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CHAPTER

ibrug Absorption, Action, and Disposition
Stewart C Harvey, PhD A

‘Professor of Pharmacology ‘
School of Medicine, University of Utah
Salt Lake City. UT 84102 - ' '

‘ . Although drugs differ widely in. their pharmacodynamic
effects and clinical application, in penetrance, 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 implications. They facilitate an understanding
of both the features that ‘are common to a class of drugs and
the differentia among the members of that class.

‘ -In order for a drug to act it must be absorbed, transported
‘to the appropriate tissue or:organ, penetrate to the responding
subcellular structure,_ and elicit a response or alter ongoing
processes.‘ The drug may be simultaneously or sequentially
distributed to a number of tissues; bound or stored, metabo-
lized to inactive or active products, or excreted. The history
of a drug in the body is summarized in Fig 37-1. Each of the
processes or events depicted relates importantly to.thera—
peutic and toxic effects of a drug and to the mode of admin-
istration, and drug design must take each into account. Since
the effect elicited by a drug is its raison d’etre, drug action and
effect will be discussed first in the text that follows, even
though they are preceded by other events.
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Fig 37-1 The absorption, distribution, action, and elimination of a drug
(arrows represent drug movement). Intravenous administration is the
only process whereby a drug may enter a compartment without passing
through a‘ biological membrane. Note that drugs excreted in bile and
saliva may be resorbed. ' '

Drug Action and "Effect
The word drug imposes an action-effect context within

which the properties of a substance are described. The de-
scription must of necessity include 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 in a certain
way, called pain,* to a noxious stimulus. Both because the
pertinent properties are locked into the complex and.some-
-what imprecise biological context and because the types of
possible response are many, descriptions of the properties of

‘ drugs tend to emphasize the qualitative features of the effects
they elicit. -Thus adrug may be described as having analgesic,
vasodepressor, convulsant, antibacterial, etc, properties. The
specific effect (or use) categories into which the many drugs
may be placed are the subject of Chapters 40 through 67 and
will not be elaborated upon in this chapter.‘ However, the
description of a drug does not end with the enumeration of the
responses it may elicit. There are certain intrinsic properties
of the drug—recipient system that-can be described in quan-
titative terms and which are essential to the full description

' of the drug and to the validation of the drug for specific uses.
Under Definitions and Concepts, below, certain general terms
are defined in qualitative language; under Dos'e—Effect Re-
lationships the foundation is laid for an appreciation of some
of the quantitative aspects‘ of pharmacodynamics.

* Sophisticated studies indicate that pain is noifsimply the perception
of a certain kind of stimulus but rather a reaction to the perception of a
variety of kinds of stimuli or stimulus patterns. -

Definitions and Concepts

In the field of pharmacology, the vocabulary that is unique
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
understanding of pharmacology. It is necessary to differen-
tiate among action, effect, selectivity, dose, potency, and ef-
ficacy. - ‘

Action vs Effect—‘—-The effect of a drug is an alteration of
function of the structure or process upon which thedrug acts.
It is common to use the term action as a synonym for effect.
However, action precedes effect. Action is the alteration of
condition that brings about the effect. ’

The final effect of adrug may be far removed from its site
of action. For example, the diuresis subsequent to the in-
gestion of ethanol does not result from an action on the kidney
but instead from a depression of activity in the supraopti-
cohypophyseal region of the hypothalamus, which regulates
the release of antidiuretic hormone from the posterior pitu-
itary gland. The alteration‘ of supraopticohypophyseal
function is, of course, also an effect of the drug, as is each
subsequent change in the chain of events leading’to diuresis.
The action 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 exerting
a single effect, although a number are _known that appear to

have .a single mechanism of action.
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derive from a single mechanism of action. For example, the
inhibition of acetylcholinesté,ras.e“by physostigmine will elicit
an effect at every site where acetylcholine is produced, is po-
tentially active, and is hydrolyzed by cholinesterase. Thus
physostigmine elicits a constellation of effects. . . .

A drug can also cause multiple effects at several different‘
.sites by a single action at only one site, providing that the
function initially altered at the site of action ramifies to con-
trol other functions -at distant sites. Thus a drug that sup-
presses steroid synthesis in the liver may not only lower serum
cholesterol, iinpairnerve myelination and function, and alter

. the condition of the skin (as a consequence of cholesterol de-
ficiency) but also may affect digestive functions (because of
a deficiency in bile acids) and alter adrenocortical and sexual
hormonal balance.

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
metaraminol that accrue to itsstructural similarity to nor-
epinephrine and its ability partially to suppress sympathetic
responses -because it occupies the catecholamine storage pools
in lieu of norepinephrine;‘ or the actions may be unrelated, as
with the actions of morphine to interfere with the release of
acetylcholine from certain autonomic nerves, to block some
actions of 5—hydroxytryptamine (serotonin), and to release
histamine. .Many' drugs bring, about immunologic (allergic
or hypersensitivity) responses’ that bear no relation 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 is usually considered to be a property
of the drug,.but it is also a property of the constitution and
biodynamics of the recipient subject _or patient. .. ;

. Selectivity may come about in several ways. The subcel-
lular structure (receptor) with which a drug combines to ini-
tiate 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 (page 876) that sub-
serve the function of sweating than it does for the nicotinic
receptors (page 876) that subserve voluntary neuromuscular
transmission, so that suppression of sweating can be achieved
with only a tiny fraction of the dose necessary to cause pa-
ralysis of the skeletal muscles. A drug may be distributed
unevenly, so that it reaches a higher concentration at one site
than generally througlloutthe tissues; chloroquineis much
more effective against hepatic than intestinal (colonic) ame-
biasisbecause it reaches a many times higher concentration’
in the liver than in the wall of the colon. An affected function
may be much more critical to or have less reserve in one organ
than in another, so that a drug will be predisposed to elicit an
effect at the more critical site; some inhibitors of dopa de-
carboxylase (which is also 5-hydroxytryptophan decarbox-
ylase) depress the synthesis of histamine more than that of
either norepinephrine or 5-hydroxytryptamine (serotonin),
even though histidine decarboxylase is less sensitive to the
drug, simply because histidine decarboxylase is the only. step
and hence is rate-limiting in the biosynthesis of histamine.
Dopa decarboxylase is not rate-limiting in the synthesis of
either norepinephrine or. 5—hydroxytryptamine until the en-
zyme is nearly completely inhibited. Another example of the
determination of selectivity by the critical balance of the af-
fected function is that of the-mercurial diuretic drugs. An
inhibition ofonly 1%.in the tubular resorption of glomerular
filtrate will usually double urine flow, since 99% of the glo-
merular filtrate is normally resorbed; aside from the question
of the possible concentration of diuretics in the urine, a
drug-induced reduction of 1% in sulfhydryl enzyme activity
in tissues other than the kidney is not usually accompanied
byan observable change in function. Selectivity also can be

determined by the ‘pattern of distribution of destructive 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 appro-
priate dose of a drugis not some unvarying quantity, a fact
sometimes overlooked by pharmacists, official committees,
and physicians, and the practice of pharmacy is entrapped in
a system of fixed~dose formulations, so that fine adjustments
in dosage are often difficult to achieve. Fortunately, there
is usually a rather wide latitude allowable in dosages. It is
obvious that the size of the recipient individual should have
a bearing upon the dose,_ and the physician may elect to
administer the drug on a body—weight basis rather than as a
fixed dose. ~.Usually, however, a fixed dose is given to all
adults, unless the adult is exceptionally large or small. The
dose for infants and children is often determined by one of
several formulas which take into account’ age or weight, de-

pending on the age group of the child and the type of action
exerted by the drug. Infants are relatively more sensitive to
many drugs, often because enzyme systems which destroy the
drugs may not be fully developed in the infant. '

The nutritional condition of the patient, the mental outlook,
the presence of pain or discomfort, the severity of the condi-
tion being treated, the presence-of secondary disease or pa-
thology, 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 69). Even two appar-

ently well-matched normal persons may require widely dif-
ferent doses for the same intensity of effect. Furthermore,
a drug is not always employed for the same effect and hence
not in the same dose. For example, the dose of a progestin
necessary for an oral contraceptive effect is considerably
different from that necessary to prevent spontaneous abor-
tion, and a dose of an estrogen for the treatment of the men-
opause is much too small for the treatment of prostatic car-
cinoma.

From the above it is evident that the wise physician knows
that the dose of a drug is "enough” (ie, no rigid quantity but
rather that which is necessary and can be tolerated) and in-
dividualizes his regimen accordingly. The wise pharmacist
will also appreciate this dictum and recognize that official or
manufacturer’s recommended doses are sometimes quite

narrowly defined and may be very wideof the mark. They I .
should serve only as a useful guide rather than as an=impera-
tive. . , : v -- _ - xv" ._

Potency and Efficacy—:-The potency of a drug is the re-
ciprocal of dose. , Thus it will have the units of persons/unit
weight of drug or body weight/unit weight of drug, etc. Po,-
tency generally haslittle utility other thanto providea means
of comparing the relative activities of drugs in a series, in
which case relative potency, relative to some prototype
member of the series, is a parameter commonly used amon
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 that the size of the dose is physically unman

ageable or the cost of treatment is higher than withan
equivalent drug. If a drug is less potent but more select
then-it is the one to be preferred. Promotional arguments ,'_
favor of a more potent drug are, thus irrelevant to the impoi‘
tant considerations that should govern the choice of a dr
However, it sometimes occurs thatidrugs of the same cl
differ in the maximum intensity of effect; that is, some dr,_ ,
of the class may be less efficacious than others, irrespectlv
of how large a dose is used. - g ‘

Efficacy connotes the property of~a drug to achieve,
desired response, and maximum efficacy denotesthe In
mum achievable effect. Even huge doses of code_i1}e Of
cannot achieve the relief from severe pain that relati_v?e1YI
doses of morphine can; thus codeine is said to have a?10

TEVA EXHIBIT 10.3
TEVA PHARMACEUTICALS USA, INC. V. MONOSOL RX LLC



RBP_TEVA05017798

TEVA EXHIBIT 1030 
TEVA PHARMACEUTICALS USA, INC. V. MONOSOL RX, LLC

<

maximum efficacy t,han’morphiiie. u:_'Efficacy is one of the
primary determinants of the choice of a drug.

Dose—Effect Relationships

Thevimportance of knowing how changes in the intensity
of response to a drug vary with the dose is virtually self-evil
dent. Both the physician, who prescribes or administers a
drug, and the manufacturer, who must package the drug in

' ' izes, must translate such knowledge into
heoretical or molecular pharmacologists
nships in inquiries into mechanism of

action and receptor theory (see page 718). It is necessary to
define two types of relationship: . (1) the dose—intensity re-t
lationship—-ie, the manner in which the intensity of effect
in the individual recipient relates to dose——and (2) dose—fre-

—-ie, the manner in which the number
_ ng a population of recipients relates to

\v\._/',?DEQ)o(D'aV(D-?n‘:
.
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V Fig 37-2. The relationship of the-intensity of the blood-pressure re-
sponse of the cat to the Intravenous dose of levarterenoi. '

e of the abscissa, the smallest-
being 1.5 X 1O‘3 ,ug. Actually, the x intercept has a

positive value, since a finite dose of drug is required to bring set of data.
Because the dose range may be 100 _or i000 fold fromthe

lowestito the highestdose, it has become the practice toplot
hmic scale of abscissa

ft) or in relative units, as -pe,rcent.(at the
right). . " Q , - a - v

‘Although no new information is created by a semi1oga-
rithmic representation, the curve is stretched out in such a way
as to facilitate the inspection of the data; the comparison of
results from multiple observations and the testing of different
drugs is also rendered easier. Iln the example shown, the curve
is.essentially what is called a sigmoid curve and '
symmetrical about the point which represents an '

9)‘

iPRESS__URE(mmHmO:3oo _0 3 cr

73. The relationship of the intensity of
lood-pressure response of the cat to the

e intravenous dose of ievarterenol.
‘O7
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equal to 50% of the maximal, effect, iefabout the mid-point.
The symmetry follows from the rectangular -N hyperbolic
character of the previous Cartesian plot (Fig 37-2). The
semilogarithmic plot reveals better the dose—effect relation-
ships in the low-dose range, which are lost in the steep slope
of the Cartesian plot. Furthermore, the -data about the
mid-point are almost a straight line; the nearly linear portion
covers approximately 50% of the curve. The slope of the
“linear” portion of the curve, or, more correctly, the slope at
the point of inflection, has theoretical significance (see ‘Drug
Receptors and Receptor Theory, page 718). ' ’

The upper portion of the curve approaches an asymptote,
which is the same as that in the Cartesian plot. If the re-
sponse system is completely at rest before the drug is ad-
ministered, the lower portion of the curve should be asymp-
totic to the x axis. Both asymptotes-and the symmetry derive
from the law of mass action (see page 719). “

Dose—intensity curves often deviate from the ideal config-
uration illustrated and discussed above. Usually, the deviate
curve remains sigmoid but not extended symmetrically about
the mid-point of the “linear” segment. Occasionally other
shapes occur, sometimes quite bizarre ones. Deviations may
derive from multiple-actions’ that convergeupon the same final
effector system, from Varying degrees of metabolic alteration
of the drug at different doses, from modulation of the response
by feedback systems, from nonlinearity in the relationship.
between action and effect, or from other causes.

It is frequently necessary to identify the dose which elicits
a given ‘intensity of effect. The intensity of effect that is
generally designated is the 50% of maximum intensity. The
corresponding dose is called the 50% effective dose, or indi-
vidual ED50 (see Fig 37-3). The use of the adjective indi-
vidual distinguishes the ED50 based upon the intensity of
effect from the median effective dose, also abbreviated ED50,
determined from frequency of response data in a population
(see Dose¥Frequency Relationships, this page). ‘

Drugs that ‘elicit’ the same quality of effect may be graphi-
cally compared. In Fig - 37-4-, five hypothetical drugs are
compared.~. Drugs ‘A, B, C, and E "can all achieve the same
maximum effect, which suggests that the same effector system
may be common to all. D may possibly be working through
the same effector system, but there are no a priori reasons to
think- this is so. Only A and B have parallel curves and
common slopes‘. ‘Common 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. Al-
though drug—receptor theory (see Drug’ Receptors and Re-
ceptor Theory, page 718) requires that the curves of identical

-mechanism have equal slopes, examples of exceptions are
known. Furthermore, mass-law statistics require that all
simple drug-receptor interactions generate the same slope;
only when slopes depart from this universal slope in accor-
dance with distinctive characteristics of the response system
do slopes provide evidence of specific mechanisms. '

‘ The relative potency of any drug may be obtained by di-

INTENSITYOFEFFECT PERCENTOFMAXIMUM,RESPONSEOFDRUGA
Fig 37-4. ’ Log dose—intensity of effect curves of five different hypo-
iheticai drugs (see text for explanation).

viding the ED50 of the standard or prototype drug by that of
the drug in question. Any level of effect other than'50% may
be used, but it should be recognized that when the slopes are.
not parallel, the relative potency depends upon the intensity
of effect chosen. Thus the potency of A relative to C (in Fig
37-4) calculated from the ED50 will be smaller than that cal-
culated from the ED25. - ‘ *

The low maximumiintensity inducible by D 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 percent ‘of its own max-
imum effect,- its relative inefficacy is obscured, and the limi-
tations of relative potency at the ED50 level will not be evi-
dent. ‘ This dilemma simply underscoreslthe fact that drugs
can better be compared from their entire dose—‘intensity
curves than from a single derived number like ED50 or relative
potency. . - ‘ « ~ .

-Drugs that elicit multiple effects will generate-a dose—in-
tensity curve for each effect. Even though the various effects
may be qualitatively different, the several curves may be
plotted together on a commonscale of abscissa, and the in-
tensity may be expressed in terms of percent of maximum
effect; thus all curves can share a common scale of ordinates
in additionto,comr'non abscissa.’ Separate scales of ordinates
could be employed, but would make it harder to comparedata. ‘ ‘

The selectivity of a drug can be determined by noting what
percent of maximum of one effect can be achieved before a
second effect occurs. As with relative potency, selectivity may
be expressed in terms of the ratio between the ED50 for one
effect to that for another effect, or a ratio at some other in-
tensity of effect. Similarly to relative potency, difficulties
follow from nonparallelismr In such instances, selectivity
expressed in dose ratios)varies from one intensity level to‘another. a ‘ ”

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

Average dose-intensity curves enjoya limited application
in comparing drugs. ‘A.'single line expressingan average re-
sponse has little value in predicting individual responses un-
less" it isaccompanied by some expression of the range ofthe
effect ‘at the various doses. This may be done by indicating
the standard error‘ of the’ response at each dose. Occasionally,
a simple scatter diagram is plotted in lieu of an average curve
and statistical parameters’ (see Fig 10-2, page 106). An av-
erage dose-intensity curve may also be constructed from a
population in which different individuals receive different
doses; if sufficiently large populations are employed, the av-
erage curves determined by the two methods will approximateeach other.

