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Important note: Medicine is an ever-changing
science undergoing continual development. Re-
search and clinical experience are continually
expanding our knowledge, in particular our
knowledge of proper treatment and drug ther-
apy. Insofar as this book mentions any dosage or
application, readers may rest assured that the
authors, editors, and publishers have made
every effort to ensure that such references are
in accordance with the state of knowledge at
the time of production of the book.
Nevertheless, this does not involve, imply, or
express any guarantee or responsibility on the
part of the publishers in respect to any dosage
instructions and forms of applications stated in
the book. Every user is requested to examine
carefully the manufacturers’ leaflets accom-
panying each drug and to check, if necessary
in consultation with a physician or specialist,
whether the dosage schedules mentioned
therein or the contraindications stated by the
manufacturers differ from the statements made
in the present book. Such examination is par-
ticularly important with drugs that are either
rarely used or have been newly released on the
market. Every dosage schedule or every form of
application used is entirely at the user’s own risk
and responsibility. The authors and publishers
request every user to report to the publishers
any discrepancies or inaccuracies noticed.

Some of the product names, patents, and regis-
tered designs referred to in this book are in fact
registered trademarks or proprietary names
even though specific reference to this fact is
not always made in the text. Therefore, the
appearance of a name without designation as
proprietary is not to be construed as a repre-
sentation by the publisher that it is in the public
domain.

This book, including all parts thereof, is legally
protected by copyright. Any use, exploitation, or
commercialization outside the narrow limits set
by copyright legislation, without the publisher’s
consent, is illegal and liable to prosecution. This
applies in particular to photostat reproduction,
copying, mimeographing, preparation of micro-
films, and electronic data processing and stor-
age.
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Preface to the 3rd edition

In many countries, medicine is at present
facing urgent political and economic calls
for reform. These socioeconomic pressures
notwithstanding, pharmacotherapy has al-
ways been an integral part of the health care
system and will remain so in the future.
Well-founded knowledge of the preventive
and therapeutic value of drugs is a sine qua
non for the successful treatment of patients
entrusting themselves to a physician or
pharmacist.

Because of the plethora of proprietary med-
icines and the continuous influx of new
pharmaceuticals, the drug market is dif cult
to survey and hard to understand. This is
true not only for the student in search of a
logical system for dealing with the wealth of
available drugs, but also for the practicing
clinician in immediate need of independent
information.

Clearly, a pocket atlas can provide only a
basic framework. Comprehensive knowl-
edge has to be gained from major textbooks.
As is evident from the drug lists included in
the Appendix, some 600 drugs are covered
in the present Atlas. This number should be
suf cient for everyday medical practice and
could be interpreted as a Model List. The
advances in pharmacotherapy made in re-
cent years have required us to incorporate
new plates and text passages, and to ex-
punge obsolete approaches. Several plates
needed to be brought in line with new
knowledge.

As the new edition was nearing completion,
several high-profile drugs experienced with-
drawal from the market, substantive change
in labeling, or class action litigation against
their manufacturers. Amid growing concern
over effectiveness of drug safety regulations,
“pharmacovigilance” has become a new
priority. It is hoped that this compendium
may aid in promoting the critical awareness
and rational attitude required to meet that
demand.

We are grateful for comments and sugges-
tions from colleagues, and from students,
both doctoral and undergraduate. Thanks
are due to Professor R. Liillmann-Rauch for
histological and cell-biological advice. We
are indebted to Ms. M. Mauch and Ms. K.
Jirgens, Thieme Verlag, for their care and
assistance and to Ms. Gabriele Kuhn for har-
monious editorial guidance.

Heinz Liillmann, Kiel

Klaus Mohr, Bonn

Lutz Hein, Freiburg

Detlef Bieger, St. John's, Canada
Jiirgen Wirth, Darmstadt

Disclosure: The authors of the Color Atlas of
Pharmacology have no financial interests or
other relationships that would influence the
content of this book.
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Abbreviations

6-APA 6-aminopenicillanic acid

AA amino acid

ABP arterial blood pressure

AC adrenal cortex

ACE angiotensin-converting
enzyme

ACh acetylcholine

AChE acetylcholinesterase

ADH antidiuretic hormone
(= vasopressin, AVP)

AH adenohypophyseal

AP action potential

ATP adensosine triphosphate

AVP vasopressin (= antidiuretic
hormone, ADH)

BMI Body-Mass-Index

BP blood pressure

BP boiling point

CAH carbonic anhydrase

cAMP cyclic adenosine
monophosphate

CG cardiac glycoside

cGMP cyclic guaniidine monophos-
phate

CHH corticotropin-releasing
hormone

CHO Chinese hamster ovary

CHT specific choline-transporter

CML chronic myeloic leukemia

CNS central nervous system

COMT catecholamine O-methyl
transferase

CRH corticotropin-releasing
hormone

DAG diacylglycerol

DHF dihydrofolic acid, dihydro-
folate

DHT dihydrotestosterone

DNA deoxyribonucleic acid

DPTA diethylenetriamino-
pentaacetic acid

DRC dose-response curves

ECL enterochromaf n-like

EDRF endothelium-derived relaxant
factor

EEG electroencephalogram

EFV extracellular fluid volume

EMT extraneuronal monoamine

transporter

ER
FSH
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GTP
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iv.
IFN
IFN-a
IFN-B
IFN-y
IGF-1
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MAC
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MI
mM
mmHg
mRNA
mTOR
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endoplasmic reticulum
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guanosine diphosphate
gonadotropin-releasing
hormone = gonadorelin:
growth hormone-releasing
hormone = somatorelin
growth hormone release-in-
hibiting hormone

= somatostatin

guanosine triphosphate
human chorionic gonadotro-
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heparin-induced thrombocy-
topenia type Il

human menopausal
gonadotropin
intramuscular(ly)
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interferon alpha

interferon beta

interferon gamma
insulin-like growth factor 1
interleukins

intraocular pressure
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5-isosorbide mononitrate
luteinizing hormone
moles/liter, mol/l

minimal alveolar concentra-
tion

monoamine oxidase

sodium 2-mercaptoethane-
sulfonate

major histocompatibility
complex

myocardial infarction
millimoles/liter, mmol/l
millimeters of mercury
messenger RNA
mammalian target of
rapamycin

molecular weight

nicotinic receptor
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2 History of Pharmacology

History of Pharmacology

Since time immemorial, medicaments have
been used for treating disease in humans
and animals. The herbal preparations of
antiquity describe the therapeutic powers
of certain plants and minerals. Belief in the
curative powers of plants and certain sub-
stances rested exclusively upon traditional
knowledge, that is, empirical information
not subjected to critical examination.

The Idea

Claudius Galen (AD 129-200) first at-
tempted to consider the theoretical back-
ground of pharmacology. Both theory and
practical experience were to contribute
equally to the rational use of medicines
through interpretation of the observed and
the experienced results:

The empiricists say that all is found by
experience. We, however, maintain that it is
found in part by experience, in part by theory.
Neither experience nor theory alone is apt to
discover all.

The Impetus

Theophrastus von Hohenheim
(1493-1541), called Paracelsus, began to
question doctrines handed down from anti-
quity, demanding knowledge of the active
ingredient(s) in prescribed remedies, while
rejecting the irrational concoctions and mix-
tures of medieval medicine. He prescribed
chemically defined substances with such
success that professional enemies had him
prosecuted as a poisoner. Against such accu-
sations, he defended himself with the thesis
that has become an axiom of pharmacology:

If you want to explain any poison properly,
what then is not a poison? All things are poi-
son, nothing is without poison; the dose alone
causes a thing not to be poison.



Early Beginnings

Johann Jakob Wepfer (1620-1695) was the
first to verify by animal experimentation as-
sertions about pharmacological or toxicolog-
ical actions.

I pondered at length. Finally I resolved to
clarify the matter by experiments.

Foundation

Rudolf Buchheim (1820-1879) founded the
first institute of pharmacology at the Univer-
sity of Dorpat (Tartu, Estonia) in 1847, usher-
ing in pharmacology as an independent sci-
entific discipline. In addition to a description
of effects, he strove to explain the chemical
properties of drugs.

The science of medicines is a theoretical, i. e.,
explanatory, one. It is to provide us with knowl-
edge by which ourjudgment about the utility of
medicines can be validated at the bedside.

History of Pharmacology 3

Consolidation—General Recognition

Oswald Schmiedeberg (1838-1921), togeth-
er with his many disciples (12 of whom were
appointed to chairs of pharmacology),
helped establish the high reputation of phar-
macology. Fundamental concepts such as
structure-activity relationships, drug recep-
tors, and selective toxicity emerged from the
work of, respectively, T. Frazer (1840-1920)
in Scotland, J. Langley (1852-1925) in Eng-
land, and P. Ehrlich (1854-1915) in Germany.
Alexander . Clarke (1885-1941) in England
first formalized receptor theory in the early
1920s by applying the Law of Mass Action
to drug-receptor interactions. Together with
the internist Bernhard Naunyn (1839-1925),
Schmiedeberg founded the first journal of
pharmacology, which has been published
since without interruption. The “Father of
American Pharmacology,” John ]. Abel
(1857-1938) was among the first Americans
to train in Schmiedeberg’s laboratory and
was founder of the Journal of Pharmacology
and Experimental Therapeutics (published
from 1909 until the present).

Status Quo

After 1920, pharmacological laboratories
sprang up in the pharmaceutical industry
outside established university institutes.
After 1960, departments of clinical pharma-
cology were set up at many universities and
in industry.



4 Drug Sources

Drug and Active Principle

Until the end of the 19th century, medicines
were natural organic or inorganic products,
mostly dried, but also fresh, plants or plant
parts. These might contain substances pos-
sessing healing (therapeutic) properties, or
substances exerting a toxic effect.

In order to secure a supply of medically
useful products not merely at the time of
harvest but year round, plants were pre-
served by drying or soaking them in vegeta-
ble oils or alcohol. Drying the plant, vegeta-
ble, or animal product yielded a drug (from
French “drogue” = dried herb). Colloquially,
this term nowadays often refers to chemical
substances with high potential for physical
dependence and abuse. Used scientifically,
this term implies nothing about the quality
of action, if any. In its original, wider sense,
drug could refer equally well to the dried
leaves of peppermint, dried lime blossoms,
dried flowers and leaves of the female can-
nabis plant (hashish, marijuana), or the dried
milky exudate obtained by slashing the un-
ripe seed capsules of Papaver somniferum
(raw opium).

Soaking plants or plant parts in alcohol
(ethanol) creates a tincture. In this process,
pharmacologically active constituents of the
plant are extracted by the alcohol. Tinctures
do not contain the complete spectrum of
substances that exist in the plant or crude
drug, but only those that are soluble in alco-
hol. In the case of opium tincture, these in-
gredients are alkaloids (i. e., basic substances
of plant origin) including morphine, codeine,
narcotine = noscapine, papaverine, narceine,
and others.

Using a natural product or extract to treat
a disease thus usually entails the adminis-
tration of a number of substances possibly
possessing very different activities. More-
over, the dose of an individual constituent
contained within a given amount of the nat-
ural product is subject to large variations,
depending upon the product’s geographical
origin (biotope), time of harvesting, or con-

ditions and length of storage. For the same
reasons, the relative proportions of individ-
ual constituents may vary considerably.
Starting with the extraction of morphine
from opium in 1804 by EW. Sertiirner
(1783-1841), the active principles of many
other natural products were subsequently
isolated in chemically pure form by pharma-
ceutical laboratories.

The Aims of Isolating Active
Principles

1. Identification of the active ingredient(s).

2. Analysis of the biological effects (pharma-
codynamics) of individual ingredients and
of their fate in the body (pharmacoki-
netics).

3. Ensuring a precise and constant dosage in
the therapeutic use of chemically pure
constituents.

4, The possibility of chemical synthesis,
which would afford independence from
limited natural supplies and create condi-
tions for the analysis of structure-activity
relationships.

Finally, derivatives of the original constitu-

ent may be synthesized in an effort to opti-

mize pharmacological properties. Thus, de-

rivatives of the original constituent with im-

proved therapeutic usefulness may be devel-

oped.

Modification of the chemical structure of
natural substances has frequently led to
pharmaceuticals with enhanced potency.
An illustrative example is fentanyl, which
acts like morphine but requires a dose only
0.1-0.05 times that of the parent substance.
Derivatives of fentanyl such as carfentanyl
(employed in veterinary anesthesia of large
animals) are actually 5000 times more po-
tent than morphine.
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6 Drug Sources

European Plants as Sources of
Effective Medicines

Since prehistoric times, humans have at-
tempted to alleviate ailments or injuries
with the aid of plant parts or herbal prepa-
rations. Ancient civilizations have recorded
various prescriptions of this kind. In the
herbal formularies of medieval times numer-
ous plants were promoted as remedies. In
modern medicine, where each drug is re-
quired to satisfy objective criteria of ef cacy,
few of the hundreds of reputedly curative
plant species have survived as drugs with
documented effectiveness. Presented below
are some examples from local old-world flo-
ras that were already used in prescientific
times and that contain substances that to
this day are employed as important drugs.
A.A group of local plants used since the
middle ages to treat “dropsy” comprises
foxglove (digitalis sp.), lily of the valley
(Convallaria majalis), christmas rose (Hel-
leborus niger), and spindletree (Evonymus
europaeus). At the end of the 18th century
the Scottish physician William Withering
introduced digitalis leaves as a tea into
the treatment of “cardiac dropsy” (edema
of congestive heart failure) and described
the result. The active principles in these
plants are steroids with one or more sugar
molecules attached at C3 (see p.135). Pro-
ven clinically most useful among all avail-
able cardiac glycosides, digoxin continues
to be obtained from the plants Digitalis
purpurea or D. lanata because its chemical
synthesis is too dif cult and expensive.
B. The deadly nightshade of middle Europe
(Atropa belladonna, a solanaceous herb)!
contains the alkaloids atropine, in all its
parts, and scopolamine, in smaller
amounts. The effects of this drug were
already known in antiquity; e. g., pupillary

! This name reflects the poisonous property of
the plant: Atropos was the one of the three Fates
(moirai) who cut the thread of life.

dilation resulting from the cosmetic use of
extracts as eye drops to enhance female
attractiveness. In the 19th century, the
alkaloids were isolated, their structures
elucidated, and their specific mechanism
of action recognized. Atropine is the pro-
totype of a competitive antagonist at the
acetylcholine receptor of the muscarinic
type (cf. p.108).

C. The common white and basket willow
(Salix alba, S.viminalis) contain salicylic
acid derivatives in their bark. Preparations
of willow bark were used from antiquity;
in the 19th century, salicylic acid was
isolated as the active principle of this folk
remedy. This simple acid still enjoys use
as an external agent (keratolytic action)
but is no longer taken orally for the treat-
ment of pain, fever, and inflammatory re-
actions. Acetylation of salicylic acid (intro-
duced around 1900) to yield acetylsali-
cylic acid (ASA, Aspirin®) improved oral
tolerability.

D.The autumn crocus (Colchicum autum-
nale) belongs to the lily family and flowers
on meadows in late summer to fall; leaves
and fruit capsules appear in the following
spring. All parts of the plant contain the
alkaloid colchicine. This substance inhib-
its the polymerization of tubulin to micro-
tubules, which are responsible for intra-
cellular movement processes. Thus, under
the influence of colchicine, macrophages
and neutrophils lose their capacity for in-
tracellular transport of cell organelles.
This action underlies the beneficial effect
during an acute attack of gout (cf. p.326)
Furthermore, colchicine prevents mitosis,
causing an arrest in metaphase (spindle
poison).
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Drug Development

The drug development process starts with
the synthesis of novel chemical compounds.
Substances with complex structures may be
obtained from various sources, e.g., plants
(cardiac glycosides), animal tissues (hepa-
rin), microbial cultures (penicillin G) or cul-
tures of human cells (urokinase), or by
means of gene technology (human insulin).
As more insight is gained into structure-ac-
tivity relationships, the search for new
agents becomes more clearly focused.

Preclinical testing yields information on
the biological effects of new substances. Ini-
tial screening may employ biochemical-phar-
macological investigations (e.g., receptor
binding assays, p.56) or experiments on cell
cultures, isolated cells, and isolated organs.
Since these models invariably fall short of
replicating complex biological processes in
the intact organism, any potential drug must
be tested in the whole animal. Only animal
experiments can reveal whether the desired
effects will actually occur at dosages that
produce little or no toxicity. Toxicological in-
vestigations serve to evaluate the potential
for: (1) toxicity associated with acute or
chronic administration; (2) genetic damage
(genotoxicity, mutagenicity); (3) production
of tumors (oncogenicity or carcinogenicity);
and (4) causation of birth defects (teratoge-
nicity). In animals, compounds under inves-
tigation also have to be studied with respect
to their absorption, distribution, metabo-
lism, and elimination (pharmacokinetics).
Even at the level of preclinical testing, only
a very small fraction of new compounds will
prove potentially fit for use in humans.

Pharmaceutical technology provides the
methods for drug formulation.

Clinical testing starts with Phase I studies
on healthy subjects and seeks to determine
whether effects observed in animal experi-
ments also occur in humans. Dose-response
relationships are determined. In Phase II,
potential drugs are first tested on selected
patients for therapeutic ef cacy in those dis-

ease states for which they are intended. If a
beneficial action is evident, and the inci-
dence of adverse effects is acceptably small,
Phase Ill is entered, involving a larger group
of patients in whom the new drug will be
compared with conventional treatments in
terms of therapeutic outcome. As a form of
human experimentation, these clinical trials
are subject to review and approval by insti-
tutional ethics committees according to in-
ternational codes of conduct (Declarations of
Helsinki, Tokyo, and Venice). During clinical
testing, many drugs are revealed to be un-
usable. Ultimately, only one new drug typi-
cally remains from some 10 000 newly syn-
thesized substances.

The decision to approve a new drug is
made by a national regulatory body (Food
and Drug Administration in the United
States.; the Health Protection Branch Drugs
Directorate in Canada; the EU Commission in
conjunction with the European Agency for
the Evaluation of Medicinal Products, Lon-
don, United Kingdom) to which manufac-
turers are required to submit their applica-
tions. Applicants must document by means
of appropriate test data (from preclinical and
clinical trials) that the criteria of ef cacy and
safety have been met and that product forms
(tablet, capsule, etc.) satisfy general stan-
dards of quality control.

Following approval, the new drug may be
marketed under a trade name (pp.10, 352)
and thus become available for prescription
by physicians and dispensing by pharma-
cists. As the drug gains more widespread
use, regulatory surveillance continues in
the form of postlicensing studies (Phase IV
of clinical trials). Only on the basis of long-
term experience will the risk-benefit ratio
be properly assessed and, thus, the thera-
peutic value of the new drug be determined.
If the new drug offers hardly any advantage
over existing ones, the cost-benefit relation-
ship needs to be kept in mind.
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Congeneric Drugs and Name
Diversity

The preceding pages outline the route lead-
ing to approval of a new drug. The pharma-
ceutical receives an International Nonpro-
prietary Name (INN) and a brand or trade
name chosen by the innovative pharmaceut-
ical company. Patent protection enables the
patent holder to market the new substance
for a specified period of time. As soon as the
patent protection expires, the drug con-
cerned can be put on the market as a generic
under a nonproprietary name or as a succes-
sor preparation under other brand names.
Since patent protection is generally already
sought during the development phase, pro-
tected sale of the drug may occur only for a
few years.

The value of a mnew drug depends on
whether one deals with a novel active prin-
ciple or merely an analogue (or congeneric)
preparation with a slightly changed chemi-
cal structure. It is of course much more ar-
duous to develop a substance that possesses
a novel mechanism of action and thereby
expands therapeutic possibilities. Examples
of such fundamental innovations from re-
cent years include the ACE inhibitors
(p.128), the lipid-lowering agents of the sta-
tin type (p.158), the proton pump inhibitors
(p.170), the gonadorelin superagonists
(p.238), and the gyrase inhibitors (p.276).

Much more frequently, “new drugs” are
analogue substances that imitate the chem-
ical structure of a successful pharmaceutical.
These compounds contain the requisite fea-
tures in their molecule but differ from the
parent molecule by structural alterations
that are biologically irrelevant. Such ana-
logue substances, or “me-too” preparations,
do not add anything new regarding the
mechanism of action. A model example for
the overabundance of analogue substances
are the B-blockers: about 20 individual sub-
stances with the same pharmacophoric
groups differ only in the substituents at the
phenoxy residue. This entails small differen-

ces in pharmacokinetic behavior and relative
af nity for B-receptor subtypes (examples
shown in A). A small fraction of these sub-
stances would suf ce for therapeutic use.
The WHO Model formulary names only one
B-blocker from the existing profusion,
marked in A by an asterisk. The correspond-
ing phenomenon is evident among various
other drug groups (e.g., benzodiazepines,
nonsteroidal anti-inflammatory agents, and
cephalosporins). Most analogue substances
can be neglected.

After patent protection expires, compet-
ing drug companies will at once market suc-
cessful (i.e., profitable) pharmaceuticals as
second-submission successor (or “follow-
on”) preparations. Since no research ex-
penses are involved at this point, successor
drugs can be offered at a cheaper price, ei-
ther as generics (INN + company name) or
under new fancy names. Thus some com-
mon drugs circulate under 10 to 20 different
trade names. An extreme example is pre-
sented in B for the analgesic ibuprofen.

The excess of analogue preparations and
the unnecessary diversity of trade names for
one and the same drug make the pharma-
ceutical markets of some countries (e.g.,
Germany) rather perplexing. A critical listing
of essential drugs is a prerequisite for opti-
mal pharmacotherapy and would be of great
value for medical practice.
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— A. B-Blockers of similar basic structure

Ibuprofen = 2-(4-isobutylphenyl)propionic acid
1. Generic ibuprofen from eight manufacturers

Tabalon®, Tempil®, Tispol®, Togal®, Trauma-Dolgit®, Urem®
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2. Ibuprofen under different brand names; introduced as Brufen® (no longer available)

Aktren®, Contraneural®, Dismenol®, Dolgit®, Dolodoc®, Dolopuren®, Dolormin®, Dolosanol®, Esprenit®,
Eudorlin®, Gynofug®, Gynoneuralgin®, 1bu®, Ibu-acis®, Ibu-Attritin®, Ibubeta®, Ibudolor®, Ibu-Eu-Rho®,
Ibuflam®, Ibuhemo-pharm®, Ibuhexal®, Ibu-KD®, Ibumerck®, Ibuphlogont®, Ibupro®, Iburatiopharm®,
Ibu-TAD®, Ibutop®, Ilvico®, Imbun®, Jenaprofen®, Kontragripp®, Mensoton®, Migranin®, Novogent®,
Nurofen®, Optalidon®, Opturem®, Parsal®, Pharmaprofen®. Ratiodolor®, Schmerz-Dolgit®, Spalt-Liqua®,
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Oral Dosage Forms

The coated tablet contains a drug within a
core that is covered by a shell, e.g., wax
coating, that serves (1) to protect perishable
drugs from decomposing, (2) to mask a dis-
agreeable taste or odor, (3) to facilitate pas-
sage on swallowing, or (4) to permit color
coding.

Capsules usually consist of an oblong cas-
ing—generally made of gelatin—that con-
tains the drug in powder or granulated form.

In the matrix-type tablet, the drug is em-
bedded in an inert meshwork, from which it
is released by diffusion upon being moist-
ened. In contrast to solutions, which permit
direct absorption of drug (A, track 3), the use
of solid dosage forms initially requires
tablets to break up and capsules to open
(disintegration), before the drug can be dis-
solved (dissolution) and pass through the
gastrointestinal mucosal lining (absorp-
tion). Because disintegration of the tablet
and dissolution of the drug take time, absorp-
tion will occur mainly in the intestine (A,
track 2). In the case of a solution, absorption
already starts in the stomach (A, track 3).

For acid-labile drugs, a coating of wax or of
a cellulose acetate polymer is used to pre-
vent disintegration of solid dosage forms in
the stomach. Accordingly, disintegration and
dissolution will take place in the duodenum
at normal rate (A, track 1) and drug libera-
tion per se is not retarded.

The liberation of drug, and hence the site
and time-course of absorption, are subject to
modification by appropriate production
methods for matrix-type tablets, coated tab-
lets, and capsules. In the case of the matrix
tablet, this is done by incorporating the drug
into a lattice from which it can be slowly
leached out by gastrointestinal fluids. As
the matrix tablet undergoes enteral transit,
drug liberation and absorption proceed en
route (A, track 4). In the case of coated tab-
lets, coat thickness can be designed such that
release and absorption of drug occur either
in the proximal (A, track 1) or distal (A, track

5) bowel. Thus, by matching dissolution time
with small-bowel transit time, drug release
can be timed to occur in the colon.

Drug liberation and, hence, absorption can
also be spread out when the drug is pre-
sented in the form of a granulate consisting
of pellets coated with a waxy film of graded
thickness. Depending on film thickness,
gradual dissolution occurs during enteral
transit, releasing drug at variable rates for
absorption. The principle illustrated for a
capsule can also be applied to tablets. In this
case, either drug pellets coated with films of
various thicknesses are compressed into a
tablet or the drug is incorporated into a ma-
trix-type tablet. In contrast to timed-release
capsules slow-release tablets have the ad-
vantage of being divisible ad libitum; thus
fractions of the dose contained within the
entire tablet may be administered.

This kind of retarded drug release is em-
ployed when a rapid rise in blood levels of
drug is undesirable, or when absorption is
being slowed in order to prolong the action
of drugs that have a short sojourn in the
body.
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Drug Administration by Inhalation

Inhalation in the form of an aerosol, a gas, or
a mist permits drugs to be applied to the
bronchial mucosa and, to a lesser extent, to
the alveolar membranes. This route is cho-
sen for drugs intended to affect bronchial
smooth muscle or the consistency of bron-
chial mucus. Furthermore, gaseous or vola-
tile agents can be administered by inhalation
with the goal of alveolar absorption and sys-
temic effects (e.g., inhalational anesthetics,
p.216). Aerosols are formed when a drug
solution or micronized powder is converted
into a mist or dust, respectively.

In conventional sprays (e.g., nebulizer),
the air blast required for the aerosol forma-
tion is generated by the stroke of a pump.
Alternatively, the drug is delivered from a
solution or powder packaged in a pressur-
ized canister equipped with a valve through
which a metered dose is discharged. During
use, the inhaler (spray dispenser) is held
directly in front of the mouth and actuated
at the start of inspiration. The effectiveness
of delivery depends on the position of the
device in front of the mouth, the size of the
aerosol particles, and the coordination be-
tween opening the spray valve and inspira-
tion. The size of the aerosol particles deter-
mines the speed at which they are swept
along by inhaled air, and hence the depth
of penetration into the respiratory tract.
Particles > 100 um in diameter are trapped
in the oropharyngeal cavity; those having
diameters between 10 and 60 pm will be
deposited on the epithelium of the bronchial
tract. Particles <2 pm in diameter can reach
the alveoli, but they will be exhaled again
unless they settle out.

Drug deposited on the mucous lining of
the bronchial epithelium is partly absorbed
and partly transported with bronchial mu-
cus toward the larynx. Bronchial mucus trav-
els upward owing to the orally directed un-
dulatory beat of the epithelial cilia. Physio-
logically, this mucociliary transport func-
tions to remove inspired dust particles.

Thus, only a portion of the drug aerosol
(~10%) gains access to the respiratory tract
and just a fraction of this amount penetrates
the mucosa, whereas the remainder of the
aerosol undergoes mucociliary transport to
the laryngopharynx and is swallowed. The
advantage of inhalation (i.e., localized appli-
cation without systemic load) is fully ex-
ploited by using drugs that are poorly ab-
sorbed from the intestine (tiotropium, cro-
molyn) or are subject to first-pass elimina-
tion (p.42); for example, glucocorticoids
such as beclomethasone dipropionate, bude-
sonide, flunisolide, and fluticasone dipropi-
onate or B-agonists such as salbutamol and
fenoterol.

Even when the swallowed portion of an
inhaled drug is absorbed in unchanged form,
administration by this route has the advant-
age that drug concentrations at the bronchi
will be higher than in other organs.

The ef ciency of mucociliary transport de-
pends on the force of kinociliary motion and
the viscosity of bronchial mucus. Both fac-
tors can be altered pathologically (e.g., by
smoker’s cough or chronic bronchitis).
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Dermatological Agents

Pharmaceutical preparations applied to the
outer skin are intended either to provide
skin care and protection from noxious influ-
ences (A) or to serve as a vehicle for drugs
that are to be absorbed into the skin or, if
appropriate, into the general circulation (B).

Skin Protection (A)

Protective agents are of several kinds to
meet different requirements according to
skin condition (dry, low in oil, chapped vs.
moist, oily, elastic), and the type of noxious
stimuli (prolonged exposure to water, regu-
lar use of alcohol-containing disinfectants,
intense solar irradiation). Distinctions
among protective agents are based upon
consistency, physicochemical properties
(lipophilic, hydrophilic), and the presence
of additives.

Dusting powders are sprinkled onto the
intact skin and consist of talc, magnesium
stearate, silicon dioxide (silica), or starch.
They adhere to the skin, forming a low-fric-
tion film that attenuates mechanical irrita-
tion. Powders exert a drying (evaporative)
effect.

Lipophilic ointment (oil ointment) con-
sists of a lipophilic base (paraf n oil, petro-
leum jelly, wool fat) and may contain up to
10% powder materials, such as zinc oxide,
titanium oxide, starch, or a mixture of these.
Emulsifying ointments are made of paraf ns
and an emulsifying wax, and are miscible
with water.

Paste (oil paste) is an ointment containing
more than 10% pulverized constituents.

Lipophilic (oily) cream is an emulsion of
water in oil, easier to spread than oil paste or
oil ointment.

Hydrogel and water-soluble ointment
achieve their consistency by means of differ-
ent gel-forming agents (gelatin, methylcel-
lulose, polyethylene glycol). Lotions are
aqueous suspensions of water-insoluble
and solid constituents.

Hydrophilic (aqueous) cream is an oil-in-
water emulsion formed with the aid of an
emulsifier; it may also be considered an oil-
in-water emulsion of an emulsifying oint-
ment.

All dermatological agents having a lipo-
philic base adhere to the skin as a water-
repellent coating. They do not wash off and
they also prevent (occlude) outward pas-
sage of water from the skin. The skin is pro-
tected from drying, and its hydration and
elasticity increase. Diminished evaporation
of water results in warming of the occluded
skin. Hydrophilic agents wash off easily and
do not impede transcutaneous output of
water. Evaporation of water is felt as a cool-
ing effect.

Dermatological Agents as Vehicles (B)

In order to reach its site of action, a drug
must leave its pharmaceutical preparation
and enter the skin if a local effect is desired
(e.g., glucocorticoid ointment), or be able to
penetrate it if a systemic action is intended
(transdermal delivery system, e.g., nitrogly-
cerin patch, p.124). The tendency for the
drug to leave the drug vehicle is higher the
more the drug and vehicle differ in lipo-
philicity (high tendency: hydrophilic drug
and lipophilic vehicle; and vice versa).
Because the skin represents a closed lipo-
philic barrier (p.22), only lipophilic drugs
are absorbed. Hydrophilic drugs fail even to
penetrate the outer skin when applied in a
lipophilic vehicle. This formulation can be
useful when high drug concentrations are
required at the skin surface (e.g., neomycin
ointment for bacterial skin infections).
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From Application to Distribution in
the Body

As a rule, drugs reach their target organs via
the blood. Therefore, they must first enter
the blood, usually in the venous limb of the
circulation. There are several possible sites of
entry.

The drug may be injected or infused intra-
venously, in which case it is introduced di-
rectly into the bloodstream. In subcutane-
ous or intramuscular injection, the drug has
to diffuse from its site of application into the
blood. Because these procedures entail in-
jury to the outer skin, strict requirements
must be met concerning technique. For this
reason, the oral route (i.e., simple applica-
tion by mouth) involving subsequent uptake
of drug across the gastrointestinal mucosa
into the blood is chosen much more fre-
quently. The disadvantage of this route is
that the drug must pass through the liver
on its way into the general circulation. In
all of the above modes of application, this
fact assumes practical significance for any
drug that may be rapidly transformed or
possibly inactivated in the liver (first-pass
effect, presystemic elimination, bioavailabil-
ity; p.42). Furthermore, a drug has to tra-
verse the lungs before entering the general
circulation. Pulmonary tissues may trap hy-
drophobic substances. The lungs may then
act as a buffer and thus prevent a rapid rise
in drug levels in peripheral blood after i.v.
injection (important, for example, with i.v.
anesthetics). Even with rectal administra-
tion, at least a fraction of the drug enters
the general circulation via the portal vein,
because only blood from the short terminal
segment of the rectum drains directly into
the inferior vena cava. Hepatic passage is
circumvented when absorption occurs buc-
cally or sublingually, because venous blood
from the oral cavity drains into the superior
vena cava. The same would apply to admin-
istration by inhalation (p.14). However,
with this route, a local effect is usually in-
tended, and a systemic action is intended

only in exceptional cases. Under certain con-
ditions, drug can also be applied percutane-
ously in the form of a transdermal delivery
system (p.16). In this case, drug is released
from the reservoir at constant rate over
many hours, and then penetrates the epider-
mis and subepidermal connective tissue
where it enters blood capillaries. Only a very
few drugs can be applied transdermally. The
feasibility of this route is determined by both
the physicochemical properties of the drug
and the therapeutic requirements (acute vs.
long-term effect).

Speed of absorption is determined by the
route and method of application. It is fastest
with intravenous injection, less fast with in-
tramuscular injection, and slowest with sub-
cutaneous injection. When the drug is ap-
plied to the oral mucosa (buccal, sublingual
routes), plasma levels rise faster than with
conventional oral administration because
the drug preparation is deposited at its ac-
tual site of absorption and very high concen-
trations in saliva occur upon the dissolution
of a single dose. Thus, uptake across the oral
epithelium is accelerated. Furthermore, drug
absorption from the oral mucosa avoids pas-
sage through the liver and, hence, presys-
temic elimination. The buccal or sublingual
route is not suitable for poorly water-soluble
or poorly absorbable drugs. Such agents
should be given orally because both the vol-
ume of fluid for dissolution and the absorb-
ing surface are much larger in the small in-
testine than in the oral cavity.
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20 Cellular Sites of Action

Potential Targets of Drug Action

Drugs are designed to exert a selective influ-
ence on vital processes in order to alleviate
or eliminate symptoms of disease. The
smallest basic unit of an organism is the cell.
The outer cell membrane, or plasmalemma,
effectively demarcates the cell from its sur-
roundings, thus permitting a large degree of
internal autonomy. Embedded in the plas-
malemma are transport proteins that serve
to mediate controlled metabolic exchange
with the cellular environment. These include
energy-consuming pumps (e.g., Na" K*-AT-
Pase, p.134), carriers (e.g., for Na*/glucose
co-transport, p.180), and ion channels (e.g.,
for sodium (p.138) or calcium (p.126) (1).
Functional coordination between single
cells is a prerequisite for the viability of the
organism, hence also the survival of individ-
ual cells. Cell functions are coordinated by
means of cytosolic contacts between neigh-
boring cells (gap junctions, e.g., in the myo-
cardium) and messenger substances for the
transfer of information. Included among
these are “transmitters” released from
nerves, which the cell is able to recognize
with the help of specialized membrane bind-
ing sites or receptors. Hormones secreted by
endocrine glands into the blood, then into
the extracellular fluid, represent another
class of chemical signals. Finally, signaling
substances can originate from neighboring
cells: paracrine regulation, for instance by
the prostaglandins (p.196) and cytokines.
The effect of a drug frequently results
from interference with cellular function. Re-
ceptors for the recognition of endogenous
transmitters are obvious sites of drug action
(receptor agonists and antagonists, p.60).
Altered activity of membrane transport sys-
tems affects cell function (e. g., cardiac glyco-
sides, p.134; loop diuretics, p.166; calcium-
antagonists, p.126). Drugs may also directly
interfere with intracellular metabolic pro-
cesses, for instance by inhibiting (phospho-
diesterase inhibitors, pp. 66, 122) or activat-
ing (organic nitrates, p.124) an enzyme (2);

even processes in the cell nucleus can be
affected (e.g., DNA damage by certain cyto-
statics).

In contrast to drugs acting from the out-
side on cell membrane constituents, agents
acting in the cell’s interior need to penetrate
the cell membrane.

The cell membrane basically consists of a
phospholipid bilayer (50 A = 5 nm in thick-
ness), embedded in which are proteins (in-
tegral membrane proteins, such as receptors
and transport molecules). Phospholipid mol-
ecules contain two long-chain fatty acids in
ester linkage with two of the three hydroxyl
groups of glycerol. Bound to the third hy-
droxyl group is phosphoric acid, which, in
turn, carries a further residue, e.g., choline
(phosphatidylcholine = lecithin), the amino
acid serine (phosphatidylserine), or the cy-
clic polyhydric alcohol inositol (phosphati-
dylinositol). In terms of solubility, phospho-
lipids are amphiphilic: the tail region con-
taining the apolar fatty acid chains is lip-
ophilic; the remainder—the polar head—is
hydrophilic. By virtue of these properties,
phospholipids aggregate spontaneously into
a bilayer in an aqueous medium, their polar
heads being directed outward into the aque-
ous medium, the fatty acid chains facing
each other and projecting into the inside of
the membrane (3).

The hydrophobic interior of the phos-
pholipid membrane constitutes a diffusion
barrier virtually impermeable to charged
particles. Apolar particles, however, are bet-
ter able to penetrate the membrane. This is
of major importance with respect to the ab-
sorption, distribution, and elimination of
drugs.
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22 Distribution in the Body

External Barriers of the Body

Prior to its uptake into the blood (i.e., during
absorption), the drug has to overcome bar-
riers that demarcate the body from its sur-
roundings, that is, that separate the internal
from the external milieu. These boundaries
are formed by the skin and mucous mem-
branes.

When absorption takes place in the gut
(enteral absorption), the intestinal epithe-
lium is the barrier. This single-layered epi-
thelium is made up of enterocytes and mu-
cus-producing goblet cells. On their luminal
side, these cells are joined together by zon-
ulae occludentes (indicated by black dots in
the inset, bottom left). A zonula occludens, or
tight junction, is a region in which the phos-
pholipid membranes of two cells establish
close contact and become joined via integral
membrane proteins (semicircular inset, left
center). The region of fusion surrounds each
cell like a ring such that neighboring cells are
welded together in a continuous belt. In this
manner, an unbroken phospholipid layer is
formed (yellow area in the schematic draw-
ing, bottom left) and acts as a continuous
barrier between the two spaces separated
by the cell layer—in the case of the gut, the
intestinal lumen (dark blue) and interstitial
space (light blue). The ef ciency with which
such a barrier restricts exchange of substan-
ces can be increased by arranging these oc-
cluding junctions in multiple arrays, as for
instance in the endothelium of cerebral
blood vessels. The connecting proteins (con-
nexins) furthermore serve to restrict mixing
of other functional membrane proteins (car-
rier molecules, ion pumps, ion channels) that
occupy specific apical or basolateral areas of
the cell membrane.

This phospholipid bilayer represents the
intestinal mucosa-blood barrier that a drug
must cross during its enteral absorption. Eli-
gible drugs are those whose physicochemi-
cal properties allow permeation through the
lipophilic membrane interior (yellow) or
that are subject to a special inwardly di-

rected carrier transport mechanism. Con-
versely, drugs can undergo backtransport in-
to the gut by means of ef ux pumps (P-gly-
coprotein) located in the luminal membrane
of the intestinal epithelium. Absorption of
such drugs proceeds rapidly because the ab-
sorbing surface is greatly enlarged owing to
the formation of the epithelial brush border
(submicroscopic foldings of the plasmalem-
ma). The absorbability of a drug is character-
ized by the absorption quotient, that is, the
amount absorbed divided by the amount in
the gut available for absorption.

In the respiratory tract, cilia-bearing epi-
thelial cells are also joined on the luminal
side by zonulae occludentes, so that the
bronchial space and the interstitium are sep-
arated by a continuous phospholipid barrier.

With sublingual or buccal application, the
drug encounters the nonkeratinized, multi-
layered squamous epithelium of the oral
mucosa. Here, the cells establish punctate
contacts with each other in the form of des-
mosomes (not shown); however, these do
not seal the intercellular clefts. Instead, the
cells have the property of sequestering polar
lipids that assemble into layers within the
extracellular space (semicircular inset, cen-
ter right). In this manner, a continuous phos-
pholipid barrier arises also inside squamous
epithelia, although at an extracellular loca-
tion, unlike that of intestinal epithelia. A
similar barrier principle operates in the mul-
tilayered keratinized squamous epithelium
of the skin.

The presence of a continuous phospholi-
pid layer again means that only lipophilic
drugs can enter the body via squamous epi-
thelia. Epithelial thickness, which in turn
depends on the depth of the stratum cor-
neum, determines the extent and speed of
absorption. Examples of drugs that can be
conveyed via the skin into the blood include
scopolamine (p.110), nitroglycerin (p.124),
fentanyl (p.212) and the gonadal hormones
(p.250).
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24 Distribution in the Body

Blood-Tissue Barriers

Drugs are transported in the blood to differ-
ent tissues of the body. In order to reach
their sites of action, they must leave the
bloodstream. Drug permeation occurs
largely in the capillary bed, where both sur-
face area and time available for exchange are
maximal (extensive vascular branching, low
velocity of flow). The capillary wall forms the
blood-tissue barrier. Basically, this consists
of an endothelial cell layer and a basement
membrane enveloping the latter (solid black
line in the schematic drawings). The endo-
thelial cells are “riveted” to each other by
tight junctions or occluding zonulae (labeled
Z in the electron micrograph, upper left)
such that no clefts, gaps, or pores remain
that would permit drugs to pass unimpeded
from the blood into the interstitial fluid.

The blood-tissue barrier is developed dif-
ferently in the various capillary beds. Perme-
ability of the capillary wall to drugs is deter-
mined by the structural and functional char-
acteristics of the endothelial cells. In many
capillary beds, e. g., those of cardiac muscle,
endothelial cells are characterized by pro-
nounced endocytotic and transcytotic ac-
tivity, as evidenced by numerous invagina-
tions and vesicles (arrows in the electron
micrograph, upper right). Transcytotic activ-
ity entails transport of fluid or macromole-
cules from the blood into the interstitium
and vice versa. Any solutes trapped in the
fluid, including drugs, may traverse the
blood-tissue barrier. In this form of trans-
port, the physicochemical properties of
drugs are of little importance.

In some capillary beds (e.g., in the pan-
creas), endothelial cells exhibit fenestra-
tions. Although the cells are tightly con-
nected by continuous junctions, they possess
pores (arrows in electron micrograph, lower
left) that are closed only by diaphragms.
Both the diaphragm and basement mem-
brane can be readily penetrated by substan-
ces of low molecular weight—the majority of
drugs—but less so by macromolecules, e.g.,

proteins such as insulin (G: insulin storage
granule). Penetrability of macromolecules is
determined by molecular size and electric
charge. Fenestrated endothelia are found in
the capillaries of the gut and endocrine
glands.

In the central nervous system (brain and
spinal cord), capillary endothelia lack pores
and there is little transcytotic activity. In
order to cross the blood-brain barrier,
drugs must diffuse transcellularly, i.e., pen-
etrate the luminal and basal membrane of
endothelial cells. Drug movement along this
path requires specific physicochemical prop-
erties (p.26) or the presence of a transport
mechanism (e.g., L-dopa, p.188). Thus, the
blood-brain barrier is permeable only to cer-
tain types of drugs.

Drugs exchange freely between blood and
interstitium in the liver, where endothelial
cells exhibit large fenestrations (100 nm in
diameter) facing Disse’s spaces (D) and
where neither diaphragms nor basement
membranes impede drug movement.

Diffusion barriers are also present beyond
the capillary wall; e.g., placental barrier of
fused syncytiotrophoblast cells; blood-tes-
ticle barrier, junctions interconnecting Serto-
li cells; brain choroid plexus-blood barrier,
occluding junctions between ependymal
cells.

(Vertical bars in the electron micrographs
represent 1 um; E, cross-sectioned erythro-
cyte; AM, actomyosin; G, insulin-containing
granules.)
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Membrane Permeation

An ability to penetrate lipid bilayers is a
prerequisite for the absorption of drugs,
their entry into cell or cellular organelles,
and passage across the blood-brain barrier.
Owing to their amphiphilic nature, phospho-
lipids form bilayers possessing a hydrophilic
surface and a hydrophobic interior (p.20).
Substances may traverse this membrane in
three different ways.

Diffusion (A). Lipophilic substances (red
dots) may enter the membrane from the
extracellular space (area shown in ochre),
accumulate in the membrane, and exit into
the cytosol (blue area). Direction and speed
of permeation depend on the relative con-
centrations in the fluid phases and the mem-
brane. The steeper the gradient (concentra-
tion difference), the more drug will be dif-
fusing per unit of time (Fick’s law). The lipid
membrane represents an almost insur-
mountable obstacle for hydrophilic substan-
ces (blue triangles).

Transport (B). Some drugs may penetrate
membrane barriers with the help of trans-
port systems (carriers), irrespective of their
physicochemical properties, especially lipo-
philicity. As a prerequisite, the drug must
have af nity for the carrier (blue triangle
matching recess on “transport system”)
and, when bound to the carrier, be capable
of being ferried across the membrane. Mem-
brane passage via transport mechanisms is
subject to competitive inhibition by another
substance possessing similar af nity for the
carrier. Substances lacking in af nity (blue
circles) are not transported. Drugs utilize
carriers for physiological substances: e.g.,
L-dopa uptake by L-amino acid carrier across
the blood-intestine and blood-brain bar-
riers (p.188); uptake of aminoglycosides by
the carrier transporting basic polypeptides
through the luminal membrane of kidney
tubular cells (p. 280). Only drugs bearing suf-

ficient resemblance to the physiological sub-
strate of a carrier will exhibit af nity to it.
The distribution of drugs in the body can
be greatly changed by transport glycopro-
teins that are capable of moving substances
out of cells against concentration gradients.
The energy needed is produced by hydroly-
sis of ATP. These P-glycoproteins occur in the
blood-brain-barrier, intestinal epithelia, and
tumor cells, and in pathogens (e. g., malarial
plasmodia). On the one hand, they function
to protect cells from xenobiotics; on the oth-
er, they can cause drug resistance by pre-
venting drugs from reaching effective con-
centrations at intracellular sites of action.

Transcytosis (vesicular transport, C). When
new vesicles are pinched off, substances dis-
solved in the extracellular fluid are engulfed
and then ferried through the cytoplasm, un-
less the vesicles (phagosomes) undergo fu-
sion with lysosomes to form phagolyso-
somes and the transported substance is me-
tabolized.

Receptor-mediated endocytosis (C). The
drug first binds to membrane surface recep-
tors (1, 2) whose cytosolic domains contact
special proteins (adaptins, 3). Drug-receptor
complexes migrate laterally in the mem-
brane and aggregate with other complexes
by a clathrin-dependent process (4). The af-
fected membrane region invaginates and
eventually pinches off to form a detached
vesicle (5). The clathrin and adaptin coats
are shed (6), resulting in formation of the
“early” endosome (7). Inside this, proton
concentration rises and causes the drug-re-
ceptor complex to dissociate. Next, the re-
ceptor-bearing membrane portions separate
from the endosome (8). These membrane
sections recirculate to the plasmalemma
(9), while the endosome is delivered to the
target organelles (10).
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28 Distribution in the Body

Possible Modes of Drug Distribution

Following its uptake into the body, the drug
is distributed in the blood (1) and through it
to the various tissues of the body. Distribu-
tion may be restricted to the extracellular
space (plasma volume plus interstitial space)
(2) or may also extend into the intracellular
space (3). Certain drugs may bind strongly to
tissue structures so that plasma concentra-
tions fall significantly even before elimina-
tion has begun (4).

After being distributed in blood, macro-
molecular substances remain largely con-
fined to the vascular space, because their
permeation through the blood-tissue bar-
rier, or endothelium, is impeded, even where
capillaries are fenestrated. This property is
exploited therapeutically when loss of blood
necessitates refilling of the vascular bed, for
instance by infusion of dextran solutions
(p.156). The vascular space is, moreover,
predominantly occupied by substances
bound with high af nity to plasma proteins
(p.30; determination of the plasma volume
with protein-bound dyes). Unbound, free
drug may leave the bloodstream, albeit with
varying ease, because the blood-tissue bar-
rier (p.24) is differently developed in differ-
ent segments of the vascular tree. These re-
gional differences are not illustrated in the
accompanying figures.

Distribution in the body is determined by
the ability to penetrate membranous bar-
riers (p. 20). Hydrophilic substances (e. g., in-
ulin) are neither taken up into cells nor
bound to cell surface structures and can thus
be used to determine the extracellular fluid
volume (2). Lipophilic substances diffuse
through the cell membrane and, as a result,
achieve a uniform distribution in body fluids
(3).

Body weight may be broken down as illus-
trated in the pie-chart. Further subdivisions
are shown in the panel opposite.

The volume ratio of interstitial: intracellu-
lar water varies with age and body weight.
On a percentage basis, interstitial fluid vol-

Solid substances and
structurally bound water

40%

40%

N

—

Intracellular water  Extracellular water

and erythrocytes

ume is large in premature or normal neo-
nates (up to 50% of body water), and smaller
in the obese and the aged.

The concentration (c) of a solution corre-
sponds to the amount (D) of substance dis-
solved in a volume (V); thus, ¢ = D/V. If the
dose of drug (D) and its plasma concentra-
tion (c) are known, a volume of distribution
(V) can be calculated from V = D/c. However,
this represents an apparent (notional) vol-
ume of distribution (V,pp), because an even
distribution in the body is assumed in its
calculation. Homogeneous distribution will
not occur if drugs are bound to cell mem-
branes (5) or to membranes of intracellular
organelles (6) or are stored within organelles
(7). In these cases, plasma concentration ¢
becomes small and V,, can exceed the ac-
tual size of the available fluid volume. Con-
versely, if a major fraction of drug molecules
is bound to plasma proteins, c becomes large
and the calculated value for V,p, may then be
smaller than that attained biologically.
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Binding to Plasma Proteins

Having entered the blood, drugs may bind to
the protein molecules that are present in
abundance, resulting in the formation of
drug-protein complexes.

Protein binding involves primarily albu-
min and, to a lesser extent, B-globulins and
acidic glycoproteins. Other plasma proteins
(e.g., transcortin, transferrin, thyroxin-bind-
ing globulin) serve specialized functions in
connection with specific substances. The de-
gree of binding is governed by the concen-
tration of the reactants and the af nity of a
drug for a given protein. Albumin concentra-
tion in plasma amounts to 4.6 g/100 ml, or
0.6 mM, and thus provides a very high bind-
ing capacity (two sites per molecule). As a
rule, drugs exhibit much lower af nity (Kp
~107°-103 M) for plasma proteins than for
their specific binding sites (receptors). In the
range of therapeutically relevant concentra-
tions, protein binding of most drugs in-
creases linearly with concentration (excep-
tions: salicylate and certain sulfonamides).

The albumin molecule has different bind-
ing sites for anionic and cationic ligands, but
van der Waals forces also contribute (p.58).
The extent of binding correlates with drug
hydrophobicity (repulsion of drug by water).

Binding to plasma proteins is instanta-
neous and reversible, i.e., any change in the
concentration of unbound drug is immedi-
ately followed by a corresponding change in
the concentration of bound drug. Protein
binding is of great importance because it is
the concentration of free drug that deter-
mines the intensity of the effect. At a given
total plasma concentration (say, 100 ng/ml)
the effective concentration will be 90 ng/ml
for a drug 10% bound to protein, but 1 ng/ml
for a drug 99% bound to protein. The reduc-
tion in concentration of free drug resulting
from protein binding affects not only the
intensity of the effect but also biotransfor-
mation (e.g., in the liver) and elimination
from the kidney, because only free drug will
enter hepatic sites of metabolism or undergo

glomerular filtration. When concentrations
of free drug fall, drug is resupplied from
binding sites on plasma proteins. Binding
to plasma protein is equivalent to a depot
in prolonging the duration of the effect by
retarding elimination, whereas the intensity
of the effect is reduced. If two substances
have af nity for the same binding site on
the albumin molecule, they may compete
for that site. One drug may displace another
from its binding site and thereby elevate the
free (effective) concentration of the dis-
placed drug (a form of drug interaction).
Elevation of the free concentration of the
displaced drug means increased effective-
ness and accelerated elimination.

A decrease in the concentration of albu-
min (in liver disease, nephrotic syndrome,
poor general condition) leads to altered
pharmacokinetics of drugs that are highly
bound to albumin.

