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We dedicate the Encyclopedic Reference of Molecular Pharmacology
to Giinter Schultz, who has made outstanding contributions to the
fields of cellular signal transduction and molecular pharmacology.



Preface

The era of pharmacology, as the science concerned with the understanding of drug
action, only began about 150 years ago when Rudolf Buchheim established the first
pharmacological laboratory in Dorpat (today Tartu, Estonia). Since then, pharma-
cology has always been a lively discipline with “open borders”, reaching out not only
to other life sciences such as physiology, biochemistry, cell biology and clinical med-
icine, but also to chemistry and physics. In a rather successful initial phase, phar-
macologists have devoted their time to describing drug actions either on single
organ level or on an entire organism. Over the last few decades, however, research
has focused on the molecular mechanisms by which drugs exert their effects. Here,
cultured cells or even cell-free systems have served as model systems. As a conse-
quence, our knowledge of the molecular basis of drug actions has increased enor-
mously. The aim of the first Encyclopedic Reference of Molecular Pharmacology is to
cover this rapidly developing field.

The reductionist approach described above has made it increasingly important to
relate the molecular processes underlying drug actions to the drug effect on the
level of an organ or whole organism. Only this integrated view will allow the full
understanding and prediction of drug actions enabling a rational approach to drug
development. On the molecular or even atomic level, new disciplines such as bioin-
formatics and structural biology have evolved. They have gained major importance
within the entire field but are particularly relevant for the rational development and
design of new drugs. Finally, the availability of the complete genome sequence of an
increasing number of species provides a basis for systematic, genome-wide phar-
macological research aimed at the identification of new drug targets and individu-
alised drug treatment (pharmacogenomics and pharmacogenetics). All these
aspects are considered in the Encyclopedic Reference of Molecular Pharmacology.

The main goal of the Encyclopedic Reference of Molecular Pharmacology is to pro-
vide up-to-date information on the molecular mechanisms of drug action. Leading
experts in the field have provided 159 essays, the core structure of this publication.
Most essays describe groups of drugs and drug targets, whereby the emphasis is not
just on already exploited drug targets but on potential drug targets as well. Several
essays deal with the more general principles of pharmacology, such as drug toler-
ance, drug addiction or drug metabolism. Others portray important cellular



processes or pathological situations and describe how they can be influenced by
drugs. The essays are complemented by more than 1600 keywords; essays and key-
words are linked to each other. By looking up the keywords or related essays high-
lighted in each essay the reader can obtain further information related to the respec-
tive subject. The alphabetical order of entries makes the encyclopedia very easy to
use and help the reader to search successfully. Additionally, all authors are listed
alphabetically, together with their essay title, to allow a search by author name.

Apart from very few exceptions, the entries in the main body of the Encyclopedic
Reference of Molecular Pharmacology do not contain drug names in their titles.
Instead, drugs that are commonly used all over the world are listed in the appendix.
Also included in the appendix are four extensive sections that contain tables listing
proteins such as receptors, transporters or ion channels which are of particular
interest as drug targets or modulators of drug action.

The Encyclopedic Reference of Molecular Pharmacology provides valuable informa-
tion for readers with different expectations and backgrounds (from scientists, stu-
dents and lecturers to informed lay-people) and fills a gap between pharmacology
textbooks and specialized review series.

All contributing authors as well as the editors have taken great care to provide up-
to-date information. However, inconsistencies or errors may remain, for which we
assume full responsibility. We welcome comments, suggestions or corrections and
look forward to a stimulating dialog with the readers of the Encyclopedic Reference
of Molecular Pharmacology whether their comments concern the content of an indi-
vidual entry or the entire concept.

We are indebted to our colleagues for their excellent contributions. It has been a
great experience, both personally and scientifically, to interact with and learn from
the 200 plus contributing authors. We would also like to thank Ms. Hana Deuchert
and Ms. Katharina Schmalfeld for their excellent and invaluable secretarial assis-
tance during all stages of this project. Within the Springer-Verlag, we are grateful to
Dr. Thomas Mager for suggesting the project and also to Frank Krabbes for his
technical expertise. Finally, we would like to express our gratitude to Dr. Claudia
Lange for successfully managing the project and for her encouraging support. It has
been a pleasure to work with her.

Heidelberg / Berlin, June 2003

STEFAN OFFERMANNS and WALTER ROSENTHAL
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2 Abstinence Syndrome

a portion of drug reaches the blood and arrives at
its site of action.

» Pharmacokinetics

Abstinence Syndrome

The abstinence syndrome (synonym, withdrawal
symptom) is observed after withdrawal of a drug
to which a person is addicted. For example, the
abstinence syndrome after alcohol withdrawal is
characterized by tremor, nausea, tachycardia,
sweating and sometimes hallucinations.

» Drug Addiction
» Dependence

Abused Drugs

» Drug Addiction
» Dependence

ACE Inhibitors

JORG PETERS

Pharmakologisches Institut der Universitit
Heidelberg, Heidelberg, Germany
joerg.peters@urz.uni-heidelberg.de

Synonyms
Angiotensin converting enzyme inhibitors

Definition

Angiotensin converting enzyme (ACE) plays a
central role in cardiovascular hemostasis. Its
major function is the generation of angiotensin
(ANG) II from ANG I and the degradation of
bradykinin. Both peptides have profound impact
on the cardiovascular system and beyond. ACE

inhibitors are used to decrease blood pressure in
hypertensive patients, to improve cardiac func-
tion and to reduce work load of the heart in
patients with cardiac failure.

» Blood Pressure Control
» Renin-Angiotensin-Aldosteron System

Mechanism of Action

ACE inhibitors inhibit the enzymatic activity of
» Angiotensin Converting Enzyme (ACE). This
enzyme cleaves a variety of pairs of amino acids
from the carboxy-terminal part of several peptide-
substrates. The conversion of ANG I to ANG I and
the degradation of bradykinin to inactive frag-
ments are considered the most important func-
tions of ACE (1-3). ACE inhibitors are non-pep-
tide analogues of ANG I. They bind tightly to the
active sites of ACE, where they complex with a zinc
ion and interact with a positively charged group as
well as with a hydrophibic pocket. They competi-
tively inhibit ACE with Ki values in the range
between 1071° and 107 (3).

Effects of ACE-inhibitors mediated by the inhi-
bition of ANG II generation:

ANG II is the effector peptide of the renin-
angiotensin system (1,2). ANG II is one of the most
potent vasoconstrictors, fascilitates norepine-
phrine release, stimulates aldosterone production
and increases renal sodium retention. In addition,
ANG II is considered to be a growth factor, stimu-
lating proliferation of various cell types. The
actions of ANG II are mediated through two
» Angiotensin Receptors, termed AT, and AT,.
Most of the cardiovascular functions of ANG II are
mediated through the AT, receptor.

In some patients with hypertension and in all
patients with cardiac failure, the renin-angiotensin
system is activated to an undesired degree, bur-
dening the heart. The consequences of diminished
ANG II generation by ACE inhibitors are multiple:
In patients with hypertension, blood pressure is
reduced as a result of (a) decreased peripheral vas-
cular resistance, (b) decreased sympathetic activ-
ity, and, (c) reduced sodium and water retention.
In patients with cardiac failure, cardiac functions
are improved as a result of (a) reduced sodium and
water retention (preload and afterload reduction),
(b) diminished total peripheral resistance (after-



ACE Inhibitors 3

load reduction) and (c) reduced stimulation of the
heart by the sympathetic nervous system. A reduc-
tion of cardiac hypertrophy appears to be another
desired effect of ACE inhibitors. It is mediated at
least partially by the reduction of intracardiac
ANG II levels. ACE inhibitors furthermore protect
the heart from arrhythmia during reperfusion
after ischemia, and improve local blood flow and
the metabolic state of the heart. These effects are
largely mediated by Bradykinin (see below).

In the vasculature, ANG II not only increases
contraction of smooth muscle cells, but is also able
to induce vascular injury. This can be prevented by
blocking » NFxB activation (3) suggesting a link
between ANG II and inflammation processes
involved in the pathogenesis of arteriosclerosis
(see below). Thus, ACE inhibitors not only
decrease vascular tone but probably also exert
vasoprotective effects.

In the kidney ANG II reduces renal blood flow
and constricts preferentially the efferent arteriole
of the glomerulus with the result of increased
glomerular filtration pressure. ANG II further
enhances renal sodium and water reabsorption at
the proximal tubulus. ACE inhibitors thus increase
renal blood flow and decrease sodium and water
retention. Furthermore, ACE inhibitors are neph-
roprotective, delaying the progression of glomeru-
losclerosis. This also appears to be a result of
reduced ANG II levels and is at least partially inde-
pendent from pressure reduction. On the other
hand, ACE inhibitors decrease glomerular filtra-
tion pressure due to the lack of ANG II-mediated
constriction of the efferent arterioles. Thus, one
important undesired effect of ACE inhibitors is
impaired glomerular filtration rate and impaired
kidney function.

Another effect of ANG II is the stimulation of
» Aldosterone production in the adrenal cortex.
ANG II increases the expression of steroidogenic
enzymes, such as aldosterone synthase and stimu-
lates the proliferation of the aldosterone produc-
ing zona glomerulosa cells. Aldosterone increases
sodium and water reabsorbtion at the distal tubuli.
More recently it has been recognized that aldoster-
one is a fibrotic factor in the heart. ACE inhibitors
decrease plasma aldosterone levels on a short term
scale, thereby not only reducing sodium retention
but also preventing aldosterone-induced cardiac
fibrotic processes. On a long term scale, however,

patients with cardiac failure exhibit high aldoster-
one levels even when taking ACE inhibitors.

In this context it is important to note that cir-
culating ANG II levels do not remain reduced dur-
ing long term treatment with ACE inhibitors. This
is likely the result of activation of alternative, ACE-
independent pathways of ANG II generation. The
protective effects of ACE inhibitors on a long term
scale, therefore, are not explained by a reduction
of circulating ANG II levels. They are either unre-
lated to inhibition of ANG II generation, or a result
of the inhibition of local generation of ANG II.
Indeed, due to the ubiquitous presence of ACE in
endothelial cells, large amounts of ANG II are gen-
erated locally within tissues such as kidney, blood
vessels, adrenal gland, heart and brain, and exert
local functions without appearing in the circula-
tion (2). Membrane bound endothelial ACE, and
consequently local ANG II generation, has been
proved to be of greater significance than ANG II
generated in plasma by the circulating enzyme.
Experimental evidence also indicates that plasma
ACE may infact not be relevant to blood pressure
control at all.

Effects of ACE inhibitors mediated by the inhi-
bition of Bradykinin degradation:

Kinins are involved in blood pressure control,
regulation of local blood flow, vascular permeabil-
ity, sodium balance, pain, inflammation, platelet
aggregation and coagulation. Bradykinin also
exerts antiproliferative effects (4). In plasma,
bradykinin is generated from high molecular
weight (HMW) kininogen, while in tissues lys-
bradykinin is generated from HMW and low
molecular weight (LMW) kininogen. Several
effects of bradykinin are explained by the fact that
the peptide potently stimulates the NO-pathway
and increases prostaglandin synthesis in endothe-
lial cells. In smooth muscle cells and platelets, NO
stimulates the soluble guanylate cyclase, which
increases cyclic GMP that in turn activates protein
kinase G. As a consequence, vascular tone and
subsequently systemic blood pressure is
decreased, local blood flow is improved and plate-
let aggregation is prevented.

ACE inhibitors inhibit the degradation of
bradykinin and potentiate the effects of bradyki-
nin by about 50-100 fold. The prevention of brady-
kinin degradation by ACE inhibitors is particu-
larly protective for the heart. Increased bradykinin
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levels prevent postischemic reperfusion arrhyth-
mia, delays manifestations of cardiac ischemia,
prevents platelet aggregation and probably also
reduces the degree of arteriosclerosis and the
development of cardiac hypertrophy. The role of
bradykinin and bradykinin-induced NO release
for the improvement of cardiac functions by con-
verting enzyme inhibitors has been demonstrated
convincingly with use of a specific bradykinin
receptor antagonist and inhibitors of NO-syn-
thase.

In the kidney, bradykinin increases renal blood
flow, whereas glomerular filtration rate remains
unaffected. Bradykinin stimulates natriuresis and,
through stimulation of prostaglandin synthesis,
inhibits the actions of antidiuretic hormone
(ADH), thereby inhibiting water retention. Brady-
kinin further improves insulin sensitivity and cel-
lular glucose utilisation of skeletal muscle cells in
experimental models. This, however, appears not
to be relevant in the clinical context.

Bradykinin exerts its effects via B, and B,
receptors. The inhibition of bradykinin degrada-
tion by ACE inhibitors compensatory leads to
increased conversion of bradykinin to des Arg-9-
bradykinin by kininase I. This peptide still has
strong vasodilatatory properties and a high affin-
ity to the B, receptor. The clinical relevance of this
aspect is not clear. The cardioprotective effects of
bradykinin are mediated via B, receptors, since
they can be blocked by a specific B, receptor
antagonist (4). On the other hand, kinins increase
vascular permeability with the consequence of
edema, exhibit chemotactic properties with the
risk of local inflammation and they are involved in
the manifestation of endotoxic schock. Increased
bradykinin levels are thus thought to cause some
of the undesired effects observed with ACE inhibi-
tors, such as cough, allergic reactions and anaphy-
lactic responses, for instance angioneurotic edema

(5).
Clinical Use (incl. side effects)

ACE inhibitors are approved for the treatment of
hypertension and cardiac failure (5). For cardiac
failure, many studies have demonstrated increased
survival rates independently of the initial degree
of failure. They effectively decrease work load of
the heart as well as cardiac hypertrophy and

relieve the patients symptoms. In contrast to pre-
vious assumptions, ACE inhibitors do not inhibit
aldosterone production on a long term scale suffi-
ciently. Correspondingly, additional inhibition of
aldosterone effects significantly reduces cardiac
failure and increases survival even further in
patients already receiving diuretics and ACE
inhibitors. This can be achieved by coadministra-
tion of spironolactone, which inhibits binding of
aldosterone to its receptor.

In the treatment of hypertension, ACE inhibi-
tors are as effective as diuretics, B-adrenoceptor
antagonists or calcium channel blockers in lower-
ing blood pressure. However, increased survival
rates have only been demonstrated for diuretics
and B-adrenoceptor antagonists. ACE inhibitors
are approved for monotherapy as well as for com-
binational regimes. ACE inhibitors are the drugs
of choice for the treatment of hypertension with
renal diseases, particularly diabetic nephropathy,
because they prevent the progression of renal fail-
ure and improve proteinuria more efficiently than
the other drugs.

More than 15 ACE inhibitors are presently
available. They belong to three different chemical
classes: sulfhydryl compounts such as captopril,
carboxyl compounds such as enalapril, and phop-
shorus compounds such as fosinopril. Sulthydryl
compounds exert more undesired, but also desired
effects, since they additionally interact with
endogenous SH groups. For instance, these com-
pounts may potentiate NO-actions or act as scav-
engers for oxygen-derived free radicals. Carboxyl
compounds are in general more potent than cap-
topril. Phosporous compounds are usually charac-
terized by the longest duration of action.

Most ACE inhibitors are prodrugs, with the
exceptions of captopril, lisinopril and ceranapril.
Prodrugs exert improved oral bioavailability, but
need to be converted to active compounds in the
liver, kidney and/or intestinal tract. In effect, con-
verting enzyme inhibitors have quite different
kinetic profiles with regard to half time, onset and
duration of action, or tissue penetration.

In general, ACE inhibitors at the doses used to
date are safe drugs. In contrast to many antihyper-
tensive drugs, ACE inhibitors do not elicit a reflec-
tory tachycardia and do not influence lipid or glu-
cose metabolism in an undesired manner. Glucose
tolerance is even increased. Most undesired effects
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are class specific and related to the inhibition of
ACE. Less dangerous, but often bothersome, are
dry cough, related to increased bradykinin levels
and loss of taste or impaired taste. The more
severe undesired effects are hypotension, hyperka-
liemia and renal failure, but those can be easily
monitored and appropriately considered. The risk
for hypotension increases in combination with
diuretics, particularly when ACE inhibitors are
initiated in patients who already receive diuretics.
The risk of hyperkaliemia increases with coadmin-
istration of spironolactone and the risk of renal
failure is higher in volume depleted patients or
those already exhibiting impaired renal function.
Seldom (0.05%) the development of angioneu-
rotic edema occurs (usually) during the first days
of treatment and is life threatening. Allergic
responses and angioneurotic edema are related to
bradykinin. Recently, specific AT, receptor antago-
nists have become available and are used in the
management of hypertension and are presently
tested for use in cardiac failure. They are believed
not to exhibit the bradykinin-related undesired
effects. Indeed, undesired effects of AT, receptor
antagonists are lower than seen with ACE inhibi-
tors. On the other hand, AT, receptor antagonists
are probably less effective since the patients do not
profit from the cardioprotective effects of bradyki-
nin. Studies comparing the effects of ACE inhibiti-
ors with AT, receptor antagonists are presently
underway. ACE inhibitors are contraindicated in
pregnancy (risk of abortion, acute renal failure of
the newborn) and patients with bilateral stenosis
of the renal artery. Special caution should be taken
if patients have autoimmunolocial systemic dis-
eases.
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Acetylcholine

Acetylcholine is a neurotransmitter in cholinergic
nerves which acts on muscarinic or nicotinic
cholinoceptors.

» Nicotinic Receptors
» Muscarinic Receptors

Acetylcholinesterase

» Cholinesterase

Acetyltransferase

Acetyltransferase is an enzyme that catalyses the
transfer of an acetyl group from one substance to
another.

ACPD

ACPD (1-aminocyclopentane-1,3-dicarboxylic
acid) is identified as the mGlu selective agonist.
Within the 4 stereoisomers, 1S,3R-ACPD activates
group-I and group-II mGlu receptors as well as
some group-III receptors (mGlu8) at higher con-
centrations. The 15,35-ACPD isomer is one of the
first selective group-II mGlu receptor agonists
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8 Additive Interaction

Additive Interaction

Additive interaction is interaction in which the
combined effect is the sum of the effects of each
drug administered separately.

Ad-fibres

Ad-fibres are small diameter myelinated afferent
fibres. As part of the pain sensory system they are
present in nerves that innervate the skin and deep
somatic and visceral structures.

» Nociception

Adenosine

Adenosine is produced by many tissues, mainly as
a by-product of ATP breakdown. It is released
from neurons, glia and other cells, possibly
through the operation of the membrane transport
system. Its rate of production varies with the func-
tional state of the tissue and it may play a role as a
autocrine or paracrine mediator (e.g. controlling
blood flow). The uptake of adenosine is blocked by
dipyridamole, which has vasodilatory effects. The
effects of adenosine are mediated by a group of G-
protein coupled receptors (the G;/,-coupled A,-
and A;- receptors, and the Gg-coupled A, ,-/A,p-
receptors). A,-receptors can mediate vasoconstric-
tion, block of cardiac atrioventricular conduction
and reduction of force of contraction, bronchoc-
onstriction, and inhibition of neurotransmitter
release. A, receptors mediate vasodilatation and
are involved in the stimulation of nociceptive
afferent neurons. A, receptors mediate the release
of mediators from mast cells. Methylxanthines
(e.g. caffeine) function as antagonists of A, and A,
receptors. Adenosine itself is used to terminate
supraventricular tachycardia by intravenous bolus
injection.

» Purinergic System

Adenosine Receptors

» Adenosine
» Purinergic System

Adenoviruses

» Gene Therapy

Adenylyl Cyclases

ROGER A. JOHNSON

Department of Physiology & Biophysics,
State University of New York, Stony Brook,
New York, USA
rjohnson@ms.cc.sunysb.edu

Synonyms

Adenylyl cyclase (preferred), adenylate cyclase,
adenyl cyclase (original), and ATP:pyrophosphate
lyase, cyclizing (E.C.4.6.1.1.)

Definition

Adenosine 3":5"-monophosphate (» cAMP) modi-
fies cell function and metabolism in virtually all
eukaryotic cells through the activation of cAMP-
dependent protein kinase, which catalyzes the
phosphorylation of numerous proteins or through
cAMP-gated ion channels. Cellular levels of cAMP
reflect the balance between the actions of adenylyl
cyclase and cAMP-phosphodiesterases. Adenylyl
cyclases are a family of enzymes that catalyze the
formation of cAMP from 5°-ATP. The enzyme
occurs throughout the animal kingdom and plays
diverse roles in cell regulation.
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» Guanylyl Cyclases
» Phosphodiesterases
» Transmembrane Signalling

Basic Characteristics

Mammalian Adenylyl Cydases

In mammals there are at least ten distinct adeny-
lyl cyclases Isozymes (Fig. 1) and these are central
to one of the most important transmembrane sig-
nal transduction pathways [1]. All but one of the
isozymes are membrane-bound and these are reg-
ulated by numerous hormones and neurotrans-
mitters via cell-surface receptors linked via heter-
otrimeric (afy) stimulatory (Gg) and inhibitory
(G;) guanine nucleotide-dependent regulatory
proteins (» G-proteins) (Fig. 2). Go, stimulates all
of these isozymes except the soluble type X. The
isozymes differ more significantly in their
responses to G-a; and to the effects of G-By on
Go-stimulated enzyme. For example, in the pres-

Homology of Mammalian
Adenylyl Cyclases

/4
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40 60 80 100
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Fig. 1 Adenylyl cyclase isoforms: aminoacid homol-
ogy. The numbering of adenylyl cyclase isozymes has
been in the order of their expression and deduced
sequencing. There is substantial homology within the
family of membrane-bound forms of the enzyme, yet
they are distinctly and selectively regulated by a vari-
ety of agents.
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Fig. 2 Membrane localization, topology, and regula-
tion of mammalian adenylyl cyclases.

but significantly stimulates the type I and type IV
enzyme, and G-o; inhibits isozyme types II, III,
and V, but is apparently without effect on the other
forms (Table 1).

The membrane-bound forms of the mamma-
lian adenylyl cyclases exhibit a putative topology
with twelve membrane-spanning regions and two
~40 kD cytosolic domains (C, and C,) (Fig. 2),
which share large conserved regions [2]. N-termi-
nal domains are highly variable and likely serve
regulatory roles. Differences within other domains
of the isozymes are significant and participate in
regulation by a variety of agents. The cleft formed
by the C1C2 domains binds substrate and
» forskolin (Fig. 3). The active site shares topol-
ogy and reaction mechanisms with guanylyl cycla-
ses, with which there is considerable homology,
and with oligonucleotide polymerases. Each cata-
lyzes a cation-dependent attack of the 3’-OH on
the o-phosphate of a nucleoside triphosphate,
with pyrophosphate as leaving group. Activation
of adenylyl cyclases by o.;*GTP occurs through its
interaction with the enzyme’s C, domain, yielding
the active enzyme: GTP+0,;*C [3]. A symmetrical
locus on the C, domain interacts with o;. Conse-
quently, agents that affect either the dissociation
of either G; or G, or the association of their
respective o, o, or By subunits with adenylyl
cyclase could affect rates of cAMP formation in
membrane preparations or in intact cells and tis-
sues.
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Tab.1 Mammalian adenylyl cyclases and characteristics of their regulation.

Isozyme Amino  Accession G(xid’e GB’Yf Ca?*/ Protein Tissue .
Acids Number? Calmodulin Kinases Distribution/

I (bovine)? 1134 M25579 \2 ECs~20nM  PKCT brain

II (rat) 1090 M80550 2 T no A PKC'TT  brain

III (rat) 1144 M55075 1 noA8 | PKC T olfactory, brain,
adrenal, brown fat

IV (rat) 1064 M80633 T noA PKC ! ubiquitous

V (rat) 1262 M96159 l ' (mocamy™l Pkc?T heart, brain

VI (rat) 1180 M96160 l PKC ! heart, kidney

PKA liver

VII (mouse) 1099 U12919 retina, brain

VIII (rat) 1248(A) 126986 © 0 brain

IX (mouse) 1353 U30602 noA skeletal muscle,
heart, brain

X (human) 1610 AF176813 noA testes

Notes:

a) Species designated is that from which the isozyme was originally cloned
b) Structures can be obtained through http://www.ncbi.nlm.nih.gov/
c) Type VIII exhibits three splice variants (A,B,C); accession number is for A.

d) An empty cell implies that no information was available.

e) Arrows indicate increased (up arrow) or decreased (down arrow) adenylyl cyclase activity.

f) Effects of G- By are on G- o, -stimulated enzyme.

g) No A implies that this was tested, but no effect was observed.
h) No CaM: inhibition of adenylyl cyclase was caused by calcium in the absence of calmodulin.

i) Double arrows indicates large effect on activity.

j) Distribution implies evidence of protein expression; this is not a complete listing.

Adenylyl cyclase activity may also be altered by
numerous other agents of physiological and bio-
chemical interest. These include agents or
enzymes that act on hormone receptors, bacterial
toxins that act on Gg and G;, and agents that act
directly on adenylyl cyclase. For example,
» fluoride activates most mammalian adenylyl
cyclases indirectly through its effect on Gs. G-o is
stably activated by poorly hydrolyzable analogs of
GTP, e.g. GTPYS or GPP(NH)P, and its activation is
hindered by GDPJS. Other important examples
include the ADP-ribosyltransferase of Vibrio chol-
erae, which catalyzes the ADP-ribosylation from
NAD of G-o., leading to stably activated enzyme,
and of Bordetella pertussis, which ADP-ribo-
sylates G-o,;3y, which prevents its dissociation and

also leads to elevated adenylyl cyclase activity (cf.
G-proteins). These actions contribute to the
pathophysiology of these bacteria. Phosphoryla-
tion, catalyzed by cAMP-dependent protein kinase
(PKA), protein kinase C (PKC), or receptor protein
kinases, can elicit altered adenylyl cyclase activity
due either to effects directly on the enzyme or
indirectly through effects on hormone receptors
or G-proteins. By comparison, forskolin [1,3] acti-
vates most adenylyl cyclase isozymes by directly
binding within the C,*C, cleft. Most isozymes are
regulated by Ca®", either directly through one of
the two metal-binding sites (see below), or indi-
rectly through calmodulin [1], which activates a
few isozymes, or indirectly through PKC.
Although there is substantial homology among the
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Gs,
Switch Il

Fig. 3 Crystal structure of adenylyl cyclase. The crys-
tal structure of adenylyl cyclase was first achieved
with a C, *C, homodimer and then with the C; *C, +0,
complex shown here [3]. The Switch II region of Go
interacts with the C, domain to effect activation of
adenylyl cyclase. The cleft formed between C; and C,
affords loci for catalysis (ATP) and for activation by
forskolin (FSK). The cleft formed by the interaction of
the VC; and IIC, domains of a chimeric adenylyl
cyclase contains binding sites for substrate (ATP) and
forskolin (FSK). The Switch II domain of Gog interacts
with the C, domain of adenylyl cyclase.

membrane-bound forms of the mammalian ade-
nylyl cyclases, the striking differences in the char-
acter and extent of regulation by a variety of
agents imply that primary and secondary struc-
tural characteristics are important determinants
in the interactions of the enzyme with cell constit-
uents and hence will regulate enzyme acitivity, the
rate of formation of cAMP, and the downstream
effects that this will have.

Catalytic Mechanism

Adenylyl cyclases exhibit a reversible bireactant
sequential mechanism in which free divalent cati-
ons and cation-5’-ATP serve as substrates, and
cAMP, metal-PP;, and free divalent cations are
products (Fig. 4). For some isozymes, available
data suggest that substrate binding and product

release are ordered and for others random. Typi-
cally, reaction velocities are considerably greater
with Mn?* as the cation than with Mg**. Maximal
velocities observed with various ATP analogs fol-
low the order: 2”-d-5"ATP > ATP > ATPYS >
APP(NH)P > APP(CH,)P. Km values for rat brain
cyclase are: Kyparp> ~9 UM, Kyip?t, ~4 uM,
Kygarp> ~60 UM, and Kyg™", ~860 LM. Notably,
activation of adenylyl cyclases by hormones or by
G-o, via the active enzyme configuration
GTP-a,°C, causes a reduction in KMg2+ of more
than an order of magnitude to ~50 uM, without a
change in Kyjgrp-

Drugs

Activators and Inhibitors

Although agents which indirectly activate or
inhibit adenylyl cyclases are common and are even
used in the treatment of disease, e.g. blockers of -
adrenergic receptors, hormones, and other drugs
targeting G-protein-coupled receptors, drugs act-
ing directly on the enzyme have been less well
explored. And for most stimulators and inhibitors
that act directly on adenylyl cyclases, isozyme
selectivity has not been demonstrated. The main
classes of such agents are derivatives of forskolin
and of adenine nucleosides. Probably all adenylyl
cyclases are inhibited competitively by substrate
analogs, which compete with the site and enzyme
configuration with which cation-ATP binds
(Fig. 4). The best competitive inhibitor is -L-2’,3’-

N
3 Q
>R Q s
DX S S
) N o]
Y lvl ?’ ..'b
¥ R P 2
g v
.§~ .i. .Q.
Mn* MnAT] cAMP* MnPP* Mn*
Q’ 0. >0~

adenylyl cyclase

Fig. 4 Reaction sequence for catalysis and inhibition
of adenylyl cyclases. E* represents the catalytic trans-
ition state.
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Tab.2 Competitive inhibitors of adenylyl cyclase. As-
says were performed with detergent-dispersed adeny-
Iyl cyclase from rat brain and were conducted with
100 UM MnATP and 5 mM Mn(l, as substrates.

Nucleotide IC5q [uM]
B-L-5-AMP 200
B-L-2’,3’-dd-5-AMP 62
B-D-5’-AP(CH,)PP 30
B-L-5-ATP 3.2
B-D-2’,3’-dd-5-ATP 0.76
B-L-2’,3’-dd-5’-ATP 0.024

dideoxy-adenosine-5’-triphosphate (3-L-2’,3’-dd-
5'-ATP; Table 2, Fig. 5) [4], which has been used to
identify the » two metal sites within the catalytic
active site [5]. This ligand has also been labeled
with 3?P in the B-phosphate position and is a use-
ful ligand for reversible, binding displacement
assays of adenylyl cyclases [4].

Most membrane-bound forms of the mamma-
lian adenylyl cyclase are inhibited by adenine
nucleosides and their 3’-polyphosphates deriva-
tives. These constitute a class of inhibitors histori-
cally referred to as P-site ligands. Inhibition by
these ligands is conserved with varying sensitivity
in all isozymes, save those of bacteria and sperm,
and they provide an exquisite means for inhibition
of this signal transduction pathway. The most
potent of these ligands is 2’,5"-dideoxyadenosine-
3’-tetraphosphate (2’,5"-dd-3"-A4P; Table 3; cf.
Fig. 2 for structure of corresponding 3’-triphos-
phate) [6]. Whereas the most potent ligands in this
class contain polyphosphate groups at the 3’-ribo-
syl position, they are not cell permeable. Mem-
brane permeable ligands include the precursor
nucleoside, 2’,5"-dd-Ado, and several 9-substi-
tuted adenine derivatives, specifically 9-THF-Ade
(5Q 22,536), 9-Ara-Ade, 9-Xyl-Ade, and 9-CP-Ade
(Table 4). An advantage of 9-CP-Ade, in contrast
with the other compounds, is that it is both chemi-
cally and metabolically stable. These have been
used to lower cellular cAMP levels and to alter
function in numerous studies with isolated cells
and intact tissues.

To take advantage of the potency of the adenine
nucleoside 3’- or 5’-polyphoshate derivatives for
studies with intact cells and tissues, it is necessary
either to protect the phosphate groups from exo-
nucleotidases or to provide a precursor to these
molecules that is cell permeable and is then
metabolized into a potent inhibitor by intracellular
enzymes. The general term for this type of com-
pound is » prodrug or pronucleotide. The most
interesting members of this class of compound are
phorphorylated derivatives of 9-substituted-
adenines that are spatially consistent with the
phosphate position of 2”,5"-dd-3"-AMP and in
which the phosphate is protected by any of several
protecting ligands. The potency of the best of
these compounds is in a range similar to that of
2/,5'-dd-3"-ATP. Although the use of these agents to
date has been solely with isolated cells, it is likely
that they will find applications in other systems as
an additional upstream block of the adenylyl
cyclase-cAMP-PKA signaling cascade.

Miscellaneous Observations

Since its first description, adenylyl cyclase has
been an enzyme family of intense investigation.
Consequently, numerous observations have been
made of agents that affect its activity, principally
in isolated membranes, but also of purified
enzyme. Some of these effects are of importance
for investigators intending to work with the
enzyme. For example, it has been universally
observed that the enzyme is protected by thiols, 3-
mercaptoethanol, 2,3-dimercaptopropanol, and
dithiothreitol being the most commonly used.
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p-L-2',3'-dd-5'-ATP

Fig. 5 A potent, reversibly binding, competitive inhib-
itor of adenylyl cyclases, labeled with 2P at the B-
phosphate.
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Tab. 3 ICs values for inhibition of rat brain adenylyl
cyclase by adenosine 3’-phosphates. Assays were per-
formed with detergent-dispersed adenylyl cyclase from
rat brain and were conducted with 100 uM 5’ATP and
5 mM MnCl, as substrates. Values obtained for 3’-ATP
are overestimations due to the formation of 2’:3’-cAMP
from 3’-ATP that occurs non-enzymatically in the pres-
ence of divalent cations.

nucleoside [uM]
3’-Phosphate Ado 2-d-Ado  2’,5>-dd-Ado
none 82 15 2.7
~P 8.9 1.2 0.46
~PP 3.9 0.14 0.10
~PPP 2.0 0.09 0.04
~PPPP --- 0.0105 0.0074

Conversely, adenylyl cyclases are generally suscep-
tible to oxidants, e.g. H,0,, (ICy, ~3 uM) and ben-
zoquinone (ICy, ~3 uM), and alkylating agents,
e.g. N-ethylmaleimide (IC;, ~100 uM), p-ami-
nophenylarsenoxide (IC, ~40 uUM), p-aminophe-
nyldichloroarsine (ICy, ~80 M), or o-iodosoben-
zoate (ICy, ~10 uM for type I adenylyl cyclase
against calmodulin stimulation). Not surprisingly,
the crude membrane-bound enzyme is suscepti-
ble to thermal inactivation (e.g. 50% inactivation
at 35° in 10 min) and the purified enzyme is more
labile, but protection is afforded by forskolin, sub-
strate, P-site ligands, Ca**/calmodulin (e.g. with
type I enzyme), and activated G-o.. Proteases also
elevate adenylyl cyclase activity. For example,
acrosin, trypsin, and thrombin can cause 5-10 fold
activation, and these exhibit some isozyme selec-
tivity (type II > III >> V). The basis for this acti-
vation in each case is not known, though serine
proteases are known to cleave Ga;, and this could
lead to indirect effects on adenylyl cyclase activity.

All the studies on mammalian adenylyl cycla-
ses notwithstanding, it is unclear if all forms of the
enzyme have been identified, whether all modes of
regulation have been determined, when during
development, cell life cycles, and cell-cell interac-
tions that specific isozymes are expressed, and
how these processes are regulated.

Bacterial and Other Adenylyl Cyclases

Adenylyl cyclases are found throughout the animal
kingdom and serve a variety of regulatory roles. In
some animals, e.g. insects and crustaceans, the en-
zyme is membrane-bound and is regulated by neu-
rotransmitters and G-proteins in a manner similar
to that seen in mammalian systems. Sperm motili-
ty, respiration, and fertilization in invertebrates,
e.g. sea urchins, all involve changes in adenylyl cy-
clase activity. Here, too, regulatory mechanisms are
similar to those in mammalian systems. In some
unicellular organisms, however, adenylyl cyclases
have been observed to be soluble whereas in others
it is membrane-associated. Structures of enzyme
from these latter sources have not been deter-
mined, but amino acid sequences have been de-
duced for some. Available evidence indicates that
there is little homology between these adenylyl cy-
clases and the membrane-bound mammalian
form. There are several notable examples. In Sal-
monella typhimurium and Escherichia coli regula-
tion of adenylyl cyclase is coordinated with that of
carbohydrate permeases by the phosphoenolb-
pyruvate:sugar phosphotransferase system. This is
important for bacterial responses to changes in nu-
trient levels. The adenylyl cyclase of Brevibacteri-
um liquifaciens was the first to be purified and was
used to demonstrate the requirement for a o.-keto-
monocarboxylic acid cofactor and that the catalytic
reaction was reversible (reversibility of the reaction
was recently shown to occur also for a chimeric
mammalian adenylyl cyclase). The adenylyl cyclas-
es of Bordetella pertussis and Bacillus anthracis are
both soluble, Ca**/calmodulin-dependent but G-
protein independent enzymes, which are exported
from the respective bacteria. Because these en-
zymes are then transported into infected cells, ade-
nylyl cyclase actually constitutes a toxic factor in
mammals; adenylyl cyclase is the ‘edema factor’ of
B. anthracis. It is in Dictyostelium discoideum that
adenylyl cyclase generates the cAMP that provides
the signal for aggregation into a multicellular or-
ganism and the development of fruiting bodies.
And lastly, in yeast (Saccharomyces cerevisiae) the
enzyme is membrane bound and is regulated by a
G-protein, in this case Ras. As in mammalian sys-
tems, it is involved in metabolic control and in mat-
ing responses. Given that in many of these other
systems additional proteins and cofactors partici-
pate in the regulation of adenylyl cyclase activity,
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Tab. 4 ICs values for inhibition of rat brain adenylyl References

cyclase by 9-substituted adenine derivatives. Assays
were performed with detergent-dispersed adenylyl cy-
clase from rat brain and were conducted with 100 uM
5’ATP and 5 mM MnCl, as substrates.

Adenine Derivative IC5q [UM]
9-CP-Ade 100
9-THF-Ade 20
9-Ara-Ade 30
9-Xyl-Ade 3.2
3’-d-Ado (cordycepin) 13
PMEA 66
PMEApp 0.175
PMEAp(NH)p 0.180

the full elucidation of the roles in which this en-
zyme activity participates in cell growth, develop-
ment, and function, is a long way off.

Abbreviations Used Within the Text

Ado, adenosine; 2’-d-Ado, 2’-deoxyadenosine; 3'-
d-Ado, 3’-deoxyadenosine; 5'-d-Ado, 5’-deoxyade-
nosine; 2',5"-dd-Ado, 2’,5’-dideoxyadenosine; 2,3’
dd-Ado, 2’,3’-dideoxyadenosine; 9-CP-Ade, 9-
(cyclopentyl)-adenine; 9-THEF-Ade, 9-(tetrahydro-
furyl)-adenine (SQ22,536); 9-Ara-Ade, 9-(arabino-
furanosyl)-adenine; 9-Xyl-Ade, 9-(xylofuranosyl)-
adenine; cAMP, adenosine-3":5"monophosphate;
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2’-d-3’-AMP, 2’-deoxyadenosine 3’-monophos-
phate; 2’-d-3’-ADP, 2’-deoxyadenosine 3’-diphos-
phate; 2’-d-3’-ATP, 2’-deoxyadenosine 3’-triphos-
phate; 2’,5"-dd-3’-AMP, 2’,5’-dideoxyadenosine 3’-

ADH

monophosphate; 2’,5"-dd-3"-ADP, 2’,5"-dideoxyade- ~ Antidiuretic Hormone

nosine 3’-diphosphate; 2’,5"-dd-3"-ATP, 2",5"-dide-
oxyadenosine 3’-triphosphate; 2”,5"-dd-3"-A4P,
2’,5’-dideoxyadenosine 3’-tetraphosphate; PMEA,
9-(2-phosphonylmethoxyethyl)-adenine; PME-

» Vasopressin/Oxytocin

App, 9-(2-diphosphorylphosphonylmethoxye- !
thyl)-adenine; PMEAp(NH)p, 9-(2-iminodiphos-
phorylphosphonylmethoxyethyl)-adenine.

