mer (47). Catalytic hydrogenolysis afforded 8-naltrexamine (Scheme 3.6) 

Hahn, Pasternak and their collaborators found naloxazone (49) and na- 
loxonazine (50) (Scheme 3.7) to be irreversible antagonists and to interact 
with the high affinity, p l  site (a putative p receptor subtype) [85, 861. Treat- 
ment of either rats or mice with compounds (49) or (50) eliminated the high 
affinity binding of a series of radiolabelled opioids. This loss of binding was 
associated with a dramatic shift of the analgesic dose-response curve to the 
right, implying that p l  sites mediated analgesia [87]. The data suggest that 
p l  sites are responsible for supraspinal analgesia [88]. There is a good corre- 
lation between binding and morphine’s analgesic potency, both of which re- 
turned to control values after 3 days. On the other hand, p1 blockade did 
not alter the respiratory depression of morphine [89,90] or most of the signs 
associated with morphine dependence [91]. The mechanism by which the 
long-lasting effects are produced remains to be clarified [26]. There are con- 

~ 4 1 .  

Scheme 3.6 

(47) R = NPh2 
(48) R = NH2 
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r 1 

(49) naloxazone (50) naloxonazine 

Scheme 3.7 

flicting reports as to the importance of covalent binding [92,93]. Another re- 
port questions the metabolic stability of naloxonazine and suggests the in- 
volvement of a hydrolytic cleavage product and membrane phosphatides in 
its persistent effects [94]. 

The hydrazone (49) was prepared by reacting naloxone with an excess of 
anhydrous hydrazine [85]. Naloxazone (49) was treated with naloxone to 
yield the azine (50). 

An isothiocyanate analogue of the ,u receptor-selective strong analgesic 
etonitazene ( 5  1 ), 1 -[2-(diethylamino)ethyl]-2-(4-ethoxybenzyl)-5-isothiocya- 
natobenzimidazole (BIT, 52) was designed, synthesized and biologically 
characterized by Rice and his collaborators [9.5,96]. BIT is a selective acyla- 
tor of ,u receptors and is able to deplete membranes of ,n binding sites, and 
as such, it has been shown to be useful in the further biochemical characteri- 
zation of opioid receptors [97-1001. Interestingly, BIT exhibits morphine- 
like antinociceptive potency in the mouse hot-plate test [96]. 

(51) Etonitazene, R = NO2 
(52) BIT, R = NCS 
(53) R = NH2 
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The synthesis of BITwas accomplished from etonitazene (5 1 )  in two steps. 
Catalytic hydrogenation afforded the amino derivative (53) [ 1011, which was 
converted into the isothiocyanate (52) by reaction with thiophosgene [96]. 

14~-Cinnamoylaminomorphinones represent an important series of irre- 
versible opioid ligands. Clocinnamox [ 14~-(4-chlorocinnamoylamino)-7,8- 
dihydro-N-cyclopropylmethylnormorphinone, C-CAM, 541 was developed 
by Lewis and his collaborators [ 1021. C-CAM inhibits ['Hletorphine binding 
to rat brain membranes and antagonizes the agonistic effects of p, K and 6 
opioids in the MVD [103]. It also displayed a very long duration of antago- 
nist action without revealing any agonist properties after peripheral admin- 
istration in analgesic studies in the monkey and in the mouse [103, 1041. In 
the mouse warm water tail-withdrawal assay, C-CAM appeared to be a sys- 
temically active irreversible antagonist at ,u receptors with no agonist activ- 
ity [104]. C-CAM is also capable of eliminating binding of ,u selective radio- 
ligands when administered systemically [105]. It is as yet unclear whether 
the irreversible effects of C-CAM are really p selective. The mechanism of 
the long duration of action is uncertain. A possible explanation is the ability 
of the cinnamoylamino substituent of C-CAM to serve as a Michael accep- 
tor suitable for nucleophilic addition in a similar manner to the fumaramido 
side-chain of P-FNA. The synthesis of C-CAM is analogous to that de- 
scribed below for MET-CAMO. 

(54) C-CAM, R1 = CHZCH(CH~)~~  R2 = CI, R3 = H 

(55) MET-CAMO, R1 = R3 = Me, R2 = NO2 

(56) N-CPM-MET-CAMO, R1 = CH2CH(CH2)2, R2 = NO2, R3 = Me 

Since a nitro substituent is more electron-withdrawing than a chloro sub- 
stituent, it was anticipated by Archer and his colleagues that replacing the 
p-chloro atom on the cinnamoylamino moiety with a p-nitro group would 
make the cinnamoylamino function a better Michael acceptor [ 1061. 
5p-Methyl- 14~-(4-nitrocinnamoylamino)-7,8-dihydromorphinone (MET- 
CAMO, 55) was found to be an irreversible p selective antagonist, MET- 
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CAM0 behaved as a nonequilibrium and p selective ligand in bovine striatal 
membranes. No antinociception was produced in the mouse tail flick test 
when the compound was administered i.c.v. [ 1061. Pretreating mice for 24 h 
with MET-CAM0 completely blocked morphine-induced p mediated anti- 
nociception, but not antinociception mediated by either K or 6 opioid recep- 
tors [ 1071. Its corresponding N-cyclopropylmethyl analogue (N-CPM- 
MET-CAMO, 56) is also an irreversible antagonist at p receptors but shows 
less selectivity than MET-CAM0 [106, 1081. 

MET-CAM0 was prepared from 5p-methylthebaine (57) [ 109,1101 via 
14~-amino-7,8-dihydro-5~-methylcodeinone (59) which was obtained by 
the Kirby-McLean procedure [ 1 1 11. Thus, oxidation of 2,2,2-trichloroethyl 
N-hydroxycarbamate with sodium periodate in the presence of 5p- 
methylthebaine gave the adduct ( 5 8 ) .  Catalytic hydrogenation using a Pd/C 
catalyst in methanol in the presence of sodium acetate-acetic acid buffer 
yielded amine (59). Reaction with 4-nitrocinnamoyl chloride furnished 
amide (60) and ether cleavage using boron tribromide yielded MET- 

Me 

Me0  Me0 

(57) 5p-methylthebaine (58) 

Me 

Scheme 3.8 
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CAM0 (55, Scheme 3.8). N-CPM-MET-CAM0 (56) was prepared from 
N-cyclopropylmethyl-5~-methylnorthebaine essentially as described for 
(55) [106]. 

Archer et nl. prepared and evaluated a series of 14P-bromoacetamido de- 
rivatives of morphine, dihydromorphine, morphinone and dihydromorphi- 
none [ I  12-1 141. After incubation with the disulphide bond-reducing agent 
dithiothreitol (threo- 1,4-dimercapt0-2,3-butanediol), followed by the addi- 
tion of BAM (61), HzBAM (62), BAMO (63) or H2BAM0 (64) and exten- 
sive washing of the membranes, greater than 90% of p opioid binding to 
membranes was inhibited, while K and 6 opioid binding was not altered by 
alkylation of membranes with the affinity ligands [113, 1141. In the absence 
of dithiothreitol, these affinity ligands did not inhibit opioid binding to brain 
membranes in a wash-resistant manner. These studies initially suggested 
that there was a disulphide bond at the p opioid binding site. However, 
dithiothreitol enhanced the alkylation of the opioid receptor by reducing 
the binding of the affinity ligands to nonspecific sulphydryl groups, not by 
breaking a disulphide bond at the p opioid binding site [ 1 1 51. H2BAMO pro- 
duced short-term antinociception at p receptors in the mouse tail flick assay 
[116]. 

Me Me 

(61) BAM, A7,8 
(62) H2BAM 

(63) BAMO, A7,8 
(64) H2BAMO 

For the synthesis of BAM, thebaine was treated with l-chloro-l-nitroso- 
cyclohexane and dry hydrogen chloride to give an adduct, which was re- 
duced with zinc and then partially hydrolysed to a mixture of 146-aminoco- 
deinone (65) and ketal (66). Reduction of (65) with sodium borohydride 
gave 14P-aminocodeine (67) [ 1 171, which on 3-O-demethylation with boron 
tribromide afforded 146-aminomorphine (68). Bromoacetylation, followed 
by treatment with 0.5N hydrochloric acid yielded BAM (61)[112]. Catalytic 
hydrogenation of (68) followed by bromoacetylation and treatment with 
1N hydrochloric acid yielded HIBAM (62)[114]. Bromoacetylation of ketal 
(66) gave compound (69) which was 3-O-demethylated using boron tribro- 
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\’ / \  
0 Me0 O’Med 

Thebaine (65) (66) R = H 
(69) R = COCH2Br 

Me 

(67) R1 = H, R2 = Me 
(68) R1 = R2 = H 

Scheme 3.9 

mide to afford BAMO (63) [ I  121 (Scheme 3.9). Treatment of ketal(66) with 
boron tribromide yielded 14/?-aminomorphinone (70), which after catalytic 
hydrogenation to (71) and bromoacetylation, yielded H2BAM0 (64) [I  141 
(Scheme 3.10). 

Archer and co-workers also prepared and evaluated the disulphides (72)- 
(75). Incubation of bovine striatal membranes with TAMO (72), N-CPM- 
TAMO (73), MET-TAM0 (74) and N-CPM-MET-TAM0 (75) resulted in 
wash-resistant inhibition of the binding of the p selective peptide DAMGO. 
TAMO had no effect on K or 6 binding while N-CPM-TAM0 moderately in- 
hibited K binding and weakly inhibited 6 binding. MET-TAM0 and N- 
CPM-MET-TAM0 inhibited p,  K and S binding. Thus, TAMO was the 
most selective of the four ligands and N-CPM-TAM0 appeared to be the 
next most selective [118, 1191. TAMO exhibited a short antinociceptive effect 
in the mouse tail flick test [116]. 

The synthesis of TAMO is outlined in Scheme 3. I I .  The 3-hydroxy group 
of 14/?-amino-7,8-dihydromorphinone (7 1) [ 1 141 was protected with tert-bu- 
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R2 
HO 

'2 
L 

(72) TAMO, R1 = Me, R2 = H 

(74) MET-TAMO, R1 = R2 = Me 
(75) N-CPM-MET-TAMO, R1 = CH2CH(CH2)2, R2 = Me 

(73) N-CPM-TAMO, R1 = CH2CH(CH2)2, R2 = H 

tyldimethylsilyl chloride to give the silyl ether (76). Disulphide (77) was 
formed by reaction of (76) with dithioglycolyl chloride [ 1201. Deprotection 
was accomplished with tetrabutylammonium fluoride to yield TAMO (72) 
[ 1 181. Disulphides (73)-(75) were prepared similarly [ 1 18,1191. 

K OPIOID RECEPTOR SELECTIVE ANTAGONISTS 

PEPTIDES 

Several attempts were made to develop K selective antagonists through 
structural modification of dynorphin A. [Ala2,Trp4]dynorphin A-( 1- 13) 

Me 

(70) R = H, A7,8 
(71) R = H 

Scheme 3.70 



106 OPIOID RECEPTOR ANTAGONISTS 

Me 

F a  & 0 
L J2  

(76) R = t-BuMe2S i (77) R = t-BuMe2Si 
(72) R = H 

Scheme 3.11 

has been claimed to be a ti selective opioid antagonist [121], but an accurate 
opioid receptor binding selectivity profile has not been determined. The 
three 1 1-peptide analogues [D-Trp2,*, D-Pro"], [ D - T ~ P ~ , ~ ,  D-Pro"]- and 
[D-T~P' ,~,~,  D-Pro"]-dynorphin A-( 1-1 I)  showed weak antagonism against 
dynorphin A and low K versus p selectivity [122] . [N,N-Diallyl-Tyr', D- 
Pr~'~]dynorphin A-( 1-1 1) and [N,N-diallyl-Tyr', Aib2*3, D-Proio]dynorphin 
A-( 1-1 1) were reported to act as pure but not very K selective opioid antago- 
nists in vitro [25, 1231. 

NON-PEPTIDIC LIGANDS 

Competitive antagonists 

The first selective ti opioid receptor antagonist documented to have a signifi- 
cant degree of selectivity for ti over p and 6 receptors was TENA (78) [124]. 
The p-naltrexamine derivative (78) was developed out of the double pharma- 
cophore 'bivalent ligand' approach of Portoghese and Takemori [ 124, 1251. 
TENA consists of two naltrexone-derived pharmacophores connected to a 
spacer obtained from triethylene glycol. Extensive studies of the length and 
conformational flexibility of the spacer [I2661281 led to the synthesis of bi- 
valent ligands that have a pyrrole moiety as a very short and rigid spacer 
[ 1291. The most potent and selective members of this series, norbinaltorphi- 
mine (nor-BNI, 79) and binaltorphimine (BNI, 80) possess very high K 
opioid receptor antagonist potency and K antagonist selectivity in vitro and 
in vivo [ 130, 13 11. Its selective antagonist properties have been demonstrated 
in smooth muscle bioassays (Table 3 . 3 ,  radioligand binding assays (Table 
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r 1 

(78) TENA 

3.8) [132] and in vivo. Nor-BNI has been found to selectively block K 

mediated antinociception [ 1331 and diuresis [ 1341, although nor-BNI is 
weakly potent following systemic administration. Another research group 
found that nor-BNI was about 400-fold selective for K versus p receptors 
and about 250-fold for K versus 6 receptors. The same group also found 
that nor-BNI has only limited selectivity for K versus , j ~  receptors in vivo 
[135]. The reasons for the apparent differences observed in vivo appear to re- 
late to the unusually long time following nor-BNI administration to reach 
the peak K selective antagonist effect [26]. 

w 

(79) nor-BNI, R1 = CPM, R2 = H 
(80) BNI, R1 = CPM, R2 = Me 
CPM = cyclopropylmethyl 

It was found that only one pharmacophore is required for the K opioid an- 
tagonist selectivity of nor-BNI [136]. In smooth muscle preparations, the 
meso isomer (8 1)  (derived from (-)-naltrexone and its inactive (+)-enantio- 
mer [27]) of nor-BNI was more potent than nor-BNI and about half as selec- 
tive as K antagonist. Since (8 1) contains one antagonist pharmacophore but 
yet retains some K selectivity, it was concluded that K selectivity is not de- 
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Table 3.7. OPIOID ANTAGONIST ACTIVITY (K," IN NM) OF NOR-BNI (79), BNI (80) 
AND (81) IN THE GPI AND MVD [129, 1361 

E K " ( K )  M"(Pul D A D L E ~ ( S )  K ,  ratio 
Antagonists K ,  IC,, r" K ,  IC,, r d  K ,  IC,,~ r 1  ~ I K  61ti 

Nor-BNI( 79) 0.41 49.8 12.5 2.6 10 2.0 30 24 
BNI (80) - 128 - 5.4 - 4.5 - - 

(81) 0.08 252 1.1 18.8 1.3 16.8 14 16 
Naltrexone 5.5 19 1.0 98 24 5.1 0.2 4.4 

"Ethylketazocine (EK) and morphine (M) in the GPI. b[~-Ala',~-Leu5]enkephalin (DADLE) in 
the MVD. 'The IDso ratio is the ID5(, of the agonist in the presence of antagonist divided by 
the control ICs0 in the same preparation. 

pendent on the presence of two (-)-naltrexone-derived pharmacophores of 
nor-BNI. It was suggested that the K selectivity of nor-BNI and (81) is de- 
rived from the portions of the second halves of these molecules in that they 
mimic key 'address' components of dynorphin at K opioid receptors [ 1361. 

H 

(81) R = cyclopropylmethyl 

Bimorphinans (79) and (80) were synthesized [129, 1371 by heating the 
hydrochlorides of naltrexone and the appropriate hydrazine (RNHNH2; 
R = H, Me) under conditions similar to that reported for the Piloty-Robinson 

Table 3.8. BINDING AFFINITIES (Ki IN nM) AND SELECTIVITIES OF NOR-BNI 
AND BNI IN COMPETITION WITH [3H]DAMG0 (p), [3H]DADLE (6) AND [3H]EK ( K )  

USING GUINEA-PIG BRAIN MEMBRANES [ I  321 

Ki  ratio 
Antagonists 13H]  DAMGO(pJ ['H]DADLE(G) (-'H]EK(h-j p I K  ~ I K  

Nor-BNI (79) 47 
BNI (80) 18 

39 0.26 181 150 
58 0.41 44 141 
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synthesis [ 138, 1391. A procedure was found for the preparation of BNI and 
analogues having an N-methyl group at the pyrrole moiety, which takes place 
under milder conditions and gives better results in comparison with the proce- 
dure reported earlier [137]. Thus, naltrexone and analogues are being treated 
with N-methylhydrazine sulphate in glacial acetic acid at room temperature 
to give the corresponding bimorphinans in good yields [ 1401. 

H 

(82) R = (CH2)3Me 
(83) R = (CH2)2Me 
(84) R = Et 

Recently, Portoghese and his collaborators developed a series of 5'- 
[(N2-alkylamidino)methyl]naltrindole derivatives (82)-(84) as a novel class 
of K opioid receptor antagonists [141]. The design rationale for the synthesis 
of this series involved the attachment of a basic group to the 5'-position of 
the 6 receptor selective antagonist naltrindole (NTI, 85; Scheme 3.12) in or- 
der to approximate the distance between one of the antagonist pharmaco- 
phores of nor-BNI and its second basic group which has been suggested 

(2) naltrexone (85) NTI, R = H 
(86) R = CN 
(87) R = CH2NH2 

Scheme 3.12 
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Table 3.9. BINDING AFFINITIES AND SELECTIVITIES OF NOR-BNI AND 
COMPOUND (83) IN COMPETITION WITH ['HIDAMGO@), ['H]u69593(~) AND 

I3H1DADLE(S) USING GUINEA-PIG BRAIN MEMBRANES 11411 

K ,  nM Ki rutio 
Antagonists I3 H] DAMGO (p ) [3 H]DA DLE(G) [ 3 H ]  U69593 ( K) p l K 61 K 

Nor-BNI(79) 47 43 0.28 168 154 
(83) 3.5 5 .5  0.061 57 90 

[ 1361 to function as a K address mimic. Thus, the indole moiety functions as a 
rigid spacer to hold the amidine group in a location similar to that of the 
right-hand basic group of nor-BNI. Compound (82), which is the most po- 
tent derivative of this series, possesses greater in vitro K antagonist potency 
and selectivity in smooth muscle preparations than does nor-BNI. In opioid 
binding, compound (82) shows a higher K affinity but somewhat less selectiv- 
ity than nor-BNI (Table 3.9). 

Compounds (82)-(84) were synthesized as outlined in Scheme 3.12. Reac- 
tion of naltrexone with 4-hydrazinobenzonitrile [ 1431 under Fischer indole 
conditions afforded the 5'-nitrile (86) which was catalytically hydrogenated 
to the primary amine (87) using Raney nickel. The amidines (82)-(84) were 
prepared by reacting amine (87) with the appropriate iminoester [144, 1451. 

Irreversible ligands 

The first site-directed irreversible inhibitors of IC receptors, compounds (88) 
and (89) (UPHIT) were described by Rice and his collaborators [146, 1471. 
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d 
(93) R = NO2 
(94) R = NH2 
(88) R = NCS 

Scheme 3.13 

They designed these acylators of K receptors through structural modifica- 
tions of the U50488 (90; K agonist) molecule. Compound (88) is able to spe- 
cifically and irreversibly inhibit K receptors labelled by [3H]U69593 ( K  ago- 
nist) while i.c.v. administration into guinea-pig brain failed to produce any 
irreversible inhibition of K receptors. In contrast, i.c.v. injection of com- 
pounds (89) and (91) resulted in a significant reduction in K receptors that 
bind [3H]U69593 [147, 1481. 

The synthesis of compound (88) is outlined in Scheme 3.13. DCC cou- 
pling of enantiomerically pure ( 1 S,2S)-( +)-trans-2-pyrrolidinyl-N-methylcy- 
clohexylamine (92) with 2-nitrophenylacetic acid gave the nitro derivative 
(93). Catalytic hydrogenation over Pd-C catalyst afforded amine (94) which 
was treated with thiophosgene to yield (88). 

(95) DIPPA, R = NCS 
(96) R = H 

Another U50488-derived irreversible K receptor antagonist, DIPPA (95) 
was described by Portoghese and his collaborators [ 149, 1501. The design of 
DIPPA (which has also an isothiocyanate acylating group) as an affinity la- 
bel was based on the report that arylacetamide (96) was a potent, K selective 
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agonist [ 15 1, 1521. Unlike compounds (88), DIPPA possessed selective K 

opioid receptor antagonism in v i v a  This antagonism was measured in the 
mouse tail flick assay and lasted 48 h. In the abdominal stretch assay in 
mice, DIPPA showed a short-term antinociceptive effect and in bioassays 
(GPI and MVD) it exhibited full agonism. This agonist effect in bioassays 
was antagonized by nor-BNI indicating interaction with K receptors. Recep- 
tor binding studies showed that DIPPA binds selectively and with high affi- 
nity to K receptors. Wash studies have suggested that this involves covalent 
binding. Short term agonism, followed by long term antagonism, has also 
been reported for P-CNA [58]. 

The synthesis of DIPPA (Scheme 3.14) involved the nitration of optically 
pure (97) [151] to give a regioisomeric mixture consisting of 88% m- and 

MeHN SNQ 
(97) 

MeHN g; 
(98) 

(m and pisorner) 

I 
Me 

(99) R = NO2 
(100) R = NH2 

Scheme 3.14 
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12%p-nitro isomers of (98) which were acylated with 3,4-dichlorophenylace- 
tyl chloride to yield enantio- and regio-isomerically pure (99) after chroma- 
tography and crystallization. Raney nickel-hydrazine reduction of the nitro 
group afforded the amine precursor (100) which was treated with thiophos- 
gene to give DIPPA (95) [ 149, 1501. 

6 OPIOID RECEPTOR SELECTIVE ANTAGONISTS 

PEPTIDES 

Competitive antagonists 

Several 6 selective opioid antagonists have been obtained through diallyla- 
tion of the a-amino group of enkephalin-related peptides [25]. The design of 
these analogues was based on analogy with the known N-ally1 substituted 
morphinan antagonists. N,N-Diallylated leu-enkephalin (1 01) was shown 
to be a moderately potent 6 selective antagonist in the MVD [ 1531. Replace- 
ment of the 3,4 position peptide bond in (101) with a thiomethylene moiety 
resulted in a compound, N,N-diallyl-Tyr-Gly-Glyy/-[CH2S]Ph-Leu-OH [ICI 
154129, (102)] which also was a 6 selective antagonist with moderate 6 recep- 
tor affinity [ 154, 1551. Subsequently, a conformationally restricted enkepha- 
lin analogue, NN-diallyl-Tyr-Aib-Aib-Phe-Leu-OH [ICI 174864, ( 103)] 
(Aib = aminoisobutyric acid), was found to be a more potent and selective 
6 antagonist [25, 156, 1571. 

In 1992, Schiller and his collaborators reported the discovery of a new 
class of opioid peptide-derived 6 antagonists which contain a 1,2,3,4,-tetra- 
hydroisoquinoline-3-carboxylic acid (Tic) residue (22b) in the 2-position of 
the peptide sequence [ 1581. The two prototype antagonists were the tetrapep- 
tide H-Tyr-Tic-Phe-Phe-OH (TIPP, 104) and the tripeptide H-Tyr-Tic-Phe- 
OH (TIP, 105). TIPP showed high antagonist potency against various 6 ago- 
nists in the MVD (K, = 3-5 nM), high 6 affinity (Ki’ = 1.22 nM), and extra- 
ordinary $6 selectivity ratio (Ky/K,” = 1410). N o  agonism was found in 
the GPI at concentrations as high as 10 pM. The compound was also pre- 
pared in tritiated form and [3H]TIPP was shown to be a good radioligand 
for the study of 6 opioid receptor interactions [159]. In comparison with 
TIPP, TIP was a somewhat less potent and less selective 6 receptor antago- 
nist. 

Both TIPP and TIP were stable in the aqueous buffer solution (pH 7.7) 
used for biological testing for periods of up to 6 months. However, these 
peptides were shown to undergo slow spontaneous Tyr-Tic diketopiperazine 
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formation with concomitant cleavage of the Tic-Phe peptide bond in di- 
methyl sulphoxide and methanol [160, 1611. This observation prompted 
Schiller and his collaborators to design the corresponding peptides contain- 
ing a reduced peptide bond between the Tic2 and Phe3 residues, since this 
structural modification eliminates the possibility of Tyr-Tic diketopiper- 
azine formation. Thus, they prepared H-Tyr-Ticty-[CH2NH]Phe-Phe-OH 
(TIPP[ty], 106) and H-Tyr-Ticty-[CH2NH]Phe-OH (TIP[(//], 107) [161]. In 
comparison with their respective parent peptides [compounds (1 04) and 
(l05)], both pseudopeptide analogues showed increased 6 antagonist po- 
tency in the MVD, higher 6 receptor affinity and improved 6 receptor selec- 
tivity. The more potent compound, TIPP[ty], displayed subnanomolar 6 re- 
ceptor affinity and in direct comparisons with other selective 6 ligands was 
shown to have an unprecedented p/dratio (Kip/KP = 10,500). TIPP[ty] had 
no agonist effect at concentrations up to 10 pM either in the MVD or in the 
GPI, and showed no antagonist activity at p and IC receptors in the GPI at 
concentrations as high as 1OpM. Most interestingly,TIPP[ty] was able to de- 
crease naloxone-precipitated withdrawal symptoms in rats and attenuated 
the development of morphine tolerance in the rat tail-flick test. These results 
suggest that 6 opioid receptors are critically involved in the development of 
morphine tolerance and dependence [ 1621. TIPP[ty] turned out to be stable 
against enzymatic degradation. [3H]TIPP[ ty] has been prepared and was 
found to be a valuable tool for in vitro and in vivo studies [163]. 

Both peptides (106) and (107) were synthesized by the solid-phase method 
using tert-butyloxycarbonyl (Boc) protected amino acids and 1,3-di-isopro- 
pylcarbodi-imide (DIC)/ 1 -hydroxybenzotriazole (HOBt) as coupling 
agents. Introduction of the reduced peptide bond between the Tic2 and 
Phe3 residues required a reductive alkylation reaction [ 1641 between 2-Boc- 
1,2,3,4-tetrahydroisoquinoline-3-aldehyde and the amino group of the re- 
sin-bound phenylalanine or H-Phe-Phe dipeptide. 2-Boc-l,2,3,4-tetrahy- 
droisoquinoline-3-aldehyde was synthesized via preparation of Boc- 1,2,3,4- 
tetrahydroisoquinoline-3-(N-methoxy-N-methylamide) by using a published 
procedure [165]. Peptides were cleaved from the resin by HF-anisole treat- 
ment in the usual manner. Crude products were purified by reversed-phase 
chromatography. 

Replacement of Phe3 in TIPP with Leu, Ile or norvaline (Nva) resulted in 
compounds that retained potent 6 antagonist activity in the MVD and 
showed high 6 selectivity in opioid receptor binding assays. Obviously, an 
aromatic residue in position 3 of the peptide sequence is not absolutely nec- 
essary for high 6 antagonist potency. Interestingly, saturation of the Phe3 
aromatic ring in TIPP, achieved through substitution of cyclohexylamine 
(Cha), led to a compound (H-Tyr-Tic-Cha-Phe-OH [TICP], 108) with in- 
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creased 6 antagonist potency and higher 6 selectivity than the parent pep- 
tide. The corresponding pseudopeptide H-Tyr-Ticy[CH2NH]Cha-Phe-OH 
(TICP[y], 109) showed a further improvement in 6 antagonist activity [166]. 

Ronai and his collaborators demonstrated that the Tyr-Pro-Gly-Phe-Leu- 
Thr hexapeptide sequence accepts N-terminal substituents such as N-t-Boc 
(1 lo), N-phenylacetyl (1 11)  and N-diphenylacetyl (1 12) where the nitrogen 
cannot become protonated, as well as ‘traditional’ substituents such as 
N,N-diallyl (1 13) where protonation is likely under physiological conditions. 
Compounds ( 1  lo)-( 1 13) were pure opioid antagonists of medium 6 affinity 
in the MVD (K, values against [Met5]-enkephalin range from 0.6 to 4 pM) 
and showed high,ddselectivity ratios (KZ/K,6 = 50-350 in MVD) [167]. 

Irreversible antagonists 

The hexapeptide analogue [D-Ala2,Leu5,Cys6]enkephalin (DALCE) con- 
tains a single sulphydryl group and has been reported to bind covalently to 
6 receptors by forming a disulphide bond with a sulphydryl group present 
at the binding site [168, 1691. DALCE is moderately selective and it appears 
to possess a pharmacological profile in vivo consistent with nonequilibrium 
6 opioid receptor antagonism. 

