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Preface

“An intellectual is a man
who takes more words than necessary
to tell more than he knows.”
Dwight D. Eisenhower (1890-1969)

In 1932 J & A Churchill Ltd published the first edition of Recent Advances
in Anaesthesia and Analgesia (Including Oxygen Therapy). Nearly 70 years
later we commented in the Preface to the Millennium (21st) edition of Recent
Advances in Anaesthesia and Analgesia that the pace of advances in anaes-
thesia showed no sign of abating. Although 2 years further on this statement
remains true, change has now affected the title as well. Harcourt Publishers
Ltd has transferred the title from Churchill Livingstone to Greenwich
Medical Media Ltd. Coincident with the transfer it was decided to include
more Intensive Care Medicine topics and consequently the title has been
changed to Recent Advances in Anaesthesia and Intensive Care. In association
with this change, we are pleased that Dr Michael Grounds has joined the
editorial team.

The range of topics covered in this issue represent all aspects of anaesthesia
from basic science to clinical practice, from training the anaesthetists of
the future to relevant medical conditions, from optimization of patients to
resuscitation of patients. As always, the editors are grateful to the many
distinguished colleagues who have contributed to Recent Advances in Anaes-
thesia and Intensive Care — 22. The first three chapters present developments
in pharmacology. It is now appreciated that there are two related, but unique
isoforms, of the cyclo-oxygenase (COX) enzyme, which play important
but different physiological and pathophysiological roles. An understanding
of the differences between COX-1 and COX-2 is necessary for the logical
development of new anti-inflammatory drugs. In their chapter on The COX
Enzyme System, Dr Bishop-Bailey and Prof. Warner clearly elucidate these




viii Preface

differences and their significance. Over recent years, drug stereochemistry
has become a topic of considerable interest, with much discussion on the
relative merits of using single isomer versus racemic mixtures of chiral drugs.
Advances in chiral technology permit the commercial synthesis of single-
isomer compounds. Dr Hutt considers the relevance of drug chirality to
anaesthesia. With all of this interest in drug stereochemistry it is probably no
surprise that chirality has been important in the development of new local
anaesthetic agents. In his chapter on New Local Anaesthetics, Dr McLeod
describes in detail recent advances in molecular biology with respect to nerve
conduction as well as concepts of the method of action of local anaesthetics;
he discusses both levobupivacaine and ropivacaine in detail.

The prevalence of asthma in society has increased dramatically over the
past 30 years and at the same time the death rate has also been increasing
alarmingly. Drs Cormican and Rees suggest that the reasons for the increase
in the prevalence of atopy are still poorly understood, although a number of
explanations have been proposed. They describe current understanding with
regard to the epidemiology, genetics and immunopathology of asthma as
well as discussing the implication of asthma for anaesthetists. In his chapter
on reducing mortality and complications in high-risk surgical patients,
Dr Grounds emphasizes that over the last quarter of a century the incidence
of death following surgery, that is directly attributable to anaesthesia, has
fallen. He suggests that deaths and complications after operation can never-
theless be reduced further in high-risk patients by the implementation of
early aggressive goal-directed therapy aimed at temporarily improving the
cardiovascular performance of these patients.

In the next chapter on an intensive care medicine topic, Prof. Gattinoni with
Drs Chiumello and Pelosi argue the merits of prone position lung ventilation
in patients with acute lung injury or the adult respiratory distress syndrome.
They review the pathophysiology related to the prone position, the mechanisms
for improving gas exchange and the existing clinical data on the use of prone
position ventilation in patients with this spectrum of lung damage. Antibiotic
resistance is a source of increasing concern, particularly among patients in the
intensive care unit. In their chapter on Antibiotics and Nosocomial Infection in
the Intensive Care Unit, Prof. Chastre and Dr Trouillet point out that the excess
hospital costs due to antimicrobial resistance may reach tens of billions of
dollars a year in the United States of America. They discuss the root cause of
the problem and the core issues and suggest that apparently adequate control
strategies are unlikely to succeed without clear strategic objectives.

Neuropathic Pain, as Drs Petrenko, Yamakura, Baba and Prof. Shimoji
point out, is a formidable syndrome that complicates a variety of disease
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states. They describe the current understanding of the pathophysiology of
neuropathic pain, in particular ectopic hyperexcitability and abnormal sodium
channels, as well as central sensitization and NMDA receptor activation.
Dr Petrenko and colleagues then consider in detail the clinical presentations
and treatment of neuropathic pain states.

In Managing Medical Mishaps: Learning lessons from industry, Drs Parker
and Lawton outline the factors that influence the likelihood of medical failure
and how other safety-critical high-risk industries have tackled the problem of
error. They stress the importance of moving from a person-centred approach
towards a systems approach encompassing the basic premise that human
beings are fallible and that errors will always be made. Nevertheless as
Ms Hallinan and Dr Davies point out, anaesthesia today is remarkably safe,
probably as a result of the high standards of training and of equipment. In
their chapter on Legal Issues in Anaesthesia and Intensive Care, the principles
behind legal actions for clinical negligence are reviewed together with a
discussion of the issues of consent and criminal liability. Anaesthetists are
involved in education and training both at an undergraduate and at a post-
graduate level. As educational concepts continue to evolve, Drs Stanley and
Cashman have reviewed the objectives and strategy for training anaesthetists
for the future, and the objective of ensuring life-long learning within the
profession. Finally, we make no apology for returning to the fast evolving
subject of resuscitation. Not many years ago, the Royal College of Physicians
of London stated that all persons involved in direct patient contact should be
familiar with the latest resuscitation techniques. Drs Binns and Rowland have
compiled a comprehensive review of the latest in resuscitation technology,
including the most recent evidence on the beneficial effect of hypothermia in
improving outcome after cardiac arrest.

Recent Advances in Anaesthesia and Intensive Care is committed to keeping
anaesthetists abreast of the very latest developments in our specialty. The
editors trust that the reader will find the chapters in this issue as stimulating
and interesting as they themselves have done.

London APA
September 2002 J.N.C
R.M.G
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PLA, Arachidonic acid

/ Prostacyclin
v\A Thromboxane

PGH2 —*  PGD;

Endoplasmic
reticulum

Free radical initiator \ PGFy,,

PGE,

Figure 1 COX catalyses the formation of PGH,, the precursor of all prostanoids, from
arachidonic acid.

in the body. COX is a particulate enzyme found in the microsomal fraction of
all tissue types.! It is localised mainly in the endoplasmic reticulum, but is also
found in the nuclear envelope and plasma membrane.>* The catalytic site of
COX is located in the cytosolic region of the protein.* Although COX can use
the free fatty acids 8,11,14-eicosatrienoic acid and 5,8,11,14,17-eicosapenta-
enoic acid as substrates, arachidonic acid (5,8,11,14-eicosatrienoic acid) is
preferentially metabolised.* COX has two main catalytic components.®’
The first is a bis-oxygenase (a COX), which inserts two molecules of oxygen
into the C20 carbon skeleton at C11 and C15 (forming a hydroperoxide
group) of the arachidonic acid molecule. The resulting molecule, PGG,, is a
cyclopentane with an endoperoxide bridge. The second step, forming PGH,,
involves a hydroperoxidase, which reduces the C15-hydroperoxyl group to a
hydroxyl. The bis-oxygenase and hydroperoxidase activities are distinct, but
are catalysed by the same protein.? Both enzymic activities require the presence
of a haem group (Fe?"), and oxygen. Physiological inactivation of COX
appears to be by two separate mechanisms:

a) the ‘suicide’ inactivation of the bis-oxygenase, and

b) inactivation of both enzymic activities by hydroperoxides.

Hydroperoxides, although required for COX activity, inactivate both catalytic
centres, most likely through binding amino acids leading to conformational
changes in the protein tertiary structure.’

Formation of Arachidonic Acid

Arachidonic acid is an unsaturated 20 carbon chain (20 C: 4 double bonds)
lipid usually found at the 2-acyl position of the membrane phospholipid.
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Its liberation involves the activation of phospholipases,'®!" mostly by

direct action of phospholipase A, on phosphatidylcholine or phos-
phatidylethanolamine. However, arachidonic acid can also be formed through
phospholipase D, or through phospholipase C and diacylglycerol lipase.'? The
free arachidonic acid can then either be utilised by a variety of metabolis-
ing enzymes, including COX, lipoxygenase or epoxygenase enzymes, Or
re-esterified back into the membrane lipids.'? Phospholipase A, is considered
the rate limiting enzyme for arachidonic acid and prostanoid production,'* as
well as another potent lipid mediator, platelet-activating factor.’ Similar to
COX, phospholipase A, exists in multiple isoforms (10 currently identified),
which can be loosely classified into low molecular weight (14-18 kDa) secretory
phospholipase A,, high molecular weight (31-110kDa) cytosolic phospho-
lipase A, (cPLA,)'® and high molecular weight cytosolic calcium independent
phospholipase A,.!'” cPLA, isoenzymes are ubiquitously expressed, and pref-
erentially cleave arachidonic acid containing phospholipids.'® Moreover
cPLA, have a lower requirement for Ca?* (uwM) than phospholipase A,
(mM)." Phospholipase A, are induced by cytokines such as interleukin-1
(IL-1),2%2! and are mainly considered to act extracellularly.?? cPLA, due to its
low Ca?* requirements, its cytosolic location, and arachidonic acid substrate
specificity has been considered the isoform that is most likely to link phos-
pholipids to COX activity, under ‘physiological’ conditions.!® Much less is
known about the role of phospholipase A,, though recent evidence suggests it
may be involved in membrane phospholipid remodelling.!”

Glucocorticoid steroids, such as dexamethasone, are potent anti-inflammatory
agents that inhibit the actions of phospholipase A,, and therefore inhibit
eicosanoid/prostanoid production.?? Glucocorticoids induce the synthesis of
lipocortin-1, a Ca?*/lipid binding protein that prevents the access of phospho-
lipase A, to substrate phospholipids.*

COX Exists in Constitutive and Inducible Isoforms

The hypothesis that multiple isoforms existed in the COX pathway was
initially suggested by Flower and Vane.?> In different organ homogenates
they observed that the formation of prostanoids had different sensitivities to
inhibition by NSAIDs, and acetaminophen (paracetamol). Further investiga-
tion into enzyme turnover rates also suggested the existence of different
‘pools’ of COX,?¢ although not distinguished into structurally different
isoforms.

COX-1 was first purified from sheep vesicular glands,® and was subse-
quently shown in the denatured state to have a molecular weight of approx-
imately 70 kDa. The COX-1 protein from this tissue was not cloned and
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Table 1 Inducers of COX-2

Cell Type Reference Inducers
Fibroblast (Chicken embryo) 28 rous sarcoma virus
Fibroblast (Swiss 3T3) 29 IL-1

Human umbilical vein endothelial cells (HUVEC) 27 IL-1
Monocyte (human) 31 IL-1
Epithelial (lung human) 32 IL-1
Smooth muscle (human vascular) 33 IL-1
Smooth muscle (rat aorta) 34 PDGF, TGF-B, IL-1
Mast cell (Mmmc-34) 35 IgG/antigen

expressed until 12 years later.! The cDNA encoded a 2.8 kb mRNA which
translated a protein with an approximate molecular weight of 66kDa.
Little is still known of how COX-1 is regulated, although small changes in
mRNA levels (approximately three fold increase) was seen in phorbol

12-myrostrate 13-acetate-treated human umbilical vein endothelial cells
(HUVEC).?”

Soon after the cloning and expressing of COX-1, a novel lipopolysac-
charide/cytokine-inducible isoform of COX (COX-2) was described,?®?* which
unlike its constitutive (constitutive COX: COX-1) counterpart, is regulated
by glucocorticoids.?® Table 1 gives an example of the cell types expressing
COX-2 and agents that induce its activity.

Agents that have now been demonstrated to induce COX-2 also include
tumour growth factor-B (TGF-B), forskolin, colony stimulating factor-1,3
hormones such as progesterone, or luteinising hormone (rat granulosa
cells®”), bacterial lipopolysaccharide (macrophage®), phorbol ester (rat
intestinal epithelial®®), endothelin-1 (rat mesangial*’), 5-HT (rat mesan-
gial*!), lysophosphatidylcholine (human umbilical vein endothelial cells*?)
and laminar shear stress (human umbilical vein endothelial cells*}). In fact,
almost without exception it is possible to induce COX-2 with at least one
stimulus in any nucleated cell.

Comparison of COX-2 vs. COX-1

The COX-2 gene is an immediate-early response gene,** a type of gene asso-
ciated with control of the cell growth cycle. The COX-2 gene was identified
in chicken embryo fibroblasts transformed by rous sarcoma virus (initially
termed CEF-147%%), and as an already discovered gene product (initially
termed TIS10 early response gene) in phorbol ester treated Swiss 3T3 fibro-
blasts.?’ The cDNA for CEF-147 and TIS10 coded 4.1kb and 3.9 kb mRNA
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products, respectively. The coding and expression of cDNA for a functional
COX-2 has now been shown in mouse fibroblasts, human monocytes?! and
human umbilical vein endothelial cells.?” COX-1 and COX-2 show about
60% homology at both the cDNA and amino acid level, the structural and
enzymic components being the most highly conserved. The main difference
in polypeptide structures is a longer N-terminal sequence of COX-1%7, and a
18 amino acid cassette in the C-terminus of COX-2.272° However it is not
clear, whether these differences serve any functional purpose.

The crystal structures of COX-1 and COX-2 indicate that they are virtually
superimposable.** The genomic DNA and cDNA for COX-1 and COX-2
have now been isolated. COX-1 has 11 exons while COX-2 has only 10. The
main differences occur in the 5’ flanking promoter region, which confer regu-
latory elements including binding sites for CAAT/enhancer binding protein,
a TATA box, two activation protein-2 sites, three nuclear factor (NF)kB sites,
cyclic adenosine monophosphate (cAMP) response element and FEts-1.%
Furthermore, the gene encodes a large number of AU repeats in the 3’ untrans-
lated region giving rise to the characteristic instability of the mRNA, seen with
other early response genes.*® Indeed, part of the mechanism of induction by
IL-1ac and IL-1B is considered to be stabilisation of the COX-2 mRNA,*’
while one of the actions of the glucocorticosteroids such as dexamethasone
may be to reduce COX-2 protein expression by destabilising mRNA.*

Although the catalytic actions* and substrate use*” of COX-1 and COX-2
are virtually identical, several differences have been demonstrated in
substrate requirement and product formation. For example, COX-2 requires
10-fold less hydroperoxide activator for function.’® In this respect, in a
system where both COX-1 and COX-2 are present, it is possible that only
COX-2 may be active.>°

Prostanoid Biosynthesis

PGH, is an unstable moiety, and is further converted enzymically and non-
enzymically into the family of prostanoids. The main bioactive
prostanoids produced are PGL,, PGE,, PGF,,, PGD, and TXA,, the actions
of which are summarised in table 2. The release of specific prostanoid
metabolites from individual cell types depends on the relative abundance
of their respective synthases; the actions of which are summarised in the
following sections.

PGl, biosynthesis
PGI, was discovered in 1976, as a factor isolated from bovine aorta, with
smooth muscle relaxant and anti-platelet properties.’’ Although produced in



Table 2 Bioactivity of the prostanoids

Metabolite PGl, PGE, PGF,, TXA, PGD,
Vascular Vasodilation Vasodilation Vasoconstriction Vasoconstriction
or vasodilation

Decrease blood pressure Decrease blood pressure Increase BP
Platelet Anti-aggregation Anti-aggregation Platelet aggregation Anti-aggregation
Lung Bronchodilation Bronchodilation Bronchoconstriction
Pain Hyperalgesia Hyperalgesia Nociception
Others Decrease gastric secretion ~ Decrease gastric secretion  Constriction of gut Lymphocyte proliferation Hypothermia

Cytoprotection
Decrease cell proliferation
Anti-lipidaemic

Cytoprotection
Decrease cell proliferation
Anti-lipidaemic

and uterine smooth
muscle

Luteolysis
ACh release

Increase cell profileration

Anti-convulsive
Sleep induction
Decrease LH release
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the smooth muscle, the majority of PGI, production is endothelium derived,
due to the high levels of COX and PGI, synthase in this tissue. PGI, has a
physiological half-life of 2-3 min’? due to rapid hydrolysis to 6-keto PGF,,,
a more stable product with very little biological activity, often used as an
index for PGI, release.

PGE, biosynthesis

PGE, can be synthesised via both enzymic and non-enzymic pathways,'? both
of which having degrees of glutathione dependency. Rat liver glutathione-
S-transferases has PGE synthase activity,’> while distinct PGH-PGE isomerases
have also been isolated in bovine’* and ovine vesicular glands.>> However, high
concentrations of glutathione alone can also cause the isomerisation from
PGH, to PGE, non-enzymically. Recently a cytokine-inducible, glutathione-
dependent, particulate PGE synthase has been identified, which may be func-
tionally coupled to the induction of COX-2.5¢

PGF,, biosynthesis

PGF synthase'? has two active sites, converting PGH, and PGD, to PGF,,
and 11-epi-PGF,, respectively. The reaction is a reduction process requiring
NADPH for the catalysis.

PGD, biosynthesis

There appears to be atleast three different proteins capable of PGD synthase
activity, which have been purified from the soluble fractions of rat spleen, liver
and brain.'? The enzymes purified from spleen’” and liver’3 show glutathione-
S-transferase activity, the catalysis of PGD, also being glutathione-dependent.
The PGD, synthase purified from rat brain®® (often also referred to as B-trace)
is glutathione-independent, the ¢cDNA codes for a 20kDa protein with
sequence homology to a set of transporter proteins, the lipocalin family.>

TXA, biosynthesis

TXA, synthase has been purified®® and cloned,®! and like PGI, synthase is a
cytochrome P-450 enzyme. TXA, is the major COX metabolite in platelets,
where it was initially discovered.®? It has a relatively short physiological half-
life of approximately 30s, and like PGL, is rapidly hydrolysed to a stable
inactive metabolite, TXB,.63-64

Prostanoid receptors and second messenger systems

Molecular characterisation indicates that these receptors all belong to the
family of seven transmembrane domain linked G-protein receptors. Table 3 is
a brief summary of the classification of prostanoid receptors modified from the
International Union of Pharmacology Classification of Prostanoid Receptors:
Properties, Distribution, and Structure of the receptors and their subtypes.®’



Table 3 Characterisation of prostanoid receptors

Agonists Distribution 2nd messenger
EP; PGE,, iloprost, sulprostone smooth muscle, myometrium Increase in intracellular Ca?* via G411, and
phosphoinositol turnover
EP, PGE,, butaprost, misoprostol Smooth muscle, epithelial cells (non acid cAMP through stimulation of adenyl cyclase
secretions), mast cells, basophils, through Gg
sensory afferent neurons
EP; PGE,, enprostil, sulprostone, Smooth muscle, autonomic nerves, At least six splice variants of EP; receptors have
misoprostol adipocytes, gastric mucosa (acid been identified linked to either inhibition (G;,) or
secretion), renal medulla (water activation (Gg) of adenyl cyclase, and increase in
reabsorption) intracellular Ca®* via Gy/15, involving Pl turnover
EP, PGE; (other agonists weak), Piglet saphenous vein smooth muscle cAMP through stimulation of adenyl cyclase

recently discovered and very
little information available

IP PGl,, iloprost, cicaprost

EP, TXA,, STA,, 46619

FP receptors PGF,,, fluprostenol

DP receptors PGD,, 9-deoxy-A®-PGD,

(rabbit saphenous and jugular veins,
rat trachea, and hamster uterus

platelets, vascular smooth muscle,
sensory afferent neurones

platelets, arterial and venous vascular
smooth muscle, airway smooth muscle,
gastrointestinal epithelial cells,
mesangial cells, myofibroblasts

corpus luteum, iris, myometrium

Platelets, vascular smooth muscle,
non-vascular smooth muscle, CNS

through Gg

cAMP through stimulation of adenyl cyclase
through Gg

Increase in intracellular Ca®* via G4, involving
activation of PLC and phosphoinositol
turnover

increase in intracellular Ca?* via Gy/11, involving
PLC activation and phosphoinositol turnover

cAMP through stimulation of adenyl cyclase
through Gg

22 @leD eAISUBIU| pue BISBYISeBUY Ul SSOUBAPY JU80eY
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Peroxisome proliferator activated receptors (PPAR)

Peroxisome proliferator activated receptors are a family of three nuclear
receptor/transcription factors termed PPARa, PPARS(B), and PPARy.
Recently, the PGD, dehydration product 15-deoxy-A'>!*-PGJ, was shown to
activate the nuclear receptor PPARYy, promoting differentiation of fibroblasts
into adipocytes,®®¢7
pathway on which COX- metabolites may exert their effects.®® Subsequently,
15-deoxy-A'>'*-PGJ, and PGI, have been shown to activate PPARa, and
PPARS.%8

indicating the possibility of a new intracellular receptor

Functional Studies

The roles of COX enzymes have been studied by a variety of methods.
Outlined below are examples from animal studies using genetic knockout
experiments, and animal and clinical studies using pharmacological
inhibitors.

