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Nearly all therapeutic agents possess various phys- 
icochemical and biological properties, some desirable 
and others undesirable. In general, the pharmaceuti- 
cal world is concerned with minimizing the number 
and magnitude of undesirable properties of a drug 
while retaining the desirable therapeutic activity. 

Improvement of drug efficacy can be accomplished 
by biological, physical, or chemical means. The bio- 
logical approach entails varying the route of adminis- 
tration. Examples include the injectable route to op- 
timize onset of action, maximize bioavailability (en- 
hanced blood levels), and eliminate gastric irritation 
and acid-catalyzed drug degradation. Versatility is 
severely limited when utilizing the biological ap- 
proach, because alternative routes of administration 
are frequently unavailable and are always less conve- 
nient than oral administration. 

A greater degree of flexibility of drug modification 
is offered by the physical approach, commonly re- 
ferred to as dosage form design. The elements and 
philosophy of this approach were discussed by 
Schroeter (1) and others (2-8). The highest degree of 
flexibility in altering drug efficacy, however, is of- 
fered by the chemical approach. 

Drug derivatization has been long recognized as an 
important means of producing better pharmaceuti- 
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cals. Bayer, as far back as 1899, synthesized the drug 
aspirin in an attempt to improve the therapeutic ac- 
tivity of salicylic acid. Since that time, literally thou- 
sands of drug derivatives have been synthesized and 
tested. These drug derivatives can be broadly classi- 
fied into two categories: irreversible or reversible. Ir- 
reversible derivatives or analogs are usually synthe- 
sized for the purpose of finding a similar, new, biolog- 
ically active entity possessing increased potency, a 
broader spectrum of activity, or some other desirable 
property not possessed by the parent compound. A 
reversible drug derivative utilizes a chemical moiety 
of proven biological activity (the parent molecule) 
and seeks to deliver it to the site of action while over- 
coming some inherent drawback to the use of the 
parent compound. 

In the case of the analog, precautions must be 
taken as to what functional group can be modifed 
since indiscriminate modification may‘ destroy all 
bioactivity. The reversible derivative can be modified 
at any functionality without undue concern for its in- 
volvement a t  the receptor level since it is reversible 
by definition. These facts eliminate the need to de- 
termine the bioactive center(s) in the molecule and 
offer the chemist a greater number of chemical sites 
at which to modify. 

In general, three approaches are followed in the 
search for new drug agents: (a) the general screening 
approach in which chemical substances from any 
source are tested for their effect against a predeter- 
mined disease or disease state, (b) the chemical mod- 
ification of existing drug substances whose biological 
effects are known, and (c) mimicking nature by bio- 
chemical design, where a compound is made to exert 
an action in a manner similar to a known biochemical 
substance (9). Any lead compounds obtained from 
these three approaches are usually further modified 
chemically to gain the biologically most potent rep- 
resentatives of the series. 

This review will focus on approach (b), the chemi- 
cal modification of existing drug substances whose 
biological effects are known. It will be limited solely 
to biologically reversible derivatives, i e . ,  those com- 
pounds that, upon introduction to the appropriate 
biological system, revert back to the parent molecule 
by virtue of enzymatic and/or chemical lability. To 
provide an interpretive review of the area, references 
from the journal and patent literature will be selected 
to illustrate the various principles discussed. The dis- 
cussion will of necessity not be comprehensive but 
will nonetheless cover the significant aspects of the 
discipline. 

Reversible derivatives (10-14) have also been 
termed prodrugs (15-22) and latentiated drugs (23- 
25) and have been designed to eliminate a variety of 
undesirable properties such as bitterness, odor, gas- 
tric upset, and poor absorption. Many comprehensive 
reviews of both reversible and irreversible drug deriv- 
atives (23-32) have appeared recently. 

Harper (25) must be credited with coining the term 
“drug latentiation,” and he defined it as “the chemi- 
cal modification of a biologically active compound to 
form a new compound, which upon in viuo enzymatic 

:attack will liberate the parent compound.” Kupchan 
et al. (33) extended this definition operationally by 
including nonenzymatic processes as well for regener- 
ation of the parent compound. By inference, latentia- 
tion implies a time lag element or time component 
involved in regenerating the bioactive parent mole- 
cule in vivo. Since most latentiated drug substances 
per se are biologically inactive, this concept is impor- 
tant for those drugs that are metabolized or excreted 
too rapidly to provide adequate clinical efficacy. 

Albert (34, 35), in discussing the selective toxicity 
of drug molecules, elucidated the proagent or pro- 
drug concept. The term prodrug is general in that it 
includes latentiated drug derivatives as well as sub- 
stances that are converted after administration to the 
actual substance that combines with redeptors. These 
actual substances may be active metabolites of the 
parent molecule. Harper (24), on the other hand, dis- 
cussed the concept of structural formulation and de- 
fined it as “the modification of a biologically active 
compound a t  a point not essential for binding to an 
active site in the biological receptor, so that although 
the desired biological effect is retained, the resulting 
changes in physicochemical properties cause alter- 
ation in the absorption, distribution or metabolism of 
the drug; the parent compound, however, is not liber- 
ated in the body.’’ Structural formulation differs 
from irreversible derivative formation in that the for- 
mer retains bioactivity in viuo whereas the latter 
may or may not do so. The distinction is subtle but 
may have profound ramifications in the rational ap- 
proach to the synthesis of bioactive agents. 

Any number of inherent disadvantages may pre- 
clude the use of the parent drug molecule in clinical 
practice. Among those properties considered disad- 
vantageous in a drug molecule are bitterness or tart- 
ness, offensive odor, gastric or intestinal upset and ir- 
ritation, pain on injection, lack of absorption, slow or 
rapid metabolism, and lack of stability in the bulk 
state, the dosage form, or in vivo (i.e., gastric insta- 
bility). 

In many cases, undesirable properties in a drug 
molecule cannot be overcome by conventional phar- 
maceutical formulation or route of administration 
changes, so the method of choice becomes reversible 
derivative formation. In the intelligent design of re- 
versible drug derivatives, it is necessary to consider 
two questions: 

1. What structural modification(s) of the parent 
molecule are necessary to reduce or eliminate the 
particular undesirable effect? 

2. What conditions are available in viuo (enzymes, 
pH, etc. ) to regenerate the parent molecule from the 
derivative? 

The first question requires an extensive knowledge 
of structure-activity relationships as they apply to 
elimination of these undesirable properties. The sec- 
ond question is dependent on a rather sophisticated 
knowledge of biology. Complete answers to these two 
questions are obviously not yet available to the medi- 
cinal chemist. A limited body of knowledge is avail- 
able, however, and this knowledge, if used judicious- 
ly, can form a basis for the rational design of revers- 
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ible drug derivatives. The remainder of this review 
will consider specific undesirable drug properties and 
possible means of eliminating these properties by 
using reversible drug derivatives. Examples of drugs 
whose properties have been successfully modified are 
provided in the tables. 

GENERAL CONSIDERATIONS 

Physicochemical-Absorption-Probably the 
most fruitful area of reversible derivatization is the 
improvement of passive drug absorption through epi- 
thelial tissue. Many studies involving in uiuo, in situ, 
and in uitro systems have been conducted to eluci- 
date the role of chemical structure in drug absorp- 
tion. The similarities and differences among some 
more widely accepted theories also will be discussed 
here. 

Nearly all of the empiricisms and theories in cur- 
rent use agree that the addition of a hydrophobic 
group to a compound usually increases its absorption. 
It is also agreed that this increase in absorption is a 
direct consequence of the increase in the biological 
lipid-water partition coefficient resulting from the 
added hydrophobic moiety. Although there is a lack 
of agreement as to what, if any, in uitro partitioning 
system best mimics the biological situation, octanol- 
water apparently is the most useful for correlative 
purposes. 

From both the physicochemical and the biological 
point of view, octanol-water is the most extensively 
studied system. Leo et al. (36) tabulated and critical- 
ly evaluated thousands of octanol-water partition 
coefficients and developed a system of rules for esti- 
mating values for compounds that have not yet been 
studied. 

It is important to realize that the theoretical and 
empirical relationships to be discussed are equally 
applicable to reversible derivatives as well as nonre- 
versible derivatives (analogs), because all of these re- 
lationships rely upon partitioning and because the 
presence of a reversible linkage does not normally 
alter the relative partition coefficients of the mem- 
bers of a series. For example, in the octanol-water 
system, the ratio of the partition coefficients of ethyl 
and butyl benzoates is the same as the ratio for p -  
ethyl- and p -  butylbenzoic acids, even though the es- 
ters are reversible while the acids are not. Another 
consequence of the dependence of absorbability on 
partitioning is the fact that the unionized form of a 
dissociable molecule is absorbed more efficiently 
than its ionic species. The quantitative relationships 
between pH, pK, and partition coefficient are well 
known (37,38) and will not be discussed here. 

To get a clear picture of the role of hydrophobicity 
in drug transport, it is necessary to cover a wide 
range of partition coefficients. The most convenient 
and economical way of accomplishing this task is to 
construct a homologous series. The partition coeffi- 
cient of the nth number of any homologous series, 
PC,, in any solvent system can be described by: 

(Eq. 1) lOg(PC,) = lOg(PC,) + *"n 

Table Ia-Values of TCH* for Some Common Solvents 
and for Red Blood Cell Ghosts 

Ether 0.573 
Ether 0.612 
Octanol 0.500 
Chloroform 0.609 
Olive oil 0.525 
Castor oil 0.545 
Red blood cell ghosts 0.526 

a Adapted, with permission, from Ref. 46. 

where PCO is a constant dependent on both the se- 
ries and the solvent system, and + is a constant de- 
pendent only on the solvent system. According to the 
notation of Leo et al. (36), a can be an incremental 
constant for any substituent; but when dealing pri- 
marily with homologous series, a will designate T C H ~  
unless otherwise specified. 

The values of T ( T C H ~ )  for several organic solvents 
and red blood cell ghosts against water are listed in 
Table I. From the octanol-water T value of 0.5, it can 
be seen that only seven consecutive homologs are 
needed to cover a 1000-fold range of partition coeffi- 
cients in half-log increments. Spanning this broad 
range of values minimizes the effects of random error 
and normal biological variation. Homologous series 
are particularly well suited for studying transport be- 
cause the alkyl group usually does not interfere with 
the interaction of the active portion of the molecule 
and the receptor site. Therefore, it is frequently pos- 
sible to measure the relative biological activities of 
homologs and then equate these values to relative 
transport rates. 

The earliest structure-activity or structure-trans- 
port workers all recognized the parallelism between 
the logarithms of the biological response (BR) and 
the lipid-water partition coefficient (PC). Equations 
of the form: 

log(BR) = a + b log(PC) 0%. 2 )  

were proposed (39-44). For the simple case of a ho- 
mologous series, Eqs. 1 and 2 are combined giving: 

log(BR) = hs + b log(PC,) + a th. 3 )  

which describes the so-called linear structure-activi- 
ty relationship. 

The value of a in Eq. 2 or 3 is a measure of the de- 
gree of similarity of the in uitro and the true in uivo 
partitioning systems. If a is equal to unity, the sys- 
tems are equivalent in their relative affinities for a 
methylene group. (It is possible for T C H ~  to be the 
same for a pair of systems and, at  the same time, for 
other substituent constants such as TOH to be quite 
different. For specific examples, see Ref. 36.) When 
considering a homologous series, it  is not necessary to 
use any reference in uitro partitioning system. Flynn 
and Yalkowsky (45) showed that b+ is equal to rR, 
the a value in the biological system. Thus, Eq. 3 be- 
comes: 

(Eq.  4 )  log(BR) = A + T H R  
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Figure 1-Data of Scheuplein and Blank (48) for permeation 
of normal aliphatic alcohols across human stratum corneum 
in vitro. Key: 0, concentration-normalized flux; and 0, flux 
from 0.10 M solution (last four points represent saturated 
solutions). (Adapted, with permission, from Ref. 46.) 

where A is equal to the constant portion of Eq. 3 and 
is, therefore, dependent upon both the biological sys- 
tem and the homologous series. 

Yalkowsky and Flynn (46) recently evaluated a 
large number of linear chain-length-activity relation- 
ships which are dependent upon passive transport. 
They observed, as expected, that rB for a particular 
biological system is essentially independent of the se- 
ries under study. They found that the value of 178 for 
most simple organisms (bacteria, fungus, erythro- 
cytes, etc. ) is 0.46 f 0.03; i.e., on the average, there is 
a 2.9-fold increase in activity for each additional 
methylene group. It was also observed that the value 
of xB for epithelial and GI tissue of higher animals is 
around 0.25, which corresponds to an incremental 
constant for each methylene group of about 1.8 for 
the change in activity (or transport) with chain 
length. This low value is in agreement with the fact 
that these tissues contain a significant fraction of 
polar components. 

The linear increase in the logarithm of the trans- 
port rate with chain length is expected from basic 
permeability theory. The flux, F, or transport rate of 
a substrate across a rate-determining lipid phase or 
membrane separating two aqueous phases a t  a con- 
centration differential of AC is: 

PC 
R F = -AC 

where PC is the lipid-water partition coefficient of 
the substrate, and R is the resistance of the mem- 
brane to its diffusion. Collander (47), using chara 
cells, was among the first to show the relationship be- 
tween permeability and partitioning in a biological 

system. More recently, excellent correlation was 
shown (48) between the permeability of nine aliphat- 
ic alcohols across excised human stratum corneum 
and their stratum corneum-water partition coeffi- 
cients. From these data (Fig. l), i t  can be seen that 
there is a great increase in permeability between 
methanol and nonanol. 