Plasma protein-bound drugs that are sub-
strates for transport carriers can be cleared
from blood at high velocity; e.g., p-amino-
hippurate by the renal tubule and sulfo-
bromophthalein by the liver. Clearance rates
of these substances can be used to determine
renal or hepatic blood flow.
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32 Drug Elimination

The Liver as an Excretory Organ

As the major organ of drug biotransformation,
the liver is richly supplied with blood, of
which 1100 ml is received each minute from
the intestines through the portal vein and
350 ml through the hepatic artery, compris-
ing nearly 1/3 of cardiac output. The blood
content of hepatic vessels and sinusoids
amounts to 500 ml. Owing to the widening
of the portal lumen, intrahepatic blood flow
decelerates (A). Moreover, the endothelial
lining of hepatic sinusoids (p.24) contains
pores large enough to permit rapid exit of
plasma proteins. Thus, blood and hepatic pa-
renchyma are able to maintain intimate con-
tact and intensive exchange of substances,
which is further facilitated by microvilli cov-
ering the hepatocyte surfaces abutting Dis-
se’s spaces.

The hepatocyte secretes biliary fluid into
the bile canaliculi (dark green), tubular in-
tercellular clefts that are sealed off the blood
spaces by tight junctions. Secretory activity
in the hepatocytes results in movement of
fluid toward the canalicular space (A).

The hepatocyte is endowed with numer-
ous metabolically important enzymes that
are localized in part in mitochondria and in
part on membranes of the rough (rER) and
smooth (sER) endoplasmic reticulum. En-
zymes of the sER play a most important role
in drug biotransformation. At this site, direct
consumption of molecular oxygen (0,) takes
place in oxidative reactions. Because these
enzymes can catalyze either hydroxylation
or oxidative cleavage of -N-C- or -0-C-
bonds, they are referred to as “mixed-func-
tion” oxidases or hydroxylases. The integral
component of this enzyme system is the
iron-containing cytochrome P450 (see
p.38). Many P450 isozymes are known and
they exhibit different patterns of substrate
specificity. Interindividual genetic differen-
ces in isozyme make-up (e.g., CYP2D6)
underlie subject-to-subject variations in
drug biotransformation. The same holds for
other enzyme systems; hence, the phenom-

enon is generally referred to as genetic poly-
morphism of biotransformation.

Compared with hydrophilic drugs not
undergoing transport, lipophilic drugs are
more rapidly taken up from the blood into
hepatocytes and more readily gain access to
mixed-function oxidases embedded in SER
membranes. For instance, a drug having li-
pophilicity by virtue of an aromatic substitu-
ent (phenyl ring) (B) can be hydroxylated
and thus become more hydrophilic (phase I
reaction, p.36). Besides oxidases, SER also
contains reductases and glucuronyltransfer-
ases. The latter conjugate glucuronic acid
with hydroxyl, carboxyl, amine, and amide
groups and hence also phenolic products of
phase I metabolism (phase II conjugation).
Phase I and phase Il metabolites can be trans-
ported back into the blood—probably via a
gradient-dependent carrier—or actively se-
creted into bile via the ABC transporter
(ATP-binding cassette transporter). Different
transport proteins are available: for instance,
MRP2 (the multidrug resistance associated
protein 2) transports anionic conjugates into
the bile canaliculi, whereas MRP3 can route
these via the basolateral membrane of the
hepatocyte toward the general circulation.

Prolonged exposure to substrates of one of
the membrane-bound enzymes results in a
proliferation of sER membranes in the liver
(cf. € and D). The molecular mechanism of
this sER “hypertrophy” has been elucidated
for some drugs: thus, phenobarbital binds to
a nuclear receptor (constitutive androstane
receptor) that regulates the expression of cy-
tochromes CYP2C9 and CYP2D6. Enzyme in-
duction leads to accelerated biotransforma-
tion, not only of the inducing agent but also of
other drugs (a form of drug interaction).
With continued exposure, it develops in a
few days, resulting in an increase in reaction
velocity, maximally 2-3-fold, that disap-
pears after removal of the inducing agent.
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Biotransformation of Drugs

Many drugs undergo chemical modification
in the body (biotransformation). Most often
this process entails a loss of biological activ-
ity and an increase in hydrophilicity (water
solubility), thereby promoting elimination
via the renal route (p.40). Since rapid drug
elimination improves accuracy in titrating
the therapeutic concentration, drugs are
often designed with built-in weak links. Es-
ter bonds are such links, being subject to
hydrolysis by the ubiquitous esterases.

Hydrolytic cleavages, along with oxidations,
reductions, alkylations, and dealkylations,
constitute phase I reactions of drug metab-
olism. These reactions subsume all metabolic
processes apt to alter drug molecules chemi-
cally and take place chiefly in the liver. In
phase II (synthetic) reactions, conjugation
products of either the drug itself or its phase I
metabolites are formed, for instance, with
glucuronic or sulfuric acid

The special case of the endogenous trans-
mitter acetylcholine illustrates well the high
velocity of ester hydrolysis. Acetylcholine is
broken down so rapidly at its sites of release
and action by acetylcholinesterase (p.106) as
to negate its therapeutic use. Hydrolysis of
other esters catalyzed by various esterases is
slower; though relatively fast in comparison
with other biotransformations. The local
anesthetic procaine is a case in point; it ex-
erts its action at the site of application while
being largely devoid of undesirable effects at
other locations because it is inactivated by
hydrolysis during absorption from the site of
application.

Ester hydrolysis does not invariably lead
to inactive metabolites, as exemplified by
acetylsalicylic acid. The cleavage product,
salicylic acid, retains pharmacological activ-
ity. In certain cases, drugs are administered
in the form of esters in order to facilitate
uptake into the body (enalapril-enalaprilat,
p.128; testosterone decanoate-testosterone,
p.248) or to reduce irritation of the gastric or

intestinal mucosa (acetylsalicylic acid-sali-
cylic acid; erythromycin succinate-erythro-
mycin). In these cases the ester itself is not
active but its hydrolytic product is. Thus, an
inactive precursor or prodrug is adminis-
tered and formation of the active molecule
occurs only after hydrolysis in the blood.

Some drugs possessing amide bonds, such
as prilocaine and of course peptides, can be
hydrolyzed by peptidases and inactivated in
this manner. Peptidases are also of pharma-
cological interest because they are responsi-
ble for the formation of highly reactive cleav-
age products (fibrin, p.150) and potent me-
diators (angiotensin II, p.128; bradykinin,
enkephalin, p. 208) from biologically inactive
peptides.

Peptidases exhibit some substrate selec-
tivity and can be selectively inhibited, as
exemplified by the formation of angiotensin
II, whose actions inter alia include vasocon-
striction. Angiotensin II is formed from an-
giotensin | by cleavage of the C-terminal
dipeptide histidylleucine. Hydrolysis is cata-
lyzed by “angiotensin-converting enzyme”
(ACE). Peptide analogues such as captopril
(p.128) block this enzyme. Angiotensin II is
degraded by angiotensinase A, which cleaves
off the N-terminal asparagine residue. The
product angiotensin IIl lacks vasoconstrictor
activity.
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Oxidation reactions can be divided into two
kinds: those in which oxygen is incorporated
into the drug molecule, and those in which
primary oxidation causes part of the mole-
cule to be lost. The former include hydrox-
ylations, epoxidations, and sulfoxidations.
Hydroxylations may involve alkyl substitu-
ents (e.g., pentobarbital) or aromatic ring
systems (e.g., propranolol). In both cases,
products are formed that are conjugated to
an organic acid residue, e. g., glucuronic acid,
in a subsequent phase II reaction.

Hydroxylation may also take place at ni-
trogens, resulting in hydroxylamines (e.g.,
acetaminophen). Benzene, polycyclic aro-
matic compounds, (e.g., benzopyrene), and
unsaturated cyclic carbohydrates can be
converted by monooxygenases to epoxides,
highly reactive electrophiles that are hepa-
totoxic and possibly carcinogenic.

The second type of oxidative biotransfor-
mation comprises dealkylations. In the case
of primary or secondary amines, dealkyla-
tion of an alkyl group starts at the carbon
adjacent to the nitrogen; in the case of ter-
tiary amines, with hydroxylation of the ni-
trogen (e.g., lidocaine). The intermediary
products are labile and break up into the
dealkylated amine and aldehyde of the alkyl
group removed. O-dealkylation and S-dear-
ylation proceed via an analogous mechanism
(e.g., phenacetin and azathioprine, respec-
tively).

® o ®
RI=N—CHy—CH; ~= RI=N—CH—CH;
OH

v
R'-N—H + H-C—CHs
Dealkylation

Oxidative deamination basically resem-
bles the dealkylation of tertiary amines, be-
ginning with the formation of a hydroxyl-
amine that then decomposes into ammonia
and the corresponding aldehyde. The latter
is partly reduced to an alcohol and partly
oxidized to a carboxylic acid.

Reduction reactions may occur at oxygen
or nitrogen atoms. Keto oxygens are con-
verted into a hydroxyl group, as in the re-
duction of the prodrugs cortisone and pred-
nisone to the active glucocorticoids cortisol
and prednisolone, respectively. N-reductions
occur in azo or nitro compounds (e. g., nitra-
zepam). Nitro groups can be reduced to
amine groups via nitroso and hydroxylamino
intermediates. Likewise, dehalogenation is a
reductive process involving a carbon atom
(e.g., halothane, p.216).

Methylations are catalyzed by a family of
relatively specific methyltransferases involv-
ing the transfer of methyl groups to hydroxyl
groups (O-methylation as in norepinephrine
[noradrenaline]) or to amino groups (N-
methylation of norepinephrine, histamine,
or serotonin).

In thio compounds, desulfuration results
from substitution of sulfur by oxygen (e.g.,
parathion). This example again illustrates
that biotransformation is not always to be
equated with bioinactivation. Thus, para-
oxon (E600) formed in the organism from
parathion (E605) is the actual active agent
(bioactivation, “toxification”, p.106)
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Drug Metabolism by Cytochrome
P450

Cytochrome P450 enzyme. A major part of
phase I reactions is catalyzed by hemopro-
teins, the so-called cytochrome P450 (CYP)
enzymes (A). To date about 40 genes for
cytochrome P450 proteins have been identi-
fied in the human; among these, the protein
families CYP1, CYP2, and CYP3 are important
in drug metabolism (B). The bulk of CYP
enzymes are located in the liver and the
intestinal wall, which explains why these
organs are responsible for the major part of
drug metabolism.

Substrates, inhibitors, and inducers. Cyto-
chromes are enzymes with broad substrate
specificities. Accordingly, pharmaceuticals of
diverse chemical structure can be metabo-
lized by a given enzyme protein. When sev-
eral drugs are metabolized by the same iso-
zyme, clinically important interactions may
result. In these, substrates (drugs metabo-
lized by CYP) can be distinguished from
inhibitors (drugs that are bound to CYP with
high af nity, interfere with the breakdown
of substrates, and are themselves metabo-
lized slowly) (A). The amount of hepatic
CYP enzymes is a major determinant of
metabolic capacity. An increase in enzyme
concentration usually leads to accelerated
drug metabolism. Numerous endogenous
and exogenous substances, such as drugs,
can augment the expression of CYP enzymes
and thus act as CYP inducers (p. 32). Many of
these inducers activate specific transcription
factors in the nucleus of hepatocytes, leading
to activation of mRNA synthesis and subse-
quent production of CYP isozyme protein.
Some inducers also increase the expression
of P-glycoprotein transporters; as a result,
enhanced metabolism by CYP and increased
membrane transport by P-glycoprotein can
act in concert to render a drug ineffective.
The table in (B) provides an overview of
different CYP isozymes along with their sub-
strates, inhibitors, and inducers. Obviously,

when a patient is to be exposed to polyphar-
maceutic regimens (especially multimorbid
subjects), it would be imprudent to start
therapy without checking whether the drugs
being contemplated include CYP inducers or
inhibitors, some of which may dramatically
alter pharmacokinetics.

Drug interaction due to CYP induction or
inhibition. Life-threatening interactions
have been observed in patients taking in-
ducers of CYP3A4 isozyme during treatment
with ciclosporin for the prevention of kidney
and liver transplant rejection. Intake of ri-
fampin [rifampicin] and also of St. John’s
wort preparations (available without pre-
scription) may increase expression of CY-
P3A4 to such an extent as to lower plasma
levels of ciclosporin below the therapeutic
range (C). As immunosuppression becomes
inadequate, the risk of transplant rejection
will be enhanced. In the presence of rifam-
pin, other drugs that are substrates of CY-
P3A4 may become ineffective. For this rea-
son, the intake of rifampin is contraindicated
in HIV patients being treated with protease
inhibitors. As a rule, inhibitors of CYP en-
zymes elevate plasma levels of drugs that
are substrates of the same CYP enzymes; in
this manner, they raise the risk of undesir-
able toxic effects. The antifungal agent keto-
conazole enhances the nephrotoxicity of ci-
closporin by such a mechanism (C).
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— A. Cytochrome P450 in the liver

Substrates

Protein e
Inducer synthesis ' o Inhibitors

O mMRNA

Transcription Q CYPgene
factors 4 Retinoid-X- Constitutive

RXR receptor androstane receptor

M Arylhydrocarbon M Pregnane-X-receptor

receptor
— B. Cytochrome P450 isozymes
Inducers Cytochrome Substrates Inhibitors
Barbecued meat,
tobacco smoke, . .
omeprazole Clozapine, estradiol,
AR O P haloperidol, theophylline
E it g —» ?AZ --------------------------- Fluoroquinolone
Arylhydrocarbon
receptor
Phenobarbital Ibuprofen, Losartan
Rifampicin gg; --------------------------- Isoniazid, Verapamil
CAR /

M\M é \ Carvedilol, metoprolol,

tricyclic antidepressants,

ituti neuroleptics, SSRI, codeine
gg(rjlrsélsttl;trl]\ée %2 __________ Pus e B Quinidine, fluoxetine
receptor

Rifampicin, carba-

mazepine, dexa- Ciclosporin, tacrolimus,
methasone, pheny- nifedipine, verapamil, statins,
toin, St. John’s wort estradiol, progesterone,

testosterone, haloperidol HIV protease inhibitors,

PXR amiodarone, macrolides,
\M — S azole antimycotics,
%00@. 3A4 grapefruit juice

Pregnane X-receptor

— C. Drug interactions and cytochrome P450

Rifampicin, Itraconazole
St. John’s wort N - %
Transplant Ciclosporin
rejection Induction Inhibition nephrotoxicity
of CYP3A4 of CYP3A4
Accelerated Delayed
ciclosporin I ciclosporin
elimination elimination




40 Drug Elimination

The Kidney as an Excretory Organ

Most drugs are eliminated in urine either
chemically unchanged or as metabolites.
The kidney permits elimination because the
vascular wall structure in the region of the
glomerular capillaries (B) allows unimpeded
passage into urine of blood solutes having
molecular weights (MW) < 5000. Filtration is
restricted at MW <50 000 and ceases at MW
> 70 000. With few exceptions, therapeuti-
cally used drugs and their metabolites have
much smaller molecular weights and can
therefore undergo glomerular filtration,
i.e., pass from blood into primary urine. Sep-
arating the capillary endothelium from the
tubular epithelium, the basal membrane
contains negatively charged macromole-
cules and acts as a filtration barrier for
high-molecular-weight substances. The rel-
ative density of this barrier depends on the
electric charge of molecules that attempt to
permeate it. In addition, the diaphragmatic
slits between podophyte processes play a
part in glomerular filtration.

Apart from glomerular filtration (B),
drugs present in blood may pass into urine
by active secretion (C). Certain cations and
anions are secreted by the epithelium of the
proximal tubules into the tubular fluid via
special energy-consuming transport sys-
tems. These transport systems have a limited
capacity. When several substrates are
present simultaneously, competition for the
carrier may occur (see p.326).

During passage down the renal tubule,
primary urinary volume shrinks to about
1%; accordingly, there is a corresponding
concentration of filtered drug or drug me-
tabolites (A). The resulting concentration
gradient between urine and interstitial fluid
is preserved in the case of drugs incapable of
permeating the tubular epithelium. How-
ever, with lipophilic drugs the concentration
gradient will favor reabsorption of the fil-
tered molecules. In this case, reabsorption is
not based on an active process but results
instead from passive diffusion. Accordingly,

for protonated substances, the extent of re-
absorption is dependent upon urinary pH or
the degree of dissociation. The degree of
dissociation varies as a function of the uri-
nary pH and the pK,, which represents the
pH value at which half of the substance ex-
ists in protonated (or unprotonated) form.
This relationship is illustrated graphically
(D) with the example of a protonated amine
having a pK; of 7. In this case, at urinary pH 7,
50% of the amine will be present in the pro-
tonated, hydrophilic, membrane-imperme-
ant form (blue dots), whereas the other half,
representing the uncharged amine (red
dots), can leave the tubular lumen in accord-
ance with the resulting concentration gra-
dient. If the pK, of an amine is higher (pK,
=7.5) or lower (pK, = 6.5), a correspondingly
smaller or larger proportion of the amine
will be present in the uncharged, reabsorb-
able form. Lowering or raising urinary pH by
half a pH unit would result in analogous
changes.

The same considerations hold for acidic
molecules, with the important difference
that alkalinization of the urine (increased
pH) will promote the deprotonization of
—-COOH groups and thus impede reabsorp-
tion. Intentional alteration of urinary pH can
be used in intoxications with proton-accep-
tor substances in order to hasten elimination
of the toxin (e. g, alkalinization — phenobar-
bital; acidification — methamphetamine).
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Presystemic Elimination

The morphological barriers of the body are
illustrated on pp.22-25. Depending on the
physicochemical properties of drugs, in-
tended targets on the surface or the inside
of cells, or of bacterial organisms, may be
reached to varying degrees or not at all.
Whenever a drug cannot be applied locally
but must be given by the systemic route, its
pharmacokinetics will be subject to yet an-
other process. This becomes very obvious if
we follow the route of an orally adminis-
tered drug from its site of absorption to the
general circulation. Any of the following may
occur.

1. The drug permeates through the epithe-
lial barrier of the gut into the enterocyte;
however, a P-glycoprotein transports it
back into the intestinal lumen. As a result,
the amount actually absorbed can be
greatly diminished. This counter-trans-
port can vary interindividually for an
identical substance and moreover may
be altered by other drugs.

2. En route from the intestinal lumen to the
general circulation, the ingested sub-
stance is broken down enzymatically,
e.g., by cytochrome P450 oxidases.

(a) Degradation may start already in the
intestinal mucosa. Other drugs or
agents may inhibit or stimulate the
activity of enteral cytochrome oxi-
dases. A peculiar example is grapefruit
juice, which inhibits CYP3A4 oxidase
in the gut wall and thereby causes
blood concentrations of other impor-
tant drugs to rise to toxic levels.

(b) Metabolism in the liver, through
which the drug must pass, plays the
biggest role. Here, many enzymes are
at work to alter endogenous and exog-
enous substances chemically so as to
promote their elimination. Examples
of different metabolic reactions are
presented on pp.34-39. Depending
on the quantity of drug being taken
up and metabolized by the hepato-

cytes, only a fraction of the amount
absorbed may reach the blood in the
hepatic vein. Importantly, an increase
in enzyme activity (increase in
smooth endoplasmic reticulum) can
be induced by other drugs.

The processes referred to under (2a,b)

above are subsumed under the term “pre-

systemic elimination.”

3. Parenteral administration of a drug of
course circumvents presystemic elimina-
tion. After i.v., s.c, or i.m. injection, the
drug travels via the vena cava, the right
heart ventricle, and the lungs to the left
ventricle and, thence, to the systemic cir-
culation and the coronary system. As a
lipid-rich organ with a large surface, the
lungs can take up lipophilic or amphi-
philic agents to a considerable extent
and release them slowly after blood levels
fall again. During fast delivery of drug, the
lungs act as a buffer and protect the heart
against excessive concentrations after
rapid i.v. injection.

In certain therapeutic situations, rapid pre-
systemic elimination may be desirable. An
important example is the use of glucocorti-
coids in the treatment of asthma. Because a
significant portion of inhaled drug is swal-
lowed, glucocorticoids with complete pre-
systemic elimination entail only a minimal
systemic load for the organism (p.340). The
use of acetylsalicylic acid for inhibition of
thrombocyte aggregation (see p.155) pro-
vides an example of a desirable presystemic
conversion.
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Drug Concentration in the Body as a
Function of Time—First Order
(Exponential) Rate Processes

Processes such as drug absorption and elim-
ination display exponential characteristics.
For absorption, this follows from the simple
fact that the amount of drug being moved
per unit of time depends on the concentra-
tion difference (gradient) between two body
compartments (Fick’s law). In drug absorp-
tion from the alimentary tract, the intestinal
content and blood would represent the com-
partments containing initially high and low
concentrations, respectively. In drug elimi-
nation via the kidney, excretion often de-
pends on glomerular filtration, i.e., the fil-
tered amount of drug present in primary
urine. As the blood concentration falls, the
amount of drug filtered per unit of time
diminishes. The resulting exponential de-
cline is illustrated in (A). The exponential
time course implies constancy of the interval
during which the concentration decreases by
one-half. This interval represents the half-
life (t,) and is related to the elimination rate
constant k by the equation t,, = (In 2)/k. The
two parameters, together with the initial
concentration co, describe a first-order (ex-
ponential) rate process.

The constancy of the process permits cal-
culation of the plasma volume that would be
cleared of drug, if the remaining drug were
not to assume a homogeneous distribution
in the total volume (a condition not met in
reality). The notional plasma volume freed
of drug per unit of time is termed the
clearance. Depending on whether plasma
concentration falls as a result of urinary ex-
cretion or of metabolic alteration, clearance
is considered to be renal or hepatic. Renal
and hepatic clearances add up to total clear-
ance (Cly) in the case of drugs that are
eliminated unchanged via the kidney and
biotransformed in the liver. Cli represents
the sum of all processes contributing to
elimination; it is related to the half-life (t.,)

and the apparent volume of distribution V,p,
(p.28) by the equation:

Vapp
Cltot

typ= In2

The smaller the volume of distribution or the
larger the total clearance, the shorter is the
half-life.

In the case of drugs renally eliminated in
unchanged form, the half-life of elimination
can be calculated from the cumulative ex-
cretion in urine; the final total amount elim-
inated corresponds to the amount absorbed.

Hepatic elimination obeys exponential
kinetics because metabolizing enzymes op-
erate in the quasi-linear region of their con-
centration-activity curve, and hence the
amount of drug metabolized per unit time
diminishes with decreasing blood concen-
tration.

The best-known exception to exponential
kinetics is the elimination of alcohol (etha-
nol), which obeys a linear time course (zero-
order Kkinetics), at least at blood concen-
trations > 0.02%. It does so because the
rate-limiting enzyme, alcohol dehydrogen-
ase, achieves half-saturation at very low sub-
strate concentrations, i.e., at about 80 mg/l
(0.008%). Thus, reaction velocity reaches a
plateau at blood ethanol concentrations of
about 0.02%, and the amount of drug elimi-
nated per unit time remains constant at con-
centrations above this level.
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Time Course of Drug Concentration
in Plasma

(A). Drugs are taken up into and eliminated
from the body by various routes. The body
thus represents an open system wherein the
actual drug concentration reflects the inter-
play of intake (ingestion) and egress (elimi-
nation). When orally administered drug is
absorbed from the stomach and intestine,
speed of uptake depends on many factors,
including the speed of drug dissolution (in
the case of solid dosage forms) and of gastro-
intestinal transit; the membrane penetrabil-
ity of the drug; its concentration gradient
across the mucosa-blood barrier; and mu-
cosal blood flow. Absorption from the intes-
tine causes the drug concentration in blood
to increase. Transport in blood conveys the
drug to different organs (distribution), into
which it is taken up to a degree compatible
with its chemical properties and rate of
blood flow through the organ. For instance,
well-perfused organs such as the brain re-
ceive a greater proportion than do less well-
perfused ones. Uptake into tissue causes the
blood concentration to fall. Absorption from
the gut diminishes as the mucosa-blood gra-
dient decreases. Plasma concentration
reaches a peak when the amount of drug
leaving the blood per unit of time equals that
being absorbed.

Drug entry into hepatic and renal tissue
constitutes movement into the organs of
elimination. The characteristic phasic time
course of drug concentration in plasma rep-
resents the sum of the constituent processes
of absorption, distribution, and elimina-
tion, which overlap in time. When distribu-
tion takes place significantly faster than
elimination, there is an initial rapid and then
a greatly retarded fall in the plasma level, the
former being designated the a-phase (distri-
bution phase), the latter the B-phase (elimi-
nation phase). When the drug is distributed
faster than it is absorbed, the time course of
the plasma level can be described in mathe-
matically simplified form by the Bateman

function (k; and k, represent the rate con-
stants for absorption and elimination, re-
spectively).

(B). The velocity of absorption depends on
the route of administration. The more rapid
the absorption, the shorter will be the time
(tmax) required to reach the peak plasma
level (cmax), the higher will be the ciax, and
the earlier will the plasma level begin to fall
again.

The area under the plasma level-time curve
(AUC) is independent of the route of admin-
istration, provided the doses and bioavail-
ability are the same (law of corresponding
areas). The AUC can thus be used to deter-
mine the bioavailability F of a drug. The
ratio of AUC values determined after oral
and intravenous administrations of a given
dose of a particular drug corresponds to the
proportion of drug entering the systemic
circulation after oral administration. Thus,

AUCoral administration

AUG;

iv administration

The determination of plasma levels affords a
comparison of different proprietary prepara-
tions containing the same drug in the same
dosage. Identical plasma level-time curves
of different manufacturers’ products with
reference to a standard preparation indi-
cate bioequivalence with the standard of
the preparation under investigation.
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— A. Time course of drug concentration

Absorption Distribution Elimination

Uptake from into body from body by
stomach and tissues: biotransformation
intestines 7 N a-phase (chemical alteration)

into blood L.\

excretion via kidney:

B-phase
7N
(1 /Y
()
// ‘\\‘ /\‘ (\
> ~
\‘ f/ 3
| | |
i \ |
/) |\ Ao\
/@Y | I\ )
l /s/ (Y I\ ‘
: |/ | ) W |
S |\ K V) |
<] \ ‘ |
B NN ] ¥
LU A [
£ \ \“ R
S \\ [ [ \\ Il “
B \ ‘\\‘ | Vo (
2 ERAN \ \\‘ |
< i /7 1\
S || Bateman function \ ]/ [ I )
£ \N )L\
§ Dose _ k ot ok V| \ |] /
2| VTR e ),
- \
5 app 2" oL .
T T T
Time (t)
— B. Mode of application and time course of drug concentration
A
<
3
ks) Intravenous
Nal
c N
= Intramuscular
i)
E=
o Subcutaneous
c
8
15 Oral
o
]
=2
2
a

Time (t)




48 Pharmacokinetics

Time Course of Drug Plasma Levels
during Repeated Dosing (A)

When a drug is administered at regular in-
tervals over a prolonged period, the rise and
fall of drug concentration in blood will be
determined by the relationship between the
half-life of elimination and the time interval
between doses. If the amount of drug admin-
istered in each dose has been eliminated
before the next dose is applied, repeated
intake at constant intervals will result in
similar plasma levels. If intake occurs before
the preceding dose is eliminated completely,
the next dose will add to the residual
amount still present in the body—i.e., the
drug accumulates. The shorter the dosing
interval relative to the elimination half-life,
the larger will be the residual amount of
drug to which the next dose is added and
the more extensively will the drug accumu-
late in the body. However, at a given dosing
frequency, the drug does not accumulate in-
finitely and a steady state (concentration
Css) or accumulation equilibrium is even-
tually reached. This is so because the activity
of elimination processes is concentration-
dependent. The higher the drug concentra-
tion rises, the greater is the amount elimi-
nated per unit time. After several doses, the
concentration will have climbed to a level at
which the amounts eliminated and taken in
per unit of time become equal, i. e., a steady-
state is reached. Within this concentration
range, the plasma level will continue to rise
(peak) and fall (trough) as dosing is contin-
ued at regular intervals. The height of the
steady state (Css) depends upon the amount
(D) administered per dosing interval (t) and
the clearance (Cl):

D
Co=—0
R L]

The speed at which the steady state is
reached corresponds to the speed of elimi-
nation of the drug. The time needed to reach

90% of the concentration plateau is about 3
times the ty, of elimination.

Time Course of Drug Plasma Levels
during Irregular Intake (B)

In practice, it proves dif cult to achieve a
plasma level that undulates evenly around
the desired effective concentration. For in-
stance, if two successive doses are omitted
(“?” in B), the plasma level will drop below
the therapeutic range and a longer period
will be required to regain the desired plasma
level. In everyday life, patients will be apt to
neglect to take drugs at the scheduled time.
Patient compliance means strict adherence
to the prescribed regimen. Apart from poor
compliance, the same problem may occur
when the total daily dose is divided into
three individual doses (t.i.d.) and the first
dose is taken at breakfast, the second at
lunch, and the third at supper. Under these
conditions, the nocturnal dosing interval will
be twice the diurnal one. Consequently, plas-
ma levels during the early morning hours
may have fallen far below the desired, or
possibly urgently needed, range.
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Accumulation: Dose, Dose Interval,
and Plasma Level Fluctuation (A)

Successful drug therapy in many illnesses is
accomplished only if the drug concentration
is maintained at a steady high level. This
requirement necessitates regular drug in-
take and a dosage schedule that ensures that
the plasma concentration neither falls below
the therapeutically effective range nor ex-
ceeds the minimal toxic concentration. A
constant plasma level would, however, be
undesirable if it accelerated a loss of effec-
tiveness (development of tolerance), or if the
drug were required to be present at specified
times only.

A steady plasma level can be achieved by
giving the drug in a constant intravenous
infusion, the height of the steady state plas-
ma level being determined by the infusion
rate. This procedure is routinely used in hos-
pital settings, but is generally impracticable.
With oral administration, dividing the total
daily dosage into several individual doses,
e.g., four, three, or two, offers a practical
compromise. When the daily dose is given
in several divided doses, the mean plasma
level shows little fluctuation.

In practice, it is found that a regimen of
frequent regular drug ingestion is not well
adhered to by patients (unreliability or lack
of “compliance” by patients). The degree of
fluctuation in plasma level over a given dos-
ing interval can be reduced by a dosage form
permitting slow (sustained) release (p.12).

The time required to reach steady-state
accumulation during multiple constant dos-
ing depends on the rate of elimination. As a
rule of thumb, a plateau is reached after
approximately three elimination half-lives
(t)-

For slowly eliminated drugs, which tend
to accumulate extensively (phenprocoumon,
digitoxin, methadone), the optimal plasma
level is attained only after a long period.
Here, increasing the initial doses (loading
dose) will speed up the attainment of equi-
librium, which is subsequently maintained

with a lower dose (maintenance dose). For
slowly eliminated substances, single daily
dosing may suf ce to maintain a steady plas-
ma level.

Change in Elimination Characteris-
tics during Drug Therapy (B)

With any drug taken regularly and accumu-
lating to the desired plasma level, it is im-
portant to consider that conditions for bio-
transformation and excretion do not neces-
sarily remain constant. Elimination may be
hastened due to enzyme induction (p.38) or
to a change in urinary pH (p.40). Conse-
quently, the steady-state plasma level de-
clines to a new value corresponding to the
new rate of elimination. The drug effect may
diminish or disappear. Conversely, when
elimination is impaired (e.g., in progressive
renal insuf ciency), the mean plasma level
of renally eliminated drugs rises and may
enter a toxic concentration range.
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Dose-Response Relationship

The effect of a substance depends on the
amount administered, i.e., the dose. If the
dose chosen is below the critical threshold
(subliminal dosing), an effect will be absent.
Depending on the nature of the effect to be
measured, increasing doses may cause the
effect to increase in intensity. Thus, the effect
of an antipyretic or hypotensive drug can be
quantified in a graded fashion, in that the
extent of fall in body temperature or blood
pressure is being measured. A dose-effect
relationship is then encountered, as dis-
cussed on p.54.

The dose-effect relationship may vary de-
pending on the sensitivity of the individual
person receiving the drug: i.e., for the same
effect, different doses may be required in
different individuals. The interindividual
variation in sensitivity is especially obvious
with effects of the “all-or-none” kind.

To illustrate this point, we consider an
experiment in which the subjects individu-
ally respond in all-or-none fashion, as in the
Straub tail phenomenon (A). Mice react to
morphine with excitation, evident in the
form of an abnormal posture of the tail and
limbs. The dose dependence of this phenom-
enon is observed in groups of animals (e. g.,
10 mice per group) injected with increasing
doses of morphine. At the low dose only the
most sensitive, at increasing doses a growing
proportion, and at the highest dose all of the
animals are affected (B). There is a relation-
ship between the frequency of responding
animals and the dose given. At 2 mg/kg, 1
out of 10 animals reacts; at 10 mg/kg, 5 out
of 10 respond. The dose-frequency rela-
tionship results from the different sensitiv-
ity of individuals, which, as a rule, exhibits a
log-normal distribution (C, graph at right,
linear scale). If the cumulative frequency (to-
tal number of animals responding at a given
dose) is plotted against the logarithm of the
dose (abscissa), a sigmoidal curve results (C,
graph at left, semi-logarithmic scale). The
inflection point of the curve lies at the dose

at which one half of the group has re-
sponded. The dose range encompassing the
dose-frequency relationship reflects the var-
iation in individual sensitivity to the drug.
Although similar in shape, a dose-frequency
relationship has, thus, a meaning different
from that of a dose-effect relationship.
The latter can be evaluated in one individual
and results from an intraindividual depen-
dency of the effect on drug concentration.

The evaluation of a dose-effect-relation-
ship within a group of human subjects is
made more dif cult by interindividual dif-
ferences in sensitivity. To account for the
biological variation, measurements have to
be carried out on a representative sample
and the results averaged. Thus, recom-
mended therapeutic doses will be appropri-
ate for the majority of patients, but not nec-
essarily for each individual.

The variation in sensitivity may be based
on pharmacokinetic differences (same dose
— different plasma levels) or on differences
in target organ sensitivity (same plasma lev-
el — different effects).

To enhance therapeutic safety, clinical
pharmacology has led efforts to discover
the causes responsible for interindividual
drug responsiveness in patients. This field
of research is called pharmacogenetics. Often
the underlying reason is a difference in en-
zyme property or activity. Ethnic variations
are additionally observed. Prudent physi-
cians will attempt to determine the meta-
bolic status of a patient before prescribing a
particular drug.
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Concentration-Effect Relationship
(A)

As a rule, the therapeutic effect or toxic ac-

tion of a drug depends critically on the re-

sponse of a single organ or a limited number
of organs; for example, blood flow is affected
by a change in vascular luminal width. By

isolating critical organs or tissues from a

larger functional system, these actions can

be studied with more accuracy; for instance,
vasoconstrictor agents can be examined in
isolated preparations from different regions
of the vascular tree, e. g., the portal or saphe-
nous veins, or the mesentery, coronary, or
basilar arteries. In many cases, isolated or-
gans or organ parts can be kept viable for
hours in an appropriate nutrient medium
suf ciently supplied with oxygen and held
at a suitable temperature. Responses of the
preparation to a physiological or pharmaco-
logical stimulus can be determined by a suit-
able recording apparatus. Thus, narrowing of

a blood vessel is recorded with the help of

two wire loops by which the vessel is sus-

pended under tension.
Experimentation on isolated organs offers
several advantages:

1. The drug concentration in the tissue is
usually known.

2. Reduced complexity and ease of relating
stimulus and effect.

3. It is possible to circumvent compensatory
responses that may partially cancel the
primary effect in the intact organism; for
example, the heart rate-increasing action
of norepinephrine cannot be demon-
strated in the intact organism because a
simultaneous rise in blood pressure elicits
a counterregulatory reflex that slows car-
diac rate.

4. The ability to examine a drug effect over
its full range of intensities; for example, it
would be impossible in the intact organ-
ism to follow negative chronotropic ef-
fects to the point of cardiac arrest.

Disadvantages are:
1. Unavoidable tissue injury during dissec-

tion.
2. Loss of physiological regulation of func-

tion in the isolated tissue.
3. The artificial milieu imposed on the tissue.
These drawbacks are less important if iso-
lated organ systems are used merely for
comparing the potency of different substan-
ces. The use of isolated cells offers a further
simplification of the test system. Thus, quan-
titation of certain drug effects can be
achieved with particular ease in cell cultures.
A more marked “reduction” consists in the
use of isolated subcellular structures, such as
plasma membranes, endoplasmic reticulum,
or lysosomes. With increasing reduction, ex-
trapolation to the intact organism becomes
more dif cult and less certain.

Concentration-Effect Curves (B)

As the concentration is raised by a constant
factor, the increment in effect diminishes
steadily and tends asymptotically toward
zero the closer one comes to the maximally
effective concentration. The concentration at
which a maximal effect occurs cannot be
measured accurately; however, that eliciting
a half-maximal effect (ECsp) is readily deter-
mined. This typically corresponds to the in-
flection point of the concentration-response
curve in a semi-logarithmic plot (log concen-
tration on abscissa). Full characterization of a
concentration—effect relationship requires
determination of the ECso, the maximally
possible effect (Emax), and the slope at the
point of inflection.
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— A. Measurement of effect as a function of concentration
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Concentration-Binding Curves

In order to elicit their effect, drug molecules
must be bound to the cells of the effector
organ. Binding commonly occurs at specific
cell structures, namely, the receptors. The
analysis of drug binding to receptors aims
to determine the af nity of ligands, the ki-
netics of interaction, and the characteristics
of the binding site itself.

In studying the af nity and number of
such binding sites, use is made of membrane
suspensions of different tissues. This ap-
proach is based on the expectation that
binding sites will retain their characteristic
properties during cell homogenization.

Provided that binding sites are freely ac-
cessible in the medium in which membrane
fragments are suspended, drug concentra-
tion at the “site of action” will equal that in
the medium. The drug under study is radio-
labeled (enabling low concentrations to be
measured quantitatively), added to the
membrane suspension, and allowed to bind
to receptors. Membrane fragments and me-
dium are then separated, e.g., by filtration,
and the amount of bound drug (ligand) is
measured. Binding increases in proportion
to concentration as long as there is a negli-
gible reduction in the number of free bind-
ing sites (c = 1and B = 10% of maximum
binding; ¢~ 2 and B = 20%). As binding sites
approach saturation, the number of free sites
decreases and the increment in binding is no
longer proportional to the increase in con-
centration (in the example illustrated, an
increase in concentration by 1 is needed to
increase binding from 10% to 20%; however,
an increase by 20 is needed to raise it from
70% to 80%).

The law of mass action describes the hy-
perbolic relationship between binding (B)
and ligand concentration (c). This relation-
ship is characterized by the drug’s af nity (1/
Kp) and the maximum binding (Bmax), i.e.,
the total number of binding sites per unit of
weight of membrane homogenate.

c

B= Bmax c + KD
Kp is the equilibrium dissociation constant

and corresponds to that ligand concentra-

tion at which 50% of binding sites are occu-
pied. The values given in (A) and used for
plotting the concentration-binding graph

(B) result when Kp = 10.

The differing af nity of different ligands
for a binding site can be demonstrated ele-
gantly by binding assays. Although simple to
perform, these binding assays pose the dif -
culty of correlating unequivocally the bind-
ing sites concerned with the pharmacologi-
cal effect; this is particularly dif cult when
more than one population of binding sites is
present. Therefore, receptor binding must
not be assumed until it can be shown that:
e Binding is saturable (saturability).

o The only substances bound are those pos-
sessing the same pharmacological mech-
anism of action (specificity).

e Binding af nity of different substances is
correlated with their pharmacological po-
tency.

Binding assays provide information about

the af nity of ligands, but they do not give

any clue as to whether a ligand is an agonist

or antagonist (p. 60).

Radiolabeled drugs bound to their recep-
tors may be of help in purifying and analyz-
ing further the receptor protein.
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— A. Measurement of binding (B) as a function of concentration (c)
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Types of Binding Forces

Unless a drug comes into contact with in-
trinsic structures of the body, it cannot affect
body function.

Covalent Bonding

Two atoms enter a covalent bond if each
donates an electron to a shared electron pair
(cloud). This state is depicted in structural
formulas by a dash. The covalent bond is
“firm,” that is, not reversible or poorly so.
Few drugs are covalently bound to biological
structures. The bond, and possibly the effect,
persist for a long time after intake of a drug
has been discontinued, making therapy dif-
ficult to control. Examples include alkylating
cytostatics (p.300) or organophosphates
(p.311). Conjugation reactions occurring in
biotransformation also represent covalent
linkages (e.g., to glucuronic acid).

Noncovalent Bonding

In noncovalent bonding there is no forma-
tion of a shared electron pair. The bond is
reversible and is typical of most drug-recep-
tor interactions. Since a drug usually at-
taches to its site of action by multiple con-
tacts, several of the types of bonds described
below may participate.

Electrostatic attraction (A). A positive and a
negative charge attract each other.

Ionic interaction: An ion is a particle
charged either positively (cation) or nega-
tively (anion), i.e., the atom is deficient in
electrons or has surplus electrons, respec-
tively. Attraction between ions of opposite
charge is inversely proportional to the
square of the distance between them,; it is
the initial force drawing a charged drug to its
binding site. lonic bonds have a relatively
high stability.

Dipole-ion interaction: When bonding
electrons are asymmetrically distributed
over the atomic nuclei involved, one atom
will bear a negative (87), and its partner a
positive (8*) partial charge. The molecule

thus presents a positive and a negative pole,
i.e,, it has polarity or is a dipole. A partial
charge can interact electrostatically with an
ion of opposite charge.

Dipole-dipole interaction is the electro-
static attraction between opposite partial
charges. When a hydrogen atom bearing a
partial positive charge bridges two atoms
bearing partial negative charges, a hydrogen
bond is created.

van der Waals bonds (B) are formed be-
tween apolar molecular groups that have
come into close proximity. Spontaneous
transient distortion of electron clouds (mo-
mentary faint dipole, 3) may induce an op-
posite dipole in the neighboring molecule.
The van der Waals bond, therefore, is also a
form of electrostatic attraction, albeit of very
low strength (inversely proportional to 7th
power of distance).

Hydrophobic interaction (C). The attraction
between the water dipoles is strong enough
to hinder intercalation of any apolar (un-
charged) molecules. By tending toward each
other, H,O molecules squeeze apolar par-
ticles from their midst. Accordingly, in the
organism, apolar particles such as fatty acid
chains of cell membranes or apolar regions
of a receptor have an increased probability of
remaining in nonaqueous, apolar surround-
ings.
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Agonists—Antagonists

An agonist (A) has af nity (tendency to ad-
here) for a receptor and affects the receptor
protein in such a manner as to cause a
change in cell function—“intrinsic activity.”
The biological effect of the agonist (i.e., the
change in cell function) depends on the ef-
fectiveness of signal transduction steps
(p.66) associated with receptor activation.
The maximal effect of an agonist may al-
ready occur when only a fraction of the avail-
able receptors is occupied (B, agonist A).
Another agonist (agonist B), possessing
equal af nity but less ability to activate the
receptor and the associated signal transduc-
tion steps (i.e., less intrinsic activity), will
produce a smaller maximal effect even if all
receptors are occupied—smaller ef cacy.
Agonist B is a partial agonist. The potency
of an agonist is characterized by the concen-
tration (ECso) at which a half-maximal effect
is attained.

Antagonists (A) attenuate the effect of
agonists: they act “antiagonistically.” Com-
petitive antagonists possess af nity for the
receptors, but their binding does not elicit a
change in cell function. In other words, they
are devoid of intrinsic activity. When present
simultaneously, an agonist and a competi-
tive antagonist vie for occupancy of the re-
ceptor. The af nities and concentrations of
both competitors determine whether bind-
ing of agonist or antagonist predominates.
By increasing the concentration of the ago-
nist, blockade induced by an antagonist can
be surmounted (C): that is, the concentra-
tion-effect curve of the agonist is shifted
“right"—to  higher concentrations—with
preservation of the maximal effect.

Models of the Molecular Mechanism
of Agonist|Antagonist Action (A)

Agonist induces an active conformation.
The agonist binds to the inactive receptor
and thereby causes the resting conformation
to change into the active state. The antago-

nist attaches to the inactive receptor without
altering its conformation.

Agonist stabilizes spontaneously occurring
active conformation. The receptor may
spontaneously “flip” into the active confor-
mation. Usually, however, the statistical
probability of such an event is so small that
a spontaneous excitation of the cells remains
undetectable. Selective binding of the ago-
nist can occur only to the active conforma-
tion and thus favors the existence of this
state. The antagonist shows af nity only for
the inactive state, promoting existence of the
latter. If the system has little spontaneous
activity, no measurable effect will result
from adding an antagonist. However, if the
system displays high spontaneous activity,
the antagonist is liable to produce an effect
opposite to that of an agonist: inverse ago-
nist. A “true” antagonist without intrinsic
activity (“neutral antagonist”) displays equal
af nity for the active and inactive conforma-
tions of the receptor and does not interfere
with the basal activity of the cell. According
to this model, a partial agonist has less se-
lectivity for the active state; however, to a
certain extent it binds also to the inactive
state.

Other Forms of Antagonism

Allosteric antagonism. The antagonist is
bound outside the agonist’s site of attach-
ment at the receptor and induces a decrease
in agonist af nity. The latter is increased in
the case of allosteric synergism.

Functional antagonism. Two agonists acting
via different receptors affect the same vari-
able (e.g., luminal diameter of bronchi) in
opposite directions (epinephrine — dilation;
histamine — constriction).
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— A. Molecular mechanisms of drug-receptor interaction
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Enantioselectivity of Drug Action

Many drugs are racemates, including f-
blockers, nonsteroidal anti-inflammatory
agents, as well as the anticholinergic benze-
timide (A). A racemate consists of a molecule
and its corresponding mirror image which,
like the left and right hands, cannot be
superimposed. Such chiral (“handed”) pairs
of molecules are referred to as enantiomers.
Typically, chirality is due to a single carbon
(C) atom bonded to four different substitu-
ents (asymmetric carbon atom). Enantiomer-
ism is a special case of stereoisomerism.
Nonchiral stereoisomers are called diaste-
reomers (e.g., quinidine/quinine).

Bond lengths in enantiomers, but not nec-
essarily diastereomers, are the same. There-
fore, enantiomers possess similar physico-
chemical properties (e.g., solubility, melt-
ing point) and both forms are usually
obtained in equal amounts by chemical syn-
thesis. As a result of enzymatic activity, how-
ever, only one of the enantiomers is usually
found in nature.

In solution, enantiomers rotate the plane
of oscillation of linearly polarized light in
opposite directions; hence they are referred
to as “dextro-rotatory” or “levo-rotatory,”
designated by the prefixes d- or (+)- and I-
or (-)-, respectively. The direction of rotation
gives no clue concerning the spatial struc-
ture of enantiomers. The absolute configura-
tion, as determined by certain rules, is
described by the prefixes (S)- and (R)-. In
some compounds, designation as the D-
and L-forms is possible by reference to the
structure of D- and L-glyceraldehyde.

For drugs to exert biological actions, con-
tact with reaction partners in the body is
required. When the reaction favors one of
the enantiomers, enantioselectivity is ob-
served.

Enantioselectivity of af nity. If a receptor
has sites for three of the substituents (sym-
bolized in B by a cone, sphere, and cube) on
the asymmetric carbon to attach to, only one

of the enantiomers will have optimal fit. Its
af nity will then be higher. Thus, dexetimide
displays an af nity at the muscarinic ACh
receptors almost 10 000 times (p.104) that
of levetimide; and at B-adrenoceptors (S)-(-)-
propranolol has an af nity 100 times that of
the (R)-(+) form.

Enantioselectivity of intrinsic activity. The
mode of attachment at the receptor also de-
termines whether an effect is elicited; and
whether or not a substance has intrinsic ac-
tivity, i.e., acts as an agonist or antagonist.
For instance, (-)-dobutamine is an agonist at
B-adrenoceptors, whereas the (+)-enantio-
mer is an antagonist.

Inverse enantioselectivity at another re-
ceptor. An enantiomer may possess an un-
favorable configuration at one receptor that
may, however, be optimal for interaction
with another receptor. In the case of dobut-
amine, the (+)-enantiomer has af nity at -
adrenoceptors that is 10 times higher than
that of the (-)-enantiomer, both having ago-
nist activity. However, the a-adrenoceptor
stimulant action is due to the (-)-form (see
above).

As described for receptor interactions,
enantioselectivity may also be manifested
in drug interactions with enzymes and
transport proteins. Enantiomers may dis-
play different af nities and reaction veloc-
ities.

Conclusion. The enantiomers of a racemate
can differ suf ciently in their pharmacody-
namic and pharmacokinetic properties to
constitute two distinct drugs.
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Receptor Types

Receptors are macromolecules that operate
to bind mediator substances and transduce
this binding into an effect, i.e., a change in
cell function. Receptors differ in terms of
their structure and the manner in which
they translate occupancy by a ligand into a
cellular response (signal transduction).

G-Protein coupled receptors (A) consist
of an amino acid chain that weaves in and
out of the membrane in serpentine fashion.
The extramembranal loop regions of the
molecule may possess sugar residues at dif-
ferent N-glycosylation sites. The seven -
helical membrane-spanning domains prob-
ably form a circle around a central pocket
that carries the attachment sites for the me-
diator substance. Binding of the mediator
molecule or of a structurally related agonist
molecule induces a change in the conforma-
tion of the receptor protein, enabling the
latter to interact with a G-protein (= guanyl
nucleotide-binding protein). G-proteins lie
at the inner leaf of the plasmalemma and
consist of three subunits designated a, B,
and y. There are various G-proteins that dif-
fer mainly with regard to their a-unit. Asso-
ciation with the receptor activates the
G-protein, leading in turn to activation of
another protein (enzyme, ion channel). A
large number of mediator substances act
via G-protein-coupled receptors (see p.66
for more details).

An example of a ligand-gated ion chan-
nel (B) is the nicotinic cholinoceptor of the
motor end plate. The receptor complex con-
sists of five subunits, each of which contains
four transmembrane domains. Simultaneous
binding of two acetylcholine (ACh) mole-
cules to the two a-subunits results in open-
ing of the ion channel with entry of Na* (and
exit of some K*), membrane depolarization,
and triggering of an action potential (p.186).
The neuronal N-cholinoceptors apparently
consist only of a- and B-subunits. Some of
the receptors for the transmitter y-amino-
butyric acid (GABA) belong to this receptor

family: the GABA, subtype is linked to a
chloride channel (and also to a benzodiaze-
pine binding site, see p.223). Glutamate and
glycine both act via ligand-gated ion chan-
nels.

The insulin receptor protein represents a
ligand-operated enzyme (C), a catalytic re-
ceptor. When insulin binds to the extracel-
lular attachment site, a tyrosine kinase ac-
tivity is “switched on” at the intracellular
portion. Protein phosphorylation leads to al-
tered cell function via the assembly of other
signal proteins. Receptors for growth hor-
mones also belong to the catalytic receptor
class.

Protein synthesis regulating receptors
(D) for steroids and thyroid hormone are
found in the cytosol and in the cell nucleus,
respectively. The receptor proteins are lo-
cated intracellularly; depending on the hor-
mone, either in the cytosol (e. g., glucocorti-
coids, mineralocorticoids, androgens, and
gestagens) or in the cell nucleus (e.g., estro-
gens, thyroid hormone). Binding of hormone
exposes a normally hidden domain of the
receptor protein, thereby permitting the lat-
ter to bind to a particular DNA nucleotide
sequence on a gene and to regulate its tran-
scription. The ligand-receptor complexes
thus function as transcription regulating fac-
tors. Transcription is usually initiated or en-
hanced, rarely blocked.

The hormone-receptor complexes inter-
act pairwise with DNA. These pairs (dimers)
may consist of two identical hormone-re-
ceptor complexes (homodimeric form, e.g.,
with adrenal or gonadal hormones). The thy-
roid hormone-receptor complex occurs in
heterodimeric form and combines with a
cis-retinoic acid-receptor complex.
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Mode of Operation of G-Protein-
coupled Receptors

Signal transduction at G-protein coupled re-
ceptors uses essentially the same basic
mechanism (A). Agonist binding to the re-
ceptor leads to a change in receptor protein
conformation. This change propagates to the
G-protein: the a-subunit exchanges GDP for
GTP, then dissociates from the two other
subunits, associates with an effector protein
and alters its functional state. In principle,
the B- and y-subunits are also able to interact
with effector proteins. The o-subunit slowly
hydrolyses bound GTP to GDP. G,-GDP has
no af nity for the effector protein and re-
associates with the B- and y-subunits (A). G-
proteins can undergo lateral diffusion in the
membrane; they are not assigned to individ-
ual receptor proteins. However, a relation
exists between receptor types and G-protein
types (B). Furthermore, the a-subunits of in-
dividual G-proteins are distinct in terms of
their af nity for different effector proteins,
as well as the kind of influence exerted on
the effector protein. G,-GTP of the Gs-pro-
tein stimulates adenylate cyclase, while G-
GTP of the Gj-protein is inhibitory. The
G-protein-coupled receptor family includes
muscarinic cholinoceptors, adrenoceptors
for norepinephrine and epinephrine, as well
as receptors for dopamine, histamine, sero-
tonin, glutamate, GABA, morphine, prosta-
glandins, leukotrienes, and many other me-
diators and hormones.