ADHD

ADHD is » Attention Deficit Hyperactivity Disor-
der.

» Psychostimulants
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atropine and scopolamine of Belladonna are spe-
cific antagonists at » muscarinic receptors.

Alkylating Agents

Alkylating agents form covalent bonds with target
molecules. They alkylate various nucleophilic
moieties such as phosphates. The biological effects
of alkylating agents are the consequence of alkyla-
tion of DNA. Originally employed as chemical
warfare agents, they are now used in the chemo-
therapy of cancer. Examples are cyclophospha-
mide and cisplatin.

» Antineoplastic Agents

Allele

An allele is one form in which a polymorphism
exists. Most genetic polymorphisms are bi-allelic,
i.e. they occur in two forms. Other types of genetic
polymorphisms such as the VNTR polymor-
phisms are multi-allelic.

» Pharmacogenetics

Allergen

An allergen is usually an inert substance (eg pol-
len, house dust mite faeces) that can trigger the
generation of an inappropriate antigenic response
in some individuals. Subsequent exposure of a
sensitized individual to the allergen is therefore
able to cross-link IgE antibodies on the surface of
mast cells and trigger an immune response and
histamine release.

> Allergy
» Histaminergic System

Allergy

KLAUS RESCH, MICHAEL U. MARTIN

Institute of Pharmacology, Hannover Medical
School, Hannover, Germany
Resch.Klaus@MH-Hannover.de,
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Synonyms
Hypersensitivity
Definition

The term allergy describes inappropriate immune
responses to foreign substances after repeated
exposure giving rise to irritant or harmful, and
eventually fatal reactions. Its incidence depends on
two factors: the occurence and nature of an agent
eliciting immune reactions (allergen) and the
reactivity of the immune system (» immune
defense). In highly industrialized countries aller-
gies may affect more than 30% of the population
caused by poorly understood environmental influ-
ences. In addition, a genetically determined pre-
disposition exists to develop an allergy.

» Humanized Monoclonal Antibodies
» Immune Defense

» Immunosuppressive Agents

» Inflammation

Basic Mechanisms

Currently allergic reactions are classified into four
types on the basis of different reaction patterns.
Whereas types I-1II are dependent on antibodies,
the type IV reaction is mediated by cellular
immune reactions.

Type I reaction, anaphylactic reaction
This type of allergic reaction is by far the most
common one, and may be responsible for more
than 80% of all allergies. Often it is used synony-
mously with allergy.

In some individuals, exposure to an antigen -
then termed allergen - leads to the increased pro-
duction of specific IgE, a subclass of antibodies
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releases allergic
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cell activation
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and

prostaglandins histamine

(after minutes) (immediately)

that physiologically is only synthesized in minute
quantities. For this bias of the humoral immune
response against an allergen, a subgroup of helper
T lymphocytes, Th2-cells, plays a key regulatory
role by providing the master cytokine interleukin-
4 (» Immune Defense, » Cytokines). IgE binds

with high affinity to receptors (Fce-receptors) that
are present on basophilic granulocytes and most
prominently on the closely related mast cells.
These cells thus acquire a “borrowed” (as it is, of
course, synthesized by B-lymphocytes) allergen
specific receptor, which can persist on these cells
for long periods, at least several months, perhaps
years. If that happens, an individual is “allergic”,

X\ctivated

First exposure
to allergen :
no symptoms

IgE is produced

at late stage of first
exposure or after
repeated exposure
to allergen

IgE is fixed on
mast cells by specific
Fc receptors

Repeated
exposure to
allergen :

IgE loaded Fc
receptors are
crosslinked and
mast cells

Fig. 1 Type I Anaphylactic
Reaction: IgE-bearing
mast cells are activated by
allergens to release medi-
ators of acute allergic
reactions.

cytokines

(after hours)

i.e. sensitized to an allergen without exhibiting
any clinical symptoms and without knowing it.
Upon re-exposure to this specific allergen, the
mast cells (and the other IgE bearing cells) can
immediately recognize the allergen with its IgE
antibodies. This results in the crosslinking of the
Fce receptors that in turn triggers activation of the
mast cells (or basophils). The consequence is rapid
degranulation of preformed vesicles and release of
a plethora of mediators into their surrounding
(see Fig. 1), the most prominent mediator is hista-
mine which is preformed and stored in vesicles
and acts immediately upon release. Within min-
utes, further mediators like leukotrienes are syn-
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thesized. These mediators act in concert on cells in
their vicinity which bear the appropriate recep-
tors and thereby cause the clinical symptoms of an
immediate allergic reaction. These may be itching
(urticaria), local swelling (edema), allergic rhinitis
(“hay fever”), constriction of bronchi (“asthma”)
and, when occurring in a generalized form, “ana-
phylactic” shock and eventual death. Activated
mast cells also start synthesizing protein media-
tors, termed cytokines, in a process that requires
some time (a few hours). These cytokines initiate
an acute inflammatory response that in its late
phase is characterized by the infiltration of leuko-
cytes and especially eosinophilic granulocytes.

Type Il reactions: cytotoxic reaction

As a physiological response to an antigen B lym-
phocytes initially always secrete antibodies of the
IgM class, only in the late stage of the primary
response or upon re-exposure to the same antigen,
B cells switch immunoglobulin classes and pro-
duce either IgG, IgA or IgE (» Immune Defense).

In rare situations the antigen, or a metabolite
thereof, either alone or bound to a carrier protein,
may bind firmly to surfaces of cells. The antigen
on the cell surface is now recognized by specific
IgG antibodies, and thus the whole cell is labelled
as a “foreign” particle that is consequently - but
erroneously - destroyed by the complement sys-
tem or cellular mechanisms. Type II reactions con-
tribute to auto-immune mechanisms (Immuno-
suppression). They are also responsible for allergic
reactions to certain drugs and may induce severe
diseases such as drug-induced aplastic anemia or
agranulocytosis.

Type lll reactions: immune complex reactions

In the case of the type III reaction physiologically
produced antibodies, predominantly of the IgG
subclasses, bind specifically the soluble antigen
and form immune complexes. These immune
complexes may bind directly to Fcy receptors or be
coated with complement components and thus be
opsonized for uptake by phagocytic cells that nor-
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toms of allergic asthma
bronchiale.
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mally degrade them and thus eliminate them. An
“allergic” situation occurs if these immune com-
plexes cannot be ingested appropriately and
degraded. Alternatively, and more often, due to a
continuous supply of allergen, the phagocytic cell
is incapable of coping with the mass of resulting
immune complexes. Thus the phagocytic cells
respond to the frustraneous or continuous stimu-
lation of Fcy receptors by secreting a variety of
products into their surrounding. These include
catabolic enzymes that degrade unspecifically all
available biological macromolecules such as pro-
teins, nucleic acids, carbohydrates, or lipids no
matter whether these are foreign or belong to the
host, resulting in continuous destruction. It
should be noted that this mechanism of damage is
identical with that occurring in chronic inflamma-
tory diseases (» Inflammation) such as in

» rheumatoid arthritis or nephritis. Typical aller-
gic type III reactions are pulmonary diseases
against inhalative irritants, or » “serum sickness”
occurring after administration of high molecular
weight proteinacious drugs, originally animal
serum applied during passive vaccination, but also
murine monoclonal antibodies or other drugs.

Type IV reactions: cellular reactions

At the time when allergic reactions were classified
little was known about cellular reactions, thus it
appears appropriate today to divide this reaction
type in two subgroups.

Type IV a: cellular cytotoxic reactions. In this type of
reaction an antigen elicits the generation of cyto-
toxic T lymphocytes (» Immune Defense). Cyto-
toxic T lymphocytes (Tc) destroy antigen bearing
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cells by inducing apoptosis. This reaction can be
viewed as the cellular counterpart to the humoral
Type II reactions. They play an important physio-
logical role in the defense of viruses, and can
become allergic reactions under the same condi-
tions as described for Type II reactions.

Type IV b reactions: delayed type hypersensitivity reac-
tions (DTH). Antigens commonly induce the activa-
tion of T lymphocytes of the T helper type (Th). In
the case of Type IV b reactions the predominant
responding cell is the Th-1 subtype. By secreting
many cytokines, including interferon y, Thi-lym-
phocytes recruit and activate granulocytes and
monocytic cells to mount an inflammatory
response. In that respect the Type IV b reaction
can also be viewed as a cellular counterpart of a
humoral reaction, specifically of a Type III reac-
tion, being of great importance in chronic inflam-
matory diseases such as rheumatoid arthritis, and
glomerulonephritis, or in autoimmune diseases
such as systemic lupus erythematodes. In fact, in
these situations both Type III and Type IV b con-
tribute to the chronic inflammatory reaction. With

respect to allergy, Type IV b reactions are relevant
for contact ekzema, i.e. the chronic response of
skin to many irritants including chromate, nickel,
cosmetics, fabrics, etc.

Pharmacological Intervention

General
The ideal and single curative treatment of an
allergy is to strictly avoid exposure to the respon-
sible allergen(s). This requires to elucidate the
causative agent. A battery of diagnostic methods is
available to achieve this including measurement of
IgE in blood (RAST), various methods of eliciting
allergic reactions in the skin (skin testing), and
provocation of clinical symptoms (e.g. in food
allergy). Unfortunately, many allergens are diffi-
cult to avoid in daily life as they occur ubiquitously
or, in the case of occupational exposure, would
require a change in profession. Thus, in many
cases pharmacological intervention may be neces-
sary to improve the health of the allergic patient.
Type I1, III, and IV allergic reactions are vari-
ants of physiologic defense mechanisms only rele-
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vant in special situations, which follow a common
pathologic pattern. In general, treatment of these
forms require anti-inflammatory
(» Inflammation) or immunosuppressive strate-
gies (Immunosuppression). Therefore, only ther-
apy of Type I reactions will be described here.

Therapy of Type | reactions

(Rush) Immunotherapy (Hyposensitization). The
inappropriate production of IgE to an allergen is
caused by a Th-2 preponderance upon exposure to
the allergen. Immunotherapy aims to influence the
undesired Th-2 immune response and shift it to a
Th-1 answer. It was found empirically and consists
of the application of increasing doses of the aller-
gen within a few days, starting with a very low,
clinically inapparent, dose, and ending with a dose
close to or above the one which is to be expected

in a natural situation (e.g. after a bee sting). The
high dose usually is applied at monthly intervals
for up to three years or even longer. An absolute
indication for immunotherapy are allergies to bee
or wasp poison, which may result in an anaphy-
latic shock and may be fatal. At least partial relief
may be achieved by immunotherapy in patients
with allergies against defined pollen, but mostly
fails with complex mixtures of allergens such as
proteins of pets (epithelia, hair) or proteins in the
faeces of mites (house dust allergy). With the
availability of modern molecular biology and the
achievements of recombinant DNA technology the
identification of the responsible structures of
allergens and their production in defined quality
and quantities may increase the rate of success
also with complex allergens or mixture of aller-
gens in future.
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Pharmacotherapy

Histamine H1-receptor antagonists. Histamine-H-1-
receptor antagonists compete with the binding of
histamine to its type 1 receptors which are pre-
dominantly located in cells of the vasculature, and
thus block its action (Fig. 2). H-1 receptor antago-
nists are effective when symptoms occur which
involve peripheral blood vessels - around which
the majority of mast cells are located - such as
urticaria, allergic rhinitis (“hay fever”) or con-
junctivitis. As histamine receptors are also present
in the brain, their blockade influences the ability
to focus and may result in sleepiness. However,
modern second generation H-1 receptor antago-
nists do not cross the blood-brain barrier and thus
do not show this undesired sedative side effect
(examples: loratadin, fexofenadin, cetirizin).

Leukotriene antagonists. Leukotrienes are rapidly
produced and released during a type I reaction
(Fig. 3). They are responsible for a massive bron-
choconstriction in allergic bronchial asthma and
attract leukocytes, thus being pro-inflammatory.
Consequently, antagonists of the LTC receptor
have been proven useful in the therapy of
» bronchial asthma, often in combination with
bronchodilators (example: montelukast).

Cromones. Cromones suppress the release of
mediators from mast cells by a mechanism that is
not known (Fig. 4). In order to achieve the com-
plete suppressive effect, cromones have to be given
prophylactically several days to weeks before
exposure to seasonal allergens can be expected,
emphasizing the importance of warning systems
or calendars (e.g. for pollen) as means for initiat-
ing therapy. Cromones also are effective in ongo-
ing allergic responses, but then a few days are
required to see benefits for the patient. Cromones
are practically insoluble and thus are not absorbed
beyond the top layers of tissues. This has the
advantage that no systemic side effects occur, on
the other hand cromones only act locally and must
be applied at the site of action wanted. Cromones
have beneficial effects in allergic rhinitis (nose
drops or spray), conjunctivitis or bronchial
asthma (inhalable preparations) (examples: di-
sodiumcromoglycate or nedocromil).

Glucocorticoids

Topically applied glucocorticoids - “inhalable”
glucocorticoids. Glucocorticoids are very effec-
tive anti-inflammatory drugs. In Type I allergy
they affect several different target cells, the most
important being the mast cells and infiltrating T-
lymphocytes. In general their action is immuno-
suppressive (Immunosuppression). On mast cells,
glucocorticoids mainly affect the synthesis and
release of mediators such as the arachidonic acid
metabolites and most prominently the cytokines.
The molecular mechanism of glucocorticoid
action is complex and can be summarized as a reg-
ulatory effect on gene induction and expression
(Fig. 5).

Of all glucocorticoids applied to the upper res-
piratory tract (nose, bronchi) more than 80% may
be swallowed and finally absorbed by the gastroin-
testinal tract. This fraction reaches the circulation
after an initial first passage through the liver.
“Modern” glucocorticoids for inhalation are
chemically modified in a way that they are com-
pletely inactviated metabolically by the liver. Thus
inhalable glucocorticoids in therapeutic doses are
effective in the respiratory tract, but do not give
rise to systemic side effects (» Glucocorticoids).
They play an important role in the long term treat-
ment of » bronchial asthma. They also have bene-
ficial effects in allergic rhinitis (“hay fever”), espe-
cially in seasonal forms (example: beclomethason,
budesonid).

Glucocorticoid ointments. Glucocorticoid
ointments are used to treat allergic skin reactions
locally. They should be applied only for limited
periods to avoid trophic damage to the skin such
as thinning (paper skin).

Systematically applied glucocorticoids. Because of
their considerable side effects — which depend on
dose and, even more relevant, on the duration of
application - systemically applied glucocorticoids
are only used in serious allergic diseases. This
includes bronchial asthma, autoimmune and
chronic inflammatory diseases.

Anaphylactic shock

The most serious acute Type I reaction is the gen-
eralized reaction, the anaphylactic shock. Anaphy-
lactic shock results from a generalized release of
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mediators from mast cells and basophils. The clin-

ical symptoms are manifested predominantly in

» Circulation: Leakage of fluid from the vascula-
ture into the surrounding tissue causes edema,
drop in blood pressure and finally hemodynamic
shock.

» Heart: Histamine (and also other mediators) in-
duce arrhythmias which can be fatal.

D Respiratory tract: all symptoms associated with
allergy can occur, starting from profuse rhinitis
to severe asthma and suffocation.

D Gastrointestinal system: cramps and diarrhea.

Skin: generalized urticaria and erythema.

Treatment

The fate of the patient largely depends on the first
30 minutes of an anaphylactic shock reaction.
Thus persons with a known history of hypersensi-
tivity reactions towards bee or wasp poison should
always carry an emergency set during the insect
season (see below).

1. Intravenous infusion of epinephrin: 0.1 to
0.5 mg epinephrin dissolved in plasma replace-
ment, this can be repeated after 5 minutes.

2. Plasma replacement (any): this should also be

used as a continuous access to the intravenous

blood.
. Glucocorticoids: 300 mg to 1 g as bolus
4. Hi-histamine receptor antagonist

w

Emergency set contains:

» aready to use epinephrine solution in a special
syringe allowing sequential application in two
doses

d readily resorptive glucocorticoid solution (oral-
ly)

» readily resorptive H1 histamine receptor antago-
nist (cave: sedation!!)

(if available: inhalable epinephrine)
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Allodynia

The sensation of pain, following injury or disease,
in response to a previously non-noxious stimulus
is termed ‘allodynia’. Tactile allodynia is caused by
recruitment of low-threshold (non-nociceptive)
sensory fibers (AB) in nociceptive pathways.

» Nociception

Alloimmunity

Alloimmunity is the immune response mounted
by a host on the basis of differences in major histo-
compatibility antigens expressed on the surface of
a donor cell from the same species as the host.

» Immune Defense

Allosteric Modulators

Unlike competitive antagonists that bind to the
same domain on the receptor as the agonist, allos-
teric modulators bind to their own site on the
receptor and produce an effect on agonism
through a protein conformational change. Allos-
teric modulators can affect the affinity of the
receptor for the agonist or simply the responsive-
ness of the receptor to the agonist. A hallmark of
allosteric interaction is that the effect reaches a
maximal asymptote corresponding to saturation
of the allosteric sites on the receptor. For example,
an allosteric modulator may produce a maximal
10-fold decrease in the affinity of the receptor for
the agonist upon saturation of the allosteric sites
on the receptor.
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Allylamine

» Antifungal Drugs

o1-acid Glycoprotein

oa-acid glycoprotein is one of the plasma proteins
mainly responsible for the plasma protein binding
of drugs. Its level is known to be elevated in some
pathological states, such as inflammation.

o-Adrenergic System

LUTZ HEIN
University of Wiirzburg, Wiirzburg, Germany
hein@toxi.uni-wuerzburg.de

Synonyms
o-adrenergic receptors, o-adrenoceptors

Definition

The a-adrenergic system consists of six subtypes
of membrane receptors which mediate part of the
biological actions of the catecholamines adrena-
line and noradrenaline. a.-Adrenergic receptors
are important regulators of smooth muscle cell
contraction (o,-adrenergic receptors) (1) and pre-
synaptic neurotransmitter release (o.,-adrenergic
receptors) (2,3). In addition, adrenaline and
noradrenaline activate B-adrenergic receptors,
which stimulate cardiac contractility and rhythm
and inhibit bronchial, vascular and uterine
smooth muscle contraction (» 3-Adrenergic Sys-
tem).

» B-Adrenergic System
» Catechol-O-Methyltransferase and its Inhibitors
» Neurotransmitter Transporters

Basic Characteristics

The adrenergic system is an essential regulator
that increases cardiovascular and metabolic
capacity during situations of stress, exercise and
disease. Nerve cells in the central and peripheral
nervous system synthesize and secrete the neuro-
transmitters noradrenaline and adrenaline. In the
peripheral nervous system, » noradrenaline and
» adrenaline are released from two different sites:
noradrenaline is the principal neurotransmitter of
sympathetic neurons that innervate many organs
and tissues. In contrast, adrenaline, and to a lesser
degree noradrenaline, is produced and secreted
from the adrenal gland into the circulation (Fig. 1).
Thus, the actions of noradrenaline are mostly
restricted to the sites of release from sympathetic
nerves, whereas adrenaline acts as a hormone to
stimulate many different cells via the blood
stream.

Together with dopamine, adrenaline and
noradrenaline belong to the endogenous catecho-
lamines that are synthesized from the precursor
amino acid tyrosine (Fig. 1). In the first biosyn-
thetic step, tyrosine hydroxylase generates » L-
dopa which is further converted to dopamine by
the aromatic L-amino acid decarboxylase (» Dopa
Decarboxylase). Dopamine is transported from
the cytosol into synaptic vesicles by a vesicular
monoamine transporter. In sympathetic nerves,
vesicular dopamine B-hydroxylase generates the
neurotransmitter noradrenaline. In chromaffin
cells of the adrenal medulla, approximately 80% of
the noradrenaline is further converted into adren-
aline by the enzyme phenylethanolamine-N-meth-
yltransferase.

Several mechanisms serve to terminate the bio-
logical actions of noradrenaline and adrenaline.
From the synaptic cleft, most of the released
noradrenaline is recycled by re-uptake into the
nerve terminals via a specific » noradrenaline
transporter. This transporter is selectively blocked
by cocaine and tricyclic antidepressants. After re-
uptake into the nerve, most of the noradrenaline is
transferred into synaptic vesicles and a smaller
fraction is destined for degradation by the
enzymes » monoamine oxidase (MAO) and
» catechol-O-methyltransferase (COMT). COMT
plays a major role in the metabolism of circulating
catecholamines. MAO and COMT are widely dis-
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Fig. 1 Synthesis and release of noradrenaline and
adrenaline from sympathetic nerve endings (left) and
from the adrenal gland (right). Noradrenaline and
adrenaline are synthesized from the precursor amino
acid tyrosine and are stored at high concentrations in
synaptic vesicles. Upon activation of sympathetic
nerves or adrenal chromaffin cells, noradrenaline and
adrenaline are secreted and can activate adrenergic
receptors on surrounding cells (sympathetic nerve),
or they enter the blood circulation (adrenaline
released from the adrenal gland). Release of
noradrenaline from nerve terminals is controlled by
presynaptic inhibitory o,- and activating ,-adrener-
gic receptors. Actions of noradrenaline are terminated
by uptake into nerve terminals and synaptic vesicles
by active transporters (NAT, VMAT) and by uptake
into neighboring cells (not shown). Abbreviations:
AADC, aromatic L-amino acid decarboxylase; DBH,
dopamine B-hydroxylase; NAT, nordadrenaline trans-
porter; PNMT, phenylethanolamine-N-methyltrans-
ferase; TH, tyrosine hydroxylase; VMAT, vesicular
monoamine transporter.

tributed, and inhibitors of these enzymes are used
for the treatment of mental depression (MAO-A
inhibitor, moclobemide) or Parkinson’s disease
(MAO-B inhibitor, selegiline).

The biological actions of adrenaline and
noradrenaline are mediated via nine different » G-
protein-coupled receptors, which are located in

the plasma membrane of neuronal and non-neu-
ronal target cells. These receptors are divided into
two different groups, a-adrenergic receptors and
B-adrenergic receptors (see B-adrenergic system).
The distinction between a- and B-adrenergic
receptors was first proposed by Ahlquist in 1948
(4) based on experiments with various catecho-
lamine derivatives to produce excitatory (o) or
inhibitory () responses in isolated smooth muscle
systems. Initially, a further subdivision into presy-
naptic o.,- and postsynaptic o,-receptors was pro-
posed. However, this anatomical classification of
o-adrenergic receptor subtypes was later aban-
doned.

At present, six oi-adrenergic receptors have
been identified by molecular cloning: three o,-
adrenergic receptors (o, 5, 0,5, 0,p) (5) and three
o,,-subtypes (0,5, 0Ly, O,c) (6) (Fig. 2). Due to the
lack of sufficiently subtype-selective ligands, the
unique physiological properties of these o.-recep-
tor subtypes, for the most part, have not been fully
elucidated. However, recent studies in mice that
carry deletions in the genes encoding for individ-
ual o-receptor subtypes have greatly advanced the
knowledge about the specific functions of these
receptors (3).

o,-Adrenergic receptors mediate contraction
and hypertrophic growth of smooth muscle cells.
The three o,-receptor subtypes share 75% identity
in their transmembrane domains, whereas the
degree of homology between o,- and a.,-receptors
is significantly smaller (35-40%). Due to discrep-
ancies between the pharmacological subtype clas-
sification, mRNA and protein expression data and
experiments with cloned o,-receptor subtypes,
some confusion exists in the literature with
respect to the assignment of a,-receptor subtype
nomenclature. In the present terminology, o, 5
(cloned 0,.), 0,5 (cloned o) and o, p-receptors
(cloned o,4) can be distinguished. All three sub-
types seem to be involved in the regulation of vas-
cular tone, with the o, 5-receptor maintaining
basal vascular tone and the o, g-receptor mediat-
ing the constrictory effects of exogenous o,-ago-
nists. All o,-receptor subtypes can activate Gq-
proteins, resulting in intracellular stimulation of
phospholipases C, A,, and D, mobilization of Ca**
from intracellular stores and activation of
mitogen-activated protein kinase and PI3 kinase
pathways.
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Three genes encoding for o,-adrenergic recep-
tor subtypes have been identified from several
species, termed 0., , 0.,p, and o.,¢, respectively
(Fig. 2). The pharmacological profile of the o, -
subtype differs significantly between species, thus
giving rise to the pharmacological subtypes o, in
humans, rabbits and pigs and o, in rats, mice
and guinea pigs (7). Part of the pharmacological
difference between a.,5- and a,,p-receptors can be
explained by a Ser-Ala mutation in the fifth trans-
membrane helix of the o, ,-receptor rendering
this receptor less sensitive to the antagonists, rau-
wolscine and yohimbine. o.,-Adrenergic receptors
regulate a wide range of signalling pathways via
interaction with multiple heterotrimeric G; pro-
teins (Goy,, GOy, Goys) including inhibition of
adenylyl cyclase, stimulation of phospholipase D,
stimulation of mitogen-activated protein kinases,
stimulation of K* currents and inhibition of Ca**
currents. The three o,-receptor subtypes have
unique patterns of tissue distribution in the cen-
tral nervous system and in peripheral tissues. The
o, p-receptor is expressed widely throughout the
central nervous system including the locus coeru-
leus, brain stem nuclei, cerebral cortex, septum,

hypothalamus and hippocampus. In the periphery,
o, p-receptors are expressed in kidney, spleen, thy-
mus, lung and salivary gland. The o,g-receptor
primarily shows peripheral expression (kidney,
liver, lung and heart) and only low level expression
in thalamic nuclei of the central nervous system.
The o,-receptor appears to be expressed prima-
rily in the central nervous system (striatum, olfac-
tory tubercle, hippocampus and cerebral cortex),
although very low levels of its mRNA are present
in the kidney.

o, o- Receptors and o, ¢-receptors are located
presynaptically in order to inhibit noradrenaline
release from sympathetic nerves. Activation of
these receptors leads to decreased sympathetic
tone, decreased blood pressure and heart rate.
Central o, 5-receptors mediate sedation and anal-
gesia. o,g-Receptors mediate contraction of vascu-
lar smooth muscle, and in the spinal cord they are
essential components of the analgesic effect of
nitrous oxide. Upon stimulation by agonists, o,-
and o,-receptor signalling pathways are attenu-
ated by several mechanisms at the receptor and
post-receptor levels (see -adrenergic system).
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Drugs

Therapeutically, o,-receptor-mediated vasocon-
striction contributes to the beneficial actions of
adrenaline applied as an emergency medicine dur-
ing hypotensive or anaphylactic shock. Addition
of adrenaline or noradrenaline to local anaesthet-
ics prevents diffusion of the local anaesthetic from
the site of injection and thereby prolongs its
action. o,,-Receptor antagonists including pra-
zosin, doxazosin, terazosin and bunazosin are
used to treat patients with hypertension. How-
ever, 0,-receptor antagonists are no longer first-
line antihypertensive agents since the ALLHAT
clinical trial revealed that hypertensive patients
taking doxazosin had a higher risk of developing
congestive heart failure than patients with diu-
retic treatment. Tamsulosin is the first o,,-receptor
antagonist with selectivity for the o, 5-receptor
over o,g- and o, p-subtypes. The o, 5-selectivity is
thought to contribute to the beneficial actions of
tamsulosin in the treatment of benign prostate
hypertrophy without lowering bood pressure.

At present, no drugs exist that can selectively
activate o,-receptor subtypes. Clonidine stimu-
lates all three o,-subtypes with similar potency.
Clonidine lowers blood pressure in patients with
hypertension and it decreases sympathetic overac-
tivity during opioid withdrawal. In intensive and
postoperative care, clonidine is a potent sedative
and analgesic and can prevent post-operative shiv-
ering. Clonidine and its derivative brimonidine
lower intraocular pressure of glaucoma patients
when applied locally. Moxonidine may have less
sedative side effects than clonidine when used as
an antihypertensive. It has been suggested that
moxonidine activates “imidazoline receptors”
instead of a.,-receptors. The o.,-receptor agonists
oxymetazoline and xylometazoline are being used
as nasal decongestants. At present, o.,-receptor
antagonists are not used in human medicine.
However, in veterinary practice the o,-receptor
antagonist atipamezole can rapidly reverse anaes-
thesia mediated by the o.,-agonist medetomidine.
In the future, subtype-selective drugs may greatly
improve the therapy of diseases involving o.;- or
o,,-adrenergic receptor systems.
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0.-2 Antiplasmin

o.-2 antiplasmin, a naturally occurring inhibitor of
fibrinolysis, is a single chain glycoprotein that
forms a stable, inactive complex within plasmin
and thereby prevents plasmin’s activity.

» Coagulation/Thrombosis

o-Glucosidase

» Oral Antidiabetic Drugs
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Anabolic Steroids

Anabolic steroids increase muscle mass and
strength. They are used by some athletes to
enhance performance.

» Sex Steroid Receptors

Anaesthesia

» General Anaesthetics
» Local Anaesthetics

Anaesthetics, general

» General Anaesthetics

Anaesthetics, local

» Local Anaesthetics

Analeptics

The term analeptics refers to convulsants and res-
piratory stimulants (i.e. central nervous system
stimulants). They comprise a reverse group of
agents (for example amphifinazole and doxapram
(respiratory stimulants) and strychnine, biculline
and picrotoxin). Analeptics are mainly experimen-
tal drugs. Only amphifinazole and doxapram are
occasionally used for the treatment of acute venti-
latory failure.

Analgesia

» General Anaesthetics
» Analgesics

Analgesics

CHRISTOPH STEIN

Klinik fiir Anaesthesiologie und Operative
Intensivmedizin, Freie Universitit Berlin, Berlin,
Germany

christoph.stein@medizin.fu-berlin.de

Synonyms
Painkillers; pain medication

Definition

Analgesics interfere with the generation and/or
transmission of impulses following noxious stimu-
lation (» Nociception) in the nervous system. This
can occur at peripheral and/or central levels of the
» neuraxis. The therapeutic aim is to diminish the
perception of » pain.

» Non-steroidal Anti-inflammatory Drugs
» Opioid Systems

Mechanism of Action

Analgesics can be roughly discriminated by their
mechanisms of action: opioids, non-steroidal anti-
inflammatory drugs (NSAIDs), serotoninergic
compounds, antiepileptics and antidepressants.
Adrenergic agonists, excitatory amino acid (e.g.
N-methyl-D-aspartate; NMDA) receptor antago-
nists, neurokinin receptor antagonists, neuro-
trophin (e.g. nerve growth factor) antagonists,
cannabinoids, and ion channel blockers are cur-
rently under intense investigation but are not used
routinely yet (1, 7). » Local anaesthetics are used
for local and regional anesthetic techniques.
Mixed drugs (e.g. tramadol) combine various
mechanisms.
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Opioids

Opioids act on heptahelical » G-protein-coupled
receptors. Three types of opioid receptors (u, 3, «)
have been cloned. Additional subtypes (e.g. 1;, LL,,
d,, 8,) have been proposed but are not universally
accepted. Opioid receptors are localized and can
be activated along all levels of the neuraxis includ-
ing peripheral and central processes of primary
sensory neurons (> Nociceptors), spinal cord
(interneurons, projection neurons), brainstem,
midbrain and cortex (4, 6). All opioid receptors
couple to G-proteins (mainly G;/G,) and subse-
quently inhibit adenylyl cyclase, decrease the con-
ductance of voltage-gated Ca*™™* channels and/or
open rectifying K* channels (6). These effects ulti-
mately result in decreased neuronal activity. The
prevention of Ca*™™ influx inhibits the release of
excitatory (pronociceptive) neurotransmitters. A
prominent example is the suppression of
» substance P release from primary sensory neu-
rons both within the spinal cord and from their
peripheral terminals within injured tissue (6). At
the postsynaptic membrane, opioids produce
hyperpolarization by opening K* channels,
thereby preventing excitation or propagation of
action potentials in second order projection neu-
rons. In addition, opioids inhibit sensory neuron-
specific tetrodotoxin-resistant Na* channels and
excitatory postsynaptic currents evoked by
» glutamate receptors (e.g. NMDA) in the spinal
cord (6). The result is decreased transmission of
nociceptive stimuli at all levels of the neuraxis and
profoundly reduced perception of pain. The
endogenous opioid ligands consist of four peptide
families. Three are derived from the known pre-
cursors proopiomelanocortin (encoding 3-endor-
phin), proenkephalin (encoding Met-enkephalin
and Leu-enkephalin) and prodynorphin (encoding
dynorphins). These peptides contain the common
Tyr-Gly-Gly-Phe-[Met/Leu] sequence at their
amino terminals, known as the opioid motif. 3-
Endorphin and the enkephalins are potent antino-
ciceptive agents acting at 4 and J receptors.
Dynorphins can elicit both pro- and antinocicep-
tive effects via k-opioid and/or NMDA receptors.
A fourth group of tetrapeptides termed endomor-
phins (with yet unknown precursors) do not con-
tain the pan-opioid motif but they bind to p-
receptors with unprecedented selectivity, result-
ing in analgesia. Opioid peptides and receptors are

expressed throughout the central and peripheral
nervous system, in neuroendocrine tissues, and in
immune cells (6).

Non-Steroidal Antiinflammatory Drugs (NSAIDs)
NSAIDs inhibit » cyclooxygenases (COX), the
enzymes that catalyze the transformation of ara-
chidonic acid (a ubiquitous cell component gener-
ated from phospholipids) to prostaglandins and
thromboxanes (3). Two isoforms, COX-1 and COX-
2, are expressed constitutively in peripheral tissues
and in the central nervous system. In response to
injury and inflammatory mediators, (e.g.
cytokines, growth factors) both isoforms can be
upregulated, resulting in increased concentrations
of prostaglandins (3). In the periphery, prostaglan-
dins (mainly PGE,) sensitize nociceptors by phos-
phorylation of Na* channels (7). As a result, nocic-
eptors become more responsive to noxious
mechanical (e.g. pressure, hollow organ disten-
sion), chemical (e.g. acidosis, » bradykinin, neu-
rotrophins) or thermal stimuli. In the spinal cord
PGE, blocks glycinergic neuronal inhibition,
enhances excitatory amino acid release, and depo-
larizes ascending neurons. These mechanisms
facilitate the generation of impulses within nocice-
ptors and their transmission through the spinal
cord to higher brain areas. By blocking one (selec-
tive COX-2 inhibitors, coxibs) or both enzymes
(nonselective NSAIDs) prostaglandin formation
diminishes. Subsequently nociceptors become less
responsive to noxious stimuli and spinal neuro-
transmission is attenuated.

Serotoninergic Drugs

Serotonin (5-hydroxytryptamine; 5-HT) is a
monoamine neurotransmitter found in the sym-
pathetic nervous system, in the gastrointestinal
tract, and in platelets. It acts on 5-HT receptors
expressed at all levels of the neuraxis and on blood
vessels. Within the dorsal horn of the spinal cord
serotoninergic neurons contribute to endogenous
pain inhibition. 5-HT receptors are classified into
seven families (5-HT,-5-HT.) and at least 14 sub-
types. With the exception of 5-HT; (a ligand-gated
ion channel) all others are G-protein coupled
receptors. 5-HT,g/;p agonists (triptans) have been
extensively studied and are considered specific for
migraine headaches. Migraine is thought to be
related to the release of neuropeptides (e.g.
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» Calcitonin Gene Related Peptide, » Substance P)
from trigeminal sensory neurons innervating
meningeal blood vessels. This leads to vasodila-
tion, an inflammatory reaction, and subsequent
pain. Neuronal 5-HT, receptors localized on
trigeminal afferents mediate the triptan-induced
inhibition of neurogenic inflammation, with pos-
sible additional sites of action for brain penetrat-
ing 5-HT, agonists in inhibiting nociceptive trans-
mission centrally. In addition, the activation of
vascular 5-HT,g receptors constricts meningeal
(and coronary) vessels (2). The latter effects have
stimulated a search for nonvasoconstrictor
approaches such as substance P (neurokinin-1)
receptor antagonists, endothelin antagonists and
highly selective sHT, agonists. However, none of
them demonstrated clinical antimigraine effects,
supporting the view that isolated peripheral
trigeminal nerve inhibition is insufficient to
relieve acute migraine.

Antiepileptic Drugs

A number of antiepileptics are used in
» neuropathic pain. Different neuropathic pain
syndromes have been attributed to certain com-
mon mechanisms including ectopic activity in
sensitized nociceptors from regenerating nerve
sprouts, recruitment of previously “silent” nocice-
ptors, and spontaneous activity in dorsal root gan-
glion cells. The increase of peripheral neuronal
activity is transmitted centrally and results in sen-
sitization of second- and third-order ascending
neurons. Among the best studied mechanisms of
peripheral and central sensitization are the
increased novel expression of Na* channels, and
increased activity at » glutamate (NMDA) receptor
sites (7). The mechanisms of action of antiepilep-
tics include neuronal membrane stabilization by
blockage of pathologically active voltage-sensitive
Na* channels (carbamazepine, phenytoin, val-
proate, lamotrigine), blockage of voltage-depend-
ent Ca*™ channels (gabapentin, lamotrigine), inhi-
bition of presynaptic release of excitatory amino
acids (lamotrigine), activation of y-aminobutyric
acid » (GABA) receptors (valproate, gabapentin),
opening of adenosine triphosphate-sensitive
K*channels (Kyyp) channels (gabapentin), poten-
tial enhancement of GABA turnover/synthesis
(gabapentin) and increased nonvesicular GABA
release (gabapentin) (5).