It is obvious that the determination of such average curves
from a population sufficiently large to be statistically mean-
ingful requires a great deal of work. Retrospective clinical
data occasionally are treated in this way, but prospective
studies are infrequently designed in advance to yield average
curves. The usual practice in comparing drugs is to employ ’
a quantal (all-or-none) end point and to plot the frequency
or cumulative frequency of response over the dose range, as
discussed below.

Dose—Frequency of Response Relationships-—-When an
end point 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 re-
sponses that vary in intensity can betreated as all-or-none if
simply the presence or absence of a response (

no cough, convulsion or no convulsion, et\r’<l|':)\/ETEVA PHARMACEUTICALS USA, INC. V. O 0
i030
,’LLC s
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‘PERCENTOFANIMALSTHATCONVULSED
i/En so =322 mg/Kg

, -1.5 , .I.e , l.7 I.8 ‘ L9
‘ LOG‘ DOSE (log mg/Kg) _ A V

Fig 37-5.‘ The relationship of the number of responders in a population
of mice‘ to the dose of pentyienetetrazol (courtesy, Drs DG McQuarry
:and EG Fingl, University of Utah).

= without regard to theintensity of the ‘response when it oc-
urs. » . . ~ n
When the response grades from the basal or control state
a less abrupt manner ‘(eg, tachycardia, miosis, rate of

as 'c secretion, etc), it may be necessary to designate arbi-
., ily some particular intensity of effect astheend point. If

he nd point is taken as an increase in heart rate of 20 '
ts/min,’ then all individuals whose tachycardia is less than

would be recorded as nonresponders, while all those
L 20 or abovewould be recorded as responders. .When the

cent of responders in the population is plotted against the
e, a characteristic dose—response curs/"e,‘more properly

; I a d0se—cumulative frequency or d0se—percent curve,
enerated. Such a "curve is, in fact, a cumulative,fre-

I " distribution curve, the percentlof responders at a
dose being the frequency of response. , ., . '
e—cumulative frequency curves are generally of the same
tric shape as dose—intensity curves (namely, sigmoid)

V equency is ‘plotted against log dose (see Fig 37-5).
endency of the cumulated frequencyof response (ie,
13) to be linearly proportional to the log of the dose in
die of the dose range is called the Weber-Fechner law,

itis not invariable, as a true natural law should be.‘
instances, the cumulative frequency is simply pro-.

I}a1»to dose rather than log dose. The Weber—Fechner
P11 * to either dose—intensity or dose—cumulative fre-

‘ata. The similarity between dose—frequenc_y« and
sity.curves may be more than fortuitous, sincethe

_ response will usually have an approximately linear
Y’ D to’ the percent of responding units (smooth

_,lls, nerve fibers, etc) and hence is also a type of cu-
frequency of response. These are the same kind of
that govern the law of mass action. ’ '
the increase in the number of responders with each
13 Plotted, instead of the cumulative percent of re-
? bellshaped curve is obtained. This curve is the
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first derivative of the dose—cumulative frequency curve and
is a frequency—distribution curve (see Chapter 10). The
distribution will be symmetrical—ie, normal or Gaussian (see
Fig 10-6, page 109)——only if the dose—cumulative frequency
curve is symmetrically hyperbolic. Because most dose—
cumulative frequency curves are more nearly symmetrical
when plotted semilogarithmically (ie, as_ log dose), dose-
cumulative frequency curves are usually log-normal. v e '

Since the dose—intensity and dose—cumulative frequency
curves are basically similar in shape, it follows that the curves
have similar defining characteristics, such as ED50, maximum
effect (maximum efficacy), and slope. In,dose—cumu.lative
frequency data, the ED50 (median effective dose) is the dose
to which 50% of the population responds (see Fig 37-5).‘ If
the frequency distribution is normal, the ED50 is both the
arithmetic mean and median dose and is represented by the
mid-point on the curve; if the distribution is log-normal, the .
ED50 is the medianidose 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 char-
acteristic of both the drug and test population. Even two
drugs of identical mechanism may give rise to different slopes
in dose-percent curves, whereas in d0se—intensity curves the
slopes are the same. ‘

Statistical parameters (such as standard deviation)———‘in
addition to ED50, maximum cumulative frequency (efficacy),
the slope——characterize dose-cumulative frequency rela-
tionships~(see Chapter 10). -

There are several formulations for dose-cumulative fre-
quency curves, some ofwhich are employed only to define the
linear segment of a curve and to .determine_ the statistical
parameters of this segment. For the statistical treatment of
dose—frequency data, see Chapter 10. Onesimple mathe-
matical expression of the entire log-symmetrical sigmoid curve
IS ~ - A

_ ' % response _‘log .d0Se - K + f log i100% - response) (1)
where percentresponse may be either the percentof maxi-
mum intensity -or the percent of a population responding.
Theequation is thus basically the same for both log normal
dose—intensi_ty and :log normal dose—percent relationships. . K
is a constant that is characteristic of the mid-point of the
curve, 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—percent relationships among drugs
is subject -to the pitfalls indicated for dose—intensity com-
parisons (seepage 715),’ namely, that when the slopes of the

‘curves are not the same (ie, the dose~percent curves are not
parallel) ,' it is necessary to state at which level of response a
potency ratio is calculated. As with dose—intensity data,
potencies are generally calculated-from the ED50, but potency
ratios may be calculated for any arbitrary percent response.
The expression of selectivity is likewise subject to similar.
qualifications‘, inasmuch as the dose~percent curves for the
several effects are usually nonparallel. ‘ ‘

The term therapeutic index is used to designate a quanti-
tative statement of the selectivity of adrug when a therapeutic
and an untoward effect are being compared.‘ -If the untoward
effect is designated as T (for toxic) and the therapeutic effect
as E, 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 percent
of response; some ‘clinicians use the ratio TD1/ED99 or ‘
TD5/ED95, based. on the rationale that if the untoward effect '
is serious, it is important to use a most se el ic030index in passing judgment u on the a y,L|_CTEVA PHARMAC UTICAL USA.|
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therapeutic indices are known in -manifor only a few drugs. -
There will be'a different therapeutic index for each un-‘

toward effect that a drug may elicit, and, if there is more than
one therapeutic effect, -a family of therapeutic indices for each
therapeutic effect.‘ However, in clinical practice, it is cus-
tomary to ‘distinguish among the various toxicities by indi-
cating the percent incidence of a given side effect.

Variations in Response and Responsiveness—From the
above discussion of dose—frequency relationships and Chapter
10, it is obvious thatin a normal population of persons there
maybe quite a large difference in the dose required to elicit
a‘ given response in the least-responsive member of the pop"-
ulation and that to elicit the response inithe most~responsive
member. The difference will ordinarily be a function of the
slope of the dose—percent 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 populationresponds
to doses within two standard deviations from the -ED50 and

99.73% within three standard deviations. In log normal
populations the same distribution applies when standard
deviationfis expressed as log dose. - " ' ‘

In the population represented in Fig 37-5, 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
percent would -respond to 0.7 the ED50.' ‘The physician who
is unfamiliar with statisticsis aptto consider the 2.25% at ei-
ther extreme as abnormal reactors. The statisticianlwill argue
that these 4.5% are within the normal population and that only
those who respond well outside of the normal population, at
least three standard deviations from the median,'deserve to
be called abnormal. ‘ '

Irrespective of whether the physician’s or the statistician’s
criteria of abnormality obtain, the term hyporeactive applies
to those individuals who require abnormally high doses and
hyperreactive to those who require abnormally low doses.
The terms hyporesponsive and hyperresponsive may also be
used. It is incorrect to use the terms hyposensitive and hy-
persensitive in this context; hypersensitivity denotes an al-
lergic 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; itiis often more definitively called denervation super-
sensitivity. V Sometimes hyporeactivity is the result of an
immunochemical» deactivation of the drug, or immunity.
Hyporeactivity 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 end-point quantum is measured.
Theresponsiveness of a patient to certain drugs sometimes
may be determined by the history of previous exposure to
appropriate drugs. _

Tolerance is a diminution in responsiveness as use of the
drug continues. The consequence oftolerance is an increase
in the dose requirement. It may be due to an increase in the
rate of elimination of drug, as discussed elsewhere in this
chapter, to reflex or other compensatory homeostatic ad-
justments, 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. Tolerance may be gradual, requiring
many doses and days to months to develop, or acute, requiring
only the first or a few doses and only minutes to hours to de-
velop. Acute tolerance is called tachyphylaxis.

Drug resistance is the decrease in responsiveness _of
microorganisms, 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 resistance on to their progeny.

Patients who fail to respond to a drug are called refractory.
Refractoriness may result from tolerance or resistance, but
it may also result from the progression of pathological states
that negate the response or render theresponse incapable of ~

’ surmounting. an overwhelming pathology. Rarely, it may,
result from a poorly developed receptor or response system.

Sometimes a drug evokes an unusual response that is
qualitatively ‘different from the expected response. Such an
unexpected response is called a meta-reaction. A not un- ~
common meta—reaction is a central nervous stimulant rather

than depressant effect of phenobarbital, especially in women. _
Certain pathological states and pain sometimes favor meta- ‘-
reactivity. Responses that are different in infants or the aged.
than in young and middle-aged people arenot meta—reacti‘ons_
if the response is usual in the age group. -The term idiosyn= 3
crasy also denotes meta-reactivityjbut the wordhas been‘-so »
abused that it islrecommended that it be dropped." ‘ Although
hypersensitivitymay cause unusual effects, it is not included
in meta-‘reactivity. < " '

“Drug Receptors and Receptor Theory. ‘
. Most‘ drugs act by combining with some key substance in

the biological milieu that has an important regulatory function
in the target organ or tissue. This biological partner of the
drug goes by the name of receptive substance or drug recep-
tor. The receptive substance is mostly consideredvto be a
cellular constituent, although in a few instances it may be
extracellular, as the cholinesterases are, in part. The recep-
tive substance is thought of as having a special chemical af-
finity and structural requirements 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 demulcents and astringents, which act in a nonselec-
tive or nonspecific chemical way are also not considered to act
upon receptors, since the candidate receptors have neither
sharp chemical nor biological definition. Even antacids,
which react with the extremely well—defined hydronium ion,
cannot be said to have a receptor, since the reactive proton has
no permanent biologicalresidence.

Because of earlyapreoccupation with physical theories of
action and the classicaland illogical dichotomy of chemical»
and physical molecular interaction, there is_a reluctancegto‘
admit receptors for drugs such as local anesthetics, general
anesthetics, certain electrolytes, etc, which are not generally:
accepted to combine with cellular or organelle membrane
constituents. The word receptor is used often inconsistentlyx
and intuitively. However, the termis a legitimate symbol f
that biological structure with which a drug interacts to initiate.
a response. The fact that we are ignorant of the identities
most receptors does not detract from7but rather increases the;
importance_of the term and general concept. -

Once a receptor is identified, it is frequently ‘nolon

derived from inhibition of cholinesterase and -no drugs ai‘
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not a receptor. Nevertheless,.it is probable that a number of
drugs ultimately will be r‘eveale,d to act indirectly throughthe
inhibition of such modulatorenzymes, and it is important for

the theoretician to develop models based upon such indirect‘
interrelations. I . .

. Enzymesfof course, readily suggest themselves as candi-
dates for receptors. However, there is more to cellular func-’
tion than enzymes.» Receptors may be membrane or intra-
cellular constituents that govern the spatial orientation of
enzymes, compartmentalization of the cytoplasm, contractile
or ‘compliant properties of subcellular structures, or perme-
ability and electrical properties of membranes. For nearly
every cellular constituent there can be imagined a possible way
for a drug to affectits function; therefore, few cellular con-
stituents can be dismissed a priori as possible receptors. The
nicotinic receptor appears to be a membrane constituent that
regulates the _“gates” of certain ionic channels through the
membrane. The beta adrenoreceptor appears to be a mem-.
brane constituent which modulates the closely proximate
enzyme, adenylate cyclase,

Occupation and other Theories

Drug-receptor interactions are governed by the law of mass
action, a concept initiated by Langley in 1878. - However, most
chemical applications of mass law are concerned 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, similar to theories of ad-

) . sorption. The usual concept is that only when the receptor
is actually occupiedby the drug is its function transformed
in such a way as to elicit a response. This concept has become

~ it known as the occupation theory. The earliest clear statement
, ofits assumptions and formulations is often credited to Clark
in 1926, but both Langley and Hill made important.contri-

b tions to the theory in the first two decades of this cen-
y. i . . r - .

g In all receptor theories, the terms agonist, partial agonist,
and antagonist are employed. An agonist is,a drug that
combines with-a receptor to initiate a response. .
I In the classical occupation theory, two attributes ofthe drug

are required: (1) affinity, -a measure of the equilibrium
constant of the drug-receptor interaction and (2) intrinsic

”tivity,' or efficacy (not to be confused with efficacy as
ma ‘mum effect), a measure of the ability of the drug to in-
du ta positiVe.change in the function of the receptor. - '

A partial agonist is a drug that can elicit some but not a
Vxiinal effect andwhich antagonizes an agonist. In the
‘upation theory it would be ‘a drug with a favorable affinity
_ 'low intrinsic activity. - ~ »- . ' , '
A competitive antagonist is a drug that occupies avsignifi-.
" proportion of the receptors and thereby preempts them

reacting maximally with an agonist. In the occupation _
pry the prerequisite property isaffinity without intrinsic

noncompetitive antagonist may react with the receptor
ch a way as not to prevent agonist—receptor combination
oprevent the combination from initiating a response,~or
y act to inhibit some subsequent event in the chain of
n—effect—action—effect.that leads to the final overt re-

B mathematical formulation of the receptor theories
directly from the law of mass action and chemical ki-
7_Certain assumptions are required to simplify calcu-

DS} The key assumption is that the intensity of effect is
linear function of the proportion -of receptors occu-

The correctness of this assumption is most improbable
basis of theoretical considerations, but empirically it
s to be a close enough approximation to be useful. A
assumption upon which formulations are based is that

DRUG ABSORPTION, ACTION, AND DISPOSITION 719

the drug-receptor interaction’ is at equilibrium. Another
common assumption is that the number of molecules of re-
ceptor is negligibly small compared to that of the drug. This
assumption is undoubtedly true in most instances, and de-
partures from this situation greatly complicate the mathe-
matical expression of drug-receptor interactions. .

The first clearly stated mathematical formulation of
drug—receptor kinetics was that of Clark} In his equation,

3’

100 — y (2)
where K is the affinity constant, at is the concentration of drug,
n is the molecularity of the’ reaction, and y is the percentof
maximum response. Clark assumed that y was‘ a linear
function of the percent of receptors occupied by the drug, so
that y could also symbolize the percent of receptors occupied.
_When the equation is rearranged to solve for y,

=_1.99.19£1
”~ 1+Kxn

Kx" =

(3)

A Cartesian plot of this equation is identicallin form to that
shown in Fig 37-2. When y is plotted against log x instead
of x, the usual sigmoid curve is obtained. Thus it maybe seen
that the dose—intensity curve derives from mass action equi-
librium kinetics, which in turnderive from the statistical
nature of molecular interaction. ' The fact that dose—intensity
and dose—percent curves have the same shape shows that they
both involve the same kind of statistics.