Major effector proteins for G-protein-
coupled receptors include adenylate cyclase
(ATP — intracellular messenger cAMP),
phospholipase C (phosphatidylinositol —
intracellular messengers inositol trisphos-
phate and diacylglycerol) as well as ion
channel proteins (B). Numerous cell func-
tions are regulated by cellular cAMP concen-
tration, because cAMP enhances activity of
protein kinase A, which catalyzes the trans-
fer of phosphate groups onto functional pro-
teins. Elevation of cAMP levels leads inter
alia to relaxation of smooth muscle tonus,

enhanced contractility of cardiac muscle, as
well as increased glycogenolysis and lipoly-
sis (p.88). Phosphorylation of cardiac calci-
um channel proteins increases the probabil-
ity of channel opening during membrane
depolarization. It should be noted that cAMP
is inactivated by phosphodiesterase. Inhibi-
tors of this enzyme elevate intracellular
cAMP concentration and elicit effects resem-
bling those of epinephrine.

The receptor protein itself may undergo
phosphorylation, with a resultant loss of its
ability to activate the associated G-protein.
This is one of the mechanisms that contrib-
ute to a decrease in sensitivity of a cell dur-
ing prolonged receptor stimulation by an
agonist (desensitization).

Activation of phospholipase C leads to
cleavage of the membrane phospholipid
phosphatidylinositol 4,5-bisphosphate into
inositol trisphosphate (IP3) and diacylgly-
cerol (DAG). IP; promotes release of Ca?*
from storage organelles, whereby contrac-
tion of smooth muscle cells, breakdown of
glycogen, or exocytosis may be initiated.
DAG stimulates protein kinase C, which
phosphorylates certain serine- or threo-
nine-containing enzymes.

Certain G-proteins can induce opening of
channel proteins. In this way, potassium
channels can be activated (e. g., acetylcholine
effect on sinus node, p.104; opioid effect on
neural impulse transmission, p.208).
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Time Course of Plasma Concentra-
tion and Effect

After the administration of a drug, its con-
centration in plasma rises, reaches a peak,
and then declines gradually to the starting
level, owing to the processes of distribution
and elimination (p.46). Plasma concentra-
tion at a given point in time depends on
the dose administered. Many drugs exhibit
a linear relationship between plasma con-
centration and dose within the therapeutic
range (dose-linear kinetics [A]; note differ-
ent scales on ordinate). However, the same
does not apply to drugs whose elimination
processes are already suf ciently activated
at therapeutic plasma levels so as to pre-
clude further proportional increases in the
rate of elimination when the concentration
is increased further. Under these conditions,
a smaller proportion of the dose adminis-
tered is eliminated per unit time.

A model example of this behavior is the
elimination of ethanol (p.44). Because the
metabolizing enzyme, alcohol dehydroge-
nase, is already saturated at low ethanol
concentrations, only the same amount per
unit time is broken down despite rising con-
centrations.

The time courses of the effect and of the
concentration in plasma are not identical,
because the concentration-effect relation-
ship is complex (e.g., with a threshold phe-
nomenon) and often obeys a hyperbolic
function (B; cf. p.54). This means that the
time course of the effect exhibits dose de-
pendence also in the presence of dose-linear
kinetics (C).

In the lower dose range (example 1), the
plasma level passes through a concentration
range (0-0.9) in which the change in con-
centration still correlates quasi-linearly with
the change in effect. The time courses of the
concentration in plasma and the effect (A
and C, left graphs) are very similar. However,
after a high dose (100), the plasma level will
remain in a concentration range (between
90 and 20) where changes in concentration

do not evoke significant changes in effect.
Accordingly, the time-effect curve displays
a kind of plateau after high doses (100). The
effect only begins to wane after the plasma
level has fallen to a range (below 20) in
which changes in plasma level are reflected
in the intensity of the effect.

The dose-dependence of the time course
of the drug effect is exploited when the du-
ration of the effect is to be prolonged by
administration of a dose in excess of that
required for the effect. This is done in the
case of penicillin G (p.270), when a dosing
interval of 8 hours is recommended al-
though the drug is eliminated with a half-
life of 30 minutes. This procedure is, of
course, feasible only if supramaximal dosing
is not associated with toxic effects.

It follows that a nearly constant effect can
be achieved, although the plasma level may
fluctuate greatly during the interval between
doses.

The hyperbolic relationship between plas-
ma concentration and effect explains why
the time course of the effect, unlike that of
the plasma concentration, cannot be de-
scribed in terms of a simple exponential
function. A half-life can only be given for
the processes of drug absorption and elimi-
nation, hence the change in plasma levels,
but generally not for the onset or decline of
the effect.
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Undesirable Drug Effects,
Side Effects

The desired (or intended) principal effect of
any drug is to modify body function in such a
manner as to alleviate symptoms caused by
the patient’s illness. In addition, a drug may
also elicit unwanted effects that in turn may
cause complaints, provoke illness, or even
lead to death.

Causes of Adverse Effects

Overdosage (A). The drug is administered in
a higher dose than is required for the princi-
pal effect; this directly or indirectly affects
other body functions.

For instance, morphine (p.208), given in
the appropriate dose, affords excellent pain
relief by influencing nociceptive pathways in
the CNS.In excessive doses, it inhibits the
respiratory center and makes apnea immi-
nent. The dose-dependence of both effects
can be graphed in the form of dose-response
curves (DRCs). The distance between the two
DRCs indicates the difference between the
therapeutic and toxic doses. This margin of
safety (“therapeutic index”) indicates the
risk of toxicity when standard doses are ex-
ceeded.

It should be noted that, apart from the
amount administered, the rate of drug deliv-
ery is important. The faster blood levels rise,
the higher concentrations will climb (p. 49).
Rather than being required therapeutically,
the initial concentration peak following i.v.
injection of morphinelike agents causes side
effects (intoxication and respiratory depres-
sion, p.208).

“The dose alone makes the poison” (Para-
celsus). This holds true for both medicines
and environmental poisons. No substance as
such is toxic! In order to assess the risk of
toxicity, knowledge is required of: (1) the
effective dose during exposure; (2) the dose
level at which damage is likely to occur.

Increased sensitivity (B). If certain body
functions develop hyperreactivity, un-
wanted effects can occur even at normal

dose levels. Increased sensitivity of the res-
piratory center to morphine is found in pa-
tients with chronic lung disease, in neonates,
or during concurrent exposure to other res-
piratory depressant agents. The DRC is
shifted to the left and a smaller dose of mor-
phine is suf cient to paralyze respiration.
Genetic anomalies of metabolism may also
lead to hypersensitivity (pharmacogenetics,
p.78). The above forms of hypersensitivity
must be distinguished from allergies involv-
ing the immune system (p.72).

Lack of selectivity (C). Despite appropriate
dosing and normal sensitivity, undesired ef-
fects can occur because the drug does not
specifically act on the targeted (diseased)
tissue or organ. For instance, the anticholin-
ergic atropine is bound only to acetylcholine
receptors of the muscarinic type; however,
these are present in many different organs.
Moreover, the neuroleptic chlorpromazine is
able to interact with several different recep-
tor types. Thus, its action is neither organ-
specific nor receptor-specific.

The consequences of lack of selectivity can
often be avoided if the drug does not require
the blood route to reach the target organ but
is, instead, applied locally, as in the admin-
istration of parasympatholytics in the form
of eye drops or in an aerosol for inhalation.

Side effects that arise as a consequence of
a known mechanism of action are plausible
and the connection with drug ingestion is
simple to recognize. It is more dif cult to
detect unwanted effects that arise from an
unknown action. Some compelling examples
of these include fetal damage after intake of
a hypnotic (thalidomide), pulmonary hyper-
tension after appetite depressants, and fibr-
osis after antimigraine drugs.

With every drug use, unwanted effects
must be taken into account. Before prescrib-
ing a drug, the physician should therefore do
a risk-benefit analysis.
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Drug Allergy

The immune system normally functions to
inactivate and remove high-molecular-
weight “foreign” matter taken up by the or-
ganism. Immune responses can, however,
occur without appropriate cause or with ex-
aggerated intensity and may harm the or-
ganism; for instance, when allergic reactions
are caused by drugs (active ingredient or
pharmaceutical excipients). Only a few
drugs, e.g., (heterologous) proteins, have a
molecular weight large enough to act as ef-
fective antigens or immunogens, capable
by themselves of initiating an immune re-
sponse. Most drugs or their metabolites (so-
called haptens) must first be converted to an
antigen by linkage to a body protein. In the
case of penicillin G, a cleavage product (pen-
icilloyl residue) probably undergoes cova-
lent binding to protein.

During initial contact with the drug, the
immune system is sensitized: antigen-spe-
cific lymphocytes of the T-type and B-type
(antibody formation) proliferate in lym-
phatic tissue and some of them remain as
so-called memory cells. Usually, these pro-
cesses remain clinically silent.

During the second contact, antibodies are
already present and memory cells proliferate
rapidly. A detectable immune response—the
allergic reaction—occurs. This can be of se-
vere intensity, even at a low dose of the
antigen. Four types of reactions can be dis-
tinguished:

Type 1, anaphylactic reaction. Drug-specific
antibodies of the IgE type combine via their
Fc moiety with receptors on the surface of
mast cells. Binding of the drug provides the
stimulus for the release of histamine and
other mediators. In the most severe form, a
life-threatening anaphylactic shock devel-
ops, accompanied by hypotension, broncho-
spasm (asthma attack), laryngeal edema, ur-
ticaria, stimulation of gut musculature, and
spontaneous bowel movements (p.118).

Type 2, cytotoxic reaction. Drug-antibody
(IgG) complexes adhere to the surface of
blood cells, where either circulating drug
molecules or complexes already formed in
blood accumulate. These complexes mediate
the activation of complement, a family of
proteins that circulate in the blood in an
inactive form, but can be activated in a cas-
cadelike succession by an appropriate stim-
ulus. “Activated complement,” normally di-
rected against microorganisms, can destroy
the cell membranes and thereby cause cell
death; it also promotes phagocytosis, at-
tracts neutrophil granulocytes (chemotaxis),
and stimulates other inflammatory re-
sponses. Activation of complement on blood
cells results in their destruction, evidenced
by hemolytic anemia, agranulocytosis, and
thrombocytopenia.

Type 3, immune-complex vasculitis (serum
sickness, Arthus reaction). Drug-antibody
complexes precipitate on vascular walls, com-
plement is activated, and an inflammatory
reaction is triggered. Attracted neutrophils,
in a futile attempt to phagocytose the com-
plexes, liberate lysosomal enzymes that
damage the vascular walls (inflammation,
vasculitis). Symptoms may include fever, ex-
anthema, swelling of lymph nodes, arthritis,
nephritis, and neuropathy.

Type 4, contact dermatitis. A cutaneously
applied drug is bound to the surface of
T-lymphocytes directed specifically against
it. The lymphocytes release signal molecules
(lymphokines) into their vicinity that activate
macrophages and provoke an inflammatory
reaction.

Remarkably, virtually no drug group is
completely free of allergic side effects. How-
ever, some chemical structures are prone to
cause allergic reactions.
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Cutaneous Reactions

Upon systemic distribution, many drugs
evoke skin reactions that are caused on an
immunological basis. Moreover, cutaneous
injury can also arise from nonimmunological
mechanisms. Cutaneous side effects vary in
severity from harmless to lethal. Cutaneous
reactions are a common form of drug ad-
verse reaction. Nearly half of them are attrib-
uted to antibiotics or sulfonamides, and one-
third to nonsteroidal anti-inflammatory
agents, with many other pharmaceuticals
joining the list.
The following clinical pictures are noted:
Toxic erythema with a maculopapular
rash similar to that of measles and scarlet
fever (B, left). Urticaria with itchy swel-
lings as part of a Type 1 reaction including
anaphylactic shock.
Fixed eruptions (drug exanthemas) with
mostly few demarcated, painful lesions,
usually located in intertriginous skin re-
gions (genital area, mucous membranes).
With repeated exposure, these typically
recur at the same sites.
Steven-Johnson syndrome (SJS, erythe-
ma multiforme) and toxic epidermal nec-
rolysis (TEN or Lyell syndrome) with
apoptosis of keratinocytes and bullous de-
tachment of the epidermis from the der-
mis. When more than 30% of the body
surface is affected, TEN is present. Its
course is dramatic and the outcome not
rarely fatal.

The aforementioned reactions are thought to

involve the following pathogenetic mecha-

nisms.

e With penicillins, opening of the p-lactam
bond is possible. The resulting penicilloyl
group binds as a hapten to a protein. This
may lead to an Ig-E mediated anaphylac-
tic reaction, manifested on the skin as
urticaria.

e Biotransformation via cytochrome oxi-
dase may yield reactive products. Presum-
ably keratinocytes are capable of such
metabolic reactions. In this way, the

para-amino group of sulfonamides can
be converted into a hydroxyl amine
group, which then acts as a hapten to
induce a Type 4 reaction in the skin. Fixed
maculopapular lesions are thought to
arise on this basis.

Pemphiguslike manifestations with for-
mation of blisters. The development of
cutaneous manifestations is not as omi-
nous as in SJS or TEN, the blisters being
located intraepidermally. This condition
involves the formation of autoantibodies
directed against adhesion proteins (des-
mogelin) of desmosomes, which link ke-
ratinocytes to each other. D-Penicillamine
and rifampin are inducers of the rare
drug-associated pemphigus (p.308).
Photosensitivity reactions result from
exposure to sunlight, in particular the
UVA component. In phototoxic reactions,
drug molecules absorb photic energy and
turn into reactive compounds that dam-
age skin cells at their site of production. In
photoallergic reactions, photoreaction
products bind covalently to proteins as
haptens and trigger Type 4 allergic re-
sponses. The type and localization are dif-
ficult to predict.
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Drug Toxicity in Pregnancy
and Lactation

Drugs taken by the mother can be passed on
transplacentally or via breast milk and can
adversely affect the unborn or the neonate.

Pregnancy (A). Limb malformations induced
by the hypnotic thalidomide (Contergan)
first focused attention on the potential of
drugs to cause malformations (teratogenic-
ity). Drug effects on the unborn fall into two
basic categories:

1. Predictable effects that derive from the
known pharmacological drug properties.
Examples include masculinization of the
female fetus by androgenic hormones;
brain hemorrhage due to oral anticoagu-
lants; bradycardia due to p-blockers.

2. Effects that specifically affect the develop-
ing organism and that cannot be pre-
dicted on the basis of the known pharma-
cological activity profile.

In assessing the risks attending drug use

during pregnancy, the following points have

to be considered:

a Time of drug use. The possible sequelae of
exposure to a drug depend on the stage of
fetal development, as shown in (A). Thus,
the hazard posed by a drug with a specific
action is limited in time, as illustrated by
the tetracyclines, which produce effects
on teeth and bones only after the third
month of gestation, when mineralization
begins.

b Transplacental passage. Most drugs can
pass in the placenta from the maternal
into the fetal circulation. The syncytiotro-
phoblast formed by the fusion of cytotro-
phoblast cells represents the major diffu-
sion barrier. It possesses a higher perme-
ability to drugs than suggested by the
term “placental barrier.” Accordingly, all
centrally-acting drugs administered to a
pregnant woman can easily reach the fetal
organism. Relevant examples include
antiepileptics, anxiolytics, hypnotics, anti-
depressants, and neuroleptics.

¢ Teratogenicity. Statistical risk estimates
are available for familiar, frequently used
drugs. For many drugs, teratogenic po-
tency cannot be demonstrated; however,
in the case of novel drugs it is usually not
yet possible to define their teratogenic
hazard.
Drugs with established human teratogenic-
ity include derivatives of vitamin A (etreti-
nate, isotretinoic acid [used internally in skin
diseases]). A peculiar type of damage results
from the synthetic estrogenic agent diethyl-
stilbestrol following its use during preg-
nancy: daughters of treated mothers have
an increased incidence of cervical and vagi-
nal carcinoma at the age of about 20 years.
Use of this substance in pregnancy was
banned in the United States in 1971.

In assessing the risk-benefit ratio, it is also
necessary to consider the benefit for the
child resulting from adequate therapeutic
treatment of its mother. For instance, ther-
apy with antiepileptic drugs is indispens-
able, because untreated epilepsy endangers
the unborn child at least as much as does
administration of anticonvulsants.

Drug withdrawal reactions are liable to
occur in neonates whose mothers are ingest-
ing drugs of abuse or antidepressants of the
SSRI type (p.228).

Lactation (B). Drugs present in the maternal
organism can be secreted in breast milk and
thus be ingested by the infant. Evaluation of
risks should be based on factors listed in B. In
case of doubt, potential danger to the infant
can be averted only by weaning.
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Pharmacogenetics

Pharmacogenetics is concerned with the ge-
netic variability of drug effects. Differences
in genetic sequences that occur at a fre-
quency of at least 1% are designated as poly-
morphisms. Rare variants are observed in
less than 1% of a population. Polymorphisms
may either influence the pharmacokinetics
of a drug (A) or occur in the target genes that
mediate the therapeutic effect of drugs (B).

Genetic variants of pharmacokinetics. Poly-
morphisms can occur in all genes that par-
ticipate in the absorption, distribution, bio-
transformation, and elimination of drugs.
Subjects who break down a drug more
slowly owing to a genetic defect are classi-
fied as “slow metabolizers” or poor metabo-
lizers” in contrast to “normal metabolizers.”
When delayed biotransformation causes an
excessive rise in plasma levels, the incidence
of toxic effects increases, as evidenced by the
example of the immunosuppressants aza-
thioprine and mercaptopurine. Both sub-
stances are converted to inactive methyl-
thiopurines by the enzyme thiopurine
methyltransferase (TMPT). About 10% of
patients carry a genetic polymorphism that
leads to reduced TMPT activity and in <1%
enzyme activity is undetectable. As a result
of the diminished purine methylation, the
plasma level of active drug rises and, hence,
the risk of toxic bone marrow damage rises.
To avoid unwanted toxic effects, TMPT activ-
ity can be determined in erythrocytes before
therapy with mercaptopurine is started. In
fact, TMPT polymorphism is the first phar-
macogenetic test to be introduced into clin-
ical practice. In patients with complete TMPT
deficiency, the dose of azathioprine should
be reduced by 90%.

Other genetic variants of drug metabolism
may have a similar impact: a defect of N-
acetyltransferase 2 impedes the N-acetyla-
tion of diverse drugs, including isoniazid,
hydralazine, sulfonamides, clonazapam, and
nitrazepam. “Slow acetylators” (50-60% of

the population) are more likely than “fast
acetylators” to develop toxic reactions and
neuropathy. A genetic defect of the cyto-
chrome P450 isozyme CYP2D6 (originally
described as debrisoquine-sparteine poly-
morphism) occurs in ~8% of Europeans and
results in delayed elimination of a various
drugs, including metoprolol, flecainide, nor-
triptyline, desipramine, and amitriptyline.

Genetic variants of pharmacodynamics. Ge-
netic polymorphisms can also involve genes
that directly or indirectly mediate the effects
of drugs and, hence, alter pharmacodynam-
ics (B). In these cases, the biological effects of
a drug are changed, rather than its plasma
levels. The genetic variants of B-adrenocep-
tors provide an example. For instance, hy-
pertensive patients carrying an arginine at
amino acid position 389 of the f3;-receptor
respond to metoprolol with a more marked
fall in blood pressure than do patients carry-
ing a glycine residue at this position. Since
B1-blockers have a relatively large margin of
safety and, as a rule, dosage is determined by
the observed effect, genotyping of patients
prior to administration of p-blockers would
appear unnecessary.

Future research may be expected to iden-
tify numerous genetic polymorphisms in the
target molecules of drugs. A genetic exami-
nation before the start of drug therapy will
be a sensible precaution, particularly when
drugs with a narrow margin of safety or a
long half-life are to be used on a fixed dosage
regimen.
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Placebo (A)

A placebo is a dosage form devoid of an
active ingredient—a dummy medication. Ad-
ministration of a placebo may elicit the de-
sired effect (relief of symptoms) or unde-
sired effects that reflect a change in the pa-
tient’s psychological situation brought about
by the therapeutic setting.

Physicians may consciously or uncon-
sciously communicate to the patient
whether or not they are concerned about
the patient’s problem, or are certain about
the diagnosis and about the value of pre-
scribed therapeutic measures. In the care of
a physician who projects personal warmth,
competence, and confidence, the patient in
turn feels comfort and less anxiety and opti-
mistically anticipates recovery. The physical
condition determines the psychic disposi-
tion and vice versa. Consider gravely
wounded combatants in war, oblivious to
their injuries while fighting to survive, only
to experience severe pain in the safety of the
field hospital; or the patient with a peptic
ulcer caused by emotional stress.

Clinical trials. In the individual case, it may
be impossible to decide whether therapeutic
success is attributable to the drug or to the
therapeutic situation. What is therefore re-
quired is a comparison of the effects of a
drug and of a placebo in matched groups of
patients by means of statistical procedures,
i.e.,, a placebo-controlled trial. For serious
diseases, the comparison group has to be
treated with the best therapy known to date,
rather than a placebo. To be acceptable, the
test group receiving the new medicine must
show a result superior to that of the compar-
ison group.

A prospective trial is planned in advance.
A retrospective (case-control) study follows
patients backward in time, the decision to
analyze being made only after completion of
therapy. Patients are randomly allotted to
two groups, namely, the placebo and the
active or test drug group. In a double-blind

trial, neither the patients nor the treating
physicians know which patient is given drug
and which placebo. Finally, a switch from
drug to placebo and vice versa can be made
in a successive phase of treatment, the cross-
over trial. In this fashion, drug vs. placebo
comparisons can be made not only between
two patient groups but also within either
group.

Homeopathy (B) is an alternative method of
therapy, developed in the 1800s by Samuel
Hahnemann. His idea was this: when given
in normal (allopathic) dosage, a drug (in the
sense of medicament) will produce a con-
stellation of symptoms; however, in a pa-
tient whose disease symptoms resemble just
this mosaic of symptoms, the same drug
(simile principle) would effect a cure when
given in a very low dosage (“potentiation”).
The body’s self-healing powers were to be
properly activated only by minimal doses of
the medicinal substance. The homeopath’s
task is not to diagnose the causes of morbid-
ity, but to find the drug with a “symptom
profile” most closely resembling that of the
patient’s illness. This requires in-depth prob-
ing into the patient’s complaints. With the
accompaniment of a prescribed (“ritual-
ized”) shaking procedure, the drug is then
highly diluted (in 10-fold or 100-fold series).

No direct action or effect on body func-
tions can be demonstrated for homeopathic
medicines. Therapeutic success is due to the
suggestive powers of the homeopath and the
expectancy of the patient. When an illness is
strongly influenced by emotional (psychic)
factors and cannot be treated well by allo-
pathic means, a case can be made in favor of
exploiting suggestion as a therapeutic tool.
Homeopathy is one of several possible meth-
ods of doing so.
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O Sympathetic Nervous System

In the course of phylogeny an ef cient con-
trol system evolved that enabled the func-
tions of individual organs to be orchestrated
in increasingly complex life forms and per-
mitted rapid adaptation to changing envi-
ronmental conditions. This regulatory sys-
tem consists of the central nervous system
(CNS) (brain plus spinal cord) and two sepa-
rate pathways for two-way communication
with peripheral organs, namely, the somatic
and the autonomic nervous systems. The
somatic nervous system, comprising exte-
roceptive and interoceptive afferents, special
sense organs, and motor efferents, serves to
perceive external states and to target appro-
priate body movement (sensory perception:
threat — response: flight or attack). The
autonomic (vegetative) nervous system
(ANS) together with the endocrine system
controls the milieu interieur. It adjusts inter-
nal organ functions to the changing needs of
the organism. Neural control permits very
quick adaptation, whereas the endocrine
system provides for a long-term regulation
of functional states. The ANS operates largely
beyond voluntary control: it functions
autonomously. Its central components reside
in the hypothalamus, brainstem, and spinal
cord. The ANS also participates in the regu-
lation of endocrine functions.

The ANS has sympathetic and parasym-
pathetic (p.102) branches. Both are made up
of centrifugal (efferent) and centripetal (af-
ferent) nerves. In many organs innervated by
both branches, respective activation of the
sympathetic and parasympathetic input
evokes opposing responses.

In various disease states (organ malfunc-
tions), drugs are employed with the inten-
tion of normalizing susceptible organ func-
tions. To understand the biological effects of
substances capable of inhibiting or exciting
sympathetic or parasympathetic nerves, one
must first envisage the functions subserved
by the sympathetic and parasympathetic di-
visions (A, Response to sympathetic activa-

tion). In simplistic terms, activation of the
sympathetic division can be considered a
means by which the body achieves a state
of maximal work capacity as required in
fight-or-flight situations.

In both cases, there is a need for vigorous
activity of skeletal musculature. To ensure
adequate supply of oxygen and nutrients,
blood flow in skeletal muscle is increased;
cardiac rate and contractility are enhanced,
resulting in a larger blood volume being
pumped into the circulation. Narrowing of
splanchnic blood vessels diverts blood into
vascular beds in muscle.

Because digestion of food in the intestinal
tract is dispensable and essentially counter-
productive, the propulsion of intestinal con-
tents is slowed to the extent that peristalsis
diminishes and sphincters are narrowed.
However, in order to increase nutrient sup-
ply to heart and musculature, glucose from
the liver and free fatty acids from adipose
tissue must be released into the blood. The
bronchi are dilated, enabling tidal volume
and alveolar oxygen uptake to be increased.

Sweat glands are also innervated by sym-
pathetic fibers (wet palms due to excite-
ment); however, these are exceptional as
regards their neurotransmitter (ACh, p.110).

The lifestyles of modern humans are dif-
ferent from those of our hominid ancestors,
but biological functions have remained the
same: a “stress”-induced state of maximal
work capacity, albeit without energy-con-
suming muscle activity.
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O Structure of the Sympathetic
Nervous System

The sympathetic preganglionic neurons
(first neurons) project from the intermedio-
lateral column of the spinal gray matter to
the paired paravertebral ganglionic chain ly-
ing alongside the vertebral column and to
unpaired prevertebral ganglia. These ganglia
represent sites of synaptic contact between
preganglionic axons (1st neurons) and
nerve cells (2nd neurons or sympathocytes)
that emit axons terminating at postgan-
glionic synapses (or contacts) on cells in
various end organs. In addition, there are
preganglionic neurons that project either to
peripheral ganglia in end organs or to the
adrenal medulla.

Sympathetic  transmitter  substances.
Whereas acetylcholine (see p.104) serves
as the chemical transmitter at ganglionic
synapses between first and second neu-
rons, norepinephrine (noradrenaline) is
the mediator at synapses of the second neu-
ron (B). This second neuron does not syn-
apse with only a single cell in the effector
organ; rather it branches out, each branch
making en passant contacts with several
cells. At these junctions the nerve axons
form enlargements (varicosities) resem-
bling beads on a string. Thus, excitation of
the neuron leads to activation of a larger
aggregate of effector cells, although the ac-
tion of released norepinephrine may be con-
fined to the region of each junction. Excita-
tion of preganglionic neurons innervating
the adrenal medulla causes liberation of ace-
tylcholine. This, in turn, elicits secretion of
epinephrine (adrenaline) into the blood, by
which it is distributed to body tissues as a
hormone (A).

O Adrenergic Synapse

Within the varicosities, norepinephrine is
stored in small membrane-enclosed vesicles
(granules, 0.05-0.2 um in diameter). In the

axoplasm, norepinephrine is formed by step-
wise enzymatic synthesis from L-tyrosine,
which is converted by tyrosine hydroxylase
to L-Dopa (see p.188). L-Dopa in turn is de-
carboxylated to dopamine, which is taken up
into storage vesicles by the vesicular mono-
amine transporter (VMAT). In the vesicle,
dopamine is converted to norepinephrine
by dopamine B-hydroxylase. In the adrenal
medulla, the major portion of norepineph-
rine undergoes enzymatic methylation to
epinephrine.

When stimulated electrically, the sympa-
thetic nerve discharges the contents of part
of its vesicles, including norepinephrine, into
the extracellular space. Liberated norepi-
nephrine reacts with adrenoceptors lo-
cated postjunctionally on the membrane of
effector cells or prejunctionally on the mem-
brane of varicosities. Activation of pre-syn-
aptic a,-receptors inhibits norepinephrine
release. Through this negative feedback, re-
lease can be regulated.

The effect of released norepinephrine
wanes quickly, because ~90% is transported
back into the axoplasm by a specific trans-
port mechanism (norepinephrine transport-
er, NAT) and then into storage vesicles by the
vesicular transporter (neuronal reuptake).
The NAT can be inhibited by tricyclic antide-
pressants and cocaine. Moreover, norepi-
nephrine is taken up by transporters into
the effector cells (extraneuronal monoamine
transporter, EMT). Part of the norepineph-
rine undergoing reuptake is enzymatically
inactivated to normetanephrine via cate-
cholamine O-methyltransferase (COMT,
present in the cytoplasm of postjunctional
cells) and to dihydroxymandelic acid via
monoamine oxidase (MAO, present in mito-
chondria of nerve cells and postjunctional
cells).

The liver is richly endowed with COMT
and MAQO; it therefore contributes signifi-
cantly to the degradation of circulating nor-
epinephrine and epinephrine. The end prod-
uct of the combined actions of MAO and
COMT is vanillylmandelic acid.
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O Adrenoceptor Subtypes and
Catecholamine Actions

The biological effects of epinephrine and
norepinephrine are mediated by nine differ-
ent adrenoceptors (o4 ,p, @248 Bt B2, B3)-
To date, only the classification into o4, oy,
By and B, receptors has therapeutic rele-
vance.

O Smooth Muscle Effects

The opposing effects on smooth muscle (A)
of a- and B-adrenoceptor activation are due
to differences in signal transduction. a;-Re-
ceptor stimulation leads to intracellular re-
lease of Ca* via activation of the inositol
trisphosphate (IP3) pathway. In concert with
the protein calmodulin, Ca?* can activate
myosin kinase, leading to a rise in tonus via
phosphorylation of the contractile protein
myosin (— vasoconstriction). a;-Adrenocep-
tors can also elicit a contraction of smooth
muscle cells by activating phospholipase C
(PLC) via the By-subunits of G; proteins.

cAMP inhibits activation of myosin kinase.
Via stimulatory G-proteins (Gs), Bo-receptors
mediate an increase in CAMP production (—
vasodilation).

Vasoconstriction induced by local applica-
tion of a-sympathomimetics can be em-
ployed in infiltration anesthesia (p.204) or
for nasal decongestion (naphazoline, tetra-
hydrozoline, xylometazoline; p.94, 336,
338). Systemically administered epineph-
rine is important in the treatment of anaphy-
lactic shock and cardiac arrest.

Bronchodilation.  f3,-Adrenoceptor-medi-
ated bronchodilation plays an essential part
in the treatment of bronchial asthma and
chronic obstructive lung disease (p.340).
For this purpose, 3,-agonists are usually giv-
en by inhalation; preferred agents being
those with low oral bioavailability and low
risk of systemic unwanted effects (e. g., feno-
terol, salbutamol, terbutaline).

Tocolysis. The uterine relaxant effect of f3,-
adrenoceptor agonists, such as fenoterol, can
be used to prevent premature labor. p,-Vaso-
dilation in the mother with an imminent
drop in systemic blood pressure results in
reflex tachycardia, which is also due in part
to the B;-stimulant action of these drugs.

O Cardiostimulation

By stimulating p-receptors, and hence cAMP
production, catecholamines augment all
heart functions including systolic force, ve-
locity of myocyte shortening, sinoatrial rate,
conduction velocity, and excitability. In pace-
maker fibers, cAMP-gated channels (“pace-
maker channels”) are activated, whereby di-
astolic depolarization is hastened and the
firing threshold for the action potential is
reached sooner (B). CAMP activates protein
kinase A, which phosphorylates different
Ca?* transport proteins. In this way, contrac-
tion of heart muscle cells is accelerated, as
more Ca®* enters the cell from the extracel-
lular space via L-type Ca%* channels and re-
lease of Ca®* from the sarcoplasmic reticu-
lum (via ryanodine receptors, RyR) is aug-
mented. Faster relaxation of heart muscle
cells is effected by phosphorylation of tropo-
nin and phospholamban.

In acute heart failure or cardiac arrest, B-
mimetics are used as a short-term emer-
gency measure; in chronic failure they are
not indicated.

O Metabolic Effects

Via cAMP, B,-receptors mediate increased
conversion of glycogen to glucose (glycoge-
nolysis) in both liver and skeletal muscle.
From the liver, glucose is released into the
blood. In adipose tissue, triglycerides are hy-
drolyzed to fatty acids (lipolysis mediated by
B2- and Bs-receptors), which then enter the
blood.
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O Structure-Activity Relationships
of Sympathomimetics

Owing to its equally high af nity for all a-
and B-receptors, epinephrine does not per-
mit selective activation of a particular recep-
tor subtype. Like most catecholamines, it is
also unsuitable for oral administration (cat-
echole is a trivial name for o-hydroxyphe-
nol). Norepinephrine differs from epineph-
rine by its high af nity for a-receptors and
low af nity for fB,-receptors. The converse
holds true for the synthetic substance, iso-
proterenol (isoprenaline) (A).
Norepinephrine — a, B4

Epinephrine — o, B B2

Isoproterenol — B1 B2

Knowledge of structure-activity relation-
ships has permitted the synthesis of sympa-
thomimetics that display a high degree of
selectivity at adrenoceptor subtypes.

Direct-acting sympathomimetics (i.e.
adrenoceptor agonists) typically share a
phenlethylamine structure. The side chain -
hydroxyl group confers af nity for a- and B-
receptors. Substitution on the amino group
reduces af nity for a-receptors, but in-
creases it for B-receptors (exception: a-ago-
nist phenylephrine), with optimal af nity
being seen after the introduction of only
one isopropyl group. Increasing the bulk of
amino substituents favors af nity for B,-re-
ceptors (e.g., fenoterol, salbutamol). Both
hydroxyl groups on the aromatic nucleus
contribute to af nity; high activity at a-re-
ceptors is associated with hydroxyl groups at
the 3 and 4 positions. Af nity for -receptors
is preserved in congeners bearing hydroxyl
groups at positions 3 and 5 (orciprenaline,
terbutaline, fenoterol).

The hydroxyl groups of catecholamines
are responsible for the very low lipophilicity
of these substances. Polarity is increased at
physiological pH owing to protonation of the
amino group. Deletion of one or all hydroxyl
groups improves the membrane penetrabil-
ity at the intestinal mucosa-blood barrier
and the blood-brain barrier. Accordingly,

these noncatecholamine congeners can be
given orally and can exert CNS actions; how-
ever, this structural change entails a loss in
af nity.

Absence of one or both aromatic hydroxyl
groups is associated with an increase in in-
direct sympathomimetic activity, denoting
the ability of a substance to release norepi-
nephrine from its neuronal stores without
exerting an agonist action at the adrenocep-
tor (p.92).

A change in position of aromatic hydroxyl
groups (e.g., in orciprenaline, fenoterol, or
terbutaline) or their substitution (e. g., salbu-
tamol) protects against inactivation by COMT
(p.87). Introduction of a small alkyl residue
at the carbon atom adjacent to the amino
group (ephedrine, methamphetamine) con-
fers resistance to degradation by MAO (p. 87);
replacement on the amino groups of the
methyl residue with larger substituents
(e.g., ethyl in etilefrine) impedes deamina-
tion by MAO. Accordingly, the congeners are
less subject to presystemic inactivation.

Since structural requirements for high af-
finity on the one hand and oral applicability
on the other do not match, choosing a sym-
pathomimetic is a matter of compromise. If
the high af nity of epinephrine is to be ex-
ploited, absorbability from the intestine
must be foregone (epinephrine, isoprena-
line). If good bioavailability with oral admin-
istration is desired, losses in receptor af nity
must be accepted (etilefrine).
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O Indirect Sympathomimetics

Raising the concentration of norepinephrine

in the synaptic space intensifies the stimu-

lation of adrenoceptors. In principle, this can

be achieved by:

e Promoting the neuronal release of norepi-
nephrine

o Inhibiting processes operating to lower its
intrasynaptic concentration, in particular
neuronal reuptake with subsequent vesic-
ular storage or breakdown by monoamine
oxidase (MAO)

Chemically altered derivatives differ from

norepinephrine with regard to the relative

af nity for these systems and affect these

functions differentially.

Inhibitors of MAO (A) block enzyme located
in mitochondria, which serves to scavenge
axoplasmic free norepinephrine (NE). Inhib-
ition of the enzyme causes free NE concen-
trations to rise. Likewise, dopamine catabo-
lism is impaired, making more of it available
for NE synthesis. In the CNS, inhibition of
MAO affects neuronal storage not only of
NE but also of dopamine and serotonin. The
functional sequelae of these changes include
a general increase in psychomotor drive
(thymeretic effect) and mood elevation (A).
Moclobemide reversibly inhibits MAO, and is
used as an antidepressant. The MAOg inhib-
itor selegiline (deprenyl) retards the catabo-
lism of dopamine, an effect used in the treat-
ment of Parkinsonism (p.188).

Indirect sympathomimetics (B) in the nar-
row sense comprise amphetamine-like sub-
stances and cocaine. Cocaine blocks the nor-
epinephrine transporter (NAT), besides act-
ing as a local anesthetic. Amphetamine is
taken up into varicosities via NAT, and from
there into storage vesicles (via the vesicular
monoamine transporter), where it displaces
NE into the cytosol. In addition, amphet-
amine blocks MAO, allowing cytosolic NE
concentration to rise unimpeded. This in-
duces the plasmalemmal NAT to transport

NE in the opposite direction, that is, to
liberate it into the extracellular space. Thus,
amphetamine promotes a nonexocytotic
release of NE. The effectiveness of such
indirect sympathomimetics diminishes
quickly or disappears (tachyphylaxis) with
repeated administration.

Indirect sympathomimetics can penetrate
the blood-brain barrier and evoke such CNS
effects as a feeling of well-being, enhanced
physical activity and mood (euphoria), and
decreased sense of hunger or fatigue. Sub-
sequently, the user may feel tired and de-
pressed. These after-effects are partly re-
sponsible for the urge to readminister the
drug (high abuse potential). To prevent their
misuse, these substances are subject to gov-
ernmental regulations (e.g., Food and Drugs
Act, Canada; Controlled Drugs Act, USA) re-
stricting their prescription and distribution.

When amphetamine-like substances are
misused to enhance athletic performance
(“doping”), there is a risk of dangerous phys-
ical overexertion. Because of the absence of a
sense of fatigue, a drugged athlete may be
able to mobilize ultimate energy reserves. In
extreme situations, cardiovascular failure
may result (B).

Closely related chemically to amphet-
amine are the so-called appetite suppres-
sants or anorexiants (p. 329). These may also
cause dependence and their therapeutic val-
ue and safety are questionable. Some of
these (D-norpseudoephedrine, amfepra-
mone) have been withdrawn.

Sibutramine inhibits neuronal reuptake of
NE and serotonin (similarly to antidepres-
sants, p.226). It diminishes appetite and is
classified as an antiobesity agent (p.328).
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O o-Sympathomimetics,
a-Sympatholytics

a-Sympathomimetics can be used systemi-
cally in certain types of hypotension (p.324)
and locally for nasal or conjunctival decon-
gestion (p.336) or as adjuncts in infiltration
anesthesia (p.204) for the purpose of delay-
ing the removal of local anesthetic. With
local use, underperfusion of the vasocon-
stricted area results in a lack of oxygen (A).
In the extreme case, local hypoxia can lead to
tissue necrosis. The appendages (e. g., digits,
toes, ears) are particularly vulnerable in this
regard, thus precluding vasoconstrictor ad-
juncts in infiltration anesthesia at these sites.

Vasoconstriction induced by an o-sympa-
thomimetic is followed by a phase of en-
hanced blood flow (reactive hyperemia, A).
This reaction can be observed after applying
a-sympathomimetics (naphazoline, tetrahy-
drozoline, xylometazoline) to the nasal mu-
cosa. Initially, vasoconstriction reduces mu-
cosal blood flow and, hence, capillary pres-
sure. Fluid exuded into the interstitial space
is drained through the veins, thus shrinking
the nasal mucosa. Owing to the reduced
supply of fluid, secretion of nasal mucus de-
creases. In coryza, nasal patency is restored.
However, after vasoconstriction subsides, re-
active hyperemia causes renewed exudation
of plasma fluid into the interstitial space, the
nose is “stuffy” again, and the patient feels a
need to reapply decongestant. In this way, a
vicious cycle threatens. Besides rebound
congestion, persistent use of a decongestant
entails the risk of atrophic damage caused by
the prolonged hypoxia of the nasal mucosa.

o-Sympatholytics (B). The interaction of
norepinephrine with o-adrenoceptors can
be inhibited by a-sympatholytics (a-adreno-
ceptor antagonists, a-blockers). This inhibi-
tion can be put to therapeutic use in anti-
hypertensive treatment (vasodilation — pe-
ripheral resistance |, blood pressure |,
p.122). The first a-sympatholytics blocked
the action of norepinephrine not only at
postsynaptic o,-adrenoceptors but also at

presynaptic ap-receptors (nonselective a-
blockers, e. g., phenoxybenzamine, phentol-
amine).

Presynaptic oy-adrenoceptors function
like sensors that enable norepinephrine con-
centration outside the axolemma to be
monitored, thus regulating its release via a
local feedback mechanism. When presyn-
aptic op-receptors are stimulated, further
release of norepinephrine is inhibited. Con-
versely, their blockade leads to uncontrolled
release of norepinephrine with an overt en-
hancement of sympathetic effects at Bi-
adrenoceptor-mediated myocardial neuroef-
fector junctions, resulting in tachycardia and
tachyarrhythmia.

Selective «,-Sympatholytics (a;-blockers,
e.g., prazosin, or the longer-acting terazosin
and doxazosin) do not disinhibit norepi-
nephrine release.

a1-Blockers may be used in hypertension
(p.315). Because they prevent reflex vaso-
constriction, they are likely to cause postural
hypotension with pooling of blood in lower
limb capacitance veins during change from
the supine to the erect position (orthostatic
collapse, p.324).

In benign hyperplasia of the prostate, ;-
blockers (terazosin, alfuzosin, tamsulosin)
may serve to lower tonus of smooth muscu-
lature in the prostatic region and thereby
improve micturition. Tamsulosin shows en-
hanced af nity for the a4 subtype; the risk
of hypotension is therefore supposedly di-
minished.
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— A. Reactive hyperemia due to a-sympathomimetics, e.g., following decongestion
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O g-Sympatholytics (g-Blockers)
B-Sympatholytics are antagonists of norepi-

nephrine and epinephrine at B-adrenocep-
tors; they lack af nity for a-receptors.

Therapeutic effects. B-Blockers protect the
heart from the oxygen-wasting effect of
sympathetic inotropism by blocking cardiac
B-receptors; thus, cardiac work can no lon-
ger be augmented above basal levels (the
heart is “coasting”). This effect is utilized
prophylactically in angina pectoris to prevent
myocardial stress that could trigger an ische-
mic attack (p.316). B-Blockers also serve to
lower cardiac rate (sinus tachycardia, p.136)
and protect the failing heart against excessive
sympathetic drive (p.322). B-Blockers lower
elevated blood pressure. The mechanism
underlying their antihypertensive action is
unclear. Applied topically to the eye, B-
blockers are used in the management of
glaucoma; they lower production of aqueous
humor (p. 346).

Undesired effects. 3-Blockers are used very
frequently and are mostly well tolerated if
risk constellations are taken into account.
The hazards of treatment with B-blockers
become apparent particularly when contin-
uous activation of B-receptors is needed in
order to maintain the function of an organ.
Congestive heart failure. For a long time, -
blockers were considered generally contra-
indicated in heart failure. Increased release
of norepinephrine gives rise to an increase in
heart rate and systolic muscle tension, en-
abling cardiac output to be maintained de-
spite progressive cardiac disease. When
sympathetic drive is eliminated during B-
receptor-blockade, stroke volume and car-
diac rate decline, a latent myocardial insuf -
ciency is unmasked, and overt insuf ciency
is exacerbated. Sympathoactivation not only
helps for some time to maintain pump func-
tion in chronic congestive failure but itself
also contributes to the progression of insuf-
ficiency: triggering of arrhythmias, in-

creased O,-consumption, enhanced cardiac
hypertrophy (A).

On the other hand, convincing clinical evi-
dence demonstrates that, under appropriate
conditions (prior testing of tolerability, low
dosage), B-blockers are able to improve
prognosis in congestive heart failure. Protec-
tion against heart rate increases and ar-
rhythmias may be important underlying fac-
tors.

Bradycardia, AV block. Elimination of sym-
pathetic drive can lead to a marked fall in
cardiac rate as well as to disorders of impulse
conduction from the atria to the ventricles.

Bronchial asthma. Increased sympathetic
activity prevents bronchospasm in patients
disposed to paroxysmal constriction of the
bronchial tree (bronchial asthma, bronchitis
in smokers). In this condition, f,-receptor
blockade may precipitate acute respiratory
distress (B).

Hypoglycemia in diabetes mellitus. When
treatment with insulin or oral hypoglyce-
mics in the diabetic patient lowers blood
glucose below a critical level, epinephrine
is released, which then stimulates hepatic
glucose release via activation of f,-recep-
tors. B-Blockers suppress this counterregula-
tion, besides masking other epinephrine-
mediated warning signs of imminent hypo-
glycemia, such as tachycardia and anxiety.
The danger of hypoglycemic shock is there-
fore aggravated.

Altered vascular responses: When ,-re-
ceptors are blocked, the vasodilating effect
of epinephrine is abolished, leaving the a-
receptor-mediated vasoconstriction unaf-
fected: “cold hands and feet.”

B-Blockers exert an “anxiolytic” action
that may be due to the suppression of so-
matic responses (palpitations; trembling) to
epinephrine release that is induced by emo-
tional stress; in turn, these responses would
exacerbate “anxiety” or “stage-fright.” Be-
cause alertness is not impaired by B-block-
ers, these agents are occasionally taken by
orators and musicians before a major per-
formance (C).
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— A. B-Sympatholytics: effect on cardiac function

B-Blocker
blocks
receptor

100ml —
Stroke g
volume / 7
 —g =
1sec -
B;-Stimulation -
B;-Blockade
Heartis Exercise
“coasting* capacity §

— B. B-Sympatholytics: effect on bronchial and vascular tone

oY o KT

ByBlockade <———= p,-Stimulation  p,-Blockade 4__' B,-Stimulation

— C. “Anxiolytic” effect of 3-sympatholytics

B-Blockade




98 Drugs Acting on the Sympathetic Nervous System

O Types of p-Blockers

The basic structure shared by most p-sym-
patholytics (p.11) is the side chain of B-sym-
pathomimetics (cf. isoproterenol with the -
blockers propranolol, pindolol, atenolol). As
a rule, this basic structure is linked to an
aromatic nucleus by a methylene and oxy-
gen bridge. The side chain C-atom bearing
the hydroxyl group forms the chiral center.
With some exceptions (e.g., timolol, penbu-
tolol), all B-sympatholytics exist as race-
mates (p.62).

Compared with the dextrorotatory form,
the levorotatory enantiomer possesses a
greater than 100-fold higher af nity for the
B-receptor, and is, therefore, practically
alone in contributing to the B-blocking effect
of the racemate. The side chain and substitu-
ents on the amino group critically affect af-
finity for B-receptors, whereas the aromatic
nucleus determines whether the compound
possesses intrinsic sympathomimetic ac-
tivity (ISA), that is, acts as a partial agonist
or partial antagonist. A partial agonism or
antagonism is present when the intrinsic
activity of a drug is so small that, even with
full occupancy of all available receptors, the
effect obtained is only a fraction of that eli-
cited by a full agonist. In the presence of a
partial agonist (e. g., pindolol), the ability of a
full agonist (e.g., isoprenaline) to elicit a
maximal effect would be attenuated, be-
cause binding of the full agonist is impeded.
Partial agonists thus also act antagonistically,
although they maintain a certain degree of
receptor stimulation. It remains an open
question whether ISA confers a therapeutic
advantage on a B-blocker. At any rate, pa-
tients with congestive heart failure should
be treated with B-blockers devoid of ISA.

As cationic amphiphilic drugs, p-blockers
can exert a membrane-stabilizing effect, as
evidenced by the ability of the more lipo-
philic congeners to inhibit Na* channel func-
tion and impulse conduction in cardiac tis-
sues. At the usual therapeutic dosage, the

high concentration required for these effects
will not be reached.

Some B-sympatholytics possess higher af-
finity for cardiac B;-receptors than for B,-
receptors and thus display cardioselect-
ivity (e.g., metoprolol, acebutolol, atenolol,
bisoprolol, B;: B, selectivity 20-50-fold).
None of these blockers is suf ciently selec-
tive to permit use in patients with bronchial
asthma or diabetes mellitus (p. 96).

The chemical structure of B-blockers also
determines their pharmacokinetic proper-
ties. Except for hydrophilic representatives
(atenolol), B-sympatholytics are completely
absorbed from the intestines and subse-
quently undergo presystemic elimination
to a major extent (A).

All the above differences are of little clin-
ical importance. The abundance of commer-
cially available congeners would thus appear
all the more curious (B). Propranolol was the
first B-blocker to be introduced into therapy
in 1965. Thirty years later, about 20 different
congeners were marketed in different coun-
tries (analogue preparations). This question-
able development is unfortunately typical of
any drug group that combines therapeutic
with commercial success, in addition to hav-
ing a relatively fixed active structure. Varia-
tion of the molecule will create a new pat-
entable chemical, not necessarily a drug with
a novel action. Moreover, a drug no longer
protected by patent is offered as a generic by
different manufacturers under dozens of dif-
ferent proprietary names. Propranolol alone
has been marketed in 2003 by 12 manufac-
turers in Germany under nine different
names. In the USA, the drug is at present
offered by ~40 manufacturers, mostly under
its generic designation, and in Canada by six
manufacturers, mostly under a hyphenated
brand name containing its INN with a prefix.
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O Antiadrenergics

Antiadrenergics are drugs capable of lower-
ing transmitter output from sympathetic
neurons, i.e., the “sympathetic tone.” Their
action is hypotensive (indication: hyperten-
sion, p.314); however, being poorly toler-
ated, they enjoy only limited therapeutic
use.

Clonidine is an oy-agonist whose high
lipophilicity (dichlorophenyl ring) permits
rapid penetration through the blood-brain
barrier. The activation of postsynaptic a,-re-
ceptors dampens the activity of vasomotor
neurons in the medulla oblongata, resulting
in a resetting of systemic arterial pressure at
a lower level. In addition, activation of pre-
synaptic op-receptors in the periphery
(pp. 86, 94) leads to a decreased release of
both norepinephrine (NE) and acetylcholine.
Beside its main use as an antihypertensive,
clonidine is also employed to manage with-
drawal reactions in subjects being treated
for opioid addiction.

Side effects. Lassitude, dry mouth; rebound
hypertension after abrupt cessation of cloni-
dine therapy.

Methyldopa (dopa = dihydroxyphenylal-
anine), being an amino acid, is transported
across the blood-brain barrier, decarboxy-
lated in the brain to o-methyldopamine,
and then hydroxylated to a-methyl-NE. The
decarboxylation of methyldopa competes for
a portion of the available enzymatic activity
so that the rate of conversion of L-dopa to NE
(via dopamine) is decreased. The false trans-
mitter a-methyl-NE can be stored; however,
unlike the endogenous mediator, it has a
higher af nity for o,- than for a4-receptors
and therefore produces effects similar to
those of clonidine. The same events take
place in peripheral adrenergic neurons.

Adverse effects. Fatigue, orthostatic hypo-
tension, extrapyramidal  Parkinson-like
symptoms (p.188), cutaneous reactions,
hepatic damage, immune-hemolytic anemia.

Reserpine, an alkaloid from the climbing
shrub Rauwolfia serpentina (native to the

Indian subcontinent), abolishes the vesicular
storage of biogenic amines (NE, dopamine
[DA], serotonin [5-HT]) by inhibiting the
(nonselective) vesicular monoamine trans-
porter located in the membrane of storage
vesicles. Since the monoamines are not tak-
en up into vesicles, they become subject to
catabolism by MAO; the amount of NE re-
leased per nerve impulse is decreased. To a
lesser degree, release of epinephrine from
the adrenal medulla is also impaired. At
higher doses, there is irreversible damage
to storage vesicles (“pharmacological sym-
pathectomy”), days to weeks being required
for their re-synthesis. Reserpine readily en-
ters the brain, where it also impairs vesicular
storage of biogenic amines.