Studies with Knockout Mice

In mice it is possible to selectively remove genes by a process called homolo-
gous recombination. This gene ‘knockout’ procedure can give extremely
important information on the role of the particular gene studied. Both COX-1
and COX-2 have been successfully disrupted in mice. COX-1 knockout
mice appear normal apart from their ability to produce viable offspring.
The genetic disruption of COX-2 in mice appears to have more severe conse-
quences, with effects being noted on the formation of nephrons, the heart,
and female fertility (see table 4).

Table 4 Summary of the major findings in studies describing COX-1%° and COX-27%""
knockout mice

COX-1 knockout

COX-2 knockout

Good survival
No gastro-pathology

Reduced indomethacin induced gastric
ulceration

Reduced platelet aggregation
Decreased inflammatory response to AA
No viable offspring

Poor neonatal survival
Chronic nephropathology

Poorly developing nephrons
Peritonitis

No reduction in TPA induced ear swelling
Responses to AA unchanged

Females largely infertile

Myocardial fibrosis

Decreased TNF induced hepatocyte
Necrosis
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Inhibition of Prostanoid Biosynthesis: NSAIDs and COX-2
Inhibitors

The main therapeutic uses of the NSAID inhibitors of prostanoid biosyn-
thesis are in inflammation and mild-to-moderate pain.”? Elevated concentra-
tions of prostanoids have been observed in almost all forms of human acute
and chronic inflammatory conditions studied. PGE,and PGI, at physiological
levels do not appear to directly cause oedema formation and pain, but
strongly synergise with directly acting pro-inflammatory mediators, such as
bradykinin and histamine to cause plasma exudation’® and pain.”* Further-
more, PGE, is also a potent pyrogenic factor.”®

NSAIDs — Non-selective COX Inhibitors

In 1971, Vane showed that aspirin, indomethacin and salicylate all inhibited
COX activity.”® Since then, three different mechanisms of inhibition have
been described for the action of NSAIDs on COX:

1. aspirin is unique, as it irreversibly inhibits COX by acetylation of
hydroxyl groups on serine residues, Serss, — acetylation results in
inactivation of the bis-oxygenase activity.”” Aspirin is also metabolised
to the anti-inflammatory salicylate;

2. compounds including ibuprofen and salicylate act as reversible
competitive inhibitors of the arachidonic acid binding site of COX;”®
while

3. compounds, including indomethacin-like drugs, non-competitively
inhibit COX in a time-dependent manner, without covalent modification
of the enzyme.”®

It is also very important to note that the NSAIDs are of different chemical
classes, and even within the same class can have different structures and
properties; so in clinical usage one must also consider these physico-chemical
properties (e.g. many NSAIDs are acidic), pharmacodynamic factors, which
give rise to vastly different plasma half lives, binding to plasma proteins,
plasma clearance and routes of excretion.

The COX-2 Inhibitor Hypothesis

Most of the traditionally used NSAIDs are considered relatively safe drugs.
The most common adverse reactions for NSAID users are gastrointestinal
complications ranging from dyspepsia (at least 10-20%), to severe gastroin-
testinal complications (approximately 1%), of which there is a mortality rate
of 4-10% per year.”” However, due to the vast usage of these compounds
throughout the world (the equivalent of 120 billion 300 mg doses of aspirin
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alone are consumed each year) this low incidence of severe events still
equates to a very large amount of affected people.

Though the acidic chemical nature of many of the NSAIDs may account for
some of the damaging effects seen®® it is likely that most adverse events of
NSAIDs occur through inhibition of COX activity. At best the traditional
NSAIDs are equipotent inhibitors of COX-1 and COX-2 but many show
selectivity towards the inhibition of COX-1.81-83 Since COX-2 is thought to
be responsible for prostanoid production associated with deleterious events
in pathology, and COX-1 products for beneficial ‘house-keeping’ roles, most
effort has centred on the development of COX-2 selective inhibitors for the
treatment of musculoskeletal disorders such as osteoarthritis (OA) and
rheumatoid arthritis (RA), as well as pain.

Selective COX-2 inhibitors: experimental findings

A number of selective COX-2 inhibitors have been described over the last 10
years. It is important to note that the degree of selectivity for COX-2 vastly
varies upon the assay system used,?* making it difficult to state unequivocally
what relative effects these drugs have on COX-1 and COX-2 in vivo.
However what is generally common to all the assay systems tested, is that
when comparing the relative selectivities of compounds between assays the
rank orders of selectivities usually look very similar.

Mechanistically the actions of the inhibitors displaying selectivity towards
COX-2 fall into two groups.

e The ‘coxib’ class which act in a manner similar to that of indomethacin,
causing competitive, time-dependent inhibition of COX-2.84-8¢ The
mechanism by which these compounds work is by utilising their ability to
access the hydrophobic arachidonic binding site of COX-2 due to the
amino acid difference of isoleucinesyy (COX-1) to valinesyy (COX-287).

* Meloxicam which is a competitive inhibitor of COX-2. Meloxicam
modelled by crystal structure analysis within COX-2 fits within an
additional flexible extra space created by the change at isoleucine,s4
(COX-1) to valineyz4 (COX-2), allowing it longer-term access. Other
common NSAID/arachidonic acid binding sites such as Arg;,,, near the
mouth of the entrance into the active catalytic centre are not different
between COX-1 and COX-2.%8

Some of the earliest generated selective COX-2 inhibitors, such as NS-398,8%%
L-745,337°" and SC58125%2 were used for laboratory based studies and shown
in various models to be anti-inflammatory without causing gastrointestinal
lesions. This research led to the discovery of a number of compounds with
COX-2 selectivity suitable for clinical use, e.g. celecoxib (Celebrex®), and
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rofecoxib (Vioxx®). Other compounds such as meloxicam (Mobic®), which
also displays COX-2 selectivity, was discovered in earlier times through the
pharmacological pursuit of compounds displaying anti-inflammatory activity
but a reduced ability to promote gastrointestinal damage.

Clinical use of NSAIDs

Experience following the clinical use of NSAIDs and COX-2 inhibitors
together with experimental animal and cell culture studies, has given us a
great deal of information about the functional roles of COX-1 and COX-2
within the human body. Clinically traditional NSAIDs and COX-2-selective
inhibitors are most widely used for the treatment of inflammation and pain.
Use of NSAIDs, and to a lesser extent COX-2-selective inhibitors, is most
commonly associated with gastrointestinal and cardiovascular side-effects,
and less commonly with renal and reproductive complications. The functions
of the COX-1 and COX-2 enzymes that may explain these drugs’ beneficial
and detrimental effects are discussed in detail below.

Roles of COX Enzymes
Inflammation and pain — experimental perspective

The classical signs of inflammation are heat (calor), redness (rubor), swelling
(tumour) and pain (dolor) and loss of function. Prostaglandins can contribute
to all these stages of the inflammatory response. Indeed, PGE, has been
implicated as one of the major mediators in inflammation;”* PGE, promotes
local vasodilation within the microcirculation and so promotes oedema and
erythema (calor, rubor, tumor), and although not directly pain-producing it also
causes hyperalgesia (dolor). PGE, is also a potent pyrogenic mediator. Although
NSAIDs have little effect on the allergic responses PGD, is also released periph-
erally by mast cells, and may therefore contribute to the inflammatory milieu of
hypersensitivity type reactions.

Although COX-1 is likely to be involved in acute inflammatory responses,
COX-2 is the major enzyme responsible for the production of chronic
inflammatory prostanoids. Inflammatory mediators induce high levels of
COX-2 protein, and prostanoid release, while COX-1 concentrations remain
relatively stable. Furthermore, COX-2 is expressed in chronic inflammatory
lesions in both animal models and human beings.”*

Inflammation and pain: clinical perspective

NSAIDs are clinically efficacious for the symptomatic treatment of
osteoarthritis, rheumatoid arthritis and pain. The choice of NSAID is
commonly a matter of patient preference due to tolerance, rather than any
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generalised comparative efficacy. Clinical trials have been performed to
establish the efficacy of COX-2-selective inhibitors in osteoarthritis, rheuma-
toid arthritis and pain (tooth extraction).”

Inflammation

Patients with osteoarthritis or rheumatoid arthritis are commonly recruited
into these clinical trials after a flared response following withdrawal of their
usual NSAID therapy. In osteoarthritis studies the patient or patient/phys-
ician assessment of global arthritis and/or level of pain shows that COX-2
inhibitors celecoxib (vs. naproxen®®), rofecoxib (vs. ibuprofen®’), or
meloxicam (vs. diclofenac®®) are as efficacious as compared with NSAIDs (in
parentheses). Similar results have also been reported in trials of rheumatoid
arthritis patients.

Pain

A common clinical model to test the analgesic activity of these agents is their
ability to reduce the pain following molar extraction. Analogous to the inflam-
mation studies, celecoxib (vs. ibuprofen®), and rofecoxib (vs. ibuprofen®-11)
are found to be at least as efficacious as traditional NSAIDs in time-to-effect,
duration of effect, and overall analgesic effect.

Fever

For fever studies, patients included were those with fever from a naturally
occurring viral associated illness. Similar to previous discussed studies rofe-
coxib was as equi-active to ibuprofen when determining both time to effect
or duration of reduction in the febrile response.!??

Thus, many studies have now shown that COX-2 inhibitors are efficacious
in the treatment of inflammation, pain and fever. The studies cited here were
selected from this body of literature as they were all designed to allow
comparisons between COX-2-selective inhibitors, and currently used non-
selective NSAIDs, and a placebo. Currently in the USA rofecoxib is licensed
for use in osteoarthritis and acute pain, celecoxib is licensed for osteoarthritis
and rheumatoid arthritis, and meloxicam is licensed for osteoarthritis. It is
clear that the new generation of COX-2-selective compounds are as effica-
cious as traditional NSAIDs on their therapeutic target areas.

Gastrointestinal tract: experimental perspective

PGE, and PGlI, released in the gastrointestinal tract reduce gastrointestinal
gastric acid secretion, cause vasodilation of the gastric mucosa microcircula-
tion, and stimulate protective mucus and bicarbonate secretion.'® It is well
established that traditional NSAIDs cause gastrointestinal damage, and this
effect is often attributed to inhibition of PG production. COX-1 is found at
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high concentrations throughout the gastrointestinal tract, although there is
now evidence for some expression of COX-2 in human gastric mucosa,'®*
and so it is commonly held that it is inhibition of COX-1 that underlies the
gastrointestinal toxicity of traditional NSAIDs. Indeed, there is generally a
direct correlation between the selectivity of an NSAID for COX-1 and its
ability to induce gastrointestinal damage.®?

There are now several lines of evidence suggesting that although COX-1 is
the most important isoform in gastrointestinal tract protection, it is a combin-
ation of inhibition of COX-1 and COX-2 that promotes damage. For
example, in COX-1 deficient mice, in which gastric PGE, levels are decreased
by 99%, no spontaneous ulcers were observed.®® Moreover, if rats are treated
with a selective COX-1 inhibitor no gastric damage is observed until the
co-administration of a COX-2-selective inhibitor.!®> These observations
suggest, in animal models at least, that in tissues such as the gastrointestinal
tract where prostaglandins have protective effects it is not important which
isoform of COX is responsible for their production. It may even be that inhib-
ition of COX-1 promotes the expression of COX-2 to compensate for the
lost prostanoids. Further evidence supports this idea of a protective role for
COX-2 in the gastrointestinal tract, as COX-2 is also found at sites of gastric
ulceration where it aids in the healing response. Similarly the administration
of COX-2 inhibitors slows ulcer healing in animal models.!%6-108

Gastrointestinal tract: clinical perspective

The most common side-effects of NSAIDs are dyspepsia, and injury to the
gastrointestinal mucosa. This injury in most patients is superficial, self-
resolving, and goes mostly unnoticed. However, a number of serious adverse
events can occur in a limited number of patients with NSAID use, these range
from drug induced oesophagitis, small bowel ulceration, exacerbation of
inflammatory bowel disease, and the formation or exacerbation of peptic
ulcers, that may lead to perforation. Indeed, patients that have chronic
arthritis, on long-term NSAIDs usage have 5-15 times the prevalence of
gastric and duodenal ulcers compared to an age-matched healthy popula-
tion.”” The major risk factors associated with NSAID-induced gastropathy
are increasing age, predisposition to ulcers, use of corticosteroids that also
inhibit prostanoids production, dosage (i.e. the level of COX inhibition),
concomitant use of anti-coagulants, and serious systemic disorders; possible
other additive risks include, H. pylori infection, smoking, and alcohol
consumption.””!% Additional therapies can be used concomitantly to prevent
NSAID-induced gastropathy, including histamine H,-receptor antagonists,
proton-pump inhibitors, or the administration of a stable PGE, mimetic,
misoprostol. The advantages of using a single COX-2-selective inhibitor
rather than a traditional NSAID plus a gastrointestinal protective drug are
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apparently clear. For example, as it is a single drug one should expect
reduced side-effects compared to polypharmacy. Indeed, additional drugs
though protecting the gastrointestinal tract can have their own adverse
events associated.

As would be expected from the pre-clinical findings COX-2-selective inhibitors
have appeared very promising in clinical use. All the COX-2 inhibitors tested
at therapeutic dosing have been found not to affect gastric mucosal PG
synthesis.!'%1"! Similarly, very high dose of the COX-2 inhibitors rofecoxib or
celecoxib do not cause a significant increase in acute mucosal injury compared
to placebo.!>'3 Meloxicam caused slight mucosal injury, but was signifi-
cantly lower than the comparator NSAID piroxicam."'! In the majority of
endoscopy and outcome trials rofecoxib and celecoxib have had significantly
reduced occurrence of GI events including ulcers. The largest of these were the
VIGOR (Vioxx Gastrointestinal Outcomes Research Study) and CLASS
(Celecoxib Long-term Arthritis Safety Study) trials, the findings of which are
summarised below.

The VIGOR and CLASS Studies

The VIGOR trial''* included 8,067 rheumatoid arthritis patients to study
clinically significant or complicated GI events with rofecoxib compared to
naproxen. Concomitant use of aspirin was not allowed. Rofecoxib and
naproxen had similar efficacy against rheumatoid arthritis. During a median
follow-up of 9.0 months, 2.1 confirmed gastrointestinal events per 100
patient-years occurred with rofecoxib, as compared with 4.5 per 100 patient-
years with naproxen. The rates of complicated confirmed events (perfora-
tion, obstruction, and severe upper gastrointestinal bleeding) were 0.6 per
100 patient-years for rofecoxib compared to 1.4 per 100 patient-years for
naproxen.

The CLASS trial'™ included 8,059 osteoarthritis or rheumatoid arthritis
patients to study the incidence of symptomatic upper gastrointestinal ulcers
and complications (bleeding, perforation, and obstruction) and other adverse
effects. Aspirin was allowed for cardiovascular prophylaxis (325 mg/day),
and diclofenac or ibuprofen used for comparison. For all patients, the annu-
alised incidence rates of upper gastrointestinal ulcer complications alone and
combined with symptomatic ulcers for celecoxib compared to diclofenac and
ibuprofen were 0.76% (celecoxib), and 1.45% (diclofenac and ibuprofen).
For patients not taking aspirin, the annualised incidence rates of upper
gastrointestinal ulcer complications alone and combined with symptomatic
ulcers for celecoxib compared to diclofenac and ibuprofen were 0.44% (cele-
coxib) and 1.27% (diclofenac and ibuprofen). For patients taking aspirin,
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the annualised incidence rates of upper gastrointestinal ulcer complications
alone and combined with symptomatic ulcers for celecoxib to diclofenac and
ibuprofen were 2.01% (celecoxib) and 2.12% (diclofenac and ibuprofen).
Fewer celecoxib-treated patients than diclofenac and ibuprofen treated
patients experienced chronic blood loss from the gastrointestinal tract,
gastrointestinal intolerance, hepatotoxicity, or renal toxicity. No difference
was noted in the incidence of cardiovascular events between celecoxib and
NSAIDs, irrespective of aspirin use.

In these studies, rofecoxib and celecoxib use was associated with a lower inci-
dence of ulcers and ulcer complications, compared with standard NSAIDs
therapy. Interestingly in the CLASS trial where ‘low-dose’ aspirin use was
allowed there was an increase in upper gastrointestinal toxicity. At least in
terms of gastrointestinal toxicity, the concomitant prophylactic use of aspirin
as an anti-platelet therapy may blunt the usefulness of COX-2 inhibitors as
gastro-sparing NSAIDs. There were also problems to note from each of these
trials. In the VIGOR trial a significant increase in severe cardiovascular events
was observed with rofecoxib compared to naproxen. There has been a great
deal of debate regarding this finding with rofecoxib and how this relates to
findings with celecoxib, that showed no difference to its comparator NSAIDs.
Currently this issue has not been resolved, and is likely that large-scale clinical
trials are needed to address this issue. In the CLASS trial, although 6 month
data on gastrointestinal events was strong, there was no difference between
celecoxib and comparator NSAIDs at 12 months.''® Whether this is a true
effect again is uncertain, and may well be an artefact of the clinical trial design.

Cardiovascular system

Endothelial cell COX-1 is thought to be beneficial, contributing to the normal
functioning of the cardiovascular system, via the release of PGL,. PGl, is a
vasodilator, with potent inhibitory actions on platelet function.’"!!” Indeed,
PGI, analogues are one of the only clinical treatments for primary pulmonary
hypertension. COX-2 becomes induced in animal arterial vessels after phys-
ical damage or exposure to pro-inflammatory cytokines.?»'%1"° Human
vessels or vascular smooth muscle iz vitro,3? can be induced to express COX-2,
and COX-2 can be found in human atherosclerotic lesions. The induction
of COX-2 in human vascular smooth muscle cells and the subsequent release
of PGE, and PGI, has protective functions. COX-2 expressed in the smooth
muscle influences cell proliferation, cytokine release and adhesion receptor
expression.?3 These observations strongly suggest that COX-2 can function as
a protective pathway in human cardiovascular disease.??

In the VIGOR trial the incidence of myocardial infarction was lower among
patients in the naproxen group than among those in the rofecoxib group
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(0.1% vs. 0.4%; relative risk, 0.2). Recently, the group of Fitzgerald showed
that, celecoxib!'?’ and rofecoxib'?! reduce circulating concentrations of
prostacyclin in healthy human volunteers. This data suggests that COX-2 is
a feature of the human cardiovascular system under physiological conditions,
although it is not yet obvious where this COX-2 is expressed, as there
appears little protein in the vessels of healthy individuals. One should also be
cautious with these studies as the index for direct actions of COX-1 was
platelet thromboxane production, and not the endothelial cell COX-1, ori-
ginally considered responsible for the majority of circulating PGI,.

TXA, synthesis by platelets is mediated by COX-1 and this is largely
untouched by COX-2 inhibitors meaning that they have no anti-thrombotic
effects. This can be contrasted with aspirin that irreversibly inhibits COX-1
in platelets via acetylation. As the platelets have no nuclei and cannot express
replacement protein aspirin completely blocks TXA, production from
platelets for their circulating lifetime. This explains the common use of
aspirin as a prophylactic anti-thrombotic therapy for stroke.