Antidepressants

Several antidepressants are used in the treatment
of neuropathic pain. They include the classic tricy-
clic compounds that are divided into nonselective
noradrenaline/5-HT reuptake inhibitors (e.g.
amitriptyline, imipramine, clomipramine) and
preferential noradrenaline reuptake inhibitors
(e.g. desipramine, maprotiline), selective 5-HT
reuptake inhibitors (e.g. citalopram, paroxetine,
fluoxetine) and 5-HT, antagonists (nefazodone).
The reuptake inhibition leads to a stimulation of
endogenous monoaminergic pain inhibition in the
spinal cord and brain. In addition, tricyclics have
NMDA receptor antagonist, Na* channel block-
ing, and K™ channel opening effects which can
suppress peripheral and central sensitization.
Block of cardiac K™ and Na* channels by tricy-
clics can lead to life-threatening arrhythmias. The
selective 5-HT transporter inhibitors lack postsyn-
aptic receptor blocking and membrane stabiliza-
tion effects (and side effects resulting therefrom)

(5).
Clinical Use (incl. side effects)

Analgesics are used in both acute and chronic
pain. Whereas acute (e.g. postoperative, posttrau-
matic) pain is generally amenable to drug ther-
apy, chronic pain is a complex disease in its own
right and needs to be differentiated into malignant
(cancer-related) and nonmalignant (e.g. muscu-
loskeletal, » neuropathic, inflammatory) pain.
Acute and cancer-related pain are commonly
treatable with opioids, NSAIDs and/or local anes-
thetic blocks. Chronic nonmalignant pain requires
a multidisciplinary approach encompassing vari-
ous pharmacological and non-pharmacological
(e.g. psychological, physiotherapeutic) treatment
strategies. Various routes of drug administration
(e.g. oral, intravenous, subcutaneous, intrathecal,
» epidural, topical, intraarticular, transnasal) are
used depending on the clinical circumstances (4).
Local anesthetics are used topically and in
regional (e.g. epidural) anesthetic techniques for
the treatment of acute (e.g. associated with sur-
gery, child birth) and some selected chronic pain
syndromes.
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Opioids

The commonly available agents (e.g. morphine,
codeine, methadone, fentanyl and its derivatives)
are [-agonists. Naloxone is a non-selective antago-
nist at all three receptors. Partial agonists must
occupy a greater fraction of the available pool of
functional receptors than full agonists to induce a
response (e.g. analgesia) of equivalent magnitude.
Mixed agonist/antagonists (e.g. buprenorphine,
butorphanol, nalbuphine, pentazocine) may act as
agonists at low doses and as antagonists (at the
same or a different receptor) at higher doses. Such
compounds typically exhibit ceiling effects for
analgesia and they may elicit an acute
» withdrawal syndrome when administered
together with a pure agonist. All three receptors
(1, 9, k) mediate analgesia but differing side
effects. 1-Receptors mediate respiratory depres-
sion, sedation, reward/euphoria, nausea, urinary
retention, biliary spasm and constipaton. k-Recep-
tors mediate dysphoric, aversive, sedative and diu-
retic effects, but do not mediate constipation. d-
Receptors mediate reward/euphoria and, to a
lesser degree, respiratory depression and constipa-
tion. » Tolerance and physical » dependence
occur with prolonged administration of all pure
agonists. Thus, the abrupt discontinuation or
antagonist administration can result in a with-
drawal syndrome. Opioids are effective in the
periphery (e.g. topical or intraarticular adminis-
tration, particularly in inflamed tissue), at the spi-
nal cord (intrathecal or epidural administration),
and systemically (e.g. intravenous or oral adminis-
tration). The clinical choice of a particular com-
pound is mostly based on pharmacokinetic con-
siderations (route of administration, desired onset
or duration, lipophilicity) and on side effects asso-
ciated with the respective route of drug delivery.
Dosages can vary widely depending on patient
characteristics, type of pain and route of adminis-
tration. Systemically as well as spinally adminis-
tered p-opioids can produce similar side effects,
depending on the dosage, with some nuances due
to the varying rostral (to the brain) or systemic
redistribution of different compounds. For exam-
ple, lipophilic drugs are preferred for intrathecal
application because they are trapped in the spinal
cord and less likely to migrate to the brain within
the cerebrospinal fluid. Small, systemically inac-
tive doses are used in the periphery and are there-

fore devoid of side effects (4, 6). Opioids remain
the most effective drugs for the treatment of
severe acute and cancer-related chronic pain. Det-
rimental side effects are usually preventable by
careful dose titration and close patient monitor-
ing, or they are treated by co-medication (e.g. lax-
atives) or naloxone. Current research aims at the
development of opioids with restricted access to
the brain (3, 4, 6).

NSAIDs

Less severe pain states (associated with e.g. arthri-
tis, menstruation, headache, minor surgery, early
stages of cancer) are commonly treated with non-
selective NSAIDs (e.g. aspirin, acetaminophen,
ibuprofen, indomethacin, diclofenac). NSAIDs are
mostly used orally. Over-the-counter availability
and self medication have led to frequent abuse and
toxicity. Side effects have been attributed mostly to
COX-1 inhibition leading to a blockade of throm-
boxane production with subsequent impairment
of platelet function (accounting for gastrointesti-
nal and other bleeding disorders), a decrease of
tissue-protective prostaglandins (accounting for
gastrointestinal ulcers, perforation, gastric outlet
obstruction) and a decrease of renal vasodilatory
prostaglandins (accounting for nephrotoxicity).
The development of selective COX-2 inhibitors
(coxibs) was driven by the assumption that COX-2
expression is selectively induced in inflamed tissue
and that the constitutive tissue-protective COX-1
would be spared. It has now become clear that
COX-2 expression is also constitutive in many tis-
sues (e.g. gastrointestinal epithelium, vascular
endothelium, smooth muscle cells, brain, spinal
cord) (3). Experimental evidence suggests that
COX-2 inhibition may exacerbate late phases of
inflammation, impair ulcer healing and decrease
formation of prostacyclin (which normally inhib-
its platelet activation and produces vasodilation).
In clinical trials, selective COX-2 inhibitors have
been associated with an increased risk of throm-
bosis, angina pectoris, myocardial infarction,
hypertension, stroke, and death from major cardi-
ovascular events (3). Both classes of COX inhibi-
tors can cause rare anaphylactic reactions. Cur-
rently, nonselective NSAIDs remain the mainstay
in the treatment of arthritis, minor headache,
menstrual, minor postsurgical, and dental pain.
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Serotoninergic Drugs

Triptans can be applied orally, subcutaneously or
transnasally and have been used for over 10 years
in the treatment of migraine. All triptans narrow
coronary arteries via 5-HT, g receptors by up to
20% at clinical doses and should not be adminis-
tered to patients with risk factors or manifest cor-
onary, cerebrovascular or peripheral vascular dis-
ease. Some triptans have the potential for signifi-
cant drug-drug interactions (e.g. with monoamine
oxidase inhibitors, propranolol, cimetidine,
hepatic P450-metabolized medications, p-glyco-
protein pump inhibitors). Rational use of triptans
should be restricted to patients with disability
associated with migraine (2).

Antiepileptic Drugs

Various antiepileptics (carbamazepine, pheny-
toin, valproate, gabapentin, lamotrigine, pregaba-
lin) have been used for neuropathic pain and more
recently also for migraine prophylaxis. They are
frequently co-administered with antidepressants.
The commonest adverse effects are impaired men-
tal (somnolence, dizziness, cognitive impairment,
fatigue) and motor function (ataxia) which may
limit clinical use, particularly in elderly patients.
Serious side effects have been reported, including
hepatotoxicity, thrombocytopenia and life-threat-
ening dermatologic and hematologic reactions.
Plasma drug concentrations should be monitored

(5).

Antidepressants

Antidepressants are used in neuropathic pain and
migraine prophylaxis. Tricyclics require monitor-
ing of plasma drug concentrations to achieve opti-
mal effect and avoid toxicity, unless sufficient pain
relief is obtained with a low dose (e.g. up to 75 mg/
day of imipramine or amitriptyline). In patients
with ischemic heart disease there may be
increased mortality from sudden arrythmia, and
in patients with recent myocardial infarction,
arrythmia or cardiac decompensation tricyclics
should not be used at all. Tricyclics also block his-
tamine, cholinergic and o.-adrenergic receptor
sites. Adverse events include fatigue, nausea, dry
mouth, constipation, dizziness, sleep disturbance,
blurred vision, irritability/nervousness and seda-
tion (5).
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Anandamide

Arachidonylethanolamine (anandamide) is one of
the endogenous cannabinoids (endocannabi-
noids) which derives from N-arachidonylphos-
phatidylethanolamine (NAPE).

» Endocannabinoid System

Anaphylactic Shock

The term anaphylactic shock describes a severe
generalized type I allergic reaction associated with
cardiovascular shock, airway constriction and
heart arrhythmias, which, if left untreated, may
cause death.

> Allergy
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Androgen Receptor

» Sex Steroid Receptors

Androgens

Androgens stimulate the development of second-
ary sexual characteristics. They also increase mass
and strength of skeletal muscles (anabolical
effect). Substantial androgen deficiency is associ-
ated with as decrease of libido. The main naturally
occuring androgen is testosterone.

> Sex Steroid Receptors

Anemia, macrocytic
hyperchromic

Macrocytic or magaloblastic anemia is caused by
disturbances of DNA synthesis. It occurs, for
example, in both folic acid and vitamin B12 defi-
ciencies. Hematopoesis is slowed down due to
reduced DNA synthesis and a reduced number of
abnormally large (macrocytic) and hemaglobin-
rich (hyperchromic) erythrocytes is released.

» Vitamin Bi2

Angel Dust

Phencyclidine

» Psychotomimetic Drugs

Angina Pectoris

Angina pectoris is a clinical syndrome caused by
transient myocardical ischemia. Typically, patients
suffer from a squeezing substernal discomfort
(hence the name). The pain may radiate to the left
shoulder but also to other regions of the body. In
addition, patients may suffer from dyspnoea and
tachycardia. The drug of choice for the treatment
of angina pectoris is glyceryl trinitrate.

» NO-Synthases
» Guanylylcyclases
» Calcium Channel Blockers

Angioblast

An angioblast is an endothelial cell precursor cell.

» Angiogenesis and Vascular Morphogenesis

Angiogenesis and Vascular
Morphogenesis

HELLMUT G. AUGUSTIN, YVONNE REISS
Tumor Biology Center Freiburg, Freiburg,
Germany

augustin@angiogenese.de,
reiss@tumorbio.uni-freiburg.de

Definition

» Angiogenesis and Vascular Morphogenesis
comprise all mechanisms and processes that lead
to the development of new blood and lymphatic
vessels. These include vasculogenesis, sprouting
and non-sprouting angiogenesis (intussuscep-
tion), vessel assembly and maturation, and vascu-
lar remodeling. The formation of new blood ves-
sels takes place primarily during embryonic devel-
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Fig. 1 Molecular mechanisms of vasculogenesis and angiogenesis (Fig. 1A) and the corresponding targets for
therapeutic intervention (Fig. 1B). The primary formation of of blood vessels occurs through mechanisms of
vasculogenesis (1). Vasculogenesis refers to the formation of a vascular network from precursor cells (angiob-
lasts) as it occurs developmentally by in situ differentiation or in the adult by distal recruitment of angioblastic
stem cells from the bone marrow. The secondary level of vascular morphogenesis describes the angiogenic for-
mation of blood vessels. Angiogenesis refers to the formation of vessels and vascular networks from preexisting
vascular structures (2). This can occur through classical sprouting angiogenesis (3) or through mechanisms of
non-sprouting angiogenesis (4). The growing vascular network assembles and matures, eventually allowing
directional blood flow. Pharmacological intervention of angiogenesis is based on different strategies interfering
directly or indirectly with the endothelium as indicated in Fig. 1B.

opment and is physiologically limited to few
organs in the healthy adult, such as the female
reproductive system. Pathologic angiogenesis is
widespread and is associated with diseases as
diverse as tumors, wound healing, inflammatory
diseases, skin diseases, eye diseases, and joint dis-
eases.

» Growth Factors

Basic Mechanisms

Vasculogenesis and Angiogenesis
The supply of oxygen and nutrients are critical
determinants for mammalian cell survival. There-

fore, cells are located within a distance of 100 um
to maximally 150 um of blood vessels. Multicellu-
lar organisms must recruit new blood vessels in
order to achieve growth by mechanisms termed
vasculogenesis and angiogenesis. The regulation
of this process is tightly controlled by a balance of
pro- and antiangiogenic molecules, and is degen-
erated in various diseases, especially cancer. Phar-
macological intervention of angiogenesis can be
achieved by interfering with the molecular induc-
ers of the angiogenic cascade or with molecular
determinants of the immature neovasculature.

The assembly of a primitive vascular plexus dur-
ing embryonic development occurs from endothe-
lial precursor cells (» Angioblasts) that differenti-
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ate in situ. This process is termed vasculogenesis
(Fig. 1A). Vasculogenic vessel growth by the distal
recruitment of endothelial precursor cells from
the bone marrow has also been described in the
adult. Yet, the quantitative contribution of vasculo-
genic vessel growth in the adult has not been
defined.

The first primitive vascular plexus expands by ang-
iogenesis, the sprouting of new capillaries from
pre-existing vessels, and intussusception, a process
in which interstitial tissue columns are inserted
into the lumen of pre-existing vessels (also termed
non-sprouting angiogenesis; Fig. 1A). Sprouting
and non-sprouting angiogenesis contribute to an
increasing complexity of the growing vascular net-
work. The network assembles and matures by the
recruitment of smooth muscle cells and
» pericytes, eventually allowing directional flow of
blood. The morphogenic events leading to a mature
vascular network involve several additional steps
including vessel assembly, maturation, acquisition
of vessel identity and organotypic differentiation.
Vascular remodeling describes the adaptational re-
organization of an existing, mature vasculature in
pathological conditions.

Molecular Regulators of the Angiogenic Cascade

The growth of blood vessels is regulated by a fine
tuned balance of angiostimulatory and angioin-
hibitory molecules. To date, more than 20 stimula-
tors and 20 inhibitors have been identified
(Table 1), and the composition of the “angiogenic
cocktail” has not been well defined for most situa-
tions involving angiogenesis. Of the many
angioregulatory molecules, three families of mole-
cules, the VEGFs, the » angiopoietins, and the
Ephrins stand out. They act selectively or prefer-
entially on the vascular system and have thus to be
considered as key regulatory molecules of the ang-
iogenic cascade, in contrast to the large list of plei-
otrophic growth factors that exert a variety of bio-
logical functions in addition to their angiogenesis-
inducing capacity.

The best characterized angiogenic growth fac-
tor is » vascular endothelial growth factor (VEGF)
which fulfills all criteria to be considered as mas-
ter switch of the angiogenic cascade. This has been
most unambiguously demonstrated in gene target-
ing experiments in mice which have shown that
disruption of just one VEGF allele is not compati-

ble with life and leads to early embryonic lethality.
VEGE, now designated VEGF-A, is a member of a
still growing family of growth factors comprising
VEGF-A, VEGE-B, VEGF-C and VEGF-D. VEGF
molecules exert their vascular specificity through
the limited expression of their corresponding
receptors, VEGF-R1, VEGF-R2, and VEGF-R3
which are almost exclusively expressed by blood
and lymphatic endothelial cells. VEGF-A is one of
the most potent inducers of blood vessel angio-
genesis and vascular permeability. It exists in five
different splice forms (VEGF,,,, VEGF, 5, VEGF ¢,
VEGF,g,, and VEGF, ) and signals primarily
through VEGF-R2. VEGF-R1 appears to act as a
co-receptor with an approximately 20 fold higher
affinity to VEGF than VEGF-R2. The signaling
functions of VEGF-R1 have not yet been deter-
mined. Correspondingly, VEGF-B has been identi-
fied as a VEGF-R1 specific growth factor whose
function has not fully been defined. VEGF-C and
VEGEF-D bind to both VEGF-R2 and VEGF-R3.
VEGEF-R2 activation drives blood vessel angiogen-
esis, whereas VEGF-R3 signaling has been shown
to be critically involved in controlling lymphatic
vessel growth.

» Placenta growth factor (PIGF) is a VEGF-
related molecule (PIGF-1 and PIGF-2) that exclu-
sively binds to VEGF-R1. PIGF is dispensable for
embryonic and reproductive angiogenesis but
plays important roles in pathologic angiogenesis
as it relates to tumor growth or cardiac ischemia.

Despite its requisite role in angiogenesis, VEGF
must act in concert with other growth factors. The
angiopoietins (Ang-1 and Ang-2) were discovered
as ligands for the endothelial cell receptor tyrosine
kinase Tie-2. Gene ablation experiments in mice
suggested a role of the Ang/Tie-2 system in vessel
remodeling and stabilization of the growing neo-
vasculature. There are now four members of the
angiopoietin (Ang) family, although Ang-3 and
Ang-4 may represent widely diverged counterparts
of the same gene locus in mouse and man. All
known angiopoietins bind to Tie-2, and no lig-
ands have yet been identified for the second Tie
receptor, Tie-1. Ang-1 acts as an agonistic Tie-2 lig-
and and is involved in regulating vessel matura-
tion and remodeling by acting as a survival factor
for endothelial cells and controlling the associa-
tion with mural cells (pericytes and smooth mus-
cle cells). Low level constitutive Tie-2 phosphor-
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Tab.1 Positive and negative endogenous regulators of angiogenesis.

Stimulators Inhibitors

Peptide growth factors Proteolytic peptides

VEGEF-A, -B, -C, -D Angiostatin (plasminogen fragment)
PIGF Endostatin (collagen XVIII fragment)
Ang-1 Vasostatin (calreticulin fragment)
FGEF-1, -2 Tumstatin (collagen IV fragment)
PDGF-BB Antithrombin III fragment

TGE-o Inhibitors of enzymatic activity

HGF TIMP-1, -2, -3, -4

IGF-1

Multifunctional cytokines/immune mediators
TNF-o. (low dose)

PAI-1, -2

Multifunctional cytokines/immune mediators
TNEF-o. (high dose)

MCP-1
CXC-chemokines CXC-chemokines
1L-8 PF-4
IP-10
Gro-B
Enzymes

PD-ECGE, thymidine phosphorylase
Angiogenin (ribonuclease A homolog)

Extracellular matrix molecules

Thrombospondin
Hormones Hormones/metabolites
Estrogens 2-ME
Prostaglandin-E;, -E, Proliferin-related protein
Follistatin
Proliferin
Oligosaccharides Oligosaccharides
Hyalorunan oligosaccharides Hyaluronan, HMW species
Gangliosides

Hematopoietic growth factors
Erythropoietin

G-CSF

GM-CSF

Abbreviations: VEGF, vascular endothelial growth factor; -A, -B, -C, -D; PIGF, placenta growth factor; Ang, angiopoietin;
FGF, fibroblast growth factor; PDGF, platelet-derived growth factor; TGF, transforming growth factor; HGF, hepatocyte
growth factor; IGF, insulin-like growth factor; TNF, tumor necrosis factor; MCP, monocyte chemoattractant protein; IL,
interleukin; PD-ECGF, platelet-derived endothelial cell growth factor; G-CSF, granulocyte-colony stimulating factor; GM-
CSF, granulocyte-macrophage colony stimulating factor; TIMP, tissue metalloproteinase inhibitor; PAI, plasminogen ac-
tivator inhibitor; PF, platelet factor; IP-10, interferon-y-inducible protein-10; 2-ME, 2-Methoxyestradiol; HMW, high mo-
lecular weight

ylation appears to be involved in maintaining the acts as a functional antagonist of Ang-1 by bind-
quiescent phenotype of the resting vasculature. In  ing to Tie-2 without exerting signal transducing
turn, Ang-2 functions are more complex. Ang-2  functions. Intriguingly, Ang-2 is almost exclusively
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produced by endothelial cells and acts as an auto-
crine regulator of vessel stabilization and destabi-
lization. As such, Ang-2 may facilitate angiogen-
esis in the presence of angiogenic activity (e.g.
VEGEF stimulation) or induce vessel regression in
the absence of angiogenic activity (e.g. during
regression of the cyclic ovarian corpus luteum).

The Eph receptor tyrosine kinases comprise
the largest known family of tyrosine kinase recep-
tors and interact in a specific, yet somewhat pro-
miscuous manner with their corresponding
Ephrin ligands. Although initially characterized as
regulators of axonal outgrowth in the nervous sys-
tem, recent gene inactivation experiments in mice
have revealed key roles for ephrin-B2 and its Eph-
B2, Eph-B3, and Eph-B4 receptors during vascular
development (» ephrin-B Molecules). Mouse
embryos lacking ephrin-B2 or Eph-B4 (or the
combination of Eph-B2 and Eph-B3) suffer dra-
matic defects in early angiogenic remodeling that
are similar to those seen in mice lacking Ang-1 or
Tie-2. Moreover, ephrin-B2 and Eph-B4 display
remarkable asymmetric arterio-venous expres-
sion patterns, with ephrin-Bz2 selectively marking
arterial vessels and Eph-B4 preferentially being
expressed by venous endothelial cells. This asym-
metric expression pattern suggests a critical role
of ephrin-B2 and Eph-B4 in establishing arterial
versus venous identity of the growing vasculature.

Angiogenic activation induces a complex gene
expression program in endothelial cells enabling
the cells to execute the complex molecular tasks
required to grow new blood vessels. The invasive
ingrowth of angiogenic endothelial cells involves a
distinct set of adhesion molecules including the
integrin heterodimers o, 3; and o, ; as well as the
homotypic endothelial cell-specific adhesion mol-
ecule VE-cadherin. Likewise, sprouting endothe-
lial cells display a shift of their proteolytic balance
towards a proinvasive phenotype, involving the
plasminogen activator (tPA and uPA) and plas-
minogen activator inhibitor system (PAI). Ang-
iogenic endothelial cells deposit their own extra-
cellular matrix, rearrange their cytoskeleton, and
turn on their proliferative machinery. All of these
molecular systems are extensively being explored
to therapeutically interfere with the angiogenic
process.

Angiogenesis in Pathological Conditions
Abnormal vessel growth is involved in numerous
pathological conditions. Pioneering work more
than 30 years ago has shown that the growth of
solid tumors is critically dependent on the supply
with new blood vessels. While some of this supply
may be provided by mechanisms of vessel coop-
tion, the process whereby a growing tumor is
preying on the pre-existent vasculature, the pri-
mary mechanism of tumor vascularization
appears to be the angiogenic growth of blood ves-
sels from the tumor neighboring blood vessels.
Tumor cells release pro-angiogenic growth factors,
such as VEGF, which diffuse into nearby tissues
where they bind and activate receptors on
endothelial cells of pre-existing blood vessels.
Secretion of proteolytic enzymes, such as matrix
metalloproteinases (MMPs), results in the degra-
dation of basement membrane and extracellular
matrix components, allowing endothelial cells to
invade and proliferate, and form new lumen-con-
taining vessels. Tumor angiogenesis involves the
specific molecular regulators of the angiogenic
cascade that control developmental or reproduc-
tive angiogenesis. However, tumor angiogenesis
also involves additional mechanisms that include
the pleiotrophic angiogenic growth factors, for
example as a consequence of the inflammatory
response usually associated with tumor growth.
Besides tumor angiogenesis, an increasing list
of diseases is now recognized to critically depend
on either increased or reduced angiogenesis. For
example, increased angiogenesis occurs during
diabetic retinopathy, macula degeneration,
arthritic joint diseases, and hyperproliferative skin
diseases. In turn, reduced angiogenesis may have a
negative impact on wound healing and the regen-
erative processes associated with ischemic dis-
eases as they occur in the heart or during periph-
eral limb ischemia.

Pharmacological Intervention

Both, angioinhibitory as well as angiostimulatory
therapies are presently being explored extensively
for a number of indications. Angioinhibitory ther-
apies are being developed most intensely to thera-
peutically interfere with tumor angiogenesis and
tumor growth (Fig. 1B). Other major antiang-
iogenic therapies that are currently in clinical



Angiogenesis and Vascular Morphogenesis 43

development target retinal diseases (diabetic
retinopathy, macula degeneration), joint diseases
(arthritis), as well as hyperproliferative skin dis-
eases (psoriasis). In turn, angiostimulatory thera-
pies are being developed to stimulate wound heal-
ing angiogenesis, peripheral limb ischemia, and
arteriogenic growth of collaterals during cardiac
ischemia.

Antiangiogenic Tumor Targeting

Antiangiogenic tumor targeting is conceptually a
particularly attractive therapeutic target for a
number of reasons: (1) As an oncofetal mecha-
nism that is mostly downregulated in the healthy
adult, targeting of angiogenesis should lead to
minimal side effects even after prolonged treat-
ment, (2) tumor-associated angiogenesis is a phys-
iological host mechanism and its pharmacologi-
cal inhibition should, consequently, not lead to the
development of resistance, (3) each tumor capil-
lary potentially supplies hundreds of tumor cells
and the targeting of the tumor vasculature should,
thus, lead to a potentiation of the antitumorigenic
effect, and (4) in contrast to the interstitial loca-
tion of tumor cells, direct contact of the vascula-
ture to the circulation allows efficient access of
therapeutic agents.

A number of approaches have been taken to
inhibit tumor angiogenesis and other diseases
involving angiogenesis (Table 2). Pharmacological
inhibition of angiogenesis is aimed at interfering
with the angiogenic cascade or the immature neo-
vasculature. Pharmacological agents may be syn-
thetic or semi-synthetic substances, endogenous
inhibitors of angiogenesis, or biological antago-
nists of the angiogenic cascade. In contrast, vascu-
lar targeting is aimed at utilizing specific molecu-
lar determinants of the neovasculature for the
delivery of a biological, chemical, or physical
activity that will then locally act angiocidal or
tumoricidal. A comprehensive website summariz-
ing the status of tumor antiangiogenic com-
pounds in various stages of clinical trial is main-
tained by the National Cancer Institute at:
www.cancer.gov/clinicaltrials/developments/anti-
angio-table. Following is a survey of the most
important substances currently in clinical devel-
opment.

Specific Synthetic and Biological Antagonists of the
Angiogenic Cascade

Specific inhibition of any of the key regulators of
the angiogenic cascade is one of the most specific
and selective ways to interfere with angiogenesis.
A number of experimental strategies have been
taken to interfere with the interaction of VEGF
with its receptors. These include antisense and
antibody approaches to inhibit VEGE, the develop-
ment of small molecular weight antagonists to the
VEGEF receptors, as well as the use of soluble VEGF
receptors. Difficulties with some of the first gener-
ation-specific inhibitors of angiogenesis in clini-
cal trials, including the discontinuation of the
phase III clinical trial involving a humanized neu-
tralizing antibody to VEGF (Avastin), has severely
set back the field of antiangiogenesis research. Yet,
a number of new generation small molecular
weight VEGF receptor antagonists are rapidly pro-
ceeding in various stages of clinical trials (e.g.,
SU11248 [Pharmacia], ZD6474 [AstraZenecal],
PTK787/ZK222584 [Novartis/Schering]).

Inhibitors of the angiopoietin/Tie-2 and
Ephrin/Eph systems are in preclinical develop-
ment that parallels the biological target validation
of these molecules. As vascular assembly, matura-
tion, and homeostasis regulating molecules, thera-
peutic interference with these molecular systems
may hold promise for a number of vascular indica-
tions.

Interference with specific cell-cell and cell-
matrix adhesion mechanisms is another rapidly
advancing approach to therapeutically interfere
with angiogenesis. Antagonistic antibodies to the
integrin heterodimer o.,f3; have shown to be effec-
tive in interfering with the interaction of ang-
iogenic endothelial cells with their extracellular
matrix, causing the cells to detach and die by
apoptosis. Likewise, VE-cadherin acts as a homo-
typic cell-cell adhesion molecule and can be used
to target the angiogenic vasculature.

The growing list of endogenous inhibitors of
angiogenesis holds great promise for therapeutic
applications. Substances most advanced in clinical
development include Interleukin-12, Endostatin,
Thrombospondin, and Tumstatin. As endogenous
substances, these molecules have a long half-life in
the plasma and are, thus, particularly attractive
for long-term treatments. Thrombospondin has
been most extensively studied as an endogenous
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Tab.2 Antiangiogenic therapeutic strategies.

Substance

Mechanism / Approach

Biological antagonists

VEGEF inhibitors

VEGEF receptor blockers
Soluble receptors

0,35 integrin antagonists

Endogenous inhibitors

Angiostatin
Endostatin

Vasostatin
Tumstatin
IL-12
Interferon-c.
Platelet factor-4

Thrombospondin

Synthetic / semisynthetic inhibitors

Carboxyamidotriazole

CM101
Marimastat

Pentosan polysulfate

TNP470

Humanized neutralizing antibodies, antisense
oligonucleotides

Small receptor tyrosine kinase antagonists
Inhibition with soluble VEGF-R1 or soluble Tie-2

Induce angiogenic endothelial cell apoptosis

Plasminogen fragment
(antiangiogenic mechanism unknown)

Collagen XVIII fragment
(antiangiogenic mechanism unknown)

Calreticulin fragment

Collagen IV fragment

Induces IP-10

Decreases FGF production

Inhibits endothelial cell proliferation

Antiangiogenic mechanism unknown

Calcium channel blocker

Analog of group [ streptococcus toxin, binds to tumor

endothelium, induces inflammation

Metalloproteinase inhibitor, inhibits endothelial
cell invasion

Inhibits heparin binding growth factors

Analog of fumagillin, inhibits cell migration and
proliferation

Thalidomide Polycyclic teratogen, antiangiogenic mechanism unknown

Vascular targeting
Regional TNF-o. therapy Isolated limb perfusion to target in transit metastases

Antibody targeting Use of mono-and bispecific antibodies to target components
of angiogenic blood vessels (e.g. VEGF receptors, endoglin,
L19 antigen) to deliver specific angio- and/or tumoricidal
activity

Vascular gene therapy Transfer of dominant-negative receptors or suicide genes
under the control of angiogenic endothelial cell specific
promoters
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inhibitor of angiogenesis and work is underway to
exploit Thrombospondin to locally inhibit skin
angiogenesis, e.g. during psoriasis. A better
understanding of the molecular mechanisms
through which these molecules act may greatly
advance the field and may lead to the rational
design of synthetic small molecular mimetics of
endogenous inhibitors of angiogenesis.

Non-specific Synthetic and Biological Angiogenesis
Inhibitors

Systematic screening experiments have identified
more than 100 synthetic compounds with potent
antiangiogenic activity. The mode of action for
most of these molecules is not well understood,
but approximately 40 compounds are well
advanced in clinical trials. The first substances to
have entered clinical trials was the fumagillin-
derivative AGM 1470. Fumagillin is an antibiotic
that was identified as an endothelial cell migra-
tion and proliferation inhibiting substance. The
mechanism of action of AGM 1470 is poorly
understood, but it was shown that it binds and
inhibits the metalloprotease methionine ami-
nopeptidase (MetAp-2). Other antibiotics with
antiangiogenic activity are minocycline and her-
bimycin A. Carboxyamidotriazole (CAI) inhibits
the calcium influx into cells and suppresses the
proliferation of endothelial cells. It inhibits angio-
genesis and metastasis, but it is not an endothelial
cell-specific substance. Similarly, the metallopro-
teinase inhibitors (MMPIs) Marimastat (BB2516)
and Batimastat (BB94) are not vascular-specific
substances, but are both antiangiogenic and anti-
tumorigenic by inhibiting invasion of endothelial
cells as well as tumor cells. The poor performance
of some MMPIs in clinical trials has led to the
development of novel metalloproteinase inhibi-
tors such as BMS-275291, Col-3, and Neovastat.
Thalidomide appears to be a promising antitum-
origenic and antiangiogenic substance: Originally
developed as a hypnosedative drug in the late
1950s and subsequently withdrawn from the mar-
ket as a consequence of its teratogenic effects, it
has been selectively reintroduced in the last few
years for use in various disorders thought to act on
an autoimmune or inflammatory basis. The mech-
anism of thalidomide’s antiangiogenic activity is
not known but it probably impedes cell migration
by downregulating 3-integrins. Pentosan polysul-

fate (xylanopolyhydrogensulfate) is a semi-syn-
thetic sulfated heparinoid polysaccharide. It has
been used as an anticoagulant for many years. It
exerts antiangiogenic activity by interfering with
the binding of angiogenic growth factors to the
cell surface. Another substance that has entered
clinical trials is the analog of a group B streptococ-
cal toxin (GBS toxin) that has been designated
CMio1. The polysaccharide CM1o1 binds preferen-
tially to a subset of tumor endothelial cells and
induces a massive local inflammatory reaction
that in turn acts tumoricidal.

Vascular Targeting

The goal of vascular targeting is to utilize specific
molecular determinants of angiogenic endothe-
lium to deliver substances or activities that destroy
the vasculature. Following this concept, targeting
human tissue factor to endothelial cells using a
bispecific antibody to an angiogenic endothelial
cell marker on the tumor vasculature leads to
localized thrombosis. In consequence, the tumor
regresses as a result of the massive infarction. Vas-
cular targeting has also been employed in
advanced extremity soft tissue sarcomas through
regional high dose TNF-o. therapy. In these experi-
ments, an isolated limb perfusion system was used
to preferentially target TNF-o to tumor-associ-
ated endothelial cells causing a rapid destruction
of the sarcoma-associated microvasculature. Simi-
larly, genetic targeting experiments are underway
to direct suicide genes, such as herpes simplex
virus thymidine kinase (HSV-TK) to proliferating
endothelial cells by employing endothelial cell
specific promoters. Lastly, the single chain anti-
body L19, binding a fibronectin variant that is
selectively expressed in the tumor subendothelial
basement membrane, is extensively being
explored as target for vascular targeting strategies.

Proangiogenic Therapies

Antiangiogenesis research has driven the field. Yet,
there are a number of indications which may ben-
efit from an induction of angiogenesis, including
wound healing, cardiac ischemia, and peripheral
limb ischemia. Various approaches have been
taken to therapeutically deliver angiogenic
cytokines such as VEGF and FGF-2. These include
the local administration of recombinant proteins
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and gene therapeutic delivery of angiogenic
cytokines. Individual cytokine therapy may have
limitations as it may induce a neovascular
response but may not be able to induce the growth
of a patent neovascular network that is stable for
prolonged periods of time. This notion has led to
alternative strategies aimed at inducing the com-
plex endogenous angiogenic program and not just
a single cytokine. For example, experiments are
underway to locally induce hypoxia-inducible fac-
tor-1 (HIF-1), a key regulator of the hypoxia
response program that is able to control the com-
plex endogenous program of angiogenesis induc-
tion.

Clinical Implementation of Angiomanipulatory
Therapies

It is difficult to foresee which of the more than 50
compounds presently pursued in clinical trials will
eventually enter the clinic. The original intense
enthusiasm in the field has been dampened by
sobering results in some clinical trials including
discontinuation of some phase III clinical trials.
Furthermore, too many compounds have too rap-
idly entered clinical trials before completing a
stringent preclinical evaluation.

Despite this cautionary note, some angioma-
nipulatory therapies are already in clinical use.
The most widespread - and likewise most ignored
- established antiangiogenic therapy is the chemo-
therapeutic and radiotherapeutic treatment of
tumors. Chemo- and radiotherapy targets prolifer-
ating cells. Endothelial cell proliferation is a key
step of the angiogenic cascade and antiprolifera-
tive therapies do not just target the proliferative
tumor cell compartment but also the proliferative
endothelial cell compartment. Likewise, the vascu-
lar endothelium with its proximity to the iron con-
taining blood compartment is a preferential target
of radiotherapeutic intervention. These observa-
tions have long been recognized. Yet, it is not clear
to this date to what extent the targeting of the pro-
liferating endothelial cell pool contributes to the
therapeutic efficacy of established chemothera-
pies and radiotherapies. Low dose continuous
chemotherapy (metronomic therapy) has been
proposed as a strategy to redirect standard chem-
otherapy protocols to preferentially target the ang-
iogenic endothelial cell compartment in tumors.

Some of the advanced antiangiogenic com-
pounds will be approved for clinical use in the
next few years. It is now widely recognized that
these compounds may not be very effective in
monotherapies. The challenge of antiangiogenic
tumor therapies, thus, lies in the establishment of
the most rational and effective combination thera-
pies between antiangiogenesis and other estab-
lished therapeutic modalities (chemotherapy,
radiotherapy).

In contrast to antiangiogenic therapies, the
tirst proangiogenic therapies have already been
approved for clinical use. Direct laser-assisted
myocardial revascularization (DMR) is an
approved technique in the US, Europe, and parts
of Asia to create numerous myocardial channels.
This results in the induction of a massive inflam-
matory reaction which in turn induces angiogen-
esis. The other FDA-approved proangiogenic ther-
apy is the use of recombinant human platelet-
derived growth factor (Regranex) for use in the
treatment of diabetic neuropathic foot ulcers.
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Angiogenic Switch

The angiogenic shift is a shift in the balance of
proangiogenic to antiangiogenic activity which is
considered to be a critical rate limiting step during
tumor progression in the transition of a tumor
from an avascular to a vascular state.

» Angiogenesis and Vascular Morphogenesis
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specific spectrum. For example, doxorubicin is
used for the treatment of malignant lymphoma
but also for the treatment of solid tumors, particu-
larly breast cancer. In addition to the typical
unwanted effects of cytotoxic drugs (e.g. bone
marrow depression), this group of drugs causes
cardiac damage (cardiotoxic effect).

» Antineoplastic Agents
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Synonyms

Antiarrhythmics

Definition

Antiarrhythmic drugs are substances that block
cardiac ionic channels, thereby altering the cardiac

action potential. This results in changes of the
spread of activation or the pattern of repolariza-

tion. Thereby, these drugs suppress cardiac
arrhythmia.

These drugs can be classified according to
Vaughan-Williams (Table 1): (a) sodium channel
blockers; slowing the spread of activation (> Class
I Antiarrhythmic Drugs) with prolongation of the
action potential (class IA), with shortening of the
action potential (class IB) or without effect on
action potential duration (class IC), (b) B-adreno-
ceptor antagonists; slowing sinus rhythm and atri-
oventricular conduction (> Class II Antiarrhyth-
mic Drugs), (c) potassium channel blockers; pro-
longing the action potential (» Class III
Antiarrhythmic Drugs), (d) calcium channel
blockers; mainly slowing atrioventricular conduc-
tion (> Class IV Antiarrhythmic Drugs), and (not
included in this classification) (e) digitalis glyco-
sides, (f) adenosine and (g) atropine.

» K" Channels
» Voltage-dependent Na* Channels

Mechanism of Action

Basic Considerations

Normal rhythmic activity is the result of the activ-
ity of the sinus node generating action potentials
that are conducted via the atria to the atrioven-
tricular node, which delays further conduction to
the His-Tawara-Purkinje system. From the

Tab.1 Classification of antiarrhythmic drugs according to Vaughan-Williams (6).

Class Effects Drugs
I Block of sodium channel
Ia With prolongation of action potential Quinidine, Procainamide, Disopyramide,
Ajmaline, Prajmaline
Ib With shortening of action potential Lidocaine, Mexiletine, Tocainide,
Phenytoin, Aprindine
Ic With only little effect on action potential Lorcainide, Flecainide, Propafenone
duration
I B-adrenoceptor antagonists Propranolol, Metoprolol and others
111 Block of repolarizing potassium channels, Amiodarone, Dronedarone, Sotalol,
prolongation of action potential Dofetilide, Ibutilide
v Block of calcium channels Verapamil, Diltiazem
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Fig. 1 Transmembrane ionic currents of the cardiac action potential. In the middle of the figure a typical car-
diac action potential is shown as can be obtained from the ventricular myocardium (upper trace). Below, the
contribution of the various transmembrane currents is indicated. Currents below the zeroline are inward, cur-
rents above the zero line are outward fluxes. In the left column the name of the current is given and in the right
column the possible clone; redrawn and modified after (5).