NON-PEPTI DIC LIG AN DS 

Competitive an tagon ists 

The rationale for the design of naltrindole (NTI, 82) by Portoghese and his 
collaborators [ 1701 was based on the ‘message-address’ concept [ 17 1 ,  1721. 
This design strategy for nonpeptide 6 selective antagonists employed the nal- 
trexone pharmacophore for the message moiety and a key element in the leu- 

(85) NTI, X = NH 

(115) NTB, X = 0 
(1 14) X = NMe 
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cine-enkephalin 6 address [142, 1731. The key element, which was hypothe- 
sized to be the phenyl group of Phe4 of leucine-enkephalin, was attached to 
the morphinan structure of naltrexone through a rigid spacer. The first tar- 
get compound synthesized, NTI (82), contained a pyrrole spacer because it 
was easily accessible from naltrexone through a Fisher indole synthesis. 
NTI is a 6 opioid receptor antagonist with high 6 affinity and good selectivity 
as found in bioassays. Its N-methyl(ll4) and benzofuran (NTB, 1 15) analo- 
gues were also 6 receptor opioid antagonists in bioassays (Table 3.10). All 
three compounds displayed relatively moderate antinociceptive potency in 
the writhing assay [174, 17.51. NTB is able to distinguish between S receptor 
subtypes and is selective for the 62 site [ 1761. 

Interestingly, NTI was found to possess immunosuppressant properties 
while being less toxic (NTI does not show any cytotoxic effect) than cyclo- 
sporin [177-1791. Since the immunosuppressive mechanism of NTI is differ- 
ent from that of other immunosuppressants, the use of NTI or other 6 opioid 
receptor antagonists in combination with other immunosuppressive agents 
could be more beneficial than treatment with a single compound (e.g., cy- 
closporin) after organ transplantation. There is increasing evidence of im- 
provement after renal transplantation when cyclosporin is combined with 
other immunosuppressive agents. 

Development of morphine tolerance and physical dependence is markedly 
suppressed by the administration of NTI or its isothiocyanate analogue nal- 
trindole 5'-isothiocyanate (NTII, 1 16) before and during morphine treat- 
ment [180]. These effects are produced by NTI and NTII at  doses that do 
not block the antinociceptive effects due to interaction at ,u receptors. These 
data are of interest from the standpoint of preventing tolerance and physical 
dependence in patients who receive morphine on a chronic basis [ 1731. NTI 

Table3.10. ANTAGONISTK,VALUESOF NTI ANDANALOGUES (114)AND(115) IN 
THE MVD AND GPI 11701 

K," (n M )  Seleclivity ratio 
Antugonisis M ~ ( P )  ~ ~ ~ ( h . 1  D A D L E < ( ~ )  1116 K l S  

NTI (82) 32 58 0.2 I 152 276 
(1 14) 11 20 1 .o 11 20 
NTB (1  IS) 21 48 1.1 25 44 
Naloxone 2.2 16 40 0.06 0.4 

"Derived from the Schild relationship and calculated from an average of at least three IC50 ratio 
determinations by using K, = [antagonist]/(ICso ratio -1). hMorphine (M) or ethylketazocine 
(EK) in the GPI. C[~-Ala2,~-LeuS]enkepha~in (DADLE) in the MVD. 
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seems also to block the ability of cocaine to produce positive reinforcement 
in rats [181, 1821. 

(116) NTII, R =5’-NCS 
(1 17) R = 6’-C02Me 

(1 19) R = 7’-S02Me 
(1 18) R = 7’-CO2Et 

Aside from the demonstrated antinociceptive effect produced by agonist 
interactions at 6 receptors [174], NTI has been employed to demonstrate 
that 6 opioid receptors are involved in the antinociceptive effects of cholecys- 
tokinin octapeptide in mice [ 1831 and in swim stress-induced antinocicep- 
tion in adult rats [ 184, 1851. NTI was found to produce a marked and long- 
lasting antitussive effect in mice and rats which was not antagonized by the 
irreversible p antagonist P-FNA [ 1861. 

NTI (82) and its ”-methyl analogue (1 14) were prepared from naltrexone 
through a Fischer indole synthesis by treatment with phenylhydrazine and 
methylphenylhydrazine respectively [170, 1871. NTB (1 15) was synthesized 
by reaction of naltrexone with 0-phenylhydroxylamine [ 1881. 

A series of heterocyclic analogues related to NTI and 6-arylnaltrexone de- 
rivatives has been synthesized in order to determine the role of the spacer 
and the address moieties in conferring 6 opioid receptor antagonist activity 
[188]. It was found that heterocycles other than pyrrole could serve as 
spacers for the address moiety. However, pyrrole seems to be superior to 
other heterocycles. It was also found that the aromatic address component 
is important for 6 antagonist potency. The role of the indole in enhanced S 
recognition is likely to be an interaction with a lipophilic site in the receptor 
[I 891. The indole moiety confers 6 receptor selectivity by decreasingp affinity 
and enhancing 6 affinity. It is likely that the reason for decreased affinity of 
p is the loss of the C-6 carbonyl oxygen as the proton-accepting centre which 
is believed to be important for recognition of the p receptor [189]. 

Nagase and his collaborators have synthesized and evaluated a series of 
NTI analogues substituted in the indole benzene moiety [ 1901. Three com- 
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pounds showed higher 6 antagonist potency than NTI in the MVD against 
the 6 agonist DPDPE ([D-Pen2,D-Pen'lenkephalin). The K, values (nM) of 
indoles (117), (118), (119) and NTI were 0.13, 0.16, 0.14 and 0.21 respec- 
tively. Selectivities were not determined. Compound (1 20) exhibited higher 
immunosuppressive activity than NTI. 

H 

Introduction of 14P-ethoxy and 5/?-methyl groups into the NTI molecule 
resulted in the pure opioid antagonist (121) with somewhat lower 6 potency 
but much higher 6 selectivity in the MVD due to very low p and K affinities 
(Table 3.11) [191]. Indole (121) was prepared by reacting thep receptor-pre- 
ferring opioid antagonist 14-U-ethyl-5-methylnaltrexone [ 1921 with phenyl- 
hydrazine under conditions used for the Fisher indole synthesis. 

HO 
H 

(1 21) 

Table 3.1 1. ANTAGONIST k"VALUES (NM) OF (121) AND NTI IN THE MVD 
~ 9 1 1  

selectivity ratio 
An tugonists DAMGO ( p  ) C19 77 ( K) DPDPE(G) p i6  K i s  

(121) 133 529 1.3 102 407 
NTI 5.25 32.4 0.18 29 180 

"K, = [antagonist]/DR-I, where DR is the dose ratio (ie.. ratio of equiactive concentrations of 
the test agonist in the presence and absence of the antagonist). 
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Portoghese and his coworkers prepared a series of amino acid conjugates 
of NTI in order to obtain 6 antagonists that would have limited access to 
the central nervous system (CNS) upon peripheral administration [ 1931. 
Two of the more 6 selective conjugates, the glycinate (122) and the aspartate 
(123), were evaluated by the i.v. and i.c.v. routes in mice against the 6 agonist 
DPDPE ([D-Pen2,D-Pen’lenkephalin). The i.v. /i.c.v. dose ratios of (1 22) 
and (1 2 3 )  to produce equivalent antagonism of DPDPE-induced antinoci- 
ception were very high (> 49,000) which is consistent with poor CNS pene- 
tration. 

H 

(122) R = CONHCH2C02H 
(123) R = CONHCH(C02H)CH2C02H 
(124) R = C02H 
(125) R = CONHCH2C02CH2Ph 
(126) R = CONHCH(C02CH2Ph)CH2C02CH2Ph 

Compounds (1 22) and (1 23) have been prepared from 7’-carboxynaltrin- 
dole (1 24) which is available from naltrexone via the Fischer indole synthesis 
using 2-hydrazinobenzoic acid in acetic acid. The coupling of (124) with 
suitable protected amino acids using the Bop reagent [benzotriazolyloxy- 
tris-(dimethy1amino)phosphonium hexafluorophosphate] afforded the cor- 
responding intermediates (1 25) and ( 1  26). Catalytic hydrogenation yielded 
compounds (1 22) and (1  23) [ 1931. 

(1 27) BNTX 

7-Benzylidenenaltrexone (BNTX, 127), developed by Portoghese and his 
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coworkers [194], was found to be a 6, opioid receptor antagonist. In the 
mouse tail-flick assay, BNTX effectively antagonized the 61 agonist DPDPE 
but did not significantly change the EDs0 values of the 6 2  selective agonist 
DSLET ([D-Ser2,Leu5]enkephalin-Thr6), morphine or U50488. Like NTI, 
BNTX and NTB produced a marked antitussive effect in mice which was 
not antagonized by the irreversible ,u antagonist P-FNA [ 1951. 

Nagase and his collaborators have developed a series of indolo[2,3-g]octa- 
hydroisoquinoline derivatives mimicking the structure of NTI [ 1961. The 
compounds show in the MVD and radioligand binding studies antagonism 
and selectivity at 6 receptors. Racemic compound (128), for instance, exhib- 
ited in binding a 6 Ki value of 3.5 nM and a p/d and k/6  selectivity ratio of 
205 and 272 respectively. Compound (128) did not affect the inhibition of 
contraction in the GPI and showed a K, value in the MVD against DPDPE 
of 4.8 nM. 

H 
Me 

OH 

A similar approach to 6 selective antagonists was undertaken by Dondio 
and Ronzoni [ 1971. They prepared pyrrolo-octahydroisoquinoline deriva- 
tives. Studies of the binding of the racemic form of compound (1 29) showed 
a 6 Ki value of 2.15 nM and p / 6  and k/6 selectivity ratios of 45 and 403 re- 
spectively. In the MVD, compound (129) exhibited a K, value of 7 nM 
against DADLE. 
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0 

121 

(130) FIT 

Me 

(131) FA0 

Long acting and irreversible antagonists 

Rice and his coworkers reported on the first 6 selective irreversible ligands 
FIT (fentanyl isothiocyanate, 130) and FA0 (7a-methylfumaramido-6,14- 
endo-ethenotetrahydro-oripavine, fumaramido-oripavine, I 3 1) [95, 961. In 
binding experiments, FIT and FA0 were found to bind irreversibly to S re- 
ceptors while in vivo experiments show that they have morphine-like antino- 
ciceptive potencies. The 3-methyl analogue of FIT, (+)-enantiomer of com- 
pound ( 1  32, SUPERFIT) was shown to be highly potent and specific for 
acylation of 6 opioid receptors in rat brain membranes like its achiral proto- 
type FIT, and was about 10 times as potent as FIT in this assay. SUPERFIT 
was about 5 times as potent as FIT in acylation of 6 receptors in 
NG 108-1 5 neuroblastoma X glioma hybrid cells and about 50 times as po- 
tent as its enantiomer. Both FITand SUPERFIT behaved as partial agonists 
in inhibiting 6 receptor-coupled adenylate cyclase in NG 108-1 5 membranes. 

(132) SUPERFIT 
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SUPERFITwas 5-10 times more potent than FITand about 100 times more 
potent than its enantiomer in this assay [198]. 

(133) R1 = H, R2, R3 = 0 
(134) R1 = 4-NO2-CgH4CH2C0, R2, R3 = 0 

(135) R1 = 4-NO2-CgH4CH2C0, R2, R3 = NCgHq 

(136) R1 = 4-NO2-CgH4CH2C0, R2= H, R3 = NHCgH4 

(137) R’ = 4-NO2-CgHq-CH2CH2, R2 = H, R3 = NHCgHq 

(138) R’ = 4-NO2-CgHqCH2CH2, R2= H, R3 = NCgHq COEt 

(139) R’ = 4-NH2-C6H4CH2CH2, R2 = H, R3 = NCgHq COEt 

The synthesis of FIT (1 30) was a modification of the previously reported 
route [ 1991 to fentanyl and congeners ( 1 33)-( 139). Reaction of 4-piperidone 
(1 33) with (4-nitropheny1)acetyl chloride afforded amide (1 34) which was 
treated with aniline to give the Schiff base (135). Reduction with sodium 
borohydride to (136) followed by borane reduction of the amide function 
gave diamine (137). Acylation with propionic anhydride gave the known 
[200] nitrofentanyl(l38). Catalytic hydrogenation over Pd-C provided ami- 
nofentanyl(139) which was converted into the isothiocyanate ( 132) by treat- 
ment with thiophosgene [96]. 

FA0  (1 3 1) was synthesized from the 7a-amino-6,14-endo-ethenomorphi- 
nan (140) which is available from thebaine in three steps as described by 
Bentley and his coworkers [201]. Selective 0-demethylation of the phenolic 
ether function of (140) with boron tribromide afforded the phenol (141) 
which was treated with methylfumaroyl chloride to yield F A 0  ( I  31) [96]. 

.Me 
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Naltrindole 5'-isothiocyanate (NTII, 1 16) exhibited high 6 antagonist ef- 
fects and 6 selectivity in the MVD [202]. The irreversible antagonism was 
confirmed by the fact that there were no significant differences between pre- 
and post-wash ICs0 ratios. NTII was also a very potent 6 selective antagonist 
in vivo (mouse abdominal stretch assay, i.c.v. administration), causing a 
more than 50-fold increase of the ED5,-, for the 62 agonist [D-Ser2,D- 
Leu']enkephalin-Thr6 (DSLET) and no increase for the 6! agonist [D- 
Pen',D-Pen'lenkephalin (DPDPE) [202, 2031. In binding experiments, it 
was found that NTII only changed the binding characteristics of 
['HIDSLET and not that of ['HIDPDPE which supports the postulated ex- 
istence of 6 opioid receptor subtypes [204]. 

H 

(1 42) R = NO2 
(143) R = NH2 

NTII was prepared by reacting naltrexone with (4-nitropheny1)hydrazine 
to form 5'-nitroindole (142) which was reduced by catalytic hydrogenation 
over Raney nickel to the 5'-amino derivative (143). Treatment with thio- 
phosgene yielded NTII [203]. 

(144) BNTl 

Another 6 opioid receptor antagonist developed by Portoghese and his 
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o\, ,NHCOzt*u 
I 

(1 44) 

Scheme 3.15 

coworkers is N'-benzylnaltrindole (BNTI, 144) which is very long lasting 
and selective for S2 receptors [205, 2061. BNTI was a potent 6 antagonist in 
bioassays and in v iva  In the abdominal stretch assay in mice, BNTI antago- 
nized the antinociceptive effect of the 82  agonist DSLET for five days while 
no significant antagonism of the antinociceptive effect of the 6, selective ago- 
nist DPDPE was observed. 

BNTI was prepared as outlined in Scheme 3.15. Condensation of Boc- 
phenylhydrazine (145) with benzyl bromide gave Boc-N1-benzyl-N1-phenyl- 
hydrazine (146) which was treated with naltrexone to give BNTI [205]. 

Radiolabelled opioid antagonists (see [207] for further details) are of great 
value in opioid research. 

CONCLUSION 

In recent years, substantial progress has been made towards the develop- 
ment of opioid receptor antagonists which exhibit high selectivity for p, K 

and 6 receptors or receptor subtypes. These highly selective antagonists 
have advantages over the universal opioid antagonists (for example, nalox- 
one and naltrexone) because they are of value in probing the interaction of 
endogenous opioid peptides with opioid receptors. They are also useful in 
evaluating the selectivity of new opioid agonists. Selective opioid antago- 
nists also have therapeutic potential in the treatment of a variety of disorders 
where endogenous peptides play a modulatory role. These include, for in- 
stance, food intake, immune function, shock, constipation, drug addiction, 
alcoholism and certain mental disorders. 
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INTRODUCTION 

DEFINITIONS 

Although originally defined as ‘a substance produced by one micro-organ- 
ism that inhibits the growth of another micro-organism’, an antibiotic is 
now considered in a broader context. The term refers to ‘a substance pro- 
duced by one micro-organism or a similar substance that, in low concentra- 
tions, inhibits the growth of another micro-organism’ [I]. As such, the term 
encompasses chemotherapeutic drugs such as the older penicillins, strepto- 
mycin and some tetracyclines as well as chloramphenicol (originally ob- 
tained from Streptoivzyces venezuelae but now produced synthetically) and 
the semi-synthetic penicillins and cephalosporins, together with those drugs, 
such as 4-quinolones, sulphonamides and trimethoprim that are made by 
synthetic means. The term ‘antibiotic’ as used in this review refers to the 
broader definition. 

Other antimicrobial compounds consist of antiseptics, disinfectants and 
preservatives [2]. Antisepsis is defined as the destruction or inhibition of mi- 
cro-organisms on living tissues, thereby limiting or preventing the harmful 
results of infection. Disinfection is the process of removing micro-organisms, 
including potentially pathogenic ones, from the surfaces of inanimate ob- 
jects. Bacterial spores are not necessarily inactivated. Chemical disinfec- 
tants are capable of different levels (high, intermediate or low) of activity 
[3]. Preservation is a term used to denote prevention of spoilage of a pharma- 
ceutical, food, cosmetic or other product [4, 51. 

Some compounds are employed in only one of these areas, for example, 
the parabens (esters of 4-hydroxybenzoic acid) are used as preservatives in 
some types of cosmetic and pharmaceutical products, whereas chlorhexi- 
dine salts are utilized in all three areas. The collective term ‘biocide’ (bios, 
life; cido, to kill) is used widely nowadays to denote a compound used in 
one or more of these fields [2]. 

Three words (resistance, insusceptibility, tolerance) and their correspond- 
ing adjectives find widespread use, often interchangeably, to signify the lack 
of effect of an antimicrobial agent on a microbial cell. ‘Tolerance’ is usually 
used to denote lack of lysis in some penicillin-treated streptococci. ‘Resist- 
ance’ in terms of insusceptibility to biocides is often used to denote an in- 
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crease of approximately 4-8 fold in the inhibitory concentration which, as 
will be discussed later, is not without difficulty because lethal concentrations 
are much more relevant. 

SIGNIFICANCE OF BACTERIAL RESISTANCE 

The introduction of antibiotics into clinical medicine has brought about a 
whole range of unforeseen problems. Apart from potential toxicity and, 
with some antibiotics, such as penicillins, of hypersensitivity reactions, sev- 
eral micro-organisms (especially many types of bacteria) show high levels 
of resistance. Furthermore, transferability of resistance from resistant to 
sensitive cells of the same or different species or genus is a well-known phe- 
nomenon with potentially serious clinical consequences [6-81. 

8-Lactamase-producing staphylococci resistant to benzylpenicillin 
emerged shortly after the introduction into clinical practice of this antibiotic 
and similar events have occurred when other antibiotics have been newly 
used [9], thereby complicating therapy. Currently, there is considerable con- 
cern about methicillin-resistant Staphylococcus aureus (MRSA) [ 10, 1 I], 
vancomycin-resistant enterococci [ 12, 131, multi-drug resistant Mycohacre- 
rium tuberculosis (MDRTB) [ 14, 151, antibiotic-resistant Gram-negative 
bacteria such as Serrutiu murcescens, Acinetobacter spp. and Klebsiella spp 
[ 16-1 81, antibiotic-resistant pneumococci [ 19, 201 and ‘emerging’ pathogens 
such as Stenotrophomonas (Xanthomonas) maltophiliu, Burholderia (Pseudo- 
monas) cepucia and Etitevobucter spp. [21,22]. 

Bacteria may also be resistant to some types of biocides. Gram-negative 
bacteria, such as Pseudonionas aeruginosa, Proteus spp. and Providencia 
stuartii, are much less susceptible to many biocides than are Gram-positive 
cocci [23-251. Some MRSA strains demonstrate plasmid-mediated resist- 
ance to cationic biocides [26-281 and mycobacteria possess above-average 
resistance to biocides [3, 291. The least sensitive of all types of bacteria to 
biocides are bacterial spores [8, 29-3 11 and germinating and outgrowing 
spores, for example, of some Bucillus and Clostridiutn spp. are sometimes 
implicated as the aetiological agents of food poisoning. Clearly, it is essential 
to understand how bacterial resistance arises and what measures can be 
taken to overcome it. 

GENERAL MECHANISMS OF RESISTANCE 

Bacterial resistance to both antibiotics and biocides is essentially of two 
types [6-8,23-251: 
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(i) intrinsic resistance (intrinsic insusceptibility [32]), a natural property of 
an organism, and 

(ii) acquired resistance, which results from mutation or via the acquisitidn 
of generic material (such as a plasmid or transposon (Tn)). Some bacteria 
are naturally insusceptible to some antibacterial compounds, but sensitive 
to others, and some organisms have acquired the ability to circumvent the 
action of these agents (Table 4.1). 

Much is known about the two general mechanisms, especially with regard 
to antibiotics. In this review, current aspects of the mechanisms of resistance 
of several different types of bacteria to a broad range of antibiotics and bio- 
cides will be discussed. Where relevant, the clinical significance will be ad- 
dressed, and a final section will consider possible ways of overcoming bac- 
terial resistance. 

It must be emphasized that the subject of bacterial resistance to antibac- 
terial agents is a huge one. Consequently, as far as possible, only recent the- 
ories and practicalities will be described here, and reviews will be cited fre- 
quently, although occasionally some older work will perforce be referred to 
when necessary. 

Table 4. I .  GENERALIZED RESISTANCE MECHANISMS" TOWARDS ANTIBIOTICS 
AND/OR BIOCIDES 

Mechunism Comment and examples 

Alteration of antibacterial agent 
(inactivation/modification) 

Impaired uptake 

Modified target site 

Efflux of antibacterial agent 

By-pass of sensitive step 

Overproduction of target 

Absence of an enzyme or metabolic 
pathway 

Occurs with several types of antibiotics, rarely with 
biocides (except for mercurials) 

Several antibiotics and biocides' 

8-Lactams, 4-quinolones, macrolides, etc 

Tetracyclines, QACs, others (see Tables 4.1 1 & 4.14) 

Duplication of target enzymes, second version being 
insusceptible to action of a drug, e.g. trimethoprim 

Higher drug concentrations needed to saturate target 
enzymes, e.g. trimethoprim and DHFR 

Applies to some antibiotics and certain bacterial 
species, e.g. folate auxotrophs, trimethoprim and 
sulphonamides 

# Some are intrinsic in nature, others acquired: see also Tables 4.5,4.6,4.7,4.10,4.11,4.18 
* Biocides have been considered in relation to Gram-negative bacteria, mycobacteria and bac- 
terial spores 
QACs, quaternary ammonium compounds; DHFR, dihydrofolate reductase 
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MECHANISMS O F  INTRINSIC RESISTANCE (INTRINSIC 
INSUSCEPTIBILITY) 

The first stage in the action of an antibiotic or biocide on a bacterial cell in- 
volves interaction between the chemical and the biological entity. Adsorp- 
tion of a variety of biocides into bacterial cells has been described [33] but 
this, per se, does not necessarily provide information about the mechanism 
or site of action of the antibacterial compound. However, resistant cells 
would usually (but not necessarily) be expected to adsorb less of a chemical 
than sensitive cells. In non-sporulating bacteria, changes to the outer layers 
of cells may follow the initial binding to the cell surface or there may be dif- 
fusion across the cell envelope; in either case, an antibiotic or biocide will 
penetrate the cell to reach the primary site of action at the cytoplasmic mem- 
brane or within the cytoplasm. Little is known about the penetration of anti- 
bacterial agents into bacterial spores. 

Antibiotics are selectively toxic drugs and their action on non-sporulating 
bacteria is usually highly specific (Table 4.2) [34, 351; exceptions to this gen- 
eral statement may be found. For example, the quinolones and fluoroquino- 
lones act on DNA gyrase (topoisomerase II), yet their lethal effect is claimed 
to result from a ‘cascade’ of events [36, 371. In contrast, with biocides, effects 
on the primary target site may lead to additional, secondary, changes else- 
where in the organism. These secondary events may also contribute to the 
bacteriostatic or bactericidal activity of biocides. Further, some biocides 
are highly reactive chemical molecules that will combine with specific recep- 
tors at different sites within the cell. For example, glutaraldehyde interacts 
with amino groups in the cell envelope, cytoplasmic membrane and cytosol 
[38]. For these reasons, it is not always an easy matter to define the precise 
mode of action of a biocidal agent [39]. A summary of biocidal mechanisms 
is presented in Table 4.3. 

A knowledge of the site and action of antibacterial agents is important in 
understanding at least some of the resistance mechanisms presented by bac- 
teria. 

INTRINSIC RESISTANCE IN GRAM-NEGATIVE BACTERIA 

Any impaired uptake of an antibiotic or biocide means that fewer molecules 
of the antibacterial agent are able to reach their target site(s) thereby reduc- 
ing their effect on the cell [23-25,40421. Decreased uptake in Gram-nega- 
tive bacteria is an important reason for the fact that these organisms are of- 
ten less sensitive than Gram-positive bacteria, such as staphylococci, to a 
variety of chemically unrelated molecules [23-251. This intrinsic insuscep- 
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Table 4.2. SUMMARY OF MECHANISMS OF ACTION OF ANTIBIOTICS AGAINST 
NON-SPORULATING BACTERIA 

EJ.L-1 A ~ t j h i ~ ~ i e ~ s )  Action 

Inhibition ofcell wall o-cycloserine 
peptidoglycan synthesis 

Glycopeptides 
(vancomycin, 
teicoplanin) 

8-lactams 

lsoniazid 

Cytoplasmic membrane Polymyxins 
disruption 

Inhibition of protein Streptomycin 
synthesis 

Tetracyclines 

Chloramphenicol 

Erythromycin 

Mupirocin 

Actinomycin D 

Rifampicin 

Inhibition of RNA synthesis 

Inhibition of DNA synthesis Mitomycin C 

Quinolones 

Inhibition of tetrahydrofo- Sulphonamides 
late synthesis 

Trimethoprim 

Early biosynthetic stage: competitive 
inhibition of (i) alanine racemase and 
(ii) D-alanine synthetase (ligase) 

Intermediate biosynthetic stage: bind- 
ing to peptidoglycan precursor 
(D-alanyl-o-alanine) 

Late biosynthetic stage: binding to 
specific PBPs*, inhibition of trans- 
peptidases 

Mycolic acid biosynthesis (?) in 
M. tuberculosis 

Also damage outer membrane of 
Gram-negative bacteria 

Inhibits initiation stage 

Inhibits binding of aminoacyl-tRNA 
to 30s ribosomal subunit 

Inhibits peptidyl transferase 

Inhibits translocation 

Inhibits isoleucyl-tRNA synthetase 

Binds to double stranded DNA 

Inhibits DNA-dependent RNA pol- 
ymerase 

Covalent linking to DNA 

Effect on DNA gyrase 

Competitive inhibitors of dihydro- 
pteroate synthetase 

Inhibits dihydrofolate reductase 

*PBPs, penicillin-binding proteins 
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Table 4.3. SUMMARY O F  MECHANISMS O F  ACTION OF BIOCIDES AGAINST 
NON-SPORULATING BACTERIA 

Biocide(s) * Action* 

Cell envelope (cell wall. 
outer membrane) 

Cytoplasmic (inner) 
membrane 

Alkylation 

Cross-linking 

Intercalation 

Interaction with thiol 
groups 

Oxidizing agents 

Glutaraldehyde 
EDTA, other 
permeabilizers 

Lysozyme 

QACs 
Chlorhexidine 

PHMB, alexidine 

Hexachlorophane 

Sorbic acid 

Parabens 

Mercurials, silver 
compounds 

Ethylene oxide 

Formaldehyde 

Glutaraldehyde 

Acridines 

Mercurials (4. v.) 

lsothiazolones 

Halogens 

Peroxygens 

Cross-links proteins 
Gram-negative bacteria: removal of Mg2', 
release of some LPS 

Breaks down peptidoglycan (BI-4 sites) 

Generalized membrane damage 
Low concentrations affect membrane integ- 
rity, high concentrations cause congealing of 
cytoplasm 

Phase separation and domain formation of 
membrane lipids 

Inhibition of membrane-bound electron 
transport chain 

Transport inhibitor, effect on P M F  

Low concentrations inhibit transport, high 
concentrations affect membrane integrity 

Interaction with thiol groups 

Alkylation of amino, carboxyl, hydroxyl and 
mercapto groups in proteins 

Cross-linking of proteins, RNA and DNA 

Cross-linking of proteins in cell envelope 
(9.u.) and elsewhere in cell 

Intercalation of an acridine molecule be- 
tween two layers of base pairs in DNA 

Membrane-bound enzymes 

Membrane-bound enzymes 

Oxidize thiol groups to disulphides, sulphox- 
ides or disulphoxides 

Hydrogen peroxide: activity results from for- 
mation of free hydroxyl radicals ('OH) which 
oxidize thiol groups in enzymes and proteins 
Peracetic acid: disrupts thiol groups in pro- 
teins and enzymes 

* LPS. lipopolysaccharide; QACs, quaternary ammonium compounds 
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BACTERIA 
Table 4.4. TRANSPORT OF ANTIBIOTICS AND BIOCIDES INTO GRAM-NEGATIVE 

- 

Antihioticfs} or Passage across OM 
hiocide (s) 

P-Lactams* Passive diffusion, OmpF and 
OmpC porins 

D-cycloserine 

Polymyxins 

AGACs 

Vancomycin 

Chloramphenicol 

Tetracyclines 

4-Quinolones 

Chlorhexidine 

QACs 

Parabens 

Probably via porins 

Self-promoted uptake, damage to 
OM 

Self-promoted uptake (in Ps.ueru- 
ginosu); porins (other organisms?) 

Hydrophilic, but too large to tra- 
verse OM 

Porins 

Porins (especially OmpF) 

Porins (OmpC, OmpF), also self- 
promoted uptake 

Self-promoted uptake? 