The exponential increase in transport rate and 
thus activity with extention of the alkyl group cannot 
go on indefinitely. If experiments are carried to high 
enough chain lengths, there is a leveling off or pla- 
teauing of the curve and ultimately a decrease in ac- 
tivity with increasing hydrophobicity. While there is 
reasonably good agreement in the literature about 
the ascending portion of the structure-activity curve, 
there is a great deal of controversy about the reason 
for and even the shape of the apical or descending 
portions of the curve. 

Hansch (49) described the overall shape of the 
structure-activity curve by a parabolic equation of 
the form: 

log(BR) = a + b log(PC) + c log2(PC) (Eq. 6)  

He showed that Eq. 6 gives better statistical fit to 
many sets of data than the linear Eq. 2. The im- 
proved correlation is undoubtedly at  least partially 
due to the greater degree of flexibility produced by 
the additional variable c; but since c is always nega- 
tive, i t  cannot be regarded as simply another adjust- 
able parameter. One difficulty that arises with the 
parabolic equation is that the values of the coeffi- 
cients, a and b in Eqs. 2 and 6, have no relationship 
to one another and parabolic equations having the 
same ascending slopes can appear quite different. 

Since Hansch’s parabolic relationship is based 
upon a countercurrent distribution-type model (49), 
the curve is nowhere linear and is symmetrical about 
an optimum value of log (PC). The nonlinearity of 
the parabola makes it difficult to reconcile with the 
linear case described by Eq. 2. Furthermore, the sym- 
metry is not consistent with the many reasons given 
by Hansch and Clayton (50) to explain the decrease 
in activity with chain length. Nevertheless, in spite of 
the theoretical shortcomings, the Hansch parabolic 
relationship can be extremely useful in the empirical 
analysis of structure-activity data and in the predic- 
tion of optimum partition coefficients for biological 
activity. From a practical standpoint, it is frequently 
more useful than the more theoretically valid rela- 
tionships that will be discussed. 

Wagner and Sedman (51) recently analyzed much 
of Hansch’s data and found that a statistically better 
fit is obtained with an equation of the form: 

Others also showed good fit of biological activity data 
and transport data to equations similar to Eq. 7 (46, 
52, 53). One of the earliest uses of this equation was 
by Zwolinski et al. (54) who studied the permeability 
of various plant cells to the members of several ho- 
mologous series. They also showed that double-recip- 
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rocal plots [(BR)-’ uersus (PC)-’] are linear and can 
be used to evaluate the constants a and b convenient- 
ly. Another important feature of Eq. 7 is that it is ap- 
plicable to both linear and nonlinear data. 

The mathematical form of Eq. 7 can be obtained 
directly from Eq. 5 by the incorporation of an addi- 
tional resistance in series with that of the membrane. 
Equation 5 then becomes: 

(Eq. 8 )  

This added resistance, Raq, results from the unstirred 
aqueous layers adjacent to the membrane which must 
be traversed by any solute passing through the mem- 
brane. For a more complete description of the deriva- 
tion of Eq. 8 and the importance of unstirred layers 
(or diffusion layers as they are often called), the read- 
er is referred to Refs. 45 and 46. For an alternative 
treatment based on extraction theory leading to an- 
other equation of the same form as Eq. 7, see Ref. 51. 

For the study of a homologous series, it is conve- 
nient to combine Eq. 1 with the logarithmic form of 
Eq. 8 (or 7) to get: 

log(BR) = log(AC) - lOg(PC,) - ~n - log(R, + R,,PC,IO””) 

(Eq. 9 )  

which is shown schematically in Fig. 2. It can be seen 
that, according to Eq. 9, there is a linear increase in 
log BR with chain length but that at some point 
[when R,,  2 (R,/PC)] the curve levels off and ap- 
proaches a limiting value. These equations can satis- 
factorily describe most structure-activity data, but 
they do not explain the descending portion of the 
curve. 

Because of the wide variety of reasons for a decline 
in activity with increasing chain length, no single 
equation can explain all available data. Hansch and 
Clayton (50) and Yalkowsky and Flynn (46) listed 
about a dozen possible reasons for this decline. These 
reasons can be broadly classified into those that are 
dependent upon a biological parameter (e.g., enzyme 
specificity, conformational distortion of the active 
site, metabolism, and poisoning of enzymes) and 
those that are related to some physical property (e.g., 
solubility, complex formation, micelle formation, 
partitioning into inert phases, and binding to inert 
surfaces). The former are the most difficult to corre- 
late by simple theories but can be handled quite sat- 
isfactorily by equations such as Eq. 6. The latter all 
have one important feature in common; they can gen- 
erally be described mathematically by: 

(Eq. 10) 

where P,, is the value of any property of the n th ho- 
molog of the series, P O  is a reference value, and a is a 
well-defined constant’. 

lOg(P,) = log(P,,) + an 

Occasionally, it is necessary to use a higher order polynomial of n to de- 
scribe P,,. This would alter the subsequent mathematical treatment slightly 
but not the general conclusions (see Ref. 52). 
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Figure 2-Hypothetical chain-length activity relationships. 
(Adapted, with permission, from Ref. 52.) 

Yalkowsky et al. (46) theoretically characterized 
the effects of behavior on the transport rate by using 
solubility as an example. Based on literature data for 
nearly 20 homologous series in water, they found’: 

(Eq. 11) 

where Sn is the solubility of the n th member of the 
series, and S O  is a constant. 

The effect of solubility on transport rate is to limit 
the attainable concentration differential so that the 
maximum value of Eq. 8 becomes: 

log(S,) = log(&) - dn 

(Eq. 12) 
K,) - - S 

( R J P C )  + R,, 
F =  

PColOrn + R,, 

which, in logarithmic form, is: 

l og (F)  = log(S,PCJ + (H - 6)n - log(R,, + R,,,PCJO”“) 

(Eq. 13) 

These equations can now describe a “parabolic” 
structure-activity curve on the basis of transport- 
limited activity and basic physical-chemical relation- 
ships. Figure 2 shows the expected dependence of 
transport across a biological barrier (and activity de- 
pendent thereupon) for the members of a homolo- 
gous series predicted by Eqs. 9 and 13. The scales are 
arbitrary but show that the break occurs at  the same 
chain length for the equimolar and saturated cases. 
Figure 3 shows an experimental verification of Eqs. 9 
and 13. These data were obtained from turnover time 
experiments with goldfish (52). The agreement be- 
tween experimental and theoretical data, while not 
necessarily proving the theory, gives a positive indi- 
cation of its utility. 

Solubility -The primary role of solubility in de- 
termining drug absorption is obvious since only the 
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Figure 3-Turnover times produced by various concentrations 
and saturated solutions of n-alkyl p-aminobenzoates. Points 
are experimental: 0, unsaturated; and 0, saturated. Lines are 
theoretical: --, unsaturated; and -, saturated. (Reprinted, 
with permission, from Ref. 52.) 

drug that is in solution is available for absorption. 
Since virtually any structural modification that alters 
solubility will also alter ionization and partitioning, it 
is somewhat difficult to provide clearcut examples of 
the relationship between solubility and absorption. 
Some effects of structure on aqueous solubility will 
be discussed later. The importance of solubility was 
apparent in the previous discussion of homologous 
series. It frequently is the factor responsible for the 
parabolic shape of many structure-activity curves. 

For homologous series, solubility in aqueous media 
generally decreases by a factor of 4.0 for each meth- 
ylene unit. Branched alkyl moieties decrease aqueous 
solubility to a lesser extent than linear chains. I t  was 
shown that this results because the former have a 
lower surface area than the latter and because the 
solubility of over 70 aliphatic alcohols (linear, cyclic, 
and branched) is directly proportional to the hydro- 
carbon surface area (55). An earlier study (56) 
showed a similar correlation for hydrocarbons. Many 
empirical correlations have appeared which are use- 
ful for estimating the aqueous solubility of organic 
liquids (57-59). These correlations, while far from 
complete, can be of value in evaluating the effect of a 
structural modification on solubility. 

Since many drugs are either weak acids or weak 
bases or their salts, dissociation must be regarded as 
an important factor in determining absorbability. I t  
is generally known (37,38) that the unionized form of 
a drug is absorbed far more efficiently than the ionic 
species, even though the latter is more soluble. The 
explanation for this observation lies in the fact that 
the increase in the partition coefficient in going from 
a salt to free acid (or free base) usually exceeds the 
corresponding decrease in solubility by several orders 

of magnitude. This is analogous to T being greater 
than 6 in Eq. 13. The greater absorbability of the un- 
ionized species over the salt is further amplified by 
the fact that it is rarely practical to give saturated so- 
lutions of the salt. 

Many workers (37, 38) regard the absorption of 
ionic species as nonexistent and treat the undisso- 
ciated species in a manner similar to the treatment of 
nonelectrolytes discussed. Others (60,61) have shown 
that certain ionic drugs are absorbed in their undis- 
sociated state, either directly or by ion-pair or com- 
plex formation. While these mechanisms are certain- 
ly operative in specific instances, they are not of suf- 
ficient importance to be of concern here. Conse- 
quently, the term AC in Eqs. 5, 8, and 9 must refer 
only to the concentration differential of the undisso- 
ciated form of the drug. In each aqueous phase, the 
concentration of unionized species, C,, can be related 
to the total concentration, Ct, the pH, and the pK of 
the weak acidic drug by: 

(Eq. 14) 

A similar equation can be written for basic drugs. 
The combination of Eqs. 14 and 5 is known as pH- 
partition theory. The direct application of this theory 
to gastric and intestinal absorption has been only 
partially successful. The data seem to indicate that 
the intestinal pH is closer to 5.5 than it is to the ac- 
cepted value of 7.4. This observation led to the postu- 
lation of a region of the intestinal lumen adjacent to 
its surface which has a pH of 5.5 and which is in equi- 
librium with the bulk of the lumen (37). This virtual 
pH hypothesis has been criticized (62) because its ex- 
istence would have no effect on the amount of union- 
ized drug at  the luminal surface. 

Dissociation behavior, however, is important in de- 
signing reversible derivatives when the linkage in- 
volves the ionizable group. Thus, a pH-sensitive drug 
such as 15-methylprostaglandin Faa becomes unioni- 
zable when converted to its methyl ester. 

If absorption is to be increased by adjusting hydro- 
phobicity, a linkage must be selected that will remain 
intact until absorption is complete, with subsequent 
release of the parent molecule into the bloodstream 
or at some specified tissue. To choose such a linkage 
rationally, an awareness of what linkage-cleaving en- 
zymes are present in the GI tract, the liver, the blood, 
and the various body tissues is necessary. 

Biological-Enzyrnes-In a broad sense, the basis 
for the rational design of biologically reversible drug 
derivatives is predicated on the ability of the host tis- 
sue or organism to regenerate the drug derivative to 
the bioactive parent molecular species. The manner 
in which this is frequently accomplished is through 
the mediation of an enzyme or enzyme system within 
the host. In this respect, Bender (63) and Jencks (64) 
reviewed the mechanisms of enzyme catalysis. The 
enzyme(s) may be widely distributed throughout the 
host tissue (e.g., esterase) or localized in site-specific 
tissue (e.g., amidase). Enzymes per se have been 
characterized chemically, but their efficiency and 
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Table 11-Reversible Derivative and Prodrug Linkages and Enzymes Responsible for Their In Vim Hydrolysis 

Linkage Hydrolyzing Enzyme Tissue Reference 

Ester 
Short-medium chain 

aliphatic 

Long chain aliphatic 
Carbonate 

Hemiester 
Phosphate, organic 

Pyrophosphate 
Sulfate, organic 

Amide 

Amino acid 

Azo 

C holinesterase 
Ester hydrolase 
Lipase 
Cholesterol esterase 
Acetylcholinesterase 
Acetyl esterase 
Aldehyde oxidase 
Lipase 
Carboxypeptidase 
Pancreatic lipase 
Pancreatin 
Lipase 
Aliesterase 
Carboxypeptidase 
Cholinesterase 
Esterases 
Acid phos hatase 
Alkaline pgosphatase 
Acid phosphatase I11 
Pyrophosphatase I 
Steroid sulfatase 
Arylsulfohydrolase A and B 

(phenolsulfatase, arylsul- 
fatase) 

Arylsulfohydrolase C 
Estrogen sulfohydrolase 
Steroid-3~-sulfohydrolase 
Steroid-21-sulfat ase 
Amidase 

Proteolytic enzymes 

Chymotrypsins A and B 
Trypsin 
Carboxypeptidase A 
Carboxypeptidase B 

Azoreductase 

Carbamate Carbamidase 

Phosphamide 

Glucosiduronate 
(6-glucuronide) 

Phosphoramidases 

8-Glucuronidase 

N-  Acet ylglucosaminide a-N-Acetylglucosaminidase 
p-N-Acetylglucosaminidase 

8-Glucoside p-Glucosidase 

Liver, kidney, gut 
Blood, intestinal mucosa 

General distribution 
Liver 
Gut 

Intestine 

Blood 
Blood 
Blood 
Blood 
Blood 
Liver, gut, blood 
Liver, blood 
Liver 

Liver 
Liver, gut 
Liver 
Placenta 
Liver 
Neoplastic tissue 
Walker carcinosarcoma 256 
Dunning rat  leukemia 
Neoplastic tissue 
Gut 
Neoplastic tissue 

Liver 
Walker rat  carcinoma 
Sarcoma 180 
Adenocarcinoma 755 
Lymphoid leukemia L-1210 
Liver 
Gut microflora 
Liver 
Walker carcinosarcoma 

Adenocarcinoma 755 (mice) 
Liver 
Neoplastic tissue (liver) 
Liver 
Liver 
Gut 
Blood 
Gut microflora 
Liver, gut, blood 

Gut, liver 
Gut microflora 

256 (rats) 

149-160, 161, 
162 

163 

105, 107 
103, 116 

164 
165-168 

169 
170-173 

174, 175 
176 
177 
178, 179 

180 ~~ 

181, 182 

186 
183-185 

156, 187-193 

194 
195 
191 
105, 107, 196 
110 
106 
io5, 107 
105, 107 
108, 109, 197, 

198 
199 
200 

20 1 

202-205" 
66,68 
206 
115 

115 
207 
208-216 

217-220 
221 

66, 68 
222, 223 
224 
176 
66, 68 

This excellent review covers a wide variety of bioreversible nitrogen mustard drug derivatives. 

specificity have generally not been quantitatively de- 
termined in vioo. 