‘ If Eq 2 is put into _1og form, A

log K + n log at =‘1o_g 100y__Ly (4)
a plot of log y/100 -‘y against log x will then yield a straight
line with a slope of n; n is theoretically the number of mole-
cules of drug which reactwith each molecule of receptor". B At ‘
present, there are no ‘known examples in which morethan one
molecule of agonist combines with a single receptor, hence it
should beequal to 1, universally, Nevertheless, n often de-
viates from 1; deviations occur because ofcooperative inter-
actions amongreceptors (cooperativity), spare receptors (see
below), amplifications in the response system (“cascades”),
receptor coupling to morethan ._one sequence (eg, to‘ both
adenylate ‘cyclasé and calcium channels, etc), and other rea-
sons. In these departures from n = 1, the slope becomes a
characteristic of the mechanism of action and response
system. , ‘ . 4 '

The probability that a molecule of drug will react with a
receptor is a function of the concentration of both drug and
receptor. The concentration of receptor molecules cannot
be manipulated like the concentration of a drug’. But as each
molecule of drug combines with a receptor, the population of

freereceptors is diminished accordingly. If the drug is'a
competitive antagonist, it will diminish the probability of an
agonist—receptor combination in _‘ direct proportion to the
percent of receptor molecules .preempted by the antagonist.
Consequently, thetintensity of effect will be diminished.‘
However, the probability of agonist—receptor interaction can «
be increased by increasing the concentration of agonist, and
the intensity of effect can be restored by appropriately larger
doses of agonist. Addition of more antagonist will again di-
minish the response, which can, again, be overcome or sur-
mounted by more agonist. ‘ -

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 anenormous
range without changing the magnitude of the response (see
Fig 37-6). Since the presence of competitive antagonist only
diminishes the probability of agonist—rece'ptor combination
at a given concentration of ‘agonist and does not alter the
molecularity of the reaction, it also follows that the effect ofTEVA EXHIBIT 1030
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LogMolarconc.Acetylcholine
-9 -8

Log Molar conc. Atropine g

Fig 37-6. Direct proportionality of the dose of agonlst (acetylcholine)
to the dose of antagonist (atropine) necessary to cause a constant de-
gree of inhibition (50%) of the response of the frog heart (courtesy.
adaptation. Clark‘). ' V .

the competitive antagonist is to shift the dose—intensity curve
to the right in proportion to the amount of antagonist present;
neither shape nor slope of the curve is changed (see Fig 37-7).
Both Figs 37-6 and 37-7 are from Clark’s original paper on
competitive antagonism} ‘ ‘

Many refinements of the Clark formula have beenmade,
but they will not be treated here; details and citations of rel-
evant literature can be ‘found in references 2-6 and among
Various works on receptors cited in the Bibliography. ’ Several
refinements are introduced to facilitate studies of competitive
inhibition. The introduction of the_‘concept of intrinsic ac-
tivity3 and efficacy4 required appropriate changes in mathe-
matical treatment. . ~ ~

Another important concept has been added to the occu-
pation theory, namely the concept of spare receptors. Clark
assumed the maximal response to occur only when the re-
ceptors were completely occupied, which does not account for
the possibility that themaximum response might be limited
by some step in the action-effect sequence subsequent to re-
ceptor occupation. Work with isotopically labelled agonists

. and antagonists and with dose—effect kineticshas shown that
the maximal effect is sometimes achieved when only a small
fraction of the receptors are yet occupied, The mathematical
treatment of this phenomenon has enabled theorists to explain
several puzzling observations that previously appeared to
contradict drug—re,ceptor theory. _ ' ' ’ i
' "The classical occupation theory failsgto explain several
phenomena satisfactorily, and it is unable to generate a real-

.-s_ ‘-5 -4 -3 -2 —I.
Log Molar Conc. Aceiylchollne._

Fig Effect of an antagonist to shift the log dose—Intensity curve
to the right without altering the slope. The effector is the isolated heart.
I: no atropine; II: ' atropine,-10“3M;Ill: 10"’; IV: 10*’; V: 10‘5;

' VI: 10”‘; VII: 1073. Y: %ofmaximumintensityofresponse; the
function log y/(100-y) converts the log dose—intensity relationship to
a straight line (courtesy. adaptation, Clark‘). -

istic model of intrinsic activity and partialagonism. 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 occu-
pation theory could not, but the rate theory was unable to
provide a realistic mechanistic model of response generation,
and it had other serious limitations as well. '

The phenomena that neither the classical occupation nor
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 two-state model7

_R:R*,

where R is the inactive and R* is the active conformer. The
agonist combines mainly with R*, the partial agonist can
combine with both R and R*, and the antagonist can combine
with R, the equilibrium being shifted according to the extent
of occupation of R and R*.’ Other variations of occupation
theory treat the receptor as an aggregate of subunits which
interact cooperatively (see Ref 8).

The Nature of Receptor Groups
and Models of ‘Receptors

A receptor group is that portion of the receptor molecule
with which an agonist acts and which is vital to the function
of the receptor. Studies of receptor group composition and
configuration are too complex for the purposes of this text;
consequently, only a brief sketch will be made hereto orient
casually the.reader to the nature of the approach.

From the chemical configuration and reactivity of agonists
and antagonists, certain deductions-can be made about the
structure of a receptor group. For example, all highly active
agonistsof muscarinic receptors are cations at physiological
pH. This suggests that the receptor group contains an anionic
group and that the force of attraction is electrostatic, at least
in part, which agrees with thermodynamic data. That van
der Waals forces (especially Heitler—London fluctuation
forces) may alsomake an important contribution to binding
is suggested by the requirement for N-methyl groups and by
the low but definite activity of the nonionizable quaternary
carbon analogue of acetylcholine, 3,3-dimethylbutyl ‘acetate.’
This establishes a requirement for an auxiliary structure close
to the anionic site. Studies of the contribution to activity of
ester and carbonyl oxygen among analogues of acetylcholine,
of. intramolecular distances, and of the stereospecificity of
various isomers and conformers have indicated a partial cat-
ionic (proton donor) site between 2.5‘and 4'13 and a region of
highelectronic density (electron donor) between 5 and 7 A
from the anionic site. This is similar to the way in which the
active‘ site of acetylcholinesterase was mapped (seetext, page
442, and Fig 27-4).

The structure—activity relationships among competitive
inhibitors must also be consistent with.any model of a recep-
tor. However, binding sites additional to -the receptor group
can be involved,‘ and results are frequently more difficult to

interpret than those with agonists. Nevertheless, studies with
antagonists have made a substantial contribution to receptor
group analysis. There is considerable interest in antagonists
that combine irreversibly with the receptor, since such drugs
offer a way of marking (affinity labeling) _the receptor-for
isolation andrfor identification of the receptor group.

Since receptors for autonomic agonists appear to been]-
bedded in the cellmembrane, they have been difficult to iso-
late without. inactivation. Several laboratories have suc-
ceeded in isolating proteins, the chemical properties of which
are consistent with those expected of the nicotinic receptor.-
Receptors for. steroid hormones have bee1_}_lge/e‘ie|.§)tfi'|J'§p'lalt(e30
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and some have been relatively well characterized. The stu-
dent interested in, further details of drLig—receptor interactions
and the nature of receptors should peruse Refs 9-17 and ,the
various works on receptors cited in the bibliography.

, Up and Down R-egulation——In many receptor-effector
systems, if there is a paucity of agonist, the system -will re-
spond by increasing the responsiveness, by increasing the
number of receptors on the effector membrane or number of
coupling proteins or enzymes in the effector system. This is
known as up—negulatiorz. In adrenergic systems, sympathetic
denervation has been shown to increase the number of post-
synaptic fladrenoreceptors at some junctions and the avail-
ability of nucleotide-binding protein units and/or adenylate
cyclase molecules at others. Hyperthyroid activity also in-
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creases the number of fl-adrenoreceptors in heart muscle,
which explains the excessive heart rate. Prolonged blockade
of receptors by antagonists may also cause up-regulation. The
abrupt discontinuation of treatment, such that drug levels fall
faster than re-regulation, may be followed by excessive ac-
tivity, as, for example, pernicious tachycardia and angina
pectoris from abrupt withdrawal of propranolol.

Excessive agonism will lead to a decrease in the number of
receptors or.in stimulus-response coupling. ‘This one cause
of tachyphylaxis or tolerance, such as occurs to the broncho-
dilator effects of I)’-adrenoreceptor. agonists. Abrupt with-
drawal may result in poor residual function or in rebound ef-
fects, depending upon the type of effect caused by the ago-nist.

Mechanism of Drug "Action
Any metabolic or physiological function provides a potential

mechanism of action of a drug. The term mechanism of ac-
tion has been employedin a number of ways. In the past it
was often the habit to confuse the site or locus of action with
the mechanism of action. For example, the mechanism of the
hypotensive action of tetraethylammonium ion was originally
described as that of ganglionic blockade, which did nothing
more than identify the anatomical structure upon which the
drug acted. In a general sense, this was a partial elucidation
of the mechanism of action, if mechanism is used in the me-
chanical sense of the entire linkage between the input and
output of a machine, However, there has been a gradual
narrowing of the definition of mechanism of action to be re-
stricted to only the first event in the action—effect sequence,
that is, only to the alteration ofreceptor function by the drug.
In this sense the mechanism of action of tetraethylammonium
is more appropriately defined as that of competition with
acetylcholine for nicotine cholinergic receptors on the post-
synaptic ganglion cell membrane, even though the alteration
in receptor function is not defined. The ultimate mechanism
of action is known for only a few drugs. - _

-It is customary to speak of a drug as a stimulant or a de-
pressant, of the action as being excitatory or inhibitory, etc.
Such terms describe -only the effect and not the action, and
they have no bearing upon whether the drug augments re-
ceptor function or diminishes it. In biological systems posi-
tive and negative modulation and fee_dback occur at every
level, the organ as well as the subcellular. Thus an agonist to
a negative modulator may be able to bring about the same
effect as an antagonist to a positive modulator. It is possible
for an antagonist or inhibitor to elicit an excitatory effect. An
example is the convulsant action of strychnine, which results
from its antagonism of glycine, an important mediator of ‘
postsynaptic inhibition in the central .nervous system.
Conversely, it is possible for an agonist to elicit an inhibitory
effect. An example is the reflex bradycarclia that results from
the stimulant action of veratrum alkaloids on chemoreceptors
in the left ventricle. . ,

Because of the central role enzymes,play in cellular func-
tion, it is not surprising that thinking about the mechanism
of action of drugs has focused largely upon enzymes. Agonist
drugs conceivably could serve as substrates, cofactors, or ac--
tivators. At the present time, no drug is definitely known to
exert its action as a substrate or as a cofactor, exclusive of vi-
tamins and known nutrients. However, at least three classes-
of drugs are known and several are suspected to work through
the activation of enzymes. _

The most notable example of enzyme activation is that of
epinephrine and similar ,8-adrenoreceptor agonists, which,
activate adenyl cyclase to increase the production of 3’, '-
cyclic adenylic acid (cyclic AMP; CAMP). The metabolic and
cardiac effects of catecholamines are attributable in part to

the increment in cyclic,AMP. One modulator of adenyl cy-
clase is the B-adrenergic receptor. The £5’-adrenoreceptor is

cyclase through a regulatory protein that
P. When GDP is present, the agonist-

receptor complex is associated with the regulatory protein.
GTP causes transfer of the regulatory protein to adenylate
cyclase and dissociation of the fl-adrenoreceptor. _ Glucagon
also owes its hyperglycemia action to activation of hepatic
adenylate cyclase. There is thus the interesting phenomenon
of one enzyme, adenyl cyclase,_being activated by two chem-
ically unrelated drugs. Since ,8-adrenergic blocking agents
do not antagonize glucagon, it is obvious that glucagon works
upon a different receptor than does epinephrine. _

CAMP activates protein kinases that increase the activity
of phosphorylase, actomyosin, the sequestration of calcium
by the sarcoplasmic reticulum, and calcium channels. Thus
a brief activation of the ,3-adrenoreceptor sets in motion a
cascade of events that greatly amplify the signal.

Other important enzymes coupled to receptors are gua-
nylate cyclase and phospholipases A and C, which are involved
with membrane fluidity and calcium channels, respectively.

Many drugs are inhibitors of enzymes. When the drug is
a competitive inhibitor of a natural endogenous substrate of
the enzyme, it is called an antimetdbolite (see also page 442).
Examples of antimetabolites are sulfonamides, which compete
with para-aminobenzoic acid and thus interfere with its in-
corporation into dihydrofolic acid, and methotrexate, which
competes with folic acid for dihydrofolate reductase and thus
interferes with the formation of folinic acid. It might seem
that anticholinesterases are also antimetabolites, although
they are never placed into that classification. The reason is
that the products of cholinesterase-acetylcholine interaction
do not subserve important metabolic functions,.as do folic and
folinic acids, so that the organism is not deprived of an im-

Some drugs are competitive inhibitors of enzyme systems
whose natural function appears not to produce useful me-
tabolites but to rid the body of foreign substances. Inhibitors

r of the hepatic microsomes and probenecid fall into this cate-
gory; the hepatic microsomes do perform a few_ biotransfor-
mations on endogenous substrates, but the renal tubular anion
transport system ‘does not appear to be required to eliminate
any important endogenous substances. ,

Since neither the hepatic microsomes nor the tubular anion
transport system seems to be involved in response systems,
inhibitors of these enzyme systems are antagonists without
corresponding agonists. Indeed,«even natural endogenous
substrates of enzymes are rarely considered to be agonists.

Noncompetitive enzyme inhibitors among drugs are also
known. Examples are cyanide, fluoride, disulfiram, and
cardiac glycosides. When enzyme inhi'b'g>im1fixi-ngfaboflo a
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positive response--eg, the cholinergic effects of the anti-
cholinesterasesor the effects of diazoxide consequent to in-
hibition of phosphodiesterase-—thefdrug appears to be an
agonistf Yet there"‘c‘an be no competitive antagonist to such
an inhibitor, since the competitor to the drug is more sub-
strate, to which the effect of the drug is actually attribut-able. - -

Acetylcholine increases the permeability of the subsynaptic
membrane to cations and the heart muscle membrane to po-
tassium. The mechanism is generally thought to involve a
change in conformation of a membrane ‘constituent so that
pore size or permeability constant is affected. Other auto-
nomic agonists are _also known to alter the permeability to
ions, in part through activation of adenyl cyclase, guanyl cy-
clase, phospholipase-c, or other enzymes. Many drugs and
toxins, among them local anesthetics, some sedative—hyp-
notics, general anesthetics, and tetrodotoxin, act through
alterations in the structural and physical properties of
membranes. To the extent that some of such substances may
disperse themselves generally throughout" the lipid phase of

The mechanism of action of certain drugs, especially au-
tonomic drugs, is often stated to be mimicry of a natural
neurohumor or hormone. Thus methacholine mimics ace-
tylcholine as an agonist. This does not define the mechanism
of action, unless the mechanism of action of the natural sub-
stance is known. ‘ ‘ '

Mimicry usually occurs because of a structural similarity
between the natural substance and the mimetic drug.

natural agonist;

Examples of rnimetics that act by release of the natural
mediator are sympathomimetics -such as d-"amphetamine,
mephentermine, ephedrine (in part), tyramine, and others,
which are now known to act‘ by displacing norepinephrine

within the adrene
such indirectly acting sympathomime
on the adrenergic receptor, although s
both upon the receptor and the storage complex. Another
mimetic by a release mechanism is carbachol, which promotes
the presynaptic discharge of acetylcholine.

In these examples there is a close structuralsimilarity be-
tween the mimetic and the released mediator. In the case of
many releasers of histamine (such as tubocurarine, polymyxin,
or morphine) no close chemical relationship exists between
the releaser and the released. In such instances release has
been explained by activation of receptors on the mast-cell
membrane which promote exocytosis of the histamine—con-
taining granules, by an influx of calcium, and activation of
microtubules, all of which may be involved in moving the
granules out of the mast cell.

Structural similarity

' e, etc inhibit membrane transport into the neuron
and hence inhibit the neuronal recaptureof released norepi-
nephrine. Consequently, the extraneuronal concentration
of norepinephrine in the nearby region of the receptors does
not drop as rapidly as in the absence of the mimetic, and the
action of the mediator ‘is sustained.

Some inhibitors of the enzymes of the destruction of me-
diators are structurally similar enough to the mediator to have
some agonist action. ~ This is true of neostigmine, which has
a direct stimulant action

terase physostigmine has some antagonist actions on cholin-
ergic receptors and also an effect to interfere with acetylcho-line synthesis; .

