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Drug Absorption, Action, and Disposition

Michael R Franklin, PhD
Donald N Franz, PhD

Although drugs differ widely in their pharmacodynamic effects
and elinieal applications; in penetration, absorption, and usual
route of administration; in distribution among the body tissues;
and in disposition and mode of termination of action, there are
certain general principles that help explain these differences.
These principles have both pharmaceutic and therapeutic im-
plications. They facilitate an understanding of bath the fea-
tures that are common to a class of drugs and the differences
among the members of that class,

For a drug to act it must be absorbed, transported to the ap-
propriate tissue or organ, penetrate to the responding cell sur-

The word drug imposes an action-effect context within which
the properties of a substance are described. The description of
necessity must inelude the pertinent properties of the recipient
of the drug. Thus. when a drug is defined as an analgesic, it is
implied that the recipient reacts to a noxious stimulus in a cer-
tain way, called pain. (Studies indicate that pain is not simply
the perception of a certain kind of stimulus but rather, a reac-
tion to the perception of a variety of kinds of stimuli or stimu-
lus patterns.) Both because the pertinent properties are locked
into the complex and somewhat imprecise biological context
and because the types of possible response are many, descrip-
tions of the properties of drugs tend to emphasize the qualita-
tive features of the effects they elicit. Thus. a drug may be de-
scribed as having analgesic, vasodepressor, convulsant,
antibacterial, etc, properties, The specific effect (or use) cate-
gories into which the many drugs may be placed are the subject
of Chapters 64 through 89 and are not elaborated upon in this
chapter. However. the description of a drug does not end with
the enumeration of the responses 1t may elicit. There are cer-
tain intrinsic properties of the drug-recipient system that can
be described in quantitative terms and that are essential to the
full description of the drug and te the validation of the drug for
specific uses. Under Definitions and Concepts below, certain
general terms are defined in qualitative language; under Dose-
Effect Relationships, the foundation is laid for an appreciation
of some of the quantitative aspects of pharmacodynamics.

DEFINITIONS AND CONCEPTS

In the field of pharmacology, the voeabulary that iz unigue to
the discipline is relatively small, and the general vocabulary is
that of the biological sciences and chemistry. Nevertheless,
there are a few definitions that are important to the proper un-

CHAPTER D7
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face or subeellular strueture, and elicit a response or alter on-
going processes. The drug may be distributed simultaneously or
sequentially to a number of tissues, bound or stored, metabo-
lized to inactive or active products, or exereted. The history ofa
drug in the body is summarized in Figure 57-1. Each of the pro-
cesses or events depicted relates importantly to therapeutic
and toxic effects of a drug and to the mode of administration.
and drug design must take each into account, Since the effect
elicited by a drug is its raison d'étre, drug action, and effect are
discussed first in the text that follows, even though they are
preceded by other events.
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derstanding of pharmacology. It is necessary to differentiate
among action, effect, selectivity, dose, potency, and efficacy,

ACTION VS EFFECT—The effect of a drug is an alteration
of function of the structure or process upon which the drug acts.
It is common to use the term action as a synonym for effect.
However, action precedes effect, Action is the alteration of con-
dition that brings about the effect.

The final effect of a drug may be far removed from its site of
action. For example, the diuresis subsequent to the ingestion of
ethanol does not result from an action on the kidney but instead
from a depression of activity in the region of the hypothalamus,
which regulates the release of antidiuretic hermone from the
posterior pituitary gland. The alteration of hypothalamic func-
tion is, of course, also an effect of the drug, as is each subse-
quent change in the chain of events leading to diuresis. The ac-
tion of ethanol was exerted only at the initial step, each
subsequent effect being then the action to a following step.

MULTIPLE EFFECTS—No known drug is capable of ex-
erting a single effect. although a number are known that ap-
pear to have a single mechanism of action. Multiple effects may
derive from a single mechanism of action. For example, the in-
hibition of acetylcholinesterase by physostigmine will elicit an
effect at every site where acetylcholine is produced, is poten-
tially active, and is hydrolyzed by cholinesterase. Thus,
physostigmine elicits a constellation of effects.

A drug also can cause multiple effects at several different
sites by a single action at only one site, providing that the fune-
tion initially altered at the site of action ramifies to control other
functions at distant sites, Thus, a drug that suppresses steraid
synthesis in the liver may not only lower serum cholesterol, im-
pair nerve myelination and funetion, and alter the condition of
the skin {as a consequence of cholesterol deficiency) but also may
affect digestive functions (because of a deficiency in bile acids]
and alter adrenocortical and sexual hormonal balance.
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Figure 57-1. The absarption, distribution, action, and elimination of &
drug (arrows represent drug movement). Intravenious administration is
theanly process by which a drug may enter a compartment without pass-
ing thraugh a bialogical membrane. Note that drugs excreted In bile ang
saliva may be resorbed

Although a single action can give rise to multiple effects,
most drugs exert multiple actions. The various actions may be
related, as for example, the sympathomimetic effects of
phenylephrine that acerue to its structural similarity to nore-
pinephrine and its ahility to exert sympathetic responses, or
the actions may be unrelated, as with the actions of morphine
to interfere with the release of acetylcholine from certain auto-
nomic nerves. block some actions of 5-hydroxytryplamine {(sero-
tonin). and release histamine. Many drugs bring about im-
munological allergic or hypersensitivity) responses that bear
norelation to the other pharmacodynamic actions of the drug.

SELECTIVITY—Despite the potential most drugs have for
eliciting multiple effects, one effect is generally more readily
elicitable than another. This differential responsiveness is
called selectivity. It usually is considered to be a property of the
drug, bul it is also a property of the constitution and biody-
namies of the recipient subject or patient.

Selectivity may come about in several ways. The subeellular
structure (receptort with which a drug combines to initiate one
response may have a higher affinity for the drug than that for
some other action. Atropine, for example, has a much higher
affinity for muscarinic receptors that subserve the function of
sweating than it dees for the nicotinie receptors that subserve
voluntary neuromuscular transmission, so that suppression of
sweating can be achieved with only a tiny fraction of the dose
necessary to cause paralysis of the skeletal musecles, A drug may
be distributed unevenly, so that it reaches a higher concentra-
fion at one site than throughout the tissues generally: ehloro-
quine is much more effective against hepatic than intestinal
(colonic) amebiasis because it reaches a much higher concentra-
tion in the liver than in the wall of the colon. An affected {unc-
tion may be much more eritical to, or have less reserve in, oneor-
gan than in another, so that a drug will be predisposed to elicit
aneffect at the more critical site. Some inhibitors of dopa decar-
boxylase (which is also H-hydroxytryptophan decarboxylase) de-
press the synthesis of histamine more than that of either nore-
pinephrine or 5- hydroxytryptamine (serotonin), even though
histidine decarboxylase is less sensitive to the drug, simply be-
cause histidine deearboxylase is theanly stepand, hence, is rate-
limiting in the biosynthesis of histamine. Dopa decarboxylase is
not rate limiting in the synthesis of ¢ither norepinephrine or 5-
hydroxytryptamine until the enzyme is nearly completely inhib-
iterd. Another example of the determination of selectivity by the
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eritical balance of the affected function is that of the mercurial
diureticdrugs, An inhibition of only 19 in the tubular resorption
ol glomerular filtrate usually will double urine flow, sinee 99% of
the glomerular filtrate is normally resorbed. Aside from the
question of the possible concentration of dinreties in the urine, a
drug-induced reduction of 1% in sulfhydryl enzyme activity in
tissues other than the kidney usunally is not accompanied by an
observable change in function. Selectivity also can be deter-
mined by the pattern of distribution of inactivating or activating
enzymes among the tissues and by other factors.

DOSE—Even the uninitiated person knows that the dose of
a drug is the amount administered. However. the appropriate
dose of a drug is not some unvarying quantity. a fact sometimes
overlooked by pharmaeists. official committees, and physicians.
The practice of pharmacy is entrapped in a system of fixed-dose
formulations, so that fine adjustments in dosage are often diffi-
cult to achieve. Fortunately, there is usually a rather wide lat-
itude allowable in dosages. 1L is obvious Lhit the size of the re-
cipient individual should have a bearing upon the dose, and the
physician may elect to administer the drug on a body-weight or
surface-area basis rather than as a fixed dose. Usually, how-
ever, a fixed dose is given to all adults, unless the adult ig ex-
ceptionally large or small. The dose for infants and children of-
ten is determined by one of several formulas that take into
account age or weight, depending on the age group of the child
and the type of action exerted by the drug. Infants, relatively,
are more sensitive to many drugs, often because systems in-
volved in the inactivation and elimination of the drugs may not
be developed fully in the infant.

The nutritional condition of the patient. the mental outlook,
the presence of pain or discomfort, the seventy of the condition be-
ing treated, the presence of secondary disease or pathology, and
genetic and many other factors affect the dose of a drug necessary
to achieve a given therapeutic response or to cause an untoward
effect (Chapter 61). Even two apparently well-matched normal
persons may require widely different doses for the same intensity
of effect. Furthermore, adrug is not alwayvs emiployed for the same
effeet and, hence, not in the same dose. For example. the dose of
a progestin necessary for an oral contraceptive eflect is consider-
ably different [rom that necessary to prevent spontaneous abor-
tion, and a dose of an estrogen for the treatment of the menopause
is much too small for the treatment of prostatie carcinoma.

From the above. it is evident that the wise physician knows
that the dose of ¢ drug is not a rigid quantity but rather that
which is necessary and can be tolerated and individualizes the
regimen accordingly. The wise pharmacist also recognizes that
official or manufacturer’s recommended doses are sometimes
quite narrowly defined and should serve only as a uselul guide
rather than as an imperative.

POTENCY AND EFFICACY—The pofency of adrug is the
reciprocal of dose. Thus, it will have the units of persons/unit
weight of drug or body weight/unit weight of drug, ete. Poltency
generally has little utility other than te provide a means of com-
paring the relative activities of drugs in a series, in which case
relative potericy, relative to some prototypic member of the se-
ries, is a parameter commonly used among pharmacologists
and in the pharmaceutical industry,

Whether a given drug is more potent than another has little
bearing on its clinical usefulness, provided that the potency is
not so low thal the size of the dose is physically unmanageable
or the cost of treatment is higher than with an equivalent drug.
If a drug 1s less potent but more selective, it is the one to be pre-
ferred. Promotional arguments in favor of a more potent drug
thus are irrelevant to the important considerations that should
govern the choice of a drug. However, it sometimes occurs that
drugs of the same clase differ in the maximum intensity of ef-
feet; that is, some drugs of the class may be less efficacious than
athers, irrespective of how large a dose is used.

Efficacy connotes the property of a drug to achieve the de-
sived response, and maximum effteacy denotes the maximum
achievable effect. Even huge doses of eodeine often cannot
achieve the reliel from severe pain that relatively small doses
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Figure 57-2. The relationship of the intensity of the blood-pressure re-
zponse of the cat ta the intravencus dose of norepinephrine

of morphine can;: thus. codeine 1s said to have a lower maximum
efficacy than morphine. Efficacy is one of the primary determi-
nants of the choice of a drug.

DOSE-EFFECT RELATIONSHIPS

The importance of knowing how changes in the intensity of re-
sponse to a drog vary with the dose is virtually self-evident. Both
the physician, who prescribes or administers a drug, and the
manufacturer. who must package the drug in appropriate dose
sizes, must translate such knowledge into everyday practice.
Theoretical or molecular pharmacologists also study such rela-
tionships in inquiries into mechanism of action and receptor the-

ory It is necessary to define two types of relationships: (1) dose-
intensity relationship, ie, the manner in which the intensity of ef-
fect in the individual recipient relates to dose, and (2) dose-
frequency relationship, ie, the manner in which the number of
responders among a population of recipients relates to dose.

DOSE-INTENSITY OF EFFECT RELATIONSHIPS—
Whether the intensity of effect is determined in vive (eg, the
blood-pressure response to epinephrine in the human patient)
or in vitro (eg, the response of the isolated guinea pig ileum to
histamine), the dose—intensity of effect (often ealled dose-effect)
curve usually has a characteristic shape, namely a curve that
closely resembles one quadrant of a rectangular hyperbola.

In the dose-intensity curve depicted in Figure 57-2, the
curve appears to intercept the r axis at 0 only because the lower
doses are quite small on the scale of the abscissa. the smallest
dose being 1.5 x 10 g, Actually, the x intercept has a positive
value, since a finite dose of drug is required to bring about a re-
sponse, this lowest effective dose being known as the threshold
dose. Statistics and chemical kinetics predict that the curve
should approach the y axis asymptotically. However, if the in-
tensity of the measured variable does not start from zero, the
curve possibly may have a positive v intercept (or negative v in-
tercept), especially if the ongoing basal activity before the drug
is given is closely related to that induced by the drug.

In practice, instead of an asymptote to the y axis. dose-in-
tensity eurves nearly always show an upward concave foot at
the origin of the curve, so that the curve has a lopsided sigmoid
shape. At high doses, the curve approaches an asymptote that
is parallel to the x axis, and the value of the asymptote estab-
lishes the maximum possible response to the drug, or maxintum
efficacy. However, experimental data in the regions of the
asymptotes generally are too erratic to permit an exact defini-
tion of the curve at very low and very high doses. The example
shown represents an unusually good set of data.

Because the dose range may be 100- or 1000-fold from thelow-
est tothe highest dose, it has become the practice to plot dose-in-
tensity curves on a logarithmic scale of abseissa (ie, to plot the
log of dose versus the intensity of effect). Figure 57-3 is such a
semilogarithmic plot of the same data used in Figure 57-2. In the
figure the intensity of effect i= plotted both in absolute units (al
the left) or in relative units, as percentages (at the right).

Although np new information is created by a semilogarith-
mic representation, the curve is stretched in such a way as to
facilitate the inspection of the data; the comparison of results
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from multiple observations and the testing of different drugs
also is rendered easier. In the example shown, the curve 1s es-
sentially what is called a sigmoid curve and 1s nearly symmet-
rical about the point that represents an intensity equal to 50%
of the maximal effect (ie, about the midpoint). The symmetry
follows from the rectangular hvperbolic charaeter of the previ-
ous Cartesian plot {see Fig 57-2). The semilogarithmic plot re-
veals better the dose-effect relationships in the low-dose range,
which are lost in the steep slope of the Cartesian plot. Further-
more, the data about the midpoint are almost a etraight line;
the nearly linear portion covers approximately 50% of the
curve. The slope of the linear portion of the curve or, more cor-
rectly, the slope at the point of inflection, has theoretical sig-
nificance (see Drug Receptors and Receptor Theory).,

The upper portion of the curve approaches an asymptote,
which is the same as that in the Cartesian plot. If the response
system is completely at rest before the drug is administered, the
lower portion of the curve should be asymptotic to the x axis. Both
asymptotes and the symmetry derive from the law of mass action.

Doase-intensity carves often deviate from the ideal configura-
tion illustrated and discussed above. Usually, the deviate curve
remains sigmoid but not extended symmetrically about the nud-
point of the linear segment. Oceasionally, other shapes oceur.
Deviations may derive from multiple actions that converge upon
the same final effector system. from varving degrees of
metabolic alteration of the drug at different doses, from modu-
lation of the response by feedback systems, from nonlinearity in
the relativnship between action and effect, or from other causes.

It is frequently necessary to identify the dose that elicits a
given intensity of effect. The intensity of effect that is generally
designated is 50% of maximum intensity. The corresponding
dose is called the 50% effective dose. or individual ED50 (see Fig
57-8). The use of the adjective indrvidual distinguishes the
EDA0 based upon the intensity of effect from the median effec-
tive dose, also abbreviated ED50, determined from frequeney of
response data in a population (see Dose-Freguency Relation-
ghips, this chapter).

Drugs that elicit the same quality of effect may be compared
graphically, In Figure 57-4, five hypothetical drugs are com-
pared. Drugs A, B, C, and E all can achieve the same maximum
effect, which suggests that the same effector system may be
common to all. [ possibly may be working through the same ef-
foctor system, but there are no a priori reasons to think this is
s0. Only A and B have parallel curves and common slopes. Com-
mon slopes are consistent with, but in no way prove, the idea
that A and B not only act through the same effector system but
also by the same mechanism. Although drug-receptor theory
(see Drug Receptors and Receptar Theory) requires that the
curves of identical mechanism have equal slopes, examples of
exceptions are known. Furthermore, mass-law statistics re-
quire that all simple drug-receptor interactions generate the
same slope; only when slopes depart from this universal slope

in accordance with distinetive characteristics of the response
system do they provide evidence of specific mechamsms,

The relative potency of any drugmay be obtained by dividing
the EDA0 of the standard, or prototypic, drug by that of the drug
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Figure 57-4. Log dose-intensity of effect curves of fiva ditterent hypo-
thetical drugs (see text for explanation)
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in question. Any level of effect other than 50% may be used, but
itshould be recognized that when the slopes are not parallel. the
relative potency depends upen the intensity of effect chosen.
Thus, the potency of A relative to C (see Fig 57-4) calculated from
the EDSO will be smaller than that caleulated from the ED25.

The low maximum intensity inducible by ) poses even more
complications in the determination of relative potency than do
the unequal slopes of the other drugs. If'its dose-intensity curve
is plotted in terms of percentage of its own maximum effect, its
relative ineffieacy is obscured, and the limitations of relative
potency at the ED50 level will not be evident. This dilemma un-
derscores the fact that drugs can be compared better from their
entire dose-intensity curves than from a single derived number
like D50 or relative potency.

Drugs that elicit multiple effects will generate a dose-inten-
sity curve for each effect. Even though the various effects may
be qualitatively different, the several curves may be plotted to-
gether on a common scale of abscissa, and the intensity may be
expressed in terms of percentage of maximum effoct: thus, all
curves can share a common scale of ordinates in addition to a
commaon abseissa. Separate scales of ordinates could be em-
ployed, but this would malke it harder to compare data.

The selectivity of a drug can be determined by noting what
percentage of maximum of one effect can be achieved before a
second effect occurs. As with relative potency, selectivity miy
be expressed in terms of the ratio between the EDS0 for one ef-
fect and that for another cffect, or a ratio at some other inten-
sity of effect. As with relative potency. dilficulties follow from
nonparallelism. In such instances, selectivity expressed in dose
ratios varies from one intensity level to another.

When the dose-intensity curves for a number of subjects are
compared, it is found that they vary considerably from individ-
ual to individual in many respects; eg, threshold dose, mid-
point, maximum intensity, and sometimes even slope. By aver-
aging the intensities of the effect at each dose, an average
dose-intensity curve can be constructed.

Average dose-intensity curves enjoy a limited application in
comparing drugs. A single line expressing an average response
has little value in predicting individual responses unless it is ac-
companied by some expression of the range of the effect at the var-
ious doses, This may be done by indicating the standard error of
the response at each dose. Ocecasionally, a simple scatter diagram
is plotted in lieu of an average curve and statistical parameters.
An average dose-intensity curve also may be constructed from a
population in which different individuals receive different doses;
ifsufficiently large populations are employed, the average curves
determined by the two methods will approximate each other,

Tt is obvious that the determination of such average curves
from a population large enough to be statistically meaningful
requires a great deal of work. Retrospective clinical data oeca-
sionally are treated in this way, but prospective studies infre-
quently are designed in advance to yield average curves. The
usual practice in comparing drugs is to employ a quantal (all-
or-nonel endpoint and plot the frequency or cumulative fre-
quency of response over the dose range, as discussed below.

DOSE-FREQUENCY OF RESPONSE RELATION-
SHIPS—When an endpaint is truly all-or-none, such as death. it
is an easy matter to plot the number of responding individuals
(eg, dead subjects) at each dose of drug or intoxicant. Many other
responses that vary in intensity can be treated as all-or-none if’
simply the presence or absence of a response (eg, cough or no
cough, convulgion or no convulsion) is recorded. without regard
to the intensity of the response when it occurs. When the re-
sponse changes from the basal or control state in a less abrupt
manner (eg, tachyeardia, miosis, rate of gastric secretion), it may
be necessary to designate arbitrarily some particular intensity of
effect as the endpoint. I the endpoint is taken as an increase in
heart rate of 20 beats/min, all individuals whose tachyeardia is
less than 20 beats/min would be recorded as nonresponders,
while all those with 20 or above would be recorded as responders.
When the percentage of responders in the population is plotted
amainct tha dnca g characteristic dose-response curve, more
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properly called a dose—eumulative frequency or dose-percentage
curve, is generated, Such a corve is, in fact, a cumulative fre-
guency-distribution curve, the percentage of responders at a
given dose being the frequency of response.

