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Preface

This concise review of medical pharmacology is designed for medical students, dental
students, and others in the health care professions. It is intended primarily to help stu-
dents prepare for licensing examinations, such as the United States Medical Licensing
Examination Step 1 (USMLE) and other similar examinations. This book presents con-
densed and succinct descriptions of relevant and current Board-driven information
pertaining to pharmacology without the usual associated details. It is not meant to be
a substitute for the comprehensive presentation of information and difficult concepts
found in standard pharmacology texts.

ORGANIZATION

The sixth edition begins with a chapter devoted to the general principles of drug
action, followed by chapters concerned with drugs acting on the major body systems.
Other chapters discuss autocoids, ergots, anti-inflammatory and immunosuppressive
agents, drugs used to treat anemias and disorders of hemostasis, infectious diseases,
cancer, and toxicology.

Each chapter includes a presentation of specific drugs with a discussion of their
general properties, mechanism of action, pharmacologic effects, therapeutic uses,
and adverse effects. A drug list, tables, and figures summarize essential drug informa-
tion included in all chapters.

Clinically oriented, USMLE-style review questions and answers with explana-
tions follow each chapter to help students assess their understanding of the informa-
tion. Similarly, a comprehensive examination consisting of USMLE-style questions is
included at the end of the book. This examination serves as a self-assessment tool
to help students determine their fund of knowledge and diagnose any weaknesses in
pharmacology.

Key Features

m Updated with current drug information

End-of-chapter review tests feature updated USMLE-style questions
Four-color tables and figures summarize essential information for quick recall
Updated drug lists for each chapter

Additional USMLE-style comprehensive examination questions and
explanations

Gary C. Rosenfeld, PhD
David S. Loose, PhD
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chapter

1 General Principles
of Drug Action

|. DOSE-RESPONSE RELATIONSHIPS

A. Drug effects are produced by altering the normal functions of cells and tissues in the body
via one of the four general mechanisms:
1. Interaction with receptors, naturally occurring target macromolecules that mediate the
effects of endogenous physiologic substances such as neurotransmitters and hormones.
a. Figure 1.1 illustrates the four major classes of drug-receptor interactions, using spe-
cific examples of endogenous ligands.

(1)

(2)

(3)

Ligand-activated ion channels. Figure 1.1A illustrates acetylcholine interacting
with a nicotinic receptor that is a nonspecific Na*/K* transmembrane ion chan-
nel. Interaction of a molecule of acetylcholine with each subunit of the channel
produces a conformational change that permits the passage of Na* and K*. Other
channels that are targets for various drugs include specific Ca®* and K* channels.
G-protein—coupled receptors (Fig. 1.1B-D). G-protein—coupled receptors compose
the largest class of receptors. All the receptors have seven transmembrane seg-
ments, three intracellular loops, and an intracellular carboxy-terminal tail. The
biologic activity of the receptors is mediated via interaction with a number of
G (GTP binding) proteins.

(a) Gog-coupled receptors. Figure 1.1B illustrates a B-adrenoceptor, which when
activated by ligand binding (e.g., epinephrine) exchanges GDP for GTP. This
facilitates the migration of Go, (GOimuawry) and its interaction with adenylyl
cyclase (AC). Gos-bound AC catalyzes the production of cyclic AMP (cAMP) from
adenosine triphosphate (ATP); cAMP activates protein kinase A, which subse-
quently acts to phosphorylate and activate a number of effector proteins. The By
dimer may also activate some effectors. Hydrolysis of the guanosine triphosphate
(GTP) bound to the Go. to guanosine diphosphate (GDP) terminates the signal.

(b) Ga; (Gimminior)-coupled receptors (Fig. 1.1C). Ligand binding (e.g., somatostatin)
to G0y (GOlinnivicory) -cOUupled receptors similarly exchanges GTP for GDP, but Goy
inhibits AC, leading to reduced cAMP production.

(c) G, (and Gy;)-coupled receptors (Fig. 1.1D). G, (and G,,) interact with ligand
(e.g., serotonin)-activated receptors and increase the activity of phos-
pholipase C (PLC). PLC cleaves the membrane phospholipid phosphati-
dylinositol 4,5-bisphosphate (PIP,) to diacylglycerol (DAG) and inositol
1,4,5-triphosphate (IP;). DAG activates protein kinase C, which can subse-
quently phosphorylate and activate a number of cellular proteins; IP; causes
the release of Ca’* from the endoplasmic reticulum into the cytoplasm,
where it can activate many cellular processes.

Receptor-activated tyrosine kinases (Fig. 1.1E). Many growth-related signals

(e.g., insulin) are mediated via membrane receptors that possess intrinsic

tyrosine kinase activity as illustrated for the insulin receptor. Ligand binding

1
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FIGURE 1.1. Four major classes of drug—receptor interactions, with specific examples of endogenous ligands.
A. Acetylcholine interaction with a nicotinic receptor, a ligand-activated ion channel. B-D. G-protein—coupled receptors.
B. Epinephrine interaction with a Goi,-coupled B-adrenoceptor. C. Somatostatin interaction with a Go; (Giaisiory)-cOUpled
receptor. D. Serotonin interaction with a G, (and Gy;)-coupled receptor. E. Insulin interaction with a receptor-activated
tyrosine kinase. F. Cortisol interaction with an intracellular nuclear receptor.

causes conformational changes in the receptor; some receptor tyrosine kinases
are monomers that dimerize upon ligand binding. The liganded receptors then
autophosphorylate tyrosine residues, which recruit cytoplasmic proteins
to the plasma membrane where they are also tyrosine phosphorylated and
activated.

(4) Intracellular nuclear receptors (Fig. 1.1F). Ligands (e.g., cortisol) for nuclear recep-
tors are lipophilic and can diffuse rapidly through the plasma membrane. In the
absence of ligand, nuclear receptors are inactive because of their interaction
with chaperone proteins such as heat-shock proteins like HSP-90. Binding of
ligand promotes structural changes in the receptor that facilitate dissociation of
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FIGURE 1.1. (continued).

chaperones, entry of receptors into the nucleus, hetero- or homodimerization of
receptors, and high-affinity interaction with the DNA of target genes. DNA-bound
nuclear receptors are able to recruit a diverse number of proteins called coactiva-
tors, which subsequently act to increase transcription of the target gene.
2. Alteration of the activity of enzymes by activation or inhibition of the enzyme’s catalytic
activity.
3. Antimetabolite action in which the drug, acting as a nonfunctional analog of a naturally
occurring metabolite, interferes with normal metabolism.
4. Nonspecific chemical or physical interactions such as those caused by antacids, osmotic
agents, and chelators.
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FIGURE 1.1. (continued).

B. The graded dose-response curve expresses an individual’s response to increasing doses of a
given drug. The magnitude of a pharmacologic response is proportional to the number of

receptors with which a drug effectively interacts (Fig. 1.2). The graded dose-response curve
includes the following parameters:

Magnitude of response

1.

Magnitude of response is graded; that is, it continuously increases with the dose up to the
maximal capacity of the system, and it is often depicted as a function of the logarithm of
the dose administered (to see the relationship over a wide range of doses).

2. EDy is the dose that produces the half-maximal response; the threshold dose is that

3

which produces the first noticeable effect.
. Intrinsic activity is the ability of a drug once bound to activate the receptor.
a. Agonists are drugs capable of binding to, and activating, a receptor.
(1) Full agonists occupy receptors to cause maximal activation; intrinsic activity = 1.

Intrinsic activity

EDsq

FIGURE 1.2. Graded dose-response
curve.

Log (drug dose)



TTTEl General Principles of Drug Action 5

Drug A Drug B

@

]

c

)

-3

a

i

S Drug C

[

o '

2 E

[= :

= |

] !

= i

EDg, (A) EDg, (B) = ED,, (C)

FIGURE 1.3. Graded dose-response 6
curves for two agonists (A and B) and
a partial agonist (C). Log (drug dose)

(2)

Partial agonists can occupy receptors but cannot elicit a maximal response. Such
drugs have an intrinsic activity of <1 (Fig. 1.3; drug C).

b. Antagonists bind to the receptor but do not initiate a response; that is, they block the
action of an agonist or endogenous substance that works through the receptor.

(1

(2)

Competitive antagonists combine with the same site on the receptor but their
binding does not activate the receptor (i.e., their intrinsic activity = 0) so they
have no efficacy per se but may cause a pharmacological response in some cases
by inhibiting the actions of endogenous substances or other drugs. Competitive
antagonists may be reversible or irreversible. Reversible, or equilibrium, competi-
tive antagonists are not covalently bound, shift the dose-response curve for the
agonist to the right, and increase the EDs; that is, more agonist is required to elicit
a response in the presence of the antagonist (Fig. 1.4). Because higher doses of
agonist can overcome the inhibition, the maximal response can still be obtained.
Noncompetitive antagonists bind to the receptor at a site other than the agonist-
binding site (Fig. 1.5) and either prevent the agonist from binding correctly or
prevent it from activating the receptor. Consequently, the effective amount of
receptor is reduced. Receptors unoccupied by antagonist retain the same affinity
for agonist, and the EDs, is unchanged.

4. Potency of a drug is the relative measure of the amount of a drug required to produce a
specified level of response (e.g., 50%) compared with other drugs that produce the same
effect via the same receptor mechanism. The potency of a drug is determined by the
affinity of a drug for its receptor and the amount of administered drug that reaches the

FIGURE 1.4. Graded dose-response
curves illustrating the effects of competi-

tive antagonists.

Drug X alone Drug X plus antagonist

Maximum response
unchanged

ED50 — Right

Magnitude of response

Drug X dose (log scale)
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FIGURE 1.5. Graded dose-response

~N

curves illustrating the effects of non-
Drug X dose (log scale) competitive antagonists.

receptor site. The relative potency of a drug can be demonstrated by comparing the EDs,
values of two full agonists; the drug with the lower EDs, is more potent. (For example, in
Fig. 1.3, drug A is more potent than drug B.)

The efficacy of a drug is the ability of a drug to elicit the pharmacologic response. Efficacy
may be affected by such factors as the number of drug-receptor complexes formed, the
ability of the drug to activate the receptor once it is bound (i.e., the drug’s intrinsic activ-
ity), and the status of the target organ or cell.

Slope is measured at the mid-portion of the dose-response curve. The slope varies for
different drugs and different responses. Steep dose-response curves indicate that a small
change in dose produces a large change in response.

Variability reflects the differences between individuals in response to a given drug.
Therapeutic index (TI) relates the desired therapeutic effect to undesired toxicity; it is
determined using data provided by the quantal dose-response curve. The TTis defined as
TDs,/EDsy (i.€., the ratio of the dose that produces a toxic effect in half of the population
to the dose that produces the desired effect in half of the population). Note that the TI
should be used with caution in instances when the quantal dose-response curves for the
desired and toxic effects are not parallel.

The quantal dose-response curve (Fig. 1.6A and B) relates the dosage of a drug to the fre-
quency with which a designated response will occur within a population. The response may
be an “all-or-none” phenomenon (e.g., individuals either do or do not fall asleep after receiv-
ing a sedative) or some predetermined intensity of effect. The quantal dose-response curve
is obtained via transformation of the data used for a frequency distribution plot to reflect
the cumulative frequency of a response. In the context of the quantal dose-response curve,
ED;, indicates the dose of a drug that produces the response in half of the population. (Note
that this differs from the meaning of EDs, in a graded dose-response curve.) For example,
in Figure 1.6B, the ED5, would be 1. The TDs, for a drug would be determined from the mid-
point of a similar curve indicating the cumulative percent of the population showing a toxic
response to a drug.

Il. DRUG ABSORPTION

Drug absorption is the movement of a drug from its site of administration into the bloodstream.
In many cases, a drug must be transported across one or more biologic membranes to reach
the bloodstream.



FIGURE 1.6. A. Frequency distribu-
tion plot. Number of individuals (as
percentage of the population) who
require the indicated drug dose
to exhibit an identical response.
As illustrated, 2.3% of the popula-
tion require 0.01 units to exhibit the
response, 13.7% require 0.1 units,
and so on. B. Quantal dose-response
curve. The cumulative number of
individuals (as a percentage of the
population) who will respond if the
indicated dose of drug is adminis-
tered to the entire population.
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A. Drug transport across membranes

1. Diffusion of unionized drugs is the most common and most important mode of travers-
ing biologic membranes; drugs diffuse passively down their concentration gradient.
Diffusion can be influenced significantly by the lipid-water partition coefficient of the
drug, which is the ratio of solubility in an organic solvent to solubility in an aqueous solu-
tion. In general, absorption increases as lipid solubility (partition coefficient) increases.
Other factors that can also influence diffusion include the concentration gradient of the

drug across the cell membrane and the surface area of the cell membrane.
2. Diffusion of drugs that are weak electrolytes

a. Only the unionized form of a drug can diffuse to any significant degree across biologic

membranes.

b. The degree of ionization of a weak acid or base is determined by the pK of the drug

and pH of its environment according to the Henderson-Hasselbalch equation.

(1) For a weak acid, A,

HAZ H' + A7,
pH = pK + log[A"]/[HA], and
log[A™]/[HA] = pH — pK
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where HA is the concentration of the protonated, or unionized, form of the acid
and A" is the concentration of the ionized, or unprotonated, form.
(2) For a weak base, B,
BH' & H' + B,
pH = pK+ log(B]/[BH], and
log[B]/[BH'] = pH—pK

where BH" is the concentration of the protonated form of the base and B is the
concentration of the unprotonated form.

¢. When the pK of a drug equals the pH of the surroundings, 50% ionization occurs; that
is, equal numbers of ionized and unionized species are present. A lower pK reflects a
stronger acid; a higher pK corresponds to a stronger base.

d. Drugs with different pK values will diffuse across membranes at different rates.

e. The pH of the biologic fluid in which the drug is dissolved affects the degree of ioniza-
tion and, therefore, the rate of drug transport.

f. lon trapping occurs when a drug that is a weak acid or weak base moves between fluid
compartments with different pHs, for example, when a drug given orally is absorbed
from the stomach contents (with a pH of 1 to 2) to plasma with a pH of 7.4. The drug
will tend to accumulate in the fluid compartment in which it is most highly ionized,
i.e., weak acids will tend to accumulate in the fluid with the higher pH and weak bases
in the fluid with the lower pH.

. Active transport is an energy-dependent process that can move drugs against a con-

centration gradient, as in protein-mediated transport systems. Active transport occurs
in only one direction and is saturable. It is usually the mode of transport for drugs that
resemble actively transported endogenous substances such as sugars, amino acids,
and nucleosides. Some transport systems may increase drug transport and the entry
into cells and increase their effects. Other transport systems cause active efflux of drugs
from target cells and decrease their activity, e.g., P-glycoprotein which is also known as
ABCBI1 (ABC = ATP-binding cassette) or MDR1 (MDR = multi-drug resistance).
Filtration is the bulk flow of solvent and solute through channels (pores) in the mem-
brane. Filtration is seen with small molecules (usually with a molecular weight <100)
that can pass through pores. Some substances of greater molecular weight, such as
certain proteins, can be filtered through intercellular channels. Concentration gradients
affect the rate of filtration.

Facilitated diffusion is movement of a substance down a concentration gradient.
Facilitated diffusion is carrier-mediated, specific, and saturable; it does not require
energy.

B. Routes of administration

Oral administration is the most convenient, economical, and common route of adminis-
tration; it is generally safe for most drugs.
a. Sites of absorption

(1) Stomach

(a) Lipid-soluble drugs and weak acids, which are normally unionized at the
low pH (1 to 2) of gastric contents, may be absorbed directly from the
stomach.

(b) Weak bases and strong acids (pK = 2 to 3) are not normally absorbed from
this site since they tend to exist as ions that carry either a positive or negative
charge, respectively.

(2) Small intestine

(a) The small intestine is the primary site of absorption of most drugs because of
the very large surface area across which drugs, including partially ionized
weak acids and bases, may diffuse.

(b) Acids are normally absorbed more extensively from the small intestine than
from the stomach, even though the intestine has a higher pH (approximately 5).
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The bioavailability of a drug is the fraction of drug (administered by any route) that
reaches the bloodstream unaltered (bioavailability = 1 forintravenous administration).
Bioequivalence refers to the condition in which the plasma concentration versus time
profiles of two drug formulations are identical.

(1) The first-pass effect influences drug absorption by metabolism in the liver or by
biliary secretion. After absorption from the stomach or small intestine, a drug
must pass through the liver before reaching the general circulation and its target
site. If the capacity of liver metabolic enzymes to inactivate the drug is great, only
limited amounts of active drug will escape the process. Some drugs are metabo-
lized so extensively as a result of hepatic metabolism during the first pass that it
precludes their use.

(2) Other factors that may alter absorption from the stomach or small intestine
include the following:

(a) Gastric emptying time and passage of drug to the intestine may be influ-
enced by gastric contents and intestinal motility. A decreased emptying time
generally decreases the rate of absorption because the intestine is the major
absorptive site for most orally administered drugs.

(b) Gastrointestinal (Gl) blood flow plays an important role in drug absorption by
continuously maintaining the concentration gradient across epithelial mem-
branes. The absorption of small, very lipid-soluble molecules is “blood flow
limited,” whereas highly polar molecules are “blood flow independent.”

(c) Stomach acid and inactivating enzymes may destroy certain drugs. Enteric
coating prevents breakdown of tablets by the acid pH of the stomach.

(d) Interactions with food, other drugs, and other constituents of the gastric
milieu may influence absorption.

(e) Inert ingredients in oral preparations or the special formulation of those
preparations may alter absorption.

2. Parenteral administration includes three major routes: intravenous (IV), intramuscular (IM),
and subcutaneous (SC). Parenteral administration generally results in more predictable
bioavailability than oral administration.

With IV administration, the drug is injected directly into the bloodstream (100% bio-
available). It represents the most rapid means of introducing drugs into the body and
is particularly useful in the treatment of emergencies when absolute control of drug
administration is essential.

After IM and SC administration, many drugs can enter the capillaries directly through
“pores” between endothelial cells. Depot preparations for sustained release may be
administered by IM or SC routes, but some preparations may cause irritation and
pain.

3. Other routes of administration

Inhalation results in rapid absorption because of the large surface area and rich blood
supply of the alveoli. Inhalation is frequently used for gaseous anesthetics, but it is
generally not practical. Inhalation may be useful for drugs that act on the airways,
such as epinephrine and glucocorticoids, which are used to treat bronchial asthma.
Sublingual administration is useful for drugs with high first-pass metabolism, such as
nitroglycerin, since hepatic metabolism is bypassed.

Intrathecal administration is useful for drugs that do not readily cross the blood-brain
barrier.

Rectal administration minimizes first-pass metabolism and may be used to cir-
cumvent the nausea and vomiting that sometimes result from oral administra-
tion. The use of rectal administration may be limited by inconvenience or patient
noncompliance.

Topical administration is used widely when a local effect is desired or to minimize
systemic effects, especially in dermatology and ophthalmology. Preparations must
be nonirritating. Note that drugs administered topically may sometimes produce
systemic effects.
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lll. DRUG DISTRIBUTION

Drug distribution is the movement of a drug from the bloodstream to the various tissues of
the body.

A. Distribution of drugs is the process by which a drug leaves the bloodstream and enters the
extracellular fluids and tissues. A drug must diffuse across cellular membranes if its site of
action is intracellular. In this case, lipid solubility is important for effective distribution.
1. Importance of blood flow
a. Inmost tissues, drugs can leave the circulation readily by diffusion across or between
capillary endothelial cells. Thus, the initial rate of distribution of a drug depends heavily
on hlood flow to various organs (brain, liver, kidney > muscle, skin > fat, bone).

b. At equilibrium, or steady state, the amount of drug in an organ is related to the mass of
the organ and its properties, as well as to the properties of the specific drug.

2. Volume of distribution (V,) is the volume of total body fluid into which a drug “appears” to
distribute after it reaches equilibrium in the body. Volume of distribution is determined
by administering a known dose of drug (expressed in units of mass) intravenously and
measuring the initial plasma concentration (expressed in units of mass/volume):

V, = amount of drug administered (mg)/initial plasma concentration (mg/L)

Volume of distribution is expressed in units of volume. In most cases, the “initial” plasma
concentration, C,, is determined by extrapolation from the elimination phase (see VII).
a. Standard values of volumes of fluid compartments in an average 70-kg adult are as

follows: plasma = 3 L; extracellular fluid = 12 L; and total body water = 41 L.

b. Features of volume of distribution:

(1) V, values for most drugs do net represent their actual distribution in bodily fluids.
The use of V, values is primarily conceptual; that is, drugs that distribute exten-
sively have relatively large V, values and vice versa.

(2) A verylow V, value may indicate extensive plasma protein binding of the drug. A
very high value may indicate that the drug is extensively bound to tissue sites.

(3) Among other variables, V; may be influenced by age, sex, weight, and disease pro-
cesses (e.g., edema, ascites).

3. Drug redistribution describes when the relative distribution of a drug in different tissues
or fluid compartments of the body changes with time. This is usually seen with highly
lipophilic drugs such as thiopental that initially enter tissues with high blood flow (e.g.,
the brain) and then quickly redistribute to tissues with lower blood flow (e.g., skeletal
muscle and adipose tissue).

4. Barriers to drug distribution
a. Blood-brain barrier

(1) Because of the nature of the blood-brain barrier, ionized or polar drugs dis-
tribute poorly to the CNS, including certain chemotherapeutic agents and toxic
compounds, because they must pass through, rather than between, endothe-
lial cells.

(2) Inflammation, such as that resulting from meningitis, may increase the ability of
ionized, poorly soluble drugs to cross the blood-brain barrier.

(3) The blood-brain barrier may not be fully developed at the time of birth.

b. Placental barrier

(1) Lipid-soluble drugs cross the placental barrier more easily than polar drugs; drugs
with a molecular weight of <600 pass the placental barrier better than larger
molecules.

(2) The possibility that drugs administered to the mother may cross the placenta and
reach the fetus is always an important consideration in therapy.

(3) Drug transporters (e.g., the P-glycoprotein transporter) transfer drugs out of
the fetus.
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B. Binding of drugs by plasma proteins. Drugs in the plasma may exist in the free form or may be
bound to plasma proteins or other blood components, such as red blood cells.

General features of plasma protein binding

a. The extent of plasma protein binding is highly variable and ranges from virtually
0% to more than 99% bound, depending on the specific drug. Binding is generally
reversible.

b. Only the free drug is small enough to pass through the spaces between the endothelial
cells that form the capillaries; extensive binding retards the rate at which the drug
reaches its site of action and may prolong duration of action.

c. Some plasma proteins bind many different drugs, whereas other proteins bind only
one or a limited number. For example, serum albumin tends to bind many acidic drugs,
whereas 0.,-acid glycoprotein tends to bind many basic drugs.

d. There are few, if any, documented changes in a drug’s effect due to changes in plasma
protein binding.

IV. DRUG ELIMINATION AND TERMINATION OF ACTION

A. Mechanisms of drug elimination and termination of action

1.

In most cases, the action of a drug is terminated by enzyme-catalyzed conversion to an
inactive (or less active) compound and/or elimination from the body via the kidney or
other routes.

Redistribution of drugs from the site of action may terminate the action of a drug,
although this occurs infrequently. For example, the action of the anesthetic thiopental is
terminated largely by its redistribution from the brain (where it initially accumulates as a
result of its high lipid solubility and the high blood flow to that organ) to the more poorly
perfused adipose tissue.

B. Rate of drug elimination from the body

1.

First-order elimination. The elimination of most drugs at therapeutic doses is “first-order,”
where a constant fraction of drug is eliminated per unit time; that is, the rate of elimination
depends on the concentration of drug in the plasma and is equal to the plasma concen-
tration of the drug multiplied by a proportionality constant:

Rate of elimination from body (mass/time) = Constant x [Drug]usma(mass/vol)

Because the rate of elimination is given in units of mass/time and concentration is
in units of mass/volume, the units of the constant are volume/time. This constant is
referred to as the “clearance” of the drug (see IV C).

Zero-order kinetics. Infrequently, the rate of elimination of a drug is “zero-order,” where a
constant amount of drug is eliminated per unit time. In this case, the mechanism by which
the body eliminates the drug (e.g., metabolism by hepatic enzymes, active secretion in
the kidney) is saturated. The rate of drug elimination from the body is thus constant and
does not depend on plasma concentration.

C. Clearance (CL). Conceptually, clearance is a measure of the capacity of the body to remove a
drug. Mathematically, clearance is the proportionality constant that relates the rate of drug
elimination to the plasma concentration of the drug. Thus, drugs with “high” clearance are
rapidly removed from the body, and drugs with “low” clearance are removed slowly. As noted
in IV B, the units of clearance are volume/time.

Specific organ clearance is the capacity of an individual organ to eliminate a drug.
Specific organ clearance may be due to metabolism (e.g., “hepatic clearance” by the liver)
or excretion (e.g., “renal clearance” by elimination in the urine).

Rate of elimination by organ = CLoygan X [DIUg] piasma pertusing organ
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or
CLorgan = Rate of elimination by organ/[Drug] iasma perfusing organ

Whole body clearance is the capacity of the body to eliminate the drug by all mechanisms.
Therefore, whole body clearance is equal to the sum of all of the specific organ clearance
mechanisms by which the active drug is eliminated from the body:

CLwhole body — CLorganl + CLorganZ + CLorganN

The term “clearance” generally refers to whole body clearance unless otherwise speci-
fied. In this case,

Rate of elimination from body = CLnote body X DUl ptasma
and
CL = Rate of elimination from body/[Drug]asma

Plasma clearance is numerically the same as whole body clearance, but this terminol-
ogy is sometimes used because clearance may be viewed as the volume of plasma that
contains the amount of drug removed per unit time (recall that the units of clearance
are volume/time). If not specified, this term refers to the volume of plasma “cleared” of
drug by all bodily mechanisms (i.e., whole body clearance). The term may also be applied
to clearance by specific organs; for example, renal plasma clearance is the volume of
plasma containing the amount of drug eliminated in the urine per unit time.

V. BIOTRANSFORMATION (METABOLISM) OF DRUGS

A. General properties

1.