Kidney

PGE, is the major prostanoid product of kidney collecting tubule cells, regu-
lating water absorption.'?? The formation of PGs generally only become
important when the kidney is ‘stressed’, following for instance volume deple-
tion, and PGI, in particular becomes essential to sustaining renal vasodilata-
tion and blood flow. In animal kidneys COX-1 and COX-2 are co-localized
in the macula densa,'?® while in man COX-2 appears most associated with
podocytes. In addition, COX-2 has been identified in a subset of thick
ascending limb cells, where it has been suggested to be involved in the
handling of ions.!?* In rats, both selective and non-selective COX inhibitors
decrease plasma renin activity.'2%126

In human beings NSAIDs use leads to an increased risk of renal side-effects,
though the incidence is much lower than gastrointestinal side-effects.!?” Inter-
estingly, it appears that COX-2 is constitutively expressed in the kidney and
influences salt and fluid resorption. This may well explain why clinical trials
of COX-2-selective inhibitors have suggested at high dose a tendency to fluid
retention and hypertension. Furthermore, in salt-depleted individuals cele-
coxib can cause sodium and potassium retention, leading to the conclusion
that COX-2 selectivity does not spare the kidney under all circumstances. '

Central nervous system

In the Central nervous system (CNS), PGE, promotes wakefulness, an effect
apparently functionally antagonistic to PGD, in the sleep-wake regulation
cycle.'? PGD, seems to be the major COX metabolite in the brain, where in
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addition to the sleep-wake cycle it is known to be involved in homoeostatic
temperature balance.'?” COX-1 and COX-2 are both localised in the brain
and spinal cord. COX-2 is mainly expressed in the cortex, hypothalamus and
hippocampus,'3%13! while COX-1 is expressed throughout the CNS, though
it is particularly highly localised in the forebrain.!3? COX-2 appears also to
be induced within the brain or the endothelium of brain blood vessels by
pyrogens leading to a marked increase in PGE, production. This appears
central to the fever response. For example, in experimental animals endotoxin-
induced pyresis is strongly inhibited by COX-2-selective inhibitors or by
COX-2 gene disruption.

There is now evidence that COX-2 in the CNS also plays a role in the gener-
ation of secondary hyperalgesia, i.e. sensitivity in the uninjured tissue
surrounding an area of damage. Secondary hyperalgesia results from increased
neuronal excitability in the spinal cord and is associated with widespread
induction of COX-2 expression in spinal cord neurons and other regions
of the CNS, and elevated prostaglandin E, levels in the cerebrospinal fluid.
The intraspinal administration of COX-2 inhibitors decreased both the
inflammation-induced central prostaglandin E, levels and mechanical,'?? or
thermal'3* hyperalgesia. In contrast COX-1 inhibitors were only effective
systemically and not when injected intraspinally.

Alzheimer’s disease

Epidemiological evidence has suggested that patients taking NSAIDs have a
reduced risk of developing Alzheimer’s disease.!® The protective effects of
NSAIDs in this setting are most likely related to reduction of inflammation
as acetaminophen (paracetamol) is without effect.!3® COX-2 expression is
increased in the frontal cortex,’” and COX-1 and COX-2 is increased in
the temporal cortex'’® in Alzheimer’s disease. The link between the
prostaglandins and Alzheimer’s disease is not completely understood, and it
is possible that the epidemiological data showing that NSAIDs reduce
Alzheimer’s disease may have nothing to do with COX-2 inhibition. Indeed,
the anti-platelet properties of NSAIDs may also relieve or prevent Alzheimer’s

disease.!??

Cancer

The regular use of NSAIDs is associated with a reduction in the incidence of
colon cancer. A retrospective study revealed that patients taking relatively
low doses of aspirin, only 600-900 mg per week, over long periods of time
had substantially reduced risks of developing colon cancer.!*’ It is not
entirely clear how this protective effect of NSAIDs is exerted. However,
adenocarcinomas in human subjects display marked increases in COX-2

expression'*! and evidence from studies with isolated cells in culture!** or
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animal models'* similarly points to COX-2 being the level at which the

beneficial effects of NSAIDs are exerted. The process underlying these
effects is thought to be the ability of prostaglandins produced by COX-2 to
slow down the rate of apoptosis in cancerous cells. In addition, recent
evidence suggests that both COX-1 and COX-2 may produce mediators that
regulate the angiogenic process.!* The effect of COX-2-selective inhibitors
on the development of colon cancer in man is currently being investigated
following the observation that celecoxib slows the development of polyp in
familial polyposis. Since these earlier studies into colon cancer, COX-2 has
now been identified in a number of other cancers including, oesophageal,'*
gastric,'*® and pancreatic'’ cancer. Whether or not COX-2 inhibitors can
provide some level of protection in these forms of cancer remains to be

established.

Reproduction

Physiologically, PGF,, is the main product of the uterine endometrium, and
has been extensively studied in the utero-genital tract, being implicated in
reproduction and induction of labour and parturition.'*%14’ There is strong
evidence from receptor knockout studies in the mouse that PGE, and PGF,,,
and their respective E prostaglandin (EP) and F prostaglandin (FP) receptors
mediated events during reproduction. EP2 receptor knockout mice have
impaired ovulation and fertilisation, and impaired expansion of cumulus
oophorus,’? while in contrast EP4 receptor knockout mice have a patent
ductus arteriosus that is not sensitive to closure by indomethacin insensitive
unlike wild type animals.'>! FP receptor knockout mice have a normal early
pregnancy and oestrous cycle. Interestingly, PGF,, induces luteolysis in wild
type animals, so again there seems to be mechanisms to compensate for the
loss of this pathway. However in FP knockout mice there is no parturition,
as there is no diminished progesterone at this stage.!’?

Therefore prostaglandins appear to be important throughout the stages of
pregnancy.'®® Expression studies show a peak of COX-2 protein in
pre-ovulatory follicles and endometrium prior to ovulation in the rat.!>*
In COX-2 knockout mice there are severe ovulatory problems, with failure
to induce follicle rupture prior to ovulation and a failure of fertilisation
of ova.

During implantation there is up-regulation of COX-2 expression in the
luminal epithelium and the subendothelial stromal cells in mice, rats, ewes
and baboons. Blastocyte implantation is defective in COX-2 knockout mice
but normal in COX-1 knockout mice. However, there is a complete failure
of implantation when COX-1 deficient mice are treated with a selective
COX-2 inhibitor.
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COX-2-derived products may also influence development.’>> For instance,
administration of a selective COX-2 inhibitor throughout and until weaning
impaired renal cortex development and reduced glomerular volume in mice
and rats, identical to that observed in COX-2 knockout mice. The period
where these effects were most pronounced was the postnatal period when
superficial nephrons begin developing and COX-2 expression peaks. This
period of nephrogenesis in mice roughly corresponds to gestational weeks
24-32 in human beings, identified as critical time relating to NSAID-induced
dysgenesis.

COX-2 activity is induced in foetal membranes prior to and during labour in
rats, ewes, baboons as well as humans. Indomethacin delays delivery, but
produces fetal side-effects, including closure of the ductus arteriosus, and
impairment of renal development and function. However, in human beings it
is still not clear whether ductus arteriosus patency is regulated by COX-1 or
COX-2.

Summary

COX enzymes play important roles in physiological and patho-physiological
states in human beings. Prostanoid analogues can be used clinically in a
limited number of clinical settings, such as to promote gastric ulcer, limit
primary pulmonary hypertension, and induce labour. Importantly, however,
for a number of years NSAID inhibitors of the COX pathway have been
widely used clinically for the treatment of inflammation and pain, and
aspirin as a prophylaxis for thrombosis. Recent findings suggest that NSAIDs
may also be effective in limiting the development of Alzheimer’s disease and
various forms of cancer. However, a small proportion of the people taking
NSAIDs can experience severe side-effects, and this is a major problem when
one takes into account the extraordinarily large number of people world-
wide who commonly take these drugs. The recent finding that COX exists in
distinct isoforms generally associated with either a beneficial ‘house-keeping’
role (COX-1), or found at high levels in patho-physiological states (COX-2)
provided the drive to find COX-2- selective inhibitors that could be anti-
inflammatory without producing gastrointestinal side-effects. These COX-2-
selective inhibitors are now in clinical use, and show much promise. The
development of these selective COX-2 inhibitors has also highlighted benefi-
cial roles of COX-2 in the body. In general we can say that where prostanoids
are protective or detrimental it does not matter which isoform of COX
underlies their production. However, in general apart from some particular
tissues such as the reproductive and gastrointestinal tracts, COX-1 is present
physiologically producing beneficial prostanoids, and COX-2 is present at
high levels during patho-physiological processes.
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CHAPTER

A.J]. Hutt

Drug chirality: stereoselectivity
in the action and disposition of
anaesthetic agents

Drug stereochemistry, particularly drug chirality, has become a topical subject
being discussed not only in the popular medical’* and scientific literature®=
but also within the ‘quality’ lay press.®” This interest in stereochemistry has
arisen as a result of advances in chemical technology associated with the
synthesis, separation and analysis of stereoisomers, together with an
increasing realisation of the potential significance of the differential biological
properties of the enantiomers of chiral drugs administered as racemic
mixtures. Such mixtures, a racemate being an equal parts mixture of a pair of
enantiomers, account for approximately 25% of all prescribed drugs®
including many agents used in anaesthetic practice. The use of such mixtures
may present problems particularly if the adverse effects of the drug mixture
are associated with the less active enantiomer or do not show stereoselectivity.

To the physician the complexities of stereochemistry and the intricacies of the
associated terminology are of little interest. A not unreasonable attitude as
they could expect the pharmaceutical industry and the regulatory agencies to
provide them with the most appropriate material irrespective of stereochem-
ical considerations. However, it is important that physicians are aware of the
nature of the material they are prescribing, mixture or single chemical entity,
particularly with the advent of the Chiral Switch® (see below) and the possi-
bility that both racemate and single stereoisomer products of some agents
either are, or will be, available at the same time.

The aims of this chapter are to provide the reader with a brief background
to stereochemistry with respect to the terminology and nomenclature
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employed, to illustrate the significance of stereochemical considerations in
pharmacology with a particular emphasis on anaesthetic agents, and the
current regulatory position with respect to chiral pharmaceuticals.

Stereochemical Terminology and Nomenclature

Stereoisomers are compounds which differ in the three-dimensional spatial
arrangement of their constituent atoms and may be divided into two groups,
namely enantiomers and diastereoisomers. Enantiomers are stereoisomers
which are non-superimposable mirror images of one another and are pairs
of compounds related as an object to its mirror image, in the same way that
an individual’s left and right hands (or feet, or ears) are related. Such mole-
cules are said to be chiral, from the Greek chiros meaning handed. Stereoiso-
mers of this type are also referred to as optical isomers due to their ability to
rotate the plane of plane polarized light, which is equal in magnitude but
opposite in direction. In terms of the majority of drug molecules the most
frequent, but not the only, cause of chirality arises due to the presence of a
tetrahedral atom in a molecule to which four different atoms or groups are
bonded (fig. 1). Such atoms are referred to as centres of chirality or asym-
metry. The presence of one such centre in a molecule gives rise to a pair of
enantiomers, the presence of n such different centres yields 2" stereoisomers
and half that number of pairs of enantiomers. Those stereoisomers which
are not enantiomeric, i.e. are not mirror image related, are diastereomeric
(fig. 2).

The fundamental distinction between enantiomers and diastereoisomers is that
in a pair of enantiomers the intramolecular distances between non-bonded

Figure 1 Structural representation of a pair of enantiomers. This diagram depicts a
tetrahedral atom to which four different groups are bonded, the structure on the right being
a non-superimposable mirror image of that on the left. The chemical bonds represented by
the wedge project above the plane of the paper (towards the reader), those drawn as
dashed lines project below the plane (away from the reader), whereas the solid lines
represent bonds in the plane of the paper.
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EtCOO CeHs

1S, 2R 1R, 28

EtCOO CeHs

1S, 28 1R, 2R

Figure 2 Stereoisomers of propoxyphene. Propoxyphene contains two centres of chirality

in its structure and four stereoisomers, i.e. two pairs of enantiomers are possible. In this
diagram those compounds related horizontally (the upper and lower pairs) are enantiomeric,
whereas those related vertically are diastereomeric. In the case of propoxyphene the upper
enantiomeric pair are used therapeutically. The compound on the left, the 1S, 2R-sterecisomer
is dextrorotatory and is the analgesic dextropropoxyphene, that on the right is laevorotatory
(1R, 2S-stereoisomer) and is the antitussive levopropoxyphene. In this case the biological
activity of the two enantiomers is such that both are marketed with different therapeutic
indications. The trade names of the two agents Darvon and Novrad for the analgesic and
antitussive respectively are also mirror-image related.

atoms are identical, whereas in a pair of diastereoisomers they are not. Thus
the physicochemical properties, other than the direction of rotation of the
plane of plane polarized light, e.g. solubility, melting/boiling point, ionization
constant, partition coefficient etc., of a pair of enantiomers are identical. As a
result the separation, or resolution, of enantiomers was, until relatively
recently, fairly difficult. In contrast diastereoisomers differ in their physico-
chemical properties and, in principle at least, may be separated relatively easily.

As enantiomers differ in the direction of rotation of the plane of plane polar-
ized light this property is frequently used in their designation and nomenclat-
ure. Those enantiomers which rotate light to the right are said to be
dextrorotatory, indicated by either a (+)-sign or lower case italized d- before
their name, or alternatively the prefix ‘dex’ or ‘dextro’ to the drug name.
Enantiomers which rotate light to the left are termed laevorotatory indicated
by a (—)-sign or lower case italized /- before the name, or the prefix ‘lev’ or
‘levo’. A racemic mixture, an equal parts mixture of enantiomers being
indicated by (=*)- or d,I- before the name or, in some instances, the prefix ‘rac’.
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It is important to appreciate that this form of nomenclature provides infor-
mation concerning a physical property and indicates the stereochemical
composition, i.e. single enantiomer or racemic mixture, of the material.
Considerable care is required when using the direction of rotation as a
stereochemical descriptor as both the magnitude and direction of rotation
may vary with experimental conditions.!%!® This approach to nomenclature
does not provide information with respect to the three-dimensional struc-
ture, or absolute configuration, of the stereoisomer which is the important
feature with respect to the pharmacological activity of the compound. Once
the three-dimensional structure of a stereoisomer has been determined, by
for example, X-ray crystallography, then the spatial arrangement, or
absolute configuration may be indicated by the use of a prefix letter to the
name of the compound. Two systems are currently in use, the Cahn-Ingold-
Prelog'* Sequence Rule or R/S (Rectus/Sinister) designation and the older
D/L notation.

The D/L notation relates the stereochemistry of a molecule to that of a
standard reference compound either the carbohydrate D-glyceraldehyde or
the amino acid L-serine. A particular stereoisomer being designated as a
member of either the D- or L-series and the racemate as D,L-. The use of
this system has lead to ambiguities, particularly in molecules with two, or
more, centres of chirality in their structures where the configuration at one
centre can be related to the D-series and that at the other to the L-series.
Additional confusion also occurs as the upper case letters are used to indicate
the configuration and the lower case the direction of rotation of light. Prob-
lems also arise in the literature as journal editors frequently alter the lower
case letters to upper case in the titles of articles and thus a defined, correct
physicochemical property is transformed into a configurational designation
which may be incorrect. This system should now be restricted in use for the
designation of the stereoisomers of the carbohydrates and amino acids.

The alternative Sequence Rule system uses a ‘ranking’ approach for the desig-
nation of configuration.'* The substituent atoms bonded to the centre of
chirality are placed in an order of priority based upon their atomic number,
the higher the atomic number the greater the priority. The molecule is then
‘viewed’ from the side opposite the group of lowest priority and if the three
remaining highest to lowest priorities are in a clockwise direction (to the
right) the stereoisomer is assigned the Rectus configuration and if anticlock-
wise (to the left) the Sinister configuration. The designatory prefix letters
being R- and S-, or R,S- for the individual enantiomers and racemate,
respectively. In cases where two, or more, centres of chirality are present in
a molecule each centre is defined and indicated by an appropriate number
based on standard chemical nomenclature (fig. 2).
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As pointed out above, the prefix terms ‘dex’, or ‘dextro’, and ‘lev’ or ‘levo’
have been used for a number of years to indicate the stereochemical nature
of some agents, e.g. dextropropoxyphene, levodopa, and a number of agents
are listed in the most recent British National Formulary (BNF 43; March
2002). This approach has also been used where both single enantiomer and
racemic mixture preparations are, or were, available at the same time, e.g.
dexfenfluramine/fenfluramine, dexketoprofen/ketoprofen, levobupivacaine/
bupivacaine. More recently the configurational designation of the single
enantiomer has been incorporated into the nomenclature of the agent, e.g.
the S-enantiomers of the proton pump inhibitor omeprazole and the selective
serotonin reuptake inhibitor citalopram have been named esomeprazole and
escitalopram respectively.

Discrimination of Stereoisomers in Biological Systems

That the individual enantiomers of a chiral drug could exhibit different
pharmacological properties has been known since the early years of the last
century'® when the British pharmacologist Cushny'® demonstrated differ-
ences in the activity of atropine (racemic hyoscyamine) and (—)-hyoscyamine
and naturally occurring (—)-epinephrine and its (+)-enantiomer. Such differ-
ences in biological activity should not be surprising as many of the endogen-
ous substrates or ligands of drug targets, i.e. receptors and enzyme active
sites, are chiral single stereoisomer molecules, e.g. endogenous opioids,
hormones, neurotransmitters, etc.

Differences between enantiomers are under normal circumstances difficult
to detect, however when placed in a chiral environment such differences
become more marked. Biological systems at a molecular level are intensely
chiral environments being composed of ‘handed’ biopolymers (proteins,
glycolipids, polynucleotides) from the chiral building blocks of D-series
carbohydrates and L-series amino acids. Additionally the macromolecular
helical structures of some of these biopolymers exhibit chirality, e.g. the
protein a-helix and DNA double-helix, in the same way that a spiral stair-
case, or corkscrew, may be left handed or right handed. In the case of the
above examples both have a right handed turn.

The interaction between a drug and its target is associated with bonding
interactions between the functionalities of the drug and complementary sites
on the biological macromolecule, enzyme or receptor. The relative orienta-
tion, spatial arrangement, of the functionalities in the drug structure being
of considerable significance. This situation, with respect to a pair of enan-
tiomers, is illustrated in figure 3. This model was originally proposed by
Easson and Stedman!” in the 1930s in order to rationalize the differential
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Figure 3 Stereochemical discrimination on interaction of a pair of enantiomers with a
biological macromolecule. The stereoisomer on the left is involved with three bonding
interactions with complementary sites on the macromolecular surface whereas its enantiomer
(on the right) can interact at two sites only. Alternative orientations of the enantiomer on right
to the target are possible but only two interactions may take place at any time.

biological activity of drug enantiomers. In this model the ‘more’ active enan-
tiomer is involved in a minimum of three simultaneous bonding interactions
with the receptor, whereas the ‘less’ active, or ‘inactive’ enantiomer may take
part in two such interactions. Thus, the ‘fit’ of the enantiomers to the target
surface differs as does their energy of interaction. This model is a useful, if
relatively simplistic, representation of the drug-target interaction since it is
assumed that the drug adopts a particular orientation in relation to the
biological target. In addition, conformational changes in both the drug and
target macromolecule may take place during the interaction such that the
final ‘model’ may be fairly complex. The chiral recognition process continues
to be a topic of considerable interest and alternative models and refinements
to existing models have been proposed.'®!’

The differential biological activity of drug enantiomers has also resulted in
additional terminology, the stereoisomer with the greater affinity, or activity,
being termed the Eutomer and that with the lower affinity, or activity, the
Distomer. The ratio of activities, essentially a measure of the stereoselectivity
of the system under examination, is known as the Eudismic Ratio.?%?' The
magnitude of the eudismic ratio varies with the compound and biological
system under examination, but values of 100 to 1000 are not uncommon and
eudismic ratios of greater than one million have been reported, i.e. stereo-
specificity rather than stereoselectivity.

The above terminology refers to a single activity of a drug and for a dual
action compound the eutomer for one activity may be the distomer for the
other, or the stereoisomers may be of equal potency. For example in the case
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of the anaesthetic ketamine the anaesthetic-analgesic activity resides predom-
inantly in the S-enantiomer, whereas (R)-ketamine is associated with central
stimulation?? and their action on nicotinic acetylcholine receptors shows no
stereoselectivity.??