Dose—cumulative frequency curves are generally of the same
geometric shape as dose-intensity curves (namely, sigmoid)
when frequency is plotted against log dose (Fig 57-5). The ten-
dency of the cumulated frequency of response (ie, percentage) {o
be linearly proportional to the log of the dose in the middle of the
dose range is called the Weber-Fechner [aww, although it is not in-
variable. ag a true natural law should be. In many instances, the
cumulative frequency is simply proportional to dose rather than
log dose, The Weber-Fechner law applies to either dose-intensity
or dese~cumulative frequency data. The similarity between
dose-frequency and dose-intensity curves may be more than for-
tuitous, since the intensity of response will usually have an ap-
proximately linear relationship to the percentage of responding
waits (emooth musele colle. nerve fibers, ete) and, henee, is alzoa
type of cumulative frequency of response. These are the same
kind of statistics that govern the law of mass action.

If only the increase in the number of responders with each
new dose 15 plotted, instead of the cumulative percentage of re-
sponders, a hell-shaped eurve is obtained. This curve ie the first
derivative of the dose—cumulative frequency curve and is a fre-
quency-distribution curve. The distribution will be symmetri-
cal—ie, normal or Gaussian (see Chapter 12)—only if the
dose-cumulative frequency curve is symmetrically hyperbolic.
Because most dose-cumulative frequeney curves are more
nearly symmetrical when plotted semilogarithmically (e, as log
dose), dose-cumulative frequency curves are usually log-normal.

Since the dose-intensity and dese-cumulative frequency
curves are basically similar in ghape, it follows that the curves
have similar defining characteristics, such as ED50, maximum
effect (maximum efficacy), and slope. In dose—cumulative fre-
quency data, the ED5U (median effective dose) is the dose to
which 50% of the population responds (see Fig 57-5). 1f the fre-

quency disiribution is normal, the ED50 is both the arithmetic
mean and the median dose and is represented by the midpoint on
the curve; if the distribution is log-normal, the ED50 is the me-
dian dose but not the arithmetic mean dose. The efficacy is the
cumulative frequency summed over all doses; it is usually, but
not always, 100%. The slope is characteristic of both the drug and
the test population. Even two drugs of identical mechanism may
give rise to different slopes in dose-percentage curves, whereas in
dose-intensity curves the slopes are the same.

Statistical parameters (such as standard deviation), in addi-
tion to ED50, maximum cumulative (requency (efficacy) and
slope, characterize dose—cumulative frequency relationshipe
tsee Chapter 12).

There are several formulations for dese-cumulative fre-
quency curves, some of which are employed only to define the
linear segment of a curve and to determine the statistical pa-
rameters of this segment. For the statistical treatment of dose-
frequency data, see Chapter 12. One simple mathematical ex-
pression of the entire log-symmetrical sigmoid curve is

% response

_— - (1)
100% — response

log dose = K + flog

where percentage response may be either the percentage of
maximum intensity or the percentage of a population respond-
ing. The equation is thus basically the same for both log normal
dose-intensity and log normal dose-percentage relationships. &
is a constant that 1s characteristic of the midpnint of the eurve,
or ED50, and 1/f is characteristically related to the slope of the
linear segment, which, in turn is closely related to the standard
deviation of the derivative log-normal frequency-distribution
curve,

The comparison of dose-percentage relationships among
drugs is subject to the pitfalls indicated for dose-intensity com-
parisons, namely, that when the slopes of the curves are not the
same (ie, the dose-percentage curves are not parallel), it is nec-
essary to state at which level of response a poteney ratio is cal-
culated. As with dose-intensity data, potencies generally are
calculated from the ED5S0, but potency ratios may be calculated
for any arbitrary percentage response. The expression of selec-
tivity is, likewise, subject to similar qualifications, inasmuch as
the dose-percentage curves for the several effeets are usually
nonparallel.

The term therapeutic index is used to designate a quantita-
tive statement of the selectivity of a drug when a therapeutic
and an untoward cffect are being ecompared. If the untoward ef-
fect is designated T (for toxic) and the therapentic effect. £, the
therapeutic index may be defined as TD50/ED50 or a similar
ratio at some other arbitrary levels of response. The TD and the
ED are not required to express the same percentage of re-
sponse; some clinicians use the ratio TDY/EDS9 or TDA/ED95,
based on the rationale that if the untoward effect is serious, it
is important to use a most-severe therapeutic index in passing
judgment upon the drug, Unfortunately, therapeutic indices
are known in man for only a few drugs.

There will be a different therapeutic index for each unto-
ward effect that a drug may elicit and, if there is mare than one
therapeutic effect, a family of therapeutic indices for each ther-
apeutic effect, However, in clinical practice, it is customary to
distinguizh among the various toxicities by indicating the per-
centage incidence of a given side effect.

VARIATIONS IN RESPONSE AND RESPONSIVE.
NESS—TIrom the above discussion of dose-frequency relation-
ships and Chapter 12, it is cbyious that in a normal population
of persons there may be quite a large difference in the dose re-
quired toelicit & given response in the least-responsive member
of the population and that te elicit the response in the most-re-
sponsive member. The difference ordinarily will be a funetion of
the slope of the dose-percentage curve or, in statistical terms, of
the standard deviation. If the standard deviation is large, the
extremes of responsiveness of responders are likewise large.

In a normal population, 95.46% of the population responds
to doses within two standard deviations from the ED30 and
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09 73% within three standard deviations. In log-nermal pepu-
lations, the same distribution applies when standard deviation
is expressed as log dose.

In the population represented in Figure 57-5, 2.25% of the
population (two standard deviations from the median) would
require a dose more than 1.4 times the ED50; an equally small
percentage would respond to 0.7 of the ED50. The physician
who 18 unfamiliar with statistics is apt to consider the 2.25% at
either extreme Lo be abnormal reactors, The statistician will ar-
gue that these 4.5% are within the normal population and that
only those who respond well outside the normal population, at
least three standard deviations from the median, deserve to be
called abnormal.

Irrespective of whether the criteria of abnormality that the
physician or the statistician obtain, the term hyporeaciive ap-
plies to those individuals who require abnormally high doses
and hvperreactive to those who require abnormally low doses,
The terms hyporesponsive and fyperresponsive also may
be used, It is incorrect to use the terms hyposensitive and
hypersensitive in this context: hypersensitivity denotes an
allergic response to a drug and should not be used to refer to
hyperreactivity. The term supersensitivity correctly applies
to hyperreactivity that results from denervation of the effector
organ; it i often more definitively called denervation supersen-
sitivity,  Sometimes hyporeactivity is the result of an
immunochemical deactivation of the drug, or imrmiunity. Hy-
pureactivity should be distinguished from an increased dose
requirement that results from a severe pathological condition.
Severe pain requires large doses of analgesics, but the patient is
not a hyporeactor; what has changed is the baseline from which
the endpoint guantum is measured. The responsiveness of a pa-
tient to certain drugs sometimes may be determined by the his-
tory of previous exposure to appropriate drugs,

Tolerance is a diminution in responsiveness as use of the
drug continues. The consequence of tolerance i1s an increase in
the dose requirement. It may be due to an increase in the rate
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of alimination of drug (as discussed elsewhere in this chapter),
to reflex or other compensatory homeostatic adjustments, to a
decrease in the number of receptors or in the number of enzyme
molecules or other coupling proteins in the effector sequence, to
exhaustion of the effector system or depletion of mediators, to
the development of immunity, or to other mechanisms, Toler-
ance may be gradual, requiring many doses and days to months
to develop, or acute, requiring only the first or a few doses and
vnly minutes to hours Lo develop, Acute tolerance is called
tachvphylaxis.

Drug resistance is the decrease in responsiveness of mi-
croorganisms, neoplasms, or pests to chemotherapeutic agents,
antineoplastics, or pesticides, respectively. It is not tolerance in
the sense that the sensitivity of the individual microorganism
or cancer cell decreases; rather, it is the survival of normally
unresponsive cells, which then pass the genetic factors of resis-
tance on to their progeny.

Patients who fail to respond to a drug are called refractory.
Refractoriness may result from tolerance or resistance, but it
also may result from the progression of pathological states
that negate the response or render the response incapable of
surmounting an overwhelming pathology. Rarely, it may re-
sult from a poorly developed receptor or response system.

Sometimes a drug evokes an unusual response that is qual-
itatively different from the expected response. Such an unex-
pected responge is called a meta-reaction. A not uncommon
meta-reaction is a central nervous system (CNS) stimulant
rather than depressant effect of phenobarbital, especially in
women. Pain and certain pathological states sometimes favor
meta-reactivity, Responses that are different in infants or the
aged from those in young and middle-aged people are not meta-
reactions if the response is usual in the age group. The term id-
fosynerasy also denotes meta-reactivity, but the word has been
s0 abused that it is recommended that it be dropped. Although
hypersensitivity may cause unusual effects, it is not included in
meta-reactivity.

e e =, — = 7’
= RECER I 5

Most drugs act by ecombining with some key substance in the hi-
ological milieu that has an important regulatory function in the
target organ or tissue. This biological partner of the drug goes
by the name receplive substance ov drug receptor. The receptive
substance is considered mostly to be a cellular constituent, al-
though in a few instances it may be extracellular, as the
cholinesterases are, in part. The receptive substance is thought
of as having a special chemical affinity and structural require-
ments for the drug. Drugs such as emollients, which have a
physical rather than chemical basis for their action, obviously
do not act upon receptors. Drugs such as demuleants and as-
tringents, which act in a nonselective or nonspecific chemical
way, also are not considered to act upon receptors, since the
tandidate receptors have neither sharp chemical nor hiological
definition. Even antavids, which react with the extremely well
flefined hydroninm ion, eannot be said to have a receptor, since
the reactive proton has no permanent biological residence.
Because of early preoccupation with physical theories of ac-
tion &nd the classical and illogical dichotomy of chemical and
physical molecular interaction, there is a reluctance to admit re-
teptors for drugs such as general anesthetics, certain elec-
trolytes, ete, which generally are not accepted to combine selec-
tively with distinct cellular or organelle membrane constituents.
The word receptor often is used inconsistently and intuitively.
However, the term is a legitimate symbal for that bislogieal strue-
fure with which a drug interacts to initiate a response. Ignorance
i the identities of many receptors does not detract from, but
rather inereases, the importance of the term and general concept.
Once aveceptoris identified, it frequently is no longer thought
of az a receplor, although such identification may afford the ba-
#is of profound advances in receptor theory. Since the effects of

anticholinesterases are derived only indirectly from inhibition of
cholinesterase and no drugs are known that stimulate the en-
zyme, it may be argued that it is not a receptor. Nevertheless, a
number of drugs ultimately act indirectly through the inhibition
of such modulator enzymes, and it is important for the theoreti-
cian to develop models based upon such indirect interrelations.
Enzymes, of course, readily suggest themselves as candi-
dates for receptors. However, there is more to cellular function
than enzymes, Receptors may be membrane or intracellular
constituents that govern the spatial orientation of enzymes.
gene expression, compartmentalization of the eytoplasm, econ-
tractile or compliant properties of subcellular structures, or
permeability and electrical properties of membranes. For
nearly every cellular constituent there can be imagined a pos-
sible way for a drug to affeet ite funetion; therefore, few cellular
constituents can be dismissed a priori as possible receptors. All
the receptors for neurotransmitters and autonomic agonists are
membrane proteins with agonist-binding groups projecting into
the extracellular space, The transducing apparatus, whereby
an oecupied receptor elicits a response, is called a coupling sys-
term. Excitatory neurotransmitters in the CNS, and ACh recep-
tors elsewheve, are coupled to ion channels that, when opened,
permit the rapid ingress, especially of sodium ions. Each ion
channel is composed of five subunits, and each subunit has four
tranemembrane, spanning regions. GABA (y-aminobutyrie
acid) and glyeine are coupled to inhibitory chloride channels,
Each of these receptors is composed of pentameric proteins,
each of which has two to four different types of subunits. Ben-
zodiazepine receptors are coupled to the GABA-receptor. Beta-
adrenergic receptors. histamine (H2) receptors, and a number
of recentars for nolvoeptide hormones interact with a stimula-
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tory GDP/GTP-binding pratein (G-protein) that can activate
the enzyme adenylate cyclase. The cyclase then produces 3'.5'-
evelic AMP (eAMP), which, in tarn, activates protein kinases,
Other receptors interact with inhibitory G-proteins. Some re-
ceptors eouple to guanylate cyelase.

Alpha-adrenergic oy, some musearinie (M and M;), and
various other receptors couple to the membrane engyme, phos-
pholipase-C. which cleaves inositol phosphates from phospho-
inositides. The cleavage product. 1.4.5-inositol triphosphate
(1P4). then causes an increase in intracellular caleium, whereas
the product, diacylglycerol (DAG), activates kinase-C. Thore
are a number of other less ubiquitous coupling systems. Sub-
stances such as eAMP, eGMP, 1P, and DAG are callad second
nessengers,

[t has been found that there may be several different recep-
tors for a given agonist. Differences may be shown not only in
Lhe types of eoupling systems and effects but also by differential
binding of agonists and antagonists, desensitization kineties.
physical and chemical properties, genes and amino acid se-
quences. The differentiation among receptor subtypes is called
receptor classification. Receptor sublypes are designated by
Greek or Arabic alphabetical prefixes and/or numerical sub-
scripts. There are at least two each of beta-adrenergic, his-
taminergic, serotoninergie, GABAergic, and benzodiazepine re-
ceptors, three each of musearinic and alpha-adrenergic; and
five of opinid receptor subtypes.

OCCUPATION AND OTHER THEORIES

Drug-receptor interactions are governed by the law of mass ac-
tion. However, most chemieal applications of mass law are eon-
cerned with the rate at which reagents disappear or products
are formed, whereas receptor theory usually concerns itself
with the fraction of the receptors combined with a drug. The
usual concept is that only when the receptor actually is oeeu-
pied by the drug is its function transformed in such a way as to
elicit a response, This cancept has become known as the ocer-
pation theory. The earliest clear statement of its assumptions
and formulations is often eredited to Clark in 1926, but beth
Langley and Hill made important contributions to the theory in
the first two decades of the 20th century.

In all receptor theovies, the terms agonist, partial agonist,
and antagonist are employed. An ugonist is a drug that com-
bines with a receptor to initiate a response,

In the classical occupation theory, two attributes of the drug
are required: (1) affinity, a measure of the equilibrium constant
of the drug-receptor interaction, and (2) intrinsic activety, or fn-
trinste efficacy (not to be confused with efficacy as intensity of
effect). a measure of the ability of the drug to induce a positive
change in the function of the receptor,

A partial agonist is a drug that can elicit some but not a
maxinal effect and thar antagonizes an agonist. In the occupa-
tion theory it would be a drug with a favorable affinity but a low
intrinsic activity.

Acompetitive antagonist is a drug that occupies a significant
proportion of the receptors and thereby preempts them from re-
acting maximally with aa agonist. In the accupation theory the
prerequisite property is affinity without intrinsic activity.

A noncompetitive antagonist may react with the receptor i
such a way as not to prevent agonist-receptor combination but
to prevent the combination from initiating a response, or it may
act to inhibit some subsequent event in the chain of action-ef-
fect-action-effect that leads to the final overt response.

The mathematical formulation of the receptor theories de-
rives directly from the law of mass action and chemical kinet-
ics. Certain assumptions are required to sim plify calculations.
The key assumption is that the intensity of effect is a direct lin-
ear function of the proportion of receptors occupicd. The cor-

reciness of this assumption is most improbable on the basis of

theoretical considerations, but em pirically it appears to be a
close enough approximation to be useful. A second assumption

R e

upon which formulations are based is that the drug-receptor in-
teraction is at equilibrium. Another common assumption is
that the number of molecules of receptor is negligibly small
compared with that of the drug. This assumption is undoub-
edly true in most instances, and departures from this situation
greatly complicate the mathematical expression of drug-recep-
tor interactions.

The first clearly stated mathematical formulation of drug-
receptor kinetics was that of Clark.' In his equation

o 12)
0 ;
Kt =00 - "

where K is the affinity constant, x is the concentration of drug,
nis the molecularity of the reaction. and y is the percentage of
maximum response. Clark assumed that v was a linear function
af the percentage of receptors oecupied by the drug, so that y
could also symbolize the percentage of receptors oceupied,
When the equation is rearranged to solve for y

100K

=

1+ K"

(31

A Cartesian plot of this equation is identical in form to that
shown in Figure 57-2. When y is plotted against log x instead of
x, the usval sigmoid curve is obtained. Thus, it may be seen that
the dose-intensity curve derives from mass action equilibrium
kineties, which in turn derive from the statistical nature of
molecular interaction. The fact that dose-intensity and dose-
percentage curves have the same shape shows that they involve
similar statistics,
It Equation 2 is put into log form

4

log K + nilog.e = log L4)

4
100 — 4
a plot of log ¥/100 - y against log x then will yield a straight line
with a slope of 7; n is theoretically the number of molecules of
drug that react with each molecule of receptor. At present,
there are no known examples in which more than one molecule
of agonist combines with a single receptor, henee. n should
equal 1, universally. Nevertheless, # often deviates from 1, De-
viations occur because of cooperative interactions among recep-
tors feooperativityl, spare receptors (see below), amplifications
in the response system (cascades), receptor coupling to more
than one sequence (eg, to both adenylate eyclase and calcium
channels), and other reasons. In these departures from n = 1
the slope becomes a characteristic of the mechanism of action
and responge system.

The probability that a moleeule of drug will react with a re
ceptor is a function of the concentration of both drug and re-
ceptor. The concentration of receptor molecules eannot be ma-
nipulated as the concentration of a drug can. But. as each
molecule of drug combines with a receptor, the population of
free receptors is diminished accordingly. IT the drug is a com-
petitive antagonist, it will diminish the probability of an ago-
nist-receptor combination in direct proportion to the pereentage
of receptor molecules preempted by the antagonist. Conse-
quently, the intensity of effeet will be diminished. However. the
probability of agonist-receptor interaction can be increased hy
increasing the concentration of agonist, and the intensity of ef:
fect can be restored by appropriately larger doses of agonist.
Addition of more antagonist will again diminish the response,
which can, again, be overcome or surmounted by more agomnist.

Clark showed empirically and by theory that as long as the
ratio of antagonist to agonist was constant. the concentration of
the competitive drugs could be varied over an enormous range
without changing the magnitude of the response (Fig 57-6),
Since the presence of competitive antagonist only diminishes
the probability of agonist-receptor combination at a given con-
centration of agonist and does not alter the molecularity of the
reaction, it also follows that the effect of the competitive antag-
onist is to shift the dose-intensity curve to the right in propor-
lion to the amount of antagomst present: neither shape nor
slope of the curve is changed (Fig 57-7).
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Figure 57-6. Direct proportionality of the dese of agonist {acetylcholing)
to the dose of antagonist (atropine) necessary ta cause a constant degree
of inhibition (50%) of the respanse of the frog heart. (Adapted from
Clark Al. } Physiol (London) 1926; 61:547.)

Many refinements of the Clark formula have been made, but
they will not be treated here: details and citations of relevant
literature can be found in various works on receptors cited in
the Bibliography. Several refinements are introduced to facili-
tate studies of competitive inhibition, The introduction of the
concepts of intrinsic activity” and efficacy” required appropri-
ate changes in mathematical treatment.

Another important eoncept has been added to the occupation
theory, namely the concept of spare receptors. Clark assumed
that the maximal response occurred only when the receptors
were completely occupied, which does not account for the possi-
bility that the maximum response might be limited by some step
in the action-effect sequence subsequent to receptor occupation.
Work with isotopically labeled agonists and antagonists and
with dose-effect kinetics has shown that the maximal effect
sometimes is achieved when only a small fraction of the receptors
are oecupied, The mathematical treatment of this phenomenon
has enahled theorists to explain several puzzling ohservations
that previously appeared to contradict occupation theory.

The classical occupation theory fails to explain several phe-
nomena satisfactorily, and it is unable to generate a realistic
model of intrinsic activity and partial agoniam. A rate theory,
in which the intensity of response is proportional to the rate of
drug-receptor interaction instead of occupation, was proposed
to explain some of the phenomena that occupation theory could
not, but the rate theory was unable to provide a realistic mech-
anigtic model of responge generation, and it had other serions
limitations as well.
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Figure 57-7, Fffact of an antagonist to shift the log dose-intensity curve
1o the nght without altening the slope. The effector s the isolated heart.
I ro avopine; [ atropine, 10 % M; - 1077 M, V1075 M, V21077 M;
Vot vk 1077 M, Y % of maximum intensity of response. The
furiction log /1100 - p) converts the log dose-intensity relationship 1o a
straight line. (Adapted from Clark AJ. J Physiol (London) 1926, 61,547
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The phenomena that neither the classieal occupation nor the
rate theory could explain can be explained by various theories
in which the receptor can exist in at least two conformational
states, one of which is the active one; the drug can react with
one or more conformers, In a fwo-state model’

R=TR"

where R is the inactive and R™ is the active conformer. The ag-
onist combines mainly with R”, the partial agonist can combine
with both R and R*, and the antagonist can enmbine with R, the
equilibrium being shifted according to the extent of oecupation
of R and R*, Other variations of occupation theory treat the re-
ceptor as an aggregate of subunits that interact cooperatively.”