Biotransformation is a major mechanism for drug elimination; most drugs undergo bio-
transformation, or metabolism, after they enter the body. Biotransformation, which
almost always produces metabolites that are more polar than the parent drug, usually ter-
minates the pharmacologic action of the parent drug and, via excretion, increases removal
of the drug from the body. However, other consequences are possible, notably after phase I
reactions, including similar or different pharmacologic activity, or toxicologic activity.
Many drugs undergo several sequential biotransformation reactions. Biotransformation
is catalyzed by specific enzyme systems, which may also catalyze the metabolism of
endogenous substances such as steroid hormones.

The liver is the major site of biotransformation, although specific drugs may undergo
biotransformation primarily or extensively in other tissues.

Biotransformation of drugs is variable and can be affected by many parameters, includ-
ing prior administration of the drug in question or of other drugs; diet; hormonal status;
genetics; disease (e.g., decreased in cardiac and pulmonary disease); age and develop-
mental status (the very elderly and very young may be more sensitive to drugs, in part,
because of decreased or undeveloped levels of drug-metabolizing enzymes); and liver
function (in cases of severe liver damage, dosage adjustments may be required for drugs
eliminated largely via this route).

Possible consequences of biotransformation include the production of inactive metahbo-
lites (most common), metabolites with increased or decreased potencies, metabolites
with qualitatively different pharmacologic actions, toxic metabolites, or active metabo-
lites from inactive prodrugs.

Metabolites carry ionizable groups and are often more charged and more polar than the
parent compounds. This increased charge may lead to a more rapid rate of clearance
because of possible secretion by acid or base carriers in the kidney; it may also lead to
decreased tubular reabsorption.
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B. Classification of biotransformation reactions

1. Phase I (nonsynthetic) reactions involve enzyme-catalyzed biotransformation of the drug
without any conjugations. Phase I reactions include oxidations, reductions, and hydrolysis
reactions; they frequently introduce a functional group (e.g., —OH) that serves as the
active center for sequential conjugation in a phase II reaction.

2. Phase Il (synthetic) reactions include conjugation reactions, which involve the enzyme-
catalyzed combination of a drug (or drug metabolite) with an endogenous substance.
Phase II reactions require a functional group—an active center—as the site of conjuga-
tion with the endogenous substance. Phase II reactions require energy indirectly for
the synthesis of “activated carriers,” the form of the endogenous substance used in the
conjugation reaction (e.g., uridine diphosphate-glucuronate).

C. Enzymes catalyzing phase | biotransformation reactions include cytochrome P-450, aldehyde
and alcohol dehydrogenase, deaminases, esterases, amidases, and epoxide hydratases.
Enzymes catalyzing phase Il biotransformation reactions include glucuronyl transferase (gluc-
uronide conjugation), sulfotransferase (sulfate conjugation), transacylases (amino acid
conjugation), acetylases, ethylases, methylases, and glutathione transferase. These enzymes
are present in numerous tissues; some are present in plasma. Subcellular locations include
cytosol, mitochondria, and endoplasmic reticulum. Only those enzymes located in the
endoplasmic reticulum are inducible by drugs.

1. Cytochrome P-450 monooxygenase (mixed function oxidase)
a. General features

(1

()

(3)

(4)

Cytochrome P-450 monooxygenase plays a central role in drug biotransforma-
tion. A large number of families (at least 18 in mammals) of cytochrome P-450
(abbreviated as “CYP”) enzymes exist, each member of which catalyzes the
biotransformation of a unique spectrum of drugs, with some overlap in the
substrate specificities. In humans, over 50 individual P-450s have been identi-
fied but only about a dozen are involved in the metabolism of most drugs and
xenobiotics. This enzyme system is the one most frequently involved in phase |
reactions.

The cytochrome P-450 families are referred to using an arabic numeral (e.g.,
CYP1, CYP2, etc.). Each family has a number of subfamilies denoted by an upper
case letter (e.g., CYP2A, CYP2B, etc.). The individual enzymes within each sub-
family are denoted by another arabic numeral (e.g., CYP3A1, CYP3A2, etc.). Three
sub-families CYP2C, CYP2D, and CYP3A are responsible for metabolism of the
majority of clinically used drugs.

Cytochrome P-450 catalyzes numerous reactions, including aromatic and ali-
phatic hydroxylations; dealkylation at nitrogen, sulfur, and oxygen atoms; hetero-
atom oxidations at nitrogen and sulfur atoms; reductions at nitrogen atoms; and
ester and amide hydrolysis.

The CYP3A subfamily is responsible for up to half of the total cytochrome
P-450 in the liver. CYP3A4 is the most abundant hepatic enzyme and is involved in
the metabolism of over 50% of clinically important drugs. Drugs or other agents
(e.g., components of grapefruit juice) that inhibit this enzyme or induce its
levels may cause untoward effects of numerous drugs based upon their altered
metabolism that in turn alters plasma and tissue levels via effects on absorp-
tion or elimination.

b. Localization. The primary location of cytochrome P-450 is the liver, which has the
greatest specific enzymatic activity and the highest total activity and very significant
levels are also found in the small and large intestine. P-450 activity is also found in
many other tissues, including the adrenals, ovaries and testis, and tissues involved
in steroidogenesis and steroid metabolism. The enzyme’s subcellular location is
the endoplasmic reticulum. Lipid membrane location facilitates the metabolism of
lipid-soluble drugs.
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. Mechanism of reaction

(1) In the overall reaction, the drug is oxidized and oxygen is reduced to water.
Reducing equivalents are provided by nicotinamide adenine dinucleotide phos-
phate (NADPH), and generation of this cofactor is coupled to cytochrome P-450
reductase.

(2) The overall reaction for aromatic hydroxylation can be described as

Drug + O, + NADPH + H" — Drug — OH + NADP"' + H,O

. Genetic polymorphism of several clinically important cytochrome P-450s, particularly

CYP2C and CYP2D, is a source of variable metabolism in humans, including differ-
ences among racial and ethnic groups. These enzymes have substantially different
properties (V. or K,)).

. Induction

(1) Induction is brought about by drugs and endogenous substances, such as hor-
mones. Any given drug preferentially induces one form of cytochrome P-450 or a
particular set of P-450s.

(2) When caused by drugs, induction is pharmacologically important as a major
source of drug interactions. A drug may induce its own metabolism (metabolic
tolerance) and that of other drugs catalyzed by the induced P-450.

(3) Induction can be caused by a wide variety of clinically useful drugs (drug-drug
interactions), such as quinidine, phenytoin, griseofulvin, phenobarbital, troglitazone,
omeprazole, rifampin, carbamazepine, and St. John’s wort, and by environmental
agents such as tobacco smoke.

(4) Some of the same drugs that induce CYP3A4 can induce the drug efflux trans-
porter P-glycoprotein (e.g., rifampin, St. John's wort).

Inhibition

(1) Competitive or noncompetitive (clinically more likely) inhibition of P-450
enzyme activity can result in the reduced metabolism of other drugs or endog-
enous substrates such as testosterone.

(2) Inhibition can be caused by a number of commonly used drugs, including cimeti-
dine, fluconazole, fluoxetine, and erythromycin or environmental or dietary agents
(e.g., grapefruit juice), and is another major source of drug—drug interactions.

(3) Some of the same drugs that inhibit CYP3A4 can inhibit the drug efflux trans-
porter P-glycoprotein (e.g., amiodarone, clarithromycin, erythromycin, ketoconazole).

2. Glucuronyl transferase
a. General features

(1) Glucuronyl transferase is a set of enzymes with unique but overlapping specifici-
ties that are involved in phase Il reactions.

(2) It catalyzes the conjugation of glucuronic acid to a variety of active centers,
including —OH, —COOH, —SH, and —NH,.

b. Location and induction

(1) Glucuronyl transferase is located in the endoplasmic reticulum.
(2) It is the only phase II reaction that is inducible by drugs and is a possible site of
drug interactions.

D. Hepatic extraction of drugs. General extraction by the liver occurs because of the liver’s large

size (1,500 g) and high blood flow (1 mL/g/min).

1. The extraction ratio is the amount of drug removed in the liver divided by the amount
of drug entering the organ; a drug completely extracted by the liver would have an
extraction ratio of 1. Highly extracted drugs can have a hepatic clearance approaching
1,500 mL/min.

. First-pass effect. Drugs taken orally pass across membranes of the GI tract into the portal
vein and through the liver before entering the general circulation.

a. Bioavailahility of orally administered drugs is decreased by the fraction of drug

removed by the first pass through the liver. For example, a drug with a hepatic extrac-
tion ratio of 1 would have 0% bioavailability; a drug such as lidocaine, with an extrac-
tion ratio of 0.7, would have 30% bioavailability.
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b. In the presence of hepatic disease, drugs with a high first-pass extraction may reach
the systemic circulation in higher than normal amounts, and dose adjustment may
be required.

VI. EXCRETION OF DRUGS

A. Routes of excretion may include urine, feces (e.g., unabsorbed drugs and drugs secreted in
bile), saliva, sweat, tears, milk (with possible transfer to neonates), and lungs (e.g., alcohols
and anesthetics). Any route may be important for a given drug, but the kidney is the major
site of excretion for most drugs.

1. Some drugs are secreted by liver cells into the bile, pass into the intestine, and are elimi-
nated in the feces (e.g., rifampin, indomethacin, estradiol).

2. Drugs may be also be reabsorbed from the intestine (i.e., undergo enterohepatic circula-
tion). In this manner, the persistence of a drug in the body may be prolonged.

B. Net renal excretion of drugs
1. Netrenal excretion of drugs is the result of three separate processes: the amount of drug fil-
tered at the glomerulus, plus the amount of drug secreted by active transport mechanisms
in the kidney, minus the amount of drug passively reabsorbed throughout the tubule.
a. Filtration

(1)
(2)

(3)

Most drugs have low molecular weights and are thus freely filtered from the
plasma at the glomerulus.

Serum protein binding reduces filtration because plasma proteins are too large to
be filtered.

The glomerular filtration rate (GFR) is 30%-40% lower during newborns’ first year
of life than in adults.

b. Secretion

(1

(2)

The kidney proximal tubule contains two transport systems that may secrete drugs
into the ultrafiltrate, one for organic acids (organic acid transporters or OATSs)
and a second for organic bases (organic base transporters or OBTs). There are
multiple OATs and OBTs with specificities for different organic molecules in the
tubule. These systems require energy for active transport against a concentration
gradient; they are a site for potential drug-drug interactions because drugs may
compete with each other for binding to the transporters.

Plasma protein binding does not normally have a large effect on secretion
because the affinity of the transport systems for most drugs is greater than the
affinity of plasma-binding proteins.

c. Reabsorption

(1)
(2)

(3)

Reabsorption may occur throughout the tubule; some compounds, including
endogenous compounds such as glucose, are actively reabsorbed.

Reabsorption of the unionized form of drugs that are weak acids and bases can
occur by simple passive diffusion, the rate of which depends on the lipid solubility
and pK of the drug and also on the concentration gradient of the drug between
the urine and the plasma.

Reabsorption may be affected by alterations of urinary pH, which affects elimina-
tion of weak acids or bases by altering their ionization (i.e., ion trapping—see
II.A.f). For example, alkalinization of the urine will result in a higher proportion
of the ionized form of an acidic drug that will decrease its reabsorption and hence
increase its elimination.

2. Renal clearance of drugs
a. Renal clearance measures the volume of plasma that is cleared of drug per unit time:

CL (mL/min) = U xV/P

where U is the concentration of drug per milliliter of urine, V the volume of the urine
excreted per minute, and P the concentration of drug per milliliter of plasma.
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(1) A drug excreted by filtration alone (e.g., insulin) will have a clearance equal to the
GFR (125-130 mL/min).

(2) A drug excreted by filtration and complete secretion (e.g., para-aminohippuric
acid) will have a clearance equal to renal plasma clearance (650 mL/min).

(3) Clearance values between 130 and 650 mL/min suggest that a drug is filtered,
secreted, and partially reabsorbed.

A variety of factors influence renal clearance, including age (some mechanisms of

excretion may not be fully developed at the time of birth), other drugs, and disease.

In the presence of renal failure, the clearance of a drug may be reduced significantly,

resulting in higher plasma levels. For those drugs with a narrow TI, dose adjustment

may be required.

VIl. PHARMACOKINETICS

Pharmacokinetics describes changes in plasma drug concentration over time. Although it is
ideal to determine the amount of drug that reaches its site of action as a function of time after
administration, it is usually impractical or not feasible. Therefore, the plasma drug concentra-
tion is measured. This provides useful information, because the amount of drug in the tissues
is generally related to plasma concentration.

A. Distribution and elimination
One-compartment model (Fig. 1.7)

Log (plasma drug concentration)

a. The drug appears to distribute instantaneously after IV administration of a single

dose. If the mechanisms for drug elimination, such as biotransformation by hepatic
enzymes and renal secretion, are not saturated following the therapeutic dose, a
semilog plot of plasma concentration versus time will be linear.

Drug elimination is first order; that is, a constant fraction of drug is eliminated per
unit time. For example, one-half of the drug is eliminated every 8 hours. Elimination
of most drugs is a first-order process.

The slope of the semilog plot is —k, where k is the rate constant of elimination and
has units of time and the intercept on the y axis is C, (Note: C, is used to calculate V,
for drugs that obey a one-compartment model.)

FIGURE 1.7. One-compartment model of drug
Time distribution.



FIGURE 1.8. Two-compartment model of
drug distribution.
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Log (plasma drug concentration)

The plasma drug concentration (C) relative to the initial concentration (Cy) at any time (t)
after administration is given by

InC,=1InC, — kt
and the relationship of the plasma concentrations at any two points in time is given by

InC,=InC, —k(t, — t)

2. Two-compartment model (Fig. 1.8)

b.

d.

The two-compartment model is a more common model for distribution and elimi-
nation of drugs. Initial rapid decreases in the plasma concentration of a drug are
observed because of a distribution phase, the time required for the drug to reach an
equilibrium distribution between a central compartment, such as the plasma space,
and a second compartment, such as the aggregate tissues and fluids to which the
drug distributes. During this phase, plasma drug concentrations decrease very rap-
idly because the drug is being eliminated from the body (e.g., by metabolism and
renal elimination) and also because the drug is exiting the plasma space as it distrib-
utes to other tissues and fluid compartments.

After distribution, a linear decrease in the log drug concentration is observed if the
elimination phase is first order. The curve is less steep in this phase because there is no
longer a net decrease in plasma levels of drug due to distribution to the tissues which
has been completed.

For drugs that obey a two-compartment model, the value of C, obtained by extrapo-
lation of the elimination phase is used to calculate V,, and the elimination rate con-
stant, k, is obtained from the slope of the elimination phase.

The expressions for In C, and CL shown above for a one-compartment model also
apply during the elimination phase for drugs that obey a two-compartment model.

3. First-order elimination

b.

First-order elimination accounts for elimination of most drugs. It refers to the elimi-
nation of a constant fraction of drug per unit time; that is, the rate of elimination is a
linear function of the plasma drug concentration.

First-order elimination occurs when elimination systems are not saturated by the
drug.

4. Zero-order elimination

In this model, the plot of the log of the plasma concentration versus time will decrease
in a concave upward manner, and a constant amount of drug will be eliminated per
unit time (e.g., 10 mg of drug will be eliminated every 8 hours). This is referred to
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as zero-order elimination, or zero-order kinetics. (Note that after an interval of time
sufficient to reduce the drug level below the saturation point, first-order elimination
occurs.)

b. Zero-order elimination may occur when therapeutic doses of drugs exceed the capac-
ity of elimination mechanisms.

B. Half-life (t,,)

1.

2.

Half-life is the time it takes for the plasma drug concentration to be reduced by 50%. This
concept applies only to drugs eliminated by first-order kinetics.

Half-life is determined from the log plasma drug concentration versus time profile for
drugs fitting a one-compartment model or from the elimination phase for drugs fitting
the two-compartment model. As long as the dose administered does not exceed the
capacity of the elimination systems (i.e., the dose does not saturate those systems), the
half-life will remain constant.

The half-life is related to the elimination rate constant (k) by the equation t,,, = 0.693/k,
(i.e., for a steep decrease in concentration k is high and t,,, is thus short) and to the
volume of distribution (V) and clearance (CL) by the equation t,,, = 0.693 V,/CL. This rela-
tionship emphasizes that drugs that are widely distributed in the body (i.e., a high V)
will take a long time to be eliminated and drugs for which the body has a high capacity
to remove (i.e., a high CL) will take a short time to be eliminated.

For all doses in which first-order elimination occurs, >95% of the drug will be eliminated
in a time interval equal to five half-lives. This applies for therapeutic doses of most drugs.

C. Multidose kinetics

2.

3.

Infusion and multi-dose repeat administration

a. If a drug is given by continuous IV infusion at a constant dose rate and elimination
is first-order, it will eventually reach a constant steady-state plasma concentration
when the rate of elimination becomes equal to the rate of administration.

b. If adrug that is eliminated by first-order kinetics is administered repeatedly (e.g., one
tablet or injection every 8 hours), the average plasma concentration of the drug will
increase until a mean steady-state level is reached. (This will not occur for drugs that
exhibit zero-order elimination.)

c. The time required to reach steady state is equal to five half-lives regardless of whether
administration is via continuous infusion or repeated administration. Whenever a
dose rate is changed it will take five half-lives for a new steady-state level to be reached
for any route of administration.

Steady state after repeat administration

a. Some fluctuation in plasma concentration will occur even at steady state.

b. Levels will be at the high point of the steady-state range shortly after a dose is admin-
istered; levels will be at the low point immediately before administration of the next
dose. Hence, steady state designates an average plasma concentration and the range
of fluctuations above and below that level.

¢. The magnitude of fluctuations can be controlled by the desing interval. A shorter dos-
ing interval decreases fluctuations, and a longer dosing interval increases them. On
cessation of multidose administration, >95% of the drug will be eliminated in a time
interval equal to five half-lives if first-order kinetics applies.

Maintenance dose rate

a. Maintenance dose rate is the dose of a drug required per unit time to maintain a
desired steady-state level in the plasma to sustain a specific therapeutic effect.

b. To determine the dose rate required to maintain an average steady-state plasma con-
centration of drug, multiply the desired plasma concentration by the CL:

Maintenance dose rate = Desired [drug]yi.sm. X Clearance (CL)
(amount/time) = (amount/volume) x (volume/time)

This yields dose rate in units of amount per time (e.g., mg/hour). One may under-
stand this fundamental relationship in the following way: To remain at steady state,
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the dose rate must equal the elimination rate; that is, the rate at which the drug is added
to the body must equal the rate at which it is eliminated. Recall that the elimination
rate = CL x [Drug],.sma. Therefore, because the dose rate must equal the elimination
rate to be at steady state, dose rate also equals CL x Desired [drug]iasma-

If one administers a drug at the maintenance dose rate, a steady-state plasma con-
centration of the drug will be reached in four to five half-lives. (Note: This is four to
five half-lives, not four to five doses!).

4. lLoading dose

b.

C.

A large loading dose may be needed initially when the therapeutic concentration of a
drugin the plasma must be achieved rapidly (e.g., a life-threatening situation in which
one cannot wait for five half-lives for the drug to reach the desired steady-state level).
In this situation one may administer a loading dose.

To calculate the loading dose, select the desired plasma concentration of drug and
multiply by the V,:

Loading dose = Desired [drug]jasma % Va

(amount or mass) = (mass/volume) x (volume)

After administration of the loading dose (which rapidly achieves the desired plasma
concentration of drug), one administers the drug at the maintenance dose rate to
maintain the drug concentration at the desired steady-state level.



Review Test

Directions: Each of the numbered items or incomplete statements in this section is followed
by answers or by completions of the statement. Select the ONE lettered answer or completion

that is BEST in each case.

1. Somatostatin interacts with

(A) G;-protein—coupled receptor

(B) G,-protein—coupled receptor

(C) Ligand-activated ion channel

(D) Receptor-activated tyrosine kinase
(E) Intracellular nuclear receptor

2. Cortisol is capable of targeting intranu-
clear receptors secondary to its ability to

(A) Recruit intracellular kinases

(B) Undergo autophosphorylation
(C) Diffuse through lipid membranes
(D) Interact with G-protein

(E) Interact with AC

3. Which of the following parameters is used
to indicate the ability of a drug to produce
the desired therapeutic effect relative to a
toxic effect?

(A) Potency

(B) Intrinsic activity
(C) TI

(D) Efficacy

(E) Bioavailability

4. A 64-year-old woman with a history

of multiple abdominal surgeries due to
Crohn’s disease presents to the emergency
room with obstipation and feculent emesis.
A diagnosis of small bowel obstruction is
made, and she is taken to the operating
room for lysis of adhesions and resec-

tion of stenosed region of small bowel.
Postoperatively, the patient is noted to have
elevated blood pressure, and oral metoprolol
is administered; however, no improvement
of hypertension is observed. This is likely
due to

(A) The first-pass effect

(B) Decreased passage of drug through
intestine

(C) Decreased GI blood flow

(D) Destruction of drug by stomach acid

(E) Increased protein binding of the drug
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5. An important feature of congestive heart
failure (CHF) regarding drug action is

(A) Impaired blood flow to the intestine

(B) Increased protein binding of various drugs
(C) Increased volume of distribution

(D) Increased drug elimination

(E) Altered drug kinetics

6. Which of the following is the term used to
describe the elimination rate via metabolism
catalyzed by alcohol dehydrogenase when
the enzyme is saturated?

(A) Zero-order kinetics
(B) First-order elimination
(C) Clearance

(D) Biotransformation

(E) Redistribution

1. A 69-year-old woman is being treated in
the intensive care unit for presumed staphylo-
coccal sepsis. To avoid problems with possible
resistance, she is empirically given IV vanco-
mycin while waiting for the culture results to
come back. Vancomycin is a renally excreted
drug. The patient’s routine laboratory work-
up reveals a creatinine value of 3.2, indicating
acute renal failure. What specific consider-
ations will have to be made with regard to
adjustments of the prescribed medication?

(A) She will have to be switched to an oral (per
nasogastric tube) vancomycin preparation

(B) The patient will need to be water
restricted to decrease the volume of
distribution

(C) No changes to the current regimen will
be made because the condition of the
patient is life-threatening and the drug
needs to be administered regardless

(D) The dose of vancomycin will need
to be reduced because of increased
accumulation

(E) Dosage adjustments will have to be
made because the patient is currently
ventilated
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8. Glucuronidation reactions

(A) Are considered phase I reactions

(B) Require an active center as the site of
conjugation

(C) Include the enzymatic activity of alco-
hol dehydrogenase

(D) Located in mitochondria are inducible
by drugs

(E) Require nicotinamide adenine dinucle-
otide phosphate (NADPH) for the enzy-
matic reaction

9. A 38-year-old woman presents to her
psychiatrist with a request to try a different
antidepressant medication, since she doesn’t
feel her current medication is helping. She
even felt so depressed that she started drink-
ing heavily in the past couple of months.
The doctor wants to try imipramine; how-
ever, since this drug is known to undergo

an extensive first-pass effect, he orders a
hepatic function panel before prescribing it,
given the patient’s recent history of alcohol
use. What is the rationale for the doctor’s
decision?

(A) In the presence of hepatic dysfunc-
tion, drugs with a high first-pass
metabolism reach high systemic
concentrations

(B) The results of the hepatic function
panel may reveal a particular suscepti-
bility to the drug

(C) Bioavailability of imipramine is
increased by the fraction of drug
removed by the first pass

(D) The drug is more rapidly metabolized by
the liver when hepatic aminotransferase
levels are elevated

(E) Solubility of the drug is affected in the
face of hepatic damage

10. A 43-year-old man who was recently
fired from a well-paying job decides to
commit suicide and ingests a jarful of his
antiseizure medication, phenobarbital. His
wife finds him at home sleeping but notices
that he has diminished breathing, low
body temperature, and skin reddening. She
brings him to the ER, where he is appropri-
ately diagnosed with barbiturate overdose.
The patient is given bicarbonate to alkalin-
ize his urine. How does alkalinization of
urine with bicarbonate help to overcome
the toxic effects of phenobarbital in this
situation?

(A) Tt increases glomerular filtration

(B) It decreases proximal tubular secretion
(C) Tt decreases distal tubular reabsorption
(D) It enhances drug metabolism

(E) It decreases untoward side effects

11. Erythromycin is prescribed “qid,” or four
times daily, because of its short half-life. The
rationale for such a frequent dosing schedule is

(A) To achieve the steady-state plasma con-
centration of the drug

(B) To avoid the toxicity of the drug because
of its low therapeutic index (TI)

(C) To aid more complete distribution of
the drug

(D) To inhibit the first-pass metabolism of
the drug

(E) To ensure that the drug concentration
remains constant over time

12. A 13-year-old boy suffers two tonic-
clonic seizures within 1 week. He is diag-
nosed with epilepsy, and phenytoin therapy
is started. To achieve proper drug concen-
trations in plasma, the patient is first given
aloading dose, followed by maintenance
doses. The blood level of phenytoin is fre-
quently monitored to adjust the mainte-
nance dose as needed. What is the rationale
behind such a regimen?

(A) If the drug is administered at a mainte-
nance dose rate, steady-state concentra-
tion will be reached after two half-lives

(B) Aloading dose is administered to achieve
the desired plasma concentration rapidly

(C) The maintenance dose rate usually does
not equal the elimination rate, which is
why the loading dose is required

(D) Loading dose of the drug does not
depend on the volume of distribution,
whereas the maintenance dose does

(E) The maintenance dose rate does not
depend on clearance of the drug,
whereas the loading dose does

13. A 78-year-old woman is started on
digoxin for her congestive heart failure (CHF).
Her initial dose is 0.25 mg. The C,, obtained
by extrapolation of the elimination phase,

is determined to be 0.05 mg/L. What is the
patient’s apparent volume of distribution?

(A) 05L
(B) 0.2L
(C) 0.0125L
(D) 1L
(E) 5L
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14. A drug has a volume of distribution of

50 L and undergoes zero-order elimination
at a rate of 2 mg/hour at plasma concentra-
tions >2 mg/L. If a patient is brought to the
ER with a plasma concentration of 4 mg/L of
the drug, how long will it take (in hours) for
the plasma concentration to decrease 50%?

(A) 1
(B) 2
(C) 10
(D) 25
(E) 50

15. You administer a 100-mg tablet of drug
X to a patient every 24 hours and achieve
an average steady-state plasma concentra-
tion of the drug of 10 mg/L. If you change
the dose regimen to one 50 mg tablet every
12 hours, what will be the resulting average
plasma concentration (in mg/L) of the drug
after five half-lives?