Differentiation between stereoisomers may also occur during drug disposition
and is of significance for those processes which depend upon a direct inter-
action with a chiral biological macromolecule, e.g. enzyme systems involved
in drug metabolism,**?* transporter systems during absorption, distribution
and/or renal excretion, and binding to plasma or tissue proteins.?®”

The magnitude of the differences between enantiomers observed in their
pharmacokinetic parameters, generally 1-3 fold, tend to be much smaller
than those observed in their pharmacodynamic effects.?® This is particularly
the case for parameters such as systemic clearance, volume of distribution
and half-life, which represent the whole body level of organization.?” Differ-
ences between enantiomers tend to increase as the organizational level that
the parameters represent decreases from the whole body to organ and macro-
molecular, e.g. hepatic and renal clearance at the organ level and intrinsic
metabolite formation clearance at the macromolecular level. Pharmacokin-
etic parameters representing the whole body level of organization being
determined by multiple organ parameters, which in turn are determined by
multiple macromolecular interactions, which may show opposite stereoselect-
ivities. Thus, stereoselectivity may be either amplified or attenuated with
each organizational level.?”

As a result of stereoselectivity in the processes of drug disposition the plasma
profiles of the enantiomers of a drug administered as a racemate frequently
differ and an evaluation of plasma-concentration-effect relationships or
calculation of pharmacokinetic parameters based on ‘total’ drug present in
biological samples is of limited value and potentially misleading.?%%’

Pharmacological Complexity

That a pair of enantiomers are different compounds rather than different
forms of the same compound, and that in some instances a racemate may
be regarded as a third ‘compound’, is emphasized on examination of their
biological properties. There are relatively few examples of drugs in which
the pharmacodynamic activity is restricted to a single enantiomer, the other
being totally devoid of activity. In the majority of instances a pair of enan-
tiomers will differ either quantitatively or qualitatively in terms of their
biological activity and the idealized examples where the beneficial, or
required, activity resides in one enantiomer with the adverse effects, or
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toxicity, residing in the other are rare. In the case of drugs administered as
racemates, interactions between enantiomers may occur such that the
observed pharmacodynamic profile is not simply the product of the activities
of the individual enantiomers.

Evaluation of the biological properties of a pair of enantiomers may give rise
to a number of different situations with respect to their activity as follows:

e The required activity resides in a single enantiomer, e.g. the
antihypertensive agent (S)-a-methyldopa.

¢ The individual enantiomers have similar pharmacodynamic activity,
e.g. the antihistamine promethazine.

e The activity of the enantiomers differs such that they are both marketed
with different therapeutic indications, e.g. the analgesics
dextropropoxyphene and levomethorphan and their enantiomers the
antitussives levopropoxyphene (fig. 2) and dextromethorphan.

® The enantiomers have opposite effects at the same biological target, e.g.
picenadol, the (+)- and (—)-enantiomers being an agonist and antagonist
respectively at the w-receptor, the racemate being a partial agonist due to
the greater potency of the (+)-enantiomer.

e The activity of one enantiomer may antagonize the side effects of the
other, e.g. the loop diuretic indacrinone, the diuretic and natriuretic
activity residing predominantly in the R-enantiomer with the uricosuric
activity in (S)-indacrinone.

e The required activity is predominantly associated with one enantiomer
the adverse effects being predominantly associated with the other, e.g. the
intravenous anaesthetic-analgesic ketamine (see later).

e The activity of the individual enantiomers is such that the use of the
racemate has advantages over either of the individual enantiomers, e.g. the
inotropic sympathomimetic agent dobutamine.

In addition to the examples cited above relatively little is known regarding
the influence of route of administration, formulation, drug interactions,
disease state, age, gender and pharmacogenetics on the action and dispos-
ition of a number of agents currently administered as racemates. Further
discussion of the possibilities which may arise, together with their conse-
quences may be found in references 30-35.

Drug Chirality and Anaesthesia

A number of agents used in anaesthetic practice are either natural products,
or are derived from natural sources, e.g. (—)-morphine, (+)-tubocurarine,
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(—)-cocaine etc., and as nature frequently produces a particular isomer these
agents have always been used as single stereoisomer products. The signifi-
cance of molecular geometry in the action of opioid analgesics has been
appreciated for 50 years and the application of stereochemical probes both
agonists and antagonists, of the opioid receptors, to our ideas and concepts
of analgesic action cannot be over emphasized, particularly as many of these
investigations were carried out before the isolation and identification of
the natural receptor ligands.>* More recently stereochemical considerations
have focused towards the differentiation of the anti-inflammatory and
analgesic actions of the nonsteroidal anti-inflammatory drugs (NSAIDs).
Examination of the differential pharmacological activity of some of these
agents is complicated as the less active, or inactive, enantiomers undergo
metabolic inversion of chirality in a number of species, including man.37~4
However, pharmacological evaluation has indicated that in the case of the
2-arylpropionic acid NSAIDs the anti-inflammatory activity, inhibition of
cyclo-oxygenase (COX) mediated prostaglandin synthesis, resides in the
enantiomers of the S-configuration,®®*? whereas the antinociceptive activity
of some agents, e.g. flurbiprofen, resides in both enantiomers.*'™** While the
analgesic potency of the S-enantiomer may be greater, the adverse effect
profile, particularly with respect to gastrointestinal effects***” could be used as
an argument for the use of the single R-enantiomer for its analgesic properties.

Although the stereochemical nature, and in some instances the differential
pharmacological properties, of many chiral anaesthetic agents has been
appreciated for a number of years only relatively recently have such consid-
erations become significant in practice, due to the marketing of single enan-
tiomer versions of ketamine and bupivacaine in some countries. Additionally,
the availability of highly purified enantiomers of the volatile liquid agents
and their biological evaluation will provide insight into their mechanisms of
action and molecular theories of anaesthesia. The biological properties of the
enantiomers of these agents will be addressed in the following sections.

Intravenous Anaesthetics
Etomidate

Etomidate (fig. 4) is the only intravenous agent currently listed in the BNF
which is used as a single stereoisomer, the R-enantiomer, (S)-etomidate being
reported to be ‘devoid of hypnotic activity’.*® The site of action of etomidate
is thought to be the gamma-aminobutyric acid, (GABA,) receptor*’ and both
enantiomers potentiate GABA-induced PA3 cells expressing the GABA,
receptor. However, the potentiation was stereoselective with the R-enantiomer

being considerably more potent than (S)-etomidate and the eudismic ratio
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Figure 4 Structures of the intravenous anaesthetic agents (R)-etomidate, (S)-ketamine and
thiopental.

increased with drug concentration from a value of ca. 5 to 10 at concentrations
of 1 and 10 pM respectively.’® Such increases in eudismic ratio with concen-
tration are unusual, but may be rationalized as being due to a modification
of the binding site via drug induced allosteric conformational changes. Using
loss-of-righting reflex in tadpoles as an indicator of anaesthetic potency the
R-enantiomer was found to be 15 fold more potent than (S)-etomidate.’®

Ketamine

Ketamine (fig. 4) is an anaesthetic-analgesic agent the action of which is asso-
ciated with non-competitive inhibition of N-methyl-D-aspartate (NMDA)
receptors.’! The drug is used, with the exception of Germany, as the racemate
even though the S-enantiomer is 3-4 fold more potent than (R)-ketamine.??
The use of the drug is complicated by postanaesthesia emergence reactions,
including hallucinations, vivid dreams and agitation, it is also the subject
of abuse.’?’3 The emergence reactions are reported to be more common
following the administration of the R-enantiomer.?>>

Stereoselectivity in the pharmacological activity of the enantiomers of keta-
mine has been known since the 1970s when the greater analgesic (ca. 3 fold)
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and hypnotic (ca. 1.5 fold) activity and reduced locomotor activity of
the S-enantiomer was shown following administration of the individual
enantiomers to rats and mice.’*3¢ In addition the therapeutic index, ratio of
LD;, to EDj, (hypnosis) determined in the rat, yielded values of 10, 6.25
and 4 for (S)-, (R,S)- and (R)-ketamine respectively.’* Similarly, studies
in dogs have indicated a eudismic ratio (S/R) in anaesthetic potency of
ca. 3.57:%8

Ketamine interacts with multiple binding sites including NMDA and non-
NMDA glutamate receptors, nicotinic and muscarinic cholinergic, monoamin-
ergic and opioid receptors.’® The NMDA receptor, considered to be the main
site of action, shows stereoselectivity with (S)-ketamine having a 3 fold
greater affinity for the phencyclidine binding site than the R-enantiomer.>?
In vitro studies have also shown that the S-enantiomer is twice as potent
as (R)-ketamine in the blockade of NMDA receptor currents in cultured
neurons.’” Similarly the enantiomeric binding to the - and k-opioid recep-
tors shows a 2-4 fold selectivity for (S)-ketamine, but with a 10-20 fold
reduction in affinity compared to the NMDA receptor.®® However, not all
the actions of the drug exhibit stereoselectivity, e.g. inhibition of calcium
channels,®! and inhibition of neuronal nicotinic?* and muscarinic cholinergic
receptors.®? In the latter case the enantiomers exhibited synergy in action, the
inhibitory concentration (ICs,) of the racemate being significantly lower than

that of the individual enantiomers.®?

Initial studies in surgical patients, following administration of equianaesthetic
doses of the enantiomers of ketamine indicated a reduced dose requirement
(2.4 mg/kg) of the S-enantiomer compared to 8.5mg/kg of (R)-ketamine)
and lower plasma concentrations at the termination of anaesthesia for the
S- compared (0.5 pg/ml) to the R-enantiomer (1.7 pg/ml) associated with a
potency ratio (S/R) of 3.4.2> The S-enantiomer was judged to produce more
effective anaesthesia, less emergence reactions and agitated behaviour than
either racemic or (R)-ketamine.?” Pharmacodynamic modelling, monitoring
electroencephalographic (EEG) median frequency, following infusion of the
racemic drug and individual enantiomers to healthy volunteers has also
shown differences between the enantiomers.®* The maximal decrease (E,..)
resulting from the central nervous system (CNS) depressant effects attained
was significantly greater following administration of the S-enantiomer and the
racemate compared to (R)-ketamine. The inhibitory concentration (ICs)
values obtained for (S)-ketamine (0.8 = 0.4 ug/ml) were significantly lower
than that of the R-enantiomer (1.8 = 0.5 wg/ml) or the racemate (2.0 =
0.5 pg/ml). These data were interpreted as indicating partial agonist activity
of (R)-ketamine in comparison to the S-enantiomer, and partial antagonism
following administration of the racemate.®*
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The principle metabolite of ketamine, the N-demethylated product norketa-
mine, is also pharmacologically active. Studies in mice indicate a longer
duration of action and reduced spontaneous locomotor activity following
administration of (S)- compared to (R)-norketamine.®® Enantioselectivity in
the tissue distribution of both ketamine and norketamine has been reported
following drug administration to rats, the plasma and tissue concentrations
of (R)-ketamine and (R)-norketamine exceeding those of the S-enantiomers
in the majority of tissues examined. The metabolite also binds stereoselect-
ively to the NMDA receptor the Ki values being 1.7 and 13 uM for (S)- and
(R)-norketamine respectively.®”

Ketamine has recently undergone the Chiral Switch process (see below) and
has been marketed in Germany as the single S-enantiomer® with the potential
advantages of a reduction in dose and more rapid recovery with fewer
psychotomimetic emergence reactions as compared with racemate. The greater
clinical use of the single enantiomer will allow evaluation of the relative thera-
peutic merits of the drug compared to the racemate in man.

Thiopental

Stereoselectivity in the action and toxicity of the barbiturates has been
known for a number of years,®® the (+)-enantiomers of some of these agents
being excitatory whereas the (—)-enantiomers are depressant.®® For example
in the case of N-methyl-5-propyl-5-phenylbarbiturate’ and 5-(1,3-dimethyl-
butyl)-5-ethylbarbituric acid (DMBB) the (+)-enantiomers are convulsants
whereas the anaesthetic properties reside in the (—)-enantiomers. In addition
(—)-DMBB is an antagonist of the convulsant effects of (+)- DMBB”' which
is ca. 24 fold more toxic, as measured by the LDy, in mice, compared to
the (—)-enantiomer. Similarly differences in the pharmacokinetic properties
of the enantiomers of some of these agents have been reported in man, the
extent of which appears to depend on age,”>”? sex” and interactions with
other drugs.”

Thiopental (fig. 4) exhibits a biphasic activation/depression concentration
effect relationship following administration to both animals ¢ and man.””>”®
Although differences in the potency and toxicity of the enantiomers of
thiopental have been known since the 1970s only recently have EEG studies
in rats indicated that both enantiomers, and the racemate, cause an initial
EEG activation followed by depression, the extent of the latter response
being significantly less for the R-enantiomer and the racemate compared to
(S)-thiopental.” Such investigations are obviously of significance because as
a result of potential stereoselectivity in action the two effects may have been
associated with the individual enantiomers.
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Barbiturates exert their sedative and anaesthetic effects primarily by potenti-
ation of the GABA response at GABA, receptors via an increase in the dur-
ation of the chloride ion channel open-time. They are also able to directly
activate GABA, receptors and at high concentrations the chloride channel
may be blocked. The enantioselectivity of action of thiopental on the potent-
iation of the GABA response has been investigated®® using Xenopus laevis
oocytes expressing human GABA, receptor subtype oy B, 7,, thought to be
the major human receptor subunit combination in vivo. The S-enantiomer
was found to be approximately 2 fold more potent than (R)-thiopental, the
mean effective concentration 50% (ECs) being 26.0, 52.5 and 35.9 uM for
(S)-, (R)- and (R,S)-thiopental respectively,®’ a potency ratio in good agree-
ment with that observed for anaesthetic doses in laboratory animals.®®

Studies combining pharmacodynamic activity and drug distribution
following administration of the three stereoisomeric forms of thiopental
to rats confirmed the greater potency and lower therapeutic index of the
S-enantiomer (S > R,S > R) in terms of both administered dose or arterial
plasma concentration (table 1). Examination of tissue to plasma distribution
coefficients of the individual enantiomers following administration of the
racemate indicated a modest, ca. 10%, excess of the R-enantiomer in the
majority of CNS and peripheral tissues. However, following administration
of the individual enantiomers significantly greater ratios were observed for
the R-enantiomer in the CNS but not in peripheral tissues, possibly indi-
cating an enantiomeric interaction following administration of the racemate.
Comparison of heart to brain ratios yielded a rank order of S > R,S > R.
Based on these data Mather et al.?! presented arguments for the possible use
of (R)-thiopental as a single enantiomer drug as a result of the greater safety
margin, higher distribution coefficient for CNS penetration, lower heart to
brain ratio and minimal pharmacokinetic differences in man (see below).

There is also evidence that the enantiomeric distribution of thiopental in the
rat is influenced by the chiral volatile anaesthetic halothane.®? Following
infusion of racemic thiopental to either conscious or halothane anaesthetized
rats the plasma concentrations and tissue distribution coefficients were found
to be lower in the halothane treated group, the effect being slightly greater
on (R)-thiopental. It was concluded that halothane reduces the relative
uptake of the drug into the brain but the mechanism of the reduction is by
no means clear.®?

The systemic and cerebral pharmacokinetics of the enantiomers of thiopental
have been reported following administration of the racemate to sheep.?® The
cerebral parameters were determined by comparison of the concentration
differences between arterial and superior sagittal sinus plasma. No significant



Table 1 Anaesthetic and lethal doses, corresponding arterial plasma concentrations and therapeutic index of thiopental enantiomers following intravenous

infusion to rats

Stereoisomeric form Dose (mg/kg) Plasma concentration (pg/ml) Therapeutic index
Anaesthesia Lethality Anaesthesia Lethality Dose Concentration

R 55.8 + 2.4 176.2 + 11.2 66.3 = 4.5 89.8 £ 5.2 3.16 1.37

S 356 19 742 =52 55.0 £ 1.9 64.1 £ 238 2.10 1.17

R,S 39.3+21 97.5 + 3.9 56.7 = 2.0 77.8 =28 2.52 1.32

Data expressed as mean + SEM, n = 7.8
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differences were observed in the cerebral pharmacokinetic properties of
the enantiomers of thiopental and no evidence was found for the faster
brain uptake of either enantiomer. In contrast, the systemic clearance of
the R-enantiomer was found to be significantly greater (17%) than that of
(S)-thiopental %3

Differences in the pharmacokinetic properties of the enantiomers of
thiopental following their individual administration to man were initially
investigated in 1976 by Mark et al.®* who reported a shorter half-life of the
R-enantiomer. In spite of subsequent studies with related agents, e.g. pento-
barbital,®* hexobarbital’”>’* and mephobarbital,”® indicating stereoselective
pharmacokinetics in man the enantiomeric disposition of thiopental was not
examined again until the mid-1990s, when Nguyen et al.%¢ investigated the
stereoselective disposition of the drug following intravenous bolus and infu-
sion administration of the racemate to patients. These authors reported small,
but statistically significant differences in the clearance, volume of distribution
at steady state and fraction unbound between the enantiomers, the values for
(R)-thiopental being greater than those of the S-enantiomer. When the pharma-
cokinetic parameters were based on unbound plasma concentrations no
differences were observed between the enantiomers (table 2). Following intra-
venous infusion no differences in plasma concentrations, either total or free,
for either the enantiomers of thiopental, or the metabolic oxidation product,
pentobarbital were observed.3¢

Similar observations were reported following intravenous bolus administration
of the racemate by Cordato et al.,*” clearance and volume of distribution at
steady state showing a trend towards higher values for (R)- compared to
(S)-thiopental, which disappeared when unbound concentrations were taken
into account (table 2). The free fraction of (R)-thiopental, was found to be
significantly greater than that of the S-enantiomer and the 24 h urinary recovery
of unchanged drug was also significantly greater for the R-enantiomer, but at
less than 1% of the dose this is unlikely to be of significance. In one patient drug
enantiomer concentrations were determined in cerebrospinal fluid (CSF): the
values were ca. 20% of the corresponding plasma concentrations, with the
R-enantiomer in excess. Taking protein binding into account these data are
indicative of passive diffusion into the CSE.

Thiopental is also used in high doses for prolonged periods for treatment of
intracranial hypertension and neuroprotection in head-injured patients. Under
such conditions the drug shows nonlinear pharmacokinetics at total plasma
concentrations of approximately 30mg/L. Cordalo et al.%® have examined
the enantiomeric disposition of the drug under these conditions. Small, but
statistically significant differences (10-20%) in the steady-state clearance and



Table 2 Pharmacokinetic parameters of the enantiomers of thiopental following intravenous administration of the racemic drug to patients

Method of administration
Number (sex)

Age (years)

Dose (g)

Duration (h)

Pharmacokinetic parameters
Clearance (L/min)

Volume of central compartment (L)
Volume of distribution at steady-state (L)
Half-life (h)

Fraction unbound

Unbound clearance (L/min)

Unbound volume of distribution at
steady-state (L)

Steady-state concentration (mg/L)
Pentobarbital steady-state concentration

(mg/L)
Reference

Bolus
7 (M6, F1)
43-72
0.25-0.50

R 0.295 * 0.132*
S 0.230 = 0.104
R20x11
S18*x11

R 139 *+ 38*

S 114 = 47
R9.6 £54
S9.0*+45

R 0.124 + 0.006*
S 0.100 + 0.010
R 2.39 = 1.07

S 231 *1.04

R 1126 = 311

S 1145 = 476

86

Bolus
12 (M7, F5)
38-82
0.125-0.50

R 0.59 * 0.23
S 0.56 = 0.20
R 20.2 = 9.7
S188 7.9
R 91 = 53

S 80 x 37

R 0.165 (n = 6)
S 0.156
R4.8+ 2.3
S53+ 16

R 680 + 585

S 684 + 464

87

Infusion
7 (M5, F2)
37-73
0.750-1.125
1.75-3

R 2.29 = 0.99

S2.76 = 0.81

R0.28 = 0.13°

S 0.27 = 0.16
86

Infusion
5 (M4, F1)
20-47
26.1-54.5
31-92

R 0.022-0.160
S 0.021-0.156

87

Infusion**
20 (M13, F7)
15-69
12.5-86.9

31-285

R 0.10 = 0.05*
S 0.08 = 0.04

R 313 * 145*
S 273 + 115

R146 7.0
S147+72

R 0.20 * 0.05* (n = 7)
S0.18 + 0.04

88

*Significant difference between enantiomers. *Protein binding determined using plasma samples obtained from six healthy volunteers.
'Pentobarbital detected in samples obtained from four patients. **Following administration of high doses of thiopental nonlinearity in the

pharmacokinetics of the drug is observed and the following parameters were calculated in the study by Cordato et al.®®

Kn (Mg/L): R 20 = 19, S 24 *+ 23; Via (Mg/L/h): R 0.86 £ 0.54, S 1.01 + 0.69*; clearance (L/min) at pseudo steady state: R 0.108 = 0.05,

S 0.096 =+ 0.04*; unbound clearance (L/min) at pseudo steady state: R 0.582 = 0.26, S 0.588 = 0.25.
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Figure 5 S-Enantiomers of chiral amide derivative local anaesthetic agents.

volume of distribution between enantiomers were observed (R > §) and in
Vmax but not K, (table 2), both enantiomers showing saturation.