Purkinje fibers, action potentials propagate to the
ventricular myocardium. Arrhythmia means a dis-
turbance of the normal rhythm either resulting in
a faster rhythm (tachycardia, still rhythmic) or
faster arrhythmia (tachyarrhythmia) or slowed
rhythm (bradycardia, bradyarrhythmia).

Arrhythmia is either the result of impaired
conduction or enhanced electrical activity. How-
ever, in all arrhythmias, conduction and intercel-
lular communication are important since arrhyth-
mia only occurs if the altered electrical activity in
one region is transduced to the whole organ.

Antiarrhythmic drugs can either influence
electrical activity of the single cell or can interfere
with the spread of activation.

In the following, the cardiac action potential is
explained (see Fig. 1): An action potential is initi-
ated by depolarization of the plasmamembrane
due to the pacemaker current (If) (carried by Na*)
[in sinus nodal cells] or to depolarization of the
neighboring cell. Depolarization opens the fast
Na* channel resulting in a fast depolarization
(phase o of the action potential). These channels
then inactivate and can only be activated if the

membrane is hyperpolarized again. This fast
upstroke is followed by a short incomplete repo-
larization (activation of the transient outward rec-
tifier I . carried by K*, phase 1). Next, the action
potential remains quiet constant for about 50-
350 ms (plateau phase, phase 2), which is the result
of inward Ca*™ current (via L-type Ca** channels)
and simultaneous activation of the repolarizing
potassium current, the delayed rectifier Iy (which
has three components: rapid, I.g ,, ultrarapid,
Ik ur Slow component: I o). This is followed by
complete » repolarization of the membrane to -
8o mV via activation of the delayed rectifier
(phase 3), while the Ca™™ channels close during
this phase. During an action potential it is not pos-
sible to elicit a second action potential since the
fast Na* channel is inactivated. This period is
called refractory period.

Not all cells in the heart express the fast
sodium channel. Thus, sinus nodal and atrioven-
tricular nodal cells lack the fast Na* channel and
instead generate their action potentials via open-
ing of Ca™™ channels. This is the basis for their
sensitivity to Ca** antagonists.
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Action potential propagation along the fiber is
mainly dependent on the Na* channel availability,
which is a function of the resting membrane
potential. Propagation from cell to cell is possible
via intercellular gap junction channels. These
channels can be regulated by a number of stimuli.
Thus, low pH, high [Ca™™]; or low [ATP]; result in
a closure of these channels leading to conduction
disturbances and arrhythmias in myocardial inf-
arction.

There are several basic mechanisms of arrhyth-
mia:

a) asingle cell or group of cells capable of a pace-
maker potential may generate extrastimuli (en-
hanced automaticity).

b) a cell may generate oscillating afterpotentials
which reach the threshold for activation of the
Na™ channel (triggered activity).

c) a cell generates late afterdepolarizations (typi-
cally induced by catecholamines or digitalis)
following a complete repolarization that may
elicit an action potential.

d) a cell may produce early afterdepolarizations
that are depolarization during incomplete repo-
larization. This is possible if the action potential
is considerably prolonged.

e) Furthermore, under certain conditions (e.g. lo-
cal unidirectional block) it is possible that the
activation wavefront is delayed and encounters
areas already repolarized. This may result in a
circulating wavefront (= reentrant circuit
» reentrant arrhythmia), from which centrifu-

neighboring cell via the
gap junction channel.

gal activation waves originate and elicit life
threatening ventricular fibrillation.

f) ablock of propagation may occur in the specific
conduction system leading to bradyarrhythmia
(sinuatrial block, atrioventricular block, bundle
block).

Antiarrhythmic treatment is based upon mod-
ulation of the ionic currents mentioned above. A
principal problem with this therapy is that the
electrophysiology of all cells is targeted and not
specifically the arrhythmogenic focus. As a conse-
quence, all antiarrhythmics acting at transmem-
brane ionic channels possess a risk for elicitation
of arrhythmia (= proarrhythmic risk).

Molecular Mechanism of Action

Class I, III and IV antiarrhythmics bind to and
block transmembrane ionic channels (Fig. 2).
Class I antiarrhythmics block the fast Na* chan-
nel. This channel switches from a resting state to
an open state, and then time- and voltage-depend-
ently inactivates (inactivated state) (Fig. 3). The
block of this channel by an antiarrhythmic drug is
a » state-dependent block: a class I compound like
lidocaine enters the channel in its open state and
binds to the inactivated state, altering the kinetics
of recovery from inactivation. If the channel
switches to its resting state the affinity for lido-
caine is less and the drug dissociates from the
channel. This is the basis for the use dependence
of block: the kinetics of dissociation determines
the interval after which a subsequent action
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Fig. 3 Binding of class I antiarrhythmic drugs to the cardiac sodium channel. Summary of the modulated
receptor hypothesis as an explanation of state-dependent block of Na* channels by local anaesthetics such as
lidocaine. The Na™ channel switches between resting, open and inactivated state. On the extracellular side a
selectivity filter controls the ions passing through the channel. On the intracellular side the inactivation gate
can close the channel. A class I antiarrhythmic drug (lidocaine) enters the channel during its open state and
binds with its lipophilic moiety to the inactivated state, the hydrophilic part of the molecule extending into the

water-filled channel pore blocking it.

potential is not influenced. That means that an
action potential early after the foregoing action
potential will be suppressed while another after a
long interval will not be altered.

Drugs with fast dissociation will only suppress
high frequency arrhythmia (high use-depend-
ence). Drugs with a long dissociation time con-
stant will suppress action potentials at normal fre-
quency as well. Class IB drugs exhibit the shortest
time constant (0.2-0.4 s; highest use-depend-
ence), while class IC drugs have the longest disso-
ciation time constant (2-250 s; no use-depend-
ence). Class IA antiarrhythmics show an interme-
diate dissociation time constant (5-50 s).

Class I drugs (Na™ channel blockers) suppress
action potential amplitude, reduce depolarization
velocity and propagation velocity, prolong total
refractory period and reduce automaticity. These
drugs have no or little influence on slow Ca** car-
ried action potentials (AV- or sinus nodal cells).
All these drugs exert negative inotropic effects and
a strong proarrhythmic effect especially in
patients with structural heart disease and, thus,
cannot be used in patients after myocardial infarc-
tion.

Class IA possess a marked proarrhythmic risk
for the induction of » torsade de pointes arrhyth-
mia (life-threatening polymorphic ventricular
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tachycardia observed with most action potential
prolonging drugs).

Quinidine, the classical class IA drug, binds to
the open state of the Na™ channel, and prolongs
the action potential by block of the delayed recti-
fier. In higher concentrations, L-type Ca** chan-
nels are inhibited. Quinidine exerts antimus-
carinic effects, thereby accelerating AV nodal con-
duction and antagonising o-adrenergic effects.
Typial untoward effects include vomiting, diar-
rhoea, allergies, immunological effects and hepati-
tis.

Ajmaline (intravenously only) and its orally
applicable prodrug prajmaline are classified as
class IA drugs, but due to their long dissociation
time constant can also be considered as class IC
compounds.

Further class IA drugs include the open state
blockers procainamide and disopyramide with
electrophysiological effects similar to those of qui-
nidine; procainamide lacks the antimuscarinic
and antiadrenergic effects. Characteristic side
effects of procainamide are hypotension and
immunological disorders.

Class IB drugs like lidocaine, phenytoin or
mexiletine preferentially bind to the inactivated
state. Lidocaine, a local anaesthetic, can be used
intravenously for antiarrhythmic treatment. It is
one of the classical drugs used in emergency med-
icine for the treatment of ventricular fibrillation.
The side effects of lidocaine are typical for local
anaethetics including dizziness, tremor, nystag-
mus, seizures or nausea.

The antiepileptic drug phenytoinis, an orally
available class IB antiarrhythmic, is mainly effec-
tive in digitalis-induced arrhythmias. This drug
exhibits nonlinear pharmacokinetics and a
number of side effects including neuropathy, gin-
gival hyperplasia, hepatitis, immunological disor-
ders and suppression of white blood cells.

Class IC antiarrhythmic drugs such as flecain-
ide or propafenone block the Na* channel (open
state; propafenone: open and inactivated state)
with a very long dissociation time constant so that
they alter normal action potential propagation.
Flecainide increased mortality of patients recover-
ing from myocardial infarction due to its proar-
rhythmic effects (CAST study). Action potential is
shortened in Purkinje fibers but prolonged in the
ventricules.

Propafenone possesses antagonistic effects due
to its similarity to propranolol B-adrenoceptor. In
high concentrations it blocks calcium channels
and, thus, exerts prominent negative inotropic
effects. Its adverse effects include proarrhythmic
effects, worsening of heart failure and (due to -
adrenoceptor blockade) bradycardia and bron-
chospasm.

Class II drugs are classical B-adrenoceptor
antagonists such as propranolol, atenolol, meto-
prolol or the short-acting substance esmolol.
These drugs reduce sinus rates, exert negative ino-
tropic effects and slow atrioventricular conduc-
tion. Automaticity, membrane responsiveness and
effective refractory period of Purkinje fibers are
also reduced. The typical extracardiac side effects
are due to B-adrenoceptor blockade in other
organs and include bronchospasm, hypoglycemia,
increase in peripheral vascular resistance, depres-
sions, nausea and impotence.

Class III antiarrhythmic drugs block the repo-
larizing K* channel thereby prolonging the action
potential duration and lengthen the refractory
period. The classical class IIT antiarrhythmic com-
pounds like sotalol block the rapid component of
the delayed rectifier, I,. However, at higher heart
rates the repolarization is mainly carried by the
slow component Iy, and, thus, the action potential
prolonging effect of these agents is progressively
reduced with increasing heart rate (inverse use-
dependence). Class III antiarrhythmics can induce
early afterdepolarizations and torsade de pointes.

d,l-sotalol is a racemate of l-sotalol, a B-adren-
oceptor antagonist, and d-sotalol, an inhibitor of
both Iy, and Ig,. This substance exhibits a strong
inverse use-dependence. Regarding the beneficial
antiarrythmic effects, studies with only I-sotalol
showed that the racemate is superior. However,
due to B-adrenoceptor blockade d,l-sotalol can
induce bronchoconstriction, increase in periph-
eral vascular resistance, negative inotropy, depres-
sions, hypoglycemia and bronchospasm. A seri-
ous side effect is the induction of torsade de
pointes arrhythmia (ca. 3%).

Amiodarone blocks several ionic channels;
besides predominant blockade of I, and Ik, I,
Ina> Ica.l> IcaT are inhibited. Moreover, amiodar-
one acts as an antagonist at both o.- and 3-adreno-
ceptors. Inverse use-dependence is less than with
sotalol. The action potential prolonging effect is
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slowly developing (steady state after 2-5 months).
Side effects include defects of vision, corneal dep-
ositions, neurological disorders, pigmentation,
photosensibilization, torsade de pointes arrhyth-
mia and AV-block. Moreover, alterations of thy-
roid function and lung fibrosis are observed.

Since alterations of thyroid function by amio-
darone are related to the iodine substitution of the
drug, the iodine-free derivative dronedarone has
been developed with similar electrophysiological
effects as amiodarone.

Newly developed class III drugs comprise dofe-
tilide, a specific Ik, blocker, and ibutilide, which
blocks Iy, and activates the slow Iy,. Both drugs
lack hemodynamic side effects. These drugs are
scheduled for the treatment of atrial fibrillation
and atrial flutter. As with class III drugs, they can
induce torsade de pointes arrhythmia.

Class IV antiarrhythmic drugs (Ca™™ entry
blockers) inhibit L-type Ca** channel. For
antiarrhythmic purposes, only those Ca** channel
antagonists are used with higher affinity to the
heart (i.e. verapamil, diltiazem) than to the vascu-
lature (as nifedipine). These drugs have the
strongest electrophysiological effects on sinus and
atrioventricular node. They reduce sinus rate, slow
atrioventricular conduction, prolong refractory
period of the AV node and exert a strong negative
inopropic effect.

Verapamil is a phenylalkylamine blocking L-
type Ca** channels in a use-dependent manner.
The drug binds to the inactivated state of the
channel. Diltiazem is a benzothiazepine derivative
with a profile of action most similar to that of ver-
apamil.

Other Antiarrhythmic Compounds
Digitalis glycosides exert parasympathomimetic
effects leading to slowing of sinus rate and pre-
dominantly to prolongation of atrioventricular
conduction time. This latter action is used for the
control of the ventricular response frequency in
the treatment of atrial fibrillation with digitalis.
Adenosine activates the atrial A;-adenosine
receptor, which opens the Ix 5cp, channel leading
to hyperpolarization, slowing of spontaneous
depolarization, reduces sinus rate and atrioven-
tricular conduction. The drug has to be adminis-
tered intravenously. Due to its extremely short
half-life time (0.6-1.5 s) the effects are only tran-

sient. As a vasorelaxant it may produce pro-
nounced hypotension.

The anti-muscarinic drug atropine can also be
used for antiarrhythmic treatment. Muscarinic
receptors (M, subtype) are mainly present in
supraventricular tissue and in the AV node. They
inhibit adenylcyclase via G; proteins and thereby
reduce intracellular cAMP. On the other hand,
activation of the M, receptor leads to opening of
hyperpolarizing Ix scp and inhibits the pace-
maker current I¢ probably via the fy-subunit of the
G; protein associated with this receptor. The
results are hyperpolarization and slower sponta-
neous depolarization. Muscarinic receptor antago-
nists like atropine lead to increased heart rate and
accelerated atrioventricular conduction.

Intravenous administration of magnesium sul-
fate (1-5 g) is used for the termination of torsade
de pointes arrhythmia. The underlying electro-
physiological mechanism is not well understood.
It includes changes of the current-voltage relation-
ship of I, and Ca** channel blockade.

Clinical Uses

Clinical uses of antiarrhythmics have been
restricted after CAST due to their proarrhythmic
risk, and preference is given to electrophysiologi-
cal methods.

Supraventricular bradycardia is treated by
implantation of a pacemaker device or has been
treated pharmacologically with atropine.
Supraventricular paroxysmal tachycardia is
treated with ajmaline or prajmaline. Supraven-
tricular tachyarrhythmias typically can be termi-
nated using adenosine.

The risk of atrial flutter is a 2:1 transmission to
the ventricles generating a high ventricular rate.
The therapeutic goal is to reduce transmission to
3:1 or 4:1 by administration of either 3-adrenocep-
tor antagonists, Ca™* channel blockers or amio-
darone.

The most common arrhythmia in humans is
atrial fibrillation. Because of the lack of rhythmic
atrial activation, irregular ventricular rhythms
and thromboembolism result. There are two pos-
sible therapeutic goals: control of heart rate or
return to sinus rhythm. For frequency control, -
adrenoceptor antagonists, Ca** channel blockers
and digitalis can be used. For conversion to sinus
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rhythm, electrophysiological ablation is the ther-
apy of choice. Alternatively, a pharmacological
attempt with class IA drugs or class IC drugs can
be made. Thereafter, relapse to atrial fibrillation
has to be prevented by amiodarone or 3-adreno-
ceptor antagonists.

Atrioventricular block in general is treated by
implantation of an electrical pacemaker. A phar-
macological alternative (although no longer used
today) was atropine.

Ventricular extrasystoles are treated only if
they may degenerate into life-threatening arrhyth-
mia. In milder forms the proarrhythmic risk of the
drugs overshadows their benefits. In such cases f3-
adrenoceptor antagonists may be attempted. For
the treatment of ventricular extrasystoles, such as
series or runs of extrasystoles, amiodarone or
sotalol are used. In the absence of structural heart
disease, class I antiarrhythmic drugs can be con-
sidered an alternative. However, they may not be
administered during the post-infarction period.

Ventricular fibrillation should be terminated
by electrical defibrillation. Alternatively, lidocaine
can be injected intravenously. In cases with lower
frequency, ventricular tachyarrhythmia class I
drugs such as ajmaline, flecainide or propafenone
are more effective. For prophylaxis treatment,
amiodarone or sotalol may be helpful or the
implantation of a cardioverter-defibrillator sys-
tem.

Torsade de pointes arrhythmia can be termi-
nated by intravenous (not oral) administration of
large doses of magnesium.
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Antibiotics

Originally, the term antibiotics referred to sub-
stances produced by microorganisms that sup-
pressed the growth of other organisms. Today, the
term antibiotics often includes synthetic antimi-
crobial agents.

» Microbial Resistance to Drugs
» B-lactam Antibiotics
» Ribosomal Protein Synthesis Inhibitors

Antibodies

Antibodies are involved in the humoral immune
response. They recognize foreign substances (anti-
gens) and trigger immune responses by the host.
For the former, they possess interaction sites for a
specific antigen. These interaction sites (Fab por-
tions) are highly variable between antibodies pro-
duced by different clones of B cells. For the latter,
they possess a constant region (Fc portion). Engi-
neered antibodies are increasingly used for the
treatment of human diseases.

» Immune Defense
» Humanized Monoclonal Antibodies
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Synonyms

Oral anticoagulants, usually coumarin derivatives
(e.g., warfarin, phenprocoumon); heparin, either
unfractionated heparin (UFH) or low-molecular
weight heparin (LMWH); danaparoid (hepari-
noid); fondaparinux (indirect factor Xa-inhibiting
pentasaccharide); drotrecogin o (recombinant
human activated protein C [APC]); direct
thrombin inhibitors (DTIs), including hirudin
derivatives (e.g., lepirudin, desirudin, bivalirudin)
and small molecule active site inhibitors (e.g.,
argatroban, ximelagatran)

Definition

Anticoagulants inhibit » coagulation by prevent-
ing » thrombin generation and, ultimately, fibrin
formation (1). They represent one of the two major
classes of antithrombotic drugs, the other being
antiplatelet agents. Anticoagulants are widely used
to treat and prevent thrombosis involving arter-
ies, veins and intra-cardiac chambers.

In general, arterial thrombi are platelet-rich
(“white clots”) and form at ruptured atheroscle-
rotic plaques, leading to intraluminal occlusion of
arteries that can result in end-organ injury (e.g.,
myocardial infarction, stroke). In contrast, venous
thrombi consist mainly of fibrin and red blood
cells (“red clots”), and usually form in low-flow
veins of the limbs, producing deep vein thrombo-
sis (DVT); the major threat to life results when
lower extremity (and, occasionally, upper extrem-
ity) venous thrombi embolize via the right heart
chambers into the pulmonary arteries, i.e., pulmo-
nary embolism (PE).

» Antiplatelet Drugs
» Coagulation/Thrombosis

» Fibrinolytics

Mechanism of Action

Overview of Coagulation

Fig. 1 shows a simplified scheme of the coagulation
cascade. Coagulation is usually triggered physio-
logically when » tissue factor (TF), usually found
in extravascular sites, binds to circulating factor
VII(a) following vessel injury. TF/VII(a) com-
plexes activate factor X, generating factor Xa. Fac-
tor Xa, together with a cofactor (factor Va), forms
“prothrombinase” on phospholipid surfaces on
activated platelets. Prothrombinase generates the
key procoagulant enzyme, thrombin (factor IIa),
from prothrombin (factor II). Various positive
feedback loops help to convert a small procoagu-
lant stimulus into a thrombin burst. For example,
TF/VII(a) complexes also activate factor IX to IXa,
which acts with a cofactor (VIIIa) to form the
“tenase” complex that activates factor X to Xa.
Other positive feedback loops initiated by
thrombin include activation of factors V to Va,
VIII to VIIIa and XI to XIa (not shown in Fig. 1).

Coagulation is regulated by three major inhibi-
tory systems. (1) Antithrombin (AT, formerly, anti-
thrombin III) inhibits circulating thrombin, Xa,
IXa, XIa and TF/VII(a). However, AT does not
inhibit thrombin bound to fibrin (“clot-bound
thrombin”) or surface-bound Xa. (2) The protein
C natural anticoagulant pathway is triggered when
thrombin binds to a receptor (thrombomodulin,
TM) on endothelial cell surfaces: TM-bound
thrombin activates protein C to activated protein C
(APC), which together with a cofactor (protein S)
degrades factors Va and VIIIa, thus down-regulat-
ing thrombin generation in the TM-rich microcir-
culation (3). Tissue factor pathway inhibitor
(TFPI) binds to, and inhibits, factor Xa; subse-
quently, TFPI/Xa complexes inhibit VII(a) within
VII(a)/TE.

The most commonly used anticoagulants —
coumarins and heparins - inhibit various steps
involving “propagation” of the coagulation cas-
cade. Several newer agents inhibit thrombin
directly. Drugs that inhibit initiation of coagula-
tion are under investigation.
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Fig. 1 Effects of Anticoagulants on the Coagulation Cascade. Coumarin agents alter the synthesis of four proco-
agulant zymogens (VII, X, IX, II), shown within circles. The other anticoagulants affect various coagulation fac-
tors (dotted arrows). Abbr.: APC, activated protein C; AT, antithrombin; DTIs, direct thrombin inhibitors;
LMWH, low-molecular-weight heparin; NAPc2, nematode anticoagulant protein; TF, tissue factor, TEPI, tissue
factor pathway inhibitor; UFH, unfractionated heparin; VIIai, active site-blocked VIIa. (Modified from 1, with

permission from Chest).

Oral Anticoagulants (Coumarins)
Most oral anticoagulants are coumarin derivatives
that act via » vitamin K antagonism (2; Fig. 2).
Vitamin K is required for post-translational modi-
fication of certain glutamate (glu) residues in four
procoagulant factors (II, VII, IX, X). Addition of a
carboxyl group (COO-) to each glu residue (to
form y-carboxyglutamate, or gla, residues) causes
these vitamin K-dependent factors to become
functional » zymogens (proenzymes), as they
now can bind to phospholipid surfaces via Ca2+-
recognizing gla regions. Protein C and protein S
are vitamin K-dependent anticoagulant factors.
The two most widely used coumarins are war-
farin (US, Canada and UK) and phenprocoumon
(continental Europe). The long half-life (60 h) of
prothrombin means that coumarin cannot achieve
therapeutic anticoagulation for at least 5 days fol-
lowing initiation. Thus, for patients with acute
thrombosis, oral anticoagulants are usually started
only when the patient is receiving a rapidly-active
agent, usually UFH or LMWH.

Disadvantages of oral anticoagulants include a
narrow therapeutic index (bleeding risk) and their
highly variable dose-response relation (ongoing
need for monitoring).

Maintenance doses vary widely among patients
(e.g., from 1 to 20 mg/d for warfarin), and are
influenced by diet (variable vitamin K intake) and
medications that affect coumarin metabolism
(decreased drug clearance: e.g., cotrimoxazole,
amiodarone, erythromycin; increased clearance:
e.g., barbiturates, carbamazepine, rifampin). Thus,
regular monitoring is needed even during long-
term maintenance therapy. This is performed
using the » prothrombin time (PT), which is usu-
ally expressed as the » international normalized
ratio (INR).

AT-Dependent Anticoagulants: Heparins, Danaparoid

and Fondaparinux

Heparin is a highly sulfated » glycosaminoglycan
(3). Usually obtained from pig intestine or beef
lung, UFH contains polymer varying from 3000-
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Fig. 2 Coumarin (Warfarin) and the Vitamin K Cycle.
Abbr.: glu, glutamate; gla, y-carboxy-glutamate.
(Modified from 2, with permission from Chest.).

30,000 D (mean, 15,000 D; range, 10-90 monosac-
charide units). Chemical or enzymatic methods
can be used to make LMWH preparations that
vary from 1000-10,000 D (mean, 4500 D; range, 3-
30 monosaccharide units). A specific five saccha-
ride sequence (“AT-binding pentasaccharide”)
present within up to one-third of UFH chains
binds to AT, greatly increasing the efficiency of AT
to inactivate thrombin, Xa, IXa, XIa, and TF/
VII(a). AT is most efficient at inactivating
thrombin and Xa, as shown by higher second
order rate constants (8900 and 2500 M™'s™, respec-
tively compared with values of 300—450 for
VII(a)/TFE IXa and XIa, respectively). Catalysis by
UFH increases AT-mediated inhibition 1,000-fold.
Besides containing the specific AT-binding
pentasaccharide sequence, heparin molecules
must be at least 18 monosaccharide units long to
bind to both AT and thrombin; in contrast, AT
bound to any pentasaccharide-containing heparin
— even with a chain length <18 monosaccharide
units — will inhibit factor Xa. Thus, whereas UFH
catalyzes inhibition of thrombin and Xa equally

well, LMWH preferentially inhibits factor Xa
(usual anti-Xa/anti-IIa ratio, 2-4:1) (Fig. 3).
LMWH preparations (e.g., ardeparin [Normiflo],
dalteparin [Fragmin], enoxaparin [Lovenox], revi-
parin [Clivarin], tinzaparin [Innohep]) differ in
both jurisdictional availability and composition,
and cannot be assumed to be interchangeable.

The » activated partial thromboplastin time
(aPTT) is usually used to monitor the anticoagu-
lant effect of UFH, with the target aPTT level cor-
responding to an anti-factor Xa level of 0.35-0.70
U/mL (i.e., a ratio of patient/control aPTT of 1.5
2.5 for many aPTT reagents). However, prolonga-
tion of the aPTT is not sufficiently great to permit
monitoring of LMWH therapy by this test. Never-
theless, since the shorter LMWH polymers have
less non-specific binding to plasma proteins,
LMWH anticoagulation is quite predictable. Thus,
weight-adjusted LMWH dosing without monitor-
ing is standard practice. Particularly during
inflammation (high levels of UFH-binding pro-
teins), high doses of UFH may be needed to pro-
long the aPTT and anti-factor Xa levels into the
therapeutic range (heparin “resistance®). Antico-
agulant monitoring of LMWH using anti-factor Xa
levels may be needed in renal failure as LMWH
accumulates.

Danaparoid (Orgaran; mean MW, 6000 D) is a
mixture of non-heparin glycosaminoglycans
derived from pig gut (dermatan sulfate, heparan
sulfate, chondroitin sulfate). The anti-Xa/anti-IIa
ratio (22:1) is even greater than seen with LMWH.
The anti-Ila effect may be mediated in part by der-
matan sulfate, which catalyzes thrombin inhibition
by heparin cofactor II.

Fondaparinux, the factor Xa-binding pentasac-
charide (Arixtra, MW 1728 D), is prepared syn-
thetically, unlike UFH, LMWH and danaparoid,
which are obtained from animal sources. Despite
only inactivating free factor Xa, clinical trials indi-
cate that fondaparinux is an effective antithrom-
botic agent (4).

In addition to the AT-dependent agents dis-
cussed above, various direct Xa inhibitors (e.g.,
tick anticoagulant peptide, antistatin, DX-9065a)
are undergoing clinical testing. Unlike fonda-
parinux, these drugs also inhibit surface-bound
Xa within prothrombinase.
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Fig. 3 Relative effects of UFH, LMWH, and fondaparinux on AT-mediated inhibition of factor Xa and thrombin
(ITa). Whereas UFH catalyzes inhibition of Xa and thrombin equally well, only LMWH chains of 18 saccharide
units or longer catalyze thrombin inhibition; thus, the anti-Xa/anti-IIa ratio of LMWH preparations ranges from
2:1 to 4:1. In contrast, fondaparinux exclusively inhibits Xa. (Modified from 3, with permission from Chest.)

Activated Protein C (APC)

Protein C is a vitamin K-dependent natural antico-
agulant activated by thrombin to form APC in the
presence of the endothelial receptor, TM. APC
proteolyzes factors Va and VIIIa, thus down-regu-
lating thrombin generation. APC may also have
anti-inflammatory properties, as recombinant
human APC (drotrecogin «, Xigris) reduces mor-
tality in » septicemia. Nonactivated protein C con-
centrates, prepared from pooled plasma, are also
available for use in patients with congenital or
acquired protein C deficiency.

Direct Thrombin Inhibitors (DTls)

There are two major classes of DTIs: hirudin
derivatives and small molecule active site inhibi-
tors. Hirudin is a 65-amino acid polypeptide pro-
duced by the medicinal leech, which binds irre-
versibly and with high affinity to both the active
site and exosite I (fibrinogen binding site) regions
of thrombin, resulting in stable non-covalent hiru-

din-thrombin complexes (dissociation constant,
~10"'4 M). Hirudin binds to both circulating and
clot-bound thrombin. Lepirudin (Refludan, MW
~7000 D) and desirudin (Revasc) closely resemble
hirudin. In contrast, bivalirudin (Angiomax, MW
~2180 D) is a 20-amino acid oligopeptide consist-
ing of the active site and exosite I regions of hiru-
din connected by a short “spacer”. All three agents
are obtained by recombinant technology.

Two small molecule DTIs are argatroban
(Novastan, MW 527 D) and the oral thrombin
inhibitor, ximelagatran (Exanta, MW 474 D)
(Ximelagatran is an inactive pro-drug: after
absorption, it is metabolized to the active DTI,
melagatran [MW 430 D]). In general, DTIs are
monitored using the » aPTT, although the high
predictability of blood levels with oral administra-
tion of ximelagatran offers the possibility (now
under investigation) that blood monitoring may
not be necessary with this agent.
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Factor Vli(a)/Tissue Factor Pathway Inhibitors
Recombinant TFPI (tifacogin) directly inhibits
VII(a)/TF complexes. Unlike recombinant APC,
TFPI did not reduce mortality in clinical trials of
septicemia. Recombinant nematode anticoagulant
protein (NAPc2) is a small hookworm protein that
binds to a non-catalytic site on both X and Xa,
thus inhibiting VII(a)/TE. The half-life of NAPc2 is
long (48 h), resembling that of factor X. Active
site-blocked VIIa (factor VIIai) achieves an antico-
agulant effect by competing with VII(a) for bind-
ing to TE.

Clinical Use (incl. side effects)

Both UFH and LMWH are used when rapid anti-
coagulation is needed, such as acute venous
thromboembolism (DVT and/or PE), acute coro-
nary insufficiency (acute myocardial infarction or
unstable angina) or for » percutaneous coronary
intervention (PCI). UFH is also used for intraoper-
ative anticoagulation during cardiac surgery
employing cardiopulmonary bypass (CPB) as well
as during vascular surgery. » Protamine sulfate is
used to reverse UFH anticoagulation after heart
surgery.

Treatment of DVT or PE consists of therapeu-
tic-dose heparin, given as intravenous UFH or
subcutaneous LMWH with overlapping oral anti-
coagulation. Until the early 1990s, UFH was usu-
ally given alone for five days, followed by at least
tive days of UFH/coumarin overlap, then several
months of coumarin anticoagulation. Now, cou-
marin is often started within 24 h of initiating
UFH or LMWH. Duration of coumarin typically
ranges from as low as 6 to 8 weeks (small calf-vein
DVT in a transient prothrombotic situation, such
as post-surgery) to indefinite (multiple prior DVTs
complicating a chronic hypercoagulability state).
Often, treatment of DVT or PE employing LMWH
followed by oral anticoagulants occurs exclusively
in an outpatient setting.

Prevention of DVT and PE (antithrombotic
prophylaxis) is another common indication for
UFH, LMWH or coumarin, especially following
surgery or immobilizing trauma. Fondaparinux
recently received approval for prevention of DVT
and PE after hip and knee surgery.

Coumarin is also widely used for long-term
anticoagulation in chronic atrial fibrillation (par-

ticularly to avoid cardioembolic strokes), to pre-
vent DVT or PE in patients with chronic hyperco-
agulability (e.g., congenital AT or protein C defi-
ciency) or to prevent atherothrombosis in patients
with atherosclerosis. LMWH therapy is often
appropriate for patients with cancer-associated
hypercoagulability or to prevent or treat thrombo-
sis during pregnancy.

Danaparoid, lepirudin and argatroban are
important options for rapid anticoagulation when
UFH or LMWH are contraindicated (e.g., heparin-
induced thrombocytopenia). Desirudin is
approved in some jurisdictions for antithrom-
botic prophylaxis after hip replacement surgery.
Bivalirudin is an alternative to heparin for antico-
agulation during » PCI. Ximelagatran is being
evaluated for chronic anticoagulation (potential
coumarin replacement). Recombinant TFPI
(tifacogin), NAPc2 and VIIai are under clinical
study.

Side Effects

Bleeding is the most common adverse effect of
anticoagulants (1-3) and is often associated with
overdosing. When bleeding occurs during antico-
agulation within the target therapeutic range, fac-
tors such as recent surgery or gastrointestinal
lesions often coexist. For bleeding caused by cou-
marin overdosing, vitamin K will reverse antico-
agulation beginning at least 4 h after administra-
tion. More urgent reversal can be achieved by
coagulation factor replacement using plasma or
prothrombin complex concentrates. Rapid reversal
of UFH is achieved by » protamine sulfate (1 mg
protamine for 100 U heparin). However, only
about 60% of the anticoagulant effect of LMWH is
neutralized by protamine. Specific antidotes are
not available for danaparoid, fondaparinux, DTIs
or inhibitors of the VII(a)/TF pathway. Thus, care-
ful patient selection and anticoagulant monitor-
ing are usually needed to reduce bleeding risk with
these newer agents.

Unusual adverse effects sometimes occur with
coumarin or heparin (2,5). For example, cou-
marin-induced skin necrosis is a rare complica-
tion of oral anticoagulants characterized by
(sub)dermal microvascular thrombosis that usu-
ally begins 3 to 6 days after commencing cou-
marin. Typically, central tissue sites such as the
breast, abdomen and thigh are affected. Congeni-
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tal abnormalities of the protein C natural antico-
agulant pathway are implicated in some patients.
A related syndrome of microvascular thrombosis
can lead to limb gangrene in some patients treated
with  oral anticoagulants during
» thrombocytopenia and hypercoagulability. This
syndrome of coumarin-induced venous limb gan-
grene has been linked to severe protein C deple-
tion during use of warfarin to treat DVT compli-
cated by metastatic cancer or heparin-induced
thrombocytopenia.

As many as 3 to 5% of postoperative patients
who receive UFH for two weeks develop heparin-
induced thrombocytopenia (HIT). This hyperco-
agulable state is caused by IgG antibodies that rec-
ognize complexes between heparin and platelet
factor 4 (a platelet o-granule protein). Paradoxi-
cally, patients with HIT remain at high risk for
thrombosis, even when heparin is discontinued or
heparin is replaced with coumarin. To avoid cou-
marin-induced venous gangrene, alternative anti-
coagulants such as danaparoid, lepirudin or arga-
troban should be given, and coumarin delayed
until substantial resolution of thrombocytopenia
has occurred. Long-term UFH treatment can cause
» osteoporosis, likely because heparin both
decreases bone formation by osteoblasts and
increases bone resorption by osteoclasts. Both
HIT and osteoporosis are less likely to occur with
LMWH.

Coumarins are generally contraindicated for
use during pregnancy, particularly the first tri-
mester. This is because y-carboxyglutamate (gla)-
containing proteins are found in bone. Thus, phar-
macologic vitamin K antagonism can cause
embryopathy (chondrodysplasia punctata).
LMWH is an attractive option for many pregnant
women who require anticoagulation.
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» Anti-epileptic Drugs

Antidepressant Drugs

FLORIAN HOLSBOER

Max Planck Institute of Psychiatry, Munich,
Germany

holsboer@mpipsykl.mpg.de

Synonyms
Antidepressants; mood elevators.

Definition

Antidepressants are small heterocyclic molecules
that after oral administration enter the circulation
and pass the blood brain barrier to bind at numer-
ous sites in the brain. They are used for treatment
of depression, panic disorders, social phobia,
obsessive compulsive disorder and other affective
illnesses.

» Antipsychotic Drugs
» Neurotransmitter Transporters
» Serotoninergic System

Mechanisms of Action

Most currently available antidepressants enhance
neurotransmission of » biogenic amines, mainly
» norepinephrine and » serotonin. Once released
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from specialized vesicles at the presynaptic nerve
terminal » neurotransmitters enter the synaptic
cleft and bind to respective receptors at the postsy-
naptic cell membrane, thus modulating the associ-
ated signalling cascades (Fig. 1). Additionally they
bind to presynaptically localized receptors that
regulate the amount of transmitter released. The
cell membrane of presynaptic nerve terminals also
contains » reuptake transporters that clear the

synaptic cleft from biogenic amines. Once reshuf-
fled into the presynaptic compartment the neuro-
transmitter is degraded by » monoamine oxidase
(MAO). These two molecular processes, reuptake
through specific transporters and enzymatic deg-
radation by MAO, are targeted by antidepressant
drugs. For example, the » selective serotonin

reuptake inhibitors (SSRI) which became the
mainstay for the vast majority of depressed
patients treated prevent clearance of serotonin
from the synaptic cleft by blocking the presynap-
tic transporter and thus amplify receptor medi-
ated events postsynaptically (» serotoninergic sys-
tem). Analogous effects are those by norepine-
phrine reuptake inhibitors, while MAO-inhibitors
act by reducing norepinephrine or serotonin deg-
radation and thus increase the releasable amount
of neurotransmitter from the respective vesicles.
Antidepressants do not exert prompt effects as it
takes weeks or months until clinical amelioration
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Fig. 1 Schematic illustra-
tion of serotonergic neu-
rotransmission. Through
blockade of the serotonin
transporter at presynaptic
terminals, the cell mem-
brane receptor-mediated
signalling pathways, prin-
cipally through adenylate
cyclase or phospholipase
C, are enhanced.
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occurs. The exact mode of action by which antide-
pressants work is still not resolved but there is
consensus that their primary action, i.e. binding to
cell membrane receptors, triggers a manifold of
events which we are only beginning to decipher.
One such hypotheses submits that most antide-
pressants enhance the expression of » cyclo-AMP
response element binding protein (CREB) which
is a transcription factor that after phosphoryla-
tion binds to cyclo-AMP response elements (CRE)
localized in the promoter region of many genes
including that coding for » brain derived neuro-
trophic factor (BDNF) (1). The latter neuro-
trophin was found to be decreased in the hippoc-
ampus of chronically stressed rats, serving as ani-
mal model of depression. When treated with
antidepressants, BDNF expression increases, pos-
sibly through enhanced phospho-CREB driven
transactivation of the BDNF gene. This hypothesis
is in keeping with the frequently observed reduc-
tion of depressed patients hippocampus volume
(estimated by magnetic resonance imaging), a
limbic brain structure pertinent for cognitive
function, and expressing BDNF at high levels.
Some preliminary studies support that antidepres-
sants increase adult neurogenesis in this brain
area, a phenomenon also associated with
increased levels of phospho-CREB. The hypothe-
sis that phospho-CREB is involved in adult neuro-
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genesis is also strengthened by experiments with
transgenic mice overexpressing a dominant nega-
tive isoform of CREB where the Ser'33 is mutated
preventing phosphorylation-induced transactiva-
tion of CREB. Overexpression of mutant CREB
prevented decreased neurogenesis in adult hippoc-
ampus. While many pieces of this hypothesis are
in line with an antidepressant-induced enhance-
ment of neurogenesis, evidence is lacking that this
effect is the same through which antidepressants
regulate emotional states. Morphological studies
on brains of depressives failed to detect evidence
for neuronal deterioration in the hippocampus.
Also the increase of BDNF gene transcriptionas
induced by antidepressants is possibly an unspe-
cific response to a xenobiotic molecule. Whether
increased transcription of BDNF conveys antide-
pressant effects is yet not proven, as mouse
mutants where BDNF production is lowered by
heterozygous gene deletion failed to show behav-
ioral abnormalities. Also, data on drug-induced
changes in BDNF peptide concentrations are not
giving a clear picture.