(A) 2.5
(B) 5
(C) 10
(D) 20
(E) 40

16. Following IV administration, the initial
rates of drug distribution to different tissues
depend primarily on which of the following
parameters?

(A) Blood flow to the tissues

(B) Fat content of the tissues

(C) Degree of ionization of the drug in the
tissues

(D) Active transport of the drug out of dif-
ferent cell types

(E) Specific organ clearances

17. A drug is administered in the form of
an inactive prodrug. The prodrug increases
the expression of a cytochrome P-450 that
converts the prodrug to its active form.
With chronic, long-term administration of
the prodrug, which of the following will be
observed?

(A) The potency will decrease
(B) The potency will increase
(C) The efficacy will decrease
(D) The efficacy will increase

18. Which subfamily of cytochrome P-450s
is responsible for the highest fraction of

clinically important drug interactions result-
ing from metabolism?

(A) CYPIA
(B) CYP2A
(C) CYP3A
(D) CYP4A
(E) CYP5A

19. In most patients, an antibiotic is elimi-
nated 25% by hepatic metabolism, 50% by
renal filtration, and 25% by biliary excretion.
If the normal maintenance dose rate = 10
mg/hour, what dose rate will you adminis-
ter to a patient 12 normal with a creatinine
clearance that is (assume that hepatic and
biliary clearances are normal)?

(A) 2.5 mg/hour
(B) 5.0 mg/hour
(C) 6.0 mg/hour
(D) 7.5 mg/hour
(E) 20 mg/hour

20. If the oral dosing rate of a drug is held
constant, what will be the effect of increas-
ing the bioavailability of the preparation?

(A) Increase the half-life for first-order
elimination

(B) Decrease the first-order elimination rate
constant

(C) Increase the steady-state plasma
concentration

(D) Decrease the total body clearance

(E) Increase the volume of distribution

21. You administer to a patient an oral main-
tenance dose of drug calculated to achieve

a steady-state plasma concentration of 5
mcg/L. After dosing the patient for a time
sufficient to reach steady state, the average
plasma concentration of drug is 10 mcg/L.

A decrease in which of the following param-
eters explains this higher than anticipated
plasma drug concentration?

(A) Bioavailability

(B) Volume of distribution
(C) Clearance

(D) Half-life

22. Administration of an IV loading dose to

a patient of drug X yields an initial plasma
concentration of 100 mcg/L. The table below
illustrates the plasma concentration of X as a
function of time after the initial loading dose.
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Time (hours) Plasma conc. (mcg/L)
0 100
1 50
25
9 12.5

What is the half-life (in hours) of drug X?
(A) 1

(B)
(C)
(D)
(E)

23. Which of the following factors will deter-
mine the number of drug-receptor com-
plexes formed?

(A) Efficacy of the drug

(B) Receptor affinity for the drug
(C) TI of the drug

(D) Half-life of the drug

(E) Rate of renal secretion

© O N

24. Which of the following is an action of a
noncompetitive antagonist?

(A) Alters the mechanism of action of an
agonist

(B) Alters the potency of an agonist

(C) Shifts the dose-response curve of an
agonist to the right

(D) Decreases the maximum response to an
agonist

(E) Binds to the same site on the receptor
as the agonist

25. The renal clearance of a drug is 10 mL/min.
The drug has a molecular weight of 350 and is
20% bound to plasma proteins. It is most likely
that renal excretion of this drug involves

(A) Glomerular filtration

(B) Active tubular secretion

(C) Passive tubular reabsorption

(D) Both glomerular filtration and active
tubular secretion

(E) Both glomerular filtration and passive
tubular reabsorption
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Answers and Explanations

. The answer is A. Somatostatin binds to G;-coupled protein receptor, initiating exchange

of GTP for GDP, which inhibits AC and leads to reduced cAMP production. G4-protein—
coupled receptor is an example of the phospholipase C pathway, in which interaction with
the ligand leads to increased phospholipase C activity and eventual activation of protein
kinase C via PIP, and IP; pathway. This is exemplified by interaction of epinephrine with
its receptor. Ligand-activated ion channel is an example of interaction of specific ligand
with an ion channel, which permits passage of ions through the channel. Acetylcholine is
an example of such an interaction. Receptor-activated tyrosine kinase is exemplified by
insulin, where binding of ligand activates specific tyrosine kinase, leading to a cascade of
reactions within the cell. Finally, intracellular nuclear receptor is exemplified by cortisol,
which binds to it and exerts its effects on DNA replication.

. The answer is C. The ability to target intracellular receptors depends on the ligand’s ability

to cross lipid barriers, such as the nuclear envelope. Recruitment of intracellular kinases
is characterized by some receptor-activated tyrosine kinases. Autophosphorylation is a
feature of many different kinases. Interactions with G-protein and AC are characteristics
of membrane receptors.

. The answer is C. Lithium is an example of a drug with a very low therapeutic index (TI),

which requires frequent monitoring of the plasma level to achieve the balance between
the desired effect and untoward toxicity. Potency of the drug is the amount of drug needed
to produce a given response. Intrinsic activity of the drug is the ability to elicit a response.
Efficacy of the drug is the maximal drug effect that can be achieved in a patient under a
given set of conditions. Bioavailability of the drug is the fraction of the drug that reaches
the bloodstream unaltered.

. The answer is B. Adequate passage of drug through the small intestine is required to

observe the effects of the drug, because most of the absorption takes place in the small
intestine. After extensive abdominal surgery, especially that involving a resection of a
portion of small bowel, the passage may be slowed, or even stopped, for a period of time.
Abdominal surgery rarely results in reduced blood flow to the intestine, nor does such an
operation influence protein binding, or the first-pass effect. Destruction of drug by stom-
ach acid does not depend on intraabdominal surgery.

. The answer is C. Because of the patient’s edema and ascites, the apparent volume of

distribution will be increased, which may require small adjustments in his usual medica-
tion doses. Edematous states do not influence gastrointestinal (GI) blood flow, nor do they
affect drug—protein interactions. Drug elimination may be slowed with congestive heart
failure (CHF) exacerbation, not increased. Drug kinetics are generally not changed by
edematous states.

. The answer is A. Alcohol is one of the drugs that follow zero-order kinetics (i.e., higher

drug concentrations are not metabolized because the enzyme that is involved in the
process is saturable). In first-order elimination, the rate of elimination actually depends
on the concentration of the drug, multiplied by proportionality constant. Clearance is a
measure of the capacity of the body to remove the drug. Biotransformation simply refers
to the general mechanism of a particular drug’s elimination. Redistribution is one of the
possible fates of a drug, which usually terminates drug action.

. The answer is D. Since vancomycin is cleared by the kidneys, renal functional status needs

to be considered when prescribing such a drug, because it may accumulate and produce
undesirable toxic side effects. Switching from the vancomycin to an oral preparation will
reduce its bioavailability. There is no indication that the patient is in the state of increased
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volume of distribution (such as edema), and water restriction will not have a noticeable
effect on apparent volume of distribution. Changes to the current regimen are neces-

sary because of the patient’s acute renal failure, and this has to be done regardless of the
urgency of the situation. The fact that the patient is being ventilated may indicate that she
needs extra hydration because of increased insensible losses, but this has nothing to do
with her vancomycin dose directly.

. The answer is B. Glucuronidation reactions, which are considered phase II reactions,

require an active center (a functional group) as the site of conjugation. Phase I reactions
are biotransformation reactions, not conjugation reactions. Alcohol dehydrogenase is an
example of a phase I reaction. Phase Il reactions’ enzymes are located in the endoplasmic
reticulum, not mitochondria. Nicotinamide adenine dinucleotide phosphate (NADPH) is
required for aromatic hydroxylation, an example of a phase I reaction.

The answer is A. First-pass metabolism simply means passage through the portal circula-
tion before reaching the systemic circulation. In the face of liver dysfunction, drug levels
may reach higher concentrations. A hepatic function panel is generally not used to deduce
a patient’s susceptibility to the drug. Bioavailability of drugs is decreased, not increased
by the fraction removed after the first pass through the liver. Drugs are usually less rapidly
metabolized when hepatic enzymes are elevated (which indicates hepatic dysfunction).
Solubility of drugs has nothing to do with hepatic damage.

The answer is C. Alterations of urinary pH affect renal distal tubular reabsorption of
drugs by ion trapping, which affects the ionization of weak acids and bases. Since phe-
nobarbital is a weak acid, raising the pH of the urine will increase the % of the drug in
the ionized form and “trap” it in the ultrafiltrate because charged molecules cannot be
reabsorbed back across membranes in the tubule into the plasma. This “trapping” in
the ultrafiltrate thus causes a net increase in elimination of the drug in the urine. Other
renal mechanisms will not be affected since: a) glomerular filtration depends mainly on
the size of the drug as well as protein binding and b) proximal tubular secretion will not
be affected by alkalinization of urine since this process depends on the availability of
transporters.

The answer is A. Dosing schedules of drugs are adjusted according to their half-lives to
achieve steady-state plasma concentration. Attempting to avoid the toxicity of the drug
because of its low therapeutic index (TI) represents an unlikely scenario, since to reduce
toxicity of a drug with a low TI, one would reduce the dosing schedule, not increase it.
Distribution of the drug is generally not affected by dosing schedule. Nor is dose sched-
uling affected by first-pass metabolism. Some fluctuation in plasma concentration
occurs even at steady state; it is the average concentration over time that is the goal of
steady state.

The answer is B. The rationale for the loading dose is to give a patient a sufficient dose of
a medication to achieve the desired effect quickly, which is necessary in some situation
(such as prevention of further seizures). When drug is administered at maintenance rate,
steady state is achieved after about five half-lives. The maintenance dose is usually equal
to the elimination rate. The loading dose depends on the volume of distribution, whereas
the maintenance dose depends on the clearance of the drug.

The answer is E. To calculate the volume of distribution, use the formula in which the dose
of the drug is divided by the plasma concentration. In this case, 0.25 mg is divided by
0.05 mg/L, giving the result of 5 L for volume of distribution.

The answer is E. For the plasma concentration of drug to decrease by 50%, half the drug
present in the body initially must be eliminated. The amount of drug in the body initially
is the volume of distribution x the plasma concentration (50 L x 4 mg/L = 200 mg).
When the plasma concentration falls to 2 mg/L, the body will contain 100 mg of drug

(50 Lx 2 mg/L = 100 mg). Since the body eliminates the drug at a rate of 2 mg/hour, it
will require 50 hours for 100 mg of the drug to be eliminated.
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The answer is C. A 100 mg tablet every 24 hours is a dose rate of 4.17 mg/hour (100/24 = 4.17),
which is the same dose rate as one 50 mg tablet every 12 hours (50/12 = 4.17). Thus, the aver-
age plasma concentration will remain the same, but decreasing both the dose and the dose
interval will decrease the peak to trough variation of plasma concentration.

The answer is A. The initial rate of distribution of a drug to a tissue depends primarily on
the rate of blood flow to that tissue. At longer times, however, a drug may undergo redis-
tribution among various tissues, e.g., a very lipophilic drug may become concentrated in
adipose tissue with time.

The answer is B. The induction of the cytochrome P-450 following chronic administration will
increase the conversion of the inactive prodrug to the active form. This will shift the dose—
response curve of the prodrug to the left (i.e., increase its potency) without changing its efficacy.

The answer is C. The CYP3A subfamily is responsible for roughly 50% of the total cytochrome
P450 activity present in the liver and is estimated to be responsible for approximately half of
all clinically important untoward drug interactions resulting from metabolism.

The answer is D. Maintenance dose rate = (clearance) x (desired plasma concentration),
and the whole body clearance is the sum of all the individual organ clearances. In most
patients, the hepatic metabolism, renal filtration, and biliary excretion account for 25%,
50%, and 25% of the whole body clearance, respectively. Since the creatinine clearance in
this patient indicates that the renal filtration is only half normal, the renal clearance of the
drug will be decreased by half. This means that the whole body clearance will be 75% of
that of normal (25% hepatic, 25% renal, and 25% biliary). Therefore, the dose should also
be 75% of the standard dose.

The answer is C. If the oral dosing rate is constant but the bioavailability increases, the
fraction of the administered dose that reaches the general circulation unaltered increases.
This, in turn, will increase the steady-state plasma concentration.

The answer is C. Steady-state plasma concentration of drug = (dose rate)/(clearance).
Thus, a decrease in clearance will increase the plasma drug concentration, whereas
an increase in any of the other three parameters will decrease the steady-state plasma
concentration.

The answer is C. Inspection of the plasma concentration values indicates that the half-life
of drug does not become constant until 1-9 hours after administration. The drug concen-
tration decreases by half (from 50 to 25 mcg/L) between 1 and 5 hours (a 4-hour interval)
and again decreases by half (from 25 to 12.5 mcg/L) between 5 and 9 hours (again, a
4-hour interval). This indicates the half-life of the drug is 4 hours. The rapid decrease in
plasma concentration between 0 and 1 hour, followed by a slower decrease thereafter (and
the constant half-life thereafter) indicates that this drug obeys a two-compartment model
with an initial distribution phase followed by an elimination phase. The half-life is always
determined from the elimination phase data.

The answer is B. Receptor affinity for the drug will determine the number of drug-receptor
complexes formed. Efficacy is the ability of the drug to activate the receptor after binding has
occurred. Therapeutic index (TI) is related to safety of the drug. Half-life and secretion are the
properties of elimination and do not influence the formation of drug-receptor complexes.

The answer is D. A noncompetitive antagonist decreases the magnitude of the response to
an agonist but does not alter the agonist’s potency (i.e., the EDs, remains unchanged). A
competitive antagonist interacts at the agonist binding site.

The answer is E. This drug will undergo filtration and passive reabsorption. Because the
molecular weight of the drug is small, free drug will be filtered. Because 20% of the drug is
bound to plasma proteins, 80% of it is free and available for filtration, which would be at a rate
of 100 mL/min (i.e., 0.8 x 125 mL/min; 125 mL/min is the normal glomerular filtration rate
[GFR]). A clearance of 10 mL/min must indicate that most of the filtered drug is reabsorbed.



Drugs Acting on the

chapter 2 Autonomic Nervous

System

I. THE PERIPHERAL EFFERENT NERVOUS SYSTEM

The autonomic nervous system (ANS) controls involuntary activity (Fig. 2.1 and Table 2.1).

1. Parasympathetic nervous system (PNS)

C.

Long preganglionic axons originate from neurons in the cranial and sacral areas of
the spinal cord and, with few exceptions, synapse on neurons in ganglia located close
to or within the innervated organ.

Short postganglionic axons innervate cardiac muscle, bronchial smooth muscle, and
exocrine glands.

Parasympathetic innervation predominates over sympathetic innervation of salivary
glands, lacrimal glands, and erectile tissue.

2. Sympathetic nervous system (SNS)

Short preganglionic axons originate from neurons in the thoracic and lumbar areas
of the spinal cord and synapse on neurons in ganglia located outside of, but close to,
the spinal cord. The adrenal medulla, anatomically considered a modified ganglion,
is innervated by sympathetic preganglionic axons.

Long postganglionic axons innervate many of the same tissues and organs as
the PNS.

Innervation of thermoregulatory sweat glands is anatomically sympathetic, but the
postganglionic nerve fibers are cholinergic and release acetylcholine (ACh) as the
neurotransmitter.

3. Enteric nervous system

a.
b.

c.
d.

Considered a third branch of the ANS.

Highly organized, semiautonomous, neural complex localized in the gastrointestinal
(Gl) system.

Receives preganglionic axons from the PNS and postganglionic axons from the SNS.
Nerve terminals contain peptides and purines as neurotransmitters.

B. The somatic nervous system (Fig. 2.1) controls voluntary activity. This system contains long
axons that originate in the spinal cord and directly innervate skeletal striated muscle.

C. Neurotransmitters of the autonomic and somatic nervous systems (Fig. 2.1)
1. ACh

a.
b.

C.

ACh is released by exocytosis from nerve terminals.

ACh is the neurotransmitter across synapses at the ganglia of the SNS and PNS and
across synapses in tissues innervated by the PNS and the somatic nervous system.
ACh is synthesized in nerve terminals by the cytoplasmic enzyme choline acetyl-
transferase, which catalyzes the transfer of an acetate group from acetyl coenzyme
A to choline that has been transported into “cholinergic” neurons by a sodium-
dependent membrane carrier. Synthesized ACh is transported from cytoplasm to
vesicle-associated transporters.

21
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FIGURE 2.1. Organization of the autonomic nervous system.

d. ACh is stored in nerve terminal vesicles that, through calcium-dependent exocyto-
sis, are released by nerve action potentials. On release, a step blocked by botulinum
toxin, ACh is rapidly hydrolyzed and inactivated by tissue acetylcholinesterase
(AChE) and also by nonspecific butyrylcholinesterase (pseudocholinesterase) to
choline and acetate.

e. ACh is not administered parenterally for therapeutic purposes because it is hydro-
lyzed nearly instantly by butyrylcholinesterase.

2. Norepinephrine and epinephrine are catecholamines, possessing a catechol nucleus and an
ethylamine side chain.

a. Storage and release
(1) Norepinephrine is stored in vesicles that, through a calcium-dependent process,

release their contents by exocytosis from nerve terminals at postganglionic nerve
endings of the SNS (except at thermoregulatory sweat glands, where ACh is the
neurotransmitter).

(2) Norepinephrine also exists in a nonvesicular cytoplasmic pool that is released by
indirectly acting sympathomimetic amines (e.g., tyramine, amphetamine, ephed-
rine) by a process that is not calcium-dependent.

(3) Norepinephrine and some epinephrine are released from adrenergic nerve end-
ings in the brain. In the periphery, epinephrine, along with some norepinephrine,
is the major catecholamine released from adrenal medullary chromaffin cells into
the general circulation, where they function as hormones.

b. Biosynthesis of catecholamines (Fig. 2.2)

(1) In prejunctional nerve endings, tyrosine is hydroxylated by tyrosine hydroxylase,
the rate-limiting enzyme in the synthesis of catecholamines, to form dihydroxy-
phenylalanine (dopa); dopa is then decarboxylated by dopa decarboxylase to
form dopamine.
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table v Actions of the Autonomic Nervous System on Selected Effector Organs

Action of Sympathetic

Action of Parasympathetic

Effector (Thoracolumbar) Division (Craniosacral) Division
Eye (pupil) Dilation (ex) Constriction (ex)
Heart
Rate Acceleration (ex) Slowing (in)
Contractility Increased (ex) Decreased (in)
Arterioles
Skin and most others Constriction (ex) —
Skeletal muscle Dilation (ex) —
Glands
Salivary Viscid secretion (ex) Watery secretion (ex)
Lacrimal — Secretion (ex)
Sweat Secretion (ex) —
Bronchial muscle Relaxation (in) Contraction (ex)
Gl tract
Muscle wall Relaxation (in) Contraction (ex)
Sphincters Contraction (ex) Relaxation (in)
Urinary bladder
Fundus Relaxation (in) Contraction (ex)
Trigone; sphincter Contraction (ex) Relaxation (in)
Penis Ejaculation (ex) Erection (in)
Uterus Relaxation (in) —
Metabolism
Liver Gluconeogenesis (ex) —
Glycogenolysis (ex) —
Kidney Renin secretion(ex) —
Fat cells Lipolysis (ex)

ex, excitatory; in, inhibitory; —, no functionally important innervation.

(2) Dopamine is transported into vesicles, a step blocked by reserpine, where it
is hydroxylated on the side chain by dopamine B-hydroxylase to form norepi-
nephrine.

(3) In certain areas of the brain and in the adrenal medulla, norepinephrine is
methylated on the amine group of the side chain by phenylethanolamine-
N-methyltransferase to form epinephrine.

c. Termination

(1) The action of norepinephrine is terminated primarily by active transport from the
cytoplasm into the nerve terminal by a norepinephrine transporter (uptake 1), a
process that is inhibited by cocaine and tricyclic antidepressant agents such as
imipramine. Norepinephrine is then transported by a second carrier system into
storage vesicles, as is dopamine and serotonin, a process also blocked by reserpine.

(2) Another active transport system (uptake 2) is located on glia and smooth muscle
cells.

(3) There is also some simple diffusion away from the synapse.

(4) Norepinephrine and epinephrine are also oxidatively deaminated by mitochondrial
monoamine oxidase (MAO) in nerve terminals and effector cells, notably in the
liver and intestine.

() Nerve cells and effector cells contain catechol-0-methyltransferase (COMT), which
metabolizes catecholamines. Metabolites, including 3-methoxy-4-hydroxymandelic
acid, provide a measure of catecholamine turnover in the body.
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FIGURE 2.2. Biosynthesis of catecholamines.

D. Receptors of the nervous system

1. Cholinoceptors
a. Nicotinic receptors: Cholinoceptors that are activated by the alkaloid nicotine

(Fig. 2.1)

(1) Nicotinic receptors are localized at myoneural junctions of somatic nerves and
skeletal muscle (N,;), autonomic ganglia (N;), including the adrenal medulla, and
certain areas in the brain.

(2) Nicotinic receptors are a component of postjunctional transmembrane polypep-
tide that forms a ligand-gated (i.e., regulated) cation-selective ion channel (see
Fig. 1.1A). Binding of ACh to the receptor site causes opening of the ion channel
and an influx of positively charged ions (sodium and potassium) and across the
cellular membrane. This influx of positive charge depolarizes the postsynaptic
membrane.

(3) In skeletal muscle, ACh interacts with nicotinic receptors to produce membrane
depolarization and a propagated action potential through the transverse tubules
of skeletal muscle. This results in the release of Ca®* from the sarcoplasmic reticu-
lum and, through a further series of chemical and mechanical events, muscle
contraction. Hydrolysis of ACh by AChE results in muscle cell repolarization.

(a) The continued presence of a nicotine agonist, like succinylcholine, at nicotin-
ic receptors, or excessive cholinergic stimulation, can lead to a “depolarizing
blockade” (phase I block), in which normal depolarization is followed by per-
sistent depolarization. During phase I block, skeletal muscle is unresponsive
to either neuronal stimulation or direct stimulation.

(b) The selective nicotinic receptor antagonists tubocurarine and trimethaphan
can block the effect of ACh at skeletal muscle and autonomic ganglia,
respectively.

b. Muscarinic receptors: Cholinoceptors that are activated by the alkaloid muscarine

(Fig. 2.1)
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Muscarinic receptors are localized on numerous autonomic effector cells, includ-

ing cardiac atrial muscle and cells of the sinoatrial (SA) and atrioventricular (AV)

nodes, smooth muscle, exocrine glands, and vascular endothelium (mostly arte-
rioles), although the latter does not receive parasympathetic innervation, as well
as certain areas in the brain.

Muscarinic receptors consist of at least five receptor subtypes (M,-M;). Muscarinic

M, -receptors are found in sympathetic postganglionic neurons; M,-receptors are

found in cardiac and smooth muscles; M;-receptors are found in glandular cells

(e.g., gastric parietal cells), and the vascular endothelium and vascular smooth

muscle. M;s-receptors are found in the vascular endothelium. All five of the recep-

tor subtypes, including M,-receptors, are found in CNS neurons.

ACh interacts with M,, M;, and M; muscarinic cholinoceptors to increase phosphati-

dylinositol (PI) turnover and Ca®* mobilization (see Fig. 1.1D).

(a) By activation of G protein (G,), the interaction of ACh with M, and M; mus-
carinic cholinoceptors stimulates polyphoesphatidylinositol phosphodiesterase
(phespholipase C), which hydrolyzes PI to inositol trisphosphate (IP;) and diac-
ylglycerol (DAG).

(b) IP; mobilizes intracellular Ca®* from the endoplasmic and sarcoplasmic retic-
ula, and activates Ca**-regulated enzymes and cell processes.

(c) DAG activates protein kinase C, which results in phosphorylation of cellular
enzymes and other protein substrates and the influx of extracellular calcium
that results in activation of contractile elements in smooth muscle.

ACh also interacts with M, and M, muscarinic cholinoceptors to activate G pro-

teins (G;), which leads to inhibition of adenylyl cyclase activity with decreased

levels of cyclic AMP (cAMP) and to increased K™ conductance with effector cell
hyperpolarization.

Cholinergic agonists act on M, muscarinic receptors of endothelial cells to pro-

mote the release of nitric oxide (NO), which diffuses to the vascular smooth muscle

to activate guanylyl cyclase and increase cyclic GMP (cGMP) and to produce
relaxation.

2. Adrenoceptors (Fig. 2.1)
a. o-Adrenoceptors

(1

(2)

(3)

(4)

(5)

o-Adrenoceptors are classified into two major receptor subgroups (there are
subtypes of each group). os,-Receptors are located in postjunctional effector
cells, notably vascular smooth muscle, where responses are mainly excitatory;
o-receptors are located primarily in prejunctional adrenergic nerve terminals, and
also in fat cells and in the [ cells of the pancreas.

o-Adrenoceptors mediate vasoconstriction (o), GI relaxation (o), mydriasis (o),
prejunctional inhibition of release of norepinephrine and other neurotransmit-
ters (o), inhibition of insulin release (0,), and inhibition of lipolysis (o).
a-Adrenoceptors are distinguished from B-adrenoceptors by their interaction
(in descending order of potency), with the adrenergic agonists epinephrine =
norepinephrine > isoproterenol, and by their interaction with relatively selective
antagonists such as phentolamine.

o-Receptors, like muscarinic M, cholinoceptors, activate guanine nucleotide-
binding proteins (Gq) in many cells, which results in activation of phospholipase C
and stimulation of phosphoinositide (PI) hydrolysis that leads to increased for-
mation of IP; and mobilization of intracellular stores of Ca®* and to increased DAG
and activation of protein kinase C.

o,-Receptors, like muscarinic M,-cholinoceptors, activate inhibitory guanine nucle-
otide-binding proteins (G;), inhibit adenylyl cyclase activity, and decrease intracellu-
lar cAMP levels and the activity of cAMP-dependent protein kinases (see Fig. 1.1C).

b. B-Adrenoceptors (Fig. 2.1)

(1

B-Adrenoceptors, located mostly in postjunctional effector cells, are classi-
fied into two major receptor subtypes, B;-receptors (primarily excitatory) and
B,-receptors (primarily inhibitory).
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(a) Bi-Receptor subtype

(i) B.-Receptors mediate increased contractility and conduction velocity, and
renin secretion in the kidney (B;-receptors mediate activation of fat cell
lipolysis).