MECHANISMS OF DRUG ACTION

Drugs are distributed to many or all parts of the body by the cir-
culation. However, they do not act everywhere; they would have
extremely limited usefulness if they did. Clinically useful drugs
act only on certain existing hiological systems. Although drugs
cannot create new systems, some drugs can temporarily or per-
manently damage existing functional systers that are suscep-
tible to them, thereby producing toxic effects. Almost all drugs
act more or less selectively on large specific proteins, glyeopro-
teins, or lipoproteins located on the cell membrane or in the cell
eytoplasm, nuclei, or other intracellular organelles, These spe-
vific proteins are referved Lo as recepfors. Although they often
are regarded as drug receptors, they are in reality receptors for
endogenows substances that mediate normal biological and
physiological regulatory processes.

Virtually all cells of the body have multiple receptors, since
they are regulated by a variety of endogenous substances that
act continupusly, intermittently. or only occasionally, Similarly,
cells theoretically can be influenced by avariety of drugs that act
on the different receptors that thecells contain. The chemical na-
ture of many of the endogenous substances that activate recep-
tors is known, but new ones continue to be identified and sought.
For example, the former mystery of why animals have receptors
for morphine, which is produced by some species of poppy plants,
was solved when endogenous opioid peptides were identified in
the brain and some peripheral tissues in the mid-1970s.

Drugs that selectively activate receptors and produce the
same effeets normally produced by a respective endogenous sub-
stance are called agonists. Drugs that selectively block receptors
are called aniagonists because they antagonize, or block, the
normal effects of the respective endogenous substance. Pure an-
tagonists do not activate their receptors. Some experimental
drugs stimulate or activate certain enzyimes, but none are use-
ful therapeutic agents because their effects are too widespread.
Forskolin is one such example; it directly stimulates the enzyme
adenylyl cyclase to synthesize cyclic AMP, which is a second
messenger in many cellular systems throughout the body.

On the other hand, many very useful therapeutic drugs are
enzyme inhibitors, which selectively inhibit the normal activity
of only one type of enzyme, thereby reducing the ability of the
enzyme to act on ite normal biochemical substrate. In this con-
text, the enzymes are the drug receptors. Although the chemi-
cal nature of receptors and enzymes and their interactions with
drugs was often vague in the past, the appheation of new tech-
nigques in molecular biolugy, biochemistry, and pharmacology
since the mid-1980s has made unprecedented progress in defin-
ing the structures of receptors and enzymes and the conse-
quences of drug-receptor interactions.

TYPES OF TARGETS FOR DRUG ACTION

Drug effects are the result of drug aetions. Drug action may be
delined as Lhe drug-receptor interaction, whereas drug effects
are the consequences of that action. For example, the interac-
#lom afedmaebsine with B-receptors in the heart sets into mo-
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tion a caseade of intracellular events (actions) that lead to
increases in heart rate and strength of contraction (effects). The
interaction of epinephrine with w-receptors in the vasculature
sets into motion a cascade of intracellular events (actions) that
lead to vasoconstriction and increased blood pressure (effects),

Typical responses that involve drug-receptor interactions
are those that involve agonist or antagonist interactions at a re-
ceptor, Agonists also can act through various transduction
mechanisms to produce a variety of intracellular changes that
alter cellular activity. Transduction mechanisms are consid-
ered in more detail near the end of this section. Agonist actions
may be direct, as with acetylcholine acting on the nicotinic re-
ceptars at the neuromuscular junction to briefly open sodium
channels. This produces rapid depolarization of skeletal mus-
cle, leading to muscle eantraction, Drugs also can act directly on
ion channels to block their activity. For example. lidoeaine (Xy-
locaine) and other local anestheties block sodium channels in
nerve fibers (axons) so that the conduction of action potentials
is blocked, and the area served by those nerve fibers s anes-
thetized. Drugs also can act directly on ion channels to modu-
late their activity. The benzodiazepines, characterized by
diazepam (Valium), produces multiple effects (sedation, hypno-
sis, anticonvulsant and antianxiety activity, and musecle relax-
ation) by modifying the actions of GABA on its receptors in the
CNS. GABA is the predominant inhibitory neurotransmitter in
the CNS, and it acts on GABA-receptor complexes by opening
chlaride channels on neurons to hyperpolarize them and render
them less excitable. The benzodiazepines act on a different re-
ceptor on the GABA,-receptor complex to enhance the actions
of GABA on its receptors, thereby rendering target neurons
even less excitable,

Many drugs act by inhibiting enzymes so that they cannot
perform their normal functions as efficiently. One such drug,
omeprazole (Prilosec), reduces the ability of parietal cells in the
stomach to produce hydrochloric acid by inhibiting the enzyme,
or proton pump, H', K'-ATPase, which is found only in these
parietal cells. It is used to facilitate healing of peptic ulcers and
control esophageal reflux (hearthurn). The body’s normal en-
zymes also can convert false substrates into active drugs. For
example, c-methyldopa (Aldomet) is converted into a-methyl-
norepinephrine by the enzymes that normally synthesize
dopamine and norepinephrine from dopa. w-Methylnore-
pinephrine acts an hrain receptors to reduce sympathetic activ-
ity to blood vessels, thereby reducing blood pressure in hyper-
tensive patients. Antimetabolites used to treat cancer are also
false substrates, which are similar in structure to endogenous
metabolites involved in cell-evele reactions but function abnor-
mally to interfere with synthesis of essential metabolites. Some
drugs are, or have been. designed to be inactive until they are
converted, usually by liver drug-metabolizing enzymes such as
cytochrome P450, to active drug; the inactive drug is ealled a
prodrug.

Various cerriers are used by cells to take up neurotrans-
mitters that have been released. The actions of dopamine re-
leased from dopamine nerve terminals in the brain are termi-
pated by reuptake into the nerve terminals by a dopamine
carrier. The dopamine then is reused for neurotransmission.
If the carrier is blocked by a reuptake blocker such as cocaine,
dopamine concentrations between the nerve terminals and
the dopamine receptors build up for a time and produce
greater effects.

Finally, antibiotics and antiviral, antifungal, and antipara-
sitic drugs owe their selectivities to selective actions on certain
biochemical processes that are essential to the offending organ-
ism but are not shared by the mammalian host. The penicillins
and related antibiotics interfere with the synthesis of rigid cell
walls by growing bacteria, but mammalian cells are contained
only by plasma membranes and. therefore, are not affected by
penicillins. Antiparasitic drugs target enzymes found only in
parasites, enzymes that are indispensable only in parasites, or
biochemical functions with different pharmacological proper-
ties in the parasite and the host.

RECEPTOR BINDING

Drugs that bind te certain receptors selectively at pharmace-
logical concentrations are known as receptor ligands; they can
be agonists or antagonists. Many drugs also bind nonselectively
ta nonreceptor proteins throughout the body where they exert
no pharmacological actions or effects. Many drugs hind to
plasma proteins, especially albumin. Albumin-bound drug can
nct as a reservoir for free drug, with shich it is in equilibrium,
and competition among drugs for plasma protein binding van
lead to increased free drug levels and drug interactions as they
displace one another.

Drugs and endogenous ligands or substrates hind selectively
ta certain receptors hecause of both a chemical attraction and a
proper fit to the protein. The lock-and-key analogy provides a
useful concept of praper [it. Carried a step further, an agonist
fits the lock and turne it, but an antagonist only fits the lock but
cannot turn it: vet, it does block entry of the agonist key. Gen-
erally, a number of drugs with hoth characteristics can combing
with the same receptor. The study of structure-activity rela-
tionships among similar drugs and their receptors always has
been an important and fruitful approach of both pharmacology
and medicinal ehemistry, Highly selective drugs tend to bind to
only one or several closely related receptors. However, some
drugs can combine with and activate or inactivate a number of
different receptors that have similar structures. thereby dimin-
ishing selectivity and magnifying side effects.

The types of chemical bonds by which drugs bind to their re-
ceptors are, in decreasing order of bond strength: covalent,
jonic, hydrogen, hydrophobic, and van der Waals bonds. Rela-
tively few drugs form covalent bonds with their receptors. Co-
valent honds are irreversible and very long-lasting: new recep:
tors or enzymes must be synthesized to restore function, and
this process takes a week or two. Most drugs rely on combina-
tions of the other weaker honds to bind tightly but reversibly to
receptors. For example, the binding of acetylcholine. a rela-
tively simple molecule. to nicotinic receptors at the neuromus-
cular junction. involves ionic. hydrogen, and van der Waals
bonds. with ionic and hydrogen bonds being the most impor-
tant. It it no accident that receptor-binding drugs are partially
jonized at body pH, because receptor proteins also are partially
{omized, Drugs and proteins contain positively charged nitrogen
groups and negatively charged carboxyl groups that strongly
atteact one another and usually provide the initial drug-recop-
tor bonds, Hydrogen bonds, formed between hound hydrogen
atoms and oxyeen, nitrogen, fluoride, or sulfur atoms, further
arient the drug molecule to its receptor to enhance the proper
fit. One or several hydrogen bonds can be involved, Hydropho-
bie bonds {orm among nenpolar ring struetures (eg, henzene) or
¢haine of methylene groups to stabilize orientation further, Fi-
nally, the very weak van der Waals forces provide some addi-
tional, electrostatic bonding over very short distances.

Drug molecules that contain asymmetrical carbon atoms
can exist as sterecisomers, only one of which is oriented to bond
well with its receptors. For example, the side chain of
epinephrine contains an asymmetrical carbon atom in the al-
pha position of the side chain, with a hydroxyl group attached,
permitting epinephrine to exist in p- and - forms (mirror im-
ages). The endogenous L-form is about 1000 times more potent
than the synthesized b-form because the t-form has a much
greater binding affinity for its receptors because of its preferred
configuration (see Chapter 28). In the past, drugs synthesized
as mixtures of stercaisomers were formulated as racemic mix-
tures, but improved chemical separation techniques now often
allow isolation of the more active isomer for [brmulation.

RECEPTOR STRUCTURE AND FUNCTION

The number of receptors and their sublypes continues to grow
al a rapid pace as a result of identifying new endogenous lig-
ands and applying advancing techniques to study then. De-
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spite this large number, most receptors can be classified struc-
turally and functionally into only a few basic types that are
deseribed below. No attempt is made to provide detailed de-
scriptions of individual receptors within each category.

Rather, one or two examples will suffice for each, with brief

reference to some promineni types that are therapeutically
relevant.

VOLTAGE-SENSITIVE CHANNELS—While not gener-
ally classilied as receptors, voltage-sensitive channels contain
receptors that are acted upon by drugs or toxins to block or
modify their normal function. The voltage-sensitive sodium
channels in axons allow initiation and eonduction of action po-
tentials 1n response to a voltage change in the plasma mem-
brane, When sodium channels open, sodium ions rush into the
eytoplasm, thereby causing depolarization and propagation of
the action potential. The erucial component of the sodium chan-
nel is a single protein composed of a chain of about 2000 amino
acids and called the « subunit. Several § subunits with minor
roles are also associated with the « subunit. The « subunit has
four repeating domains composed of about 250 amino acids
each, and each domain contains six, a-helical, 22—-to 25—-amino
acid, transmembrane, spanning segments, Each domain forms
one of four clusters of the six membrane-spanning regions to
encirele the sodium channel soa formed, On end. the channel re-
sembles 24 eylinders neatly arranged around the sodium chan-
nel that, at rest, is charged positively due to positive charges on
the four transmembrane helices that surround the channel,
Upon activation, these particular helices are thought to rotate
upward, thereby moving the positive charges away from the
channel and allowing the positive sodium ions to rush through.
The channel remains open for only about 1 msec because the
voltage changes attract a protein loop of the channel in the ey-
toplasm to shut the channel like a tether ball. Loeal anesthet-
ies block the sodium channel from the eytoplasmic side by bind-
ing to receptors inside the channel. Several neurotoxins block
from the outside.

Axans are repolarized by brief (- 1 msee) opening of voltage-
activated potassium channels that are constructed similarly to
sodium channels but are composed of four identical subunits
of peptide that associate in the membrane to form the potas-
sium channel. Each subunit spans the membrane six times, It
probably functions much like the sodium channel, including in-
activation by a tether-ball segment of cytoplasmic peptide.
Quinidine, an antiarrhythmie drug, will block this potassium
channel in the heart.

Voltage-activated calcium channels of the L-type are com-
posed of five similar protein subunits that assemble across
heart musele and vascular smooth muscle membranes to form
the ealcium channel. Its arrangement in the membrane is sim-
llar to that of the sodium and potassium channels. Caleiom
channel blockers such as verapamil (Calan) and nifedipine
{Procardin) are used tn treat several eardiovascular conditions
by virtue of their ability to block caleium channels in the heart
and blood vessels.

LIGAND-ACTIVATED 10N CHANNELS—The best-
characterized ligand-activated ion channel is the nicotinic re-
ceptor complex at the neuromuscular junction. As the name im-
plies, these channels are activated by receptor ligands, in this
eese acetylcholine. The nicotinic receptor complex is composed
of five subunit proteins with similar structures that associate
acrogs the plasma membrane to form a sodium channel. The re-
ceptor complex is formed from two « and one each of 8, y, and d
subunits (Fig 57-8). In contrast to the voltage-activated ion
thannels, each of the five proteins crosses the membrane only
{our times. The two o subunits contain the nicotinie receptors.
which acetylchaline activates, and both must be activated to
ppen the sodium channel to 6.5 A for about 4 msec. The recep-
tars can be blocked by neuromuscular blocking agents such as
curare. The nicotinic receptors on autonomic ganglia are simi-
lor in structure but are composed of a different set of subunits,
which aecounts for the long-known differences in selective an-
tagonists at the two sites,
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Figure 57-8. Nicolinic receptor complex.

Other ligand-activated ion channels, GABA,. glycine, and
glutamate, have structures that are similar to that of the nico-
tinic receptor complex. GABA and glycine channels are chloride
channels, which permit chloride influx into neurons to produce
hyperpuolarization and decreased neuronal excitability. Gluta-
mate channels are primarily sodium channels, and they also
contain modifying receptors for glycine and polyamines, The
(GABA 5-receptor complex contains receptors not only for GABA
but also separate receptors for benzodiazepines (eg, Valiwm),
barbiturates, and steroids, which modify the actions of GABA
on the chloride channel. The convulsant activity of strychnine
is due solely to its ability to block glycine receptors, primarily
in the brainstem and spinal cord.

G PROTEIN-COUPLED RECEPTORS—These receptors
comprise a very large family of receptors that are activated by
monoamines (epinephrine, norepinephrine, dopamine, and seru-
tonin), acetylcholine (muscarinic receptors), opicids, and a host
of active peptides including a number of hormones. Structurally,
these receptors are single proteins, most of which are composed
of chains of 350 to 550 amine acids and cross the plasma mem-
brane seven times in a serpentine arrangement (Fig 57-9). Each

MEMBRANE

CYTOPLASM

Figure 57-9. G-Protein coupled receptor complex.
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of the seven transmembrane domains is composed of 22 to 30
amino acids configured into an a-helix. The third of three intra-
cellular (cytoplasmic) loops is much longer than the other two
and is responsible for coupling with the G proteins. Rather than
residing at the extracellular surface of the receptor, the actual re-
ceptor-binding sites often lie within the membrane between the
seven transmembrane domains. For example, the g-adrenergic
receptor lies 11 A below the extracellular surface, or about one-
third of the distance through the membrane. The positively
charged nitrogen on the side chain of the epinephrine molecule
forms an ionic bond with the negatively charged carboxyl group
on an aspartate amino acid (residue 113) in the third transmem-
brane domain (TM3). The two catechol hydroxyl groups of
epinephrine form hydrogen bonds with the free hydroxyl groups
of two serine amine acids at residues 204 and 207 in TM5, and
the aromatic ring of epinephrine forms a hydrophobic bond with
that of a phenylalanine at residue 290 in TM6. The location of G
protein-coupled receptors within the membrane underscores the
importance of size and configuration in the molecular structure
of both agonists and antagonists for these receptors. Some nega-
tively eharged and peptide ligands do bind to an extracellular do-
main, however.

Among sume families of G protein-coupled receptors there is
considerable structural homology; ie, the same amino acids and
the same sequences make up large portions of a number of dif-
ferent receptors. Consequently, a number of antagonist recep-
tor ligands bind to these similar arrangements of amino acids
in the transmembrane domains. For example, many of the an-
tipsychotic drugs (neuroleptics) are antagonists not only at
dopamine receptors, where they are thought to exert their
therapeutic effects, but also at wi-adrenergic, serotonin, his-
tamine, and muscarinic receptors, thereby producing hypoten-
sion, sedation, blurred vision, dry mouth, nnd constipation as
side effects,

The G proteins closely assocviated with the third cytoplasmic
loop of the receptors are heterotrimers composed of three dif-
ferent subunits, «, £, and y. Upon receptor activation, the «
subunit exchanges a bound GDP for a GTP and dissociates from
the By subunits to activate a me mbrane enzyme such as adeny-
1y cyelase or to influence an ion channel. In some cases, the gy
gubunits may interact with the same or a different intracellu-
lar effector. The duration of action of the active GTP-a subunit
is determined by the hydrolysis of GTP to GDP by a GTPase,
which is intrinsic to the a subunit, and its reassociation with
the By subunits. This process is of longer duration than the as-
sociation of the ligand with the ligand-G protein-coupled recep-
tor, resulting in amplification of the original signal.

In the ease of adenylyl eyclase activation. this enzyme syn-
thesizes cyclic adenosine-3',5'-monophosphate (cAMP) from
ATP. As a second messenger, cAMP then goes on to activate one
or several protein kinase As that phosphorylate one or several
other proteins to produce the appropriate cellular effects. The
targeted protein may be an enzyme, a transport protein, a con-
tractile protein, or an ion channel. The gpecificity of these reg-
ulatory effects depends on the distinct protein substrates that
are expressed in different cells (eg, liver vs smooth muscle), The
actions of cAMP are terminated by several types of intracellu-
lar phosphodiesterases that convert cAMP to 5-AMP, Compet-
itive inhibition of phosphodiesterases to prolong the actions of
¢AMP is one of the mechanisms by which caffeine produces its
effects.

As if the foregoing ig not sufficiently complicated, the activ-
ity of adenylyl cyclase can also be inhibited by activation of dif-
ferent G protein—coupled receptors. The G proteins coupled to
inhibitory receptors are designated Gi proteins, as opposed to
those coupled to stimulatery receptors and designated Gs pro-
toins. Gi proteins are alse heterotrimers. and receptor activa-
tion of Gi also leads to GTP binding to the o subunit and its dis-
sociation from the By, but Gi proteins differ structurally from
(s proteins. Examples of Gs-coupled receptors arc B-adrencr-
gic, dopamine-1, histamine-2, glucagon, and ACTH. Examples
of Gi-coupled receptors are wo-adrenergic, dopamine-2, mus-

carinic, and opioid. A number of different Gs and Gi protein-
coupled receptors can exist on the same cell, so that the activ-
ity of adenylyl cyclase can be fine-tuned between zero and
maximum.

Another important group of G protein—coupled receptors ac-
tivate the enzyme phospholipase C (PLC) to hydrolyze a minor
component of the plasma membrane, phosphatidylinesitol-4,5-
biphosphate, into two second messengers, diacylglyceral (DAG)
and inositol-1,4 5-triphosphate (IP3). In contrast to the cAMP
systems, receptors coupled to PLC are only excitatory. Exam-
ples are aj-adrenergic, muscarinic, Substance P, and thy-
rotropin-releasing hormone receptors. The second messenger
DAG is confined to the membrane, where it activates a protein
kinase C, of which nine distinct types have been identified, The
other second messenger, 1P3, diffuses through the eytosol to re-
lease calcium from intracellular stores. Calcium is involved in
many cellular regulatory activitics including activation of cal-
cium-calmodulin, which regulates the activities of other en-
zymes including other kinases. The kinases in turn phosphory-
late enzymes, ion channels, or other proteins to produce cellular
effocts. When the phosphoinositide and cAMP signaling sys-
tems coexist, they can oppose or complement one another in
complex ways.

A third second-messenger system uses cyclic guanosine-
3' 5 -moncphosphate (cGMP) in intestinal mucosa and vascular
smooth muscle. It is synthesized from GTP by activation of
guanylyl eyclase and activates protein kinase G, which then de-
phosphorylates myosin light chains in vascular smooth muscle,
thereby producing muscle relaxation. Agonists, eg, acetyl-
choline and histamine, cause the release of nitric oxide from
vaseular endothelial cells, which then diffuses into the smooth
muscle cells to activate guanylyl eyclase. A direct receptor-me-
diated activation is produced by atrial natriuretic factor {ANF),
a blood-borne peptide hormone. In this case, the receptor do-
main is outside the membrane and is connected through a sin-
gle transmembrane domain to the intracellular guanylyl cy-
clase enzyme, which is activated by receptor binding,

TYROSINE KINASE-LINKED RECEPTORS—These
receptors are composed of an extracellu lar receptor domain, #
single transmembrane domain, and an intracellular catalytic
domain that catalyzes phosphorylation of tyrosine residues on
target proteins. Some receptors are composed of single proteins,
whereas others are assembled from two subunits (eg, insulin
receptors). Activation of insulin receptors triggers increased
uptake of glucose and amino acids and regulates metabolism of
glycogen and lipids in the cell. The eatalytic actions persist for
a number of minutes after insulin leaves the binding site. Sev-
eral growth factors also exert their complex cellular effects by
activating tyrosine kinase or similar receptors. Growth factors
trigger changes in membrane transport and other metaholic
events including regulation of DNA synthesis.