The above multiple actions come about because all the
structures that interact with a small molecule mediator (the
receptor, synthesizing enzyme, destructive enzyme, storage
molecule, membrane transport carrier) must have some
common structural features and affinities. ~A drug that reacts
with one of these molecules has a distinct probability of in-
teracting with another. '

_' The recognition of the critical role of ions in the function
of membranes, the excitability of cells, and the activity of
many enzymes has generated a renewed interest in ions in the
mechanism of action of certain drugs. The inorganic ions,
some of which are used as drugs, lend themselves automati-
cally to a discussion of ionic mechanisms. The repair of

' therapy warrants no

al ions; lithium partly
r sodium, bromide for chloride and thiocyanate

for iodide, and each may owe its pharmacological action, in
part, to a sluggish mobility through membrane channels,
through whichtheir sister ions normally pass readily when
traffic is not impeded by “slowly moving vehicles.” Iodide
has an effect to increase the penetrance of drugs into caseous
and necrotic areas, to aid in the resolution of gummatous le-
sions, to reduc_e the viscosity of mucous secretions, and other
odd effects; it is thought to do so by increasing the hydration
of collagen and mucoproteins by a poorly understood mech-
anism. The transition and heavy metals have in common the
ability to form complexes with a variety of physiologically
active substances, particularly the active centers of many

ation and other complexation are the mech-
anisms of action of several drugs used to treat heavy metal
intoxication, diseases that involve abnormal body burdens or
plasma levels of heavy metals, and hypercalcemia. Chelates
and chelation are discussed in _more detail on pages 187 and188. A

There is -much interest in the effects of drugs on ion ove-
ments. Cardiac glycosides are known to inhibit an Pase
involved in the membrane transport of sodium an several
other substances, which indirectly causes an incre . e in in-
tracellular calcium content. In part, the mechanisms 0 action
of local anesthetics, quinidine, and various other drugs are
speculated to involve calcium movements. More recently,
there has appeared a whole new class of drugs, the calcium
channel blockers. ‘ ‘

‘Concomitant with the development of molecular ‘biology
was the appreciation that drugs act through nuclear and ex-
tranuclear genetic mechanisms. Nitrogengmustards have
long been known to interfere with the replication of DNA.
Streptomycin, kanamycin, neomyci

phenicol inhibit the synthesis of protein at the ribosomes; and
chloroquine, novobiocin, and colchicine inhibit DNA poly-
merase. Other drugs induce the the production of enzymes;
aldosterone appears to act by inducing the synthesis of the
enzyme, membrane ATPase, necessary to sodium transport.
Many drugs induce one or more of the hepatic ‘and extrahe-
patic cytochrome’?-450 enzymes. ' -

A number of drugs have simple mechanisms that do not
‘ ’ evel. Examples are bulk and

they do serve to remind us of the
many avenues through which mechanism of action may be
expressed. Throughout the various chapters ofPart 6 specific
mechanisms of action may be-mentioned.
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V No matter by which route a drug is administered it must
pass through several to many biological membranes during
the processes of absorption, distribution, biotransformation,
and elimination. Since membranes are traversed in all of
these events, the subject of this section will begin with a brief
description of biological membranesand membrane processes
and the relationship of the physiochemical properties of a drug
molecule to penetrance and transport.

Structure and Properties of Membranes

The concept that a membrane surrounds each cell arose
shortly after the cellular nature of tissue was discovered. The
biological and physiochemical properties of cells seemed in
accord with this view. In the past, from time to time the ac-
tual existence of the membrane has been questioned by bril-
liant men, and ingenious explanations have been advanced
to explain cellular integrity and the osmotic and electro-
physiological properties of cells. Microchemical, X-ray dif-
fraction, electron microscopic, nuclear magnetic resonance,
electron spin resonance, and other investigations have proved
both the existence and nature of the plasma, mitochondrial,
nuclear and other cell membranes. The description of the
plasma membrane that follows is somewhat oversimplified,
but it will suffice to provide a background for an under-
standing of penetrance into and through membranes.

Structure and Composition—-The cell membrane has
been described as a “mayonnaise sandwich,” in which a bi-
molecular layer of lipid material is entrained between two
parallel monomolecular layers of protein. However, the
protein does not make continuous layers, like the bread in a
-sandwich, but rather is sporadically scattered over the sur- .
faces, like icebergs; like icebergs, much of the protein is below
the surface. In Fig 37-8 the lipid layers are represented as
a somewhat orderly, closely packed lamellar array of phos-
pholipid molecules associated tail-to-tail, each “tail” being
an alkyl chain or steroid group and the “heads” being polar
groups, including the glycerate moieties, with their polar ether
and carbonyl oxygens and phosphate with attached polar
groups. In reality the lamellar portion is probably not so or-
derly, since its composition is quite complex. Chains offatty
acids ofdifferent degrees of saturation and cholesterol cannot
array themselves in simple parallel arrangements. Further-
more, the polar heads will assume a number of orientations
depending upon the substances and groups involved.
Moreover, the lamellar portion is penetrated by large globular
proteins, the interior of which, however, like the lipid layers,
has a high hydrophobicity, and some fibrous proteins.

The plasma membrane appears to be asymmetrical. The
lipid composition varies from cell type to cell type and perhaps
from site to site on the same membrane. There are, for ex-
ample, differences between the membrane of the endoplasmic
reticulum and the plasma membrane, even though the
membranes are coextensive. '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 membranes, although the evidence
is preponderantly in favor of at least an outer glycoprotein
coat. Sugar moieties are also attached to the outer proteins;
these sugar moieties are important to cellular and immuno-
logical recognition and adhesion and have other functions as
well. ~ ~

The cell membrane appears to be perforated by water-filled
pores of various sizes, varying from about 4-10 A, being pre-
dominantly around 7 A. Probably all major ion channels are
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through the large globular proteins that traverse the mem-
brane. Through these pores pass inorganic ions and small
organic molecules. Since sodium ions are more hydrated than
potassium and chloride ions, they are larger and do not pass
as freely through the pores as potassium and chloride. The
Vascular endothelium appears to have pores at least as large
as 40 A, but these seem to be interstitial passages rather than
transmembrane pores. Lipid molecules small enough to pass
through the pores may do so, but they have a higher proba-
bility of entering into the lipid layer, from where they will
equilibrate chemically with the interior of the cell. From work
on monolayers, some workers contend that it is not necessary
to postulate pores to explain the permeability to water and
small water—soluble molecules.

St neum—Nthough the stratum corneum is not
a meinb”r’a”'r'ie“'iTi the same sense as a cell membrane, it offers a
barrier to diffusion, which is of significance in the topical
application of drugs. The stratum corneum consists of several
layers of dead keratinized cutaneous epithelial cells enmeshed
in a matrix of keratin fibers and bound together with ce-
menting desmosomes and penetrating tonofibrils of keratin.
Varying amounts of lipids and fatty acids from dying cells,
sebum, and sweat are contained among the dead squamous
cells. Immediately beneath the layer of dead cells and above
the viable epidermal epithelial cells is a layer of keratohyaline
granules and various water—soluble substances, such as
alpha-amino acids, purines, monosaccharides, and urea.

Both the upper and lower layers of the stratum corneum are
involved in the cutaneous barrier to penetration. It is barrier
to penetration from the surface is in the upper layers for
water—soluble substances and the lower layers for lipid-soluble
substances, and the barrier to the outward movement of water
is in the lowest layer of the stratum corneum.

Membrane Potentials—Across the cell membrane there
exists an electrical potential, always negative on the inside and
positive on the outside. If a cell did not have special mem-
brane electrolyte transport processes, its membrane potential
would be mainly the result of the Donnan equilibrium (see
Chapter 14) consequent to the semipermeability of the
membrane. Such potentials generally lie 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, such as is true for the
erythrocytes of some species. However, the interior of most
cells is high in potassium and low in sodium, as depicted in Fig
37-8. This unequal distribution of cations attests to special
electrolyte transport processes and to differential'permea-
bilities of diffusible ions, so that the membrane potential is
higher than that which would result from a purely passive
Donnan distribution. In nerve and skeletal or cardiac muscle
the membrane potential ranges upwards to about 90 mv. The
electrical gradient is on the order of 50,000 V/cm, because of
the extreme thinness of the membrane. Obviously, such an
intense potential gradient will strongly influence the trans-
membrane 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 environment, or it may move in combination with
extracellular or cellular constituents, sometimes in connection
with energy—yielding processes that allow the molecule or
complex to overcome barriers to simple diffusion.

Simple Nonionic Diffusion and Passive Transport-TEVA EXHIBIT 1030
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INTRACELLULAR

Fig 37-8. Simplified cross section of a cell membrane (components
are not to scale). The lipid interior of the lamellar portion of the
membrane consists of various phospholipids, fatty acids, cholesterol
(0), and other steroids. lons are indicated in order to illustrate differ-
ences in size relative to the channel. Pr: protein; Su: sugar.

Molecules in solution move in a purely random fashion, pro-
viding they are not charged and moving in an electrical gra-
dient. Such random movement is called diffusion, and if the
molecule is uncharged it is called nonionic diffusion.

In a population of drug molecules, the probability that
uring unit time any drug molecule will move across a

boundary is directly proportional to the number of molecules
adjoining that boundary and therefore to the drug concen-
tration. Except at dilutions so extreme that only a few mol-
ecules are present, the actual rate of movement (molecules/
unit time) is directly proportional to the probability and
therefore to the concentration. Once molecules have passed
through the boundary‘ to the opposite side, their random
motion may cause some to return and others to continue 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 concentration and that
the net transfer will be proportional to the concentration
differential. If the boundary is a membrane, which has both
substance and dimension, the rate of movement is also directly

' e permeability and inversely proportional
to the thickness. These factors combine into Fick’s Law of
Diffusion, '

go ___ EA(C1 ~ C2)
dt x ‘

where Q is the net quantity of drug transferred across the
membrane, t is time, C1 is the concentration on one side and
02 on the other, x is the thickness of the membrane, A is the
area, and D is the diffusion coefficient, related to permeability.
The equation is more nearly correct if chemical activities are

(5)

used instead of concentrations. Since a biological membrane
is patchy, with pores of differentgsizes and probably with
varying thickness and composition, both 17 and x probably
vary from spot to spot. Nevertheless, some mean values canbe assumed.

It is customary to combine the membrane factors into a
single constani_;_,_called a permeability constant or coefficient,
P, so thatP = D/x, A in Eq 5 having unit value. The rate of
net transport (diffusion) across the membrane then be-comes

9’-9 = M0. — C2)dt (6)

. As diffusion continues, C1 approaches C2, and the net rate,
dQ/dt, approaches zero in exponential fashion characteristic
ofa first-order process. Equilibrium is defined as that state
in which 01 = C2. The equilibrium is, of course, dynamic,

_with equal numbers of molecules being transported in each
direction during unit time. If water is also moving through

‘the membrane, 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. '

Ionic or Electrochemical Diffusion———If a drug is ionized,
the transport properties are modified. The probability of
penetrating the membrane is still a function of concentration,
but it is also a function of the potential difference or electrical
gradient across the membrane. A cationic drug molecule will
be repelled from the positive charge on the outside of the
membrane, and only those molecules with a high kinetic en-
ergy will pass through the ion barrier. If the cation is poly-
valent, it may not penetrate at all. _

Once inside the 'membrane, a cation will be simultaneously
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 is also moving
from a higher towards a lower concentration, it is said to be
moving alongits electrochemical gradient, the electrochem-
ical gradient being the sum of the influences of the electrical
field and the concentration differential across the mem-brane.

Once inside the cell, cations will tend to be kept inside by
the attractive negative charge on the interior of the cell, and
the intracellular concentration 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 electrochemical equilibrium is said to have occurred. At
electrochemical equilibrium at body temperature (37°C),
ionized drug molecules will be distributed according to the
Nernst equation, -

(7)

where _C,, is the molar extracellular and C; the intracellular
concentration, Z is the number of charges per molecule, and
E is the membrane potential in millivolts. Log Co/C, is pos-
itive when the molecule is negatively charged and negative
when the molecule is positively charged.

Facilitated Diffusion——S0metimes a substance moves
more rapidly through a biological membrane than can be ac-
counted for by the process of simple diffusion. This accel-
erated movement is termed facilitated diffusion. It is
thought to be due to the presence of aspecial molecule, called
a carrier, within the membrane,(_ with which carrier the
transported substance combines. There is considered to be
a ‘greater permeability to the carrier—drug complex than to the
drug alone, so that the transport rate is enhanced. After the
complex traverses the membrane it dissociates. The carrier
must either return to the original side of the membrane to be
reused or be constantly produced on one side and eliminated
on the other in order for the carrier process to be continuous.
Many characteristics of facilitated diffusion formerly attrib-
uted to ion carriers can be explained by ion exchange. Al-
though facilitated diffusion resembles active transport, below,
in its dependence upon a continuous source of energy, it differs
in that facilitated diffusion will only transport a molecule
along its electrochemical gradient.

Active Transport——Active transport may be defined as
energy—dependent movement of a substance through a bio-
logical membrane against an electrochemical gradient. It is
characterized by the following:

1. The substance is transported from a region of lower to one ofhigherelectrochemical activit . ‘
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2. Metabolic poisons interfere with transport.
3. The transport rate approaches anasymptote (ie, saturates) asconcentrationincreases. ' i

4. The transport system usually shows a requirement for specificchemical structures.

DRUG ABSORPTION, ACTION, AND DISPOSITION 725

I00
HEXETHAL

. SECOBARBITAL5. Closely related chemicals are competitive for the transport _ isystem.

Many drugs are secreted from the renal tubules into urine,
from liver cells into bile or from the cerebrospinal fluid into
blood by active transport, but the role of active transport of
drugs in the distribution into most body compartments and
tissues is less well known. Active transport is requi1'ed for the
penetrance of a number of sympathomimetics into neuraltissue.

Pinocytosis and Exocytosis——Many, perhaps all, cells are
capable of a type of phagocytosis called pinocytosis. The cell
membrane has been observed to invaginate into a saccular
structure containing extracellular materials and then pinch
off the saccule at the membrane, so that the saccule remains
as a vesicle or vacuole within the interior of the cell. Since
metabolic activity is required and since an extracellular sub-
stance may be transported against an electrochemical gradi-
ent, pinocytosis shows some of the same characteristics as
active transport. However, pinocytosis is relatively slow and
inefficient compared to most active transport, except in gas-
trointestinal absorption, in which pinocytosis is of consider-
able importance; '

It is not known to what extent pinocytosis contributes to
the transport of most drugs, but many macromolecules and
even larger particles can be absorbed by the gut. Pinocytosis
probably explains the oral efficacy of the Sabin polio vaccine.
Some drugs themselves affect pinocytosis; for example,
adrenal glucocorticoids markedly inhibit the process in
macrophages and other cells involved in inflammation.

Exocytosis is more or less the reverse of pinocytosis.
Granules, vacuoles or other organelles within the cell move
to the cell membrane, fuse with it, and extrude their contents
into the interstitial space.

Physicochemical Factors in Penetrance

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

Water~soluble molecules with low lipid solubility are usually
thought to pass through the membrane mainly via the pores
and to a small extent by pinocytosis, but recent work with lipid
monolayers suggests that small water-soluble molecules may
also be able to pass readily through the lipid, and the necessity
of postulating the existence of pores has been questioned.
Nevertheless, experimental data on penetrance overwhelm-
ingly favor the concept of passage of water-soluble lipid-in-
soluble substances through pores. If there is a membrane
carrier or active transport system, a low solubility of the drug
in membrane lipids is no impediment to penetration, since the
drug-carrier complex is assumed to have an appropriate sol-
ubility, and energy from an active transport system enables
the drug to penetrate the energy barrier “imposed by the
lipids.” Actually, the lipids are not an important energy
barrier; rather the barrier is the force ofattraction of the sol-
vent water for its dipolar to polar solute, so that it is difficult
for the solute to leave the water and enter the lipid.

PENTOEARBITAL .'

CYCLOBARBITAL .
BUTETHAL ,

ALLYLBARBITURIC '
ACID

APROBARBITAL°

' PHE'NOBARBITAL

0 BARBITAL

20 40

‘ PERCENTAGE ABSORBED .
Fig 37-9. The relationship of absorption of the unionized forms of
drugs from the colon of the rat to the chloroformzwater partition coef-
ficient (courtesy, Schankerla).

Drugs with ahigh solubility in the membrane lipids, of
course, 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
lipids, not only because chemical partition favors the lipid
phase but because the surface area occupied by pores is only
a small fraction of the total membrane area.

Lipid Solubility and Partition Coefficients—-As early
as 1902 Overton investigated the importance of lipid solubility
to the penetrance and absorption of drugs. Eventually it was
recognized that more important than lipid solubility was the
lipid'—water distribution coefficient; that is to say, a high lipid
solubility does not favor penetrance unless the water solubility
is low enough that the drug is not entrained in the aqueous
phase. I‘

In Fig 37-9 is illustrated the relationship between the
chloroform—water partition coefficient and the colonic ab-
sorption of barbiturates.’ Chloroform is probably 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
few instances in which they have been employed. Never-
theless, the correlation shown in the figure is a convincingone.

When the water solubility of a substance is so low that a
significant concentration in water or extracellular fluid cannot
be achieved, absorption may be negligible in spite of a favor-
able partition coefficient. Hence mineral oil, petrolatum, etc.
are virtually unabsorbed. The optimal partition coefficient
for permeation of the skin appears to be lower than that for
the permeation of the cell membrane, being perhaps as lowas one.