Adverse effects. Disorders of extrapyrami-
dal motor function with development of
pseudo-parkinsonism (p.188), sedation, de-
pression, stuffy nose, impaired libido, impo-
tence; and increased appetite.

Guanethidine possesses high af nity for
the axolemmal and vesicular amine trans-
porters. It is stored instead of NE, but is un-
able to mimic functions of the latter. In ad-
dition, it stabilizes the axonal membrane,
thereby impeding the propagation of im-
pulses into the sympathetic nerve terminals.
Storage and release of epinephrine from the
adrenal medulla are not affected, owing to
the absence of a reuptake process. The drug
does not cross the blood-brain barrier.

Adverse effects. Cardiovascular crises are a
possible risk: emotional stress of the patient
may cause sympathoadrenal activation with
epinephrine release from the adrenal me-
dulla. The resulting rise in blood pressure
can be all the more marked as persistent
depression of sympathetic nerve activity in-
duces supersensitivity of effector organs to
circulating catecholamines.
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O Parasympathetic Nervous System

Responses to activation of the parasympa-
thetic system. Parasympathetic nerves reg-
ulate processes connected with energy as-
similation (food intake, digestion, absorp-
tion) and storage. These processes operate
when the body is at rest, allowing a de-
creased tidal volume (increased bronchomo-
tor tone) and decreased cardiac activity. Se-
cretion of saliva and intestinal fluids pro-
motes the digestion of food stuffs; transport
of intestinal contents is speeded up because
of enhanced peristaltic activity and lowered
tone of sphincteric muscles. To empty the
urinary bladder (micturition), wall tension
is increased by detrusor activation with a
concurrent relaxation of sphincter tonus.

Activation of ocular parasympathetic fi-
bers (see below) results in narrowing of the
pupil and increased curvature of the lens,
enabling near objects to be brought into fo-
cus (accommodation).

Anatomy of the parasympathetic system.
The cell bodies of parasympathetic pregan-
glionic neurons are located in the brainstem
and the sacral spinal cord. Parasympathetic
outflow is channeled from the brainstem (1)
through the third cranial nerve (oculomotor
n.) via the ciliary ganglion to the eye; (2)
through the seventh cranial nerve (facial n.)
via the pterygopalatine and submaxillary

ganglia to lachrymal glands and salivary
glands (sublingual, submandibular), respec-
tively; (3) through the ninth cranial nerve
(glossopharyngeal n.) via the otic ganglion
to the parotid gland; and (4) via the tenth
cranial nerve (vagus n.) to intramural ganglia
in thoracic and abdominal viscera. Approx-
imately 75% of all parasympathetic fibers are
contained within the vagus nerve. The neu-
rons of the sacral division innervate the dis-
tal colon, rectum, bladder, the distal ureters,
and the external genitalia.

Acetylcholine (ACh) as a transmitter. ACh
serves as mediator at terminals of all post-
ganglionic parasympathetic fibers, in addi-
tion to fulfilling its transmitter role at gan-
glionic synapses within both the sympa-
thetic and parasympathetic divisions and
the motor end plates on striated muscle
(p.182). However, different types of recep-
tors are present at these synaptic junctions
(see table). The existence of distinct cholino-
ceptors at different cholinergic synapses al-
lows selective pharmacological interven-
tions.

Localization of Receptors | Agonist Antagonist Receptor Type
Target tissues of 2nd para- | ACh Atropine Muscarinic (M) cholino-
sympathetic neurons; e.g., | Muscarine ceptor; G-protein-coupled
smooth muscle, glands receptor protein with 7

transmembrane domains
Sympathetic & parasympa- | ACh Trimethaphan Ganglionic type
thetic gangliocytes Nicotine Nicotinic (N) cholinocep-
Motor end plate in skeletal | ACh d-Tubocurarine tor ligand-gated cation
muscle Nicotine channel

Muscle type




Parasympathetic Nervous System 103

— A. Responses to parasympathetic activation
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O Cholinergic Synapse

Acetylcholine (ACh) is the transmitter at
postganglionic synapses of parasympathetic
nerve endings. It is highly concentrated in
synaptic storage vesicles densely present in
the axoplasm of the presynaptic terminal.
ACh is formed from cheline and activated
acetate (acetylcoenzyme A), a reaction cat-
alyzed by the cytosolic enzyme choline ace-
tyltransferase. The highly polar choline is
taken up into the axoplasm by the specific
choline-transporter (CHT) localized to mem-
branes of cholinergic axons terminals and a
subset of storage vesicles. During persistent
or intensive stimulation, the CHT ensures
that ACh synthesis and release are sustained.
The newly formed ACh is loaded into storage
vesicles by the vesicular ACh transporter
(VAChT). The mechanism of transmitter re-
lease is not known in full detail. The vesicles
are anchored via the protein synapsin to the
cytoskeletal network. This arrangement per-
mits clustering of vesicles near the presyn-
aptic membrane while preventing fusion
with it. During activation of the nerve mem-
brane, Ca®* is thought to enter the axoplasm
through voltage-gated channels and to acti-
vate protein kinases that phosphorylate syn-
apsin. As a result, vesicles close to the mem-
brane are detached from their anchoring and
allowed to fuse with the presynaptic mem-
brane. During fusion, vesicles discharge their
contents into the synaptic gap and simulta-
neously insert CHT into the plasma mem-
brane. ACh quickly diffuses through the syn-
aptic gap (the acetylcholine molecule is a
little longer than 0.5 nm; the synaptic gap
as narrow as 20-30 nm). At the postsynaptic
effector cell membrane, ACh reacts with its
receptors. As these receptors can also be
activated by the alkaloid muscarine, they
are referred to as muscarinic (M-) ACh re-
ceptors. In contrast, at ganglionic and motor
end plate (p.182) ACh receptors, the action
of ACh is mimicked by nicotine and, hence,
mediated by nicotinic ACh receptors.

Released ACh is rapidly hydrolyzed and
inactivated by a specific acetylcholinester-
ase, localized to pre- and postjunctional
membranes (basal lamina of motor end
plates), or by a less specific serum cholines-
terase (butyrylcholinesterase), a soluble en-
zyme present in serum and interstitial fluid.

M-ACh receptors can be divided into five
subtypes according to their molecular struc-
ture, signal transduction, and ligand af nity.
Here, the M; M, and M3 receptor subtypes
are considered. M, receptors are present on
nerve cells, e.g., in ganglia, where they en-
hance impulse transmission from pregan-
glionic axon terminals to ganglion cells. M,
receptors mediate acetylcholine effects on
the heart: opening of K* channels leads to
slowing of diastolic depolarization in sino-
atrial pacemaker cells and a decrease in
heart rate. M3 receptors play a role in the
regulation of smooth muscle tone, e.g., in
the gut and bronchi, where their activation
causes stimulation of phospholipase C,
membrane depolarization, and increase in
muscle tone. M5 receptors are also found in
glandular epithelia, which similarly respond
with activation of phospholipase C and in-
creased secretory activity. In the CNS, where
all subtypes are present, ACh receptors serve
diverse functions ranging from regulation of
cortical excitability, memory and learning,
pain processing, and brainstem motor con-
trol.

In blood vessels, the relaxant action of ACh
on muscle tone is indirect, because it in-
volves stimulation of Ms-cholinoceptors on
endothelial cells that respond by liberating
NO (nitrous oxid = endothelium-derived
relaxing factor). The latter diffuses into the
subjacent smooth musculature, where it
causes a relaxation of active tonus (p.124).
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O Parasympathomimetics

Acetylcholine (ACh) is too rapidly hydro-
lyzed and inactivated by acetylcholinester-
ase (AChE) to be of any therapeutic use;
however, its action can be replicated by
other substances, namely, direct or indirect
parasympathomimetics.

Direct parasympathomimetics. The choline
ester of carbamic acid, carbachol, activates
M-cholinoceptors, but is not hydrolyzed by
AChE. Carbachol can thus be effectively em-
ployed for local application to the eye (glau-
coma) and systemic administration (bowel
atonia, bladder atonia). The alkaloids pilocar-
pine (from Pilocarpus jaborandi) and areco-
line (from Areca catechu; betel nut) also act
as direct parasympathomimetics. As tertiary
amines, they moreover exert central effects.
The central effect of muscarine-like substan-
ces consists in an enlivening, mild stimula-
tion that is probably the effect desired in
betel chewing, a widespread habit in South
Asia. Of this group, only pilocarpine enjoys
therapeutic use, which is almost exclusively
by local application to the eye in glaucoma
(p-346).

Indirect parasympathomimetics inhibit lo-
cal AChE and raise the concentration of ACh
at receptors of cholinergic synapses. This
action is evident at all synapses where ACh
is the mediator. Chemically, these agents in-
clude esters of carbamic acid (carbamates
such as physostigmine, neostigmine) and of
phosphoric acid (organophosphates such as
paraoxon = E600, and nitrostigmine = para-
thion = E605, its prodrug).

Members of both groups react like ACh
with AChE. The esters are hydrolyzed upon
formation of a complex with the enzyme.
The rate-limiting step in ACh hydrolysis is
deacetylation of the enzyme, which takes
only milliseconds, thus permitting a high
turnover rate and activity of AChE. Decarba-
minoylation following hydrolysis of a car-
bamate takes hours to days, the enzyme re-

maining inhibited as long as it is carbami-
noylated. Cleavage of the phosphate residue,
i.e., dephosphorylation, is practically im-
possible; enzyme inhibition is irreversible.

Uses. The quaternary carbamate neostig-
mine is employed as an indirect parasympa-
thomimetic in postoperative atonia of the
bowel or bladder. Applied topically to the
eye, neostigmine is used in the treatment
of glaucoma. Furthermore, it is needed to
overcome the relative ACh-deficiency at the
motor end plate in myasthenia gravis or to
reverse the neuromuscular blockade (p.184)
caused by nondepolarizing muscle relaxants
(decurarization before discontinuation of
anaesthesia). Pyridostigmine has a similar
use. The tertiary carbamate physostigmine
can be used as an antidote in poisoning with
parasympatholytic drugs, because it has ac-
cess to AChE in the brain. Carbamates and
organophosphates also serve as insecticides.
Although they possess high acute toxicity in
humans, they are more rapidly degraded
than is DDT following their release into the
environment.

In the early stages of Alzheimer disease,
administration of centrally acting AChE in-
hibitors can bring about transient improve-
ment in cognitive function or slow down
deterioration in some patients. Suitable
drugs include rivastigmine, donezepil, and
galantamine, which require slowly increas-
ing dosage. Peripheral side effects (inhibition
of ACh breakdown) limit therapy. Donezepil
and galantamine are not esters of carbamic
acid and act by a different molecular action.
Galantamine is also thought to promote the
action of ACh at nicotinic cholinoceptors by
an allosteric mechanism.
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O Parasympatholytics

Excitation of the parasympathetic division
causes release of acetylcholine at neuroef-
fector junctions in different target organs.
The major effects are summarized in (A)
(blue arrows). Some of these effects have
therapeutic applications, as indicated by
the clinical uses of parasympathomimetics
(p.106).

Substances acting antagonistically at the
M-cholinoceptor are designated parasym-
patholytics (prototype: the alkaloid atro-
pine; actions marked red in the panels).
Therapeutic use of these agents is compli-
cated by their low organ selectivity. Possibil-
ities for a targeted action include:
® Local application
® Selection of drugs with favorable mem-

brane penetrability
o Administration of drugs possessing recep-

tor subtype selectivity.
Parasympatholytics are employed for the
following purposes:

1. Inhibition of glandular secretion.
Bronchial secretion. Premedication with
atropine before inhalation anesthesia pre-
vents a possible hypersecretion of bronchial
mucus, which cannot be expectorated by
coughing during anesthesia.

Gastric secretion. Atropine displays about
equally high af nity for all muscarinic cho-
linoceptor subtypes and thus lacks organ
specificity. Pirenzepine has preferential
af nity for the M; subtype and was used to
inhibit production of HCl in the gastric
mucosa, because vagally mediated stimula-
tion of acid production involves M; recep-
tors. This approach has proved inadequate
because the required dosage of pirenzepine
produced too many atropine-like side
effects. Also, more effective pharmacological
means are available to lower HCI production
in a graded fashion (H,-antihistaminics, pro-
ton pump inhibitors).

2. Relaxation of smooth musculature. As a
rule, administration of a parasympatholytic
agent by inhalation is quite effective in
chronic obstructive pulmonary disease.
Ipratropium has a relatively short lasting
effect; four aerosol puffs usually being re-
quired per day. The newly introduced sub-
stance tiotropium needs to be applied only
once daily because of its “adhesiveness.” Tio-
tropium is effective in chronic obstructive
lung disease; however, it is not indicated in
the treatment of bronchial asthma.

Spasmolysis by N-butylscopolamine in
biliary or renal colic (p.130). Because of its
quaternary nitrogen atom, this drug does not
enter the brain and requires parenteral ad-
ministration. Its spasmolytic action is espe-
cially marked because of additional gan-
glionic blocking and direct muscle-relaxant
actions.

Lowering of pupillary sphincter tonus and
pupillary dilation by local administration of
homatropine or tropicamide (mydriatics)
allows observation of the ocular fundus. For
diagnostic uses, only short-term pupillary
dilation is needed. The effect of both agents
subsides quickly in comparison with that of
atropine (duration of several days).

3. Cardioacceleration. Ipratropium is used
in bradycardia and AV-block, respectively,
to raise heart rate and to facilitate cardiac
impulse conduction. As a quaternary sub-
stance, it does not penetrate into the brain,
which greatly reduces the risk of CNS dis-
turbances (see below). However, it is also
poorly absorbed from the gut (absorption
rate <30%). To achieve adequate levels in
the blood, it must be given in significantly
higher dosage than needed parenterally.

Atropine may be given to prevent cardiac
arrest resulting from vagal reflex activation,
incidental to anaesthetic induction, gastric
lavage, or endoscopic procedures.
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4. CNS damping effects. Scopolamine is ef-
fective in the prophylaxis of kinetosis (motion
sickness, sea sickness, see p.342); it is
mostly applied by a transdermal patch. Sco-
polamine (pK, = 7.2) penetrates the blood-
brain barrier faster than does atropine (pK, =
9), because at physiological pH a larger pro-
portion is present in the neutral, membrane-
permeant form.

In psychotic excitement (agitation), seda-
tion can be achieved with scopolamine. Un-
like atropine, scopolamine exerts a calming
and amnesiogenic action that can also be
used to advantage in anesthetic premedica-
tion.

Symptomatic treatment in parkinsonism
for the purpose of restoring a dopaminer-
gic-cholinergic balance in the corpus stria-
tum. Antiparkinsonian agents, such as benz-
tropine (p.188) readily penetrate the
blood-brain barrier. At centrally equieffec-
tive dosages, their peripheral effects are less
marked than those of atropine.

Contraindications for parasympatholytics.
Closed angle glaucoma. Since drainage of
aqueous humor is impeded during relaxa-
tion of the pupillary sphincter, intraocular
pressure rises.

Prostatic hyperplasia with impaired mic-
turition: loss of parasympathetic control of
the detrusor muscle exacerbates dif culties
in voiding urine.

Atropine poisoning. Parasympatholytics
have a wide therapeutic margin. Rarely life-
threatening, poisoning with atropine is char-
acterized by the following peripheral and
central effects.

Peripheral. Tachycardia; dry mouth; hy-
perthermia secondary to the inhibition of
sweating. Although sweat glands are inner-
vated by sympathetic fibers, these are cho-
linergic in nature. When sweat secretion is
inhibited, the body loses the ability to dis-
sipate metabolic heat by evaporation of
sweat. There is a compensatory vasodilation
in the skin, allowing increased heat ex-

change through increased cutaneous blood
flow. Decreased peristaltic activity of the in-
testines leads to constipation.

Central. Motor restlessness, progressing to
maniacal agitation, psychic disturbances,
disorientation and hallucinations. It may
be noted that scopolamine-containing herb-
al preparations (especially from Datura stra-
monium) served as hallucinogenic intoxi-
cants in the Middle Ages. Accounts of
witches’ rides to satanic gatherings and sim-
ilar excesses are likely the products of CNS
poisoning. Recently, Western youths have
been reported to make “recreational” use of
Angel’s Trumpet flowers (several Brugman-
sia species grown as ornamental shrubs).
Plants of this genus are a source of scopol-
amine used by South American natives since
pre-Columbian times.

Elderly subjects have an enhanced sensi-
tivity, particularly toward the CNS toxic
manifestations. In this context, the diversity
of drugs producing atropine-like side effects
should be borne in mind: e.g., tricyclic anti-
depressants, neuroleptics, antihistaminics,
antiarrhythmics, antiparkinsonian agents.

Apart from symptomatic, general mea-
sures (gastric lavage, cooling with ice
water), therapy of severe atropine intoxi-
cation includes the administration of the
indirect parasympathomimetic physostig-
mine (p.106). The most common instances
of “atropine”-intoxication are observed after
ingestion of the berrylike fruits of belladon-
na (in children). A similar picture may be
seen after intentional overdosage with tricy-
clic antidepressants in attempted suicide.
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O Actions of Nicotine

Acetylcholine (ACh) is a mediator in the gan-
glia of the sympathetic and parasympathetic
divisions of the autonomic nervous system.
Here, ACh receptors are considered that are
activated by nicotine (nicotinic receptors;
NAChR, p.102) and that play a leading part
in fast ganglionic neurotransmission. These
receptors represent ligand-gated ion chan-
nels with a structure and mode of operation
as described on p.64. Opening of the ion
pore induces Na* influx followed by mem-
brane depolarization and excitation of the
cell. NAChR tend to desensitize rapidly; that
is, during prolonged occupation by an ago-
nist the ion pore closes spontaneously and
cannot reopen until the agonist detaches
itself.

O Localization of Nicotinic ACh
Receptors

Autonomic nervous system (A, middle). In
analogy to autonomic ganglia, NAChR are
found also on epinephrine-releasing cells of
the adrenal medulla, which are innervated
by spinal first neurons. At all these synapses,
the receptor is located postsynaptically in the
somatodendritic region of the gangliocyte.

Motor end plate. Here the ACh receptors
are of the motor type (p.182).

Central nervous system (CNS; A, top).
NAChR are involved in various functions.
They have a predominantly presynaptic lo-
cation and promote transmitter release from
innervated axon terminals by means of de-
polarization. Together with ganglionic
NAChR they belong to the neuronal type,
which differs from the motor type in terms
of the composition of its five subunits.

O Effects of Nicotine on Body Function

Nicotine served as an experimental tool for
the classification of acetylcholine receptors.
As a tobacco alkaloid, nicotine is employed
daily by a vast part of the human race for the

enjoyment of its central stimulant action.
Nicotine activates the brain’s reward system,
thereby promoting dependence. Regular in-
take leads to habituation, which is advanta-
geous in some respects (e.g., stimulation of
the area postrema, p.342). In habituated
subjects, cessation of nicotine intake results
in mainly psychological withdrawal symp-
toms (increased nervousness, lack of con-
centration). Prevention of these is an addi-
tional important incentive for continuing
nicotine intake. Peripheral effects caused by
stimulation of autonomic ganglia may be
perceived as useful (“laxative” effect of the
first morning cigarette). Sympathoactivation
without corresponding physical exertion
(“silent stress”) may in the long term lead
to grave cardiovascular damage (p.114).

O Aids for Smoking Cessation

Administration of nicotine by means of skin
patch, chewing gum, or nasal spray is in-
tended to eliminate craving for cigarette
smoking. Breaking of the habit is to be
achieved by stepwise reduction of the nico-
tine dose. Initially this may happen; how-
ever, the long-term relapse rate is disap-
pointingly high.

Bupropion (amfebutamon) shows struc-
tural similarity with amphetamine (p.329)
and inhibits neuronal reuptake of dopamine
and norepinephrine. It is supposed to aid
smokers in “kicking the habit,” possibly be-
cause it evokes CNS effects resembling those
of nicotine. The high relapse rate after ter-
mination of the drug and substantial side
effects put its therapeutic value in doubt.
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— A. Effects of nicotine in body
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O Consequences of Tobacco Smoking

The dried and cured leaves of the nightshade
plant Nicotiana tabacum are known as tobac-
co. Tobacco is mostly smoked, less frequently
chewed or taken as dry snuff. Combustion of
tobacco generates ~4000 chemical com-
pounds in detectable quantities. The xeno-
biotic burden on the smoker depends on a
range of parameters, including tobacco qual-
ity, presence of a filter, rate and temperature
of combustion, depth of inhalation, and du-
ration of breath holding.

Tobacco contains 0.2-5% nicotine. In to-
bacco smoke, nicotine is present as a con-
stituent of small tar particles. The amount of
nicotine absorbed during smoking depends
on the nicotine content, the size of mem-
brane area exposed to tobacco smoke (N.B.:
inhalation), and the pH of the absorbing sur-
face. It is rapidly absorbed through bronchi
and lung alveoli when present in free base
form. However, protonation of the pyrroli-
dine nitrogen renders the corresponding
part of the molecule hydrophilic and absorp-
tion is impeded. To maximize the yield of
nicotine, tobaccos of some manufacturers
are made alkaline. Smoking of a single ciga-
rette produces peak plasma levels in the
range of 25-50 ng/ml. The effects described
on p.113 become evident. When intake
stops, nicotine concentration in plasma
shows an initial rapid fall, due to distribution
into tissues, and a terminal elimination
phase with a half-life of 2 hours. Nicotine is
degraded by oxidation.

The enhanced risk of vascular disease
(coronary stenosis, myocardial infarction,
and central and peripheral ischemic disor-
ders, such as stroke and intermittent claudi-
cation) is likely to be a consequence of
chronic exposure to nicotine. At the least,
nicotine is under discussion as a factor favor-
ing the progression of atherosclerosis. By
releasing epinephrine, it elevates plasma
levels of glucose and free fatty acids in the
absence of an immediate physiological need
for these energy-rich metabolites. Further-

more, it promotes platelet aggregability,
lowers fibrinolytic activity of blood, and en-
hances coagulability.

The health risks of tobacco smoking are,
however, attributable not only to nicotine
but also to various other ingredients of to-
bacco smoke. Some of these promote forma-
tion of thrombogenic plaques; others pos-
sess demonstrable carcinogenic properties
(e.g., the tobacco-specific nitrosoketone).

Dust particles inhaled in tobacco smoke,
together with bronchial mucus, must be re-
moved by the ciliated epithelium from the
airways. However, ciliary activity is de-
pressed by tobacco smoke and mucociliary
transport is impaired. This favors bacterial
infection and contributes to the chronic
bronchitis associated with regular smoking
(smoker’s cough). Chronic injury to the
bronchial mucosa could be an important
causative factor in increasing the risk in
smokers of death from bronchial carcinoma.

Statistical surveys provide an impressive
correlation between the numbers of ciga-
rettes smoked per day and the risk of death
from coronary disease or lung cancer. On the
other hand, statistics also show that, on ces-
sation of smoking, the increased risk of
death from coronary infarction or other car-
diovascular disease declines over 5-10 years
almost to the level of nonsmokers. Similarly,
the risk of developing bronchial carcinoma is
reduced.

An association with tobacco use has also
been established for cancers of the larynx,
pharynx, esophagus, stomach, pancreas, kid-
ney, and bladder.
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O Dopamine

As a biogenic amine, dopamine belongs to a
group of substances produced in the organ-
ism by decarboxylation of amino acids. Be-
sides dopamine and norepinephrine formed
from it, this group includes many other mes-
senger molecules such as histamine, seroto-
nin, and y-aminobutyric acid.

Dopamine actions and pharmacological
implications (A). In the CNS, dopamine
serves as a neuromediator. Dopamine recep-
tors are also present in the periphery. Neuro-
nally released dopamine can interact with
various receptor subtypes, all of which are
coupled to G-proteins. Two groupings can be
distinguished: the family of D;-like recep-
tors (comprising subtypes D; and Ds) and
the family of D,-like receptors (comprising
subtypes D, D3, and D). The subtypes differ
in their signal transduction pathways. Thus,
synthesis of cAMP is stimulated by D;-like
receptors but inhibited by D,-like receptors.

Released dopamine can be reutilized by
neuronal reuptake and re-storage in vesicles
or can be catabolized like other endogenous
catecholamines by the enzymes MAO and
COMT (p. 86).

Various drugs are employed therapeuti-
cally to influence dopaminergic signal trans-
mission.

Antiparkinsonian agents. In Parkinson dis-
ease, nigrostriatal dopamine neurons degen-
erate. To compensate for the lack of dopa-
mine, use is made of L-dopa as the dopamine
precursor and of D, receptor agonists (cf.
p.188).

Prolactin inhibitors. Dopamine released
from hypothalamic neurosecretory nerve
cells inhibits the secretion of prolactin from
the adenohypophysis (p.238). Prolactin pro-
motes production of breast milk during the
lactation period; moreover it inhibits the
secretion of gonadorelin. D, receptor ago-
nists prevent prolactin secretion and can be
used for weaning and the treatment of fe-

male infertility resulting from hyperprolac-
tinemia.

The D, agonists differ in their duration of
action and, hence, their dosing interval; e.g.,
bromocriptine 3 times daily, quinagolide
once daily, and cabergoline once to twice
weekly.

Antiemetics. Stimulation of dopamine re-
ceptors in the area postrema can elicit vom-
iting. D, receptor antagonists such as meto-
clopramide and domperidone are used as
antiemetics (p.342). In addition they pro-
mote gastric emptying.

Neuroleptics. Various CNS-permeant drugs
that exert a therapeutic action in schizo-
phrenia display antagonist properties at D,
receptors; e.g., the phenothiazines and bu-
tyrophenone neuroleptics (p.232).

Dopamine as a therapeutic agent (B). When
given by infusion, dopamine causes a dila-
tion of renal and splanchnic arteries that
results from stimulation of D, receptors. This
lowers cardiac afterload and augments renal
blood flow, effects that are exploited in the
treatment of cardiogenic shock. Because of
the close structural relationship between
dopamine and norepinephrine, it is easy to
understand why, at progressively higher
doses, dopamine is capable of activating -
adrenoceptors and finally a;-receptors. In
particular, o-mediated vasoconstriction
would be therapeutically undesirable (sym-
bolized by red warning sign).

Apomorphine is a dopamine agonist with a
variegated pattern of usage. Given parenter-
ally as an emetic agent to aid elimination of
orally ingested poisons, it is not without
hazards (hypotension, respiratory depres-
sion). In akinetic motor disturbances, it is a
back-up drug. Taken orally, it supposedly is
beneficial in erectile dysfunction.
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O Histamine Effects and Their
Pharmacological Properties

Functions. In the CNS histamine serves as a
neurotransmitter/modulator, promoting in-
ter alia wakefulness. In the gastric mucosa, it
acts as a mediator substance that is released
from enterochromaf n-like (ECL) cells to
stimulate gastric acid secretion in neighbor-
ing parietal cells (p.170). Histamine stored in
blood basophils and tissue mast cells plays a
mediator role in IgE-mediated allergic reac-
tions (p.72). By increasing the tone of bron-
chial smooth muscle, histamine may trigger
an asthma attack. In the intestines, it pro-
motes peristalsis, which is evidenced in food
allergies by the occurrence of diarrhea. In
blood vessels, histamine increases perme-
ability by inducing the formation of gaps
between endothelial cells of postcapillary
venules, allowing passage of fluid into the
surrounding, tissue (e.g., wheal formation).
Blood vessels are dilated because histamine
induces release of nitric oxide from the en-
dothelium (p.124) and because of a direct
vasorelaxant action. By stimulating sensory
nerve endings in the skin, histamine can
evoke itching.

Receptors. Histamine receptors are coupled
to G-proteins. The H; and H, receptors are
targets for substances with antagonistic ac-
tions. The Hj receptor is localized on nerve
cells and may inhibit release of various
transmitter substances, including histamine
itself.

Metabolism. Histamine-storing cells form
histamine by decarboxylation of the amino
acid histidine. Released histamine is de-
graded; no reuptake system exists as for
norepinephrine, dopamine, and serotonin.

Antagonists. The H, and H, receptors can be
blocked by selective antagonists.
H;-Antihistaminics. Older substances in
this group (first generation) are rather non-
specific and also block other receptors (e.g.,

muscarinic cholinoceptors). These agents are
used for the symptomatic relief of allergies
(e.g., bamipine, clemastine, dimetindene,
mebhydroline, pheniramine); as antiemetics
(meclizine, dimenhydrinate; p.342); and as
prescription-free sedatives/hypnotics (see
p.220). Promethazine represents the transi-
tion to psychopharmaceuticals of the type of
neuroleptic phenothiazines (p.232).

Unwanted effects of most H;-antihista-
minics are lassitude (impaired driving skills)
and atropine-like reactions (e. g., dry mouth,
constipation). Newer substances (second-
generation Hy-antihistaminics) do not pene-
trate into the CNS and are therefore practi-
cally devoid of sedative effects. Presumably
they are transported back into the blood by a
P-glycoprotein located in the endothelium of
the blood-brain barrier. Furthermore, they
hardly have any anticholinergic activity.
Members of this group are cetirizine (a race-
mate) and its active enantiomer levocetiri-
zine, as well as loratadine and its active me-
tabolite desloratadine. Fexofenadine is the
active metabolite of terfenadine, which
may reach excessive blood levels when bio-
transformation (via CYP3A4) is too slow; and
which can then cause cardiac arrhythmias
(prolongation of QT-interval). Ebastine and
mizolastine are other new agents.

H,-Blockers (cimetidine, ranitidine, famo-
tidine, nizatidine) inhibit gastric acid secre-
tion, and thus are useful in the treatment of
peptic ulcers (p.172). Cimetidine may lead to
drug interactions because it inhibits hepatic
cytochrome oxidases. The successor drugs
(e.g., ranitidine) are of less concern in this
respect.

Mast cell stabilizers. Cromoglycate (cromo-
lyn) and nedocromil decrease, by an as yet
unknown mechanism, the capacity of mast
cells to release of histamine and other medi-
ators during allergic reactions. Both agents
are applied topically (p.338).
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O Serotonin

Occurrence. Serotonin (5-hydroxytrypta-
mine, 5-HT) is synthesized from L-trypto-
phan in enterochromaf n cells of the intes-
tinal mucosa. 5-HT-synthesizing neurons oc-
cur also in the enteric nerve plexus and the
CNS, where the amine fulfills a neuromedia-
tor function. Blood platelets are unable to
synthesize 5-HT, but are capable of taking
up, storing, and releasing it.

Serotonin receptors. Based on biochemical
and pharmacological criteria, seven recep-
tors classes can be distinguished. Of major
pharmacotherapeutic importance are those
designated: 5-HT;, 5-HT,, each with differ-
ent subtypes, 5-HT4, and 5-HT>, all of which
are G-protein-coupled, whereas the 5-HT;
subtype represents a ligand-gated nonselec-
tive cation channel (p. 64).

Serotonin actions—cardiovascular system.
The responses to 5-HT are complex, because
multiple, in part opposing, effects are ex-
erted via the different receptor subtypes.
Thus, 5-HT;a receptors on vascular smooth
muscle cells mediate direct vasoconstriction.
Vasodilation and lowering of blood pressure
can occur by several indirect mechanisms:
5-HT;a receptors mediate sympathoinhibi-
tion (— decrease in neurogenic vasoconstric-
tor tonus) both centrally and peripherally;
5-HT;-like receptors on vascular endothe-
lium promote release of vasorelaxant medi-
ators (NO; prostacyclin). 5-HT released from
platelets plays a role in thrombogenesis, he-
mostasis, and the pathogenesis of pre-
eclamptic hypertension.

Sumatriptan is an antimigraine drug that
possesses agonist activity at 5-HT receptors
of the 1D and 1B subtypes (p.334). It causes
a constriction of cranial blood vessels, which
may result from a direct vascular action or
from inhibition of the release of neuropep-
tides that mediate “neurogenic inflamma-
tion.” A sensation of chest tightness may
occur and be indicative of coronary vaso-

spasm. Other “triptans” are naratriptan, zol-
mitriptan, and rizatriptan.

Gastrointestinal tract. Serotonin released
from myenteric neurons or enterochromaf-
fin (EC) cells acts on 5-HT, receptors to en-
hance bowel motility, enteral fluid secretion,
and thus propulsive activity. To date, at-
tempts at modifying the influence of seroto-
nin on intestinal motility by agonistic or an-
tagonistic drugs have not been very success-
ful. Although the 5-HT, agonist cisapride
was shown to be effective in increasing pro-
pulsive activity of the intestinal tract, its ad-
verse effects were very pronounced. Since it
is degraded via CYP3A4, it is liable to interact
with numerous drugs. In particular, arrhyth-
mias (in part severe) associated with QT pro-
longation were noted; the arrhythmogenic
action is caused by blockade of K* channels.
The drug is no longer available.

Central nervous system. Serotoninergic
neurons play a part in various brain func-
tions, as evidenced by the effects of drugs
likely to interfere with serotonin.

Fluoxetine is an antidepressant which, by
blocking reuptake, retards inactivation of re-
leased serotonin. Its activity spectrum in-
cludes significant psychomotor stimulation
and depression of appetite.

Sibutramine, an inhibitor of the neuronal
reuptake of 5-HT and norepinephrine, is
marketed as an antiobesity drug (pp.329).

Ondansetron, an antagonist at the 5-HT3
receptor, possesses striking effectiveness
against cytotoxic drug-induced emesis, evi-
dent both at the start of and during cyto-
static therapy. Tropisetron and granisetron
produce analogous effects.

LSD and other psychedelics (psychotomi-
metics) such as mescaline and psilocybin can
induce states of altered awareness, or induce
hallucinations and anxiety, probably medi-
ated by 5-HT;a receptors.
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O Vasodilators—Overview

The distribution of blood within the circula-
tion is a function of vascular caliber. Venous
tone regulates the volume of blood returned
to the heart and, hence, stroke volume and
cardiac output. The luminal diameter of the
arterial vasculature determines peripheral
resistance. Cardiac output and peripheral re-
sistance are prime determinants of arterial
blood pressure (p.324).

In (A), the clinically most important vaso-
dilators are presented. Some of these agents
possess different ef cacy in affecting the ve-
nous and arterial limbs of the circulation.

Possible uses. Arteriolar vasodilators are giv-
en to lower blood pressure in hypertension
(p.314), to reduce cardiac work in angina
pectoris (p.318), and to reduce ventricular
afterload (pressure load) in cardiac failure
(p.322). Venous vasodilators are used to re-
duce venous filling pressure (preload) in an-
gina pectoris (p. 318) or congestive heart fail-
ure (p.322). Practical uses are indicated for
each drug group.

Counterregulation in acute hypotension
due to vasodilators (B). Increased sympa-
thetic drive raises heart rate (reflex tachycar-
dia) and cardiac output and thus helps to
elevate blood pressure. The patients experi-
ence palpitations. Activation of the renin-
angiotensin-aldosterone (RAA) system serves
to increase blood volume, hence cardiac out-
put. Fluid retention leads to an increase in
body weight and, possibly, edemas.

These counterregulatory processes are
susceptible to pharmacological inhibition
(B-blockers, ACE inhibitors, diuretics).

Mechanisms of action. The tonus of vascular
smooth muscle can be decreased by various
means.

Protection against vasoconstricting media-
tors. ACE inhibitors and angiotensin receptor
antagonists protect against angiotensin II
(p.128); a-adrenoceptor antagonists inter-

fere with (nor)epinephrine (p.94); bosentan
(see below) is an antagonist at receptors for
endothelin, a powerful vasoconstrictor re-
leased by the endothelium.

Substitution of vasorelaxant mediators.
Analogues of prostacyclin (from vascular en-
dothelium), such as iloprost, or of prosta-
glandin E;, such as alprostadil, stimulate
the corresponding receptors; organic ni-
trates (p.124) substitute for endothelial NO.

Direct action on vascular smooth muscle
cells. Ca%*-channel blockers (p.126) and K*
channel openers (diazoxide, minoxidil) act
at the level of channel proteins to inhibit
membrane depolarization and excitation of
vascular smooth muscle cells. Phosphodies-
terase (PDE) inhibitors retard the degrada-
tion of intracellular cGMP, which lowers con-
tractile tonus. Several PDE isozymes with
different localization and function are
known.

The following sections deal with special
aspects:

Erectile dysfunction. Sildenafil, vardenafil,
and tardalafil are inhibitors of PDE-5 and
are used to promote erection. During sexual
arousal NO is released from nerve endings in
the corpus cavernosum of the penis, which
stimulates the formation of cGMP in vascular
smooth muscle. PDE-5, which is important in
this tissue, breaks down cGMP, thus counter-
acting erection. Blockers of PDE-5 “conserve”
cGMP.

Pulmonary hypertension. This condition in-
volves a narrowing of the pulmonary vascu-
lar bed resulting mostly from unknown
causes. The disease often is progressive, as-
sociated with right ventricular overload, and
all but resistant to treatment with conven-
tional vasodilators. The endothelin antago-
nist, bosentan, offers a new therapeutic ap-
proach. Administration of NO by inhalation
is under clinical trial.
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O Organic Nitrates

Various esters of nitric acid (HNOs) and poly-
valent alcohols relax vascular smooth
muscle, e.g., nitroglycerin (glyceryl trini-
trate) and isosorbide dinitrate. The effect is
more pronounced in venous than in arterial
beds.

These vasodilator effects produce hemo-
dynamic consequences that can be put to
therapeutic use. Owing to a decrease in both
venous return (preload) and arterial after-
load, cardiac work is decreased (p.318). As
a result, the cardiac oxygen balance im-
proves. Spasmodic constriction of larger cor-
onary vessels (coronary spasm) is prevented.

Uses. Organic nitrates are used chiefly in
angina pectoris (p.316), less frequently in
severe forms of chronic and acute congestive
heart failure. Continuous intake of higher
doses with maintenance of steady plasma
levels leads to loss of ef cacy, inasmuch as
the organism becomes refractory (tachyphy-
lactic). This “nitrate tolerance” can be
avoided if a daily “nitrate-free interval” is
maintained, e. g., overnight.

At the start of therapy, unwanted reac-
tions occur frequently in the form of a throb-
bing headache, probably caused by dilation
of cephalic vessels. This effect also exhibits
tolerance, even when daily “nitrate pauses”
are observed. Excessive dosages give rise to
hypotension, reflex tachycardia, and circula-
tory collapse.

Mechanism of action. The reduction in vas-
cular smooth muscle tone is due to activa-
tion of guanylate cyclase and elevation of
cyclic GMP levels. The causative agent is ni-
tric oxide (NO) generated from the organic
nitrate. NO is a physiological messenger
molecule that endothelial cells release onto
subjacent smooth muscle cells (“endothe-
lium-derived relaxant factor,” EDRF). Organ-
ic nitrates thus utilize a physiological path-
way; hence their high ef cacy. The enzy-
matically mediated generation of NO from

organic nitrates (via a mitochondrial alde-
hyde dehydrogenase) within the smooth
muscle cell depends on a supply of free sulf-
hydryl (-SH) groups; “nitrate-tolerance” is
attributed to a cellular exhaustion of SH do-
nors.

Nitroglycerin (NTG) is distinguished by a
high membrane penetrability and very low
stability. It is the drug of choice in the treat-
ment of angina pectoris attacks. For this pur-
pose, it is administered as a spray, or in sub-
lingual or buccal tablets for transmucosal
delivery. The onset of action is between 1
and 3 minutes. Due to a nearly complete
presystemic elimination, it is poorly suited
for oral administration. Transdermal deliv-
ery (nitroglycerin patch) also avoids presys-
temic elimination.

Isosorbide dinitrate (ISDN) penetrates
well through membranes, is more stable than
NTG, and is partly degraded into the weaker,
but much longer acting, 5-isosorbide mono-
nitrate (ISMN). ISDN can also be applied sub-
lingually; however, it is mainly administered
orally in order to achieve a prolonged effect.
ISMN is not suitable for sublingual use be-
cause of its higher polarity and slower rate of
absorption. Taken orally, it is absorbed and is
not subject to first-pass elimination.

Molsidomine itself is inactive. After oral
intake, it is slowly converted into an active
metabolite, linsidomine. The differential ef-
fectiveness in arterial vs. venous beds is less
evident compared to the drugs mentioned
above. Moreover, development of “nitrate
tolerance” is of less concern. These differen-
ces in activity profile appear to reflect a differ-
ent mechanism of NO release. The same ap-
plies to the following sodium nitroprusside.

Sodium nitroprusside contains a nitroso
(-NO) group, but is not an ester. It dilates
venous and arterial beds equally. It is admin-
istered by infusion to achieve controlled hy-
potension under continuous close monitor-
ing. Cyanide ions liberated from nitroprus-
side can be inactivated with sodium thiosul-
fate (p.310).
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O Calcium Antagonists

During electrical excitation of the cell mem-
brane of heart or smooth muscle, different
ionic currents are activated, including an in-
ward Ca?* current. The term Ca?* antagonist
is applied to drugs that inhibit the influx of
Ca?* ions without affecting inward Na* or
outward K" currents to a significant degree.
Other labels are calcium entry blocker or
Ca®*-channel blocker. Ca** antagonists used
therapeutically can be divided into three
groups according to their effects on heart
and vasculature.

1. Dihydropyridine Derivatives

The dihydropyridines, e.g., nifedipine, are
uncharged hydrophobic substances. They
particularly induce a relaxation of vascular
smooth muscle in arterial beds. An effect on
cardiac function is practically absent at ther-
apeutic dosage. (In pharmacological experi-
ments on isolated cardiac muscle prepara-
tions, a clear negative inotropic effect is,
however, demonstrable at high concentra-
tions.) They are thus regarded as vasoselec-
tive Ca®* antagonists. Because of the dilation
of resistance vessels, blood pressure falls.
Cardiac afterload is diminished (p.318) and,
therefore, also oxygen demand. Spasms of
coronary arteries are prevented.

Indications. An indication for nifedipine is
angina pectoris (p.318). In angina pectoris,
it is effective when given either prophylacti-
cally or during acute attacks. Adverse effects
are palpitation (reflex tachycardia due to hy-
potension), headache, and pretibial edema.

The successor substances principally exert
the same effects, but have different kinetic
properties (slow elimination and, hence,
steady plasma levels).

Nitrendipine, isradipine, and felodipine are
used in the treatment of hypertension. Ni-
cardipine and nisoldipine are also used in
angina pectoris. Nimodipine is given prophy-
lactically after subarachnoidal hemorrhage
to prevent vasospasms. On its dihydropyri-

dine ring, amlodipine possesses a side chain
with a protonatable nitrogen and can there-
fore exist in a positively charged state. This
influences its pharmacokinetics, as evi-
denced by the very long half-life of elimina-
tion (~40 hours).

Il. Verapamil and Other Catamphiphilic
Ca®* Antagonists

Verapamil contains a nitrogen atom bearing
a positive charge at physiological pH and
thus represents a cationic amphiphilic mole-
cule. It exerts inhibitory effects not only on
arterial smooth muscle, but also on heart
muscle. In the heart, Ca®* inward currents
are important in generating depolarization
of sinoatrial node cells (impulse generation),
in impulse propagation through the AV-
junction (atrioventricular conduction), and
in electromechanical coupling in the ventric-
ular cardiomyocytes. Verapamil thus produ-
ces negative chronotropic, dromotropic, and
inotropic effects.

Indications. Verapamil is used as an antiar-
rhythmic drug in supraventricular tachyar-
rhythmias. In atrial flutter or fibrillation, it
is effective in reducing ventricular rate by
virtue of inhibiting AV conduction. Verapa-
mil is also employed in the prophylaxis of
angina pectoris attacks (p.318) and the treat-
ment of hypertension (p.314).

Adverse effects. Because of verapamil’s ef-
fects on the sinus node, a drop in blood
pressure fails to evoke a reflex tachycardia.
Heart rate hardly changes; bradycardia may
even develop. AV-block and myocardial in-
suf ciency can occur. Patients frequently
complain of constipation, because verapamil
also inhibits intestinal musculature.

Gallopamil (= methoxyverapamil) is clo-
sely related to verapamil in terms of both
structure and biological activity.

Diltiazem is a catamphiphilic benzothia-
zepine derivative with an activity profile re-
sembling that of verapamil.
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O ACE Inhibitors

Angiotensin-converting enzyme (ACE) is a
component of the antihypotensive renin-
angiotensin-aldosterone (RAA) system. Re-
nin is produced by specialized smooth
muscle cells in the wall of the afferent arte-
riole of the renal glomerulus. These cells
belong to the juxtaglomerular apparatus,
the site of contact between afferent arteriole
and distal tubule, which plays an important
part in controlling nephron function. Stimuli
eliciting release of renin are: drop in renal
perfusion pressure, decreased rate of deliv-
ery of Na* or CI” to the distal tubules, as well
as B-adrenoceptor-mediated sympathoacti-
vation. The glycoprotein renin enzymatically
cleaves the decapeptide angiotensin I from
its circulating precursor substrate angioten-
sinogen. The enzyme ACE, in turn, produces
biologically active angiotensin II from angio-
tensin [.

ACE is a rather nonspecific peptidase that
can cleave C-terminal dipeptides from vari-
ous peptides (dipeptidyl carboxypeptidase).
As “kininase II,” it contributes to the inacti-
vation of kinins, such as bradykinin. ACE is
also present in blood plasma; however, en-
zyme localized in the luminal side of vascu-
lar endothelium is primarily responsible for
the formation of angiotensin II.

Angiotensin II can raise blood pressure in
different ways, including (1) vasoconstric-
tion in both the arterial and venous limb of
the circulation; (2) stimulation of aldoste-
rone secretion, leading to increased renal
reabsorption of NaCl and water, hence an
increased blood volume; (3) a central in-
crease in sympathotonus and, peripherally,
enhanced release and effects of norepi-
nephrine. Chronically elevated levels of an-
giotensin Il can increase muscle mass in
heart and arteries (trophic effect).

ACE inhibitors, such as captopril and enalap-
rilat, the active metabolite of enalapril, occu-
py the enzyme as false substrates. Af nity
significantly influences ef cacy and rate of

elimination. Enalaprilat has a stronger and
longer-lasting effect than captopril.

Indications are hypertension and cardiac
failure.

Lowering of elevated blood pressure is
predominantly brought about by diminished
production of angiotensin II. Impaired deg-
radation of kinins that exert vasodilating ac-
tions may contribute to the effect.

In heart failure, cardiac output rises again
after administration of an ACE inhibitor be-
cause ventricular afterload diminishes ow-
ing to a fall in peripheral resistance. Venous
congestion abates as a result of (1) increased
cardiac output and (2) reduction in venous
return (decreased aldosterone secretion, de-
creased tonus of venous capacitance ves-
sels).

Undesired effects. The magnitude of the
antihypertensive effect of ACE inhibitors de-
pends on the functional state of the RAA
system. When the latter has been activated
by loss of electrolytes and water (resulting
from treatment with diuretic drugs), by car-
diac failure, or by renal arterial stenosis, ad-
ministration of ACE inhibitors may initially
cause an excessive fall in blood pressure. Dry
cough is a fairly frequent side effect, possibly
caused by reduced inactivation of kinins in
the bronchial mucosa. In most cases, ACE
inhibitors are well tolerated and effective.
Newer analogues include lisinopril, perindo-
pril, ramipril, quinapril, fosinopril, benaze-
pril, cilazapril, and trandolapril.

Antagonists at angiotensin Il receptors.
Two receptor subtypes can be distinguished:
AT, which mediates the above actions of
angiotensin II; and AT,, whose physiological
role is still unclear. Losartan is an AT, recep-
tor antagonist whose main (antihyperten-
sive) and side effects resemble those of ACE
inhibitors. However, because it does not in-
hibit degradation of kinins, it does not cause
dry cough. Losartan is used in the therapy of
hypertension. Other analogues are valsartan,
irbesartan, eprosartan, and candesartan.
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O Drugs Used to Influence Smooth
Muscle Organs

Bronchodilators. Narrowing of bronchioles
raises airway resistance, e. g., in bronchial or
bronchitic asthma. Several substances that
are employed as bronchodilators are de-
scribed elsewhere in more detail: 3,-sympa-
thomimetics (p.88; given by pulmonary, pa-
renteral, or oral route), the methylxanthine
theophylline (p.338; given parenterally or
orally), and the parasympatholytics ipratro-
pium and tiotropium (p.108).

Spasmolytics. N-butylscopolamine (p.108) is
used for the relief of painful spasms of the
biliary or ureteral ducts. Its poor absorption
(N.B. quaternary N; absorption rate < 10%)
necessitates parenteral administration. Be-
cause the therapeutic effect is usually weak,
a potent analgesic is given concurrently, e. g.,
the opioid meperidine. Note that some
spasms of intestinal musculature can be ef-
fectively relieved by organic nitrates (in bili-
ary colic) or by nifedipine (esophageal hy-
pertension and achalasia).

Myometrial relaxants (tocolytics). 5,-Sym-
pathomimetics such as fenoterol, given orally
or parenterally, can prevent premature labor
or interrupt labor in progress when danger-
ous complications necessitate caesarean sec-
tion. Tachycardia is a side effect produced
reflexly because of ,-mediated vasodilation
or a direct stimulation of cardiac p;-recep-
tors. Recently, atosiban, a structurally altered
oxytocin derivative, has become available. It
acts as an antagonist at oxytocin receptors, is
given parenterally, and lacks the cardiovas-
cular side effects of p,-sympathomimetics,
but often causes nausea and vomiting.

Myometrial stimulants. The neurohypophy-
seal hormone oxytocin (p.238) is given pa-
renterally (or by the nasal or buccal route)
before, during, or after labor in order to
prompt uterine contractions or to enhance
them. Certain prostaglandins or analogues of

them (p.196; Faa, dinoprost; E,, dinopro-
stone, sulprostone) are capable of inducing
rhythmic uterine contractions and cervical
relaxation at any time. They are mostly em-
ployed as abortifacients (local or parenteral
application).

Ergot alkaloids are obtained from Secale cor-
nutum (ergot), the sclerotium of a fungus
(Claviceps purpurea) parasitizing rye. Con-
sumption of flour from contaminated grain
was once the cause of epidemic poisonings
(ergotism) characterized by gangrene of the
extremities (St. Anthony’s fire) and CNS dis-
turbances (hallucinations).

Ergot alkaloids contain lysergic acid (see
ergotamine formula in A). They act on uter-
ine and vascular muscle. Ergometrine par-
ticularly stimulates the uterus. It readily
induces a tonic contraction of the myome-
trium (tetanus uteri). This jeopardizes pla-
cental blood flow and fetal oxygen supply.
Ergometrine is not used therapeutically. The
semisynthetic derivative methylergometrine
is used only after delivery for uterine con-
tractions that are too weak.

Ergotamine, as well as the ergotoxine
alkaloids (ergocristine, ergocryptine, ergo-
cornine), have a predominantly vascular ac-
tion. Depending on the initial caliber, con-
striction or dilation may be elicited. The
mechanism of action is unclear; a partial
agonism at a-adrenoceptors may be impor-
tant. Ergotamine is used in the treatment of
migraine (p.334). Its derivative, dihydroer-
gotamine, is furthermore employed in or-
thostatic complaints (p.324).

Other lysergic acid derivatives are the 5-HT
antagonist methysergide, the dopamine
agonist bromocriptine (p.116), and the hal-
lucinogen lysergic acid diethylamide (LSD,
p.236).
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O Cardiac Drugs

Possible ways of influencing heart function
(A). The pumping capacity of the heart de-
pends on different factors: with increasing
heart rate, the force of contraction increases
(“positive staircase”); the degree of diastolic
filling regulates contraction amplitude (Star-
ling’s law of the heart). The sympathetic in-
nervation with its transmitter norepineph-
rine and the hormone epinephrine promote
contractile force generation (but also oxygen
consumption), and raise beating rate and
excitability (p.88). The parasympathetic in-
nervation lowers beat frequency because
acetylcholine inhibits pacemaker cells
(p-104).

From the influence of the autonomic ner-
vous system it follows that all sympatholytic
or sympathomimetic and parasympatholytic
or parasympathomimetic drugs can produce
corresponding effects on cardiac perform-
ance. These possibilities are exploited ther-
apeutically: for instance, B-blockers for sup-
pressing excessive sympathetic drive (p.96);
ipratropium for treating sinus bradycardia
(p.108). An unwanted activation of the sym-
pathetic system can result from anxiety,
pain, and other emotional stress. In these
cases, the heart can be protected from harm-
ful stimulation by psychopharmaceuticals
such as benzodiazepines (diazepam and
others; important in myocardial infarction).