(ii) The B,-receptor subtype is defined by its interaction (in descending order
of potency) with the adrenergic agonists isoproterenol > epinephrine =
norepinephrine and by its interaction with relatively selective antagonists
such as atenolol.

(b) B,-Receptor subtype

(i) B.-Receptors mediate vasodilation and intestinal, bronchial, and uterine
smooth muscle relaxation.

(ii) The B,-receptor subtype is defined by its interaction (in descending order
of potency) with the adrenergic agonists isoproterenol = epinephrine >
norepinephrine.

(2) P-Receptor activation
(a) PB-Receptors activate guanine nucleotide-binding proteins (G; see Fig. 1.1B).
(b) Activation stimulates adenylate cyclase activity and increases intracellu-
lar CAMP levels and the activity of cAMP-dependent protein kinases.
Adrenoceptor-mediated changes in the activity of protein kinases (and also
levels of intracellular Ca*") bring about changes in the activity of specific
enzymes and structural and regulatory proteins, resulting in modification of
cell and organ activity.

Il. PARASYMPATHOMIMETIC DRUGS

A. Direct-acting muscarinic cholinoceptor agonists

1. Action and chemical structure
a. Direct-acting parasympathomimetic drugs act at muscarinic cholinoceptors to

mimic many of the physiologic effects that result from stimulation of the parasympa-
thetic division of the ANS (see Fig. 2.1).

. Bethanechol (Urecholine) and methacholine are choline esters with a quaternary

ammonium group that are structurally similar to ACh and have substantially reduced
activity at nicotinic receptors and are more resistant to hydrolysis by AChE.

2. Pharmacologic effects (Tables 2.2 and 2.3)
a. Eye

(1) Direct-acting muscarinic cholinoceptor agonists contract the circular smooth
muscle fibers of the ciliary muscle and iris to produce, respectively, a spasm of
accommodation and an increased outflow of aqueous humor into the canal of
Schlemm, resulting in a reduction in intraocular pressure.

(2) These drugs contract the smooth muscle of the iris sphincter to cause miosis.

. Cardiovascular system

(1) Direct-acting muscarinic cholinoceptor agonists produce a negative chronotropic
effect (reduced SA node activity).

(2) These drugs decrease conduction velocity through the AV node.

(3) These drugs have no effect on force of contraction because there are no musca-
rinic receptors on, or parasympathetic innervation of, ventricles.

(4) Direct-acting muscarinic cholinoceptor agonists produce vasodilation that results
primarily from their action on endothelial cells to promote the release of NO,
which diffuses to the vascular smooth muscle and produces relaxation. Vascular
smooth muscle has muscarinic receptors but no parasympathetic innervation.
The resulting decrease in blood pressure can result in a reflex increase in heart
rate. (Intravenous infusion of low doses of ACh causes a reflex sympathetic-
stimulated increase in heart rate; higher doses directly inhibit heart rate.)
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table v Actions of Direct-Acting Cholinoceptor Agonists

Effector Effects of Muscarinic Agonists
Heart (rate, conduction velocity)? Decrease
Arterioles (tone) Decrease
Blood pressure Decrease
Pupil size Decrease
Salivation Increase
Lacrimation Increase
Bronchial tone Increase
Intestine (motility) Increase
Gl secretions Increase
Urinary bladder

Body (tone) Increase

Sphincter Decrease

°Responses (e.g., heart rate) may be affected by reflexes.

c. Gl tract
(1) Direct-acting muscarinic cholinoceptor agonists increase smooth muscle con-
tractions and tone, with increased peristaltic activity and motility.
(2) These drugs increase salivation and acid secretion.
d. Urinary tract
(1) Direct-acting muscarinic cholinoceptor agonists increase contraction of the ureter
and bladder smooth muscle.
(2) These drugs increase sphincter relaxation.
e. Respiratory system effects of direct-acting muscarinic cholinoceptor agonists include
bronchoconstriction with increased resistance and increased bronchial secretions.
f. Other effects
(1) These drugs increase the secretion of tears from lacrimal glands and increase
sweat gland secretion.
(2) These drugs produce tremor and ataxia.
3. Specific drugs and their therapeutic uses. These drugs are used primarily for diseases of
the eye, GI tract, urinary tract, the neuromuscular junction, and the heart (Table 2.4).
a. Bethanechol (Urecholine)
(1) Bethanechol is used to stimulate smooth muscle motor activity of the urinary
tract to prevent urine retention.

table 2 Effects of Muscarinic Cholinoceptor and Adrenoceptor Agonists on Smooth
Muscles of the Eye

Type of Drug Muscle Effect Result
Muscarinic agonist Iris circular (constrictor) Contraction Miosis
Ciliary circular Contraction Accommodation
Muscarinic antagonist Iris circular (constrictor) Relaxation Mydriasis
Ciliary circular Relaxation Cycloplegia
a-Adrenergic agonist Iris radial (dilator) Contraction Mydriasis

Ciliary circular None None
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table yX'B Selected Therapeutic Uses of Selected Direct-Acting Cholinoceptor Agonists

Agent

Conditions/Disorders

Bethanechol Prevents urine retention; postoperative abdominal distension; gastric atony

Methacholine Diagnostic for bronchial hypersensitivity

Pilocarpine

Open-angle glaucoma; acute narrow-angle glaucoma; Sjégren syndrome

d.
e.

(2) Tt is used occasionally to stimulate GI smooth muscle motor activity for postop-
erative abhdominal distention and for gastric atony following bilateral vagotomy (in
the absence of obstruction).

(3) Bethanechol is administered PO or SC, not by IV or IM route, because parenteral
administration may cause cardiac arrest.

(4) When given orally, GI effects predominate, and there are relatively minor cardio-
vascular effects.

(5) Bethanechol has limited distribution to the CNS.

(6) TItis resistant to hydrolysis and thus has a relatively long duration of action (2-3 h).

Methacholine (Mecholyl) is occasionally used to diagnose bronchial hypersensitiv-

ity. Patients with no clinically apparent asthma are more sensitive to methacholine-

induced bronchoconstriction than normal patients.

Pilocarpine

(1) Pilocarpine is occasionally used topically for open-angle glaucoma, either as
eyedrops or as a sustained-release ocular insert (Ocusert). B-adrenoceptor
antagonists and prostaglandin analogs are the drugs of choice to treat open-angle
glaucoma. Other drug classes used include a-adrenergic receptor agonists and
diuretics.

(2) When used before surgery to treat acute narrow-angle glaucoma (a medical emer-
gency), pilocarpine is often given in combination with an indirectly acting mus-
carinic agonist such as physostigmine.

(3) Pilocarpine and cevimeline (Evoxac) increase salivary secretion. They are used to
treat Sjogren syndrome-associated dry mouth.

(4) Pilocarpine is a tertiary amine that is well absorbed from the GI tract and enters
the CNS.

Carbachol is used rarely as a treatment for open-angle glaucoma.

Nicotine-based products and varenicline (Chantix), direct-acting nicotinic receptor

agonists, are approved for use in smoking cessation (Chapter 5 X D 2).

4. Adverse effects and contraindications

b.

The adverse effects associated with direct-acting muscarinic cholinoceptor agonists
are extensions of their pharmacologic activity. The most serious include nausea, vom-
iting, sweating, salivation, bronchoconstriction, decreased blood pressure, and diarrhea,
all of which can be blocked or reversed by atropine. Systemic effects are minimal for
drugs applied topically to the eye.

These drugs are contraindicated in the presence of peptic ulcer (because they increase
acid secretion), asthma, cardiac disease, and Parkinson disease. They are not recom-
mended in hyperthyroidism because they predispose to arrhythmia; they are also not
recommended when there is mechanical obstruction of the GI or urinary tract.

B. Indirect-acting parasympathomimetic agents
1. Chemical structure

a.
b.

C.

Edrophonium is an alcohol with a quaternary ammonium group.
Neostigmine and physostigmine are examples of carbamic acid esters of alcohols (car-
bamates) with either quaternary or tertiary ammonium groups.
Echothiophate and isoflurophate are examples of organic derivatives of phosphoric acid.
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2. Mechanism of action (Fig. 2.3A and B)

a. Indirect-acting parasympathomimetic agents inhibit AChE and increase ACh levels
at both muscarinic and nicotinic cholinoceptors to mimic many of the physiologic
effects that result from increased ACh in the synaptic junction and stimulation of
cholinoceptors of the parasympathetic division of the ANS.

b. ACh interacts with AChE at two sites: The N* of choline (ionic bond) binds to the
anionic site, and the acetyl ester binds to the esteratic site (serine residue). As ACh
is hydrolyzed, the serine-OH side chain is acetylated and free choline is released.
Acetyl-serine is hydrolyzed to serine and acetate. The half-life (t,,,) of acetylserine
hydrolysis is 100-150 microseconds.

c. Edrophonium (Tensilon) acts at the same sites of AChE to competitively inhibit ACh
hydrolysis. It has a short duration of action (5-15 min).

d. Neostigmine (Prostigmin), physostigmine (Eserine, Antilirium), and demecarium
(Humorsol), like ACh, interact with AChE and undergo a two-step hydrolysis.
However, the serine residue of the enzyme is covalently carbamylated rather than
acetylated. Hydrolysis of the carbamylserine residue is much slower than that of ace-
tylserine (30 min to 6 h).

(1) Neostigmine, physostigmine, and demecarium also have direct agonist action at
skeletal muscle nicotinic cholinoceptors.
(2) These drugs differ in absorption as follows:
(a) Because ofits quaternary ammonium structure, neostigmine is poorly absorbed
from the GI tract and has negligible distribution into the CNS.
(b) Physostigmine is well absorbed after oral administration, and it enters
the CNS.

e. Echothiophate (Phospholine) and isoflurophate (Floropryl), irreversible and toxic
organophosphate cholinesterase inhibitors, result in phosphorylation of AChE rather
than acetylation. With time, the strength of the bond increases (“aging”), and AChE
becomes irreversibly inhibited. The enzyme can be reactivated within the first
30 minutes by pralidoxime. Hydrolysis of the covalent alkylphosphoryl-serine bond
takes days.

Acetylcholinesterase

Esteratic Anionic
site site
(0)—/o
AN 4
Acetylcholinesterase ! i
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FIGURE 2.3. A. Hydrolysis of acetylcholine by acetylcholinesterase. B. Interaction of neostigmine with
acetylcholinesterase.
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(1) Echothiophate is poorly absorbed from the GI tract and has negligible distribution
into the CNS.

(2) Isoflurophate is highly lipid soluble and is well absorbed across all membranes,
including skin.

f. Pralidoxime (Protopam)

(1) Pralidoxime is an AChE reactivator that must be administered IV within minutes
of exposure to an AChE inhibitor because it is effective only prior to “aging.”

(2) Pralidoxime acts as an antidote for organophosphorus insecticide and nerve gas
poisoning. It binds the anionic site and reacts with the P=0 group of alkylphos-
phorylated serine to cause hydrolysis of the phosphoserine bond.

(3) This drug is most effective at the neuromuscular junction. It is ineffective in the
CNS and against carbamylated AChE.

(4) Pralidoxime produces few adverse effects in normal doses.

Pharmacologic effects (Table 2.2)

a. With the major exception of arteriole tone and blood pressure, where their effects are
less pronounced, the pharmacologic effects of indirect-acting parasympathomimetic
agents are similar to those of direct-acting muscarinic cholinoceptor agonists.

b. By increasing ACh at the neuromuscular junction, these drugs increase the contrac-
tion strength of skeletal muscle. The effect is more pronounced if muscle contraction
is already weak, as occurs in myasthenia gravis.

Therapeutic uses

a. Glaucoma
(1) Physostigmine is often used concurrently with pilecarpine for maximum effect in

the treatment of acute angle-closure glaucoma, a medical emergency.

(2) Direct- and indirect-acting cholinomimetics have been largely replaced for
the treatment of chronic open-angle glaucoma by topical B-adrenergic receptor
antagonists and by prostaglandin analogs.

b. Gl and urinary tract disorders
(1) Postoperative ileus and congenital megacolon, and urinary tract retention can be

treated with direct or indirectly acting cholinomimetic drugs such as bethanechol
and neostigmine.

(2) These agents are also used to increase the tone of the lower esophageal sphincter.

c. Myasthenia gravis
(1) Myasthenia gravis is an autoimmune disease in which antibodies complex with

nicotinic receptors at the neuromuscular junction to cause skeletal muscle
weakness and fatigue. AChE inhibitors, such as pyridostigmine, are used to
increase ACh levels at the neuromuscular junction to fully activate the remaining
receptors.

(2) Myasthenia gravis can be diagnosed using the Tensilon test, which can also
assess the adequacy of treatment with AChE inhibitors. Small doses of edro-
phonium improve muscle strength in untreated patients with myasthenia or in
treated patients in whom AChE inhibition is inadequate. If there is no effect, or
if muscle weakness increases, the dose of the AChE inhibitor is too high (exces-
sive ACh stimulation at the neuromuscular junction results in a depolarizing
blockade).

(3) Atropine can be used to control excessive muscarinic stimulation by AChE
inhibitors.

(4) Tolerance may develop to long-term use of the AChE inhibitors.

d. Alzheimer disease: Donepezil (Aricept), galantamine (Reminyl), rivastigmine (Exelon),
and tacrine (Cognex) are AChE inhibitors used to ameliorate the cognitive deficit
associated with Alzheimer disease (see Chapter 5 VI E).

e. Neostigmine or edrophonium can be used following surgery to reverse neuromuscular
blockade and paralysis resulting from adjunct use of nondepolarizing agents.

f. Atropine and scopolamine poisoning that results in severe body temperature elevation
or tachycardia can be treated with physostigmine, which reverses the central and the
peripheral effects of competitive muscarinic antagonists.
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5. Adverse effects and toxicity

a. The adverse effects associated with indirect-acting sympathomimetic agents are an
extension of pharmacologic activity and arise from excessive cholinergic stimulation.

b. Adverse effects include muscarinic effects similar to those of direct-acting cholinergic
drugs and nicotinic effects such as muscle weakness, cramps and fasciculations, excessive
bronchial secretions, convulsions, coma, cardiovascular collapse, and respiratory failure.

¢. Many lipid-soluble organophosphates are used as insecticides (e.g., malathion) or
nerve gases (e.g., sarin) and may be absorbed in sufficient quantities from the skin or
lungs to cause cholinergic intoxication. Treatment includes the following steps:
(1) Maintain respiration and decontaminate to prevent further absorption.
(2) Administer atropine parenterally to inhibit muscarinic effects.
(3) Administer pralidoxime within minutes of exposure.

Ill. MUSCARINIC-RECEPTOR ANTAGONISTS

A. Mechanism and chemical structure (Table 2.5)

1. Muscarinic-receptor antagonists are competitive antagonists of ACh at all muscarinic
cholinoceptors.

2. Muscarinic-receptor antagonists are either tertiary amine alkaloids (e.g., atropine, scopol-
amine, tropicamide) or quaternary amines (e.g., propantheline [Pro-Banthine], ipratropium
[Atrovent]).

3. Tertiary amines are often used for their effects on the CNS. Quaternary amines, which have
minimal CNS actions, are often used for their effects on peripheral systems.

B. Pharmacologic effects
1. Eye (Table 2.3)

a. Muscarinic-receptor antagonists produce cycloplegia by blocking parasympathetic
tone, leading to paralysis of the ciliary muscle and loss of accommodation.

b. These drugs produce mydriasis by blocking parasympathetic tone to the iris circular
(constrictor) muscle. Unopposed sympathetic stimulation of the radial muscle results
in dilation of the pupil.

2. Cardiovascular system

a. Muscarinic-receptor antagonists increase heart rate due to cholinergic blockade at

the SA node.

table YA Properties of Some Cholinoceptor-Blocking Agents

Receptors
Agent Action Muscarinic  Nicotinic Comments
Atropine Competitive antagonist + Prototype muscarinic
cholinoceptor-blocking
agent
Scopolamine Competitive antagonist 4 Actions similar to those of
atropine
Propantheline Competitive antagonist + Peripheral-acting cholinoceptor
blocking agent
Trimethaphan Competitive, nondepolarizing A Peripheral-acting ganglionic
antagonist blocking agent
Cisatracurium Competitive, nondepolarizing + Neuromuscular junction
antagonist at motor endplate blocking agent
Succinylcholine  Depolarizing agonist at motor endplate I Neuromuscular junction

blocking agent
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These drugs dilate blood vessels in facial blush area (atropine flush), which is not
related to the antagonist action.

3. Gltract

a.
b.

C.

Muscarinic-receptor antagonists decrease salivation.

These drugs reduce peristalsis, resulting in prolonged gastric emptying and intestinal
transit.

They also reduce gastric acid secretion.

4. Other effects

Muscarinic-receptor antagonists produce some bronchodilation and decrease mucus
secretion.

. These drugs relax the ureters and bladder in the urinary tract and constrict the uri-

nary sphincter.

Tertiary amines can produce restlessness, headache, excitement, hallucinations, and
delirium.

These drugs produce anhidresis and dry skin because of the inhibition of sympathetic
cholinergic innervation of the sweat glands.

C. Pharmacologic properties
1. Unlike quaternary ammonium drugs (10%-30% absorption), most tertiary muscarinic-
receptor antagonists are well absorbed across the GI tract or mucosal surfaces and dis-
tribute throughout the body, including the brain.
2. Atropine and scopolamine have relatively long durations of action.

D. Therapeutic uses (Table 2.6)
1. Eye

Shorter-acting muscarinic-receptor antagonists (e.g., homatropine, cyclopentolate
[Cyclogyl], tropicamide) that produce mydriasis are administered topically as eye-
drops or as ointments for refractive measurements and for ophthalmoscopic examina-
tion of the retina and other structures of the eye (o-adrenoceptor agonists, such as
phenylephrine, are used for simple funduscopic examination without cycloplegia).
Longer-acting muscarinic-receptor antagonists (such as homatropine) are generally
preferred as adjuncts to phenylephrine to prevent synechia formation in anterior uve-
itis and iritis.

2. Cardiovascular system uses are limited and include the administration of these drugs as a
treatment for acute myocardial infarction with accompanying bradycardia and hypoten-
sion or arrhythmias (e.g., atropine).

3. Urinary tract uses of atropine and other muscarinic-receptor antagonists include the
administration of these drugs for symptomatic treatment of urinary urgency in inflam-
matory bladder disorder. Oxybutynin (Ditropan) and trespium (SpasMex), and the more
selective M;-receptor antagonists darifenecin (Enablex), solifenacin (Vesicare), tolterodine
(Detrol), and fesoterodine (Toviaz), are additional agents in this class used to treat certain
urinary tract disorders.

table yA: N Selected Therapeutic Use of Muscarinic Cholinoceptor Antagonists

Organ/System Therapeutic Use

Eye
Heart
Bladder
Lung
CNS

Refractive measurement; ophthalmologic examination, uveitis and iritis
Acute myocardial infarction

Urinary urgency

Surgical anesthesia to suppress secretions

Motion sickness (scopolamine); Parkinson disease

Multiple organs/systems Cholinergic poisoning
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Central nervous system

a. Antimuscarinic drugs, benztropine, biperiden, trihexyphenidyl, and others, are used as
adjunct to levodopa therapy for some patients with Parkinson disease (see Chapter 5).

b. Scopolamine (used orally, intravenously, or transdermally) prevents motion sick-
ness by blocking muscarinic receptors in the vestibular system and in the CNS (see
Chapter 8). Scopolamine also has additional amnestic and sedative properties.

Respiratory system

a. Atropine and scopolamine can be used to suppress bronchiolar secretions during sur-
gical and spinal anesthesia and to prevent the muscarinic effects of AChE inhibitors
used to reverse muscle paralysis at the end of surgery.

b. Ipratropium (Atrovent) and tiotropium (Spiriva) are used as an inhalant to treat reac-
tive airway disease such as asthma and chronic obstructive pulmonary disease
(COPD).

Other uses: Tertiary agents such as atropine are used to block peripheral and CNS effects

due to cholinergic excess, especially those caused by poisoning with AChE inhibitor-

containing insecticides and muscarine-containing mushrooms.

E. Adverse effects and contraindications

The adverse effects of muscarinic-receptor antagonists are extensions of pharmacologic
activity and include mydriasis, cycloplegia, dry eyes, tachycardia, dry mouth, elevated tem-
perature, dry skin, urine retention, agitation, hallucinations, and delirium (“hot as a hare, dry
as a bone, red as a beet, blind as a bat, mad as a hatter”). Symptomatic treatment rather
than use of physostigmine is recommended. Neostigmine is used to treat poisoning with
quaternary muscarinic-receptor antagonists.

Contraindications (relative) are glaucoma, particularly angle-closure glaucoma, Gl and
urinary tract obstruction (e.g., prostatic hypertrophy), and gastric ulcer.

Drug interactions of muscarinic-receptor antagonists include the production of additive
effects when administered with other drugs with muscarinic-receptor antagonist activity
(certain antidepressants, antipsychotics, and antihistamines).

IV. GANGLION-BLOCKING DRUGS

A. Mechanism and therapeutic uses (see Table 2.5)

Ganglion-blocking drugs

a. Trimethaphan (Arfonad) and mecamylamine (Inversine) inhibit the effect of ACh at
nicotinic receptors by acting competitively (nondepolarizing blockade) at both sym-
pathetic and parasympathetic autonomic ganglia.

b. Because of a lack of selectivity and numerous adverse effects, they are used rarely in
the clinical setting (hypertensive emergencies).

V. SKELETAL MUSCLE RELAXANTS

A. Classification and structure

Neuromuscular junction-blocking drugs (see Table 2.5)

a. Classified as either nondepolarizing or depolarizing types, neuromuscular junction-
blocking drugs cause neuromuscular paralysis. They are structurally similar to ACh.

b. These drugs contain one or two quaternary nitrogens that limit their entry into
the CNS.

Spasmolytic drugs act to reduce abnormal muscle tone without paralysis. These drugs

increase or mimic the activity of y-aminobutyric acid (GABA) in the spinal cord and brain

or interfere with the release of calcium in skeletal muscle.
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B. Nondepolarizing agents

1. Me
a.

chanism

Nondepolarizing agents competitively inhibit the effect of ACh at the postjunctional
membrane nicotinic receptor of the neuromuscular junction. There is some prejunc-
tional inhibition of ACh release.

These agents prevent depolarization of the muscle and propagation of the action
potential.

2. Pharmacologic properties

b.
c.

d.

Nondepolarizing agents are administered parenterally and are generally used for
long-term motor paralysis. Paralysis and muscle relaxation occur within 1-5 minutes.
Nondepolarizing agents have durations of action that range from 20 to 90 minutes.
Most nondepolarizing agents are metabolized by the liver or are excreted unchanged.
The duration of action may be prolonged by hepatic or renal disease.
Intermediate-acting steroid muscle relaxing agents (e.g., rocuronium [Zemuron],
vecuronium [Norcuron]) are more commonly used than long-acting agents.

3. Specific drugs (Table 2.7)

a.
b.

Tubocurarine (prototype) is seldom used clinically at this time.

Metocurine (Metubine) is a derivative of tubocurarine. It has the same properties,

but with less histamine release and thus less hypotension and bronchoconstriction.

Metocurine has a long duration of action (>40 min).

Atracurium (Tracrium) and Cisatracurium (Nimbex)

(1) Atracurium causes some histamine release. It is inactivated spontaneously in
plasma by nonenzymatic hydrolysis that is delayed by acidosis. Its duration of
action is reduced by hyperventilation-induced respiratory alkalosis. Laudanosine,
a breakdown product of atracurium, may accumulate to cause seizures.

(2) Cisatracurium is a stereoisomer of atracurium that releases less histamine and
forms less laudanosine. It has replaced atracurium use in clinical practice.

Mivacurium (Mivacron) is a short-acting (10-20 min), which is rapidly hydrolyzed

by plasma cholinesterase, has a slow onset of action relative to succinylcholine, and

produces moderate histamine release at high doses.

Vecuronium (Norcuron), Rocuronium (Zemuron), and Pancurenium (Pavulon)

(1) All are steroid derivatives with little, histaminic or ganglion-blocking activity.

(2) Vecuronium and rocuronium have intermediate durations of action (20-40 min).
They are metabolized primarily by the liver.

table YA Properties of Some Skeletal Muscle Relaxants

Nondepolarizing Duration of Ganglion  Histamine  Cardiac Muscarinic

Agent Action Blockade Release Receptors Comments

Tubocurarine’ Long + ++ — Prototype

Atracurium’ Intermediate — I — Inactivat.ed spontaneously in

plasma; laudanosine, a breakdown
product, may cause seizures

Cisatracurium® Intermediate — — — Less Iauda'nosine formed than
atracurium

Mivacurium? Short — FaF — Hydrolyzed by plasma cholinesterase

Pancuronium’ Long — — ++ Increased heart rate

Vecuronium® Intermediate — — — Metabolized by liver

Depolarizing Agent

Succinylcholine  Very short qFaF a4 aFaF Hydrolyzed by cholinesterase;

malignant hyperthermia is a rare,
potentially fatal complication

“Isoquinoline dei

rivative.

"Steroid derivative.
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(3) Pancuronium has a longer duration of action (120-180 min) and is used less fre-
quently than the others. It is excreted by the kidney with only minimal hepatic
metabolism.

4. Therapeutic uses
a. Nondepolarizing agents are used during surgery as adjuncts to general anesthetics to

induce muscle paralysis and muscle relaxation. The order of muscle paralysis is small,
rapidly contracting muscles (e.g., extrinsic muscles of the eye) before slower contract-
ing muscle groups (e.g., face and extremities), followed by intercostal muscles, and
then the diaphragm. Recovery of muscle function is in reverse order, and respiration
often must be assisted.

b. These agents are also used for muscle paralysis in patients when it is critical to control
ventilation, e.g., ventilatory failure from pneumonia, for endotracheal intubation,
and to control muscle contractions during electroconvulsive therapy.

5. Reversal of nondepolarizing drug blockade: AChE inhibitors, such as neostigmine, are
administered for pharmacologic antagonism to reverse residual postsurgical muscarinic
receptor blockade and avoid inadvertent hypoxia or apnea.