Dipolarity, Polarity, and Nonionic Diffusion——The
partition coefficient of a drug depends upon the polarity and
the size of the molecule. Drugs with a high dipole moment,
even though un-ionized, have a low lipglfigilgabii-liB{'|amd:1Imnce
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1-abge |__.j:§‘ae¢=,-s of Entry of Drugs in ‘CSF and the Degrees of ionization of Drugs at pH 7.419
' « %binding

to plasma
Drug protein °/oi unionized

at pH 7.4
Permeability constant

pKa"" (P min“) :i: S.E.

Drugs mainly ionized at pH 7.4
5-Sulfosalicylic acid 22
N’—Methylnicotinamide <10
5-Nitrosalicylic acid _ 42
Salicylic acid ’ _ 40
Mecamylamine , 20
Quinine ‘ 76

(strong) ‘ 0
(strong) 0

<0.0001

, 0.0005 :1: 0.00006
0.001 :1: 0.0001

0.006 .4; 0.0004_
0.021 .1: 0.0016
0.073 a 0.0061

2.3
3.0

11.2
8.4

0.001
0.004
0.016
9.09

Drugs mainly unionized at pH 7.4
Barbital <2
Thiopental . 75
Pentobarbital 40
Aminopyrine 20
Aniline 15
Sulfaguanidine 6
Antipyrine 8 ' ‘

N-Acetyl-4-aminoantipyrine . <3 0.5 >99.9 0.012 :i: 0.0010
“ The dissociation constant of both acids and bases is expressed as a pK,——a negative logarithm of the acidic dissociation constant. ‘

>10.0b

7.5
7.6 '

1 8.1
5.0
4.6

55.7
61.3
83.4
99.6
99.8

>99.8
>99.9

0.026 3: 0.0022
0.50 :i: 0.051
0.17 :1: 0.014
0.25 :i: 0.020
0.40 :i: 0.042
0.003 :E 0.0002

' 1.4 0.12 $0.013

" Sulfaguanidine has a very weakly acidic group (pK, > 10) and two very weakly basic groups (pK,, 2.75 and 0.5). ._ Consequently, the compound is almostcompletely undissociated at pH 7.4.

poor penetrance. An example of a highly dipolar substance
with a low partition coefficient and which does not penetrate
into cells is sulfisoxazole. Sulfadiazine is somewhat less di-
polar, has a chlor0form—water partition coefficient ten times
that of sulfisoxazole, and readily penetrates cells. Ionization
not only greatly diminishes lipid solubility but may also im-
pede passage through charged membranes (see Ionic Diffu-
sion, page 724). I

It is often stated that ionized molecules do not penetrate
membranes, except for ionsof small diameter. This is not
necessarily true, because of the presence of membrane carriers
‘for some ions, which carriers may effectively shield or neu-
tralize the charge (ion-pair formation). The renal tubular
transport systems, which transport such obligate ions as tet-
raethylammonium, probably form ion-pairs. Furthermore,
if an ionized molecule has a large nonpolar moiety such that
an appreciable lipid solubility is imparted to the molecule in
spite of the charge, the drug may penetrate, although usually
at a slow rate. For example, various morphinan derivatives
are passively absorbed from the stomach even though they are
completely ionized at the pH of gastric fluid. Nevertheless,
when a drug is a weak acid or base, the unionized form with
afavorable partition coefficient passes through a biological

membrane so much more readily than the ionized form that,
for all practical purposes, only the unionized form is said to
pass through the membrane. This has become known as the
principle of nonionic diffusion. -

This principle is the reason that only the concentrations of
the unionized form of the barbiturates are plotted in Fig37-9. .

For the purpose of further illustrating the principle, Table
I is provided. In the table the permeability constants for
penetrance into the cerebral spinal fluid of rats are higher for
unionized drugs than for ionized ones. The apparent ex-
ceptions——barbital, sulfaguanidine, and acetylaminoantipy-
rine——may be explained by the dipolarity of the unionized
molecules. With barbital, the two lipophilic ethyl groups are
too small to compensate for the considerable dipolarity of the
unionized barbituric acid ring; it may be also seen that barbital
is appreciably ionized, which contributes to the relatively
small permeability constant. Sulfaguanidine and acetyl-
aminoantipyrine are both, very polar molecules. Mecamyl-
amine might also be considered an exception‘, since it shows
a modest permeability even though strongly ionized; there is
no dipolarity in mecamylamine elsewhere than the amino
group. ’

Absorptionof Drugs

Absorption is the process of movement of a drug from the
site of application into the extracellular compartment of the
body. Inasmuch as there is a great similarity among the
various membranes that a drug may pass through in order 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 successful absorption of the drug. In actual
fact, it makes a great deal of difference; many factors other
than the structure and composition of the membrane deter-
mine the ease with which a drug is absorbed. These factors
are discussed in the following sections, along with an account
of the ways that drug formulations may be manipulated to
alter the ability of a drug to be readily absorbed.

Routes of Administration

Drugs may be administered by many different routes. The.
various routes include oral, rectal, sublingual or buccal, par-

enteral, inhalation, topical, etc. The choice ofa 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
factors do no militate against this route. Oral administration
does not always give rise to sufficiently high plasma concen-
trations to be effective; some drugs are absorbed unpredict-
ably or erratically; patients occasionally have an absorption
malfunction. Drugs may not be given by mouth to patients
with gastrointestinal intolerance, or who are in preparation
for anesthesia, or who have hadgastrointestinal surgery. Oral
administration is also precluded in coma. ‘ -

‘ Rectal Route———Drugs that are ordinarily administered by
the oral route usually can be administered by injection or by
the alternative lower enteral route, through the anal portal
into the rectum or lower intestine. With regard to the latter,
rectal suppositories or retention enemas were formerly used
quite frequently, but their popularity has abated somev‘El}a_t“Bn_ 1030TEVA
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Time After Adminisiroiion — Hours
Fig 37-'10. Blood concentration in mg/_10O ml of theophyiiine (ordi-
nates) following administration to humans of aminophyiline in the
amounts and by the routes indicated. Doses: per 70 kg. Theophyi-
Iine-ethyienpediamine by various routes: —— intravenous, 0.5 g; —
- — - — retention enema, 0.5 g; —— —— — ore/tablets-P/., 0.5g;
- - - oral tab/ets-P/., 0.3g; rectal suppository, 0.5 g (courtesy, Truitt,
et aF° adapted).

owing to improvements in parenteral preparations. Never-
theless, they continue to be valid and sometimes very im-
portant ways of administering- a drug, especially in pediatrics
and geriatrics. In Fig 37-10 the availability of a drug by re-
tention enema may be compared with that by the intravenous
route and by oral and rectal suppository administration. It
is apparent that the retention enema may be a very satisfac-
tory means of administration but that rectal suppositories may
be inadequate where rapid absorption and high plasma levels
are required. The illustration is not intended to lead the

reader to the conclusion that a retention enema will always
give more prompt and higher blood levels than the oral route,
for converse findings 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 though an adequate
plasma concentration eventually may be achievable by the oral
route, it may rise much too slowly for use in some situations
where a rapid response is desired. -In such situations paren-
teral therapy is usually indicated. However, the patients with
angina pectoris may get quite prompt relief from an acute
attack-'by the sublingual or buccal administration of nitro-
glycerin, so that parenteral administration may be avoided.
When only small amounts of drugs are required to gain access
to the blood, the buccalroute maybe very satisfactory, pro-
viding the physicochemical prerequisites for absorption by
this route are present in the drug and dosage form. Only a few
drugs may be given successfully by this route. "

V Parenteral Routes——These routes by definition include
any route other than the oral—gastrointestinal (enteral) tract,
but in common medical usage the term excludes topical ad-
ministration and includes only various hypodermic routes.
Parenteral administration includes the intravenous, intra-
muscular, and subcutaneous routes. Parenteral routes may
be employed whenever-enteral routes are contraindicated (see
above) or inadequate. ' < V - '

The intravenous route may be preferred on occasion, even
when a drug may be well absorbed by the oral route. There
is no delay imposed by absorption before the administered
drug 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.
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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 calculated with a fair degree of pre-
cision. Smaller doses are generally required by the intrave-
nous than by other routes, but this usually affords no advan-
tage, inasmuch as the sterile injectable dose form costs more
than enteric preparations, and the requirements for medical
or paramedical, supervision of administration may also add
to the cost and inconvenience. .

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

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 may also cause
damage to themveins (phlebitis) or, if ext1_'avasa_ted, cause ne-
crosis (slough) afdund the injectionsite. "'C6nsequently, such_
irritant drugs iifay be greatly 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 administration in emergency situations.

Absorption by the intramuscular route is relatively fast,
and this parenteral route may be used where an immediate
effect is not required but a prompt effect is desirable. In-
tramuscular deposition may also be made of certain repository
preparations, rapid absorption not being desired. Absorption
from an intramuscular depot is more predictable and uniform
than from a subcutaneous site.

Irritation around the injection site is a frequent accompa-
niment of intramuscular injection, depending upon the drug
and other ingredients. Because of the dangers of accidental
intravenous injection, medical supervision is generally re-
quired. Sterilization is necessary.

In subcutaneous administration the drug is injected into
the alveolar connective tissue just below the skin. Absorption
is slower than by the intramuscular route but nevertheless
may be prompt with many drugs. Oftentimes, however, ab-
sorption bythis route may be no faster than by the oral route.

_ Therefore, when a fairly prompt response is desired, withsome
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, in order to avoid
either too intense a response, too short a response, or frequent
injections. Examples of drugs given by this route are insulin
and sodium heparin, neither of which is absorbed oralbr and
both of which should be absorbed slowly over many hours. In
the treatment of asthma, epinephrine is usually given sub-
cutaneously to avoid the dangers of rapid absorption and
consequent dangerous cardiovascular effects. Many reposi-
tory preparations, including tablets or pellets, are given sub-
cutaneously. As with other parenteral routes, irritation may
occur. Sterile preparations are also required. . However,
medical supervision is not always required, and self—admin-
istration by this route is customary with certain drugs, such
as insulin.

Intradermal injections, in which the drug is injected into
rather than below the dermis is rarely employed, except in
certain diagnostic and test procedures, such as screening for
allergic or local irritant responses. TEVA EXHIBIT 1030
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Occasionally, even by the intravenous rqute it is not possi-
ble, practical, or safe to achieve“-.plia,sma co‘ncentrations—high
enough so that an adequate amount of drug penetrates into
special compartments, such as the cerebrospinal fluid, or
various cavities, such as the pleural cavity. The brain is
especially difficult to penetrate with water-soluble drugs.
The name blood-brain barrier is applied to the impediment
to penetration. When drugs do penetrate, they are often se- '
creted back into the blood very rapidly, so that adequate levels
of drugs in the cerebrospinal fluid may be difficult to achieve.
Consequently intrathecal* or intrauentricular administration
may be indicated. .

_ Body cavities such as the pleural cavity are normally wetted
by a small amount of effusate which is in diffusion equilibrium
with the blood and hence is accessible to drugs. However,
infections and inflammations may cause the cavity to fill with
serofibrinous exudate which is too large to be in rapid diffusion
equilibrium with the blood. Intracavitary administration
may thus be required. It is extremely important that sterile
and nonirritating preparations be used for intrathecal or in-
tracavitary administration.

Inhalation Route—Inhalation may be employed for de-
livering gaseous or volatile substances into the systemic cir-
culation, as with most general anesthetics. Absorption is
virtually as rapid as the drug can be delivered into the alveoli
of the lungs, since the alveolar and vascular epithelial mem-
branes are quite permeable, blood flow is abundant, and there
is a very large surface for absorption. '

Aerosols of nonvolatile substances may also be administered
by inhalation, but the route is infrequently used for delivery
into the systemic circulation, because of various factors that
contribute to erratic or difficult-to-achieve blood levels.

Whether or not an aerosol reaches and is retained in ‘pulmo-
nary alveoli depends critically upon particle ‘size: particles
greater than 1 pm in diameter tend to settle in the bronchioles
and bronchi, whereas particles less than 0.5 pm fail to settle
and are mainly exhaled. Aerosols are mostly employed when
thepurpose of administration is an action of the drug upon
the respiratory tract itself. An example of a drug commonly
given as an aerosol is isoproterenol, which is employed to relax
the bronchioles in asthma. -

Topical Route——Topical administration is employed to
deliver a drug at or immediately beneath the pointrof appli-
cation. Although occasionally enough drug is absorbed into
the systemic circulation to cause systemic effects, absorption
is too erratic for the topical route to be used for systemic
therapy. Recent work with aprotic solvent vehicles such as '
dimethyl sulfoxide (DMSO) has, however, renewed interest
in topical administration for systemic effects. A large number
of topical medicaments are applied to the skin, although
topical drugs are also applied to the eye, nose and throat, ear,
Vagina, ‘etc. ' .

In man, percutaneous absorption probablyoccurs mainly

from the surface. Absorption through the hair follicles occurs,
but the follicles in man occupy‘too small a portion of the total
integument to be _of primary importance. Absorption through
sweat and sebaceous glands generally appears to be minor.
When the medicament is 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 dis-
eased or abraded, the cutaneous barrier may be disrupted or

* Intrathecal administration denotes administration intogthe cerebro—
spinal fluid at any level of the cerebrospinal axis, including injection into
the cerebral ventricles, which is the most common mode of intrathecal
administration.

defective, so that percutaneous absorptionlmay be increased.
Since much of a drug that is absorbed through the epidermis
diffuses into the circulation without reaching a high concen-
tration in some portions of the dermis, systemic administra-
tion may be preferred in lieu of or in addition to topical ad-
ministration.

Factors That Affect Absorption

, In addition to the physicochemical properties of drug
molecules and biological membranes, various factors affect
the rate of absorption and determine, in part, the choice of
route of administration.

Con_centration—It is self-evident that the concentration,
or, more exactly, the thermodynamic activity, of a drug in a
drug preparationwill have an important bearing upon the rate
of absorption, since the rate of diffusion of a drug away from
the site of administration is directly proportional to the con-

centration; 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 necessarily absorbed at the
maximal rate (see Physical State of Formulation and Dis-
solution Rate below). ‘

After oral administration the concentration of drugs in the
gut is a function of the dose, but the relationship is not nec-
essarily linear. Drugs with a low aqueous solubility (eg,

’ digitoxin) quickly saturate the gastrointestinal fluids, so that
the rate of absorption tends to reach a limit as the dose is in-
creased. The peptizing and solubilizing effects of. bile and
other constituents of the gastrointestinal 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 between con-
centration and dose.

Drugs that are administered subcutaneously or intramus-
cularly also may not always show a direct linear relationship
between the rate of absorption and the concentration of drug
inthe applied solution, because osmotic effects may cause
dilution or concentration of the drug, if the movement ofwater
or electrolytes is different from that of the drug. Whenever
possible, drugs for hypodermic injection are prepared as iso-
tonic solutions. Some drugs affect the local blood flow and
capillary permeability, so that.at the site of injection there may
be a complex relationship of concentration achieved to the
concentration administered. ' ’

Physical State of Formulation and Dissolution

Rate—The rate of absorption of a drug may be greatly af-
fected by the rate at which the drug is made available to the
biological fluid at the site of.-administration. The intrinsic
physicochemical properties, such as solubility and the ther-
modynamics of dissolution, are only part of the factors which
affect 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, commi-
nution, Chapter 76, anddissolution, Chapter 35) or retard it
(eg, coatings, Chapter 9_1, and slowvrelease formulations,
Chapter 92). There are also factors that affect the rate of
delivery from liquid forms. For-example, a drug in a highly
viscous vehicle is more slowly absorbedfrom the vehicle than
a drug in a vehicl_e of low viscosity; in oil—in—water emulsions,
the rate depends upon the partition coefficient. These ma-
nipulations are the subject of biopharmaceutics (see Chapter
92). . . '

Area of Absorbing Surface-——The area of absorbing sur-
face is an important determinant of the rate of absorption. To
the extent that the therapist must work with the absorbing .
surfaces available in the body, the absorbing surface is not
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subject to manipulation. However; the extent to which the
existing surfaces maybe, utilized is siibjefct to variation. In
those rare instances in which percutaneous absorption is in-
tended for systemic administration, the entire skin is avail-
able. .

Subsequent to subcutaneous or intramuscular injections,
the site of application may be massaged in order to spread the
injected fluid froma compact mass to awell-dispersed deposit.
Alternatively, thedose may be divided into multiple small
injections, although this recourse is generally undesirable.