Self-promoted uptake? Also, OM 
might present barrier 

OM presents barrier 

Passuge aeross IM 

Not applicable (interact with penicil- 
lin-sensitive enzymes on outer face of 
I M) 

~-alanine transport system 

Not applicable: IM is a major target 
site 

Energy-dependent phase 1 (EDP-1) 
for streptomycin 

Not applicable 

Active transport 

Energy-independent (passive) and 
energy-dependent (active) transport 
systems 

Probably active transport 

IM is a major target site; damage to 
IM enables biocide to enter cytosol 
where further interaction occurs 

IM is a major target site; damage to 
IM enables biocide to enter cytosol 
where further interaction occurs 

IM is probably a major target; also 
inhibit intracellular biosynthetic 
processes 

* Depends on a number of factors; generally, rate of penetration through porins decreases with 
increase in hydrophobicity, size and molecular weight and net negative charge, but overall rate 
is influenced by gross physicochemical properties. 

OM, outer membrane; IM, inner membrane 
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tibility is associated with the nature and composition of the cell envelope of 
these organisms [43, 441 and is most marked in Pseudomonas aeruginosa, 
Proteus spp., Providencia stuartii, Burkholderiu (formerly Pseudomonas) ce- 
pacia and Serrutia marcescens [7,25]. 

In brief, both Gram-positive and Gram-negative bacteria contain a basic 
cross-linked peptidoglycan structure. The former bacteria, such as staphylo- 
cocci, also contain glycerol and ribitol teichoic acids. In contrast, in addition 
to peptidoglycan, the Gram-negative cell envelope contains lipoprotein mol- 
ecules attached covalently to this backbone, together with lipopolysaccha- 
ride and protein attached by hydrophobic interactions and divalent cations 
(Ca2+, Mg2+). On the inner side is a layer of phospholipid. 

The Gram-negative cell envelope is considerably more complex than the 
cell wall of non-sporulating Gram-positive bacteria, mycobacteria excepted 
[7, 8,45,46]. The outer membrane of Gram-negative bacteria plays an im- 
portant, though passive, role in acting as a permeability barrier. Antibiotics 
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acid; dab, Ldlaminobutyric acid 

and biocides (Table 4.4) must traverse the outer membrane, and in some 
cases the inner (cytoplasmic) membrane also, to reach their target sites. 
/?-Lactam antibiotics interact with penicillin-binding proteins (PBPs) on the 
outer face of the inner membrane [47,48] and thus do not need to cross the 
latter membrane. In contrast, another (but early) inhibitor of peptidoglycan 
biosynthesis, D-cycloserine (1 ) has as its site of action the interconversion 
of L-alanine to D-alanine (2) and the formation of the D-alanyl-D-alanine di- 
peptide in the cytosol[49, 501 and thus must cross both the outer and inner 
membranes. The glycopeptide antibiotic vancomycin (3) acts at an inter- 
mediate stage in peptidoglycan biosynthesis by interfering with glycan unit 
insertion [49] and consequently must pass through the outer membrane. In- 
hibitors of protein biosynthesis, e.g. the aminoglycoside-aminocyclitol anti- 
biotics (AGACs) such as streptomycin (4) and gentamicin (5) [51, 521, the 
macrolides such as erythromycin (6) [53, 541, the tetracyclines exemplified 
by tetracycline itself (7) [55 ,  561, mupirocin (8) [57] and chloramphenicol 
(9) [58 ] ,  and inhibitors of RNA synthesis (rifampicin (10) [59]) and DNA 
synthesis (6quinolones such as ciprofloxacin (1 1) [36,37]) must all traverse 
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both the outer and inner membranes in order to reach their target within the 
cell. The so-called ‘membrane-active’ agents such as the polymyxin antibio- 
tics (1 2) and cationic biocides like chlorhexidine ( I  3) and quaternary ammo- 
nium compounds (QACs, e.g. cetylpyridinium chloride (14)) cause severe 
damage to the inner membrane, although changes are also induced in the 
outer membrane [60-631. The nature of the action of all these agents is sum- 
marized in Tables 4.2 and 4.3. 

The membrane-active agents are believed to enter Gram-negative cells 
(Table 4.4) by a self-promoted entry mechanism [7, 60-621 in which damage 
to the outer membrane first occurs, and as a consequence, these chemicals 
are able to reach the inner membrane. Deleterious effects on this membrane 
[60-621 (Table 4.3) presumably enables the compounds to enter the cyto- 
plasm where interaction with proteins and nucleic acids can occur [33, 
60-621. Studies with outer membrane mutants suggest that chlorhexidine en- 
ters readily some types of Gram-negative bacteria such as Escherichia coli 
[64-661 but to a lesser extent with other Gram-negative organisms, such as 
Providencia stuartii [67, 681. The outer membrane is likely to act as a signifi- 
cant barrier to QACs in Gram-negative cells [65, 691. Investigations have 
also been conducted with a homologous series of the methyl, ethyl, propyl 
and butyl esters (15; the parabens) of 4-hydroxybenzoic acid [70] and with 
the phenolics, phenol (1 6), cresol(l7) and chlorocresol(l8) [69] on the basis 
of which the following conclusions have been reached: 

I 
COOR 

(1 6) R’ = R2= H 
(17) R’ = Me. R2=H 
(18) R’ = Me. A* = CI 

R = Me; Et; Pr: Bu eh. 

(15) 

(i) activity increases in the paraben series in the order Me, Et, Pr and Bu 
ester, but this is accompanied by a corresponding decrease in aqueous solu- 
bility; 

(ii) wild-type strains of E.coli and Salmonella typhimurium are intrinsically 
more susceptible to parabens than rough and especially deep rough mutants; 

(iii) the greatest effect in the paraben series is shown by the Bu ester 
against the deep rough strains; 

(iv) in the phenolic series, phenol is the least active, chlorocresol (4- 
chloro-3-methyl phenol) the most active, and the greatest effect is shown by 
chlorocresol against the deep rough strains. 
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Uptake of the parabens probably proceeds by a general dissolution of an 
ester into the cell with no specific binding sites at the cell surface. In the 
deep rough mutants, the increased sensitivity to the parabens probably re- 
sults from the appearance of phospholipid patches at the cell surface which 
aid in penetration of the parabens and especially of the most hydrophobic 
one (the Bu ester). A similar mechanism is likely to account for the uptake 
of phenolics across the outer membrane into the cells. 

At the time when these experiments were undertaken in the mid-l980s, the 
possibility of biocide efflux had not been described. Since then, evidence 
that efflux of cationic biocides from Gram-negative bacteria has been pre- 
sented [41, 42, 711 and it would be instructive to re-examine some of these 
mutant strains to determine whether an efflux mechanism is operating here, 
and to what extent it is responsible for the differing susceptibilities noted. 
Some aspects such as multidrug resistance in Gram-negative bacteria are 
considered later in this review. 

Microbial degradation of biocides has been described by Hugo [72] who 
points out that soil organisms are able to break down substances such as 
phenols added as fumigants. He also reviewed the utilization by bacteria of 
aromatic compounds (including the preservatives cresol, phenol, benzoic 
acid and esters of 4-hydroxybenzoic acid). Several types of preservatives 
and disinfectants, such as the QACs (e.g. cetrimide, cetylpyridinium chlo- 
ride, benzalkonium chloride), chlorhexidine and phenylethanol can also be 
inactivated. Significantly, this only occurs at  concentrations well below inhi- 
bitory or ‘in-use’ concentrations [33] and thus cannot be responsible for in- 
susceptibility. A further comment about chlorhexidine is given below. 

Even in bacteria such as Providencia stuartii. Ps. aeruginosa and MRSA, 
there is no evidence to suggest that chlorhexidine and other biocides are 
broken down [25,73,74]. However, an aldehyde hydrogenase expressed con- 
stitutively and at high levels in some Psrudomonas spp. is capable of reducing 
formaldehyde and other aldehydes, but not glutaraldehyde, to the corre- 
sponding alcohol [75]. 

In general, it appears that biocide molecules are more recalcitrant than 
chemotherapeutic agents to inactivation by bacterial enzymes. It has been 
suggested [76] that chlorhexidine might be inactivated; if this is confirmed, 
then it adds another dimension to mechanisms of bacterial insensitivity to 
biocides [76]. 

Intrinsic resistance to biocides as a consequence of bacterial degradative 
activities is thus not a major mechanism of insusceptibility. There are, of 
course, examples of plasmid-mediated enzymes that confer resistance to in- 
organic (and sometimes organic) mercurials and these will be discussed later 
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(see ‘Plasmid-mediated resistance to biocides’). The mechanisms of intrinsic 
resistance to antibotics and biocides are summarized in Table 4.5. 

INTRINSIC RESISTANCE IN MYCOBACTERIA 

Mycobacteria comprise a fairly diverse group of acid-fast, Gram-positive 
bacteria. The best-known members are Mycobacterium tuberculosis, 
M. bovis, M. leprae and M, avium intracellulare (MAI). Others include 
M. terrae,M. fortuitum and M. smegmatis, whilst of increasing medical con- 
cern is M. clzelonae (M. chelonei), some strains of which show high resist- 
ance to glutaraldehyde [77-791. Tuberculosis is on the increase and multi- 

Table 4.5. INTRINSIC RESISTANCE MECHANISMS 
~ ~~ 

Type of resistunce Esumples Mechanisms ofresisrunce 

Impermeability QACs 
Gram-negative bacteria Triclosan Barrier presented by OM 

Diamidines preventing biocide or 
Rifampicin antibiotic uptake; 
Some 8-lactams glycocalyx may also 
(e.g. methicillin be involved 
cloxacillin) 
Fucidin 
Vancom ycin 

Impermeability Chlorhexidine Waxy cell wall prevents 
(M ycobacteria) QACs adequate biocide entry 

Organomercurials 
Glutaraldehyde Reason for high resistance 

of some strains of M.chelonue? 

Impermeability Chlorhexidine Spore coat(s) and cortex present a 
(Bacterial spores) QACs barrier to biocide 

Organomercurials entry 
Phenolics 

Impermeability 8-lactams Glycocalyxi 
(Gram-positive Chlorhexidine mucoexopolysaccharide 
bacteria) may be associated with reduced bio- 

cide or antibiotic diffusion 

Inactivation 8-Lactamase-susceptible 
(chromosomally 8-Lactams Antibiotic inactivation 
mediated) 
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a =  15.17.19; b =  14,16; c =  11,13,15,17; x =  19 .21 .23;y=31-39 

(19) 

drug resistant M. tuberculosis (MDRTB) strains have appeared [80-82]. It is 
thus important to consider the mechanisms responsible for resistance. My- 
cobacterial resistance to antibiotics may be intrinsic (considered here) or ac- 
quired (considered later), whereas resistance to biocides is mainly intrinsic 
in nature. 

The mycobacterial cell wall 

The mycobacterial cell wall is complex and differs considerably from the cell 
wall of other (non-mycobacterial) Gram-positive organisms. It consists of 
peptidoglycan covalently linked to a polysaccharide co-polymer (arabinoga- 
lactan), made up of arabinose and galactose esterified to the fatty acids, my- 
colic acids (1 9); also present are complex lipids, lipopolysaccharides and 
proteins [83-861. Porin channels are also present through which hydrophilic 
nutrients can diffuse into the cell [86, 871. Similar cell wall structures exist 
in all the mycobacterial species examined to date I8.5, 861. The cell wall com- 
position of a particular species may be influenced by its environmental 
niche; pathogenic bacteria such as M. tuberculosis exist in a relatively nutri- 
ent-rich environment whereas saprophytic mycobacteria living in soil or 
water are exposed to natural antibiotics and tend to be more intrinsically re- 
sistant to antibiotics [88]. The mycobacterial cell wall may act as a barrier 
(Table 4.6) to the entry of antibiotics or biocides. 

Intrinsic resistance ojmycobacteria to antibiotics 

The porins present in mycobacterial cell walls probably permit the entry of 
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Table 4.6. RESISTANCE MECHANISMS IN MYCOBACTERIA 

Type of resistance Postuluted mechunism 

Intrinsic 
Several antibiotics 

Acquired 
Isoniazid 
Ethambutol 

Ethionamide 

Rifampicin 
Quinolones 

Cell wall barrier 
Arabinogalactan 
Mycolic acids 

Deletion of katG in M. fuberculosis 
Mutation of target enzyme involved in 

Single amino acid substitution in protein 

Alterations in p-subunit of RNA polymerase 
Point mutations in gvrA 

arabinogalactan synthesis 

InhA 

only very small hydrophilic antibiotics and this is undoubtedly an important 
factor in the intrinsic resistance of mycobacteria to such drugs [86-891. 
Many of the antibiotics effective against mycobacteria are hydrophobic in 
nature and the probable uptake pathway involves passive diffusion following 
dissolution into lipid-containing regions of the cell wall. For example, deriv- 
atives of isoniazid (20) that are more hydrophobic than isoniazid itself have 
a greater antimycobacterial action [89,90]. 

The component(s) of the mycobacterial cell wall responsible for confer- 
ring intrinsic resistance to antibiotics are not yet known with any certainty. 
However, it has been shown [9 1-93] that inhibitors of arabinogalactan 
synthesis increase mycobacterial sensitivity to antibiotics. When M. aviurn 
is treated with inhibitors of mycolic acid biosynthesis there are significant al- 
terations in outer cell wall layers and the cells show an increased antibiotic 
susceptibility [93]. Thus, arabinogalactan and mycolic acids are components 
of the wall associated with intrinsic resistance of mycobacteria to chemo- 
therapeutic drugs and alteration of these structural building blocks leads to 
increased intracellular penetration of antibiotics [88,94,95]. 

Little is known about the uptake of specific antibiotics into mycobacteria, 
although the low permeability of mycobacteria to relatively hydrophilic mol- 
ecules such as p-lactam antibiotics is a major factor in the resistance of or- 
ganisms to these drugs. Clearly, further work is needed to obtain a better un- 
derstanding of antibiotic uptake in general with the overall intention of 
increasing uptake into the mycobacterial cell and thereby improving the effi- 
cacy of antibiotic therapy against mycobacteria. 
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Intrinsic resistance of mycobacteria to biocides 

The responses of mycobacteria to biocides have been comprehensively re- 
viewed [44, 95-97]. Three levels of germicidal activity have been described 
[ 3 ,  98, 991: (i) high-level activity, inactivating bacterial spores, vegetative 
bacteria (including mycobacteria), fungi and viruses; (ii) intermediate activ- 
ity, lethal to all those in (i) except spores; (iii) low-level activity, lethal only 
to vegetative bacteria (excluding mycobacteria), lipid-enveloped viruses 
and some fungi. Mycobacteria are thus more resistant to biocides than other 
non-sporulating bacteria but less resistant than bacterial spores. 

Glutaraldehyde (21), peracetic acid , phenol (16) and ethanol are amongst 
those agents with mycobactericidal activity [95,100-1031. Other well-known 
biocidal-type agents such as chlorhexidine (1 3 ) ,  QACs such as CPC (14), or- 
ganomercurials such as phenylmercuric nitrate (22) and parabens (1 5 )  are 
mycobacteriostatic rather than mycobactericidal[95, 1041. M. chelonae sub- 
species abscessus, isolated from endoscope washers, was not killed after a 
60-minute exposure to alkaline glutaraldehyde whereas a reference strain 
showed a five log reduction after a contact period of 10 minutes [77]; this glu- 
taraldehyde-resistant strain was also resistant to peracetic acid but not to 
sodium dichloroisocyanurate (NaDCC) (23) or to a phenolic [77]. Other 
workers have also noted an above-average resistance of M. chelonae to glu- 
taraldehyde f78, 791 although not to peracetic acid [78]. This organism has 
a particular propensity for adhering to smooth surfaces [95] which might 
contribute to its resistance. 

Many years ago, it was proposed [lo51 that resistance of mycobacteria to 
QACs was related to the lipid content of the cell wall; thus, M. phlei (with 
low total lipid) was more sensitive than M .  tuberculosis, which possessed a 
higher total cell lipid content. I t  was also pointed out [IOSJ that the resist- 
ance of various species of mycobacteria was related to the content of waxy 
material in the wall. As noted above, the mycobacterial cell wall is highly hy- 
drophobic with a mycoylarabinogalactanpeptidoglycan skeleton. Hydrophi- 
lic type biocides are generally unable to penetrate the cell wall in sufficiently 
high concentration to produce a lethal effect. However, low concentrations 
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of biocides such as chlorhexidine must traverse this permeability barrier be- 
cause minimal concentrations inhibiting growth are generally of the same 
order as those found with other non-mycobacterial strains [ 104, 1061, 
although M. avium may be particularly resistant [ 1041. The activity of chlor- 
hexidine can be potentiated in the presence of ethambutol(24), an inhibitor 
of arabinogalactan biosynthesis [ 1061. Thus, arabinogalactan is one compo- 
nent of the cell wall that acts as a permeability barrier. Other components 
have yet to be investigated. More information and studies on newer inhibi- 
tors of mycobacterial wall synthesis are needed [lo71 and further data on 
wall structural damage will be useful [ 1081. 

Na 
I 

INTRINSIC RESISTANCE IN OTHER NON-SPORULATING GRAM-POSITIVE 
BACTERIA 

The cell wall of Gram-positive bacteria such as staphylococci consists of a 
highly cross-linked peptidoglycan network which incorporates teichoic and 
teichuronic acids [45, 461. The peptidoglycan moiety acts as a molecular 
sieve, a property that depends upon its thickness, and the degree of cross- 
linking. These can vary depending on the physiological status of the cells 
being affected by growth rate and any growth-limiting nutrient 11091. The 
susceptibility of B. megaterium vegetative cells to chlorhexidine and phenox- 
yethanol varies when growth rate is altered and nutrient limitation intro- 
duced [ 1091. However, lysozyme-induced protoplasts remain sensitive to 
these cytoplasmic membrane-active agents, from which it may be inferred 
that changes in the cell wall must be responsible for the modified response 
in whole cells [ 1091. 

Other studies [ I  101 have demonstrated that when staphylococci are re- 
peatedly subcultured in media containing glycerol they become ‘fattened’ 
with thicker cell walls. Such fattened cells have enhanced levels of cellular 
lipid that protects them from higher phenols but not from lower phenols, 
tetrachlorosalicylanilide (25) or hexachlorophene (26) [33, 1 101. 
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In nature, S. aureuS may occur as mucoid strains, in which a slime layer 
surrounds the cells. Such mucoid strains are less susceptible than non- 
mucoid strains to chloroxylenol (271, cetrimide (28) or chlorhexidine (1 3 )  
although there is little difference in response with phenols or chlorinated 
phenols [ 1 1 I]. Removal of slime by washing renders cells as phenotypically 
sensitive to biocides as non-mucoid cells [ l  1 I ] .  The protective nature of slime 
could be achieved by its acting as either (i) a physical barrier to biocide pene- 
tration, or (ii) a loose layer that interacts with, or absorbs, the biocide. 

INTRINSIC RESISTANCE IN BACTERIAL SPORES 

A complex sequence of events takes place during the life-cycle of cells of the 
genera Bacillus and Clostridiuni [30, 1 12, 1 131. The sporulation process com- 
prises some seven stages and several stages also occur from the activation 
of a mature spore via germination and outgrowth to the production of a veg- 
etative cell [l 14, 1151. It is not surprising, therefore, that changes in sensi- 
tivity to antibacterial agents occur during the overall life-cycle. 

Chemotherapeutic antihiotics vs. spores 
The effects of antibiotics on sporulation, germination and outgrowth have 

been reviewed [116]. The inhibitory action depends upon the stage of devel- 
opment of the sporulating cell when the antibiotic is added. The two peaks 
of penicillin binding to sporulating cultures are associated with the appear- 
ance of specific penicillin-binding proteins (PBPs). The inner primordial 
layer of the spore cell wall develops, after germination, into the cell wall of 
the outgrowing vegetative cell [117], and retains the chemical structure of 
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the vegetative wall peptidoglycan. In contrast, the outer (cortex) layer of 
peptidoglycan has a different, unique muramic lactam structure. The pri- 
mordial cell wall is synthesized at  the inner forespore membrane and the cor- 
tex at the outer forespore membrane. Penicillin inhibits spore cortex syn- 
thesis, thus transpeptidase and carboxypeptidase activities are essential 
[113]. 

Other antibiotics such as chloramphenicol (9), fucidin (29), tetracycline 
(7) and rifampicin ( I  0) inhibit sporulation; the underlying mechanisms in- 
volved have been discussed [ 1 161. These chemotherapeutic drugs have no 
sporicidal activity. This is hardly surprising since spores are considered to 
be metabolically inert [ 1 181. Polymyxin affects the germination of spores 
[I  161 but most antibiotics do not inhibit this process [116]. For example, 
even at high concentrations, penicillin has no effect on the germination of 
Bacillus or Clostridium spores [I  161 whereas C1. terani cells are injured con- 
siderably during the early steps of outgrowth [ 1 161. B. cereus spores synthe- 
size cell wall material immediately after germination; in this organism, the 
cells are relatively stable to penicillin in the early stages of post-germinative 
development but become highly sensitive to the penicillin-induced blockage 
of peptidoglycan synthesis during the later phase of elongation and first divi- 
sion [ 1 161. 

Peptidoglycan, protein and nucleic acid syntheses are not an essential fea- 
ture of germination but are shown during outgrowth. The germination proc- 
ess is thus insusceptible to inhibitors of these biosyntheses which occur dur- 
ing outgrowth; for example, actinomycin D (30) inhibits mRNA synthesis, 
protein synthesis inhibitors such as chloramphenicol (9) and tetracycline 
(7) prevent the incorporation of amino acids into protein and mitomycin C 
(3 1) inhibits DNA synthesis [116]. 
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Antibiotics used as foodpreservatives vs. spores 
Nisin is a bacteriocin produced by Group N streptococci such as Lactoha- 

cillus lacfis [ 1 19, 1201; it is present naturally in milk and in fermented dairy 
products and its use as a food preservative (in dairy products and especially 
processed cheeses) is permitted in several European countries and in the 
USA. Nisin is active only against Gram-positive bacteria and is considered 
as a bacteriocin because it is a polypeptide with inhibitory activity towards 
closely related species. Its mechanism of action has not been fully elucidated. 
It appears that cytoplasmic membrane disruption is the primary target in 
non-sporulating Gram-positive bacteria [ 1 191 although peptidoglycan 
synthesis is inhibited [I211 and it is likely that Gram-negative organisms 
are insusceptible by virtue of the outer membrane acting as a permeability 
barrier. Nisin does not activate bacterial spores per se; used in combination 
with heat, however, it enhances the thermal sensitivity of spores and inhibits 
the outgrowth of surviving spores [ I  161. It does not prevent germination 
but germinated spores are sensitive to the bacteriocin [ 1221. The reasons for 
these differing susceptibilities to nisin are unknown; it is possible that the in- 
tact spore is impermeable to nisin thereby exhibiting a form of intrinsic re- 
sistance. 

Other bacteriocins are known, including subtilin [123]. This also inhibits 
outgrowth and enhances heat processes against some types of spores [ 1241. 
Its mechanism of action and the basis for differing responses of spores, and 
of germinating and outgrowing spores, remain speculative. 

Tylosin is a macrolide produced by Streptomyces fradiae [125]. It is not 
sporicidal; it increases the sensitivity of spores to heat and especially to 
ionizing radiation and inhibits outgrowth although at a later stage than 
nisin or subtilin [ 1261. 
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Biocidul agents vs. spores 
Many commonly used biocides such as QACs, biguanides, phenolics, 

parabens and organomercurials are bactericidal but not sporicidal. Others, 
including glutaraldehyde, peracetic acid, hydrogen peroxide and ethylene 
oxide are bactericidal and sporicidal, although higher concentrations for 
longer periods may be necessary to produce the latter effect [30, 31, 1271. 
Members of both categories may inhibit germination and/or outgrowth 
usually at concentrations equivalent to those that affect non-sporulating 
bacteria [ 128-1 331. Clearly, changes must occur during sporulation, germi- 
nation and outgrowth that are responsible for differences in susceptibility 
to various compounds. Data are now available that enable us to begin to 
pin-point these changes [30, 1281. 

The response of a developing spore to a biocide depends upon its stage of 
development [30, 128-1 321. Resistance increases during sporulation and 
may be an early, intermediate or late event [128-1321. Resistance to chlor- 
hexidine takes place at  an intermediate stage and appears to be associated 
with the development of the cortex [133]. In contrast, decreasing susceptibil- 
ity to glutaraldehyde is a very late event [131, 1321 and is linked to the bio- 
synthesis of the spore coats. 

Coatless forms of spores produced by treatment of mature spores under 
alkaline conditions with urea plus dithiothreitol plus sodium lauryl sulphate 
(UDS), have been of considerable use in estimating the role of the spore 
coats in limiting access of biocides to their target sites within cells [8, 301. 
This treatment does, however, remove a certain amount of spore cortex 
also [31, 127, 1341; the amount of cortex remaining can be further reduced 
by the subsequent use of lysozyme [ 134,1351. The spore coats play an impor- 
tant part in conferring intrinsic resistance of spores to many biocides (Table 
4.7) but the cortex also is an important barrier especially since UDSL-treat- 
ed spores are much more sensitive to chlorine- and iodine-releasing agents 
than are UDS-exposed spores (Table 4.8) [136]. There is little information 
about the uptake of biocides by mature and modified spores, although such 
experiments could provide additional evidence to support the current con- 
cept of the barrier roles for the coats and cortex. Consideration should also 
be given to the substantial amounts of low molecular weight basic proteins, 
the small acid-soluble spore proteins (SASPs), which are present in the spore 
core [137] and which are rapidly degraded during germination [137, 1381. 
SASPs are essential for expression of spore resistance to ultraviolet radiation 
[139] and also appear to be involved in resistance to hydrogen peroxide 
[139]. Spores (a- p - )  which are deficient in a/P-type, but not ptype, SASPs 
are much more sensitive to peroxide than are wild-type (normal) spores 
[ 1391. In wild-type spores, it is likely that DNA is saturated with alp-type 
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Fdbk 4.7. MECHANISMS OF SPORE RESISTANCE TO BIOCIDAL AGENTS 

Antibucterial ugent Spore component (s) Comment 

Alkali 

Lysozyme 

Hypochlorites, chlorine dioxide 

Glutaraldehyde 

Iodine 

Hydrogen peroxide 

Chlorhexidine 

Ethylene oxide 

Octanol 

Xylene 

Ozone 

Cortex Alkali-resistant 

Coat(s) 

Coat(@, cortex 

Coat(s). cortex (?) 

Coat(s), cortex 

Coat(s) Varies with strain 

Coat(s), cortex (?) 

Coat(s)? Exact relationship unclear 

Cortex 

Cortex 

Coat(s), cortex (?) 

Cortex is site of action 

UDS and UDSL spores highly sensitive 

UDS spores highly sensitive 

UDS spores highly sensitive 

Findings based on Dap' mutants or 
B. splzaericus 

UDS spores highly sensitive 

UDS, 
UDSL, 

urea + dithiothreitol +sodium lauryl sulphate (SLS) 
urea + dithiothreitol + SLS + lysozyme 

SASPs and is thus protected from free radical damage. The CI- /3- mutants do 
not appear to have been tested against other biocides. In view of their postu- 
lated role in protecting DNA, it is interesting to speculate that a//?-type 
SASPs would not be associated with spore resistance to those biocides that 
have little or no effect on DNA. 

During germination and/or outgrowth, spores become sensitive to bioci- 
dal agents [140-1431. Some inhibitors (e.g. phenolics and parabens) prevent 

Table 4.8. PRETREATMENT OF BACTERIAL SPORES AND SUBSEQUENT 
RESPONSE TO HALOGEN-RELEASING AGENTS (HRAS) 

H R A  

Pretreatment Chlorine Iodine 

Sodium hydroxide NaOCl and NaDCC: Slight increase 
increased sporidical activity 
Chloramine: no effect 

UDS Increased activity to all Increased activity 

UDS then lysozyme (UDSL) Increased activity to all Marked increased activity 
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germination [29, 301 whereas others, such as chlorhexidine and QACs [29, 
301, do not affect germination but inhibit outgrowth. Several degradative 
changes occur during germination: these include loss of dry weight, decrease 
in optical density of suspensions, loss of dipicolinic acid (32) together with 
an increase in stainability and an increase in oxygen consumption [114, 
1 151. There is generally little information about the relative amounts of bio- 
cides taken up by mature, germinating and outgrowing spores, although it 
has been shown [ 1301 that the uptake can vary depending upon the stage of 
the cycle in which cells are treated. At present, it is not known why some bio- 
cides act at the germination stage and others on outgrowth. It is possible to 
revive small numbers of spores treated with high concentrations of sporici- 
dal agents [ 140-1431 and this aspect should certainly be considered when 
bacteria are being evaluated for susceptibility or resistance. 