INTRACELLULAR RECEPTORS THAT CONTROL
DNA TRANSCRIPTION—Activation of intracellular recep-
tors for steroids (glucocorticoids, mineralocorticoids, sex
steroids, vitamin D) and thyroid hormones stimulates the tran-
geription of certain genes by hinding to specific DNA sequences
in the nucleus. The receptors generally are composed of a sin-
gle protein with a lipand-binding domain, a DNA-binding do-
main, and a transcription-activating domain. In the inactivated
state, the receptor protein is bound to another protein, a hea
shoek protein (hsp 90), which dissociates upon activation by 2
hormone, permitting DNA binding and transeription of mENA,
which then is translated into new protein. This process typr
cally takes several hours, and the effects can last for days or
weoks if there is a slow turnover of the newly synthesized pro-
teins. A similar process accounts for the induction of drug-me-
tabolizing enzymes in the liver by certain drugs and other
chemicals. In this process, formation of a heterodimeric com-
plex between a second protein and the ligand-bound receptor is
required for DNA binding.

ENZYME INHIBITION—Enzymes are very large, complex
proteins or associated proteins that evolved to catalyze specific
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hiochemieal reactions that are essential to normal cellular fune-
tion. A number of very selective drugs exert their effects by in-
hibiting particular enzymes, so that their abilities to process their
normal substrates are blocked or impaired. Enzyme inhibitors
can produce competitive blockade at a substrate or cofactor bind-
ing site on the enzyme. For example, the stimulant effect of digi-
talisglycosides on cardiac muscle contraction is mediated by com-
petitive inhibition of a sodium pump, Na' ,K'-ATPase, which
leads indirectly to an inerease in intracellular ealcium to interact
with contractile proteins. Other enzyme inhibitors act noncom-
petitively at allosterie sites (sites remote from the substrate bind-
ing site), which prevent the enzyme from performing its catalytic
function. For example, aspirin binds irreversibly to a site on cy-
tooxygenase that is remote from the binding site for arachidonic
acid. which is normally converted to prostaglanding by the en-
zyme, The binding of related drugs such as ibuprofen (Advil) is
reversible. Irreversible inhibition by the formation of covalent
londs between a drug and an enzyme is typically long lasting be-
cause new enzyme must be synthesized to restore function.
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RECEPTOR REGULATION—The regulation of receptor
numbers or density 1s normally constant, as synthesis keeps
pace with degradation of the proteins, However, continuous
stimulation of receptors with agonists can lead to desensitiza-
tion or dmn-regulation of receptor sensitivity or number. De-
sensitization ean occur rapidly without a change in receptor
number, whereas down-regulation usually implies a decline in
receptor number. For example, excess use of B -adrenergic ago-
nists for treating bronchial asthma can lead to loss of receptor
sensitivity to the agonist, eaused by changes in coupling mech-
anisms to the G proteins. Chronic blockade of receptors can
lead to up-regulation, which, in some cases, is due to synthesis
of new receptors. An example is chronic blockade of g-adrener-
gic receptors in the heart, in which new g -receptors are syn-
thesized, leading to supersensitivity upon abrupt withdrawal of
the blocker, Another form of supersensitivity is demonstrated
by denervation of skeletal muscle, which is followed by a prolif-
eration of nicotinic receptors within and adjacent to the neuro-
muscalar junction.

STRIBUTION, AMD EXCRETION

No matter by which route a drug is administered it must pass
through several to many biological membranes during the pro-
wesses of absorption, distribution, biotranstormation, and elim-
ination. Since membranes are traversed in all of these events,
this section begins with a hrief deseription of biologieal mem-
branes and membrane processes and the relationship of the
physicochemical properties of a drug molecule to penelration
and transport.

STRUCTURE AND PROPERTIES
OF MEMIBRANES

The concept that a membrane surrounds each cell arose shortly
after the cellular nature of tissue was discovered, The biologi-
eal and physicochemical properties of cells seemed in accord
with this view. Microchemical, w-ray diffraction, electron mi-
eroscopic, nuclear magnetic resonance, electron spin resonance,
and other investigations have established the nature of the
plasma. mitachondrial, nuelear, and other cell membranes. The
description of the plasma membrane that fallows is mueh over-
simplified, but it will suffice to provide a background for an un-
derstanding of drug penetration into and through membranes.

STRUCTURE AND COMPOSITION—The cell mem-
brane hag been described as a bimeleealar layer of lipid mate-
nal entrained between two parallel monomolecular layers of
protein. However, the protein does not make continuous layers,
but rather is sporadically scattered over the surfaces, like ice-
bergs; ie, much of the protein is below the surface. In Figure 57-
10 the lipid layers are represented as a somewhat orderly,
tlosely packed, lamellar array of phosphuolipid moelecules asso-
ciated tail-to-lail, each tarl being an alkyl chain or steroid
group, and the ficads being polar groups, including the glycer-
ate moieties, with their polar ether and carbonyl oxygens and
phosphate with attached polar groups. In reality. the lamellar
portion is probably not so orderly, since its composition is quite
complex. Chains of fatty acids of different degrees of saturation
and cholesterol cannot array themselves in simple parallel ar-
rangements. Furthermore, the polar heads will assume a num-
ber of orientations depending upon the substances and groups
involved. Moreover, the lamellar portion is penetrated by large
globular proteins, the interior of which, like the lipid layers, has
alugh hydrophobicity, and some fibrous proteins,

The plasma membrane appears to be asymmetrieal. The lipid
eomposition varies from cell type to cell type and perhaps from
site to site on the same membrane. There are, for example, dif-
ferences between the membrane of the endoplasmic reticulum
and the plasma membrane, even though the membranes are co-
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extensive. Where membranes are double, the inner and outer
layers may differ considerably; the inner and outer membranes
of mitochondria have been shown to have strikingly different
compositions and properties. Some authorities have expressed
doubt as to the existence of the protein layers in biological mem-
branes, although the evidence is preponderantly in favor of at
least an outer glycoprotein coat. Sugar moieties also are attached
to the outer proteins, most often to the asparagine residue. These
sugar moieties are important to cellular and immunological
recognition and adhesion and have other functions as well.

The cell membrane appears to be perforated by water-filled
poresof various sizes, varying from about 4 to 10 A, most of which
are ahont 7 A. Probably all major ion channels are through the
large globular proteins that traverse the membrane. Through
these pores pass inorganic ions and small organic molecules.
Since sodium ions are more hydrated than potassium and chlo-
ride ions, they are larger and do not pass as freely through the
pores as potassium and chloride. The vascular endothelium ap-
pears to have pores al least as large as 40 A, but these seem to
beintersiitial passages rather than transmembrane pores. Lipid
molecules small enough to pass through the pores may doso, but
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they have a higher probability of entering into the lipid layer,
from where they will equilibrate chemically with the interior of
the cell. From work on monolayers, some rescarchers contend
that it is not necessary to postulate pores to explain the perme-
ability to water and small water-soluble molecules.

STRATUM CORNEUM—AIlthough the stratum corneurmn
is not a membrane in the same =zense as a cell membrane, il of-
fers a barrier to diffusion, which is of significance in the topical
application of drugs. The stratum earneum consists of several
layers of dead, keratinized. cutaneous epithelial vells enmeshed
in a matrix of keratin fibers and bound together with cement-
ing desmogomes and penetrating tonofibrils of keratin, Varying
amounts of lipids and fatty acids from dying cells, sebum, and
eweat are contained among the dead squamous cells. Immedi-
ately beneath the layer of dead cells and above the viable epi-
dermal epithelial cells is a layer of keratohyaline granules and
various water-soluble substances, such as a-amino acids,
purines, monosaccharides, and urea.

Both the upper and lower layers of the stratum corneum are
involved in the cutaneous barrier to penetration, The barrier to
penetration from the surface is in the upper layers for water-
soluble substances and the lower layers for lipid-soluble sub-
stances, and the barrier to the nutward movement of wateris in
the lowest layer,

MEMBRANE POTENTIALS—Across the cell memhbrane
there exists an electrical potential, always negative on the in-
side and positive on the outside. If & cell did not have speeial-
membrane electrolyte-transport processes. its membrane po-
tential would be mainly the result of the Donnan equilibrium
{see Chapter 14) consequent to the semipermeability of the
membrane, Such potentials generally Tie between 2 and 5 mV,

A cell with a membrane across which diffusible electrolyte
distribution is purely passive would be expected to have a high
internal concentration of sodium, which is true for the erythro-
eytes of some species. However, the interior of most cells is high
in potassium and low in sedium, as depicted in Figure 57-10.
Thig unequal distribution of cations attests to special elec-
trolvte-transport processes and to differential permeabilities of
diffusible ions, so that the membrane potential is higher than
that which would result from a purely passive Donnan distri-
bution. In nerve tissue or skeletal and ecardine muscle, the
membrane potential ranges upward to about 90 mV. The elec-
trical gradient i on the order of 50,000 Viem, because of the ex-
treme thinness of the membrane. Obviously, such an intense
potential gradient will influence strongly the transmembrane
passages of charged drug molecules,

DIFFUSION AND TRANSPORT

Transport is the movement of a drug from one place to another
within the body. The drug may diffuse freely in uncombined
form with a kinetic energy appropriate to its thermal environ-
ment. or it may move in combination with extracellular or cel-
lular constituents, sometimes in connection with energy-yield-
ing processes that allow the molecule or complex to overcome
barriers to gimple diffusion.

SIMPLE NONIONIC DIFFUSION AND PASSIVE
TRANSPORT—Molecules in solution move in a purely ran-
dom fashion, provided they are not charged and moving in an
electrical gradient. Such random movement is called diffusion:
if the moleeule ig uncharged. it is called nononie diffusion.

In a population of drug molecules, the probability that dur-
ing unit time any drog molecule will move across a boundary is
directly proportional to the number of molecules adjoining Lhat
boundary and, therefore, to the drug cancentration. Except at di-
lutions so extreme that only a few molecules arve present, the ac-
tual rate of movement (molecules/unit time) is divectly propor-
tional to the probability and. therefore. to the concentration,
Once malecules have passed through the boundary to the oppo-
site side, their randbm motion may cause some to retirn and
others to cantinue to move further away from the boundary. The

rate of return is likewise proportional to the concentration on
the opposite side of the boundary, It follows that although
molecules are moving in both directions, there will be a net
movement from the region of higher to that of lower concentra-
tion, and the net transfer will be proportional te the concentra-
tion differential, If the boundary iz a membrane, which has both
substance and dimension, the rate of movement is also directly
proportional to the permeability and inversely proportional to
the thickness. These factors combine into Fick’s law of diffusion,
df DAIC, = € _
R (3
[2i] '
where § is the nst quantity of drug transferred across the mem-
brane, f is time, C; is the concentration on one side and C; that
on the other, x is the thickness of the membrane, A is the area,
and D is the diffusion coefficient. related to permeability. Since
a biological membrane is heterogeneous, with pores of different
sizes and probably with varying thickness and composition,
both D and x probably vary from place to place. Nevertheless,
some mean values can be assumed.

It is eustomary to combine the membrane factors inte a sin-
gle constant, called a permeability constant or coefficient, P, so
that P = D/x, and A in Equation § has unit value. The rate of
net transport (diffusion) across the membrane then becomes

(6)
As diffusion continues, O, approaches U, and the net rate,
d@/dt. approaches zero in exponential fashion, characteristic
of a first-order process. Equilibrium is defined as that state in
wlich €y = Cu. The equilibrium is, of course, dynamic, with
equal numbers of molecules being transported in each direction
during unit time. If water also is moving through the mem-
brane, it may either facilitate the movement of drug or impede
it, according to the relative directions of movement of water and
drug; this effect of water movement is called solvent drag.

[ONIC OR ELECTROCHEMICAL DIFFUSION—If a
drug is ionized, the transport properties are modified. The prob-
ability of penetrating the membrane is still a function of con-
centration, but it is also a function of the potential difference or
electrical gradient across the membranc. A cationic drug
molecule will be repelled from the poesitive charge on the oul-
side of the membrane, and only those molecules with a high ki-
netie energy will pass through the ion barrier. If the cation is
polyvalent, it may not penetrate at all.

Onee inside the membrane, a eation simultaneously will he
attracted to the negative charge on the intracellular surface of
the membrane and repelled by the outer surface: it is said to be
moving along the electrical gradient. If it also is moving from a
higher toward a lower conceniration, it is said to be moving
along its electrachemical gradient, which is the sum of the in-
fluences of the electrical field and the coneentration differential
across the membrane.

Onee inside the cell, cations will tend 1o be kept inside by the
attractive negative charge on the interior of the eell, and the in-
tracellular coneentration of drug will increase until, by sheer
numbers of accumulated drug particles, the outward diffusion
or mass escape rate equals the inward transport rate, and elec-
trochemical equilibrium is said to have occurred. At electro-
chemical equilibrium at body temperature (37%). ionized drug
molecules will be distributed according to the Nernst equation,

Oy ZE
= — |
e =B @
where €, is the molar extracellular, and €, the intracellular,
concentration: Z is the number of charges per molecule, and £
ig the membrane potential in millivelts. Log C,/C; is positive
when the molecule is negatively charged and negative when the
molecnle is positively charged.

FACILITATED DIFFUSION—Somelimes a substance
moves more rapidly through a biological membrane than can be
accaunted for by the process of simple diffusion. This acceler-
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ated movement is termed focilitated diffusion. 10 is thought to
be due to the presence of a special molecule within the mem-
brane, called a carrier, with which the transported substance
tombines. There is considered to be greater permeability to the
carrier<lrug complex than to the drug alone, so that the trans-
port rite 15 enhanced. Afier the complex traverses the mem-
brane. it dissociates. The carrier must either return to the orig-
inal side ol the membrane to be reused or constantly be
produced on one side and eliminated on the other for the carrier
process ta be continuous, Many characterstics of Facilitated dif-
fusion, formerly attributed to ion carriers, can be explained by
inn exchange. Although facilitated diffusion resembles sctive
transport, below, in its dependence upon a continuous source of
energy, it differs in that facilitated diffusion will only transport
d molecule along its electrochemical gradient.

ACTIVE TRANSPORT—Active transport may be delined
as energy-dependent movement of a substance through a bio-
logical membrane against an electrochemical gradient. 1t is
characterized by

I The substance is transported from 4 region of lower Lo one of
higher electrochemical aetivity.

2 Motabalic poisons interfere with transport.

3 The transport vate approaches an asymplole lie, saturates) as
CONEENLration INCreases,

4 The transport system usually shows a requirement for specific
chemical structures,

3 Clusely related chemicals are competitive for the transport
system.

Many drugs are secreted from the renal tubules into urine, from
liver cells into bile or blood, from intestinal cells into the lumen
of the GI tracet, or from the cerebrospinal flumd into blood by ac-
tive transport, but the role of active transport of drugs in the dis-
tribution into most body compartments and tissues is less well
focumented. Active transport is required for the penetration of a
number of sympathomimetics into neural tissue and for the
movement of several anticancer drugs across cell membranes,

PINOCYTOSIS AND EXOCYTOSIS—Many, perhaps all,
eells are capable of a type of phagoeytosis called pinocytosis. The
cell membrane has been observed to invaginate into a saccular
structure containing extracellular materials and then pinch off
the saceule at the membrane, =o that the saccule remaing as a
vesicle or vacuole within the interior of the cell, Since metabolic
activity is required and since an extracellular substance may be
transported against an electrochemical gradient, pinocytosis
shows some of the same characteristics as active transport. How-
ever, pinocytosis is relatively slow and inefficient compared with
most active transport, except in GI absorption, inwhich pinocy-
tosis can be of considerable importance.

Itis not known to what extent pinoeytosis contributes to the
trangport of most drugs, but many macromolecules and even
larger particles can be absorbed by the gut. Pinocytosis proba-
bly explains the oral efficacy of the Sabin polio vaccine, Some
trugs themselves affect pinoeytosis; eg. adrenal glucocorticoids
murkedly inhibit the process in macrophages and other cells in-
volved in inflammation.

Exocytosis 1s more or less the reverse of pinocytosis. Gran-
ules, vacuoles, or other organelles within the cell move to the
tell membrane, fuse with it, and extrude their contents into the
mterstitial space

PHYSICOCHEMICAL FACTORS IN
PENETRATION

Drugs and other substances may traverse the membrane pri-
marily either through the pores or by dissociation into the mem-
brane lipids and subsequent diffusion from the membrane into
the eytosol or other fluid on the far side of the membrane. The
physicochemical prerequisites differ according to which route is
taken, To pass through the peres. the diameter of the molecule
must be smaller than the pore, but the molecule can be longer
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than the pore diameter. The probability that a long, thin
molecule will be oriented properly is low unlessthere is also bulk
flow, and the transmembrane passage of large molecules is slow.

Water-soluble molecules with low lipid solubility usually are
thought to pass through the membrane mainly via the pores and,
toa small extent, by pinoeytosis, although worlk with lipid mono-
layers suggests that small, water-soluble molecules also may be
able to pass readily through the lipid, and the necessity of postu-
lating the existence of pores has been questioned. Nevertheless,
experimental data on penetration overwhelmingly favor the con-
cept of passage of water-soluble, lipid-insoluble substances
through pores. [f' there is a membrane earrier or active transport
system, a low solubility of the drug in membrane lipids is no im-
pediment to penetration, since the drug-carrier complex is as-
sumed to have an appropriate solubility, and energy from an ac-
tive transport gystem enables the drug to penetrate the energy
barvier imposed by the nds. Actually. the lipids are not an im-
portant energy barrier: rather, the barrier is the force of attrac-
tion of the solvent water for its dipolar-to-polar solute. so that it
is difficult for the solute w leave the water and enter the lipid,

Drugs with a high solubility in the membrane lipids pass
easily through the membrane, Even when their dimensions are
small enough to permit passage through pores, lipid-soluble
drugs primarily pass through the membrane hpids, not only be-
canse chemicul partition favors the lipid phase but also because
the surface area oceupied by pores is only a small fraction of the
total membrane area

LIPID SOLUBILITY AND PARTITION COEFFI-
CIENTS—As early as 1902, Overton investigated the impor-
tance of lipid solubility to the penetration and absorption of
drugs. Eventually, it was recognized that more important than
lipid solubility was the lipid-water distribution coefficient; ie, a
high lipid solubility does not favor penetration unless the water
solubility is low enough so that the drug is not entrained in the
aqueous phase.

In Figure 537-11 is illustrated the relationship between the
chloroform-water partition coefticient and the colonic absorp-
tion of barbiturates. Chloroform probably is not the optimal
lipid solvent for such a study, and natural lipids from nerve or
other tissues have been shown to be superior in the fow in-
stances in which they have been employed, Nevertheless, the
correlation shown in the figure is a convincing one.

When the water solubility ol'a substance is so low that a sig-
aificant concentration in water or extracellular fluid cannot be
achieved, absorption may he negligible in spite of a favarable
partition coefficient. Hence, mineral oil, petrolatum. ete, virtu-
ally are unabsorbed. The optimal partition coefficient for per-
meation of the skin appears Lo be lower than that for the per-
meation of the cell membrane, perhaps being as low as one,

DIPOLARITY, POLARITY, AND NONIONIC DIFFU-
SION—The partition coefficient of a drug depends upon the po-
larity and the size of the molecule, Drugs with a high dipole mo-
ment. even though un-ionized, have a low lipid solubility and,
hence, penetrate poorly. An example of a highly dipolar sub-
stance with a low partition coefficient, which does not penetrate
into cells, is sulfisoxazale. Sulfadiazine is somewhat less dipo-
lar, has achloroform-water partition coefficient 10 times that of
sulfisoxazole, and readily penetrates cells. Ionization not enly
diminishes lipid soluhbility greatly but also may impede passage
through charged membranes (see fonie Diffusion),

[t often iz stated that ionized molecules do not penetrate
membrines, except for ions of small diameter, This is not nec-
essarily true, because of the presence of membrane carriers for
some jons, which effectively mayv shield or neutralize the charge
(ion-pair formation). The renal tubular transport systems,
which transport such obligate ions as tetraethylammonium,
probably form ion-pairs. Furthermore, if an ionized molecule
has a large nonpolar moiety such that an appreciable lipid sol-
ubility is imparted to the molecule in spite of the charge, the
drug may penctrate, although usually at a slow rate. For ex-
ample, various morphinan derivatives are absorbed passively
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Figure 57-11. The relationship of absarption of the un-ionized forms of
drugs from the colon of the rat 1o the chlaroform water partition coeffi-
cient. (Fram Schanker LS. Adv Drug Res 1964, 1710

the pH of gastric fluid. Nevertheless, when a drug is a weak
acid or base, the un-ionized form, with a favorable partition co-
efficient, passes through a biological membrane so much more
readily than the ionized form that for all practical purposes,
only the un-ionized formis said to pass through the membrane,
This has become known as the principle of nonionic diffusion.
This prineiple is the reason that only the concentrations of the
an-ionized form of the barbiturates are plotted in Figure 57-11.
For the purpose of further illustrating the principle, Table
57-1 is provided.” In the table, the permeability constants for
penetration into the cerebral spinal fluid of rats arve higher for
un-ionized drugs than for ionized ones. The apparent excep-

Table 57-1. Rates of Entry of Drugs in C5F and the Degrees of lonization of Drugs at pH 7.47

tions—barbital, sulfaguanidine, and acetylaminoantipyrine—
may be explained by the dipolarity of the un-ionized molecules.
With barbital. the two lipophilic ethyl groups are too small to
compensate for the considerable dipolarity of the un-ionized
barbituric acid ring; also it may be seen that barbital is appre-
ciably ionized, which contributes to the relatively small perme-
ability constant. Sulfaguanidine and acetylaminoantipyrine
are both very polar molecules. Mecamylamine also might be
considered an exception, since it shows a modest permeability
even though strongly ionized; there 15 no dipolarity in mecamy-
lamine except in the amino group.