6. Adverse effects and contraindications (Table 2.7)

a. Cardiovascular system. Tubocurarine, atacurium, mivacurium, pancuronium, and
metocurine may produce cardiovascular effects such as hypotension or increased
heart rate due to histamine release, ganglionic-blocking activity, or vagolytic activity.

b. Respiratory system: Some nondepolarizing agents can produce bronchespasm in sen-
sitive individuals due to histamine release. Agents that release histamine are contra-
indicated for asthmatic patients and patients with a history of anaphylactic reactions.

1. Drug interactions
a. General inhalation anesthetics, particularly isoflurane, increase the neuromuscular

blocking action of nondepolarizing agents. The dose of the neuromuscular junction-

blocking drug may have to be reduced.

b. Aminoglycoside antibiotics, among others, inhibit prejunctional ACh release and
potentiate the effect of nondepolarizing and depolarizing neuromuscular junction-
blocking drugs.

C. Depolarizing agents (Table 2.7) include succinylcholine (Anectine), the only depolarizing
drug of clinical importance.
1. Mechanism of action

a. Succinylcholine is a nicotinic receptor agonist that acts at the motor endplate of the
neuromuscular junction to produce persistent stimulation and depolarization of the
muscle, thus preventing stimulation of contraction by ACh.

b. After a single IV injection and depolarization of the muscle, there are initial muscle
contractions or fasciculations (in the first 30-60 s) that may be masked by general anes-
thetics. Because succinylcholine is metabolized more slowly than ACh at the neuro-
muscular junction, the muscle cells remain depolarized (depolarizing or phase | block)
and unresponsive to further stimulation, resulting in a flaccid paralysis (5-10 min).

c. With continuous long-term exposure (45-60 min), the muscle cells repolarize.
However, they cannot depolarize again while succinylcholine is present and, there-
fore, remain unresponsive to ACh (desensitizing or phase Il block).

d. AChE inhibition will enhance the initial phase I block by succinylcholine but can
reverse phase II block.

2. Pharmacologic properties

a. Succinylcholine has a rapid onset and short duration of action. Action is rapidly ter-
minated (5-10 min) by hydrelysis by plasma and liver cholinesterase.

b. Reduced plasma cholinesterase synthesis in end-stage hepatic disease or reduced
activity following the use of irreversible AChE inhibitors may increase the duration of
action.

3. Therapeutic uses of succinylcholine include the administration of the drug as an adjunct
in surgical anesthesia to obtain muscle relaxation while using lower levels of general anes-
thetic, to induce brief paralysis in short surgical procedures, and to facilitate intubation.
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4. Adverse effects

a.
b.

Postoperative muscle pain at higher doses.

Hyperkalemia

(1) Hyperkalemia results from loss of tissue potassium during depolarization.

(2) Risk of hyperkalemia is enhanced in patients with burns, muscle trauma, or spi-
nal cord transections.

(3) Hyperkalemia can be life-threatening, leading to cardiac arrest and circulatory
collapse.

Malignant hyperthermia

(1) Malignant hyperthermia is a rare but often fatal complication in susceptible
patients that results from a rapid increase in muscle metabolism. About 50%
of patients are genetically predisposed, with mutations in the skeletal muscle
Ca’"-release channel of the sarcoplasmic reticulum (ryanodine receptor, RYR1).

(2) Malignant hyperthermia is most likely to occur when succinylcholine is used with
the general anesthetic halothane.

(3) It is characterized by tachycardia and, among other manifestations, intense
muscle spasm that results in a rapid and profound hyperthermia.

(4) Drug treatment is with dantrolene (see following).

Prolonged paralysis may result in apnea (lasting 1-4 h) in a small percentage of

patients (1/10,000) with genetically atypical or low levels of plasma cholinesterase.

Mechanical ventilation is necessary.

e. Bradycardia from direct muscarinic cholinoceptor stimulation is prevented by atropine.

Increased intraocular pressure may result from extraocular muscle contractions; use of
succinylcholine may be contraindicated for penetrating eye injuries.

Succinylcholine produces increased intragastric pressure, which may result in fas-
ciculations of abdominal muscles and a danger of aspiration.

D. Spasmolytic drugs
1. These muscle relaxants reduce increased muscle tone associated with a variety of nervous
system disorders (e.g., cerebral palsy, multiple sclerosis, spinal cord injury, and stroke) that
result in loss of supraspinal control and hyperexcitability of o.- and y-motoneurons in the
spinal cord, causing abnormal skeletal muscle, bowel, and bladder function.
2. Selected drugs

C.

Dantrolene (Dantrium)

(1) Dantrolene acts directly on muscle to reduce skeletal muscle contractions.

(2) Dantrolene is also used to treat malignant hyperthermia.

(3) This drug interferes with Ca*" release from the sarcoplasmic reticulum; benefit
may not be apparent for a week or more.

(4) The major adverse effects of dantrolene are muscle weakness, which may limit
therapy, and sedation. Long-term use can result in hepatotoxicity that may be
fatal. Hepatic function should be monitored during treatment.

Baclofen (Lioresal)

(1) Baclofen is an analog of GABA. It is a GABAg-receptor agonist that hyperpolarizes
neurons to inhibit synaptic transmission in the spinal cord.

(2) Adverse effects include some drowsiness and an increased frequency of seizures
in epileptic patients.

Tizandine (Zanaflex)

(1) Tizandine is an alpha2 adrenoceptor agonist analog of clonidine that reduces
muscle spasm with less muscle weakness than baclofen, dantrolene, and
diazepam.

(2) Adverse effects include some drowsiness and hypotension and reports of hepato-
toxicity.

Benzodiazepines (see Chapter 5)

(1) Benzodiazepines such as diazepam act on the spinal cord and CNS to facilitate
GABA activity.

(2) The major adverse effect is sedation.
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e. Botulinum toxin (Botox)
(1) Botulinum toxin acts by inhibiting the release of ACh from motor nerve terminals.
(2) Botulinum toxin is used to treat local muscle spasms, spastic disorders like cerebral
palsy, and blepharospasm- and strabismus-associated dystonia. It is also used for
cosmetic reduction of facial wrinkles.

VI. SYMPATHOMIMETIC DRUGS

A. Action and chemical structure

1. These drugs act either directly or indirectly to activate postjunctional and prejunctional
adrenoceptors to mimic the effects of endogenous catecholamines such as norepinephrine
and epinephrine. Their actions can generally be predicted from the type and location of
the receptors with which they interact and whether or not they cross the blood-brain
barrier to enter the CNS.

2. Indirectly acting agents act within nerve endings to increase the release of stored
catecholamines, act at the prejunctional membrane to block the reuptake of catechol-
amines that have been released from nerve endings, or act enzymatically to prevent their
biotransformation.

B. Pharmacologic effects (Table 2.8)
1. Cardiovascular system

a. PBi-Receptor agonists, through an increased calcium influx in cardiac cells, increase
the rate (chronotropic effect) and force (inotropic effect) of myocardial contraction
and increase the conduction velocity (dromotropic effect) through the AV node, with
a decrease in the refractory period.

b. B,-Receptor agonists cause relaxation of vascular smooth muscle that may invoke a
reflex increase in heart rate.

c. o4-Receptor agonists constrict smooth muscle of resistance blood vessels (e.g., in the
skin and splanchnic beds), causing increased peripheral resistance usually with an

table yX. 3 Direct Effects of Adrenoceptor Agonists

Effector o o By B,
Heart
Rate Increase
Force Increase
Arterioles (most) Constrict Dilate
Blood pressure Increase Decrease
Intestine
Wall Relax Relax Relax
Sphincters Contract
Salivation
Volume Increase
Amylase Increase
Pupil Dilate
Bronchial smooth muscle Relax
Urinary bladder
Body Constrict Relax
Sphincter Constrict

Release of NE from nerves Decrease
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increase in blood pressure. In normotensive patients (less effect in those with hypoten-
sion), the increased blood pressure may invoke a reflex baroreceptor vagal discharge
and a slowing of the heart, with or without an accompanying change in cardiac output.
d. o,-Receptor agonists reduce blood pressure by a prejunctional action on neurons in
the CNS to inhibit sympathetic outflow.
2. Eye (see Table 2.3)
a. o-Receptor agonists contract the radial muscle of the iris and dilate the pupil (mydriasis).
These drugs also increase the outflow of aqueous humor from the eye.
b. B-Receptor antagonists decrease the production of aqueous humor.
3. Respiratory system effects include B,-receptor agonist-induced relaxation of bronchial
smooth muscle and decreased airway resistance.
4. Metabolic and endocrine effects
a. B-Receptor agonists increase liver and skeletal muscle glycogenolysis and increase
lipolysis in fat cells. o,-Receptor agonists inhibit lipolysis.
b. B-Receptor agonists increase, and o,-receptor agonists decrease, insulin secretion.
5. Genitourinary tract effects include o-Receptor agonist contraction of the bladder wall,
urethral sphincter, prostate, seminal vesicles, and ductus deferens.

. Specific sympathomimetic drugs are selected for use depending on the duration of action,

route of administration, and also the specific effect on a particular tissue, which in turn
depends on the tissue population of adrenoceptor subtypes.
1. Epinephrine and norepinephrine

a. Epinephrine and norepinephrine are poorly absorbed from the GI tract and do not
enter the CNS to any appreciable extent. Absorption of epinephrine from subcutane-
ous sites is slow because of local vasoconstriction. Nebulized and inhaled solutions
and topical preparations of epinephrine are available. Epinephrine and norepineph-
rine are most often administered IV (with caution to avoid cardiac arrhythmias or local
tissue necrosis).

b. These drugs are metabolized extensively by enzymes in the liver by COMT and MAO.
Metabolites are excreted by the kidney.

c. Epinephrine and norepinephrine actions at neuroeffector junctions are terminated
primarily by simple diffusion away from the receptor site and by active uptake into
sympathetic nerve terminals and subsequent active transport into storage vesicles.
Actions are also partially terminated at neuroeffector junctions by metabolism by
extraneuronal COMT and intraneuronal MAO.

(1) Epinephrine

(a) Epinephrine activates f,-, B,-, and a-adrenoceptors.

(b) Epinephrine administration in humans increases systelic pressure as a result
of positive inotropic and chronotropic effects on the heart (j,-receptor
activation) and generally results in decreased total peripheral resistance and
decreased diastolic pressure due to vasodilation in the vascular bed of skeletal
muscle (B,-receptor activation) that overcomes the vasoconstriction produced
in most other vascular beds, including the kidney (o-receptor activation). The
mean arterial pressure may increase slightly, decrease, or remain unchanged,
depending on the balance of effects on systolic and diastolic pressure.

(¢) At high doses, epinephrine causes vasoconstriction in the vascular bed of
skeletal muscle (o-receptor activation).

(d) Epinephrine increases coronary blood flow as a result of increased cardiac
workload; it may precipitate angina in patients with coronary insufficiency.

(e) Epinephrine increases the drainage of aqueous humor (o-receptor activation)
and reduces pressure in open-angle glaucoma. It dilates the pupil (mydriasis)
by contraction of the radial muscle of the eye (a-receptor activation).

(f) Epinephrine relaxes bronchial smooth muscle (B,-receptor activation).

(2) Norepinephrine is rarely used therapeutically. It activates ,-receptors and o recep-
tors. It has little activity at B,-receptors.
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2. Dopamine (Intropin)

b.

C.

d.

Dopamine activates peripheral PB;-adrenoceptors to increase heart rate and
contractility.

Dopamine activates prejunctional and postjunctional dopamine D;-receptors in the
renal, coronary, and splanchnic vessels to reduce arterial resistance and increase
blood flow. Prejunctionally, dopamine inhibits norepinephrine release.

At low doses, dopamine has a positive inotropic effect and increases systolic pressure,
with little effect on diastolic pressure or mean blood pressure.

At higher doses, dopamine activates a-receptors and causes vasoconstriction, with a
reflex decrease in heart rate.

3. B-Adrenoceptor agonists

Dobutamine

(1) Dobutamine is a synthetic catecholamine that is related to dopamine but whose
activities are related to actions at a-receptors and B-receptors with no effect on
dopamine receptors.

(2) This drug increases cardiac output with limited vasodilating activity and reflex
tachycardia.

(3) Dobutamine is administered by IV infusion because of its short half-life
(t;;, = 2 min).

Terbutaline (Brethine, Bricanyl), albuterol (Proventil, Ventolin), metaproterenol

(Alupent), pirbuterol (Maxair), salmeterol (Serevent), and formoterol (Foradil) are

examples of drugs with more selective ,-receptor agonists that relax bronchial smooth

muscle with fewer cardiac effects and longer duration of action than epinephrine.

Selectivity is lost at high concentrations.

Isoproterenol (Isuprel) activates B-receptors with little activity on a-receptors. It dilates

bronchial smooth muscle. It is infrequently used because of the availability of selec-

tive B,-adrenoceptor agonists.

4. o-Adrenoceptor agonists

b.

Phenylephrine, methoxamine (Vasoxyl), and metaraminol (Aramine)

(1) These drugs produce effects primarily by direct o,,-receptor stimulation that results
in vasoconstriction, increased total peripheral resistance, and increased systolic
and diastolic pressure. Metaraminol also has indirect activity; it is taken up and
released at sympathetic nerve endings, where it acts as a false neurotransmitter.
It also releases epinephrine.

(2) These drugs are less potent but because they are not metabolized by COMT they
have longer durations of action than catecholamines.

Xylometazoline (Otrivin) and exymetazoline (Afrin)

(1) These drugs have selective action at a-receptors.

(2) Athigh doses, these drugs may cause clonidine-like effects because of their action
in the CNS.

Clonidine (Catapres), methyldopa (Aldomet), guanabenz (Wytensin), and guanfacine

(Tenex)

(1) These antihypertensive agents directly or indirectly activate prejunctional and,
possibly, postjunctional a,-receptors in the vasomotor center of the medulla to
reduce sympathetic tone.

(2) These drugs reduce blood pressure, with a decrease in total peripheral resistance
and minimal long-term effects on cardiac output and heart rate.

(3) Methyldopa is a prodrug that is metabolized to the active agent o--methylnorepi-
nephrine (and o-methyldopamine) in nerve endings. It lowers blood pressure by
reducing peripheral vascular resistance. At higher nontherapeutic doses, it acti-
vates peripheral o-receptors to cause vasoconstriction.

5. Other adrenoceptor agonists

Ephedrine
(1) Ephedrine acts indirectly to release norepinephrine from nerve terminals and has
some direct action on adrenoceptors.
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(2) Ephedrine has effects similar to those of epinephrine, but is less potent; it
has a longer duration of action because it is resistant to metabolism by COMT
and MAO.

(3) This drug is effective orally and, unlike catecholamines, penetrates the brain and
can produce CNS stimulation.

(4) Ephedrine is found in the herbal medication ma huang.

(5) Pseudoephedrine (Sudafed) is an isomer of ephedrine.

(6) After continued use, tachyphylaxis may develop due to ephedrine’s peripheral
effects.

Amphetamine, dextroamphetamine (Dexedrine), methamphetamine (Desoxyn), modafinil

(Provigil), methylphenidate (Ritalin), and hydroxyamphetamine (Paremyd) (see Chapter 5)

(1) These drugs produce effects similar to those of ephedrine, with indirect and some
direct activity.

(2) Dextroamphetamine has more CNS-stimulatory activity than the levo isomer,
which has more cardiovascular activity.

(3) These drugs are well absorbed and, except for hydroxyamphetamine, enter the CNS
readily and have marked stimulant activity.

D. Therapeutic uses (Table 2.9)
1. Cardiovascular system

bual -}

Phenylephrine and other direct-acting o-receptor sympathomimetic drugs are used
for short-term hypotensive emergencies when there is inadequate perfusion of the
heart and brain such as during severe hemorrhage.

Ephedrine and midodrine (Pro-Amatine), prodrugs that are hydrolyzed to

the oy-adrenoceptor agonist desglymidodrine, are used to treat chronic orthostatic

hypotension.

The use of sympathomimetic agents in most forms of shock is controversial and should be

avoided. Further vasoconstriction may be harmful.

(1) Low-to-moderate doses of dobutamine or dopamine may be useful in cases of
cardiogenic or septic shock because they increase cardiac output with minimal
vasoconstrictive effect on the peripheral vasculature.

(2) Epinephrine is used to reverse hypotension and angioedema associated with ana-
phylactic shock.

Dobutamine is used to treat congestive heart failure.

Methyldopa is used to treat hypertension.

Fenoldopam (Corlopam) is a selective dopamine D;-receptor agonist used to treat

severe hypertension.

table VA Selected Therapeutic Uses of Adrenoceptor Agonists

Clinical Condition/Application Agonist Receptor
Hypotensive emergency Phenylephrine; methoxamine; norepinephrine o
Chronic, orthostatic hypotension Ephedrine; midodrine, phenylephrine oy
Anaphylactic shock Epinephrine o and B
Heart block, cardiac arrest Isoproterenol; epinephrine By
Congestive heart failure Dobutamine By
Infiltration nerve block Epinephrine o

Hay fever and rhinitis Phenylephrine; 0TC? o
Asthma Metaproterenol; terbutaline; albuterol B,

“Over-the-counter preparations.
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g. Isoproterenol and epinephrine have been used for temporary emergency treatment of
cardiac arrest and heart block because they increase ventricular automaticity and rate
and increase AV conduction.

h. Epinephrine is commonly used in combination with local anesthetics (1:200,000) dur-
ing infiltration block to reduce blood flow. o-Receptor agonist activity causes local
vasoconstriction, which prolongs local anesthetic action and allows the use of lower
doses with reduced chance of toxicity. Phenylephrine has also been used.

i. Epinephrine is used during spinal anesthesia to maintain blood pressure, as is phenyl-
ephrine, and topically to reduce superficial bleeding.

Respiratory system

a. Phenylephrine and other short- and longer acting a-adrenoceptor agonists, including
oxymetazoline, xylometazoline, tetrahydrozoline (Tyzine), ephedrine, and pseudo-
ephedrine, are used for symptomatic relief of hay fever and rhinitis of the common
cold. Long-term use may result in ischemia and rebound hyperemia, with develop-
ment of chronic rhinitis and congestion.

b. Albuterol, and also metaproterenol, terbutaline, pirbuterol, bitolterol and other
B,-adrenoceptor agonists are preferred for treating symptoms of acute asthma. They
are also used for treatment of COPD. For chronic asthma, these drugs, including sal-
meterol and formoterol with long durations of action, should be used in combination
with steroids.

c. Epinephrine is administered IM to treat acute bronchospasm and also bronchospasm,
congestion, angioedema, and cardiovascular collapse of anaphylaxis.

Eye

a. Phenylephrine facilitates examination of the retina because of its mydriatic effect. It is
also used for minor allergic hyperemia of the conjunctiva.

b. B-Adrenoceptor blockers and prostaglandin analogs are used for the treatment of
chronic open-angle glaucoma (they have supplanted the use of o,-receptor agonists).

CNS

a. Amphetamine and related analogs (e.g., modafinil) are used to treat narcolepsy (con-
troversial) because of their arousal effects and their ability to increase the attention
span; and to treat attention-deficit hyperactivity disorder (e.g., methylphenidate).

b. Hydroxyamphetamine and phenylephrine are used for the diagnosis of Horner
syndrome.

c. Dexmedetomidine (Precedex), a novel selective o,-adrenoceptor agonist that acts cen-
trally, is used intravenously as a sedative in patients hospitalized in intensive care
settings.

Other uses include tizaididine (Zanaflex) as a muscle relaxant.

E. Adverse effects and toxicity

2.

L

The adverse effects of sympathomimetic drugs are generally extensions of their pharma-

cologic activity.

Overdose with epinephrine or other pressor agents may result in severe hypertension,

with possible cerebral hemorrhage, pulmonary edema, and cardiac arrhythmia. Milder

effects include headache, dizziness, and tremor. Increased cardiac workload may result

in angina or myocardial infarction in patients with coronary insufficiency.

Phenylephrine should not be used to treat closed-angle glaucoma before iridectomy as

it may cause increased intraocular pressure.

Sudden discontinuation of an a,-adrenoceptor agonist may cause withdrawal symptoms

that include headache, tachycardia, and a rebound rise in blood pressure.

Drug abuse may occur with amphetamine and amphetamine-like drugs.

Drug interactions

a. Tricyclic antidepressants block catecholamine reuptake and may potentiate the
effects of norepinephrine and epinephrine.

b. Some halogenated anesthetic agents and digitalis may sensitize the heart to B-receptor
stimulants, resulting in ventricular arrhythmias.
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Vil. ADRENERGIC RECEPTOR ANTAGONISTS

These drugs interact with either o- or B-adrenoceptors to prevent or reverse the actions of

endogenously released norepinephrine or epinephrine or exogenously administered sympa-
thomimetic agents.

A. o-Adrenoceptor antagonists
1. Pharmacologic effects

a. The pharmacologic effects of a-adrenoceptor antagonists are predominantly cardio-
vascular and include lowered peripheral vascular resistance and blood pressure. These
agents prevent pressor effects of o-receptor agonists.

b. o-Adrenoceptor antagonists convert the pressor action of sympathomimetic agents
with both o- and B-adrenoceptor agonist activity to a depressor response; this is
referred to as epinephrine reversal.

2. Specific drugs (Table 2.10)

e BRI Therapeutic Uses of Selected Adrenoceptor Antagonists

Drug Receptor Features Major Uses
Phentolamine’ o, and o Short duration of action (1-2 h) Hypertension of pheochromocytoma
Phenoxybenzamine’ Long duration of action (15-50 h) Hypertension of pheochromocytoma
Prazosin’ o Minimal reflex tachycardia Mild-to-moderate hypertension (often with a
diuretic or a B-adrenoceptor antagonist);
severe congestive heart failure (with a
cardiac glycoside and a diuretic)
Terazosin Mild-to-moderate hypertension
Doxazosin Mild-to-moderate hypertension
Propranolol® B, and B3, Local anesthetic activity Hypertension; angina; pheochromocytoma,
cardiac arrhythmias; migraine headache;
hypertrophic subaortic stenosis
Timolol Hypertension; glaucoma
Metipranolol Glaucoma
Levobunolol Glaucoma
Nadolol Long duration of action (15-25 h) a. Hypertension; angina
b. Pindolol Partial B,-receptor agonist activity” Hypertension; angina
Penbutolol Partial B,-receptor agonist activity”; Hypertension; angina
mild-to-moderate hypertension
Carteolol Partial B,-receptor agonist activity”; Hypertension; angina; glaucoma
excreted unchanged
Metoprolol® Bi>B. Patient bioavailability is variable; Hypertension; angina
extended release form available
Atenolol Eliminated by the kidney Hypertension; angina
Esmolol Ultrashort acting (10 min) Supraventriculartachycardia
Betaxolol Long duration of action (15-25 h) Glaucoma; hypertension
Acebutolol Partial agonist’ Hypertension; ventricular arrhythmias
Labetalol” B, Bz and o,  Partial agonist”; rapid blood pressure  Mild-to-severe hypertension; hypertensive

reduction; local anesthetic activity

emergencies

“Drugs listed in boldface type are considered prototype drugs.
“Lower blood pressure without significant reduction in cardiac output or resting heart rate; also do not elevate triglyceride levels or decrease high-
density lipoprotein cholesterol.
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Phentolamine (Regitine) is an intravenously administered, short-acting competitive
antagonist at both o,;- and o,-receptors. It reduces peripheral resistance and decreas-
es blood pressure.

Prazosin (Minipress)

(1) Prazosin is the prototype of competitive antagonists selective for o,-receptors.
Others include terazosin (Hytrin), doxazosin (Cardura), tamsulesin (Flomax), silo-
dosin (Rapaflo), and alfuzesin (Uroxatral).

(2) Prazosin reduces peripheral resistance and blood pressure.

(3) This drugis administered orally. Prazosin has a slow onset (2—4 h) and a long duration
of action (10 h) and is extensively metabolized by the liver (50% during first pass).

Labetalol (Normodyne and Trandate)

(1) Labetalol is a competitive antagonist (partial agonist) that is relatively selective for
o,-receptors and also blocks B-receptors.

(2) Labetalol reduces heart rate and myocardial contractility, decreases total periph-
eral resistance, and lowers blood pressure.

(3) This drug undergoes extensive first-pass metabolism.

Phenoxybenzamine (Dibenzyline)

(1) Phenoxybenzamine is a noncompetitive, irreversible antagonist with some selec-
tivity for o, -receptors.

(2) Phenoxybenzamine binds covalently, resulting in a long-lasting (15-50h)
blockade.

3. Therapeutic uses (Table 2.10)

An overview

(1) o,-Adrenoceptor antagonists are used most often to treat hypertension and uri-
nary obstruction of benign prostatic hypertrophy (BPH).

(2) o,-Adrenoceptor antagonists have no important therapeutic uses.

Pheochromocytoma

(1) Pheochromocytoma is a tumor of the adrenal medulla that secretes excessive
amounts of catecholamines. Symptoms include hypertension, tachycardia, and
arrhythmias.

(2) Phentolamine and phenoxybenzamine are used to treat the tumor in the preopera-
tive stage; they also are used for long-term management of inoperable tumors.

(3) B-Receptor antagonists are often used to prevent the cardiac effects of excessive
catecholamines after an o-receptor blockade is established.

Prazosin and others in its class, and labetalol, are used with other drugs to treat essen-

tial hypertension.

o,-Adrenoceptor antagonists, such as prazosin, terazosin, doxazosin, and alfuzosin, are

used to treat urinary obstruction of BPH. Tamsulesin and silodosin may have greater

efficacy due to their selective action at oy,-receptors.

Other uses of a-adrenoceptor antagonists (e.g., phentolamine) include reversible

peripheral vasospasm like Raynaud syndrome, and erectile dysfunction (in combina-

tion with papaverine).

4. Adverse effects

b.

C.

Major adverse effects of phentolamine and phenoxybenxamine include postural hypo-
tension and tachycardia.

Prazosin, terazosin, and doxazesin produce postural hypotension and bradycardia on
initial administration; these drugs produce no significant tachycardia.

Adverse effects of labetalol include postural hypotension and GI disturbances.
Bradycardia occurs with overdose. Labetalol produces fewer adverse effects on the
bronchi and cardiovascular system than selective 3-receptor antagonists.

B. B-Adrenoreceptor antagonists
1. Pharmacologic effects

Cardiovascular system
(1) B-Adrenoreceptor antagonists lower blood pressure, possibly because of their
combined effects on the heart, the renin—angiotensin system, and the CNS.
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(2) These drugs reduce sympathetic-stimulated increases in heart rate and contractil-
ity and cardiac output.