Another hypothesis derives from the clinical
observation that impaired stress hormone regula-
tion is a cardinal symptom among patients with an
acute major depressive episode (2). If stress hor-
mones (primarily cortisol secreted by adrenocor-
tical glands and corticotropin released from the
pituitary) are monitored longitudinally in these
patients, those who respond to drug treatment
show a swift neuroendocrine normalization while
those where stress hormone regulation continues
to be altered have a much worse outcome, i.e. they
fail to respond or they relapse. Studies using trans-
genic mice with glucocorticoid receptor impair-
ment show some behavioral and functional fea-
tures reminiscent of depression. Some of these
abnormalities disappear under antidepressants,
which is in line with a drug-induced improvement
of corticosteroid receptor function. When ligand-
activated, these gluco- and mineralocorticoster-
oid receptors form homo- and heterodimers that
interact with » corticotropin releasing hormone
(CRH) in many ways. This is of relevance in this
context because clinical and basic studies have
shown that overexpression of CRH in many brain
areas is causally related to development and course
of depression. The effect of antidepressants has
therefore consequences upon CRH secretion and it

is believed that these antidepressants may work
through this corticosteroid receptor driven signal-
ling pathway, suppressing the depressogenic and
anxiogenic effects of CRH acting through CRH
type 1 receptors (CRHR1). Thus, the antidepres-
sant-induced behavioral and neuroendocrine
changes in patients together with their observed
molecular actions upon stress hormone signalling
pathways have triggered the search for new phar-
macological approaches to understand how anti-
depressants might work and ultimately to dis-
cover better drugs (3).

In the absence of a robust pathogenetic model
for depression, hypotheses-driven research has
limitations that hopefully can be overcome by
unbiased approaches. The availability of cDNA
microarrays allowing one to study a huge amount
of genes which are simultaneously regulated in the
brains of mice under long-term treatment with
antidepressants will shift the emphasis from the
“usual suspects” (such as serotonin and its recep-
tors) to yet unheard candidate genes (4).

Clinical Use

Antidepressants were serendipitously discovered
in the 1950s and the first generation of these drugs
was constituted by tricyclic molecules. The refine-
ment among the second and third generation of
these drugs resulted in molecules that have less
side effects, are better tolerated and consequently
enjoy much better acceptance. In fact, the percent-
age of Americans treated for depression tripled
nationwide. Simultaneously patient visits to doc-
tors for depression fell by a third through the last
5 years. Such figures do not yet apply for Europe,
where alternative treatments, especially herbals
(St. Johns Wort is the best selling antidepressant in
Germany), continue to play a predominant role.
Given the personal and socioeconomic burden of
depression the undertreatment of this disabling
clinical condition seems neither ethical nor pru-
dent.

While antidepressants have proven to be effec-
tive drugs, several drawbacks and caveats need to
be resolved. This can be most likely achieved by
enforced » pharmacogenetic approaches in com-
bination with refined clinical research: Matching
patients to the antidepressant that is most likely to
be effective and less likely to harm through adver-
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sive reactions is the main goal of all modern thera-
pies. Patient characteristics including sex, age,
anxiety level, premedication and family history
(genetic load) do not predict better or worse
response to a particular antidepressant drug or
drug class (e.g. an SSRI). However, the fact that all
drugs are equally effective between comparison
groups does not mean that they are equally effec-
tive for individual patients. It is now hoped that
combination of clinical data, including functional
assessments, e.g. neuroendocrine, neuroimaging,
neuropsychology together with information from
genotyping, i.e. identification of a collection of
single nucleotide polymorphisms (SNPs) will ulti-
mately lead to choosing a first line antidepressant
based upon individual data. Indeed small studies
surmized that a serotonin transporter polymor-
phism may explain some of the variability in
response to SSRIs.

In practice, a genotype guided medication
selection is yet not in reach, but several minor
innovations emerging from hypothesis driven
research are. The current antidepressive pipeline
contains two promising candidates: » Substance P,
a peptide from the tachykinin family, which binds
preferentially at the NK,-receptor, was suspected
to play a role in causality of depression. Several
clinical studies testing NK,-receptor antagonists
showed promising results and a number of phar-
maceutical companies are developing drugs antag-
onizing NK- receptors. Another neuropeptide is
CRH that seems to be causally related to symp-
toms of depression through activation of CRHRu,
which led to the development of CRHR1 antago-
nists as potential antidepressants. A first clinical
study supported such a possibility.

Another new development of immediate clini-
cal usefulness is the analysis of genetic variability
in the cytochrome P450 enzyme system in
patients, which may elucidate clinically relevant
changes in drug metabolisation and adverse reac-
tions. For example, if a patient receives an SSRI
such as Prozac, which blocks the P4502D6
enzyme, and an antiarrhytmic, which is metabo-
lised by the same enzyme, a fatal increase of the
cardiotropic drug may occur. Other possible can-
didates involved in pharmacokinetics are P-glyco-
proteins, which are important regulators of a
drug’s blood-brain barrier passage. It was recently
shown that antidepressants are substrates of P-

glycoprotein, which, if overexpressed, can extrude
the antidepressant out of the brain cells into the
circulation thus preventing central effects that
may lead to therapy resistance (5).
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Antidiabetic Drugs

Antidiabetic drugs is the general term for drugs
that lower blood glucose concentrations and are
used in the treatment of diabetes mellitus. Antidi-
abetic drugs are typically categorized as either oral
(sulphonylureas, prandial insulin releasers, met-
formin, thiazolidinediones, alpha-glucosidase
inhibitors) which are used to treat most type 2
(non-insulin-dependent) diabetic patients, or
insulin (given parenterally) which is used to treat
all type 1 and some type 2 diabetic patients.

» Oral Antidiabetic Drugs
» Insulin
» Diabetes Mellitus
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Antidiarrhoeal Agents

Antidiarrhoeal drugs are used for the sympto-
matic treatment of diarrhoea (the frequent pas-
sage of liquid faeces). Commonly used antidiar-
rhoeal drugs are opioids including codeine, diphe-
noxylate and loperamide. They reduce the motility
of the intestine. Other antidiarrhoeal agents
(chalk, charcoal, methyl cellulose) probably act by
adsorbing toxins or microorganisms causing diar-
rhoea. Bismuth subsalicylate is used for the treat-
ment of traveller’s diarrhoea. It mainly reduces
fluid secretion in the bowel.

Antidiuretic Hormone

» Vasopressin

Antidysrhythmic Drugs

» Antiarrhythmic Drugs

Anti-emetic Drugs

» Emesis
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Definition

» Epilepsy is a chronic neurological disorder that
affects about 0.6-0.8% of the general population
worldwide. The clinical hallmark of epilepsy is
recurrent » seizures, which disrupt normal brain
function. A large number of different types of epi-
lepsies and epileptic syndromes have been distin-
guished. Many specific syndromes start in infancy
and are accompanied by further developmental,
neuropsychological and metabolic alterations,
mostly of unknown origin. Generally, epilepsies
with a focal origin (focal epilepsies) are discrimi-
nated from epilepsies with a generalized begin-
ning (primary generalized epilepsies).

At the cellular level, focal and general convul-
sions correspond to synchronized high-frequency
» discharges of large groups of neurons, which
disrupt normal information processing. Depend-
ing on the areas of the CNS recruited into the
abnormal discharge, clincal symptoms observed
during focal seizures may vary considerably. Thus,
discharges within limited areas of the motor cor-
tex may lead only to mild motor seizures, while
seizure activity in the » temporal lobe may cause
complex semiologies that include behavioral
automatisms and loss of conciousness. Focal sei-
zures without loss of conciousness are termed
simple partial seizures, whereas focal seizures
with loss of conciousness are named complex par-
tial seizures. In some epilepsies, initially focal sei-
zures spread to involve most of the cerebral cortex
(secondary generalized seizures).
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Primary generalized seizures are also heteroge-
neous with respect to their clinical features. Such
seizures can impose as » absence epilepsy, which
is characterized by a brief interruption of con-
ciousness due to highly synchronized neuronal
activity involving thalamocortical networks with-
out increases in neuronal firing rate. On the other
hand, » tonic-clonic convulsions with loss of con-
sciousness are often also primarily generalized.

» GABAergic System

» Ionotropic Glutamate Receptors
» Voltage-dependent Ca>* Channels
» Voltage-gated K™ Channels

Basic Mechanisms

Both focal and generalized epilepsies are heteroge-
neous with respect to their etiology and the prin-
ciples of therapy.

Basic Mechanisms Underlying Focal Epilepsies

A large group of focal epilepsies arises as a conse-
quence of developmental lesions, CNS tumors,
trauma or inflammatory processes, which may be
located in neocortical areas as well as the mesial
temporal lobe. In a second group of patients, no
such causal factor can be identified. Very fre-
quently, such epilepsies arise from a focus within
the » hippocampus, which shows characteristic
neuropathological and molecular changes. Only
tew focal epilepsies seem to be due to a mutation
in » ion channel genes. In contrast, a large number
of generalized epilepsies is thought to have a
genetic basis, and the chromosomal localization or
the gene mutation has been identified in some of
these disorders.

Many patients with focal epilepsies respond
well to antiepileptic drugs, but a sizeable portion
continues to have seizures even in the presence of
optimal therapeutic drug concentrations. For
unknown reasons, patients with an epileptic focus
residing in the temporal lobe (Temporal Lobe Epi-
lepsy, TLE) often develop pharmaco-resistant epi-
lepsy. Therefore, considerable attention has been
focused on unravelling the cellular changes under-
lying hyperexcitability in this form of epilepsy.
Identifying such changes is of obvious impor-
tance in determining promising novel therapeutic
strategies.

In focal epilepsies a number of functional and
morphological changes are observed which may
act in concert to support enhanced excitability.
Such changes have been intensively investigated in
order to develop targets for drug design.

d Altered density of voltage-dependent ion cur-
rents in neurons: Such changes may considerably
affect the firing properties of neurons. They may
also affect how neurons integrate a given synap-
tic input.

» Altered synaptic properties: Numerous changes
in the properties of inhibitory (GABAergic) and
excitatory (glutamatergic) synapses have been
reported. While the simple adage of an imbal-
ance between inhibitory and excitatory neuro-
transmission in epilepsy is not generally
applicable, some forms of inhibition are lost or
impaired in epilepsy. Likewise, an increased
function of glutamate receptors has been demon-
strated in some brain areas.

» Formation of novel aberrant synapses, axonal
sprouting: In addition to altered properties of in-
hibitory and excitatory synapses, numerous syn-
apses are newly formed in chronically epileptic
tissue. In some regions, as in the dentate gyrus,
the subiculum and area CA1 of the hippocampus,
excitatory neurons form recurrent synapses ter-
minating within the same region. This, and other
forms of recurrent sprouting are thought to con-
stitute a positive feedback pathway facilitating
seizure generation in this area. Very little is
known about the elementary properties of newly
formed synapses.

D Altered properties of glial cells: Glial cells are
centrally involved in regulating the size of the ex-
tracellular space and the composition of the ex-
tracellular milieu, amongst other important
tasks. In particular, glial cells normally take up
K* released by neurons during repetitive neuro-
nal activity. Preventing excessive increases in the
extracellular K™ concentration is important be-
cause they may enhance excitability of surround-
ing neurons. In chronic epilepsy, one of the
numerous changes occurring in glial cells is the
loss of the capacity to take up K.

Clearly, the largest difficulty in chronic focal
epilepsy is to identify amongst the numerous
changes that might plausibly affect excitability
those that are most important in mediating hyper-
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excitability. Because of the lack of molecular tar-
gets with a proven causal role in mediating sei-
zures, design of anticonvulsant drugs has been
driven mainly by considering which drugs
potently limit excitability in normal brain tissue or
normal animals. It must be also stressed that, in
focal epilepsies, our knowledge extends mainly to
the cellular changes that underlie hyperexcitabil-
ity in the chronic stage of the disease. The factors
governing the development of the epileptic condi-
tion in humans are much less clear, and the design
of substances aimed at inhibiting the progression
of epilepsy is in its first stages.

Primary Generalized Epilepsies

Primary generalized epilepsies are a heterogene-
ous group of diseases. Some of the generalized epi-
lepsies are hereditary, and several genetic muta-
tions of ion channels or membrane receptors
linked to this disorder have been identified. In
others, the pathogenesis is less clear. Absence epi-
lepsies present with a characteristic 3/s discharge
in the electroencephalogram, and the mechanism
for similar aberrant discharges have been well
studied in animal models. It is thought that tha-
lamic projection neurons that have the capacity to
generate burst discharges mediated by low-thresh-
old Ca**channels provide a phasic excitation of
interneurons. These interneurons in turn inhibit
thalamic projection neurons via GABAreceptors,
resulting in a pronounced hyperpolarization. This
hyperpolarization removes inactivation of low-
threshold Ca** channels, subsequently enabling
these neurons to generate a new, Ca** channel-
dependent burst discharge. Thus, rhythmogenesis
seems to rely on the interplay between low-thresh-
old Ca** channel-dependent bursting and GABA-
mediated inhibition. Accordingly, absence epilep-
sies respond well to substances blocking low-
threshold Ca?* channels (ethosuximide, trimeth-
adione), as well as to some GABAantagonists
(which are still in an experimental stage for this
indication).

Substances Acting on Voltage-Dependent lon
Channels

With few exceptions, information on the anticon-
vulsant pharmacology of specific ion channel sub-
units analyzed in expression systems is scarce.
Hitherto, a first understanding of the mechanism

of action of most antiepileptic drugs has evolved
from analyses of somatic ion channel pharmacol-
ogy either in isolated neurons from human or
rodent neurons, or cell culture models.

Voltage-Dependent Na* Channels. A large number
of anticonvulsant drugs commonly in use for focal
epilepsies act on fast voltage-dependent Na* chan-
nels at clinically relevant concentrations (car-
bamazepine, phenytoin, lamotrigine). Most of
these anticonvulsant drugs display three distinct
effects on Na™ channels:

d A shift of the voltage-dependence of inactivation
to a hyperpolarizing direction, resulting in a low-
er fraction of channels available for activation at
action potential threshold.

d A reduction of the peak Na* channel conduct-
ance.

» A pronounced slowing of Na* channel recovery
from the inactivated state.

The latter effect results in a prolongation of the
time required after an action potential for inacti-
vated Na* channels to become available again.
This prolongation would be expected to inhibit
repetitive firing only if the time between action
potentials is not long enough to permit recovery of
Na* channels, i.e. at high discharge frequencies.
Indeed, phenytoin, carbamazepine and lamotrig-
ine have been shown to preferentially inhibit high
frequency but not low frequency firing (see Fig. 1).
It has to be noted that this mechanism is most
probably invoked not only at somatodendritic Na*
channels, but also at presynaptic Na* channels. In
the latter case, application of one of the antiepilep-
tic drugs mentioned above would be expected to
preferentially inhibit transmitter release induced
by high frequency presynaptic action potentials.

In addition to inhibiting fast voltage-dependent
Na™ currents, many anticonvulsants also suppress
persistent Na* currents, in some cases even more
efficiently. This mechanism may also be important
in the anticonvulsant action of these substances be-
cause persistent Na* currents are thought to give
rise to high frequency burst discharges in some
neurons.

Voltage-Dependent Ca?* Channels. A number of
anticonvulsant drugs also display effects on Ca**
channels. In most cases, effects on Ca>* channels
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Fig. 1 Effects of carbamazepine on voltage-dependent Na* channels. A: Fast recovery from inactivation can be
analyzed in double pulse experiments using the whole-cell patch clamp technique. Recordings shown are from
rat hippocampal dentate granule neurons. Inactivation is induced with a conditioning pulse (10 ms, -10 mV),
after which recovery of Na* channels from inactivation is monitored by a test pulse applied at various intervals
following the conditioning pulse (inset, Fig. 1A). Representative traces after various recovery intervals are dis-
played on an exponential time scale. Application of 128 pM CBZ causes a marked slowing of the time course of
recovery. B: Use-dependent block of Na* channels by CBZ. Trains of mock action potentials were applied as
voltage commands at different frequencies. Application of CBZ reduces Na™ channel availability preferentially
during high-frequency stimulation. Inset: General molecular structure of pore-forming o. subunits of voltage-

dependent Na* channels.

with a depolarized threshold of activation are
small at clinically relevant concentrations. In the
case of gabapentin, binding to a Ca®>* channel
accessory subunit has been demonstrated, but
whether this binding affects channel function is
unknown. In contrast, Ca** channels with a hyper-
polarized threshold of activation (low-threshold
channels) are sensitive to a number of drugs (i.e.
ethosuximide, trimethadione through its metabo-

lite dimethadione, phenytoin, lamotrigine). As
stated above, the activity of ethosuximide and tri-
methadione against absence epilepsy is thought to
be due to their inhibition of low-threshold Ca**
channels. The differing anticonvulsant profile of
lamotrigine and phenytoin may be due to the fact
that the three pore-forming subunits underlying
low-threshold Ca** channels are differentially sen-
sitive to anticonvulsant drugs.
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Tab.1 Summary of the known spectrum of actions of a selection of antiepileptic drugs. This synopsis refers only
to actions demonstrated within or close to therapeutic concentrations of drugs. Abbreviations: (+) to (+++) weak
to strong efficacy, (-) no efficacy, (?) not investigated. HVA: high threshold Ca?* channels, T: T-type Ca®* chan-
nels, L: L-type Ca?* channels, Iy,p: persistent sodium current, DR: delayed rectifier K* channels, KCNQ: KCNQ
subtypes of K* channels.

Voltage-dependent Ion  Neurotransmitter Receptors NT  Other mechanisms
channels release

Na*t CaZ* K* GABA NMDA AMPA

Phenytoin +++ ++ + ? ? ? ++  Calmodulin and cyclic
(T) (DR) nucleotide-dependent
second messenger systems
Carbamazepine  +++ - ? - + ? ?  Adenosine receptors
Lamotrigine +++ ++ - - - - ?
Valproic acid +++ + + ? ? ? ++ Increase in brain GABA,
decrease in brain aspartate
Ethosuximide + +++ + ? ? ? - Inhibition of
(INap) (D) Na*/K* ATPase
Trimethadione ? +++ ? ? ? ? ?
(T.L)
Phenobarbital - + ? +++ ? ? ++
Diazepam + - - +++ - - -
Felbamate ++ ? ? ? +++ ? ?
Gabapentin - + + - - - +  Increased GABA
(HVA) synthesis, GDH, GAD,
GABA-aminotransferase
Vigabatrin ? ? ? ? ? ? +++ GABA-transaminase
inhibition
Tiagabine ? ? ? ? ? ? +++
Losigamone ? ++ ? ++ ? ? ?
Ramecemide ? ? ? ? ? ? ?
Topiramate ++ ? ? ++ - ? ?
Levetiracetam - -(T), ? ? ? ? ? GABA-T, GAD
+ (HVA)
Retigabine ? ? +++ ? ? ? ?
(KCNQ)

Voltage-Dependent K* Channels. Up-modulation of tic drugs developed that target potassium chan-
voltage-dependent K* channels may be a plausible nels is small. Interestingly, it has recently been dis-
mechanism to reduce cellular excitability and covered that a mutation resulting in a moderate
action potential-dependent neurotransmitter loss of function of KCNQ2/3 K* channels causes a
release. However, the number of novel antiepilep- focal form of epilepsy. The novel anticonvulsant
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Fig.2 The GABAergic synapse as a target of anticon-
vulsent drugs. GABA is synthesized from glutamate in
the presynaptic terminal and is packed into small syn-
aptic vesicles. After release, GABA actavates postsyn-
aptic ion channels (GABA 4R, marked “1”) which
mediate the cloride influx and thereby the inhibition
of the postsynaptic cell. From the synaptic cleft,
GABA is removed into the presynaptic terminal and
into a adjacent glia cells by GABA-uptake (“2”). A
fraction of the transmitter is degraded into succinyl-
semialdehyde by GABA-transaminase (“3”), which is
present in glia cells as well as in neurons. Pre- and
postsynaptic metabotrophic GABARR are indicated by
elipsoid bodies in the cell membrane but are no major
target for anticonvulsants presently in use. GABAergic
drugs against epilepsy act as positive modulators of
the GABA R (“1”), blockers of GABA-uptake (“2”) or
inhibitors of GABA degredation (“3”).

retigabine, which enhances the activity of this very
channel type, displays a high clinical efficacy in
these patients.

Substances Acting on Neurotransmitter Receptors

A large fraction of anticonvulsants are based on
the attempt to boost inhibitory synaptic transmis-
sion in order to restore the balance between inhi-
bition and excitation in epileptic tissue. The first
drug using this mechanism of action was pheno-
barbitone, which was introduced into clinical
practice in 1912. Today, there are at least three dif-
ferent targets of anticonvulsant drugs at the syn-
aptic level, all centered on the main inhibitory
transmitter GABA ( y-aminobutyric acid).

GABAergic Synapses. Based on the key elements in
synaptic inhibitory transmission, three classes of
drugs can be distinguished:

» GABA receptor modulators. These substances

yield a potentiation of synaptic responses to
GABA by changing the affinity of the GABA re-
ceptor (benzodiazepines) or enhancing the open
probability of this ligand-gated ion channel (bar-
biturates). Benzodiazepines are especially useful
against status epilepticus but are also used as an
adjunctive therapy in partial and generalised sei-
zures. Clinically used substances are
clobazepam, clonazepam, clorazepate, di-
azepam, lorazepam, midazolam and nitrazepam.
Barbiturates (esp. phenobarbitone) are used in
tonic-clonic and partial seizures, in status epilep-
ticus and in neonatal seizures. Chronic treatment
with benzodiazepines and barbiturates is com-
plicated due to the sedative side effects and, most
importantly, development of tolerance.
GABA-uptake blockers. Block of GABA-uptake
prolongs the presence of the transmitter in the
synaptic cleft and thereby strengthens the posts-
ynaptic effects of synaptically released GABA.
Tiagabine, a derivative of nipecotic acid, is in
clinical use as an add-on therapy against simple
and complex partial seizures. Like all substances
that generally increase GABAergic transmission,
tiagabine has sedative side effects.

Blockers of GABA catabolism. Blocking the
GABA-degrading enzyme GABA-transaminase
increases the concentration of GABA in synaptic
terminals and enhances or stabilises the inhibito-
ry transmission. A “new” anticonvulsant de-
signed for this purpose is y-vinyl-GABA
(Vigabatrin), but it should be noted that val-
proate has the same effect. Vigabatrin is used as
an adjunctive therapy in partial and secondary
generalized seizures. It is very efficient against
infantile spasms and is being used in Lennox-
Gastout (together with sodium valproate and
benzodiazepines). Side effects of vigabatrin in-
clude neuropsychiatric (especially mood) distur-
bances as well as retinopathic changes. Novel
experimental approaches are aimed at increasing
GABA synthesis, rather than blocking its degra-
dation, by potentiating the action of the GABA-
synthesizing enzyme glutamate decarboxylase.

One of the oldest antiepileptic drugs, bromide,

has been reported to boost inhibition by an
unknown mechanism. Bromide is still in use in
certain cases of tonic-clonic seizures and in pedi-
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atric patients with recurrent febrile convulsions
and others. The mechanism of action may include
a potentiation of GABAergic synaptic transmis-
sion, although the precise target is not known.

Excitatory Amino Acid Antagonists. The complemen-
tary approach to boosting inhibition, i.e. antago-
nising the effects of the excitatory neurotransmit-
ter » glutamate (» GABAergic System), has been
less fruitful so far. Antagonists of the NMDA-sub-
type of glutamate receptors show anticonvulsant
activity in animal experiments but have not been
introduced into clinical use due to severe neu-
ropsychological side effects. An exception may be
felbamate, which seems to exert at least part of its
effect by a block on NMDA receptors. Antagonists
of two other glutamate receptor subclasses
(AMPA- and Kainate-receptors) are under devel-
opment. Topiramate, a new anticonvulsant drug,
partially blocks kainate-receptors and thus may
provide the first example of an AED with effects
against excitatory neurotransmission.

Substances with Unknown or Mixed Mechanism of
Action

It should be pointed out that most anticonvul-
sants have more than one effect on neuronal excit-
ability or synaptic transmission. A prominent
example is valproic acid, which affects GABAergic
transmission (probably by enhancing cellular
GABA-content), glutamatergic synaptic transmis-
sion by reducing sythesis of excitatory amino acids
as well as voltage-dependent ion channels (see
Table 1).

Drugs with unknown mechanism of action are
gabapentin, bromides (but see above effects on
GABAergic transmission) and adrenocorticotropic
hormone (ACTH), which is used in infantile
spasms.
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Antiestrogen

Antiestrogens are estrogen/estrogen receptor
antagonists.

» Sex Steroid Receptor
» Selective Sex Steroid Receptor Modulators

Antifibrinolytic Drugs

» Fibrinolytics

Antifungal Drugs

ANNEMARIE POLAK
Aesch, Switzerland
annemarie.polak@bluemail.ch

Synonyms
Antimycotic drugs, antimycotics, fungicides
Definition

» Fungi cause diseases in plants, animals and
humans. Antifungal drugs (fungicides) are there-
fore used in agriculture, animal and human medi-
cine. In this paragraph, only antifungal drugs used
for human chemotherapy are described.

Antifungal drugs inhibit the growth of fungi in
tissue (> fungistatic activity) by a number of dif-
ferent mechanisms; some of the agents even kill
the fungal cell (» fungicidal effect). Antifungal
drugs are used for the treatment of established
fungal diseases; however, in immunosuppressed
patients at high risk they are also used as preven-
tion or empiric therapy.

Antifungal drugs are classified according to
their mode of action and/or their chemical class.
Four chemical classes have mainly contributed to
the actual armentory of antifungal drugs: The
broadest class is the one of » azoles, (imidazoles
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and triazoles) followed by » polyenes;
» allylamines and » morpholines. Some individ-
ual compounds are used in dermatology.

Mechanism of Action

The difficulty of killing the eukaryotic fungal cell
without damaging the host is perhaps more akin
to the problems of cancer chemotherapy than
those of antibacterial treatment. Biochemical
studies have identified a number of potential tar-
gets for antifungal chemotherapy, including cell
wall synthesis, membrane sterol biosynthesis,
nucleic acid synthesis, metabolic inhibition and
macronuclear biosynthesis. The cell wall synthesis
is the only fungal-specific target, since the fungal
cell wall has an unique molecular structure; all
other pathways (enzymatic steps) in the fungal cell
are closely related to the ones used in human cells.

Squalene
Allylamines — l
2.4 Oxydosqualene
!
Lanosterol
Azoles — l

4,4 dimethyl- A4 -sterol
Morpholines - !
4,4 dimethylsterol

!
!

Fecosterol
Morpholines - l
Episterol

!

Ergosterol

Fig. 1 Antifungal Drugs

Sterol Biosynthesis Inhibitors

Most antifungals on the market (» Azoles,
» Allylamines, » Morpholines, Tolnaftate, Tolci-
clate) interfere with the various enzymatic steps
involved in the cascade of ergosterol synthesis
from squalene to ergosterol; this pathway being
the Achille’s heel of the fungal cell. Ergosterol is
the essential component of the fungal membrane
and exerts two functions: it is the bulk membrane
component and it regulates cell growth and prolif-
eration. All sterol biosynthesis inhibitors induce
depletion of the essential ergosterol and accumu-
lation of a wrong sterol moiety, consequently dis-
turbing the function of the cell membrane. The
morphological changes seen in all cells treated
with a sterol biosynthesis inhibitor are similar, all
including thickening of the cell wall by chitin
deposits.

The imidazoles and triazole (» Azoles) (for
example, ketoconazole, itraconazole, fluconazole,
voriconazole) interfere with cytochrome P -
dependent lanosterol C,, demethylase, leading to
depletion of ergosterol and accumulation of lanos-
terol in the membrane. At the molecular level, one
of the nitrogen atoms of the azole ring binds to the
haeme moiety of cytochrome P 5. Only com-
pounds with higher specific binding to the fungal
cytochrome than to the human one can be used as
systemic antifungal drugs. Compared with the
imidazoles, the triazoles have a much higher affin-
ity for fungal cytochrome than for human cyto-
chrome P ., enzyme steps. In addition to the main
interactions with the P, cytochrome, azoles may
inhibit cytochrome C oxidase and peroxidative
enzymes, they may also interfere with phospholip-
ids. The fact that miconazole and itraconazole are
fungicidal is thought to be the result of a direct
membrane interaction, leading to the loss of cyto-
plasmic constituents.

Allylamines. Allylamines (terbinafine, naftifine)
interfere with the ergosterol pathway at the level of
squalene epoxidase leading to the depletion of
ergosterol and the accumulation of squalene.
Again, only compounds with a higher specificity
for the fungal enzyme than for the human enzyme
can be used for systemic use. A clear correlation
exists between growth inhibition and degrees of
sterol biosynthesis inhibition; the fungicidal effect
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is more correlated to the intracellular accumula-
tion of squalene.

Morpholines. Morpholines (amorolfine) interfere
at two levels of the ergosterol pathway, the A, ,-
reductase and the A_- Ag-isomerase leading to
depletion of ergosterol and accumulation of an
unplanar sterol ignosterol. With the inhibition of
two steps in the same pathway, a natural synergis-
tic effect is built into the molecule so that the risk
of appearance of resistant mutants is low and effi-
cacy high.

Drugs Binding Directly to Ergosterol (amphotericin B,
nystatin, candicidin)

The current model for the mechanism of the
» polyene Amphotericin B (Amph B), is based on
the formation of a 1:1 Amph B/Ergosterol aggre-
gate, which associates into a transmembrane
channel with a large -OH lined aqueous pore
down the middle. The result of the interaction
between Amph B and the sterols is the disturbance
of the ergosterol function leading to increased per-
meability, disruption of the proton gradient and
leakage of potassium. The fungicidal effect, how-
ever, has been linked to irreversible inhibition of
the membrane ATPase.

5-Fluorocytosine (5FC). 5-Fluorocytosine (5FC), a
mock pyrimidine, is the only antifungal drug that
acts as true antimetabolite. 5FC is taken up into
the fungal cell, deaminated to 5-fluorouracil (5FU)
which is the active principle responsible for the

killing of the fungal cell. Fungi lacking the cyto-
sine deaminase are resistant to 5FC. Intracellularly,
5FU acts along two different pathways: it is incor-
porated as 5-flurouridine monophophate into the
RNA and it inhibits after conversion to 5-fluoro-
deoxyuridine monophosphate the thymidylate
synthetase leading to inhibition of DNA synthesis.
5FU itself cannot be used for antifungal therapy
due to its toxicity for mammalian cells.

Glucan Synthase Inhibitors

Echinocandins (i.e. caspofungin), semisynthetic
lipopeptides, inhibits the synthesis of -(1,3)-D-
glucan, an integral component of the fungal cell
wall not present in mammalian cells.

Griseofulvin. Griseofulvin is the first antimycotic
drug detected that is only active against
» dermatophytes. Its activity manifests as nuclear
and mitotic abnormalities followed by distortions
in the hyphal morphology.

Hydroxypyridones (Ciclopirox, rilopirox). The pri-
mary mode of action of this class of antimycotics
is interference with uptake and accumulation of
products required for cell membrane synthesis. In
higher concentrations it causes a disturbance of
the cellular permeability. Some investigations
show an interaction with Fe(III)- ions; the com-
pounds acting as chelators. Very high concentra-
tions interfere with the function of fungal mito-
chondria.
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Clinical Use (incl. side effects)

Fungal diseases divide themselves into three
classes: superficial (topical, local) mycoses
(» dermatomycoses and gynaecological infec-
tions) subcutaneous and organ mycoses. This divi-
sion is important not especially for microbiologi-
cal reasons, but in the view of the different prob-
lems arising during treatment. Superficial mycoses
are not life threatening, but they are irritating.
Subcutaneous mycoses are also not life threaten-
ing but are associated with a high morbidity, and
deep mycoses, especially in immunosuppressed
patients, are life threatening showing a high mor-
tality rate in patients if untreated. The treatment
schedules (dose, duration of treatment, galenical
formulation) are strongly dependent on the locali-
sation of the fungal disease, on the pathogenicity
of the fungi and on the conditions of the host.
Additionally, the diagnosis of the disease is not
always guaranteed, therefore, a clear-cut, simple
description of clinical usage for antifungal drugs is
not possible.

Due to the divergence of fungal diseases there
is neither single best treatment nor a superior
drug for all diseases. However, a superior drug
does exist for dermatomycoses caused by dermat-
ophytes, namely the allylamine terbinafine (TER).
For the treatment of deep mycoses in immunosup-
pressed patients the most efficacious drug is the
polyene Amph B.

The therapy of » dermatomycoses and acute
vaginal infections is unproblematic. A large choice
of various drugs (all chemical classes and com-
pounds discussed above) in different galenical for-
mulations (crémes, tinctures, sprays, ovula, pow-
der, shampoo, nail lacquer and tablets) exists. All
drugs topically applied - used in various treat-
ment schedules - show high efficacy and a low
incidence of adverse reactions. For the treatment
of onychomycoses without matrix involvement
two nail lacquers (a morpholine and hydroxypy-
ron) are on the market showing high efficacy with
low (<1%) adverse reactions after topical therapy
for several months. A combination therapy with a
topical and a systemically applied antifungal drug
is the most efficacious and the most economic
therapy for onychomycosis with matrix involve-
ment. Systemic therapy is indicated if the dermat-
omycosis is widespread. The highest cure rate is

achieved with TER. TER is well tolerated in adults
and children. In ca 5% of the patients, mild and
reversible side effects have been observed: gas-
trointestinal, skin, central nervous system, respi-
ratory events and loss of taste. For acute vaginal
candidosis the treatment of choice with the high-
est compliance and best efficacy is one daily dose
of fluconazole.

Three fungal infections - Madura feet (myce-
toma), chromomycosis and » sporotrichosis -
fall into the category of subcutaneous mycoses,
their distribution is mainly in tropical and sub-
tropical areas. The ideal treatment for madura feet
caused by fungi is not yet established; the azoles
are of some benefit, however, neither the optimal
drug, dose, nor the treatment schedules are
known. Chromomycosis responds well to itraco-
nazole (ITRA) monotherapy or the combination of
5FC plus ITRA. ITRA has been set up as standard
therapy for cutaneous and lymphatic sporotricho-
sis.

Systemic Mycoses

Systemic mycoses are caused either by true patho-
genic fungi (endemic in distinct areas of USA/
South America) or by opportunistic fungi that
induce severe infections in immunosuppressed
patients. The arsenal for the treatment of deep
organ mycoses is relatively small: Amph B, 5FC,
azoles (fluconazole (FLU), ITRA, voriconazole
(NDA filing)) and CAS.

The polyene Amph B (intravenous formula-
tion) has the broadest spectrum, is fungicidal and
shows its superiority in immunosuppressed
patients. Its only drawback is its infusion-related
toxicity and its negative influence on renal func-
tion. Acute reactions to Amph B - usually fever
chills, rigor and nausea - can be ameliorated by
concomitant administration of meperidine, ace-
tomiophen or hydrocortisone. Additionally, there
is the possibility of tailoring time and duration of
infusion. Prevention of the chronic tubular injury
is feasible by salt loading. Encapsulation of Amph
B into liposomes or complexing of the drug with
other lipid carriers brings a major reduction of
nephrotoxicity. Three lipid-associated forms are
now available (Ambisome, Amph B lipid complex
and Amph B colloidal dispension). Due to its toxic
side effects Amph B is not widely used for preven-
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tion; it is, however, often used as empiric therapy
with high success rates.

Due to the rapid appearance of resistance, 5FC
is only used as a combination partner for the
intensive therapy of established severe fungal
infections caused by Candida spp, Cryptococcus
neoformans and Aspergillus sp. Anorexia, nausea,
vomiting, diarrhoea and or abdominal pain occur
in 6% of the patients. Of greater concern is the
potential for bone marrow depression (seen in 5%
of the patients, all with elevated 5FC levels).

Azoles. Generally the azoles are well tolerated in
children and adults; mild side effects like nausea
and vomiting are seen in <5% of the patients
treated with FLU.

Attention has to be given to the problem of
interaction between azoles and other drugs; these
are based on two mechanisms:

» inhibition of absorption of the azoles leading to
lower bioavailability or

d interference with the activity of hepatic micro-
somal enzymes, which alters the metabolism and
plasma levels of azole, the interacting drug or
both. This latter induces often increased toxicity
of the concomitant drug.

With FLU, only few drug interactions are seen,
namely with rifampicin (reduction of FLU),
phenytoin, cyclosporin, tolbutamide and warfarin
(increasing levels of concomitant drug). The inter-
actions with ITRA are more significant than with
FLU: H2 antagonists and all drugs increasing
intragastric pH decrease the absorption of ITRA.
Interactions due to hepatic enzymes are seen with
rifampicin (reducing the levels of ITRA to unde-
dectable levels), phenytoin, isoniazid, car-
bamazepin, phenobarbital, midazolam, triazolam,
digoxin, lovastatin terfenadine, warfarin and
cyclosporin. The list of interacting drugs is still
increasing.

Oral FLU is well established as first line therapy
for oropharyngeal candidosis and Candida
oesophagitis and for maintenance therapy in AIDS
patients with meningeal cryptococcosis. FLU (oral
or intravenous) is also efficacious in candidemia
without neutropenia. It shows efficacy in preven-
tion (attention: Aspergillus sp. are not in the spec-
trum) and empiric therapy. ITRA, being fungi-
cidal against Aspergillus sp., shows promising

results in aspergillosis, especially under intrave-
nous therapy, and is used as maintenance therapy
in AIDS patients with histoplasmosis. ITRA is the
first line therapy for histoplasmosis and blastomy-
cosis in HIV-negative patients. A combination of
ITRA plus 5FC may be the optimal therapy of
phaeohyphomycoses.

The glucan synthase inhibitor caspofungin
(intravenous formulation) is new on the market
for the treatment of invasive aspergillosis in
patients whose disease is refractory to, or who are
intolerant of, other therapies. During the clinical
trials fever, infused vein complications nausea,
vomiting and in combination with cyclosporin
mild transient hepatic side effects were observed.
Interaction with tacrolismius and with potential
inducer or mixed inducer/inhibitors of drug clear-
ance was also seen.
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Antigen

An antigen is a molecule recognised by specific
receptors on cells of the immune system such as B
lymphocytes.

» Immune Defense
» Humanized Monoclonal Antibodies

Antigen-presenting Cells

Antigen-presenting cells (APCs) are cells of the
immune system that are able to process and
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present foreign antigens to effector cells (e.g. cyto-
toxic T-cells or T-helper cells). The antigen is pre-
sented in the context of an MHC-I or MHC-II mol-
ecule on APCs in the presence of so-called co-
stimulatory molecules to activate the effector cells.