Cardiac work furthermore depends
strongly on the state of the circulation sys-
tem: physical rest or work demand appro-
priate cardiac performance; the level of
mean blood pressure is an additional deci-
sive factor. Chronic elevation of afterload
leads to myocardial insuf ciency. Therefore,
all blood pressure-lowering drugs can have
an important therapeutic influence on the
myocardium. Vasodilator substances (e.g.,
nitrates) lower the venous return and/or pe-
ripheral resistance and, hence, exert a favor-
able effect in angina pectoris or heart failure.

The heart muscle cells can also be reached
directly. Thus, cardiac glycosides bind to the

Na*/K*-ATPases, (p.134), the Ca-antagonists
to Ca?* channels (p.126), and antiarrhyth-
mics of the local anaesthetic type to Na*
channels (p.136) in the plasmalemma.

Events underlying contraction and relaxa-
tion (B). The signal triggering contraction is
a propagated action potential (AP) generated
in the sinoatrial node. Depolarization of the
plasmalemma leads to a rapid rise in cyto-
solic Ca®* levels, which causes contraction
(electromechanical coupling). The level of
Ca®* concentration attained determines the
degree of shortening, i.e., the force of con-
traction. Sources of calcium are: (a) extra-
cellular calcium entering the cell through
voltage-gated Ca®* channels; (b) calcium
stored in the sarcoplasmic reticulum (SR);
(c) calcium bound to the inside of the plas-
malemma. The plasmalemma of cardiomyo-
cytes extends into the cell interior in the
form of tubular invaginations (transverse tu-
buli).

The trigger signal for relaxation is the re-
turn of the membrane potential to its resting
level. During repolarization Ca®* levels fall
below the threshold for activation of the
myofilaments (3 x 1077 M): the plasmalem-
mal Ca binding sites regain their Ca-binding
capacity; calcium ions are pumped back into
the SR lumen and the plasmalemmal ATPases
move Ca®* that entered during systole back
out of the cell under expenditure of energy.
Additionally, Ca?* is extruded from the cell in
exchange for Na* (Na/Ca exchanger).
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O Cardiac Glycosides

Diverse plants are sources of sugar-contain-
ing compounds (glycosides) that also con-
tain a steroid ring system (structural formu-
las, A) and augment the contractile force of
heart muscle: cardiotonic glycosides, cardio-
steroids, “digitalis.”

The cardiosteroids possess a small thera-
peutic margin, signs of intoxication are ar-
rhythmia and contracture (B). This therapeu-
tic drawback can be explained by the mech-
anism of action.

Cardiac glycosides (CG) bind to the ex-
tracellular domain of Na*/K'-ATPases and
exclude this enzyme molecule for a time
from further ion transport activity. The
high-af nity binding of CG is restricted to a
particular conformation that the enzyme
adopts during its transport cycle. In the rest-
ing state, Na*/K"-ATPase molecules are not
binding partners. Under normal conditions
only a fraction of the Na*/K*-ATPase trans-
port activity is required to maintain the high
gradients of Na* and K" across the plasma-
lemma. Low therapeutic concentrations of
CG occupy only a fraction of Na*/K*-ATPases;
the decrease of the resulting pump activity
can easily be compensated for by recruit-
ment of resting ATPase molecules via a small
increase of the intracellular Na* concentra-
tion.

Attached to the ATPases there are Na*
channels which, upon binding of CG to the
enzyme, lose their specificity for Na* and are
converted to nonselective, promiscuous
channels: during systole, Ca** will easily
pass through this channel owing to its huge
gradient (almost 4 orders of magnitude!).
This results in an increased Ca**-influx and
augmented contractile force. It should, how-
ever, be noted that the mode of action of
cardiosteroids is still a matter of debate.

Mobilization of edema (weight loss) and
lowering of heart rate are simple but deci-
sive criteria for achieving optimal dosing. If
ATPase activity is inhibited too much, K* and
Na* homeostasis is disturbed: the membrane

potential declines, arrhythmias occur. Intra-

cellular flooding with Ca?* prevents relaxa-

tion during diastole: contracture.

The CNS effects of CGs (C) are also due to
binding to Na*/K*-ATPases. Enhanced vagal
nerve activity causes a decrease in sinoatrial
beating rate and velocity of atrioventricular
conduction. In patients with heart failure,
improved circulation also contributes to the
reduction in heart rate. Stimulation of the
area postrema leads to nausea and vomiting.
Indications for CGs are:

1 chronic congestive heart failure,

2 atrial fibrillation or flutter, where inhibi-
tion of AV conduction protects the ven-
tricles from excessive atrial impulse activ-
ity and thereby improves cardiac per-
formance (D).

Signs of intoxication are:

1 Cardiac arrhythmias, which under certain
circumstances are life-threatening, e. g., si-
nus bradycardia, AV-block, ventricular ex-
trasystoles, ventricular fibrillation (ECG);

2 CNS disturbances: characteristically, al-
tered color vision (xanthopsia), and also
fatigue, disorientation, hallucinations;

3 anorexia, nausea, vomiting, diarrhea;

4 renal: loss of electrolytes and water; this
must be differentiated from mobilization
of edema fluid accumulated in front of the
heart during congestive failure, an effect
expected with therapeutic dosage.

Therapy of intoxication: administration of
K*, which inter alia reduces binding of CG,
but may impair AV-conduction; administra-
tion of antiarrhythmics, such as phenytoin or
lidocaine (p.136); oral administration of co-
lestyramine (p.160) for binding and prevent-
ing absorption of digitoxin present in the
intestines (enterohepatic cycle), and most
importantly injection of antibody (Fab) frag-
ments that bind and inactivate digitoxin and
digoxin. Compared with full antibodies, frag-
ments have superior tissue penetrability,
more rapid renal elimination, and lower
antigenicity.
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O Antiarrhythmic Drugs

The electrical impulse for contraction
(propagated action potential; p.138) origi-
nates in pacemaker cells of the sinoatrial
node and spreads through the atria, atrio-
ventricular (AV) node, and adjoining parts
of the His-Purkinje fiber system to the ven-
tricles (A). Irregularities of heart rhythm can
interfere dangerously with cardiac pumping
function.

1. Drugs for Selective Control of Sinoatrial
and AV Nodes

In some forms of arrhythmia, certain drugs
can be used that are capable of selectively
facilitating and inhibiting (green and red ar-
rows, respectively) the pacemaker function
of sinoatrial or atrioventricular cells.

Sinus bradycardia. An abnormally low si-
noatrial impulse rate (< 60/min) can be
raised by parasympatholytics. The quater-
nary ipratropium is preferable to atropine,
because it lacks CNS penetrability (p.108).
Sympathomimetics also exert a positive
chronotropic action; they have the disad-
vantage of increasing myocardial excitability
(and automaticity) and, thus, promoting ec-
topic impulse generation (tendency to extra-
systolic beats). In cardiac arrest, epineph-
rine, given by intrabronchial instillation or
intracardiac injection, can be used to reini-
tiate heart beat.

Sinus tachycardia (resting rate > 100 beats/
min). B-Blockers eliminate sympatho-excita-
tion and lower cardiac rate. Sotalol is note-
worthy because of its good antiarrhythmic
action (caution: QT-prolongation)

Atrial flutter or fibrillation. An excessive
ventricular rate can be decreased by verapa-
mil (p.126) or cardiac glycosides (p.134).
These drugs inhibit impulse propagation
through the AV node, so that fewer impulses
reach the ventricles.

II. Nonspecific Drug Actions on Impulse
Generation and Propagation

In some types of rhythm disorders, antiar-
rhythmics of the local anesthetic, Na*-
channel blocking type are used for both
prophylaxis and therapy. These substances
block the Na* channel responsible for the
fast depolarization of nerve and muscle tis-
sues. Therefore, the elicitation of action po-
tentials is impeded and impulse conduction
is delayed. This effect may exert a favorable
influence in some forms of arrhythmia, but
can itself act arrhythmogenically. Unfortu-
nately, antiarrhythmics of the local anes-
thetic, Na*-channel blocking type lack suf -
cient specificity in two respects: (1) other
ion channels of cardiomyocytes, such as K
and Ca* channels, are also affected (abnor-
mal QT prolongation); and (2) their action is
not restricted to cardiac muscle tissue but
also impacts on neural tissues and brain
cells. Adverse effects on the heart include
production of arrhythmias and lowering of
heart rate, AV conduction, and systolic force.
CNS side effects are manifested by vertigo,
giddiness, disorientation, confusion, motor
disturbances, etc.

Some antiarrhythmics are rapidly de-
graded in the body by cleavage (see arrows
in B); these substances are not suitable for
oral administration but must be given intra-
venously (e.g., lidocaine).

Irrespective of the cause underlying atrial
fibrillation, formation of a thrombus may
occur in the atria, because blood stagnates
in the auricles. From such a thrombus an
embolus may be dislodged and carried into
the arterial supply of the brain, precipitating
a stroke. It is therefore imperative to institute
anticoagulant therapy in atrial fibrillation.
For immediate effect, heparin preparations
are indicated; subsequently, changeover to
vitamin K antagonists (e.g., phenprocou-
mon) may be made. As long as episodes of
arrhythmia occur, therapy must be contin-
ued.
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O Electrophysiological Actions of
Antiarrhythmics of the Na*-Channel
Blocking Type

Action potential and ionic currents. The
transmembrane electrical potential of
cardiomyocytes can be recorded through
an intracellular microelectrode. Upon elec-
trical excitation, the resting potential shows
a characteristic change—the action potential
(AP). Its underlying cause is a sequence of
transient ionic currents. During rapid depo-
larization (phase 0), there is a short-lived
influx of Na* through the membrane. A sub-
sequent transient influx of Ca®* (as well as of
Na*) maintains the depolarization (phase 2,
plateau of AP). A delayed ef ux of K" returns
the membrane potential (phase 3, repolari-
zation) to its resting value (phase 4). The
velocity of depolarization determines the
speed at which the AP propagates through
the myocardial syncytium.

The transmembrane ionic currents in-
volve proteinaceous membrane pores: Na*,
Ca?*, and K' channels. In (A), the phasic
change in the functional state of Na* chan-
nels during an action potential is illustrated.

Na+-channel blocking antiarrhythmics re-
duce the probability of Na* channels to open
upon membrane depolarization (“mem-
brane stabilization”). The potential conse-
quences are (A, bottom): (1) A reduction in
the velocity of depolarization and a decrease
in the speed of impulse propagation; aber-
rant impulse propagation is impeded. (2)
Depolarization is entirely absent; pathologi-
cal impulse generation, e. g., in the marginal
zone of an infarction, is suppressed. (3) The
time required until a new depolarization can
be elicited, i.e., the refractory period, is in-
creased; prolongation of the AP (see below)
contributes to the increase in refractory pe-
riod. Consequently, premature excitation
with risk of fibrillation is prevented.

Mechanism of action. Na'-channel blocking
antiarrhythmics resemble most local anes-
thetics in being cationic amphiphilic mole-
cules (p.206; exception: phenytoin, p.191).
Possible molecular mechanisms of their in-
hibitory effects are outlined on p.202 in
more detail. Their low structural specificity
is reflected by a low selectivity toward differ-
ent cation channels. Besides the Na* channel,
Ca®*and K* channels are also likely to be
blocked. Accordingly, cationic amphiphilic
antiarrhythmics affect both the depolariza-
tion and repolarization phases. Depending
on the substance, AP duration can be in-
creased (Class IA), decreased (Class IB), or
remain the same (Class IC). Antiarrhythmics
representative of these categories include:
Class IA—quinidine, procainamide, ajmaline,
disopyramide; Class IB—lidocaine, mexile-
tine, tocainide; Class IC—flecainide, propafe-
none.

K?*~channel blocking antiarrhythmics. The
drug amiodarone and the B-blocker sotalol
have been assigned to Class IIl, comprising
agents that cause marked prolongation of AP
with less effect on the velocity of depo-
larization. Note that Class II is represented
by B-blockers and Class IV by the Ca®*-chan-
nel blockers verapamil and diltiazem (see
p.126).

Therapeutic uses. Because of their narrow
therapeutic margin, antiarrhythmics are only
employed when rhythm disturbances are of
such severity as to impair the pumping ac-
tion of the heart, or when there is a threat of
other complications. Combinations of differ-
ent antiarrhythmics are not recommended
(e.g., quinidine plus verapamil). Some
agents, such as amiodarone, are reserved
for special cases. This iodine-containing sub-
stance has unusual properties: its elimina-
tion half-life is 50-70 days; depending on its
electrical charge, it is bound to apolar and
polar lipids, stored in tissues (corneal opaci-
fication, pulmonary fibrosis); and it inter-
feres with thyroid function.
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O Drugs for the Treatment of Anemias

Anemia denotes a reduction in red blood cell
count or hemoglobin content, or both.

Erythropoiesis (A)

Blood corpuscles develop from stem cells
through several cell divisions (n = 17!). He-
moglobin is then synthesized and the cell
nucleus is extruded. Erythropoiesis is stimu-
lated by the hormone erythropoietin (a gly-
coprotein), which is released from the kid-
neys when renal oxygen tension declines. A
nephrogenic anemia can be ameliorated by
parenteral administration of recombinant
erythropoietin (epoetin alfa) or hyperglyco-
sylated erythropoietin (darbepoetin; longer
half-life than epoetin).

Even in healthy humans, formation of red
blood cells and, hence, the oxygen transport
capacity of blood, is augmented by erythro-
poietin,. This effect is equivalent to high-al-
titude training and is employed as a doping
method by high-performance athletes.
Erythropoietin is inactivated by cleavage of
sugar residues, with a biological half-life of
~5 hours after intravenous injection and a t,,
> 20 hours after subcutaneous injection.

Given adequate production of erythro-
poietin, a disturbance of erythropoiesis is
due to two principal causes. (1) Cell multi-
plication is inhibited because DNA synthe-
sis is insuf cient. This occurs in deficiencies
of vitamin By or folic acid (macrocytic hyper-
chromic anemia). (2) Hemoglobin synthesis
is impaired. This situation arises in iron de-
ficiency, since Fe?* is a constituent of hemo-
globin (microcytic hypochromic anemia).

Vitamin B, (B)

Vitamin B;, (cyanocobalamin) is produced
by bacteria; vitamin B, generated in the
colon, however, is unavailable for absorp-
tion. Liver, meat, fish, and milk products
are rich sources of the vitamin. The minimal
requirement is about 1 pg/day. Enteral ab-
sorption of vitamin B, requires the so-called
“intrinsic factor” from parietal cells of the
stomach. The complex formed with this gly-

coprotein undergoes endocytosis in the
ileum. Bound to its transport protein, trans-
cobalamin, vitamin B, is destined for stor-
age in the liver or uptake into tissues.

A frequent cause of vitamin Bq, defi-
ciency is atrophic gastritis leading to a lack
of intrinsic factor. Besides megaloblastic ane-
mia, damage to mucosal linings and degen-
eration of myelin sheaths with neurological
sequelae will occur (pernicious anemia).
The optimal therapy consists in parenteral
administration of cyanocobalamin or hy-
droxycobalamin (vitamin By,,; exchange of
-CN for -OH group). Adverse effects, in the
form of hypersensitivity reactions, are very
rare.

Folic Acid (B)

Leafy vegetables and liver are rich in folic
acid (FA). The minimal requirement is
~50 pg/day. Polyglutamine-FA in food is hy-
drolyzed to monoglutamine-FA prior to
being absorbed. Causes of deficiency in-
clude insuf cient intake, malabsorption,
and increased requirements during preg-
nancy (hence the prophylactic administra-
tion during pregnancy). Antiepileptic drugs
and oral contraceptives may decrease FA ab-
sorption, presumably by inhibiting the for-
mation of monoglutamine-FA. Inhibition of
dihydro-FA reductase (e. g., by methotrexate,
p.300) depresses the formation of the active
species, tetrahydro-FA. Symptoms of defi-
ciency are megaloblastic anemia and mu-
cosal damage. Therapy consists in oral ad-
ministration of FA.

Administration of FA can mask a vitamin
Bi, deficiency. Vitamin By is required for the
conversion of methyltetrahydro-FA to tetra-
hydro-FA, which is important for DNA-syn-
thesis (B). Inhibition of this reaction due to
vitamin B, deficiency can be compensated
by increased FA intake. The anemia is readily
corrected; however, nerve degeneration
progresses unchecked and its cause is made
more dif cult to diagnose by the absence of
hematological changes. Indiscriminate use of
FA-containing multivitamin preparations
can, therefore, be harmful.
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O Iron Compounds

Not all iron ingested in food is equally ab-
sorbable. Trivalent Fe" is virtually not taken
up from the neutral milieu of the small bow-
el, where the divalent Fe?* is markedly bet-
ter absorbed. Uptake is particularly ef cient
in the form of heme (present in hemoglobin
and myoglobin). Within the mucosal cells of
the gut, iron is oxidized and either deposited
as ferritin (see below) or passed on to the
transport protein, transferrin. The amount
absorbed does not exceed that needed to
balance losses due to epithelial shedding
from skin and mucosae or hemorrhage (so-
called “mucosal block”). In men this amount
is ~1 mg/day, in women it is ~ 2 mg/day (be-
cause of menstrual blood loss); it corre-
sponds to about 10% of the dietary intake.
The transferrin-iron complex undergoes en-
docytotic uptake into erythrocyte precursors
to be utilized for hemoglobin synthesis.
About 70% of the total body store of iron
(~5g) is contained within erythrocytes.
When these are degraded by macrophages
of the mononuclear phagocyte system, iron
is liberated from hemoglobin. Fe**can be
stored as ferritin (= protein apoferritin
+Fe3*) or be returned to erythropoiesis sites
via transferrin.

A frequent cause of iron deficiency is
chronic blood loss due to gastric/intestinal
ulcers or tumors. One liter of blood contains
500 mg of iron in healthy condition. Despite
a significant increase in absorption rate, ab-
sorption is unable to keep up with losses and
the body store of iron falls. Iron deficiency
results in impaired synthesis of hemoglobin
and anemia.

The treatment of choice (after the cause
of bleeding has been found and eliminated)
consists in the oral administration of Fe?*
compounds, e. g., ferrous sulfate (daily dose
100 mg of iron, equivalent to 300 mg of
FeSQ,, divided into multiple doses). Replen-
ishing of iron stores may take several
months. Oral administration, however, is ad-

vantageous in that it is impossible to over-
load the body with iron through an intact
mucosa because of its demand-regulated ab-
sorption (mucosal block).

Adverse effects. The frequent gastrointesti-
nal complaints (epigastric pain, diarrhea,
constipation) necessitate intake of iron prep-
arations with or after meals, although ab-
sorption is higher from the empty stomach.

Interactions. Antacids inhibit iron absorp-
tion. Combination with ascorbic acid (vita-
min C) to protect Fe?* from oxidation to Fe3*
is theoretically sound but practically is not
needed.

Parenteral administration of Fe>* salts is
indicated only when adequate oral replace-
ment is not possible. There is a risk of over-
dosage, with iron deposition in tissues
(hemosiderosis). The binding capacity of
transferrin is limited and free Fe* is toxic.
Therefore, Fe>*complexes are employed that
can donate Fe®* directly to transferrin or can
be phagocytosed by macrophages, enabling
iron to be incorporated into the ferritin
store. Possible adverse effects are: with i.m.
injection, persistent pain at the injection site
and skin discoloration; with i.v. injection,
flushing, hypotension, anaphylactic shock.
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o Prophylaxis and Therapy of
Thromboses

Upon vascular injury, the coagulation system
is activated: thrombocytes and fibrin mole-
cules coalesce into a “plug” that seals the
defect and halts bleeding (hemostasis). Un-
necessary formation of an intravascular
clot—a thrombosis—can be life-threatening.
If the clot forms on an atheromatous plaque
in a coronary artery, myocardial infarction is
imminent; a thrombus in a deep leg vein can
be dislodged and carried into a lung artery
and can cause pulmonary embolism.

Drugs that decrease the coagulability of
blood, such as coumarins and heparin (A)
are employed for the prophylaxis of
thromboses. In addition, attempts are di-
rected, by means of acetylsalicylic acid, at
inhibiting the aggregation of blood platelets,
which are prominently involved in intra-ar-
terial thrombogenesis (p.152). For the
therapy of thrombosis, drugs are used that
dissolve the fibrin meshwork—fibrinolytics
(p-150).

An overview of the coagulation cascade
and sites of action for coumarins and heparin
is shown in (A). There are two ways to ini-
tiate the cascade (B): (1) conversion of factor
Xllinto its active form (XII,, intrinsic system)
at intravascular sites denuded of endothe-
lium; (2) conversion of factor VII into VII,
(extrinsic system) under the influence of a
tissue-derived lipoprotein (tissue thrombo-
plastin). Both mechanisms converge via fac-
tor X into a common final pathway.

The clotting factors are protein mole-
cules. “Activation” mostly means proteolysis
(cleavage of protein fragments) and, with the
exception of fibrin, conversion into protein-
hydrolyzing enzymes (proteases). Some acti-
vated factors require the presence of phos-
pholipids (PL) and Ca?* for their proteolytic
activity. Conceivably, Ca®* ions cause the ad-
hesion of factor to a phospholipid surface, as
depicted in (B). Phospholipids are contained
in platelet factor 3 (PF3), which is released
from aggregated platelets, and in tissue

thromboplastin (A). The sequential activa-

tion of several enzymes allows the afore-

mentioned reactions to “snowball” (symbol-
ized in C by increasing number of particles),
culminating in massive production of fibrin.

Ca?*-chelators (B) prevent the enzymatic
activity of Ca®*-dependent factors; they con-

tain COO™ groups that bind Ca®" ions (C):

citrate and EDTA (ethylenediaminetetraace-

tic acid) form soluble complexes with Ca®*;
oxalate precipitates Ca®* as insoluble calci-
um oxalate. Chelation of Ca®* cannot be used
in vivo for therapeutic purposes because

Ca®* concentrations would have to be low-

ered to a level incompatible with life (hypo-

calcemic tetany). These compounds (sodium
salts) are, therefore, used only for rendering
blood incoagulable outside the body. This
effect can be reversed at any time by addi-
tion of Ca®* ions.

In vivo, the progression of the coagulation

cascade can be inhibited as follows (C):

1. Coumarin derivatives decrease the blood
concentrations of inactive factors II, VII, IX
and X, by inhibiting their synthesis in the
liver.

2. The complex consisting of heparin and
antithrombin IIl neutralizes the protease
activity of activated factors; unlike unfrac-
tionated heparin, low-molecular-weight
heparin fragments or the “minimal molec-
ular subunit of heparin,” fondaparinux, in-
hibit only activated factor Xa when com-
plexed with antithrombin III.

3. Hirudin and its derivatives (bivalirudin,
lepirudin) block the active center of
thrombin.
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O Vitamin K Antagonists and Vitamin K

Vitamin K promotes the hepatic y-carboxy-
lation of glutamate residues on the precur-
sors of factors II, VII, IX, and X. Carboxyl
groups are required for Ca%*-mediated bind-
ing to phospholipid surfaces (p.144). There
are several vitamin K derivatives of different
origins: K; (phytomenadione) from chloro-
phyllous plants; K, from gut bacteria; and K3
(menadione) synthesized chemically. All are
hydrophobic and require bile acids for ab-
sorption.

Oral anticoagulants. Structurally related to
vitamin K, 4-hydroxycoumarins act as
"false” vitamin K and prevent regeneration
of reduced (active) vitamin K from vitamin K
epoxide, hence the synthesis of vitamin K-
dependent clotting factors

Coumarins are well absorbed after oral
administration. Their duration of action
varies considerably. Synthesis of clotting fac-
tors depends on the intrahepatocytic con-
centration ratio between coumarins and vi-
tamin K. The dose required for an adequate
anticoagulant effect must be determined in-
dividually for each patient (monitoring of
the International Normalized Ratio, INR).

Indications. Hydroxycoumarins are used for
the prophylaxis of thromboembolism as, for
instance, in atrial fibrillation or after heart
valve replacement.

The most important adverse effect is
bleeding. With coumarins, this can be coun-
teracted by giving vitamin K;. However, co-
agulability of blood returns to normal only
after hours or days, when the liver has re-
sumed synthesis and restored suf cient
blood levels of carboxylated clotting factors.
In urgent cases, deficient factors must be
replenished directly (e.g., by transfusion of
whole blood or of prothrombin concentrate).

Other notable adverse effects include: at
the start of therapy, hemorrhagic skin ne-
croses and alopecia; with exposure in utero,
disturbances of fetal cartilage and bone for-

mation and CNS injury (due to bleeding);
enhanced risk of retroplacental bleeding.

O Possibilities for Interference (B)

Adjusting the dosage of a hydroxycoumarin
calls for a delicate balance between the op-
posing risks of bleeding (effect too strong)
and of thrombosis (effect too weak). After
the dosage has been titrated successfully,
loss of control may occur if certain interfer-
ing factors are ignored. If the patient changes
dietary habits and consumes more vegeta-
bles, vitamin K may predominate over the
vitamin K antagonist. If vitamin K-producing
gut flora is damaged in the course of anti-
biotic therapy, the antagonist may prevail.
Drugs that increase hepatic biotransforma-
tion via enzyme induction (p.38) may accel-
erate elimination of a hydroxycoumarin and
thus lower its blood level. Inhibitors of he-
patic biotransformation (e. g., the H, blocker
cimetidine) augment the action of hydroxy-
coumarins. Apart from pharmacokinetic al-
terations, pharmacodynamic interactions
must be taken into account. Thus, acetylsa-
licylic acid is contraindicated because (a) it
retards hemostasis by inhibiting platelet ag-
gregation and (b) it may cause damage to the
gastric mucosa with erosion of blood vessels.
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O Heparin (A)

Occurrence and structure. Heparin can be
obtained from porcine gut, where it is
present (together with histamine) in storage
vesicles of mast cells. Heparin molecules are
chains of amino sugars bearing -COO~ and
-SO5~ groups. Chain length is not constant
and anticoagulant ef cacy varies with chain
length. The potency of a preparation is
standardized in international units of activ-
ity (IU) by bioassay and comparison with a
reference preparation. The molecular weight
(MW) for unfractionated heparin ranges from
4000 to 40 000, with a peak around 15 000.
Low-molecular-weight fractionated heparin
can be produced by cleavage of native hep-
arin; molecular size is less heterogeneous,
with a mean MW of 5000 (e.g., certoparin,
dalteparin, enoxaparin).The synthetic fonda-
parinux (MW 1728) resembles the basic pen-
tasaccharide subunit of heparin, essential for
activity. The numerous negative charges are
significant in several respects: (1) they con-
tribute to complex formation with anti-
thrombin III that underlies the anticoagulant
effect; (2) they permit binding of heparin to
its antidote, protamine (a polycationic pro-
tein from salmon sperm); (3) they confer
poor membrane penetrability, necessitating
administration of heparin by injection.

Mechanism of action. Antithrombin IIl (AT
Ill) is a circulating glycoprotein capable of
inhibiting activated clotting factors by occu-
pation and irreversible blockade of the active
center. Heparin acts to inhibit clotting by
accelerating formation of this complex more
than 1000-fold. Activated clotting factors
have differing requirements for optimal
chain length of heparin. For instance, to in-
activate thrombin, the heparin molecule
must simultaneously contact the factor and
AT III. With factor Xa, however, contact be-
tween heparin and AT III is suf cient for
speeding up inactivation.

Indications. Heparin is used for the prophy-
laxis and therapy of thrombosis. For the
former, low dosages, given subcutaneously,
are suf cient. Unfractionated heparin must
be injected about three time daily, fractio-
nated heparins and fondaparinux can be
administered once daily. For treatment of
thrombosis, heparin must be infused intra-
venously in an increased daily dose.

Adverse effects. When bleeding is induced
by heparin, the heparin action can be in-
stantly reversed by protamine. Against frac-
tionated heparins and fondaparinux, prot-
amine is less or not effective. Heparin-in-
duced thrombocytopenia type Il (HIT II) is a
dangerous complication. It results from for-
mation of antibodies that precipitate with
bound heparin on platelets. The platelets
aggregate and give rise to vascular occlu-
sions. Because of the thrombocytopenia,
hemorrhages may occur. Fondaparinux is al-
so contraindicated in HIT II.

The drug danaparoid consists mostly of
the heparinoid heparan sulfate. Its chains
are composed of a part of the heparin mol-
ecule (indicated by blue color underlay). Its
effect is mediated by AT IIL.

O Hirudin and Derivatives (B)

The polypeptide hirudin from the saliva of
the European medicinal leech inhibits clot-
ting of the leech’s blood meal by blockade of
the active center of thrombin. This action is
independent of AT Il and thus also occurs in
patients with AT III deficiency. Lepirudin and
desrudin are yeast-derived recombinant ana-
logues. They can be used in patients with
HIT IL.

Ximelagatran is a modified thrombin an-
tagonist suitable for oral use.
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O Fibrinolytics

The fibrin meshwork of a blood clot can be
cleaved by plasmin. As a protease, plasmin
can break down not only fibrin but also fi-
brinogen and other proteins. Plasmin derives
from an inactive precursor, plasminogen,
present in blood. Under physiological condi-
tions, specificity of action for fibrin is
achieved because, among other things, acti-
vation takes place on the fibrin clot.

The tissue plasminogen activator (t-PA)
is released into the blood from endothelial
cells when blood flow stagnates. Next to its
catalytic center, this protease possesses oth-
er functional domains, including docking
sites for fibrin. During contact with fibrin,
plasminogen-plasmin conversion rate is
several-fold higher than in streaming blood.
Plasminogen also contains a binding domain
for fibrin.

Plasminogen activators available for
therapeutic use are designated as fibrino-
lytics; they are infused intravenously in
myocardial infarction, stroke, deep leg vein
thrombosis, pulmonary embolism, and other
thrombotic vascular occlusions. The earlier
treatment is started after thrombus forma-
tion, the better is the chance of achieving
patency of the occluded vessel.

The desired effect carries with it the risk of
bleeding as the most important adverse ef-
fect, because, apart from the intravascular
fibrin clot forming the thrombus, other fibrin
coagula sealing defects in the vascular wall
are dissolved as well. Moreover, use of fibri-
nolytics entails the risk that fibrinogen and
other clotting factors circulating in blood will
undergo cleavage (“systemic lytic state”).

Streptokinase is the oldest available fibri-
nolytic. By itself it lacks enzymatic activity;
only after binding to a plasminogen mole-
cule is a complex formed that activates plas-
minogen. Streptokinase is produced by
streptococcal bacteria. Streptokinase anti-
bodies may be present as a result of previous
streptococcal infections and may lead to in-
compatibility reactions.

Urokinase is an endogenous plasminogen
activator that occurs in different organs. Uro-
kinase used therapeutically is obtained from
human cultured kidney cells. Circulating
antibodies are not expected. The substance
is more expensive than streptokinase and
also does not depend on fibrin in its action.

Alteplase is a recombinant tissue plas-
minogen activator (rt-PA). As a result of its
production in eukaryotic Chinese hamster
ovary (CHO) cells, carbohydrate residues
are present as in the native substance. At
the therapeutically used dosage, alteplase
loses its “fibrin dependence” and thus also
activates circulating plasminogen. In fresh
myocardial infarctions, alteplase appears to
produce better results than does streptoki-
nase.

Tenecteplase is a variant of alteplase that
has been altered by six point mutations, re-
sulting in a significant prolongation of its
plasma half-life (tenecteplase t,, = 20 mi-
nutes; alteplase ti, = 3-4 minutes). Tenecte-
plase is dosed according to body weight and
given by intravenous bolus injection.

Reteplase is a deletion variant of t-PA that
lacks both fibrin-binding domains and oligo-
saccharide side chains (manufactured in
prokaryotic E. coli). It is eliminated more
slowly than alteplase. Whereas alteplase is
given by infusion, reteplase can be adminis-
tered in two bolus injections spaced 30 mi-
nutes apart

Plasmin inhibitors. ¢-Aminocaproic acid as
well as tranexamic acid and p-aminomethyl-
benzoic acid (PAMBA) are plasmin inhibitors
that can be useful in bleeding complications.
They exert an inhibitory effect by occupying
the fibrin binding site of plasminogen or
plasmin.
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O Intra-arterial Thrombus
Formation (A)

Activation of platelets, e.g., upon contact
with collagen of the extracellular matrix
after injury to the vascular wall, constitutes
the immediate and decisive step in initiating
the process of primary hemostasis, i. e., ces-
sation of bleeding. However in the absence
of vascular injury, platelets can be activated
as a result of damage to the endothelial cell
lining of blood vessels. Among the multiple
functions of the endothelium, the produc-
tion of prostacyclin and nitric oxide (NO)
plays an important role because both sub-
stances inhibit the tendency of platelets to
adhere to the endothelial surface. Impair-
ment of endothelial function, e.g., due to
chronic hypertension, chronic elevation of
plasma LDL levels or of blood glucose, and
cigarette smoking, increases the probability
of adhesion between thrombocytes and en-
dothelium. The deceleration of fast flowing
platelets occurs through an interaction be-
tween the glycoprotein Iba (GP I) in the pla-
telet membrane and von Willebrand factor
in the endothelium and basal membrane
(denuded after endothelial injury). For the
proper activation of the platelet, interaction
with subendothelial collagen of an addition-
al platelet glycoprotein (GP IV) is necessary.
As soon as platelets are activated (see p.154),
they change their shape and gain af nity for
fibrinogen. This results from a conformation-
al change of glycoprotein IIb/Illa in the pla-
telet membrane. Platelets can now be linked
to each other via fibrinogen bridges (A).
Platelet aggregation proceeds like an ava-
lanche because, once activated, one platelet
can activate other platelets. On the injured
endothelial cell a thrombus is formed, which
obstructs blood flow. Ultimately, the vascu-
lar lumen is occluded by the thrombus as the
latter is solidified by vasoconstriction pro-
moted by the release of serotonin and
thromboxane A, from the aggregated plate-
lets and by locally activated thrombin.
Thrombin plays a twofold part in thrombus

formation: as a protease, thrombin cleaves
fibrinogen and thus initiates the formation
of fibrin clot (blood coagulation, p.144). The
effects of thrombin on platelets and endo-
thelial cells, however, involve a proteolytic
activation of receptors coupled to G-proteins
(so-called protease-activated receptors).
When these events occur in a larger, func-
tionally important artery, myocardial infarc-
tion or stroke may be the result.

Von Willebrand factor plays a key role in
thrombogenesis. Lack of this factor is the
cause of thrombasthenia, the inability to
staunch bleeding by platelet aggregation. A
relative deficiency of von Willebrand factor
can be transiently relieved by injection of
the vasopressin analogue desmopressin, be-
cause this substance makes factor available
from stored supplies.

O Formation, Activation, and
Aggregation of Platelets (B)

Platelets are fragments of multicellular

megakaryocytes. They constitute the small-

est formed elements of blood (diameter

1-4 um) and, devoid of a cell nucleus, are

no longer capable of protein synthesis.

Platelets can be activated by various stimuli,

leading to:

e Change in shape

e Conversion of integrin GP IIb/Illa into its
active conformation

® Release of active substances such as sero-
tonin, platelet-activating factor (PAF),
ADP, and thromboxane A,. All these sub-
stances activate other platelets.
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o Inhibitors of Platelet
Aggregation (A)

Collagen, thrombin, ADP, and thromboxane
A, are the most important mediators that
induce maximal activation and aggregation
of platelets. The first essential step in platelet
activation is mediated by direct contact with
collagen, which can bind to different pro-
teins in the platelet membrane. The most
important “collagen receptor” in the platelet
membrane is glycoprotein VI (GP VI). Activa-
tion induces a change in platelet shape and
triggers secretion of substances stored in
intracellular platelet granula (e.g., ADP, se-
rotonin). In addition, GP VI stimulates cyclo-
oxygenase (COX-1), causing thromboxane A,
to be produced and released from arachi-
donic acid (p.196).

The propensity of platelets to aggregate
can be inhibited by various pharmacological
interventions.

Acetylsalicylic acid (ASA) prevents COX-
1-mediated synthesis of thromboxane. Low
daily doses (75-100 mg) may be suf cient.
Indications include prophylaxis of re-infarc-
tion after myocardial infarction and of
stroke. Despite the low dosage, adverse ef-
fects such as gastric mucosal damage or
provocation of asthma attacks cannot be
ruled out.

Available alternatives to ASA are the ADP
receptor antagonists ticlopidine and clopi-
drogel, which can also be given orally. Sim-
ilarly to ASA, ticlopidine and clopidrogel
cause an irreversible inhibition of platelet
function. Both substances are inactive pre-
cursors that are converted by hepatic cyto-
chrome P450 to an active metabolite that
binds covalently to a subtype (P2Y;,) of
ADP receptors on platelets. Consequently,
ADP-mediated platelet aggregation is inhib-
ited for the duration of the platelet life cycle
(~7-10 days). Ticlopidine may cause serious
adverse effects, including neutropenia and
thrombopenia. The successor substance, clo-
pidrogel, is better tolerated.

Antagonists at the integrin glycoprotein
IIb[llla. Available agents are suitable only
for parenteral administration and, in clinical
settings, are used in percutaneous coronary
balloon distension or in unstable angina pec-
toris. They block the fibrinogen cross-linking
protein and thus decrease fibrinogen-medi-
ated meshing of platelets independently of
the precipitating cause. Abciximab is a chi-
meric Fab-antibody fragment directed
against GP IIb/llla protein. Tirofiban and ep-
tifibatide act as competitive antagonists at
the fibrinogen binding site. Because abcixi-
mab adheres to GPIIb/llla for a long time,
24-48 hours are required after injection of
the drug before platelet aggregation again
becomes possible. The effects of eptifibatide
and tirofiban dissipate within a few hours.
Because GP IIb/llla antagonists inhibit the
common final pathway in platelet activation,
they pose a risk of bleeding during treat-
ment.

O Presystemic Effect of ASA

The inhibition of platelet aggregation by ASA
results from acetylation and blockade of pla-
telet COX-1 (B). The specificity of this reac-
tion is achieved in the following manner:
irreversible acetylation of the enzyme al-
ready occurs in the blood of the splanchnic
region, that is, before the liver is reached.
Since ASA is subject to extensive presystemic
deacetylation, cyclooxygenases located post-
hepatically (e.g., in endothelial cells) are
hardly affected. Confinement of COX-1 in-
hibition to platelets is further accentuated
because enzyme can be re-synthesized in
normal cells having a nucleus but not in
the anuclear platelets.
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O Plasma Volume Expanders

Major blood loss entails the danger of life-
threatening circulatory failure, i.e., hypo-
volemic shock. The immediate threat results
not so much from the loss of erythrocytes,
i.e., oxygen carriers, as from the reduction in
volume of circulating blood.

To eliminate the threat of shock, replen-
ishment of the circulation is essential. With
moderate loss of blood, administration of a
plasma volume expander may be suf cient.
Blood plasma consists basically of water,
electrolytes, and plasma proteins. However,
a plasma substitute need not contain plasma
proteins. These can be suitably replaced
with macromolecules (“colloids”) that, like
plasma proteins, (1) do not readily leave the
circulation and are poorly filtrable in the renal
glomerulus; and (2) bind water along with its
solutes owing to their colloid osmotic proper-
ties. In this manner, they will maintain cir-
culatory filling pressure for many hours. On
the other hand, complete elimination of
these colloids from the body is clearly desir-
able.

Compared with whole blood or plasma,
plasma substitutes offer several advantages:
they can be produced more easily and at
lower cost, have a longer shelf-life, and are
free of pathogens such as hepatitis B and C or
AIDS viruses.

Three colloids are currently employed as
plasma volume expanders—the two polysac-
charides dextran and hydroxyethyl starch,
and the polypeptide gelatin.

Dextran is a polymer formed by bacteria
and consisting of atypically linked (1—6 in-
stead of 1—4 bond) glucose molecules. Com-
mercially available plasma substitutes con-
tain dextran of a mean molecular weight
(MW) of 70 or 75 kDa (dextran 70 or 75)
or 40 kDa (dextran 40 or low-molecular-
weight dextran). The chain length of single
molecules varies widely, however. Smaller
dextran molecules can be filtered at the glo-
merulus and slowly excreted in urine; the
larger ones are eventually taken up and de-

graded by cells of the mononuclear phago-
cyte system. Apart from restoring blood vol-
ume, dextran solutions are used for hemodi-
lution in the management of blood flow dis-
orders.

As for microcirculatory improvement, it is
occasionally emphasized that low -molecu-
lar-weight dextran, unlike dextran 70, may
directly reduce the aggregability of erythro-
cytes by way of altering their surface proper-
ties. With prolonged use, larger molecules
will accumulate owing to the more rapid
renal excretion of the smaller ones. Conse-
quently, the molecular weight of dextran
circulating in blood will tend toward a high-
er mean molecular weight with the passage
of time.

The most important adverse effect results
from the antigenicity of dextrans, which may
lead to an anaphylactoid reaction. Dextran
antibodies can be intercepted without an
immune response by injection of small dex-
tran molecules (MW 1000), thus obviating
any incompatibility reaction to subsequent
infusion of the dextran plasma substitute
solution.

Hydroxyethyl starch (hetastarch) is pro-
duced from starch. By virtue of its hydroxy-
ethyl groups, it is metabolized more slowly
and retained significantly longer in blood
than would be the case with infused starch.
Hydroxyethyl starch resembles dextrans in
terms of its pharmacological properties and
therapeutic applications. A particular ad-
verse effect is pruritus of prolonged duration
with deposition of the drug in peripheral
nerves.

Gelatin colloids consist of cross-linked
peptide chains obtained from collagen. They
are employed for blood replacement but not
for hemodilution in circulatory disturbances.
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Drugs Used in Hyperlipoproteinemias

O Lipid-lowering Agents

Triglycerides and cholesterol are essential
constituents of the organism. Among other
things, triglycerides represent a form of en-
ergy store and cholesterol is a basic building
block of biological membranes. Both lipids
are water insoluble and require appropriate
“packaging” for transport in the aqueous
media of lymph and blood. To this end, small
amounts of lipid are coated with a layer of
phospholipids, embedded in which are addi-
tional proteins—the apolipoproteins (A). Ac-
cording to the amount and the composition
of stored lipids, as well as the type of apoli-
poprotein, one distinguishes four transport
forms (see table).

other tissues with fatty acids. Left behind are
LDL particles that either return into the liver
or supply extrahepatic tissues with choles-
terol.

LDL particles carry the apolipoprotein B-
100, by which they are bound to receptors
that mediate uptake of LDL into the cells,
including the hepatocytes (receptor-medi-
ated endocytosis, p.26).

HDL particles are able to transfer choles-
terol from tissue cells to LDL particles. In this
way, cholesterol is transported from tissues
to the liver.

Hyperlipoproteinemias can be caused
genetically (primary hyperlipoproteinemia)
or can occur in obesity and metabolic disor-
ders (secondary hyperlipoproteinemia). Ele-

Origin Density (g/ml) Mean time in Diameter (nm)
blood plasma (h)
Chylomicron Gut epithelium > 1.006 0.2 500 or more
VLDL particle Liver 0.95-1.006 3 100-200
LDL particle (Blood) 1.006-1.063 50 25
HDL particle Liver 1.063-1.210 — 5-10

Lipoprotein metabolism. Enterocytes re-
lease absorbed lipids in the form of trigly-
ceride-rich chylomicrons. Bypassing the liv-
er, these enter the circulation mainly via the
lymph and are hydrolyzed by extrahepatic
endothelial lipoprotein lipases to liberate
fatty acids. The remnant particles move on
into liver cells and supply these with choles-
terol of dietary origin.

The liver meets the larger part (60%) of its
requirement for cholesterol by synthesis de
novo from acetyl-coenzyme A. Synthesis
rate is regulated at the step leading from
hydroxymethylglutaryl-CoA (HMG-CoA) to
mevalonic acid (p.161A), with HMG-CoA re-
ductase as the rate-limiting enzyme.

The liver requires cholesterol for synthe-
sizing VLDL particles and bile acids. Trigly-
ceride-rich VLDL particles are released into
the blood and, like the chylomicrons, supply

vated LDL-cholesterol serum concentrations
are associated with an increased risk of athe-
rosclerosis, especially when there is a con-
comitant decline in HDL concentration (in-
crease in LDL : HDL quotient).

Treatment. Various drugs are available that
have different mechanisms of action and ef-
fects on LDL (cholesterol) and VLDL (trigly-
cerides) (A). Their use is indicated in the
therapy of primary hyperlipoproteinemias.
In secondary hyperlipoproteinemias, the im-
mediate goal should be to lower lipoprotein
levels by dietary restriction, treatment of the
primary disease, or both.
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Drugs Used in Hyperlipoproteinemias

Drugs. As nonabsorbable anion-exchange
resins, colestyramine and colestipol can bind
bile acids in the gut lumen, which are thus
removed from cholesterol metabolism. The
required dosage is rather high (15-30 g/day)
and liable to produce gastrointestinal distur-
bances. Consequently, patient compliance is
low. Moreover, the resins trap needed drugs
and vitamins. A more promising approach to
lowering absorption of cholesterol derives
from a novel mechanism of action probably
based on the specific inhibition of intestinal
cholesterol transporters that are required for
absorption of cholesterol. An inhibitor of this
type is ezetimibe.

B-Sitosterin is a plant steroid that is not
absorbed after oral administration; in suf -
ciently high dosage it impedes enteral ab-
sorption of cholesterol. Treatment with si-
tosterin has become obsolete. The drug is no
longer on the market.

The statins lovastatin and fluvastatin in-
hibit HMG-CoA reductase. They contain a
molecular moiety that chemically resembles
the physiological substrate of the enzyme
(A). Lovastatin is a lactone that is rapidly
absorbed by the enteral route, subjected to
extensive first-pass extraction in the liver,
and there hydrolyzed to active metabolites.
Fluvastatin represents the active form and,
as an acid, is actively transported by a spe-
cific anion carrier that moves bile acids from
blood into liver and also mediates the selec-
tive uptake of the mycotoxin amanitin (A).
Normally viewed as presystemic elimina-
tion, ef cient hepatic extraction serves to
confine the action of statins to the liver. De-
spite the inhibition of HMG-CoA reductase,
hepatic cholesterol content does not fall be-
cause hepatocytes compensate any drop in
cholesterol levels by increasing the synthesis
of LDL receptor protein (along with the re-
ductase). Since, in the presence of statins, the
newly-formed reductase is inhibited as well,
the hepatocyte must meet its cholesterol
demand entirely by uptake of LDL from the
blood (B). Accordingly, the concentration of
circulating LDL falls. As LDL remains in blood

for a shorter time, the likelihood of LDL being
oxidized to its proatherogenic degradation
product decreases pari passu.

Other statins include simvastatin (also a
lactone prodrug), pravastatin, atorvastatin,
and cerivastatin (active form with open ring).
The statins are the most important thera-
peutics for lowering cholesterol levels. Their
notable cardiovascular protective effect,
however, appears to involve additional ac-
tions.

The combination of a statin with an inhib-
itor of cholesterol absorption (e.g., ezeti-
mibe) can lower LDL levels even further.

A rare but dangerous adverse effect of
statins is damage to skeletal muscle (rhab-
domyolysis). This risk is increased by com-
bined use of fibric acid agents (see below).
Cerivastatin has proved particularly toxic.
Besides muscle damage associated with
myoglobinuria and renal failure, severe
hepatotoxicity has also been noted, promp-
ting withdrawal of the drug.

Nicotinic acid and its derivatives (pyridyl-
carbinol, xanthinol nicotinate, and acipimox)
activate endothelial lipoprotein lipase and
thereby mainly lower triglyceride levels. At
the start of therapy, a prostaglandin-medi-
ated vasodilation occurs (flushing, hypoten-
sion) that can be prevented by low doses of
acetylsalicylic acid.

Clofibrate and derivatives (bezafibrate, fe-
nofibrate, and gemfibrozil) lower concentra-
tions of VLDL (triglycerides) along with LDL
(cholesterol). They may cause damage to liv-
er and skeletal muscle (myalgia, myopathy,
rhabdomyolysis with myoglobinemia and
renal failure). The mechanism of action of
fibrates is not completely understood. They
bind to a peroxisome proliferator-activated
receptor (PPARa) and thereby influence
genes regulating lipid metabolism.
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O Diuretics—An Overview

Diuretics (saluretics) elicit increased produc-
tion of urine (diuresis). In the strict sense,
the term is applied to drugs with a direct
renal action. The predominant action of such
agents is to augment urine excretion by in-
hibiting the reabsorption of NaCl and water.

The most important indications for diu-
retics are the following.

Mobilization of edemas (A). In edema
there is swelling of tissues owing to accumu-
lation of fluid, chiefly in the extracellular
(interstitial) space. When a diuretic is given,
increased renal excretion of Na* and H,O
causes a reduction in plasma volume with
hemoconcentration. As a result, plasma pro-
tein concentration rises along with oncotic
pressure. As the latter operates to attract
water, fluid will shift from interstitium into
the capillary bed. The fluid content of tissues
thus falls and the edemas recede. The de-
crease in plasma volume and interstitial vol-
ume means a diminution of the extracellular
fluid volume (EFV). Depending on the con-
dition, use is made of thiazides, loop diu-
retics, aldosterone antagonists, and osmotic
diuretics.

Antihypertensive therapy. Diuretics have
been used as drugs of first choice for low-
ering elevated blood pressure (p.314). Even
at low dosage, they decrease peripheral re-
sistance (without significantly reducing EFV)
and thereby normalize blood pressure.

Therapy of congestive heart failure. By
lowering peripheral resistance, diuretics aid
the heart in ejecting blood (reduction in
afterload, p.322); cardiac output and exer-
cise tolerance are increased. Owing to the
increased excretion of fluid, EFV and venous
return decrease (reduction in preload).
Symptoms of venous congestion, such as an-
kle edema and hepatic enlargement, subside.
The drugs principally used are thiazides
(possibly combined with K*-sparing diu-
retics) and loop diuretics.

Prophylaxis of renal failure. In circula-
tory failure (shock), e.g., secondary to mas-

sive hemorrhage, renal production of urine

may cease (anuria). By means of diuretics, an

attempt is made to maintain urinary flow.

Use of either osmotic or loop diuretics is

indicated.

Massive use of diuretics entails a hazard of

adverse effects (A):

1. The decrease in blood volume can lead to
hypotension and collapse.

2. Blood viscosity rises owing to the increase
in erythrocyte and thrombocyte concen-
trations, bringing an increased risk of in-
travascular coagulation or thrombosis.

When depletion of NaCl and water (EFV re-

duction) occurs as a result of diuretic

therapy, the body can initiate counterregu-
latory responses (B), namely, activation of
the renin-angiotensin-aldosterone system

(p.128). Because of the diminished blood

volume, renal blood flow is jeopardized. This

leads to release from the kidneys of the hor-
mone renin, which enzymatically catalyzes

the formation of angiotensin I. Angiotensin I

is converted to angiotensin Il by the action of

“angiotensin-converting enzyme” (ACE). An-

giotensin Il stimulates release of aldoste-

rone. The mineralocorticoid promotes renal
reabsorption of NaCl and water and thus
counteracts the effect of diuretics. ACE inhib-
itors (p.128) and angiotensin II antagonists
augment the effectiveness of diuretics by
preventing this counterregulatory response.
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O NacCl Reabsorption in the Kidney (A)

The smallest functional unit of the kidney is
the nephron. In the glomerular capillary
loops, ultrafiltration of plasma fluid into
Bowman’s capsule yields primary urine. In
the proximal tubules (pT), ~ 70% of the ultra-
filtrate is retrieved by iso-osmotic reabsorp-
tion of NaCl and water. Downstream, in the
thick portion of the ascending limb of
Henle’s loop, NaCl is absorbed unaccompa-
nied by water. The differing properties of the
limbs of Henle’s loop, together with the par-
allel arrangement of vasa recta, are the pre-
requisites for the hairpin countercurrent
mechanism that allows build-up of a very
high NaCl concentration in the renal medul-
la. NaCl is again reabsorbed in the distal
convoluted tubules, the connecting segment,
and the collecting ducts, accompanied by a
compensatory secretion of K in the (corti-
cal) collecting tubules. In the connecting tu-
bules and collecting ducts, vasopressin (anti-
diuretic hormone, ADH) increases the epi-
thelial permeability for water by insertion
of aquaporin molecules into the luminal
plasmalemma. The driving force for the pas-
sage of water comes from the hyperosmolar
milieu of the renal medulla. In this manner,
water is retained in the body, and concen-
trated urine can leave the kidney. The ef -
cient mechanisms of reabsorption permit
the production of ~11/day of final urine
from 150-180 I/day of primary urine.

Na* transport through the tubular cells
basically occurs in similar fashion in all seg-
ments of the nephron. The intracellular con-
centration of Na* is significantly below that
in primary urine because the Na*/K*-ATPase
of the basolateral membrane continuously
pumps Na* from the cell into the interstitium.
Along the resulting luminal-intracellular
concentration gradient, movement of sodium
ions across the membrane proceeds by a car-
rier mechanism. All diuretics inhibit Na* re-
absorption. This effect is based on two mech-
anisms: either the inward movement is di-
minished or the outward transport impaired.