(3) B-Adrenoreceptor antagonists lengthen AV conduction time and refractoriness and
suppress automaticity.

(4) Initially, they may increase peripheral resistance. However, long-term adminis-
tration results in decreased peripheral resistance in patients with hypertension.

(5) B-Adrenoreceptor antagonists reduce renin release.

. Respiratory system

(1) B-Adrenoreceptor antagonists increase airway resistance as a result of B,-receptor
blockade.

(2) This respiratory effect is more pronounced in asthmatics because of unop-
posed, compensatory, reflex sympathomimetic a-receptor activity resulting from
decreased cardiac output.

. Eye

(1) B-Adrenoreceptor antagonists decrease the production of aqueous humor, result-
ing in reduced intraocular pressure.

. Other activities

(1) B-Adrenoreceptor antagonists inhibit lipolysis (3).

(2) These drugs inhibit glycogenolysis (B.) in the liver (they may impede recovery from
the hypoglycemic effect of insulin).

(3) These drugs decrease high-density lipoprotein levels.

(4) Some B-adrenoceptor antagonists have local anesthetic action, including pro-
pranolol and labetalol.

2. Specific drugs (Table 2.10)
a. An overview

(1) Propranolol is the prototype -adrenoreceptor antagonist.

(2) These drugs have an antihypertensive effect that is slow to develop (the mecha-
nism is unclear).

(3) B-Adrenoreceptor antagonists are absorbed well after oral administration.
Including propranolol, many have low bioavailability (<50%) because of extensive
first-pass metabolism; marked interpatient variability is seen, particularly with
metoprolol.

(4) With the exceptions of esmolol (10 min) and nadolol and betaxolol (15-25 h), most
have a t;;, of 3-12 hours.

. Propranolol (Inderal)

(1) Propranolol is a competitive antagonist at f3,- and B,-receptors.

(2) Propranolol is used in long-term treatment of hypertension, but it is not useful for
hypertensive crisis.

(3) This drug is used to treat supraventricular and ventricular arrhythmias and is
administered IV for the emergency treatment of arrhythmias.

(4) This drug is cleared by hepatic metabolism and, therefore, has prolonged action
in the presence of liver disease.

. Metoprolol (Lopressor), betaxolol (Betoptic), biseprolol (Zebeta), atenolol (Tenormin),

acehutolol (Sectral), esmolol (Brevibloc), and nebivelel (Bystolic)

(1) These drugs are selective B;-receptor antagonists that may offer some advantage
over nonselective -adrenoceptor antagonists to treat cardiovascular disease in
asthmatic patients, although cautious use is still warranted.

(2) Atenolol is eliminated primarily by the kidney and undergoes little hepatic metab-
olism; it has little local anesthetic activity; it enters the CNS poorly.

(3) Esmolol is ultrashort acting (t,, = 10 min) because of extensive hydrolysis by
plasma esterases; it is administered by IV infusion.

. Labetalol (Normodyne and Trandate) and Carvedilol (Coreg)

(1) Labetalol is a partial agonist that blocks B-receptors and o,-receptors (3:1 to 7:1
ratio). Carvedilol also has mixed activity but is equiactive at B-receptors and
o, -receptors.
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(2) Labetalol reduces heart rate and myocardial contractility, decreases total periph-
eral resistance, and lowers blood pressure.

(3) This drug is administered PO or IV and undergoes extensive first-pass
metabolism.

e. Timolol (Blocadren), levobunolol (Betagan), nadolol (Corgard), and sotalol (Betapace)

(1) These drugs are nonselective B-receptor antagonists.

(2) Timolol and levobunolol have excellent ocular effects when applied topically for
glaucoma. Metipranolol (OptiPranolol) is also used to treat glaucoma.

(3) Sotalol additionally prolongs the cardiac action potential and is used to treat
arrhythmias.

f. Pindolol (Visken), carteolol (Cartrol), and penbutolol (Levatol) are nonselective antag-
onists with partial 3,-receptor agonist activity.

(1) Carteolol is excreted unchanged.

3. Therapeutic uses (see Table 2.10)
a. Cardiovascular system (see also Chapter 4)

(1) B-Adrenoreceptor antagonists are used to treat hypertension, often in combina-
tion with a diuretic or vasodilator.

(2) These drugs reduce the incidence of myocardial infarction.

(3) These drugs provide prophylaxis for supraventricular and ventricular arrhythmias.

(4) B-Adrenoreceptor antagonists provide prophylaxis for angina pectoris. Long-term
use of timolol, propranolol, and metoprolol may prolong survival after myocardial
infarction.

(5) Propranolol relieves angina, palpitations, dyspnea, and syncope in obstructive
cardiomyopathy. This effect is thought to be related to the slowing of ventricular
ejection and decreased resistance to outflow.

b. Eye

(1) Topical application of timolol, betaxolol, levobunolel, and carteolol reduces intra-
ocular pressure in glaucoma.

(2) Sufficient timolol can be absorbed after topical application to increase airway
resistance and decrease heart rate and contractility.

c. Other uses

(1) Propranolol is used to control clinical symptoms of sympathetic overactivity in
hyperthyreidism, perhaps by inhibiting conversion of thyroxine to triiodothyronine.

(2) Propranolol and others may be beneficial in the prophylaxis of migraine
headache.

(3) Propranolol relieves acute anxiety and panic symptoms by inhibiting peripheral
overactivity of the SNS.

4. Adverse effects and contraindications
a. All agents

(1) B-Adrenoreceptor antagonists should be administered with extreme caution in
patients with preexisting compromised cardiac function because they can pre-
cipitate heart failure or heart block.

(2) These drugs may augment insulin action in diabetics and mask tachycardia asso-
ciated with hypoglycemia.

(3) B-Adrenoreceptor antagonists may mask the signs of developing hyperthyroidism.

(4) After abrupt withdrawal, adrenoceptor “supersensitivity” and increased risk of
angina and arrhythmias may occur. Tapered withdrawal is recommended.

b. Nonselective adrenoceptor antagonists

(1) These drugs may cause bronchoconstriction, and thus they are contraindicated
for asthmatics. Patients with chronic obstructive lung disease are particularly
susceptible.

(2) B,-Selective antagonists should also be used cautiously to treat asthmatics
because they have some 3,-receptor antagonist activity.

c. Propranolol, and other B-receptor blockers, cause sedation, sleep disturbances, and
depression.
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B DRUG SUMMARY TABLE

Direct-Acting Cholinoceptor
Agonists

Acetylcholine (Miochol-E)
Bethanechol (Urecholine, generic)
Carbachol (generic)

Cevimeline (Evoxac)
Methacholine (Provocholine)
Pilocarpine (generic)

Varenicline (Chantix)

Indirect-Acting Cholinoceptor
Agonists

Ambenonium (Mytelase)
Demecarium (Humorsol)
Donepezil (Aricept)
Echothiophate (Phospholine)
Edrophonium (Tensilon, generic)
Galantamine (Reminyl)
Neostigmine (Prostigmin, generic)
Physostigmine (Eserine, generic)
Pyridostigmine (Mestinon, Regonol)
Rivastigmine (Exelon)

Tacrine (Cognex)

Cholinesterase Regenerator
Pralidoxime (Protopam, generic)

Muscarinic Cholinoceptor
Antagonists

Atropine (generic)

Clidinium (Quarzan, generic)
Cyclopentolate (Cyclogyl, generic)
Darifenacin (Enablex)
Dicyclomine (Bentyl, generic)
Fesoterodine (Toviaz)
Flavoxate (Uripas)
Glycopyrrolate (Robinul, generic)
Homatropine (generic)
Ipratropium (Atrovent, generic)
Mepenzolate (Cantil)
Methantheline (Banthine)
Oxybutynin (Ditropan, generic)
Propantheline (Pro-Banthine)
Scopolamine (generic)
Solifenacin (Vesicare)
Tiotropium (Spiriva)
Tolterodine (Detrol)
Tridihexethyl (Pathilon)
Tropicamide (generic)
Trospium (Spasmex)

Ganglion Blocking Drugs
Mecamylamine (Inversine)
Trimethaphan (Arfonad)

Skeletal Muscle Relaxants
Neuromuscular Blocking Drugs
Atracurium (generic)

Cisatracurium (Nimbex)
Mivacurium (Mivacron)
Pancuronium (Pavulon, generic)
Rocuronium (Zemuron, generic)
Succinylcholine (Anectine, generic)
Tubocurarine (generic)

Vecuronium (Norcuron, generic)

Spasmolytic Drugs

Baclofen (Lioresal, generic)
Botulinum toxin-type A (Botox)
Botulinum toxin-type B (Myobloc)
Dantrolene (Dantrium)

Sympathomimetic Drugs
Albuterol (Proventil, Ventolin,
generic)
Amphetamine (generic)
Apraclonidine (Lopidine)
Bitolterol (Tornalate)
Brimonidine (Alphagan)
Clonidine (Catapres, generic)
Dexmedetomidine (Precedex)
Dextroamphetamine (Dexedrine,
generic)
Dipivefrin (Propine)
Dobutamine (Dobutrex, generic)
Dopamine (Intropin, generic)
Ephedrine (generic)
Epinephrine (generic)
Fenoldopam (Corlopam)
Formoterol (Foradil)
Guanabenz (Wytensin, generic)
Guanfacine (Tenex)
Hydroxyamphetamine (Paredrine)
Isoproterenol (Isuprel, generic)
Levalbuterol (Xopenex)
Metaproterenol (Alupent, generic)
Metaraminol (Aramine)
Methamphetamine (Desoxyn)
Methoxamine (Vasoxyl)
Methyldopa (Aldomet, generic)

Methylphenidate (Ritalin, generic)
Midodrine (Pro-Amatine)
Modafinil (Provigil)

Naphazoline (Privine)
Norepinephrine (generic)
Oxymetazoline (generic)
Phenylephrine (generic)
Pirbuterol (Maxair)
Pseudoephedrine (Sudafed)
Salmeterol (Serevent)
Terbutaline (Brethine, generic)
Tetrahydrozoline (generic)
Xylometazoline (Otrivin, generic)

Adrenergic Receptor Antagonists
Alpha-Receptor Blockers
Alfuzosin (Uroxatral)

Doxazosin (Cardura, generic)
Phenoxybenzamine (Dibenzyline)
Phentolamine (Regitine)
Prazosin (Minipress, generic)
Silodosin (Rapaflo)

Tamsulosin (Flomax)

Terazosin (Hytrin, generic)
Tolazoline (Priscoline)

Beta-Receptor Blockers

Acebutolol (Sectral, generic)

Atenolol (Tenormin, generic)

Betaxolol (Kerlone)

Bisoprolol (Zebreta, generic)

Carteolol (Cartrol)

Carvedilol (Coreg)

Esmolol (Brevibloc)

Labetalol (Normodyne, Trandate,
generic)

Levobunolol (Betagan)

Metipranolol (OptiPranolol)

Metoprolol (Lopressor, generic)

Nadolol (Corgard, generic)

Nebivolol (Bystolic)

Penbutolol (Levatol)

Pindolol (Visken, generic)

Propranolol (Inderal, generic)

Sotalol (Betapace, generic)

Timolol (Blocadren. generic)




Review Test

Directions: Each of the numbered items or incomplete statements in this section is followed
by answers or by completions of the statement. Select the ONE lettered answer or completion

that is BEST in each case.

1. Botulinum toxin causes paralysis by

(A) Inhibiting choline acetyltransferase

(B) Blocking transport of choline into
neurons

(C) Blocking release of acetylcholine from
storage vesicles

(D) Inhibiting acetylcholinesterase

(E) Blocking the synapse at ganglia

2. Which of the following neurotransmitters
interacts with guanethidine?

(A) Acetylcholine
(B) Epinephrine
(C) Dopamine

(D) Norepinephrine
(E) Serotonin

3. What is the mechanism of action of
cocaine?

(A) Propagation of action of norepinephrine
by inhibiting its active transport from
the synapse

(B) Oxidative deamination of norepineph-
rine in nerve terminals and the effector
cells

(C) Inhibition of metabolism of norepi-
nephrine in nerve terminals

(D) Potentiation of tyrosine hydroxylase, the
rate-limiting enzyme in the synthesis of
norepinephrine

(E) Promotion of release of norepinephrine
from adrenergic nerve endings

4. What intracellular effect does albuterol, a
B,-agonist, produce?

(A) Allows passage of sodium through a
ligand-gated ion channel

(B) Activates G,-protein, resulting in stimu-
lation of adenylyl cyclase

(C) Activates G4-protein, resulting in
increase of phosphatidylinositol and
calcium mobilization

(D) Activates G;-protein, resulting in inhibi-
tion of adenylyl cyclase

(E) Binds to p-receptors in specific areas of
the brain

5. What class of medications does
bethanechol belong to?

(A) Nicotinic blockers
(B) o-Agonists
(C) B,-Blockers
(D) P.-Blockers
(E) Muscarinic agonists

6. A 38-year-old farmer is brought to the

ER by his wife with symptoms of sudden
difficulty breathing, sweatiness, and anxi-
ety. He was spraying insecticide when this
happened. It has been 25 minutes since the
symptoms started. The patient is emergently
intubated and given atropine and another
medication that acts to reactivate acetylcho-
linesterase. What medication is it?

(A) Physostigmine
(B) Propranolol
(C) Pralidoxime
(D) Phenylephrine
(E) Pancuronium

1. Oxybutynin works by

(A) Inhibiting acetylcholinesterase at mus-
carinic and nicotinic receptors

(B) Causing a neuromuscular blockade

(C) Antagonizing o,-adrenoceptors

(D) Binding to muscarinic receptors

(E) Activating B,-adrenoceptors

8. A 78-year-old man with Parkinson disease
experiences worsening of his symptoms. He
is already taking levodopa. Since the disease
is characterized by degeneration of dopami-
nergic neurons, leading to the lack of inhibi-
tion of cholinergic neurons, the addition of
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which medication is likely to help alleviate
the patient’s symptoms?

(A) Benztropine

(B) Reserpine

(C) Doxazocin

(D) Timolol

(E) Tubocurarine

9. A 66-year-old woman with a long history
of heavy smoking presents to her doctor
with complaints of shortness of breath and
chronic coughing that has been present for
about 2 years and has been worsening in
frequency. The doctor decides to prescribe a
bronchodilator agent that has minimal car-
diac side effects, since the patient also has
an extensive cardiac history. Which medica-
tion did the doctor likely prescribe?

(A) Albuterol

(B) Prazosin

(C) Atenolol

(D) Ipratropium

(E) Pseudoephedrine

10. From the list below, choose the depolar-
izing neuromuscular blocker most likely to
be used in “rapid sequence intubation,” a
procedure that is done when the stomach
contents have a high risk of refluxing and
causing aspiration.

(A) Baclofen

(B) Succinylcholine
(C) Neostigmine
(D) Homatropine
(E) Pralidoxime

11. Ephedra (ephedrine) causes increased
blood pressure by

(A) Indirect action on cholinergic
receptors

(B) Blockade of adrenergic receptors

(C) Stimulation of release of epinephrine

(D) Inhibition of reuptake of
catecholamines

(E) Direct action on dopamine receptors

12. A 34-year-old carpenter presents to the
ER after an accident in which he inadver-
tently chopped off the tip of his index finger.
He is taken to the OR for reattachment of the
digit, and after sedation, a local anesthetic

is administered around the site of the injury.
The local anesthetic used in the procedure
did not contain any epinephrine, as it usu-
ally does for most surgical procedures. The
reason for this is

(A) Epinephrine causes increased blood
loss during delicate surgery

(B) Epinephrine causes swelling of the tis-
sues, making surgery more challenging

(C) Epinephrine is contraindicated in emer-
gency surgery

(D) Epinephrine causes vasoconstriction,
which can lead to vascular ischemia in
digits

(E) Epinephrine can cause hypotension
when administered with sedative
agents

13. A 7-year-old boy is brought in by his
parents for complaints of hyperactivity at
school. He is also inattentive and impulsive

at home. After a detailed interview, the physi-
cian decides to give the boy amphetamine-
containing medication for presumed attention
hyperactivity disorder. Amphetamine

(A) Inhibits epinephrine reuptake

(B) Indirectly acts on norepinephrine
receptors

(C) Blocks effects of norepinephrine

(D) Directly acts on cholinoreceptors

(E) Inhibits serotonin reuptake

14. Which of the following medications is
used to prevent premature labor?

(A) Tamsulosin
(B) Cevimeline
(C) Atracurium
(D) Tolterodine
(E) Terbutaline

15. What significant side effect of terazosin
should the doctor warn a 69-year-old patient
about?

(A) Bronchospasm

(B) Postural hypotension
(C) Heart failure

(D) Sedation

(E) Drug abuse

16. A floor nurse pages you about a patient
who is having chest pain. You order an elec-
trocardiogram and rush to see the patient.
He describes the pain as tight pressure

and is demonstrably sweating and gasp-
ing for air. The ECG comes back with acute
ST-segment elevations in inferior leads, and
you diagnose a myocardial infarction. You
start giving the patient oxygen and give him
sublingual nitroglycerin and morphine for
pain. You also give him another medica-
tion, which you have read may prolong his
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survival in this dire situation. What class of
medication is it?

(A) B-Blocker

(B) c-Agonist

(C) Muscarinic agonist

(D) Neuromuscular blocker

(E)} Dopamine agonist

17. A 35-year-old woman presents to your
office for a regular check-up. Her only com-
plaint is recurrent migraine headaches, which
have increased in frequency over the years. On
examination, her blood pressure is elevated at
150/70. You decide to start her on antihyper-
tensive therapy that is also used for prophy-
laxis of migraines. Which medication is it?

(A) Clonidine

(B) Prazosin

(C) Hydrochlorothiazide
(D) Propranolol

(E) Verapamil

18. In contrast to propranolol, metoprolol

(A) Ts used for the management of
hypertension

(B) Has greater selectivity for
B,-adrenoceptors

(C) May be beneficial for the acute
treatment of migraine headache

(D) TIs less likely to precipitate bronchocon-
striction in patients with asthma

19. Intravenous administration of epineph-
rine to a patient results in a severe decrease
in diastolic pressure and an increase in car-
diac output. Which of the following drugs
might the patient have previously taken that
could account for this unexpected effect?

(A) Propranolol
(B) Atropine

(C) Phenylephrine
(D) Prazosin

20. Which of the following drugs is used to
diagnose myasthenia gravis?

(A) Atropine

(B) Neostigmine

(C) Bethanechol

(D) Edrophonium

(E) Pralidoxime

21. Pilocarpine reduces intraocular pressure
in patients with glaucoma because it

(A) Activates nicotinic cholinoceptors

(B) Blocks muscarinic cholinoceptors

(C) Selectively inhibits peripheral activity of
sympathetic ganglia
(D) Inhibits acetylcholinesterase

22. Prolonged apnea may occur following
the administration of succinylcholine to a
patient with a hereditary deficiency of which
of the following enzymes?

(A) Glucose-6-phosphate dehydrogenase
(B) Plasma cholinesterase

(C) Monoamine oxidase

(D) Cytochrome P450;,

(E) Acetylcholinesterase

23. Dantrolene is used to treat malignant
hyperthermia caused by succinylcholine
because dantrolene

(A) Blocks Ca’ release from sarcoplasmic
reticulum

(B) Induces contraction of skeletal muscle

(C) Increases the rate of succinylcholine
metabolism

(D) Inhibits succinylcholine binding to
nicotinic receptors

(E) Acts centrally to reduce fever

24. A drug that acts at prejunctional
op-adrenoceptors and is used to treat
hypertension is

(A) Clonidine

(B) Metaproterenol
(C) Dobutamine
(D) Dopamine

25. Drug X causes an increase in blood
pressure and a decrease in heart rate when
administered to a patient intravenously.

If an antagonist at ganglionic nicotinic
receptors is administered first, drug X
causes an increase in blood pressure and an
increase in heart rate. Drug X most likely is

(A) Propranolol
(B) Norepinephrine
(C) Isoproterenol
(D) Terbutaline

(E) Curare

26. Poisoning with an insecticide contain-
ing an acetylcholinesterase inhibitor is best
managed by administration of which one of
the following agents?

(A) Physostigmine

(B) Bethanechol

(C) Propranolol

(D) Pilocarpine

(E) Atropine
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21. Receptor actions of acetylcholine are
mimicked by nicotine at which one of the
following sites?

(A) Adrenal medullary chromaffin cells
(B) Urinary bladder smooth muscle cells
(C) Iris circular (constrictor) muscle

(D) Heart sinoatrial pacemaker cells

28. Muscarinic cholinoceptor agonists may
cause vasodilation through the release of
endothelial

(A) Histamine

(B) Norepinephrine
(C) Acetylcholine
(D) Nitric oxide

29. Emergency treatment of acute heart
failure is best managed with which of the
following drugs?

(A) Metaproterenol

(B) Phenylephrine

(C) Dobutamine

(D) Norepinephrine

(E) Isoproterenol

30. Which one of the following agents, when
applied topically to the eye, would cause
both mydriasis and cycloplegia?

(A) Phenylephrine

(B) Carbachol

(C) Prazosin

(D) Atropine

31. Neostigmine would be expected to reverse
which one of the following conditions?

(A) Paralysis of skeletal muscle induced by
a competitive, nondepolarizing muscle
relaxant

(B) Paralysis of skeletal muscle induced by a
depolarizing muscle relaxant

(C) Cardiac slowing induced by stimulation
of the vagus nerve

(D) Miosis induced by bright light

32. The direct cardiac effects of dobutamine
would be blocked by which one of the fol-
lowing agents?

(A) Prazosin

(B) Metoprolol

(C) Clonidine

(D) TIsoproterenol

33. Topical application of timolol to the eye
would be expected to induce which of the
following?

(A) Miosis

(B) Mydriasis

(C) Decreased formation of aqueous
humor

(D) Increased outflow of aqueous
humor

34. Phenylephrine is used to treat patients
with nasal mucosa stuffiness because it
causes vasoconstriction by

(A) Blocking nicotinic cholinoceptors

(B) Blocking B-adrenoceptors

(C) Stimulating a-adrenoceptors

(D) Stimulating muscarinic
cholinoceptors



Answers and Explanations

. The answer is C. Botulinum toxin blocks calcium-dependent exocytosis of acetylcholine from
storage vesicles, producing paralysis. Common sources of botulinum toxin include canned
home goods and, in cases of infant botulism, honey. The condition is life-threatening, and
urgent care is necessary. Choline acetyltransferase is an enzyme catalyzing synthesis of
acetylcholine from an acetate and choline. Sodium-dependent transport of choline can

be blocked by hemicholinium. Enzyme acetylcholinesterase is responsible for catalyzing
hydrolysis of acetylcholine. Acetylcholine synapses at the ganglia of many neurons and
tissues, and this step is not blocked by botulinum toxin.

. The answer is D. Guanethidine blocks the release of norepinephrine from storage vesicles
into the nerve terminals. Acetylcholine release can be blocked by botulinum toxin. Epi-
nephrine, dopamine, and serotonin release can be blocked by other agents (beyond the
scope of this chapter), but not by guanethidine.

. The answer is A. Cocaine is a potent inhibitor of norepinephrine uptake, a process that nor-
mally terminates norepinephrine’s action. Oxidative deamination of norepinephrine in nerve
terminals and the effector cells describes the action of monoamine oxidase, which is targeted
by certain antidepressant medications. Inhibition of metabolism of norepinephrine in nerve
terminals describes catechol-O-methyltransferase, which is found in nerve and other effector
cells. Potentiation of tyrosine dehydroxylase would, in fact, cause excessive amounts of nor-
epinephrine to accumulate; however, this enzyme is not affected by cocaine. Norepinephrine
release can be blocked, not promoted, by agents such as bretylium and guanethidine.

. The answer is B. 3,-agonists, like albuterol, activate G,-protein, which results in stimulation

of adenylyl cyclase, with subsequent increase in intracellular CAMP. Passage of sodium via
ligand-gated ion channel is manifested by nicotinic acetylcholine receptors. Activation of
G,-protein resulting in increase in phosphatidylinositol and calcium mobilization refers to
the mechanism of action of muscarinic receptor types M, and M, as well as o,-adrenoceptors.
Activation of G4-protein resulting in increase in phosphatidylinositol and calcium mobiliza-
tion refers to mechanism of action of M,-cholinoceptors and a,-adrenoceptors. Finally, bind-
ing to p-receptors in the specific areas of the brain describes the action of opioid agents.

. The answer is E. Bethanechol is a type of muscarinic receptor agonist that is used clini-
cally to ameliorate urinary retention. Nicotinic blockers such as trimethaphan are rarely
used in clinical practice because of the lack of selectivity. a-Agonists such as epinephrine
can be used in the management of acute bronchospasm (anaphylaxis). f3,-Blockers do not
have direct effects on bronchial smooth muscle. ,-Agonists such as albuterol are used for
the treatment of asthma.

. The answer is C. Acetylcholinesterase reactivator pralidoxime has to be given within 30
minutes of exposure to insecticide because of the effects of “aging” (i.e., strengthening of
the alkylphosphoryl-serine bond formed between AChE and organophosphate). Physo-
stigmine is a cholinesterase inhibitor that is occasionally used in atropine or scopolamine
poisoning. Propranolol is a -blocker used for hypertension as well as other indications.
Phenylephrine is an a-agonist used for hypotensive emergencies. Pancuronium is a non-
depolarizing inhibitor of acetylcholine that is used for muscle paralysis.

. The answer is D. Oxybutynin acts by binding to muscarinic receptors located on the
detrusor muscle of the bladder, suppressing involuntary contraction of the muscle.
Neuromuscular blockers such as succinylcholine are used for anesthesia. o,,-Antagonists
such as terazosin are used for benign prostatic hypertrophy. ,-Agonists such as terbuta-
line can be used to suppress premature labor.
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10.

1.

12.

13.

14.

15.

Pharmacology

The answer is A. Benztropine, an antimuscarinic agent, is used as an adjunct for the
treatment of Parkinson disease. Reserpine is a norepinephrine uptake inhibitor occasion-
ally used for the treatment of hypertension. Doxazocin, an o-blocker, is used for benign
prostatic hyperplasia. Timolol is a B-blocker used for glaucoma. Tubocurarine is a neuro-
muscular blocker used in anesthesia.