» Immune Defense

Antigen Presentation

Antigen presentation is the key mechanism allow-
ing T lymphocytes to survey whether intracellular
pathogens exist in the cells of the body. As T lym-
phocytes can only recognize antigen in the form of
peptides presented on specific molecules termed
major histocompatibility complex (MHC), anti-
gen-presenting cells instruct T cell reaction and
thus the development of adaptive immunity. Pro-
fessional antigen presenting cells (MHC class II
positive) are dendritic cells, monocytes/macro-
phages and B lymphocytes.

» Immune Defense

Antigen Receptors

Each T- and B-lymphocyte carries on its surface
one type of receptor which recognizes one specific
antigen. T cells carry the heterodimeric T cell anti-
gen receptor consisting of an alpha and beta chain.
This receptor recognizes a peptide presented by a
MHC (major histocompatibility complex) mole-
cule. B-cells express an immunoglobulin on their
surface which can recognize epitopes on antigens
of different sizes and qualities without the need for
presentation. Both forms of antigen receptors are
created by random genetic rearrangement during
the ontogeny of each individual lymphocyte. Both
types of antigen receptors require additional
transmembrane molecules for signal transduction.

» Immune Defense

Anti-gout Drugs

ROLAND SEIFERT
The University of Kansas, Lawrence, KS, USA
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Synonyms

Drugs for the treatment/management of » gout
and/or » hyperuricemia

Definition

Pathophysiology and dinical manifestations of gout
» Uric acid is the end product of purine catabo-
lism in man. Purines originate from food and the
degradation of nucleic acids and nucleotides.
» Xanthine oxidase (XOD) is the key enzyme in
purine degradation. XOD converts hypoxanthine
to xanthine, and xanthine to uric acid, respec-
tively (Fig. 1). Uric acid is filtered in the glomeru-
lus of the kidney, is almost completely absorbed in
the proximal tubules and secreted more distally
(Fig. 2). At physiological pH (~7.4), uric acid exists
predominantly in its ionic form (urate). At lower
pH, the fraction of uric acid molecules (prot-
onized form) increases. This is important because
uric acid possesses a lower solubility than urate.
Thus, a decrease in pH, as it occurs in inflammed
tissue and in the tubules, facilitates the formation
of uric acid crystals, which are the initial cause of
gout. In most mammals, the enzyme uricase con-
verts uric acid to the more soluble allantoin, but
humans do not express uricase. Of importance for
therapeutic intervention is the fact that xanthine
and hypoxanthine are more soluble than uric acid.
Specifically, by preventing uric acid formation
through XOD inhibition, the excretion of xanthine
and hypoxanthine increases, and the risk of uric
acid crystal formation decreases. An increase of
the serum uric acid concentration above
416 umol/L is referred to as hyperuricemia and is
associated with an increased risk of uric acid crys-
tal formation and acute attacks of gouty arthritis.
With a serum uric acid level of 535 umol/L, the
annual incidence of gouty arthritis is 4.9-5.7%.
Hyperuricemia can have genetic causes or
acquired causes. A defect of hypoxanthine-gua-
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Fig. 1 Xanthine oxidase-catalyzed reactions. Xanthine oxidase converts hypoxanthine to xanthine and xanthine
to uric acid, respectively. Hypoxanthine and xanthine are more soluble than uric acid. Xanthine oxidase also
converts the uricostatic drug allopurinol to alloxanthine. Allopurinol and hypoxanthine are isomers that differ
from each other in the substitution of positions 7 and 8 of the purine ring system. Although allopurinol is con-
verted to alloxanthine by xanthine oxidase, allopurinol is also a xanthine oxidase inhibitor. Specifically, at low
concentrations, allopurinol acts as a competitive inhibitor, and at high concentrations it acts as a non-competi-
tive inhibitor. Alloxanthine is a non-competitive xanthine oxidase inhibitor. XOD, xanthine oxidase.

nine phosphoribosyl transferase is the cause of
Lesch-Nyhan syndrome, resulting in increased
uric acid production. Among the genetically
caused defects, impaired renal uric acid secretion
is a very common cause of gout. Myeloproliferative
diseases, a purine-rich diet (e.g., meat, beer, beans,
peas, oatmeal, spinach), obesity and alcoholism
are common causes of acquired hyperuricemia
and result from increased uric acid production.
Renal diseases and the application of certain drugs
such as the tuberculostatic drug pyrazinamide,
thiazide diuretics, loop diuretics, acetylsalicylic
acid at doses of up to 1-2 g/day, and the immuno-
suppressant cyclosporin A are acquired causes of
impaired uric acid secretion.

Gout is the consequence of hyperuricemia and
is caused by uric acid deposits in joints, tendons,
bursae, kidney and urinary tract. In the USA, the
prevalence of gout is ~1% for all ages and both
sexes. The prevalence of gout is higher in men
than in women and exceeds 5% in men >65 years.
These epidemiologic data are important for drug
therapy since older patients are more sensitive to
side effects of anti-gout drugs than younger

patients. In the initial stage, gout is characterized
by asymptomatic hyperuricemia. In the second
stage, the disease manifests itself by acute gouty
arthritis. The third (intercritical) stage is asympto-
matic, and the fourth stage is characterized by
progressive uric acid deposits in joints, tendons,
bursae, kidney and urinary tract (tophus forma-
tion). Uric acid deposits result in the deformation
and loss of function of joints and recurrent epi-
sodes of urate lithiasis. Uric acid deposits in the
kidney and urate lithiasis can ultimately result in
renal failure.

Fig. 3 illustrates important pathophysiologic
events leading to acute gouty arthritis. Once the
concentration of uric acid exceeds its solubility,
uric acid crystals form in the synovial fluid of
joints. Subsequently, the uric acid crystals are
phagocytosed by synoviocytes that form the inner
cell layer of joints. Next, synoviocytes release
numerous mediators of inflammation including
leukotriene B, (LTB,), prostaglandin E, (PGE,),
platelet-activating factor (PAF), histamine, inter-
leukins (ILs) 1, 6 and 8 and tumor necrosis factor-
o that in conjunction with products of the comple-
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Fig. 2 Reabsorption and secretion of uric acid in the
proximal renal tubulus. a, Normal situation. Uric acid
is completely reabsorbed in the proximal segment of
the renal tubulus and secreted more distally. b, Situa-
tion in untreated hyperuricemia. In most genetically
caused cases of gout, uric acid secretion is defective
(1). ¢, Situation in hyperuricemia under treatment
with uricosouric drugs. 2, Inhibition of uric acid
secretion by uricosuric drugs at low doses. 3, Inhibi-
tion of uric acid secretion and reabsorption by urico-
suric drugs in therapeutic doses. The inhibition of
uric acid secretion with low doses of uricosuric drugs
can further increase blood levels of uric acid and
induce attacks of acute gouty arthritis.

ment cascade (Csa and C3a) and kinins (bradyki-
nin) induce an inflammatory response. Moreover,
LTB,, PAF, Csa and IL-8 attract polymorphonu-
clear leukocytes (neutrohpils). Neutrophils
migrate into affected joints along a concentration
gradient of these inflammatory mediators (chemo-
taxis). Accordingly, LTB 4 PAF, Csa and IL-8 are
also referred to as chemoattractants. Once present
in joints, neutrophils phagocytose uric acid crys-
tals. Uric acid crystals and chemoattractants trig-
ger the release of cytotoxic lysosomal enzymes,
NADPH oxidase-catalyzed formation of reactive
oxygen species, LTB, formation and the release of
other pro-inflammatory molecules from neu-
trophils. The latter molecules attract additional
neutrophils and mononuclear phagocytes. Moreo-
ver, neutrophils generate lactate that decreases the
pH within the joint and further accelerates uric
acid crystal formation. Oxygen radicals and lyso-
somal enzymes cause damage to tissues. Thus, the

presence of uric acid crystals in joints triggers a
vicious cycle, resulting in an extremely painful
inflammation. A typical localization of acute gouty
arthritis is the first metatarsal joint of the foot
(podagra). The diagnosis of acute gouty arthritis
is confirmed by the detection of urate crystals in
the joint or tophus.

» Inflammation

Anti-gout drugs

Fig. 4 shows the structures of commonly employed
anti-gout drugs. The treatment of acute gouty
arthritis aims at rapidly reducing the pain and
inflammatory reaction. This aim can be achieved
by treatment with colchicine. In addition, » non-
steroidal anti-inflammatory drugs (NSAIDs),
» glucocorticoids and adrenocorticotropic hor-
mone (ACTH) can be used to treat acute gouty
arthritis. However, since NSAIDs and glucocorti-
coids are used in numerous other commonly
occurring inflammatory conditions, they are not
per se considered specific anti-gout drugs. Gluco-
corticoids can be given systemically (orally, intra-
muscularly or intravenously) or locally into
afflicted joints. The long-term goals of gout treat-
ment are the prevention of acute gouty arthritis,
the prevention of urate lithiasis and renal failure
and the resorption of existing uric acid deposits in
the joints and urinary tract. The long-term ther-
apy aims at reducing the serum concentration of
uric acid below 357 umol/L. Therapy with the
» uricostatic drug allopurinol and the
» uricosuric drugs benzbromarone, sulfinpyra-
zone or probenecid can accomplish the long-term
goals. These drugs are well tolerated in most
patients. Uricostatic and uricosuric drugs can be
combined. Additionally, low doses of colchicine
can be used to prevent the occurrence of acute
gouty arthritis. However, as is unfortunately often
the case with classic diseases, there are only few
well conducted clinical studies assessing the clini-
cal efficacy and safety of anti-gout drugs.

Mechanism of Action

Colchicine

Colchicine is an alkaloid from the autumn crocus
Colchicum autumnale. Colchicine binds to the
cytoskeletal protein » tubulin and, thereby, pre-
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vents microtubule formation. As a result, colchi-
cine inhibits neutrophil chemotaxis and the influx
of these cells into areas containing uric acid crys-
tals (Fig. 3). Colchicine also inhibits neutrophil
phagocytosis. As a result, colchicine interrupts the
vicious cycle of inflammation in gouty arthritis.
However, because of its mechanism of action, col-
chicine is most effective only when given in the
early stages of gouty arthritis, i.e. within 24 hours.
Otherwise, the inflammatory reaction may be too
advanced. Specifically, colchicine is effective in
> 90% of patients when given within the first few
hours after the start of the attack, but after
24 hours, the responsiveness decreases to 75%.
Given the very significant side effects of colchi-
cine, it is absolutely crucial to initiate colchicine
therapy as early as possible.

Allopurinol

Allopurinol is an analog of hypoxanthine and is
converted to alloxanthine by XOD. Both allopuri-
nol and hypoxanthine inhibit XOD (Fig. 1).
Alloxanthine is a non-competitive inhibitor of
XOD as is allopurinol at high concentrations. At
low concentrations, allopurinol is a competitive
inhibitor of XOD. As a result of XOD inhibition,
the formation of the poorly soluble uric acid is
reduced, whereas the formation of the more solu-
ble metabolites hypoxanthine and xanthine is
increased. Because of the good solubility of hypox-
anthine and xanthine, formation of hypoxanthine/
xanthine crystals is a rare complication of allopu-
rinol treatment. Another consequence of XOD
inhibition is the accumulation of the precursor of
xanthine, inosine. Inosine inhibits the key enzyme
of de novo purine synthesis, phosphoribosyl-pyro-
phosphate amidotransferase. The allopurinol
metabolite allopurinol ribonucleotide also inhib-
its phosphoribosyl-pyrophosphate amidotrans-
ferase. Inhibition of purine biosynthesis contrib-
utes to the anti-hyperuricemic effects of allopuri-
nol.

Uricosuric drugs

Depending on the dose applied, uricosuric drugs
inhibit tubular reabsorption and tubular secretion
of uric acid in the kidney differentially (Fig. 2). At
low (subtherapeutic) doses, uricosuric drugs
inhibit uric acid secretion without inhibiting reab-
sorption. Therefore, low doses of uricosuric drugs

can actually increase serum levels of uric acid and
trigger acute attacks of gouty arthritis. At higher,
i.e. therapeutic doses, uricosuric drugs inhibit
both tubular secretion and tubular reabsorption.
Since inhibition of tubular reabsorption is quanti-
tatively more important than inhibition of tubular
secretion, the net effect is an increased renal elimi-
nation of uric acid. In order to avoid formation of
uric acid crystals in the kidney and urinary tract,
it is important that the pH of the urine is kept
> 6.0. This goal can be achieved by the oral
administration of potassium sodium hydrogen cit-
rate, sodium bicarbonate or acetazolamide. In
addition, it is mandatory that the patient drinks at
least 3L per day to avoid formation of uric acid
crystals.

New strategies

Based on the pathophysiological events in gouty
arthritis shown in Fig. 3, new therapeutic strate-
gies for the treatment of gout may be developed.
Specifically, complement components, bradyki-
nin, LTB » PGE,, PAE, histamine, interleukins and
other cytokines exert their biological effects
through specific receptors. Thus, antagonists for
specific receptors and/or antibodies against spe-
cific signaling molecules or receptors may allevi-
ate the clinical symptoms. However, the clinical
efficacy of such drugs depends on the relative con-
tribution of the respective mediator of inflamma-
tion in the pathogenesis of gouty arthritis, which
has yet to be assessed. NSAIDs that selectively
inhibit cyclooxygenase 2 (COX-2) are assumed to
specifically inhibit prostanoid formation in
inflammed areas but not in other locations such as
the gastric mucosa. Accordingly, COX-2 inhibitors
have less gastrointestinal side effects than the clas-
sic NSAIDs with no or little selectivity for COX-2
relative to COX-1. However, COX-2 inhibitors may
have other side effects, and COX-1 inhibition may
be of some relevance for the therapeutic efficacy of
NSAIDs.

Clinical Use (incl. side effects)

Colchicine

Daily doses of 3-8 mg (6-8 times 0.5-1.0 mg) are
used for the treatment of acute gouty arthritis. For
prophylaxis, daily doses of 0.5-1.5 mg are used, but
the use of colchicine for prophylaxis is controver-
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< Fig. 3 Important pathophysiologic events in acute gouty arthritis. Uric acid crystals activate the complement
cascade, the formation of kinins and the release of various mediators of inflammation from synoviocytes that
phagocytose uric acid crystals. The combined action of the released mediators induces a strong inflammatory
reaction that is further enhanced by neutrophils. Neutrophils migrate along a concentration gradient to loci in
which C5a, LTB,, PAF and IL-8 are produced (chemotaxis). Accordingly, C5a, LTB,, PAF and IL-8 are also
referred to as chemoattractants. Neutrophils phagocytose uric acid crystals. Upon exposure to uric acid crystals
and chemoattractants, neutrophils release various mediators of inflammation, reactive oxygen species and
lysosomal enzymes. The concerted effects of all theses compounds amplify the inflammatory reaction even
further. Colchicine interrupts the vicious cycle of inflammation predominantly by inhibiting neutrophil
chemotaxis. IL-1, interleukin 1; IL-6, interleukin 6; IL-8, interleukin 8; LTB,, leukotriene B;; MCP, monocyte

chemoattractant protein; PAF, platelet-activating factor; PGE,, prostaglandin E,; TNF-o., tumor necrosis
factor-o.
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Fig. 4 Structures of commonly used anti-gout drugs. Colchicine is an alkaloid from the autumn crocus Colchi-
cum autumnale and inhibits tubulin polymerization. Allopurinol is an isomer of xanthine and inhibits uric acid

formation (uricostatic drug). Benzbromarone, sufinpyrazone and probenecid are uricosuric drugs and inhibit
uric acid reabsorption in the proximal tubulus of the kidney.
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sial. The side effects of colchicine are very signifi-
cant. About 80% of the patients experience gas-
trointestinal problems including nausea, vomiting
and diarrhea. The anti-mitotic effects of colchicine
can result in thrombocytopenia, agranulocytosis,
hair loss and azoospermia. In the central nervous
system, confusion, ascending paralysis, respira-
tory failure and seizures have been reported.
These side effects can be explained by the fact that
intact microtubules are essential for proper trans-
port functions in neuronal axons. Moreover, col-
chicine can cause myopathy. Because of the signifi-
cant side effects, many physicians prefer to treat
acute gouty arthritis with NSAIDs or glucocorti-
coids. Although colchicine is a classic anti-gout
drug, colchicine can also be used to treat other
inflammatory diseases including amyloidosis,
Dupuytren’s contracture, Behcet’s syndrome, vas-
culitis, various forms of hepatic cirrhosis, pulmo-
nary fibrosis, pericarditis and various inflamma-
tory diseases of the skin. Colchicine is extensively
metabolized through the hepatic cytochrome CYP
3A4. Accordingly, inhibitors of CYP 3A4 such as
diltiazem, gestodene, grapefuit juice, ketocona-
zole and macrolide antibiotics prolong and
enhance the pharmacological (and toxic) effects of
colchicine. Drugs that are inactivated via CYP 3A4
such as steroid hormones, lidocaine, midazolam,
quinidine, terfenadine, nifedipine and verapamil
can also prolong colchicine action. Because of its
anti-mitotic effects, colchicine should not be used
in pregnant women.

Allopurinol

The daily dose of allopurinol is 300-600 mg. In
combination with benzbromarone, the daily allop-
urinol dose is reduced to 100 mg. In general, allop-
urinol is well tolerated. The incidence of side
effects is 2-3%. Exanthems, pruritus, gastrointesti-
nal problems and dry mouth have been observed.
In rare cases, hair loss, fever, leukopenia, toxic epi-
dermolysis (Lyell syndrome) and hepatic dysfunc-
tion have been reported. Allopurinol inhibits the
metabolic inactivation of the cytostatic drugs aza-
thioprine and 6-mercaptopurine. Accordingly, the
administered doses of azathioprine and 6-mercap-
topurine must be reduced if allopurinol is given
simultaneously.

Uricosuric drugs

Benzbromarone. The daily dose of benzbromar-
one is 50-200 mg. In combination with allopuri-
nol, the benzbromarone dose is reduced to 20 mg.
Benzbromarone is well tolerated. Rare side effects
are headaches, gastrointestinal problems and
exanthems.

Probenecid. The daily dose of probenecid is 0.5-
3.0 g. Probenecid is well tolerated, and there are
few serious side effects. In less than 10% of the
treated patients, gastrointestinal disturbances,
hypersensitivity and skin reactions occur.

Sulfinpyrazone. The daily dose of sulfinpyrazone is
200-400 mg. The side effects of sulfinpyrazone are
comparable with those of probenecid. A potential
therapeutic advantage of sulfinpyrazone in
patients with coronary heart disease and throm-
boembolic diseases is its inhibitory effect on plate-
let aggregation.
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Antihistamines

The term antihistamines describes drugs which
bind to the H,-histamine receptor and antagonize
(block) the histamine effect in Type I allergic
responses.

» Histaminergic System
» Allergy
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Synonyms
Antihypertensives; blood pressure lowering drugs

Definition

Reducing blood pressure by pharmacological
means reduces cardiovascular morbidity and mor-
tality rates. Benefits include protection from
stroke, coronary events, heart failure, progression
of renal disease, progression to more severe hyper-
tension, and, most importantly mortality from all
causes. Owing to the complexity of the pathogene-
sis of hypertension, antihypertensive drugs are
directed against a variety of pharmacological tar-
gets in various cell types in different organs
involved in blood pressure control.

» ACE Inhibitors

» Blood Pressure Control

» Ca?* Channel Blockers

» Diuretics

» Renin-Angiotensin-Aldosterone System

Mechanism of Action

The fundamental mechanisms involved in blood
pressure control have been outlined in chapter
‘Blood pressure control’. In addition to direct neu-
ronal modulation of arterial pressure two neuro-
humoral systems, i.e. the sympathetic nervous sys-
tem and the renin-angiotensin-aldosterone sys-
tem (RAS) play a pivotal role in blood pressure
control. Both systems are always either directly or

indirectly affected by treatment with any antihy-
pertensive drug. Antihypertensives agents can be
categorized into seven different drug classes
(Fig.1) (1). Centrally-acting antihypertensive
drugs can be classified according to their relative
affinities to o,- and imidazoline (I,) receptors.
Clonidine is considered as a mixed o.,- and I,-ago-
nist, whereas moxinidine acts as a relative sel-
ecitve I;-agonist. Methyldopa is a selective o.,-ago-
nist. Administration of clonidine results in
decreased cardiac output, a preservation of
baroreflexes with a relative reduction in tendency
of heart rate to rise, and little change in peripheral
resistance. Methyldopa decreases sympathetic out-
flow predominantly to the o,-receptors of the arte-
rioles, thereby reducing peripheral resistance with
little (but some) effect on the heart. The barore-
ceptor arc is impaired because of the effect on
arterioles (2). Direct vasodilators such as minoxi-
dil and hydralazine work by opening potassium
channels in vascular smooth muscle cells in arteri-
oles, which leads to K* efflux and hyperpolariza-
tion. Since the heart is not directly affected, direct
vasodilators lead when used alone to reflex
increases in heart rate and force of contraction; a
significant neurohumoral activation of both the
sympathetic nervous system and RAS occurs.
Because of the activation of counter-regulatory
systems, the simultaneous use of 3-blockers and
diuretics is generally required (3). Selective o,
blockers inhibit the action of norepinephrine
(noradrenaline) at arteriolar receptors, thereby
leading also to activation of counter-regulatory
systems (4). Calcium channel blockers act prima-
rily as inhibitors of vasoconstriction by blocking
L-type calcium channels in vascular smooth mus-
cle cells. However, there are two different main
classes (dihydropyridines and non-dihydropyrid-
ines), which work on different sites within the L-
channel and hence produce different effects in the
kidney, heart and vasculature. The non-dihydro-
pyridines verapamil and diltiazem blunt increases
in heart rate in response to exercise and have both
negative inotropic and negative chronotropic (ver-
apamil>diltiazem) effects; most dihydropyridines
do not have major cardiodepressant effects
because the long-acting agents slightly increase
sympathetic nervous system tone, while this nega-
tive effect is even more pronounced with short-
acting agents. In general, dihydropyridines lead to
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increases in heart rate and do not blunt the
increase in heart rate response to exercise. Cal-
cium channel blockers have a slight (transient)
natriuretic effect (5). The competitive inhibition of
B-blockers on B-receptors results in numerous
effects on functions that regulate blood pressure,
including a reduction in cardiac output, a decrease
in renin release, perhaps a decrease in both central
sympathetic nervous outflow and peripheral
resistance. The view that the primary effect is a
reduction in cardiac output as a result from the
blockade of cardiac f3,-receptors with a subsequent
reduction of heart rate and myocardial contractil-
ity has been questioned. Indeed, it seems that
although cardiac output usually falls acutely and
remains lower chronically, peripheral resistance
on the other hand rises acutely but falls towards, if
not to, normal with time. Thus, the hemodynamic
hallmark of chronic established hypertension, that
is an increased peripheral resistance, is also nor-
malized by B-blockers. All currently available -
blockers antagonize cardiac 3,-receptors competi-
tively, but they vary in their degree of 3,-receptor
blockade in extra cardiac tissues. However, there
seems to be little difference in antihypertensive
efficacy among those that are more or less cardio-
or Pi-selective. Although the presence of intrinsic
sympathomimetic activity (ISA) in some com-
pounds such as pindolol and acebutolol could in
theory translate into some beneficial effects, there
is little convincing evidence that partial agonism
confers significant clinical benefits. The newer
compounds carvedilol and nebivolol produce
additional vasodilator features that are attributa-
ble either to the additional blockade of ci-recep-
tors (carvedilol) or endothelial nitric oxide release
(nevibolol) (6). The mode of action of diuretics
depends on their major site of action within the
nephron (Fig. 1). These differences determine their
relative efficacy as expressed in the maximal per-
centage of filtered sodium excreted. Sixty percent
of the filtered sodium is reabsorbed in the proxi-
mal tubule of the nephron. Thirty percent is reab-
sorbed in the thick ascending limb of Henle by
» Na*/K*/2Cl" cotransport, which is inhibited by
loop diuretics. Seven percent is reclaimed by Na*/
Cl” cotransport in the distal convoluted tubule,
which is inhibited by thiazide diuretics. The last
2% is reabsorbed via the » epithelial sodium chan-
nel (ENaC) in the cortical collecting duct, which is

a target either directly (amiloride, triamterene) or
indirectly via the mineralocorticoid receptor
(spironolactone) for potassium-sparing agents
(Fig. 1).

Agents acting in the proximal tubule are seldom
used to treat hypertension. Treatment is usually in-
itiated with a thiazide-type diuretic. Chlortha-
lidone and indapamide are structurally different
from thiazides but are functionally related. If renal
function is severely impaired (i.e. serum creatinine
above 2.5 mg/dl), aloop diuretic is needed. A potas-
sium-sparing agent may be given with the diuretic
to reduce the likelihood of hypokalemia. By them-
selves, potassium-sparing agents are relatively
weak antihypertensives (7). In general, there are
four ways to reduce the activity of the RAS. The first
way is the use of B-blockers to reduce renin release
from the juxtaglomerular (JG). The second way, the
direct inhibition of the activity of renin, although
being actively investigated has not been successful
in the clinical arena thus far. The third way is to in-
hibit the activity of the » angiotensin converting
enzyme (ACE), which converts the inactive de-
capeptide angiotensin I to the potent octapeptide
angiotensin IT (Ang II), by agents referred to as ACE
inhibitors. Thus, these agents inhibit the biosynthe-
sis of Ang IT and thereby decrease the availability of
Ang II at both angiotensin type 1 (AT,) and angi-
otensin type 2 (AT,) receptors. The fourth way is to
use a competitive and selective antagonist at the
AT, receptor (i.e. AT, antagonists) and thereby to
inhibit the classical effects mediated by Ang II such
as vasoconstriction and aldosterone release. ACE
inhibitors exhibit additional effects that are inde-
pendent from RAS such as on kinins, since ACE is
also a kininase. Although the clinical relevance is
not fully understood, blood pressure effects medi-
ated via inhibition of breakdown of bradykinin may
contribute to the vasodilatory effects of ACE inhib-
itors. Some of the latter effects could be mediated
via kinin stimulation of prostaglandin production.
In addition to these effects on vascular tone, multi-
ple other effects may contribute to the antihyper-
tensive effects of ACE inhibitors. The blunting of
the expected increase in sympathetic nervous ac-
tivity typically seen after vasodilation is potentially
of greater importance for the documented clinical
benefits of ACE inhibitors. As a result, heart rate is
not increased as is seen with direct vasodilators, o.-
blockers and less pronounced with dihydropyrid-
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ine calcium channel blockers. The presence of the
complete RAS within various tissues including the
vasculature, kidney, heart and brain has been dem-
onstrated and the activation of the RAS at the tissue
level seems to play - beyond its role on blood pres-
sure regulation - an important role for the manifes-
tation and progression of hypertensive target organ
damage in these organs. Our understanding of the
molecular mechanisms by which Ang II contributes
to both structural and functional changes, e.g. due
to its growth factor capacity, at the tissue level con-
tinues to expand. Consequently, the inhibition of

activity of other enzymes

in different tissues such as

chymase in the heart;

DCT, distal convoluted

tubule (DCT); CCT, corti-
© cal collecting duct; TAL,
thick ascending limb of
the loop of Henle; (-),
indicates inhibition. Mod-
ified according to refer-
TAL ence 3.

Loop diuretics

tissue ACE may play an important role for the pre-
vention and regression of hypertensive target organ
damage that has been documented for these agents
in experimental and clinical studies.

The major obvious difference between AT,
antagonists and ACE inhibitors is the absence of
an increase in kinins that may be responsible for
some of the beneficial effects of ACE inhibitors
and probably their side effects. Direct comparison
between the two types of drugs show little differ-
ences in antihypertensive efficacy but cough, a
common side effect seen with ACE inhibitors, is
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Tab.1 Common side effects of antihypertensive drugs.

Class of Drug

Side Effects

ACE inhibitors

cough, hyperkalemia, skin reactions

AT/ -antagonists

hyperkalemia
(less frequent compared with ACE inhibitors)

Dihydropyridine
Calcium channel blockers
Non-Diyhdropyridine

pedal edema, headache

constipation (verapamil); headache (diltiazem)

Diuretics frequent urination, hyperuricemia,
hyperglycemia, hyperlipidemia
0.2-receptor agonists
Centrally acting drugs sedation, dry mouth, rebound hypertension

Imidazoline-receptor agonists

Central neuronal blockers

depression, sedation, nasal congestion

(reserpine)

o-blockers orthostatic hypotension, rapid drop of blood
pressure after first dose, pedal edema, dizziness

B-blockers fatigue, hyperglycemia, bronchospasm

Potassium channel openers

hypertrichosis (minoxidil); lupus-like reactions
and pedal edema (hydralazine)

Modified according to reference 3

not provoked by AT, antagonists, although
angioedema and ageusia have also been reported
for these newer agents.

Clinical Use (incl. side effects)

Recent consensus committees, including the Sixth
Report of the Joint National Committee on Preven-
tion, Detection, Evaluation, and Treatment of High
Blood Pressure (JNC VI) and the World Health Or-
ganisation-International Society of Hypertension
(WHO-ISH) Guidelines Subcommittee, have mod-
ified traditional treatment recommendations in
several important ways.

Criteria for initiation of drug treatment now
take into consideration total cardiovascular risk
rather than blood pressure alone, such that treat-
ment is now recommended for persons whose
blood pressure is in the normal range but still bear
a heavy burden of cardiovascular risk factors.
Thus, the role of simultaneous reduction of multi-
ple cardiovascular risk factors in improving prog-
nosis in hypertensive patients is stressed. In addi-

tion, more aggressive blood pressure goals are rec-
ommended for hypertensive patients with
comorbid conditions such as diabetes mellitus or
renal insufficiency.

Finally, drug treatment in the elderly is of great
importance and warrants special attention with
regard to safety and tolerability, since systolic
blood pressure is recognized as an important tar-
get for treatment, particularly in older persons.
The benefits of antihypertensive treatment in the
elderly and in patients with isolated systolic
hypertension are greater than in younger persons.

As a consequence for drug treatment, an
increasing number of patients will be treated with
antihypertensive compounds and the importance
of tailoring the choice of antihypertensive drug
treatment to the patients individual profile of con-
comitant cardiovascular risk factors/comorbid
conditions has to be emphasized. Moreover, it is
reasonable to individualize antihypertensive treat-
ment on the basis of each patient’s personal needs
with respect to tolerability, convenience and qual-
ity of life. Initiation of treatment with a drug that
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is expected to be well tolerated and therefore likely
to be effective in lowering blood pressure over
time is prudent (common side effects are listed in
Table 1). Long-acting agents are preferable because
adherence to therapy and consistency of blood
pressure control are superior when the drug is
taken once a day. Low-dose, fixed-dose combina-
tion therapy can be used in place of monotherapy
as initial treatment or as an alternative to adding a
second agent of a different therapeutic class to

unsuccessful monotherapy. The advantage of this
approach is that low doses of drugs that act by dif-
ferent mechanisms may have additive or synergis-
tic effects on blood pressure with minimal dose-
dependent adverse effects. Giving the patient a
single tablet provides an additional benefit. A case
in point represents the well-established combina-
tion of an ACE inhibitor or AT1-antagonist with
low-dose hydrochlorothiazide, which does not
produce more side effects than placebo.

ALGORITHM FOR THE TREATMENT OF HYPERTENSION

‘v

Begin or Continue Lifestyle Modifications

'

Not at Goal Blood Pressure (<140/90 mmHg)

Lower goals for patients with diabetes or renal di

v

Initial Drug Choice®

Uncomplicated Hypertension* Compelling Indications*

Diuretics
Beta blockers

Diabetes mellitus with albuminuria/proteinuria
- ACE inhibitors (Type 1 diabetes)$
- AT, antagonists (Type 2 diabetes) §
Heart failure
- ACE inhibitors$
- Diuretics (generally Loop diuretics)

Isolated systolic hypertension (older patients)
- Diuretics preferred (generally Thiazides)

Some specific indications exist
for the following drugs:

- ACE inhibitors

- AT, antagonists

- Alpha blockers

- Beta blockers

- Calcium channel blockers

- Diuretics

Myocardial infarction

- Beta blockers (non-ISA)

- ACE inhibitors (with systolic dysfunction)
Stroke

- ACE inhibitors$

Left ventricular hypertrophy (ECG criteria)
- AT, antagonists$
(pronounced benefit in diabetic patients)

- Start with a low dose of a long-acting once-daily drug providing 24 hours-coverage.

- Titrate dose, but rather than using maximal dose try another class or change to low-dose
combination therapy.

- In some patients (stage 3 hypertension) or with more severe hypertensive target organ
damage to start with low-dose combination therapy may be appropriate.

- Long-acting dihydropyridine calcium channel blocker

4

Not at Goal Blood Pressure

No response or troublesome side effects Inadequate response but well tolerated

Substitute another drug Add a second agent from a
from a different class different class

v '

Not at Goal Blood Pressure

‘v

Continue adding agents from other classes.
Consider referral to a hypertension specialist.

Fig. 2 Algorithm for the
treatment of hyperten-
sion. # Unless contraindi-
cated; * based on
randomized controlled
trials; § Evidence sug-
gests that the beneficial
effects of ACE inhibitors
can be duplicated with
AT antagonists (and
probably vice versa).
Thus, ACE inhibitors
could be substituted by
AT, antagonists in the
case of troublesome side
effects, such as cough
under treatment with ACE
inhibitors. Modified
according to reference 5.
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Many of the concepts of antihypertensive treat-
ment put forward are adopted from the algorithms
recommended by the JNC VI (Fig. 2). Treatment
should always include lifestyle modifications. For
the minority of hypertensive patients without
comorbid conditions, target organ damage, or
concomitant cardiovascular disease, the JNC VI
recommends starting drug therapy with a diuretic
(i.e. thiazides) or B-blocker because these agents
had been proven to lower morbidity and mortal-
ity compared with placebo in randomized control-
led trials. Secondly, they are less costly than newer
classes of drugs. Therefore, the era of placebo-con-
trolled trials is past and any new agents can only
be compared against the gold standard of diuretics
and B-blockers. Overall, these early trials with diu-
retics and B-blockers established a greater reduc-
tion of risk related to stroke (-40%) than the risk
related to coronary heart disease (-14%). While
diuretics are more effective in preventing stroke
than B-blockers the opposite holds true for cardiac
risk. A reduction in cardiovascular risk has also
been documented for the ACE-inhibitor captopril
and in elderly patients with isolated systolic
hypertension for the dihydropyridine calcium
channel blocker (nitrendipine). However, out-
come trials comparing two anti-hypertensives
require large groups of patients, because the risk
in patients with mild-to-moderate essential hyper-
tension is low, and intervention trials are usually
limited to duration of 5 years. Therefore, differ-
ences between drug classes have been documented
when patients with higher absolute cardiovascu-
lar risk and/or comorbid conditions were studied.
Compelling indications that have been established
in randomized controlled trials are summarized in
Fig. 2.
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Definition

Integrins are a widely expressed family of cell
adhesion receptors via which cells attach to extra-
cellular matrices either to each other or to differ-
ent cells. All integrins are composed of o het-
erodimeric units, expressed on a wide variety of
cells, and most cells express several integrins. The
interaction of integrins with the cytoskeleton and
extracellualr matrix appears to require the pres-
ence of both subunits. The binding of integrins to
their ligands is cation-dependent. Integrins appear
to recognize specific amino acid sequences in their
ligands. The best studied is the RGD sequence
found within a number of » matrix proteins

including fibrinogen, vitronectin, fibronectin,
thrombospondin, osteopontin and VWEF. How-
ever, other integrins bind to ligands via non-RGD
binding domain such as the 04P1 integrin recep-
tors that bind and recognize the LDV sequence
within the CS-1 region of fibronectin. There are at
least 8 known [ subunits and 14 o subunits (1, 2, 3,
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4). Although the association of the different 3 and
o subunits could in theory result in more than 100
integrins, the actual diversity is restricted.

» Angiogenesis and Vascular Morphogenesis
» Antiplatelet Drugs

Basic Characteristics

Integrin adhesion receptors contain an extracellu-
lar face that engages adhesive ligands and a cyto-
plasmic face that engages with intracellular pro-
teins. The interactions between the cell adhesion
molecules and extracellular matrix proteins are
critical for cell adhesion and for anchorage-
dependent signaling reactions in normal and
pathological states. For example, platelet activa-
tion induces a confirmational change in integrin
olIb/B3, thereby converting it into a high affinity
fibrinogen receptor. Fibrinogen binding then trig-
gers a cascade of protein tyrosine kinases, phos-
phatases and recruitment of numerous other sign-
aling molecules into F-actin-rich cytoskeletal
assemblies in proximity to the cytoplasmic tails of
olIb and B3 (5). These dynamics appear to influ-
ence platelet functions by coordinating signals
emanating from integrins and G protein-linked
receptors (5). Studies of integrin mutations con-
firm that the cytoplasmic tails of aIIb/B3 are
involved in integrin signaling presumably through
direct interactions with cytoskeletal and signaling
molecules (5). Blockade of fibrinogen binding to
the extracellular face of aIIb/B3 has been shown to
be an effective way to prevent arterial
» thrombosis after coronary angioplasty in myo-
cardial infarction and unstable angina patients

(6).

Pathophysiology and Therapeutic Potential

The role of integrins has been found in various
pathological processes, including » angiogenesis,
thrombosis, apoptosis, cell migration and prolifer-
ation. These processes lead to both acute and
chronic diseases such as ocular diseases, metasta-
sis, unstable angina, myocardial infarction, stroke,
» osteoporosis, and a wide range of inflammatory
diseases, vascular remodeling and neurodegenera-
tive disorders. A breakthrough in this field is evi-
dent from the role of the platelet aIIbB3 integrin in
the prevention, treatment and diagnosis of vari-

ous thromboembolic disorders. Additionally, sig-
nificant progress in the development of leukocyte
041 antagonists for various inflammatory indica-
tions and ov integrin antagonists for angiogenesis
and vascular-related disorders has been achieved.

B1 Integrins

04P31Integrin. The largest numbers of integrins
are members of the 1 integrins, also known as the
very late antigen (VLA) subfamily because of its
late appearance after activation. There are at least
seven receptors characterized from this subfamily,
each with different ligand specificity. Among the
most studied include the 041 and o501 receptors.
The leukocyte integrin 0i4P1 is a cell adhesion
receptor that is predominantly expressed on lym-
phocytes, monocytes and eosinophils (7).