In summary, only modest differences in the pharmacokinetic parameters of
the enantiomers of thiopental are observed following either bolus or
prolonged intravenous infusion of the racemate which are unlikely to be of
clinical significance as compared with the pharmacodynamic differences.

Local Anaesthetics

A number of commercially available local anaesthetics, e.g. prilocaine, mepi-
vacaine, ropivacaine, bupivacaine, etidocaine (fig. 5) are chiral®?° and while
the majority are marketed as racemates single enantiomers, e.g. ropivacaine,’!
or in the case of bupivacaine both the racemate and single (—)-S-enantiomer,
levobupivacaine,’>”3 are available.

That the enantiomers of these agents may differ in their duration of action,
disposition and acute toxicity following intravenous infusion or subcutaneous
injection to experimental animals has been known since the late 1960s.74°7
As the individual enantiomers differ in their effects on local blood flow these
differences in duration of action may be accounted for by differences in rates
of systemic absorption.”**® For example, following intradermal injection of
the enantiomers of bupivacaine to healthy volunteers both enantiomers
caused vasodilation at the highest concentrations examined but only the
S-enantiomer showed a vasoconstrictor effect and consequently a longer dur-
ation of action.”® Thus the pharmacodynamic activity of the drug indirectly
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influences the stereoselectivity of absorption. A more recent investigation,
concerned with an evaluation of the cutaneous analgesia following subcuta-
neous injection of the enantiomers of bupivacaine to rats, indicated that the
addition of low concentrations of epinephrine results in vasoconstriction
such that the duration of action of (R)-bupivacaine is similar to that of the
S-enantiomer.”” In addition the permeability of the individual enantiomers
of bupivacaine through meningeal tissue in vitro has been shown to be
equivalent confirming that the differences arise as a result of pharmacody-
namic properties rather than differences in absorption.'”

Local anaesthetics block voltage-gated sodium channels and their potency is
modulated by channel state, open and inactivated states being favoured over
resting states. The enantiomers of bupivacaine show modest stereoselectivity
(eudismic ratio R/S of 1.5) for sodium channel blockade using a sciatic nerve
preparation isolated from Xenopus laevis. The activity being determined by
the decrease in sodium ion current at low-depolarization frequencies, which
is associated with drug binding to the channel resting state and inactivated
states at rest.!’! Blockade of inactivated sodium channels in guinea pig
ventricular myocytes shows a similar stereoselectivity with a eudismic ratio
of 1.7.192 In contrast to the above bupivacaine shows marked stereoselect-
ivity on the flicker potassium ion channel with a eudismic ratio (R/S) of 73
which appears to be predominantly associated with drug dissociation from
the binding site, the enantiomeric ratio of the dissociation rate constants
being R/S 64.101

Bupivacaine cardiotoxicity is associated with the R-enantiomer which presum-
ably relates to its greater potency in blocking cardiac sodium and potassium
channels. Stereoselectivity of blockade has been shown in hKv 1.5 channels,
with the R-enantiomer being 7 fold more potent than (S)-bupivacaine as
measured by the ratio of the apparent affinity constants,'® but not Kv 2.1 or
Kv 4.3 channels.'®!'% Bupivacaine has also been shown to inhibit L-type
calcium ion channels in isolated cardiac myocytes but not stereoselectively.'

A number of studies have compared the clinical efficacy and dose response
of (S)-bupivacaine and the racemate. The majority of which have indicated
that sensory block and the clinical profile resulting from administration of
the single enantiomer is essentially the same as that following the racem-
ate.”%92107:108 Eor example following comparison of the two forms of the
drug for epidural analgesia in labour the minimum ratio of local analgesic
concentration was S/R,S 0.98.19%110 Ag the clinical profile of the single enan-
tiomer and racemate are similar the relative merits of the different forms of
the drug are essentially associated with toxicity. Serious CNS and cardiovas-
cular adverse reactions, including deaths, following accidental intravenous
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injection of local anaesthetics have been reported.!''-11* The cardiovascular
effects of (S)- and (R,S)-bupivacaine have been investigated following
intravenous infusion to healthy volunteers.!'* The negative inotropic effect,
as measured by stroke index, acceleration index and ejection fraction, was
found to be significantly less, approximately half, following the single enan-
tiomer compared to racemic bupivacaine.''* Both agents caused small
increases in PR and QTc intervals which were greater following the racem-
ate, but the differences did not achieve statistical significance.

In vitro studies using heart muscle preparations have reported smaller conduc-
tion changes with levobupivacaine as compared with the R-enantiomer or the
racemate,''7 and a study comparing the S-enantiomer with the racemic drug
in vivo in sheep has indicated the greater margin of safety following the single
enantiomer.''® Taken together these data indicate that the single enantiomer is
a potentially safer agent in comparison to the racemate.

Evidence associated with the greater risk of cardiotoxicity occurring
following administration of bupivacaine compared to shorter acting drugs,
together with the stereoselectivity of the adverse effect, resulted in the devel-
opment of ropivacaine, the N-propyl analogue of bupivacaine (fig. 5) as a
single enantiomer.%%>?!

Bupivacaine also undergoes stereoselective disposition following administra-
tion to man.!'12% Following intravenous administration of the racemate the
systemic clearance, volume of distribution at steady-state and half-life of
(R)-bupivacaine are greater than that of the S-enantiomer (table 3). However,
stereoselectivity was also observed in plasma protein binding, the free frac-
tion of the R-enantiomer being greater than that of (S)-bupivacaine, and

Table 3 Pharmacokinetic parameters of the enantiomers of bupivacaine following
intravenous administration to man

Parameter (units) Enantiomer
R S

Clearance (L/min) 0.395 0.317*
Volume of distribution at steady-state (L) 84 54*
Half-life (h) 3.5 2.6*
Fraction unbound 0.066 0.045*
Unbound clearance (L/min) 7.26 8.71
Unbound volume of distribution at steady-state (L) 1576 1498

*Significant difference between enantiomers; mean data following drug administration
to 10 male volunteers. Data from Burm et al.*®




50 Recent Advances in Anaesthesia and Intensive Care 22

when binding is taken into account there were no differences between the
enantiomers in unbound volume of distribution but the unbound clearance
of the S-enantiomer was greater than that of (R)-bupivacaine.'” Stereo-
selectivity in the metabolism of bupivacaine has been reported following
epidural infusion of the racemate to five patients. The urinary recovery
of the R-enantiomer was, in the majority of cases, greater than that of
(S)-bupivacaine with R/S ratios varying between 1.0 and 4.3. Examination
of the stereochemical composition of the urinary metabolites, 4-hydroxy-,
3-hydroxy- and desbutylbupivacaine indicated considerable stereo- and
regioselectivity with the excretion of (R)-4-hydroxybupivacaine exceeding
that of the S-enantiomer in all subjects, whereas in the case of the other two
products considerable variability in stereoselectivity was observed.!?® Such
studies are of significance as investigations in animals®”>'?? have indicated that
the desbutyl metabolite may contribute to the toxicity of the drug, which may
also show stereoselectivity.

Prilocaine (fig. 5), as a result of its high metabolic clearance, has a relatively
low potential for CNS toxicity, but its use is limited due to a metabolic
association with methaemoglobinaemia. Following the report of Akerman
and Ross’® of lower plasma concentrations and increased rate of methaemo-
globin production following intravenous administration of the R-enantiomer
compared to either (S)- or racemic prilocaine to cats, it was suggested that
the therapeutic use of the S-enantiomer would result in a safer product.
However, the original report indicates that the rate, but not the extent of
methaemoglobinaemia differs following administration of the three forms of
the drug.”® An examination of the plasma concentrations of the individual
enantiomers following brachial plexus injection of the racemate to man indi-
cated similar plasma profiles and areas under the plasma-concentration-time
curves, with an enantiomeric ratio S/R of 1.06.!>? In contrast following oral
drug administration the enantiomeric ratio (S/R) was at least eight with the
concentrations of the R-enantiomer being close to the analytical limit of
detection.!??

Inhalational Anaesthetics: Volatile Liquids

The pharmacological effects of the volatile liquid anaesthetics have been
extensively examined but their mechanism of action has remained a matter
of controversy as a result of the traditional view that they act by some
non-specific perturbation of lipid membranes. That they ultimately act on
neuronal ion channels is generally accepted'?? but whether this results via
drug—protein interactions rather than as a secondary effect arising from
drug-lipid interactions has been a matter of debate.!?*
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Five volatile liquid anaesthetic agents are listed in the current BNF (No. 43)
of which four are chiral compounds and the fifth, sevoflurane, is achiral
(fig. 6). Initial investigations concerned with the possible stereoselectivity of
action of these agents were carried out in the early 1970s using enantiomer-
ically enriched samples of halothane.!?>12¢ However, no selectivity in action
was detected with what were relatively stereochemically impure compounds,
the enantiomeric compositions being approximately 1:3 in each case.!?%12
However, in the early 1990s the enantiomers of halothane, enflurane and
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isoflurane were resolved by enantioselective gas chromatography using a
chiral stationary phase!?” and Franks and Lieb!'?* were able to demonstrate
the stereoselectivity of action of the enantiomers of isoflurane on potassium
channels in neurones of the molluscan CNS. The (+)-enantiomer was found
to be ca. 2 fold more potent than (—)-isoflurane in activation of the anaesthetic-
activated potassium current Ig(A,), and inhibition of the inward cur-
rent mediated by neuronal nicotinic acetylcholine receptors. However, the
(—)-enantiomer was slightly more potent than (+)-isoflurane in the inhib-
ition of the less sensitive transient potassium current I,.'4

Although in the context of the molecular mechanism of general anaesthesia
stereoselective interactions with the chiral components of lipid bilayers
cannot be ruled out, previous investigations have demonstrated little chiral
discrimination by phospholipids!*® and both isoflurane enantiomers are
equally soluble in lipid bilayers.'” In addition, both enantiomers have
identical effects on the shift of the chain-melting phase transition temperature
of dipalmitoyl lecithin (dipalmitoyl-L-a-phosphatidyl choline) a test of bilayer
disruption.'?*

Initial i1 vivo studies with isoflurane were carried out following intraperi-
toneal administration of the individual enantiomers to mice and determin-
ation of sleeping time. Both enantiomers produced a dose-dependent increase
in sleeping time with (+)-isoflurane being significantly more potent than the
(—)-enantiomer.’3 Subsequent reports on the stereoselectivity of action
of isoflurane have provided contradictory data. Lysko et al.'3! showed the
(+)-S-enantiomer to be ca. 50% more potent than (—)-(R)-isoflurane with
respect to minimum alveolar concentration (MAC) in rats, but others
have found no significant differences between the enantiomers.'3? Whereas
examination of loss in righting reflex and sleeping time in rats indicated the
(+)-S-enantiomer to be 40-50% more potent than (—)-(R)-isoflurane.!33
Interestingly the racemic drug showed a potency similar to that of the
(—)-enantiomer for loss of righting reflex.!3?

The stereoselectivity of isoflurane on the preservation of ATP concentrations
in anoxic rat hepatocytes has also been examined.'** The (—)-R-enantiomer
was found to be approximately 2.5 fold greater in potency compared to
(+)-(S)-isoflurane, thus the anaesthetic and biochemical effects of the two
enantiomers are opposite which imply that the effects are independent of one
another.'3*

As indicated above the majority of the available data on the stereoselectivity
of action of these agents is derived from studies on isoflurane. However, some
investigations have been carried out with the enantiomers of halothane.!?’
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Using the immobilization of the nematode Caenorhabditis elegans as a model
of anaesthetic action Sedensky et al.'3’ have shown genetic differences with
respect to the stereoselectivity of the action of halothane, the (+)-R-enantiomer
being ca. 3 fold more potent than (—)-(S)-halothane in some genetic mutants,

whereas in others the differences between the enantiomers were minimal.'?

The stereoselectivity of disposition of some of these agents has been investi-
gated following their administration to either animals or man. Following
exposure of rats to racemic halothane in a constant volume chamber the drug
concentration, and enantiomeric composition, were determined in the chamber
atmosphere with time, providing an indirect estimation of the whole body
pharmacokinetics of the drug.'3® The chamber drug concentrations decreased
in a biphasic manner with an essentially constant enantiomeric ratio of one,
indicative of minimal stereoselectivity in drug disposition. Similarly, the
enantiomeric composition of isoflurane in rat brain, following intravenous
administration of the racemate, was essentially unity.'* The enantiomeric
disposition of isoflurane has also been examined following administration to
patients.'37138 The enantiomeric composition S:R of the drug in blood varied
between 51:49 to 54:46 in samples collected up to 8 days following admin-
istration,'3”>'3% indicating a lack of stereoselective distribution.

The oxidative metabolism of these agents, mediated by cytochrome P450
(CYP), involves formation of reactive acylhalide intermediates which bind
covalently to liver protein and are associated with hepatotoxicity. In the
case of halothane approximately 20% of patients experience mild liver
dysfunction. In order to examine a possible association between halothane
stereochemistry and hepatotoxicity the individual enantiomers and racemic
drug were administered intraperitoneally to mice. Using immunoblotting
techniques (R)-halothane was found to yield two to three times more
covalently bound adducts than either the S-enantiomer or the racemate.'’
Similarly the metabolism of enflurane to difluoromethoxydifluoroacetic acid,
the end product of the oxidative transformation, has been examined in vitro
using both human liver microsomal preparations and microsomes containing
cDNA-expressed human CYP2ET1. The rate of formation of the acid from the
R-enantiomer was approximately 2 fold that from (S)-enflurane, with the
racemate yielding an intermediate value.'** While these are obviously prelim-
inary observations if the stereoselectivity of metabolism of these agents is
associated with hepatotoxicity and there are relatively minor differences in
anaesthetic potency then an argument could be made for the use of the single
S-enantiomers of these drugs.'’

While from the available literature there appears to be little argument for
the use of single enantiomers of the volatile liquid anaesthetics from a
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pharmacodynamic viewpoint examination of their selectivity of action does
contribute to our understanding of their mechanism of action. Such stereo-
selectivity in action should be viewed in the context of Lehman’s statement
that “the stereoselectivity displayed by pharmacological systems constitutes
the best evidence that receptors exist and that they incorporate concrete
molecular entities as integral components of their active sites.”?!

Chiral Drugs and Regulation

The increased appreciation of the potential significance of the pharmaco-
logical differences between enantiomers, together with associated safety issues,**
resulted in drug chirality and particularly the use of racemic mixtures vs
single enantiomers, becoming an area of concern for the pharmaceutical
industry and leading regulatory authorities.'*'~'** Those advocating the use
of single enantiomers stating that the use of racemates is essentially polyphar-
macy with the dosage being determined by chemical rather than therapeutic
or pharmacological criteria and regarding racemates as drugs containing
50% impurity. In the lay press the issue was frequently addressed in emotive
terms citing, unjustifiably,>>'*! the hypnotic-sedative-teratogenic agent
thalidomide as an example where the use of a single enantiomer would have
prevented the tragedy of the early 1960s.

There are a number of potential advantages associated with the use of single
enantiomers including: a less complex more selective pharmacological profile;
potential for an improved therapeutic index; a less complex pharmacokinetic
profile; reduced potential for complex drug interactions, and a less complex
relationship between plasma concentrations and effect.

The major regulatory authorities have addressed the issues associated with
drug chirality and published guidelines or policy statements.'*~147 At present
there is no absolute requirement from the regulatory authorities for the
development of single enantiomer drugs, the choice of stereoisomeric form,
i.e. single enantiomer or racemic mixture, residing with the compound
sponsor, but the decision requires scientific justification based on quality,
safety and efficacy criteria together with the risk-benefit ratio.'*”

As a result of regulatory attitudes the number of new chemical entities
submitted for approval as single stereoisomers rather than racemates to
various regulatory bodies over the last 10 years appears to have
increased.'’~!%’ The most recent data, for the period 1996-1999, from the
Medicines Control Agency, indicates that 24 of a total of 37 synthetic chiral
new chemical entities submitted for evaluation were single stereoisomers.!'*”
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Chiral Switch

In addition to new chemical entities a number of agents initially, or currently,
marketed as racemates have been re-introduced as single enantiomer prod-
ucts undergoing the so-called Chiral Switch process.” The idea of evaluating
single enantiomers following either developments in synthetic technology or
the observation of unacceptable adverse effects with the racemate is not new
and the examples of D-penicillamine,%'5! L-dopa'$>'33 and levonorgestrel
may be cited. The Chiral Switch has resulted in a number of agents being
re-marketed as single enantiomers including levobupivacaine, (S)-ketamine,
cisatracurium, dexibuprofen and dexketoprofen, in a number of countries
(table 4). These re-introductions have resulted in products containing
both single enantiomer and racemic mixtures being available at the same
time, hence the requirement for physicians to have an appreciation of
stereochemical nomenclature to ensure that they know what they have in fact
prescribed.

However, as noted in table 4, such re-evaluations/re-introductions are not
without problems and in the case of dilevalol, the B-blocking stereoisomer
of the combined «, B-blocking drug labetalol, the development of the
drug was stopped as a result of hepatotoxicity;** the development of
(R)-fluoxetine was terminated due to a small but significant increase in
QTc prolongation at the highest dose examined;!** both dex- and racemic
fenfluramine were withdrawn following an association with valvular
heart disease;'*° and the SWORD trial (Survival With Oral d-Sotalol) was
terminated early due to increased mortality in the treatment compared to
the placebo control group.!*® The above examples illustrate that removal

Table 4 Single enantiomers from marketed racemates: the Chiral Switch
Drug Action/indication Availability/comment
Dexfenfluramine Anoretic Withdrawn
Dilevalol B-antagonist Development stopped
Levofloxacin Antimicrobial Japan, UK, USA
Dexibuprofen NSAID Austria, Switzerland
Dexketoprofen NSAID Spain, UK
Levobupivacaine Regional anaesthetic UK
(S)-Ketamine Anaesthetic Germany
Esomeprazole Proton-pump inhibitor UK, USA
(R)-Salbutamol B,- agonist USA
(R)-Fluoxetine Selective serotonin re-uptake inhibitor Development stopped
Cisatracurium Neuromuscular blocker UK, USA
Levocetirizine Antihistamine UK
(R,R)-Methylphenidate Attention-deficit hyperactivity disorder USA
Escitalopram Selective serotonin re-uptake inhibitor USA, UK
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of the 50% ‘isomeric impurity’ present in a racemate is by no means a
trivial matter.

In addition to the agents cited in table 4 a number of other compounds are
undergoing evaluation as potential single enantiomer products including
(R,R)-formoterol for the treatment of asthma; (S)-fluoxetine for migraine
prophylaxis; (S)-oxybutinin, for urinary incontinence; (S)-doxazosin for
treatment of benign prostatic hyperplasia; the proton pump inhibitors
(S)-lansoprazole and (—)-pantoprazole and (+)-norcisapride for the treatment
of nocturnal heartburn.’