The answer is D. Ipratropium bromide is used extensively for chronic obstructive pulmo-
nary disease (COPD), which is the most likely diagnosis in this case. It acts by antagoniz-
ing muscarinic receptors in bronchial smooth muscle, thereby causing bronchodilation.
Albuterol is also used for the treatment of COPD; however, it can cause adverse cardiac
effects such as tachycardia and is not recommended in this case. Prazosin is an o-blocker
used for benign prostatic hypertrophy (BPH). Atenolol is a 3-blocker used for hyperten-
sion. Pseudoephedrine is an o-agonist used for nasal congestion.

The answer is B. Succinylcholine is a depolarizing neuromuscular blocker that is used

in rapid-sequence intubation, as well as other procedures. It quickly relaxes all muscles

in the body, allowing a prompt intubation to prevent the reflux of gastric contents into
the trachea. Baclofen is a centrally acting skeletal muscle relaxant used for spasticity.
Neostigmine is an indirect-acting cholinergic agonist used for the treatment of myasthe-
nia gravis and reversal of neuromuscular blockade. Homatropine is an antimuscarinic
agent used for induction of mydriasis for ophthalmologic examinations. Pralidoxime is an
acetylcholinesterase reactivator used for organophosphate poisoning.

The answer is C. Ephedrine acts indirectly to release norepinephrine from nerve terminals,
causing effects similar to those of catecholamines, including elevated blood pressure.
This potentially dangerous agent has been removed from the OTC market because of an
increasing number of deaths being reported as caused by this agent. An example of an
indirect-acting cholinergic agonist is edrophonium, which is used for diagnosis of myas-
thenia gravis. Some adrenoceptor blockers, such as atenolol, are used for the treatment

of hypertension. Catecholamine reuptake inhibition is a property of some antidepressant
medications. Dopamine receptor agonists are used in the treatment of Parkinson disease.

The answer is D. Epinephrine is contraindicated as an anesthetic adjuvant for surger-

ies involving most facial structures, digits, and the penis, because of the risk of vascular
compromise. This agent causes decreased blood loss for most other surgeries because

of vasoconstriction. Although local anesthetic agents such as Marcaine or Xylocaine can
cause mild local tissue swelling, epinephrine does not; either way;, it is not a contraindica-
tion for hand surgery. Epinephrine causes elevated blood pressure when administered
systemically; however, it has no systemic side effects when administered locally.

The answer is B. Amphetamine and similar compounds are stimulants used for treatment
of attention-deficit/hyperactivity disorder (ADHD) in which they are thought to act cen-
trally to increase attention span. Currently, there is no medication on the U.S. market that
inhibits reuptake of epinephrine. Blocking of the effects of norepinephrine will not alleviate
symptoms of ADHD. Direct-acting cholinoceptor agonists are not used in the treatment of
ADHD. Serotonin reuptake inhibitors are used for depression and some other conditions.

The answer is E. Terbutaline, a B,-agonist, is used to suppress premature labor because

of its ability to stop uterine contractions. Tamsulosin, an o, -blocker, is used for benign

prostatic hypertrophy. Cevimeline, a cholinergic agonist, is used for Sjogren syndrome.
Atracurium a nondepolarizing muscular blocker, is used for anesthesia. Tolterodine, a

muscarinic blocker, is used for urinary incontinence.

The answer is B. o,-Adrenoceptor agonists such as terazosin may cause significant
postural hypotension and should be prescribed carefully in the elderly population.
Bronchospasm is a possible side effect of B-blockers. B-Blockers can also produce heart
failure in some patients. Sedation is common with the use of some agents such as pro-
pranolol. Drug abuse can be observed in patients using centrally acting adrenoreceptor
agonists such as amphetamine.
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The answer is A. B-Blockers such as atenolol are now part of management of acute myo-
cardial infarction, along with oxygen, nitroglycerin, and morphine. They reduce sympa-
thetic activity and heart contractility, thereby reducing the oxygen demand. o.-Agonists
such as phenylephrine are used in the management of hypotension due to shock.
Muscarinic agonists such as pilocarpine can be used in the management of glaucoma.
Neuromuscular blockers such as atracuronium are used in anesthesia. Dopamine agonists
are used in the management of Parkinson disease.

The answer is D. The 3-blocker propranolol is a good choice for an antihypertensive
medication; however, it is also successfully used for other indications, such as prophylaxis
of migraine headaches, situational anxiety, and hyperthyroidism-induced palpitations.
The other choices are all acceptable antihypertensive medications, but from this list, only
propranolol is used for migraine prophylaxis.

The answer is D. Metoprolol is more selective at 3,-adrenoceptors, which are more abun-
dant in the heart than in the lungs. Like propranolol, it may be beneficial in the prophy-
laxis of migraine.

The answer is D. Prazosin is the only drug listed that blocks postjunctional
o,-adrenoceptors and inhibits epinephrine-mediated vasoconstriction.

The answer is D. Edrophonium, which will increase muscle strength in untreated myas-
thenic patients, is the preferred acetylcholinesterase inhibitor (Tensilon test) because it
has a short duration of action.

The answer is B. Pilocarpine is a muscarinic cholinoceptor agonist.

The answer is B. Plasma cholinesterase is responsible for the rapid inactivation of
succinylcholine.

The answer is A. In patients with malignant hyperthermia, a rare hereditary disorder, an
impaired sarcoplasmic reticulum is unable to sequester calcium. The sudden release of
calcium results in extensive muscle contraction that can be reduced with dantrolene.

The answer is A. Clonidine acts at prejunctional o,-adrenoceptors and is used to treat
hypertension. Metaproterenol is a selective 3,-adrenoceptor agonist. Dobutamine is a
relatively selective j3,-adrenoceptor agonist. Dopamine activates both prejunctional and
postjunctional dopamine receptors and also f3;-adrenoceptors.

The answer is B. In the absence of a nicotinic receptor antagonist, norepinephrine may
result in a reflex baroreceptor-mediated increase in vagal activity. The presence of such an
agent unmasks the direct stimulant effect of norepinephrine on heart rate.

The answer is E. Atropine blocks the effects of increased acetylcholine resulting
from cholinesterase inhibition. Physostigmine indirectly activates cholinocep-
tors; bethanechol and pilocarpine directly activate cholinoceptors. Propranolol is a
B-adrenoceptor antagonist.

The answer is A. Nicotinic cholinoceptors are found in adrenal medullary chromaffin cells.
At the other sites, acetylcholine activates muscarinic cholinoceptors.

The answer is D. The release of nitric oxide activates guanylate cyclase, increasing guano-
sine 3',5'-monophosphate (cyclic GMP) and sequestering calcium. This leads to a relax-
ation of vascular smooth muscle.

The answer is C. Dobutamine, a relatively selective B,-adrenoceptor agonist, increases
cardiac output and lowers peripheral resistance. Metaproterenol has a relatively more
selective action on the respiratory system than the cardiovascular system. Phenylephrine
and norepinephrine increase peripheral resistance. Isoproterenol increases heart rate.

The answer is D. Atropine produces both mydriasis and cycloplegia (the inability to
accommodate for near vision). Phenylephrine causes mydriasis without cycloplegia.
Carbachol causes pupillary constriction. Prazosin is an o-adrenoceptor antagonist.
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The answer is A. Acetylcholine accumulation due to neostigmine inhibition of cholinester-
ase will reverse the action of the competitive neuromuscular blocking agents.

The answer is B. The 3,-adrenoceptor antagonist metoprolol blocks the B,-adrenoceptor
activity of dobutamine.

The answer is C. 3-Adrenoceptor blocking agents such as timolol reduce aqueous humor
formation.

The answer is C. Phenylephrine activates a.-adrenoceptors, producing vasoconstriction.



Drugs Acting on

S 3 the Renal System

I. DIURETICS

A. Introduction

1.

Function. Diuretics increase urine production by acting on the kidney (Fig. 3.1). Most
agents affect water balance indirectly by altering electrolyte reabsorption or secretion.
Osmotic agents affect water balance directly.

Effects. Natriuretic diuretics produce diuresis, associated with increased sodium (Na®)
excretion, which results in a concomitant loss of water and a reduction in extracellular
volume.

Therapeutic uses. Diuretic agents are generally used for the management of edema,
hypertension, congestive heart failure (CHF), and abnormalities in body fluid distribution.
Side effects. Diuretics can cause electrolyte imbalances such as hypokalemia, hyponatre-
mia, and hypochloremia and disturbances in acid-base balance.

B. Thiazide diuretics

1.

Mechanism. Thiazide diuretics are absorbed from the gastrointestinal (Gl) tract and pro-
duce diuresis within 1-2 hours. They are secreted into the lumen of the proximal tubule
via organic anion carriers. They exert effects only after reaching the lumen.

a. These agents inhibit active reabsorption of sodium chloride (NaCl) in the distal con-
voluted tubule by interfering with Na*—Cl~ cotransporter (NCC), a specific Na“/Cl
transport protein (Fig. 3.2), resulting in the net excretion of Na and an accompanying
volume of water.

(1) These agents increase excretion of Cl-, Na*, potassium (K"), and, at high doses,
HCO; .
(2) They reduce excretion of calcium (Ca*").

b. True thiazide diuretics are derivatives of sulfonamides (sulfonamide diuretics). Many
also inhibit carbonic anhydrase, resulting in diminished bicarbonate (HCO;) reab-
sorption by the proximal tubule.

Specific agents

a. Prototype true thiazides include chlorothiazide and hydrochlorethiazide. Other agents
include methyclothiazide. Chlorothiazide is the only thiazide available for paren-
teral use.

b. Thiazide-like drugs such as metolazone, chlorthalidone, and indapamide have proper-
ties generally similar to those of the thiazide diuretics (Table 3.1). However, unlike
thiazides, these agents may be effective in the presence of some renal impairment.
Indapamide has proven especially useful in diabetic patients with hypertension,
where it reduces the risk of cardiovascular disease.

Therapeutic uses

a. Thiazide diuretics are the preferred class of diuretic for the treatment of essential
hypertension when renal function is normal; they are often used in combination with
other antihypertensive agents to enhance their blood pressure-lowering effects. They
reduce plasma volume and total peripheral resistance. 61
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FIGURE 3.1. The nephron can be divided into four sites anatomically and pharmacologically. Site 1 is the proximal tubule,
site of action of carbonic anhydrase inhibitors. Site 2 is the ascending limb of the loop of Henle, site of action of the loop
diuretics. Site 3 is the distal convoluted tubule, site of action of the thiazides. Site 4 is the collecting tubule, site of action
of aldosterone antagonists. C/-, chloride; H™, hydrogen; K™, potassium; Na*, sodium.

b. These agents reduce the formation of new calcium stones in idiopathic hypercalciuria.

¢. Thiazide diuretics may be useful in patients with diabetes insipidus that is not
responsive to antidiuretic hormone (ADH).

d. These agents are often used in combination with a potassium-sparing diuretic to
manage mild cardiac edema, cirrhotic or nephrotic edema, and edema produced by hor-
mone imbalances. They are frequently used in the treatment of Méniére disease.

4. Adverse effects and contraindications. Thiazide diuretics should be used cautiously in the
presence of renal or hepatic diseases such as cirrhosis, and they should be used only as
an ancillary treatment in nephrotic syndrome.
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FIGURE 3.2. The molecular targets of thiazide and loop diuretics are transmembrane cotransporters, whereas the molecu-
lar target of amiloride is a specific Na* channel.

a. Thiazide diuretics produce electrolyte imbalances such as hypokalemia, hyponatremia,

and hypochloremic alkalesis. These imbalances are often accompanied by central
nervous system (CNS) disturbances, including dizziness, confusion, and irritability;
muscle weakness; cardiac arrhythmias; and by decreasing plasma K*, increased sensi-
tivity to digitalis. Diets low in Na“ and high in K" are recommended; K* supplementa-
tion may be required.

These agents often elevate serum urate, presumably as a result of competition for the
organic anion carriers (which also eliminates uric acid). Gout-like symptoms may appear.

. Thiazide diuretics can cause hyperglycemia (especially in patients with diabetes), hyper-

triglyceridemia, hypercholesterolemia, and hypersensitivity reactions (sulfa groups).

C. Loop diuretics

1.

Mechanism. Loop diuretics are absorbed by the GI tract and are eliminated by filtration
and tubular secretion; some elimination occurs via the hepatic-biliary route. They are
administered either orally or parenterally. Diuresis occurs within 5 minutes of intrave-
nous (IV) administration and within 30 minutes of oral administration.

a. Loop diuretics inhibit active NaCl reabsorption in the thick ascending limb of the loop

of Henle by inhibiting NKCC2, another specific Na*"/K"/2Cl™ cotransporter. Because of
the high capacity for NaCl reabsorption in this segment, agents active at this site mark-
edly increase water and electrolyte excretion and are referred to as high-ceiling diuretics.
Loop diuretics cause increased renal prostaglandin production, which accounts for
some of their activity. Nonsteroidal anti-inflammatory drugs (NSAIDs) can reduce the
effectiveness of loop diuretics.

c. These agents reduce reabsorption of CI~ and Na’; they increase Ca** excretion and

loss of K" and magnesium (Mg*").
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e B Thiazide Diuretics and Related Agents

Drug Chemical Class Potency Half-Life (h)
Chlorothiazide Benzothiadiazide 0.1 2
Hydrochlorothiazide Benzothiadiazide 1.0 3
Metolazone Quinazoline 5 5
Chlorthalidone Quinazoline 10 26
Indapamide Indoline 20 16

2. Specific agents. Prototype drugs include furosemide and bumetanide, as well as ethac-
rynic acid and torsemide. Furosemide, torsemide, and bumetanide contain a sulfhydryl group,
but ethacrynic acid does not; an important consideration for sulfa-sensitive patients.

3. Therapeutic uses

c.
d.

Loop diuretics are used in the treatment of CHF by reducing acute pulmonary edema
and edema refractory to other agents. They are synergistic with thiazide diuretics
when coadministered.

These agents are used to treat hypertension, especially in individuals with dimin-
ished renal function. They reduce the plasma volume and also the total peripheral
resistance.

They are also used to treat acute hypercalcemia and halide poisoning.

These drugs are often effective in producing diuresis in patients responding maxi-
mally to other types of diuretics.

4. Adverse effects and contraindications

Loop diuretics produce hypotension and volume depletion, as well as hypokalemia,
because of enhanced secretion of K'. They may also produce alkalesis due to
enhanced H' secretion. Mg?* wasting can also occur; therapy is often instituted
gradually to minimize electrolyte imbalances and volume depletion.

Loop diuretics can cause dose-related ototoxicity, more often in individuals with
renal impairment. These effects are more pronounced with ethacrynic acid than with
furosemide. These agents should be administered cautiously in the presence of renal
disease or with the use of other ototoxic agents such as aminoglycosides.

. These agents can cause hypersensitivity reactions. Ethacrynic acid produces GI

disturbances.

D. Potassium-sparing diuretics

1. Me
a.

b.

chanism

Potassium-sparing diuretics reduce Na* reabsorption and reduce K* secretion in the
distal part of the nephron (collecting tubule).

These are not potent diuretics when used alone; they are primarily used in combina-
tion with other diuretics.

2. Selected drugs

Antagonists of the mineralocorticoid (aldosterone) receptor include eplerenone, which
is highly receptor selective, and spironolactone, which binds to other nuclear recep-
tors such as the androgen receptor.

(1) Mechanism. These agents inhibit the action of aldosterone by competitively bind-
ing to the mineralocorticoid receptor and preventing subsequent cellular events
that regulate K" and H' secretion and Na" reabsorption. An important action is
a reduction in the biosynthesis of ENaC, the Na* channel in the principal cells of
the collecting duct.

(a) These agents are active only when endogenous mineralocorticoid is present;
the effects are enhanced when hormone levels are elevated.

(b) These agents are absorbed from the Gl tract and are metabolized in the liver;
therapeutic effects are achieved only after several days.
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(2) Therapeutic uses. These drugs are generally used in combination with a thiazide
or loop diuretic to treat hypertension, CHF, and refractory edema. They are also
used to induce diuresis in clinical situations associated with hyperaldosteron-
ism, such as in adrenal hyperplasia and in the presence of aldosterone-producing
adenomas when surgery is not feasible.

(3) Adverse effects and contraindications
(a) These agents can cause hyperkalemia, hyperchloremic metabolic acidosis, and

arrhythmias. Spironolactone is associated with gynecomastia and can also
cause menstrual abnormalities in women.

(b) These drugs are contraindicated in renal insufficiency, especially in diabetic
patients. They must be used cautiously in the presence of liver disease. They
are contraindicated in the presence of other potassium-sparing diuretics and
should be used with extreme caution in individuals taking an angiotensin-
converting enzyme inhibitor.

b. Amiloride and triamterene

(1) Mechanism. Amiloride and triamterene bind to and block ENaC and thereby
decrease absorption of Na* and excretion of K in the cortical collecting tubule,
independent of the presence of mineralocorticoids.

(a) These drugs produce diuretic effects 2-4 hours after oral administration.

(b) Triamterene increases urinary excretion of Mg>" but amiloride does not; tri-
amterene and amiloride are metabolized in the liver. Both drugs are secreted
in the proximal tubule.

(2) Therapeutic uses. These agents are used to manage CHF, cirrhosis, and edema
caused by secondary hyperaldosteronism. They are available in combination
products containing thiazide or loop diuretics (e.g., triamterene/hydrochloro-
thiazide, amiloride/hydrochlorothiazide) to treat hypertension.

(3) Adverse effects and contraindications. Amiloride and triamterene produce hyper-
kalemia, the most common adverse effect, and ventricular arrhythmias. Dietary
potassium intake should be reduced. Minor adverse effects include nausea and
vomiting. The use of these drugs is contraindicated in the presence of diminished
renal function.

E. Carbonic anhydrase inhibitors

1.

Mechanism. Carbonic anhydrase inhibitors inhibit carbonic anhydrase in all parts of the

body. In the kidney, the effects are predominantly in the proximal tubule.

a. These drugs reduce HCO; reabsorption and concomitant Na“ uptake. They also
inhibit excretion of hydrogen (H") and coupled Na" uptake.

b. Carbonic anhydrase inhibitors are ahsorbed from the Gl tract and are secreted by the
proximal tubule. Urine pH changes are observed within 30 minutes.

Prototype drugs include acetazolamide and methazolamide. These agents are sulfonamide

derivatives, forerunners of thiazide diuretics. (Thiazides separate natriuresis from car-

bonic anhydrase inhibition.)

Therapeutic uses. Carbonic anhydrase inhibitors are rarely used as diuretics.

a. These drugs are most useful in the treatment of glaucoma. They serve to decrease the rate
of HCO; formation in the aqueous humor and consequently reduce ocular pressure.

b. Carbonic anhydrase inhibitors are sometimes used as adjuvants for the treatment of
seizure disorder, but the development of tolerance limits their use.

¢. These agents may be used to produce a desired alkalinization of urine to enhance
renal secretion of uric acid and cysteine.

d. They may be used for prophylaxis and treatment of acute mountain sickness.

Adverse reactions and contraindications

a. Adverse reactions include metabolic acidosis due to reduction in bicarbonate stores.
Urine alkalinity decreases the solubility of calcium salts and increases the propensity
for renal calculi formation. Potassium wasting may be severe.

b. Following large doses, carbonic anhydrase inhibitors commonly produce drowsiness
and paresthesias.

c. The use of these drugs is contraindicated in the presence of hepatic cirrhosis.
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F. Agents influencing water excretion

Osmotic agents include mannitol, glycerin, urea, and hypertonic saline. These agents are
easily filtered, poorly reabsorbable solutes that alter the diffusion of water relative to
sodium by “binding” water. As a result, net reabsorption of Na" is reduced. They are com-
monly used to reduce intracranial pressure due to trauma and intraocular pressure prior to a
surgical procedure.

a. Mannitol and urea are administered intravenously.

(1) Therapeutic uses

(a) Mannitol is used in prophylaxis of acute renal failure resulting from physical
trauma or surgery. Even when filtration is reduced, sufficient mannitol usu-
ally enters the tubule to promote urine output.

(b) Mannitol may also be useful for reducing cerebral edema and intraocular
pressure.

(c) Parenteral urea is approved for the reduction of intracranial and intraocular
pressure.

(2) Adverse effects and contraindications. Because the osmotic forces that reduce
intracellular volume ultimately expand extracellular volume, serious adverse
effects may occur in patients with CHE Minor adverse effects include headache
and nausea.

b. Glycerin is administered orally. This drug is used primarily for ophthalmic procedures.

Topical anhydrous glycerin is useful for corneal edema.

Agents that influence the action of ADH (vasopressin) influence the permeability of the
luminal surface of the medullary collecting duct to water by causing water-specific water
channels called aquaporin II to be inserted into the plasma membrane (Fig. 3.3). Under
conditions of dehydration, ADH levels increase to conserve body water. Agents that
elevate or mimic ADH are antidiuretic; agents that lower or antagonize ADH action are
diuretic. Vasopressin binds to three receptors: V;, in the vasculature, Vy;, in the brain, and
V, in renal collecting ducts.

a. Vasopressin or analogs

(1) Therapeutic uses. These agents are useful in the management of neurohypophy-
seal diabetes insipidus. Desmopressin (DDAVP), one of the most useful analogs, is
also used to treat nocturnal enuresis. Studies have suggested that vasopressin and
its analogs are useful to maintain blood pressure in patients with septic shock
and to increase clotting factor VIl in some patients with Type I von Willebrand’s
disease.

(2) Adverse effects and contraindications. These drugs can produce serious cardiac-
related adverse effects, and they should be used with caution in individuals with
coronary artery disease. Hyponatremia occurs in ~5% of patients.

b. Chlorpropamide, acetaminophen, indomethacin, and clofibrate

(1) Mechanisms

(a) Chlorpropamide, acetaminophen, and indomethacin enhance the action of ADH,
at least partially by reducing the production of prostaglandins in the kidney.
(b) Clofibrate increases the release of ADH centrally.

(2) Therapeutic uses. These agents are useful as antidiuretics in diabetic patients.

c. ADH antagonists include the vaptans: conivaptan, a mixed V,, and V, antagonist, and
tolvaptan, a V, selective antagonist.

(1) Therapeutic uses. Conivaptan is approved for the treatment of hypervolemic
hyponatremia and syndrome of inappropriate ADH (SIADH). Tolvaptan is approved
for treating hyponatremia associated with CHE cirrhosis, and SIADH. The
vaptans may be more effective in treating hypervolemia in heart failure than
diuretics.

d. Nonreceptor antagonists of ADH action include demeclocycline and lithium carbon-
ate. They may be useful in the treatment of (SIADH) secretion as seen in some lung
cancers.
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Lithium

G. Other diuretics

1. Xanthine diuretics act by increasing cardiac output and promoting a higher glomerular
filtration rate. They are seldom used as diuretics, but diuresis occurs under other clinical
applications (e.g., for bronchodilatation). The mechanism of this action is antagonism of
adenosine receptors.

2. Acidifying salts (e.g., ammonium chloride) decrease pH and increase luminal concentra-
tions of C1” and Na'. They are sometimes used in combination with high-ceiling diuret-
ics to counteract alkalosis.

II. NONDIURETIC INHIBITORS OF TUBULAR TRANSPORT

A. Nondiuretic inhibitors influence transport of organic anions, including the endogenous
anion uric acid, and cations. Transport takes place in the proximal tubule; organic com-
pounds enter a cell by Na*-facilitated diffusion and are excreted from the cell into the lumen
by a specific organic ion transporter. Para-aminohippurate, not used clinically, is a classic
compound used to study these phenomena.
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B. Uricosuric agents

1. Mechanism. Uricosuric agents increase excretion of uric acid. Paradoxically, because of
the balance among uptake into a cell, excretion from the cell, and reabsorption from
the lumen, low doses of these agents often decrease urate excretion, whereas high doses
increase urate excretion.

2. Therapeutic uses. These drugs are often used in the prophylactic treatment of gout.

3. Selected drugs
a. Probenecid

(1

(2)

3)

Mechanism. Probenecid is absorbed from the GI tract and is secreted by the proxi-

mal tubule.

(a) Probenecid inhibits secretion of organic anions (e.g., from the plasma to the
tubular lumen). The predominant organic ion transporters in the kidney are
OAT-3 and OAT-1. Probenecid was developed to decrease secretion of penicil-
lin (an organic acid) and thus prolong elimination of this antibiotic. This is
affected by inhibiting OATs. Other drugs whose secretion is inhibited by pro-
benecid include indomethacin and methotrexate.

(b) At higher doses, probenecid also decreases reabsorption of uric acid by inhib-
iting URAT1, a urate transport protein. This results in a net increase in urate
excretion and accounts for the drug’s usefulness in treating gout.

Therapeutic uses. Probenecid is used to prevent gout in individuals with normal

renal function. It is also used as an adjuvant to penicillin therapy when prolonged

serum levels following a single dose are required or to enhance antibiotic concen-
trations in the CNS.

Adverse effects and contraindications. The most common adverse effects of pro-

benecid are hypersensitivity reactions and gastric irritation.

b. Allopurinol and febuxostat (see Chapter 6)

(1)

(2)

Mechanism. These agents are not uricosuric, rather they inhibit xanthine oxidase,
which is involved in the synthesis of uric acid. The result is decreased production of
uric acid. Febuxostat may be more selective for xanthine oxidase than allopurinol.
Therapeutic uses. These drugs are used in the prophylactic treatment of gout and
should not be used to treat an acute attack. Colchicine or an NSAID is used for acute
attacks.

B DRUG SUMMARY TABLE

Diuretics—Thiazides
Chlorothiazide (Diuril, generic)

Hydrochlorothiazide (Esidrix, Oretic,

others)

Methyclothiazide (Aquatensin, Enduron)

Polythiazide (Renese)

Diuretics—Thiazide-like
Metolazone (Zaroxolyn)

Chlorthalidone (Hydone, Thalitone)

Indapamide (Lozol)

Diuretics—Loop

Furosemide (Lasix, Delone, generic)

Bumetanide (Bumex)
Ethacrynic acid (Edecrin)
Torsemide (Demadex, generic)

Diuretics—Potassium-sparing
Spirolactone (Aldactone, generic)
Amiloride (Midamor, generic)

Triamterene (Dyrenium)
Eplerenone (Inspra)

Carbonic Anhydrase Inhibitors
Acetazolamide (Diamox)
Methazolamide (GlaucTabs)
Dichlorphenamide (Daranide)

Osmotic Diuretics
Mannitol (Osmitrol)
Urea (generic)
Glycerin (generic)

Antidiuretic Hormone Agonists
Desmopressin (DDAVP)

Lysine vasopressin (generic)
Vasopressin (Pitressin)

Antidiuretic Antagonists
Conivaptan (Vaprisol)
Tolvaptan (Samsca)

Demeclocycline (Declomycin)
Lithium carbonate (generic)

Uricosuric Agents
Probenecid (generic)

Urate Synthesis Inhibitors
Allopurinol (Aloprim, Zyloprim)
Febuxostat (Uloric)

Other Antigout Agents
Colchicine (generic)
Pegloticase (Krystexxa)




Review Test

Directions: Each of the numbered items or incomplete statements in this section is followed
by answers or by completions of the statement. Select the ONE lettered answer or completion

that is BEST in each case.