COOH 

PHYSIOLOGICAL (PHENOTYPIC) ADAPTATION AND INTRINSIC RESISTANCE 

The association of bacteria or other micro-organisms with solid surfaces 
leads to the generation of a biofilm, a consortium of organisms organised 
within an extensive exopolysaccharide exopolymer (glycocalyx) [ 144, 14.51. 
Biofilms can consist of monocultures, several diverse species or mixed phe- 
notypes of a given species [146-1481. Bacteria in different parts of a biofilm 
experience different nutrient environments such that their physiological 
properties are affected [147]. Within the depths of a biofilm, for example, nu- 
trient limitation is likely to reduce growth rates [147]. Consequently, the phe- 
notypes of sessile organisms within biofilms differ considerably from the 
planktonic cells found in laboratory cultures [148]. This is apposite when 
considering sensitivity of biofilm cells to antibiotics and other antibacterial 
agents because nutrient limitation may alter the bacterial cell surface with a 
resultant change in sensitivity [ 1491. Slow-growing bacteria are particularly 
insusceptible [147]. 

Bacteria within a biofilm may be less sensitive to antibacterial compounds 
than planktonic cells (reviewed in [150]). Several possible reasons (Table 
4.9) can be put forward to account for this, notably reduced access of drug 
or biocide to cells within a biofilm, chemical reaction with the glycocalyx 
and modulation of the micro-environment [147]. In addition, the attached 
cells may produce degradative enzymes although the significance of this 
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Table 4.9. BIOFILMS A N D  BACTERIAL RESPONSE TO BIOCIDES 

Mecliunrsni of‘rrsistuncr ussociuied w i l i  hiojilms Conimrnr 

Exclusion or reduced access of biocide to under- 
lying bacterial cell (i) nature of biocide 

Depends on 

(ii) binding capacity of glycocalyx 

(iii) rate ofgrowth of microcolony 
towards biocide 

relative to biocide diffusion rate 

Modulation of micro-environment Associated with 
(i) nutrient limitation 
(ii) growth rate 

Increased production of degradative enzymes by 
attached cells 

Mechanism unclear at present 

has yet to be fully assessed [ 15 11. Genetic exchange is likely to occur between 
cells contained in a biofilm and this could complicate the issue [147]. Extra- 
cellular p-lactamases within the glycocalyx reinforce its action as a diffusion 
barrier [ 1501. Bacteria removed from a biofilm, however, and recultured in 
ordinary culture media are no more resistant than ‘ordinary’ planktonic cells 
of that species [ 1471. 

Recently [ 1521, a novel strategy has been described for controlling biofilms 
through generation of a biocide (hydrogen peroxide) at the biofilm-surface 
interface rather than simply applied extrinsically. In this procedure, the colo- 
nized surface incorporated a catalyst that generated active biocide from a 
treatment agent. 

Biofilms provide the most important example of how physiological (phe- 
notypic) adaptation can play a role in conferring intrinsic resistance [147]. 
There are, however, other examples which can be cited. Fattened cells of 
S. aweus produced by repeated subculturing in glycerol-containing media 
were found to be more resistant to benzylpenicillin and higher phenols 
[ 1 101. Planktonic cultures grown under conditions of nutrient limitation or 
reduced growth rates have cells with altered sensitivity to biocides [43], prob- 
ably as a consequence of modifications in the outer membrane of cells [43]. 
These changes in sensitivity can be considered as the expression of intrinsic 
resistance brought about by exposure to environmental conditions. 

The cell wall of staphylococci is composed essentially of peptidoglycan 
and teichoic acids. As pointed out earlier (p. 150) substances of higher molec- 
ular weight can readily cross the wall of these organisms, a property that 
probably accounts for their greater sensitivity than Gram-negative bacteria 
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Table 4.10. ANTIBIOTIC RESISTANCE WHERE THE NORMAL TARGET SITE IS 
INSUSCEPTIBLE OR ABSENT 

Type oflterution Examples ofdrug 

Target site modification 

Absence of sensitive 
target enzyme 

Production of second, 
resistant enzyme** 

P-Lactams 
P-Lactams 

Chloramphenicol 
Erythromycin 

Fusidic acid 
4-Quinolones 
Rifampicin 
Streptomycin 
Sulphonamides 

Trimethoprim 

Penicillin 

Mupirocin 

Mechanisms of resistance 

Additional PBP(s), e.g. MRSA strains 
Modified PBP(s) pattern, e.g. mecillinam- 
resistant E. coli 
50s subunit modification 
Mono- or di-methylation of adenine residue 
in 23s rRNA 
Modified factor G involved in translocation 
Modified DNA gyrase 
Modified P-subunit of RNA polymerase 
Modification of SI 2 in S30 ribosomal subunit 
Modified target enzyme (dihydroperoate 
synthetase)* 
Modified target enzyme (dihydrofolate 
reductase)* 

Penicillin-tolerant streptococci: 
peptidoglycan hydrolase absent. Cells thus 
inhibited but not lysed 

Plasmid-mediated mupirocin-resistant 
isoleucyl tRNA synthetase 

* Chrornosomally or plasmid-mediated 
** Normal resident mupirocin-sensitive chromosomal enzyme still present. 

PBP, penicillin-binding protein 

to a variety of chemical agents [23,24]. The plasticity of the cell envelope is a 
well-known phenomenon [ 1461 and growth rate and nutritional limitation 
affect the physiological state of the cells [lo91 with alterations to the thick- 
ness and degree of cross-linking of peptidoglycan and hence modified sensi- 
tivity to antibacterial agents. 

Vancomycin-resistant enterococci and staphylococci (see later) are impor- 
tant pathogens. The latter contain rather thicker cell walls than vancomy- 
cin-sensitive S. aureus [153] and in the absence of a fuller explanation at pre- 
sent, it is tempting to speculate that the cell wall in the resistant organisms 
could reduce uptake of this glycopeptide antibiotic. 

Biofilms are important for several reasons not the least of which are bio- 
corrosion, reduced water quality and foci for the contamination of hygienic 
products [ 154-1 561. Microbial colonization is also favoured on implanted 
biomaterials and medical devices resulting in increased infection rates and 
possible recurrence of infection [ 1 S O ] .  
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Table 4.1 1. ACQUIRED RESISTANCE MECHANISMS* 

Mechanism Examples Mechanisms ojresistanre 

Enzymatic detoxifica- AGAC antibiotics 
tion or modification 

&Lactams 
Chloramphenicol 
Erythromycin 
Tetracyclines 
Mercury compounds 
Formaldehyde 

Enhanced efflux Arsenate 
Cadmium 
Tetracyclines 
Diamidines 
QACs 

Enzymatic trapping 8-Lactams 

Impaired uptake Fusidic acid 

Penicillins 
QACs 
4-Quinolones 
Tetracyclines 

Modification of regula- D-Cycloserine 
tion 

Pathway compensation Trimethoprim 

Ribosomal protection Tetracyclines 

Modification by acetyltransferases, 
adenylylases or phosphotransferases 
Inactivation (B-lactamases) 
Inactivation (acetyltransferases) 
Esterases produce anhydroerythromycin 
Enzymatic inactivation 
Inactivation (hydrolases, lyases) 
Dehydrogenase 

Efflux by ATPase pump 
Efflux by ATPase pump 
Energy-dependent, driven by P M F  
Efflux in MRSA strains 
Efflux in MRSA strains 

Trapping via 8-lactamase in periplasm 

Plasmid-borne mechanism for decreased 
uptake 
Mutational alterations to porins 
Plasmid-encoded porin modifications 
Mutational alterations to porins 
Failure to accumulate (efflux more impor- 
tant) 

Mutation in chromosomal gene (cyrA) in- 
volved in uptake 

Overproduction of DHFR (dihydrofolate 
reductase) 

Transposon-specified tetracycline-resistant 
determinants (trtM, tetO), cytoplasmic pro- 
teins acting in conjunction with ribosomes 

~ ~~ 

* See alsoTable 4.10 (Target site modification) 

MECHANISMS OF ACQUIRED RESISTANCE 

Unlike intrinsic resistance, which is usually expressed by chromosomal 
genes, acquired resistance arises as a consequence of mutations in chromo- 
somal genes or by the acquisition of plasmids or transposons [6 ,  7, 157, 
1581. Chromosomal mutations are associated with changes in the base se- 
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quence of DNA and the principles involved in conferring resistance to sev- 
eral antibiotics are well understood [6, 71. Resistance determined by plas- 
mids and transposons are well documented and the underlying basis often 
elucidated. 

CHROMOSOMAL GENE MUTATION 

Some bacteria are able to circumvent the action of an inhibitor by virtue of 
changes in the target site [6, 7, 1591 (Tables 4.10 and 4.1 1). Acquired insus- 
ceptibility to 4-quinolones is associated with mutations in chromosomal 
genes [160-1631. In E. coli, gyrA or norA mutations are responsible for 
changes in the A subunit of DNA gyrase, such that cells become insuscepti- 
ble to nalidixic acid but not markedly so to the fluoroquinolones. Mutations 
in gyrB producing changes of the B subunit of gyrase account for a reduced 
susceptibility to nalidixic acid and fluoroquinolones [37, 1641. Mutations in 
the OM proteins or lipopolysaccharide (LPS) provide an adequate reason 
for an impermeability mechanism [37]. norB mutants of E. coli show low lev- 
el resistance to some quinolones because of a decreased OmpF porin content 

Changes in the nature or expression of penicillin-binding proteins (PBPs) 
render them insensitive to /I-lactam antibiotics although they can still be in- 
volved in peptidoglycan synthesis. Laboratory mutants of E. coli which are 
not killed by the mecillinam ester (33) have been described; in these there is 
a reduced affinity of PBP2 for the antibiotic [ 1651. More serious is the occur- 
rence of this mechanism, involving PBP2b, in clinical isolates of Streptococ- 
cuspneumoniae [6]. 

[61. 

MeO, 

MeO' 

(33) (34) 

Alterations in the binding site of ribosomal protein S12, accounts for 
high-level insusceptibility to streptomycin in E. coli and S. aureus [166] 
whereas mutations in RNA polymerase are associated with decreased sensi- 
tivity to rifampicin [ 1671. Other chromosomal mutational examples involv- 
ing insensitive target enzymes occur with modified dihydrofolate reductases 
and dihydroperoate synthetases [ 1681. Chromosomal mutations in E. coli 
cause overproduction of the target enzyme for trimethoprim (34) activity 
[ 1691. Mutation of target enzyme in Strep. pneumoniae provides lower sul- 
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phonamide binding [ 1701, whereas in S. aureus, overproduction of 4-amino- 
benzoic acid overcomes the metabolic block caused by enzyme inhibition 
[ 17 I]. Several examples of target site changes as a consequence of mutation 
and antibiotic resistance are provided in Table 4.10. 

Few studies have determined whether or not chromosomal gene mutation 
is responsible for conferring resistance to biocides. However, many years 
ago it was demonstrated that Ser. marcescens, normally inhibited by a QAC 
in broth at a concentration of less than 100 pg/ml , couId adapt to grow in 
this culture medium in the presence of 100 ingiml of the antibacterial agent 
[ 1721. It is unclear how growth was actually monitored because QACs are 
well known to react with the constituents of culture media to produce a 
dense opalescence or turbidity. Be that as it may, it was also found that re- 
sistant and sensitive cells exhibited different surface properties, with the for- 
mer possessing an increased lipid content. As found by other workers using 
chlorhexidine, chloroxylenol and other QACs [173, 1741, resistance was un- 
stable being lost when the resistant cells were grown in biocide-free media. 

Chromosomal mutants of Ps. ueruginosa produced by stepwise exposure 
to the antibiotic polymyxin are resistant to this drug and to EDTA [175]. 
The mechanism of this resistance is related to a defective self-promoted up- 
take pathway in which the cells contain increased amounts of a major outer 
membrane protein (Hl) with a corresponding decrease in envelope Mg2+ 
[175, 1761. Protein HI may replace Mg2+ at cross-bridging sites with LPS; 
these sites are normally those at which interaction occurs with Mg2+, such 
as EDTA, or at which displacement of Mg2+ takes place, for example, poly- 
myxin [ 177, 1781. 

TRANSFERABLE RESISTANCE TO ANTIBIOTICS: BIOCHEMICAL MECHANISMS 

Plasmid- or transposon-encoded resistance to antibiotics in bacteria in- 
volves drug inactivation, target site changes, decreased antibiotic accumula- 
tion as a result of impaired uptake or enhanced efflux and duplication of 
the target site [6] (Table 4.11). Table 4.12 provides examples of the occur- 
rence of transposons in bacteria and of the types of resistance encoded [6]. 

Antibiotic inactivation 
P-Lactamases hydrolyse the cyclic amide bond in susceptible a-lactam 

molecules so that antibiotics are unable to bind to PBPs [179]. In Gram- 
negative bacteria, 8-lactamases are intracellular with a periplasmic location, 
whereas in Gram-positive bacteria they are mainly excreted from the cell 
and thus are extracellular [ 1 SO]. Extended-spectrum /3-lactamases are plas- 
mid-enclosed enzymes that confer resistance on those p-lactams (e.g. cefo- 
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Table 4.12. EXAMPLES OF THE OCCURRENCE O F  TRANSPOSONS IN BACTERIA* 