O Aquaporins (AQP)

By virtue of their structure, cell membranes
are water-impermeable. Therefore, special
pores are built into the membrane to allow
permeation of water. These consist of pro-
teins called aquaporins that, of necessity,
occur widely and with many variations in
both the plant and animal kingdoms. In the
human kidney, the following types exist:
® AQP-1 localized in the proximal tubulus
and the descending limb of Henle’s loop.
® AQP-2 localized in the connecting tubuli
and collecting ducts; its density in the
luminal plasmalemma is regulated by
vasopressin.
e AQP-3 and AQP-4 present in the basolat-
eral membrane region to allow passage of
water into the interstitium.

O Osmotic Diuretics (B)

These include mannitol and sorbitol which
act mainly in the proximal tubules to pre-
vent reabsorption of water. These polyhydric
alcohols cannot be absorbed and therefore
bind a corresponding volume of water. Since
body cells lack transport mechanisms for
these substances (structure on p.175), they
also cannot be absorbed through the intes-
tinal epithelium and thus need to be given
by intravenous infusion. The result of os-
motic diuresis is a large volume of dilute
urine, as in decompensated diabetes melli-
tus. Osmotic diuretics are indicated in the
prophylaxis of renal hypovolemic failure,
the mobilization of brain edema, and the
treatment of acute glaucoma attacks (p. 346).
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O Diuretics of the Sulfonamide Type

These drugs contain the sulfonamide group
-SO,NH, and are suitable for oral adminis-
tration. In addition to being filtered at the
glomerulus, they are subject to tubular se-
cretion. Their concentration in urine is high-
er than in blood. They act on the tubule cells
from the luminal side. Loop diuretics have
the highest ef cacy. Thiazides are most fre-
quently used. The carbonic anhydrase inhib-
itors no longer serve as diuretics but have
important other therapeutic uses; accord-
ingly, their mode of action is considered here.

Acetazolamide is a carbonic anhydrase
(CAH) inhibitor that acts predominantly in
the proximal convoluted tubules. Its mecha-
nism of action can be summarized as follows.
Reabsorption of Na* is decreased because
fewer H* ions are available for the Na*/H"
antiporter. As a result, excretion of Na* and
H,0 increases. CAH accelerates attainment
of equilibrium of CO, hydration/dehydration
reactions:

(1 (2)

H* + HCO3- = H,CO3 = Hy0 + CO,
Cytoplasmic enzyme is used in tubulus cells
to generate H' (reaction 1), which is secreted
into the tubular fluid in exchange for Na*.
There, H" captures HCO5™. CAH localized in
the luminal membrane catalyzes reaction 2
(dehydration) to yield again H,O and CO,,
which can easily permeate through the cell
membrane. In the tubulus cell, H" and HCO3~
are regenerated. When the enzyme is inhib-
ited, these reactions occur too slowly, so that
less Na*, HCO;™ and water are reabsorbed
from the fast-flowing tubular fluid. Loss of
HCO3™ leads to acidosis. The diuretic effec-
tiveness of CAH inhibitors decreases with
prolonged use. CAH is also involved in the
production of ocular aqueous humor.
Present indications for drugs in this class
include: acute glaucoma, acute mountain
sickness, and epilepsy.

Dorzolamide can be applied topically to
the eye to lower intraocular pressure in glau-
coma (p.346).

Loop diuretics include furosemide (fruse-
mide), piretanide, and others. After oral ad-
ministration of furosemide, a strong diuresis
occurs within 1 hour but persists for only
about 4 hours. The site of action of these
agents is the thick ascending limb of Henle’s
loop, where they inhibit Na*/K*/2Cl” co-
transport. As a result, these electrolytes, to-
gether with water, are excreted in larger
amounts. Excretion of Ca?* and Mg?" also
increases. Special adverse effects include (re-
versible) hearing loss and enhanced sensi-
tivity to nephrotoxic agents. Indications: pul-
monary edema (added advantage of i.v. in-
jection in left ventricular failure: immediate
dilation of venous capacitance vessels, —
preload reduction); refractoriness to thia-
zide diuretics; e.g., in renal failure with cre-
atinine clearance reduction (<30 ml/min);
prophylaxis of acute renal hypovolemic fail-
ure. Ethacrynic acid is classed in this group
although it is not a sulfonamide.

Thiazide diuretics (benzothiadiazines)
include hydrochlorothiazide, trichlormethia-
zide and butizide. Chlorthalidone is a long-
acting analogue. These drugs affect the distal
convoluted tubules, where they inhibit Na*/
Cl” cotransport in the luminal membrane of
tubulus cells. Thus, reabsorption of NaCl and
water is inhibited. Renal excretion of Ca®*
decreases, that of Mg?" increases. Indications
are hypertension, congestive heart failure,
and mobilization of edema. Frequently, they
are combined with the K* sparing diuretics
triamterene or amiloride (p.168)

Unwanted effects of sulfonamide-type
diuretics: (a) hypokalemia is a consequence
of an increased secretion of K* in the con-
necting tubule and the collecting duct be-
cause more Na* becomes available for ex-
change against K*; (b) hyperglycemia; (c) in-
crease in serum urate levels (hyperuricemia),
which may precipitate gout in predisposed
patients. Sulfonamide diuretics compete
with urate for the tubular organic anion se-
cretory system.
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O Potassium-sparing Diuretics (A)
These agents act in the connecting tubules
and the proximal part of the collecting ducts
where Na* is reabsorbed and K" is secreted.
Their diuretic effectiveness is relatively mi-
nor. In contrast to sulfonamide diuretics
(p.166), there is no increase in K* secretion;
rather, there is a risk of hyperkalemia. These
drugs are suitable for oral administration.

a Triamterene and amiloride, in addition to
glomerular filtration, undergo secretion in
the proximal tubule. They act on cortical
collecting tubule cells from the luminal
side. Both inhibit the entry of Na* into
the cell, whereby K" secretion is dimin-
ished. They are mostly used in combina-
tion with thiazide diuretics, e.g., hydro-
chlorothiazide, because the opposing ef-
fects on K™ excretion cancel each other,
while the effects on secretion of NaCl
and water complement each other.

b Aldosterone antagonists. The mineralocor-
ticoid aldosterone increases synthesis of
Na-channel proteins and Na*/K*-ATPases
in principal cells of the connecting tubules
and the cortical collecting ducts, thereby
promoting the reabsorption of Na* (CI-
and H,O0 follow), and simultaneously en-
hancing secretion of K*. Spironolactone, as
well as its metabolite canrenone, are an-
tagonists at the aldosterone receptor and
attenuate the effect of the hormone. The
diuretic effect of spironolactone develops
fully only with continuous administration
for several days. Two possible explana-
tions are: (1) the conversion of spirono-
lactone into and accumulation of the more
slowly eliminated metabolite canrenone;
(2) an inhibition of aldosterone-stimu-
lated protein synthesis would become no-
ticeable only if existing proteins had be-
come nonfunctional and needed to be re-
placed by de-novo synthesis.

A particular adverse effect results from inter-

ference with gonadal hormones, as evi-

denced by the development of gyne-
comastia. Clinical uses include conditions of

increased aldosterone secretion (e.g., liver
cirrhosis with ascites) and congestive heart
failure.

O Vasopressin and Derivatives (B)

Vasopressin (ADH), a nonapeptide, is re-
leased from the posterior pituitary gland
and promotes reabsorption of water in the
kidney. This response is mediated by vaso-
pressin receptors of the V, subtype. AVP en-
hances the permeability of connecting tu-
bules and medullary collecting duct epithe-
lium for H,O (but not electrolytes) in the
following manner: H,0-channel proteins
(type 2 aquaporins) are stored in tubulus
cells within vesicles. When AVP binds to V,
receptors, these vesicles fuse with the lumi-
nal cell membrane, allowing influx of H,O
along its osmotic gradient (the medullary
zone is hyperosmolar). AVP thus causes
urine volume to shrink from 15 I/day at this
point of the nephron to the final 1.5 1/day.
This aquaporin type can be reutilized after
internalization into the cell. Nicotine aug-
ments (p.112) and ethanol decreases release
of AVP. At concentrations above those re-
quired for antidiuresis, AVP stimulates
smooth musculature, including that of blood
vessels (“vasopressin”). The latter response
is mediated by V; receptors. Blood pressure
rises; coronary vasoconstriction can precip-
itate angina pectoris.

Lypressin (8-L-lysine-vasopressin) acts like
AVP. Other derivatives may display only one
of the two actions.

Desmopressin is used for the therapy of
diabetes insipidus (AVP deficiency), primary
nocturnal enuresis and von Willebrand dis-
ease (p.152); it is given by injection or via
the nasal mucosa (as “snuff”).

Felypressin and ornipressin serve as ad-
junctive vasoconstrictors in infiltration local
anesthesia (p.204).
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O Drugs for Gastric and Duodenal
Ulcers

In the area of a gastric or duodenal peptic
ulcer, the mucosa has been attacked by di-
gestive juices to such an extent as to expose
the subjacent connective tissue layer (sub-
mucosa). This “self-digestion” occurs when
the equilibrium between the corrosive hy-
drochloric acid and acid-neutralizing mucus,
which forms a protective cover on the mu-
cosal surface, is disturbed. Mucosal damage
can be promoted by Helicobacter pylori bac-
teria that colonize the gastric mucus.

Drugs are employed with the following
therapeutic aims: (a) to relieve pain; (b) to
accelerate healing; and (c) to prevent ulcer
recurrence. Therapeutic approaches are
threefold : (I) to reduce aggressive forces
by lowering H" output, (II) to increase pro-
tective forces by means of mucoprotectants;
and (III) to eradicate Helicobacter pylori.

1. Lowering of Acid Concentration

la. Agents for acid neutralization (A). H'-
binding groups such as CO5%, HCO; or OH',
together with their counter ions, are con-
tained in antacid drugs. Neutralization re-
actions occurring after intake of CaCO3; and
NaHCOs, respectively, are shown in (A). With
nonabsorbable antacids, the counter ion is
dissolved in the acidic gastric juice in the
process of neutralization. Upon mixture with
the alkaline pancreatic secretion in the duo-
denum, it is largely precipitated again by
basic groups, e.g., as CaCO3 or AIPO,4, and
excreted in feces. Therefore, systemic ab-
sorption of counter ions or basic residues is
minor. In the presence of renal insuf ciency,
however, absorption of even small amounts
may cause an increase in plasma levels of
counter ions (e.g., magnesium intoxication
with paralysis and cardiac disturbances).
Precipitation in the gut lumen is responsible
for other side effects, such as reduced ab-
sorption of other drugs due to their adsorp-
tion to the surface of precipitated antacid; or

phosphate depletion of the body with exces-
sive intake of Al(OH)s.

Na® ions remain in solution even in the
presence of HCO3 -rich pancreatic secretions
and are subject to absorption, like HCO5 .
Because of the uptake of Na*, use of NaHCO3
must be avoided in conditions requiring re-
striction of NaCl intake, such as hyperten-
sion, cardiac failure, and edema.

Since food has a buffering effect, antacids
are taken between meals (e. g., 1 and 3 hours
after meals and at bedtime). Nonabsorbable
antacids are preferred. Because Mg(OH),
produces a laxative effect (cause: osmotic
action, p.174, release of cholecystokinin by
Mg?*, or both) and Al(OH); produces consti-
pation (cause: astringent action of AI%*
p.180), these two antacids are frequently
used in combination (e.g., magaldrate).

Ib. Inhibitors of acid production (B). Acting
on their respective receptors, the transmitter
acetylcholine, the hormone gastrin, and his-
tamine released intramucosally stimulate
the parietal cells of the gastric mucosa to
increase output of HCl. Histamine comes
from enterochromaf n-like (ECL) cells; its
release is stimulated by the vagus nerve
(via M; receptors) and hormonally by gas-
trin. The effects of acetylcholine and hista-
mine can be abolished by orally applied an-
tagonists that reach parietal cells via the
blood. Proton pump inhibitors are drugs of
first choice for promoting healing of ulcers.
Infection with H. pylori should be treated
resolutely (p.172) to lower the risk of ulcer
recurrence, chronic gastritis, gastric carcino-
mas, and gastric lymphomas.

The cholinoceptor antagonist pirenzepine
preferentially blocks cholinoceptors of the
M; type; its use in peptic ulcer therapy is
now obsolete.
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Histamine receptors on the parietal cells be-
long to the H, type and are blocked by H,
antihistaminics (p.118). Because histamine
plays a pivotal role in the activation of pari-
etal cells, H, antihistaminics also diminish
responsivity to other stimulants, e. g., gastrin
(in gastrin-producing pancreatic tumors,
Zollinger-Ellison syndrome). The first Hy-
blocker used clinically, cimetidine, only
rarely produces adverse effects (CNS distur-
bances such as confusion; endocrine effects
in the male such as gynecomastia, decreased
libido, impotence); however, it inhibits the
hepatic biotransformation of many other
drugs. The more recently introduced sub-
stances ranitidine, nizatidine, and famoti-
dine are effective at lower dosages. Evi-
dently, inhibition of microsomal enzymes
decreases with reduced drug load; thus,
these substances are less likely to interfere
with the therapeutic use of other pharma-
ceuticals.

Omeprazole (p.171) can cause maximal in-
hibition of HCI secretion. Given orally in gas-
tric juice-resistant capsules, it reaches pari-
etal cells via the blood. In the acidic milieu of
the mucosa, an active metabolite is formed
and binds covalently to the ATP-driven pro-
ton pump (H*/K*-ATPase) that transports H"
in exchange for K* into the gastric juice.
Lansoprazole, pantoprazole, and rabeprazole
produce analogous effects. Omeprazole is a
racemate. With respect to dosage, the now
available (S)-omeprazole (esomeprazole) re-
presents the more potent enantiomer, but
this offers no therapeutic advantage.

Il. Protective Drugs

Sucralfate (A) contains numerous aluminum
hydroxide residues. However, it is not an
antacid because it fails to lower the overall
acidity of gastric juice. After oral intake, su-
cralfate molecules undergo cross-linking in
gastric juice, forming a paste that adheres to
mucosal defects and exposed deeper layers.
Here sucralfate intercepts H*. Protected from
acid, and also from pepsin, trypsin, and bile
acids, the mucosal defect can heal more rap-

idly. Sucralfate is taken on an empty stomach
(1 hour before meals and at bedtime). It is
well tolerated, but released AI** ions can
cause constipation.

Misoprostol (B) is a semisynthetic pros-
taglandin derivative with greater stability
than natural prostaglandin, permitting ab-
sorption after oral administration. Locally
released prostaglandins (PGF,q, PGE;) pro-
mote mucus production in superficial cells
and inhibit acid secretion of parietal cells (B).
Inhibition of physiological PG synthesis by
drugs (e. g., NSAIDS, p.200) explains the mu-
cosal injury from these pharmaceuticals:
protection by the mucus layer is diminished
and acid production is enhanced. Misopros-
tol mimics the action of the prostaglandins
on the mucosal tunic and thus can attenuate
the adverse effects produced by inhibitors of
PG synthesis, at least as regards the gastric
mucosa. Additional systemic effects (fre-
quent diarrhea; risk of precipitating contrac-
tions of the gravid uterus) significantly re-
strict its therapeutic utility.

lll. Eradication of Helicobacter pylori (C)

This organism plays an important role in the
pathogenesis of chronic gastritis and peptic
ulcer disease. The combination of antibacte-
rial drugs and omeprazole has proved effec-
tive. If amoxicillin (p.272) or clarithromycin
(p.278) cannot be tolerated, metronidazole
(p.276) may serve as a substitute. Colloidal
bismuth compounds are also effective; how-
ever, as they entail the problem of heavy-
metal exposure, this treatment can no longer
be recommended.
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— A. Chemical structure and protective effect of sucralfate
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O Laxatives

Laxatives promote and facilitate bowel evac-
uation by acting locally to stimulate intestinal
peristalsis, to soften bowel contents, or both.

1. Bulk Laxatives

Distension of the intestinal wall by bowel
contents stimulates propulsive movements
of the gut musculature (peristalsis). Activa-
tion of intramural mechanoreceptors in-
duces a neurally mediated ascending reflex
contraction (red in A) and descending relax-
ation (blue) whereby the intraluminal bolus
is moved in the anal direction.

Hydrophilic colloids or bulk gels (B)
comprise insoluble and nonabsorbable sub-
stances that expand on taking up water in
the bowel. Vegetable fibers in the diet act in
this manner. They consist of the indigestible
plant cell walls containing homoglycans that
are resistant to digestive enzymes, e. g., cel-
lulose (1— 4pB-linked glucose molecules vs.
1—4a-glucoside bond in starch; p.157).
Bran, a grain milling waste product, and lin-
seed (flaxseed) are both rich in cellulose.
Other hydrophilic colloids derive from the
seeds of Plantago species or karaya gum. In-
gestion of hydrophilic gels for the prophy-
laxis of constipation usually entails a low risk
of side effects. However, when fluid intake is
very low and a pathological stenosis exists in
the bowel, mucilaginous viscous materials
could cause an ileus.

Osmotically active laxatives (C) are solu-
ble but nonabsorbable particles that retain
water in the bowel by virtue of their osmotic
action. The osmotic pressure of bowel con-
tents always corresponds to that of the ex-
tracellular space because the intestinal mu-
cosa is unable to maintain a higher or lower
osmotic pressure of the luminal contents.
Therefore, absorption of molecules (e. g., glu-
cose, NaCl) occurs iso-osmotically, i. e., solute
molecules are followed by a corresponding
amount of water. Conversely, water remains
in the bowel when molecules cannot be ab-
sorbed.

With Epsom salt (MgS0O4) and Glauber’s
salt (Na,S0,4), the SO4% anion is hardly ab-
sorbable and retains cations to maintain
electroneutrality. Mg?* ions are also believed
to promote release of cholecystokinin/pan-
creozymin, a polypeptide that also stimu-
lates peristalsis, from the duodenal mucosa.
These so-called saline cathartics elicit a
watery bowel discharge 1-3 hours after ad-
ministration (preferably in isotonic solu-
tion). They are used to purge the bowel
(e.g., before bowel surgery) or to hasten
the elimination of ingested poisons. Contra-
indications arise because a small part of cat-
ions is absorbed. Thus, Glauber’s salt is con-
traindicated in hypertension, congestive
heart failure, and edema because of its high
Na* content. Epsom salt is contraindicated in
renal failure (risk of Mg?" intoxication).

Osmotic laxative effects are also produced
by the polyhydric alcohols mannitol and sor-
bitol, which unlike glucose cannot be trans-
ported through the intestinal mucosa.

Since the disaccharide lactulose cannot be
hydrolyzed by digestive enzymes, it also acts
as an osmotic laxative. Fermentation of lac-
tulose by colon bacteria leads to acidification
of bowel contents and a reduced number of
bacteria. Lactulose is used in liver failure to
forestall hepatic coma by preventing bacte-
rial production of ammonia and its subse-
quent absorption (absorbable NH; — non-
absorbable NH,*). Another disaccharide, lac-
titol, produces a similar effect.
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2. Irritant Laxatives

Laxatives in this group exert an irritant ac-
tion on the enteric mucosa (A). Conse-
quently, less fluid is absorbed than is se-
creted. The increased filling of the bowel
promotes peristalsis; excitation of sensory
nerve endings elicits enteral hypermotility.
According to the site of irritation, one distin-
guishes the small-bowel irritant castor oil
from the large-bowel irritants anthraqui-
none and diphenylmethane derivatives (for
details see p.178).

Misuse of laxatives. It is a widely held belief
that at least one bowel movement per day is
essential for health; yet three bowel evacua-
tions per week is quite normal. The desire for
frequent bowel emptying probably stems
from the time-honored, albeit mistaken, no-
tion that absorption of colon contents is
harmful. Thus, purging has long been part
of standard therapeutic practice. Nowadays
it is known that intoxication from intestinal
substances is impossible as long as the liver
functions normally. Nonetheless, purgatives
continue to be sold as remedies to “cleanse
the blood” or to rid the body of “corrupt
humors.”

There can be no objection to the ingestion
of bulk substances for the purpose of supple-
menting low-residue “modern diets.” How-
ever, use of irritant purgatives or cathartics is
not without hazards. Specifically, there is a
risk of laxative dependence, i. e., the inability
to do without them. Chronic intake of irri-
tant purgatives disrupts the water and elec-
trolyte balance of the body and can thus
cause symptoms of illness (e.g., cardiac ar-
rhythmias secondary to hypokalemia).

Causes of purgative dependence (B). The
defecation reflex is triggered when the sig-
moid colon and rectum are filled. A natural
defecation empties the descending colon.
The interval between natural stool evacua-
tions depends on the speed with which this
colon segment is refilled. A large-bowel irri-
tant purgative clears out the entire colon.

Accordingly, a longer period is needed until
the next natural defecation can occur. Fear-
ing constipation, the user becomes impa-
tient and again resorts to the laxative, which
then produces the desired effect as a result
of emptying out the upper colonic segments.
Thus, a “compensatory pause” following ces-
sation of laxative use must not give cause for
concern (B).

In the colon, semifluid material entering
from the small bowel is thickened by absorp-
tion of water and salts (from about 1000 ml
to 150 ml per day). If, owing to the action of
an irritant purgative, the colon empties pre-
maturely, an enteral loss of NaCl, KCl and
water will be incurred. In order to forestall
depletion of NaCl and water, the body
responds with an increased release of aldo-
sterone (p.168), which stimulates their
reabsorption in the kidney. However, the
action of aldosterone is associated with in-
creased renal excretion of KCl. The enteral
and renal K* losses add up to K depletion of
the body, evidenced by a fall in serum K"
concentration (hypokalemia). This condition
is accompanied by a reduction in intestinal
peristalsis (bowel atonia). The affected in-
dividual infers “constipation” and again par-
takes of the purgative, and the vicious circle
is closed.



Laxatives 177

— A. Stimulation of peristalsis by mucosal irritation

Irritation Peristalsis
of mucosa ﬂ\ Filling t

Absorption| Secretion
of fluid

— B. Causes of laxative habituation

Interval
needed to
refill colon
Normal filling After normal
— defecation reflex evacuation of colon

L T

Longer interval needed
to refill rectum

1 Laxative

“Constipation” Renal retention
of Na*, H,0

Bowel inertia

A Aldosterone

Hypokalemia

Enteral
loss of K*

Na*, H,0




178 Laxatives

2a. Small-Bowel Irritant Purgative
Ricinoleic acid. Castor oil comes from Rici-
nus communis (castor bean; panel A: sprig,
panicle, seed). The oil is obtained from the
first cold-pressing of the seed (shown in
natural size). Oral administration of

10-30 ml of castor oil is followed within
0.5-3 hours by discharge of a watery stool.
Ricinoleic acid, but not the oil itself, is active.
The acid arises as a result of the regular
processes involved in fat digestion: the du-
odenal mucosa releases the enterohormone
cholecystokinin/pancreozymin into the
blood. The hormone elicits contraction of the
gallbladder and discharge of bile acids via
the bile duct, as well as release of lipase from
the pancreas (intestinal peristalsis is also
stimulated). Lipase liberates ricinoleic acids
from castor oil; these irritate the small bowel
and thus stimulate peristalsis. Because of its
massive effect, castor oil is hardly suitable
for the treatment of ordinary constipation. It
can be employed after oral ingestion of a
toxin in order to hasten elimination and to
reduce absorption of toxin from the gut.
Castor oil is not indicated after the ingestion
of lipophilic toxins likely to depend on bile
acids for their absorption.

2b. Large-Bowel Irritant Purgatives
Anthraquinone derivatives are of plant ori-
gin. They occur in the leaves (Folia sennae) or
fruits (Fructus sennae) of the senna plant, the
bark of Rhamnus frangulae and Rh. purshiana
(Cortex frangulae, Cascara sagrada), the roots
of rhubarb (Rhizoma rhei), or the leaf extract
from Aloé species. The structural features of
anthraquinone derivatives are illustrated by
the prototype structure depicted in panel
(B). Among other substituents, the anthraqui-
none nucleus contains hydroxyl groups, one
of which is bound to a sugar (glucose, rham-
nose). Following ingestion of galenical prep-
arations or of the anthraquinone glycosides,
discharge of soft stool occurs after a latency of
6-8 hours. The anthraquinone glycosides
themselves are inactive but are converted by
colon bacteria to the active free aglycones.

Diphenolmethane derivatives were de-
veloped from phenolphthalein, an acciden-
tally discovered laxative, use of which had
been noted to result in rare but severe aller-
gic reactions. Bisacodyl and sodium picosul-
fate are converted by gut bacteria into the
active colon-irritant principle. Given by the
enteral route, bisacodyl is subject to hydro-
lysis of acetyl residues, absorption, conjuga-
tion in liver to glucuronic acid (or also to
sulfate), and biliary secretion into the duo-
denum. Oral administration is followed after
~6-8 hours by discharge of soft formed
stool. When given by suppository, bisacodyl
produces its effect within one hour.

Indications for colon-irritant purgatives
are the prevention of straining at stool fol-
lowing surgery, myocardial infarction, or
stroke; and provision of relief in painful dis-
eases of the anus, e. g., fissure, hemorrhoids.

Purgatives must not be given in abdomi-
nal complaints of unclear origin.

3. Lubricant laxatives

Liquid paraf n (paraf num subliquidum) is
almost nonabsorbable and makes feces
softer and passed easier. It interferes with
the absorption of fat-soluble vitamins by
trapping them. The few absorbed paraf n
particles may induce formation of foreign-
body granulomas in enteric lymph nodes
(paraf nomas). Aspiration into the bronchial
tract can result in lipoid pneumonia. Because
of these adverse effects, its use is not advis-
able.

Antiflatulents (carminatives) serve to allevi-
ate meteorism (excessive accumulation of
gas in the gastrointestinal tract). Aboral pro-
pulsion of intestinal contents is impeded
when these are mixed with gas bubbles. De-
foaming agents, such as dimeticone (dime-
thylpolysiloxane) and simethicone, in combi-
nation with charcoal, are given orally to pro-
mote separation of gaseous and semisolid
contents.
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o Antidiarrheal Agents

Causes of diarrhea. Many bacteria (e.g., Vi-
brio cholerae) secrete toxins that inhibit the
ability of mucosal enterocytes to absorb NaCl
and water and, at the same time, stimulate
mucosal secretory activity. Bacteria or vi-
ruses that invade the gut wall cause inflam-
mation characterized by increased fluid se-
cretion into the lumen. The enteric muscu-
lature reacts with increased peristalsis.

The aims of antidiarrheal therapy are (1) to
prevent dehydration and electrolyte deple-
tion (exsiccosis) of the body, and (2) to pre-
vent the distressing, though nonthreatening,
frequent bowel movements. The different
therapeutic approaches listed are variously
suited for these purposes.

Adsorbent powders are nonabsorbable
materials with a large surface area. These
bind diverse substances including toxins,
permitting them to be inactivated and elim-
inated. Medicinal charcoal has a particularly
large surface because of the preserved cell
structures. The recommended effective anti-
diarrheal dose is in the range of 4-8 g. Kaolin
(hydrated aluminum silicate) is another ad-
sorbent.

Oral rehydration solution (in g/ of boiled
water: NaCl 3.5, glucose 20, NaHCO;3 2.5, KCl
1.5). Oral administration of glucose-contain-
ing salt solutions enables fluids to be ab-
sorbed because toxins do not impair the
co-transport of Na* and glucose (as well as
of H,0) through the mucosal epithelium. In
this manner, although frequent discharge of
stool is not prevented, dehydration is suc-
cessfully corrected (important in therapy of
cholera).

Opioids. Activation of opioid receptors in the
enteric nerve plexus results in inhibition of
propulsive motor activity and enhancement
of segmentation activity. This antidiarrheal
effect was formerly induced by application
of opium tincture (paregoric) containing mor-
phine. Because of the CNS effects (sedation,

respiratory depression, physical depen-
dence), derivatives with mainly peripheral
actions have been developed. Whereas
diphenoxylate can still produce clear CNS ef-
fects, loperamide does not affect brain func-
tions at normal dosage because it is pumped
back into the blood by a P-glycoprotein lo-
cated in capillary endothelial cells of the
blood-brain barrier.

Loperamide is, therefore, the opioid anti-
diarrheal of first choice. The prolonged con-
tact time for intestinal contents and mucosa
may also improve absorption of fluid. With
overdosage, there is a hazard of ileus. The
drug is contraindicated in infants below age
2 years.

Antibacterial drugs. Use of these agents
(e.g., co-trimoxazole, p.274) is only rational
when bacteria are the cause of diarrhea. This
is rarely the case. Note that antibiotics also
damage the intestinal flora, which in turn
can give rise to diarrhea.

Astringents such as tannic acid (home rem-
edy: black tea) or metal salts precipitate sur-
face proteins and are thought to help “seal”
the mucosal epithelium. Protein denatura-
tion must not include cellular proteins, for
this would mean cell death. Although astrin-
gents induce constipation (cf. Al**salts,
p.170), a therapeutic effect in diarrhea is
doubtful.

Demulcents, e.g., pectin (home remedy:
grated apples) are carbohydrates that ex-
pand on absorbing water. They improve the
consistency of bowel contents; beyond that
they are devoid of any favorable effect.
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Drugs Acting on the Motor System

O Drugs Affecting Motor Function

The smallest structural unit of skeletal mus-
culature is the striated muscle fiber. It con-
tracts in response to an impulse of “its” mo-
tor nerve. In executing motor programs, the
brain sends impulses to the spinal cord.
These converge on a-motoneurons in the
anterior horn of the spinal medulla. Bundled
in motor nerves, efferent axons course to
skeletal muscles. Simple reflex contractions
to sensory stimuli, conveyed via the dorsal
roots to the motoneurons, occur without
participation of the brain. Neural circuits
that propagate afferent impulses into the
spinal cord contain inhibitory interneurons.
These serve to prevent a possible overexci-
tation of motoneurons (or excessive muscle
contractions) due to the constant barrage of
sensory stimuli.

Neuromuscular transmission (B) of motor
nerve impulses to the striated muscle fiber
takes place at the motor end plate. The nerve
impulse liberates acetylcholine (ACh) from
the axon terminal. ACh binds to nicotinic
cholinoceptors at the motor end plate. This
causes depolarization of the postsynaptic
membrane, which in turn elicits a propa-
gated action potential (AP) in the surround-
ing sarcolemma. The AP triggers a release of
Ca?* from its storage organelles, the sarco-
plasmic reticulum (SR), within the muscle
fiber; the rise in Ca** concentration induces
a contraction (electromechanical coupling).
Meanwhile, ACh is hydrolyzed by acetylcho-
linesterase (p.104); excitation of the end
plate subsides. If no AP follows, Ca%* is taken
up again by the SR and the myofilaments
relax.

Centrally-acting muscle relaxants (A)
lower muscle tone by augmenting the activ-
ity of intraspinal inhibitory interneurons.
They are used in the treatment of painful
muscle spasms, e. g, in spinal disorders. Ben-
zodiazepines enhance the effectiveness of the
inhibitory transmitter GABA (p.222) at *$%S$
receptors, which are ligand-gated ion chan-

nels. Baclofen stimulates GABAg receptors,
which are G-protein coupled.

The convulsants toxins tetanus toxin
(cause of wound tetanus) and strychnine,
diminish the ef cacy of interneuronal syn-
aptic inhibition mediated by the amino acid
glycine (A). As a consequence of an unre-
strained spread of impulses in the spinal
cord, motor convulsions develop. Spasms of
respiratory muscle groups endanger life.

Botulinus toxin from Clostridium botuli-
num is the most potent poison known. The
estimated lethal dose for 50% of an exposed
human population is ~1x 10 g/kg (i.e.,
about 75 nanograms for an adult individual).
The toxin, a zinc endopeptidase, blocks exo-
cytosis of ACh in motor (and also parasym-
pathetic) nerve endings. Death is caused by
paralysis of respiratory muscles.

Targeted intramuscular injection of the
toxin can produce a long-lasting localized
paralysis. This procedure is used to treat
pathological or painful muscle spasms (e.g.,
blepharospasm, esophageal achalasia, cervi-
cal dystonia). The same method is increas-
ingly practiced in cosmetic surgery for re-
moval of facial wrinkles (“face lift"). In focal
hyperhidrosis (palmar, axillary, plantar), lo-
cal injection of the toxin disrupts cholinergic
sympathetic innervation, the effect of a sin-
gle treatment lasting for several weeks.

A pathological rise in serum Mg®* levels
also causes inhibition of neuromuscular
transmission.

Dantrolene interferes with electrome-
chanical coupling in the muscle cell by in-
hibiting Ca?* release from the SR. It is used to
treat painful muscle spasms attending spinal
diseases and skeletal muscle disorders in-
volving excessive release of Ca%* (malignant
hyperthermia).
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Drugs Acting on the Motor System

O Muscle Relaxants

Muscle relaxants cause a flaccid paralysis of
skeletal musculature by binding to motor end
plate cholinoceptors, thus blocking neuro-
muscular transmission (p.182). According to
whether receptor occupancy leads to a
blockade or an excitation of the end plate,
one distinguishes nondepolarizing from de-
polarizing muscle relaxants (p.186). As ad-
juncts to general anesthetics, muscle relax-
ants help to ensure that surgical procedures
are not disturbed by muscle contractions of
the patient (p.214).

O Nondepolarizing Muscle Relaxants

Curare is the term for plant-derived arrow
poisons of South American natives. When
struck by a curare-tipped arrow, an animal
suffers paralysis of skeletal musculature
within a short time after the poison spreads
through the body; death follows because
respiratory muscles fail (“peripheral respira-
tory paralysis”). Killed game can be eaten
without risk because absorption of the poi-
son from the gastrointestinal tract is virtu-
ally nil. The curare ingredient of greatest
medicinal importance is d-tubocurarine.
This compound contains a quaternary nitro-
gen atom (N) and, at the opposite end of the
molecule, a tertiary N that is protonated at
physiological pH. These two positively
charged N atoms are common to all other
muscle relaxants. The fixed positive charge
of the quaternary N accounts for the poor
enteral absorbability. d-Tubocurarine is giv-
en by i.v. injection (average dose ~10 mg). It
binds to the end-plate nicotinic cholinocep-
tors without exciting them, acting as a com-
petitive antagonist toward ACh. By prevent-
ing the binding of released ACh, it blocks
neuromuscular transmission. Muscular pa-
ralysis develops within about 4 minutes. d-
Tubocurarine does not penetrate into the
CNS. The patient would thus experience mo-
tor paralysis and inability to breathe, while
remaining fully conscious but incapable of

expressing anything. For this reason, care
must be taken to eliminate consciousness
by administration of an appropriate drug
(general anesthesia) before using a muscle
relaxant. The effect of a single dose lasts
about 30 minutes.

The duration of the effect of d-tubocura-
rine can be shortened by administering an
acetylcholinesterase inhibitor, such as neo-
stigmine (p.106). Inhibition of ACh break-
down causes the concentration of ACh re-
leased at the end plate to rise. Competitive
“displacement” by ACh of d-tubocurarine
from the receptor allows transmission to be
restored.

Unwanted effects produced by d-tubocu-
rarine result from a non-immune-mediated
release of histamine from mast cells leading
to bronchospasm, urticaria, and hypoten-
sion. More commonly, a fall in blood pres-
sure can be attributed to ganglionic blockade
by d-tubocurarine.

Pancuronium is a synthetic compound
now frequently used and not likely to cause
histamine release or ganglionic blockade. In-
creased heart rate and blood pressure are
attributed to blockade of cardiac M,-choli-
noceptors.

Other nondepolarizing muscle relaxants
include the pancuronium congeners vecuro-
nium and rocuronium, in addition to al-
curonium derived from the alkaloid toxifer-
in. Atracurium is remarkable because it
undergoes  spontaneous nonenzymatic
cleavage; termination of its effect therefore
does not depend on hepatic or renal elimi-
nation. Mivacurium is structurally related to
alcuronium; it is rapidly cleaved by cholines-
terases and, hence, is short-acting like the
depolarizing blocker succinylcholine
(p.186). Rocuronium possesses the fastest
onset of action (90 seconds) in this group
of substances. The onset of action of non-
depolarizing muscle relaxants can be short-
ened by giving a small nonrelaxant dose mi-
nutes before the intubation dose (“priming
principle”).
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Drugs Acting on the Motor System

O Depolarizing Muscle Relaxants

In this drug class, only succinylcholine (suc-
cinyldicholine, suxamethonium, A) is of clin-
ical importance. Structurally, it can be de-
scribed as a double ACh molecule. Like ACh,
succinylcholine acts as agonist at end-plate
nicotinic cholinoceptors, yet it produces
muscle relaxation. Unlike ACh, it is not hy-
drolyzed by acetylcholinesterase. However,
it is a substrate of nonspecific plasma cho-
linesterase (serum cholinesterase, p.104).
Succinylcholine is degraded more slowly
than is ACh and therefore remains in the
synaptic cleft for several minutes, causing
an end plate depolarization of corresponding
duration. This depolarization initially trig-
gers a propagated action potential (AP) in
the surrounding muscle cell membrane
leading to contraction of the muscle fiber.
After i.v. injection, fine muscle twitches (fas-
ciculations) can be observed. A new AP can
be elicited near the end plate only if the
membrane has been unexcited for a suf -
cient interval and allowed to repolarize.

The AP is due to opening of voltage-gated
Na-channel proteins, allowing Na* ions to
flow through the sarcolemma and to cause
depolarization. After a few milliseconds, the
Na* channels close automatically (“inactiva-
tion”), the membrane potential returns to
resting levels, and the AP is terminated. As
long as the membrane potential remains in-
completely repolarized, renewed opening of
Na* channels, hence a new AP, is impossible.
In the case of released ACh, rapid breakdown
by ACh esterase allows repolarization of the
end plate and thus a return of Na* channel
excitability in the adjacent sarcolemma.
With succinylcholine, however, there is a
persistent depolarization of the end plate
and adjoining membrane regions. Because
the Na* channels remain inactivated, an AP
cannot be triggered in the adjacent mem-
brane.

The effect of a standard dose of succinyl-
choline lasts only about 10 minutes. It is
often given at the start of anesthesia to facil-

itate intubation of the patient. As expected,
cholinesterase inhibitors are unable to coun-
teract the effect of succinylcholine. In the
few patients with a genetic deficiency in
pseudocholinesterase (= nonspecific chol-
inesterase), the succinylcholine effect is sig-
nificantly prolonged.

Since the persistent depolarization of end
plates is associated with an ef ux of K* ions,
hyperkalemia can result (risk of cardiac ar-
rhythmias). Only in a few muscle types (e.g.,
extraocular muscle) are muscle fibers sup-
plied with multiple end plates and therefore
capable of a graded response. Here succinyl-
choline causes depolarization distributed
over the entire fiber, which responds with
a contracture. Intraocular pressure rises,
which must be taken into account during
eye surgery.

In skeletal muscle fibers whose motor
nerve has been severed, ACh receptors
spread over the entire cell membrane after
a few days. In this case, succinylcholine
would evoke a persistent depolarization
with contracture and hyperkalemia. These
effects are likely to occur in polytraumatized
patients undergoing follow-up surgery. The
use of succinylcholine is waning because of
its marked adverse effects (rhabdomyolysis;
hyperkalemia; cardiac arrest)

Clinical use of muscle relaxants. Among the
available neuromuscular blockers, succinyl-
choline displays the fastest onset of action.
The patient can be intubated as early as
30-60 seconds after intravenous injection
(“rapid sequence intubation”), which is im-
portant in emergency situations with an in-
creased risk of aspiration (e.g., ileus, full
stomach, head trauma). Postoperative
muscle pain due to succinylcholine can be
prevented by preinjection of a small dose of
a nondepolarizing blocker (“precurariza-
tion”). In combination with propofol p.218),
rocuronium (p.184) creates intubation con-
ditions comparable to those obtained with
succinylcholine.
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O Antiparkinsonian Drugs

The central nervous programming of purpo-
sive movements depends on neuronal cir-
cuits interconnecting cortical regions, the
thalamus, the cerebellum, and the basal gan-
glia (corpus striatum; subthalamic nucleus).
The basal ganglia, in particular, play an im-
portant part in the initiation and scaling of
movement as well as the programming of
target acquisition. A disorder primarily in-
volving basal ganglionic motor function is
known as idiopathic Parkinson disease
(shaking palsy). The disease typically mani-
fests at an advanced age and is characterized
by poverty of movement (akinesia), muscle
stiffness (rigidity), tremor at rest, postural
instability, gait disturbance, and a progres-
sive impairment in the quality of life. The
primary cause of this disease and its syndro-
mal forms is a degeneration of dopamine
neurons in the substantia nigra that project
to the corpus striatum (specifically, the cau-
date nucleus and putamen) and exert an in-
hibitory influence. Cholinergic interneurons
in the striatum promote neuronal excitation.

Pharmacotherapeutic measures are aimed
at compensating striatal dopamine defi-
ciency or suppressing unopposed choliner-
gic activity.

L-Dopa. Dopamine itself cannot penetrate
the blood-brain barrier; however, its natural
precursor, L-dihydroxyphenylalanine (levo-
dopa), is effective in replenishing striatal
dopamine levels, because it is transported
across the blood-brain barrier via an amino
acid carrier and is subsequently decarboxy-
lated by dopa decarboxylase, present in
striatal tissue. Decarboxylation also takes
place in peripheral organs where dopamine
is not needed and is likely to cause undesir-
able effects (vomiting; hypotension; p.116).
Extracerebral production of dopamine can
be prevented by inhibitors of dopa decarbox-
ylase (carbidopa, benserazide) that do not
penetrate the blood-brain barrier, leaving
intracerebral decarboxylation unaffected.

Excessive elevation of brain dopamine lev-
els may lead to undesirable reactions such as
involuntary movements (dyskinesias) and
mental disturbances.

Dopamine receptor agonists. Striatal dopa-
mine deficiency can be compensated by ly-
sergic acid derivatives such as bromocriptine
(p.116), lisuride, cabergoline, and pergolide
and by the non-ergot compounds ropinirole
and pramipexole.

Inhibitors of monoamine oxidase-B
(MAOg). Monoamine oxidase occurs in the
form of two isozymes: MAO, and MAOg. The
corpus striatum is rich in MAQg. This isozyme
can be inhibited by selegiline. Degradation of
biogenic amines in peripheral organs is not
affected because MAO4 remains functional.

Inhibitor of catecholamine O-methyltrans-
ferase (COMT). The CNS-impermeant enta-
capone inhibits peripheral degradation of L-
dopa and thus enhances availability of L-
dopa for the brain. Accordingly, it is suitably
only for combination therapy with L-dopa.

Anticholinergics. Antagonists at muscarinic
cholinoceptors such as benztropine and bi-
periden (p.110) can be used to suppress the
sequelae of the relative predominance of
cholinergic activity in the striatum (in partic-
ular, tremor). Atropine-like peripheral side
effects and impairment of cognitive function
limit the tolerable dosage. Complete disap-
pearance of symptoms cannot be achieved.

Amantadine. Early or mild parkinsonian
manifestations may be relieved temporarily
by amantadine. The underlying mechanisms
of action may involve, inter alia, blockade of
ligand-gated ion channels of the glutamate/
NMDA subtype, ultimately leading to dimin-
ished release of acetylcholine.

Treatment of advanced Parkinson dis-
ease requires combined administration of
the above drugs for ameliorating the symp-
toms of this grave condition. Commonly, ad-
ditional signs of central degeneration devel-
op as the disease progresses.
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O Antiepileptics
Epilepsy is a chronic brain disease of diverse
etiology; it is characterized by recurrent par-
oxysmal episodes of uncontrolled excitation
of brain neurons. Involving larger or smaller
parts of the brain, the electrical discharge is
evident in the electroencephalogram (EEG)
as synchronized rhythmic activity and man-
ifests itself in motor, sensory, psychic, and
vegetative (visceral) phenomena. As both
the affected brain region and the cause of
abnormal excitability may differ, epileptic
seizures can take on many forms. From a
pharmacotherapeutic viewpoint, these may
be classified as:
® Generalized vs. partial (focal) seizures
e Seizures with or without loss of con-
sciousness
e Seizures with or without specific modes of
precipitation
The brief duration of a single epileptic fit
makes acute drug treatment unfeasible. In-
stead, antiepileptics are used to prevent sei-
zures and therefore need to be given chroni-
cally. Only in the case of status epilepticus
(succession of several tonic-clonic seizures),
is acute anticonvulsant therapy indicated—
usually with benzodiazepines given i.v. or, if
needed, rectally.

The initiation of an epileptic attack in-
volves “pacemaker” cells; these differ from
other nerve cells by their unstable resting
membrane potential; i.e., a depolarizing
membrane current persists after the action
potential terminates.

Therapeutic interventions aim to stabilize
neuronal resting potential and, hence, to
lower excitability. In specific forms of epi-
lepsy, initially a single drug is tried to
achieve control of seizures, valproate usually
being the drug of first choice in generalized
seizures, and carbamazepine being preferred
for partial (focal), especially partial complex,
seizures. Dosage is increased until seizures
are no longer present or adverse effects be-
come unacceptable. Only when monother-
apy with different agents proves inadequate

can change-over to a second-line drug or
combined use (“add on”) be recommended
(B), provided that the possible risk of phar-
macokinetic interactions is taken into ac-
count (see below). The precise mode of ac-
tion of antiepileptic drugs remains un-
known. Some agents appear to lower neuro-
nal excitability by several mechanisms of
action. In principle, responsivity can be de-
creased by inhibiting excitatory or activating
inhibitory neurons. The transmitters utilized
by most excitatory and inhibitory neurons
are glutamate and y-aminobutyric acid (GA-
BA), respectively (p.193A).

Glutamate receptors comprise three sub-
types, of which the NMDA subtype has the
greatest therapeutic importance. (N-methyl-
D-aspartate is a synthetic selective agonist.)
This receptor is a ligand-gated ion channel
that, upon stimulation with glutamate, per-
mits entry of both Na* and Ca®* into the cell.
Valproic acid inhibits both Na* and Ca®'
channels. The antiepileptics lamotrigine,
phenytoin, and phenobarbital inhibit, among
other things, the release of glutamate. Felba-
mate is a glutamate antagonist.

Benzodiazepines and phenobarbital aug-
ment the activation of the GABA, receptor
by physiologically released amounts of GABA
(B) (see pp.193, 222). Chloride influx is in-
creased, counteracting depolarization. Pro-
gabide is a direct GABA-mimetic but not an
approved drug. Tiagabine blocks removal of
GABA from the synaptic cleft by decreasing
its reuptake. Vigabatrin inhibits GABA catab-
olism. Gabapentin augments the availability
of glutamate as a precursor in GABA synthe-
sis (B).
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— A. Epileptic attack, EEG, and antiepileptics
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The tricyclic carbamazepine, its analogue
oxycarbazepine, and phenytoin enhance in-
activation of voltage-gated sodium and cal-
cium channels and limit the spread of elec-
trical excitation by inhibiting sustained
high-frequency firing of neurons.

Ethosuximide blocks a neuronal T-type Ca*
channel (A); and represents a special class
becauseitis effective only in absence seizures.

All antiepileptics are likely, albeit in differ-
ent degrees, to produce adverse effects. Se-
dation, dif culty concentrating, and slowing
of psychomotor drive encumber practically all
antiepileptic therapy. Moreover, cutaneous,
hematological, and hepatic changes may ne-
cessitate a change in medication. Phenobar-
bital, primidone, and phenytoin may lead to
osteomalacia (vitamin D prophylaxis) or
megaloblastic anemia (folate prophylaxis).
During treatment with phenytoin, gingival
hyperplasia may develop in ~20% of pa-
tients. Valproic acid (VPA) is less sedating
than other anticonvulsants. Tremor, gastro-
intestinal upset, and weight gain are fre-
quently observed; reversible hair loss is a
rarer occurrence. Its hepatotoxicity should
be kept in mind.

Adverse reactions to carbamazepine in-
clude nystagmus, ataxia, and diplopia, par-
ticularly if the dosage is raised too fast. Gas-
trointestinal problems and skin rashes are
frequent. It exerts an antidiuretic effect (sen-
sitization of collecting ducts to vasopressin).

Valproate, carbamazepine, and other anti-
convulsants pose teratogenic risks. Despite
this, treatment should continue during preg-
nancy, as the potential threat to the fetus by
a seizure is greater. However, it is mandatory
to apply the lowest dose affording safe and
effective prophylaxis. Concurrent high-dose
administration of folate may prevent neural
tube defects.

Carbamazepine, phenytoin, phenobarbi-
tal, and other anticonvulsants induce hepatic
enzymes responsible for drug biotransfor-
mation; valproate is a potent inhibitor. Com-
binations between anticonvulsants or with
other drugs may result in clinically impor-

tant interactions (plasma level monitor-
ing!).

Carbamazepine is also used to treat tri-
geminal neuralgia and neuropathic pain.

For the often intractable childhood epi-
lepsies, various other agents are used in-
cluding ACTH and the glucocorticoid dexa-
methasone. Multiple (mixed) seizures asso-
ciated with the slow spike-wave (Lennox-
Gastaut) syndrome may respond to val-
proate, lamotrigine, and felbamate, the last
being restricted to drug resistant seizures
owing to its potentially fatal liver and bone
marrow toxicity.

Benzodiazepines are the drugs of choice
for status epilepticus (see above); however,
development of tolerance renders them less
suitable for long-term therapy. Clonazepam
is used for myoclonic and atonic seizures.
Clobazam, a 1,5-benzodiazepine exhibiting
an increased anticonvulsant/sedative activ-
ity ratio, has a similar range of clinical uses.
Personality changes and paradoxical excite-
ment are potential side effects.

Clomethiazole can also be effective for
controlling status epilepticus but is used
mainly to treat agitated states, especially
alcoholic delirium tremens and associated
seizures.

Topiramate, derived from D-fructose, has
complex, long-lasting anticonvulsant actions
that cooperate to limit the spread of seizure
activity; it is effective in partial and general-
ized seizures and as add-on in Lennox-Gas-
taut syndrome.

It should be noted that certain drugs (e. g.,
neuroleptics, isoniazid, and high-dose B-lac-
tam antibiotics) lower seizure threshold and
are therefore contraindicated in epileptic pa-
tients.

Outlook: Among the newer antiepileptics,
gabapentin, oxycarbazepine, lamotrigine,
and topiramate are now endorsed as primary
monotherapeutics for both partial and gener-
alized seizures. Their pharmacokinetic char-
acteristics are generally more desirable than
those of the older drugs.
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Drugs for the Suppression of Pain (Analgesics)

O Pain Mechanisms and Pathways

Pain is a designation for a spectrum of sen-
sations of highly divergent character and in-
tensity ranging from unpleasant to intoler-
able. Pain stimuli are detected by physiolog-
ical receptors (sensors, nociceptors) least
differentiated morphologically, viz., free
nerve endings. The body of the bipolar affer-
ent first-order neuron lies in the dorsal root
ganglia. Nociceptive impulses are conducted
via unmyelinated (C-fibers, conduction
velocity 0.2-2 m/s) and myelinated axons
(Ad-fibers, 10-30 m/s). The free endings of
Ad-fibers respond to intense pressure or
heat, those of C-fibers respond to chemical
stimuli (H*, K*, histamine, bradykinin, etc.)
arising from tissue trauma.

Irrespective of whether chemical, me-
chanical, or thermal stimuli are involved,
they become significantly more effective in
the presence of prostaglandins (p.196).

Chemical stimuli also underlie pain
secondary to inflammation or ischemia (an-
gina pectoris, myocardial infarction). The in-
tense pain that occurs during overdistension
or spasmodic contraction of smooth muscle
abdominal organs may be maintained by
local anoxemia developing in the area of
spasm (visceral pain).

Ad- and C-fibers enter the spinal cord via
the dorsal root, ascend in the dorsolateral
funiculus, and then synapse on second-order
neurons in the dorsal horn. The axons of the
second-order neurons cross the midline and
ascend to the brain as the anterolateral path-
way or spinothalamic tract. Based on phylo-
genetic age, a neospinothalamic tract and a
palaeospinothalamic tract are distinguished.
The second-order (projection) neurons of
both tracts lie in different zones (laminae)
of the dorsal horn. Lateral thalamic nuclei
receiving neospinothalamic input project to
circumscribed areas of the postcentral gyrus.
Stimuli conveyed via this path are experi-
enced as sharp, clearly localizable pain. The
medial thalamic regions receiving palaeospi-
nothalamic input project to the postcentral

gyrus as well as the frontal, limbic cortex and

most likely represent the pathway subserv-

ing pain of a dull, aching, or burning charac-
ter, i.e., pain that can be localized only
poorly.