Quantitative predictions of the effect of drug de- 
rivative enzymatic catalysis in uivo are difficult due 
to the variety and complexity of the enzyme systems 
involved. The liver, for example, considered the most 
important organ for drug degradation, contains a 
complex, nonspecific variety of enzyme systems. The 
reactivity of these systems varies widely in individu- 
als and largely depends on genetic and hormonal fac- 
tors, sex, age, etc., making absolute predictions im- 

possible. Furthermore, in uitro enzyme hydrolysis 
studies can be misleading if not conducted with sev- 
eral animal species. For example, a species specificity 
was demonstrated when hydrolysis rates of the re- 
versible derivative 4-acetamidophenyl-2,2,2-trichlo- 
roethyl carbonate were compared using human and 
rat plasma (65). Hydrolysis proceeded about four 
times faster in rat plasma than in human plasma, 
probably due to a greater abundance of specific and/ 
or nonspecific esterases present in rat plasma. This 
same phenomenon has been demonstrated for a se- 
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ries of lincomycin 2,7-dialkylcarbonate esters (12). 
A number of chemical linkages covalently bonded 

to a drug substrate that are known to be hydrolyzed 
by certain common enzymes are listed in Table 11. 
The host tissues in which these enzymatically cata- 
lyzed reactions occur are also shown. Although quali- 
tative in nature, this outline provides the medicinal 
chemist with a powerful tool for designing bioreversi- 
ble drug derivatives tailored to meet a specific thera- 
peutic need, route of administration, and dosage regi- 
men. 

Enzymes considered important to orally adminis- 
tered reversible derivatives are found in the gut, gut 
wall, blood, and liver. The gut of several animal 
species, including humans, contains a variety of GI 
microflora whose enzyme systems are capable of hy- 
drolyzing a number of reversible drug linkages. Thus, 
the naturally occurring glycosides amygdalin and cy- 
casin are hydrolyzed by gut microfloral enzymes to 
their aglycones methylazoxymethanol and mandelo- 
nitrile, respectively (66). P-Glucuronidases of similar 
microflora are capable of hydrolyzing stilbestrol and 
indomethacin glucuronides excreted in the bile. The 
parent drug is then reabsorbed from the intestine. 
This hydrolytic activity thus serves as an important 
event in the enterohepatic circulation of these drug 
entities (66, 67). Azo linkages are hydrolytically re- 
duced by azoreductase enzymes present in gut micro- 
flora. The reversible drug derivative sulfachrysoi- 
dine2 is converted to the parent bioactive species sul- 
fanilamide by this mechanism (66,67). 

Experiments in humans and germ-free rats have 
shown that sulfasalazine (salicylazosulfapyridine), a 
drug used in the treatment of ulcerative colitis, is en- 
zymatically reduced to 5-aminosalicylate and sul- 
fapyridine in the GI tract. The former has been im- 
plicated for its direct effect on the colon (68, 69). 
Other chemical linkages known to be hydrolyzed by 
GI microorganisms are carboxylic esters, sulfate and 
nitrate esters, amides, and sulfamates (70). 

Esterases -The distribution of esterases is ubiqui- 
tous and includes a wide assortment of vertebrate 
tissues and blood serum (71-75). Nonspecific esteras- 
es, as the name implies, hydrolyze a variety of ester 
types including aliphatic, aromatic, and thiol esters 
(76, 77) and amino acid esters (78, 79), as well as a 
number of aromatic amides (76) such as acetanilid, 
phenacetin, and lidocaine. Specific esterases include 
acetylcholinesterase (80), cholesterol esterase (81), 
and possibly vitamin A esterase (82). For a compre- 
hensive review of carboxylic ester hydrolases, see Ref. 
76. Many bioreversible drug derivatives have been 
designed to take advantage of the catalytic activity of 
these esterases. 

Lipases, another subclass of hydrolases, can be 
considered as carboxylesterases with one difference- 
they are unable to hydrolyze substrate ester deriva- 
tives that are fully dispersed (soluble) in water. 
There appears to be a minimum degree of molecular 
aggregation necessary for their hydrolytic activity 

Prontosil. 

(83). Lipases have recently been shown to hydrolyze 
molecules in a micelle (84, 85). Two classes of lipases 
are considered important for hydrolysis of reversible 
drug derivatives: tissue lipases and lipases found in 
the digestive tract due to discharge by specialized or- 
gans. The latter type is exemplified by pancreatic li- 
pase. Good correlation was established between the 
hydrolysis rate of a micellar solution of tripropionin 
and lipase esterolytic activity on these solutions con- 
taining approximately 13 monomers per micelle (84). 

The rapid hydrolysis of clindamycin palmitate 
given orally may be due to such hydrolytic activity 
since this drug exists as a micellar solution (86). A 
similar lipase is thought to hydrolyze micellar solu- 
tions of cholesterol and vitamin A esters (87-90). The 
fact that short chain fatty acid esters are not hydro- 
lyzed as readily as longer chain (Cl&ls) esters may 
be due to the fact that short chain esters are, in gen- 
eral, water soluble whereas the longer chain esters 
tend to form micellar solutions. 

Other lipases that may affect bioreversible deriva- 
tives have been found in the microsomal fraction of 
rat intestinal mucosa (91) and postheparin plasma 
(92). They hydrolyze short chain monoglycerides and 
simple esters but not cholesterol esters or long chain 
di- and triglycerides. A gastric lipase has been found 
in the microsomal fraction of gastric mucosa (93, 94) 
which hydrolyzes a number of variable chain-length 
triglycerides (95). Another lipase of interest is the so- 
called lipoprotein lipase. It can be detected in plasma 
within 20 see after an injection of heparin, suggesting 
that it may be attached to blood capillary walls (96, 
97). The liver contains a t  least three known lipases: 
one acidic lipase (98-100) and two alkaline lipases 
(99,101). These and other lipases have been reviewed 
(102,103). 

Another class of hydrolases that may be important 
in the hydrolysis of bioreversible drug derivatives is 
the proteolytic enzymes (peptidases) found in the du- 
odenum and intestinal epithelium. The amino acid 
derivatives hydrolyzed by the endopeptidases can be 
represented by the general formula: 

0 0 
II II 

R- C-NHCHC-R” 
I 
R 

Those hydrolyzed by the carboxypeptidases can be 
represented by the general formulas: 

0 0 
II . II . 

R-C-NH-CH-CCOOH R- C-0-CH-COOH 
. I  

R‘ 
I 

R 
peptide substrates ester substrates 

The dotted lines represent the point of hydrolysis 
by the peptidase. Studies with glycylglycine indicate 
that hydrolysis occurs within the intestinal epithelial 
cell rather than a t  the microvilli surface (104). Some 
of the better known endopeptidases include the chy- 
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0 "Total" clindamycin + 
clindamycin phosphate 
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300mg q8h 43 doses 

Figure 4-Mean serum concentrations (micrograms per milliliter) of clindamycin and clindamycin phosphate after intramus- 
cular injections of clindamycin phosphate. (Adapted, with permission, from Ref. 173.) 

motrypsins. These enzymes catalyze the hydrolysis of 
amide substrates containing the aromatic amino 
acids phenylalanine, tryptophan, and tyrosine. More- 
over, esters of these derivatives are cleaved more rap- 
idly than the amides (105). Chymotrypsin C differs 
from chymotrypsins A and B in its ability to hydro- 
lyze more rapidly the ester, amide, and peptide bonds 
involving leucine (106). Trypsin, another peptidase 
found in the intestine, acts exclusively on peptide, 
amide, and ester bonds formed with arginine and lys- 
ine (105,107). 

Carboxypeptidase A and B, exopeptidases found in 
the intestine, catalyze the hydrolysis of ester and 
peptide bonds of derivatives containing aliphatic side 
chains such as alanine (105), leucine (105), isoleucine 
(105), and hippuryl-L-lysine (108,109). 

The abundance of proteolytic enzymes found in 
cancer cells led to the synthesis of glycine bis(2-chlo- 
roethy1)amide as a bioreversible form of nitrogen 
mustard which might selectively be hydrolyzed in 
such cancer cells (1 10). 

Other investigators have reported on the effect of 
amidases on the hydrolysis of aminoacylanilides 
(111-113) and penicillin derivatives (114). 

Carbamidases present in Walker carcinosarcoma 
256 were deemed responsible for hydrolysis of vari- 
ous bis( l-aziridiny1)phosphinyl carbamates to  the 
bioactive alkylating bis( 1 -aziridinyl)phosphinyl radi- 
cal (115). 

Keller (116) and Rhodes (117) have reviewed the 
properties and functions of a wide variety of proteo- 
lytic enzymes, and other comprehensive reviews have 
appeared elsewhere (118). 

Alkaline Phosphatase -Alkaline phosphatases 
(orthophosphoric monoester phosphohydrolases) cat- 
alyze the hydrolysis of many alkyl and aryl mono- 
phosphate esters. This family of enzymes is localized 
mainly in kidney and intestinal mucosa (119). Ossi- 
fying cartilage is also a rich source of such phospha- 

tase (120) and has an optimum activity a t  pH 8.4-9.4 
(121), similar to  that found in blood plasma (122). 
Isotope labeling studies support the belief that alka- 
line phosphatase acts uia a transferase mechanism 
whereby a phosphoryl moiety is directly transferred 
from the phosphate ester to an acceptor alcohol 
(123). It was also shown that Zn+2 (2-3 g-atoms/mole 
of enzyme) was essential for catalytic activity (124, 
125). These enzymes catalyze the hydrolysis of a wide 
variety of ester substrates, including phosphate 
monoesters, diesters, and phosphoroamidate (126- 
128). 

Acid Phosphatase -Like alkaline phosphatase, 
the acid phosphatases or orthoester phosphohydro- 
lases are widely distributed throughout nature. Their 
distribution in mammalian tissue differs somewhat 
from alkaline phosphatase, being found predomi- 
nantly in red blood cells (129, 130), plasma (131), 
prostatic tissue (132-134), spleen (135,136), and liver 
(137). 

The availability of acid phosphatases in red blood 
cells and plasma may account for the rapid hydroly- 
sis of clindamycin phosphate to clindamycin when 
clindamycin phosphate is administered intramuscu- 
larly (Fig. 4). Peak serum concentrations of clinda- 
mycin appear in less than 0.5 hr, reflecting rapid hy- 
drolysis of the phosphate ester in the systemic circu- 
lation. Intramuscular administration of this deriva- 
tive results in delayed absorption of clindamycin, due 
in part to rate-limiting diffusion from the injection 
site as the phosphate ester, with subsequent serum 
hydrolysis. 