1. A 35-year-old woman presents to your
office for a regular check-up. She has no
complaints. On examination, her blood
pressure is slightly elevated at 145/85. She
is physically fit and follows a healthy diet.
You decide to start her on antihypertensive
therapy and prescribe hydrochlorothiazide.
How does this agent work?

(A) Inhibits reabsorption of sodium chlo-
ride in the early distal convoluted
tubule

(B) Decreases net excretion of chloride,
sodium, and potassium

(C) Increases excretion of calcium

(D) Inhibits reabsorption of sodium chlo-
ride in the thick ascending limb of the
loop of Henle

(E) Interferes with potassium secretion

2. A 7-year-old boy is brought to the clinic
by his mother. He complains of sharp pain
in his flanks, as well as dysuria and fre-
quency. The doctor orders a 24-hour urine
calcium test, and the results come back
abnormal. After additional work-up, the
child is diagnosed with idiopathic hypercal-
ciuria. What is a common type of medica-
tion used for this aliment?

(A) Loop diuretics

(B) Carbonic anhydrase inhibitors
(C) Thiazide diuretics

(D) Potassium-sparing diuretics
(E) Osmotic diuretics

3. A 45-year-old man with a history of medica-
tion-controlled hypertension presents to your
office with complaints of a painful, swollen
big toe on the left foot. You suspect gout and
check his uric acid levels, which are elevated.
From looking at the list of the medications the
patient is taking, you realize that one of the
medications may be the cause of his current
symptoms. Which medication might that be?

(A) Acetazolamide

(B) Amiloride

(C) Spironolactone

(D) Hydrochlorothiazide
(E) Mannitol

4. A 57-year-old man with a history of
heavy alcohol use is being admitted for

a first episode of congestive heart failure
(CHEF), which likely resulted from untreated
alcoholic cardiomyopathy. The cardiolo-
gist decides to start the patient on diuretic
therapy. Which class of diuretics is preferred
in this scenario?

(A) Loop diuretics, because they exert
their action at the distal convoluted
tubule

(B) Loop diuretics, because the thick
ascending limb is an area of high capac-
ity for NaCl reabsorption

(C) Thiazide diuretics, because they exert
their action at the thick ascending limb
of the loop of Henle

(D) Thiazide diuretics, because they
increase cardiac output

(E) Thiazide diuretics, because they
increase peripheral vascular resistance

5. A 66-year-old woman suffers a myocar-
dial infarction while in the hospital and
immediately goes into respiratory distress.
On examination, you realize the patient
has flash pulmonary edema as a result of
her infarction. Along with the management
of the myocardial infarction, you start the
patient on furosemide therapy to treat pul-
monary edema. What is the mechanism of
action of this agent?

(A) Inhibition of action of aldosterone by
binding to its receptor in principal cells
of the collecting duct

(B) Reduction of bicarbonate reabsorption
and concomitant sodium uptake
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(C) Inhibition of active reabsorption of
sodium chloride at the distal convoluted
tubule

(D) Alteration of the diffusion of water
relative to sodium, thereby reducing
sodium reabsorption

(E) Inhibition of active reabsorption of
sodium chloride at the thick ascending
limb of the loop of Henle

6. An 87-year-old woman who is taking
multiple medications for her “heart disease”
is prescribed gentamicin for diverticulitis.
After a few days of taking the antibiotic, she
complains of dizziness and tinnitus. What
“heart medication” might she be on?

(A) Spironolactone

(B) Hydrochlorothiazide
(C) Mannitol

(D) Ethacrynic acid

(E) Urea

1. A 54-year-old man develops congestive
heart failure (CHF) after suffering his second
myocardial infarction. His physician puts
him on a regimen of several medications,
including furosemide. On follow-up, the
patient is found to have hypokalemia, likely
secondary to furosemide use. The addition
of which medication would likely resolve the
problem of hypokalemia, while helping to
treat the underlying condition, CHF?

(A) Allopurinol

(B) Hydrochlorothiazide
(C) Spironolactone

(D) Acetazolamide

(E) Ethacrynic acid

8. A 60-year-old previously healthy fit man
presents to your office with new-onset hyper-
tension. Since this is an unusual age to pres-
ent with essential hypertension, you order an
extensive work-up. The results show low levels
of potassium, high levels of aldosterone, and
low levels of renin. The patient is diagnosed
with Conn syndrome, or hyperaldosteronism.
A computed tomographic (CT) scan of the
abdomen reveals bilateral adrenal hyperpla-
sia, which renders this patient inoperable. You
decide to start the patient on spironolactone
therapy. How does this medication work?

(A) Tt is an agonist of the mineralocorticoid
receptor

(B) It interferes with the action of the min-
eralocorticoid receptor

(C) It promotes sodium reabsorption

(D) It increases the synthesis of sodium
channels in the principal cells

(E) It is only active when endogenous min-
eralocorticoids are absent

9. A 45-year-old woman with a long history

of alcohol abuse is being treated for cirrhosis-
associated ascites. Her internist decided to
give her amiloride, a diuretic helpful in edema
caused by cirrhosis. What common side effect
should be monitored in this patient?

(A) Hypernatremia
(B) Hypocalcemia
(C) Hyperphosphatemia
(D) Hypermagnesemia
(E) Hyperkalemia

10. A 57-year-old man develops progres-

sive vision loss with a sensation of pressure
behind his eyes. His ophthalmologist diag-
noses the patient with glaucoma. To prevent
further progression of the disease and to alle-
viate current symptoms, the physician starts
the patient on acetazolamide therapy. What is
the mechanism of action of this medication?

(A) Potentiates carbonic anhydrase in all
parts of the body

(B) Reduces reabsorption of bicarbonate

(C) Increases excretion of hydrogen

(D) Increases rate of formation of bicarbon-
ate in the aqueous humor

(E) Increases uptake of sodium in the proxi-
mal tubule

11. A 50-year man with mild hypertension
complains of discomfort in his chest. He has
slightly enlarged fat deposits in his breasts
with prominent nipples. Which of the fol-
lowing medications might be causing this
adverse effect?

(A) Amiloride

(B) Spironolactone

(C) Metolazone

(D) Hydrochlorothiazide
(E) Acetazolamide

12. Since his hypertension is under control,
you decide to switch this patient to a drug
that has the same mechanism of action but
will avoid this adverse effect. Which of the
following drugs would you use?

(A) Amiloride

(B) Eplerenone

(C) Chlorthalidone

(D) Aldosterone

(E) Allopurinol



Answers and Explanations

. The answer is A. Thiazide diuretics inhibit active reabsorption of sodium chloride in the
early distal convoluted tubule of the nephron by interfering with the Na/Cl cotransporter,
resulting in net excretion of sodium and water. These agents increase net excretion of
chloride, sodium, and potassium. They decrease excretion of calcium. Inhibiting reab-
sorption of sodium chloride in the thick ascending limb of the loop of Henle describes
the mechanism of action of loop diuretics. Interfering with potassium secretion refers to
mechanism of action of potassium-sparing diuretics.

. The answer is C. Thiazide diuretics decrease excretion of calcium and thus can be used
for idiopathic hypercalciuria. Loop diuretics stimulate tubular calcium excretion and
can thus be used to treat hypercalcemia. Carbonic anhydrase inhibitors, potassium-
sparing diuretics, and osmotic diuretics do not have a significant impact on net cal-
cium balance.

. The answer is D. Hydrochlorothiazide, a thiazide diuretic, can precipitate a gouty attack
in predisposed individuals. This is because these agents increase serum uric acid as a
result of competition for the organic acid carrier. Loop diuretics can have this effect too.
Acetazolamide is a carbonic anhydrase inhibitor; this agent does not have a significant
impact on the levels of uric acid. Amiloride and spironolactone are potassium-sparing
diuretics, and they do not have a significant impact on the levels of uric acid either. The
same is true for mannitol, an osmotic diuretic.

. The answer is B. Loop diuretics are used in cases of congestive heart failure (CHF) and
pulmonary edema because they result in fast and significant diuresis. These agents exert
their action at the thick ascending limb of the loop of Henle, which is the area of high-

est capacity for NaCl reabsorption. Thiazide diuretics actually decrease cardiac output
initially, because of decrease blood volume. As well, thiazides decrease peripheral vascular
resistance, because they relax arteriolar smooth muscle.

. The answer is E. Loop diuretics inhibit active NaCl reabsorption in the thick ascend-
ing limb of the loop of Henle by inhibiting a specific Na"/K"/2Cl™ cotransporter.
Inhibition of action of aldosterone by binding to its receptor in principal cells of the
collecting duct describes the mechanism of action of potassium-sparing diuretics.
Reduction of bicarbonate reabsorption and concomitant sodium uptake refers to
carbonic anhydrase inhibitors. Inhibition of active reabsorption of sodium chloride
at the distal convoluted tubule describes thiazide diuretics. Finally, alteration of the
diffusion of water relative to sodium, thereby reducing sodium reabsorption, refers to
osmotic diuretics.

. The answer is D. Ototoxicity, as demonstrated by tinnitus and dizziness, is a common side
effect of loop diuretics, especially ethacrynic acid. This effect is magnified when ami-
noglycoside antibiotics are added to the regimen. Spironolactone is not associated with
tinnitus. Hydrochlorothiazide can cause gout in susceptible individuals. Mannitol and
urea are osmotic diuretics and are not indicated in patients with heart disease, especially
congestive heart failure (CHF).

. The answer is C. Spironolactone is commonly added to the regimen of anti-congestive
heart failure (CHF) medications, since it counteracts the loss of potassium caused by
the loop diuretics such as furosemide. This agent is also effective in reducing the symp-
toms of refractory edema. Allopurinol is not used to treat CHE Hydrochlorothiazide will
exacerbate hypokalemia caused by the loop diuretics. Acetozolomide will not counteract
hypokalemia. Ethacrynic acid is an example of another loop diuretic.

n
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. The answer is B. Spironolactone interferes with the action of the mineralocorticoid

receptor. Spironolactone prevents cellular events that regulate potassium and hydrogen
secretion and sodium reabsorption. Spironolactone is an antagonist of mineralocorticoid
receptors. It decreases the synthesis of sodium channels in the principal cells of the col-
lecting ducts. This agent is only active when endogenous mineralocorticoids are present.

. The answer is E. Hyperkalemia, a potentially life-threatening side effect, should be rec-

ognized as a possible result of amiloride use. Hyponatremia, not hypematremia, can be
observed with amiloride. This agent does not affect calcium or phosphorus balance to a
significant degree. Triamterene, another potassium-sparing diuretic, can cause increased
urinary excretion of magnesium; amiloride is not known to produce this effect.

The answer is B. Acetazolamide belongs to a class of medications termed carbonic anhy-
drase inhibitors. These agents reduce bicarbonate reabsorption in the proximal tubule.
They inhibit carbonic anhydrase in all parts of the body, including the aqueous humor,
which makes these agents very useful in the treatment of glaucoma. Acetazolamide inhib-
its excretion of hydrogen and concomitant sodium uptake.

The answer is B. Spironolactone antagonizes the action of the mineralocorticoid, proges-
terone, and androgen receptors. Inhibition of androgen receptors can lead to gynecomas-
tia and breast tenderness, most often in men.

The answer is B. Eplerenone has diuretic actions base on its antagonism of the mineralo-
corticoid receptor. Compared with spironolactone, it is much more specific for this recep-
tor and is not associated with gynecomastia.



. 4 Drugs Acting on the
chapter .
Cardiovascular System

I. AGENTS USED TO TREAT CONGESTIVE HEART FAILURE (CHF)

A. An overview

1. CHF results when the output of the heart is insufficient to supply adequate levels of oxygen
for the body. Impaired contractility and circulatory congestion are both components of
failure. Compensatory elevation in angiotensin II production results in sodium retention
and vasoconstriction and increases both matrix formation and remodeling.

2. Therapeutic agents (Fig. 4.1)
a. Increase cardiac contractility.
b. Reduce preload (left ventricular [LV] filling pressure) and aortic impedance (systemic

vascular resistance).

c. Normalize heart rate and rhythm.

B. Drugs that inhibit the activity of the renin—angiotensin system

1. Anoverview

a. Drugs that either interfere with the biosynthesis of angiotensin Il (angiotensin-converting
enzyme [ACE] inhibitors), or act as antagonists of angiotensin receptors (angiotensin
receptor blockers [ARBs)), are indicated in all patients with IV dysfunction, whether
symptomatic or asymptomatic. ACE inhibitors are becoming increasingly important
in the treatment of CHF and have been shown to prevent or slow the progression of
heart failure in patients with ventricular dysfunction. Agents that inhibit renin activity
are useful for treating hypertension.

b. Principles of the renin—-angiotensin system (Fig. 4.2).

2. Several parameters regulate the release of renin from the kidney cortex. Reduced arterial
pressure, decreased sodium delivery to the cortex, increased sodium at the distal tubule,
and stimulation of sympathetic activity all increase renin release.

3. Renin cleaves the protein angiotensinogen and releases the decapeptide angiotensin 1.
Angiotensin I is converted enzymatically (mostly in the lung) to an octapeptide,
angiotensin Il (Agll or Agl-8), by the activity of ACE; further metabolism produces the
heptapeptide (Ag2-8). Angiotensin II stimulates the release of aldosterone. Angiotensin
I can also be metabolized by ACE2 to Ag1-7. The actions of Ag1-7 oppose those of Agll.

4. Angiotensin II is a potent vasoconstricting agent and causes sodium and water retention
via release of aldosterone.

5. The actions of angiotensin II are mediated by AT1, AT2, and AT4 receptors located in
most tissues. The pressor actions of angiotensin II are mediated by AT1 receptors. Agl-7
acts via the Mas receptor.

6. Angiotensin II can be produced locally (e.g., in the myocardium, kidney, adrenals,
or in vessel walls by the action of non-ACE pathways) by the action of chymases and
cathepsins.
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FIGURE 4.1. Pharmacologic goal in treating heart
Left ventricular volume failure.

1. Because angiotensin I is produced via pathways other than the ACE pathway, angioten-

sin II receptor antagonists may be more effective and specific in reducing angiotensin II
actions.

C. ACE inhibitors

Mechanism. ACE inhibitors inhibit the production of angiotensin II from angiotensin I

(see Fig. 4.2) by blocking the activity of ACE1; they do not inhibit ACE2. Blocking ACE1

also diminishes the breakdown of the potent vasodilator bradykinin.

a. These agents counteract elevated peripheral vascular resistance and sodium and
water retention resulting from angiotensin II and aldosterone.

I—> Angiotensinogen

Renin
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Angiotensin |

ACE
———

y

Angiotensin || =g \/asoconstriction
Aldosterone biosynthesis
Remodelling

BradyKinin =g \asodilation

ACE
——

Inactive FIGURE 4.2. Major features of the renin—
bradykinin angiotensin system.
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b. ACE inhibitors are becoming increasingly important in the treatment of CHF and
have been shown to prevent or slow the progression of heart failure in patients with
ventricular dysfunction.

¢. ACE inhibitors increase cardiac output and induce systemic arteriolar dilation
(reduce afterload).

d. ACE inhibitors cause venodilation and induce natriuresis, thereby reducing preload.

e. These drugs are especially useful for long-term therapy.

2. Therapeutic uses. ACE inhibitors are very useful in the treatment of CHF, reducing risk
of recurrent post-myocardial infarction (MI), reducing the progression of renal disease in
diabetic nephropathy, and treating hypertension. These agents have the advantage of
producing minimal electrolyte disturbances and fewer adverse effects than many other
agents used to treat hypertension.

3. Selected drugs (see Table 4.1 for a complete listing)

a. Enalapril is a prodrug that is deesterified in the liver to produce enalaprilat, which
inhibits ACE.

(1) Therapeutic uses. Enalapril is a first-line drug in the treatment of CHF and is used
to treat mild-to-severe hypertension. Diuretics enhance its activity.

(2) Adverse effects and contraindications. Blood dyscrasias and aplastic anemia are
rare but serious adverse effects of enalapril. Renal function may be impaired.

b. Captopril, the first ACE inhibitor and the only sulfur-containing ACE inhibitor, is
absorbed from the gastrointestinal (GI) tract and is metabolized to disulfide con-
jugates. Drug absorption is decreased ~30% by food. It does not enter the central
nervous system (CNS). Captopril produces adverse effects that include rash, taste
disturbance, pruritus, weight loss, and anorexia.

c. Lisinopril is an ACE inhibitor that permits once-a-day dosing. The bioavailability of
lisinopril is not affected by food.

4. Adverse effects common to all ACE inhibitors include a dry cough and, rarely, angio-
edema, especially of the face (both due to increased bradykinin levels), hypotension, and
hyperkalemia.

D. Angiotensin Il receptor blockers (ARBs)
1. Mechanism of action

a. The actions of angiotensin II are mediated by receptors that are 7-transmembrane
proteins that couple to numerous signal transduction pathways. AT1 receptors are
responsible for the pressor actions, increased aldosterone biosynthesis, and the pro-
liferative and fibrotic actions of angiotensin II. In general, AT2 receptors antagonize
the action of AT1 receptors. In several clinical trials, ARBs have proved as effective as
ACE inhibitors in reducing mortality from CHF or following an MI.

i B S B Commonly Used ACE Inhibitors and ARBs

ACE Inhibitors ARBs AT1/AT2 Affinity
Captopril Losartan (p)* 1,000

Enalapril (p) Valsartan 20,000
Fosinopril (p) Irbesartan 8,500

Lisinopril Candesartan (p) 10,000

Quinapril (p) Telmisartan 3,000
Benazepril (p) Eprosartan 1,000
Moexipril (p) Olmesartan (p) 12,500
Perindopril (p)

Ramipril (p)

Trandolapril (p)

“p denotes prodrug, active metabolite produced by deesterification.
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ARBs: prototype drug—uvalsartan

a. Mechanism. Valsartan is an imidazole derivative with high affinity for AT1 receptors
(about 20,000-fold higher than for AT2 receptors).

(1) Oral doses are absorbed rapidly. Peak levels of the drug are obtained in about
3 hours, and it has a half-life of about 6 hours.
(2) Valsartan is excreted in the feces, probably via biliary excretion.

b. Therapeutic uses. In clinical trials, valsartan was about as effective as captopril in
patients with LV dysfunction following an MI. Valsartan is as effective as ACE inhibitors
in reducing blood pressure and is available in combination with hydrochlorothiazide
for patients refractory to monotherapy.

c. Adverse effects and contraindications. Dizziness and hyperkalemia can occur with val-
sartan. Since ARBs do not lead to accumulation of kinins, the incidence of both the
nonproductive cough and angioedema associated with ACE inhibitors is reduced.

d. All other ARBs (see Table 4.1) have the same mechanism of action and adverse effect
profile but have subtle pharmacokinetic differences. They vary markedly in their
relative affinity for AT1 and AT2 receptors.

Renin inhibitors—Aliskiren is a small molecule direct inhibitor of renin. It is administered

orally and is eliminated mostly unchanged in the urine. Clinical trials suggest it is about

as effective as ACE inhibitors or ARBs for reducing blood pressure. Diarrhea, angioedema,
and hyperkalemia have been reported. The incidence of cough is reduced compared with
ACE inhibitors. Aliskiren should net be combined with ACE inhibitors or ARBs in patients
with renal impairment or diabetes due to an increase in the risk of serious adverse effects.

E. Cardiac glycosides

1.

N

Cardiac glycosides are used for the treatment of CHF and certain arrhythmias (atrial fibril-

lation and flutter and paroxysmal atrial tachycardias). However, their overall use has

diminished in the absence of data supporting a reduction in mortality.

The only cardiac glycoside used in the U.S. is digoxin (Lanoxin).

Structure. Cardiac glycosides are cardenolides that contain a lactone ring and a steroid

(aglycone) moiety attached to sugar molecules.

Mechanism

a. Cardiac glycosides inhibit Na*/K*-ATPase, resulting in increased intracellular Na* and
decreased intracellular K*. Increased Na* reduces the normal exchange of intracellu-
lar Ca*" for extracellular Na* and yields somewhat elevated intracellular Ca** (Fig. 4.3).

K] Na*/ K" - ATPase

[Na™]

[Na*] [Na*]
[Ca%*] [Ca?*] :
Inside Inside
Na*— Ca* exchanger
Normal Digitalized

FIGURE 4.3. Changes in myocardial ion concentration following digitalis treatment.
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b. There are multiple isoforms of Na‘/K'-ATPase; the cardiac isoform has the highest
affinity for digitalis.

¢. Following treatment, each action potential produces a greater release of Ca** to
activate the contractile process. The net result is a positive inotropic effect.

Effects. Cardiac glycosides have both direct effects on the heart and indirect effects

mediated by an increase in vagal tone.

a. Cardiac effects
(1) Under normal cardiac conditions, digitalis treatment results in an increase in

systemic vascular resistance and the constriction of smooth muscles in veins

(cardiac output may decrease).

(2) In the failing heart, the capacity to develop force during systole is compromised,
and increased end-diastolic volume is required to achieve the same amount of
work. Heart rate, ventricular volume, and pressure are elevated, whereas stroke
volume is diminished.

(a) Under these conditions, cardiac glycosides increase stroke velume and
enhance cardiac output. Concomitantly, blood volume, venous pressure, and
end-diastolic volume decrease.

(b) The congested heart becomes smaller with treatment, and efficiency of con-
traction is increased (restored toward normal). Improved circulation reduces
sympathetic activity and permits further improvement in cardiac function as
aresult of decreased systemic arterial resistance and venous tone.

(3) Improved renal blood flow augments the elimination of Na“ and water.

b. Neural effects
(1) Cardiac glycosides increase vagal activity, resulting in inhibition of the sinoatrial

(SA) node and delayed conduction through the atrioventricular (AV) node.

(2) Cardiac glycosides decrease sympathetic tone.

Pharmacologic properties

a. Digoxin distributes to most body tissues and accumulates in cardiac tissue. The
concentration of the drug in the heart is twice that in skeletal muscle and at least
15 times that in plasma.

b. The dose of digoxin must be individualized. The initial loading (digitalizing) dose is
often selected from prior estimates and adjusted for the patient’s condition. The
maintenance dose is based on the daily loss of the drug.

c¢. Dosing levels for the treatment of CHF are generally lower than those required to
decrease the ventricular response in atrial fibrillation.

d. Digoxin has somewhat variable oral absorption; it can be given orally or intravenously.
The peak effect after an intravenous (IV) dose occurs in 1.5-2 hours; the half-life (t,,,)
of digoxin is approximately 1.5 days. The maintenance dose of digoxin is approxi-
mately 35% of the loading dose.

e. Because of a relatively rapid clearance, lack of compliance may quickly diminish
therapeutic effects.

f. Digoxin is eliminated by the renal route; the t,, is prolonged in individuals with
impaired renal function. Digoxin dosage can be adjusted on the basis of creatinine
clearance.

. Adverse effects and toxicity

a. Narrow therapeutic index
(1) Cardiac glycosides can cause fatal adverse effects.

(2) These drugs induce virtually every type of arrhythmia.

(3) Digoxin affects all excitable tissues; the most common site of action outside the
heart is the GI tract (anorexia, nausea, vomiting, and diarrhea can occur), resulting
either from direct action or through stimulation of the chemoreceptor trigger zone.

(4) The use of digoxin may result in disorientation and visual disturbances.

b. Toxicity is treated primarily by discontinuing the drug.

(1) Potassium may help in alleviating arrhythmias.

(2) Antidigoxin antibodies (digoxin immune FAB) (Digibind) and hemoperfusion are
antidotes useful in acute toxicity.
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(3) Antiarrhythmic agents such as phenytoin and lidocaine may be helpful in treat-
ing acute digoxin-induced arrhythmias.
(4) The first manifestation of digoxin overdose is frequently fatigue or a flu-like
symptom.
Drug interactions
(1) Drugs that bind digitalis compounds, such as cholestyramine and neomycin, may
interfere with therapy. Drugs that enhance hepatic metabolizing enzymes, such
as phenobarbital, may lower the concentrations of the active drug.
(2) The risk of toxicity is increased by the following:
(a) Hypokalemia
Reduced K* results in increased phosphorylation of the Na*/K*-ATPase, and
this increases digoxin binding. Thus, hypokalemia enhances the effects of
these drugs and greatly increases the risk of toxicity. Hypokalemia may be
seen with thiazide or other potassium-lowering diuretics.
(b) Hypercalcemia and calcium channel-blocking (CCB) agents (e.g., verapamil)
(i) CCB agents cause toxicity by adding to the drug effects on Ca®" stores.
(ii) Hypocalcemia renders digitalis less effective.
(c) Quinidine displaces digoxin from tissue-binding sites. The t,,, of digoxin is
prolonged because of decreased renal elimination.

F. Other inotropic agents
1. Inamrinone lactate (formerly known as amrinone) and milrinone, the “inodilators”

b.

e.

Inamrinone lactate and milrinone reduce LV filling pressure and vascular resistance
and enhance cardiac output.

Inamrinone lactate and milrinone act by inhibiting phosphodiesterases in cardiac
and vascular muscle, especially phosphodiesterase Type 3. This causes an increase in
cyclic AMP (cAMP), thereby activating calcium channels leading to elevated intracel-
lular Ca** levels and enhanced excitation contraction.

These drugs are used in patients who do not respond to digitalis; they are most
effective in individuals with elevated LV filling pressure.

Inamrinone lactate and milrinone produce considerable toxicity on extended admin-
istration; they are administered intravenously only for short-term therapy. The most
common adverse effects are transient thrombocytopenia and hypotension. Fever and
GI disturbances occur occasionally.

Fewer and less severe adverse effects are seen w