Impulse traf c in the neospinothalamic
and palaeospinothalamic pathways is sub-
ject to modulation by descending projec-
tions that originate from the reticular forma-
tion and terminate at second-order neurons,
at their synapses with first-order neurons or
spinal segmental interneurons (descending
antinociceptive system). This system can
inhibit substance P-mediated impulse trans-
mission from first- to second-order neurons
via release of endogenous opiopeptides (en-
kephalins) or monoamines (norepinephrine,
serotonin).

Pain sensation can be
modified as follows:

e Elimination of the cause of pain

e Lowering of the sensitivity of nocicep-
tors (antipyretic analgesics, local anes-
thetics)

e Interrupting nociceptive conduction in
sensory nerves (local anesthetics)

e Suppression of transmission of nocicep-
tive impulses in the spinal medulla
(opioids)

e Inhibition of pain perception (opioids,
general anesthetics)

e Altering emotional responses to pain, i.e.,
pain behavior (antidepressants as co-an-
algesics)

influenced or
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O Eicosanoids

Under the influence of cyclooxygenases
(COX-1, COX-2, and their splice variants),
the extended molecule of arachidonic acid
(eicosatetraenoic acid!) is converted into
compounds containing a central ring with
two long substituents: prostaglandins, pros-
tacyclin, and thromboxanes. Via the action of
a lipoxygenase, arachidonic acid yields leu-
kotrienes, in which ring closure in the center
of the molecule (A) does not occur. The prod-
ucts formed from arachidonic acid are inac-
tivated very rapidly; they act as local hor-
mones. The groups of prostaglandins and
leukotrienes each comprise a large number
of closely related compounds. In the present
context, only the most important prosta-
glandins and their constitutive actions are
considered.

Prostaglandin (PG)E; inhibits gastric acid
secretion, increases production of mucus
(mucosa-protective action), and elicits bron-
choconstriction. PGF,¢ stimulates uterine
motility. PGI, (prostacyclin) produces vaso-
dilatation and promotes renal excretion of
Na®. In addition, prostaglandins synthesized
by COX-2 participate in inflammatory proc-
esses by sensitizing nociceptors, thus low-
ering pain threshold; by promoting inflam-
matory responses by release of mediators
such as interleukin-1 and tumor-necrosis
factor a; and by evoking fever.

Prostacyclin is produced in vascular en-
dothelium and plays a role in the regulation
of blood flow. It elicits vasodilation and pre-
vents aggregation of platelets (functional an-
tagonist of thromboxane).

Thromboxane A, is a local hormone of
platelets; it promotes their aggregation.
Small defects in the vascular or capillary wall
elicit the formation of thromboxane.

! Name derived from Greek eikosi = twenty for
the number of carbon atoms and tetra = 4 for the
number of double bonds

Leukotrienes® are produced mainly in
leukocytes and mast cells. Newly formed
leukotrienes can bind to glutathione. From
this complex, glutamine and glycine can be
cleaved, resulting in a larger number of local
hormones. Leukotrienes are pro-inflamma-
tory; they stimulate invasion of leukocytes
and enhance their activity. In anaphylactic
reactions, they produce vasodilation,
increase vascular permeability, and cause
vasoconstriction.

Therapeutic uses of synthetic eicosanoids.
Efforts to synthesize stable derivatives of
prostaglandins for therapeutic applications
have not been very successful to date. Dino-
prostone (PGE;), carboprost (15-methyl-
PGF,q) and mifeprostone are uterine stimu-
lants (p.130, 254). Misoprostol is meant to
afford protection of the gastric mucosa but
has pronounced systemic side effects. All
these substances lack organ specificity.

2 Note the change in chemical nomenclature: -
triene (tri=three), although leukotrienes possess
four double bonds; however, of these only the
conjugated ones are counted
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O Antipyretic Analgesics

The large and important family of drugs for
the treatment of pain, inflammation, and
fever has to be subdivided into two groups
that differ in their mechanism of action and
spectrum of activity, namely,

1. Antipyretic analgesics

2. Nonsteroidal anti-inflammatory drugs

(NSAIDs)
all of which have the chemical character of
acids.

Antipyretic analgesics represent p-ami-
nophenol or pyrazolone derivatives with
clinically useful analgesic and antipyretic ef-
ficacy. Their mechanism of action is not com-
pletely understood but thought to be medi-
ated via inhibition of prostanoid formation
by variants of COX enzymes. Acetaminophen
(paracetamol), phenazone, and dipyrone be-
long in this group.

Acetaminophen has good analgesic ef -
cacy in commonplace pain, such as tooth-
ache and headaches, but is of less use in
inflammatory and visceral pain. It exerts a
strong antipyretic effect. The adult dosage is
0.5-1.0 g up to 4 times daily; the elimination
half-life is about 2 hours. Acetaminophen is
eliminated renally after conjugation to sul-
furic or glucuronic acid. A small portion of
the dose is converted by hepatic CYP450 to a
reactive metabolite that requires detoxifica-
tion by coupling to glutathione. In suicidal or
accidental poisoning with acetaminophen
(10 g), the depleted store of thiol groups
must be replaced by administration of ace-
tylcysteine. This measure can be life-saving.
Long-term therapy with pure acetamino-
phen preparations does not cause renal
damage, reported earlier after use of stimu-
lant combination preparations. Fixed combi-
nations with codeine may be used with
hardly any reservation.

Dipyrone (metamizole) is a pyrazolone
derivative. It produces strong analgesia, even
in pain of colic, and has an additional spas-
molytic effect. The antipyretic effect is
marked. The usual dosage is about 500 mg

orally. Higher doses (up to 2.5 g) are needed
for biliary colic. The effect of a standard dose
lasts ~6 hours.

Use of dipyrone is compromised by a very
rare but serious adverse reaction, viz., bone
marrow depression. The incidence of agra-
nulocytosis remains controversial; probably,
one case occurs in >100 000 treatments.
Hypotension may occur after intravenous
injection. Dipyrone is not for routine use;
however, short-term administration is rec-
ommended for appropriate individual cases.

O Nonsteroidal Anti-inflammatory
Drugs (NSAIDs)

This term subsumes drugs other than COX-2
inhibitors that (a) are characterized chemi-
cally by an acidic moiety linked to an aro-
matic residue; and that (b) by virtue of in-
hibiting cyclooxygenases, are effective in
suppressing inflammation, alleviating pain,
and lowering fever. Cyclooxygenases (COX)
localized to the endoplasmic reticulum are
responsible for the formation from arachi-
donic acid of a group of local hormones com-
prising the prostaglandins, prostacyclin, and
thromboxanes. NSAIDs (except ASA) are re-
versible inhibitors of COX enzymes. These
enzymes possess an elongated pore into
which the substrate arachidonic acid is in-
serted and converted to an active product.
NSAIDs penetrate into this pore and thus
prevent access for arachidonic acid, leading
to reversible blockade of the enzyme.
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O Cyclooxygenase (COX) Inhibitors

Two principal types of COX can be distin-
guished:

COX-1 is constitutive, that is, always present
and active; it contributes to the physiological
function of organs. Inhibition inevitably pro-
duces unwanted effects, such as mucosal in-
jury, renal damage, hemodynamic changes,
and disturbances of uterine function.

COX-2 is induced by inflammatory processes
and produces prostaglandins that sensitize
nociceptors, evoke fever, and promote in-
flammation by causing vasodilation and an
increase in vascular permeability. However,
in some organs, COX-2 is also expressed con-
stitutively (kidney, vascular endothelium,
uterus, and CNS).

Nonselective COX inhibitors derive from
salicylic acid. The majority are carbonic
acids, such as ibuprofen, naproxene, diclofe-
nac, indometacin, and many more; or enolic
acids, such as azapropazone and meloxicam.
All these drugs inhibit both COX enzymes.

The molecules of COX-1 and COX-2 reveal
a pharmacologically important difference:
the enzymatic pore width of COX-2 exceeds
that of COX-1. The nonselective COX inhib-
itors can also enter the narrower pores and
thus inhibit both cyclooxygenases.

Efforts have succeeded to develop inhib-
itors that readily enter the slightly wider
pores of COX-2 but not the COX-1 pores,
giving rise to the specific COX-2 inhibitors
(denoted coxibs). These drugs consist of a
hetero-aromatic ring bearing two phenyl
ring substituents, one of which contains a
—S0, group (see formulas in A). The advant-
age of coxibs lies in their lesser propensity to
cause mucosal injury. This effect has been
reported in large clinical trials (but subse-
quently queried). However, a number of ad-
verse reactions are now known that are con-
sistent with COX-2 also serving constitutive
functions. Furthermore, one needs to consid-
er that COX-1 functions may be more or less

affected at suf ciently large dosages. Selec-
tivity factors (COX-1/COX-2 ratio) deter-
mined biochemically in vitro range from 30
to 400.

Coxibs available at present include: cele-
coxib (daily dosage 200-400 mg), valdecoxib
(10-20 mg) (no longer available in the US)
and its prodrug parecoxib (40 mg i.v.!).

Coxibs are not drugs for routine use and
should only be employed in a targeted man-
ner, in particular when antiarthritis treat-
ment with nonselective NSAIDs has led to
gastrointestinal mucosal damage (bleeding,
gastritis, ulcerations). Contraindications
must be heeded, in particular, advanced con-
gestive heart failure, hepatic and renal dis-
eases, inflammatory bowel diseases, and
asthma. Concern over an increased risk of
stroke and myocardial infarction in vulner-
able patient populations has led to with-
drawal of rofecoxib (Sept. 2004), raising
strong suspicion that this represents a coxib
class effect.

Acetylsalicylic acid (ASA) merits a sepa-
rate comment. Acetylation of salicylic acid
significantly reduces its ability to induce mu-
cosal injury. After absorption of ASA, the
acetyl moiety is cleaved with a ty, of 15-20
minutes, salicylic acid then being present in
vivo. For anti-inflammatory therapy, the re-
quired dosage of ASA lies above 3 g daily. For
treatment of ordinary pain, a dose of
~500mg is needed. At low dosage
(100-200 mg daily), following absorption
into the portal circulation, ASA causes a
long-lasting blockade of COX-1-mediated
thromboxane synthesis in platelets because
of an irreversible acetylation of the enzyme.
Since platelets represent anuclear cell frag-
ments, they are unable to synthesize new
COX molecules.
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O Local Anesthetics

Local anesthetics reversibly inhibit impulse
generation and propagation in nerves. In
sensory nerves, such an effect is desired
when painful procedures must be per-
formed, e.g., surgical or dental operations.

Mechanism of action. Axonal impulse con-
duction occurs in the form of an action po-
tential. The change in potential involves a
rapid influx of Na* (A) through a membrane
channel protein that, upon being opened
(activated), permits rapid inward movement
of Na" down a chemical gradient ([Na*Joutsige
~150 mM, [Na*|insige ~7 mM). Local anes-
thetics are capable of inhibiting this rapid
influx of Na*; initiation and propagation of
excitation are therefore blocked (A).

Most local anesthetics exist in part in the
cationic amphiphilic form (cf. p.206). This
physicochemical property favors incorpora-
tion into membrane interphases between
polar and apolar domains. These are found
in phospholipid membranes and also in ion
channel proteins. Some evidence suggests
that Na*-channel blockade results from
binding of local anesthetics to the channel
protein. It appears certain that the site of
action is reached from the cytosol, implying
that the drug must first penetrate the cell
membrane (p.204).

Local anesthetic activity is also shown by
uncharged substances, suggesting a binding
site in apolar regions of the channel protein
or the surrounding lipid membrane.

Mechanism- specific adverse effects. Since
local anesthetics block Na* influx not only
in sensory nerves but also in other excitable
tissues (A and p.206), they are applied lo-
cally. Depression of excitatory processes in
the heart, while undesired during local anes-
thesia, can be put to therapeutic use in car-
diac arrhythmias (p.138).

Forms of local anesthesia. Local anesthetics
are applied via different routes, including
infiltration of the tissue (infiltration anes-
thesia) or injection next to the nerve branch
carrying fibers from the region to be anes-
thetized (conduction anesthesia of the
nerve, spinal anesthesia of segmental dorsal
roots), or by application to the surface of the
skin or mucosa (surface anesthesia). In each
case, the local anesthetic drug is required to
diffuse to the nerves concerned from a depot
placed in the tissue or on the skin.

High sensitivity of sensory, low sensitivity
of motor nerves. Impulse conduction in sen-
sory nerves is inhibited at a concentration
lower than that needed for motor fibers. This
difference may be due to the higher impulse
frequency and longer action potential dura-
tion in nociceptive as opposed to motor fi-
bers. Alternatively, it may relate to the thick-
ness of sensory and motor nerves, as well as
the distance between nodes of Ranvier. In
saltatory impulse conduction, only the nodal
membrane is depolarized. Because depolari-
zation can still occur after blockade of three
or four nodal rings, the area exposed to a
drug concentration suf cient to cause block-
ade must be larger for motor fibers (p.203B).

This relationship explains why sensory
stimuli that are conducted via myelinated
Ad-fibers are affected later and to a lesser
degree than are stimuli conducted via un-
myelinated C-fibers. Since autonomic post-
ganglionic fibers lack a myelin sheath, they
are susceptible to blockade by local anes-
thetics. As a result, vasodilation ensues in
the anesthetized region, because sympa-
thetically driven vasomotor tone decreases.
This local vasodilation is undesirable (see
opposite).
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Diffusion and effect. During diffusion from
the injection site (i. e., the interstitial space of
connective tissue) to the axon of a sensory
nerve, the local anesthetic must traverse the
perineurium. The multilayered perineurium
is formed by connective tissue cells linked by
zonulae occludentes (p.22) and therefore
constitutes a closed lipophilic barrier.

Local anesthetics in clinical use are usually
tertiary amines; at the pH of interstitial fluid
these exist partly as the neutral lipophilic
base (symbolized by particles marked with
two red dots) and partly as the protonated
form, i. e., amphiphilic cation (symbolized by
particles marked with one blue and one red
dot). The uncharged form can penetrate the
perineurium and enters the endoneural
space, where a fraction of the drug mole-
cules regains a positive charge in keeping
with the local pH. The same process repeats
itself when the drug penetrates through the
axonal membrane (axolemma) into the axo-
plasm from which it exerts its action on the
sodium channel; and again when it diffuses
out of the endoneural space through the
unfenestrated endothelium of capillaries in-
to the blood.

The concentration of local anesthetic at
the site of action is, therefore, determined
by the speed of penetration into the endo-
neurium and axoplasm and the speed of dif-
fusion into the capillary blood. To enable a
suf ciently fast build-up of drug concentra-
tion at the site of action, there must be a
correspondingly large concentration gra-
dient between drug depot in the connective
tissue and the endoneural space. Injection of
solutions of low concentration will fail to
produce an effect; however, too high con-
centrations must also be avoided because
of the danger of intoxication resulting from
too rapid systemic absorption into the blood.

To ensure a reasonably long-lasting local
effect with minimal systemic action, a vaso-
constrictor (epinephrine, less frequently
norepinephrine or vasopressin derivatives)
is often co-administered in an attempt to
confine the drug to its site of action. As blood

flow is diminished, diffusion from the endo-
neural space into the capillary blood de-
creases. Addition of a vasoconstrictor, more-
over, helps to create a relative ischemia in
the surgical field. Potential disadvantages of
catecholamine-type vasoconstrictors in-
clude the reactive hyperemia following
washout of the constrictor agent (p.94) and
cardiostimulation when epinephrine enters
the systemic circulation. In lieu of epineph-
rine, the vasopressin analogue felypressin
can be used as adjunctive vasoconstrictor
(less pronounced reactive hyperemia, no
arrhythmogenic action, but danger of coro-
nary constriction). Vasoconstrictors must not
be applied in local anesthesia involving the
appendages (e.g., fingers, toes).



Local Anesthetics 205

— A. Disposition of local anesthetics in peripheral nerve tissue

@a,'-v

T T T
Perineurium  Endoneural  Capillary

Cross section through peripheral
nerve (light microscope) space wall

\_~ — |

QD) D) @ @
g | 2| @ @ ® @
@ J\ & o Po @
@™ __C® @ @ @* @® @ | o
P e o | ®
O p | @ P A & @@
V/ ‘In_te_‘r- Axolemma @ 1& 1 @® v
s Axoplasm @9 @® I @®
v @@ @®

Vasoconstriction
e.g., with epinephrine

900g ©

@@ lipophilic Axolemma| @®
@[® amphiphilic Axoplasm @v@ I@
QD) @9 @®




206 Local Anesthetics

Characteristics of chemical structure. Local
anesthetics possess a uniform structure.
Generally they are secondary or tertiary
amines. The nitrogen is linked through an
intermediary chain to a lipophilic moiety—
most often an aromatic ring system.

The amine function means that local anes-
thetics exist either as the neutral amine or as
the positively charged ammonium cation,
depending upon their dissociation constant
(pK, value) and the actual pH value. The pK,
of typical local anesthetics lies between 7.5
and 9. In its protonated form, the molecule
possesses both a polar hydrophilic moiety
(protonated nitrogen) and an apolar lipo-
philic moiety (ring system)—it is amphiphilic.

Depending on the pK,, from 50% to 5% of
the drug may be present at physiological pH
in the uncharged lipophilic form. This frac-
tion is important because it represents the
lipid membrane-permeable form of the local
anesthetic (p.26), which must take on its
cationic amphiphilic form in order to exert
its action (p.202).

Clinically used local anesthetics are either
esters or amides. Even drugs containing a
methylene bridge, such as chlorpromazine
(p.233) or imipramine (p.229) would exert
a local anesthetic effect with appropriate
application. Ester-type local anesthetics are
subject to inactivation by tissue esterases.
This is advantageous because of the dimin-
ished danger of systemic intoxication. On the
other hand, the high rate of bioinactivation
and, therefore, shortened duration of action
is a disadvantage.

Procaine cannot be used as surface anes-
thetic because it is inactivated faster than it
can penetrate the dermis or mucosa. In me-
pivacaine, the nitrogen atom usually located
at the end of the side chain forms part of a
cyclohexane ring.

Lidocaine is broken down primarily in the
liver by oxidative N-dealkylation. This step
can occur only to a restricted extent in pri-
locaine and carticaine because both carry a
substituent on the C-atom adjacent to the
nitrogen group. Carticaine possesses a car-

boxymethyl group on its thiophene ring. At
this position, ester cleavage can occur, re-
sulting in the formation of a polar COO~
group, loss of the amphiphilic character,
and conversion to an inactive metabolite.

Benzocaine is a member of the group of
local anesthetics lacking a nitrogen atom
that can be protonated at physiological pH.
It is used exclusively as a surface anesthetic.

Other agents employed for surface anes-
thesia include the uncharged polidocanol
and the catamphiphilic tetracaine and lido-
caine (e.g. as a 5% gel).

Adverse effects of local anesthetics (LAs).
The cellular point of attack of LAs is a “fast”
Na* channel, opening of which initiates the
action potential. LAs block this channel. Fast
sodium channels also operate in other excit-
able tissues including nerve cells of the brain
and muscle or specialized conducting tissues
of the heart. The action of LAs is thus not
confined to nerve tissue; it is not organ-spe-
cific. Accordingly, serious adverse effects oc-
cur when LAs enter the circulation too rap-
idly or in too high concentrations. In the
heart, impulse conduction is disrupted, as
evidenced by atrioventricular block or, at
worst, ventricular arrest. In the CNS, differ-
ent regions are perturbed with a resultant
loss of consciousness and development of
seizures. Since no specific LA antidote is
available, symptomatic countermeasures
need to be taken immediately. If signs of
cardiac inhibition predominate, epinephrine
must be given intravenously. If CNS toxicity
is present, anticonvulsant drugs have to be
administered (e.g., diazepam i.v.).
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O Opioid Analgesics—Morphine Type

Sources of opioids. Morphine is an opium
alkaloid (p.4). Besides morphine, opium
contains alkaloids devoid of analgesic activ-
ity, e.g., the spasmolytic papaverine. All
semisynthetic derivatives (hydromorphone)
and fully synthetic derivatives (pentazocine,
pethidine = meperidine, I-methadone, and
fentanyl) that possess the analgesic effect
of morphine are collectively referred to as
opiates and opioids, respectively. The high
analgesic effectiveness of xenobiotic opioids
derives from their af nity for receptors nor-
mally acted upon by endogenous opioids
(enkephalins, B-endorphin, dynorphins; A).
Opioid receptors occur on nerve cells. They
are found in various brain regions and the
spinal medulla, as well as in intramural nerve
plexuses that regulate the motility of the
alimentary and urogenital tracts. There are
several types of opioid receptors, designated
w8, k, which mediate the various opioid
effects, and all belong to the superfamily of
G-protein coupled receptors (p. 66).

Endogenous opioids are peptides that are
cleaved from the precursors, proenkephalin,
pro-opiomelanocortin, and prodynorphin.
All contain the amino acid sequence of the
pentapeptides [Met]- or [Leu]-enkephalin
(A). The effects of the opioids can be abol-
ished by antagonists (e. g., naloxone; A), with
the exception of buprenorphine.

Mode of action of opioids. Most neurons
react to opioids with a hyperpolarization,
reflecting an increase in K* conductance.
Ca®" influx into nerve terminals during ex-
citation is decreased, leading to a decreased
release of transmitters and decreased synap-
tic activity (A). Depending on the cell popu-
lation affected, this synaptic inhibition trans-
lates into a depressant or excitant effect (B).

Effects of opioids (B). The analgesic effect
results from actions at the level of the spinal
cord (inhibition of nociceptive impulse
transmission) and the brain (disinhibition

of the descending antinociceptive system,
attenuation of impulse spread, and inhibi-
tion of pain perception). Attention and abil-
ity to concentrate are impaired. There is a
mood change, the direction of which de-
pends on the initial condition. Aside from
the relief associated with the abatement of
strong pain, there is a feeling of detachment
(floating sensation) and a sense of well-
being (euphoria), particularly after intrave-
nous injection and, hence, rapid build-up of
drug levels in the brain. The desire to reex-
perience this state by renewed administra-
tion of drug may become overpowering: de-
velopment of psychological dependence.

The attempt to quit repeated use of the
drug results in withdrawal signs of both
physical (e.g., cardiovascular disturbances)
and psychological (e. g., restlessness, anxiety,
depression) nature.

Opioids meet the criteria of drugs produc-
ing dependence, that is, a psychological and
physiological need to continue use of the drug
aswellasthe compulsion toincrease the dose.

For these reasons, prescription of opioids
is subject to special rules (Controlled Sub-
stances Act, USA; Narcotic Control Act, Can-
ada; etc). Certain opioid analgesics such as
codeine and tramadol may be prescribed in
the usual manner, because of their lesser
potential for abuse and development of de-
pendence. Differences among opioids in ef -
cacy and liability to cause dependence prob-
ably reflect differing patterns of af nity and
intrinsic activity at individual receptor sub-
types, as well as genetic variation of opioid
receptors. A given substance does not neces-
sarily act as an agonist or antagonist at each
subtype; instead, it may behave as an agonist
at one subtype and as a partial agonist/an-
tagonist at another, or even as a pure antag-
onist (p.212). In particular, the addictive po-
tential is determined by kinetic properties;
only with rapid drug entry into the brain can
the euphoriant “rush” be experienced. All
high-potency opioids pose the risk of respi-
ratory depression (paralysis of the respira-
tory center) after overdosage. The maximally



Opioid Analgesics 209

— A. Action of endogenous and exogenous opioids at opioid receptors

Proopiomelanocortin Proenkephalin Morphine

CH3
/

OH
B-Endorphin
Opioid receptors
CHy—CH=CH, K*-permeability * Ca2f-influxy
N/ Excitability § Refedse of
@ O O transmitters $
O Antagonist O O
HO 0 0 naloxone

— B. Effects of opioids

Mediated by
opioid receptors

Vagal centers, f — Pain sensation
Chemoreceptors \ p— j
of area postrema ’ nalgesic

Stimulant effects Dampening effects

Oculomotor
center (Edinger— Mood
Westphal nucleus) alertness

Antinociceptive ‘
system

Analgesic Respiratory center
Cough center

Smooth musculature Antitussive
stomach
bowel
—»spastic
constipation

Antidiarrheal

Emetic center

Urinary tract
—possible
impairment of
micturition




210 Opioids

possible extent of respiratory depression is
thought to be less for partial agonists/antag-
onists (pentazocine, nalbuphine).

The cough-suppressant (antitussive) effect
produced by inhibition of the cough reflex
is independent of the effects on nociception
or respiration (antitussives: codeine, nosca-
pine).

Stimulation of chemoreceptors in the area
postrema (p. 342) results in vomiting, partic-
ularly after first-time administration or in the
ambulant patient. The emetic effect disap-
pears with repeated use because a direct in-
hibition of the emetic center then predomi-
nates.

Opioids elicit pupillary narrowing (miosis)
by stimulating the parasympathetic portion
(Edinger-Westphal nucleus) of the oculomo-
tor nucleus.

The peripheral effects concern the motility
and tonus of gastrointestinal smooth muscle;
segmentation is enhanced but propulsive
peristalsis is inhibited. The tonus of sphinc-
ter muscles is markedly raised (spastic con-
stipation). The antidiarrhetic effect is used
therapeutically (loperamide, p.180). Gastric
emptying is delayed (pyloric spasm) and
drainage of bile and pancreatic juice is im-
peded because the sphincter of Oddi con-
tracts. Likewise, bladder function is affected;
specifically bladder emptying is impaired
owing to an increased tone of the vesicular
sphincter.

Kinetics of opioids. The endogenous opioids
(e.g., metenkephalin, leuenkephalin, g-en-
dorphin) cannot be used therapeutically be-
cause, owing to their peptide nature, they
are rapidly degraded or excluded from pas-
sage through the blood-brain barrier, thus
preventing access to their sites of action
even after parenteral administration (A).
Morphine can be given orally or parenterally,
as well as epidurally or intrathecally in the
spinal cord. Fentanyl is of such potency and
high tissue penetrability as to permit appli-
cation in the form of a patch (transdermal

delivery system) (A). In opiate abuse, drug
(“stuff,”  “junk,” “smack,” “jazz,” “China
white”; mostly heroin = diacetylmorphine)
is injected intravenously (“mainlining”) to
achieve the fastest possible rate of rise in
brain concentration. Evidently, psychic ef-
fects (“kick,” “buzz,” “rush”) are especially
intense with this route of delivery. The user
may also resort to other more unusual
routes: opium is smoked; heroin can be tak-
en as snuff (B).

Metabolism (C). Like other opioids bearing a
free hydroxyl group, morphine is conjugated
to glucuronic acid and excreted renally. Glu-
curonidation of the OH group at position 6,
unlike that at position 3, does not affect
af nity for the receptors.

Tolerance. With repeated administration of
opioids, their CNS effects undergo habitua-
tion (adaptation). In the course of therapy,
progressively larger doses are thus needed
to achieve the same degree of pain relief. The
peripheral effects are less altered by the de-
velopment of tolerance, so that persistent
constipation during prolonged use may force
a discontinuation of analgesic therapy how-
ever urgently needed. Frequently laxatives
must be prescribed.

Morphine antagonists and partial agonists.
The effects of opioids can be abolished by the
antagonists naloxone or naltrexone (A), irre-
spective of the receptor type involved. Given
by itself, neither has any effect in normal
subjects; however, in opioid-dependent sub-
jects, both precipitate acute withdrawal
signs. Because of its rapid presystemic elim-
ination, naloxone is only suitable for paren-
teral use. Naltrexone is metabolically more
stable and can be given orally. Naloxone is
effective as antidote in the treatment of
opioid-induced respiratory paralysis. Since
it is more rapidly eliminated than most
opioids, repeated doses may be needed. Nal-
trexone may be used as adjunct in with-
drawal therapy.
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Buprenorphine behaves like a partial ago-
nist/antagonist at p-receptors. Pentazocine
is an antagonist at p-receptors and an ago-
nist at k-receptors (A). Both are classified as
“low-ceiling” opioids (B), because neither is
capable of eliciting the maximal analgesic
effect obtained with morphine or meperi-
dine. Intoxication with buprenorphine can-
not be reversed with antagonists, because
the drug dissociates too slowly from the
opioid receptors. Tramadol is a moderately
potent opioid with supposedly less potential
for abuse. Its dosage (oral or parenteral) is
about 10 times that of morphine (i.e.,
50-100 mg; maximum 400 mg/day). Respi-
ratory depression is unlikely to occur at this
dose level. The mechanism of its analgesic
effect is complex and extends beyond ago-
nism at opioid receptors. Tramadol is a race-
mate. The (+)-enantiomer has preferential
af nity for p-receptors and is more potent
in this regard than the (-)-enantiomer. The
0-desmethyl metabolite possesses still high-
er af nity. Moreover, transport systems for
the neuronal reuptake of norepinephrine
and serotonin are inhibited—actually with
inverse enantioselectivity. The most promi-
nent adverse effect is vomiting (~10% of
cases). Tramadol cannot alleviate craving
for morphine in addicts but can reinitiate
physical dependence.

Fentanyl merits special mention, being
~20-times more potent than morphine. It
is administered in the form of a skin patch
(transdermal delivery system) for chronic
pain management. Specific effectiveness is
greatly augmented by introduction into the
molecule of a side chain (see p.211A), lead-
ing to carfentanyl. Carfentanyl has a po-
tency 5000 times that of morphine and a
long duration of action. The drug is approved
for veterinary tranquilization of large ani-
mals. In aqueous solution it can be applied
as an aerosol. Its action can be surmounted
by morphine antagonists; however, unusu-
ally high doses are required.

Uses. Two conditions must be distinguished:

(1) Acute severe pain after trauma (acci-
dents), myocardial infarction, etc. and life-
threatening pulmonary edema requiring in-
hibition of the respiratory center. For these
indications, administration of morphine (in-
travenously or subcutaneously) in suf cient
amounts is appropriate. With short-term
use, development of tolerance or depen-
dence is of no concern.

(2) Severe chronic pain, especially in can-
cer patients. Inthese cases, the aimis to estab-
lish a constant plasma level of opioid for a
prolonged period. Drug must be given before
the appearance of pain, not after the patient
has begun to suffer from intolerable pain.
Like some of the other opioids (hydromor-
phone, meperidine, pentazocine, codeine),
morphine is rapidly eliminated; its duration
of action is about 4 hours. To achieve con-
tinuous analgesia, these substances would
have to be given every 4 hours. For treat-
ment of severe chronic pain states, use of
morphine (or oxycodone) in controlled re-
lease form isthe mostadvantageousregimen
because (a) the slow rise in serum levels
avoids the subjective “rush” sensation and,
hence, the development of “addiction” (psy-
chological dependence); (b) the effect is pro-
longed; (c) under this condition, an increased
proportion of morphine is converted to the 6-
glucuronide and contributes to the central
effect; and (d) the patient can independently
control intake of morphine (i.e., next sus-
tained-release tablet before severe pain re-
emerges). If a cancer patient has reached a
terminal state, development of tolerance is
quite acceptable and can easily be compen-
sated. In a moribund person, a certain degree
of euphoria, possibly associated with dimin-
ished vigilance, appears ethically acceptable.

Under special conditions (oral route
unavailable; intolerable peripheral side ef-
fects), opioids may be administered by con-
tinuous infusion (pump) or applied near the
spinal cord under control by the patient. The
advantage is much lower dosage (300-fold)
and constant therapeutic level; the disad-
vantage is the need for a catheter.
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O General Anesthesia and General
Anesthetic Drugs

General anesthesia is a state of drug-induced
reversible inhibition of central nervous func-
tion, during which surgical procedures can
be carried out in the absence of conscious-
ness, responsiveness to pain, defensive or
involuntary movements, and significant
autonomic reflex responses (A).

The required level of anesthesia depends
on the intensity of the pain-producing stim-
uli, i.e., the degree of nociceptive stimula-
tion. The skillful anesthetist, therefore, dy-
namically adapts the plane of anesthesia to
the demands of the surgical situation. Orig-
inally, anesthesia was achieved with a single
anesthetic agent (e.g., diethyl ether, first
successfully demonstrated in 1846 by W. T.
G. Morton, Boston). To suppress defensive
reflexes, such a “monoanesthesia” necessi-
tates a dosage in excess of that needed to
cause unconsciousness, thereby increasing
the risk of paralyzing vital functions, such
as cardiovascular homeostasis (B). Modern
anesthesia employs a combination of differ-
ent drugs to achieve the goals of surgical
anesthesia (balanced anesthesia). This ap-
proach reduces the hazards of anesthesia. In
(C) are listed examples of drugs that are used
concurrently or sequentially as anesthesia
adjuncts. Neuromuscular blocking agents
are covered elsewhere in more detail. Recall
that “curarization” of the patient necessi-
tates artificial ventilation. However, the use
of neuromuscular blockers is making an es-
sential contribution to risk reduction in
modern anesthesia. In the following, some
special methods of anesthesia are consid-
ered before presentation of the anesthetic
agents.

Neuroleptanalgesia can be considered a
special form of combination anesthesia: the
short-acting opioid analgesic fentanyl is
combined with a strongly sedating and af-
fect-blunting neuroleptic. Because of major
drawbacks, including insuf cient elimina-
tion of consciousness and extrapyramidal

motor disturbances, this procedure has be-
come obsolete.

In regional anesthesia (spinal anesthesia)
with a local anesthetic (p.202), nociceptive
conduction is interrupted. Since conscious-
ness is preserved, this procedure does not
fall under the definition of anesthesia.

According to their mode of application,
general anesthetics in the narrow sense
are divided into inhalational (gaseous, vola-
tile) and injectable agents.

Inhalational anesthetics are administered
in and, for the most part, eliminated via
respired air. They serve especially to main-
tain anesthesia (p.216)

Injectable anesthetics (p.218) are fre-
quently employed for induction. Intravenous
injection and rapid onset of action are clearly
more agreeable to the patient than is breath-
ing a stupefying gas. The effect of most in-
jectable anesthetics is limited to a few mi-
nutes. This allows brief procedures to be
carried out or preparation of the patient for
inhalational anesthesia (intubation). Admin-
istration of the volatile anesthetic must then
be titrated in such a manner as to counter-
balance the waning effect of the injectable
agent. Increasing use is now being made of
injectable, instead of inhalational, anes-
thetics during prolonged combined anesthe-
sia (e.g., propofol; total intravenous anaes-
thesia—TIVA).
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— A. Goals of surgical anesthesia
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O Inhalational Anesthetics

The mechanism of action of inhalational
anesthetics is not known in detail. In the first
instance, the diversity of chemical structures
(inert gas xenon; hydrocarbons; halogen-
ated hydrocarbons) possessing anesthetic
activity appeared to argue against the in-
volvement of specific sites of action. The
correlation between anesthetic potency and
lipophilicity of anesthetic drugs (A) pointed
to a nonspecific uptake into the hydrophobic
interior of the plasmalemma, with a resul-
tant impairment of neuronal function.
Meanwhile, several lines of evidence support
an interaction with membrane proteins;
among these ligand-gated ion channel pro-
teins assume special importance. Experi-
mental studies favor the idea that anes-
thetics enhance the effectiveness of inhibi-
tory GABA and glycine receptors, while at-
tenuating responsiveness to stimulation of
excitatory glutamate receptors.

Anesthetic potency can be expressed in
terms of the minimal alveolar concentration
(MAC) at which 50% of patients remain im-
mobile following a defined painful stimulus
(skin incision). Whereas the poorly lipophilic
nitrous oxide must be inhaled in high con-
centrations, much smaller concentrations
are required in the case of the more lipo-
philic halothane.

The rates of onset and cessation of action
vary widely among different inhalational
anesthetics and also depend on the degree
of lipophilicity. In the case of nitrous oxide,
elimination from the body is rapid when the
patient is ventilated with normal air. Owing
to the high partial pressure in blood, the
driving force for transfer of the drug into
expired air is large and, since tissue uptake
is minor, the body can be quickly cleared of
nitrous oxide. In contrast, with halothane,
partial pressure in blood is low and tissue
uptake is high, resulting in a much slower
elimination.

Given alone, nitrous oxide (N>0, “laughing
gas”) is incapable of producing anesthesia of

suf cient depth for surgery, even when tak-
ing up 80% of the inspired air volume (O,
20% vol. is necessary!). It has good analgesic
ef cacy that can be exploited when it is used
in conjunction with other anesthetics. As a
gas, N,O can be administered directly; it is
not metabolized appreciably and is cleared
entirely by exhalation (B).

Halothane (boiling point [BP] 50°C), en-
flurane (BP 56°C), isoflurane (BP 48°C) and
the newer substances, desflurane and sevo-
flurane, have to be vaporized by special
devices. Part of the administered halothane
(up to 20%) is converted into hepatotoxic
metabolites (B). Liver damage may result
from halothane anesthesia. With a single
exposure, the risk involved is unpredictable;
however, the risk increases with the fre-
quency of exposure and the shortness of
the interval between successive exposures
(estimated incidence 1 in 35000 proce-
dures).

Degradation products of enflurane or iso-
flurane (fraction biotransformed < 2%) prob-
ably do not play any role in anesthetic action.

Halothane exerts a hypotensive effect
(vasodilation and negative inotropic effect).
Enflurane and isoflurane cause less circula-
tory depression. Halothane sensitizes the
myocardium to catecholamines. This effect
is much less pronounced with enflurane and
isoflurane. Unlike halothane, enflurane and
isoflurane have a muscle-relaxant effect that
is additive with that of nondepolarizing neu-
romuscular blockers.

Desflurane is a close structural relative of
isoflurane, but has low lipophilicity and a
low rate of biotransformation (0.02%). This
permits rapid induction and recovery as well
as good control of anesthetic depth. The
newest member of this group, sevoflurane,
is similarly fast-acting and convenient to
control but has a higher rate of biotransfor-
mation (up to 5%) and lower incidence of
laryngospasm and cough.
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O Injectable Anesthetics

Substances from different chemical classes
suspend consciousness when given intrave-
nously and can be used as injectable anes-
thetics (A). Like inhalational agents, most of
these drugs affect consciousness only and are
devoid of analgesic activity (exception: ket-
amine). The effect appears to arise from an
interaction with ligand-gated ion channels.
Channels mediating neuronal excitation
(NMDA receptor, see below) are blocked,
while the function of channels dampening
excitation (GABA, receptor, p.222; and, for
three drugs, additionally also the glycine re-
ceptor) is enhanced allosterically.

Most injectable anesthetics are character-
ized by a short duration of action. The rapid
cessation of action is largely due to redis-
tribution: after intravenous injection, brain
concentration climbs rapidly to effective
anesthetic levels because of the high cere-
bral blood flow; the drug then distributes
evenly in the body, i.e., concentration rises
in the periphery, but falls in the brain—redis-
tribution and cessation of anesthesia (A).
Thus, the effect subsides before the drug
has left the body. A second injection of the
same drug would encounter “presaturated”
body compartments and thus be dif cult to
predict in terms of effect intensity. Only eto-
midate and propofol may be given by infu-
sion over a longer period to maintain uncon-
sciousness. If no additional inhalational
agent is employed, the procedure is referred
to as total intravenous anesthesia (TIVA).

Thiopental and methohexital belong to the
barbiturates, which, depending on dose, pro-
duce sedation, sleepiness, or anesthesia. Bar-
biturates lower pain threshold and thereby
facilitate defensive reflex movements; they
also depress central inspiratory drive. Barbi-
turates are frequently used for induction of
anesthesia.

Ketamine has analgesic activity that per-
sists up to 1 hour after injection, well beyond
the initial period of unconsciousness (~15
minutes only). On regaining consciousness,
the patient may experience a disconnection

between outside reality and inner mental
state (dissociative anesthesia). Frequently
there is memory loss for the duration of the
recovery period; however, adults in particu-
lar complain about distressing dreamlike ex-
periences. These can be counteracted by ad-
ministration of a benzodiazepine (e.g., mid-
azolam). The CNS effects of ketamine arise, in
part, from an interference with excitatory
glutamatergic transmission via ligand-gated
cation channels of the NMDA subtype, at
which ketamine acts as a channel blocker.
The nonnatural excitatory amino acid N-
methyl D-aspartate (NMDA) is a selective
agonist at this receptor. Ketamine can induce
release of catecholamines with a resultant
increase in heart rate and blood pressure.

Propofol has a remarkably simple struc-
ture resembling that of phenol disinfectants.
Because the substance is water-insoluble, an
injectable emulsion is prepared by means of
soy oil, phosphatide, and glycerol. The effect
has a rapid onset and decays quickly, being
experienced by the patient as fairly pleasant.
The intensity of the effect can be well con-
trolled during prolonged administration.
Possible adverse reactions include hypoten-
sion and respiratory depression, and a po-
tentially fatal syndrome of bronchospasm,
hypotension, and erythema.

The anesthetic effect of (+)-etomidate sub-
sides within a few minutes owing to redis-
tribution of the drug. Etomidate can provoke
myoclonic movements that can be pre-
vented by premedication with a benzodiaze-
pine or an opioid. Because it has little effect
on the autonomic nervous system, it is suit-
able for induction in combination anesthe-
sia. Etomidate inhibits cortisol synthesis in
subanesthetic doses and can therefore be
used in the long-term treatment of adreno-
cortical overactivity (Cushing disease).

Midazolam is a rapidly metabolized ben-
zodiazepine (p.224) that is used for induc-
tion of anesthesia. The longer-acting loraze-
pam is preferred as an adjunctive anesthetic
in prolonged cardiac surgery with cardiopul-
monary bypass; its amnesiogenic effect is
pronounced.
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O Sedatives, Hypnotics

During sleep, the brain generates a pat-
terned rhythmic activity that can be moni-
tored by means of the electroencephalogram
(EEG). Internal sleep cycles recur 4-5 times
per night, each cycle being interrupted by a
rapid eye movement (REM) sleep phase (A).
The REM stage is characterized by EEG activ-
ity similar to that seen in the waking state,
rapid eye movements, vivid dreams, and oc-
casional twitches of individual muscle
groups against a background of generalized
atonia of skeletal musculature. Normally, the
REM stage is entered only after a preceding
non-REM cycle. Frequent interruption of
sleep will, therefore, decrease the REM por-
tion. Shortening of REM sleep (normally
~25% of total sleep duration) results in in-
creased irritability and restlessness during
the daytime. With undisturbed night rest,
REM deficits are compensated by increased
REM sleep on subsequent nights (B).

Hypnotic drugs can shorten REM sleep
phases (B). With repeated ingestion of a hyp-
notic on several successive days, the propor-
tion of time spent in REM vs. non-REM sleep
returns to normal despite continued drug
intake. Withdrawal of the hypnotic drug re-
sults in REM rebound, which tapers off only
over many days (B). Since REM stages are
associated with vivid dreaming, sleep with
excessively long REM episodes is experi-
enced as unrefreshing. Thus, the attempt to
discontinue use of hypnotics may result in
the impression that refreshing sleep calls for
a hypnotic, probably promoting hypnotic
drug dependence.

Benzodiazepines and benzodiazepine-like
substances are the hypnotics of greatest
therapeutic importance. They display a pos-
itive allosteric action at the GABA4 receptor
(p.222). The formerly popular barbiturates
have become obsolete because of their nar-
row margin of safety (respiratory arrest after
overdosage). Barbiturates can also activate
GABA, receptors allosterically; however, this
action does not occur at benzodiazepine

binding sites. At high dosage, barbiturates
can apparently produce an additional direct
GABA agonist effect.

Depending on their blood levels, both
benzodiazepines and barbiturates produce
calming and sedative effects. At higher dos-
age, both groups promote the onset of sleep
or induce it (C). At low doses, benzodiaze-
pines have a predominantly anxiolytic ef-
fect.

Unlike barbiturates, benzodiazepine de-
rivatives administered orally lack a general
anesthetic action; cerebral activity is not
globally inhibited (the virtual impossibility
of respiratory paralysis negates suicidal mis-
use) and autonomic functions, such as blood
pressure, heart rate, or body temperature,
are unimpaired. Thus, benzodiazepines pos-
sess a therapeutic margin considerably
wider than that of barbiturates.

Zolpidem (an imidazopyridine), zale-
plone (a pyrazolopyrimidine) and zopi-
clone (a cyclopyrrolone) are hypnotics that,
despite their different chemical structure,
can bind to the benzodiazepine site on the
GABA, receptor (p.222). However, their ef-
fects do not appear to be identical to those of
benzodiazepines. Thus, compared with ben-
zodiazepines, zolpidem exerts a weaker ef-
fect on sleep phases, supposedly carries a
lower risk of dependence, and appears to
have less anxiolytic activity. Heterogeneity
of GABA4 receptors may explain these differ-
ences in activity. GABA, receptors consist of
five subunits that exist in several subtypes.

Antihistaminics are popular as nonpre-
scription (over-the-counter) sleep remedies
(e.g., diphenhydramine, doxylamine, p.118),
in which case their sedative side effect is
used as the principal effect. The hypnotic
effect is weak; adverse effects (e.g., atro-
pine-like) and corresponding contraindica-
tions need to be taken into account.
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O Benzodiazepines

Balanced CNS activity requires inhibitory
and excitatory mechanisms. Spinal and ce-
rebral inhibitory interneurons chiefly utilize
y-aminobutyric acid (GABA) as transmitter
substance, which decreases the excitability
of target cells via GABA, receptors. Binding
of GABA to the receptor leads to opening of a
chloride (Cl7)ion channel, chloride influx,
neuronal hyperpolarization, and decreased
excitability. The pentameric subunit assem-
bly making up the receptor/ion channel con-
tains a high-af nity binding site for benzo-
diazepines, in addition to the GABA binding
locus. Binding of benzodiazepine agonists
allosterically enhances binding of GABA
and its action on the channel. The prototyp-
ical benzodiazepine is diazepam. Barbitu-
rates also possess an allosteric binding site
on the Cl -channel protein; their effect is to
increase the channel mean open-time dur-
ing GABA stimulation.

Benzodiazepines exhibit a broad spectrum
of activity: they exert sedating, sleep-induc-
ing, anxiolytic, myorelaxant, and anticonvul-
sant effects and can be used for induction of
anesthesia. Of special significance for the use
of benzodiazepines is their wide margin of
safety. At therapeutic dosages, neither cen-
tral respiratory control nor cardiovascular
regulation are affected. By virtue of these
favorable properties, benzodiazepines have
proved themselves for a variety of indica-
tions. At low dosage, they calm restless or
agitated patients and allay anxiety, though
without solving problems. Use of benzodia-
zepines as sleep remedies is widespread.
Here, preference is given to substances that
are completely eliminated during the night
hours (tetracyclic compounds such as triazo-
lam, brotizolam, alprazolam). For longer-
lasting anxiolytic therapy, compounds
should be selected that are eliminated
slowly and ensure a constant blood level
(e.g., diazepam).

In psychosomatic reactions, benzodiaze-
pines can exert an uncoupling effect. They

are therefore of great value in hyperacute
disease states (e.g., myocardial infarction,
p.320) or severe accidents. Status epilepti-
cus is a necessary indication for parenteral
administration (p.190); however, benzodia-
zepines can also be used for the long-term
treatment of certain forms of epilepsy, if
necessary in combination with other anti-
convulsants. Rapidly eliminated benzodiaze-
pines are suitable for the intravenous induc-
tion of anesthesia.

Use of benzodiazepines may lead to per-
sonality changes characterized by flattening
of affect. Subjects behave with indifference
and fail to react adequately. Any tasks requir-
ing prompt and target-directed action—not
only driving a motor vehicle—should be left
undone.

Benzodiazepine Antagonist

The drug flumazenil binds with high af nity
to the benzodiazepine receptor but lacks any
agonist activity. Consequently, the receptor
is occupied and unavailable for binding of
benzodiazepine agonists. Flumazenil is a
specific antidote and is used with success
for reversal of benzodiazepine toxicity or to
terminate benzodiazepine sedation. When
patients suffering from benzodiazepine de-
pendence are given flumazenil, withdrawal
symptoms are precipitated.

Flumazenil is eliminated relatively rapidly
with a ty, of ~ 1 hour. Therefore, the required
dose of 0.2-1.0 mg i.v. must be repeated a
corresponding number of times when toxic-
ity is due to long-acting benzodiazepines.
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O Pharmacokinetics of
Benzodiazepines

A typical metabolic pathway for benzodiaze-
pines, as exemplified by the drug diazepam,
is shown in panel (A): first the methyl group
on the nitrogen atom at position 1 is re-
moved, with a concomitant or subsequent
hydroxylation of the carbon at position 3.
The resulting product is the drug oxazepam.
These intermediary metabolites are biologi-
cally active. Only after the hydroxyl group
(position 3) has been conjugated to glucu-
ronic acid is the substance rendered inactive
and, as a hydrophilic molecule, readily ex-
creted renally. The metabolic degradation of
desmethyldiazepam (nordiazepam) is the
slowest step (t,, = 30-100 hours). This se-
quence of metabolites encompasses other
benzodiazepines that may be considered
precursors of desmethyldiazepam, e.g., pra-
zepam and chlordiazepoxide (the first ben-
zodiazepine = Librium®). A similar metabo-
lite pattern is seen in benzodiazepines in
which an —NO, group replaces the chlorine
atom on the phenyl ring and in which the
phenyl substituent on carbon 5 carries a flu-
orine atom (e. g., flurazepam). With the ex-
ception of oxazepam, all these substances
are long-acting. Oxazepam represents those
benzodiazepines that are inactivated in a
single metabolic step; nevertheless, its
half-life is still as long as 8 + 2 hours. Sub-
stances with a short half-life result only from
introduction of an additional nitrogen-con-
taining ring (see A) bearing a methyl group
that can be rapidly hydroxylated. Midazo-
lam, brotizolam, and triazolam are members
of such tetracyclic benzodiazepines; the lat-
ter two are used as hypnotics, whereas mid-
azolam given intravenously is employed for
anesthesia induction.

Another possible way of obtaining com-
pounds with an intermediate duration of
action is to replace the chlorine atom in
diazepam with an NO, residue (rapidly re-
duced to an amine group with immediate
acetylation) or with a bromine atom (which

causes ring cleavage in the organism). In
these cases, biological inactivation again
consists of a one-step reaction.

Dependence potential. Prolonged regular
use of benzodiazepines can lead to physical
dependence. With the long-acting substan-
ces marketed initially, this problem was less
obvious in comparison with other depen-
dence-producing drugs, because of the de-
layed appearance of withdrawal symptoms
(the decisive criterion for dependence).
Symptoms manifested during withdrawal
include restlessness, irritability, nervous-
ness, anxiety, insomnia, and, occasionally or
in susceptible patients, convulsions. These
symptoms are hardly distinguishable from
those considered indications for the use of
benzodiazepines. Benzodiazepine with-
drawal reactions are more likely to occur
after abrupt cessation of prolonged or exces-
sive dosage and are more pronounced in
shorter-acting substances, but may also be
evident after discontinuance of therapeutic
dosages administered for no longer than 1-2
weeks.

Administration of a benzodiazepine an-
tagonist would abruptly provoke abstinence
signs. Benzodiazepines exhibit cross-de-
pendence with ethanol and can thus be used
in the management of delirium tremens.
There are indications that substances with
intermediate elimination half-lives have the
highest abuse potential. Withdrawal of ben-
zodiazepines should be done gradually and
cautiously. A long-acting substance such as
diazepam is the drug of choice for controlled
tapering of withdrawal.
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O Therapy of Depressive lliness

The term “depression” is used for a variety of
states that are characterized by downswings
in mood varying from slight to most severe.
The principal types are:

e Endogenous depression, ranging from its
severe form (major depression) to lighter
cases (minor depression)

e Dysthymia (neurotic depression)

® Reactive depression as (overshooting) re-
action to psychic insults or somatic illness

Endogenous depression generally follows a

phasic course with intervals of normal mood.

When mood swings do not change direction,

unipolar depression is said to be present.

Bipolar illness designates an alternation be-

tween depressive states and manic episodes.

Besides devitalizing melancholia with its at-

tendant burden of suffering, the behavior of

patients in depression may vary from
strongly inhibited to anxious, agitated,
guilt-ridden, presuicidal, and so on. Depres-
sive states are frequently associated with
somatic symptoms; the patients project
their mood disturbance into a physical ail-
ment. Accordingly, many depressive patients
initially visit a family physician or internist.

The pharmacotherapy of depression is a
dif cult undertaking. At the outset, it is nec-
essary to determine the type of depression.

For instance, in neurotic depression, psycho-

therapy may be suf cient. A reactive mood

disorder calls for attempts to establish the
causal link. In either condition, temporary
use of antidepressants may be warranted.

The proper indication for thymoleptics is

endogenous depression. However, even for

this endogenous psychosis, it is dif cult to
evaluate the effectiveness of this drug class.