The biologically reversible antineoplastic drug, di- 
ethylstilbestrol diphosphate, was designed to take 
advantage of the high phosphatase activity in pros- 
tatic carcinoma tissue. Given as an intramuscular in- 
jection, the derivative was thought to diffuse from 
the injection site as the ester and circulate to the 
prostatic tissue where hydrolysis occurred, thus accu- 

Vol. 64, No. 2, February 1975 189 



Table 111-Reversible Drug Derivatives Utilized as Modifiers of Absorption (Oral, Percutaneous, and Parented) 

Reversible Modification Route of Property 
Parent Molecule or Linkage Administration Modified Reference 

Convallatoxin 
H ydantoin 

C hlorphenesin 

Acetaminophen 
Acetylsalicylic acid (aspirin) 
Acetylsalicylic acid (aspirin) 
N- Allylnoroxymorphone 

(naloxone) 
Nicotinic acid 

15-Methylprostaglandin F,, 
Procaine 

a-Amino-p- toluenesulfonamide 

Hexachlorophene 
(4-homosulfanilamide) 

Oleandomycin 
Erythromycin 

Clindamycin 

a-Carboxybenzyl enicillin 
a-Ar yl-8-aminoetPhy1 penicillin 
Penicillin, general structure 

a-Aminobenz ylpenicillin 

6- (D-a-Sulfoaminophenylacet- 

Carbenicillin 
a-Aminobenzylpenicillin 

Penicillin G 
Penicillin V 

a-Aminobenzylpenicillin 

Hetacillin 
Doxycycline 
Colistin 
Tetracycline 

7-Acylaminocephalosporins 

(ampicillin) 

amido) penicillin 

(ampicillin) 

(ampicillin) 

a-Amino (or ureido) cyclohexa- 
dienylalkyl penicillins and 
cephalosporins 

7-Ac ylaminocephalosporins 
Nandrolone 

9a-Fluorohydrocortisone 

Estradiol 

Oxymetholone 

Methylprednisolone 
Testosterone 

(fludrocortisone) 

19-Nortestosterone 
9- (B-D-Arabinofuranos y1) 

adenine 
Cortisol, prednisolone, dexa- 

methasone 

Prostaglandin 

Salicylic acid 

Ketal 
Alkyl ester 
Amino ester 
Glycine ester 
Alanine ester 
Caffeine complex 
THAM salt 
Acetamidophenyl ester 
Acetate ester 
Sulfate ester 
Mesoinositol penta- 

nicotinate 
Methyl ester 
Polyethylene glycol 

Acetate salt 

Ester 
Ether 
Hemiester 
Acetate ester 
Ester, alkyl 

Ester, alkyl 
Ester, phosphate 
Ester, mono- and dialkyl 
Alkoxymethyl esters 
Diethylaminoethyl ester, 

Azide 

Pivaloyloxymethyl ester 

Indanyl ester 
Acyloxymethyl ester 

Amide with 1,2-benziso- 
thiazol-3 (2H)-one 
1,l-dioxide 

N,N-Isopropylidene adduct 

Pivaloyloxymethyl ester 
Polymetaphosphate complex 
Lower alkyl esters 
Betaine salt 

Ring-substituted acyloxy- 

Acyloxyalkyl esters 
Acyloxymethyl esters 

(carbamate) 

alkoxymethyl esters, ether 

benzyl esters 

Imino ether 
Phenylpropionate, decanoate 

esters 
Acetate ester 

Enol ether 
Acetal 
Ethoxycarbonate ester 

Acetate ester 
N- Acety lglucosaminide 
Glucosiduronate (trimethyl- 

silyl) ether 
17-8-Adamantoate 
Acetate, formate, 

propionate, esters 
21-Phosphate ester 

21-Hemisuccinate ester 
Alkylsilyl ether 

Carbonate ester 

Oral 
Oral 

Oral 

Oral 
Oral 
Oral 
Oral 

Oral 

Oral 
Percutaneous 
Conjunctival 
Percutaneous 

Percutaneous 

Resorption 
Absorption 

Absorption 

Absorption 
Absorption 
Absorption 
Absorption 

Absorption 

Absorption 
Absorption 

Absorption 

Absorption 

Oral 
Oral 

Oral 
Intramuscular 
Oral 
Oral 
Oral 

Intravenous, 

Oral 

Oral 
Oral 

Intramuscular 

oral 

Oral 

Oral 
Oral 
Oral 
Oral 

Oral 

Oral 
Oral 

Oral 
Intramuscular 

Subcutaneous 

Oral, 
parenteral 

Oral, sub- 
cutaneous 

Intramuscular 
Oral 
Oral 

Intramuscular 
Oral 

Intramuscular, 
intravenous 

Subcutaneous 
Percutaneous, 

oral, intra- 
uterine 

Oral 

Absorption 
Absorption 

Absorption 

Absorption 
Absorption 
Absorption 

Absorption 

Absorption 

Absorption 
Absorption 

Absorption 

Absorption 

Absorption 
Absorption 
Absorption 
Gastric ab- 

sorption 
Absorption 

Absorption 
Absorption 

Absorption 
Absorption 

Absorption 

Absorption 

Absorption 

Absorption 
Absorption 

Absorption 
Absorption 

Absorption 

Absorption 

Absorption 

228 
229 

230 

231 
232 
233 
148 

234 

227 
235 

30, 236 

21 

237 
14, 238, 

239 
13, 240 

241 
242 
243 
244 

245, 246 

247 

248, 249 
225, 226, 

254 
250-253 

255, 256 

257 
258 
259 
260 

261 

262 
263 

264 
266 

266 

267 

268 

269 
270, 271 

272 
273 

274 

275 

276, 277 
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mulating as diethylstilbestrol in this localized site 
(23). Good antitumor activity was similarly demon- 
strated in mouse plasma cell tumor ADJ/PCGA with 
a series of phosphate esters of p- hydroxy-N,N- bis(2- 
chloroethy1)aniline. The activity was attributed to 
hydrolysis of the phosphate esters by acid and alka- 
line phosphatases present in the tumor (138,139). 

Comprehensive reviews on these important classes 
of enzymes have been written (140, 141), and Schapi- 
ra reviewed the properties of various enzymes pres- 
ent in neoplastic tissue (142). 

Sulfatases -The sulfate ester-hydrolyzing en- 
zymes are not necessarily limited to the catalytic hy- 
drolysis of sulfate ester anions but exert their effects 
on sulfatophosphates (sulfatophosphate sulfohydrol- 
ases) and sulfamates (sulfamatases). The sulfatases 
can be subdivided into aryl, alkyl, and steroid sulfa- 
tases. The function of the aryl and alkyl sulfatases is 
obscure, although they are found in liver (143, 144) 
and brain (145, 146) tissue. The steroid sulfatases, 
however, catalyze the hydrolysis of several types of 
steroid sulfate esters including estrone sulfate, an- 
drostenolone sulfate, etiocholanolone sulfate, and 
cortisone-21-sulfate. 

A series of estrogen sulfates was synthesized (147), 
but no biological testing of these esters was reported. 
Linder and Fishman (148) found low narcotic antago- 
nist activity upon intravenous administration of an 
isomeric monosulfate and a disulfate ester of nalox- 
one. 

Although virtually no drug derivatives containing a 
sulfate ester moiety have been explored, their use 
could be rationalized in therapeutic indications anal- 
ogous to those of drug phosphate esters. 

For obvious reasons, drugs possessing low aqueous 
solubility would be excluded from the intravenous 
route of administration. Reversible derivatives de- 
signed to enhance aqueous solubility of such drugs in 
uiuo include hemiesters, phosphate, and, possibly, 
sulfate esters. 

APPLICATIONS 

Absorption-Table I11 lists some presently mar- 
keted drugs that contain reversible linkages designed 
to enhance absorption of the parent molecule. This 
list of examples is designed to highlight the variety 
and scope of chemical linkages utilized to modify a 
wide selection of parent drug molecules. Parent mol- 
ecules include representatives from many diverse 
classes of drugs, and chemical linkages include com- 
plexes and salts as well as covalently bound moieties. 
Since absorption is a general phenomenon, several 
routes of administration are included to illustrate the 
versatility of this form of drug modification. 

One fine example illustrating the importance of re- 
versible derivative formation and its effect on ab- 
sorption is found in studies with ampicillin (D-a-ami- 
nobenzylpenicillin) (225, 226). This drug is relatively 
stable in an acidic medium but poorly absorbed oral- 
ly. A series of acyloxymethyl esters (Ia -1h ) was syn- 
thesized to provide a hydrophobic form of ampicillin 
that would be rapidly hydrolyzed in uiuo after ab- 
sorption to enhance serum levels of this antibiotic. 

Table 1V"-Hydrolysis of Acyloxymethyl Esters of 
Ampicillin at pH 7.4 and 37O in the Presence of 10% 
Human Serumb 

Ester 

~ ~~ 

Percent 
Hydrolyzedc 
after 30 min 

Acetoxymethyl (Ia) 89 

x-Butyryloxymethyl (Ic) 85 
Isobutyryloxymethyl (Id) 89 

Benzoyloxymethyl (Ih) 67 

Propionyloxymethyl (Ib) 80 

Pivaloyloxymet hy 1 ( I f )  22 
a-Ethyl-x-butyryloxymethyl (Ig) 23 

Adapted, with permission, from Ref. 225. b The starting concentration 
of the esters was 1/35 mmole - 10 pg/rnl of free ampicillin. c The figures do 
not indicate the exact degree of hydrolysis since, under the applied condi- 
tions, ampicillin as well as its esters undergoes transformations (probably 
polymerization) resulting in loss of antibacterial activity. 

In uitro hydrolysis studies were carried out on sev- 
eral ampicillin esters (Table IV). It was apparent that 
the straight chain esters were more rapidly hydro- 
lyzed than those with branched chains. This in uitro 
study, while indicative of the relative degree of enzy- 
matic in uitro lability of these esters, was not conclu- 
sive in determining which ester might suitably be 
used orally in uiuo. It would appear that the pivalo- 
yloxymethyl ester (If) is hydrolyzed too slowly to be 
of use clinically. In point of fact, absorption studies 
in humans (226) indicated that this ester was ab- 
sorbed almost quantitatively and enzymatically hy- 
drolyzed rapidly after absorption (Fig. 5). This ester 
hydrochloride of ampicillin represents the right de- 
gree of hydrophobicity for absorption coupled with 
the required amount of enzymatic lability necessary 
for hydrolysis to produce extremely high plasma lev- 
els of ampicillin. Peak serum levels of ampicillin (ad- 
ministered as pivampicillin) were more than three 
times greater than ampicillin administered above. 
This ratio of peak serum levels was invariant in both 
fasted and fed subjects. Since this study, acyloxy- 
methyl esters of several antibiotics have been made 
in an attempt to duplicate the success achieved with 
ampicillin (Table 111). 

15-Methylprostaglandin Fz, and its methyl ester 
provide yet another example of how a bioreversible 
derivative can enhance absorption of a parent drug 
molecule. Magee et al. (227) determined the rate of 
absorption of 15-methylprostaglandin Fza and its 
methyl ester in rats by using an in situ method of se- 
quential sampling of the duodenal contents. They 
found that absorption of the ester was biphasic with 

Iu: R = CHI 
Ib: R = CHLCH, 
Ic: R = (CHj)j2H 
Id: R = CH(CH,)l 
If: R=C(CH,) ,  
Ig: R = CH( CH2CH, )? 

Ih: R=Cl.H, 
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Figure 5-Mean serum levels of ampicillin in normal volun- 
teers following oral administration of 250 mg of amvieillin 
(0) and 358 mg of pivaloyloxymethylampicillin hydrochloride 
(=250 mg of ampicillin) ( X )  immediately after breakfast. 
(Adapted, with permission, from Ref. 225.) 

initial rapid uptake followed by slow continuous ab- 
sorption (Fig. 6). 

The rapid phase of absorption declined as the ester 
was cleaved to the parent free acid. Higher doses of 
ester resulted in more drug being absorbed, with no 
ester being detectable in the serum (Fig. 7). These re- 
searchers concluded that the methyl ester was ab- 
sorbed very rapidly, with hydrolysis by esterases oc- 
curring in the intestinal lumen and serum. Serum 
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Figure 6-Absorption of a low dose ( A )  (0.05 mg/ml) and 
of a high dose ( B )  (0.5 mglml) of 15-methyl-W-prostaglandin 
Fza methyl ester. The dashed lines show changes in fluid 
volume. (Adapted, with permission, from Ref. 227.) 
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Figure 7-Hydrolysis of 15-methyl-1kC-prostaglandin Fz, 
methyl ester to the free acid in the lumen of the small intestine. 
Same experiment as shown in Fig. 6. Key:  A ,  low dose; B ,  high 
dose; A, 15-methyl-14C-prostaglandin R,; m, 15-methyl-W- 
prostaglandin Fz, methyl ester; and 0, + A. (Adapted, with 
permission, from Ref. 227.) 

levels of parent prostaglandin 10-20 times greater 
were observed when the methyl ester was adminis- 
tered. 

Site Direction-Historically, research in the area 
of site-directed, reversible derivative chemotherapy 
has been generated mainly by empirical data and by 
intuitive notions and correlations. The fault lies not 
with the chemist and biologist but rather with the 
paucity of definitive data that might be used for 
planning and execution of meaningful studies in this 
area. 

The concepts of reversible drug derivative chemo- 
therapy to specific tissue can be generally divided 
into two classes: 

Site directed, in which the reversible derivative is 
transported and distributed preferentially to site- 
specific tissue according to the physicochemical 
properties of the derivative (e.g., hydrophobicity- 
hydrophilicity relationships, pKa, molecular size and 
geometry, and solubility). This subject was discussed 
in the Absorption section. 

Site activated, which relates to the regeneration of 
the parent molecule either by enzymatic or chemical 
hydrolysis in the target organ or site-specific tissue. 

The rationale for the synthesis of site-directed 
drugs evolved primarily in the area of cancer chemo- 
therapy but can be summarized by the following 
basic premises that apply to chemotherapy of any lo- 
calized disease state: 

1. Certain disease conditions are localized in spe- 
cific tissue. 

2. The drugs utilized in these disease states affect 
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normal as well as diseased tissue and may be metabo- 
lized and excreted prior to reaching the diseased tis- 
sue. 

3. Diseased tissue possesses enzymes or enzyme 
systems differing in their nature and abundance from 
normal tissue. 

4. These enzymes are capable of regenerating the 
bioactive species of a reversible derivative. 

Several excellent papers and reviews are based on 
these principles (160,163,278-283). 