. >
Absarption is the process of movement of a drug from the site of
applicationinto the extracellular compartment of the body. Inas-
much asthere s & great similarity among the various mem branes
that a drug may pass through to gain access to the extracellular
fluid, it might be expected that the particular site of application
(or route) would make little difference to the suceessful absorp-
tion of the drug, In actual fact, it makes a great deal of difference,
many factars, other than the structure and composition of the
membrane, determine the ease with which a drug 15 absarbed,
These factors are discussed in the following sections, along with
an aceount of the ways that drug formulations may be manipu-
lated to alter the ability of a drug to be absorbed readily.

ROUTES OF ADMINISTRATION

Drugs may be administered by many different routes. The var-
ious routes include oral, rectal, sublingual or buceal, par-
enteral, inhalation, and topical. The choice of a route depends
upon both convenience and necessity.

ORAL ROUTE—This is obviously the most convenient
route for access to the systemic circulation, providing that
various lactors do not militate against this route. Oral admin-
istration does not always give rise to sufficiently high plasma
concentrations to be effective; some drugs are absorbed unpre-
dictably or exratically: patients neeasionally have an absorption
malfunction. Drugs may not be given by mouth to patients with
G1 intolerance or who are in preparation for anesthesia or who
have had G1 surgery. Oral administration also is precluded
in coma.

RECTAL ROUTE—Drugs that ordinarily are adminis-
tered by the oral route usually can be administered by injection

% RINDING TO PLASMA

s LIN-IONIZED PERMEABILITY CONSTANT

DRUGICHEMICAL PROTEIN PK.! AT pH 7.4 (P min ) = SE.

Drugs mainly ionized at pH 7.4
5-Sulfesalicylic acid 22 {strong) 0 ~0.0001
N-Methylnicotinamide <10 (strong) 0 0.0005 = 0.00006
5-Nitrosalicylic acid 42 23 0.001 0.001 * 0.0001
salicylic acid 40 3.0 0.004 0.006 = 0.0004
Mecamylamine 20 11.2 0.016 0.021 = 0.0016
Quining 76 8.4 9.09 0.078 + 0.0061

Drugs mainly un-ionized at pH 7.4
Barbital <2 7.5 55.7 0.026 = 0.0022
Thiopental 75 7.6 613 0.50 = 0.051
Pentobarbital 40 8.1 834 0.17 = 0.014
Aminopyrine 20 5.0 99.6 0.25 = 0.020
Aniline 15 4.6 99.8 0.40 = 0.042
Sulfaguanidine 6 =10.0° ~09.8 0.003 = 0.0002
Antipyrine 2 1.4 =999 0.12 = 0.013
N-Acetyl-4-aminoantipyrine <3 0.5 >99.9 0,012 = 0.0010

“The dissaciation constant of both acids and bases is expressed as the pK,, the negative logarithm of the acidic dissodiation canstant.
b gyylfaguanidine has a very weakly acidic group (pK,, = 10) and two very weakly basic groups (pK, 2.75 and 0.5}, Consequenitly, the compound is almost

completely undissociated at pH 7.4,

AMNEAL  EXHIBIT NO. 1035 Page 18



0.75
0.50

0.25

Time After Administration - Hr

Figure 57-12. Blood cancentration in mg/100 ml of theophylline (ordi-
nate) following administration to humans of aminophylline in the
ameurts and by the routes indicated Doses: per 70 kg Theophylline-
elhylenediamine by various routes——intravenous, 0.5 g;--——retention
enema, 0.5 g;—» » s—e » s—qra tablets-Pl, 0.5 g; - - - oral tablets-pl,
03g »eseractal suppository, 0.5 g (Adapted Truitt EB, et al. / Phar-
macol Exp Ther 1950; 100:309.)

or by the alternative lower enteral route, through the anal por-
tal into the rectum or lower intestine. With regard to the latter.
rectal suppositories or retention enemas formerly were used
quite frequently, but their pupularity has abated somewhat,
owing to improvements in parenteral preparations. Neverthe-
less, they continue to be valid and, sometimes, very important
ways of administering a drug, especially in pediatrics and geri-
atries, In Figure 57-12% the availability of a drug by retention
enema may be compared with that by the intravenous and oral
routes and rectal suppository administration. It is apparent
that the retention enema may be a very satisfactory means of
administration but that rectal suppositories may be inadequate
when rapid absorption and high plasma levels are required.
The illustration is not intended to lead the reader to the con-
clusion that a retention enema always will give more prompt
and higher blood levels than the oral route, for converse find-
ings for the same drug have been reported,” but rather to show
that the retention enema may offer a useful substitute for the
oral route,

SUBLINGUAL OR BUCCAL ROUTE—Even thongh an
adequate plasma concentration eventually may be achievable
by the oral route, it may rise much too slowly for use in some
situations when a rapid response is desired. In such situations
parenteral therapy usually is indicated. However, the patients
with angina pectoris may get quite prompt relief from an acute
attack by the sublingual or buccal administration of nitroglyc-
erin, g0 that parenteral administration may be avoided. When
only small amounts of drugs are required to gain access to the
blood, the buccal route may be very satisfactory, providing the
physicochemical prerequisites for absorption by this route are
present in the drug and dosage form. Only a few drugs may be
gven success{ully by this route.

PARENTERAL ROUTES—These routes, by definition, in-
dude any route other than the oral-Gl (enteral) tract, but in
tmmon medical usage the term excludes topical administra-
tion and includes only various hypodermic routes, Parenteral
administration includes the intravenous, intramuscular, and
subcutaneous routes. Paventeral routes may be employed
whenever enteral routes are contraindicated (see above) or
inadequate,

The intravenous route may be preferred on oceasion, even
when a drug may be well absorbed by the vral route. There is
no delay imposed by absorption before the administered drug
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reaches the circulation, and blood levels rise virtually as
rapidly as the time necessary to empty the syringe or infusion
bottle. Consequently, the intravenous route is the preferred
route when an emergency calls for an immediate response.

In addition to the rapid rise in plasma concentration of drug,
another advantage of intravenous administration is the greater
predictability of the peak plasma concentration, which, with
some drugs, can be caleulated with a fair degree of precision.
Smaller doses generally are required by the intravenous than
by other routes, but this usually affords no advantage, inas-
much as the sterile injectable dosage form costs more than en-
teric preparations, and the requirements for medical or
paramedical supervision of administration also may add to the
cost and inconvenience,

Because of the rapidity with which drug enters the circula-
tion, dangerous side effects to the drug may occur, which are of-
ten not extant by other routes. The principal untoward effect is
a depression of cardiovaseular function, which is often called
drug shock. Consequently, some drugs must be given quite
slowly to avoid vasculotoxie concentrations of drug in the
plasma. Acute, serious, allergic responses also are more likely
to occur by the intravenous route than by nther routes.

Many drugs are too irritant to be given by the oral, intra-
muscular, or subcutaneous route and must, of necessity, be
given intravenously. However, such drugs also may cause dam-
age to the veins (phlebitis) or, if extravasated, cause necrosis
(slough) around the injection site. Consequently, such irritant
drugs may be diluted in isotonic solutions of saline, dextrose, or
other media and given by slow infusion, providing that the
slower rate of delivery does not negate the purpose of the ad-
ministration in emergency situations.

Absorption by the intramuscular route is relatively fast, and
this parenteral route may be used when an immediate effect is
not required but a prompt effect is desirable, Intramuscular de-
position also may be made of eertain repository preparations,
rapid absorption not being desired. Absorption from an intra-
muscular depot is more predictable and uniform than from a
subcutaneous site.

Irritation around the injection site is a frequent accompani-
ment of intramuscular injection, depending upon the drug and
other ingredients. Because of the dangers of accidental intra-
venous injection, medical supervision generally is required.
Sterilization is necessary.

In subcutancous administration the drug is injected into the
connective tissue just below the skin. Absorption is slower than
by the intramuscular route but, nevertheless, may be prompt
with many drugs. Often, however, absorption by this route may
be no faster than by the oral route. Therefore, when a fairly
prompt response is desired with some drugs, the subcutaneous
route may not offer much advantage over the oral route, unless
for some reason the drug cannot be given orally,

The slower rate of absorption by the subcutaneous route is
usually the reason why the route is chosen, and the drugs
given by this route are usually those in which it is desired to
spread the action out over a number of hours, to avoid either
too intense a response, too short a response, or frequent injec-
tions. Examples of drugs given by this route are insulin and
sodium heparin, neither of which is absorbed orally, and both
of which should be absorbed slowly over many hours. In
the treatment of asthma, epinephrine usually is given sub-
cutaneously to aveid the dangers of rapid absorption and
consequent dangerous cardiovascular effects. Many reposi-
Lory preparations, including tablets or pellets, are given
subcutaneously. As with other parenteral routes, irritation
may occur, Sterile preparations also are required. However,
medieal supervision is not required always and self-adminis-
tration by this route is customary with certain drugs, such as

insulin,
Intradermal injection, in which the drug is injected into,
rather than below, the dermis, is rarely employed, except in cer-
tain diagnostic and test procedures, such as sereening for aller-
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Oceasionally, even by the intravenous route, it is not possi-
ble, practical, or safe to achieve plasma concentrations high
enough so that an adequate amount of drug penetrates into spe-
cial compartments, such as the eerebrospinal fluid, or varieus
cavities, such as the pleural cavity. The brain is especially dif-
ficult to penetrate with water-seluble drugs. The name blood-
brain barrier is applied to the impediment to penetration.
When drugs do penetrate, the choroid plexus often secretes
them back into the blood very rapidly, so that adequate levels
of drugs in the cerebrospinal fluid may be difficult to achieve.
Consequently, intrathecal or intraventricular administration
may be indicated.

Body cavities such as the pleural cavity normally are wetted
by a small amount of effusate that is in diffusion equilibrium
with the blood and, hence, is accessible to drugs. However, in-
fections and inflammations may cause the eavity to fill with
serofibrinous exudate that is too large to be in rapid diffusion
equilibrinm with the hlood. Infracavitary administration, thus,
may be required. It is extremely important that sterile, nonir-
ritating preparations be used for intrathecal or intracavitary
administration.

INHALATION ROUTE—Inhalation may be employed for
delivering gaseous or volatile substances into the systemic eir-
culation, as with most general anesthetics. Absorption is virtu-
ally as rapid as the drug can be delivered into the alveoli of the
lungs, since the alveolar and vascular epithelial membranes
are quite permeable, blood flow is abundant, and there is & very
large surface for absorption.

Aerosols of nonvolatile substances also may be administered
by inhalation, but the route is used infrequently for delivery
into the systemic circulation because of various factors that
contribute ta erratic or difficult-to-achieve blood levels.
Whether or not an aerosol reaches and is retained in pulmonary
alveoli depends critically upon particle size. Particles larger
than 1 pm in diameter tend to settle in the bronchioles and
bronchi, whereas particles smaller than 0.5 pm fail to settle
and mainly are exhaled. Aerosols are employed mostly when
the purpose of administration is an action of the drug upon the
respiratory tract itself. An example of a drug commonly given
as an aerosol is (soproterenol, which is employed to relax the
bronchioles during an asthma attack.

TOPICAL ROUTE—Topical administration is emploved to
deliver a drug at, or immediately beneath, the point of applica-
tion. Although oceasionally enough drug is absorbed into the
systemiv circulation to cause systemic effects, absorption is too
erratie (or the topical route to be used routinely for systemie
therapy. However, various transdermal preparations of nitro-
glycerin and clonidine are employed quite suecessfully for sys-
temic use. Some investigations with aprotic solvent vehicles
such as dimethyl sulfogide (DMSO) also have generated inter-
est in topical administration for systemic effects. A large num-
ber of topical medicaments are applied to the skin, although
topical drugs are also applied to the eye, nose, throat, ear,
vagina, etc.

In man, percutanecus absorption probably vecurs mainly
from the surface. Absorption through the hair follicles oceurs,
but the follicles in man oceupy too small a portion of the total
integument to be of primary importance. Absorption through
sweal and sebaceous glands generally appears to be minor.
When the medicament ig rubbed on vigorously, the amount of
the preparation that is forced into the hair follicles and glands
is increased. Rubbing also forces some material through the
stratum corneum without molecular dispersion and diffusion
through the barrier. Rather large particles of substances such
as sulfur have been demonstrated to pass intact through the
stratum corneum, When the skin is diseased or abraded, the cu-
taneous barrier may be disrupted or defective, so that pereuta-
nenus absorption may be increased. Since much of a drug that
is absorbed through the epidermis diffuses into the circulation
without reaching a high concentration in some portions of the

dermis, systemic administration may he preferrved in lieu of, or
in addition to, topical administration.

FACTORS THAT AFFECT ABSORPTION

In addition o the physicochemical properties of drug molecules
and biological membranes, various factors affect the rate of ab-
sarption and determine, in part, the choice of route of adminis-
tration.

CONCENTRATION—ILt is self-evident that the concentra-
tion, or, more exactly. the thermodynamie activity, of a drug in
a drug preparation will have an important bearing upon the
rate of absorption, since the rate of diffusion of a drug away
from the gite of administration is directly proportional to the
concentration. Thus, a 2% solution of lidocaine will induce local
anesthesia more rapidly than a 0.2% solution. However, drugs
administered in solid form are not absorbed necessarily at the
maximal rate (see Physical State of Formulation and Dissolu:
tion Rate, below),

After oral administration the concentration of drugs in the
gut is a function of the dose, but the relationship is not neces-
sarily linear. Drugs with a low aqueous solubility (eg, digitoxin)
quickly saturate the GI fluids, so that the rate of absorption
tends to reach a limit as the dose is increased. The peptizing
and solubilizing effects of bile and other constituents of the GI
contents assist in increasing the rate of absorption but are in
themselves somewhat erratic. Furthermore, many drugs affect
the rates of gastric, biliary, and small intestinal secretion,
which causes further deviations from a linear relationship be-
tween concentration and dose.

Drugs that are administered subcutaneously or intramuseu-
larly also may not always show a direct linear relationship bhe-
tween the rate of absorption and the concentration ol drug in
the applied solution, because osmotic effects may cause dilution
or concentration of the drug, if the movement of water or elec-
trolytes is different from that of the drug. Whenever possible,
drugs for hypodermic injection are prepared as isotonic solu-
tions. Sume drugs affect the local blood flow and capillary per-
meability, so that at the site of injection there may be a complex
relationship of concentration achieved to the concentration ad-
ministered.

PHYSICAL STATE OF FORMULATION AND DISSO-
LUTION RATE—The rate of absorption of a drug may be af-
fected greatly by the rate at which the drug is made available
to the biological fluid at the site of administration. The intrin-
sic physicochernical properties, such as solubility and the ther-
modynamics of dissolution, are only some of the factors that af-
fect the rate of dissolution of a drug from a solid form. Other
factors include not only the unavoidable interactions among the
various ingredients in a given formulation but also deliberate
interventions to facilitate dispersion (eg, comminution, Chap-
ter 88 and dissolution, Chapter 35) or retard it (eg, coatings
Chapter 46 and slow-release formulations, Chapter 47). There
also are factors that affect the rate of delivery from liguid
forms. For example, a drug in a highly viscous vehicle is ab-
sorbed more slowly from the vehicle than a drug in a vehicle of
low viscosity; in oil-in-water emulsions the rate depends upon
the partition coefficient. These manipulations are the subject of
biepharmaceutics (see Chapter 47).

AREA OF ABSORBING SURFACE—The area of absorb-
ing surface is an Important determinant of the rate of absorp-
tion. To the extent that the therapist must work with the ab-
sorbing surfaces available in the body, the absorbing surface is
not subject to manipulation. However, the extent to which the
existing surfaces may be used is subject to variation. In those

rare instances in which percutaneous absorption is intended for
systemie administration, the entire skin surface is available.

Subsequent to subcutaneous or intramuscular injections,
the site of application may be massaged to spread the injected

fluid from a compact mass to a well-dispersed deposit. Alterna-
tively, the dose may be divided into multiple small injections,
although this recourse i1s generally undesirable.

The different areas lor absorption afforded by the various
routes aceount. in part, for differences in the rates of absorption
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extremely rapid absorption of gases, vapors, and properly
aerosolized solutions; with some drugs the rate of absorption
may be nearly as fast as with intravenous injection. In the gut
the small intestine is the site of the fastest, and hence most, ab-
sorption because of the small lumen and highly developed villi
and microvilli; the stomach has a relatively small surface area,
sothat even most weak acids are absorbed predominately in the
small intestine despite a pH partition factor that should favor
absorption from the stomach (see The pH Partition Principle).

VASCULARITY AND BLOOD FLOW—Although the
thermal velocity of a freely diffusible, average drug molecule is
on the order of meters per second, in solution the rate at which
it will diffuse away from a reference point will be much slower.
Cullisions with water and/or other molecules that cause a ran-
dom motion. and the forces of attraction between the drug and
| water or other molecules, slow the net mean velocity.

The time taken to traverse a given distance is a function of
the square of the distance: on average it would take about 0.01
see for a net outward movement of 1 pm, 1 sec for 10 pm, 100
sec for 10O um, ete. In a highly vascular tissue, such as skeletal
musele, in which there may be more than 1000 capillaries/mm?
of eross-section, a drug molecule would not have t travel more
than a few microns, hence less than a second on average, to
reach a capillary from a point of extravaseular injection.

Once the drug reaches the blood, diffusion is not important
to transport and the rate of blood flow determines the move-
ment. The velocity of blood flow in a capillary is about 1 mmisec,
which is 100 times faster than the mean net veloei ty of drug
molecules 1 mm away (rom their injection site. The veloeity of
blood flow is even faster in the larger vessels. Overall, less than
8 minute is required to distribute drug molecules from the cap-
illaries at the injection site to the rest of the body.

From the above discussion it follows that absorption is most
rapid in the vascular tissues. Drugs are absorbed more rapidly
from intramuscular sites than from less vaseular subcutaneous
sites, ete. Despite the small absorbing surface for buceal or sub-
lingual absorption, the high vascularity of the bucsal, gingival,
and sublingual surfaces favors an unexpectedly high rate of ah-
sorption, Because of hyperemia, absorption will be faster from
inflamed than from normal areas, unless the preserce of edema
lengthens the mean distance between capillaries and, thus,
negates the effects of hy peremia on absorption.

Vasoconstriciion may have a profound effect upon the rate
of absorption. When a local effect of a drug is desired., as in lo-
cal anesthesia, absorption away from the infiltered site may
be impeded greatly by vasoconstrictors included in the prepa-
ration. Unwanted vasoconstriction sometimes may cause seri-
ous problems. For example. on Warld War 11 battlegrounds
many wounded soldiers were given subeutaneous morphine
without evident effect. As a result, injections were sometimes
repeated more than once, When the patient was removed to
the field hospital, toxic effects would oecur suddenly. The ex-
planation is that cold-induced vasoconstriction oceurred in the
field: when the patient was warmed in the hospital, vasodila-
tion would result and the victim would be flooded with drug.
Shock also contributes to the effect, since during shock the
blood flow is diminished, and there alse may be a guperum-
posed vasoconstriction: repair of the shock condition then fa-
tilitates absorption.

Extravascolarly injected molecules too large to pass through
the eapillary endothelium will, of necessity, enter the systenic

the tissue, increasing the surface area of drug mass and de-
creasing the mean distance to the eapillaries. Movement also
increases the flow of blood and lymph. The selection of a site for
mtramuscular injection may be determined by the amount of
expected movement, according to whether the preparation is in-
tended as a fast-acting or a repository preparation.