Potent and Selective Small Molecule Antagonists of
04P31Integrins. The o4P1 integrins are het-
erodimeric cell surface molecules central to leuko-
cyte-cell and leukocyte-matrix adhesive interac-
tions. The integrin oi4P1, expressed on all leuko-
cytes except neutrophil, interacts with the
immunoglobin superfamily member VCAM-1 and
with an alternately spliced form of fibronectin.
Additionally, the integrin 0437 is also restricted to
leukocytes and can bind not only to VCAM1 and
fibronectin, but also to MAACAM the mucosal
addressin or homing receptor, which contains Ig-
like domains related to VCAM-1 (8). In vivo stud-
ies with a4p1 monoclonal antibodies in several
species demonstrate that the interactions between
these integrins and their ligands play a key role in
immune and » inflammatory disorders (9) and
selected ones are in clinical trials.

o531 Integrin in Angiogenesis. In contrast to colla-
gen, expression of the extracellular matrix protein
fibronectin in provisional vascular matrices pre-
cedes permanent collagen expression and provides
signals to vascular cells and fibroblasts during
blood clotting and wound healing, atherosclerosis
and hypertension (10). Fibronectin expression is
also upregulated on blood vessels in granulation
tissues during wound healing. These observations
suggest a possible role for this isoform of fibronec-
tin in angiogenesis. Evidence was recently pro-
vided that both fibronectin and its receptor
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integrin a5B1 directly regulate angiogenesis (11).
Thus, integrin antagonist for o5B1 integrin might
be a useful target for the inhibition of angiogen-
esis associated with human tumor growth; neovas-
cular related ocular and inflammatory diseases.

o581 Integrin and Bacterial Invasion. Recent stud-
ies suggested a key role for o5B1 integrin in certain
bacterial invasion of human host cells leading to
antibiotic resistance (12).

B3 Integrins

Intravenous and Oral Platelet ollb/33 Receptor Antag-
onists: Potential Clinical Utilities. There is an urgent
need for more efficacious antithrombic drugs
superior to aspirin or ticlopidine for the preven-
tion and treatment of various cardiovascular and
cerebrovascular thromboembolic disorders. The
realization that the platelet integrin oIIbpB3 is the
final common pathway for platelet aggregation
regardless of the mechanism of action prompted
the development of several small molecule aIIb/33
receptor antagonists for intravenous and/or oral
antithrombotic utilities. Platelet aIIb/P3 receptor
blockade represents a very promising therapeutic
and diagnostic strategy of thromboembolic disor-
ders. Clinical experiences (efficacy/safety) gained
with injectable aIIbB3 antagonists (Abciximab,
Eptifibatide, Aggrastat) elucidate the safety and
efficacy of this mechanism in combination with
other antiplatelet and anticoagulant therapies.

Orally Active GPIIb/llla Antagonists. A high level of
platelet antagonism has been required when
GPIIb/IIIa antagonists have been employed for
acute therapy of coronary arterial diseases using
intravenous GPIIb/IIIa antagonists with heparin
and aspirin. Interaction with aspirin and other
antiplatelet and anticoagulant drugs lead to shifts
in the dose-response curves for both efficacy and
unwanted side effects, such as increased bleeding
time. More recently, all oral GPIIb/IIIa antago-
nists with or without aspirin but not with antico-
agulant were withdrawn because of a disappoint-
ing outcome (no clinical benefit or increased
thrombotic events). This raises a lot of serious
questions with regard to the potential of oral
GPIIb/IIIa antagonists as compared to the well-

documented success of intravenous GPIIb/IIIa
antagonists (6,13).

GPIIb/llla Integrin Receptor Antagonists in the Rapid
Diagnosis of Thromboembolic Events. The role of the
platelet integrin GPIIb/IIIa receptor and its poten-
tial utility as a radio-diagnostic agent in the rapid
detection of thromboembolic events has been
demonstrated (14). This approach may be useful
for the non-invasive diagnosis of various throm-
boembolic disorders.

Integrin av33 Antagonists Promote Tumor Regression
by Inducing Apoptosis of Angiogenic Blood Vessels.
Antagonists of integrin ovf33 inhibit the growth of
new blood vessels into tumors cultured on the
chick chorioallantoic membrane without affecting
adjacent blood vessels, and also induce tumor
regression (15). Antagonists of avf3 also inhibit
angiogenesis in various ocular models of retinal
neovascularization (16,17).

Integrin ovP3 in Restenosis. The calcification of
atherosclerotic plaques may be induced by oste-
opontin expression, since osteopontin is a protein
with a well-characterized role in bone formation
and calcification. Vascular smooth muscle cell
migration on osteopontin is dependent on the
integrin avB3 and antagonists of avf33 prevent
both smooth muscle cell migration and restenosis
in some animal model (18).

Integrin ovB3 Antagonists Versus Anti- ovp3 and
owvB5. Since the recognition of at least two owv
integrin pathways for cytokine-mediated angio-
genesis, ovP33 and ovPs antagonists may be more
effective in certain indications as compared to a
specific anti- avp3. However, further work is
needed to document this notion.

Potential Role of ovf33 Antagonists in Osteoporosis.
RGD analogs have been shown to inhibit the
attachment of osteoclasts to bone matrix and to
reduce bone resorptive activity in vitro. The cell
surface integrin, avf33, appears to play a role in
this process. RGD analogs may represent a new
approach to modulating osteoclast-mediated bone
resorption and may be useful in the treatment of
osteoporosis (19).
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Integrins avB3 Ligands. Therapeutics: A number of
potent small molecule antagonists for avf3
integrin are under preclinical investigations for
various angiogenesis or vascular-mediated disor-
ders (20).

Site directed delivery: This approach of conju-
gating avP3 integrin ligand with a chemothera-
peutic agent for optimal efficacy and safety in can-
cer is under investigation. Earlier work demon-
strated the validity of this concept (21).

Diagnostics: Imaging metastatic cancer using
technetium-9ggm labeled RGD-containing syn-
thetic peptide has been demonstrated. Addition-
ally, detection of tumor angiogenesis in vivo by
owvf33-targeted magnetic resonance imaging (MRI)
was demonstrated (22,23,24).
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Antimalarial Drugs

» Antiprotozoal Drugs

Antimetabolite

Antimetabolites are compounds that inhibit the
utilization of an essential nutrient. When used as
anticancer agents, they are often analogs of nucle-
otide precursors.

» Antineoplastic Agents

Antimicrobial Agents

Antimicrobial drugs are used for the treatment of
diseases caused by microorganisms (bacterial or
viral infections).

» B-Lactam Antibiotics

» Ribosomal Protein Synthesis Inhibitors
» Quinolons

» Antiviral Drugs

» Microbial Resistance to Drugs

Antimode

The antimode is the cut-off value separating dif-
ferent functionally defined groups in a bi-modal
or multi-modal frequency distribution.

» Pharmacogenetics

Antineoplastic Agents
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Synonyms

Anticancer drugs, cytostatic drugs, cytotoxic
drugs, anti-tumor drugs

Definition

Cancer or neoplastic disease is a genomic disor-
der of the body’s own cells which start to prolifer-
ate in an uncontrolled fashion that is ultimately
detrimental to the individual. Antineoplastic
agents are used in conjunction with surgery and
radiotherapy to restrain that growth with curative
or palliative intention. The domain of antineoplas-
tic chemotherapy is cancer that is disseminated
and therefore not amenable to local treatment
modalities such as surgery and radiotherapy.

» Cancer, molecular mechanisms of therapy

Mechanism of Action

Development and Characteristics of Cancer Cells

The genesis of cancer cells can be modeled by the
formula:

Cancer = f{Exposure, Genetic disposition, Age}
‘Exposure’ denotes the impact of exogenous fac-
tors that can be of chemical (chemical carcino-
gens), physical (UV or y-irradiation) or of biologi-
cal (viruses, bacteria) origin. ‘Genetic disposition‘
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indicates the germline transmission of genes asso-
ciated with cancer development, and ‘Age’ points
to the fact that certain cellular injuries that cause
mutations and lead to cancer development are not
reversible but accumulate with time. Thus, a can-
cer cell is characterized by genetic abnormalities
such as chromosomal alterations as well as activa-
tion of cellular » proto-oncogenes to oncogenes
and inactivation of » tumor suppressor genes. As
result of these changes they show autonomous
proliferation, dedifferentiation, loss of function,
invasiveness and metastasis formation. Further-
more, drug resistance (primary or acquired in
response to treatment with antineoplastic drugs)
is a common phenomenon.

Growth of Cancer Cells

Proliferation of cancer cells is not restricted by
» contact inhibition as for normal cells but rather
by the supply of growth factors and nutrients.
Once a cell has become malignant and its descend-
ants have the necessary blood supply, the initial
growth rate is exponential and follows approxi-
mately the pattern shown in Fig. 1. The subsequent
loss of logarithmic growth is related to insuffi-
cient supply of nutrients, which drives cancer cells
to either die or exit the cell cycle. As a result, larger
tumors contain only a certain ratio of dividing
cells which is termed growth fraction. The result-
ant steady state growth is depicted by the so-called
Gompertz function (Fig. 2).

No. of cells No. of cell Corresponding
divisions weight
40
1012 1 kg
30
10° 19
20
108 1mg
10
10°

1

Fig. 1 Relationship of cell number, number of cell
divisions, and corresponding weight.

Cell number

Time

Fig. 2 Growth curve of tumor cells according to Gom-
pertz.

Anticancer drugs can be grouped into several
classes according to their mechanism of action
and origin. These are (1) alkylating agents and
related compounds which act by forming covalent
bonds with cellular macromolecules such as DNA,
(2) anti-metabolites which block metabolic path-
ways that are vital for cell survival or prolifera-
tion, (3) cytotoxic antibiotics of microbial origin
and (4) plant derivatives which both interfere with
mammalian cell division, (5) hormonal agents
which suppress hormone secretion, block hor-
mone synthesis or antagonize hormone action, (6)
biological response modifiers which enhance the
host’s response to cancer cells, (7) antibodies
which recognize antigens specific for cancer cells,
and (8) miscellaneous agents which do not fit into
the classes described above.

General effects include cytostatic or cytotoxic
effects, the latter being related to killing a con-
stant fraction of cells. The mode of action of antin-
eoplastic agents is not causal because it does not
reverse the basal changes that have led to the
development of cancer cells but symptomatic since
it aims at their destruction. However, cytotoxicity
is generally not restricted towards cancer cells but
affects all (quickly) dividing cells, especially those
from bone marrow, gastrointestinal tract, hair fol-
licles, gonads and growing tissues in children (lack
of selectivity).
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The limited efficacy of anticancer drugs can be
explained by the compartment model of dividing
(growth fraction, compartment A) and non divid-
ing (compartment B) cells. The majority of antine-
oplastic drugs acts upon cycling cells and will hit,
therefore, compartment A only.

Alkylating Agents and Related Compounds
Alkylating agents are activated spontaneously or
enzymatically to give rise to an electrophilic spe-
cies that can form covalent bonds with nucle-
ophilic cellular constituents. Reaction of mono-
functional alkylating agents with DNA bases leads
to induction of single strand breaks, that of
bifunctional alkylating agents to » crosslink for-
mation between bases of the same strand of DNA
(intrastrand crosslink) or two complementary
strands (interstrand crosslink). Replicating cells
are more susceptible to these drugs since parts of
the DNA are unpaired and not protected by pro-
teins. Therefore, although alkylating agents are
not cell cycle specific, cells are most susceptible to
alkylation in late G1 and S phases of the cell cycle
resulting in block at G2 and subsequent apoptotic
cell death.

Cells that survive these damages may undergo
mutations that results in cancer development. This
is reason for the carcinogenicitiy of alkylating
agents.

The most important subgroup is that of nitro-
gen mustard derivatives. Nitrogen mustard was
developed in relation to sulphur mustard, the
‘mustard gas’ used during World War I that was
found to suppress » leukopoiesis. Nitrogen mus-
tard was the first drug to induce a remission in a
lymphoma patient at the end of World War II, but
has been abandoned since then. The highly reac-
tive R-N-bis-(2-choroethyl) group, however, is part
of many drugs in current use, such as cyclophos-
phamide, melphalan and chlorambucil. The activ-
ity of cyclophosphamide is dependent on P450
mixed function oxidases-mediated activation into
active and/or toxic metabolites. One of the toxic
metabolites is acrolein, which causes hemorrhagic
cystitis if not prevented by the antidote mesna.
Mesna is a sulphydryl donor and interacts specifi-
cally with acrolein to form a non-toxic compound.

Other subgroups of alkylating agents are the
nitrosoureas (examples: carmustine, BCNU;
lomustine, CCNU) and the triazenes (example:

dacarbazine, DTIC). Platinum derivatives (cispla-
tin, carboplatin, oxaliplatin) have an action that is
analogous to that of alkylating agents (formation
of crosslinks) and therefore are appended to this
class.

Alkylating agents are used for treating solid
tumors as well as leukemias and lymphomas.
Their broad spectrum of activity is reason for
their inclusion in many past and current chemo-
therapy schedules. Platinum derivatives are espe-
cially useful in treating testicular and ovarian can-
cers. All alkylating agents depress bone marrow
function and cause gastrointestinal side effects.
With prolonged use, depression of gametogenesis
occurs leading to sterility and an increased risk of
leukemias as well as other malignancies.

Anti-metabolites
Anti-metabolites interfere with normal metabolic
pathways. They can be grouped into folate antago-
nists and analogues of purine or pyrimidine bases.
Their action is limited to the S- phase of the cell
cycle and they therefore target a smaller fraction
of cells as compared with alkylating agents.The
main folate antagonist is methotrexate. In struc-
ture, folates are based on three elements: a hetero-
bicyclic pteridine, p-aminobenzoic acid and
glutamic acid. The latter moiety is polyglutamated
within cells, which causes a prolonged intracellu-
lar half-life and, as compared with monogluta-
mate, an increased affinity to dihydrofolate
reductase, the target enzyme of antifolates. This
enzyme catalyses the reduction of dihydrofolate to
tetrahydrofolate, and its inhibition interferes with
the transfer of mono-carbon units that are needed
for purine- and thymidylate synthesis and thus
blocks the synthesis of DNA, RNA, and protein.
Methotrexate has a higher affinity for dihydro-
folate reductase than the normal substrate (dihy-
drofolate) and inhibits thymidylate synthesis at a
ten-fold lower concentration (1 nM) than purine
synthesis. Methotrexate is toxic to normal tissues
(especially the bone marrow) and causes hepato-
toxicity following chronic therapy. Acute toxicity
following iatrogenic error or high dose therapy
can be rescued by using folinic acid, a form of tet-
rahydrofolate, as antidote.

Purine- and pyrimidine analogs are character-
ized by modifications of the normal base or sugar
moieties. The uridine analog 5-fluorouracil is con-
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verted intracellularly into fluorouridine-mono-
phosphate (FUMP) and fluorodeoxyuridine-
monophosphate (FAUMP). Further phosphoryla-
tion leads to the respective triphosphates FUTP
and FAUTP. FAUMP inhibits the enzyme thymidi-
late synthase and thus blocks the generation of
thymidine, whereas FUTP and FAUTP are incor-
porated into RNA and DNA, respectively. Gemcit-
abine is a cytosine analog in which the pentose
moiety contains two fluorine atoms at position 2 of
the sugar ring. This drug is converted into the
respective diphosphate, which inhibits ribonucle-
otide reductase, and the triphosphate, which after
incorporation into DNA causes masked termina-
tion of DNA chain elongation since the altered
base sequence cannot be efficiently repaired. Cyto-
sine arabinoside is a cytosine analog with a
‘wrong’ pentose that after phosphorylation to the
respective triphosphate inhibits DNA polymerase.
The purine analogs mercaptopurine and fludarab-
ine are converted into fraudulent nucleotides and
inhibit DNA polymerase. The main unwanted
effects are gastrointestinal epithelial cell damage
and myelotoxicity.

Cytotoxic Antibiotics

Cytotoxic antibiotics affect normal nucleic acid
function by intercalating between DNA bases,
which blocks reading of the DNA template and
also stimulates » topoisomerase II dependent
DNA-double strand breaks. In addition, metabo-
lism of the drugs gives rise to free radicals that
cause cytotoxicity by affecting two main targets:
They damage DNA and injure membranes by
direct interaction or via oxidative damage. Cyto-
toxic antibiotics are poorly absorbed from the gut
and therefore are given intravenously. They have
long half-lives (1-2 days), and are eliminated by
metabolism.

Anthracyclins (e.g. doxorubicin, epirubicin,
and idarubicin) are the most important subgroup.
They consist of a four-ringed planar quinone
structure attached to an amino sugar group. In
addition to the general unwanted effects, anthra-
cyclins can cause cumulative, dose-related cardio-
toxicity leading to heart failure and hair loss. Epi-
rubicin is less cardiotoxic than doxorubicin.

Mitoxantrone has a three-ringed planar qui-
none structure with amino-containing side chains
and exerts dose-related cardiotoxicity and bone

marrow depression. Mitomycin C is a non-planar
tricyclic quinone that is activated to give an
alkylating metabolite. Bleomycins are metal-
chelating glycopeptides that degrade DNA causing
chain fragmentation and release of free bases. This
subgroup causes little myelosuppression but pul-
monary fibrosis, mucocutaneous reactions and
hyperpyrexia. Actinomycin D (dactinomycin) is a
chromopeptide that intercalates in the minor
groove of DNA between adjacent guanosine/ cyto-
sine pairs and interferes with RNA polymerase,
thus preventing transcription. Unwanted effects
include nausea, vomiting and myelosuppression.

In general, the mechanisms of action are not
cell cycle specific, although some members of the
class show greatest activity at certain phases of the
cell cycle, such as S-phase (anthracyclins, mitox-
antrone), Gi- and early S-phases (mitomycin C)
and G2- and M-phases (bleomycins).

Plant Derivatives
Plant derivatives comprise several subgroups with
diverse mechanisms of action.

Some are mitosis inhibitors that affect microtu-
bule function and hence the formation of the
mitotic spindle, others are topoisomerase I and II
inhibitors.

Vinca alkaloids (vincristine, vinblastine,
vindesine) are derived from the periwinkle plant
(Vinca rosea); they bind to tubulin and inhibit its
polymerisation into microtubules and spindle for-
mation, thus producing metaphase arrest. They
are cell cycle specific and interfere also with other
cellular activities that involve microtubules, such
as leukocyte phagocytosis, chemotaxis and axonal
transport in neurons. Vincristine is mainly neuro-
toxic and mildly hematotoxic, vinblastine is mye-
losuppressive with very low neurotoxicity whereas
vindesine has both moderate myelotoxicity and
neurotoxicity.

Taxanes (paclitaxel, docetaxel) are derivatives
of yew tree bark (Taxus brevifolia); they stabilize
microtubules in the polymerized state leading to
non-functional microtubular bundles in the cell.
Inhibition occurs during G2- and M phases. Tax-
anes are also radiosensitizers. Unwanted effects
include bone marrow suppression and cumulative
neurotoxicity.

Epipodophyllotoxins (etoposide, teniposide)
are derived from mandrake root (Podophyllum
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peltatum); they inhibit topoisomerase II thus caus-
ing double-strand breaks. Cells in S- and Ga2-
phases are most sensitive. Unwanted effects
include nausea and vomiting, myelosuppression
and hair loss.

Camptothecins (irinotecan, topotecan) are
derived from the bark of the Chinese tree Xi Shu
(Camptotheca accuminata); they inhibit topoi-
somerase I thus effecting double-strand breaks.
Unwanted effects include diarrhea and reversible
bone marrow depression.

Hormonal Agents

Tumors derived from hormone sensitive tissues
can remain hormone dependent and are then
amenable to therapeutic approaches with hormo-
nal agents. These include hormones with opposing
(apoptotic) action, hormone antagonists, and
agents that inhibit hormone synthesis.

Glucocorticoids have inhibitory (apoptotic)
effects on lymphocyte proliferation and are used
to treat leukemias and lymphomas. Estrogens
(fosfestrol) are used to block the effect of andro-
gens in prostate cancer. Progestogens (megestrol,
medroxyprogesteroneacetate) have been useful for
treating endometrial carcinoma, renal tumors,
and breast cancer.

Gonadotropin releasing hormone analogs (gos-
erelin, buserelin, leuprorelin, triptorelin) inhibit
gonadotropin release and thus lower testosterone
or estrogen levels. They are used to treat breast
cancer and prostate cancer.

Hormone antagonists (tamoxifen and
toremifen bind to the estradiol receptor, flutamide
binds to the androgen receptor) are used for treat-
ing breast and prostate cancer.

Aromatase inhibitors (aminogluthetimide,
formestane, trilostane) block the formation of
estrogens from precursor steroids and thus lower
estrogen levels. They have been used for treating
breast cancer.

Side effects are less prominent in type and
extent as compared with cytostatics and include
typical hormonal or lack of hormone-like effects.

Biological Response Modifiers

Agents that enhance the host’s response against
neoplasias or force them to differentiate are
termed biological response modifiers. Examples
include interleukin 2, which is used to treat renal

cell carcinoma, interferon o, which is active
against hematologic neoplasias, and tretinoin,
which is a powerful inducer of differentiation in
certain leukemia cells by acting on retinoid recep-
tors. Side effects include influenza like symptoms,
changes in blood pressure and edema.

Antibodies

Recombinant » humanized monoclonal antibod-
ies have been used recently to target antigens that
are preferentially located on cancer cells. Exam-
ples include trastuzumab and rituximab, which
are used to treat HER2 positive breast cancer and
B-cell type lymphomas, respectively. Unwanted
side effects include anaphylactic reactions.

Miscellaneous Agents

Antineoplastic agents that cannot be grouped
under subheadings 1-7 include miltefosine, which
is an alkylphosphocholine that is used to treat
skin metastasis of breast cancer, and crispantase,
which breaks down asparagine to aspartic acid
and ammonia. It is active against tumor cells that
lack the enzyme asparaginase, such as acute lym-
phoblastic leukemia cells. Side effects include irri-
tation of the skin in the case of miltefosine and
anaphylactic reactions in the case of crispantase.

Clinical Use

Cancer treatment is a multimodality treatment, i.e.
surgery is combined with radiotherapy and antin-
eoplastic chemotherapy. The latter treatment
mode is used mainly for cancers that have dissem-
inated. Different forms of cancer differ in their
sensitivity to chemotherapy with antineoplastic
agents. The most responsive include lymphomas,
leukemias, choriocarcinoma and testicular carci-
noma, while solid tumors such as colorectal, pan-
creatic and squamous cell bronchial carcinomas
generally show a poor response. The clinical use of
antineoplastic agents is characterized by the fol-
lowing principles.
1. The therapeutic ratio of antineoplastic agents,
which is defined by the dose necessary to cause
a significant anti-cancer effect divided by the
dose effecting significant side effects, is general-
ly low (near to one).
2. The intention to treat a cancer patient can vary
between curative and palliative, pending on the
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prognosis. Antineoplastic therapy with curative
intention is based on high dosages and takes
into account severe side effects that have to be
tolerated by patients in order to receive the op-
timal treatment. Palliative therapy with cyto-
toxic agents aims at maximum life quality for a
patient who cannot be cured. This includes pal-
liation of symptoms like pain, fractures, and
compression of vital tissues that are caused by
cancer growth, but tries to accomplish this aim
with dosages of cytostatics that bring about as
few side effects as possible.

. Generally, combination therapy with antineo-
plastic agents is superior to monotherapy. The
reason is that several different mechanisms of
action can be combined, thus lowering the risk
of rapid induction of resistance, and the dosag-
es of the single agents can be reduced. This, in
turn, decreases the incidence in side effects
caused by the single agents and, in addition, the
side effects will not sum up if the respective tox-
icity profiles differ from each other.

. To be successful antineoplastic therapy often
has to be applied for considerable periods of
time. The initial therapy period is being termed
‘induction therapy’ which is then followed by a
‘maintenance therapy’ and possibly a ‘re-induc-
tion therapy’.

. The therapeutic success is measured by its effect
on tumor size and can be described as tumor re-
mission (complete or partial), stable disease, or
progression of the tumor. Also, the impact of a
therapy is related to time and can be measured
as disease-free interval, time to progress, or
overall survival time.

. Patients receiving cytotoxic chemotherapy very
often need concomitant administrating of anti-
emetic therapy. Such protocols start well in ad-
vance of administering the cytotoxic agent, and
last for a reasonable time with regard to phar-
macokinetics of the antineoplastic agent. In ad-
dition, side effects of antineoplastic therapy are
made better tolerable by supportive care.

. Few side effects can be alleviated by the use of
antidotes. An example is the prevention of hem-
orrhagic cystitis caused by cyclophosphamide
by the concomitant infusion of mesna.
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Synonyms

None (appetite suppressants are only a subgroup
of anti obesity drugs)

Definition

Obesity is defined as excess adiposity (fat mass)
for a given body size. The definition is based on an
approximation of body fat - the body mass index
(BMI), measured as body weight in kilograms
divided by the squared height in metres (kg/m?).
A BMI of 30 or more is a commonly-used crite-
rion for defining obesity in both sexes, individu-
als with a BMI between 25 and 30 are considered
overweight. Obesity develops when energy intake
exceeds expenditure over a prolonged period of
time. The prevalence of obesity in industrialised
countries is approximately 20-25% of the adult
population. It is frequently associated with other
diseases such as arterial hypertension (high blood
pressure) and type 2 diabetes (» Diabesity), which
makes it a major health issue. For a drug to have a
significant impact on body weight it must ulti-
mately either reduce energy intake, increase
energy expenditure, or both. Anti-obesity drugs
should be taken in conjunction with a low calorie
diet and exercise and may be part of a sequential
or combined treatment to circumvent or reduce
compensatory mechanisms. Anti obesity drugs
should induce weight loss as reduced fat mass, and




98 Anti Obesity Drugs

should help to maintain the reduced weight,
thereby reducing the risk of obesity-associated co-
morbidities.

» Appetite Control
» Diabetes Mellitus

Mechanism of Action

When energy intake chronically exceeds expendi-
ture, even a slight daily energy gain results in
obesity. Excess energy is stored in the high caloric
form of triglycerides. Environmental factors, such
as the general availability of high calorie food or
the limited need for physical exercise, and genetic
factors that evolved to increase energy efficiency
(» Thrifty Gene Hypothesis) contribute to the
development of obesity.

Energy balance is regulated through a complex
tfeedback loop between peripheral fat depots and
the brain in which the hormone » leptin plays an
essential role (Fig. 1) (1,2). Leptin is produced by
white adipose tissue (WAT) in proportion to adi-
pocyte size and number and is secreted into the
blood. It crosses the blood brain barrier via a satu-
rable transport system and reaches its receptors in
the » hypothalamus, the brain region that is criti-
cal for regulation of energy homeostasis. Stimula-
tion of leptin receptors initiates a signaling cas-
cade that ultimately affects energy homeostasis by
affecting feeding behaviour, neuroendocrine and
reproductive functions. Feeding behaviour, i.e.
meal size and frequency, is in addition regulated
by a short-term feedback loop in which afferent
signals originating in the oral cavity and the gas-
trointestinal (GI) tract during and after a meal are
transmitted to a region in the hindbrain. This
brain region communicates with higher brain
areas such as the hypothalamus and the cerebral
cortex where the various signals are integrated.
Body weight is thus regulated in a complex man-
ner involving feeding behaviour, control mecha-
nisms of digestion, absorption, energy metabo-
lism, expenditure and storage.

Reduction of Energy Intake: Appetite Suppression
There is a complex network of various neuropep-
tides, monoamines and their respective receptors
in the hypothalamus to control food intake and
metabolism.

The hypothalamic neuropeptides affecting
food intake include ai-melanocyte stimulating
hormone (a-MSH), a melanocortin produced by
cleavage of pro-opiomelanocortin (POMC), which
exerts anorectic (food intake-reducing) effects via
stimulation of the melanocortin 4 receptor
(MC4R), a G protein-coupled receptor that is
expressed in various brain regions including the
hypothalamus. Agouti-related protein (AGRP)
antagonises the effects of a-MSH at MC4R, thus
having orexigenic effects. The importance of
melanocortinergic pathways in the regulation of
body weight has been demonstrated by genetic
studies in obese mice and obese humans. Neu-
ropeptide Y (NPY) is assumed to mediate its
strong orexigenic effects through the G protein-
coupled receptors Y1R, Y5R and possibly addi-
tional subtypes. The neuropeptides mentioned
above are expressed in so-called first-order neu-
rons, as they are regulated directly by leptin. Ele-
vated leptin levels reflecting increased energy
stores stimulate the expression of the anorexigens
POMC/ a-MSH and cocaine- and amphetamine-
regulated transcript (CART), which are co-
expressed in one population of hypothalamic neu-
rons, and decrease the expression of the orexigens
NPY and AGRP, which are co-expressed in a dis-
tinct neuron population. These peptides are
thereby regulated by leptin in a concerted manner
to maintain a steady body weight. It is generally
agreed that neuropeptides further downstream
from leptin include galanin, melanin concentrat-
ing hormone (MCH) and the orexins (also termed
hypocretins), which all exert orexigenic effects.
New genes and new findings with known peptides
or hormones such as ghrelin and insulin are con-
stantly being added to the list of anorectic or orex-
igenic pathways. Their importance is as yet
unclear, but they could change the current view of
the complex pathways involved in energy homeos-
tasis.

The neural circuits regulating feeding may also
be influenced directly by a sensor of metabolic
fuels in the brain. This hypothesis was recently
raised again, based on the findings suggesting that
inhibitors of fatty acid synthase inhibited food
intake through actions in the brain, presumably
via increased levels of the substrate of fatty acid
synthase, malonyl CoA.
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Fig. 1 Regulation of feeding behaviour and fat stores by central and peripheral pathways. Leptin is secreted by
adipocytes and circulates to the brain, where it binds to its receptors in the hypothalamus. Here a cascade is ini-
tiated that ultimately regulates food intake, various endocrine systems, and (at least in rodents) energy expend-
iture. Elevated leptin levels reflecting increased energy stores downregulate the expression of the orexigenic
peptides neuropeptide Y (NPY) and agouti-related protein (AGRP), which are co-localized in a population of
neurons, and stimulate the expression of the anorexigenic peptides pro-opiomelanocortin (POMC) and
cocaine- and amphetamine-regulated transcript (CART), which are co-localized in a different neuron popula-
tion. These neurons project further to other brain centres which ultimately communicate with the cerebral cor-
tex, where feeding behaviour is finally coordinated. The level of food intake will in turn affect fat depots, thus
completing the feedback loop between the CNS and the periphery. Feeding behaviour, defined by frequency
and size of meals, is in addition regulated in a short-term loop. During and after a meal, various signals are gen-
erated in the periphery including taste signals from the oral cavity, gastric distension and humoral signals (e.g.
cholecystokinin) from secretory cells of the gastrointestinal (GI) tract. These afferent signals are transmitted
mainly by the vagus nerve to the hindbrain. This brain region communicates with higher brain areas such as
the hypothalamus and the cerebral cortex. MCH, melanin concentrating hormone, ORX orexins.

In response to a meal, peripheral signals are
generated in the GI tract to serve as satiety factor.
The onset of satiety is a response to neural and
humoral factors, such as gut distension and release
of the gut peptide cholecystokinin (CCK). In addi-
tion, some peptides can modulate nutrient
absorption and passage through the GI tract,
including regulation of the autonomic nervous
system. Glucagon-like peptide 1 (GLP-1), which is
processed from proglucagon in the pancreas,
intestinal cells and in the CNS, presumably regu-
lates feeding by both delaying gastric emptying
and suppressing food intake. A recent paper

describes anorectic effects of a related peptide,
GLP-2.

Reduction of Energy Intake: Inhibition of Absorption

Inhibition of the absorption of fat represents the
most efficient approach for reduction of caloric
intake. In the intestine, triglycerides are split into
free fatty acids (FFAs) and monoglycerides by
lipases, the targets for orlistat (see below). After
hydrolysis, FFAs cross the membranes of the epi-
thelial cells lining the intestinal wall. Once inside
the epithelial cell, FFAs are donated to acyl-CoA
synthetase in the endoplasmic reticulum by fatty
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acid-binding proteins (FABPs). Acyl-CoA is then
transferred to 2-monoacylglycerol to resynthesize
triglycerides. Acyl CoA:diacylglycerol acyltrans-
ferase (DGAT) is a key enzyme responsible for the
final step in the glycerol phosphate pathway of
triglyceride synthesis. The absorption of dietary
fat involves several steps catalysed by proteins that
might represent promising drug targets.

Increase of Energy Expenditure

Energy expenditure includes three main compo-
nents: a) basal metabolism, i.e. the constant intra-
cellular processes necessary to sustain life, b)
physical activity and c) adaptive thermogenesis,
i.e. energy dissipated in the form of heat in
response to environmental changes, such as expo-
sure to cold and alterations in diet (3). The stimu-
lation of thermogenesis has raised much interest
as a possible mechanism to treat obesity, espe-
cially once the mitochondrial uncoupling proteins
(UCPs) were identified (4). UCP1 is selectively
expressed in brown adipose tissue (BAT), which is
the major site of thermogenesis in rodents. Activa-
tion of the sympathetic nervous system in
response to cold stress or high fat diet activates 33-
adrenoreceptors of the BAT, resulting in increased
cAMP levels and stimulation of protein kinase A
(PKA). PKA phosphorylates and activates hor-
mone-sensitive lipase, thereby promoting the
release of free fatty acids. These serve both as fuel
for mitochondrial respiration and as activators of
UCP1. UCP1 dissipates the transmembrane proton
gradient coupled to the oxidation of metabolites,
releasing energy as heat. In addition, there is a
chronic response, i.e. UCP1 is transcriptionally
upregulated, and mitochondrial biogenesis is
stimulated through mechanisms involving a tran-
scriptional coactivator of the nuclear peroxisome
proliferator-activated receptor-y (PPARY), with the
acronym PGC-1 (PPARY coactivator-1). In adult
humans, BAT is present in only very small
amounts, the major thermogenic tissue being skel-
etal muscle. Since UCP3 is expressed almost exclu-
sively in skeletal muscle in higher mammals, the
selective stimulation of UCP3 may be a challeng-
ing target for obesity treatment.

Modulation of Fat Storage
Processes involved in the storage of fat, including
adipocyte differentiation, angiogenesis or apopto-

sis, could also be targeted as a way to reduce fat
mass. Adipocyte differentiation includes various
steps, i.e. initial commitment of mesenchymal
stem cells to preadipocytes, the proliferation of
preadipocytes, a step in which HMGI-C (high-
mobility group (HMG) I-type protein) appears to
play a critical role, and the final differentiation
program. The transcription factor and nuclear
hormone receptor PPARY can control adipocyte
differentiation and cross-regulation between and
PPARy and C/EBPo.- (CAAT/enhancing binding
proteins) is required to maintain the differenti-
ated state of the adipocyte. Once the mature adi-
pocyte has been formed, the amount of stored
lipid can be modulated through lipogenesis or
lipolysis, where perilipin seems to come into play.
However, all these potential approaches to reduce
the ability to synthesize or store fat will be safe
only if associated with an increase in fat oxidation
and/or with a reduction of fat absorption. Other-
wise, the inability to deliver excess calories to adi-
pose tissue could have serious secondary conse-
quences as lipids accumulate in the blood or vari-
ous organs.

A safer anti-obesity approach could be the
stimulation of BAT (rich in mitochondria and
UCP-1, highly developed in rodents for thermo-
genesis) formation in man, involving either de
novo recruitment from preadipocytes or intercon-
version of white adipose tissue, which is the major
site for triglyceride storage.

Clinical Use (incl. side effects)

Obesity treatment aims at a sustained loss of 5-
10% of body weight, which has been shown to
reduce the risk of obesity-associated co-morbidi-
ties such as hypertension and diabetes. Since body
fat is likely to be regulated homeostatically, a
change in either intake or expenditure alone will
face resistance as compensatory adjustments are
made. It is possible that combined drug therapy
will solve this problem.

At present, only sibutramine, an appetite sup-
pressant, and orlistat, an inhibitor of fat absorp-
tion, are approved anti-obesity drugs for long-
term (12 months) treatment. All other drugs for
obesity treatment are approved for short-term use
only and are either catecholaminergic or seroton-



Anti-parkinson Drugs 101

ergic CNS-active (activating the sympathetic nerv-
ous system) anorectic agents (e.g. phentermine).

Sibutramine

Sibutramine, a CNS active appetite suppressant,
exerts its effects by acting as a norephinephrine,
serotonin and dopamine reuptake inhibitor. It is
taken in combination with a reduced-calorie diet.
Sibutramine is contra-indicated in patients with
poorly controlled hypertension and patients with
a history of cardiovascular heart disease.

Orlistat

Orlistat is taken with meals since the mechanism
of action is to reduce the absorption of fatty acids
by inhibition of triglyceride hydrolysis through its
action as a gastric and pancreatic lipase inhibitor.
Orlistat represents an overall safe treatment for
obesity, given that the drug is minimally absorbed.
Side effects of orlistat include malabsorption of
fat-soluble vitamins and steatorrhea (fatty stools).

Comment on the First Leptin Trials

Leptin has proved to be an efficient treatment for
the rare form of obesity associated with leptin
deficiency. By contrast, the results of the first clini-
cal trial with human leptin in obese patients
(without leptin deficiency) were less promising.
This may be explained by the hypothesis that the
leptin system evolved as a mechanism to protect
against starvation and that the hormone plays its
physiological role only at low plasma concentra-
tions. Therefore only little can be gained from
increasing leptin levels above normal. Further-
more, the fact that obese patients still overeat
despite high plasma leptin concentrations suggests
that they are resistant to leptin.
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Antiparasitic Drugs

Antiparasitic drugs are used for the treatment of
parasitic infections caused by pathogenic protozoa
or helminths (worms).

Antihelmintic Drugs

» Antiprotozoal Drugs
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Synonyms
Antiparkinsonian drugs

Definition

Parkinsonism is a clinical syndrome comprising
» bradykinesia, muscular » rigidity, » resting
tremor and impairment of postural balance. The
pathological hallmark of Parkinson’s disease is a
loss of more than 60-70% of pigmented dopamin-
ergic neurons of the substantia nigra pars com-
pacta with the appearance of intracellular inclu-
sions known as » Lewy bodies. Without treatment,
idiopathic Parkinson’s disease progresses over 5 to
10 years to a rigid, akinetic state leading to compli-
cations of immobility, e.g. pneumonia and pulmo-
nary embolism. The distinction between Parkin-
son’s disease and other causes of parkinsonism is
important because parkinsonism arising from
other causes is usually more refractory to treat-
ment with antiparkinsonian drugs.

» Dopamine System
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Mechanisms of Action

Pathophysiology

The primary deficit in Parkinson’s disease is a loss
of dopaminergic neurons in the substantia nigra
pars compacta and a corresponding loss of
dopaminergic innervation of the caudate nucleus
and the putamen (forming the striatum). This sug-
gests that replacement of dopamine could restore
function. Physiologically, dopamine is synthe-
sized from tyrosine in terminals of nigrostriatal
neurons by the sequential action of the enzymes
tyrosine hydroxylase, yielding the intermediary L-
dihydroxyphenylalanin (L-DOPA), and aromatic
L-amino acid decarboxylase (the corresponding
prodrug L-DOPA is the most effective agent in the
treatment of Parkinson’s disease, see below.). The
subsequent uptake and storage of synthesized
dopamine in vesicles is blocked by reserpine, an
earlier antipsychotic drug and admixture to anti-
hypertensive medicines, which is known to induce
parkinsonism. Release of dopamine is triggered by
depolarization leading to entry of Ca* and

» exocytosis. The (pre- and) postsynaptic actions
of dopamine are mediated by two types of
dopamine receptors, both of which are seven-
transmembrane-region receptors. The D,-recep-
tor-family (consisting of D, and D, receptors)

stimulates the synthesis of intracellular cAMP and
phosphatidyl inositol hydrolysis, the D,-receptor-
family (D,, D; and D, receptors) inhibits cAMP

synthesis and modulates K* and Ca** channels. D,
and D, proteins are abundant in the striatum; stri-
atal D, expression is rather low. Most

» antipsychotics block D, receptors and may lead
to the adverse event of parkinsonism.