The different areas for absorption afforded by the various
routes account, in part, for differences in the rates of ab-
sorption by those routes. The large alveolar surface of the
lungs allows for extremely rapid absorption of gases, vapors,
and properly aerosolized solutions; with some drugs the rate
of absorption may be nearly as fast as intravenous injection.
In the gut the small intestine is the site of the fastest, and
hence most, absorption because of the small lumen ‘and highly
developed villiand microvilll; the stomach has a relatively
small surface area, so that even most weak acids are pre-

dominately absorbed in the small intestine despite a pH
partition factor that should favor absorption from the stomach
(see The pH Partition Principle, page 731).

Vascularity and Blood Flow—Although the thermal
velocity of a freely diffnsible 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; col-
lisions with water and/or other molecules, which causes a

D9. .§.1.1...V , v-
ance is a function of

thesquare of the distance; on the average it would take about
1/100 sec for a net outward movement of 1 pm, 1 sec for 10pm,
100 sec for 100 ,um, etc. In ahighly vascular tissue, such as
skeletal muscle, in which there may be more than 1000 cap-
illaries/sq mm of cross section, a drug molecule would not have
to travel more than a few microns, hence less than a second
on the average, to reach a capillary from a point of injec-
tion. .

Once the drug reaches the blood, diffusion is not important
to transport, and the rate of blood flow determines the
movement. The velocity of blood flow in a capillary is about
1 mm/sec, which is 100 times faster than the mean net velocity
of drug molecules 1 mm away from their injection site. The
velocity of blood flow is even faster in the larger vessels. Less
than a minute is required to distribute drug molecules from
the capillaries 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 rap-
idly from intramuscular sites than from less vascular subcu-
taneous sites, etc. Despite the small absorbing surface for
buccal-or sublingual absorption, the -high vascularity of the
buccal, gingival, and sublingual surfaces favors an unexpect-
edly high rate of absorption. -Because of hyperemia, ab-
sorption will be faster from inflamed than from normal areas,
unless the presenceof edema lengthens the mean distance
between capillaries and thus negates the effects of hypermia
on absorption. ‘ ‘ ‘ I

. Vasoconstriction may have a profound effect upon the rate
of absorption. When a local effect of a drug is desired, as in
local anesthesia, absorption away from the infiltered site may
be greatly impeded by vasoconstrictors included in the
preparation. Unwanted vasoconstriction sometimes may
cause serious problems. For example, in World War II many
wounded soldiers were given subcutaneous morphine without
evident effect. As a result, injections were sometimes re-
Deated more than once. When the patient was removed to
the field hospital, toxic effects would suddenly occur. The

{=‘»XDlanation_ is that cold-induced vasoconstriction occurred
In the field; when the patient was warmed in the hospital,
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vasodilation 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 may also be a super-
imposed vasoconstriction; repair of the shock condition than
facilitates absorption.

Molecules too large to pass through the capillary endothe-
liurn will of necessity enter the systemic circulation 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
dividing and dispersing the drug mass. The continual mixing
of the chyme helps keep the concentration maximal at the
mucosal surface. The pressures developed during segmen-
tation and peristalsis may also favor a small amount of fil-
tration. Movement at the site of hypodermic injection also
favors absorption, since it tends to force the injected material
through the tissue‘, increasing the surface area of drug mass
and decreasing the mean distance to the capillaries. Move-
ment also increases the flow of blood and lymph. The selec-
tion of a site for intramuscular injection may be determined
by the amount of expected movement, according to whether
the preparation is intended 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 from 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 in, and the half-time is around 10 min, though it
varies according to its contents, reflex and psychological fac-
tors, the action of certain autonomic drugs, or disease. The
effect of food to delay absorption is due in part to its action

to prolong emptying time. The emptying time causes a delay
in the absorption of drug, which may be unfavorable or fa-
vorable according to what is desired, , ,,,I.I1,.tI_1.e...caSe,.of.therapy
with antacids,_gastric. emptying is ‘a nuisance, since 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 solubility
is the result of a low rate of departure of drug molecules from
the undispersed phase. Furthermore, since the concentration
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 several 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 basic drugs are also
employed as repository preparations; for example, the pro-
caine salt of penicillin G has a low solubility and is used in a
slow release form of the antibiotic.

The solubility of certain macromolecules is critically de- "
pendent 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 insulin with the right proportion of a basic
protein, such as protamine, the isoelectric pH can be made to
be approximately 7.4, and the complex can be used as a low-
solubility pro1onged—action drug. For more details, see
Chapter 92.

Some drugs may bind with natural substances at or near the
site of application. The strongly ionized mucopolysaccharides
in connective tissue, ground substance, and mucous secretions
of the gut are retardants to the absorption of a number of

TEVA EXHIBIT 1030

TEVA PHARMACEUTICALS USA, INC. V. MONOSOL RX, LLC



RBP_TEVA05017813

TEVA EXHIBIT 1030 
TEVA PHARMACEUTICALS USA, INC. V. MONOSOL RX, LLC

730 CHAPTER 37

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, ab-
sorption from the stomach is slow (see above), so that the
absorption of large cations mainly occurs in the upper duo-
denum where the pH is still relatively low. Pharmacologically
inactive quaternary ammonium compounds are sometimes
included in an oral preparation of .a quaternary ammonium
drug for the purpose of saturating the binding sites of mucin
and other mucopolysaccharides and thereby enhancing the
absorption of drug. r . - » -

In addition to mucopolysaccharides in mucous secretions,
foodin the gastrointestinal track binds many drugs and-slows
absorption. Antacids, especially aluminum hydroxide plus
other basic aluminum compounds and magnesium. trisilicate,
bind amine and ammonium drugs and interfere with ab-
sorption. . .

Donnari/’E,l,t'fect——The presence of a charged_1__i;acromole-
cule oifieside ofa segniprerineablemembrane (impermeable
to the macromolecule) will alter the concentration ofpermeant
ionized particles according to the Donnan equilibrium (page
732). Accordingly, drug molecules of the same charge as the
macromolecule will be constrained to the opposite side of the
membrane. The presence of appropriately charged macro-
molecules not only will influence the distribution of drug ions
in accordance with the Donnan equation but will increase the
rate of transfer of the drug across the membrane, because of
mutual ionic repulsion. This effect is sometimes used to fa-
cilitate the absorption of ionizable drugs from the gastroin-
testinal tract. The Donnan effect also operates to retard the
absorption of drug ions of opposite charge; however, the mu-
tual electrostatic attraction of a macromolecule and drug ion
generally results in actual binding, which is more important
than the Donnan effect.

Vehicles and Absorption Adjuvants—Drugs that are to
be applied topically to the skin and mucous membranes are
often dissolved in vehicles that are thought to enhance the
penetrance. For a long time it was thought that oleaginous
vehicles promoted the absorption of lipid-soluble drugs.
However, the role and effect of the vehicle has proven to be
quite complex. In the skin at least five factors are in-
volved: ’

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

’2. The effect of the vehicle to promote or prevent the collection ofsweat at the surface of the skin.

3. The partition coefficient of the drug in a vehiclegwater system.
4. The permeability of the skin’ to the undissolved drug.
5. 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 sebaceous glands may also be involved,
although in man the follicles and glands are probably ordi-
narily of minor importance toabsorption.

A layer of oleaginous material over the skin prevents the
evaporation of water, so that the stratum corneum may be-
come macerated and more permeable to drugs. In derma-
tology it is even sometimes the practice to wrap the site of

‘application with Saran wrap or some other waterproof ma-
terial for the purpose of increasing the maceration of the
stratum corneum. However, the layer of perspiration that
forms under an occlusive vehicle may itself 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. Conversely, polyethylene glycol vehicles remove the
perspiration and dehydrate the barrier, which decreases 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
transfer of lipid-soluble drugs from the vehicle to the skin.

Even in the absence of a Vehicle it is not clear what physi-
cochemical properties of a drug favor cutaneous penetration,
high lipid-solubility being a prerequisite according to some
authorities and an ether—water partition coefficient of ap-'
proximately 1 according to others. Yet the penetrances of
ethanol 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
soluble in a poorly absorbednvehicla, the vehgig->lejzuilLret.g_rr_d,;twl1_e
movement of €_E_lr11_ ' £l1_§.$kin.. “For example, salicylic.
acid is 100 times_aJs#p_g iivvherijlbsorbedfrom-watt;-than

‘“”f;i*om,pT31S?§f1ii1ene,glyeo.L,and.p.entano1,is.5.times_asnenneant
from waterriasgfrwin,oliye_,o_il_.1 Yet ethanol penetrates 5 times
fa‘st'e“r“fr6m olive oil than from either water or ethanol, all of _.
which denies the trustworthiness of generalizations about '
vehicles. , V '

In recent years there has been much interest in certain
highly dielectric aprotic solvents, especially dimethyl sulfoxide
(DMSO). "Such substances generally prove to be excellent
solvents for both water- and lipid-soluble compounds and for
some compounds not soluble in either water or lipid solvents.
The extraordinary solvent properties are probably due to at
higl;p.o1arizab1Lli.ty._m1d.Va1Lds31;S/lliials bonding capacity, a high
degree of polarization (dipole moment), and a lack of associ-
ation through hydrogen bonding; As a.veh_mle__,l_)MSO greatly
facilitates the permeation of the skin and other’b’i6l’_og“ical
membranes by numerous drugs, even incl_;_1(“1;'r,1eg"_sy,i,Jcl~‘£,large .
molecules..,as, in:su,l,i_m The mechanism is not understhod.
S\il°c’li"i7élii2:”les have a potential for many important uses, but
theyare at present only experimental, pending further in-
vestigations 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
comparison 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 is replacing an ingredient that previously bound the
drug or delayed its absorption; thus the new “adjuvant” isnot
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
operate, in part, through factors already cited above. Disease
or injury has a considerable effect upon absorption. For ex-
ample, debridement of the stratum corneum increases the
permeability to topical agents, meningitis increases the per-
meability of the blood—brain barrier, biliary insufficiency
decreases the absorption of lipid-soluble substances from the
intestine, acid-base disturbances can affect the absorption
of weak acids or bases, etc. Certain drugs, such as ouabain,
that affect active transport processes 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. Hyaluroni-
dase, which depolymerizes the mucopolysaccharide ground
substance, can be demonstrated to facilitate the absorption
of some, but not all, drugs from subcutaneous sites.

; Drugbisposition A

The term drug disposition is used here to include all pro-
cesses which tend to lower the plasma concentration of drug,

as opposed to drug absorption, which elevates the plasma
level. Consequently, the distribution of drugs to the various
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tissues will be considered under Disposition. Some authors
use the term disposition synonyrriously with elimination, that
is, to include only those processes which decrease the amount
of drug in the body. In the present context, disposition
comprises three categories of processes: distribution, bio-
transformation, and excretion.

Distributionjfliotransformation, and Excretion
The term distribution is self-explanatory. It denotes the

partitioning of a drug among the numerous locations where
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a drug may be contained within the body. Biotransforma~ , /7

tions are the alterations in the chemical structure of a drug ii h M _ Q
that are imposed upon it by the life processes. Excretion is, 1/ C5,,t.3,§ri‘ ,, ,‘\l fo 1 tr, «
in a sense, the converse of absorption, namely, the transpor-
tation of the drug or its products out of the body. The term
applies whether or not special organs of excretion are in-
volved. ‘ ' ‘
p

Distribution

The body may be corTsTdered to comprise a number of
compartments: enteric (gastrointestinal), plasma, interstitial,
cerebrospinal fluid, bile, glandular secretions, urine, storage
vesicles, cytoplasm or intracellular space, etc. Some of these
“compartments,” such as urine and secretions, are open-
ended, but since their contents relate to those in the closed

compartments, they must also be included.
At firstthought it may seem that if a drug were passively

distributed (ie, by simple diffusion) and the plasma con-
centration could be maintained at a steady level, the con-
centration 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 molecules.

The condition of small size and high water solubility allows
for passage through the pores without the necessity of carrier
or active 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 across charged membranes, in accordance with
the Donnan distribution. Dissociability causes unequal
distribution when there is a pH differential between com-
partment, as discussed under The pHPartition Principle (see
below). Thus, even if a drug is distributed passively, its dis-
tribution may be uneven throughout the body. When active
transport into or a rapid metabolic destruction occurs within
some compartments, uneven distribution is also inevitable.

The pH Partition Principle—~An important consequence
of nonionicdiffusion is that a difference in pH between two
com Will have an important influence upon the
partitioning of a weakly aci(_lic’or bas_i_c$r_l:r3g between those
compartments. THe‘f‘§ititi6n”is sucli tliat the unionized form
ofthe drug has the same concentrationb_oth—compartm‘ents,
sin‘ce"it‘is"the‘form“th'atiis”fre’ely‘diffusible; ,t.he..ionized:-form
in each compar ” j1_rt.will.have—the ‘cohcefitratioh’thEtiEde-
termi11ed’.’by.,th. H.in that .compartment—; the"pK‘,’an‘d’the

concentration of the uni<;n,iZ§.d..form.....IFhegoverningreffect
of pH*and‘piK*;oir’tlié’p'artition is known as the p1_;L12grt_ij_iQn

To illustrate" the principle, consider the partition of salicylic
acidbetween the gastric juice and the interior of a gastric
mucosal’ cell. Assume the pH of the gastric juice to be 1.0,

(.''“I ' . .-gee ~
Fig 37-11. Hypothcelirfil partition of salicylic acid between gastric juice
and the cytoplasm of a gastric mucosal cell. It is assumed that the
ionized form cannot pass through the cell membrane. The intragasiric

' concentration of salicylic acid is arbitrarily arranged to provide unit
concentration of the unionized form. Bracketed values: concentration;
arrows: relative size depicts the direction in which dlssociatlon-as-
sociation is favored at equilibrium.

\

which it occasionally becomes. The pK,, of salicylic acid is 3.0
(Martin22 provides one source of pK Values of drugs). With
the Henderson—Hasselbalch equation (see page 244) it may
be calculated that the drugnjs op_1_y_1]g_i9nized atpH1_.0.* ‘The
intracellular pH ofm’o‘st§élls71s about 7.0. 7\ssIiinifig‘the pH
of the mucosaLgelLto',be the same, it may be calculatedthat
salicylic acid will be 99.99% ionized within the cells. . Since the
concentration of the unionized form is theoretically the same
in both gastric juice and mucosal cells, it follows that the total
concentration of the drug (ionized + unionized) within the
mucosal cell will be 10,000 times than in gastric juice. This
is illustrated in Fig 37-11. Such a relatively high intracellular
concentration can have important osmotic and toxicologic
consequences.

Had the drug been a weak base instead of an acid, the high

concentration would have been in the gastric 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 less,
because the pH differential from lumen to mucosal cells, etc.,
will be less. The reversal of partition as the drug moves from
the stomach to the small intestine accounts for the phenom-
enon that some drugs may be absorbed from one gastroin-
testinal segment and returned to another. The weak base,
atropine, is absorbed from the small intestine, but because of
pH partition it is “secreted” into the gastric juice. -

The pH partition of drugs has never been demonstrated to
be as ‘marked as that illustrated in Fig 37-11 and in the text.
Not only do many drug ions probably pass through the pores
of the membrane to a significant extent, but some may also
pass through the lipid phase, as explained above for the
morphinans and mecamylamine. Furthermore, ion-pair
formation in carrier transport also bypasses nonionic diffu-
sion. All processes that tend toward an equal distribution of
drugs across membranes and among compartments will cause
further deviations from theoretical predictions of pH parti-
tion.

* The relationship of ionization and partition to pH and pK has been
formulated in several different ways, but the student may calculate the
concentrations from simple mass law equations. More sophisticated
calculations and reviews of this subject are available.13-2343
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_ A . 50% mwowebrane potential, the charge on the drug ion, and
the Donnan effect.‘ The relationship of the membrane po— FREE (1)tential to the ' ' ' " ’ ' ' ' '

ll
BOUND (1)

that small potentials may result from Donnan distribution.
onnan membrane theory is discussed in Chapter 14. Ac-

cording to the theory, the ratio of the intracellular/extracehlul ' ' ‘

shown in Eq 9 se_r_ve as a ‘re
changes with the c

Z,, is the Valence
tracellular con-

Donnan factor.

orrn at a sufficient level
harmacological activity; in such instances the bound drugcannot be considered a reserve. :

The effect of bin

considerable. For

), intersti
and bone an

Most drugs are bound to proteinlog D1, = logK + a log D; s by relatively weak forces,
Keesom, or Debye) forces, or

Consequently‘, binding constantsD; is the con— are generally small and binding is usuallystants charac- The l
The equation bonding,

strongly bound than are small
Just as shape and the natu

portant to drug—receptor co

such as van der Waals (London,
hydrogen or ionic bonds.

centration of free drug and a and K are con
teristic of the drug andwhere D1, is the conceijration of bound drug,
is that of a Freundlich

inding macromolecule.
isotherm. As the bindi

re of functional -groups is im-
mbination, so they also are to
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Fig 37-‘I3. Predisposltion of thlopental for fat. 25 mg/kg was given
to a dog. After a brief sojourn of thlopental in the more vascular tissues,
It gradually transfers to fat, where the lipld-soluble drug dissolves in fat
droplets (courtesy, Brodle and Hogben“).

binding. 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 may also displace protein-bound endogenous
constituents. For example, sulfisoxazole displaces bilirubin
from plasma proteins; in infants with kernicterus the freed
bilirubin floods the central nervous system and causes
sometimes fatal toxicity. .