GASTRIC MOTILITY AND EMPTYING—The motility of
the stomach is more important to the rate at which an orally ad-
ministered drug is passed on to the small intestine than it is to
the rate of absorption [rom the stomach itself, since for various
reasons noted above, absorption from the stomach is usually of
minor importance.

The average emptying time of the unloaded stomach is
about 40 min, and the half-time is about 10 min, though it
varies according to its contents, reflex, and psychplogical fae-
tors, and the action of certain autonomic drugs or discase. The
effect of food to delay absorption is due, in part, ta its action to
prolong emptying time. The emptying time causes a delay in
the absorption of drug, which may be unfavorable or faverable
acecording to what is desired. In the case of therapy with
antacids, gastric emptying is a nuisance, sinee it removes the
antacid from the stomach where it is needed.

SOLUBILITY AND BINDING—The dissolution of drugs
of low solubility is generally a slow process. Indeed, low solu-
bility is the result of a low rate of departure of drug molecules
from the undispersed phase. Furthermore. since the concentra-
tion around the drug mass is low, the concentration gradient
from the site of deposition to the plasma is small, and the rate
of diffusion is low, accordingly.

When it is desired that a drug have a prolonged action but
not a high plasma concentration, a derivative of low solubility
is often sought. The insoluble estolates and other esters of sev-
eral steroids have durations of action of weeks because of the
slow rates of absorption from the sites of injection. Insoluble
salts or complexes of acidic or basie drugs also are employed as
repository preparations, for example, the procaine salt of peni-
eillin G has a low salubility and is used in a slow-release form
of the antibiotic.

The solubility of cortain macromolecules depends critically on
the ionization of substituent groups. When they are amphiprotic,
they are least soluble at their isoelectric pH. Insulin is normally
soluble at the pH of the extracellular fluid, but by combining in-
sulin with the right proportion of a basic protein, such as pro-
tamine, the isoeleetric pH can be made to be approximately 7.4
from 5.1, and the complex can be used as a low-salubility, pro-
longed-action drug. For more details, see Chapter 77.

Some drugs may bind with natural substances at or near the
site of application. The strongly ivnized mucopolysaccharides in
connective tissue. ground substance, and mucous secretions of
the gut retard the absorption of a number of drugs, especially
large cationic or polycationic molecules. In the gut, the binding
is the least at low pH, which should favor absorption of large
cations from the stomach: however, absorption from the stom-
ach is slow (see above), s0 that the absorption of large cationz
oceurs mainly in the upper duodenum where the pH is still rel-
atively low. Pharmacologically inactive quaternary ammonium
compounds sometimes are included in an oral preparation of a
quaternary ammonium drug for the purpese of saturating the
binding sites of mucin and other mucopolysaccharides and,
thereby, enhancing the absorption of drug.

In addition to mucopolysaccharides in mucous secretions,

dreulation through the lymph. Thus, the lymph flow may be
important to the absorption of a few drugs.

MOVEMENT—A number of factors combine so that move-
ment at the site of injection increases the rate of absorption. In
the intestine, segmental movements and peristalsis aid in di-
viding and dispersing the drug mass. The continual mixing of
the chyme helps keep the coneentration maximal at the mu-
wosal surface. The pressures developed during sermentation
and peristalsis also may favor a small amount of filtration.
Movement at the site of hypodermie injection also favors ab-
sorption, since it tends to force the injected material th rough

food m the GI tract binds many drugs and slows absorption.
Antacids, especially aluminum hydroxide plus other basic alu-
minum compounds and magnesium trisilicate, bind amine and
ammonium drugs and interfere with absorption.

DONNAN EFFECT—The presence of a charged macro-
molecule on one side of a semipermeable membrane (imperme-
able to the macromolecule) will alter the concentration of per-
meanlt ionized particles according to the Donnan equilibrium.
Accordingly, drug molecules of the same charge as the macro-
molecule will be constrained to the opposite side of the mem-
Lot

: i -of appropriately chaﬁed macromolecules
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not only will influence the distribution of drug ions 1n aceor-
dance with the Donnan equation but also increase the rate of
transfer of the drug across the membrane, because of mutual
ionie repulsion. This effect is sometimes used to facilitate the
absorption of ionizable drugs from the GI tract. The Donnan ef-
fect aleo operates to retard the absorption of drug ions of oppo-
site charge; however, the mutual electrostatic attraction ol a
macromolecule and drug jon generally results in actual bind-
ing, which is more important than the Donnan effect.
VEHICLES AND ABSORPTION ADJUVANTS—Drugs
that are to be applied topically to the skin and muocous mem-
branes often are dissolved in vehicles that are thought to en-
hance penetration. For a long time it was thought that oleagi-
nous vehicles promoted the absorption of lipid-soluble drugs.
However, the role and effeet of the vehicle has proven to be
quite complex. In the skin at least five factors are involved:

1, The effect of the veliicle to alter the hydration of the keratin in the
barrier layer.

2. The effect of the vehicle to promote or prevent the calleetion of
sweat al the surface of the skin.

4, The partition coefficient of the drogin a vehicle-water system,

4. The permeability of the skin to the undissolved drug.

. The permeability of the skin to the vehicle.

The effect of the vehicle to aid in the access of the drug to the
hair follicles and sebacecus glands also may be invelved. al-
though in man the follicles and glands are probably ordinarily
of minor imperiance to absorption.

A layer of oleaginous matenal over the skin prevents the
evaporation of water, so that the stratum eorneum may become
macerated and more permeable to drugs. In dermatology it is
sometimes the practice to wrap the site of application with plas-
tic wrap or some other waterproof material for the purpose of
increasing the maceration of the stratum corneum. However,
the layer of perspiration that forms under an occlusive vehicle
may become a barrier to the movement of lipid-soluble drugs
from the vehicle to the skin, but it may facilitate the movement
of water-soluble drugs. Canversely, polyethylene glyeol vehicles
remove the perspiration and dehydrate the barrier, which de-
creases the permeability to drugs; such vehicles remove the
aqueous medium through which water-soluble drugs may pass
down into the stratum corneum but at the same time facilitate
the transtor of lipid-goluble drugs from the vehicle to the skin.

Even in the absence of a vehicle, it is not clear what physic-
ochemical properties of a drug favor cutaneous penetration.
high lipid-solubility being a prerequisite, according to some au-
thorities, and an ether-water partition coefficient of approxi-
mately one, according to others. Yet, the penetration of ethanal
and dibromomethane are nearly equal, and other such enigmas
exist. It is not surprising, then, that the effects of vehicles are
not altogether predictable.

A general statement might be made that if a drug is quite sol-
uble in a poorly absorbed vehicle, the vehiele will retard the
movement of the drug into the skin, For example, salicylic acid is
100 times as permeant when absorbed from water than from
polyethylene glyeol, and pentanol is five times as permeant from
water as from olive oil. Yet, ethanol penetrates five times faster
from olive vil than from either water or ethanaol. all of which de-
nies the trustworthiness of generalizations about vehicles,

For several decades there has been much interest in certain
highly dielectric. aprotic solvents, especially dimethyl sulfoxide
(DMSO0). Such substances generally prove to be exeellent sol-
vents for both water- and lipid-soluble compounds and for some
compounds not soluble in either water or lipid solvents. The ex-
tracrdinary solvent properties probably are due to a high po-
larizability and van der Waals bonding capacity, a high degree
of polarization (dipole moment), and a lack of association
through hydrogen bonding. As a vehicle, DMSO greatly facili-
tates the permeation of the skin and other biologieal mem-
branes by numerous dr ugs, including such large molecules as
insulin. The mechanism is understood poorly. Such vehicles
have a potential for many important uses, but they are at pre-

sent only experimental. pending continming investigationg on
toxicity.

From time to time. a claim is made that a new ingredient of
a tablet or elixir enhances the absorption of a drug, and a com-
parison of plasma levels of the old and new preparations seems
to support the claim. Upon further investigation. however, it
may be revealed that the new so-called absorption adjuvant s
replacing an ingredient that previously bound the drug or de-
layed its absorption; thus, the new adjuvant is not an adjuvant
but rather it is only a nondeterrent.

OTHER FACTORS—A number of other. less well-defined
factors affect the absorption of drugs, some of which may oper-
ate, in part, through factors already cited above. Disease or in-
Jury has a considerable effect upon absorption. For example, de-
bridement of the stratum corneum inereases the permeability to
topical agents, meningitis increases the permeability of the
blood-brain barrier, biliary insufficiency decreases the absorp-
tion of lipid-soluble substances from the intestine, and acid-base
disturbances can affeet the absorption of weak acids or bases,
Certain drugs, such as ouabain, that affeet active transport pro-
cesses may interfere with the absorption of certain other drugs,
The condition of the ground substance, or intracellular cement,
probably bears on the absorption of certain types of molecules.
Hyaluronidase, which depolymerizes the mucopolysaccharide
ground substance, can he demonstrated to facilitate the absorp-
tion of some. but not all, drugs from subcutaneous sites.

_____ Drug Disposition
b My e il i —
The term drug disposition is used here to include all processes
that tend to lower the plasma concentration of drug, as opposed
to drug absorption, which elevates the plasma level Conse-
quently, the distribution of drugs to the varicus tissues is con-
sidered under Disposition. Some authors use the term disposi-
tion synonymously with elimination, that is, to include only
those processes that decrease the amount of drug in the body,
In the present context, disposition comprises three categories of
processes: distribution, biotransformation. and excretion.

DISTRIBUTION, BIOTRANSFORMATION,
AND EXCRETION

The term distribution denotes the partitioning of a drug among
the numerous locations where a drug may be contained within
the body. Biotransformations are the alterations in the chemi-
cal structure of a drug that are imposed npon it by the life pro-
cesses, Excredion is, in a sense, the converse of absorption,
namely, the transportation of the drug or its products out of the
hody. The term applies whether or not special organs of excre-
tion are involved.

Distribution

The body may be considered to comprise a number of compari-
ments: enteric (GI), plasma, interstitial, cerebrospinal fluid, bile,
glandular seeretions, urine, storage vesicles, cytoplasm or intra-
cellular space, ete. Bome of these compartments, such as urine
and secretions, are open-ended, but since their contents relate to
those in the closed compartments, they also must be included.

At first thought, it may seem that if a drug was distributed
passively (ie, by simple diffusion) and the plasma concentration
could be maintained at a steady level, the concentration of a
drug in the water in all compartments ought to become equal,
It is true that some substances, such as ethanol and antipyrine,
are distributed nearly equally throughout the body water, but
they are more the exception than the rule, Such substances are
mainly small, uncharged, nondissociable, highly water-soluble
malerles.
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The condition of small size and high water solubility allows
pagsage through the pores without the necessity of carrier or
artive transport. Small size also places a limit on van der Waals
binding energy and configurational complementariness, so that
binding to proteins in plasma, or cells, is slight. The presence of
a charge on a drug molecule makes for unequal distribution
aeross charged membranes, in accordance with the Donnan dis-
tribution (see below). Dissociability eauses unegual distribu-
tion when there is a pH differential between compartments. as
discussed under The pH Partition Principle (see below). Thus,
eveen if & drug 1s distributed passively, its distribution may be
uneven throughout the body. When active transport into, or
rapid biotransformation occurs within, some compartments.
uneven distribution alse is inevitable,

THE pH PARTITION PRINCIPLE—An important conse-
quence of nonionic diffusion 1s that a difference in pH between
two compartments will have an important influence upon the
partitioning of a weakly acidic or basic drug between those com-
partments. The partition is such that the un-ionized form of the
drug has the same concentration in both compartments, since it
is the form that is freely diffusible; the ionized form in each com-
partment will have the concentration that is determined by the
pHin that compartment, the pK and the concentration of the un-
imized form. The governing effect of pH and pK on the partition
15 known as the pH partition principle.

To illustrate the principle. consider the partition of salicylic
geld between the pastric juice and the interior of a gastric
mucosal cell. Assume the pH of the gastric juice to be 1, which
it occasionally becomes. The pK, of salicylic acid is 3 (Martin'"
provides one source of pK values of drugs). With the Hender-
son-Hasselbalch equation (see Chapter 17) it may be caleulated
that the drug is only 1% ionized at pH 1. (The relationship of
ionization and partition to pH and pK has been formulated in
several different ways, but the student may calculate the con-
tentrations from simple mass law equations. More sophisti-
wted calculations and reviews of this subject are avail-
able""") The intracellular pH of most cells is about 7.
Assuming the pH of the mucosal cell to be the same, it may be
wleulated that salicylic acid will be 99.99% ionized within the
tells. Since the coneentration of the un-ionized form is theoret-
ieally the same in both gastric juice and mucosal cells, it follows
that the total concentration of the drug (ionized + un-ionized)
within the mucosal cell will be 10,000 times greater than that
in gastric juice. This is illustrated in Figure 57-13. Such a rela-
fively high intracellular concentration can have important os-
motie and toxicologieal consequences.

MUCOSAL CELL
CYTOPLASM

pH 7.0

GASTRIC JUICE
pH 1.0

1132

{ = Un-1onizad] ; — CUp-onjzedd = L |

I

[ lonizedd=0.01
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39.99= Clonizedd

Figure 57-13. Hypoihetical partiton of salicylic acd between gastric
dice and the cytaplasm of a gastric mucosal cell. It js assumed that the
onized form cannot pass through the cell membrane, The intragastric
soncentration of salicylic acd is arranged arbutrarily 1o provide unit con-
eniranon of the un-ionized farm. Bracketed values, cancentration; ar-
fows, relative size depicts the direction in which dissociation-association
5 lavorerd at equilibritim
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Had the drug been a weak base instead of an acid, the high
concentration would have been in the gastrie juice. In the
small intestine, where the pH may range from 7.5 to 8.1, the
partition of a weak acid or base will be the reverse of that in
the stomach, but the concentration differential will be lower,
because the pll differential from lumen to mucosal cells, ete,
will be lower. The reversal of partition as the drug moves from
the stomach to the small intestine accounts for the phe-
nomenon that some drugs may be absorbed from one GI seg-
ment and returned fo another. The weak base atropine is ab-
sorbed from the small intestine, but because of pIl partition,
it 15 seereted into the gastrie juice,

The pH partition of drugs has never been demonstrated to
be as marked as that illustrated in Figure 57-13 and in the text,
Not only do many drug ions probably pass through the pores of
the membrane to a significant extent, but also some may pase
through the lipid phase, as explained above [or the morphinans
and mecamylamine. Furthermore, ion-pair formation in carrier
transport also bypasses nonionie diffusion. All processes that
tend toward an equal distribution of drugs across membranes
and among compartments will cause further deviations from
theoretical predictions of pH partition.

ELECTROCHEMICAL AND DONNAN DISTRIBU-
TION—A drug ion may be distributed passively across a mem-
brane in accordance with the membrane potential, the charge
on the drug ion, and the Donnan effect. The relationship of the
membrane potential to the passive distribution of ions is ex-
pressed quantitatively by the Nernst equation (Eq 7) and al-
ready has been discussed. Barring active transport, pH parti-
tion, and binding, the drug will be said to be distributed
according to the electrical gradient or to its equilibrivm poten-
tial. If the membrane potential is 90 mV. the concentration of a
univalent cation will be 30 times as high within the cell as with-
out; if the deug cation is divalent, the ratio will be 890. The dis-
tribution of anions would be just the reverse. If the membrane
potential is but 9 mV, the ratio for a univalent cation will be
only 1.4 and for a divalent cation only 2.0. [t thus can be seen
how important membrane potential may be to the distribution
of ionized drugs,

[t was pointed out under Membrane Potentials, that large
potentials derive from active transport of ions but that small
potentials may result from Donnan distribution. Donnan mem-
brane theory is discussed in Chapter 20. According 1o the the-
ory, the ratio of intracellular/extracellular concentration of a
permeant univalent anion 15 equal to the ratio of extracellu-
larfintracellular concentration of a permeant univalent cation.
A more general mathematical expression that includes ions of
any valence is

AvE O\
(3

where A; is the intracellular and A, the extracellular concen-
tration of anion, Z. ig the valence of eation, %, i¢ the valence
of anion, C; is the intracellular and C. the extracellular con-
centration of cation, and r is the Donnan factor. The value of
r depends upon the average molecular weight and valence of
the macromolecules (mostly protein) within the cell and the
mtracellular and extracellular volumes. Since the macro-
molecules within the cell are charged negatively, the cation
concentration will be higher within the cell; that is, C, = C,..
Since a Donnan distribution results in a membrane potential,
the distribution of drug ion also will be in keeping with the
membrane potential.

The Donnan distribution also applies to the distribution of a
charged drug between the plasma and interstitial compart-
ment, becauvse of the presence of anionic proteins in the plasma.
Equation 8 applies by changing the subscript 7 to p, for plagma,
and ¢ to f, for interstitial. The Donnan factor. r. for plasma-in-
terstitial space partition is about 1.05:1.

BINDING AND STORAGE—Drugs frequently are bound
ies eciall.i albumin), interstitial substances,
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Figure 57-14. Distnbution of a drug between two compartments n
which the degrees of binding to protein differ. The percentage of bind-
ing is indicated. Only the unbound drug can pass through the membrane
Bracketed values: concentration. (From Schanker LS. Pharmacol Rev
1961; 14:501.)

extensive and firm, it will have a considerable impact upon the
distribution. excretion, and sojourn of the drug in the body. Ob-
viously, a drug that is bound to a protein or any other macro-
molecule will not pass through the membrane in the bound
form; only the unbound form can negotiate among the various
compartments.

The partition among compartments is determined by the
binding capacity and binding constant in each compartment. As
long as the binding capacity exceeds the quantity of drugin the
compartment, the following equation generally applies:

log Dy, = log K + a log Df

where Dy, is the concentration of bound drug, Dyis the concen-
tration of free drug, and a and K are constants characteristic of
the drug and binding macromolecule. The equation is that ofa
Freundlich igotherm. As the binding capacity is approached,
the relationship no longer holds. For a nondissociable drug at
equilibrium, D, will be the same in all communicating compart-
ments, o that it would be possible to calculate the partition if
K and a are known for each compartment, Except for plasma,
the values of K and a are generally unknown, but the percent-
age bound is often known.

From the percentage bound, the partition algo can be caleu-
lated, as in Figure 57-14.'* However, the logarithmic relation-
ships shown in Equation 9 serve as a reminder that the per-
centage bound changes with the concentration, so that the
partition will vary with the dose. If the drugis a weak acid or
base, the un-ionized free form negotiates among the compart-
ments. but the ionized form is often the more firmly bound, and
caleulations must take into account the dissociation constant
and the different Ks and as of the ionized and un-ionized forms.

It is misbelieved commonly that binding in the plasma inter-
feres with the activity of a drug and the intracellular bindingin
a responsive cell increases activity or toxicity. Both binding in
plasma and in the tissues decreases the concentration of free
drug, but this is easily remedied by adjusting the dose to give a
sufficient concentration for pharmacologieal activity. The dis-
tribution and activity of the free form are not affected by bind-
ing. The principal effect of binding is to inerease the initial dose
requirement for the drug and create a reservoir of drug from
which the drug may be withdrawn as the free form is excreted
or metabolized, However, if the bindingis extremely firm and re-
lease is slow, the rate of release may not be enough to sustain
the free form at a level sufficient for pharmacological activity;in
such instances the bound drug cannot be considered a reserve.

The effect of binding upon the sojourn of a drug may be con-
siderable, For example, quinacrine, which may be concentrated
in the liver to as much as several thousand times the concen-
tration in plasma, may remain in the body for months. Some io-
dine-containing, radiopaque, diagnostic agents are bound
strongly to plasma protein and may remain in the plasma for as
long as 2 yr. In pathological conditions, such as nephrosis, dia-
betes, or cirrhosis, in which plasma protein levels may be

deereased, the plasma protein binding, loading dose, and dura-
tion of action all may be decreased.

If a drug is bound to a functional macromolecule, binding
may relate to pharmacological activity and toxicity, providing
that the binding is at a critical center of the macromolecule. The
binding by nucleic acids of certain antimalarials, such as
quinacrine, undoubtedly contributes to the parasiticidal ac-
tions as well as to toxicity.

Most drugs are bound to proteins by relatively weak forees,
such as van der Waals (London, Keesam, or Debye) forees, or
hydrogen or ionic bonds. Consequently, hinding constants gen-
erally are small, and binding is usually readily reversible. The
larger the molecule, the greater the van der Waals bonding, s
that large drug molecules are more likely to be bound strongly
than are small ones.

Just as shape and the nature of functional groups are un-
portant to drug-receptor combination, so they also are to bind-
ing. Drugs of similar shape and/or chemical affinities may bind
at the same sites on a binding protein and hence compete with
one another, For example, phenylbutazone displaces warfarin
from human plasma albumin, which may cause an increase in
the anticoagulant effect of warfarin. Some drugs also may dis-
place protein-bound endogenous constituents. For example,
sulfisaxazole displaces hilirubin from plasma proteins; in in-
fants with kernicterus the freed bilirubin floods the CNS and
causes sometimes fatal toxieity.