One fundamental reason is the lack of exper-

imental animal models of depression: the

ef cacy of drugs cannot be tested in experi-
ments on animals. Moreover, depression is
periodic in nature; spontaneous remission
nearly always occurs. Intensive psychologi-
cal support may also sometimes be effective
in improving the condition of patients. Ac-

cording to some estimates, one-third of ther-
apeutic success in moderately severe de-
pression can be attributed to a placebo ef-
fect, one-third to intensive support, and the
remaining one-third to use of antidepressant
agents. In severe depression, pharmacother-
apy may achieve somewhat more favorable
results. Because objective documentation of
therapeutic success is extraordinarily dif -
cult, it is hardly surprising that no specific
antidepressant has proved superior in com-
parison with others. About 30% of patients
are resistant to currently available drug
treatments. A workable general rule would
be to prescribe tricyclic compounds (and
venlafaxine) for severe depression, and se-
lective serotonin reuptake inhibitors (SSRI)
for moderately severe to mild cases. No sci-
entifically convincing evidence is available
for the “alternative” phytomedicinal, St.
John’s  wort  (Hypericum  perforatum),
although drug interactions are well docu-
mented.

It would be a major therapeutic error to
administer a drive-enhancing drug such as
amphetamine to a depressed patient with
psychomotor inhibition (A). Suicide would
be an expected consequence.

The antidepressant effect of thymoleptics
manifests after a prolonged latency; usually
1-3 weeks pass before subjective or objec-
tive improvement becomes noticeable (A). In
contrast, somatic effects are immediately
evident; specifically, the interference with
neuronal transmitter/modulator systems
(norepinephrine, serotonin, acetylcholine,
histamine, dopamine). Reuptake of released
serotonin, norepinephrine, or both is im-
paired (— elevated concentration in synaptic
cleft) and/or receptors are blocked (example
in A). These effects are demonstrable in ani-
mal studies and are the cause of acute ad-
verse effects.

The importance of these phenomena for
the antidepressant effect remains unclear.
Presumably, adaptation of receptor systems
to altered concentrations or actions of trans-
mitter/modulator substances plays a role.
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— A. Effect of antidepressants
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The thymoleptic mechanism of action re-
mains to be elucidated.

Antidepressants can be divided into four
groups:

1. Tricyclic antidepressants (A), such as de-
sipramine, amitriptyline, and many analogue
substances, possess a hydrophobic ring sys-
tem. The central 7-membered ring increases
the annelation angle between the outer
flanking rings. This moiety can also be tetra-
cyclic (e.g., maprotiline). The ring system
bears a side chain with a secondary or ter-
tiary amine that can be protonated depend-
ing on its pK, value. These substances can
thus take on an amphiphilic character, per-
mitting insertion into lipid membranes and
enrichment in cellular structures. The basic
structure of tricyclic antidepressants also ex-
plains their af nity for receptors and trans-
mitter transport mechanisms. Receptor
blockade is the chief cause of the adverse
effects in this drug group, including: tachy-
cardia, inhibition of glandular secretion (dry
mouth), constipation, dif culty in micturi-
tion, blurred vision, and orthostatic hypo-
tension (A upper). A sedative action probably
arising from antagonism at CNS H; hista-
mine receptors, as obtained with amitripty-
line, can be desirable.

2. Selective serotonin reuptake inhibitors
(SSRI). These substances (e.g., fluoxetine)
also possess a protonatable nitrogen atom
and, instead of a larger ring system, contain
simpler aromatic moieties. They also have
amphiphilic character. Because their af nity
for receptors is much less (no blockade of
acetylcholine or norepinephrine receptors),
acute adverse effects are less marked than
those of tricyclic thymoleptics. Blockade of
reuptake is confined to serotonin (5-HT).
Antidepressant potency is equal to or
slightly inferior to that of tricyclics. Fluoxe-
tine has a long duration of action. Together
with its active metabolite, it is eliminated
with a half-life of several days. The SSRI
group includes several other substances

such as citalopram, paroxetine, sertraline
and fluvoxamine. Besides depression, these
substances are also marketed for various
other psychiatric indications, including anxi-
ety disorders, posttraumatic stress, and ob-
sessive-compulsive disorder.

Labeling of most drugs in this group was
recently revised to include a warning state-
ment concerning a worsening of depression
and treatment-emergent suicidality in both
adult and pediatric patients.

3. Inhibitors of monoamine oxidase A (thy-
meretics). Moclobemide is the only repre-
sentative of this group. It produces a rever-
sible inhibition of MAQa, which is responsi-
ble for inactivation of the amines norepi-
nephrine, dopamine, and serotonin (A).
Enzyme inhibition results in an increased
concentration of these neurotransmitters in
the synaptic cleft. Moclobemide is less effec-
tive as an antidepressant than as a psycho-
motor stimulant. It is indicated only in de-
pressions with extreme psychomotor slow-
ing and is contraindicated in patients at risk
of suicide.

Tranylcypromine causes irreversible in-
hibition of the two isozymes MAO4 and 0$2
Therefore, presystemic elimination in the
liver of biogenic amines, such as tyramine,
that are ingested in food (e. g., in aged cheese
and Chianti) is impaired (with danger of a
diet-induced hypertensive crisis). The com-
pound is obsolete in some countries.

4, Atypical antidepressants represent a het-
erogeneous group comprising agents that
interfere only weakly or not at all with
monoamine reuptake (trazodone, nefazo-
done, bupropion, mirtazapine), preferen-
tially block reuptake of norepinephrine (re-
boxetine), or act as dual inhibitors of 5-HT
and norepinephrine reuptake (venlafaxine,
milnacipran, duloxetine). Venlafaxine ap-
pears to be as effective as tricyclic antide-
pressants in severe depression.
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— A. Antidepressants: activity profiles
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O Mania

The manic phase is characterized by exag-
gerated elation, flight of ideas, and a patho-
logically increased psychomotor drive. This
is symbolically illustrated in (A) by a dis-
jointed structure and aggressive color tones.
The patients are overconfident, continuously
active, show progressive incoherence of
thought and loosening of associations, and
act irresponsibly (financially, sexually, etc.).

Lithium. Lithium is the lightest of the alkali
metal atoms (A), of which family sodium and
potassium have special significance for the
organism. Lithium ions (Li*) distribute nearly
evenly in the extracellular and intracellular
fluid compartments and thus build up only a
small concentration gradient across the cell
membrane. The lithium ion cannot be trans-
ported by the membranal Na*/K*-ATPase. In-
tracellularly, lithium ions interfere in trans-
duction mechanisms. For instance, they re-
duce the hydrolysis of inositol phosphate,
leading to a reduced sensitivity to transmit-
ter of nerve cells. In addition, the metabo-
lism of transmitters is thought to be altered
in the presence of lithium ions. These and
other biochemical findings observed after
administration of lithium do not provide a
satisfactory explanation for the therapeutic
effect of this “simple” pharmaceutical, par-
ticularly so because the somatic disturbance
underlying mania remains unknown. As in
endogenous depression, it is surmised that
imbalances between different transmitter
systems are at fault. Remarkably, Li* ions
do not exert psychotropic effects in healthy
humans, although they elicit the typical ad-
verse effects.

Indications for lithium therapy.

1. Acute treatment of manic phase; thera-
peutic response develops only in the
course of several days (A).

2. Long-term administration (6-12 months
until full effect reached) for the prophy-

laxis of both manic and depressive phases

of bipolar illness (A).
3. Adjunctive therapy in severe therapy-re-

sistant depressions.
Lithium therapy of acute mania is dif cult
because of the narrow margin of safety and
because the patient being treated lacks in-
sight. Therapeutic levels should be closely
monitored and Kkept between 0.8 and
1.2 mM in fasting morning blood samples.
For prevention of relapse, slightly lower
blood levels of 0.6-0.8 mM are recom-
mended. Adverse effects that occur at ther-
apeutic serum concentration during long-
term intake of lithium salts include renal
(diabetes insipidus) and endocrine manifes-
tations (goiter and/or hypothyroidism,
glucose intolerance, hyperparathyroidism,
sexual dysfunction). At concentrations
>1.2-1.5 mM, signs of mild toxicity are evi-
dent, including a fine hand tremor, weak-
ness, fatigue, and abdominal complaints. As
blood levels rise further, decreased ability to
concentrate, agitation, confusion, and cere-
bellar signs are noted. In the most severe
cases of poisoning, seizures may occur and
the patient may lapse into a comatose state.
During lithium therapy, fluctuations in blood
level are quasi expected because changes in
dietary daily intake of NaCl or fluid losses
(diarrhea, diuretics) can markedly alter renal
elimination of lithium. Lithium therapy thus
requires special diligence on the part of the
physician and cooperation on the part of the
patient or his or her relatives.
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— A. Effect of lithium salts in mania
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O Therapy of Schizophrenia

Schizophrenia is an endogenous psychosis of

episodic character; in most cases, recovery is

incomplete (residual defects, burned-out

end stage). The different forms of schizo-

phrenic illness will not be considered here.

From a therapeutic perspective, it is relevant

to differentiate between

® Positive signs including delusions, hallu-
cinations, disorganized speech, behavior
disturbance; and

® Negative signs, such as social isolation,
affective flattening, avolition, poverty of
speech, and anhedonia

since both symptom complexes respond dif-

ferently to antipsychotic drugs.

Neuroleptics

After neuroleptic treatment of a psychotic
episode is initiated, the antipsychotic effect
proper manifests following a latent period.
Acutely, psychomotor damping with an-
xiolysis and distancing is noted. Tormenting
paranoid ideas and hallucinations lose their
subjective importance (A, dimming of flashy
colors); initially, however, the psychotic
process persists but then wanes gradually
over the course of several weeks.

Complete normalization often cannot be
achieved. Even though a “cure” is unrealiz-
able, these changes signify success because
(a) the patient obtains relief from the torment
of psychotic personality changes; (b) care of
the patient is facilitated; and (c) return into a
familiar community environment is acceler-
ated. Neuroleptic therapy utilizes different
drug classes, namely phenothiazines, butyro-
phenones, and the atypical neuroleptics.

The phenothiazines were developed
from the H;-antihistamine promethazine:
prototype chlorpromazine and congeners
with a tricyclic ring system and a side chain
containing a protonatable nitrogen atom.
Phenothiazines exhibit af nity for various
receptors and exert corresponding antago-
nistic actions. Blockade of dopamine recep-
tors, specifically in the mesolimbic prefron-

tal system, appears important for the anti-
psychotic effect. The latency of the anti-
psychotic effect suggests that adaptive
processes induced by receptor blockade play
a role in the therapeutic response. Besides
af nity for D, dopamine receptors, neuro-
leptics also exhibit varying af nity to other
receptors, including M-ACh receptors, o4-
adrenoceptors, and histamine H; and 5-HT
receptors. Antagonism at these receptors
contributes to the adverse effects. Af nity
profiles of “classical” neuroleptics (pheno-
thiazine and butyrophenone derivatives)
differ significantly from those of newer atyp-
ical drugs (see p.235B), in which af nity for
5-HT receptors predominates.

Neuroleptics do not have anticonvulsant
activity. Because they inhibit the thermoreg-
ulatory center, neuroleptics can be employed
for controlled hypothermia (“artificial hiber-
nation”).

Chronic use of neuroleptics can on occasion
give rise to hepatic damage associated with
cholestasis. A very rare, but dramatic, ad-
verse effect is the malignant neuroleptic syn-
drome (skeletal muscle rigidity, hyperther-
mia, stupor), which can have a fatal outcome
in the absence of intensive countermeasures
(including treatment with dantrolene).

With other phenothiazines (e. g., fluphen-
azine with a piperazine side chain substitu-
ent), antagonism at other receptor types
tends to recede into the background vis-a-
vis the blockade of D, dopamine receptors.
In panel (B) on p. 235 the D, receptor af nity
of the drugs concerned is defined as ++,
while the differences in absolute af nity for
the other receptors are ignored.

The butyrophenones (prototype haloper-
idol) were introduced after the phenothia-
zines. With these agents, blockade of D, re-
ceptors predominates entirely (p.235B).
Antimuscarinic and antiadrenergic effects
are attenuated. The “extrapyramidal” motor
disturbances that result from D, receptor
blockade are, however, preserved and con-
stitute the clinically most important adverse
reactions that often limit therapy.
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— A. Effects of neuroleptics in schizophrenia
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Early dyskinesias occur immediately after
neuroleptization and are manifested by in-
voluntary abnormal movements in the head
neck and shoulder region. After treatment of
several weeks to months, a parkinsonian
syndrome (pseudoparkinsonism) (p.188) or
akathisia (motor restlessness) may develop.
All these disturbances can be treated by ad-
ministration of antiparkinsonian drugs of
the anticholinergic type, such as biperiden.
As arule, these disturbances disappear after
withdrawal of neuroleptic medication. Tar-
dive dyskinesia may become evident after
chronic neuroleptization for several years,
particularly when the drug is discontinued.
Its postulated cause is a hypersensitivity of
the dopamine receptor system. The condi-
tion is exacerbated by administration of
anticholinergics.

The butyrophenones carry an increased
risk of adverse motor reactions because they
lack anticholinergic activity and, hence, are
prone to upset the balance between striatal
cholinergic and dopaminergic activity.

Atypical neuroleptics differ in structure and
pharmacological properties from the afore-
mentioned drug groups. Extrapyramidal
motor reactions are absent or less prevalent.
The antipsychotic effect involves not only
the positive but also the negative symptoms.
In the case of clozapine, it was assumed at
first that the drug acted as a selective antag-
onist at D4 dopamine receptors. Subse-
quently, however, the drug was recognized
as a high-af nity ligand and antagonist at
other receptors (B). Clozapine can be used
when other neuroleptics have to be discon-
tinued because of extrapyramidal motor re-
actions. Clozapine may cause agranulocyto-
sis, necessitating close hematological moni-
toring. It produces marked sedation.

Olanzapine is structurally related to cloza-
pine; thus far the risk of agranulocytosis
appears to be low or absent.

Risperidone differs in structure from the
aforementioned drugs; it possesses rela-
tively lower af nity for all “non-D,-recep-

tors.” Ziprasidone shows high af nity for 5-
HT,a receptors. Remarkably, this new sub-
stance also stimulates 5-HT;, receptors,
which translates into an antidepressant ef-
fect. Ziprasidone particularly influences neg-
ative symptoms, its effect on positive symp-
toms reportedly being equivalent to that of
classical neuroleptics. Adverse effects due to
blockade of M-ACh, H; and a-receptors are
comparatively weak. Central disturbances
(giddiness, ataxia, etc.) may occur. Moreover,
QT interval prolongation has been observed;
concurrent administration of QT-prolonging
drugs must therefore be avoided.

Uses. Management of acute psychotic phases
requires high-potency neuroleptics. In
highly agitated patients, i.v. injection of hal-
operidol may be necessary. The earlier ther-
apy is started, the better is the clinical out-
come. Most schizophrenic patients require
maintenance therapy for which a low dosage
can be selected. For stabilization and preven-
tion of relapse, atypical neuroleptics are es-
pecially suited since they improve negative
symptoms in responsive patients. The pa-
tients need good care and, if possible, inte-
gration into a suitable milieu. Dif culties
arise because patients do not take their pre-
scribed medication (N.B.: counseling of both
patient and caregivers). To circumvent lack
of compliance, depot preparations have been
developed, e.g., fluphenazine decanoate
(i.m. every 2 weeks) and haloperidol dec-
anoate (i.m. every 4 weeks), which yield sta-
ble blood levels for the period indicated.
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— A. Conventional and atypical neuroleptics
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o Psychotomimetics (Psychedelics,
Hallucinogens)

Psychotomimetics are able to elicit psychic
changes like those manifested in the course
of a psychosis, such as illusionary distortion
of perception and hallucinations. This ex-
perience may be dreamlike in character; its
emotional or intellectual transposition ap-
pears incomprehensible to the outsider.

A psychotomimetic effect is pictorially re-
corded in the series of portraits drawn by an
artist under the influence of lysergic acid
diethylamide (LSD). As the intoxicated state
waxes and wanes wavelike, he reports see-
ing the face of the portrayed subject turn
into a grimace, phosphoresce bluish-purple,
and fluctuate in size as if viewed through a
moving zoom lens, creating the illusion of
abstruse changes in proportion and gro-
tesque motion sequences. The diabolic cari-
cature is perceived as threatening.

[llusions also affect the senses of hearing
and smell; sounds (tones) are “experienced”
as floating beams and visual impressions as
odors (“synesthesia”).Intoxicated individuals
see themselves temporarily from the outside
and pass judgment on themselves and their
condition. The boundary between selfand the
environment becomes blurred. An elating
sense of being one with the other and the
cosmos sets in. The sense of time is sus-
pended; there is neither present nor past. Ob-
jects are seen that do not exist, and experien-
ces are felt that transcend explanation, hence
the term “psychedelic” (Greek delosis = reve-
lation) implying expansion of consciousness.

The contents of such illusions and halluci-
nations can occasionally become extremely
threatening (a “bad trip” or “bum trip”); the
individual may feel provoked to turn violent
or to commit suicide. Intoxication is fol-
lowed by a phase of intense fatigue, feelings
of shame, and humiliating emptiness.

The mechanism of the psychotogenic ef-
fect remains unclear. LSD and some natural
hallucinogens such as psilocin, psilocybin
(from fungi), bufotenin (the cutaneous gland

secretion of a toad), and mescaline (from the
Mexican cactus Anhalonium lewinii—peyote)
bear structural resemblance to 5HT (p.120)
and chemically synthesized amphetamine-
derived hallucinogens (4-methyl-2,5-dime-
thoxyamphetamine, 3,4-dimethoxyamphet-
amine, 2,5-dimethoxy-4-ethylamphet-
amine) that are thought to interact with
the agonist recognition site of the 5-HT,a
receptor. Conversely, most of the psychoto-
mimetic effects are annulled by neuroleptics
having 5-HT,, antagonist activity (e.g., clo-
zapine, risperidone). The structures of other
agents such as tetrahydrocannabinol (from
the hemp plant, Cannabis sativa—hashish,
marihuana), muscimol (from the fly agaric,
Amanita muscaria), or phencyclidine (for-
merly used as injectable general anesthetic)
do not reveal a similar connection. Hallucina-
tions may also occur as adverse effects after
intake of other substances, e.g., scopolamine
(medieval witches’ ointment) and other cen-
trally-active parasympatholytics. Naturally
occurring hallucinogens are employed by
priests (shamans) of nature religions to
achieve a trance state. Synthetic LSD was
popular among artists in the 1960s; “psyche-
delic art” denotes pictorial representation of
experiential spaces and hallucinatory signs
that elude rational comprehension.

In addition, other drugs that do not act as
primary hallucinogens, such as methylene-
dioxyamphetamine derivatives (e.g., 3,4-
dimethylene-dioxymethamphetamine, “Ec-
stasy”) and cocaine pose a health risk. The
acute intoxication is associated with a mis-
perception of reality, a period of exhaustion
follows. After prolonged use, dependence
develops associated with intellectual degra-
dation and physical decay. Withdrawal ther-
apy is very dif cult. Marihuana frequently
serves as an entry-level recreational sub-
stance for hard drugs.

Psychotomimetics are devoid of therapeu-
tic value; however, since their use leads to
toxic effects and permanent damage, their
manufacture and commercial distribution
are prohibited (Schedule [, Controlled Drugs).
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— A. Psychotomimetic effect of LSD in a portrait artist
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o Hypothalamic and Hypophyseal
Hormones

The endocrine system is controlled by the
brain. Nerve cells of the hypothalamus
synthesize and release messenger substan-
ces that regulate adenohypophyseal (AH)
hormone release or that are themselves
secreted into the body as hormones. The
latter comprise the so-called neurohypo-
physeal (NH) hormones.

The axonal processes of hypothalamic
neurons project to the neurohypophysis,
where they store the nonapeptides vasopres-
sin (= antidiuretic hormone, ADH) and oxy-
tocin and release them on demand into the
blood. Therapeutically (ADH, p.168, oxyto-
cin, p.130), these peptide hormones are giv-
en parenterally or via the nasal mucosa.

The hypothalamic releasing hormones
are peptides. They reach their target cells in
the AH lobe by way of a portal vascular route
consisting of two serially connected capillary
beds. The first of these lies in the hypophy-
seal stalk, the second corresponds to the
capillary bed of the AH lobe. Here, the hypo-
thalamic hormones diffuse from the blood to
their target cells, whose activity they control.
Hormones released from the AH cells enter
the blood, in which they are distributed to
peripheral organs (1).

Nomenclature of releasing hormones.
(RH - releasing hormone; RIH - release-in-
hibiting hormone.)

GnRH, gonadotropin-RH = gonadorelin:
stimulates the release of FSH (follicle-stim-
ulating hormone) and LH (luteinizing hor-
mone).

TRH, thyrotropin-RH (protirelin): stimu-
lates the release of TSH (thyroid-stimulating
hormone = thyrotropin).

CRH, corticotropin-RH: stimulates the re-
lease of ACTH (adrenocorticotropic hormone
= corticotropin).

GRH, growth hormone-RH = somatorelin:
stimulates the release of GH (growth hor-
mone = STH, somatotropic hormone).

GRIH = somatostatin: inhibits release of
STH (and also other peptide hormones in-
cluding insulin, glucagon and gastrin).

PRIH inhibits the release of prolactin and
is identical with dopamine.

Therapeutic control of AH cells. GnRH is
used in hypothalamic infertility in women to
stimulate FSH and LH secretion and to in-
duce ovulation. For this purpose, it is neces-
sary to mimic the physiological intermittent
release (“pulsatile,” approximately every 90
minutes) by means of a programmed infu-
sion pump.

Gonadorelin superagonists are GnRH
analogues that bind with very high avidity
to GnRH receptors of AH cells. As a result of
the nonphysiological uninterrupted receptor
stimulation, initial augmentation of FSH and
LH output is followed by a prolonged de-
crease. Buserelin, leuprorelin, goserelin, and
triptorelin are used to shut down gonadal
function in this manner (“chemical castra-
tion,” e.g., in advanced prostatic carci-
noma). Gonadorelin receptor antagonists,
such as cetrorelix and ganirelix, block the
GnRH receptors of AH cells and thus cause
cessation of gonadotropin release (2).

The dopamine D, agonists, bromocrip-
tine and cabergoline (p.116), inhibit prolac-
tin-releasing AH cells (indications: suppres-
sion of lactation, prolactin-producing tu-
mors). Excessive, but not normal, growth
hormone release can also be inhibited (indi-
cation: acromegaly).

Octreotide is a somatostatin analogue; it
is used in the treatment of somatostatin-
secreting pituitary tumors.

Growth hormone requires mediation by
somatomedins for many of its actions. These
are chiefly formed in the liver, including the
important somatomedin C (= insulin-like
growth factor 1, IGF-1). Pegvisomant is a
newly developed antagonist at the GH re-
ceptor and inhibits the production of IGF-1.
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O Thyroid Hormone Therapy

Thyroid hormones accelerate metabolism.
Their release (A) is regulated by the hypo-
physeal glycoprotein TSH, whose release, in
turn, is controlled by the hypothalamic tri-
peptide TRH. Secretion of TSH declines as the
blood level of thyroid hormones rises; by
means of this negative feedback mechanism,
hormone production is “automatically” ad-
justed to demand.

The thyroid releases predominantly thy-
roxine (T4). However, the active form ap-
pears to be triiodothyronine (Ts); T4 is con-
verted in part to Ts, receptor af nity in target
organs being 10-fold higher for Ts. The effect
of T; develops more rapidly and has a short-
er duration than does that of T4 Plasma
elimination t,, for T4 is about 7 days; that
for Ts, however, is only 1.5 days. Conversion
of T4 to T; releases iodide; 150 pg T4 contains
100 pg of iodine.

For therapeutic purposes, T4 is chosen,
although T3 is the active form and better
absorbed from the gut. With T, administra-
tion, more constant blood levels can be
achieved because T4 degradation is so slow.
Since T4 absorption is maximal from an
empty stomach, T4 is taken about half an
hour before breakfast.

Replacement therapy of hypothyroidism.
Whether primary, i. e., caused by thyroid dis-
ease, or secondary, i.e., resulting from TSH
deficiency, hypothyroidism is treated by oral
administration of T4. Since too rapid activa-
tion of metabolism entails the hazard of car-
diac overload (angina pectoris, myocardial
infarction), therapy is usually started with
low doses and gradually increased. The final
maintenance dose required to restore a eu-
thyroid state depends on individual needs
(~150 pg/day).

Thyroid suppression therapy of euthyroid
goiter (B). The cause of goiter (struma) is
usually a dietary deficiency of iodine. Owing
to increased TSH action, the thyroid is acti-

vated to raise utilization of the little iodine
available to a level at which hypothyroidism
is averted. Accordingly, the thyroid increases
in size. In addition, intrathyroid depletion of
iodine stimulates growth.

Because of the negative feedback regula-
tion of thyroid function, thyroid activation
can be inhibited by administration of T,
doses equivalent to the endogenous daily
output (~ 150 pg/day). Deprived of stimula-
tion, the inactive thyroid regresses in size.

If a euthyroid goiter has not persisted for
too long, increasing iodine supply (with po-
tassium iodide tablets) can also be effective
in reversing overgrowth of the gland.

In older patients with goiter due to iodine
deficiency, there is a risk of provoking hyper-
thyroidism by increasing iodine intake
(p.243B). During chronic maximal stimula-
tion, thyroid follicles can become indepen-
dent of TSH stimulation (“autonomic tissue”
containing TSH receptor mutants with spon-
taneous “constitutive activity”). If the iodine
supply is increased, thyroid hormone pro-
duction increases while TSH secretion de-
creases owing to feedback inhibition. The
activity of autonomic tissue, however, per-
sists at a high level; thyroxine is released in
excess, resulting in iodine-induced hyper-
thyroidism.

lodized salt prophylaxis. Goiter is endemic
in regions where soils are deficient in iodine.
Use of iodized table salt allows iodine re-
quirements (150-300 pg/day) to be met
and effectively prevents goiter.
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o Hyperthyroidism and Antithyroid
Drugs

Thyroid overactivity in Graves disease (A)
results from formation of IgG antibodies that
bind to and activate TSH receptors. Conse-
quently, there is overproduction of hormone
with cessation of TSH secretion. Graves dis-
ease can abate spontaneously after 1-2
years; therefore, initial therapy consists in
reversible suppression of thyroid activity by
means of antithyroid drugs. In other forms of
hyperthyroidism, such as hormone-produc-
ing (morphologically benign) thyroid adeno-
ma, the preferred therapeutic method is re-
moval of tissue, either by surgery or by ad-
ministration of iodine-131 (**1) in suf cient
dosage. Radioiodine is enriched in thyroid
cells and destroys tissue within a sphere of
a few millimeters by emitting B-particles
(electrons) during its radioactive decay.
Antithyroid drugs inhibit thyroid func-
tion. Release of thyroid hormone (C) is pre-
ceded by a chain of events. A membrane Na*/
" symporter actively accumulates iodide in
thyroid cells (the required energy comes
from a Na*/K'-ATPase located in the baso-
lateral membrane region); this is followed
by oxidation to iodine, iodination of tyrosine
residues in thyroglobulin, conjugation of two
diiodotyrosine groups, and formation of T,
moieties. These reactions are catalyzed by
thyroid peroxidase, which is localized in
the apical border of the follicular cell mem-
brane. T4-containing thyroglobulin is stored
inside the thyroid follicles in the form of
thyrocolloid. Upon endocytotic uptake, col-
loid undergoes lysosomal enzymatic hydro-
lysis, enabling thyroid hormone to be re-
leased as required. A “thyrostatic” effect
can result from inhibition of synthesis or
release. When synthesis is arrested, the an-
tithyroid effect develops after a delay, as
stored colloid continues to be utilized.

Antithyroid drugs for long-term therapy
(C). Thiourea-derivatives (thioamides) in-
hibit peroxidase and, hence, hormone syn-
thesis. To restore a euthyroid state, two ther-
apeutic principles can be applied in Graves
disease: (a) monotherapy with a thioamide,
with gradual dose reduction as the disease
abates; (b) administration of high doses of a
thioamide, with concurrent administration
of thyroxine to offset diminished hormone
synthesis. Adverse effects of thioamides are
rare, but the possibility of agranulocytosis
has to be kept in mind.

Perchlorate, given orally as the sodium
salt, inhibits the iodide pump. Adverse reac-
tions include aplastic anemia. Compared
with thioamides, its therapeutic importance
is low.

Short-term thyroid suppression (C). lodine
in high dosage (> 6000 pg/day) exerts a tran-
sient “thyrostatic” effect in hyperthyroid, but
usually not in euthyroid, individuals. Since
release is also blocked, the effect develops
more rapidly than does that of thioamides.

Clinical applications include preoperative
suppression of thyroid secretion according
to Plummer with Lugol’s solution (5% iodine
+ 10% potassium iodide, 50-100 mg iodine/
day for a maximum of 10 days). In thyrotoxic
crisis, Lugol’s solution is given together with
thioamides and B-blockers. Adverse effects:
allergies. Contraindications: iodine-induced
thyrotoxicosis.

Lithium ions inhibit thyroxine release.
Lithium salts can be used instead of iodine
for rapid thyroid suppression in iodine-in-
duced thyrotoxicosis. Regarding administra-
tion of lithium in manic-depressive illness,
see p.230.
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O Glucocorticoid Therapy

I. Replacement Therapy

The adrenal cortex (AC) produces the gluco-
corticoid cortisol (hydrocortisone) in the zo-
na fasciculata and the mineralocorticoid al-
dosterone in the zona glomerulosa. Both ste-
roid hormones are vitally important in adap-
tation responses to stress situations, such as
disease, trauma, or surgery. Cortisol secre-
tion is stimulated by hypophyseal ACTH; al-
dosterone secretion by angiotensin II in par-
ticular (p.128). In AC failure (primary adre-
nocortical insuf ciency; Addison disease),
both cortisol and aldosterone must be re-
placed; when ACTH production is deficient
(secondary adrenocortical insuf ciency), cor-
tisol alone needs to be replaced. Cortisol is
effective when given orally (30 mg/day, 2/3
a.m., 1/3 p.m.). In stress situations, the dose is
raised 5- to 10-fold. Aldosterone is poorly ef-
fective via the oral route; instead, the miner-
alocorticoid fludrocortisone (0.1 mg/day) is
given.

Il. Pharmacodynamic Therapy with
Glucocorticoids (A)

In unphysiologically high concentrations,
cortisol or other glucocorticoids suppress
all phases (exudation, proliferation, scar for-
mation) of the inflammatory reaction, i.e.,
the organism’s defensive measures against
foreign or noxious matter. This effect is
mediated by multiple components, all of
which involve alterations in gene transcrip-
tion (p.64) Thus, synthesis of the anti-in-
flammatory protein lipocortin (macrocortin)
is stimulated. Lipocortin inhibits the enzyme
phospholipase A,. Consequently, release of
arachidonic acid is diminished, along with
the formation of inflammatory mediators of
the prostaglandin and leukotriene series
(pp.196, 200). Conversely, glucocorticoids
inhibit synthesis of several proteins that par-
ticipate in the inflammatory process, includ-
ing interleukins (p.304) and other cytokines,
phospholipase A, (p.196), and cyclooxyge-
nase-2 (p.200). At very high dosage, non-

genomic effects via membrane-bound re-
ceptors may also contribute.

Desired effects. As antiallergics, immunosup-
pressants, or anti-inflammatory drugs, gluco-
corticoids display excellent ef cacy against
“undesired” inflammatory reactions, such as
allergy, rheumatoid arthritis, etc.

Unwanted effects. With short-term use, glu-
cocorticoids are practically free of adverse
effects, even at the highest dosage. Long-
term use is likely to cause changes mimicking
the signs of Cushing syndrome (endogenous
overproduction of cortisol). Sequelae of the
anti-inflammatory action are lowered resis-
tance toinfectionand delayed wound healing.
Sequelae of exaggerated glucocorticoid action
are (a)increased gluconeogenesis and release
of glucose, insulin-dependent conversion of
glucose to triglycerides (adiposity mainly no-
ticeable in the face, neck, and trunk),and “ste-
roid-diabetes” ifinsulinreleaseisinsuf cient;
(b)increased protein catabolismwithatrophy
of skeletal musculature (thin extremities), 0s-
teoporosis, growth retardation in infants, and
skin atrophy. Sequelae of the intrinsically
weak, but now manifest, mineralocorticoid
action of cortisol are salt and fluid retention,
hypertension, edema; and KCl loss with dan-
ger of hypokalemia. Psychic changes, chiefly
inthe form of euphoric or manic mood swings,
also need to be taken into account during
chronic intake of glucocorticoids.

Measures for attenuating or preventing
drug-induced Cushing syndrome. (a) Use
of cortisol derivatives with less (e.g.,
prednisolone) or negligible mineralocorticoid
activity (e.g., triamcinolone, dexametha-
sone). Glucocorticoid activity of these con-
geners is more pronounced. Glucocorticoid,
anti-inflammatory, and feedback-inhibitory
(p.246) actions on the hypophysis are cor-
related. An exclusively anti-inflammatory
congener does not exist. The “glucocorti-
coid”-related Cushinglike symptoms cannot
be avoided. The table opposite lists relative
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activity (potency) with reference to cortisol,
whose mineralocorticoid and glucocorticoid
activities are assigned a value of 1.0. All
listed glucocorticoids are effective orally.

(b) Local application. This enables thera-
peutically effective concentrations to be built
up at the site of application without a corre-
sponding systemic exposure. Glucocorticoids
that are subject to rapid biotransformation
and inactivation following diffusion from
the site of action are the preferred choice.
Thus, inhalational administration employs
glucocorticoids with a high presystemic
elimination such as beclomethasone dipro-
pionate, budesonide, flunisolide, or flutica-
sone propionate (p. 14). Adverse effects, how-
ever, also occur locally: e. g., with inhalational
use, oropharyngeal candidiasis (thrush) and
hoarseness; with cutaneous use, skin atro-
phy, striae, telangiectasias and steroid acne;
and with ocular use, cataracts and increased
intraocular pressure (glaucoma).

(c) Lowest dosage possible. For long-term
medication, a just-suf cient dose should be
given. However, in attempting to lower the
dose to the minimally effective level, it is
necessary to take into account that admin-
istration of exogenous glucocorticoids will
suppress production of endogenous cortisol
owing to activation of an inhibitory feedback
mechanism. In this manner, a very low dose
could be “buffered,” so that unphysiologi-
cally high glucocorticoid activity and the
anti-inflammatory effect are both prevented.

Effect of glucocorticoid administration on
adrenocortical cortisol production (A). Re-
lease of cortisol depends on stimulation by
hypophyseal ACTH, which in turn is con-
trolled by hypothalamic corticotropin-re-
leasing hormone (CRH). In both in the hypo-
physis and hypothalamus there are cortisol
receptors through which cortisol can exert a
feedback inhibition of ACTH or CRH release.
By means of these cortisol “sensors,” the
regulatory centers can monitor whether
the actual blood level of the hormone corre-
sponds to the “set-point.” If the blood level

exceeds the set-point, ACTH output is de-
creased and thus also the cortisol produc-
tion. In this way, cortisol level is maintained
within the required range. The regulatory
centers respond to synthetic glucocorticoids
as they do to cortisol. Administration of
exogenous cortisol or any other glucocorti-
coid reduces the amount of endogenous cor-
tisol needed to maintain homeostasis. Re-
lease of CRH and ACTH declines (“inhibition
of higher centers by exogenous glucocorti-
coid”) and, hence, cortisol secretion (“adre-
nocortical suppression”). After weeks of
exposure to unphysiologically high glucocor-
ticoid doses, the cortisol-producing portions
of the adrenal cortex shrink (“adrenocortical
atrophy”). Aldosterone-synthesizing ca-
pacity remains unaffected, however. When
glucocorticoid medication is suddenly with-
held, the atrophic cortex is unable to pro-
duce suf cient cortisol and a potentially life-
threatening cortisol deficiency may develop.
Therefore, glucocorticoid therapy should al-
ways be tapered off by gradual reduction of
the dosage.

Regimens for prevention of adrenocortical
atrophy. Cortisol secretion is high in the
early morning and low in the late evening
(circadian rhythm). Accordingly, sensitivity
to feedback inhibition must be high in the
late evening.

(a) Circadian administration: The daily
dose of glucocorticoid is given in the morn-
ing. Endogenous cortisol production will al-
ready have begun, the regulatory centers
being relatively insensitive to inhibition. In
the early morning hours of the next day, CRF/
ACTH release and adrenocortical stimulation
will resume.

(b) Alternate day therapy: Twice the daily
dose is given on alternate mornings. On the
“off” day, endogenous cortisol production is
allowed to occur.

The disadvantage with either regimen is a
recrudescence of disease symptoms during
the glucocorticoid-free interval.
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O Androgens, Anabolic Steroids,
Antiandrogens

Androgens are masculinizing substances.
The endogenous male gonadal hormone is
the steroid testosterone from the interstitial
Leydig cells of the testis. Testosterone secre-
tion is stimulated by hypophyseal luteinizing
hormone (LH), whose release is controlled
by hypothalamic GnRH (gonadorelin,
p.238). Release of both hormones is subject
to feedback inhibition by circulating testo-
sterone. Reduction of testosterone to dihy-
drotestosterone occurs in most target organs
(e.g., the prostate gland); the latter pos-
sesses higher af nity for androgen receptors.
Rapid intrahepatic degradation (plasma
ty,~15 minutes) yields androsterone among
other metabolites (17-ketosteroids) that are
eliminated as conjugates in the urine. Be-
cause of rapid hepatic metabolism, testoster-
one is unsuitable for oral use. Although it is
well absorbed, it undergoes virtually com-
plete presystemic elimination.

Testosterone (T.) derivatives for clinical
use. Because of its good tissue penetrability,
testosterone is well suited for percutaneous
administration in the form of a patch (trans-
dermal delivery system, p.18). T. esters for i.
m. depot injection are T. propionate and T.
heptanoate (or enanthate). These are given
in oily solution by deep intramuscular injec-
tion. Upon diffusion of the ester from the
depot, esterases quickly split off the acyl
residue to yield free T. With increasing lipo-
philicity, esters will tend to remain in the
depot, and the duration of action therefore
lengthens. A T. ester for oral use is the unde-
canoate. Owing to the fatty acid nature of
undecanoic acid, this ester is absorbed into
the lymph, enabling it to bypass the liver and
enter the general circulation via the thoracic
duct. 17-a Methyltestosterone is effective by
the oral route owing to its increased meta-
bolic stability, but because of the hepatotox-
icity of C17-alkylated androgens (cholestasis,
tumors) its use should be avoided.

Orally active mesterolone is 1-a-methyldi-
hydrotestosterone.

Indication: for hormone replacement in
deficiency of endogenous T. production.

Anabolics are testosterone derivatives
(e.g., clostebol, metenolone, nandrolone, sta-
nozolol) that are used in debilitated patients,
and are misused by athletes, because of their
protein anabolic effect. They act via stimula-
tion of androgen receptors and, thus, also
display androgenic actions (e. g., virilization
in females, suppression of spermatogenesis).

Inhibitory Principles

GnRH superagonists (p.238), such as buser-
elin, leuprolin, goserelin, and triptorelin, are
used in patients with metastasizing prostate
cancer to inhibit production of testosterone
which promotes tumor growth. Following a
transient stimulation, gonadotropin release
subsides within a few days and testosterone
levels fall as low as after surgical removal of
the testes.

Androgen receptor antagonists. The anti-
androgen cyproterone is a competitive an-
tagonist of testosterone. By virtue of an addi-
tional progestin action, it decreases secre-
tion of gonadotropins. Indications: in the
male, dampening of sexual drive in hyper-
sexuality, prostatic cancer; in the female,
treatment of virilization phenomena, if nec-
essary, with concomitant utilization of the
gestagen contraceptive effect.

Flutamide and bicalutamide are structur-
ally different androgen receptor antagonists
lacking progestin activity.

Finasteride and dutasteride inhibit 50~
reductase, the enzyme responsible for con-
verting T. to dihydrotestosterone (DHT).
Thus, androgenic stimulation is reduced in
those tissues where DHT is the active species
(e.g., the prostate). T.-dependent tissues and
functions are not or hardly affected: e.g.,
skeletal musculature, feedback inhibition of
gonadotropin release, or libido. Both can be
used in benign prostatic hyperplasia to
shrink the gland and to improve micturition.
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O Follicular Growth and Ovulation,
Estrogen and Progestin Production

Follicular maturation and ovulation, as well
as the associated production of female gona-
dal hormones, are controlled by the hypo-
physeal gonadotropins FSH (follicle-stimu-
lating hormone) and LH (luteinizing hor-
mone). In the first half of the menstrual
cycle, FSH promotes growth and maturation
of ovarian tertiary follicles that respond with
accelerating synthesis of estradiol. Estradiol
stimulates endometrial growth and in-
creases the permeability of cervical mucus
for sperm cells. When the estradiol blood
level approaches a predetermined set-point,
FSH release is inhibited owing to feedback
action on the anterior hypophysis. Since fol-
licle growth and estrogen production are
correlated, hypophysis and hypothalamus
can “monitor” the follicular phase of the
ovarian cycle through their estrogen recep-
tors. Immediately prior to ovulation, when
the nearly mature tertiary follicles are pro-
ducing a high concentration of estradiol, the
control loop switches to positive feedback.
LH secretion transiently surges to peak levels
and triggers ovulation. Within hours after
ovulation, the tertiary follicle develops into
the corpus luteum, which then also releases
progesterone in response to LH. This initiates
the secretory phase of the endometrial cycle
and lowers the permeability of cervical mu-
cus. Nonruptured follicles continue to re-
lease estradiol under the influence of FSH.
After two weeks, production of progesterone
and estradiol subsides, causing the secretory
endometrial layer to be shed (menstruation).

The natural hormones are unsuitable for
oral application because they are subject to
presystemic hepatic elimination. Estradiol is
converted via estrone to estriol; by conjuga-
tion, all three can be rendered water-soluble
and amenable to renal excretion. The major
metabolite of progesterone is pregnanediol,
which is also conjugated and eliminated re-
nally.

Estrogen preparations. Depot preparations
for i.m. injection are oily solutions of esters
of estradiol (3- or 17-OH group). The hydro-
phobicity of the acyl moiety determines the
rate of absorption, hence the duration of
effect. Released ester is hydrolyzed to yield
free estradiol.

Orally used preparations. Ethinylestradiol
(EE) is more stable metabolically, passes the
liver after oral intake and mimics estradiol at
estrogen receptors. Mestranol itself is inac-
tive; however, cleavage of the C3 methoxy
group again yields EE. In oral contraceptives,
one of the two agents forms the estrogen
component (p.252). (Sulfate-) Conjugated es-
trogens (excretory products) can be ex-
tracted from equine urine and are used in
the therapy of climacteric complaints. Their
effectiveness is a matter of debate. Estradiol
transdermal delivery systems are available.

Progestin preparations. Depot formula-
tions for i.m. injection are 17-a-hydroxy-
progesterone caproate and medroxyproges-
terone acetate. Preparations for oral use
are derivatives of ethinyltestosterone =
ethisterone (e.g., norethisterone, dimethis-
terone, lynestrenol, desogestrel, gestoden),
or of 17a-hydroxyprogesterone acetate
(e.g., chlormadinone acetate or cyproterone
acetate).

Indications for estrogens and progestins in-
clude hormonal contraception (p.252); hor-
mone replacement, as in postmenopausal
women for prophylaxis of osteoporosis;
bleeding anomalies; menstrual and severe
climacteric complaints.

Adverse effects. After long-term intake of
estrogen/progestin preparations, increased
risks have been reported for breast cancer,
coronary heart disease, stroke, and throm-
boembolism. Although the incidence of bone
fractures also decreases, the risk-benefit re-
lationship is unfavorable. Concerning the ad-
verse effects of oral contraceptives, see p. 252.
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O Oral Contraceptives

Inhibitors of ovulation. Negative feedback
control of gonadotropin release can be uti-
lized to inhibit the ovarian cycle. Adminis-
tration of exogenous estrogens (ethinyles-
tradiol or mestranol) during the first half of
the cycle permits FSH production to be sup-
pressed (as it is by administration of proges-
tins alone). Owing to the reduced FSH stim-
ulation of tertiary follicles, maturation of
follicles and hence ovulation are pre-
vented. In effect, the regulatory brain cen-
ters are deceived, as it were, by the elevated
estrogen blood level, which signals normal
follicular growth and a decreased require-
ment for FSH stimulation. If estrogens alone
are given during the first half of the cycle,
endometrial and cervical responses, as well
as other functional changes, will occur in the
normal fashion. By adding a progestin
(p.250) during the second half of the cycle,
the secretory phase of the endometrium and
associated effects can be elicited. Discontin-
uance of hormone administration would be
followed by menstruation.

The physiological time course of estrogen-
progesterone release is simulated in the so-
called biphasic (sequential) preparations
(A). In monophasic preparations, estrogen
and progestin are taken concurrently. Early
administration of progestin reinforces the
inhibition of CNS regulatory mechanisms,
prevents both normal endometrial growth
and conditions for ovum implantation, and
decreases penetrability of cervical mucus to
sperm cells. The two latter effects also act to
prevent conception. According to the staging
of progestin administration, one distin-
guishes (A): one-, two-, and three-stage
preparations. Even with one-stage prepara-
tions, “withdrawal bleeding” occurs when
hormone intake is discontinued (if neces-
sary, by substituting dummy tablets).

Unwanted effects. An increased risk of
thromboembolism is attributed to the estro-
gen component in particular but is also as-
sociated with certain progestins (gestoden

and desogestrel). The risk of myocardial in-
farction, stroke, and benign liver tumors is
elevated. Nonetheless, the absolute preva-
lence of these events is low. Predisposing
factors (family history, cigarette smoking,
obesity, and age) have to be taken into ac-
count. The overall risk of malignant tumors
does not appear to be increased. In addition,
hypertension, fluid retention, cholestasis,
nausea, and chest pain, are reported.

Minipill. Continuous low-dose administra-
tion of progestin alone can prevent preg-
nancy. Ovulations are not suppressed regu-
larly; the effect is then due to progestin-
induced alterations in cervical and endome-
trial function. Because of the need for con-
stant intake at the same time of day, a lower
success rate, and relatively frequent bleed-
ing anomalies, these preparations are now
rarely employed.

“Morning- after” pill. This refers to admin-
istration of a high dose of estrogen and pro-
gestin, preferably within 12-24 hours, but
no later than 72 hours after coitus. The
mechanism of action is unclear.

Stimulation of ovulation. Gonadotropin se-
cretion can be increased by pulsatile delivery
of GnRH (p.238). Regarding clomifene, see
p.254; whereas this substance can be given
orally, the gonadotropins presented below
must be given parenterally. HMG is human
menopausal gonadotropin extracted from
the urine of postmenopausal women. Owing
to the cessation of ovarian function, gonado-
tropins show elevated blood levels and pass
into urine in utilizable quantities. HMG (me-
notropins) consists of FSH and LH. HCG is
human chorionic gonadotropin; it is ob-
tained from the urine of pregnant women
and acts like LH. Recombinant FSH (follitro-
pin) and LH are available.
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O Antiestrogen and Antiprogestin
Active Principles

Selective estrogen receptor modulators
(SERMs) (A). Estrogen receptors belong to
the group of transcription-regulating recep-
tors (p.64). The female gonadal hormone
estradiol is an agonist at these receptors.
Several drugs are available that can produce
estrogen-antagonistic effects. Interestingly,
these are associated with estrogen-agonistic
effects in certain tissues. A tentative explan-
ation derives from the idea that each ligand
induces a specific conformation of the estro-
gen receptor. The ligand-estrogen receptor
complexes combine with co-activators or re-
pressors at specified gene sequences. The
pattern of co-regulators differs from tissue
to tissue, allowing each SERM to generate a
tissue-specific activity. It is of therapeutic
significance that the patterns of estrogenic
and antiestrogenic effects differ in a sub-
stance-specific manner among the drugs of
this class.

It is useful to compare the activity profile
of a SERM with that of estradiol, particularly
in relation to effects seen postmenopausally.
During chronic administration of estradiol,
the risk of endometrial cancer rises; co-ad-
ministration of a progestin prevents this ef-
fect. Breast cancers occur more frequently,
likewise thromboembolic diseases. Estradiol
effectively alleviates climacteric hot flashes
and sweating. After chronic treatment it re-
duces the incidence of osteoporotic bone
fractures by preventing the loss of an estro-
gen-dependent portion of bone mass. None-
theless, estrogens can no longer be recom-
mended for this purpose because of the un-
favorable benefit-risk constellation (p.330).

Clomifene is a stilbene derivative used
orally for the therapy of female infertility.
Owing to its antagonistic action at estrogen
receptors in the adenohypophysis, feedback
inhibition by estradiol of gonadotropin se-
cretion is suppressed. The resulting increase
in release of FSH induces augmented matu-
ration of oocyte follicles. For instance, clomi-

fene can be used for the treatment of luteal
phase defects associated with disturbances
of follicular maturation or the treatment of
polycystic ovary syndrome. Since its use is
confined to a few selected days during the
ovarian cycle, chronic effects need not be
considered.

Tamoxifen is a stilbene derivative that is
used in metastasizing breast cancer to block
the estrogenic stimulus for tumor cell
growth. As a mixed estrogenic antagonist/
partial agonist, tamoxifen promotes rather
than ameliorates climacteric complaints; at
the same time it displays agonistic features
that are of concern as a potential risk factor
when use of the drug for the prophylaxis of
breast cancer is being considered.

Raloxifene is approved for use in the
treatment and prophylaxis of osteoporosis.
As shown in the table opposite, it has other
beneficial as well as adverse effects.

The estrogen receptor antagonist fulves-
trant is devoid of agonist activities and, giv-
en as a monthly injection may be used to
delay progression of breast cancer. It causes
downregulation and degradation of the es-
trogen receptor protein.

Progestin receptor antagonist (B). Approx-
imately one week after conception, the em-
bryo implants itself into the endometrium in
the form of the blastocyst. By secreting hu-
man chorionic gonadotropin (HCG, mainly
LH), the trophoblast maintains the corpus
luteum and secretion of progesterone and
thereby prevents menstrual bleeding. Mife-
pristone is an antagonist at progestin recep-
tors and prevents maintenance of the endo-
metrium during early pregnancy. Conse-
quently, it acts as an abortifacient in early
pregnancy. Its use has provoked medical de-
bates (comparison of adverse reactions to
mifepristone vs. surgical intervention) and
aroused ethical-ideological conflicts.
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O Aromatase Inhibitors

Aromatase inhibitors constitute an addi-
tional antiestrogenic principle that is based
upon inhibition of estrogen formation. They
are used chiefly in the therapy of advanced
breast cancer when the tumor has become
insensitive to estrogen and the patient has
completed menopause. However, one agent
in this class (anastrozole) was recently li-
censed for use in early breast cancer.

Aromatase. The enzyme converts androgens
such as testosterone and androstenedione
into the estrogens estradiol and estrone. This
reaction involves cleavage of the methyl
group at C10 and aromatization of ring A.
Aromatase is a cytochrome P450-containing
enzyme (isozyme CYP19). During the female
reproductive phase, the major portion of cir-
culating estrogens originates from the ova-
ries, where estradiol is synthesized in the
granulosa cells of the maturing tertiary fol-
licles. Theca cells surrounding the granulosa
cells supply androgen precursors. FSH stim-
ulates formation of estrogens by inducing
the synthesis of aromatase in granulosa cells.
An isoform of the enzyme 17f3-hydroxyste-
roid dehydrogenase (17B-HSD 1) catalyzes
the conversion of androstenedione to testo-
sterone and of estrone to estradiol. After
menopause, ovarian function ceases. How-
ever, estrogens do not disappear completely
from the blood because they continue to
enter the circulation from certain other tis-
sues, in particular the subcutaneous adipose
tissue, which produces estrone. In hormone-
dependent breast cancers, tumor growth is
thereby promoted. In addition, breast cancer
cells themselves may be capable of produc-
ing estrogens via aromatase.

Aromatase inhibitors serve to eliminate ex-
traovarian synthesis of estrogens in breast
cancer patients. This can be achieved effec-
tively only in postmenopause because, as an
FSH-dependent enzyme, ovarian aromatase
is subject to feedback regulation of female

gonadal hormones. A drop in blood estradiol
concentration would lead to increased re-
lease of FSH with a compensatory increase
in synthesis of aromatase and estrogens.

Two groups of inhibitors can be distin-
guished on the basis of chemical structure
and mechanism of action. Steroidal inhibitors
(formestane, exemestane) attach to the an-
drogen binding site on the enzyme and in
the form of intermediary products give rise
to an irreversible inhibition of the enzyme.
Nonsteroidal inhibitors (anastrozole, letro-
zole) attach to a different binding site of
the enzyme; via their triazole ring they in-
teract reversibly with the heme iron of cyto-
chrome P450.

Among the adverse effects, climacteric-like
complaints predominate, reflecting the de-
cline in estrogen levels. Unlike the SERMs,
tamoxifen, which is used for the same indi-
cation, aromatase inhib