Trunsposons found in 

~~~ ~~ 

Types of resistance encoded 

Gram-negative bacteria Ampicillin, kanamycin, streptomycin, trimethoprim, 
chloramphenicol, tetracycline, sulphonamides 

Staphylococci MLS group*. penicillin, spectinomycin, gentamicin, 
trimethoprim, kanamycin 

Streptococci Tetracycline 

Enterococci Glycopep tides 
~ ~ 

* Based on Russell and Chopra [6] 
# MLS: macrolides, lincosamides and streptogramins 

taxime, cefrazidine and aztreonam) that were designed to resist such enzyme 
attack [ 1801. 

P-Lactamases are heterologous in nature both in terms of their chemical 
structure and their substrate profile [ 18 11 (Table 4.13). The original Rich- 
mond-Sykes [ 1821 classification of p-lactamases produced by Gram-negative 
bacteria envisaged five classes of enzymes. Of these, class I had a cephalo- 

Table 4.13. TYPES AND PROPERTIES OF P-LACTAMASES 

Group Preferred suhstrute* Type of enzyme/source 

1 

2a 

2b 

2b’ 

2c 

2d 

2e 

3 

4 

Cephalosporins 

Penicillins 

Cephalosporins, penicillins 

Cephalosporins, penicillins 

Penicillins (including carbenicillin) 

Penicillins (including cloxacillin) 

Cephalosporins 

Variable 

Penicillins 

Chromosomal, Gram-negative bacteria 

Gram-positive bacteria 

TEM-1, TEM-2 

TEM-3,TEM-5 

PSE-1, PSE-3, PSE-4 

PSE-2,OXA-1 

Proteus vulguris 

Bucilfus cereus 11, Ps. multophilia LI 

Burkholderiu cepuciu 

* For further details, see Bush [I 811; see also [I801 
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sporinase-type activity and was chromosomally located; class I1 penicilli- 
nase activity (chromosomal); class I11 penicillinase and cephalosporinase 
(plasmid-encoded); class IV as for class I11 but chromosomally-mediated; 
and class V as for class I11 but not inhibited by cloxacillin (35). The enzymes 
of classes I1 to V are constitutive, and class I was the most inducible. 

A more modern general classification scheme for bacterial p-lactamases 
[ 18 11 places the enzymes into four groups: 1, active against cephalosporins 
and consisting of chromosomally encoded enzymes from Gram-negative 
bacteria; 2a, Gram-positive penicillinases, 2b, TEM- 1 and TEM-2 enzymes, 
2b’TEM-3 and TEM-5 enzymes, 2c PSE-1, PSE-3 and PSE-4 p-lactamases, 
2d OXA-I and PSE-2 enzymes, 2e cephalosporinases produced by Proteus 
vulgaris; 3, enzymes with variable substrate activity; and 4, penicillinases as 
exemplified by the enzymes produced by Burkholderia (formerly Pseudomo- 
nus) cepacia. The /3-lactamases may be constitutive or inducible, extracellu- 
lar or intracellular (9.v.) and plasmid- or chromosomally-encoded. Many, 
but not all, types ofp-lactamases are inhibited by clavulanic acid (36), usual- 
ly at a concentration of 10 pM, but few types are inhibited by EDTA. Class 
3 p-lactamases exhibit zinc-dependent activity and are sometimes referred 
to as ‘carbapenemases’ because they hydrolyse carbapenems (37) as well as 
penams (38), on which the penicillin structure is based, and cephems (39), 
on which the cephalosporins are based. 

Jf-7 RNHpY;oo. 
0 g9 0 0 

9% 
COOH 

(37) (36) 

R3 
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In E. coli, resistance to all /?-lactams except cephamycins (40) and carba- 
penems (37) may be caused by extended-spectrum /?-lactamases [ 1831. These 
enzymes are, however, sensitive to clavulanic acid and strains producing 
these /?-lactamases are often, but not always, sensitive to /?-lactam-/?-lactam- 
ase inhibitor combinations [ 1831. In contrast, inhibitor-resistant TEM /?-lac- 
tamases that are resistant to amoxycillin (4 I )-clavulanic acid combinations 
have also been described in E. coli [ 1841. 

~o*-Jfsy;ooH / \  
NHz 

(41) 

The chloramphenicol-inactivating enzymes have long been known [ 1851. 
These chloramphenicol acetyltransferases (CATS) are usually plasmid- 
mediated, and are inducible in Gram-positive bacteria and constitutive in 
Gram-negative organisms. CATs are the most frequent mechanism of chlor- 
amphenicol insusceptibility in the Enterobacteriaceae and Haemophilus in- 
JEuenzae and are also associated with insensitivity to this antibiotic in 
Gram-positive genera [ 1861. Chloramphenicol is degraded to  inactive acet- 
oxy-chloramphenicol products. There are several clinically important ami- 
noglycoside-aminocyclitol (AGAC) antibiotics, notably gentamicin, amika- 
cin, netilmicin, sissomicin, kanamycin, tobramycin and the older, now less 
widely employed, streptomycin and neomycin [6]. One mechanism of bacte- 
rial insusceptibility is the production of aminoglycoside-modifying enzymes 
(AMEs) which can attack different sites on AGACs [6, 187, 1881. The genes 
which encode AMEs are usually found on plasmids and transposons and 
are constitutively expressed. The enzymes are placed into three classes, viz. 

CH,R' 
HO 
HO CH,NH, 

T + N H ,  * ~ d  HO 
NHCOCHCHzCH,NHz OH I 

CH,OH 

Compound R' RZ 
HO & OH 

HzN 

CH,OH 

HzN 
''+OH 

KanamycinA NH, OH 

KanamycinB NH, NH, 

KanamycinC OH NH, 

(42) 
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..A . .A  

(a) Kanamycin A (b) Arnikacin 

Figure 4. I .  Enzymatic sires of modtfictrtion of (a) kanatnycin ( 4 2 )  and (hi arnikacin (43) .  
A,  acetylaiion: B. adenylylution: C, phosphorylation 

acetyltransferases (AACs) involving N-acetylation of susceptible amino 
groups; phosphotransferases (APHs), the phosphorylation of certain hy- 
droxyl groups; and adenylylases (or nucleotidyltransferases, AAD) which 
bring about adenylylation of some hydroxyl groups. Examples of susceptible 
groups on kanamycin (42) and amikacin (43) are provided in Figure 4.1 
[187, 1881. The emergence of high-level gentamicin insusceptibility in Ente- 
rococcus fuecalis [ 189-1911 as a consequence of an AME with both 6'-acetyl- 
transferase (AAC-6') and 2"-phosphotransferase (APH-2") activities is 
clinically significant. 

Alteration of the tetracycline molecule (7) is not normally considered as 
being a mechanism of bacterial insusceptibility to the tetracycline group of 
antibiotics [ 192, 1931. Nevertheless, there have been recent examples of 
tetracycline modification, ostensibly associated with the tetB determinant 
[194, 19.51. 

The macrolides form an important group of clinically useful antibiotics. 
Older members include erythromycin (6), oleandomycin, triacetyloleando- 
mycin and spiramycin, now joined by clarithromycin (44), roxithromycin 
(45) and azithromycin (46) [I  961. Enterobacteria which show a high level of 
insusceptibility to erythromycin can inactivate the antibiotic by plasmid- 
encoded esterases that hydrolyse the lactone ring [ 1971. 

The lincosamides, lincomycin and clindamycin are active against Gram- 
positive bacteria. Plasmid-mediated inactivation from enzymatic nucleo- 
tidylation occurs in some staphylococci. Plasmid-encoded enzymes can 
modify streptogramin A (0-acetyltransferase enzyme) and streptogramin B 
(hydrolase enzyme involved) in S. uureus [198, 1991. There is no evidence 
that bacteria can circumvent the action of other antibiotics; for example, 
mupirocin is not degraded [200]. 
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0 MeOCH2CH,0CY0, 

OH 

Plasmid (or transPoson)-encoded enzymes are thus responsible for the 
degradation of several different types of antibiotics. The inactivation of 
several 8-lactams, AGACs, 14-membered macrolides, other macrolides, lin- 
cosamides and streptogramis (MLS) and chloramphenicol is a major resist- 
ance mechanism; it has yet to be shown that inactivation of other antibiotics 
falls into this category. 

Plasmid-mediated changes in target sites and site duplication 
Some bacteria can overcome the action of an antibiotic as a result of 

changes in the target site [ 1591; this can be either by chromosomal gene mu- 
tation (q.v.) or be plasmid-encoded. High-level mupirocin (8) resistance in 
staphylococci is associated with the production of a plasmid-encoded, mu- 
pirocin-resistant enzyme, isoleucyl tRNA synthetase [20 13. The normal, resi- 
dent chromosomal enzyme is mupirocin-sensitive. Staphylococcal strains 
that show moderate level resistance to mupirocin do not contain the gene 
that encodes high-level resistance. They contain a single resistant isoleucyl 
tRNA synthetase which is believed to have arisen by chromosomal mutation 
[202]. 
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Plasmid-mediated resistance to sulphonamides results from the duplica- 
tion of dihydropteroate synthetase (DHPS). The normal DHPS remains sen- 
sitive but the plasmid-encoded DHPS, two types (I and 11) of which have 
been found in Gram-negative bacteria, binds considerably less of these 
drugs [203]. 

Plasmid- and transposon-mediated resistance to trimethoprim involves a 
by-pass of the sensitive step by duplication of the chromosomally-encoded 
dihydrofolate reductase (DHFR) target enzyme [203]. Several trimetho- 
prim-resistant bacterial DHFRs have been identified, resistance ensuing be- 
cause of altered enzyme target sites [204]. Low-level resistance to tetracy- 
clines arises in E. coli as a result of chromosomal mutations leading to loss 
of the outer membrane porin OmpF through which these drugs normally 
pass [6, 1931. 

Plasmid-encoded efpux mechanisms 
Decreased antibiotic accumulation has often been attributed to imperme- 

ability of a bacterial cell. This is undoubtedly true with many Gram-negative 
bacteria, notably Ps. aeruginosa, and with mycobacteria [75]. It is now real- 
ized, however, that an increasing number of energy-dependent efflux systems 
are responsible for conferring bacterial resistance to many drugs [41, 42, 
2051. Such systems are often plasmid-mediated, but chromosomally- 
controlled effluxing is also known, for example, in Gram-negative bacteria 
showing multiple antibiotic resistance (Mar: see above and later also) (Table 
4.14). 

Intracellular concentrations of an antibiotic or other antibacterial agent 
can be reduced when an organism is capable of pumping out the agent at a 
rate which is equal to or greater than its uptake [41, 42, 193, 1941. Efflux of 

Table 4.14. EFFLUX AS A RESISTANCE MECHANISM 

Eflux sys/em Resislance (s) conferred 

NorA 4-quinolones, chloramphenicol, cationic dyes 

TetK Tetracyclines 

MsrA Erythromycin 

Mar* Tetracycline, chloramphenicol, 4-quinolones 

Mdr' Range of compounds (depends on actual system) 

* see also Table 4.18 
# see also Table 4.17 
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tetracyclines is the predominant mechanism of insusceptibility in the Enter- 
obacteriaceae [ 193, 1951. The tet determinants remove tetracyclines from 
the bacterial cell by encoding membrane-located proteins which mediate en- 
ergy-dependent efflux of the antibiotics. This efflux is driven by the proton- 
motive force (PMF) and the end result is a reduced cellular accumulation 
from that seen in sensitive cells. The membrane-located 'resistance proteins' 
are plasmid- or transposon-encoded. Eight genetic determinants (tetA-tetF, 
tetK and tetL) have been described in bacteria that encode tetracycline up- 
take and efflux across the bacterial cytoplasmic membrane is presented in 
Figure 4.2. In essence, this involves an electrically-neutral proton-tetra- 
cycline antiport system with exchange of a monocationic magnesium-tetra- 
cycline chelate complex (THMg+) for a proton (H') [6]. A plasmid-encoded, 
non-enzymatic resistance involving the gene cmlA has been described for 
conferring resistance to chloramphenicol; this involves active efflux of the 
antibiotic mediated by the membrane-located CmlA protein [6]. Efflux of 
macrolides has been described in clinical isolates of S. aweus [206] in which 
the gene, msrA, is responsible. 

Plasrnid/transposon-encoded ribosomal protection factors 
Ribosomal protection is a mechanism in which a cytoplasmic protein in- 

teracts with the ribosome so that the latter becomes insensitive to inhibition 
by tetracyclines. Several classes of ribosomal protein resistant genes have 
been characterized, namely tetM, tetO and tetQ [193, 1941. The tetM deter- 

\ 
C',ioprmlc 1 membrane 
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I I  
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Figure 4.2. Proposed mechanism.for tetracycline (TET) uptake and eflux across the bacterial cy- 
toplasmic membrane. Mg'+, divalent magnesium cation; TH2 and TH-,  protonuted and deproton- 

ated tetrucycline. respectively; TH Mg+,  mugnesium-tetracycline chelute complex. Tet proteins 
conjkr resistance to tetracycline by mediating expulsion of TH Mg' from the cell in exchunge for u 

proton (K'). 
Reprinted with permission from (61. 
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minant, for example, is found in various bacterial genera, including Neisse- 
ria, Enterococcus and Cumpylobacter [193, 1941. TheTetM and TetO proteins 
probably act in a catalytic manner so as to modify the tetracycline binding 
site on the 30s ribosomal subunit [ 1931. 

PLASMID-MEDIATED RESISTANCE TO BIOCIDES 

Plasmid- and transposon-encoded bacterial resistance to antibiotics and to 
anions and cations (including mercury and silver) has been widely studied. 
Acquired bacterial resistance to chemotherapeutic drugs has been described 
above. Resistance to non-antibiotic (biocidal) agents is being increasingly 
investigated [23-251. Earlier reports [207] concluded that apart from the spe- 
cific examples of mercury and silver, plasmids were not responsible for the 
high levels of biocide resistance associated with certain species or strains. 
However, in recent years there have been numerous reports linking the pres- 
ence of plasmids in bacteria with resistance to chlorhexidine and QACs 
and the matter has thus been re-examined [208]. 

At one time, plasmid-encoded resistance to non-chemotherapeutic anti- 
bacterials had been almost exclusively studied with inorganic and organic 
mercury compounds, silver compounds and other cations and some anions 
[209-2121. In brief, it has been shown that: 

(i) ‘narrow-spectrum’ plasmids are responsible for resistance to Hg2+ 
(Figure 4.3a) and to the organomercurials (Figure 4.3b) merbromin and 
fluorescein mercuric acetate, but not to methylmercury, ethylmercury, phe- 
nylmercuric nitrate (PMN, 22) or acetate (PMA), p-hydroxymercuribenzo- 
ate and thiomersal; 

(a) 
Vaporized 

Inorganic Hg2+ -> reductase Mercury/ 
salt metal 

HgO hydrolase reductase Organomercury Hg2+ 
compound 

Figure 4.3. Biochemical mechanisnis of’resistunce to ((1) inorganic mercury compounds, (b) mine 
orgunomercur ials 
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(ii) 'broad-spectrum' plasmids encode resistance to all of the compounds 
listed in (i) by the mechanism described in Figure 4.3a,b; 

(iii) plasmid-encoded resistance to Ag+ occurs in clinical isolates of Ente- 
robacter spp., Pseudomonas spp. and Citrobacter spp. by an unknown mech- 
anism not involving efflux or silver reduction; 

(iv) resistance to arsenate ( A s O ~ ~ - )  by plasmid-located ars genes involves 
an energy-dependent efflux of the inhibitor mediated by an ATPase trans- 
port system such that arsenate accumulated in E. cofi by two constitutive 
systems, Pi transport (Pit) and phosphate specific transport (Pst), is rapidly 
pumped out of the cell; 

(v) plasmid-mediated chromate (Cr04-) resistance in several Pseudomonas 
strains is expressed at the uptake rather than the efflux level, because there 
is no difference in efflux between sensitive and resistant cells; 

(vi) cadmium (Cd2') resistance is conferred by at least four plasmid-deter- 
mined systems, of which the cadA and c a B  systems unique to staphylococ- 
cal plasmids have been most widely studied. Cd2+ is transported into cells 
by an energy-dependent, chromosomally-determined manganese (Mn) 
transport system; this is highly specific for Cd2+ and Mn2+ ions. The cadA 
gene specifies a 100-fold or so increase in Cd2+ resistance, the cadE3 gene a 
10-fold increase detectable in cadA- mutants. An energy-dependent efflux 
of Cd2+ via a specific efflux ATPase that involves a Cd2+-proton exchange 
is the cadA mechanism of resistance. The cadA and cadE3 systems can also 
confer resistance to other heavy metal ions, whereas the third system that 
confers Cd2+ resistance has a cadA-type resistance. In the fourth system, by 
an unknown mechanism, there is simultaneous plasmid-mediated resistance 
to Cd2+, Zn2+ and Co2+; 

(vii) in some Gram-negative bacteria such as E. coli, copper (Cu2') resist- 
ance may be manifested. The exact mechanism is unknown, but plasmid 
Rts 1 encodes resistance by a decreased accumulation process. 

These mechanisms are of considerable microbiological and biochemical 
interest, although not all of the above agents find current use as biocides. 
The plasmid-mediated efflux pumps are particularly important, since efflux 
is one means whereby acquired resistance to antibiotics occurs (see earlier) 
and can be a mechanism of resistance to some clinically useful biocides (see 
later). No efflux pump comparable to those described for arsenate and cad- 
mium [212] has yet been detected in silver-resistant bacteria [213]; however, 
an up-to-date assessment of this subject is available [2 121. 

Increased MICs of some biocides have been observed in S. a u r a s  strains 
possessing a plasmid carrying genes encoding resistance to gentamicin ( 5 )  
[214-2201. Such biocides are chlorhexidine, QACs, acridines and diamidines 
together with ethidium bromide which is often studied in a similar manner. 



A.D. RUSSELL 171 

In S. aureus, resistance to acridines (ACR), QACs (QAR), propamidine 
isethionate (PIR) and ethidium bromide (EBR) is mediated by a common de- 
terminant on a group of structurally related plasmids [22 1-2281. Staphylo- 
cocci remain the only bacteria in which the genetic aspects of plasmid- 
mediated biocide resistance have been studied in detail [208]. Resistance to 
cationic biocides is encoded by at least three separate multidrug resistance 
determinants; these, their gene location and the resistance phenotypes are 
summarized in Table 4.15. Resistance to these biocides is widespread among 
multiresistant strains of S. aureus and is specified by two families of determi- 
nants, the qac A/B and qac C/D gene families [222]. The qacA gene is present 
predominantly on the pSKl family of multiresistance plasmids, but is likely 
to be present also on the chromosome of clinical S. aureus isolates as an inte- 
grated pSKl family plasmid or part thereof [229]. The qac A/B gene family 
encodes proton-dependent export proteins. The qacA gene is detected in a 
large number of clinical S. aureus isolates but not in antiseptic-susceptible 
strains [223, 2241. Genes encoding QAR may be widespread in food-asso- 
ciated staphylococci species [226]. 

Coagulase-negative staphylococci (CNS, S. rpidermidis) contain either or 
both qacA and qacC genes, with some 40% of clinical isolates containing 
both [225]. A selective advantage may be conferred on strains possessing 
both genes compared with those containing only qacA. There is increasing 
evidence that S. aureus and CNS share a common pool of resistance deter- 
minants [225]. 

TABLE 4.15. qac GENES AND RESISTANCE TO CATIONIC BIOCIDES IN 
STAPHYLOCOCCI 

Multidrug resistance Gene locution 
determinant 

Biocide resistance encoded 

qacA gene Predominant: pSK 1 family of 
multiresistance plasmids midines, biguanides 
Other: 8-lactamase and heavy 
metal resistance plasmids 

Intercalating agents, QACs, dia- 

qucB gene 8-Lactamase and heavy metal Intercalating agents, QACs 
resistance plasmids 

Small plasmids ( < 3 kb) or large 
conjugative plasmids 

Large (50 kb), conjugative, mul- 
tiresistance plasmids 

qucC gene* Ethidium bromide, some QACs 

qacD gene* Ethidium bromide, some QACs 

* Have identical phenotypes and show restriction site homology 
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The ebr gene is identical to the qacClqacD gene family [221]. Sasatsu and 
his colleagues [230, 23 1 J demonstrated that the nucleotide sequence of an 
amplified DNA fragment of the ebr gene from sensitive and resistant cells 
of S. aureus was identical and thus concluded that antiseptic-resistant cells 
result from an increase in copy number of a gene whose usual function is to 
remove toxic substances from normal sensitive cells of staphylococci (and 
also of enterococci). It is not always possible to demonstrate low-level resist- 
ance to cationic biocides in S. aureus [232-2361; this could be due to the in- 
stability of plasmids in these clinical isolates. 

PATHOGENIC RESISTANT GRAM-POSITIVE BACTERIA 

MYCOBACTERIA 

The possible mechanisms of intrinsic resistance of mycobacteria to antibio- 
tics and biocides were considered earlier and were shown to be associated 
with the mycobacterial cell wall (Table 4.6). Acquired resistance to antimy- 
cobacterial drugs is also well-known [89, 90, 237, 2381 (Table 4.6). One 
such example is the acquired resistance of M. tuberculosis to isoniazid 
(INH,20), one of the most important antitubercular drugs [239, 2401. De- 
spite the fact that INH has been used for many years in the treatment of tu- 
berculosis, its precise mechanism of action remains unknown. However, it 
is likely that expression of the gene katG is important [89, 90, 2411. This 
gene encodes an enzyme with catalase and peroxidase activities in M. tuber- 
culosis and this enzyme converts INH into an active form. This activated 
INH interferes with mycolic acid biosynthesis and the INH polypeptide in- 
volved is believed to be the molecular target site [238, 2411. Deletion of 
katG from M. tuberculosis results in loss of INH susceptibility, whereas 
transformation of the gene into INH-resistant mutants restores susceptibil- 
ity [89,90,238]. 

Other important antitubercular drugs include ethambutol (24), ethiona- 
mide (47), rifampicin (10) and the 4-quinolones (e.g. 11) and acquired myco- 
bacterial resistance to each has been described. Acquired resistance to 
ethambutol might result from mutation of a target enzyme involved in arabi- 
nogalactan synthesis [242] (a) to ethionamide from a single amino acid sub- 
stitution in protein INHA [243], (b) to rifampicin in M.  tuberculosis and 
M. feprae from alterations in the /?-subunit of DNA-dependent RNA poly- 
merase [244], and (c) to quinolones with point mutations in gyrA which en- 
codes the A subunit of DNA gyrase [245]. All of these acquired mechanisms 
are of clinical significance. 
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METHICILLIN-RESISTANT STAPHYLOCOCCI 

Methicillin(48)-resistant S. aurezis (MRSA) strains have been recognized as 
being a major cause of sepsis in hospitals in the UK and in other countries 
[246-2481, although not all MRSA strains, are of increased virulence. ‘Epi- 
demic’ MRSA (EMRSA) is a term used to denote the ease with which these 
strains can spread [249] and those particularly at risk are immunocompro- 
mised patients and patients with open sores. 

The evolution of MRSA strains is not fully understood, but the same 
mechanisms of mutation and gene transfer that exist in other species provide 
a likely reason. The emergence of gentamicin resistance plasmids illustrates 
the evolutionary potential of translocatable elements [ 1861. MRSA strains 
which are also resistant to this aminoglycoside antibiotic are referred to as 
MGRSA. This evolutionary progression is also responsible for the forma- 
tion of the @-lactamase-heavy metal resistant plasmids [250]. Some MRSA 
isolates are penicillin-resistant by virtue of the enzyme @-lactamase, which 
pre-dates the use of /3-lactams [251]. However, the spread of the phenotype 
has probably arisen as a result of selection caused by the widespread usage 
of methicillin in hospitals. 

Unlike S. aureus, S. epidermidis is coagulase-negative, and is found as a 
universal skin commensal, normally present in the resident skin flora; it is 
also found in the gut and in the upper respiratory tract. S. epidermidis is 
much less pathogenic than S. aureus and rarely causes infection in healthy 
people but it may be responsible for infective endocarditis in people with 
prosthetic heart valves and for wound infection following hip replacement 
surgery [252]. Methicillin-resistant S. epidermidis (MRSE) strains are 
known [253], and genetic exchange may occur with S. aureus [254]. 

Increasing numbers, world-wide, of nosocomical (hospital-acquired) in- 
fections are caused by MRSA strains [255]. Such strains particularly affect 
patients in intensive-care units [246]. In the UK, gentamicin resistance sud- 
denly appeared in 1976 and MGRSA strains caused severe major hospital 
outbreaks. I t  has been proposed [186,227,229] that, since resistance to ‘nu- 
cleic acid-binding (NAB)’ compounds, such as chlorhexidine, amidines, 
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QACs, ethidium bromide and acridines was prevalent in the staphylococcal 
population long before gentamicin resistance emerged, then antiseptic re- 
sistance could be of particular significance in terms of the potential for the 
survival of these strains in the hospital environment. This aspect is consid- 
ered later (see p. 18 1). 

Casewell [256] discussed the evolution of MRSA and in particular of the 
‘Kettering strain’, EMRSA- 16, which has an extraordinary ability for hospi- 
tal-wide spread and which is impossible to eliminate from some hospitals. 
Another strain, EMRSA- 15, has also spread rapidly. P-Lactam resistance 
in S. aureus can be mediated by the mec determinant, in which resistance 
arises from the synthesis of a unique PBP (PBP2’) which has a low affinity 
for P-lactams [257]. 

VANCOMYCIN-RESISTANT ENTEROCOCCI 

Enterococci, also known as Lancefield Group D streptococci, do not pro- 
duce lysis on blood agar. Enterococcus faecium, E. faecalis and E. durans, 
the three most important species, are found in the human and animal gut 
[258, 2591. Enterococci may cause urinary and abdominal wound infection 
and glycopeptide-resistant enterococci are becoming a matter of increasing 
clinical concern [260-2621. These enterococci show resistance to the glyco- 
peptide antibiotics vancomycin (vancomycin-resistant enterococci, VRE) 
and, possibly, teicoplanin. In intrinsically resistant genera and in S. aureus, 
glycopeptide resistance is expressed constitutively, as distinct from the indu- 
cible high- and low-level resistance in enterococci [262-2641. 

Inducible resistance to high levels of vancomycin in enterococci is 
mediated by transposon Tn 1546 or related transposons [262, 2631. The 
transposition of Tn 1546 into plasmids with a broad host range or into con- 
jugative transposons would enable resistance to spread to s. aureus which 
can exchange genetic information with enterococci [260]. Plasmid-mediated 
resistance to vancomycin has been successfully conjugated, in laboratory ex- 
periments, from enterococci to S. aureus, provided that erythromycin (6) 
and not vancomycin was used as the selective agent [265]. It was only a ques- 
tion of time before such an event was shown to occur clinically [266, 2671 
and vancomycin resistance has now been found in an MRSA strain [268]. 
The seriousness of this cannot be over-emphasized. 

The mechanisms of vancomycin resistance in enterococci are being unrav- 
elled and the following is a summary of what is currently known. Vancomy- 
cin inhibits peptidoglycan synthesis in staphylococci by binding to the ter- 
minal D-Ala-D-Ala group of the pentapeptide side-chain of peptidoglycan 
precursors (Table 4.16), thus preventing the transglycosylation and trans- 
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Table 4.16. GLYCOPEPTIDE RESISTANCE MECHANISMS IN ENTEROCOCCI 
__ _ _ ~  ~ ~ ~ 

Resistancephenotype Features Resistance encoded to Mechanism' 

VanA (acquired)* vanH, vanA and Vancomycin (high- vanA dehydrogenase 
vanXgenes; induci- level), teicoplanin vanA ligase 
ble by vancomycin (high-level) vunX dipeptiddse 
or teicoplanin, plas- vanY carboxypepti- 
mid-encoded (Tn dase 
1546 responsible) 

VdnB (acquired) vonB gene; inducible Vancomycin (moder- Ligase product: 
by vancomycin, ate/ high-level) D-Ala-D-Lac 
chromosomally- 
encoded 

VanC (intrinsic) vanC gene; constitu- Vancomycin (moder- vanC ligdse (~ -Ala -  
tive? ate level) D-Ser produced) 
chromosomal? 

* See Figure 4.4 for further details 
# D-Ala, D-Alanine; D-Ser, D-serine; D-Lac, D-lactase 

peptidation reactions required for polymerization [49]. Resistance to vanco- 
mycin in enterococci results from the synthesis of a new ligase that promotes 
D-Ala-D-Lac (instead of D-Ala-D-Ala) with loss of vancomycin binding 
[269]. 

The sequence of events leading to the biosynthesis of D-Ala-D-Lac in 
highly resistant enterococci (vanA phenotype) has been described by various 
workers [262, 2691 and summarized in Table 4.16 and Figure 4.4. Several 
genes are involved, of which three (vanH, vanA and vanX) are important in 
resistance; these are responsible, respectively, for converting pyruvate to lac- 
tate, for synthesizing the depsipeptide D-Ala-D-Lac and for hydrolyzing 
~ - A l a - ~ - A l a ,  thereby eliminating normal peptidoglycan precursors. High- 
level resistance is induced by both vancomycin and teicoplanin and is plas- 
mid-mediated. Moderate- to high-level vancomycin resistance (vanB pheno- 
type) also involves the production Of D-Ala-D-LaC but is inducible by vanco- 
mycin but not teicoplanin and is chromosomally-mediated. Low level 
resistance to vancomycin (vanC phenotype) involves the vanC gene, which 
produces D-Ala-D-Ser, and is believed to be constitutive and chromosomally 
controlled. There does not appear to be any correlation between glycopep- 
tide resistance in enterococci and biocide resistance [270-2721. This aspect 
will also be considered later in greater detail (p. 180). 
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VANCOMYCIN-SENSITIVE ENTEROCOCCI 
Peptidoglycan linear strand based on 
GlcNAc - MurNAc - AGLAA 
Binding of Vancomycin to terminal D-alanyl-D-alanine (AA) 

HIGH LEVEL INDUCIBLE RESISTANCE 
Tn 1546 (vanA type) 

ENCODES 

for glyco- 0 

Required 

peptide 
resistance 

0 I 0 

i.e. 

VanH Dehydrogenase 
PYRUVATE + LACTATE 

VanA Ligase (Synthetase) 

D-ALA-D-LAC 
REPLACES D-ALA-D-ALA IN PEPTIDOGLYCAN 

SYNTHESIS of DEPSIPEPTIDE 

HYDROLYSES D-ALA-D-ALA Eliminate D-ALA-D-ALA 
VanX Dipeptidase 

VanY Carboxypeptidase 1 Precursors 

UDP-MurNAc-AGLAA 
7 7  

Dipeptidase Carboxypeptidase 

Binding of Vancomycin to peptidoglycan no longer possible 

Figure 4.4. Glycopeptide rrsistunce in enterococci 

MECHANISMS OF MULTIDRUG RESISTANCE IN 
GRAM-NEGATIVE BACTERIA 

Multidrug resistance (Mdr) is a serious problem in enteric and other Gram- 
negative bacteria [41, 7 1, 273-2831 (Table 4.17). As distinct from plasmid- 
mediated resistance, described above, Mdr is a term employed to describe a 
resistance mechanism by genes that comprise part of the normal cell ge- 
nome. These genes are activated by induction or mutation caused by some 
types of stress, considered below. Because the genes are ubiquitously distrib- 
uted, there is no need for genetic transfer. 

Exposure to a single drug leads to resistance not only to that drug but also 
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Table 4.17. MULTIDRUG RESISTANCE (MDR) SYSTEMS IN GRAM-NEGATIVE 
BACTERIA* 

Mdr system Mechun isin 

Mar (multiple antibiotic 
resistance) 

See Table 4.18 

Acr 

robA Overexpression of RobA protein 

soxRS 

emr 

Mutations at ucr locus confer hypersensitivity 

Induced in response to oxidative stress 

Transporter system, in E. c d i ,  induced by several drugs 

* see text for additional comments 

to chemically unrelated drugs [273, 2741. For example, Levy and his col- 
leagues [273] demonstrated in I989 that chromosomal multiple antibiotic re- 
sistant (Mar) mutants of E. coli selected on agar containing low concentra- 
tions of tetracycline or chloramphenicol were much less sensitive to 
fluoroquinolones than wild-type E. coli and that the frequency of emergence 
was at least 1000-fold higher than with norfloxacin selection. Selection by 
tetracycline or chloramphenicol produced a relatively high frequency of 
about to lo-' ' [273]. Resistance induced by 
the fluoroquinolone was usually attributed to mutations in the gyrA gene or 
to alterations in outer membrane porin OmpF, whereas marA-dependent 
fluoroquinolone resistance was at that time associated with decreased cell 
permeability. The Mar system is summarized in Table 4.18. 

This Mdr regulatory chromosomal locus is widespread among enteric 
bacteria [7 I]. Several bacterial isolates show multidrug resistance by chro- 
mosomal mechanisms, e.g. mycobacteria (q.v.), Neisseria gonorrhoeae and 
pneumococci. E. coli possesses a unique locus (mar) that regulates suscep- 
tibility to multiple antibiotics [7 11; conversely, deletion of the mar locus leads 
to increased susceptibility to these drugs [274]. Mechanisms of resistance 
do not involve drug modification or inactivation but are demonstrable as de- 
creased uptake, increased efflux or both [41]. Mar-related chloramphenicol 
resistance, for example, does not inolve inactivation by chloramphenicol 
acetyltransferase but instead an efflux of the antibiotic in Mar mutants [281]. 

The mar region has been cloned and sequenced; this reveals an operon 
composed of three putative structural genes, marR, marA and marB [277]. 
The mar regulon of E.coli is a unique antibiotic resistance mechanism in 

and by norfloxacin of 
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Table 4.18: MULTIPLE ANTIBIOTIC RESISTANCE (MAR) IN GRAM-NEGATIVE 
BACTERIA 

Property 

~ _ _ _ _  

Mar in Gram-negative bacteria 

Plasmid-containing genes Not applicable 

Location of resistance Chromosomal genes comprising part of normal genomes of 
bacterial cells 

Activation of Mar genes Induction or mutation caused by stress (exposure to xenobio- 
tics*) in natural or clinical environments 

Transfer of genes Unnecessary 

Mechanism or resistance 
( I )  Antibiotic inactivation 
(2) Efflux 

Does not occur 
Occurs by membrane transporters 

(a) Single gene-encoded multi-drug exporters 
(b) Operons and regulons encoding repressors and transcrip- 

Types of Mar efflux systems 

tional activators 

Consequences of Mar 

* Xenobiotic ... foreign inhibitor 

Possible failure of chemotherapy 

that it is inducible not only by the antibiotics (tetracycline, chloramphenicol) 
listed above but also by weak aromatic acids such as salicylate and acetylsa- 
licylate [273, 761. The marRAB operon, one of two operons (the other is 
marC) in the mar locus that are transcribed from a central regulatory region, 
mar4  controls intrinsic resistance or susceptibility to multiple antibiotics 
[276, 2771 such as tetracyclines, chloramphenicol and fluoroquinolones. 
Both operons contribute to the Mar phenotype [277]. 

Resistance of E. coli and other Enterobacteriaceae to a number of chemi- 