Depending on the lipid-water partition coefficient. a drug
may be taken up into fatty tissue. The ratio of concentration in
fat to that in the plasma, will not be the same as dictated by the
partition coefficient, because of the content of water and non-
lipids in adipose tissue, and because electrolytes and other so-
lutes alter the dielectric constant and hence solubilities from
those of pure water, Lipoproteins and even nonpolar sub-
stituents on plasma proteins also take up lipid-soluble
molecnles, so that solubility in plasma can be considerably
higher than that in water. The relatively high solubility of ether
in plasma makes plasma a pool for ether, the filling of which de-
lays the onset of anesthesia. However, ether and other volatile
anesthetics are taken up gradually into the adipose tissue
which acts as a store of the anesthetic. The longer the anesthetic
is administered, the greater the store, and the longer it takes for
anesthesia to terminate when inhalation has been discontinued.

Another notable substance that is taken up readily into fat
is thiopental. Even though there is a high solubility of this bar-
biturate in fat, the low rate of blood flow in fat limits the rate of
uptake. Because the blood flow in the brain is very high
thiopental rapidly enters brain tissue. However, it soon equili-
brates with the other tissues, and the brain concentration falls
as that in the other tissues (eg, muscle or liver) increases. As
the brain concentration falls, anesthesia ceases. Gradually, the
fat accumulates the drug at the expense of other compartments.
The gradual entry of thiopental into fat at the expense of
plasma, muscle, or liver is illustrated in Figure 57-15.
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Figure 57-15. Predisposition of thiopental for fat; 25 mg/lkg was given tn
a fdog After a brief sajourn in the more vascular tissues, thicpental grai-
ually transfers ta fat, whare the lipid-soluble drug dissolves in fat droplets
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NONEQUILIBRIUM AND REDISTRIBUTION—Thus
far, the distribution of drugs has been discussed mainly as
though equilibrium or steady-state conditions exist after a drug
is absorbed and distributed. However, since most drugs are ad-
ministered at intervals and the body content of drug rises and
falls with absorption and biotransformation-exeretion, neither
a true equilibrium among the body compartments nor a steady
state exist.

The term equilibrium is used misleadingly to describe the
conditions that exist when the plasma concentration and the
coneentration in a tissue are equal, as exemplified at the point
of intersection of the curves for plasma and muscle or plasma
and fat in Figure 57-15. But such equilibrium with fat occurs
much later than equilibrivm with muscle, so that no true equi-
librium really exists among all the compartments. Further-
more, the crossover point for plasma and any one tissue is not
necessarily an equilibrium point, because the rates of ingress
and egress from the tissue are not necessarily equal when the
internal and external concentrations are equal, since there are
numercus factors that make for unequal distribution (pH par-
tition, Donnan effect, electrochemical distribution, active
transport, binding, ete).

A study of Figure 57-15 shows that the distribution of
thiopental continually changed during the 3.5 hr of observa-
tion. At the end of the period, the content in fat was still in-
creasing, while that in each of the other compartments was de-
creasing, This time-dependent shift in partition is called
redistribution. Eventually, the content in fat would have
reachod a peak, which would represent as nearly a true equi-
librium point as could be achieved in the dynamic situation
where biotransformation and a slight amount of excretion of
the drug was taking place. Once the concentration in the fat
had reached its peak, its content would have declined in paral-
lel with that in the other tissues, and the partition among the
compartments would have remained essentially constant. Re-
distribution, then, takes place only until the coneentration in
the slowesti-filling compartment reaches its peak, so long as the
kinetics of elimination are constant,

An index of distribution known as the volume of distribution
{famount of drug in the body divided by plasma concentration)
is of considerable usefulness in pharmacokinetics but is of lim-
ited value in defining the way in which a drug is partitioned in
the hody.

The word space often is used synonymously with volume of
distribution. 1t is employed especially when the distributed
substance has a volume of distribution that is essentially iden-
fical to a physical real space or body compartment, N-acetyl-4-
aminoantipyrine is dictributed evenly throughout the total
body water and is not bound to proteins or other tissue con-
gtituents. Thus, the acetylaminoantipyrvine space, or volume of
distribution, coincides with that of total body water. Inulin, su-
erose, sulfate, and a number of other substances essentially are

eonfined to extracellular water, so that an inulin space, for ex-
ample, measures the extracellular fluid volume. Evans blue is
vonfined to the plasma, so that the Evans blue space is the
plasma volume. Such space measurements with standard space
mdicators are a necessary part of studies on the distribution of
trugs, sinee it is desirable to ecompare the volume of distribu-
tion of & drug with the physiological spaces.

Biotransformations

Most drugs ave acted upon by enzymes in the body and converted
o metabolic derivatives called metabolites. The process of con-
version is called biotransformation. Metabolites are usually
more polar and less lipid-soluble than the parent deug because of
the introduction of oxygen into the molecule, hydrolysis to yvield
more highly polar groups, or conjugation with a highly polar sub-
slance, As a consequence, metabolites often show less penetra-
tion into tissues and less renal tubular resorption than the par-
ent drug, in accordance with the principle of the low penetration
of polar and high penetration of lipid-soluble substances. For
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similar reasons, metabolites, particularly conjugates. are usu-
ally less active than the parent drug and often inactive. Even if'
they are appreciably active, they generally are excreted more
rapidly. Therefore, the usual net effect of biotransformation may
be said to be one of inaclivation or detoxication.

There are, however, numerous examples in which biotrans-
formation does not result in inactivation.

There are also examples in which the parent drug has little
orno activity of its own but is converted to an active metabolite:
parathion, malathion, and certain other anticholinesterases re-
quire metabolic activation: inactive ehloroguanide is converted
to an active triazine derivative; phenylbutazone is hvdroxy-
lated to the antitheumatic hydroxyphenylbutazone; inactive
pentavalent arsenicals are reduced to their active trivalent
metabolites, and there are other examples of an activating bip-
transformaltion,

When a delayed or prolonged response to a drug is desired or
an unpleasant taste or local reaction is to be avoided, it is a
common pharmaceutical practice to prepare an inactive or
nonoffending precursor, such that the active form may be gen-
erated in the hody. This practice has been termed drug latenti-
ation, Chloramphenicol palmitate. dichloralphenazone, and the
estolates of various steroid hormones are examples of deliber-
ately latentiated drugs. Because inactive metabolites do not al-
ways result from biotransformation, the term detoxication
should not be used as a synonym for biotransformation

Biotransformations take place principally in the liver, al-
though the kidney, skeletal muscle, intestine, or even plasma
may be important sites of the enzymatic attack of some drugs.
Biotransformations in plasma are mostly hydrolytic.

ENDOPLASMIC RETICULUM AND MICROSOMAL
SYSTEM—DMany biotransformations in the liver oceur in the
endoplasmic reticulum. The endoplasmic reticulum is a tubular
system that courses through the interior of the cell but also
appears to communicate with the interstitial space, and its
membrane 1s continuous with the cell membrane. Some of the
reticulum is lined with ribonuclesprotein particles, called ribo-
somes, which are engaged in protein synthesis; this is the rough
endoplasmic reticulum. The smooth endoplasmic reticulum
lacks such a granular appearance. The endoplasmic reticalum
is invested heavily with numerous enzymes, which biotrans-
form many drugs and seme endogenous substances.

When a broken-cell homogenate of the liver is prepared, the
reticulum becomes fragmented. and the fragments forn vesicu
lar structures called microsomes. Although the microsomes are
artifacts, it is often the practice to refer to drug metabolism as oc-
curring in microsomes rather than in the endoplasmic reticulum.

The microsomal system is peculiar in that both oxidations
and reductions usually require the reducing cofactor, reduced
nicotinamide adenine dinueleotide phosphate (NADPH). This
is because microsomal oxidations proceed by way of the intro-
duction of oxygen rather than by dehydrogenation, and
NADPH is essential to reduce one of the atoms of oxygen. The
drug first binds to an oxidized eytochrome P450. The drug-
cytochrome complex then is reduced by NADPH-cytochrome
P450 reductase; the reduced complex then combines with oxy-
gen, after which the metabolite is released and oxidized cy-
tochrame P450 is regenerated. Cytochrome P450 is a generic
term for a superfamily of enzymes. '’

The general designation of the eytochromes P450 is CY P fol-
lowed by number (the tamily) and letter (the subfamily) subdi-
visions. The classification is based on aming acid sequence ho-
mology. To belong to the same family, the homology must be
greater than 40% and to the same subfamily greater than 59% .
The form is indicated by a number that is based upon the
chronological discovery order. The major human forms involved
in drug metabolism are CYP1Al and CYP1A2, CYP2AG,
CYP2B6, CYP2C8, CYP209/10. CYP2018/19, CYP2DA,
CYP2E1, CYP3A4, CYP3AA, and CYPJAT. In concentration,
CYP3As comprise 40% of the liver P450, CYP2Cs comprise
25%, and CYP1AZ about 15% . Despite its limited concentration
T TR staboelizes about one-fourth of currently used
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phism in which 5 to 10% of the population are poor metaboliz-
ars. The different isozymes present in humans, together with
which drugs they metabolize, are of increasing importance in
understanding drug interactions and toxicities and individual
responses to standardized doses,

In addition to eytochrome P450, the endoplasmie reticulum
contains flavaprotein monooxygenases, which are also respon-
sible (or the oxidative metabolism of drugs. The mechanism of
oxidation differs from that of eytochrome P450, and their sub-
strate (any drug containing a nucleophilic heteroatom] selec-
tivity is much less. FMO3 iz the major human liver form.

Some of the enzymes of the microsomal system are quite eas-
ily induced; that is, a drug may increase considerably the ac-
tivity of the enzyme by increasing the biosynthesis of the en-
zyme, An increase in the amount of endoplasmie reticulum
sometimes oceurs concomitantly with enzyme induction,

The mechanism of induction is best documented for poly-
eyclic aromatic hydrocarbon (Ah)-type inducers but is thought
to be similar for all agents; however, it involves different recep-
tors, which interact with different regulatory elements on the
DNA (Fig 57-16). The eytosol contains proteins that have a high
affinity for the inducing agents. In normal drug therapy, the
drug (D) enters the liver cell and, il adequately metabolized, is
discharged as metabolites. Inefficient clearance from the cell,
possibly due to high dosage, results in accumulation (ie, ex-
coss), and some is able to bind to the protein, which has a high
affinity for the accumulating drug. When the inducing agent
binds to its receptor, there is a conformational change (for an
Ah receptor, chaperone proteins are displaced | allowing the re-
ceptor-inducer complex to translocate into the nucleus, link
with additional nuclear factors, and initiate the transcription of
mRNA to a limited number of proteins, by binding to DNA re-
gions termed a drug-response element (DRE) (xenobiotic re-
sponse element for the Ah receptor complex) that activate gene
transeription. (For polyeyelic aromatic hydrocarbons, the acti-
vated genes including specific isozymes of cytochrome P450,
glutathione S-transferase, and UDP-glucuronosyltransferase.)
These mRNA molecules move put of the nucleus and are trans-
lated into new proteins on the ribosomes attached to the endo-
plasmie reticulum.

The drug-metabolizing enzymes differ in their ability to be
induced, For cytochrome P450s, CYP1AZ2 is induced preferen-
tially by polyeyelic aromatic hydrocarbons and other chemicals
contained in cigaretie smoke and charcoal-broiled meats, as
well as by components in cruciferous vegetables. CYP2A6 is
induced by barbiturates as are CYP2C9 and CYP3A4, CYP2CH,
CYP2C19. and CYP3A4 are all induced by rifampicin,
but CYP3A4 is additionally induced by many drugs including
carbamazepine, phenytoin, glucocorticoids (dexamethasone),
clotrimazole, sulfinpyrazone, and macrolide antibiotics such as
troleandomycin. CYP2EL can be induced by ethanol and isoni-
azid. There are no known inducers of CYP2D6.

Treatment of an experimental subject with phenobarbital
will increase the rate of metabolism of phenobarbital, which
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Figure 57-16.

necessitates larger and more frequent doses of the drug to
maintain a constant sedalive effect. Moreover, phenoharbital
may induce an increased metabolism of some other, but not all,
barbiturates as well as some unrelated drugs, such as strych-
nine and warfarin. Oddly, warfarin does not induce its own bio-
transformation readily.

Induction may create therapeutic problems. For example,
the use of phenuvbarbital during treatment with warfarin in-
creases the dose requirement for warfarin. If the physician is
unaware of this interaction and fails to increase the dose, the
patient may suffer a thrombotic episode. If the dose of warfarin
has been increased and the phenobarbital is then discontinued,
the rate of metabolism of warfarin may drop to its previous
level, so that the patient is overdosed, with hemorrhagic conse-
quences. Some drugs inhibit rather than induce the microsomal
enzymes, which reduces the dose requirement and may lead to
toxicity. Cimetidine is an example of a drug that inhibits the
hepatic metabolism of & number of other drugs.

The activity of the microsomal biotransformation enzymes 18
affected by many factors other than the presence of drugs. Age,
sex, nutritional states, pathological conditions, and genetic fac-
tors are among the influences that have been identified. Age,
particularly, has received considerable attention. Infants have
a poorly developed microsomal hiotransformation system,
which aceounts for the low dose requirement for morphine and
also explains the high toxicity of chloramphenicol in infants,

The activity and selectivity of the microsomal biotransfor-
mation system varies greatly from species to species, so that
care must be exercised in extrapolating experimental findings
in laboratory animals to man.

TYPES OF BIOTRANSFORMATIONS—Biotransforma-
tions may be degradative, wherein the drug muolecule is dimin-
ished to a smaller structure, or synthetic, wherein one or more
atoms or groups may be added to the molecule. Very few drugs
are degraded completely. However, it is more useful to catego-
rize biotransformations with respect o metabolic (nonconjugs-
tive) biotransformations and conjugative biotransformations,
The former is called Phase 1 and the latter, Phase II. In Phase
I, pharmacodynamic activity may be lost; however, active and
chemically reactive intermediates also may be generated. The
polarity of the molecule may or may not be increased suffi-
ciently to increase exeretion markedly, In Phase 11, metabolites
from Phase | may be conjugated, and sometimes the original
drug may be conjugated, thus bypassing Phase . Phase II gen-
erates metabolites of high polarity, which are excreted readily,

Biotransformations may be placed into four main categories:
(1) oxidation, (2) reduction, (3) hydrolysis, and (41 conjugation.
Oxidation, reduction, and hydrolysis comprise Phase 1. Conju-
gration comprises Phase IL

Oxidation—Oxidation is more common than any other type of bio-
transformation, Oxidatioms that oeeur primarily in the liver microsomal
system include side-chain hydroxylation: aromatic hydroxylation;
deamination (which is oxidative and results in the intermediate forma-
tion of RCHOY N-, O-, and S-dealkylation (which probably invalves hy-
droxylation of the alkyl group followed by oxidation to the aldehyde),
and sulfoxide formation.

Oxidations that secur elsewhere, other than the microsomes, are
wenerally dehydrogenations followed by the addition of oxygen or water,
Examples ave the oxidation of aleohols by alcohol dehydrogenase, the
oxidation of aldehyde by aldehyde dehydrogenase, and the deainination
of monoamines by monoamine oxidase and diamines by diamine oxi-
dase.

Reduetion—Reductions are relatively urcommon. They mainly dc-
cur in liver microsomes, but they occasionally take place in other tis
sues, Examples are the reduction of nitro and nitrosa groups (as in chin
ramphenicol, nitroglycerin, and organic nitrites), of the azo gronp (asin
prontosil), and of certain aldehvdes to the corresponiing aleohols.

Hydrolysis—Hydrolysis is a common biotransformation among es-
ters and amides, Esterases are located in many structures besides the
microsnmes. For example, cholinesterases are lound in plasma, ery-
thracytes, liver, nerve terminals, junctional interstices, and postjunc
tional structures, and procaine esterases are found in plasma. Various
phnsphatases and sulfatases also are distributed widely in tissues and
plesma, although few drugs are appropriate substrates. The hydrolytic

rimarily in the hepatic piicrosomes.
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The hydrolysis of epoxides, often generated by cytochrome P450 oxida-
lionz, to farm dihydrodiols i an important detoxification reaction.

Desulfwration, in which oxygen may replace sulfur, takes place in
the liver. Thiopental is converted in part to pentobarbital by desulfura-
tion, and parathion is transformed to paraczon.

Dehalogenation of certain insecticides and various halogenated hy-
drocarbons may take place, principally in the liver but not in the micro-
SOIMES,

Conjugation—A large number of drugs, or their metabolites, are
wnjugated. Conjugation is the biosynthetic process of combining a
themical compound with a highly polar and water-saluble natural sub-
stance (o yvield 5 water-soluble, usually inactive, product. Conjugations
generally involve either esterification, amidation, mixed anliydride for-
mation, hemiacetal formation, or etherization,

Glucuranic acid is the most frequent partner to the drug in conjuga-
tion. Actually, the drug reacts with uridine diphosphoglucurenic acid
rther than with simple glucuronic acid. The drug or drug metabolite
tombines at the number 1 carbon taldehyde end | and not at the carboxyl
end of glucuronic acid. The hydroxyl group of an aleohol or a phenol at-
tacks the number 1 carbon of the pyran ring to replace uridine diphos-
phate. The product is a hemiacetal-like derivative, Sinee the product 1s
aot an ester, the term glucuronide is appropriate. Rarely, thiols and
imines may form analogous glucuronides.

Carboxyl compounds form esters, appropriately called glucuronates,
o replucing the uridine diphosphate, Sulfuric aeid is also a frequent
wnjugant, especially with phenols and to a lesser extent with simple al-
eohols, The sulfurated product is called an ethereal sulfute.

Occasionally sulfuric acid conjugates with aromatic amines to form
sulfmmedes. Phosphoric acid also conjugates with phensls and aromatie
amines, The conjugation of benzeic acid with glyeine to yield hippuric
avid Is a vlassical example of an amidation conjugative process.

Many electrophilic compounds conjugate with the nucleophilic
wipeptide, glutathione, Through a series of enzymatic reactions, the 4~
glitamyl and glyeyl residues are removed, the remaining tysteine con-
jugate is N-acetylated, and the product spontaneously dehydrates to
form & mercapturic acid.

Amidations with amino acids are less frequent than acetylation,
partly becanse few drugs are carboxylic compounds, Aromatic amines
and necasionally aliphatic amines or heteroeyclic nitrogen frequently
are seelylated. Acetyl-CoA is the biological reagent rather than acetic
nd iself. Unlike moet other conjugates, the acetvlate (amide) 18 usa-
ally loge water-soluble than the parent compound. The scetylation of the
para-aming group of the sulfonamides is a prime example of this type of
wnjugation.

Altheugh most conjugations occur in the liver, some cecur in the kid-
ney or in other tissues.

Many amines, especially derivatives of S-phenylethylamine and het-
erocyelic compounds. are methylated m the body. The products are usu-
illy biologically active, sometimes more so than the parent compound.
N-Methylatinn may occur in the eytoplasm of the liver and elsewhere,
eapecially in chromaffin tissue in the case of phenylethylamines,

Phenolie ecompounds may be O-methylated. O-Methyiation is the
principal route of biotransformation of catecholamines such as
epinephirine and norepinephrine, the methyl group being introduced on
the meta-hydroxy substituent. Both N- and @-methylation require S-
ademsylmethionine.

All the drug conjugation reactions are catalyzed by special-
ized enzymes present in multiple forms. Glucuronidation is cat-
alyzed by UDP-glucuronosyltransferases, UGTS, located in the
endoplasmic reticulum. UGTs are classified in two major
classes, UGT1As and UGT2Bs, based on amino acid homology,
but the two classes also differ in substrate selectivity, with
UGT1As preferring planar drugs and UGT2Bs preferring
bulkier molecules. As with eytochrome P450s, these enzymes
areinducible, and the two classes differ in their response to var-
ious drugs and other chemicals.

Sulfation is catalyzed by sulfotransferases, SULTS, located in
the cytoplasm, The many isozymes exhibit substrate selectivity,
and some differ in thermal stability. Unlike most major drug-me-
tabalizing enzymes, SULTs are refractory to induction by drugs.

Glutathione conjugations are catalyzed by glutathione-S-
transferases, GSTs, also located in the cytoplasm. The multiple
isozymes are designated into four major classes: alpha, mu, pi
and theta, The isozymes have relatively low substrate (elee-
trophile) selectivity. Methylation reactions are catalyzed by cy-
toplasmme O-, N-, and S-methyltransferases, and each exists in
multiple forms.
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Acetylation is catalyzed by eytoplasmic N-acetyvltrans-
ferases, NAT'1, and in the liver, NAT2. NATZ exhibits a genetic
polymorphism, giving fust and slow acetylator phenotypes with
differing incidences in varigus populations (slow is high in Mid-
dle Eastern. low in Asian).

Excretion

Some drugs are not biotransformed in the body, Others may be
biotransformed, but their products still remain to be elimi-
nated. 1t follows that excretion is involved in the elimination of
all drogs and/or their metabolites. Although the kidney is the
most important organ of excrotion, some substances are ex-
creted in bile, sweat, saliva. or gastric juice or from the lungs.