Conclusions

This chapter has attempted to explain the terminology and pharmacological
significance of stereochemistry, together with the current regulatory position
regarding chiral pharmaceuticals. There can be no doubt that stereochemical
considerations in pharmacology will continue and provide additional
insights into the mechanisms of drug action and disposition. From a clinical
perspective such investigations should contribute to improved drug use and
the re-evaluation of ‘old’ racemates will in some instances result in single
enantiomer products with an increase in both drug safety and efficacy.

Note added in proof

The attention of interested readers is drawn to two recently published articles relevant to
the topics addressed in this chapter.!s7-158
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CHAPTER

G.A. McLeod

New local anaesthetics

The impetus to develop new local anaesthetic agents followed reports of
sudden cardiac arrest, prolonged resuscitation and a disproportionately high
number of deaths in pregnant women receiving epidural bupivacaine and
etidocaine for caesarean section.! The subsequent, prompt changes in anaes-
thetic practice such as slow incremental dosing and the use of test doses
undoubtedly reduced mortality but, nevertheless, failed to eliminate the
cause of toxicity — accidental intravascular injection.

Recent reports suggest that local anaesthetic toxicity still remains a problem.
A recent survey?® reported 16 seizures in over 21,000 patients undergoing
limb blocks. The regulatory studies for the two new safer local anaesthetics,
ropivacaine and laevobupivacaine corroborate this evidence. Of the 4,500
patients recruited world-wide in clinical studies comparing the new drugs to
bupivacaine, nine showed symptoms of toxicity due to inadvertent intravas-
cular injection, two of whom progressed to convulsions.?

Increased awareness of the benefits of high quality prolonged post-surgical pain
relief has spurned the search for ultra long acting local anaesthetics. Long dur-
ation pain relief is already obtainable with insertion of epidural or nerve sheath
catheters. Unfortunately, even with high technical success rates of catheter inser-
tion, patients do not often receive optimal pain relief because service provision
falls down and catheters have a tendency to fall out, leak, break and migrate.*

Recent evidence has highlighted the many diverse actions of local anaesthetics.
Not only do they block sodium and potassium ion channels, but interact with
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G-coupled receptor proteins,” muscarinic receptors® and endothelial nitric

oxide (NO).”

This review will present the evidence for the improved safety profile and
potency of the enantiomers, ropivacaine and laevobupivacaine and will
introduce the reader to some novel ultra long acting local anaesthetics as well
as an insight into the possible future applications of local anaesthetics on the
endothelium, coagulation system and the inflammatory response via inter-
actions with G-coupled receptor proteins.

Voltage-Gated lon Channels

Before discussing new local anaesthetic agents, it is useful to be aware of some
new advances in molecular biology. Visualisation of the sodium receptor and
understanding of the molecular mechanisms of sodium channel binding and
gating has the potential to not only advance local anaesthesia and pain relief
but also the treatment of epilepsy and cardiac dysrhythmias.?

The unique anatomical features of nervous tissue provide long distance
conduction of electrical signals without loss of information. Clustered within
the Nodes of Ranvier are voltage-gated sodium and potassium channels where
electrical impulses are regenerated for propagation down the nerve. These
channels are embedded in the lipid bilayer cell membrane that surrounds the
axoplasm and cover the entire width of the nerve cell membrane.

Sodium channel

Cryo-electron microscopy and image reconstruction has recently revealed the
three-dimensional structure of the sodium channel.”!° As viewed parallel to
the membrane surface, the sodium-channel protein is bell-shaped with four
transmembrane domains arrayed symmetrically around a central pore that
splits into four passages that communicate between the intra and extracel-
lular spaces (fig. 1).

The four homologous domains (I-IV) contain six transmembrane alpha helices
(S1-S6) and an inactivating particle connecting domains III and IV. The S5 and
S6 segments and the short loops between them form the pore (fig. 2). The
fourth helix (S4) has positively charged arginine or lysine residues at every
third position and is regarded as the ‘voltage-sensitive’ region of the sodium
channel. The cationic sites on $4 are postulated to be paired with anionic sites
that may reside on nearby transmembrane helices (S1-S3 or S5-S6).

Three major conformational states of the sodium channel exist, i.e. resting,
open, and inactivated. In the resting state, the membrane potential is negative
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Figure 1 A three-dimensional representation of the voltage-gated sodium channel. The first
image shows the central ion-conducting pore and its intracellular and extracellular
connections. The peripheral areas 1-4 indicate ‘gating’ pores, containing the S4 segments,
and their connections to the central pore. The dashed lines show the position at which the
cross-section was take.
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Figure 2 Map of the voltage-gated sodium channel, showing how it folds over and crosses
the plasma membrane. It is composed of four homologous domains (IHV) each of which
contains six transmembrane segments (cylinders 1-6).

inside because of the presence of large concentrations of sodium ions outside the
cell and relatively large concentration of potassium ions inside the cell. The S4
segments are in the ‘down’ position, making the channel non-conductive.

Outward movement and spiral rotation of the S4 segments through special,
narrow-waisted pores in each domain, moves positive gating charges across the
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membrane’s electric field and opens the ion channel. Subsequent channel inacti-
vation involves the closure of a hydrophobic inactivation gate or motif called
IFMT (isoleucine, phenylalanine, methionine, threonine), between domains III
and IV.'"! The gate has little affinity for the mouth of the channel when all $4
segments are down. When they are in the up position, the affinity of the inac-
tivating particle for the mouth increases and it docks in, inducing inactivation.

Potassium channels

In contrast to voltage-gated sodium channels, potassium channels are a very
diverse family of membrane proteins with many subtypes although their
distribution in nerve cells is still not clear. They fulfil a number of roles in
peripheral nerves such as establishing the resting membrane potential and
accomplishing repolarisation.

The hallmark of potassium channels is their ability to allow potassium ions
to pass uninterrupted while presenting a formidable barrier to sodium ions.
Unlike sodium channels, the potassium channel only contains the equivalent
of one domain that folds over. The pore presents a wide, non-polar intracel-
lular opening, and narrows on the extracellular side.!? This region of the
pore acts as a ‘selectivity filter’ by allowing only the passage of potassium
ions in single file across the cell membrane. As with sodium channels, the $4
transmembrane segment, is the voltage sensor and the inactivation gate
‘swings in’, binds to the S4-S5 loop and blocks the channel.

Local anaesthetic blockade of ion channels

Local anaesthetic binding to the sodium receptor is achieved by the ionised
moiety of the anaesthetic molecule in a reversible and concentration-
dependent manner. Recent molecular cloning studies give an insight into the
affinity of recombinant sodium-channel isoforms for local anaesthetics. Parts
of the local anaesthetic binding sites have been identified in IV-S6 as phen-
ylalanine (F1764) and tyrosine (Y1771) of rat brain IIA sodium channels
(rITA), residues that correspond to F1760 and Y1767 in human heart (hH1).'3
It is phenylalanine (F) in position F1760 in hH1 sodium channels that binds
with the positively charged moiety of bupivacaine but the whereabouts of a
proposed hydrophobic binding site for local anaesthetics remains elusive.

The affinity of the sodium receptor for local anaesthetics is higher in the open
or inactivated states compared to the resting state. Binding of anaesthetics to
open sodium channels increases with the frequency of nerve depolarisation and
is described as use-dependant or phasic block. Local anaesthetics that bind with
more affinity to open or inactivated channels or that dissociate more slowly
(such as bupivacaine) will generate a more potent block than local anaesthetics
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such as lidocaine, which dissociates four times faster. Consequently, bupivacaine
accumulation during diastole is likely to delay recovery of cardiac sodium
channels, prolong conduction and induce re-entry-induced dysrhythmias.

Potassium channel blockade further enhances local anaesthetic blockade.
Potassium block broadens the action potential and encourages the open and
inactivated sodium channel states thereby enhanced the binding of local
anaesthetic.'*

Local anaesthetics show a slightly higher potency to block cardiac than nerve
sodium channels. Investigators have attributed this to a greater affinity of
cardiac sodium channel for local anaesthetics’ or a larger proportion of
heart (hH1) channels in the inactivated (i.e. high-affinity) state at physio-
logical resting potentials (—100 to —90 mV).1®

The most likely answer lies within the electrophysiological differences between
nerve and heart. Nerves undergo a very brief depolarisation due to rapid flux
of sodium ions and neural blockade, probably of resting state sodium channels
at a potential of —70 to —80mV, and need relatively high concentrations of
bupivacaine for blockade.

In contrast, cardiac depolarisation lasts 200400 ms due to an initial sodium
flux followed by a longer lasting influx of calcium that prolongs the duration
of the action potential and produces a characteristic long plateau phase.
As a result, blockade is produced by much lower drug concentrations binding
frequently to more available and higher affinity inactivated sodium
channels.!”

New Safer Local Anaesthetics
Stereoselective blockade of ion channels

Bupivacaine exists in two forms called enantiomers, which are mirror images
of each other. Although structurally identical, stereoisomers can exhibit
pharmacodynamic and pharmacokinetic differences which manifest clinically
as differences in potency or in side effects. The discovery, 30 years ago, of a
stereoselective blockade of cardiac sodium channels by the enantiomers of
bupivacaine!® and advances in chiral chemistry have spurned the development
of two new local anaesthetics ropivacaine and S-bupivacaine. The underlying
principle of development was that if a significant difference in cardiotoxicity
between the enantiomers of ropivacaine and between the enantiomers of bupi-
vacaine was coupled with equivalent potency for nerve block, the added gain
in therapeutic index warranted their clinical use.
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Before discussing the evidence of stereoselective myocardial toxicity it is neces-
sary to explain the confusing nomenclature surrounding chiral compounds
(table 1). A chiral molecule has no internal plane of symmetry and is non-
superimposable on its mirror image (fig. 3). Even after rotating one of the mole-
cules it remains different from its partner in the same way a right hand will not
fit properly into a left handed glove. Enantiomers can be classified according to
their ability to rotate the plane of polarised light through a polarimeter. This is
described as optical activity. Right handed or clockwise rotation is called
dextrorotatory, ‘d’ or ‘+” and left handed or counterclockwise rotation is called
laevorotatory, ‘I’, or ‘“—’. A solution that contains a mixture of the two optical
isomers will not change the plane of plane polarised light, because the effects of
the two isomers cancel each other out.

The S and R descriptors are based on the configuration of the four asymmet-
rical groups around the central carbon atom (fig. 4).” An accurate descrip-
tion is determined by the following sequence rules (a) put the lowest priority
towards the back by rotating the molecule (b) look at the direction of highest
to lowest: if clockwise, then R (rectus), otherwise it is S (sinister). For the
purposes of this review S-, 1, (+) and laevo (bupivacaine) and R-, d, (=) and
dextro (bupivacaine) are considered the same and are interchangeable.

Table 1 Chiral terminology'®
Chirality Spatial arrangement of atoms, non-superimposable on its mirror
image
Isomer A molecular entity with the same atomic composition but different
stereochemical formulae and hence different physical or chemical
properties
Stereoisomers Isomers that possess identical constitution but which differ in the
arrangement of their atoms in space
Enantiomers One of a pair of molecular entities which are mirror images of
each other and non-superimposable
Racemate An equimolar mixture of a pair of enantiomers
I
|
Br | Br
N
|
wC ' Cu
H | i, H
7 N | o
|
1

Figure 3 Schematic representation of a chiral compound. Both enantiomers are
non-superimposable.
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Figure 4 Sequence notation of chiral compound. First put the lowest priority towards the
back by rotating the molecule then look at the direction of highest to lowest: if clockwise,
then R (rectus), otherwise it is S (sinister).

Table 2 Physicochemical characteristics of local anaesthetics

pKa Protein Vdgs ti Clearance
binding L) (min) (I min~7)
Lidocaine® 7.9 75 91 96 0.88
Bupivacaine 8.1 95 73 210 0.58
Ropivacaine® 8.1 94 59 111 0.72
Laevobupivacaine® 8.1 95.5 54 157 0.32
Dextrobupivacaine®® 8.1 93.4 84 210 0.40

pKa - constant.
Vd, — Volume of distribution at steady state.

Bupivacaine is an amino-amide local anaesthetic and is a member of the
homologous series of n-alkyl substituted pipecholyl xylidines first synthesised
by Ekenstam in 1957. Ropivacaine is a single enantiomer, structurally similar to
bupivacaine but with a propyl side chain replacing the butyl group. The smaller
side chain contributes less lipid solubility, less toxicity and an increased separ-
ation of sensory and motor blockade compared to bupivacaine. Laevobupiv-
acaine, an enantiomer of bupivacaine, shares the same molecular structure as
bupivacaine but due to its different spatial configuration has a different
pharmacokinetic and pharmacodynamic profile. The physicochemical proper-
ties of laevobupivacaine and ropivacaine are compared in table 2 to bupivacaine
and other commonly used local anaesthetics.

Reduced Toxicity

In order to demonstrate any reduced cardiotoxicity of the new stereoisomers
compared to bupivacaine, many iz vitro and in vivo animal toxicity, human
volunteer and clinical studies have been conducted on ropivacaine and
laevobupivacaine. The following text describes the impact of these new drugs
on ion channel blockade, myocardial electrophysiological and contractility
changes, convulsive and dysrhythmogenic thresholds, resuscitation from
cardiac arrest, vasoactivity and clinical potency.
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lon channel blockade

Stereoselectivity of the inactivated state of the sodium channel has been
demonstrated by use of the whole-cell voltage clamp technique in isolated
guinea-pig ventricular myocytes?® and recently in human cardiac sodium
channels."® In both, dextrobupivacaine was more potent than laevobupiv-
acaine. Potency is attributable to a more stable and longer interaction (dwell
time) with the binding site and is expressed as the dissociation constant (Kp).
No stereoselectivity was exhibited with the activated or open state of the
channel.

Potassium channel blockade enhances block of the inactivated state of the
sodium channel. Stereoselective inhibition of cloned human ventricle delayed
rectifier potassium channels (hKv1.5) has been demonstrated for both the
enantiomers of both bupivacaine and ropivacaine. Kp of 27.3uM and
4.1 uM were calculated for dextrobupivacaine and laevobupivacaine,
indicating dextrobupivacaine to be sevenfold more potent in blocking the
potassium channel than laevobupivacaine.?! The corresponding concentration-
dependant block induced by R-ropivacaine yielded a K, value of 32 uM, two
and a half times more potent than S-ropivacaine.?? Unlike sodium and potas-
sium channels, no stereoselectivity has been observed for calcium channels.

Electrophysiology and contractility

The maximum upstroke velocity (V,,.«) of the action potential using a stand-
ard microelectrode technique in isolated guinea-pig papillary muscle also
depicts the inhibitory effect of local anaesthetics on the sodium channel
current. Using this methodology, Moller et al., showed that V,,,, and duration
of block were significantly decreased in the presence of bupivacaine compared
to ropivacaine and lidocaine.?? Similiarly, V.., was reduced to a greater extent
in the presence of dextrobupivacaine than laevobupivacaine over a range of
stimulation frequencies, indicating a more profound blockade of sodium
channels and slowing of cardiac conduction with dextrobupivacaine.?*

Excessive shortening of action potential duration (APD) can precipitate
re-entrant dysrhythmias and lengthening of action potential duration may
prolong the QT interval in the clinical ECG. Harding et al., compared the
effects on V. and action potential duration of laevobupivacaine, racemic
bupivacaine and ropivacaine.”> At 30 uM bupivacaine reduced V,,, 50%
more than laevobupivacaine and ropivacaine and a significant increase in
action potential duration was seen with ropivacaine that was not apparent
with laevobupivacaine. After a 40 min-washout period, V,,,, recovered fully
with laevobupivacaine and ropivacaine but not for bupivacaine suggesting that
any toxicity induced by these new enantiomers may be easier to reverse.
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The in vitro studies have shown that both ropivacaine and laevobupivacaine
are less likely to dwell on myocardial sodium channels, have much less
potency at potassium channels and are less likely to impair myocardial
electrical conduction and contractility compared to bupivacaine.

Interaction of central nervous system (CNS) and cardiovascular
system (CVS)

Observation of the CNS and CVS side effects of ropivacaine and laevobupiv-
acaine has been possible in large animal models by injection into the systemic
and coronary circulation. Chronically instrumented sheep were injected intra-
venous boluses of lidocaine bupivacaine and ropivacaine.?® The mean convul-
sive doses were 110mg, 60mg and 45mg for lidocaine, ropivacaine and
bupivacaine. Ventricular fibrillation caused death in two sheep after bupivacaine
(80 mg) and in two sheep after ropivacaine (90 and 120 mg) administration.

A similar investigation was undertaken by the same group in order to examine
the cardiac effects of sub-convulsive and convulsive intravenous doses of
laevobupivacaine and bupivacaine.?” At subconvulsive doses, bupivacaine and
laevobupivacaine produced depression of left ventricular systolic contractility
(dP/dt,,.,) which was reversed following the onset of convulsions. The mean
(SD) dose at which convulsions occurred was significantly higher with
laevobupivacaine 103 (18) mg than with bupivacaine 85 (11) mg. Significantly
fewer and less deleterious dysrrhythmias were induced by laevobupivacaine.
Three animals died after 150, 150, and 200 mg respectively of bupivacaine from
the sudden onset of ventricular fibrillation. These doses of laevobupivacaine
produced non-fatal dysrrhythmias that automatically returned to sinus rhythm.

A further study was conducted to explore the effects of higher doses.?® Eight
chronically-instrumented conscious female sheep were intravenously infused
with laevobupivacaine and bupivacaine. Doses were given over 3 min, with
50 mg increments, starting at 200 mg. The mean fatal dose of laevobupivacaine
(277 mg) was almost twice that of bupivacaine (156 mg). This compares to a
mean dose of 263 mg with ropivacaine found in a previous study.

Unfortunately, onset of convulsions and their haemodynamic sequelae masks
the direct CVS effects of local anaesthetic drugs. A means of obviating this is
by direct administration of study drug into coronary arteries. Two studies by
Reiz et al., regarded prolongation of the QRS-interval of pigs as a measure
of electrophysiological toxicity. In the first, the electrophysiological toxicity
ratio for bupivacaine, ropivacaine and lidocaine was 15, 6.7, 1.0.%°
The respective toxicity ratios for bupivacaine, laevobupivacaine and ropiv-
acaine in the second study were 2.1, 1.4, 1.0.3°
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A further study?®' injected bupivacaine, laevobupivacaine or ropivacaine over
a three minute period into the left main coronary arteries of conscious ewes.
This investigation used equimolar doses in order to negate differences in
molecular weight or presentation as base or hydrochloric acid. Interestingly,
there were no differences between all three drugs. Cardiovascular changes,
QRS widening, fatal doses and survival rates were similar suggesting that all
three drugs possess comparable capacity for cardiac toxicity when given into
the left intracoronary artery.

What, therefore accounts for differences in cardiac toxicity between bupiv-
acaine and the new chiral compounds? Perhaps the answer lies within the
CNS. Dextrobupivacaine and laevobupivacaine given intravenously in a rat
model at an dysrrhythmogenic dose®? reduced the cell firing rate of the
nucleus tractus solitarus. Dextrobupivacaine produced severe bradycardia,
progressive hypotension, apnoea and death in all animals, whereas
laevobupivacaine produced a mild bradycardia in only one third of the
animals. Further investigation is needed regarding the interaction of the CNS
and CVS in local anaesthetic toxicity.

Human volunteer toxicity

Although the animal studies have assiduously demonstrated reduced cardiac
toxicity for both ropivacaine and laevobupivacaine, the circumstance of acci-
dental intravenous injection needs to be replicated in human beings as much as
possible. Fortunately, a means of exhibiting local anaesthetic toxicity exists in
human volunteers. Acute tolerance of intravenous infusion of 10 mgmin~! of
bupivacaine, ropivacaine and laevobupivacaine has been studied in four
crossover, randomised, double-blind studies in volunteers previously acquainted
with the CNS effects of lidocaine. Changes in conductivity and myocardial
contractility were monitored using the ECG (PR interval, QRS duration, QTc,
QTd), echocardiography or thoracic bioimpedance. QT ¢ dispersion is a marker
of dysrhythmogenesis and is calculated, on a 12 lead ECG, from the difference
between smallest and largest QT interval, and is corrected for time.