cally unrelated antibiotics can be induced by derepression of the marRAB 
operon. This operon is negatively autoregulated (controlled) by the MarR 
protein, which binds to the marRAB promoter region [282]. The MarR re- 
pression is wild-type E. coli can be abolished (derepressed) by tetracycline, 
chloramphenicol and salicylate as noted above. The MarA protein controls 
a set of genes (mar and soxRS regulons) thereby providing the bacteria with 
resistance not only to several antibiotics but also to superoxide-generating 
reagents [282]. Miller rt al. [283] had earlier described a new mutant, marc, 
of E. coli isolated on the basis of a Mar phenotype which mapped to the 
soxRS locus that encoded the regulators of the superoxide stress response. 
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This mutant, given the designation soxRZO1, was used to study the relation- 
ship between mar and sox loci in conferring antibiotic resistance. It was 
found that full antibiotic resistance resulting from soxR2Ol mutation was 
partially dependent on an intact mar locus. The soxRS regulon in E. coli is in- 
duced in response to oxidative stress; it consists of two divergently arranged 
genes encoding two proteins, SoxR and SoxS [282,283]. 

The inducible mar locus specifies a novel antibacterial mechanism that 
could well play an important role in the clinical emergence of fluoroquino- 
lone-resistant E. coli isolates [274]. The mar regulon is one of several Mdr 
systems present in members of the Enterobacteriaceae [71]. Other Mdr sys- 
tems include: 

(i) the Acr system, wherein mutations at an acr locus render E. coli more 
sensitive to hydrophobic antibiotics, dyes and detergents; 

(ii) the robA gene in which overexpression of the RobA protein confers 
multiple antibiotic and heavy metal resistance (interestingly, Agf may be ef- 
fluxed [284,289]; 

(iii) the soxRS regulon described above; 
(iv) the E. coli multidrug resistance (emr) locus in E. coli that specifies a 

transporter system which is induced by several drugs. 
Mdr systems are also known in other Gram-negative bacteria. For exam- 

ple, Ps. aeruginosa is known to possess more than one efflux mechanism 
[41,42]. These efflux systems complement the role of the outer membrane in 
conferring intrinsic resistance on this organism [42, 2851. Overall, Mdr is 
widespread among Gram-negative bacteria and poses a major chemothera- 
peutic problem particularly when such organisms can acquire R plasmids 
to, as it were, supplement their drug resistance [71]. The major mechanism 
of resistance is efflux although this may be accompanied by reduced drug up- 
take [41]. For instance, tetracycline accumulation in high-level Mar mutants 
is greatly reduced and an energy-dependent tetracycline efflux system can 
be demonstrated in whole cells and in everted membrane vesicles prepared 
by lysis of E. coli cells [41,42]. 

The resistance of N. gonorrhoeae to hydrophobic antibiotics and to other 
hydrophobic agents such as detergent-like fatty acids is determined by the 
multiple transferable resistance (mtr) system [286]. This is mentioned here 
because the mtr system consists of the mtr gene and three tandemly linked 
genes, mtrCDE. The latter encode proteins that are analagous to a family of 
bacterial efflux/transport proteins such as the AcrAE and EnvCD proteins 
of E. coli mediating resistance to drugs and other compounds. 
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LINKED ANTIBIOTIC-BIOCIDE RESISTANCE 

Various mechanisms of bacterial resistance to antibiotics and biocides have 
been discussed. The question as to whether there is a link between resistance 
to chemotherapeutic drugs on the one hand and non-antibiotics on the other 
remains to be addressed. 

Antibiotics usually have a specific site or mode of action whereby they 
achieve a selective toxic effect against bacteria but not human host cells. In 
contrast, biocides frequently have multiple target sites in the bacterial cell 
and by their very nature are often toxic not only to bacteria and other mi- 
cro-organisms but also to host cells [7,23,24]. Thus, mutation at, or absence 
of, a normal target site (or the presence of an additional target site) may be 
responsible for producing resistance to antibiotics but not to biocides. 

Mechanisms of transport of antibiotics and biocides into a bacterial cell 
may also be different (Table 4.4). However, the cell envelope in Gram-nega- 
tive bacteria often presents a barrier not only to hydrophobic and high mo- 
lecular weight hydrophilic antibiotics but also to several biocides 
(Table 4.5). Impermeability mechanisms are also associated with the re- 
duced biocide susceptibility of mycobacteria and bacterial spores [30, 44, 
951, and a mucoexopolysaccaride (glycocalyx) with reduced antibiotic or 
biocide diffusion into Gram-positive bacteria (Table 4.9). Intrinsic resist- 
ance to both antibiotics and biocides may thus occur in both Gram-positive 
and -negative bacteria. This can, however, only be considered as being in- 
direct rather than direct since drugibiocide molecules may be prevented 
from reaching a target site(s) solely as a result of the nature and composition 
of the outer cell layers. Efflux mechanisms must also be considered, however, 
as described below. 

An association between antibiotic resistance and chlorhexidine and QAC 
resistance in Providencia stuartii and Proteus has been observed, but no evi- 
dence of a plasmid link obtained [25,73,287,288]. Chlorhexidine hypersen- 
sitivity has been noted in ciprofloxacin-resistant variants of Ps. aeruginosa 
[289] and vancomycin- and gentamicin-resistant strains of E. faecium re- 
tained sensitivity to the bisbiguanide [289, 2901 and to other biocides 
[270-2721. Anderson et al. [272] studied the inactivation kinetics of VRE 
and vancomycin-sensitive enterococci (VSE) exposed to environmental dis- 
infectants at concentrations well below (extended dilutions) the recom- 
mended use-dilutions and found no differences in susceptibility of VRE and 
VSE. This type of approach is much more relevant than the widespread 
usage of MICs to measure responses to biocides. 

Streptococcus mutans has retained its chlorhexidine sensitivity [291] and 
although cationic biocide-induced resistance has been demonstrated by a 
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‘training’ method no attempts were made in these investigations to deter- 
mine antibiotic resistance [292,293]. Antibiotic resistance strains of Entero- 
bacteriaceae were not more resistant to an amphoteric surfactant [294]. 
However, antibiotic-resistant strains of psychotrophic Gram-negative bac- 
teria were more resistant to a QAC and to an anionic surfactant [295]. 

Numerous reports have linked the presence of plasmids conferring anti- 
biotic resistance with resistance to cationic biocides, including chlorhexi- 
dine, QACs, diamidines, acridines and ethidium bromide. These reports 
have applied to MRSA strains [2 14-23 1, 2961 with increased minimal inhi- 
bitory concentrations (MICs) of biocides being observed in MRSA strains 
encoding resistance to gentamicin (MGRSA strains). Although MRSA or 
MGRSA strains have not always been found to show greater biocide resist- 
ance [232-2361, it is now clear that this could result from the inherent in- 
stability of the gentamicin-nucleic acid-binding (GNAB) plasmid and curing 
of this plasmid resulted in a decreased MIC of chlorhexidine. There is then 
a GNAB-related association with chlorhexidine in MIC terms although in 
the bactericidal context, MRSA strains were killed as readily as methicil- 
lin-sensitive (MSSA) strains [297]. MRSA strains with low-level chlorhexi- 
dine resistance are sensitive to triclosan but MRSA strains which express 
low level triclosan (49) resistance, but with no cross-resistance to NAB com- 
pounds, have been isolated from patients treated with nasal mupirocin and 
daily triclosan baths [298]. Furthermore, triclosan resistance could be co- 
transferred with mupirocin resistance to sensitive S. aureus recipients [298]. 
The mechanism of this triclosan resistance is unknown and there is no evi- 
dence to link it with the efflux mechanisms proposed for NAB compounds 
[298]. Multidrug resistance to antiseptics in coagulase-negative staphylococ- 
ci has also been demonstrated [225]. 

Inorganic mercury (Hg”) and organomercury resistance is a common 
property of strains of S. aureus which carry penicillinase plasmids [186, 
204-21 21. In Gram-negative bacteria, plasmids are known which carry 
genes specifying resistance to antibiotics and in some cases to cobalt, nickel, 
cadmium and arsenate [7]. Of the compounds listed here, however, only the 
organomercurials are of medical or pharmaceutical significance as biocidal 
agents. 
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Plasmid R 124 alters the cell surface of E. coli cells such that they show en- 
hanced resistance to the QAC, cetrimide, and other agents [299]. Generally, 
plasmids do not promote resistance in Gram-negative bacteria to biocidal 
agents [300], although hospital isolates may be more resistant to biocides 
than laboratory strains [301]. It is to be wondered whether an Mdr system 
is associated with this resistance. 

Plasmid-mediated resistance to QACs and chlorhexidine in S. aureus has 
been cloned in E. coli [302] but the level of resistance is low and the mecha- 
nism not fully elucidated. The efflux-mediated antiseptic resistance gene 
qacA from S. aureus has a common ancestry with tetracycline- and sugar- 
transported proteins [227-2291. 

The mdr schemes in Gram-negative bacteria were described earlier (q.v.). 
For example, the Acr system in E. coli has been known for over 30 years 
[71] but has recently been considered in more detail. Mutations at an acr lo- 
cus render E. coli more sensitive to hydrophobic antibiotics and to detergents 
and basic dyes [71]. In N gonorrhoeae, the mtr (multiple transferable resist- 
ance) system determines levels of resistance to hydrophobic agents [286]; 
this system consists of the mtrR gene and three tandemly linked genes 
mtrCDE. The mtrCDE-encoded proteins were analogous to a family of bac- 
terial efflux/transport proteins (a) encoded by the mexAB (multiple efflux) 
gene in Ps. aeruginosa [285] and (b) AcrA and EnvC in E. coli [303]. In all 
of these systems, efflux is involved (the acrA mutation referred to above inac- 
tivates a multidrug efflux complex [71]). Another transporter, EmrB, pumps 
out phenylmercuric nitrate and nalidixic acid [304]. 

Clearly, efflux is a major mechanism of multidrug resistance and several 
authors [41, 42, 711 are now reconsidering reduced drug accumulation in 
terms of efflux rather than as cellular impermability. It is, however, pertinent 
to query whether efflux of biocides is of relevance in relation to the concen- 
trations employed in practice and whether biocides are responsible for se- 
lecting antibiotic-resistant strains as has been suggested. Clearly, much fu- 
ture experimentation is needed to establish a direct link between antibiotic 
and biocide resistances. 

OVERCOMING BACTERIAL RESISTANCE 

It is clear from the preceding sections that bacterial resistance to antibacte- 
rial agents, especially antibiotics, is of mounting concern. Increasingly, 
therefore, attention is being devoted to ways 'of overcoming this problem. 
This section will thus consider possible means of counteracting bacterial re- 
sistance. 
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ANTIBIOTICS 

Several mechanisms of antibiotic resistance have been described, but there is 
no doubt that drug efflux, which may be plasmid-encoded or chromoso- 
mally-mediated, is now regarded as a major mechanism [41, 42, 71, 205, 
305-31 11. Thus, the possible design of inhibitors that are not extruded would 
be of considerable benefit [312, 3131. It must, of course, be remembered 
that one single efflux system may be responsible for multiple resistance [41, 
42,7 1,3 141 and multiple drug-resistant strains of many species remain a ma- 
jor problem [237, 3 141. An earlier finding [3 151 that a thiatetracycline, thia- 
cycline (50, a tetracycline with a sulphur atom at 6 )  was active against plas- 
mid-containing tetracycline-resistant bacteria was interesting and was 
probably due to inability of the cells to remove accumulated drug. Unfortu- 
nately, the thiatetracyclines are too toxic for clinical use. Much more re- 
cently, a newer generation of tetracycline analogues, the glycylcyclines, has 
been developed [3 161. These are tetracyclines which are substituted with a di- 
methylglycylamido side-chain at C9. Two examples are N,N-dimethylglycyl- 
amido-6-demethyl-6-deoxytetracycline (5 1 ) and N,N-dimethylglycylamido- 
minocycline (52). These drugs are not recognised by the eight tetracycline 
efflux proteins [3 161. 

Me.., ,Me 
N 
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Enzymatic inactivation or modification of antibiotics has been discussed 
by many authors [179-182, 186-1 881. As described earlier, /3-lactams may 
be susceptible to p-lactamases. During the past 30-odd years, several p-lac- 
tams have been synthesized that are less susceptible to these enzymes. Such 
drugs include (i) newer types of p-lactam structures, e.g. carbapenems (37), 
cephamycins (40) and carbacephems (53), and (ii) modifications of the side- 
chains of existing penams (38) or cephems (39) [317]. Nevertheless, the 
wide diversity of p-lactamases [ 180, 18 1 ,3  181 means that organisms produc- 
ing enzymes with broad-spectrum activity may be able to resist some mem- 
bers of the /?-lactam group. p-lactamase inhibitors such as clavulanic acid 
(36), and the penicillanic acid sulphone (54) derivatives, tazobactam (55) 
and sulbactam (56) have been combined with, and protect, appropriate 
P-lactamase-susceptible penicillins, with useful clinical results. Most ex- 
tended-spectrum p-lactamases are susceptible to these inhibitors, but newer 
a-lactamase inhibitors may still be needed. 

COOH COOCH20COCM~ 

(55) (56) 

Chloramphenicol (9) is liable to breakdown by chloramphenicol acetyl- 
transferases [185]. Fluoro derivatives (57,58) resist enzymatic attack but lit- 
tle has been heard of these, apparently because of their toxicity [319]. Ami- 
noglycoside antibiotics (AGACs) may be chemically modified by AMEs. 
Some derivatives (e.g. amikacin, 43) are more recalcitrant than others, e.g. 
kanamycin (42) (see Figure 4.2). Other enzyme-resistant AGACs of low 
toxicity are needed. 

0 

II 
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Vancomycin-resistant enterococci (VRE) are of increasing concern. As 
pointed out previously, the VanA phenotype encompasses resistance to 
both vancomycin and teicoplanin, the VanB to vancomycin (moderate/ 
high-level) and the VanC to low-level vancomycin (Table 4.16). Strains are 
thus not always resistant to teicoplanin and this might be used as the start- 
ing-point in the development of new glycopeptides. However, as shown 
above, strains with the VanA phenotype - the most important - are resistant 
to this antibiotic also. An investigational glycopeptide (LY333328) is bacte- 
ricidal towards vanA VRE, its activity being dose-dependent; at its MIC, 
this compound had no lethal activity, whereas at a concentration of 
lOxMIC it produced a 3-4 log inactivation and at IOOxMIC about 5 log re- 
duction [320]. It is too early to predict the clinical efficacy of this compound, 
but it looks promising even if such high concentrations are unlikely to be 
achieved in practice. 

Multidrug-resistant M. tuberculosis (MDRTB) strains have become a 
problem. As pointed out previously, the mycobacterial cell wall presents a 
major barrier to the entry of chemotherapeutic drugs. Possible solutions 
are (i) to design drugs of increasing hydrophobicity that will pass through 
the cell wall, as with isoniazid derivatives [89, 901, (ii) to use a second anti- 
biotic in combination with a known inhibitor of arabinogalactan or mycolic 
acid biosynthesis [238]. 

BIOCIDES 

There is not, perhaps, the same urgency to develop new biocidal agents, 
although resistance to biocides can take many forms (Table 4.19). Neverthe- 
less, more active, less toxic compounds would always provide welcome addi- 
tions to the current, rather limited range. This is particularly true for new 
agents with mycobactericidal activity and the replacement of glutaralde- 
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Table 4.19. SUMMARY OF POSSIBLE MECHANISMS OF BlOClDE RESISTANCE IN 
NON-SPORULATING BACTERIA 

Bioride (s) 

Acridines 

Alcohols 

Anions 
Arsenate 

Chromate 
Chlorhexidine 

Chlorine 
Chloroxylenol 

Crystal violet 
Diamidines 

Intrinsic resistunce Acquired resistance 
- 

OM? Mdr Efflux in MRSA 

OM. CCX 

SL 
OM 

OM 
OM 

Ethidium bromide 
EDTA 

Formaldehyde 
Hexachlorophane 

Iodine 
Metals 
Cadm i u m 

Mercury 
(inorganic) 
Mercury 
(organic) 
Silver 

Parabens 
Phenols 
QACs 

Triclosan 

OMY 
Proreus.? 
Providenciri 7 

OM 

CCX 

OM 
OM 
OM 

OM 

Possible in some 
bacteria 

Dehydrogenase 

Efflux by ATPase 
pump (urs) 
Reduced uptake 
Emux in MRSA? 

Mdr Efflux in MRSA 
Emux in MRSA 

Mdr Emux in MRSA 

Dehydrogenase 

cadA system 
(S. uureus): efflux 
by ATPase pump 
Reduction to Hg" 
and vaporization 

reductase 
Decreased uptake 

Mdr Hydrolase then 

Mutution 

Mechanism 
unknown 
Altered 
phospholipids in 
inner membrane 

Prov. sluorlii: 
perplasmic protec- 
tive proteins? 

Mechanism un- 
known 

Altered HI OM 
protein in 
Ps urruginosir 

Mechanism un- 
known 

~ d ' +  not accumu- 
lated 

Mdr(?) Efflux in MRSA Altered lipid 
content 

Mechanism un- 
known 

"OM, outer membrane of Gram-negative bacteria; GCX; glycocalyx; SL, slime layer; MRSA, 
methicillin-resistant S. uurms strains; Mdr, multidrug resistance 
Where no  comment is made, not described to date 
(+), not conclusively established as a basis for resistance 
See alsoTable 4.6 (resistance mechanisms in mycobacteria) 
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hyde, because of its toxicity, in endoscopy units is necessary. Moreover, the 
isolation of glutaraldehyde-resistant M. chelunae strains supports this view. 
The mycobactericidal activity of the dialdehyde itself is claimed to be en- 
hanced when used with CI, 8-unsaturated and aromatic aldehydes [32 I],  
although the mechanism is unknown. Biocides with increased activity 
against Gram-negative organisms, notably Ps. uerziginosu, Pruteus spp. and 
Providenciu spp. need to be developed, as do agents with increased sporicidal 
activity. 

Appropriate permeabilizers are probably the best way of potentiating ac- 
tivity against all of these organisms listed above, although biocide combina- 
tions should also be considered where relevant [3 191. 

Finally, the question of staphylococci bearing yuc genes needs to be as- 
sessed. The possession of such genes has been claimed to give these organ- 
isms the ability to survive in inimical conditions. It is still unclear, however, 
how important such genes are in the context of concentrations of QACs, 
chlorhexidine and other biocides used in clinical practice. There is an urgent 
need to provide information about the bactericidal, as opposed to bacterio- 
static, activity [298, 3221 of such compounds on MRSA and MRSE strains, 
as well as on Gram-negative bacteria possessing Mdr, where multidrug efflux 
exporters again provide the resistance mechanism. If there is a clinical prob- 
lem with resistance to biocides being linked to antibiotic resistance then it 
will be necessary to devise new molecules to counteract efflux. In addition, 
in the hospital environment attention must be paid to suitable disinfection 
policies [323] and to the usage of skin antiseptics [324]. It is interesting to 
note that a recent review dealing with the reasons for the emergence of anti- 
biotic resistance does not list biocide selection of resistant organisms as 
being a cause [325]. 

CONCLUDING REMARKS 

Bacterial resistance to antibiotics and biocides is essentially of two types, in- 
trinsic and acquired. Whilst the latter is of greater significance clinically 
with antibiotics, specific examples of intrinsic resistance to both antibiotics, 
e.g. mycobacteria, and biocides (e.g. mycobacteria, Gram-negative bacteria, 
spores) are also of importance. 

Within these two broad types of resistance, several biochemical mecha- 
nisms are known, including reduced uptake, enzymatic inactivation, target 
site modification and enhanced efflux. The last mentioned is assuming great- 
er importance as additional studies are undertaken. A direct link between 
antibiotic and biocide resistance remains to be established. 
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Antibiotic resistance is a major hospital problem with several types of 
bacteria, notably MRSA, VRE and MDRTB (with the possibility of VRSA 
becoming significant, also). Improved knowledge of resistance mechanisms 
is essential in the continuing fight to develop new ways of circumventing bac- 
terial resistance [3 13,3261 
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INTRODUCTION 

Ten years ago we published a review in this series on cannabinoids as medic- 
inal agents [l]. In the 1987 review, we discussed in considerable detail the 
pharmacohistory of Cannabis sativa and showed that many of the modern 
applications were well-known in the ancient world and that cannabis was 
quite extensively used until early in the 20th century. Over the last 70 years 
cannabis, as a crude drug, has not been officially used in medicine any 
more, although the active constituent, A'-tetrahydrocannabinol (A9-THC)* 
(1) found some use, as described below. In the last decade, there has been 
considerable popular pressure to allow the sale of marijuana as a medicinal 
agent. This has become a political problem and in two states in the USA, 
California and Arizona, voters have approved propositions allowing physi- 
cians to prescribe marijuana. Support for this change has come from various 
groups and individuals including the editor of the New England Journal of 
Medicine, J.P. Kassirer, who in a signed editorial has stated that 'a federal 
policy that prohibits physicians from alleviating suffering by prescribing 
marijuana for seriously ill patients is misguided, heavy-handed and inhu- 
mane' [2, 31. Not surprisingly, the US Federal Government has opposed 
this grass-roots change of the law. However, it has promised funding of clin- 
ical studies on marijuana which until now has not been supported [4]. It 
will be of interest to see whether cannabis, smoked or eaten, is better than 
A9-THC administered orally. 

Since our 1987 review, there has been enormous progress in our under- 
standing of the biochemical basis of cannabinoid action - receptors were 
identified, endogenous cannabinoids were isolated, and their structures 
were elucidated. The signalling transduction mechanisms involved have 
been the object of numerous studies. In the present review, we shall try to 

* For alignment and numbering of cannabinoids see Figure 5.1 
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summarize the major advances achieved in cannabinoid biochemistry, with- 
out going into details, as a book [5] and numerous review articles have been 
published recently [6-151. 

In contrast to the important advances in biochemistry, medical progress 
in the cannabinoid field has been rather limited, possibly due to the legal sit- 
uation. However, at least one new synthetic cannabinoid (HU-211) is in clin- 
ical trials (see below). We shall review the advances made since 1987 with 
emphasis on novel uses, on synthetic compounds which are being developed 
as drugs, on new synthetic leads and on chemical tools for further biochem- 
ical and pharmacological investigations. 

CANNABINOID RECEPTORS AND ENDOGENOUS LIGANDS 

THE MODE OF ACTION OF CANNABINOIDS 

The active psychotropic constituent in Cunnubis sutivu, d9-THC (l), was iso- 
lated in pure form and its structure was elucidated by our group in 1964 
[16]. Yet the molecular basis of cannabinoid activity remained an enigma 
for several decades. This lack of knowledge made the rational development 
of cannabinoids as potential therapeutic agents difficult. During the 1970’s 
and early 1980’s it was generally assumed that the high lipophilicity of the 
cannabinoids is the basis of their pharmacological action. Paton, in a 1975 
review pointed out that ‘underlying much of the pharmacology of cannabis 
is the high lipophilicity of its active principles which is responsible for the 
slowness of its kinetics, its cumulation, [and] its persistence’ [17]. Cannabis 
pharmacology parallels in many ways that of the general anaesthetics, yet it 
does not produce the expected surgical anaesthesia. Paton suggested that 
‘considering the strongly hydrophobic character of d9-THC, it is possible 
that there is too great a physicochemical disparity between it and biological 
membranes into which it is inserted for a volume fraction to be achieved suf- 
ficient to produce the phenomenon of full anaesthesia’ [ 171. Hence d9-THC 
should be considered, according to Paton, to belong to the group of biologi- 
cally active lipophiles and its effects should be compared with the chronic ef- 
fects of anaesthetics and solvents. 

(1) (-)-A9-THC (2) (+)-Ag-THC 
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It was therefore possible to explain the action of cannabinoids without 
postulating the existence of a specific cannabinoid receptor and of an endo- 
genous mediator of cannabinoid action. Gill and Lawrence found experi- 
mental evidence to support the above suggestion and concluded that: ‘..... 
as the liposomal membrane is apparently able to discriminate between the 
various cannabinoids in a way similar to the nerve cell, it is unnecessary to 
postulate the existence of a more complex macromolecular receptor sub- 
stance to account for the observed structure-activity relationships’ [ 181. 

A further problem was the presumed lack of, or at least a low degree of, 
stereospecificity of cannabinoid action. As all receptors are asymmetric, it 
is conceivable that their interactions with asymmetric ligands will be limited 
to one enantiomer only. However, synthetic (+)-dy-THC (2) showed canna- 
bimimetic activity of 5-10% compared with that of the natural (-)-dy-THC 
(1) [ 191. This observation cast doubt over the existence of a specific canna- 
binoid receptor and hence of a cannabinoid mediator. This presumed low 
degree of stereoselectivity and the above described suggestions and data on 
the actions of cannabinoids on membranes, delayed research aimed at the 
identification of a receptor-mediator cannabinoid system. 

In the 1980’s, we showed that THC-type compounds exhibit very high 
stereospecificity of cannabinoid action [20-241. Some of the previous obser- 
vations regarding lack of stereospecificity were apparently due to separation 
problems. The (-)-enantiomer of d8-1 1-hydroxy-THC-DMH (3) (HU-210) 
(DMH= 1,l -dimethylheptyl) was shown to be several thousand times more 
potent than the (+)-enantiomer (HU-211) (4) in a series of animal tests. The 
synthesis of HU-211 is presented in Figure 5.2 [25]. The intermediate (+)-4- 
0x0-myrtenyl pivalate (5 ) ,  and its (-)-enantiomer are highly crystalline and 
can be obtained essentially stereochemically pure by recrystallization. This 
lucky observation made possible the ultimate synthesis of both enantiomers, 
HU-2 1 1 and HU-2 10, in e.e. higher than 99.8%, as determined by HPLC ana- 
lysis of the respective diastereoisomeric bis-(S) (+)-a-methoxy-a-(trifluoro- 
methy1)phenyl-acetyl (MTPA) esters [25]. Nonclassical cannabinoids were 
also shown to exhibit high stereospecificity of cannabinoid activity [21,26]. 

11 

[JR,SSj-myrtenol - 
(3) Ell-210 
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CBzOCOtBu CB2OCOtBu CBzOB 

(4) EU-211 

Figure 5.2 Synthesis of HU-27 1. 

These developments led to the next crucial step, the identification of a can- 
nabinoid receptor which was achieved by Howlett’s group in 1988 [27]. A 
radiolabelled, potent synthetic cannabinoid was demonstrated to bind to 
brain membranes in a highly specific and selective manner, features that are 
characteristic of receptor binding. Excellent correlation was found between 
structure and pharmacological potencies of cannabinoids in several animal 
behavioural tests assessing sedation, body temperature and analgesia and 
their affinity for the cannabinoid brain receptor [9, 10,281. It was also shown 
that cannabinoid ligands inhibit the activity of adenylate-cyclase and N- 
type voltage-dependent calcium channels, and that these signal transduction 
pathways are mediated through the inhibitory guanosine triphosphate 
(GTP)-binding protein Gi/G, [lo]. 
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Within two years, the receptor (named CBI) was cloned from rat brain by 
a group at NIH [29]. It was shown to belong to the 7 transmembrane domain 
receptor family, members of which mediate their activity through GTP- 
binding proteins. 

A peripheral cannabinoid receptor (CB2) was later cloned from a human 
promyelocytic leukaemic line (HL60) [30]. This receptor was shown to be 
only partially homologous with the brain receptor, and is expressed in cells 
of the immune system, predominantly on B-cells [3 11. 

These developments have been described and discussed in the reviews 
cited above which should be consulted for details, in particular as regards 
molecular biology, signal transduction mechanisms, pharmacological and 
physiological implications of the discovery of cannabinoid receptors [5-151. 

ANANDAMIDE 

The identification of a specific cannabinoid receptor in the brain suggested 
the existence of a brain cannabinoid ligand. It seemed to us quite unaccepta- 
ble that the brain will waste its energy to synthesize a receptor (in high con- 
centrations) in order to bind a constituent of a plant. The only reasonable as- 
sumption which could be made was that the brain produces a neuronal 
mediator, a specific compound which binds to and activates the cannabinoid 
receptor. The plant cannabinoid, d9-THC, by structural coincidence hap- 
pens to bind to the same receptor. In the late 1980’s, several groups initiated 
work aimed at the discovery of such a brain constituent. 

Our group proceeded by initially preparing a novel, highly potent probe 
for the cannabinoid receptor, which could be easily labelled with tritium 
[32]. This probe (tritiated HU-243) ( 6 )  was bound to the receptor and the 

(6) tritiated HU-243 

complex formed was used in a bioassay-directed fractionation aimed at the 
isolation of components with cannabis-like activity. Porcine brain fractions 
were found to compete with this probe for binding to cannabinoid receptors. 
Chromatography of such brain fractions led to the identification of a family 
of unsaturated fatty acid ethanolamides, termed anandamides (see 
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CONBCE~CA~OE G 
(7) anandamide 

dihomoy-linolenoylethanolamide 

Figure 5.3 Bioactive fatty acid ethanolamides in porcine brain. 

Figure 5.3). The most abundant of these ligands is arachidonoylethanola- 
mide (anandamide, 7) [33, 341. Two additional anandamides isolated from 
porcine brain are docosatetraenoylethanolamide and dihomo-y-linolenoyl- 
ethanolamide [34] (see Figure 5.3). 

Structurally there is little in common between d9-THC and anandamide. 
The cannabinoids are terpenophenols, while the anandamides are fatty acid 
derivatives. Yet, pharmacologically they have much in common. Both A9- 
THC and anandamide were shown to cause a typical tetrad of behavioural 
actions: hypothermia, hypomotility, antinociception and catalepsy. In most 
behavioural tests, anandamide is somewhat less potent than d9-THC [35, 
361. Repeated injections of anandamide (i.p.) produced tolerance to a chal- 
lenge with THC or anandamide. This tolerance however was less persistent 
than that commonly seen with THC, lasting for only one week [37]. 

Anandamide parallels A9-THC in competing with the binding of [3H]HU- 
243 (6) to the brain cannabinoid receptor [33]. However, under most experi- 
mental conditions an amidase blocker has to be used in order to prevent 
anandamide hydrolysis during the binding experiments [38]. Using neuro- 
blastoma cells that express this receptor naturally, as well as cultured cell 
lines transfected with this receptor, it was shown that, like d9-THC, anand- 
amide inhibits N-type voltage-dependent calcium channels [39] and adeny- 
late cyclase [40,41]. 
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Low doses of administered anandamide have been observed to produce ef- 
fects opposite to those of high doses [42,43]. The question may be raised as 
to whether the physiologically relevant anandamide functions are those ob- 
served after injection of commonly applied doses, or more in line with the 
opposite effects observed after low concentrations. 

Anandamide is present in brain cells in very low concentrations [44-471. 
Apparently it is released (presumably mostly when needed) through cleav- 
age catalysed by phospholipase D from N-arachidonoyl phosphatidyl etha- 
nolamide, which is formed by a calcium-dependent enzyme activity which 
catalyses the transfer of arachidonic acid (and other fatty acids) from various 
donor phospholipids to phosphatidylethanolamine (see Figure 5.4) [48,49]. 
In animal post mortem brains kept at room temperature, the concentration 
of anandamide gradually increases [44, 451. It would be of interest to find 
out whether anandamide concentrations also increase in vivo in brain after 
trauma, indicating a possible role for this fatty acid amide. Preliminary ex- 
periments by Dr. E. Shohami (unpublished) have shown that administration 
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Figure 5.4 Biosynthesis of anandamide. 
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of anandamide intracerebrally to rats after brain trauma reduces the neuro- 
logical deficit caused. If these results are confirmed, they may indicate not 
only a role for anandamide in brain but may point out a new direction for 
pharmacological treatment of brain injury. 

Anandamide is rapidly hydrolysed enzymatically to arachidonic acid and 
ethanol-amine by a fatty acid amide hydrolase (FAAH) [50]. The molecular 
characterization, cloning and expression of FAAH have been reported in a 
recent study [51]. FAAH can be blocked with either the general serine pro- 
tease inhibitor phenyl methylsulphonyl fluoride [38] or with the highly effi- 
cient methyl arachidonyl fluorophsphonate [52]. The non-steroidal anti- 
inflammatory ibuprofen in therapeutic doses, but not aspirin, sulindac or 
acetaminophen, also inhibits anandamide metabolism [53]. This observa- 
tion may have therapeutic implications. 

It is outside the scope of this review to summarize the numerous publica- 