Accordingrto the lipid—water coefficient, a drug may be
taken up into fat. The ratio of concentration in fat to that in
plasma will not be the same as the partition coefficient because
of the content of water and of non-lipids in adipose tissue and
because electrolytes and other solutes alter the dielectric
constant and hence solubilities» from those of pure water.

Lipoproteins and even nonpolar substituents on plasma.
proteins also take up lipid-soluble molecules, 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 delays the onset of anes-
thesia. However, ether and other volatile anesthetics are
gradually taken up into the adipose tissue, which acts as a
store of the anesthetic. The longer the anesthetic is admin-
istered, the greater the store and the longer it takes for anes-
thesia to terminate when inhalation has been discontinued.

Another notable substance that it readily taken up into fat

is thiopental. Even though there is a high solubility of this
barbiturate 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
equilibrates with the other tissues, and the brain concentra-
tion falls ‘as that in the other tissues (eg, muscle, liver) in--

creases. Gradually, however, 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 Fig 37-13. I

Nonequilibrium and Redistribution—Thus far the
distribution of drugs has been mainly discussed as though
equilibrium or steady state conditions exist after a drug is
absorbed and distributed. However, since most drugs are
administered at intervals and the body content of drug rises
and falls with absorption and destruction-excretion, neither
a true equilibrium among the body compartments nor a steady
state exists. ' .

The term equilibrium is misleadingly used to describe the
conditions that exist when the plasma concentration and the
concentration in a tissue are equal, as exemplified at the point ,
of intersection of the curves for plasma and muscle or plasma
and fat in Fig 37-13. But such “equilibrium” with fat occurs
much later than “equilibrium” with muscle, so that no true
equilibrium really exists among all the compartments. Fur-
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thermore, the cross-over 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 numerous factors that make for unequal distribution
(pH partition, Donnan effect, electrochemical distribution,
active transport, binding, etc). . -

A study of Fig 37-13 shows that the distribution of thio-
pental continually changed during the 31/2 hr of observation.
At the end of the period, the content in fat was still increasing
while that in each of the other compartments was decreasing.
This time-dependent shift in partition is called redistribution.
Eventually, the content in fat would have reached a peak,

' which peak would represent as nearly a true equilibrium point
as could be achieved in the dynamic situation where metabolic
destruction 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 parallel with that
in the other tissues, and the partition among the compart-
ments would have remained essentially constant. Redistri-
bution, then, takes place only until the concentration in the
slowest filling compartment reaches its peak, so long as the
kinetics of elimination are constant.

An index ofxiistributionknown-asJ;heg)_lume of distribu-
tion {amount of d_nigin.the-bedydivided'by7pTa§rE%T?éef1‘éen-
tration) isnfcnnsiderahlensefiilnessjnpharmacokineticsbut
is0/flimited_vah1ein—defini_ngthe4vay.in.whiclrmdmg is pa -
titionecl in thel)_o_dy._Slolume.of.distribution is discussedon
‘page 756. . -

/The word spa.e_’_,'.§_is~qAfMt,ei;_1,Jsed-synonymously with volume
of distribution. It is especially employed when the distributed
substance has a volume of distribution that is essentially
identical to a physical real space or body compartment. N-
Acetyl—4—amirio‘a'ntipyrineis distributed evenly throughout
the total body water and is not bound to proteins or other
tissue constituents. Thus the acetylaminoantipyrine space‘
or volume of distribution coincides with that of total body
water. Inulin, sucrose, sulfate, and a number of other sub-
stances are essentially ‘confined to extracellular water, so that
an inulin space, for example, measures the extracellular fluid
volume. Evans blue is confined to the plasma, so that the
Evans blue space is the plasma volume. Such space mea-
surements with standard space indicators are a necessary part
of studies on the distribution of drugs, since it is desirable to
compare the volume of distribution to a drug to the standard
spaces. ’ - ’

Biotransfcrmation

Most drugs are acted upon by nzymes in the body and
converted to metabolic derivatives called metabolites. The

processof conversion is called biotransformation. Metabo-
lites are usually more polar and less lipid-soluble than the
parent drug because of the introduction of oxygen into the
molecule, hydrolysis to yield more highly polar groups, or
conjugation with a highly polar substance. As a consequence,
metabolites often show less penetrance into tissues and less
renal tubular resorption than the parent drug,‘ in accordance
with the principle of the low penetrance of polar ‘and high
penetrance of lipid-soluble substances. Eor similarreasons,
metabolites afeusually lessactive than the parent drug, often
inactive; even if they are appreciably active, they are generally
more rapidly excreted. Therefore, the usual net effect of
biotransformation may be said to be one of inactivation or
detoxication. -

There are, however, numerous examples in which bio-
transformation does not result in inactivation. Table III

(page 758) lists a number of drugs that generate active me-
tabolites; in a few instances activity derives entirely from the
metabolite.
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There are also examples in which the parent drug has no
activity of its own but is converted,to anactive metabolite.
Parathion, malathion, and cert‘ain.o'ther anticholinesterases
require metabolic activation, inactive chloroguanide is con-
verted to an active triazine derivative, phenylbutazone is
hydroxylated to the antirheumatic hydroxyphenylbutazone,
inactive pentavalent arsenicals are reduced to their active
trivalent metabolites, and there are other examples of an ac-
tivating biotransformation.

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
generated in the body. This practice has been termed drug
latentiation. Chloramphenicol palmitate, dichloralphena-
zone, and the estolates of various steroid hormones are ex-

amples of deliberately latentiated drugs. Because inactive
metabolites do not always result from biotransformation, the
term detoxication should not be used as a synonym for bio-
transformation. . ' x. r

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.
Since plasma lacks the enzymes and structures required for
electron transport, biotransformations in plasma are mostly
hydrolytic.

Endoplasmic Reticulum and Microsomal System——
Biotransformations in the liver mainly occur in smooth en- .
doplasmic reticulum. The endoplasmic reticulum is a tu-
bular system which courses through the interior of the cell but
also appears to communicate with the interstitial space, and
its membrane is continuous with the cell membrane. Some

of the reticulum is lined with ribonucleoprotein particles,
called ribosomes, which are engaged in protein synthesis; this
is the rough endoplasmic reticulum. Although the smooth
endoplasmic reticulum lacks, such a granular appearance, it
is heavily invested with numerous enzymes which biotrans-
form many drugs and some endogenous substances. .

When a broken cell homogenate of the liver is prepared, th
reticulum becomes fragmented, and the fragments form ve-
sicular structures called microsomes. Although the micro-
somes are artifacts, it is the practice to refer to the microsomal

drug metabolizing system rather than to the smooth endo-
plasmic reticulum. . -

The microsomal system is peculiar in that both oxidations
and reductions usually require the reducing cofactor NADPH
(TPNH). This is because microsomal oxidations proceed by
way of the introduction of oxygen rather than by dehydroge-
nation, and NADPH is essential to reduce one of the atoms
of 02. The drug first binds to an oxidized cytochrome P-450.
The drug-cytochrome complex is then reduced by NADPH-
cytochrome reductase; the reduced complex then combines
with 02, after which the metabolite is released and oxidized
cytochrome P-450 is regenerated. Cytochrome P-450 is a
generic term that includes at least six, and probably more,
separate enzymes”.

Some of the enzymes of the microsomal system are quite
easily induced; that is, a substrate of the enzyme may con-
siderably increase the activity of that enzyme by increasing

‘ the biosynthesis of that enzyme. An increase in the amount
of smooth endoplasmic reticulum is also sometimes demon-
strated concomitantly with enzyme induction.

Treatment of an experimental subject with phenobarbital
will greatly increase the rate of metabolism of phenobarbital,
which necessitates larger and more frequent doses of the drug
in order to maintain a constant sedative effect. Moreover,
phenobarbital may induce an increased metabolism of some
other but not all barbiturates as well as some unrelated drugs,
such as strychnine and warfarin. Oddly, warfarin does not
readily induce its own biotransformation. At the present

time, both self-induction and cross-induction appear capri-
cious and unpredictable.

Induction may create therapeutic problems. For example,
the use of phenob_arbit_al,during treatment with warfarin in-
creases thec-'d6‘s' irement 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 metabolismofmay drop to
its previous level, so that the patient is ove‘rdosed, with hem-
orrhagic consequences. Some drugs inhibit rather than in-
duce the microsomal system, which reduces the dose re-

quirement and may lead to toxicity. Ci1n_et_i,d_i_nejs an example

of a drug that inhibits the hepatic metalfolism of a number of
other drugs. “* 0(,.i‘c«l/k»/Vgl’ fl~C- - '

The activity of the mici osomal system is affected by many
factors other than the presence of drugs. Age, sex, nutritional
states, pathological conditions, body temperature, and genetic
factors are among the influences that have been identified. .
Age, particularly, has received considerable attention. Infants

have a poorly developed microsomal system, which accounts
for the low dose requirement for morphine and also explains
the high toxicity of chloramphenicol in infants. - '

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

Types of Biotransformations—Biotransforrnations may
be deg{_agqtive, wherein the drug molecule is diminished to
a smaller structure, orgsggnthetic, wherein one or more atoms
or groups may be added t67th‘e”T”‘nolecule. Very few drugs are
degraded completely. However, it is more useful to categorize
biotransformations with respect to “rng:§a,
gative) biotransformati_oI_1s_,an_d.conjuga '
tions. The formeris called phase] “Tillage II. .-In
phasel pharmacodynamic.activ;k__ _ t',hfi6'wever, ac-
tive and cl19.Inically— reactive-.intAerme‘d1ates-may-also-be gen-
eratef_l‘.’:,',I‘l_,ie polarity_of,the, molecule may or may not be in-'
creased sufficientlyto increase excretion markedly. In phase
II, metabolites from -phase I m,ay_be..conjugated, and some-
t'ir‘n‘és’tlie original drug may be conjugated, thus bypassing

phase I. Phase IIgenerates metabolites of high polaritgvhich
are readi1y'§{{g:eted.

Biotraifsformations may be placed into five categories: (1)
oxidation, (2) reduction, (3) hydrolysis, (4) conjugation;-and
(5)"'inis:gellar1,eoi’is§ Oxidation, reduction and hydrolysis
comprisefphase I. Conjugation comprises phase 11. Most of
the miscellaneous belong in phase I. - -"

Qxidation—0xidation is more common than any other type of bio-
transfermation. Oxidations that occur primarily in the liver microsomal
system include side-chain hydroxylation, aromati,<:_,l13'drox lation, ,
deamination (which is oxidative and results in the in erme iate formation
ofiRCHO)TN—, 0-, and S'—dealkylation (which probably involves hydrox-'
ylatioh of the alkyl group followed by oxidation to the aldehyde), and
sulfoxide formation. N-Demethylation involves a differentgystem from
N-dealkylation of highe'i‘fa;licals. _ "

Oxidations that occur elsewhere than the microsomes are generally
dehydrogenations followed by the addition of oxygen or water. Examples
are the oxidation of alcohols by alcohol dehydrogenase, the oxidation of
aldehyde by aldehyde dehydrogenase, and the deamination of monoamines
by monoamine oxidase and diamines by diamine oxidase. The oxidation ,
of purines like caffeine and theophylline is also extramicrosomal.

Reduction—Reductions are relatively uncommon. Tliéyfiiainly; occur,
,in liver microsomes, but they occasionally take place in other tissues.
Examples are the reduction of nitro and nitroso groups (as in chloram-
phenicol, nitroglycerin, and organic nitrites), of the azo group (as in
prontosil), and of certain aldehydcs to the corresponding alcohols (as with
the deaminated serotonin metabolite, 5-hydroxytryptophal, to 5-hy-
droxytryptophol). ~

Hydrolysis—Hyglr9lysis i_s,a£ommon biotransformatipn among esters
and amides. Esterases are locatedin many structures bésidéslthe mi-
crosomes. Ear example, cholinesterases arefound in plasma, erythrocytes,
liver, nerve terminals, junctional interstices, and postjunctional structures,
and procaine esterases are found in plasma. Various phosphatases and
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sulfatases are also widely distributed in tissuesandvplgggma, although few
drugs are appropriate substrates» The liydrolytic deamidation of me-
per_i_dine occurs primarily in the‘ hepatic micrgsojnes.- ‘ ‘ "

Conjugation—A large number of drugs or their metabolites are con-
jugated. Conjugation is the biosynthetic process ofcombining a chemical
compound with a highly polar and water-soluble natural substance to yield
awater‘-soluble, .1}S§§lly‘iiiactive,’prodij§t7‘C6fiju'g’ati'6if§'§éfiéiiEillyiiivolve
either esterification‘, aiiiidiitidnfmlixed anhydride formation, hemiacetalformation, or etherization.

Glucuronicvagid is the most frequent partner to the drug in conjugation.
Actually,'tliedrug reacts with uridine diphosphoglucuronic acid rather
than with simple glucuronic acid. The drug or drug metabolite combines
at the number 1 carbon (aldehyde end) and not at the carboxyl end of
glucuronic acid. The hydroxyl group ofan alcohol or a phenol attacks the
number 1 carbon of the pyran ring to replace uridinc diphosphate. The
product is a hemiacetyl-like derivative. Since the product is not an ester,
the termglucuronide is appippriate. Rarely, thiols and amines may form
analogous glu‘curo”ni’cfias7 . -

Carboxy,l.compgunds form esters, appropriately_call_e_d glucuronates,
in replacing the uridine diphosphate. __§ujfuric:,a,,c_id is also a frequent
conjugant, especially with phenols and to‘aTle‘sser‘€)R“ent with simple al-
cohols. The sulfurated product is called an ethereal sulfate. Occasionally
sulfuric acid conjugates with aromatic amines to form sulfamates.
Phosphoric acid also conjugates with phenols and aromatic amines. The
conjugation of berrggic acid with glycine to yield hippuric acid is a classical
example‘ of an liiwiid ii”g1*i'tii7é”p ”'"‘."°Cys”t§ifie‘fnay'take the“
place of glycineft interiifédia‘ iibf glutathione, to yield mer-capturic acids with certain aromatic acids. V

Amidations with amino acids are less frequent than %e,tyyl_a_t\i9_n__,vpartly
because few drugs are carboxylic compounds. A1_‘o1naf1T:""§mines and 0c-
casionally aliphatic amines or heterocyclic nitrogen are frequently acet-
ylated. Acetyl-CoA is the biological reagent rather than acetic acid itseli,‘.,,s/-.-E‘
Unlike most other conjugates, the acetyl_ate..(amide),is us1_i_ally”’l€§s
water-soluble than the parent compound7““I‘he-acetylationligfthe para-
amino group of the sulfonamides is a prim€'e“xample“ol“tliis}' type of con-
jugation. '

Although most conjugations occur in the liver,‘ the microsomal system

tissues. 6, ll/l.’,fl'} in w ~lw~— r ,
- Miscellaneous—Many amines,‘ especially derivatives of fi-phen-

ylethylamine and heterocyclic compounds, are‘ methylated in the body.
The products are usually biologically active, sometimes more so than the
parent compound. N-Metl;);l_,a,tion may occur in the cell sap of the liver
and elsewhere, especiallyiiichromaffin tissue in the case of phenylethy-larnines.

Phenolic compounds may be 0-methylated. 0-Methylation is the
principal route of biotransformation of catecholamines sufih"? epinephrine
and norepinephrine, the methyl group being introduced on the meta hy-
droxy substituent. Both N- and O-methylation require S-methyladenosyl
cysteine. .

~‘ ‘Desulfuration, in which oxygen may replace sulfur, takes place in the
liver. _~.:’I’.liibpéntal is in part converted to pentobarbital by desulfuration,
and parathion is transformed to paraoxon.