RENAL EXCRETION—The excretory unit of the kidney is
called the nephron (Fig 57-17). There are several million
nephrons in the human kidney. The nephron is essentially a fil-
ter funnel, called Bowman’s capsule, with a long stem, called a
renal tubule. [t also is recognized now that the colleeting duct is
functionally a part of the nephiron. The blood vessels that invest
the eapsnle and the tubule are also an essential part of the
nephron,

Bowman's capsule is packed with a tuft of branching inter-
connected capillaries (glomerufar tuft), which provide a large
surface area of capillary endothelium (filter paperi through
which fluid and small molecules may filter into the eapsule and
begin passage down the tubule. The glomerular tuft, together
with Bowman's capsule, constitute the glomerulus. The
glomerular capillary endothelium and the supporting layer of
Bowman's capsule have channels ranging upward to 40 A. Con-
sequently, all unbound erystalloid solutes in plasma, and even
a little albumin, pass or are forced by pressure into the
glomerular filtrate.

The postglomerular vessels, which lie close to the tubules,
are critically important to renal funetion in that substances re-
sorbed from the filtrate by the tubule are returned 1o the blood
along these vessels. The tubule is not straight but rather first

PRONINAL
TUBULE

PERITUBULAR
CAFILLARY

TRANSPORT

THIN
SEGMENT

Figure 57-17. Diagram of a mammalian nephron Note how the lower
loops of the postglomerular capillanies course downward and daouble
back along with the tubule. This allows countercurrent distribution to
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malkes a number of convolutions (ealled a proximal convoluted
tubule), then courses down and back up a long loop (called the
loop of Henle), makes more convolutions (the distal convoluted
tubule) and finally joins the collecting duct. The loop of Henle is
divided into a proximal (descending) tubule, a thin segment and
a distal fascending! tubule

As the glomerular filtrate passes through the proximal
tubule, some solute may be resorbed ftubular resorption)
through the tubular epithelium and returned to the blood. Re-
sorption oceurs in part by passive diffusion and in part by ac-
tive transport, especially with sodium and glucose. Chloride fol-
lows sedium obligatorily.

In the proximal region, the tubule is quite permeable to wa-
ter, so that resorbed solutes are accompanied by enough water
to keep the resorbate isotonic. Consequently, although the fil-
trate becomes diminished in volume by approximately 80% in
the proximal tubule, it is not concentrated.

Some acidification oceurs in the proximal tubule as the re-
sult of carbonic anhydrase activity in the tubule cells and the
diffusion of hydronium ions into the lumen. In the lumen the
hydronium ion reacts with bicarbonate ion, which 1s converted
to resorbable nonionic COy.

There is also active Ltransport of organic cations and anions
into the lumen ftubular secretion), each by a separate system.
These active transport systems are extremely important in the
excretion of a number of drugs; for example, penicillin G is se-
creted rapidly by the anion transport system, and tetraethy-
lammonium ion by the cation transport system. Probenecid is
an inhibitor of anion secretion and, hence, decreases the rate of
loss of penicillin from the body.

As the filtrate travels through the thin segment it becomes
concentrated, especially at the bottom, as a result of active re-
sorption and a countercurrent-distribution effect enabled by
the recurrent and parallel arrangement of the ascending seg-
ment, the parallel orientation of the collecting duct, and the
similar recurrent geometry of the associated capillaries.

In the thick segment of the ascending loop of Henle, both
sodium and chloride are transported actively.

In the distal tubule, sodium resorption oeccurs partly in ex-
change for potassium (potassium secretion) and for hydronium
ions. Adrenal mineralocorticoids promote distal tubular sodium
resorption and potassium and hydronium secretion. Ammonia
seeretion also oecurs, so that the urine either may be acidified or
alkalinized. aceording to acid-base and electrolyte requirements,

Water is recorbed selectively from the distal end of the dis-
tal convoluted tubule and the collecting ducts; water resorption
is under the control of the antidiuretic hormone.

Drugs also may be resorbed in the distal tubule; the pH of
the urine there is extremely important in determining the rate
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Figure 57-18. The effect of unnary pH on the mean cumulalive excretion
in man of mecamylamine during the first day after oral administration of
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Figure 57-19. The =ffect of urinary pH on the excretion of sulfaethidole
in @ human subject after oral administration of 2 g. Bars (lower half). uri-
nary pH; cirtles (open and closed, top): log of the amount of drug re-
maining in the body; negative slopes (of lines defined by the circles): 3
function of the rate constant of excretion. Note the abrupt increase in
rate when the urinary pH is changed from acidic to neutral or slightly al-
kaline. (From Kostenbauder H3, et al. J Pharm Sci 1962; 51:1084.)

of resorption, in accordance with the principle of non-ionic dif-
fusion and pH partition. The pH of the tubular fluid also affects
the tubular secretion of drugs.

As an example of the importance of urinary pH, in humans
the secondary amine mecamylamine is exereted more than four
times faster when the urinary pH is below 5.5 than when it is
above 7.5; Figure 57-18 illustrates the effect of urinary pH on
the excretion of this amine, The effect of urinary pH on the ex-
cretion of a weak acid, sulfaethidole, is shown in Figure 57-19.

The urinary pH and, hence, drug excretion may fluctuate
widely according to the diet, exercise, drugs, time of day, and
cther factors. Obviously, the excretion of weak acids and bases
can be controlled partly with acidifying or alkalinizing salts,
such as ammonium chloride or sodium bicarbonate, respec-
tively. Comparative studies on potency and efficacy in man have
demonstrated the importance of controlling urinary pH. Uri-
nary pH is important only when the drug in question is a weak
acid or base of which a significant fraction is exereted, The
plasma levels will change inversely to the excretory rate. Forex-
ample, it has been shown clinically with quinidine that alkalin-
ization of the urine not only decreases the urine concentration
but also increases the plasma concentration and toxieity.

The collecting duct also resorbs sodium and water, sceretes
potassium, and acidifies and concentrates the urine. Antidi-
uretic hormone (ADH) controls the permeability to water of
hoth the colleeting duct and the distal tubule,

Renal clearance and the kineties of renal elimination are
discussed in Chapter 58.

BILIARY EXCRETION AND FECAL ELIMINATION—
Many drugs are secreted into the bile and then pass into the in-
testine. A drug that is passed into the intestine via the bile may
be reabsorbed and not lost from the body. A drug conjugate en-
tering the intestine may be deconjugated by enzymes and the
parent drug reabsorbed. This cycle of biliary secretion and in-
testinal resorption is called enterohepatic circulution. Exam-
ples of drugs enterohepatically circulated are morphine, and
{he penicillins. The biliary secretory systems greatly resemble
those of the kidney tubules. The enterohepatic system may pro-
vide a considerable reservoir for a drug.

If a drug is not absorbed compléetely from the intestine, the
unabsorbed raction will be eliminated in the feces. An unab-
sorbable drug that is secreted into the bile will likewise be elim-
inated in the (eces. Such fecal elimination is called fecal
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excretion. Only rarely are drugs secreted into the intestine
through the sticeus entericus (intestinal secretions), although a
number of amines are secreted inta gastric juice.

ALVEOLAR EXCRETION—The large alveolar area and
high blood flow make the lungs ideal for the exeretion of appro-
priate substances. Only volatile liguids or gases are eliminated
from the lungs. Gaseous and voelatile anesthetics essentially are
eliminated completely by this route. Only a small amount of
ethanol is eliminated by the lungs, but the concentration in the
alveolar air 18 related so constantly to the blood aleohol coneen-
tration that the analysis of expired air is acceptable for legal
purposes. The high aqueous solubility and relatively low vapor
pressure of ethanol at body temperature account for the reten-

-

Frequently a patient may receive more than one drug concur-
rently. Case records show that surgical patients commonly re-
ceive more than 10 drugs, and the patient is often under the in-
fluence of several drugs at once, Multiple-drug administration
also is common for patients hospitalized for infections and other
disorders. Furthermore, a patient may be suffering from more
than one unrelated disorder that demands simultaneous treat-
ment with two or more drugs. In such instances, interactions
are unsolicited and often unexpected.

In addition to the administration of drugs concurrently for
their independent and unrelated effects, drugs are sometimes
administered concurrently deliberately to make use of expected
mteractions,

TYPES OF INTERACTION AND REASONS
FOR COMBINATION THERAPY

A drug may affect the response to another drug in a quantita-
tive way. On one hand, the intensity of either the therapeutic
effect, or side effect, may be augmented or suppressed. On the
other hand, a qualitatively different effect may be elicited. The
mechanisms of such interactions are many and are not always
well understood. A drug may not necessarily affect either the
quality or initial intensity or effect of another drug, but may
cause significant to profound changes in the duration of action,
The nature of this type of interaction generally is understood
[airly well, although it may not yet have been ascertained for
any particular drug combination. The deliberate use of com-
bined nteracting drugs is most valid when the mechanism of
the interaction is understood and the combined effects are both
gquantifiable and predictable. The rationales of drug combina-
tion and the prineiples involved are discussed below.

COMBINATIONS TO INCREASE INTENSITY OF
RESPONSE OR EFFICACY—Sometimes the basis for the ac-
tion of one drug to increase the intensity of response to another
is well understoed, but often the reason for a positive interac-
tion is nbseure. A terminology has arisen that frequently is not
iy enlightening as to mechanisms and principles but which
also is somewhat confusing.

Drugs that elicit the same quality of effect and are mutually
interactive are called homergic, regardless of whether there is
anything in common between the separate response systems.
Thus, the looseness of the term admits a pressor response conse-
guentto an increase in cardiae output to be homergic with one re-
~ sulting from arteriolar constriction, even though there is not one
tommon responsive element, the blood pressure iteelf being but a
‘passive indicator. Iowever, homergic drugs usually have in com-
‘mmatleast part of a response system. Thus, both norepinephrine
ind vasopressin stimulate some of the same vascular smooth
muscle, even though they do not excite the same receplors.

Twa homergic druge ean be agonisis of the same receptor, so
that the entire response system is common to both. Such drugs
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tion of most of the substance in the blood. Carbon dioxide from
those drugs that are partly degraded also is excreted in the
lungs.

PHARMACOKINETICS

Pharmacokinetics is the science that treats the rate of absorp-
tion, extent of absorption, rates of distribution among body
compartmentg, rate of elimination, and related phenomena.
Because of its importance. Chapters 58 and 59, Basic Pharma-
cokinetics and Clinical Pharmacokinetics, have heen devoted to
the subject,

and Receptor Theory, homodynamic drugs will generate
dose-intensity of effect curves with parallel slopes but not nec-
essarily with identical maxima or efficacies, if one of the drugs
is a partial agonist.

From mass-law kinetics and dose-effeet data of the separate
drugs, it is possible to predict the combined effects of two ago-
nists to the same receptor. If both drugs are full agonists, theory
predicts that an EDx of Drug A added to an EDy of Drug B should
elicit the same effect as an ENy of Drug A added to an EDy of
Drug B. An example is shown in Figure 57-20. Dose-percentage
data with homodynamicdrugs can be treated in the same way.*'

Drugs whose combined effects fit the above conditions are
called additive, If the response to the combination exceeds the ex-
pected value for additivity, the drugs are considered to be supro-
additive. Purely homodynamie drugs do not show supra-additiv-
ity; however, if one drug in the pair has an additional action to
affect the concentration or penetration of the other or to prime
the response system in some way, two agonists to the same re-
ceptor may exhibit supra-additivity. Two homergic drugs are in-
fro-additive if their combined effect is less than expected from
additivity., As with supra-additivity, infra-additivity must in-
volve an action elsewhere than on a common receptor,

Two drugs are said to be simmative if a dose of drug that
elicits response x added to a dose of another drug that elicits re-
sponse y gives the combined response x + y. Very little signifi-
cance usually can be attached to summation, Unless the dose-
intensity curve of each drug is linear, rather than log-linear,
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Figure 57-20. Ardditive inhibitory effects of tetraethylammonium (TEA)
and hexamethonium (C8) on the supenor cervical ganglion of the cat
The theoretical line for additivity was calculated on the basis that an in-
crement of TEA added to an £0x of C6 should have the same effect as if
it were added to an £Dx of TEA, When TEA and C6& were administered {o-
gether, an equal amount of each was given, The dose is the sum of the
doses of the two components. (From Harvey 5C. Arch Intern Pharmaco-
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summation canmnot be predicted from the two curves. When
summation does oceur with the usual clinical doses of two
drugs, it almost NEVer occurs aver the entire dose range: indeed,
it the dose of each of the two drugs is greater than an EDA0,
summation is theoretically impossible unless it is possible to in-
crease the maximal response. At best, summation is an infre-
quent clinical finding, limited to one or two doses.

Two drugs are said to be heterergic if the drugs do not cause
responses of the same quality. When heterergy is positive, ie, the
response to one drug is enhanced by the other, synergism is said
10 occur. The word often has been used to deseribe any positive
interaction, but it should be used only to deseribe a positive in-
teraction between heterergic drugs. The term potentiation has
been used synonymously with gynergism, but misuse of the term
has led to the recommendation that the term be dropped, Syn-
ergism is often the result ol an effect to interfere with the elim-
ination of a drug and, thus. to increase the concentration: syn-
ergism also may result from an effect on penetration or on the
responsivity of the effector system. Examplesofa synergistic ef-
fect. inwhich responsivityis enhanced, are the action ofadrenal-
corticoids to enhance the vasoconstrictor response to
epinephrine and the increase of epinephrine- induced hyper-
glycemia consequent to impairment by theophylline of the en-
zymatic destruction of the ¢AMP that mediates the response.

In clinical practice two homodynamie drugs rarely are coad-
ministered for the purpose of increasing the response, since a
sufficient dose of either drug should be able to achieve the same
effect as a combination of the two. Most clinical combinations
with positively interacting drugs involve heterergie drugs.

COMBINATIONS TO DECREASE INDIVIDUAL
DOSES AND TOXICITY—When homodynamic drugs are
coadministered, itis usually for the purpose of decreasing toxi-
city. If the toxicities of two homodynamic drugs are infra-addi-
tive, the toxicity of combined partial doses of the two drugs often
will be less than with full doses of either drug. This principle is
valid for trisulfapyrimidines mixture (see RPS-18, page 1181).

COMBINATIONS TO ATTACK A DISEASE COMPLEX
AT DIFFERENT POINTS—With many diseases, more than
gne organ or Lissue may he affected or events at more than one
locug may bear upon the ultimate perturbation, For example, in
duodenal nlcer, psychic factors appear to inerease activity in the
yagus nerve, which mod nlates gastric secretion, so that it is ra-
tonal to explore the effects of sedatives, ganglionic blocking
drags, antimuscarinic drugs, and antacids, singly and in combi-
nation, In heart failure the decrement in renal plasma flow and
changes in aldosterone levels promote the retention of salt and
water, o that diuretics and digitalis usually are employed con-
comitantly. Pain, anxiety, and agitation or depression are {re-
quent accompaniments of various pathological processes, s0 that

it is to be expected that analgesics, tranquilizers, sedatives, or
antidepressives froquently will be given at the same time, along
with other drugs intended to correct the specific pathology.

COMBINATIONS TO ANTAGONIZE UNTOWARD
ACTIONS—The side effects of a n umber of drugs can be pre-
vented or suppressed by other drugs. An antagonist may com-
pete with the drug at the receptor that initiates the side effect,
depress the side-effector system at a point other than the re-
veptor, or stimulate an opposing system.

Antagonism at the receptor is competitive antagonism if the
antagonist attaches at the same recoptor group as the agonist
(scc page 1104), Antagonism at a different receptor group or in-
hibition elsewhere in the response system is noncompetitive arn-
fagonisni, Both competitive and noncompetitive antagonism
are classified as pharmacological antagonism. The stimulation
of an opposing system is physiological antagonisnt.

Examples of pharmacological antagonism are the use of at-
ropine to suppress the muscarinic effects of excess acetyl-
choline consequent to the use of neestigmine and the use of
antihistaminics to prevent the effects of histamine liberated
by tubocurarine. Examples of physiological antagonism are
the use of amphetamine to correct partially the sedation
caused by anticonvulsant doges of phenobarbital and the ad-

ministration of ephedrine to carrect hypotension resulting
from spinal anesthesia.

COMBINATIONS THAT AFFECT ELIMINATION—
Only a few drugs presently are used purposefully to elevate or
prolong plasma levels by interforing with elimination, although
continued interest in such drugs probably will increase the
number.

Probenecid, which already has been mentioned to antago-
nize the renal seeretion of penicillin, was introduced originally
for this purpose, However, because penicillin G is inexpensive
and available in repository forms as well as oral forms (obviat-
ing the need for injection), it is less imperative to retard the ex-
cretion of penicillin. The low, nonallergenic toxicity of penicillin
permits very large doses be given without eoncern for the
high plasma con¢entrations that result, which also means that
there is little necessity for increasing the biological half-life of
the drug. Consequently, probenecid is not used routinely today
in combination with penicillin.

The use of vasoconstrictors to increase the sojourn of local
anesthetice at the site of infiltration continues, but few other
clinical examples of the deliberate use of one drug to interfere
with either the distribution or elimination of another can be
cited. Nevertheless, the subject of the effect of one drug on the
elimination of another has become immensely active, Innumer-
able drugs affect the fate of others, and the therapist must be
aware of such interactions.

Drugs thatinduce cytochrome P450s and other drug- metabo-
lizing enzymes enhance the elimination of drugs that are metab-
olized by the liver. There would be very little point ordinarily n
soliciting combinations that would shorten the duration ol action
or lower plasma levels, unless it were to reduce an overdosage.
However, since such combinations are used unwittingly er un-
avoidably, this type of interaction is of great elinical importanee.

Drugs that inhibit cytochrome P450 will, of course, redute
the metabolism of a wide range of additional drugs and serve to
prolong or elevate plasma concentration.

COMBINATIONS TO ALTER ABSORPTION—In the
section Vehiicles and Absorption Adjuvants, it was mentioned
{hat certain substances facilitate the absorption of others, The
use of such absorption adjuvants generally is included under
the subject of formulation rather than under drug combination.
Although drugs that increase blood flaw. motility, ete, have an
effect to increase the rate of absorption, the use of such drugsso
far has not proved to be very practical. When it is desired to
slow the absorption of drugs, various physical or physicochem-
ical means prove to be more effective and less troublesome than
drug combinations.

Fixed Combinations of Drugs

Concomitant treatment with two or more drugs frequently is
nnnecessary, and generally, it immeasurably complicates ther-
apy and the evaluation of response and toxicity. Nevertheless,
it is often warranted, even essential, and cannot be condemned
categorically. However, with fixed-dose or fixed-ratio combina-
tians, in which the drugs are together in the same preparation,
there are certain disadvantages, except for a few rare instances
such as trisulfapyrimidines.
The disadvantages are as follows: patients differ in their re-
sponsivity or sensitivity to drugs, and adjustments in dosage or
dose-interval may be necessary. If adjustment of only cne con-
ponent of the mixture is required, it is unidesirable that the
schedule of the second component be adjusted obligatorily, as it
isin a fixed combination. According to W hich way the dese is ad-
justed, either toxicity or loss of the therapeutic effect may res ult.
Furthermore, when adverse effects to either compuonent oeeur,
hath drugs must be discontinued. The fixed combination denies
the physician flexible control of therapy. Especially when one
component in a mixture is superfluous yet poten tially toxic, asis
often the case, the promotion of fixed combinations is reprehen-
NA- Tlocwraw the geparate administration of drugs used in
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tombination often complieates treatment for patients, who, inan
outpatient situation and sometimesin the hospital, may not take
allof' their medication or may take it at inappropriate intervals.
The resulting consequences may be worse than those of fixed
tombinations in certain mstances. Consequently, a summary
dismissal of fixed combinations is unwarranted. Rather, the fun-
damentals of pharmacokinetics and elinical experience must be
brought together with biopharmaceutics to analyze present com-
binations and to predict possible new allowable combinations,

DANGERS IN MULTIPLE-DRUG THERAPY

Some objections to fixed-dose combinations were stated above.
Also the unanticipated effects of drug combinations have been
touched upon, particularly with respect to effects upon elimi-
natton. But it should be made clear that more is at stake than
stmply the biological half-life of a drug. An example is given of
the grave clinical consequences of the effect of phenobarbital
enhancing the biotransformation of warfarin. Other cxamples
of dangerous interactions, such as the effect of several antide-
pressants in greatly synergizing catecholamines, may be ecited.
Even sume antibioties antagonize each other and increase mor-
tality.

In addition te the obvious pitfalls posed by the interactions
themselves, the use of multiple-drug therapy fosters careless
diagnosis and a false sense of security in the number of drugs
employed. Multiple-drug therapy should never be employed
without a eonvincing indication that each drug is beneficial be-
yond the possible detriments or without proof that a therapeu-
tically equivoeal cambination is definitely harmless. Finally,
the expense to the patient warrants consideration.
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