Harper (23), in discussing drug localization in spe- 
cific tissue, drew analogies to enzyme histochemistry 
in which the histochemical staining process was lik- 
ened to site-specific drug localization (Scheme I). By 
drawing inferences from Scheme I and observing the 
relationship of the low solubility of certain dyes and 
their high association by hydrogen bonding, substitu- 
ent effects and steric properties, and subsequent 
binding to protein, it was concluded that optimal 
conditions for drug transport to site-specific tissue 
involved steric interactions (fit) of the drug with the 
receptor and also the influence of distribution, trans- 
port, excretion, and duration of action to these drug- 
protein interactions. 

The ideal reversible drug derivative might possess 
the following characteristics: 

1. Exclusive and complete transport to the dis- 
eased tissue or target organ, including affinity and in- 
teraction with these cell systems and tissues. 

2. Absence of binding of the derivative to protein 
or tissue not specifically diseased without degrada- 
tion (hydrolysis) or metabolism of the derivative 
prior to contact with the diseased bioenvironment; 
lack of toxicity for normal tissue within the diseased 
environment and other normal tissue in the body. 

3. Complete elimination from the body once the 
disease state is eliminated or once complete remis- 
sion is effected. 

The ideal derivative consists of a bioactive parent 
molecule containing a suitable transport group suffi- 
ciently stable to deliver the molecule to the site of ac- 
tivity (site direction) containing the necessary en- 
zyme systems and/or chemical bioenvironment suffi- 
cient to regenerate the parent molecule at  the dis- 
eased site (site activation). While the ideal derivative 
is yet to be made, several approaches have been uti- 
lized in a variety of attempts at  providing optimal 
therapeutic response and site specificity. They can be 
categorized as: (a) utilization of the enhanced enzy- 
matic activity present in diseased or dividing cells, 
especially neoplastic cells, but not present in normal, 
nondividing cells; (b) utilization of the lower pH of 
neoplastic tissue relative to that of most normal cells; 
and (c) utilization of lipophilic and/or hydrophilic 
derivatives to enhance transport and subsequent 
bioactivity to site-specific tissue. 

Following the first approach, Tsou et  al. (191) syn- 
thesized a series of nitrogen mustard reversible 
amide derivatives designed to regenerate the parent 
molecule in neoplastic tissue by taking advantage of 
the difference in the level of enzymatic amidase ac- 
tivity between normal and neoplastic cells. Assuming 
amidase activity to be localized in the tumor cell, 
they schematically represented what might occur at  
the site (Scheme 11): 

enzyme 
A-I3 - A *  t B 

less toxic 
than A or 
nontoxic 

toxic 

Scheme I1 

where A-B represents a nontoxic bioreversible de- 
rivative of A (toxic to neoplastic tissue), and the dot- 
ted line represents the site of hydrolysis of the deriv- 
ative by the enzyme. 

Of several derivatives synthesized, N,N-diallyl-0- 
aziridinopropionamide (DAAP) was found to be ac- 
tive intraperitoneally against the Dunning leukemia 
system in both ascites and solid form, and data were 
obtained a t  doses between 20 and 40 mg/kg. Leuco- 
penia, a common manifestation of toxicity with other 
bisfunctional alkylating agents, was not apparent 
with N,N-diallyl-0-aziridinopropionamide, indicat- 
ing that the derivative was selective in its action 
against dividing (neoplastic) tissue. 

Other examples of this approach can be found in 
Table V. 

Another property, namely lower relative pH of cer- 
tain neoplastic cells (284, 285), has been exploited in 
the design of bioreversible cancer chemotherapy drug 
derivatives. The fact that pH is lower in tumor cells 
may be due to the high rate of aerobic and anaerobic 
glycolysis, the end result being the production of lac- 
tic acid. This acid may accumulate in tumor cells if 
its production is greater than an offsetting neutral- 
ization due to diffusion of buffering substances into 
the cells from the arterial circulation and by acid dif- 
fusing from the cell into venous blood (286, 287). If 
the preceding elimination mechanisms were not oper- 
ative, the pH of the tumor cells would probably de- 
crease to a limiting value of -6 (288). 

Papanastassiou et al. (287) investigated the in uiuo 
acidic lability of a series of alkylaryldiazoamino com- 
pounds known to undergo facile acid hydrolysis in 
uitro (Scheme 111). Of those compounds tested, p -  
[N,N - bis(2 - methanesulfonoxyethy1)amino]benzene- 
diazonium fluoroborate (II), while somewhat toxic, 
prolonged the lifespan of L-1210 leukemia-implanted 
mice to 157% of controls at a dose of 1.25 mg/kg. It 
produced cures in five out of six mice with ascites 
Dunning leukemia. Several other compounds tested 
were inactive when R = CHzCHzF and Y = NO2 or 

YArN = NNR, ---+ YArN; + HNR, 
Scheme I l l  

COOC2HS. The choice of R and Y substituents ap- 
pears to be critical to activity. 

H.P+ 
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Table V-Reversible Drug Derivatives Utilized as Modifiers and Enhancers of Drug 
Transport to Site-Specific Tissue 

Reversible Modification Route of Target Tissue 
Parent Molecule or Linkage Administration or Organ Reference 

Isocyanate, R-N=C=O 

Testosterone 
Dromostanolone 
Urea 
Normeperidine 
Morphine, phenazocine 
Tetrahydrocannabinol 
Diethylstilbestrol 

Methotrexate, 3’,5’-dichloro- 
methotrexate 

Phenethylamine, dl- and d- 
amphetamine, Z-ephedrine, 
dl-p-hydroxyamphetamine 

Dopamine, 3,4-dihydroxy- 
phenethylamine 

Norepinephrine 

Cytosine arabinoside 
(cytarabine) 

Hydroxyurea 
Dichloroisocyanatophosphine 

oxide 
N,N-Bis(2-chloroethyl)- 

phosphorodiamidic acid 

Nitrogen mustard (2,2’-dichloro- 

Nitrogen mustard 

Allylamine 
Nitrogen mustard 

N-methyldiethylamine) 

Nitrogen mustard 

5-Diazoimidazole-4-carboxamide 

Nitrogen mustard 

Dichlorodiamine, dichloro- 
dialkylamine 

Haloalkyl nitrosourea 

Propionate ester 
Propionate ester 
Hydroxyl 
Amide 
Ether 
Ester 
4,4’-Diphosphate ester 
4,4’-Dicarbamate 
Dialkyl esters 

Carbonate 

Diacyl esters 

Silyl ether 
Acetate ester 
5 ‘-Acylate 
5’-Sulfonate 
Alkyl ether 
Carbamate 

Cyclic phosphoramide 

Phosphorodiamidic acid 

Aminomethyl tetracycline 

Amide 
Cholesterol, estradiol, 

Peptide (glycine, phenyl- 

Dialkyl triazene 

dehydroepiandrosterone 
esters 

alanine) 

Azobenzene 

Platinum coordination 
complex 

Intraperitoneal 
Intravenous 
Intracerebral 
Subcutaneous 
Oral 
Intramuscular 
Intramuscular 

Subcutaneous 
Subcutaneous 
Oral, intramuscular 
Intramuscular 
Intramuscular 

Intraperitoneal 

Intravenous 

Intraperitoneal 
Subcutaneous 
Intravaginal 

Intraperitoneal 
Intravenous 

Intraperitoneal 

Intraperitoneal 

Intravenous 
Oral 

Intraperitoneal 

Intraperitoneal 

Intraperitoneal 

Intraperitoneal 
Intravenous 

L-1210 leukemia 

Breast carcinoma 
Breast carcinoma 

Prostatic carcinoma 
Prostatic carcinoma 
L-1210 leukemia 

Brain 

Brain 

Brain 
Heart 
L-1210 leukemia 

Vaginal mucosa 
Walker carcinosarcoma 

Malignant lymphomas 
Neuroblastoma 
Ovarian adenocarcinoma 
Breast carcinoma 
Wilms tumor 
Dunning ascites tumor 

L-1210 leukemia 
Adenocarcinoma 755 
L-1210 leukemia 
Adenocarcinoma 755 
Mammary tumor 
Leukemia 

256 

301-303 

304 
305 
306 
307 
308 
152 
23 
309 
154 

207, 310 

311 

312 

151 

206 
115 

210, 214 
215 
297, 299 

216 

192 

191 
155, 313 

Hepatoma 314 
Walker carcinosarcoma 256 315, 316 
Sarcoma 180 201 
Adenocarcinoma 755 
L-1210 lymphoid leukemia 
Liver 200, 205, 

Solid sarcoma 180 318, 319 
Walker 256 carcinoma- 

Dunning leukemia 
Primary Lewis lung 

317 

sarcoma 

carcinoma 

In other studies utilizing the neoplastic cell pH hy- 
pothesis, Shealy et al. (201) found that the lifespan 
of L-1210-implanted mice increased 57% over con- 
trols when dosed with 5(or 4)-(dimethy1triazeno)im- 
idazole-4(or 5)-carboxamide (111). These compounds 
are acid labile (300) and were thought to regenerate 
the parent bioactive 5-diazoimidazole-4-carboxamide 
in v i m  as the internal salt (IV). A pH difference be- 
tween neoplastic and normal tissue and its effect on 
bioactivity of antineoplastic agents were also studied 
(289). 

A third approach, currently receiving increased at- 
tention, concerns the correlation of structure-activity 
relationships with lipophilic character of the drug de- 
rivative. A study (290) of some quantitative struc- 
ture-activity relationships of a series of nitrosoureas 
and triazinoimidazoles found that for each series the 

lipophilic character (a crude measure of absorption 
and transport) of each type of drug was parabolically 
related to its activity against L-1210 leukemia in 
mice. A parabolic relationship was found for 23 nitro- 
soureas when log P was plotted against log (l/c )(Fig. 
8). 

Log P was taken as a measure of hydrophobic char- 
acter of the derivative molecule where P was its octa- 
nol-water partition coefficient. Log l/c is a measure 
of the bioactivity of the drug. When X = C1 or F and 
R substituents varied from 4-tert-butylcyclohex- 

yl (log P = 4.51) to <so2 (log P = -0.411, the 
optimum hydrophobic character occurred a t  log P 
from about -0.4 to -0.6. Steric and electronic effects 
on bioactivity were not considered in this theoretical 
study (290). Based primarily on hydrophobic consid- 
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R 

0,N -+< CH, 7 
Table VIaSolubility, Partition Coefficients, Substituent Constants, and Biological Activity of 
NSubstituted l-Aziridino-2,4-dinitrobenzamidesh NO1 
~ 

S ,  EDw, LDm, 
Compound R pmoles/ml P E  P B  Log P E  7r T' pmoles/kg pmoleslkg 

1 H  1.01 30 > 100 1.48 100 1100 

16 R' = H 5.04 0.50 0.14 -0.28 -1.76 - 1.6 112 
1.41 0.87 1 -0.06 -1.54 0.22 <9 113 

0.30 -1.18 0.58 3.6 100 
41 CHI 
42 CZH5 0.75 2 3.1 
43 n-Propyl 0.13 5.4 12 0.73 -0.75 1.01 34 95 
44 Isopropyl 0.32 4.5 9 0.65 -0.83 0.93 5.1 54 
45 C yclopropyl 0.41 1.7 3.3 0.23 -1.25 0.51 3.4 110 

- - 

CONHR' 

46 Isobutyl 0.14 14 30 1.15 -0.33 1.43 29 146 
47 tert-Butyl 0.68 30 55 1.48 0 1.76 65 227 

52 Rz = (CH3)2 3.3 1.1 15 0.04 -1.44 0.32 - ve 65 

54 - (CHz) 5- 0.68 9.2 > 100 0.95 -0.53 1.23 109 281 
55 -(CHz)zO(CHz)z- 1.3 1.2 15 0.08 -1.40 0.36 186 560 

CONHRz 

53 (CZH5)Z 2.6 7.5 > 100 0.86 -0.62 1.14 - ve 81 

Adapted, with permiasion, from Ref. 289. S = solubility in water containing 2% dimethyl sulfoxide at 25", P E  = ether-water partition coefficient, PfJ = 
benzenewater partition coefficient, T = log P z  - log P H  (for ether-water coefficients), and r' = log P z  - log P C O N H z  (for ether-water coefficients). 

erations and the parabolic relationship, however, i t  
was suggested that nitrosourea derivatives containing 
more hydrophilic substituents might yield more po- 
tent and less toxic drugs, although there are not 
enough data in Fig. 8 to substantiate the maximum 
value accurately. The trend, however, is apparent. 

It was also shown that an approximate measure of 
the derivatives' LDlo (dose required to  kill 10% of 
test animals) was related parabolically to log P. Max- 
imum toxicity was found at  log PO = 0.4. Log PO for 
toxicity was determined by taking the derivative d 
log llcld log P and was found to be approximately 1 
log unit higher than for potency, implying that deriv- 
atives containing more hydrophilic substituents, 
while increasing potency, simultaneously decrease 
toxicity. Wheeler et al. (291) confirmed these obser- 
vations. 

In contrast to the finding of Hansch et al. (290) of 
a parabolic relationship correlating log P with activi- 
ty in a series of nitrosourea derivatives, Khan and 
Ross (289) found a linear relationship between log P 
and activity in a series of N- substituted l-aziridino- 
2,4-dinitrobenzamides. Thus, they demonstrated a 
correlation between the water-lipid partition coeffi- 
cients of a number of substituted amides of 5-aziri- 
dino-2,4-dinitrobenzamide (CB 1954) and the ex- 

N(CH,CH,OSO,CH,,), 6 f  
n 

pected amide linkage sensitivity toward enzymatic 
hydrolysis in one instance and the chemotherapeutic 
index in the Walker tumor assay on the other. Not 
surprisingly, the highest antitumor activity was dem- 
onstrated by the more hydrophilic and easily hydro- 
lyzed substituted amide derivatives. Table VI sum- 
marizes the results of solubility, partition coefficient, 
substituent constants, and bioactivity data for this 
series of amide derivatives. 