Bupivacaine impaired myocardial contractility, extended QRS duration and was
less likely to be tolerated than ropivacaine.?*3* The threshold for CNS toxicity
was apparent at a mean free plasma concentration of 0.6 mg™' for ropivacaine
and 0.3 mg™! for bupivacaine. Using thoracic bioimpedance, laevobupivacaine
had significantly less effect on stroke index, acceleration index and ejection frac-
tion.>’ In a further study of 22 volunteers, those who received over 75 mg of
drug had significantly less QTc dispersion with laevobupivacaine.*® The mean
(SD) increase in QTc dispersion for bupivacaine was 24 ms (17 ms) compared
to mean (SD) increase of 3 ms (11 ms) for laevobupivacaine.
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Reversibility and resuscitation

There is no information comparing the ability to reverse the cardiotoxic effects
associated with incremental overdosage of bupivacaine, laevobupivacaine or
ropivacaine, nor indeed, any evidence regarding best drugs to use. Anaes-
thetised rats’” and dogs?® were given local anaesthetic until the point of cardio-
vascular collapse at which point epinephrine and open-chest massage was
started. In rats, the doses of laevobupivacaine and ropivacaine that produced
seizures were similar and were greater than bupivacaine but the number of
successful resuscitations did not differ among groups. In dogs, mortality from
bupivacaine, laevobupivacaine, ropivacaine and lidocaine was 50%, 30%,
10% and 0%, respectively. Epinephrine-induced ventricular fibrillation
occurred more frequently in bupivacaine-intoxicated dogs. The unbound
plasma concentrations at collapse were larger for ropivacaine compared with
bupivacaine after resuscitation.

Sensory motor split and potency

An early in vitro study was the first indication that ropivacaine’s intermediate
lipid solubility between that of lidocaine and bupivacaine could translate into
a preferential blockade of sensory to motor fibres. The response of
compound action potentials in A and C nerve fibers to different concentra-
tions of ropivacaine and bupivacaine was measured in isolated rabbit vagus
nerves.?® The results showed that the depressant effect of bupivacaine was
16% greater than that of ropivacaine on motor fibres, but only 3% greater
on sensory fibres. The enhanced differential between sensory and motor
blockade was given further standing from an epidural infusion study on
volunteers using 0.1%, 0.2%, 0.3% ropivacaine, 0.25% bupivacaine or
saline.*® Over the 21-hour study period, sensory block and isometric quad-
riceps function were measured. The results showed that ropivacaine 0.2%
and 0.3% were associated with less motor block than 0.25% bupivacaine.
However, the extent of sensory spread was concentration-dependent for
ropivacaine and receded much more quickly than bupivacaine.

The results of this study triggered a key question in regional anaesthesia. Are
patients given ropivacaine less likely to suffer motor blockade and lower limb
weakness compared to patients given the same dose of bupivacaine or does
the limited sensory and motor spread of ropivacaine indicate less potency?
The question is crucial because any reduction in potency narrows the thera-
peutic window between clinical efficacy and adverse side effects because
more drug is required.

A comparison of the potency of ropivacaine and laevobupivacaine from
standard regulatory studies is impossible because many are statistically
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powered to show equivalence of effect rather than differences between drugs
and, as such, the vast majority of patients lie at the flat top of the dose
response curve for analgesia and any difference between drugs manifests as
side effects. Many of these studies have been highlighted in table 3.

In order to compare the analgesic potency of two drugs, one must come
down the analgesic dose response curve to the point at which half the
patient population responds, the EC50. The minimum effective local anal-
gesic concentration (MLAC) for epidural analgesia in the first stage of
labour remains the only valid means of measuring clinical potency.
Patients are administered a standard 20 ml volume local anaesthetic and
the pain of contractions measured using a 100 mm visual analogue pain
ruler. A score of =10 mm within 30 min is defined as effective. The concen-
tration of local anaesthetic given to each patient is increased or decreased
according to the response of the previous patient (up-down sequential
allocation). Using this methodology, the EC50 of ropivacaine has been calcu-
lated in two studies to be 0.111(95% CI: 0.100-0.122)%*! and 0.156(95%
CL: 0.136-0.176)%* compared to 0.067(95% CI: 0.052-0.082)%*' and
0.093 (95% CI: 0.076-0.110)%** for bupivacaine. The corresponding EC50
for laevobupivacaine is 0.083(95% CI: 0.065-0.101)% compared to
0.081(95% CI: 0.055-0.108)% for bupivacaine.*

Thus, the potency of ropivacaine is six tenths that of bupivacaine 0.60 (95% CI:
0.47-0.75) and the potency of laevobupivacaine no different to that of bupiv-
acaine 0.98 (95% CI: 0.67-1.41). European regulations insist on presentation
of new drugs as base rather than the hydrochloride. The result, in the case of
laevobupivacaine, is that 13% more active drug has been given in most clinical
studies. Despite this, and taking the extra drug into account, ‘the molar ratio of
laevobupivacaine is 0.87 (95% CI: 0.60-1.25) compared to a molar ratio of
0.57 (95% CI: 0.45-0.72) for ropivacaine.*> As the decrement in potency is still
less than the overall 25-30% reduction in cardiac toxicity determined by
preclinical studies, laevobupivacaine remains a safer drug than bupivacaine.

The MLAC methodology has been criticised because the ED5 and ED95
points each represent a single patient. Nevertheless, a study** in volunteers
receiving epidural boluses of ropivacaine or bupivacaine in increments of
0.02% then measuring, at the L2 dermatome, sensory thresholds by CO, laser
and isometric quadriceps function has confirmed the findings from EMLAC.
A 50% higher concentration of ropivacaine than bupivacaine was required to
produce onset of both superficial and deep analgesia giving a potency ratio of
0.67. The motor blocking ratio was also 0.67 indicating that both drugs have
identical motor-sensory separation. Interestingly, the authors concluded that
deep analgesia could not be obtained without motor blockade.



Table 3 Examples of clinical studies assessing efficacy and safety of laevobupivacaine (L) and ropivacaine (R)

Laevobupivacaine (n)

Results

Ropivacaine (n)

Results

Infiltration
anaesthesia for
inguinal hernia

Opthalmic anaesthesia
Peribulbar block

Upper limb block

Lower limb block

Lumbar epidural
block for surgery

Postoperative
analgesia

Spinal anaesthesia

0.25% L (33)
0.25% B (33)
50ml

0.75% L (25)
0.75% B (25)

0.25% L (25)
0.5% L (26)
0.5% B (23)
0.4ml kg™’
Supraclavicular
block

0.5% L (15)
0.5% R (15)
0.5% B (15)
Sciatic nerve block

0.75% L (29)
0.5% L (30)
0.5% B (29)

0.125% L (21)
0.125% L and

4 pg/ml F (22),

4 png/ml F (22)
PCEA basal rate
4ml h™', 2ml bolus,
10min lockout

0.5% L (40)
0.5% B (40)
3.5ml Plain solutions

Similar postoperative
pain scores over 48 h®”

No differences in volume (11 vs 10 ml),
time to satisfactory block (13 vs 11 min)
or perioperative pain scores®

Sensory block duration (min)

0.25% L, 892min, 0.5% L,

1039 min 0.5% B, 896 min

Motor block duration (min)

0.25% L, 847 min, 0.5% L, 1050 min
0.5% B, 933 min®"

Onset of block

0.5% L, 15min, 0.5% R, 15min

0.5% B, 30min

Duration of analgesia (h)

0.5% L, 16h, 0.5% R, 17h; 0.5% B, 14h%

Duration of sensory block
0.75% L, 460 min
0.5% L, 377 min, 0.5% B, 345 min®®

Pain scores lower and longer
time to first request in the
combination group than in
the plain fentanyl group

at 6h and 12h%’

Duration of sensory blockade
L, 228 min, B, 237 min
Duration of motor blockade
L, 280 min, B, 284 min%

0.125% R (26)
0.25% R (25)
0.5% R (27)
Saline (24) 30 ml
1% R (45)
0.75% B/2% L
mixture (45)

0.5% R (15)
0.75% R (15)

1% R (15)

2% M (15)
Interscalene block

0.75% R (12)
0.5% B (12)
Sciatic nerve
block

0.5% R (32)
0.5% B (35)

0.2% R (60),

0.2% R, 1mg ml~!
F(59), 0.2% R,

2mg ml~' F(62),
0.2% R, 4 pg/ml F(63)
Infusion up to

14 ml/h for 72h

0.5% R with 1%
dextrose (20)
0.5% R with 5%
dextrose (20)

0.25% and 0.5% equally effective®®

Both provided similar
anaesthesia at 8 min®®

Readiness for surgery greater with 1% R
Duration of analgesia >10h with all
concentrations of R%

Onset of block
0.75% R, 27.5min
0.5% B, 25min

Duration
0.75% R, 13.4h; 0.5% B, 15.8h%
0.5% R, 3.5h

0.5% B, 3.4h%

>90% no motor block after 24 h.
Better analgesia with
4 pg/ml fentanyl®®

No difference in spread or sensory
regression (150-330 min) °°

B = bupivacaine; F = fentanyl; M = mepivacaine.
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Vasoactivity

The vascular effects of local anaesthetics are important determinants of their
therapeutic activity. Drugs that vasoconstrict have the potential clinical advan-
tages of limited systemic uptake, increased neural uptake* and prolonged
duration of effect. Skin blood flow after intradermal injection of bupivacaine,
ropivacaine*®4” 7 in various anaesthetic and analgesic
concentrations has been evaluated by laser Doppler flowmetry*®*” and
perfusion imaging* following injection in volunteers. All three drugs show a
biphasic dose-response relationship with profound vasodilitation with anaes-
thetic dosages and relative vasoconstriction compared to saline control at
analgesic concentrations over a 60min study period. Laevobupivacaine is

and laevobupivacaine

significantly less vasodilatory than bupivacaine at the 0.75% concentration
and this inherent vasoactivity probably accounts for its increased duration
of action.*

Vasoconstriction may increase the neuronal uptake of a local anaesthetic
drug.!” As ropivacaine and laevobupivacaine are both more vasoconstrictor
than bupivacaine, it has been hypothesised that more local anaesthetic can
enter the nerve and prolong the duration and quality of block thus cancelling
out any intrinsic advantage in potency of the racemate or other enantiomer
on nerve blockade.

Long Acting Local Anaesthetics
Slow release formulations of bupivacaine

Prolonged excellent postoperative analgesia can be achieved by continuous
or repeated administration via indwelling catheters for regional, epidural, or
spinal anaesthesia. However, complications associated with catheterisation
are not uncommon and include leakage, intravascular injection, catheter
migration and infection.

A long acting anaesthetic placed accurately has the potential to provide long-
lasting pain relief and eliminate technical problems. Strategies in the search for
prolonged postoperative analgesic have focused on drug delivery systems for
slow release of local anaesthetics held in lipid emulsion, liposomes, micro-
spheres or in suspension.

Lipid emulsions

The rationale for development of lipid emulsions of local anaesthetics is
based on the relative solubility of the ionised and free base forms of bupiv-
acaine in aqueous and lipid solutions. Ionisation is limited to those molecules
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at the lipid/aqueous interface, thus slowly releasing active drug. A formula-
tion of bupivacaine in an emulsion of soya bean oil, triglycerides of C8—C10
fatty acids and egg lecithin has been administered as a sciatic nerve block to
Sprague Dawley rats and epidurally to dogs. The emulsion induced complete,
reversible motor and sensory blockade, while increasing the duration of the
anaesthetic effect by one third compared with the standard bupivacaine

aqueous solution.>%!

Liposomes

Liposomes are amphipathic lipid molecules with a polar head and two
hydrophobic hydrocarbon tails which form lipid bilayers not unlike a cell
membrane when suspended in an aqueous solution. Liposomal function is
dictated by size®? structure, and composition. The larger liposomes tend to
remain at the site of action and multilamellar (multilayer) vesicles release
drug more slowly. Permeability is determined by the incorporation of other
components in the bilayer, such as cholesterol. Possession of both aqueous
and lipid environments enables both water and lipid soluble drugs to be
carried.

The likelihood of tissue toxicity being induced by liposome constituents is
32,53 as they are biodegradable. However, much research requires to be
done to ensure that the preparation stays at the site of action, deliver a
predictable concentration of drug over a prolonged period of time and to
produce adequate sensory block without motor block’* or toxicity. Bupiv-
acaine 0.25% encapsulated by multilamellar liposomes was administered
epidurally to a patient suffering pain associated with lung cancer and the
effect compared with a plain bupivacaine solution of the same concentration.
Complete analgesia was produced for 4h with the plain solution and 11h
with the liposomal formulation. No motor blockade or haemodynamic
instability was observed with the liposome-associated bupivacaine.>®

low

Polymer microspheres

Biodegradable polylactic and lactic-glycolic acid polymers are widely used in
drug delivery of implantable contraceptives and sutures. Polylactic-co-
glycolic acid (PLGA) is a random co-polymer polymerised from lactic and
glycolic acids. The ratios 75/25, 65/35, and 50/50 refer to the molar ratios of
lactic to glycolic acid repeating units.

Previous clinical uses of microspheres has applied mainly to high potency drugs,
which require release of pg per day, and therefore have drug/polymer weight
ratios less than 10-12%. Local anaesthetics are comparatively low potency
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drugs, and require several mg/h™' to maintain blockade of nerves. Thus, to
make clinically useful microspheres with local anaesthetics, it has become neces-
sary to develop microsphere formulations with previously unattainably high
drug loadings, that is, 50-75% drug to polymer weight to weight ratio.

In the most studied formulation, 65/35 polylactic-co-glycolic acid, roughly
20% of the bupivacaine was released in the first 24 h, and approximately 7%
released daily thereafter up to approximately day 10. Even with doses of
600 mg/kg, more than 30-150 times the convulsant dose for aqueous bupiv-
acaine hydrochloride, toxicity was not seen.

Incorporation of dexamethasone into bupivacaine microspheres has
prolonged blockade by eight to 13 times compared with bupivacaine micro-
spheres alone.’®%” This would appear to be a local and not a systemic effect
of dexamethasone as injections at other remote sites has no effect on dur-
ation of blockade.’® Moreover, inhibition of the action of dexamethasone by
the glucocorticoid antagonist cortexolone suggests blockade of glucocor-
ticoid receptors.’® Phase II, dose finding studies on ilio-inguinal and inter-
costal block are currently underway.

Suspensions

Suspensions of local anaesthetics in polysorbate-80 offer the potential for
long duration of action by slow, continuous dissolution of otherwise short-
acting drugs. An example is 9.1% #n-butyl-p-aminobenzoate (BAB, butamben)
which is an amino ester derivative of benzene with atypical physicochemical
characteristics: a very low pKa of 2.6, a very low partition coefficient and
very low water solubility. Slow release from the particles of the suspension is
controlled by the physicochemical properties of butamben and by the char-
acteristics of the suspension (particle size and size-distribution, pH, addi-
tives). The epidural administration of the butamben suspension to rats,*
dogs®® and human beings with chronic pain resulted in ultralong-lasting pain
relief up to six months, without motor block.

New Long Acting Local Anaesthetics
Structure activity relationships

When designing a new long-lasting local anaesthetic, what are the most
important requirements? Knowledge of both receptor topology, the physico-
chemical properties of local anaesthetics and their diffusion into surrounding
tissues are required to design drugs which can rapidly access ion channels
and exert their effects reversibly and without local and systemic toxicity in a
range of nerve fibres that differ in size and function.
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The structure of local anaesthetics can be considered amphipathic, possessing
an aromatic (hydrophobic) benzene ring connected to a tertiary amine
(hydrophilic) group by a short alkyl chain and a hydrophilic bond (amide,
ester). The lipophilic, aromatic ring aids the penetration of the molecule
through the perineurium and nerve cell membrane where dissociation occurs
into the ionic and the non-ionic form of the tertiary amine. The relative
proportion of ionised and ionised forms is determined by the pH of solution
and pKa of local anaesthetic. The benzene ring restricts the movement of the
amide (hydrophilic) group to an axis perpendicular to the aromatic ring
helping direct it towards the sodium receptor. Substitutions on the ring or
tertiary amine portion of the local anaesthetic molecule alter its pKa, lipid
solubility and protein binding, determining respectively the speed of onset,
potency and duration of action.

Replacement of the tertiary amine by a piperidine ring increases lipid solu-
bility and duration of action. The size of the nitrogen (N)-substituent on the
piperidine ring is critical. Generally, the greater the number of carbon atoms
and branching the greater the potency (and toxicity) up to 3—4 carbon atoms.
After this, the activity drops off, since the analogues are too lipid soluble.

IQB-9302

An example of small structural change sufficient to alter function is replace-
ment of the N-substituent butyl chain of bupivacaine for a cyclopropyl-
methyl group while retaining the same number of carbon atoms. The effect
of this structural change was investigated in human cardiac potassium chan-
nels.®1:%2 Bupivacaine was 2.5 times more potent than IQB-9302 to block
hKv1.5 channels EC50 8.9 (1.4) vs. 21.5 (4.7) wmol. Stereoselective block
was also demonstrated with the dextro enantiomer being over three times
more potent than the laevo enantiomer.

Quaternary amines

Many other structural modifications of local anaesthetics have involved
replacement of the tertiary amine with an ionised quaternary amine. Potent
and long-lasting quaternary derivatives of cocaine, tetracaine, and cinchocaine,
albeit with a protracted onset and offset of action, were described 30 years
ago. Derivatives of tetraethylammonium ions (alkyl triethyl quaternary
ammonium ions) have also been synthesised in which one ethyl group was
replaced by a side chain of up to 16 carbon atoms. All produced sensory
block of the rat infraorbital nerve lasted 17-20 days.®® Later studies,
however, revealed that this type of compound resulted in loss of myelinated
axons, and axonal oedema within four weeks of treatment. It is important to
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note that systemic toxicity with quaternary ammonium-type local anaes-
thetics may include, in addition to or instead of the typical patterns of
cardiac and CNS toxicity of tertiary amine type local anaesthetics, effects on
peripheral nicotinic acetylcholine receptors manifesting as ganglionic or
neuromuscular block.

Tonicaine

New data suggesting that the local anaesthetic binding site has two large
hydrophobic domains that can accommodate up to a 12-hydrocarbon chain,
that the neutral tertiary amine is less potent and that permanently charged
amphipathic local anaesthetics can be easily trapped within the cell,
prompted investigators to add a hydrophobic phenyl ethyl moiety to the
tertiary amine of lignocaine creating a new ionised quaternary ammonium
compound called tonicaine. The advantage of this local anaesthetic is that
its amphipathic nature allows a much faster onset than traditional quater-
nary compounds, probably because the additional hydrophobic arm shields
the positive charge.

The permanently charged amphipathic molecule is a more potent sodium
channel blocker than its parent drug as it is trapped within the cytoplasm,
prolonging the duration of local anaesthetic blockade. For example, toni-
caine produced sciatic nerve blockade as assessed by withdrawal response to
pinching that lasted over nine times longer than the blockade produced by
lidocaine. Intruigingly, sensory blockade was more three-fold longer than
proprioception or motor blockade.®* This ratio is important for the manage-
ment of postoperative and obstetric anaesthesia, because it confers sensory
blockade without the hindrance of motor blockade, thus allowing patient
mobility. In addition, a recent study using prolonged nerve block (12-16 h)
in a rat model with tonicaine prevented the development of long-lasting (3-S5
days) inflammatory hyperalgesia not only with a prolonged pre-injury block
but also with a prolonged postinjury block when hyperalgesia was already
present.®® Unfortunately, direct clinical application is unlikely as tonicaine
has a relatively small therapeutic range and new evidence has demonstrated
some neurotoxicity.®® Nevertheless, an opportunity now exists using toni-
caine to further investigate, in the laboratory, the molecular determinants of
sensory-motor split and mechanisms of hyperalgesia.