tions dealing with anandamide activity in vitro and in viva Several recent re- 
views, cited above should be consulted. We would like to point out some re- 
sults of potential pharmaceutical value. 

Interaction between anandamide and several neuroreceptor systems has 
been recorded: (a) anandamide enhances GABA-ergic neurotransmission 
[54] and reduces GABA uptake in the globus pallidus [55]; (b) inhibition of 
motor behaviour by anandamide is paralleled by lowering the activity of ni- 
grostriatal dopaminergic neurons [56-581; (c) activation of cannabinoid re- 
ceptors by anandamide inhibits the presynaptic release of glutamate [59]; 
(d) anandamide inhibits exocytotic noradrenaline release by activation of 
CB, receptors located on peripheral sympathetic nerve terminals [60]; (e) 
anandamide inhibits the activation of serotonin ( 5-HT3) receptors in rat no- 
dose ganglion neurons [61]. The relevance of these interactions, as well as a 
long list of other in vitro effects [lo], to the pharmaceutical potential of 
anandamide is yet to be established. 

Topical application of anandamide to rabbit cerebral arterioles at  low 
concentrations caused a dose-dependent dilation [62]. This observation 
may be related to the use of cannabis in the past in migraine. 

Intracerebroventricular (i.c.v.) administration of anandamide increased 
significantly the serum levels of adrenocorticotropic hormone (ACTH) and 
corticosterone and caused a pronounced depletion of corticosterone releas- 
ing factor (CRF-41) in the median eminence [63]. This observation may be 
of some importance in future development of cannabinoid anti-inflamma- 
tory drugs. 

Anandamide is a potent inhibitor of gap junction conductance [64]. It 
blocks the propagation of astrocyte calcium waves and may thus control cer- 
tain intercellular communication between neurons and astrocytes. Other 
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cannabinoids did not cause this effect and the CBI antagonist SR 141 7 16A 
(8) does not prevent it. Apparently, the mechanism of action of anandamide 
in gap junctions is not via CB, or CB2 and may follow the ‘anaesthetic-type’ 
of action put forward by Paton (see above). Gap junctions play important 
roles in the exchange of information and metabolites, in particular in the 
nervous system and changes in their stuctures and function may be asso- 
ciated with several diseases such as peroneal muscular atrophy (Charcot- 
Marie-Tooth disease) and intractable epilepsy. 

61 
(8) SR141716A 

Nitric oxide (NO) is a naturally occurring vasodilator (endothelium-de- 
rived relaxing factor). A further, lipid-soluble factor ~ endothelium-derived 
hyperpolarizing factor, EDHF - has been postulated. Randall et al. in a re- 
cent publication suggest that anandamide, or a closely related endogenous 
cannabinoid, is this endothelium-derived vasorelaxant [65]. Indeed they 
found that the NO-independent component of endothelium-dependent re- 
laxation (which is presumed to be mediated via EDHF), is inhibited by 
SR1417 16A, and that anandamide is a potent vasorelaxant in the mesentery. 
These findings may have far-reaching implications in our understanding of 
several biological mechanisms and may represent a new lead to cardiovascu- 
lar drugs. 

A rather unexpected observation is that anandamide reduces sperm ferti- 
lizing capacity in sea urchins by inhibiting the acrosome reaction [66]. The 
acrosome is an organelle that surrounds part of the nucleus of the sperm. 
When the sperm approaches the egg a specific ligand in the jelly coat of the 
egg crosses over to the sperm and stimulates the transformation of a non-fer- 
tilizing sperm to a fertilizing one (the acrosome reaction). This observation 
may explain the presence of CBI receptors in sperm cells [67]. Whether the 
inhibition of the acrosome reaction by anandamide is of physiological rele- 
vance in mammals remains to be clarified. Anandamide may perhaps serve 
as a lead to novel local contraceptive drugs. 
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A presumably related observation is that CB, (but not CB2) is expressed in 
mouse uterus [68] and that this organ produces anandamide which peaks 
when the uterus becomes resistant to implantation of the embryo [69]. These 
publications indicate that anandamide may be a regulator of fertility mech- 
anisms. We have observed that although repeated injections of anandamide 
during the last trimester of gestation in the mouse fail to affect birth outcome 
(litter size, pup weights and early development), such treatment produces 
long-lasting effects in the offspring which are observed only at  maturity [70, 
711 and which may be similar but not necessarily identicai to sequelae of pre- 
natal THC administration [71, 721. Thus on prenatal exposure to either 
anandamide or d9-THC, the offspring after day 40 displayed a mild beha- 
vioural syndrome (as assessed by the tests for locomotion, catalepsy, analge- 
sia and hypothermia described above), suggesting that the CBI receptor 
was mildly but permanently stimulated. Indeed, we found higher concentra- 
tions of CB, receptors in the forebrains of offsping of mothers which had 
been exposed to THC during pregnancy. 

2-ARACHIDONOYLGLYCEROL (2-ARA-GL) (9) 

The existence of a peripheral cannabinoid receptor (CB2) led us to investi- 
gate the possibility that peripheral cannabinoid ligands, distinct from the 

Table 5.1 INCREASE OF BINDING AFFINITY OF 2-Ara-GI TO CB,-CHO BY 
ENDOGENOUS MONOACY LGLYCEROLS 

COMPOUNDS RATIOS (nidar) Ki f S.E. ( n M )  

2-Arachidonoylglycerol (2-Ard-GI) 1640 ? 260 

2-Linoleoylglycerol(2-Lino-GI) inactive 

2-P~lmitoylglycerol(2-Palm-Gl) inactive 

2-Lino-GI + 2-Palm-GI 2.4: 1 inactive 

2-Ara-GI + 2-Lino-GI 1 : 12 416 f 23.5 

2-Ara-GI + 2-Palm-GI 1 : s  339 & 5.6 

2-Ara-GI + 2-Lino-GI + 2-Palm-GI 1 :  1 2 : s  213 k 22 

Data are the means f S.E. of 3 experiments performed in triplicate. 
The ratios in the mixture of the monoacylglycerols were as present in the spleen on the basis of 
the CG spectra. 
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anandamides, are present in such organs. Following the procedures de- 
scribed by us for the isolation of anandamide, we isolated a lipid-soluble 
constituent from canine gut. Its structure was elucidated as 2-arachidonoyl- 
glycerol (2-Ara-G1) (9) [73] on the basis of chromatographic, NMR and 
MS data, and ultimately by direct comparison with a synthetic sample. La- 
ter, 2-Ara-G1 was also located in brain by Sugiura et al. [74]. 2-Ara-GI binds 
to both CB, and CB2. In pancreas and spleen, 2-Ara-GI is accompanied by 
additional 2-acylglycerols, such as 2-palmitoylglycerol(lO) and 2-linoleoyl- 
glycerol (1 l), which considerably potentiate its binding to CB2 (see 
Table 5. I) [75]. 

(9) 2-arachidonoylglycerol 
(10) 2-palmitoylglycerol 

(11) 2-linoleoylglycerol 

Lee et al. have found that 2-Ara-G1 produced a potent, dose-related inhi- 
bition of T and B cell proliferation. 2-Ara-G1 also inhibited forskolin-stimu- 
lated adenylyl cyclase 11761. In contrast, anandamide did not inhibit forsko- 
lin-stimulated adenylyl cyclase activity in splenocytes, and did not inhibit T 
or B cell proliferation. Anandamide and 2-Ara-G1 apparently differ consid- 
erably in their biochemical profiles in the immune system. 

Sugiura et al. have reported that 2-Ara-GI activity is not confined to im- 
mune cells. In neuroblastoma cells, 2-Ara-G1 in low doses (nM) induced a 
rapid, transient elevation of intracellular Ca++ [77]. At high doses @M), 
the opposite effect was seen [78]. The implications for medicinal chemistry 
of the presence and effects of 2-Ara-GI in both the brain and periphery are 
not yet clear. 
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STRUCTURE-ACTIVITY RELATIONSHIPS (SAR) 

THE ANANDAMIDE SERIES 

Anandamide was first reported late in 1992. Since then a sizeable list of pub- 
lications has appeared that clarify the SAR mostly as regards binding 
[79-891. These are summarized below. As K, values are very sensitive to the 
experimental conditions, they vary in the different publications. However, a 
trend seems to persist. The following tentative relationships can be formu- 
lated [86]: 

1. In the 20:4, n-6 series [90], the unsubstituted amide is inactive; N-mono- 
alkylation, at least up to a branched pentyl group, leads to significant 
binding. The following regularities in binding were noted for anand- 
amide-type compounds with the indicated N-alkyl moieties: n-CSHI I 
< branched CsHl I < CHMeCH2Me (either R or s) < n-Bu < t-Bu < Me 
< Et < iPr <PI-. The last two compounds were the most active in these 
homologous series, with Ki values about three times lower than that of 
anandamide. 

2. N,N-Dialkylation, with or without hydroxylation on one of the alkyl 
groups, leads to loss of activity. 

3. Hydroxylation of the N-monoalkyl group at the o-carbon atom (as in 
anandamide itself) retains activity, as compared to the parent N-alkyl group. 
However, in most cases this activity is slightly lower, at least in the relatively 
potent compounds. 

4. The methyl ether and the phosphate are less active than the parent alco- 
hol. The carboxylic acid derivatives are inactive. 

5. In the 20:x, n-6 series, x has to be 3 or 4; two double bonds only leads to 
inactivation. 

6. In the n-3 series, the limited data suggest that the derived ethanol- 
amides are either inactive or less active than related compounds in the n-6 
series. 

7. Alkylation or dialkylation of the a-carbon adjacent to the carbonyl 
group retains the level of binding in the case of anandamide. a-Monomethyl- 
ation or a,a-dimethylation of N-propyl derivatives potentiated binding and 
led to highly active compounds. 

8. The presence of a chiral centre on the N-alkyl substituent leads to enan- 
tiomers with significantly different levels of binding. One of these com- 
pounds R-( +)-arachidonoyl- 1 '-hydroxy-2'-propylamide [@)-methand- 
amide] (1 2) has a 4-fold lower K, than anandamide and has been shown to 
possess stability to enzyme hydrolysis [80]. 
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(12) (R)-methanandamide 

9. The OH group in anandamide can be replaced by a fluorine with about 

10. Conjugation of the double bonds leads to reduced activity [89]. 
10 times increase in specific binding to CB, but not to CB2 [87]. 

THE 2-ARACHIDONOY LGLYCEROL (2-ARA-GL) SERIES 

No SAR studies have been reported so far; however, unpublished results 
from our laboratory indicate that, as expected, 1 -arachidonoylglycerol is as 
potent as 2-arachidonoy1glycerol (9) on binding to both CB, and CB2 and 
that 2-palmitoyl-glycerol (2-Palm-G1) (1 0) and 2-linoleoylglycerol (2-Lino- 
G1) (1 l), which accompany 2-Ara-G1 in the gut, spleen and pancreas do not 
bind to the receptors. However, as mentioned above, 2-Palm-G1(10) and 2- 
Lino-G1 (1 1) administered together significantly potentiated the binding of 
2-Ara-G1. 2-Lino-G1 and 2-Palm-G1 together also significantly potentiated 
inhibition of motor behaviour, immobility on a ring and hypothermia 
caused by 2-Ara-G1 in mice. 2-Lino-G1, but not 2-Palm-G1, significantly in- 
hibited both the hydrolysis and the uptake of 2-Ara-G1 by RBL-2H3 cells 
[75]. All these effects indicate that the potency of 2-Ara-G1 can be increased 
by related 2-acylglycerols, which alone show no significant activity in any 
of the tests employed. This effect (‘entourage effect’) may represent a novel 
route for molecular regulation of endogenous cannabinoid activity. 

CLASSICAL CANNABINOIDS 

The term classical cannabinoids refers to tricyclic THC-type cannabinoids. 
The SAR in these series have been quite extensively investigated in the past 
and several reviews have appeared [21, 91, 921. The structure-activity re- 
quirements formulated have withstood the erosion of time. Most of the pub- 
lished work refers to in vivo tests for effects now assumed to be due to CB, ac- 
tivation. Compton et al. have recently correlated binding to CB, with in 
vivo activity and have concluded that the requirements for binding to the 
cannabinoid receptor correlate well with activity across different species, 
and that receptor binding mediates most of the pharmacological effects of 
cannabinoids [93]. 

Martin et al. [92] have critically summarized the molecular modelling 
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studies in the cannabinoid field, much of it based on the excellent analyses of 
Reggio [94-971 which have thrown light on the binding pocket for cannabin- 
oids at the cannabinoid receptor. A receptor steric (RS) map was calculated. 
The usefulness of this map was demonstrated by an examination of the inter- 
action of cannabinol (CBN) (13) (a natural cannabinoid with low activity) 
with the CBl receptor. The results implied that ‘one reason for the reduced 
affinity of CBN may be that only 53.2% of CBN molecules are shaped prop- 
erly to fit in the binding pocket for cannabinoids at the CBI receptor’ [97]. 

It is generally accepted that three regions are of basic importance in defin- 
ing the psychotropic activity of tricyclic cannabinoids: (i) the northern part 
of the terpene ring (carbons 9 and 11); (ii) the free phenolic group, and (iii) 
the lipid side-chain [21]. 

(14) 2-methyl-ABTHC (13) CBN 

Me 

(15) 4-methyl-As-THC 

A region where substitution may cause inactivation is the C-4 position 
(next to the carbon carrying the pyran oxygen). While 2-methyl-d8-THC 
(14) is a potent cannabimimetic, both on binding to CBl and in viva, the iso- 
meric 4-methyl-d8-THC (1 5) is inactive. It was shown that the active d8- 
THC (16) and 2-methyl-d8-THC (14) share common structural features 
that are not exhibited by the inactive 4-methyl-d8-THC (16) [98]. 

While the SAR of the classical cannabinoids for CBI are well known, 
those for CB2 have not yet been thoroughly exploited. The few reports pub- 
lished so far indicate that the structural requirements for binding to CB2 dif- 
fer very much from those of CB,. Gareau et al. reported that the dimethyl- 
heptyl homologue (1 7a) of d8-THC binds to both CBI and CB2 (Ki values 
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of 0.83 and 0.49 nM, respectively); the methyl ether (17b) of this compound 
binds weakly to CBI (Ki 1585 nM), which is compatible with data for other 
methyl ethers of cannabinoids. However, (1 7b) binds to CB2 with a Kiof 20 
nM [99]. A further example is the methyl ether (1 8) of d9"l'-THC-DMH in 
which the ratio of Ki values of CBI /CB2 binding is > 1000. This selectivity 
of binding activity, if shown to hold for in vivo tests, may represent an open- 
ing to new cannabinoid drugs which act on the periphery only, without 
CNS side-effects. 

(17) a, R = H 
b , R = M e  

(19) 1-deoxy-11-hydroxyAKTHC-DMH 

The same group has also found indole derivatives with Ki ratios of CBI to 
CB2 binding ofup to 160 [loo]. Huffman et al. have reported related observa- 
tions. With raceinic 1 -deoxy-1 1-hydroxy-A*-THC-DMH (19) the ratio of 
the Ki for CBI and CB2 is 37.5, which, though considerably less than the val- 
ues found by Gareau et al., points in the same direction [loll. 

Numerous cannabinoids, anandamides and heterocyclics have been com- 
pared for CB, and CB2 binding [87]. Most compounds did not differ signifi- 
cantly in their binding values for the two receptors except the specific CBI 
antagonist SR141716A (see below) which binds weakly to CB2 and the in- 
dole compound JWH-015 (20) which showed a CBI /CB2 binding ratio of 
27.75. Busch-Petersen etal. synthesized a series of cannabinoids in which ro- 
tation around the CIt-C2t bond was blocked [102]. The compound with the 
cis-heptene side-chain (21) had the highest affinity for CB, (0.89 p M )  with 
the widest separation between CBI and CB2 affinities. Pertwee et al. showed 
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that 6’-cyano-2’-yne-d8-THC (22) (Ki = 0.77 pM) has agonist-antagonist 
properties [ 1031; 6’-cyano-d’-THC-DMH was a potent agonist [ 1041. 

on 
I 

NON-CLASSICAL CANNABINOIDS 

There are two major groups of synthetic compounds which have cannabin- 
oid activity, but which differ chemically from the tricyclic THC-like canna- 
binoids: the bicyclic cannabinoids, exemplified by compound CP55940 
(23), and the (aminoalky1)indoles exemplified by pravadoline (24a). A de- 
tailed SAR analysis of these groups of compounds is beyond the scope of 
this review. The bicyclic cannabinoids and derivatives have been reviewed 
previously [ 1051; recent publications deal mainly with related tricyclic non- 
classical cannabinoids [lo61 and with the (aminoalky1)indoles [92, 1071. It is 
of interest to note that while the bicyclic cannabinoids were originally pre- 
pared as ‘simplified’cannabinoids, the cannabinoid-type activity of the (ami- 
noalky1)indoles was discovered by serendipity. These compounds were 
synthesized in a project aimed at the discovery of novel nonsteroidal anti-in- 
flammatory agents presumably based on the indomethacin structure. How- 
ever, while they did not possess anti-inflammatory properties, they were 
found to be antinociceptive, and to inhibit the electrically evoked contrac- 
tions in a mouse vas deferens muscle preparation. This led to binding experi- 
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ments: these (aminoalky1)indole derivatives were able to displace 
[3H]CP55940 (23) binding to the cannabinoid receptor in brain membranes, 
but did not displace radioligands selective for 20 other neuroreceptors. 

08 

&OMe 

'i, 
(1) (23) CP-55940 

(24) a, R = H, pravadoline 
b, R = I, AM 630 

ANTAGONISTS OF CANNABINOIDS 

A striking example of the possible difference in binding to CB, and CB2 is 
the highly specific antagonist to CB,, the heterocyclic SR141716A (8), which 
has become a very useful tool in cannabinoid research [log]. It binds weakly 
to CB2 but its Ki for CB, is in the low nM region. d9-THC interacts competi- 
tively with the binding sites labelled with SR 141 7 16A; by contrast, anand- 
amide displaced the antagonist non-competitively, emphasizing that THC 
and anandamide differ in their binding characteristics [ 1091. 

SR141716A produces a 2-fold potentiation of electrically stimulated acet- 
ylcholine (ACh) release in the hippocampus [ 1101. As cannabinoid receptor 
activation can produce a strong inhibition of ACh release in the hippocam- 
pus, the potentiation of ACh release in the hippocampus by SR141716A 
suggests that this compound may actually be an inverse agonist at cannabin- 
oid receptors or that it antagonizes the inhibitory actions of an endogenous 
ligand acting on these receptors. Similar conclusions have been drawn by 
Compton et al. [l 113, who found that while SR141716A completely inhibited 
THC-induced activity in a locomotor test at doses between 0.3 and 3 mg/ 
kg (i.v.) in mice, at  high doses (between 3 and 20 mglkg i.v.) locomotion 
was simulated. It was suggested that SR141716A produced this effect 
through mechanisms not yet identified which would infer some lack of speci- 
ficity for the CB, receptor. The possibility that SR141716A was an inverse 
agonist at the CB, receptor was also raised. 

Terranova et al. [112] found that SR141716A reverses inhibition of long- 
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term potentiation caused by anandamide and concluded that anandamide 
could be a candidate for an endogenous neuromessenger involved in mem- 
ory processes. Indeed, SR141716A at low doses was found to improve 
short-term olfactory memory in a social recognition test in rodents [113]. A 
role for anandamide in forgetting was tentatively proposed. 

A second antagonist, AM 630 (24b), a novel aminoalkylindole, was found 
to attenuate the ability of some cannabinoids to inhibit electrically-evoked 
twitches of the mouse isolated vas deferens [114]. AM 630 was a more potent 
antagonist of A’-THC than of anandamide (Kd of 14.0 and 278.8 nM, re- 
spectively). It was suggested that the receptors for which AM 630 has the 
highest activity may not be CBI cannabinoid receptors. This is supported 
by the observation that AM 630 is actually a cannabinoid agonist in the 
myenteric plexus - muscle preparation [ 1 151. Yamada el a/. [ 1 161 showed 
that isothiocyanate derivatives of pravadoline can serve as potential electro- 
philic affinity ligands for CBI. 

MEDICINAL PROPERTIES OF CANNABINOIDS 

ANTIEMETIC ACTION OF CANNABINOIDS 

In our 19 87 review, we summarized the research and clinical experience in 
this area [ 11. Surprisingly, in spite of the enormous public interest in ‘medical 
marijuana’ and countless articles in the daily press and magazines focused 
predominantly on this aspect of marijuana use, littIe progress has been re- 
ported on the antiemetic activity of cannabinoids in the last decade. Plasse 
et al. have reviewed the clinical experience gained over 7 years with dronabi- 
no1 (d9-THC) in antiemetic treatment [ I  171. With doses of 7 mg/m2 or below, 
complete response was noted in 36% of the patients, 32% showed partial re- 
sponse and 32% showed no response. However, 65% displayed drowsiness 
and dizziness and 12% had dysphoric effects. Combination treatment of dro- 
nabinol with prochlorperazine (a dopamine receptor blocker widely used as 
an antipsychotic drug with antiemetic effects) was more effective than each 
drug alone [ 1 181. 

The antiemetic activity of cannabinoids is not mediated, at least not with 
all cannabinoids, via either CBI or CB?, We found that HU-211 (4), a non- 
psychotropic cannabinoid, which does not bind significantly to either CBI 
or CB2, is a potent antiemetic agent in pigeons administered cisplatin [I  191. 
Unexpectedly, addition of low doses of cupric ions potentiated the activity 
of HU-211. The activity of HU-211 was U shaped: 2.5 mg/kg HU-211 
(with 0.8 mg/kg CuCI2) reduced the amount of vomitus by 97%; at higher 
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or lower doses the activity was significantly lowered. The antiemetic activity 
of d9-THC was compared with that of HU-211: at 5 mg/kg d9-THC (without 
Cu++) reduced vomiting by 24%, while HU-211 (2.5 mg/kg, no Cu++) 
showed a 89% reduction. So far, HU-211 has not been tested as an anti- 
emetic in patients. As HU-211 is now in Phase I1 clinical trials against brain 
trauma (see below), it may be evaluated later for this type of activity. 

The mechanism of cannabinoid antiemetic activity is not well understood. 
As pointed out above, it does not seem to involve CB, or CB2. Fan has 
shown that anandamide and some synthetic cannabinoid agonists inhibit 
the activation of 5-HT3 receptors in rat nodose ganglion neurons [61]. These 
receptors are known to mediate emetic activity. However, we have found 
that HU-211 does not bind to 5-HT3 receptors (unpublished observations). 
Hence, although cannabinoids may act, in part at least, through this seroto- 
nin receptor, this mode of action does not account for the total activity. 

We have noted that in mice the response to THC develops gradually and 
does not reach maximal potency until adulthood [120]. THC administered 
to mice shortly after birth exhibits essentially no activity. Significant activity 
is observed only after day 20. We assumed that if this observation is relevant 
for humans, children will not experience THC-type cannabimimetic effects 
until about the begining of puberty. As the antiemetic effects are apparently 
not mediated by the cannabinoid receptors, it was reasonable to expect that 
antiemetic effects of THC in young children could be observed while canna- 
bimimetic effects would be absent. We chose dx-THC, rather than the mark- 
eted d9-THC, as it is less psychotropic, much less expensive than d9-THC 
to produce and is much more stable than d9-THC. We started a clinical trial 
with a low dose ( 5  mg/m2) which in some adults already causes psychotropic 
effects. None was observed in young children. Hence, the antiemetic dose 
was increased from 5 mg/m2 up to 18 mg/m2. At his very high dose, which 
cannot be administered to adults due to side-effects, children showed no 
such effect and no vomiting or nausea were noted [ 12 I]. Although this clini- 
cal trial was an open one, we believe that the results are highly significant 
as, almost without exception, young children in the same hospital under- 
going similar treatments vomited during cancer chemotherapy. The number 
of children was not large (n = 14); however, together they were administered 
dx-THC about 400 times over a period of 2-3 years. No tolerance to the 
drug was noted [121]. 

A survey of oncologists on the use of marijuana (on smoking) as an anti- 
emetic drug has indicated that about 50% are willing to recommend it to 
their patients, and considered it somewhat more effective than dronabinol 
(oral administration) [122]. It is therefore surprising that d9-THC has not 
been administered so far by inhalation. 
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Serotonin (5-HT3) antagonists are the mainstay today of drug treatment 
of acute chemotherapy-induced emesis [ 1231. However, the problem of de- 
layed emesis has yet to be solved. Apparently dronabinol has not been tested 
so far as an add-on drug to HT3 antagonists to prevent this condition. 

APPETITE STIMULATION 

d9-THC (dronabinol) was introduced in the clinic as an antiemetic drug. 
However, it was soon realized that numerous AIDS patients use it primarily 
as an appetite stimulant. One of the typical symptoms of AIDS is cachexia. 
Indeed, in Central Africa, AIDS is known as the ‘thin disease’. Cannabis 
has actually been used in Indian popular medicine for appetite stimulation 
especially by young women [ 1241. 

Dronabinol is now an FDA-approved drug for the treatment of cachexia 
and is prescribed for cancer and AIDS patients. The clinical literature how- 
ever is limited. Plasse et al. reported the results of two multicentre, open 
studies on the effects of dronabinol as an appetite stimulant in cancer pa- 
tients [ l 171. Various doses and dose schedules were followed and side-effects 
VPYSUS dose levels were evaluated. Their conclusion was that ‘overall, no 
group gained a significant amount of weight while on the study, though 
some individual patients did actually gain weight. However, there was a re- 
duction in the rate of weight loss in all groups’. The reduction in the rate of 
weight loss was significant for the groups administered 2.5 mg and 5 mg 
four times a day. Psychotropic effects were not noted at the lower dose; weak- 
ness and fatigue, dizziness, drowsiness and memory or concentration diffi- 
culties were recorded at the higher dose. Preliminary results of an open study 
with ten symptomatic AIDS patients who received 2.5 mg dronabinol three 
times a day for 1-5 months were also reported [117]. The patients were able 
to adjust the dose to avoid side-effects. Before treatment, the patients were 
reported to be losing 0.93 kg/month (median). On therapy, a weight gain of 
0.54 kg/month (median) was recorded. 

A second study gave comparable results. Twelve AIDS patients were ad- 
ministered dronabinol, 5 mg twice a day [125]. An improved appetite score 
was noted, body fat increased and symptom stress decreased. 

Based on the results of these pilot studies, the effects of dronabinol (2.5 
nig, twice a day) on appetite, weight, nausea and mood were examined in 
139 AIDS patients over a six-week period [126]. After 4 weeks, significant 
differences in anorexia were seen and these were sustained throughout the 
trial. Weight was stable in the treated patients but was lower in the placebo 
recipients. The data indicated that dronabinol caused increased appetite 
(38%), decreased nausea (20%) and some improvement in mood. The side- 
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effects noted were minor and were not severe enough to require intervention. 
A small number of patients, that received only 2.5 mg once a day due to the 
side-effects, showed an appetite increase similar to that of patients treated 
with dronabinol twice a day. This low dose of THC is not expected to pro- 
duce any significant side-effects. The authors of this study conclude that 
‘dronabinol is a safe and effective treatment for anorexia in patients with 
weight loss due to AIDS. By improving appetite and mood, decreasing nau- 
sea, and stabilizing weight, dronabinol may significantly improve the quality 
of life of patients infected with HIV.’ 

A 3-day appetite stimulation study (with dronabinol 2.5 mg twice a day 
orally) with healthy subjects showed no appetite increase, but food intake 
was significantly increased when the drug was administered by a rectal sup- 
pository [ 1271. 

The use of dronabinol and marijuana in AIDS patients has been corre- 
lated with their drug therapy [128]. Azidothymidine (AZT) and AZT-di- 
deoxycytidine therapy was not compatible with d9-THC or marihjuana as 
a declining health status was noted. However, all clinical indicators of pan- 
creatitis (a common AIDS related disease) improved in dideoxyinosine- 
treated patients who were administered THC or marijuana. 

The physiological basis of the effects of cannabinoids on feeding behav- 
iour is not known. A French group has reported that neurons in the solitary 
tract nucleus, which respond to increases in glucose concentrations, are sen- 
sitive to d9-THC and have suggested that such neurons may mediate canna- 
binoid effects on feeding behaviour [129]. 

Dronabinol is a rather expensive drug for chronic, long-term disease and 
may cost a patient several hundred dollars a month. The use of the much 
less expensive d*-THC should be evaluated. This compound, which parallels 
d9-THC in its antiemetic effects in children (see above), is considerably less 
expensive to prepare and is much more stable. While d9-THC is easily oxi- 
dized to cannabinol by air, d*-THC does not undergo this reaction. 

MULTIPLE SCLEROSIS (MS) AND SPINAL INJURY 

The Assyrians apparently used cannabis for neurological diseases. Azallu 
(an Assyrian term for cannabis used for medicinal purposes) was a drug 
against ‘poison of all limbs’ and against ‘arimtu’, which was probably a neu- 
rological disease of the legs [130]. Was one of these two disorders multiple 
sclerosis? We shall, of course, never know. 

Multiple sclerosis is a disorder of the brain and the spinal cord that attacks 
the myelin sheath of nerve fibres. The cause is unknown but it is presumably 
an autoimmune disease triggered by an environmental factor. There is a ge- 
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netic susceptibility. The disease is usually slowly progressive with exacerba- 
tions and remissions over many years. The symptoms vary; they include 
tiredness, spasticity, weakness in the legs and inability to walk, lack of 
balance, muscle pain, tremor, vision problems, urinary hesitancy and in- 
continence, slurred speech and memory loss. Anxiety and depression are 
common. A variety of partially effective drug treatments are in use. Corticos- 
teroids are the cornerstone of therapy. However, their efficacy is limited 
and their chronic use entails considerable risk. Carbamazepine and pheny- 
toin are used for pain (including trigeminal neuralgia) and numerous other 
drugs are employed for specific symptoms. Several new drugs have been ap- 
proved for use in the last year, e.g., copexone. However, apparently they are 
far from ideal. The lack of an efficient drug treatment has led many patients 
to search for additional therapies, one of which is cannabis. Today, cannabis, 
is used by an apparently large number of multiple sclerosis patients, 
although it is not an approved drug. 

Two animal studies have been described with cannabinoids in a model of 
MS. This model, experimental autoimmune encephalomyelitis (EAE), is 
based on the generalized atonia, quadriplegia and death of rats or guinea- 
pigs administered CNS tissue or myelin basic protein. The animals are ob- 
served over a period of several weeks. In one of these studies, Lyman et al. 
noted that d9-THC decreased EAE inflammation, and led to much reduced 
effects and that the time of the appearance of the MS effects was delayed 
[131]. In the second study, ds-THC was employed. Again the drug signifi- 
cantly reduced the incidence and severity of neurological deficit in two 
strains of rats [ 1321. Serum corticosterone levels were elevated two-fold in 
rats with EAE chronically treated with d8-THC. These results suggest that 
suppression of EAE by cannabinoids may be related to their effect on corti- 
costerone secretion. A related publication reports the use of WIN55212-5, 
an (aminoalky1)indole derivative, in Syrian hamsters with primary dystonia 
[ 1331. Again, improvement was noted. Diazepam acted synergistically with 
WIN5521 2-5. This observation parallels previous work in which the activity 
of cannabinoids was found to be synergized by benzodiazepines [ 1341. 

Consroe et al. have reported and analysed the answers to a questionnaire 
mailed to MS patients who use cannabis [135]. The 112 patients who re- 
sponded to the questionnaire were about equally divided between USA and 
UK and between male and female patients. Most of the patients reported 
strong improvement after cannabis in spasticity at sleep onset, and on awak- 
ening at night, as well as reduction of leg pain at night and of tremor. The pa- 
tients also reported improvement in anxiety and depression as well as in 
spasticity when awaking in the morning and on walking. There was only 
minor improvement in memory loss, in faecal incontinence and in constipa- 
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tion. This report should be considered a good basis for the initiation of clin- 
ical trials. 

There are data from several small clinical trials with d9-THC or with nabi- 
lone (25) ,  a synthetic cannabinoid agonist. The first trial (double blind, pla- 
cebo-controlled) was by Petro and Ellenberger who recorded that in a group 
of nine patients, administered up to 10 mg d9-THC, three felt that they 
were better able to walk [ 1361. The authors measured deep tendon reflexes, 
muscular resistance to stretch of the legs and abnormal reflexes, and found 
improvements. 

(25) nabilone 

Clifford observed objective improvement in two patients in a single blind, 
placebo-controlled study with d9-THC in eight patients with disabling tre- 
mors and ataxia. The rest of the patients reported subjective, though minor 
improvement in tremor, and in sense of well-being [ 1371. The therapeutic ef- 
fects of THC in the two patients were reproducible. In one of them, a long- 
lasting improvement of tremor was noted, while in the other such an im- 
provement was observed in a handwriting test. 

A discrepancy between subjective improvement of spasticity versus objec- 
tively determined measurements was also noted by Ungerleider et al. who 
treated 13 MS patients (in a double blind, placebo controlled, cross-over 