The derivatives were tested as inhibitors of growth 
in transplanted Walker rat carcinoma 256; the IJD50, 
or median lethal dose for tumor-bearing animals, and 
the EDw, or the dose that produced a 90% inhibition 
of tumor growth, were reported. The LD50/ED90 ratio 
was taken as the chemotherapeutic index (C.I.). A 
plot of log 1BDw or log l/LD50 uersus 7~ results in a 
linear relationship for a series of monosubstituted 
(but not disubstituted) amide derivatives (Fig. 9). 

It can thus be seen that the presence of a monosub- 
stituted amide group in 5-aziridino-2,4-dinitrobenza- 
mide confers favorable water-lipid partitioning prop- 

0 1 2 3 4 
LOG P 

Figure 8-Experimental data (log l /C)  for 23 nitrosourea 
derivatives plotted against log P. (Adapted, with permission, 
from Ref. 290.) 
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Figure %Plot of substrate constant, X ,  against log l/EDso 
(0) and log l/LDso (a) for 5-aziridim-2,4-dinitrobenzamides. 
(Adapted, with permission, from Ref. 289.) 

erties yet maintains sufficient in uiuo stability via 
the amide linkage such that hydrolysis is selective 
within sensitive tumor cells. These two factors, cou- 
pled with the fact that host toxicity of the derivatives 
is not highly dependent on ?r or ease of amide hydrol- 
ysis, suggest that membrane permeabilities of Walker 
tumor cells differ from normal cells. Possibly the 
tumor intercellular enzymatic activity is sufficient to 
hydrolyze the amide to a nondiffusing anion, thus de- 
stroying toxicity as well as bioactivity. 

Similar studies were performed on busulfan3 (1,4- 
dimethanesulfonoxybutane, 1,4-butanediol dimeth- 
anesulfonate) and related sulfonic acid esters (292). 
Good correlations between water-lipid ratios and 
bioactivity (neutrophil-depressing activity) were 
found. 

In a study aimed at  providing a rational approach 
to the development of improved site-specific chemo- 
therapeutic agents, Jusko (293) developed a phar- 
macodynamic model utilizing dose-time-cell survival 
curves generated by the administration of cell cycle 
specific agents. The model assumes an irreversible, 
bimolecular mechanism of drug-receptor interaction 
that serves as the interface between the pharmacoki- 
netic parameters of the drug and the cell cycle-cell 
proliferation kinetics of both normal and neoplastic 
cells. Dose-time-cell survival curves were analyzed 
using the model for several drugs including the re- 
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Figure 10-Dose-cell survival and dose-animal survival 
curves for the effect of cyclophosphamide on lymphoma cells 
in the mouse femur. The cell survival line was obtained by 
least-squares fit of the data to the model of Scheme IV. The 
theoretical duration of animal survival curve was generated 
with the values CTO = 2.2 X 101 cells, k, = 0.0603 hr-l, 
and cell number causing animal death = 8.6 X 108 cells. 
(Adapted, with permission, from Ref. 293.) 

versible derivative cyclophosphamide. The effects of 
this derivative on hematopoietic and lymphoma cells 
were examined, and it was found that the primary in 
uiuo determinant of selective chemotherapy was op- 
erative during the proliferative state of the cells. 

Scheme IV illustrates the model utilized by Jusko 
to characterize the effects of these chemotherapeutic 
agents, where CS represents the concentration of cells 
(proliferative) sensitive to the drug, CR is the number 
of insensitive (resting) cells, kRs and ksR are inter- 
conversion rate constants between the two cell popu- 
lations, X t  represents the transient amount of drug 
to  which the cells are exposed, and k s  and k d  are rate 
constants acting on sensitive (Cs) and insensitive 
(CR) cells, respectively. The concentration of steril- 
ized or killed cells is represented by C,, and k is the 
association rate constant for bimolecular, irreversible 
drug-receptor interaction. 

Perhaps the most important parameter of the 
model is ks ,  the “chemotherapy constant,” which- is 
determined by the assumptions that: (a) kRs and ksR 
are relatively constant, and (b) the rate constant for 
cell kill (k X X t )  can be related to the dose (Da) and 
the number of doses (N) of drug by k X t  X d t  = 

This parameter implicitly includes the distribu- 
tion, elimination, and drug-receptor association rate 
constants. Figure 10 illustrates dose-cell survival and 
dose-animal survival curves for cyclophosphamide 
on lymphoma cells. 

NksDo. 

V 
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A 
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2-formylethyl-N, N-bis(2-chloroethy1)- 
phosphorodiamidate 

J 
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oxazolidinone aziridine 

c1- u c1 

aldehyde aridase 

N, N-bis(chloroethy1)- 
phosphorodiamidic acid 

Scheme V 

Pharmacokinetic studies such as this allow esti- 
mates of biological effects (cell kill) to  be made at  the 
receptor level as a function of both dose and time. 
Obviously, absorption and distribution of derivative 

to  site-specific tissue must also be considered as im- 
portant variables (see discussion on absorption). This 
type of modeling allows the medicinal chemist to 
evaluate grossly the effects of a parent molecule at 
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Figure 11-Concentration of dihydrostreptomycin in the 
plasma of dogs as a function of time after intramuscular 
administration of 4 mg/kg of dihydrostreptomycin (as sulfate) 
in water (0) and in cottonseed oil (X) and of 4 mg/kg of di- 
hydrostreptomycin (as pamoate) in cottonseed oil (0). Dotted 
lines give one-compartment open model fits. (Adapted, with 
permission, from Ref. 321.) 

the receptor level and to provide an approximation of 
the magnitude of the effect of the reversible linkage 
on transport and distribution to such site-specific tis- 
sue. 

The interesting bioreversible cytotoxic derivative 
whose in viuo biodegradation has remained obscure 
for many years is cyclophosphamide [2-[bis(2-chlo- 
roethyl)amino]tetrahydro - 2H - 1,3,2 - oxazaphosphor- 
ine 2-oxide (V)]. This agent differs from other alkyl- 
ating agents in that it shows a significantly greater 
selectivity against a variety of tumor cells (211, 294, 
295) as judged by its relatively high therapeutic index 
in vivo (215). The greater safety margin of this drug 
is due to its reduced general and organotropic toxici- 
ty. Furthermore, leucotoxicity is less severe and more 
readily reversible. 

Cyclophosphamide was originally synthesized as a 
reversible derivative of 2,2’-dichlorodiethylamine 
(nor-HN2, VI). Hindsight proved this assumption to 
be false based on subsequent work on this derivative. 

On administration of cyclophosphamide to animals 
containing a variety of tumor systems, however, the 
cytotoxicity was significantly greater than with nor- 
HN2 (211, 296). A concerted effort (209, 210, 214, 
215, 297-299) was undertaken to characterize the 
bioreversibility and metabolism pattern of this drug 
(Scheme V). Several of the products and metabolites 
possess cytotoxic activity comparable to the activity 
of administered cyclophosphamide. Recent studies 
with 14C-labeled cyclophosphamide in mouse liver 
microsomal systems showed N, N-bis( 2-chloroethyl) - 
phosphorodiamidic acid to be an active cytotoxic 
agent generated in this system (297, 298). The detec- 
tion of acrolein as a product of microsomal oxidation 
suggested that metabolism of V proceeded via an 
open chain aldehyde to N,N- bis(2-chloroethy1)phos- 
phorodiamidic acid (Scheme V). Montgomery e t  al. 
(160) treated in detail the metabolism of this drug 
and its various forms. 

The example of cyclophosphamide and the impli- 
cations apparent from a reversible derivative stand- 
point are profound. The relatively simple modifica- 
tion of a drug molecule (nor-HNB?) has gradually de- 

veloped into an exceedingly complex and as yet unre- 
solved problem in the determination of the mecha- 
nism of action of this important drug. 

Table V illustrates selected examples of several 
classes of drugs that have been reversibly modified 
for utilization as site-directed and site-activated che- 
motherapeutic agents. 

Depot-Both the physical and chemical approach- 
es have proved useful in imparting depot activity to a 
drug. Ritschel (320) recently published a thorough 
review of the various synthetic and mechanical tech- 
niques for producing depot activity in parenterals. 

The basic premise for depot activity is the localiza- 
tion of the drug derivative in some biological depot or 
site within the organism, with subsequent slow re- 
lease from that site at a sufficient rate to provide the 
.active form of the drug in therapeutically efficacious 
quantities. The duration of activity of such a drug 
depends upon its physical and chemical properties. 

Two important considerations in rational design 
are: (a) the solubility of the derivative in the vehicle 
(e.g. ,  oleaginous) and the bulk aqueous phase (extra- 
cellular water a t  the site of administration) where the 
release rate is solubility controlled, and (b) diffusion 
of drug derivative from the vehicle where release is 
diffusion controlled. 

Once the derivative is released (solubilized) a t  the 
site of administration, two factors become important: 
(a) regeneration of parent molecule at or near the 
site by slow, nonenzymatic hydrolysis on contact with 
body or tissue fluids, e.g., repository sulfones; and (b) 
regeneration of the parent bioactive substance by en- 
zymatic hydrolysis either a t  the site or in a central 
compartment (e.g., blood). This sequence of events 
can be described by a consecutive first-order model 
(Scheme VI): 

k, I: ,  k ,  
A - B - C - D  

Scheme V1 

where A represents the amount of drug at  the injec- 
tion site, B is the amount of derivative in the central 
body compartment (blood and rapidly equilibrating 
tissue), C is the amount of regenerated active species, 
and D is the amount of drug eliminated from the cen- 
tral compartment a t  any time. The terms k,, the ab- 
sorption rate constant, k,, the derivative’s regenera- 
tion rate constant, and k,, the elimination rate con- 
stant, govern the drug transfer rate from the depot 
and central compartment. 

Caldwell et al. (321) utilized this model in studying 
the depot properties of dihydrostreptomycin pa- 
moate and in estimating k, (absorption rate con- 
stant) for this salt. The plasma concentration-time 
plots for the sulfate (tl la = 0.33 and 0.52 hr) and pa- 
moate ( t l / z  = 3.46 hr) salts of dihydrostreptomycin 
are shown in Fig. 11. 

The bioavailability of the parent molecule depends 
on the type and rate of hydrolysis of the reversible 
derivative. Elslager and coworkers (322-325) synthe- 
sized several bioreversible dapsone (diaminodiphenyl 
sulfone, 4,4’-sulfonyldianiline, DDS) derivatives de- 
signed to hydrolyze either enzymatically or nonenzy- 
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Figure 12-Influence of ester type of testosterone on growth of 
capon crest. Key:  0, propionate ester; A, isobutyrate ester; @, 
n-valemte ester; and 0, undecylenate ester. (Adapted, with 
permission, from Ref. 327.) 

matically in uiuo. A series of 4’-(N- acylsulfanily1)an- 
ilides (322) was made to take advantage of their anti- 
malarial and antileprotic activities in a repository 
form. The acyl group varied from hydrogen to palm- 
ityl, with a range of solubilities in pH 7 buffer solu- 
tions from 0.013 (hydrogen) to 0.0002 (palmityl) 
mg/ml. Optimum repository activity occurred with 
acedapsone (4’”’’’-sulfonylbisacetanilide, DADDS) 
at  a solubility of 0.003 mg/ml. This derivative was 
slowly hydrolyzed by deacetylases to  regenerate dap- 
sone in uiuo. 

Other derivatives were designed to take advantage 
of nonenzymatic lability in body tissue and fluid and 
included a variety of 4‘,4“‘- [bis(amino-p-phenylene- 
sulfonyl)] bisanilides (323) and 4’-[ (N-aralkylidene-, 
benzylidene-, and naphthylidene)sulfanilyl]anilides 
(324). Of these latter compounds, 4’,4”’ - [p - phenyl- 

A saturation of sites 

0 

0 
CHAIN LENGTH, n 

Figure 13-Theoretical curves for the fractional occupancy of a 
perfect Langmuirian receptor phase as a function of alkyl 
chain length under the condition that So(kl/k-l)o >> 1 .  The 
heavy line, line A - 2 ,  is the expected trend for saturated solu- 
tions. Profiles initiating at points B ,  C, and D are idealized 
profiles obtained using fixed concentrations CI, Ct, and C3, 
respectively, where So > C1 > Ct > C3. I n  such cases, log (f) 
increases linearly with chain length until the saturation 
limitation is obtained. Thereafter, the profiles are super- 
imposed on the saturation profile. The dotted lines represent 
the continuing trends expected, neglecting the solubility restric- 
tion. “Parabolic” curves can be generated at a fixed concentra- 
tion. The apex of the “parabola,” the chain length of maximal 
activity, can be flat or broad, depending on concentration. Its 
position on the chain-length axis is also concentration depen- 
dent. (Reprinted, with permission, from Ref. 367.) 

enebis (methylidyneimino-p-phenylenesulfonyl)] bis- 
acetanilide (PSBA) and 4’- [N-(3,5-dichlorosalicyli- 
dene)sulfanilyl]acetanilide (DSA) proved notewor- 
thy. Antimalarial and antileprotic activity data as 
well as approximate pharmacokinetic data for these 
derivatives are summarized in Table VII. 