Amitriptyline

The tricyclic antidepressant, amitriptyline, is prescribed as an analgesic in
patients with neuropathic pain. Recent evidence suggests that the pain relieving
properties of amitriptyline are due to antagonism of N-methyl-D-aspartate
(NMDA).®” The structure of amitriptyline suggests it may be useful as a local
anaesthetic. A recent study using amitriptyline for peripheral nerve blockade
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rats in vivo and in vitro has shown amitriptyline to be a more potent blocker
of neuronal sodium channels than bupivacaine. Using whole-cell voltage
clamping of cultured rat GH3 cells, amitriptyline was five times more potent
than bupivacaine in binding to the resting channels (50% inhibitory concen-
tration (IC50) of 39.8 (2.7) vs. 189.6 (22.3) pmol and 10 times more potent
in binding to the inactivated sodium channels (IC50) of 0.9 (0.1) vs. 9.6 (0.9)
pmol). Use-dependent blockade increased blockade by 14% for bupivacaine
and by 50% for amitriptyline.®® In vivo, complete sciatic nerve blockade for
nociception was 454 (38)min amitriptyline vs. 90 (13)min bupivacaine.
Time to full recovery of nociception for amitriptyline 656 (27) min
(10mmol) vs. 155 (9) min for bupivacaine.

N-phenylethyl amitriptyline

The principles of local anaesthetic structural modification used with ligno-
caine have also been applied to amitriptyline in order to extend its duration
of action. A quaternary ammonium derivative, N-phenylethyl amitriptyline
was synthesised®® and assessed using the same in vitro and in vivo techniques
described above. N-phenylethyl amitriptyline was found to be a highly
potent sodium channel blocker iz vitro and its potency was estimated to be
eight times higher than the parent drug. The duration of full recovery from
sciatic nerve block using 2.5 mmol N-phenylethyl amitriptyline was 30.3
(2.1)h, seven times longer than that of the parent drug amitriptyline and
12 times longer than bupivacaine.

Tetrodotoxin (TTX)

Voltage-gated sodium channels are the molecular targets for a broad range of
neurotoxins that act at six or more receptor sites on the channel protein.
These toxins fall into three groups according to their site of action — block
the pore, alter voltage-dependent gating of sodium channels through binding
to intramembranous or extracellular receptor sites.”

Tetrodotoxin is a poison found in puffer fish (fugu) and acts by selectively
blocking sodium channels at a site and by an action that differs from that of
lidocaine. Despite these desirable characteristics, tetrodotoxin has not
achieved clinical use as a local anaesthetic because of its perceived systemic
toxicity culminating in diaphragmatic paralysis leading to respiratory arrest
and death. In light of the discovery that tetrodotoxin does not cause local
neurotoxicity (sakura) and the lack of enduring central nervous or cardiac
sequelae (unlike bupivacaine), tetrodotoxin has been investigated as a poten-
tial long-lasting local anaesthetic.

Tetrodotoxin, when given alone to rats, resulted in an increase in thermal
nocifensive and withdrawal latency in the contralateral limb almost as large as
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the injected leg.”' This is suggestive of systemic toxicity and is attributable to

distribution of toxin to systemic nerves and muscles rather than an action on
the CNS.

Addition of epinephrine reduced the EC50 and a five-fold increase in the
duration of tetrodotoxin-induced nerve blockade (13.3h for 50 mmol
tetrodotoxin in 55mM, 1 in 100,000 epinephrine) compared to 15.4 mmol
(0.5%) bupivacaine alone. The addition of epinephrine increased the thera-
peutic index (the LD50:EC50 ratio) of tetrodotoxin four-fold.

Addition of bupivacaine to tetrodotoxin increased duration of block syner-
gistically. Blocks lasting 11 (1.28) h were obtained with 50 mmol tetrodotoxin
combined with 15.4 mmol bupivacaine. However, no additional benefit was
obtained by all three drugs in combination, suggesting the benefits of bupiv-
acaine and epinephrine act via the same mechanism. Bupivacaine possesses
vasoconstrictive properties at concentrations of 0.25% and less*® and, like
epinephrine, slows the resorption of tetrodotoxin from the site of injection.
All these blocks were achieved with no deaths or signs of respiratory distress
or systemic toxicity as indicated by contralateral limb dysfunction. Rabbits
receiving all three concentrations of tetrodotoxin did not demonstrate any
ocular irritation, corneal thickening, or signs of systemic toxicity. At a dose
of 10 mmol, tetrodotoxin produced an anaesthetic effect lasting up to 8 h.”2

Capsaicin

Evidence from animal models and studies of human sensory nerves demon-
strate that tetrodotoxin-resistant sodium channels are found primarily in
small-diameter nociceptor afferent neurons and play an important role in
pain conduction and chronic pain. Capsaicin, the pungent ingredient in chilli
peppers, is a vanilloid with noxious and analgesic effects that inhibits
tetrodotoxin-resistant sodium currents. Sciatic nerve block with capsaicin in
male Sprague-Dawley rats produced selective anaesthesia with an increase in
thermal latency but no effect on motor strength.”> The combination of
capsaicin and 0-120 wmol tetrodotoxin was synergistic prolonging both
nociceptive and motor block, with the effect of capsaicin reversed by the
vanilloid antagonist capsazepine. Similar interactions were found between
tetrodotoxin and resiniferatoxin (another vanilloid), but much less so
between bupivacaine and capsaicin.

Prenylamine

The investigations into long acting local anaesthetic compounds have identi-
fied the ideal compound as one possessing two large hydrophobic regions.
Prenylamine, a known calcium channel blocker, fulfills these structural
criteria but its clinical development has been hindered by reports of
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the torsade de pointes syndrome. In cultured rat neuronal GH3 cells during
whole-cell voltage clamp conditions’* prenylamine elicited both use-dependent
and tonic block of both resting and inactivated sodium channels. In addition,
in vivo data show that prenylamine produced a complete sciatic nerve block
that lasted over 24 h. Although it is unlikely that prenylamine will be devel-
oped for clinical use, knowledge gained from laboratory experiments using
these compounds such as this will bring us closer to developing a local anaes-
thetic which offers both safety and a prolonged duration of action.

Local Anaesthetics and the Inflammatory Response

Although local anaesthetics are better known for their ability to block
sodium and potassium ion channels, recent work has uncovered interac-
tions with other cellular systems, particularly the G protein-coupled recep-
tors mediating inflammatory responses (lysophosphatidic acid and
thromboxane A2), m1 muscarinic acetylcholine receptors and endothelial
NO synthase.

G-coupled receptor proteins

Interaction of an agonist with its enzyme-activating receptor coupled to a
guanosine triphosphate (GTP)-binding protein or G-protein initiates a
cascade of events within the cell called the ‘cellular conduction pathway’
leading to a physiological response (fig. 5). The membrane receptors coupled
to the GTP-binding proteins form a very large family of proteins estimated
to contain as many as 1,000 proteins. Each of the three G-protein subunits
o, B and vy can occur in various isoforms (20a, 63 and 12v). However, there
are four main classes of G-proteins of known function. G, activates adenylyl
cyclase, G; inhibits adenylyl cyclase, G, activates photoreceptor cyclic guano-
sine monophosphate (¢cGMP) phosphodiesterase and G, activates phospho-
lipase C. It is the latter which hydrolyses the membrane phospholipid called
phosphatidylinositol-4,5-bisphosphate (PIP,) into inositol triphosphate (IP;)
and diacylglycerol (DAG). This is termed the inositol phospholipid signaling
pathway. One of the products of this pathway, diacylglycerol activates
protein kinase C which activates gene-specific transcription factor and IP;
stimulates Ca®* release from the endoplasmic reticulum.

The inflammatory response

The inflammatory response to surgical trauma induces polymorphonuclear
granulocytes, macrophages and monocytes to migrate into the injured area
where they engulf pathogens by phagocytosis. Due to their ability to phago-
cytose and kill bacteria, polymorphonuclear granulocytes represent a major
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Figure 5 Schematic diagram showing the roles of protein kinases A (PKA) and C (PKC) in
signal transduction following the ligand (L) interaction with the receptor (R). AC is adenylyl
cyclase; PLC is phospholipase C; cAMP is cyclic 3',5'-adenosine monophosphate; The
membrane phospholipid phosphatidylinositol-4,5-bisophosphate (PIP,) is hydrolysed into
inositol triphosphate (IP;3) and diacylglycerol (DAG). This is termed the inositol phospholipid
signaling pathway. One of the products of this pathway, DAG, activates PC which activates
gene-specific transcription factor and IP; attaches to its receptor (IP3R) and stimulates
calcium (Ca?") release from the edoplasmic reticulum.

defense mechanism in the circulating blood. Polymorphonuclear granulocytes
attach to endothelial cells (margination and adhesion), squeeze between
endothelial cells (diapedesis), migrate to the pathogen (chemotaxis), are
primed (switched to an activated state with increased surface expression of
plasma membrane receptors) enabling production of oxygen free radicals.

Attachment of local anaesthetics to G-coupled receptor proteins linked to
lysophosphatilic acid”® attenuates neutrophil, macrophage and monocyte
function.”®”” More specifically, local anaesthetics have been shown in vitro
to inhibit adhesion to endothelium by reducing surface expression on poly-
morphonuclear granulocytes of the adhesion molecule CD11b-CD18,7® reduce
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priming of polymorphonuclear granulocytes’® by tumour necrosis factor
(TNF)-a, platelet-activating factor or IL-8, inhibit chemotaxis® by leukotriene
B4 and IL-1, reduce lysozyme release and decrease free radical’® production.
These pathways are protein lipase C and protein kinase C-dependent and
G, -mediated.

Does the encouraging effect of local anaesthetics on cellular mechanisms in
the laboratory translate into humans. Two studies suggest it may do. The first
study investigated the reasons why regional anaesthesia is associated with
reductions in thromboembolic complications by assessing the impact of
epidural anaesthesia on platelet-mediated hemostasis time, clotting time and
collagen-induced thrombus formation in 41 patients after hip surgery.”’
The results in the general anaesthesia group showed a significant decrease in
all parameters by up to one third compared to preoperative values whereas
epidural anaesthesia had no significant impact. This study has demonstrated
that general anaesthesia induces a hypercoagulable state without affecting
physiologic aggregation and coagulation processes.

The second study investigated the specific cellular pathways of vascular regu-
lation in 10 young, healthy, male volunteers.” Three solutions, prilocaine 1%,
prilocaine 1% with L-NAME (No-nitro-L-arginine methyl ester), and saline
alone were injected intradermally and the resulting change in skin blood flow
at each injection site was measured by laser Doppler imaging. L-NAME is an
NO-synthase inhibitor. Injection of prilocaine increased skin blood flow
significantly greater than that caused by saline alone. Addition of L-NAME,
however, significantly reduced the prilocaine response by 25% and suggests
that NO is involved in the vasodilitation of local anaesthetics.

Conclusion

Two new safer local anaesthetics are now in clinical use after providing
evidence in pre-clinical studies that they exhibit less cardiovascular and CNS
toxicity than bupivacaine. The use of regional anaesthesia will continue to
expand in clinical practice over the next decade; limb plexus blockade for
limb surgery and thoracic epidural anaesthesia for gastrointestinal, thoracic
and cardiac surgery. Clinical demand already exists for a 0.75% obstetric
preparation of laevobupivacaine for emergency caesarian section and studies
are ongoing. One must be aware, however, that the mode of action of local
anaesthetics is also the mode of toxicity — blockade of sodium and potassium
ion channels — and that inadvertent intravascular injection can and will
occur. If given intravenously, in high enough doses,®° all local anaesthetics
can have perilous consequences.®!-%* Clinical vigilance will always be neces-
sary when using these drugs.
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The longer acting compounds remain at the experimental stage but two
different approaches offer a solution. Slow release preparations of bupiv-
acaine have the potential of providing extended pain relief, particularly for
infiltration local anaesthesia after day case surgery and intercostal block after
thoracic surgery. Of course, their slow onset of action will necessitate the
concomitant use of laevobupivacaine or ropivacaine. New local anaesthetics,
devised from analysis of structure and function relationships at ion channels,
have shown promise of long acting pain relief but invariably many have
fallen by the wayside as a result of their neural toxicity. However, for every
study more knowledge is gained. Eventually one compound with the ability
to reversibly and safely block nerves, with even perhaps an impact on spinal
cord hyperalgesia, will emerge.

The mechanisms of action of local anaesthetics on the triad of endothelium
function, coagulation system and the inflammatory response is only now
emerging. From this, structure — function studies will shape the development
of novel compounds to be used in clinical studies and open the possibility of
using local anaesthetics in the future not simply for pain relief or selective
sympathetic blockade but perhaps as therapeutic agents with an influence on
the perioperative inflammatory response.
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CHAPTER

L. Cormican |. Rees 4

Asthma

The definition of asthma has changed significantly over the last 50 years.
In the 1950s it was defined as a disease of airway smooth muscle such that
it contracted excessively on minimal stimulation.! With a greater under-
standing of the pathogenesis of the disease the definition has now extended
to encompass the contribution of bronchial wall inflammation, bronchial
hyper-reactivity and airflow obstruction. A current definition is of a ‘chronic
inflammatory disorder of the airways in which many cells play a role, in
particular mast cells, eosinophils, T-lymphocytes, neutrophils, macrophages
and epithelial cells’. In susceptible individuals, the inflammation causes
recurrent episodes of wheezing, breathlessness, chest tightness and coughing,
particularly at night or the early morning. These episodes are usually associ-
ated with widespread but variable airflow obstruction, that is often reversible
either spontaneously or with treatment. The inflammation also causes an
associated increase in the existing bronchial hyper-responsiveness to a variety
of stimuli.?

Epidemiology

The prevalence of asthma has substantially increased in western countries
over the past 30 years in both adult and paediatric populations. In the USA
the prevalence of asthma among 6-11 year olds was 4.8% between the years
1971-1974, and had increased to 7.6% between 1976 and 1980 in the same
population.? Similarly in Australia and New Zealand, the prevalence of
asthma among 8-11 year olds in 1982 was 12.9%, but by 1992 had soared
to a staggering 29.4%.* The International Study of Asthma and Allergies in
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Childhood (ISAAC) Steering Committee study’ in 1998, found that the
prevalence of asthma in the 13-14 year old population of the UK was among
the highest in the world.

In association with an increase in the international prevalence of the disease
there is evidence of an increase in mortality from asthma throughout the
world. An increase in asthma death rate from 5.3 to 10.5 per million in the
5-34 year age group during the period 1974-1984 in England and Wales has
been reported.®” In the United States the asthma death rate increased from
8 to 20 per million in the period 1977-1997.% Similar findings have also
been noted by So et al., in Hong Kong,” and more recently by Pritchard
et al., in Ireland.'®

Increased prevalence and the hygiene hypothesis

Epidemiological studies have given some insight into potential causes for
the increase in the prevalence. An atopic predisposition is the biggest risk
factor for the development of asthma'! and data has shown that the preva-
lence of atopy in the population is proportional to the prevalence of
asthma. However the reason for the increase in the prevalence’ of atopy is
also still poorly understood. A number of possible explanations have been
proposed.

Asthma and atopy are regarded as diseases of civilisation.!? Evidence is at
hand which supports the hypothesis that development of these two condi-
tions may be due to a lack of sufficient antigenic stimulation in early child-
hood. The frequency of serious infections in childhood is reduced in the
western world because of vaccination programmes, increased use of antibi-
otics, fewer parasitic infestations, fewer children per household and fewer
shared bedrooms.

In an interesting study comparing two sex- and age-matched paediatric
cohorts from Munich and Leipzig, Von Mutius'® has demonstrated a much
higher prevalence of asthma and atopic disease among children from
Munich. Both populations were ethnically, geographically and climatically
similar but in the course of history between 1945 and 1989, they had differed
vastly in terms of affluence and their surrounding environment. The children
from the former East German industrial town of Leipzig were less likely to
develop asthma and atopy and the authors postulated that this was because
of the degree of protection afforded by immune stimulation in childhood.
This is the ‘hygiene hypothesis’, and is supported by additional reports in the
literature. Children from itinerant families in Ireland are noted to have a
much lower prevalence of atopy and asthma than their counterparts from the
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settled communities.'* Children from farming communities are less likely to
develop asthma and atopy than their counterparts from non-farming

communities.'?

Another factor, which supports the rise of atopy and asthma in westernised
societies, is the increased number of nuclear families.!® Children from larger
families are less likely to develop upper respiratory symptoms due to atopy.!”
It is postulated that repeated exposure to viral and bacterial infection in
larger families skews the cytokine repertoire of the T-lymphocyte population
and prevents the development of asthma. There is some evidence that previ-
ously common childhood infections such as Toxoplasma gondi and hepatitis A
have a protective role against the development of atopy and asthma.'®
The basis of this phenomenon involves the T-helper type 1/T-helper type 2
(Th-1/Th-2) paradigm: antigenic stimulation resulting in a Th-1 mediated
CD4+ T-lymphocyte response results in a humoral reaction with the produc-
tion of IgM and IgG1, macrophage activation, cellular immunity and even-
tually tolerance of the antigen. However antigenic stimulation resulting in a
Th-2 mediated CD4+ T-lymphocyte response produces an immediate type 1
hypersensitivity reaction as occurs in allergic disease.!??02!

Furthermore, children growing up in western societies are also more likely to
be exposed to large quantities of allergens such as house dust mites. Modern
homes with central heating, poor ventilation and an abundance of soft furnish-
ings, carpets and curtains provide the optimal conditions for the proliferation
of dust mite populations.??

The immune system of the pregnant mother, the embryo and the neonate is
programmed to respond in a Th-2 like manner to antigenic stimulation
producing immediate hypersensitivity-like reactions. At some point, the
neonatal immune system changes its pattern of T-lymphocyte reactivity from
Th-2 to Th-1 with the production of interleukin-2 (IL-2), interferon-gamma
(IFN-v), and the development of immunological ‘tolerance’.?>** This change
is believed to be mediated by the antigenic stimulation of the neonatal
immune system by repeated exposure to viral and bacterial antigens. Failure
to do so could result in a persistently Th-2 polarised T-lymphocyte popula-
tion, and repeated immediate type hypersensitivity reactions facilitated by an
environment rich in allergens.

Genetics of Asthma

The genetics of asthma are complex. Asthma is not inherited in the standard
Mendelian pattern but demonstrates a pattern of polygenic inheritance in
common with other diseases such as hypertension and atherosclerosis.



98 Recent Advances in Anaesthesia and Intensive Care 22

Specific areas of the genome harbour genes that contribute to asthma and
atopy. Independent investigators have implicated five different loci, C5q,
C6p21, C11q13, C12q and C13q.

The B-adrenergic receptor gene (BADR) has been located in the C5q region.
A number of haplotypes have been identified which alter receptor function.
The most important are Arg-16 — Gly and GIn-27 — Glu polymorphisms,
which influence the downregulation of the receptor in response to agonist.
These polymorphisms have been associated with several characteristics of
asthma including bronchial hyper-responsiveness,>® bronchial reversibility?
and some measures of asthma severity.?’

The IL-4 gene is also located in the C5q region and IL-4 production/level is
closely related to serum IgE concentrations. A polymorphism has been iden-
tified (IL-4 C-589T) in a region of the gene that binds transcription factors
and may increase gene expression.”® A number of association studies have
demonstrated an increased prevalence of this polymorphism in individuals
who have asthma or atopy.?®?° The gene for the CD14 receptor is also
located within the C5q region. The CD14 receptor mediates the cellular
response to endotoxin. A polymorphism of the CD14 gene has been identi-
fied and associated with increased concentrations of IgE.3° It is believed that
the link between IgE and CD14 is governed by the Th-1/Th-2 balance.
Binding of endotoxin to the CD14 receptor during infection may stimulate
the expression of the Th-1 cytokines, steering the immune system away from
the Th-2 predominance that exists in utero. If the CD14 polymorphism attenu-
ates the strength of this immune modulation, it could encourage the persist-
ence of a Th-2 phenotype.

Mutations of the FceRIB (High affinity IgE receptor) gene (leu 81) on the
C11q13 region have also been found in association with atopy! and asthma.3
Mutations of this gene may function by increasing the secretion of IL-4 due to
increased signal transduction after allergen binds to IgE.

The IL-4 receptor a gene (IL4Ra) has been located in a linked region of
C16q. One variant of the IL-4 gene (GIn576-Arg) has been associated with
increased signal transduction and elevated serum IgE including the Hyper IgE
Syndrome.?® These examples show the complexity of the genetics of asthma.

The aspiration of such research is to identify specific genotypic variants of
the disease and ultimately to develop therapies targeted against ‘rogue genes’
and hence manipulate the pathogenesis or the pharmacological responses of
the disease.