Dehalogenation of certain insecticides and various halogenated hy-
drocarbonsmay take place, principally in the liver but not in the micro-somes.

is not involved. Some conjugations occur iitthefki or ‘MI

7 Excretigrr

Some drugs are not liiotransformed in the body. Others
may be biotransformed, but their products still remain to be
eliminated. It follows that excretion is involvedin the elim-

ination of all drugs and/or their metabolites. Although the
kidney is the most important organ of excretion, some sub-
stances are excreted in bile, sweat, saliva, gastric juice, or from
the lungs.

RenalWEx_o1jetion—The excretory unit of the kidney is
ca1led"t‘h‘é iiephron (Fig 37:14). There are several million
nephrons in the human kidney. The nephron is essentially
a filter funnel, called Bowman’s capsule, with along stem,
called a renal tubule. It is also now recognized that the col-
lecting duct is functionally a part of the nephron. The blood
vessels that invest the capsule and the tubule are also an es-
sential part of the nephron.

Bowman’s capsule is packed with a tuft of branching in-
terconnected capillaries (glomerular tuft), which provide a
large surface area of capillary endothelium (“filter paper”)
through which fluid and small molecules may filter into the
capsule and begin passage down the tubule. The glomerular
tuft together with Bowman’s capsule constitute the glamor-
ulus. The glomerular capillary endothelium and the sup-

1
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Fig 37-14. diagram of a mammalian nephron. Note how the lower
loops of the postglomerular capillaries course downward and double
back along with the tubule. This allows countercurrent distribution to

maintain hyperosmolar urine within the thin segment.w.aK: .

porting layer of Bowman’s capsule have channels ranging
upwards to 40 A. Consequently, all unbound crystalloidso-
lutes in plasma and even a little albumin pass into the glo-
Inerular filtrate. , ‘ ' ‘ ‘

The postglomerular vessels which lie close to the tubules
are critically important to renal function in that substances
resorbed from the filtrate by the tubule are returned to the
blood along these vessels. The tubule is not straight but
rather first makes a number of convolutions (called a proximal
convoluted tubule), then courses down and back up a long
loop (called the loop ofHenle); 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 (ascending) tubule.

As the glomerular filtrate passes through the proximal
tubule, some solute may be resorbed (tubular resorption)
through the tubular epithelium and returned to the blood.
Resorption occurs in part by passive diffusion and in part by
active transport, especially with sodium and glucose. Chlo-
ride follows sodium obligatorily. «

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

Some acidification occurs in the proximal tubule as the
result 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 is con-
verted to resorbable nonionic CO2. _

There is also active transport of organic cations and anions
into the lumen (tubular 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 rapidly secreted by the anion transport system and tetra-
ethylammonium by the cation transport system. Probenecid
is an inhibitor of anion secretion and hence decreases the rate

of loss of penicillin from the body.
~ ' TEVA EXI-l|B|T 1030

TEVA PHARMACEUTICALS USA, INC. V. MONOSOL RX, LLC



RBP_TEVA05017819

TEVA EXHIBIT 1030 
TEVA PHARMACEUTICALS USA, INC. V. MONOSOL RX, LLC

CHAPTER 37

4K
N 40

I.I
STRONGLY ACID URIN I
' .~ II

I

WEAKLY ACID URINE LOGMGSETD UNEXCRgTED
N a

change forpotassium (p
nium ions. Adrenal
bular sod ‘
cretion. ‘ ' ccurs, so that the urine

be either acidified or alkalinized, according to acid—baseand electrolyte requirements.

ter is resorbed selectively from the distal end of the
e and the collecting ducts; water re-

of resorption,

diffusion and pH partition. A The pH
affects the tubular secretion of drugs.

H is important
or base of which

lasma levels will

SCI

, extent of absorption, rates of distrib
body compartments, rate of elimination, and related phe-

Because of its importance, two chapters, Basic
' '3 (page 741) and Principles of Clinical

3 (page 762), have been devoted to the
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i _‘ Drug Interaction and Combination
It is frequent that a patient may receive more than one drug

concurrently. Case records show that surgical patients
commonly receive more than 10 and sometimes as many as 30
drugs and that the patient is often under theinfluence of
several drugs at once, sometimes unnecessarily. Multiple-
drug administration is also common to patients hospitalized
for infections and for many other disorders. Furthermore,
a patient may"'be suffering from more than one unrelated
disorder whichdemands simultaneous treatment with two or
more drugs. In such instances interactions are unsolicited
and_ often unexpected. V . ' .

In addition to the administration of drugs concurrently for
their independent and unrelated effects, drugs are sometimes
administered concurrently. deliberately to make use of ex~
pected interactions. ‘

Types of Interaction and Reasons for Combination
Therapy . ~ »

A drug may affect the response to another drug in a quan-
titative way. On the one hand, the intensity of either the
therapeutic effect orpside effect- may be augmented or sup-
pressed. On the other hand, a qualitatively different effect
may be brought out. The mechanisms of such interactions

are many_and are not always understood. A drug may not
necessarily affect either the quality or initial intensity of effect
of another drug but may cause significant to profound changes
in the duration of action. The nature of this type of interac~
tion is generally fairly well understood, although it may not
yet have been ascertained for any particular drug combination.
The deliberate use of combined interacting drugs is most valid
when the mechanism of the interaction is understood and the

combined effects are ‘both quantifiable and predictable. The
rationales of drug combination and the principles involved
are discussed below. ‘ . - ~

Combinations to Increase Intensity of -Response or
Efficacy——Sometimes the basis for the action of one drug to
increase the intensity of response to another is well under-
stood, but often the reason for a positive interaction is obscure.
A terminology has grown up that is frequently not enlight-
ening as to mechanisms and principles but also which 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 sys-
tems. Thus the looseness of the term admits a pressor re-,
sponse consequent to an increase in cardiac output to be
homergic with one resulting from arteriolar constriction, even
though there is not one common responsive element, the blood

-pressure itself being‘ but a passive indicator. However,
homergic drugs usually have in common at least part of a re-
sponse system. Thus both norepineplirine and pitressin
stimulate some of the same vascular smooth muscle, even
though they do not excite the same receptors. '

A Two homergic drugs can be agonists of the same receptor,
so that the entire response system is common to both. Such
drugs are called homodynamic. As discussed under Drug
Receptors and Receptor Theory (page 718), homodynamic
drugs will generate dose—intensity of effect curves with parallel
slopes but not necessarily with identical maxima or efficacies,
if one of the drugs is ''a partial agonist.

From mass law kinetics and dose—effect data of the separate
drugs it is possible to predict the combined effects of two

agonistsxto the same receptor. Ifboth drugs are full agonists,
theory predicts that an EDx of Drug A added to an EDy of
Drug B s ould elicit the same effect as that of an EDy of Drug
A added to an EDx of Drug B. An example is shown in Fig

37-17. Dose—percent,data with homodynamic drugs can be
treated in the same way.33 i , ' ‘

Drugs whose’ combined effects _fit the above conditions are
called additive. If the response to the combination exceeds
the expected value for additivity, the drugs are considered to
be supra-additive. ‘Purely homodynamic drugs do not show
supra-additivity; however, if one drug in the pair has an ad-
ditional action to affect the concentration or penetrance of the
other or to prime the response system in some way, two ago-
nists to the same receptor may exhibit supra-additivity. Two
homergic drugs are infra-additive if their combined effectis
less than expected from additivity. As with supra-additivity,
infra—additivity must involve an action elsewhere than on a
common receptor. ' ,

Two drugs are said to be summqtive if a dose of drug that
elicits response or added to a dose of another drug that elicits
response y gives the combined response as _+ y. Very little
significance can usually be attachedto summation... Unless
the dose—intensity curve of each drug is linear rather than
log-linear‘, summation" cannot be predicted from the ‘two
curves. When summation does occur with the usual clinical
dosesof two drugs, it almost never occurs over the‘ entire dose
range;_ indeed, if the dose of each of the two drugs is greater
than an ED50, summation is theoretically impossible unless
it is possible "to increase the maximal response. At best,
summation is an infrequent clinical finding limited to one or
two doses. g I

'I\/vo drugsare said to be heterergic if the drugs _do not cause
responses ofthe samequality. When heterergy is positive,
ie, the responseto one drug is enhanced by the other, syn-
ergism is said to occur. The word has often been used to de-
scribe any positive interaction, but it should be used only to
describe a positive interaction between heterergic_drugs. The
term potentiation has been used synonymously with syner-
gism, but misuse of the term has led to the recommendation
that the term he dropped. Synergism is often the result of an
effect to interfere with the elimination of a drug and thus to
increase the concentration; synergism may also result from
an effect‘ on penetrance or upon the responsivity of the effector
system. Examples of a synergistic effect in which responsivity
is enhanced are the action of adrenalcorticoids to enhance the
vasoconstrictor response to epinephrine and the increase of
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Flg 36-17. Additive inhibitory effects of tetraethylammonlum (TEAi
and hexameihonium (G6) on the superior cervical ganglion of the cat.
The theoretical line for additivlty was calculated on the basis that ‘an .
increment of TEA added to an EDx of 06 should have the same effect

as if it were added to an EDx of TEA. When TEA and C6 were admin:
istered together, an equal amount of each was given. The dose is the_
sum of the doses of the two components (courtesy, Harvey”). .‘ TEVA EXHIBIT 1030

TEVA PHARMACEUTICALS USA, INC. V. MONOSOL RX, LLC



RBP_TEVA05017821

TEVA EXHIBIT 1030 
TEVA PHARMACEUTICALS USA, INC. V. MONOSOL RX, LLC

738 CHAPTER 37

epinephrine-induced hyperglycemia consequent to impair" -
ment by theophymne ofthe enzymaticlrdestruction of the cy-
clic-AMP which mediates the response _ .

1,‘, cjjhicgj practice two homodynamic drugs are rarely
coadministered for the purpose of increasing the response,"
since a sufficient dose of either drug should be able to achieve

‘the’ sameieffect as a combination of the two. Most clinical
combinations with positively interacting drugs are with het-
erergic drugs. . I I ‘ ‘ 4

Combinations to Decrease Individual Doses and Tox-
icity—When homodynamic drugs are coadministered, it is
usually forthe purpose of decreasing toxicity. If the toxicities
of two homodynamic drug are infra-additive, the toxicity of
combined partial doses of the two drugs will ‘often be less than
with full doses of either drug. This principle is valid for
trisulfapyrimidines mixture (see page 1176). '

Combinations to Attack :1 Disease Complex at Differ-
ent Points-'—With many diseases more‘ than one organ or
tissue may be affected or events at more than one locus may
bear upon the ultimate perturbation. For example, in duo-
denal ulcer, psychic factors appear to increaselactivity in the
vagus nerve which modulates gastric secretion, so that it was
rational to explore the effects of sedatives, ganglionic blocking
drugs, antimuscarinic drugs, and antacids, singly and in‘
combination. In heart failure the" decrementin renal plasma
flowgand changes in aldosterone levels promote the retention
of salt and water, so that diuretics and digitalis are usually
employed concomitantly. Pain, anxiety,‘ and agitation or
depression are frequent accompaniments of various pathologic
processes, so that it is to be expected that analgesics, tran-
quilizers, sedatives or antidepressives will frequently be given

the specific pathology. 4. _
Combinations to Antagonize Untoward Actions—'—The

side effects of a'nu'mber of drugs can beprevented or sup-
pressed by other drugs. ‘ An antagonist may compete with the
drug at the receptor that initiates the side effect, depress the
side-effector ‘system at a point other than the receptor, or
stimulate, an opposing system. '

Antagonism at the receptor is competitive antagonism if
the ‘antagonist attaches at the same receptor group asthe
agonist (see page 719). Antagonism at a different receptor
group or inhibition elsewhere in the response system is non-
competitive antagonism. ‘ Both competitive and noncom-
petitive antagonism are classified as pharmacological on-

~ at the same time, along with other drugs intended to ‘correct

tagonism. The stimulation of an opposing system is physi- »~
Qlogical antagonism.

Clinical examples of pharmacological antagonism are the
use of atropine to suppress the muscarinic effects of excess
acetylcholine consequent to the use of neostigmine and the
use of antihistaminics to prevent the effects of histamine
liberated by tubocurarine. Examples of physiological an-
tagonism are the use of amphetamine to correct partially the
sedation caused by anticonvulsant doses of phenobarbital and
the administration of ephedrine to correct hypotension re-
sulting from spinal anesthesia. .

Combinations That Affect Elimination——Only a few
drugs are presently used purposefully to elevate or to prolong
plasma levels by interfering with elimination, although con-
tinued interest in such drugs will probably increase thenumber.

Probenecid, which has already been mentioned to antago— .
nize the renal secretion of penicillin, was originally introduced
for this purpose. However, t e inexpensiveness of penicillin

I G, repository preparations of penicillin G, and oral prepara-
tions (which obviatethe need for injection) make it less im-
perative to retard the excretion of penicillin. The low non-
allergenic toxicity ofpenicillin permits very large doses to be
given without concern for the high plasma concentrations that
result, which also means that there is little necessity for in-'

creasing the biological half—life of the drug. Consequently,
probenecid routinely is not used much today in combination
with penicillin. ‘ o

- ‘ he use of vasoconstrictors to increase the sojourn of local
anesthetics 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.
Innumerable drugs affect the fate of others, and the therapist
must be aware of such interactions. . ‘

Drugs that induce cytochrome P-450s ‘enhance the elimi-
nation of drugs that are metabolized by the liver microsomes.
There would be very little point ordinarily to solicit combi-
nations that would shorten the duration of action or lower
plasma levels unless it were to reduce an overdosage. How-
ever, since such combinations are unwittingly or unavoidably
used, this type of interaction is of great clinical importance.

Combinations to Alter Absorption——In the section on
Vehicles and Absorption Adjuuants (page 730) it was men-
tioned that certain substances facilitate the absorption of
others. The use of such absorption adjuvants is generally
included under the subject of formulation rather than under
drug combination. Although drugs which increase blood flow,
motility, etc have an effect to increase the rate of absorption,

f such drugs has so far not proven to be Very practical.
is desired to slow the absorption of drugs, various

physical or physicochemical means prove to be more effective
and less troublesome than drug combinations.

Fixed Combinations of Drugs

Concomitant treatment with two or. more drugs is fre-
quently unnecessary, and it generally immeasurably compli-
cates therapy and the evaluation of response and toxicity.

.Nevertheless, it is often warranted, even essential, and cannot
be condemnedcategorically. However, with fixed-dose or
fixed-ratio combinations, in which the drugs are together in
the same preparation,,have certain disadvantages, except for
a few rare instances like trisulfapyrimidines. ~ ‘

The disadvantages are as follows: patients differ in their
responsivity or sensitivity to drugs, and adjustments in dosage
or dose-interval may be necessary. If adjustment of only one
component of the mixture is required, it is undesirable that
the schedule of the second. component be obligatorily adjusted,
as it is in a fixed combination. According to which way the
dose is adjusted, either toxicity or loss of the therapeutic effect
may result. Furthermore, when adverse effects to either
component occur, both drugs must be, discontinued. The
fixed combination denies the physician flexible control of
therapy. Especially when one component in a mixture is
superfluous yet potentially toxic, as is often the case, the
promotion of fixed combinations is reprehensible. However,
the separate administration of drugs used incombination
often complicates treatment for the patient, who, in an out-
patient situation and sometimes in the hospital, may not take
all of his medication or who may take it _at inappropriate in-
tervals. The resultingrconsequences may be worse than those
of fixed combinations in certain instances. Consequently, a
summary dismissal of fixed combinations is unwarranted.
Rather, the fundamentals of pharmacokinetics and clinical .
experience must be brought togetherwith biopharmaceutics
to analyze present combinations and to predict possible new

' allowable combinations. '

Dangers in Multlple-Drug Therapy

Some objections to fixed-dose combinations were stated
above. Also the unanticipated effects of drug combinationsTEVA EXHIBIT 1030
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have been touchedhupon, particularly with respect to effects
upon elimination. But it should be made clear that more is
at stake than simply the biological half-life of a drug. On page
733 was given an example of the grave clinical consequences.
of the effect of phenobarbital to enhance the biotransforma-
tion of warfarin. Other examples of dangerous interactions,
such as the effect of several antidepressants greatly to syn-
ergize catecholamines, may be cited. Even some antibiotics
antagonize each other and increase mortality.

In addition tothe obvious pitfalls posed by the interactions
themselves, the use ofmultiple-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 convincing indication that each drug is beneficial
beyond the possible detriments or without proof that a
therapeutically equivocal combination is definitely harmless.
Finally, the expense to the patient warrants consideration.
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