Pinder (326) recently reviewed antimalarial drugs 
possessing depot and repository properties. 

Steroids have been the subject of intense study as 
clinically acceptable forms of depot drugs. Steroidal 
bioactivity has been prolonged by forming esters of 
various lengths and various degrees of steric hin- 
drance. Figure 12 illustrates the effect of chain length 
on duration of activity (the bioactivity of the parent 
steroid manifested as capon crest growth) for a series 
of testosterone esters (327). Winter and Porter (266) 
similarly correlated rates of absorption of several es- 
ters of hydrocortisone and 9a-fluorocortisone as a 
function of duration of activity. 

Miescher et al. (328), in a classic study, demon- 
strated extended duration and bioavailability in a se- 
ries of testosterone aliphatic esters. With the long 
chain esters (palmitate and stearate), the increased 
duration was probably due to delayed absorption 
(solubility rate controlled) and steric hindrance 
(slowed hydrolysis of ester). Rapala et al. (272) dem- 
onstrated a prolonged activity due to steric hindrance 
with substituted and nonsubstituted adamantoate 
esters of testosterone. 

Various drug classes designed specifically as agents 
for depot therapeutic efficacy by use of the reversible 
derivative are listed in Table VIII. 

Organoleptic Properties-Taste- Taste is a 
complex combination of sensations including gusta- 
tion, olfaction, tactility, and responses to heat and 
cold. In humans, the sensation of taste is confined 
primarily to the dorsal surface of the tongue, the soft 
palate, the epiglottis, and parts of the gullet. In chil- 
dren, however, the taste receptors are distributed 
over larger areas of the mouth. Basically, there are 
four so-called primary tastes: sour, bitter, salty, and 
sweet. Others include astringent, metallic, and alka- 
line (soapy). Pfaffman (362) estimated that a human 
has lo4 taste buds including taste nerves and other 
sensory nerves stimulated by foods. Each taste bud is 
innervated by from two to 10 nerve fibers with anoth- 
er lo4 sensory fibers that serve as monitors for pain, 
temperature, tactility, and other stimuli. 

Mechanism of Taste Receptor Stimulation -Elec- 
trophysiological measurements have been made by 
inserting microelectrodes into single taste cells and 
measuring the electric potential change between the 
inside and outside of the cell after stimulation with a 
chemical substance (363, 364). It was found that the 
molecular geography of the receptor surface changes 
after such stimulation, thus initiating a chain of 
events that ultimately manifests itself as a taste re- 
sponse. 

Potassium ions, present in abundance within the 
cell, are released due to increased cell permeability 
near the associated nerve axon, and this phenomenon 
accounts for the electric potential change. This 
change initiates electrical nerve impulses of a few 
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Table VIII-Reversible Drug Derivatives Utilized as Modifiers of Duration of Activity (Prolonged, Depot Action) 

Route of 
Parent Molecule Reversible Modification or Linkage Administration Reference 

Nicotinic acid 
Streptomycin 
Dihydrostreptomycin 
Cytarabine (ara-C) 
Ara-adenosine (ara-A) 
Deoxyribonucleosides, 

ribonucleosides 
3-o-Toloxy-l,2-propanediol 

Ampicillin 
Substituted acetamidopenicillins 
Amphotericin B 
Neomycin 
Fluphenazine 
Pipothiazine 

Nandrolone 
Hydrocortisone 
Testosterone 

Dextran and carboxymethyldextran esters 
Alginic acid salt 
Pamoate salt 
5 '-Adamantoate ester 
5'-Palmitate and 5'-benzoate esters 
5'-Adamantoate ester 

Phenoxyacetate ester 
Hemisuccinate ester 
Dibenzylethylenediamine salt 
Carboxamido ester 
Methyl ester 
Dextran sulfate salt 
Heptanoate and decanoate esters 
Palmitate ester 
Undecylenate ester 
Phenylpropionate and decanoate esters 
21-Alkyl esters 
17-8-Alkyl esters 

Oral 
Intramuscular 
Intramuscular 
Intraperitoneal 
Intraperitoneal 
Intraperitoneal 

Intraperitoneal 
Intraperitoneal 
Intramuscular 
Intramuscular 
Intraperitoneal 
Intramuscular 
Intramuscular 
Intramuscular 
Oral 
Intramuscular 
Local (topical) 
Intramuscular 

6~-9(~-Difluorocorticosteroid 
Estradiol 

Estradiol 
Estradiol 
Nortestosterone 
Aldotestosterone, l-dehydro- 

aldosterone 
Estrogen 
Betamethasone 

Phendimetrazine 
Imipramine 
Oleandomycin 
Aspirin (acetylsalicylic acid) 
2-Phenylacetamido-, 2-amino-2- 

phenylacetamido-, phenyl- 
imidazolidin ylpenicillins 

Prostaglandin 
Dopamine 
C hloramphenicol 
Dapsone (diaminodiphenyl- 

sulfone) 
Cycloguanil 

Alkyl ortho esters 
17-Cycloalkenyl esters 
Oligomeric esters 
Enol ethers and acetals 
Formate ester 
Terpenoate ester 
21-Benzoate ester 

3-Cyclopentyl ether 
21-Adamantoate ester 

Pamoate salt 
Pamoate salt 
Acetate, propionate ester 
Alkyl carbonate ester 
N-Acyl-6-acylamino amide 

2- (4-1midazolyl)ethylamine salt 
Amino acid amide 
Mono- and bis(trimethylsily1) ethers 
Acetamide 
Formamide 
Pamoate salt 

Intramuscular 
Oral 
Subcutaneous 
Oral, parenteral 
Intramuscular 
Subcutaneous 
Oral, parenteral 

Parenteral 
Oral, rectal, 

parenteral 
Oral 
Oral 
Oral 
Oral 
Oral 

Oral 
Oral 
Parenteral 
Intramuscular 
Oral 
Intramuscular 

329 
330 
321 
331 
332 
333 

334 
335 
336 
337 
338 
339 
340 
341-343 

265 
266 
33, 272, 

328, 
344 

345 
346 
347 
267 
348 
349 
350 

351 
352 

353a 
354 
355 
356 
337 

357 
193 
358 
359 
360 
361 

0 This article tabulates a variety of pamoate salts for several classes of drugs. 

milliseconds duration, with 100-200 impulseshec. 
The intensity of the signal to the brain is a function 
of the number of nerve fibers activated and the im- 
pulse frequency. 

Beidler (365) found that the magnitude of a taste 
response increases a t  a declining rate with concentra- 
tion until further concentration increases fail to elicit 
a response. The relationship between concentration 
and the magnitude of a steady-state response is: 

C K R ,  R = -  
C K  + 1 (Eq. 15) 

where C is the concentration of the stimulant, R is 
the electrical response magnitude, R, is the maximal 
response magnitude at saturation, and K is the reac- 
tion equilibrium constant of stimulus-receptor. Plot- 
ting R versus C affords a sigmoidal curve, the middle 
portion of which can be utilized for comparisons be- 
tween concentration and response. The utility of the 
comparison is invalid at  low and high concentrations. 
Other studies provided evidence of weak substrate 
adsorption to the taste receptor surface (366). 

When suspensions are considered, simply replace C 

by S for drug solubility. The effects of a homologous 
series on adsorption onto receptors was studied re- 
cently (367). In an analysis similar to that presented 
for absorption (see section on absorption), it was 
shown that for subsaturated solutions the response 
increases with alkyl chain length until R reaches R,. 
It was also shown that for suspensions there can be 
an increased response with chain length for the lower 
homologs. This results from the fact that the value of 
K, which is essentially a Langmuirian adsorption 
constant, increases as a homologous series is ascend- 
ed. However, as the series becomes highly hydropho- 
bic, the decrease in solubility that accompanies chain 
extention overshadows the increase in the adsorption 
constant and the response begins to diminish with 
chain length until it drops below the threshold value. 
These relationships are summarized in Fig. 13. 

Duncan (368) postulated that taste stimulation 
may be due to enzymatic mediation. This contention 
was disputed by Beidler (369) who cited lack of ex- 
perimental evidence for this thesis plus the fact that 
such interactions are highly pH dependent whereas a 
taste response elicited by sodium chloride, for in- 

Vol. 64, No. 2, February 1975 / 201 



Table IX-Reversible Drug Derivatives Utilized as Modifiers of Taste and Odor Properties 

Parent Molecule Reversible Modification or Linkage Property Modified Reference 
~ ~ ~ ~~ ~~~ ~~ 

Pivampicillin Probenecid salt Bitterness 378 

Propoxyphene 2-Naphthalenesulfonic acid salt Bitterness 380 
4-Chloro-m-toluenesulfonic acid salt Bitterness 381 

Tetracycline 3,4,5-Trimethoxybenzoate salt Bitterness 379 

and 3,4-dichlorobenzenesulfonic acid 
salt 

Oleandomycin AcyI ester/N-oxide Bitterness 355 
C hloramphenicol Palmitate ester Bitterness 221 

a-Haloalkyl ester, phenyl ester Bitterness 382 
Phosphite ester Bitterness 383 
(Trimethylsilyl) ether 358 

Phosphate ester Bitterness 175 
Clindamycin Alkyl ester Bitterness 13 
Erythromycin Alkyl ester/salt Bitterness 238 

Alkyl ester Bitterness 14, 384, 385 
Ethyl mercaptan Phthalate ester Odor 
Trichloroethanol Carbonate ester Odor 16 
N-Arylanthranilic acid Glyceryl ester Bitterness 388 

Lincomycin Alkyl ester Bitterness 10-12 

386, 387 

stance, can occur between pH 3 and 11. He felt that 
the initial response was electrochemical in nature 
and due to creation of a disturbance in the surface 
cell geography with subsequent depolarization of the 
receptor cell. 

Molecular configuration of the drug molecule plays 
an important role in adsorption efficiency at the re- 
ceptor level. Saccharin has a taste threshold approxi- 
mately Y=,w that of sugar, whereas N -  methyl-, ethyl-, 
or bromosaccharin is tasteless (369). Analogously, the 
magnitude of a bitter taste response may be modified 
by changing the molecular configuration of the par- 
ent molecule. Such is the case for clindamycin (par- 
ent molecule) and a series of clindamycin 2-esters 
(reversible derivative) (13). Solubility, as already 
mentioned, may play an important role in decreasing 
the intensity of a bitter response. 

A combination of factors is perhaps operative in 
the demonstration of a taste response. Bitterness of a 
molecule, for example, may be due to the efficiency of 
the taste receptor-substrate adsorption reaction, 
which is related to the molecular geometry of the 
substrate. If alteration of the parent molecule occurs 
by derivative formation, the geometry is altered, af- 
fecting the adsorption constant. This effect, in turn, 
acts in concert with the aqueous solubility (or lack of 
such) of the derivative to eliminate the bitter taste 
response. Beidler (369) and Moncrieff (370) pub- 

.HEXANOAT€ 
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0 2 4 6 8 10 12 14 16 18 
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Figure 14-Effect of clindamycin ester chain length an taste 
of ester in syrup. (Reprinted, with permission, from Ref. 13.) 

lished reviews on taste theory. 
Odor -Odor, another organoleptic property ame- 

nable to reversible derivatization, plays an important 
role in the quality and intensity of taste perception. 
The magnitude of an olfactory response is related to 
concentration (371) and can be measured by record- 
ing the electrical nerve impulses generated by the ol- 
factory receptors when they are stimulated by an 
odor (372). Olfactory receptor sensitivity is well 
known and probably depends on the adsorption of 
the stimulus molecule to the surface of the receptor. 
Certain insects can respond to concentrations of less 
than M (373). 

The nature of the functional group and the shape 
of the molecule, in conjunction with volatility, deter- 
mine the intensity and duration of such adsorption. 
Studies (365) have been successfully applied to olfac- 
tion using the amyl acetate olfactory response (372). 
Several reviews and papers have been written corre- 
lating odor and molecular constitution (374-376), 
stereochemistry (3771, and physical variables (372). 

Taste Studies -The extremely bitter antibiotics 
have been the focus of much work in reversible drug 
modification. A study of clindamycin was undertaken 
to provide derivatives that could suitably be utilized 
as a tasteless pediatric form of this antibiotic (13). A 
series of 2- and 3-monoesters and several 2,3-biscar- 
bonate esters was made. Four clindamycin 2-acyl es- 
ters of varying chain length (palmitate, laurate, hexa- 
noate, and acetate) were dissolved in 30% sucrose so- 
lutions. The clindamycin ester solutions were coded 
A, B, C, and D, and samples of each were given to a 
taste panel of 26 people, with 1 hr allowed between 
each sample. The taste of each was rated on a scale of 
1-9 (1 = poor, 9 = excellent). The raw score data 
were analyzed by computer to show any significant 
differences between samples. 