The following model of basal ganglia function
accounts for the Parkinson syndrome as a result of
diminished dopaminergic neurotransmission in
the striatum (Fig.). The basal ganglia modulate the
flow of information from the neocortex to the
motoneurons in the spinal cord. The striatum
receives excitatory glutamatergic input from the
neocortex (red solid arrows). The majority of stri-
atal neurons are projection neurons to other basal
ganglia nuclei (blue GABAergic neurons) and a
small subgroup are interneurons that intercon-
nect neurons within the striatum (yellow choliner-
gic neurons). Nigrostriatal dopaminergic neurons
(green) innervate GABAergic neurons (blue, 2, 3)

and cholinergic interneurons (yellow, 1). The out-
flow of the striatum proceeds as the direct and the
indirect pathway. The direct pathway projects
directly to the output stages of the basal ganglia,
the substantia nigra pars reticulata and the globus
pallidus medialis, which contain GABAergic neu-
rons (blue). These in turn relay to the thalamus,
which provides excitatory input to the neocortex
(red broken arrows). Since two inhibitory
GABAergic neurons are arranged successively, the
stimulation of the direct pathway at the level of the
striatum (by glutamatergic corticostriatal afferents
or via 2) results in an increased excitatory outflow
from the thalamus to the neocortex. The opposite
effect, i.e. a decreased excitatory outflow from the
thalamus, is the result when the stimulation of the
first chain link of the direct pathway, GABAergic
neurons in the striatum, is abolished.

This is the case when the excitatory D, recep-
tors on these striatal GABAergic projection neu-
rons are no longer activated since the transmitter
dopamine is reduced (green broken arrows at 2).
The indirect pathway is composed of striatal
GABAergic neurons (blue) that project to the glo-
bus pallidus lateralis (to blue GABAergic neurons).
This inhibitory structure in turn innervates gluta-
matergic neurons of the subthalamic nucleus (red)
to diminish the excitation of subthalamic neu-
rons. The subthalamic nucleus provides excitatory
glutamatergic outflow to the output stage, i.e., to
GABAergic neurons (blue) of the substantia nigra
pars reticulata and the globus pallidus medialis.
Thus, the net effect of stimulating the indirect
pathway at the level of the striatum is to reduce the
excitatory outflow from the thalamus to the neo-
cortex. Striatal neurons forming the indirect path-
way express inhibitory D, receptors (3 in the Fig.),
counteracting the excitation through glutamater-
gic corticostriatal afferents. Thus, dopamine
released in the striatum reduces the activity of the
indirect pathway through D, receptors, but
increases the activity of the direct pathway
through D, receptors. A reduced dopaminergic
neurotransmission in the striatum (depicted as
green broken line) ultimately reduces the tha-
lamic excitation of the motor cortex.

What is the reason for the rather selective
degeneration of nigrostriatal dopaminergic neu-
rons in Parkinson’s disease? Apart from their oxi-
dative metabolism leading to the production of
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reactive compounds as in every cell (hydrogen
peroxide, superoxide anion radical), dopaminergic
neurons seem to be additionally compromised by
an extra accumulation of hydrogen peroxide due
to the metabolic conversion of dopamine to 3,4-
dihydroxyphenylacetaldehyde (DOPAL) plus
hydrogen peroxide by the enzyme monoamine
oxidase (MAO) (4). In the presence of ferrous iron
hydrogen peroxide undergoes spontaneous con-
version (Fenton reaction), forming a hydroxyl free
radical, one of the most risky species of all reactive
compounds. Levels of iron are high in the substan-
tia nigra; whether the excess iron exists in a form
capable of participation in redox chemistry, how-
ever, is unclear. In addition, the increase in iron
occurs only in the advanced stages of Parkinson’s
disease suggesting that this increase may be a sec-
ondary, rather than a primary initiating event (2).
Despite this objection, hydroxyl free radicals are
generated from hydrogen peroxide without the
catalytic help of ferrous iron in the presence of
DOPAL: Thus, the one MAO product, DOPAL, is a
cofactor in the generation of the hydroxyl radical
from the other MAO product, hydrogen peroxide,
which is also produced enzymatically by superox-
ide dismutase from the superoxide anion radical.
Since MAO is located on the outer mitochondrial
membrane adjacent to the free radical sensitive
permeability transition pore, its products includ-
ing the hydroxyl free radical may function as cell
death messengers leading to » apoptosis. Apart
from this local mechanism, reactive oxygen spe-
cies can lead to DNA damage, peroxydation of
membrane lipids, and neuronal death. Because
parkinsonian brains are free of pathological sign
of necrosis, apoptosis is the likely or predominant
mechanism for death of nigrostriatal dopamine
neurons.

Neuromelanin, a dark coloured pigment and
product of the oxidative metabolism of dopamine,
is found in the cytoplasm of dopaminergic neu-
rons of the human substantia nigra pars compacta
(for review see 6,7). Neuromelanin deposits
increase with age, matching the age distribution of
Parkinson’s disease. Neuromelanin functions as a
redox polymer and may promote the formation of
reactive oxygen free radicals, especially in the
presence of iron that accumulates in neuromela-
nin. However, as stated above, iron accumulation
occurs mainly in later stages of the disease. In the

absence of significant quantities of iron, neu-
romelanin can act as an antioxidant in that it can
interact with and inactivate free radicals. Thus, it
is unclear at present whether neuromelanin has a
more protective or more destructive impact on
dopaminergic neurons of the substantia nigra
compacta.

A genetic defect of complex I of the mitochon-
drial respiratory chain has been demonstrated
specifically for the substantia nigra in Parkinson’s
disease. This finding matches the observation that
the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP), which causes a Parkinson-
like syndrome in humans, acts via inhibition of
complex I by its neurotoxic metabolite 1-methyl-4-
phenylpyridine (MPP™), thus destroying
dopaminergic neurons in the substantia nigra.
Despite this obvious specificity, the question arises
whether dopaminergic neurons are more vulnera-
ble to this mitochondrial deficit per se compared
with other neurons and whether there is differen-
tial vulnerability to complex I inhibition within
the dopaminergic midbrain population. In addi-
tion, which are the death transducers of mitochon-
drial dysfunction? Apart from increased accumu-
lation of reactive oxygen species and their func-
tional consequences (see above) due to defective
mitochondria, dopaminergic neurons express
alternative types of » K,rp channels in the plasma
membrane. The channels mediate their differen-
tial response to mitochondrial complex I inhibi-
tion; that is opening of K rp channels due to a
diminished ATP/ADP ratio. Thus, a subpopula-
tion of dopaminergic neurons might tonically
hyperpolarize and reduce their physiological
spontaneous activity as a neuroprotective
response whereas other dopaminergic neurons,
expressing other types of Kyrp channels, may not
survive.

Symptomatic Drug Therapy and Curative Treatments
of the Future

While advances in the symptomatic drug therapy
(summarized in the next paragraph) have cer-
tainly improved the lives of many Parkinson
patients, the goal of current research is to develop
treatments that can prevent, retard or reverse the
death of dopaminergic neurons in the substantia
nigra pars compacta (and of other neurons
involved in the pathogenesis of Parkinson’s disease
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not mentioned in this essay; see 3 for further
details).

In view of the pathophysiological aspects of
dopaminergic cell death as discussed above, the
following future therapies seem conceivable:

Pharmacological reduction of oxidative stress
or prevention of iron load seems feasible, despite
disappointing results of clinical trials with the free
radical scavenger tocopherol and the MAO inhibi-
tor selegiline (see below).

Antiapoptotic strategies, e.g. caspase inhibi-
tors, may develop into more causal drug therapies
of the future. Also neural growth factors are an
important area for drug development.

The above mentioned role of K yrp channels of
nigral dopaminergic neurons supports the idea of
Karp channel activation as a novel neuroprotective
strategy in the early stages of Parkinson’s disease.

Fig. 1 Extrapyramidal wiring diagram
of the basal ganglia in Parkinson’s dis-
ease. Arrow heads: activation; arrow
beams: inhibition; solid lines: normal
neurotransmission; double lines:
increased neurotransmission; broken
lines, diminished neurotransmission;
red: glutamate excitatory; blue: GABA
inhibitory; green: dopamine excita-
tory (D; receptors, 2) and inhibitory
(D, receptors, 1, 3); yellow: acetylcho-
line. (from Feuerstein TJ. Antiparkin-
sonmittel, Pharmakotherapie des
Morbus Parkinson. In: 7).

Nucleus
caudatus
Putamen

Clinical Use (incl. side effects)

The therapeutic and adverse effects of L-DOPA
result from its intracerebral decarboxylation to
dopamine. Oral L-DOPA is rapidly absorbed by
the intestinal active transport system for aromatic
amino acids, where dietary amino acids may act as
competitors. The same is true at the correspond-
ing aromatic amino acid carrier of the blood-
brain-barrier. L-DOPA is usually coadministered
with a peripherally acting inhibitor of aromatic L-
amino acid decarboxylase (benserazide, carbi-
dopa) that prevents (dopamine-induced) nausea
and vomiting, cardiac arhythmias and orthostatic
hypotension, and increases the fraction of L-
DOPA that remains unmetabolized and available
to cross the blood-brain-barrier. Entacapone is a
selective inhibitor of catechol-O-methyltransferase
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whose activity is primarily in the peripheral nerv-
ous system. Entacapone further increases the frac-
tion of L-DOPA crossing the blood-brain-barrier
and thus prolongs its action and reduces fluctua-
tions in response. In early Parkinson’s disease,
when some buffering capacity of remaining stri-
atal dopaminergic nerve terminals is still present,
the degree of motor improvement due to L-DOPA
is highest (7). With time, however, the patient’s
motor state may fluctuate dramatically with each
drug dose. Increasing the frequency of adminis-
tration can improve this situation, while increas-
ing the L-DOPA dose may induce dyskinesias, i.e.
excessive and abnormal involuntary movements
(1). In view of the above mentioned dopamine
autotoxicity, might L-DOPA accelerate the disease
progression? Although no convincing evidence for
such an effect has yet been obtained, a pragmatic
therapeutic approach may be appropriate, i.e. to
use L-DOPA only when required by a functional
impairment of the patient not otherwise treatable.

Alternatives to L-DOPA are direct agonists of
striatal dopamine receptors (e.g. pergolide, caber-
goline) that are not metabolized in a manner that
leads to increased free radical formation. Their
use may reduce endogenous release of dopamine
and the need for exogenous L-DOPA, possibly
with the consequence of a delay in the progression
of the disease. At present, however, there are no
clinical data to support a neuroprotective effect of
dopamine receptor agonists. In contrast to the
prodrug L-DOPA, these agonists do not depend on
the functional capacities of nigrostriatal nerve ter-
minals, which may be advantageous in late stage
Parkinson’s disease where L-DOPA-induced fluc-
tuations are frequent. In addition, clinically used
dopamine agonists have durations of action sub-
stantially longer than L-DOPA. However, despite
these pharmacokinetic advantages, the clinical
efficacy of the currently available agonists that
preferentially activate dopamine D, receptors is
less than that of L-DOPA. Due to their peripheral
activity, dopamine receptor agonists may cause
orthostatic hypotension and nausea. Typical cen-
tral adverse events in elderly patients are halluci-
nosis or confusion, similar to that observed with
L-DOPA.

The mode of action of selegiline, which slightly
improves parkinsonian symptoms, is unclear. At
clinically used doses it inhibits the MAO-B isoen-

zyme whereas MAO-A prevails in dopaminergic
terminals. Selegiline is metabolized to (-)-des-
methyldeprenyl, which seems to be the active
principle in its antiapoptotic effects in animal
models, and further to (-)-amphetamine and (-)-
methamphetamine, which antagonize its rescuing
effects. The (-)-amphetamines release biogenic
amines including dopamine from their storage
sites in nerve terminals, although with less
potency than their (+)-enantiomers. This may
partly explain the symptomatic relief seen with
selegiline. Developmental drugs, structurally
related to selegiline which exhibit virtually no
MAO-B or MAO-A inhibiting properties and
which are not further metabolized to ampheta-
mines, show neurorescuing properties that are
qualitatively similar, but about 100-fold more
potent compared to those of selegiline. Glyceralde-
hyde-3-phosphate dehydrogenase, a glycolytic
enzyme with multiple other functions including
an involvement in apoptosis, seems to be the
molecular target for these neuroprotective sele-
giline-related drugs of the future.

Antagonists of muscarinic acetylcholine recep-
tors were widely used since 1860 for the treatment
of Parkinson’s disease before the discovery of L-
DOPA. They block receptors that mediate the
response to striatal cholinergic interneurons. The
antiparkinsonian effects of drugs like benzatro-
pine, trihexyphenidyl and biperiden are moderate;
the resting tremor may sometimes respond in a
favorable manner. The adverse effects, e.g. consti-
pation, urinary retention and mental confusion,
may be troublesome, especially in the elderly.

Low affinity use-dependent NMDA receptor
antagonists meet the criteria for safe administra-
tion into patients. Drugs like amantadine and
memantine have modest effects on Parkinson’s
disease and are used as initial therapy or as
adjunct to L-DOPA. Their adverse effects include
dizziness, lethargy and sleep disturbance.
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Synonyms

Platelet inhibitors, platelet aggregation inhibitors
Definition

Platelets play a central role in » primary hemosta-
sis. They are also important in pathological proc-

esses leading to » thrombosis. Antiplatelet drugs
are primarily directed against platelets and inhibit

\ unac/tivated platelet
=

subendothelium
(vWH, collagen)

adhesion,

rolling —» spreading

platelet activation by a number of different mecha-
nisms. They are used for the prevention and treat-
ment of thrombotic processes, especially in the
arterial vascular system.

» Anticoagulants

» Anti-integrins, therapeutic and diagnostic
implications

» Coagulation/Thrombosis

Mechanism of action

Antiplatelet therapy is an important means in the
prevention and treatment of thromboembolic
artery occlusions in cardiovascular diseases. Plate-
lets are discoid cell fragments, derived from meg-
akaryocytes in the bone marrow, that circulate
freely in the blood. Under normal conditions they
neither adhere to each other nor to other cellular
surfaces. However, when blood vessels are dam-
aged at their luminal side, platelets adhere to the
exposed subendothelium. This adhesion is medi-
ated by » collagen and » von Willebrand factor
(vWf£) both of which are exposed at or have been
deposited at the subendothelial surface. Adherent
platelets release various factors (see below) that
activate other nearby platelets resulting in the
recruitment of more platelets at the site of vascular
injury.

Initially, activated platelets change their shape,
an event immediately followed by the secretion of
platelet granule contents (including ADP,
» fibrinogen and serotonin) as well as by platelet
aggregation. Aggregation of platelets is mediated

activated platelet

endothelial
cell

aggregation,
thrombus formation

Fig. 1 Platelet adhesion, activation, aggregation and thrombus formation on subendothelial surface at an
injured blood vessel. VWT{, von Willebrand factor deposited at subendothelial surface.



Antiplatelet Drugs 107
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Fig. 2 Mechanisms of platelet activation, together with sites of drug action. Most platelet activators function
directly or indirectly through G-protein coupled receptors and induce several intracellular signalling pathways
that eventually lead to secretion of granule contents, change of shape, and inside-out activation of GP-IIb/IIIa
(integrin ouyypPs3). Activation of GP-IIb/IIIa allows fibrinogen (Fb) or vWf to cross bridge adjacent platelets. The
main pathway that leads to platelet activation involves the G /phospholipase C- (PLC-3)-mediated formation
of inositol 1,4,5 trisphosphate (IP5) and diacyl glycerol (DAG). This in turn results in the release of Ca®* from
intracellular stores and the activation of protein kinase C (PKC) isoforms. Aspirin blocks the conversion of ara-
chidonic acid (AA) to prostaglandin G, and H, (PGG/H,) by irreversibly inhibiting cyclo-oxygenase-1. Active
metabolites of thienopyridines block ADP(P,Y,)-receptors on platelets and GPIIb/IIIa-blockers interfere with
fibrinogen- and vWf-mediated platelet aggregation. TXA, stands for thromboxane A,.

by fibrinogen or vW{. They connect platelets by
bridging complexes of glycoprotein IIb/IIIa
(> integrin oyy,B;) on adjacent platelets, forming
a platelet aggregate. Each platelet contains about
50,000 to 80,000 glycoprotein IIb/IIIa (GP-1Ib/
IIIa) molecules on its surface. In order to bind
fibrinogen and » vWf, GP-IIb/IIIa has to be con-
verted from a low affinity/avidity state to a high
affinity/avidity state by a process described as
inside-out signalling that is initiated during plate-
let activation (Fig. 1). The rapid formation of a
‘platelet plug’ at sites of vascular injury is the main
mechanism of primary hemostasis. This is fol-
lowed by a strengthening of the primary throm-
bus due to the formation of fibrin fibrils by the
coagulation cascade. Platelets also play an impor-
tant role in pathological conditions since they can
become activated on ruptured atherosclerotic
plaques or in regions of disturbed blood flow. This
in turn leads to thromboembolic complications
that underlie common diseases such as myocardial
infarction or thrombotic stroke.

Among the main stimuli able to induce full
platelet activation, including shape change, secre-
tion and aggregation, are collagen, thrombin, ADP
and thromboxane A, (TXA,). Collagen acts pri-
marily through integrin o,f3, and glycoprotein VI,
whereas thrombin, ADP and thromboxane A,
(TXA,) function through heptahelical, » G-pro-
tein-coupled receptors (Fig. 2).

TXA, is produced by activated platelets by the
sequential conversion of arachidonic acid by phos-
pholipase A,, » cyclooxygenase-1 (COX-1) and
thromboxane synthase. Similar to ADP, TXA, acts
as a positive feedback mediator. In vascular
endothelial cells, COX-1 is involved in the genera-
tion of prostacyclin, which inhibits platelet activa-
tion and leads to vasodilation. Low doses of acetyl-
salicylic acid (aspirin) have an antiplatelet effect
by inhibiting the TXA, production by irreversibly
acetylating COX-1 at serine-530 close to the active
site of the enzyme. This results in impaired plate-
let function for the rest of its lifespan (7-10 days).
Anucleated platelets, in contrast to nucleated cells,
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are unable to de novo synthesize COX-1. The aspi-
rin doses required for this antiplatelet effect are
therefore considerably lower than those necessary
to achieve inhibition of prostacyclin formation in
endothelial cells or analgetic and antipyretic
effects. Following oral administration of aspirin,
platelets are exposed to a relatively high concen-
tration of aspirin in the portal blood. This may
further contribute to the relatively high sensitivity
of platelets toward the action of aspirin. Most
other tissues are partly protected by presystemic
metabolisation of aspirin to salicylate through
esterases in the liver. Since platelets are the major
source of TXA, production and action, inhibitors
of thromboxane synthase and TXA, receptor (TP)
antagonists are being developed. TXA, synthesis
inhibitors may have some disadvantages as they
lead to the accumulation of cyclic endoperoxides
(e.g. PGH,) that are themselves agonists at the
TXA, receptor.

The proteolytic enzyme thrombin is known to
play a crucial role in the overall thrombotic event
leading to both, arterial and venous thrombosis by
transforming fibrinogen into fibrin and by serv-
ing as a direct platelet activator. Thrombin exerts
its effects on platelets via G-protein-coupled pro-
tease-activated receptors (PAR-1 and PAR-4 in
human platelets). Thrombin-dependent receptor
activation is achieved by cleaving an N-terminal
extracellular peptide. Exposure of the newly gen-
erated N-terminal region functions as a tethered
ligand for the receptor. Substances that directly
bind to thrombin have been developed. The
65 amino acid long protein hirudin, originally iso-
lated from the medical leech, Hirudo medicinalis,
as well as related analogues have been recom-
binantly produced. They bind with the stoichiom-
etry of 1:1 to thrombin and prevent its proteolytic
action on fibrinogen as well as its binding to and
the activation of PAR.

ADP is released from activated platelets by the
secretion of dense granules and acts through at
least three receptors. These are the ionotropic
purinoceptor 2X, (P2X,) and two G-protein cou-
pled receptors, the G -coupled purinoceptor 2Y,
(P2Y,) and the G;-coupled P2Y,, receptor. The lat-
ter has also been termed P2T s or P2y and is tar-
geted by a group of antiplatelet agents - the
thienopyridines - such as ticlopidine and clopi-
dogrel. To become activated, ticlopidine and clopi-

dogrel require biotransformation by the hepatic
CYP-1A enzyme into an active metabolite. The
active metabolite irreversibly modifies the P2Y,,
receptor.

Most antiplatelet drugs only partially inhibit
platelet activation. In contrast, blockers of GP-IIb/
I1Ia interfere at the end of the pathway common to
platelet aggregation. They prevent fibrinogen and
vWTf from binding to activated GP-IIb/IIla and can
therefore completely inhibit platelet aggregation.
The first GP-IIb/IIIa antagonist developed was a
hybrid human/murine monoclonal antibody. Its
Fab fragment, termed abciximab, is clinically used
and functions in a noncompetitive manner. An
alternative approach to block GP-IIb/IIIa involves
the use of peptides that mimic short protein
sequences of fibrinogen or vW{. Several peptides
(e.g. the cyclic heptapeptide eptifibatide) or non-
peptidic, low molecular weight compounds (e.g.
tirofiban, lamifiban) have been developed and
function as competitive antagonists. Prodrugs of
peptidomimetic compounds (e.g. xemilofiban,
orbofiban, lefradafiban or sibrafiban) that are
transformed into active metabolites in the body
can be administered orally.

Clinical use

Due to the pivotal role of platelets in thrombus
formation, especially in the arterial system, inhibi-
tion of platelet function has become a central
pharmacological approach. This is done to prevent
and treat thromboembolic diseases such as coro-
nary heart disease, peripheral and cerebrovascu-
lar disease and is also used during as well as after
invasive coronary interventions.

Aspirin leads to maximal antithrombotic
effects at doses much lower than required for
other actions of the drug. Clinical trials have dem-
onstrated that aspirin is maximally effective as an
antithrombotic drug at daily doses of 75-320 mg.
Higher doses have no advantage but increase the
frequency of side effects, especially bleeding and
upper gastrointestinal symptoms. Despite the
development of various other compounds, aspirin
has remained the gold standard for antiplatelet
drugs due to its relative safety and extremely low
cost. Several studies have demonstrated a benefi-
cial role for aspirin as an adjunctive therapy in
unstable angina and acute myocardial infarction.
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Mortality and disease progression were signifi-
cantly reduced by low dose aspirin treatment.
Patients with a history of arterial thromboembo-
lism including myocardial infarction, stroke, tran-
sient ischemic attack or unstable angina were
shown to benefit from low dose aspirin treatment
in several trials. The overall rate of mortality, as
well as the occurrence of further vascular events
appeared to be reduced in these patients. The
results of these studies led to the recommendation
to use aspirin for secondary prevention of arterial
thromboembolism. However, aspirin is not gener-
ally recommended for primary prevention of arte-
rial thromboembolism. A possible beneficial
effect, such as a decreased risk of non fatal myo-
cardial infarction, may outweigh the risk of hem-
orrhagic complications only in a population
already at high risk of cardiovascular diseases but
not in a population of average health. Aspirin may
also be beneficial as a prophylactic agent to reduce
the risk of deep venous thrombosis and pulmo-
nary embolism. However, the effectiveness com-
pared to existing therapies remains to be deter-
mined; » anticoagulants are still the mainstay of
treatment in these conditions.

Thienopyridines are principally suited to treat
conditions that respond to aspirin. Ticlopidin, but
not clopidogrel, can lead to fatal neutropenia. Gas-
trointestinal problems and skin rashes can occur
with both drugs but are more frequently seen
when ticlopidine is used. In various trials, clopi-
dogrel has been shown to be safe and similarly
effective as aspirin. In patients at high risk from
cerebrovascular events, thienopyridines seem to
be somewhat more effective than aspirin in pre-
venting serious vascular complications. Thienopy-
ridines may be used instead of aspirin when the
latter is not tolerated. However, aspirin still
remains the first choice in most cases due to its
low cost, relative safety and well documented effi-
cacy. Studies are under way to test whether aspi-
rin, given together with clopidogrel has advan-
tages under certain clinical conditions.

Currently GP-IIb/IIIa antagonists are mainly
used in controlled trials. So far, their use is
restricted to interventional cardiology such as per-
cutaneous transluminal revascularization with
balloon angioplasty or intracoronary stenting, to
acute coronary syndromes like unstable angina
and to acute myocardial infarction. The main

complications are bleeding and thrombocytope-
nia. The bleeding risk appears to increase further
with concomittant therapy with heparin at stand-
ard doses. Currently, a number of available GP-IIb/
ITIa antagonists that are to be administered orally,
are under investigation to treat acute coronary
syndromes. Although to date treatment with GP-
ITb/I11a antagonists is still in the phase of clinical
trials, the trials appear to have a promising out-
come. However, the use of GP-IIb/IIIa antagonists
for standard clinical applications still awaits fur-
ther verification. It is also not clear whether GP-
IIb/I1Ia antagonists will prove useful for vascular
pathologies other than coronary artery disease
such as cerebrovascular and peripheral artery dis-
ease.
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Synonyms

Protocidal drugs, antiprotozoan chemotherapeu-
tics

Definition

Protozoa are unicellular eukaryotes and a subreg-
num of the animal kingdom. Some protozoa
exhibit a parasitic life style (Parasite) and are
pathogenic to man and/or animals. Examples of
important infectious diseases of man with proto-
zoan etiology are malaria (Plasmodium spp.), tox-
oplasmosis (Toxoplasma gondii), African sleeping
sickness (Trypanosoma brucei gambiense and
rhodesiense), Chagas’ disease (Trypanosoma
cruzi), visceral and cutaneous Leishmaniasis
(Leishmania spp.), amoebic dysentery and liver
abscess (Entamoeba histolytica), lamblic diar-
rhoea (Giardia lamblia) and vaginitis (Tri-
chomonas vaginalis). Antiprotozoal drugs are sub-
stances used in the treatment of diseases caused by
protozoa.

Mechanism of Action

In the following chapter, the most important anti-
protozoal drugs including their modes of action
will be discussed (Tab. 1).

Antimalarial drugs

The 4-aminoquinoline chloroquine (Fig. 1) was
once the first line drug in the global campaigns
against » malaria. Indiscriminate use and low
compliance have resulted in the generation of
chloroquine resistant malarial parasites, which
today are widespread and compromise the appli-
cation of chloroquine in many places of the world.
Chloroquine targets the intraerythrocytic stages
of malarial parasites (protozoa of the genus Plas-

modium (Fig. 2)). Its mode of action is intricately
linked with plasmodial heme metabolism (Fig. 3).
During development within erythrocytes, Plasmo-
dia feed on the host cell’s hemoglobin, which is
digested within an acidic food vacuole. Heme
released during this process is highly cytotoxic
and destabilizes membranes by facilitating ion
exchange. Malarial parasites have developed three
independent pathways to detoxify heme: 1) crystal-
lization to insoluble and inert » hemozoin; 2) per-
oxidative degradation; and 3) glutathione-depend-
ent degradation. Chloroquine, which accumulates
in the food vacuole, prevents heme detoxification
by forming a stable complex with heme. The
heme-chloroquine complexes have an enhanced
affinity for membranes than does heme alone,
thus potentiating the cytotoxic activity of heme.
The build up of toxic membrane-associated heme-
chloroquine molecules eventually destroys the
integrity of the parasite’s membranes (Fig. 3).

The arylaminoalcohol quinine was the first
antimalarial known in the Western world. It was
originally produced from the bark of the chin-
chona tree and sold as a powdery substance, which
became known as Jesuits’ powder. Several potent
antimalarials are derived from quinine, including
mefloquine, halofantrine and quinidine, the dex-
trarotatory diastereoisomer of quinine. All
arylaminoalcohols seem to affect heme detoxifica-
tion or cause other changes in the parasite’s food
vacuole, although their precise mode of action is
still pending.

Artemisinin is another antimalarial drug that
apparently interferes with heme detoxification.
The prevailing hypothesis on artemisinin’s mode
of action is that reductive cleavage of its peroxide
bridge, possibly by intracellular transition metal
ions, such as Fe>* (present in heme), generates
radicals, which, in turn, would alkylate or hydrox-
ylate biomolecules leading to the death of the par-
asite. Artemisinin is derived from the Chinese
plant qinghaosu (Artemisia annua) and its deriva-
tives, artesunate and artemether, are used in clini-
cal practice.

Primaquine, an 8-aminoquinoline, is used in
the treatment of malaria caused by P. vivax and P.
ovale. These two malarial parasites produce dor-
mant stages (hypnozoites) in the liver, which may
cause relapses of the disease. Primaquine targets
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Tab.1 Protozoal diseases, etiologic agents and antiprotozoal drugs.

Disease Etiologic Agent Drugs
Malaria Chloroquine, mefloquine,

. . : ) ini inidine, halofantrine,
- tropical malaria Plasmodium falciparum quinine/quinidine, halofantrine

- tertian malaria

- quartan malaria

Visceral leishmaniasis (Kala-Azar),
cutaneous leishmaniasis,
mucocutaneous leishmaniasis

African sleeping sickness

Chagas’ Disease

Toxoplasmosis

Giardiasis (acute diarrhoea,
chronic diarrhoea and malabsorption)

Intestinal amoebiasis (dysentery),
amoebic liver abscess

Diarrhoea in immunocompromised
hosts and travellers

Diarrhoea in immunocompromised
hosts

Vaginal infections and prostatitis

Plasmodium vivax and
ovale

Plasmodium malariae

Leishmania spp.

Trypanosoma brucei
gambiense

Trypanosoma brucei
rhodesiense

Trypanosoma cruzi

Toxoplasma gondii
Giardia lamblia

Entamoeba histolytica

Cyclospora cayetenensis

Cryptosporidium parvum

Isospora belli

Microspora

Trichomonas vaginalis

artemisinin derivates,
atovaquone/proguanil, primaquine,
pyrimethamine/sulfadoxine

Antimonial preparations (sodium
stibogluconate), amphotericin B,
liposomal amphotericin B,
pentamidine

Suramine, pentamidine,
eflornithine, melarsoprol

Suramine, melarsoprol

Nifurtimox, benznidazole

pyrimethamine/ sulfadiazine
(+ folinic acid substitution)

Metronidazole

Metronidazole or chloroquine
against invasive stages; diloxanid
furoate for eradication of cysts

Cotrimoxazole

Cotrimoxazole,
pyrimethamine/sulfadoxine

Albendazole

Metronidazole

these hypnozoites, although its mode of action
remains obscure.

Pyrimethamine, cycloguanil and sulfadoxine
(sulfadiazine) are folate antagonists that interfere
with the folic acid biosynthesis pathway in malar-
ial parasites and other protozoa, including Toxo-
plasma gondii (Fig. 4). Folate is an essential pre-
cursor of the pyrimidine dTTP and the amino
acids serine and methionine. Both protozoa and

mammalian cells require folate for DNA and pro-
tein synthesis. However, protozoa can either syn-
thesize dihydrofolate de novo or salvage folate pre-
cursors, whereas mammalian cells have no de novo
dihydrofolate synthesis and must rely on dietary
sources. By acting as an analogue of p-aminoben-
zoic acid, sulfadoxine (sulfadiazine) inhibits the
dihydropteroate synthase (DHPS), which now fails
to convert dihydropteroate to hydroxymethyldihy-
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dropterin, resulting in a lack of dihydrofolate in
the parasite. This mechanism does not affect the
mammalian cells.

Pyrimethamine and cycloguanil, the active metab-
olite of proguanil, act further downstream in the
folic acid pathway by inhibiting the dihydrofolate
reductase/thymidylate synthase enzyme complex.
In mammalian cells dihydrofolate reductase
(DHFR) and thymidylate-synthase (TS) are two
independent enzymes. The protozoan DHFR/TS
enzyme complex has a higher affinity for
pyrimethamine and cycloguanil than does human
DHER, which explains their high antiprotozoal
activity. To avoid deficiency of folic acid in
patients treated with folate antagonists, folinic
acid should be given during therapy.

Atovaquone, a hydroxynaphthoquinone, selec-
tively inhibits the respiratory chain of protozoan
mitochondria at the cytochrome bc1 complex
(complex IIT) by mimicking the natural substrate,
ubiquinone. Inibition of cytochrome bci disrupts
the mitochondrial electron transfer chain and
leads to a breakdown of the mitochondrial mem-
brane potential. As resistance to atovaquone
occurs rapidly in the field it is combined with pro-
guanil.

Proguanil appears to have a dual activity: Part
of it is metabolized to cycloguanil, which subse-
quently inhibits the protozoan dihydrofolate
reductase/thymidylate synthase (see above). In
addition, the native form, proguanil itself, exerts a
potent antimalarial activity, especially in combina-
tion with other antimalarial drugs. The target of
proguanil is separate from DHFR/TS.

Antitrypanosomal Drugs

Eflornithine (difluoromethylornithine, DEMO) is
used in the treatment of African sleeping sickness
caused by Trypanosoma brucei gambiense. It
inhibits the ornithine decarboxylase of the
polyamine pathway in both the trypanosome and
the mammalian cell by acting as an irreversible
competitor of the natural substrate, ornithine.
Inhibition of ornithine decarboxylase results in
depletion of the products of polyamine synthesis,
putrescine, spermidine and spermine, which are
essential for biosynthesis of nucleic acids and pro-
teins. The assumed reason why eflornithine harms
the parasite but not mammalian cells is that rates
of production of ornithine decarboxylase in the

parasite are much lower than in the mammalian
cells. Enzyme inhibition is compensated by imme-
diately replenishing ornithine decarboxylase in
the latter but not in the parasite. Eflornithine is
only effective against T. brucei gambiense.

Melarsoprol, an arsenic compound, is the most
efficient drug against intracerebral parasites in
both T. brucei gambiense and T. brucei rhode-
siense infection. Melarsoprol accumulates via an
amino-purine transporter in trypanosomes, but
the precise mechanism of action is still a matter of
debate. Due to its high toxicity, use of melarsoprol
should be restricted to cerebral stage trypano-
somiasis only.

The antitrypanosomal mechanisms of
suramine and pentamidine are not yet under-
stood. It has been shown that both drugs inhibit a
number of trypanosomal enzymes but the impor-
tance of these effects on the therapeutic efficacy
needs to be further investigated. Suramine and
pentamidine both can only be used in the treat-
ment of blood stage trypanosomiasis because they
cross the blood-brain barrier poorly.

Drugs Against Anaerobic Protozoa

Metronidazole is effective in the treatment of
infections caused by Giardia lamblia, Entamoeba
histolytica and » Trichomonas vaginalis. The drug
becomes active in its reduced state. Reduction of
metronidazole to hydroxymetronidazole only
occurs under strongly reducing conditions. In
some anaerobic protozoa and bacteria such condi-
tions are achieved when ferrodoxin is reduced by
the fermentation enzyme pyruvate:ferrodoxin oxi-
doreductase (POR). Ferrodoxin can then transfer
one electron to metronidazole to form
hydroxymetronidazole. POR does not occur in
mammalian cells. The corresponding enzyme to
POR in mammalian cells is pyruvate decarboxy-
lase, which is not able to establish a reducing
potential high enough for metronidazole reduc-
tion. Therefore conversion of metronidazole to
hydroxymetronidazole does not occur in mamma-
lian cells and, hence, the drug cannot harm them.
In protozoa or bacteria, hydroxymetronidazole
affects the DNA by complex formation and strand
cleavage, causing death of the cells.
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Fig. 2 Life cycle of malarial parasites and developmental activity of various antimalarial drugs. Malarial para-
sites, protozoa of the genus Plasmodium, are transmitted to humans by the bite of infected Anophelesmosqui-
toes. The transmitted stages, termed sporozoites, invade liver cells where they replicate to form merozoites.
Upon rupture of the infected hepatocyte, merozoite are released into the blood stream where they infect eryth-
rocytes. Within the erythrocyte, the parasite develops from a ring stage to a trophozoit, and then to schizont.
When the infected erythrocyte finally ruptures, merozoites are released, which again invade erythrocytes.
Some intraerythocytic ring stages develop to sexual stages (gametocytes). These can be ingested by feeding
Anophelines and are then able to complete the life cycle in the mosquito by developing to gametes, zygotes, ook-
inets and finally sporozoites. Primaquine is the only drug effective against liver forms of all Plasmodia includ-
ing dormant stages of P. vivax and P. ovale. Additionally, it acts against gametocytes. Artemisinin destroys
intraerythrocytic ring stage parasites and schizonts. The so-called schizonticidal drugs, chloroquine, quinine,
mefloquine, pyrimethamine and sulfadoxine, act against intraerythrocytic schizonts.
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Clinical Use (incl. side effects)

Due to its low toxicity and low price, chloroquine
was the drug of choice for the treatment of uncom-
plicated malaria. Today, chloroquine frequently
fails in the treatment of malaria because of wide-
spread resistance. Chloroquine is still used in
prophylaxis of malaria, usually in combination
with proguanil. Other medical applications
include extraintestinal infections with Entamoeba
histolytica and treatment of rheumatic diseases.
The dosage independent side effects of chloro-
quine comprise itching rash, gastrointestinal dis-
comfort and neurotoxicity. Retinopathy appears
life dosage dependent after 5-6 years of prophy-
laxis with chloroquine.
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Fig. 3 Model of chloroquine’s interactions with P. fal-
ciparum. Chloroquine’s mode of action is associated
with heme detoxification. Heme is released from
hemoglobin (Hb), which is ingested by the parasite
and degraded to amino acids (AA) in the parasite’s
acidic food vacuole. Chloroquine (CQ) inhibits heme
crystallization as well as heme degradation mediated
by glutathione (GSH) or hydrogen peroxide (H,0,).
Chloroquine also inhibits enzymes that require heme
as a prosthetic group. Chloroquine forms a complex
with heme and enhances the association of heme with
membranes, resulting in membrane perforation. The
host erythrocyte, the parasite, acidic vesicles and the
parasite’s food vacuole are shown in different shades
of gray.

Quinine is the drug of choice for the treatment
of complicated malaria. Side effects can be tinni-
tus, vomiting, dysphoria, prolongation of QT
interval and black water fever. Malaria-induced
hypotension and hypoglycaemia can exacerbate
under treatment with quinine. Intoxication can
lead to deafness and blindness. Quinidine has
higher cardiotoxic properties than quinine does.

Mefloquine is used for the treatment of uncom-
plicated malaria and for malaria prophylaxis in
areas with high prevalence of chloroquine resist-
ance. Mefloquine is hardly used for malaria con-
trol in endemic areas due to its high costs. The
principal side effects of mefloquine are vomiting
and neuropsychiatric disorders.

Halofantrine is no longer recommended for the
treatment of malaria because of its cardiotoxicity
(prolongation of QT-interval).

Artemisinin is used for the treatment of
uncomplicated malaria in areas with high multi-
drug resistance. Due to its s