study) who had serious side-effects on treatment with conventional drugs 
[ 1381. With a dose of 7.5 mg d9-THC, all patients reported a decrease in spas- 
ticity; however, in objective functional tests (limb spasticity, co-ordination 
and weakness and reflexes) no improvement was noted. In contrast, Meinch 
et al. found that, on smoking marijuana in an open label trial, an MS patient 
showed improved mobility, reduced spasticity and tremor measured by ob- 
jective methods [ 1391. 

A single report on nabilone has appeared. Martyn et al. (in a double blind, 
placebo-controlled trial) administered this drug to a single patient who re- 
ported improvement in severity of muscle spasms [140]. In a recent report, 
Brenneisen et af. administered orally d9-THC (10-1 5 mg) to two patients, 
and compared its effects with those of d9-THC hemisuccinate administered 
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by suppositories (5 mg) [141]. Both treatments reduced spasticity and rigid- 
ity, and improved walking in objective measurements. 

The effects of A’-THC (5 mg) on the neurological symptoms of spinal cord 
injury have been studied in one patient [142]. Numerous treatments over sev- 
eral months resulted in reduction in subjectively-rated spasticity for periods 
over 12 h, in improvement of bladder control and pain as well as in the qual- 
ity of mood and sleep. In contrast to the above reports, Greenberg et al. 
found no improvement in 10 MS patients who smoked marijuana on a single 
occasion [143]. Actually, an impairement of balance was noted. 

The human data, as well as the animal studies indicate that cannabinoids 
may ameliorate some symptoms of MS. Unfortunately, a definitive large- 
scale study has yet to be performed. Such a study should take into account 
that (a) the placebo effect in MS is very high; (b) the effective doses recorded 
are close to, or identical with the doses that cause cannabimimetic effects; 
(c) cannabis (marijuana, hashish) is obviously not identical to d9-THC, and 
that other constituents may synergize THC action; (d) smoking cannot be 
compared with oral administration, and (e) the anal route of administration 
[ 1411 may be a preferred one. 

ANALGESIA 

Cannabis and some cannabinoids relieve pain. However, the therapeutic 
doses are essentially equivalent to the doses that cause CNS effects and, ex- 
cept in very specific conditions (possibly migraine) they are of limited use. 
Although several companies have produced a large number of derivatives, 
as previously reviewed in this series [ 11 and elsewhere [ 105.107] the situation 
has not changed. No practical separation of activity has been achieved, ex- 
cept with the synthetic cannabinoid HU-211 (see below) which does not 
bind to either CBI or CB2. Hence most of the work reported in the last dec- 
ade deals mainly with the pharmacology of pain reduction by cannabinoids, 
rather than with drug discovery and development. 

Hollister has noted that ‘the apparent paradox is that THC both increases 
and decreases pain’ [ 1441. Indeed, Ames in one of the first modern clinical 
studies with cannabis reported that in one experimental subject, who had 
been admistered cannabis, a venepuncture was painful, while in another 
subject the drug caused marked analgesia [ 1451. 

THC augments opioid activity. Thus, administration to mice of d8-THC 
(3 mg/kg) together with morphine (1 mg/kg) or codeine phosphate (3 mg/ 
kg) potentiated the activity of the opioids 4-5 times [ 1461. Intrathecal admin- 
istration of d9-THC (3.13 pg and 6.26 pg) to mice caused a 4- and 12-fold 
shift in the dose response curve of morphine [ 1471. While the administration 
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of naloxone does not affect cannabinoid analgesia, it completely blocked the 
effect of the drug combination. Pretreatment with morphine enhanced the 
effects of d9-THC to a minor extent only. Cannabinoid-induced antinocicep- 
tion therefore is not due to direct interaction with the opiate receptor. 

Morphine antinociception is mediated predominantly by p receptors. Its 
enhancement by d9-THC, however is through activation of K and S receptors 
[ 1481. Indeed d9-THC is cross-tolerant with K opioid receptor agonists 
[ 1491. The K antagonist norbinaltorphimine blocks d9-THC and CP55940 
(23) (i.v.) antinociception in mice, but intrathecal CP55940 was not blocked. 
Apparently K receptors are involved in cannabinoid-produced analgesia. A 
Spanish group has published related results [ 1501. d9-THC antinociception 
was significantly potentiated by morphine in the tail-flick and hot plate tests. 
This synergistic effect was blocked by the CB I antagonist SR 14 17 16A, by 
naloxone and by norbinaltorphimine. It was concluded that the synergism 
between d9-THC and morphine involves p supraspinal and K spinal opioid 
as well as cannabinoid receptors [ 1501. It is of interest that d9-THC also po- 
tentiated analgesia produced by acupuncture, a procedure assumed to be 
mediated by opioid receptors [ 15 11. 

Lichtman and Martin have shown that cannabinoid-induced antinocicep- 
tion has both spinal and supraspinal components [ 1521. A spinal a*-noradre- 
nergic mechanism is involved in cannabinoid antinociception as yohimbine 
and/or methysergide altered d9-THC induced antinociceptive effects in rats 
[ 1531. A supraspinal mechanism is also involved as cannabinoid analgesia 
can be produced in spinally transected rats [ 1521. Both similarities and differ- 
ences were noted on comparison of the antinociceptive effects produced by 
anandamide (and the more potent fluroanandamide) and d9-THC [ 1541. 
Anandamide was cross-tolerant to d9-THC, but in contrast to THC, it did 
not alter opioid-induced antinociceptive effects nor was its action blocked 
by a K antagonist. 

Our group has reported that HU-211 (in combination with cupric chlo- 
ride) caused suppression in a rat model of neuropathic pain [155]. As HU- 
21 1 produces no cannabimimetic effects these observations represent a sep- 
aration of analgesic from psychotropic effects with a cannabinoid. A separa- 
tion between antinociceptive effects and cannabimimetic effects has been 
noted with the metabolite, 1 1-nor-9-carboxy-d9-THC (26) and with its 1,l- 
dimethylheptyl homologue [ 1561. A British group has reported that canna- 
bidiol (CBD, 27), and cannabigerol (CBG, 28), which are natural, non-psy- 
chotropic cannabinoids, although more potent than d9-THC, are less maxi- 
mally effective. In the induced writhing test, the EDso of cannabidiol was 
0.042 mg/kg, while that of d9-THC was 25 mg/kg [157]. 
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I 

(26) 1 l-oor-9-carbory-A9-THC 

(27) CBD 
(28) CBG 

The analgesic effects of (+)-WIN552 12-2 mesylate, an (aminoalky1)indole 
derivative, in a rat model of neuropathic pain have been recorded [158]. The 
(-)-enantiomer was inactive. It was shown that ‘a moderate dose (2.14 mg/ 
kg) completely alleviated the thermal and mechanical hyperalgesia, and me- 
chanical allodynia without side-effects.’ The results also suggested that 
changes in cannabinoid receptors occur in nerve injured animals. 

It has been suggested that one function of endogenous cannabinoids may 
be to modulate pain sensitivity [ 1591. Indeed, a recent publication has indi- 
cated that the antagonist SR 141 7 16A produces hyperalgesia in untreated 
mice [ 1601. 

HYPOTENSIVE ACTIVITY 

Cannabis and cannabinoids are known to reduce orthostatic blood pressure 
[144]. The literature up to 1986 on the cardiovascular effects has been re- 
viewed by Graham [161]. d9-THC (up to 5 mg/kg) administered i.v. to 
anaesthetized rats caused a profound decrease in mean arterial blood pres- 
sure in a dose-dependent manner [ 1621. Yet very little has been published 
on this topic. One of the reasons may be that the acute cardiovascular 
changes, including decreased standing blood pressure or increased supine 
blood pressure are of ‘little consequence for users without cardiovascular 
disease’ [163]. From the point of view of the medicinal chemist, this field ap- 
parently did not look promising as it was assumed that the lowering of blood 
pressure was of central origin and therefore it would be accompanied by 
the THC-type side-effects, although it was shown 20 years ago that a syn- 
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thetic isomer of CBD, namely (29), which is not psychotropic, is hypotensive 
[164]. Several 9-azacannabinoids [such as (30) and (31)] were prepared in or- 
der to test their antihypertensive effects [165]. The most potent compound, 
the benzopyran (30), was less psychoactive than d9-THC. However, on 
chronic administration to dogs, rapid tachyphylaxis was noted and appar- 
ently no further work was undertaken. It should be of interest to take a sec- 
ond look at these azacannabinoids. 

(32) CBGDMH 
(31) 

In a recent publication, the effects of HU-210 on blood pressure are dis- 
cussed [166]. It was noted that this very potent psychotropic agent also 
caused long-lasting hypotension (as well as bradycardia) in rats in doses be- 
tween 10 and 1000 pg/kg. With d9-THC, an initial pressor effect was found, 
but with HU-210, this effect was not observed. 

In several papers the Kunos group has reported observations that may 
represent a starting point for novel medicinal chemistry research in this 
area [167, 1681. Anandamide (i.v. bolus; 4 mg/kg) caused a triphasic blood 
pressure response, brief hypotension, followed by a transient pressor and 
then a prolonged depressor phase. The hypotensive effect was not initiated 
in the CNS, but was due to a presynaptic action that inhibited norepinephr- 
ine release from sympathetic nerve terminals in the periphery (heart and vas- 
culature). The inhibitory effect (but not the pressor effect) was antagonized 
by SR14 17 16A, indicating that this peripheral action was mediated by CBl 
receptors. 

In a late 1997 paper, the Kunos group reported that activation of periph- 
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era1 CBI receptors contributes to haemorrhagic hypotension, and that the 
anandamide produced by macrophages may be a mediator of this effect 
[ 168aI. In a series of publications, Randall has proposed that anandamide 
(or a related cannabinoid) is a long-looked for endothelium-derived hyper- 
polarizing factor, EDHF [65, 168bl. EDHF relaxes vascular smooth muscle 
through activation of ATP-dependent potassium channels. As mentioned 
above, anandamide, like d9-THC, induces vasodilation in cerebral arteries 
[62]. Randall has now shown that in rat mesenteric arteries (treated with in- 
hibitors of NO synthase and cyclo-oxygenase), the CB, antagonist 
SR 141 7 16A inhibits endothellum-dependent relaxations evoked by carba- 
chol. Such relaxations are produced by anandamide. As in most types of hy- 
pertension, endothellum-dependent relaxations are curtailed due to lowered 
production or activity of endothellum-derived NO and EDHF. The above 
observations may be of central importance in the development of anandam- 
ide-type drugs against hypertension [ 168~1. 

GLAUCOMA 

Whenever ‘medical marijuana’ is discussed, glaucoma is mentioned along- 
side vomiting as the principal disease condition for which the drug is helpful. 
However, in spite of its prominence in the marijuana controversy, very little 
research has been done on the effects of cannabis on glaucoma in the last 
decade. 

In our 1986 review [ 11 we summarized our views as follows: 
‘The cannabinoids tested so far appear to be of limited use in the treat- 

ment of glaucoma. They appear to act only against a primary (but not sole) 
symptom of the disease (i.e., ocular hypertension), rather than against the 
underlying disease process, which remains uncertain. The side-effects of 
those cannabinoids particularly effective in lowering intraocular pressure 
(IOP) restrict their clinical usefulness (with some exceptions such as canna- 
bigerol). Cannabinoids administered intraocularly to humans cause no IOP 
reduction.’ 

The situation as regards the terpenophenolic cannabinoids has not 
changed much. Although cannabigerol, (28) was considered the most prom- 
ising compound, no SAR studies with it have been reported. As the 1 ,I-dim- 
ethylheptyl THC’s are much more active that the THC’s, we prepared the 
same homoIogue (32) of cannabigerol. Colasanti, who originally had re- 
ported that cannabigerol is an active compound [169], tested this new com- 
pound and compared it with cannabigerol in a cat model. but found that it 
was inactive [unpublished results]. 

I t  is unfortunate that work on CBG has been discontinued as Colasanti 
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has found that after systemic administration of d9-THC to rats, polyspike 
discharges appeared in the cortical electroencephalogram, while CBG was 
devoid of this undesirable side-effect [ 1701. Additional light has been thrown 
on the mechanism of cannabinoid action on IOP. The effect of THC is re- 
tained after removal of either sympathetic or parasympathetic input in the 
eyes of cats; neither d9-THC nor cannabigerol altered the rate of aqueous 
humor formation. However, both compounds increased aqueous outflow 
[ 1701. 

In order to determine whether the mechanism of action of the cannabin- 
oids originates in the CNS, various cannabinoids were administered into 
the cerebral ventricles of New Zealand albino rabbits [171]. No change in 
the intraocular pressure was noted, although on intravenous administration 
d9-THC produced dose-dependent ocular hypotension and miosis. Appar- 
ently, the action of the cannabinoids on IOP does not originate in the CNS, 
and the authors surmise that alterations in blood pressure may be involved 
in the ocular hypotension. It is surprising that dR-THC did not cause ocular 
hypotension on i.v. administration as d8-THC and d9-THC are generally as- 
sumed to have the same pharmacological profile. 

Both our group [172] and Pate et of. [173] found that anandamide in nor- 
motensive rabbits, on topical application, reduces IOP. In the report by 
Pate et al. anandamide was dissolved in an aqueous solution of a cyclodex- 
trin, single eyedrops were instilled in one of the eyes and the changes in IOP 
were compared to those of the untreated eye. Topical application of 3 1.25 
pg caused an immediate reduction of TOP. A dose of 62.5pg induced an initi- 
al increase and a subsequent decrease of IOP below baseline, while a dose 
of 125 pg caused a significant increase without the subsequent decrease of 
IOP. 

The initial increase followed by a prolonged decrease has not been ob- 
served previously with cannabinoids and may represent a serious drawback 
in the eventual clinical use of anandamides as antiglaucoma agents. This bi- 
phasic effect is reminiscent of the same phenomenon seen with anandamide 
in blood pressure measurements (see above). 

A series of anandamide-type compounds were compared with anand- 
amide in their action on IOP following the above described methodology 
[174]. None of the compounds had a better profile than anandamide. The 
limited SAR recorded did not parallel the SAR established for cannabimi- 
metic activity. Thus, arachidonoyl propylamide, which is several times 
more potent on binding to CBI than anandamide, was inactive in the ocular 
test; arachidonoyl propanolamide which is as active as anandamide on bind- 
ing to CB, caused only elevation at a dose of 62.5 pM, while anandamide at 
this dose caused elevation followed by reduction (see above). The observa- 
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tions by Pate eta/., in particuIar the technique of administration in a cyclo- 
dextrin, may ultimately lead to an active anandamide-type compound which 
does not cause initial IOP elevation. 

SLEEP 

Drowsiness or sleepiness are well-known effects in the later stages of intoxi- 
cation by marijuana. Hollister has reviewed the field [ 1441. The most signifi- 
cant finding up to 1986 was that THC reduces rapid eye movement (REM) 
sleep, in this respect not differing from conventional benzodiazepine hypno- 
tics. When THC was administered orally to human volunteers (10-30 mg 
dose), the subjects were reported to experience the initial ‘high’, but later 
fell asleep faster. The higher doses caused some ‘hangover’ the next day 
[ 1441. Cannabinoids are well-known to prolong barbiturate sleeping time 
[175]. This effect is due, in part at least, to a decrease in the disappearance 
rate of the barbiturates, which appears to be the result of increased distribu- 
tion volume and decreased rate of metabolism. However, the magnitude of 
the inhibitory effect of THC appears to be small even on prolonged adminis- 
tration [175a]. Apparently, cannabidiol is a more potent inhibitor of drug 
metabolism and it seems that prolongation of barbiturate sleeping time by 
cannabis extracts is due to their cannabidiol content and is mediated by a di- 
rect effect on the microsomal enzyme systems [175a]. Pretreatment of mice 
with THC prolonged sodium thiopental sleeping time. This effect was poten- 
tiated by a-fluoromethylhistidine, a specific inhibitor of histidine decarbox- 
ylase. The mechanism of this synergistic action is obscure [ 1761. 

Recently, the identification and sleep-inducing properties of cis-9-octade- 
cenamide (oleamide, 33), a lipid found in the cerebrospinal fluid of sleep-de- 
prived cats, were reported [177]. In order to determine which brain receptors 
might be associated with this activity, oleamide was tested on a range of re- 
ceptors. It was found that oleamide potentiated the action of serotonin on 
5-HT2, and 5-HT2, receptors [178]. It was suggested that this effect ‘may 
represent a novel mechanism for regulation of receptors that activate G pro- 
teins and thereby play a role in alertness, sleep, and mood as well as disturb- 
ances of these states.’ 

CON& 

(33) oleamide 

Our group has looked at the problem from a different angle. We assumed 
that oleamide and anandamide may have common pharmacological fea- 
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tures as they possess related chemical structures - both are fatty acid amides, 
and as mentioned above, drowsiness or sleepiness are well-known effects in 
the later stages of intoxication by marijuana. This path of investigation re- 
ceived support from observations made by Santucci et al. who found that 
the CBI antagonist SR 141716A increased the time spent in wakefulness at  
the expense of both slow-wave and rapid eye movement sleep and suggested 
that the endogenous cannabimimetic system may regulate the organization 
of the sleep-waking cycle [ 1791. 

To establish a possible relationship between anandamide and oleamide we 
compared some in vivo and in vitro effects caused by them. We first examined 
oleamide in a tetrad of assays commonly used for the determination of can- 
nabinoid activity, including that of anandamide: (a) the ring immobility (cat- 
alepsy) test, which measures the percent of time mice remain motionless on 
a ring, (b) the open field test, which measures locomotor activity, (c) hy- 
pothermia and (d) antinociception. This tetrad of tests, when evaluated to- 
gether has proven to be highly predictive of cannabinoid action. The ED50 
values obtained for oleamide were compared to those of anandamide and 
d9-THC. It was found that oleamide has essentially the same profile as 
anandamide, although it is less potent in most tests. It was also found that 
oleamide increased the effect of anandamide in all four tests [179a]. How- 
ever, oleamide does not bind to either CB1 or CB2 [86, 1801. 

A fatty acid amide hydrolase (FAAH) causes hydrolysis of both oleamide 
and anandamide [50,5 11. We investigated the possibility that oleamide raises 
anandamide levels by inhibition of FAAH. Indeed, we found that oleamide 
dose dependently inhibited the hydrolysis of [ 14C]-anandamide by mouse 
neuroblastoma NI8TG2 cells. The ability of oleamide to affect the Ki of 
anandamide in competition binding experiments to CBI in transfected 
COS-7 cells was also investigated. In the presence of the amidase inhibitor 
PMSF, the observed Ki of anandamide decreased by approximately one or- 
der of magnitude. A similar enhancement in affinity was observed upon ad- 
dition of oleamide [ 179al. When PMSF and oleamide were present together, 
the affinity did not increase beyond the single order of magnitude. These 
observations, raise the possibility that the induction of sleep caused by ole- 
amide may be mediated by anandamide. 

‘MEDICAL MARIJUANA’ - IS IT BETTER THAN THC? 

Over the last few years, and in particular, during the months preceding the 
1996 USA general election, a heated public discussion took place over the le- 
galization of marijuana for medical use - in particular for amelioration of 
nausea and vomiting in cancer patients, for appetite stimulation in AIDS pa- 



R. MECHOULAM ETAL. 23 1 

tients, and against glaucoma as well as spasticity and pain in patients with 
multiple sclerosis and spinal cord injury. 

A marijuana pub, selling the drug to patients was closed in San Francisco. 
This resulted in a public outcry which ultimately led to a referendum on the 
issue. California and Arizona residents voted to legalize ‘medical marijua- 
na’, but the Federal Government declared that it will take legal action 
against physicians that prescribe an illegal drug. This unprecedented turmoil 
is in fact part of a much bigger social issue - should the USA legalize the 
use of cannabis (and later perhaps the use of all other illegal drugs) under 
certain restrictions, as was done with alcoholic drinks in the 1930’s. The sup- 
porters of this step believe that it will reduce sharply the crime rate, without 
significantly increasing the number of addicts. The US Federal agencies are 
strongly opposed and claim that addiction, in particular within certain so- 
cial groups, may become catastrophic. In their view the legalization of ‘med- 
ical marijuana’ is just the thin edge of the wedge and should be opposed. 
From the point of view of the medicinal chemist, this fierce debate, at least 
as regards cannabis, misses several central points. Most plant products of 
medical value are not usually administered as a crude plant extract but as a 
pure substance. In the Western world, morphine, not opium, is used against 
pain. The same is true for a long list of important drugs found in plants or 
micro-organisms. Why should not patients use THC rather than ‘medical 
marijuana’? Even if we assume that the groups supporting the use of canna- 
bis may be interested in the crude drug, rather than in THC, for ‘political 
reasons’, there are several advantages of ‘medical marijuana’ as compared 
with THC. Marijuana is usually smoked which, in this case at least, repre- 
sents a very efficient way of administration and the effects are noted almost 
immediately; many users claim that the effects are milder than those of 
THC. Besides, THC (dronabinol) is considerably more expensive than mari- 
juana. THC however has also significant advantages: it can be administered 
at exact dose levels. Cannabis contains additional cannabinoids which are 
difficult to quantify in each batch. THC and crude cannabis have not been di- 
rectly compared in patients. THC in an aerosol form presumably can be 
compared with smoked marijuana. Such experiments have yet to be at- 
tempted. 

A South American group has shown that CBD (27) has anxiolytic and 
antipsychotic properties [ 18 1,1821 and decreases the anxiety effects of THC 
[183]. Thus, it is quite possible that CBD (and other constituents?) in mari- 
juana ‘mellow’ the THC effect. Most of the clinical trials published so far 
are with THC or nabilone. Is it possible that marijuana is a better drug than 
THC, as is often claimed, because of the presence in it of both CBD and 
THC? If this is correct, is it also possible that other inactive constituents 
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also modify THC activity? This possibility has not been evaluated so far ex- 
cept for the cannabimimetic effect in the rhesus monkey. Over 25 years ago 
we reported that the general sedative effect of THC on rhesus monkeys is 
not modified by the presence of several of the major constituents in Lebanese 
hashish [ 1841. However, this assay is a rather gross one and it is quite possi- 
ble that it does not fully correspond to the effects in humans which may be 
more subtle, in particular as regards anxiety and mood changes. 

Surprisingly, in spite of the furore over ‘medical marijuana’ no compara- 
tive studies have been published, and we do not know whether (a) medical 
marijuana is indeed better than THC, as claimed; (b) whether the additional 
cannabinoids in crude cannabis (particularly CBD) impart desirable quali- 
ties to the drug and (c) whether better formulations of THC (with or without 
additional constituents) can be obtained. 

Synthetic A9-THC is indeed quite expensive to prepare. In particular, the 
conversion of A8-THC to d9-THC is a difficult and expensive process [l]. 
However, A8-THC can certainly be used in place of A9-THC. In all tests re- 
ported, d8-THC is qualitatively equivalent to A9-THC, although it may be 
slightly less potent [91]. Both compounds are essentially nontoxic in animals 
and humans [185, 1861. However, A8-THC is much more stable than A9- 
THC. The latter oxidizes easily to cannabinol; the former is stable. As a mat- 
ter of fact, it was found in an archeological dig nearly 1600 years after it 
was formed! [ 1871. dB-THC is much less expensive to prepare. So far how- 
ever, there has been only one clinical study with A8-THC [121]. 

HU-211 (DEXANABINOL) - A NEUROPROTECTIVE AGENT 

As discussed in some detail on p. 202 of this review, the enantiomers (-)-HU- 
210 (which retains the stereochemistry present in THC) and (+)-HU-211 
were originally prepared in order to establish whether the activity of the can- 
nabinoids is stereospecific. The synthetic path is shown in Figure 5.2 [25]. 
The intermediate ketones (5 and enantiomer) can be easily crystallized to ab- 
solute purity and therefore the final products HU-210 (3) and HU-211 (4) 
are obtained with e.e. higher than 98.8%. This was a central aim of our syn- 
thetic approach in order to make possible the eventual therapeutic use of 
the [3S,4s] enantiomer (4), as the presence of traces of the highly psychotro- 
pic [3R,  4R] enantiomer (3) could lead to undesirable side-effects. The enan- 
tiomeric purity of thrice recrystallized (3) and (4) was established by h.p.1.c. 
analysis of the diastereoisomeric bis(M1PA) esters obtained by reaction 
with (S)-(+)-cr-methoxy-a-(trifluoromethyl)phenylacetyl (MTPA) chloride. 
As expected, we found that HU-211 (4) has no cannabimimetic activity 
[20-241. However, unexpectedly, we observed that it exhibits pharmacologi- 
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cal properties typical of N-methyl-waspartate (NMDA) receptor antago- 
nists [188]. Binding studies with ['HITCP and [3H]MK-801 showed that 
HU-2 1 1 blocks NMDA receptors stereospecifically by interacting with a 
site close to, but distinct from, that of noncompetitive NMDA receptor an- 
tagonists and from the recognition sites of glutamate, glycine, and poly- 
amines. The NMDA receptor is one of the subreceptors of glutamate, which 
is now well-established as the transmitter at most excitatory synapses in the 
mammalian CNS. In numerous disease conditions (neuronal necrosis from 
cerebral ischaemia for example) or on brain trauma, overactivation of the 
NMDA receptor is noted. It causes increased influx of Ca2+ ions into cells 
leading to their death. While numerous NMDA antagonists have been 
tested, none has as yet passed the clinical tests because of various side- 
effects. 

IN VITRO STUDIES 

The interaction of HU-211 with the NMDA receptor led to the investigation 
of several of its effects on various physiological systems that could be of ther- 
apeutic interest. It was noted that HU-211 blocks the NMDA-induced 
[45Ca] uptake by primary neuronal cultures of rat forebrain [ 1891. While the 
NMDA glycine-operated channel was blocked, that of kainate was not. 
Furthermore, it was shown that HU-211 protects rat neuronal cultures 
against NMDA-mediated glutamate toxicity [ 190, 1911. HU-211 was found 
to inhibit the binding of ['HI MK-801, a widely investigated experimental 
non-competitive NMDA antagonist, to rat forebrain membranes, with a Ki 
of 11 .O pM, HU-211 is not identical with MK-801 in its effects: massive cell 
damage produced by nitric oxide (NO) is attenuated by HU-211 (1-10 pM) 
but not by MK-801 (up to 30 pM). HU-211 is an effective scavenger of per- 
oxy radicals in vitro. Cultured neurons were protected from the toxic effect 
of several free radical generators, or anoxia [ 1921. 

IN VIVO STUDIES 

The above encouraging results led to numerous in vivo investigations. We 
had already reported that HU-2 1 1 blocked NMDA-induced tremor, convul- 
sions and death in mice [ 1881. As numerous effects of brain trauma, ischae- 
mia and bacterial infections in the CNS are associated with delayed mecha- 
nisms of damage, mediated by glutamate, the action of HU-211 on such 
conditions was investigated. In a series of papers, Shohami and collabora- 
tors reported that some effects of closed head injuries in rats could be signif- 
icantly improved by HU-2 1 1 administration [ 193- 1961. Thus HU-2 1 1 ,  
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5 mg/kg i.v. administered up to 4 h after closed head injury resulted in signif- 
icant reduction of oedema formation, improvement of clinical status (estab- 
lished by a standard neurological severity score), and of spatial memory 
(water maze measurements). The integrity of the blood brain barrier (BBB) 
is severely broken down on brain injury. HU-211 was found to improve 
BBB integrity. A significant accumulation of Ca2+ in several brain regions 
takes place on closed head injury. HU-211 attenuated such accumulation, 
indicating that the proposed mechanism of action - blockage of the 
NMDA-operated Ca++ channel - is most probably correct. 

Tumour necrosis factor-a (TNFa) accumulates in the brain after trauma. 
This cytokine is known to be an important factor in delayed CNS damage. 
It was found that, in addition to its anti-NMDA effect, HU-211 causes up 
to 90% inhibition of the TNFa surge after closed head injury in rats [ 1951. 
Bacterial and viral infections of the CNS are known to cause secretion of 
the TNFa as well as interleukin-1 and other cytokines which are involved in 
the inflammatory process and may cause secondary damage. Such infections 
may result in high mortality. It was found that rats infected with Streptococ- 
cus pneumoniue suffered less cerebral oedema on treatment with a combina- 
tion of a suitable antibiotic with HU-211 than the antibiotic alone [196]. 

In two experimental models of ischaemia, it has been shown that HU-211 
significantly increases cell survival. It was seen that after forebrain ischae- 
mia produced by 20 min of carotid occlusion, the number of viable neurons 
in the hippocampal CAI region of HU-21 1-treated rats was significantly 
higher than in controls. The same effect was seen in gerbils after 10 min of bi- 
lateral carotid occlusion on treatment with HU-211 [197, 1981. A related ef- 
fect has been noted after rat optic nerve crush injury. Administration of 
HU-211 improved recovery of the nerve, with the visual evoked response 
amplitude increasing significantly [ 1991. 

These encouraging results have led to an examination of the physiological 
and toxicological effects of HU-211, which were compared with those pro- 
duced by MK-801. Doses of 8-20 mg/kg HU-211 administered to rats (i.v. 
or i.p.) produced no ataxia, tremors, hyperactivity or coma as seen with 
MK-801. The latter compound and other NMDA antagonists are known to 
produce vacuolization of neurons in the posterior cingulate cortex. No 
such effect was observed with HU-211 [200]. Oral toxicity was studied in 
rats and cynomogous monkeys (28 day study; 5-50 mg/kg per day). An i.v. 
toxicity trial was undertaken with rats and rabbits (14 day study; 1-8 mg/ 
kg per day). No signs of systemic toxicity were noted and no lethality was ob- 
served [200]. A phase I trial in volunteers (doses up to 100 mg) has been com- 
pleted. No undesirable CNS effects or changes in blood pressure were noted. 
HU-211 is now in Phase I1 trials in several hospitals in Israel in cases of 
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Figure 5.5 Water-soluble derivatives of HU-211 

CNS trauma. The biomedical research on HU-211 has been reviewed [14, 

HU-211 is highly liposoluble, which makes it readily accessible to the cen- 
tral nervous system since it readily crosses the blood brain barrier. However, 
its poor solubility in water hampers development of formulations suitable 
for i.v. administration. In order to overcome this drawback, Popp et al. 
have prepared a series of water-soluble salts of glycinate esters (attached to 
the allylic hydroxyl) and salts of amino acid esters containing tertiary and 
quaternary nitrogen heterocyclics (attached to the phenolic hydroxyl) (see 
Figure 5.5)  [201, 2021. Most of the new compounds were relatively soluble 
in water or 10% aqueous ethanol, and showed neuroprotective properties, at- 
tributed to the parent compound, formed on hydrolysis of the esters in v i v a  

2001. 

CONCLUSIONS 

We have presented a somewhat subjective overview of the impressive devel- 
opments achieved in the biochemistry of cannabinoids in the last decade. 
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From being a limited, specific topic in phytochemistry and psychobiology, 
cannabinoid research has become one of central importance in neurobiol- 
ogy, with implications in various areas. The newly discovered endogenous 
ligands - in particular anandamide - are rapidly gaining an important place 
in our understanding of signal transduction in neuronal cells, and in expand- 
ing our view in basic processes, stretching from reproduction to motor co- 
ordination, sleep, memory and presumably emotions. Anandamide seems 
to be, alongside GABA, a central inhibitory molecule in the CNS. 

These impressive advances in biology have not been paralleled by devel- 
opments in the therapeutic area. The psychotropic effects of d9-THC, and 
the stigma attached to cannabis as an abused drug, has resulted in a pro- 
nounced lack of enthusiasm within the pharmaceutical companies. How- 
ever, the recent development of cannabinoids that do not cause a psychotro- 
pic effect, and yet have therapeutically important features (HU-211, for 
example), the discovery of antagonists and of cannabinoids that bind prefer- 
entially to the peripheral CB2, may bring about enhanced pharmaceutical 
research. 
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