The average scores (Fig. 14) indicate a linear trend 
of taste improvement with increasing chain length. 
The palmitate ester was significantly better than the 
laurate a t  the 5% level of confidence. The laurate, in 
turn, was significantly better than both the hexa- 
noate and the acetate. The latter two compounds 
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Table X-Reversible Derivatives Utilized as Modifiers of Irritation on Injection 

Parent Mdecule Reversible Modification or Linkage Route of Administration Reference 

Chloramphenicol l-Hemisuccinate sodium salt Intramuscular, intravenous 169, 400 
1,3-Bishemisuccinate disodium salt Intramuscular 

or piperazine salt 
Oleandomycin Acetate, propionate esters, N-oxide Intravenous, intramuscular 355 
Clindamycin Phosphate ester Intramuscular 391, 398, 399 

were ranked equally low, being very bitter tasting. 
Clindamycin 2-palmitate was found to be devoid of 

the characteristic bitter taste of clindamycin. 
Table IX illustrates several types of drug mole- 

cules that have been reversibly modified to eliminate 
offensive taste and odor properties inherent in the 
parent drug molecule. 

Irritation-Zntramuscular or Intravenous Znjec- 
tion -Perhaps the most effective yet intimidating 
mode of drug administration is uia the parenteral 
route. It is efficacious in the sense that it provides an 
immediate therapeutic dose of medicament to those 
patients not able to self-administer medication such 
as infants and hospitalized and comatose patients. 
Furthermore, the frequency of dosing may be re- 
duced by utilizing an injectable depot or repository 
form of the drug (see Depot discussion). 

Patient reluctance develops, however, when an ini- 
tially painful intravenous or intramuscular injection 
must be administered in a multiple-dose regimen. 
Such pain is usually accompanied by hemorrhage, 
edema, inflammation, and tissue necrosis (389). The 
intensity of pain due to injectable substances has 
been evaluated by use of tenderness profiles (390) 
and elevation of enzyme levels such as serum glutam- 
ic oxaloacetic transaminase (SGOT), serum glutamic 
pyruvic transaminase (SGPT), and creatine phos- 
phokinase (CPK)(390-392). Ballard (393) tabulated a 
variety of local reactions caused by the injection of 
several drug solutions and suspensions. 

Several factors apparently influence the occur- 
rence, intensity, and duration of pain generated by 
an injection. Among these, the most important are 
considered to be the solubility of drug in an aqueous 
medium, viscosity, pH, tonicity of the injected drug 
solution, volume injected, site of injection, pain toler- 
ance of the patient, and technique of administration 
(394). Other factors include precipitation of drug at  
the injection site (391, 393, 395-397) and localized 
cell lysis (391). 

The approach usually taken by the product formu- 
lation specialist is to add a local anesthetic to the 
product to reduce pain by blocking the sensory 
nerves around the injection site. A more rational ap- 
proach involves the reversible modification of certain 
physicochemical properties of the offending parent 
drug to eliminate such pain and irritation. A number 
of drug molecules have been reversibly modified in 
such a manner to alleviate these frequently bother- 
some side effects (Table X). 

A good example of this type of modification in- 
volves clindamycin hydrochloride, a semisynthetic 
antibiotic used in the treatment of infections due to 
sensitive Gram-positive organisms. This drug is irri- 

tating when administered by intramuscular or intra- 
venous injection. It was postulated that this irritation 
might result from precipitation of the clindamycin 
free base at  the injection site or from rapid partition- 
ing of drug into tissue cells surrounding the injection 
site, resulting in cell lysis (391). Both mechanisms 
may be important since the aqueous solubility of the 
hydrochloride salt is more than 100 mg/ml at pH 6 
but is only 3 mg/ml a t  physiological pH (-7.4), thus 
supporting the precipitation hypothesis. 

Additionally, chndamycin free base has a partition 
coefficient of 1.85, which should favor passage of this 
species through a lipoidal barrier or membrane. A t  
physiological pH, the free base form (pKa = 7.6) 
would be present at  about one-half of the injected 
dose, lending credibility to the cell partitioning hy- 
pothesis. 

The synthesis (398) and subsequent intramuscular 
testing (399) of clindamycin phosphate indicated 
that this reversible derivative of clindamycin was vir- 
tually devoid of the irritation exhibited by the parent 
antibiotic. There were no signs of local intolerance, 
and intravenous infusions of the ester produced no 
superficial thrombophlebitis or irritation. The phos- 
phate ester is intrinsically inactive against bacteria 
but is rapidly hydrolyzed to clindamycin in uiuo. 
Other studies designed to characterize the intramus- 
cular absorption, distribution, and excretion of this 
derivative indicated excellent bioavailability of the 
derivative from the injection site as the parent anti- 
biotic (173). 

Figure 4 illustrates the findings of a multiple-dose 
study utilizing clindamycin and the 2-phosphate 
ester. The lower curve represents clindamycin, and 
the upper. curve represents both clindamycin and 
clindamycin 2-phosphate. It can be seen that ester 
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Figure 15-Serum concentration (micrograms per milliliter) 
of clindamycin after 600 mg iv (A) and 600 mg im (0) 
clindamycin phosphate in the same subject. (Adapted, with 
permission, from Ref. 173.) 
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Table XI"-Aspirin and Carbonate Esters of Salicylic Acid: Solubilities, 
Partition Coefficients, and Hydrolysis Rates 

II 
0 

Half-Lives for Hydrolysis, 37' Cvclo- 
Phosphate Buffer Enzyme in Phosphate Buffer (pH 7.4,O.l M ) c  

fn i n m  - 
Solubilities, h&n1+0-1 
mg/ml, 37' N HC1 

Partitinn 
0.1 N Cvclo- 

[".I 111, - -- 1-1---- 0.05% Human 0.05% 
. Coefficient, pH 7.4, pH 12, 2% Human Pseudocholin- a-Chymo- 

R HClb h&ne 25" hr min Plasma, hr esterase, hr trypsin, hr 

Ethyl 
n-Butyl 
n-Hexvl 

6.7 1 . 1  0.17 41 3.8 13.3 (3.1) 7 . 4  (5.5) 53 (-) 
2.8 2.7 1 .0  29 4.5 11.7 (2.5) 1.23 (24) 1.38 (21) 
0.28 5 .6  20 15 4.8 8.2 (1.8) 1.33 (11) 0.25 (58) 

Trichloroethvl 1.1 0.24 0.22 0.53 1 . 1  0.35 (1.5) . .  

6.3 (1.6) Aspirin 5.3 0.06 0.05 10 1.5 21 (-1 3.3 (3) 

0 Adapted, with permission, from Ref. 276. * The 0.1 N HCI was used in these experiments to assure that the compounds were completely unionized in the 
aqueous phases and to reduce the degree of hydrolysis in the aqueous phase during equilibration. C The numbers in parentheses are t 1 / 2  buffer (PH 7.4)/t1/2 
enzyme ratios, which represent the degree of enzymatic catalysis. 

hydrolysis was virtually complete at the 4-hr sam- 
pling time. 

A more precise characterization of serum concen- 
tration-time profiles of the ester was determined by 
dosing intramuscularly and intravenously (Fig. 15). 
Ester hydrolysis occurred more rapidly with intrave- 
nous administration, and intramuscular administra- 
tion showed both slower absorption and decreased 
peak concentration of the parent antibiotic. The im- 
plications concerning the route of administration for 
such a reversible derivative are important in life- 
threatening infections, the intravenous route being 
indicated. 

Few studies are available in which pharmacokinet- 
ic principles have been applied to  reversible drug de- 
rivatives designed for injectable purposes. Again, the 
studies on clindamycin phosphate are illustrative 
(173). A four-compartment model was used to  ex- 
plain much of the data generated in the study 
(Scheme VII). The data show that clindamycin phos- 
phate is rapidly hydrolyzed in serum and that the 
parent drug is widely distributed after both intrave- 
nous and intramuscular administration. Equilibrium 
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M E T A B O L I S M  

Scheme VII-Four-compartment pharmacokinetic model for 
clindamycin phosphate. (Adapted, with permission, from Ref. 

173.) 

is reached after the third dose in a multiple-dose reg- 
imen, and serum levels of clindamycin are readily 
predictible. 

GI Disturbances-It has long been known that a 
variety of drugs can cause a wide spectrum of GI dis- 
turbances, ranging from mild gastritis to severe ulcer- 
ation (401404). How these phenomena occur is still 
a matter of speculation, but several modes of action 
have been postulated: 

1. Injury to gastric mucosa through direct contact 
of drug to produce a localized irritating necrotizing 
effect. 

2. Damage due to circulating drug that stimulates 
increased gastric secretion. [It has been shown, how- 
ever, that this mechanism is nonoperative for aspirin 
in human subjects and animals and, in fact, may 
lower gastric secretory activity (405, 406), but it may 
be operative for other gastroirritant drugs.] 

3. Interference with the mechanism(s) responsible 
for maintaining the integrity of the GI mucous or 
"mucous barrier." 

This barrier, consisting of glycoprotein, is relative- 
ly resistant to proteolytic enzyme activity and acts as 
a protective boundary to underlying epithelial tissue. 

Table XIIa-Toxicity, Gastric Irritability, and Potency 
of Salicylic Acid Hexylcarbonate and Acetylsalicylic 
Acid (Aspirin) 

~~ ~ 

Salicylic 
Acid Hexyl- 
carbonate 

Acetyl- 
salicylic 

Acid 

LDs0 in miceb 10.1 
LDso in ratsb 13 .O 
Incidence of gastric 

erosions in rats 
with eauimolar 

0 

doses, k 
Incidence of gastric 0 

irritation in dogs 
with equimolar 
doses, % 

Antipyretic activity 
Analgesic activity 
Anti-inflammatory 

activity 

7 .O 
7.6 

90 

100 

Equal potency 
Equal potency 
Equal potency 

a Data from Ref. 277. b Average acute oral toxicity in moles/kg X 10 -3.  
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Table XIII-Reversible Drug  Derivatives Utilized as Modifiers of G I  Irritability 

Reversible Modification 
Parent Molecule or Linkage Property Modified Reference 

Salicylic acid Carbonate ester Gastric irritation a n d  hemorrhage 276, 277 
Aspirin (acetylsalicylic acid) 4-Acetamidophenyl ester G I  blood loss 233 
Aspirin (acetylsalicylic acid) Alkyl ester G I  irritation 417 

Cyano ester 
Aspirin (acetylsalicylic acid) Carbonate anhydride ester G I  bleeding 
Nicotinic acid Hvdrazide G I  irritation 

356 
409 

H5droxamic acid 
N-Arylanthranilic acid Glyceryl ester G I  ulceration 388 
21-Hydroxysteroid Phosphate and  sulfate ester Gastric hemorrhage 418 
Oleandrin Acetate ester G I  irritation 415, 416 
Gitoxin Pentaacetate ester G I  irritation 414 
Prostaglandin Ethyl  ester Diarrhea 413 
4,4‘-Dihydroxydiphenyl- Alkyl ester Gastric irritation 411, 412 

Trichloroethanol Carbonate ester Stomach irritation, nausea, vomiting 16 
Phosphate ester 410 
4-Acetamidophenyl ester 17 

(2-pyridyl) methane Sulfate ester 

The systemic administration of cortisone and aspirin 
alters the composition of this barrier in a way that 
decreases its protective ability (407, 408). This may 
be due to cellular injury resulting in decreased mu- 
cous production and increased ionic flux. 

A study of the absorptive properties of a series of 
organic acids, including acetylsalicylic acid (aspirin), 
through the mucosal barrier found increased fluxes of 
hydrogen, chloride, sodium, and potassium ions after 
administration of these acids; these increases persist- 
ed after removal of the compounds (402). Evidence of 
bleeding was also apparent. Diffusion of acetic acid, 
which is unionized a t  gastric pH, through the gastric 
barrier proceeded more rapidly than diffusion of hy- 
drochloric acid (ionized), implying that unionized hy- 
drophobic molecules are more readily and efficiently 
absorbed. 

In an effort to eliminate gastric irritation produced 
by salicylic acid, a series of hydrophobic carbonate 
esters of this important analgesic was prepared (276). 
The rationale for utilizing carbonate esters of this 
drug lies in the fact that they are readily hydrolyzed 
in uivo and might possess hydrophobic properties 
adequate to allow absorption and distribution over a 
greater area of the GI tract, thus reducing localized 
irritation. Several esters were synthesized and char- 
acterized according to their physicochemical proper- 
ties (Table XI). 

Based on partitioning studies and relative ease of 
hydrolysis (half-life) in pH 7.4 buffer and enzyme 
media, the hexylcarbonate ester of salicylic acid was 
chosen for further study. Blood level studies in dogs 
indicated that this ester was absorbed more slowly 
than acetylsalicylic acid and the other carbonate es- 
ters. After 2 hr, however, the plasma concentration- 
time profiles did not differ for any of the esters. A 
comparison of the LD50 values, gastric irritability, 
and bioactivity of salicylic acid hexylcarbonate uer- 
sus acetylsalicylic acid (aspirin) in animals indicated 
significant differences in toxicity between these drug 
derivatives (277) (Table XII). 

This study (276) stressed to the medicinal chemist 
the importance of performing selected physicochemi- 
cal studies (e.g., solubility and partitioning) and in 

uitro tests (half-lives in a variety of buffers and en- 
zyme-rich milieu) to evaluate initially a series of re- 
versible derivatives based on a preliminary rationale 
for making such derivatives. It is obvious that when 
such studies are performed, the choice of primary 
and backup candidates for further testing becomes 
less difficult. 

Other experiments have been designed and carried 
out with the foregoing rationale as their basis, and 
the results of several of these studies are summarized 
in Table XIII. 
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